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Abstract 

 ZAP-70 is a cytoplasmic protein tyrosine kinase that is required for T cell antigen 

receptor (TCR) signaling.  Both mice and humans deficient in ZAP-70 fail to develop 

functional T cells, thus demonstrating its necessity for T cell development and function.  

There is currently no highly specific, cell-permeable small-molecule inhibitor for ZAP-

70; therefore, we generated a mutant ZAP-70 allele that retains kinase activity but is 

sensitive to inhibition by a mutant-specific inhibitor, 3-methylbenzyl-pyrazolopyrimidine 

(3-MB-PP1).  We validated the chemical genetic inhibitor system in Jurkat T cell lines, 

where the inhibitor blocks ZAP-70 dependent TCR signaling in cells expressing the 

analog-sensitive allele.  Interestingly, the inhibitor also ablates CD28 superagonist 

signaling, thereby demonstrating the system’s utility in dissecting ZAP-70’s requirement 

in alternative mechanisms of T cell activation.  We have generated a bacterial artificial 

chromosome (BAC) transgenic mouse line that expresses the murine homolog of the 

analog-sensitive ZAP-70 allele.  Preliminary studies show that activation of both 

peripheral naïve and in vitro generated effector T cells can be inhibited by 3-MB-PP1.  

Thus, we have developed the first specific chemical means for inhibiting ZAP-70, which 

serves as a valuable tool for studying ZAP-70’s function in T cells as well as determining 

the clinical utility of a ZAP-70 inhibitor. 
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Chapter 1 
 

The Protein Tyrosine Kinase ZAP-70 and TCR Signaling 
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An Overview of T Cell Signaling 

 
 The immune system consists of an incredibly elegant network of cells that interact 

to protect the host from foreign pathogens.  The regulation of the system requires 

continual monitoring so as to ensure that the effector functions of the immune cells are 

kept at bay until they are required to mount an immune response.  Breakdowns in this 

regulation have deleterious consequences, with hyperactivity of lymphocytes leading to 

their inappropriate activation and autoimmunity.  Conversely, failure to activate 

lymphocytes properly can lead to immunodeficiency, uncontrolled infections and death.  

 Regulation of the immune response begins at the level of the intracellular 

signaling pathways, where positive and negative feedback tightly control responsiveness.  

Posttranslational modification of proteins by phosphorylation on tyrosine, serine and 

threonine, is one of the universal mechanisms of regulating information.  Tyrosine 

phosphorylation has been well studied, especially receptor tyrosine kinases (RTK), where 

the cytoplasmic domains of the transmembrane receptor protein has catalytic activity.  

However, in the immune system, non-receptor tyrosine kinases (NRTK) are particularly 

common in propagating signals.  Modification of the hydroxyl group of tyrosine by 

phosphate regulates protein activation, both positively and negatively, by altering protein 

conformation as well as protein interaction by providing sites for protein tyrosine binding 

domains and SH2 domains.  Thus, via this one modification, large alterations can be 

made to signaling cascades. 

 The intracellular signaling cascades of T cells and the NRTK associated with 

these pathways have been well studied over the past 20 years.  Here a brief overview of T 
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cell signaling, with particular emphasis on the protein tyrosine kinases in the pathways 

will be discussed.  

 Intracellular networks consist of a vast array of proteins and second-messengers 

that interact and regulate one another to perform cellular functions, including activation 

and proliferation.  Interaction of T cells with their cognate antigen results in activation of 

signaling pathways that promote cell proliferation and differentiation in order to 

implement the T cell’s effector functions (Figure 1.1).   The signaling cascade is initiated 

when the T cell receptor (TCR) on the surface of the cell encounters foreign antigen in 

the form of peptide associated with the major histocompatability complex (MHC) on 

antigen presenting cells (APCs).  This initial extracellular interaction has to be converted 

into an intracellular response and eventual transcriptional activation of important genes, 

including interleukin-2 (IL-2).  The oligomeric TCR consists of ten chains that function 

either in ligand recognition or signal transduction.  The αβ heterodimer recognizes the 

peptide-MHC complex, but the short five residue cytoplasmic tails of these proteins do 

not contribute to signaling.  Therefore, in order to transduce information into the 

cytoplasm, the αβ heterodimer noncovalently interacts with CD3 chains (dimers of 

γε and  δε) and the TCRζ homodimer which promote intracellular signaling via their 

immunoreceptor tyrosine-based activation motifs (ITAM) in their cytoplasmic domains.  

Each CD3 chain contains one ITAM, with its (D/E)xxYxxI/Lx(6-8)YxxI/L sequence, and 

the ζ chains each contain three ITAMs, culminating in ten ITAMs in the TCR.   
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Figure 1.1.  Overview of TCR Signaling.  Upon TCR ligation, ITAM motifs in the 

cytoplasmic domains of the CD3 and TCRζ chains are phosphorylated by the SFK Lck, 

leading to ZAP-70 recruitment and activation.  ZAP-70 then phosphorylates the adaptors 

LAT and SLP-76, which then recruit numerous key signaling molecules (not all 

represented here). PLCγ1 hydrolyzes PIP2 into IP3 and DAG.  The emptying of Ca2+ from 

the ER due to IP3 binding to the IP3R results in Ca2+ influx from outside the cell via 

CRAC (calcium-release-activated calcium) channels. Ca2+ binds calmodulin and thus 

activates the phosphatase calcineurin, leading to dephosphorylation of NFAT and its 

translocation to the nucleus.  The generation of DAG from the hydrolysis of PIP2 

activates the Ras/MAPK pathways via PKC and RasGrp1.  SOS also activates this 

pathway.  Together, activation of the MAPK, NF-κB, Ca2+ pathways promote 

transcriptional activation of IL-2.      
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 In order to initiate intracellular signaling, the tyrosines in the ITAM sequences are 

targeted by the first family of NRTK in the TCR signaling cascade, the Src family 

kinases (SFKs), primarily Lck and Fyn in T cells.  Lck is recruited to the TCR via its 

interaction with the coreceptors CD4 and CD8.  Phosphorylation of the two ITAM 

tyrosines creates docking sites for the second NRTK, ζ-associated protein of 70 kDa 

(ZAP-70).   ZAP-70 binds the doubly phosphorylated ITAMs via its two SH2 domains 

and is then phosphorylated by Lck and potentially transautophosphorylated to become 

activated (Brdicka et al., 2005).  

 ZAP-70 initiates a full cascade of signaling events by phosphorylating two key 

adaptor proteins, the transmembrane adaptor linker for the activation of T cells (LAT) 

and SRC homology 2-domain-containing leukocyte protein of 76 kDa (SLP-76) 

(Wardenburg et al., 1996; Zhang et al., 1998).  These adaptors nucleate signaling events 

through the recruitment of key molecules.  For example, the growth-factor-receptor 

bound protein 2 (Grb2) binds LAT and recruits son of sevenless (SOS), the guanine 

nucleotide exchange factor (GEF) for Ras, to the membrane (Zhang et al., 2000).  The 

Grb2 related adaptor protein Gads, via its SH2 domain, also interacts directly with LAT 

and recruits SLP-76 via a SH3-nonclassical proline interaction and thus nucleates both 

the LAT and SLP-76 interacting proteins to one signaling rich complex (Liu et al., 2003; 

Tomlinson et al., 2000).  SLP-76 has been shown to interact with many proteins, 

including the GEF Vav, the Tec family kinase member interleukin-2-inducible T-cell 

kinase (Itk) and the phospholipase PLCγ1 (Koretzky et al., 2006).  Both LAT and SLP-76 

recruit PLCγ1 where it can be phosphorylated and activated by the SLP-76 associated 

NRTK Itk (Bogin et al., 2007).  
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 Activated PLCγ1 initiates both an increase in cytoplasmic free Ca2+ and, together 

with SOS, activates the MAPK pathways.  PLCγ1 hydrolyzes the membrane 

phospholipid phosphatidylinositol (4,5) bisphosphate (PIP2) into inositol (1,4,5) 

triphosphate (IP3) and diacylglycerol (DAG).  IP3 binds the IP3 receptors (IP3R) on the 

endoplasmic reticulum (ER), resulting in the release of internal calcium stores into the 

cytoplasm.  The emptying of endoplasmic reticulum calcium stores causes the calcium-

release-activated calcium (CRAC) channels on the plasma membrane to open and allows 

an influx of extracellular calcium.  Calcium binds to calmodulin and activates the 

calcium-dependent phosphatase calcineurin which dephosphorylates the transcription 

factor, nuclear factor of activated T cells (NFAT)  (Macian, 2005).  The 

dephosphorylated NFAT translocates into the nucleus and promotes IL-2 transcription via 

its association with other transcriptional partners.  Other transcription factors required for 

IL-2 production include the Ras/MAPK activated activator protein 1 (AP-1) and NF-κB, 

whose nuclear translocation is regulated by the combined actions of the TCR and the 

CD28 costimulation pathway.   

 

ZAP-70 Structure, Function, and Regulation  

The discovery of the kinase ZAP-70 as a protein that associated with ζ within 

seconds of TCR stimulation of Jurkat T cells provided an explanation for how the 

cytoplasmic tails of the TCR are able to promote intracellular signaling (Chan, 1991).  

The key signaling ITAM motifs, once phosphorylated by Lck, recruit ZAP-70, which can 

then be activated. ZAP-70 was purified via its interaction with a chimeric CD8/ζ where 
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the extracellular and transmembrane domains are from CD8 and the cytoplasmic portion 

includes ζ and therefore ITAMs (Chan et al., 1992).  

 ZAP-70 exhibits extensive homology to other PTKs, particularly Syk, thus 

forming the Syk protein family, where the two members share approximately 50% 

sequence identity (Chan et al., 1992; Chu et al., 1998). Unlike Syk, which is broadly 

expressed in hematopoietic cells, ZAP-70 is predominantly expressed in T cells and NK 

cells.  In addition to B cells, Syk is also expressed in thymocytes, macrophages, 

monocytes, mast cells and platelets (Chu et al., 1998). 

 Both Syk family kinases contain two SH2 domains and a carboxyl terminal kinase 

domain (Figure 1.2).   The region between the two SH2 domains is referred to as 

interdomain A while the region between the C-terminal SH2 domain and kinase domain 

is termed interdomain B.  Interestingly, the N-terminal SH2 domain in ZAP-70 is 

incomplete and requires the C-terminal SH2 domain to complete its phosphotyrosine 

binding pocked and, thus, to bind ITAMs (Hatada et al., 1995).  Despite the overall 

homology between ZAP-70 and Syk, there do appear to be functional differences 

between the two kinases.  Perhaps, most significantly, ZAP-70 is more SFK dependant 

than Syk because unlike Syk, ZAP-70 is unable to reconstitute a Lck or CD45 deficient T 

cell line (Chu et al., 1996).  

  After the discovery of ZAP-70, the importance of this PTK in TCR signaling and 

T cell function quickly became evident.  The generation of the ZAP-70 deficient mice 

clearly demonstrated the criticalness of ZAP-70 because the mice have a block in 

thymocyte development and do not develop peripheral T cells (Negishi, Nature 1995).  

Thymocytes normally progress through a series of stages that are denoted by cell surface  
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Figure 1.2.  Schematic representation of ZAP-70’s domains and key regulatory 

tyrosines.   Figure adapted from Brdicka et al. (2005) Molecular and Cellular Biology. 
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expression of the coreceptors CD4 and CD8.  Briefly, the first stage of the thymocyte 

development is the double negative (DN) CD4-CD8- stage, which can be further broken 

down into DN1 through DN4.  At the DN3 stage, the β chain of the TCR is rearranged 

and paired with invariant pre-Tα and undergoes β-selection before continuing to the DN4 

stage.  Many key components of the TCR signaling cascade, such as the ZAP-70 targets 

LAT and SLP-76, cause a block at this early DN3 stage.  However, Syk, and not ZAP-70, 

is highly expressed at this stage and seems to be responsible for initiating pre-TCR 

signaling (Chu et al., 1999; Palacios and Weiss, 2007).  The expression of ZAP-70 is 

upregulated by pre-TCR signals, whereas Syk levels progressively decrease.  After the 

DN stage, thymocytes proceed to the double positive (DP) CD4+CD8+ stage, where there 

is a complete block in ZAP-70 deficient mice (Negishi et al., 1995).  At this stage, the 

TCRα chain is rearranged and pairs with TCRβ, and the cells undergo the positive 

selection checkpoint.  By the DP stage, Syk expression has decreased and ZAP-70 is 

highly expressed (Chu et al., 1999; Palacios and Weiss, 2007).  Integrity of the TCR 

signaling machinery is required for progression through this DP stage, thus demonstrating 

the requirement for ZAP-70 in thymocyte development.  Those that are positively 

selected become single positive CD4+ or CD8+ cells (SP4 or SP8) before they exit into 

the periphery as mature CD4+ or CD8+ T cells.  Thus, no peripheral T cells are present in 

these ZAP-70 knockout animals.  Interestingly, although αβ T cells are absent in ZAP-70 

deficient mice, there is a variable effect on γδ T cell development (Kadlecek et al., 1998).   

In the absence of ZAP-70, γδ T cells are found in the lymph nodes; however, 

intraepithelial lymphocytes (IEL) are barely detectable.  Similarly, Syk is also required 

for development of these cells (Mallick-Wood et al., 1996) 
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 Identification of ZAP-70 deficient human patients, who suffer from severe 

combined immunodeficiency (SCID) due to the lack expression of ZAP-70, also 

supported the critical roll of ZAP-70 in TCR signaling, but the phenotype was distinct 

from that of ZAP-70 deficient mice.  Unlike the mice, the patients have normal or 

elevated numbers of CD4+ T cells but lack peripheral CD8+ T cells.  The peripheral CD4+ 

T cells are polyclonal yet unresponsive to TCR stimulation.  Although some of these 

patients have normal levels of ZAP-70 mRNA, because of various mutations the protein 

is not detectable in the peripheral CD4+ T cells (Arpaia et al., 1994; Chan et al., 1994a; 

Elder et al., 1994; Gelfand et al., 1995).  In addition to these patients that lack ZAP-70 

expression, a SCID patient with a point mutation in the highly conserved DLAARN motif 

of ZAP-70 was identified (Elder et al., 2001).  The DLAARN motif in PTKs is part of the 

catalytic loop in the catalytic domain, where the conserved aspartate interacts with the 

kinase substrate.   Thus, as anticipated, the patient’s mutation abrogated catalytic activity, 

and therefore suffered from a similar T cell phenotype as the previously described SCID 

patients even though protein expression was relatively normal.  Interestingly, the 

homologous mutation in murine ZAP-70 in the DLAARN motif leads to a block at the 

DP stage of thymocyte development, still resulting in no peripheral CD8+ or CD4+ T cells 

(Wiest et al., 1997).   

 It is intriguing that even though murine and human ZAP-70 are 93% similar on 

the amino acid level, ZAP-70 deficiency leads to distinct phenotypes in each group (Chan 

et al., 1994b).  It is presumed that peripheral CD4+ are able to develop in the absence of 

ZAP-70 in the human patients because low levels of Syk may persist later in human 

thymocyte development and can compensate for the positive CD4+ selection signal 
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during the DP to SP transition in the thymus (Chu et al., 1999).   In support of this 

hypothesis, thymocytes from ZAP-70 deficient patients still flux calcium and induce 

tyrosine phosphorylation in response to TCR cross-linking even though the peripheral 

CD4+ cells do not (Gelfand et al., 1995).  

 Additional in vitro and cell line studies have further defined ZAP-70’s role in the 

TCR signaling cascade.  Initial cell line work predominantly utilized transient 

overexpression of ZAP-70 in either the ZAP-70 expressing Jurkat T cell line or in the 

Syk deficient chicken B cell line DT40.  A great deal of information about ZAP-70’s 

regulation and function has been harnessed from the study of the ZAP-70 deficient Jurkat 

line, P116 (Williams et al., 1998).   P116 was originally identified in a screen for Jurkat 

cells treated with a frameshift mutagen (ICR-191) that failed to flux calcium in response 

to  TCR stimulation.   In the absence of ZAP-70, these cells do not promote tyrosine 

phosphorylation, calcium mobilization and TCR dependent transcriptional changes.  

 Although numerous tyrosine phosphorylation events are dependent on ZAP-70 

expression, only the adaptors LAT and SLP-76 have been validated as direct targets of 

the kinase.  ZAP-70 was originally shown to be capable of phosphorylating SLP-76 in 

vitro and overexpression of a kinase-dead ZAP-70 in Jurkat cells reduced SLP-76 

phosphorylation (Wardenburg et al., 1996).  Neither the SFK Lck nor Fyn was able to 

directly phosphorylate the SLP-76 adaptor (Raab et al., 1997).   

 The transmembrane adaptor LAT was identified as a ZAP-70 target in a 293T 

transient transfection assay where both Syk and activated ZAP-70 were capable of 

phosphorylating LAT (Zhang et al., 1998). In biochemical studies, recombinant ZAP-70 

phosphorylated 5 residues on human LAT in vitro (Tyr127, Tyr132, Tyr171, Tyr191, Tyr226), 
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whereas Lck could not (Paz et al., 2001).   The adaptor Grb2 is capable of binding the 

YxN motif at Tyr171, Tyr191, and Tyr225, but Gads appears to preferentially bind Tyr171 

and Tyr191.  PLC-γ1 binds specifically to the Tyr132 in the YLVV motif (Zhang et al., 

2000).   Analysis of the minimal tyrosine residues in LAT that are required for Ca2+ 

mobilization in Jurkat T cells showed that Y132, Y171, and Y191 were necessary, whereas 

Y110 and Y226 were additionally required for complete Ras activation (Lin and Weiss, 

2001).  Thus, upon ZAP-70 activation and phosphorylation of both LAT and SLP-76, 

numerous key signaling molecules are localized to these two important adaptors and 

propagate the TCR signal.  

 Although ZAP-70’s predominant function appears to be dependent on its catalytic 

activity, much research has focused on the potential role of ZAP-70 as an adaptor protein 

because there are three tyrosine residues (Tyr292, Tyr315, Tyr319) in interdomain B that are 

phosphorylated following TCR stimulation and have been shown to interact with 

important signaling molecules (Figure 1.2).  Despite these observed interactions, the role 

of ZAP-70 as an adaptor protein has become increasingly perplexing because both recent 

cell line studies and crystallographic data demonstrate that interdomain B, and 

specifically Tyr315 and Tyr319, are important in mediating an autoinhibitory intramolecular 

interaction (Brdicka et al., 2005; Deindl et al., 2007).  

 Overall, mutational analysis of the tyrosines in interdomain B suggested that 

Tyr315 and Tyr319 play a positive role while Tyr292 is important in negative regulation. 

Biochemical studies have shown that Tyr292 exerts its negative regulatory role (Zhao and 

Weiss, 1996), presumably through its interaction with the E3 ubiquitin ligase c-Cbl 

(Lupher et al., 1997; Meng et al., 1999; Rao et al., 2000).  However, the physiological 
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importance of the interaction with c-Cbl has been questioned because despite the 

enhanced activity of the Y292F mutant, analysis of a knock-in mouse with a mutation in 

ZAP-70 binding motif in c-Cbl did not alter ZAP-70 function in vivo (Thien et al., 2003). 

The knock-in mutation of Y292F did not have a substantial effect on thymocyte selection 

in a non-TCR transgenic system, but it did increase overall phosphorylation of ZAP-70 

substrates (Magnan et al., 2001).  Interestingly, despite the increase, no detectable effect 

was observed on c-Cbl phosphorylation.  Peripheral TCR transgenic T cells expressing 

the Y292F mutation were hyperreactive in terms of cytokine production and proliferation.  

Thus, although Tyr292 integrity appears important in ZAP-70 regulation, it remains 

unclear how the Tyr292 mediates its negative regulatory effect.   

 Both Tyr315 and Tyr319 in interdomain B of ZAP-70 are phosphorylated following 

TCR activation and are capable of being autophosphorylated in vitro (Di Bartolo et al., 

1999).  ZAP-70 has been shown to interact with the SH2 domain of the GEF Vav, 

specifically via the Tyr315ESP site (Katzav et al., 1994; Wu et al., 1997).  In a Lyn/Syk 

double-deficient DT40 B-cell line, overexpression of ZAP-70 Y315F eliminated Vav 

phosphorylation and inhibited ZAP-70 function.  However, in reconstitution experiments 

of ZAP-70 deficient Jurkat T cells, P116, ZAP-70 Y315F was able to restore ZAP-70 

function to normal levels (Williams et al., 1999).   Tyr315 has also been shown to interact 

with the C10 regulator of kinase II (CrkII); however, these studies relied heavily on 

overexpression of ZAP-70 and CrkII in heterologous cell lines as well as GST-pull-

downs (Gelkop et al., 2005; Gelkop and Isakov, 1999).  Thus, the physiological 

significance of this ZAP-70/CrkII interaction remains unclear.   
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 Interestingly, in vivo analysis of a Y315F knock-in or transgenic mouse line 

showed no defect in terms of selection markers on a non-TCR transgenic background 

(Gong et al., 2001; Magnan et al., 2001).  However, subtly reduced levels of ZAP-70 

phosphorylation and its substrates were observed in thymocytes, while a more marked 

decrease was seen in peripheral T cells (Magnan et al., 2001). Vav1, the GEF shown to 

interact with Tyr315, did not exhibit alterations in phosphorylation.   On the HY-TCR 

transgenic background, the Y315F mutant did exhibit alterations in selection and 

activation status, consistent with the Tyr315 constituting a positive regulating site in ZAP-

70.    

 Mutation of interdomain B Tyr319 to phenylalanine in cell lines demonstrated that 

phosphorylation of Tyr319 was critical for ZAP-70 dependent signaling, whereas the 

homologous mutation of Tyr315 had a much more subtle effect (Di Bartolo et al., 1999; 

Williams et al., 1999).  The SH2 domain of Lck can interact with ZAP-70 via Tyr319 and 

promote a positive feedback loop over Lck (Duplay et al., 1994; Pelosi et al., 1999; 

Straus et al., 1996).  In addition to Lck, Tyr319 has been shown to interact with the C-

terminal SH2 domain of PLCγ1 in a GST pull-down assay (Williams et al., 1999).  

Transgenic mouse lines expressing Y319F mutation of ZAP-70 exhibited more severe 

defects on both non-TCR and TCR transgenic backgrounds (Gong et al., 2001). 

 Despite all of the observed interactions with the interdomain B tyrosines and the 

phenotypes of the individual mutants described above, deletion of all of interdomain B, 

and thus Tyr315, Tyr319, and Tyr292, did not eliminate ZAP-70 function (Zhao et al., 1999).  

This unintuitive result was first hypothesized to be the net effect of eliminating both 

positive and negative regulators.  However, further research showed that mutation of both 
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Tyr315 and Tyr319 to either alanines or glutamic acids also did not eliminate ZAP-70 

kinase function, thus demonstrating that the phenotypes of the single point mutants 

previously studied were unlikely to be the sole result of loss of adaptor function and 

instead suggested an autoinhibitory mechanism (Brdicka et al., 2005).   

 Together, both cell line data and crystallographic evidence generated a model that 

interdomain B Tyr315
 and Tyr319 play an important role in autoinhibiting ZAP-70.  The 

crystal structure of the entire ZAP-70 protein was solved using the Y315/319F double 

mutant in the context of the kinase inactive mutation D461N (Deindl et al., 2007). 

Overall, the structure reveals hydrophobic interactions between these tyrosine and 

interdomain A and the kinase domain.  When the Tyr315 and Tyr319 are unphosphorylated 

and interacting with interdomain A and the kinase domain, the alignment of the two SH2 

domains is inconsistent with ITAM binding, thereby suggesting that ITAM binding is a 

prerequisite for kinase activation. Comparisons of the structure of the SH2 domains of 

ZAP-70 bound and unbound to ITAMs suggest that a large conformational change occurs 

to allow for ITAM binding (Folmer et al., 2002; Hatada et al., 1995).  Once ZAP-70 is 

bound to ITAMs, movement of interdomain A allows the interdomain B tyrosines to 

become exposed.  Tyr315 and Tyr319 can be phosphorylated, thereby stabilizing the more 

open structure, which can then be further phosphorylated on tyrosines (Tyr492 and Tyr493) 

in the activation loop to activate the kinase.  This model is consistent with the mutation of 

the two tyrosines in interdomain B to alanine mutant retaining catalytic activity despite 

the lack of phosphorylation of the key residues.  Mutation to alanines would theoretically 

stabilize the open structure due to lack of aromatic interactions provided by the original 

unphosphorylated tyrosines.  
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 Phosphorylation of the kinase domain of PTK is a common mechanism for 

regulating catalytic activity.  Overall, the kinase domain of all PTK, including ZAP-70, is 

conserved as two lobes, with the smaller N-terminal lobe consisting of a five-stranded 

anti-parallel β-sheet and an αC helix while the larger C-terminal lobe is helical with short 

β-sheets.  ATP binds in the cleft between these two regions. The N-terminal lobe is 

predominantly responsible for ATP binding while the C-terminal lobe is essential for 

catalysis and peptide binding.  In the C-terminal lobe, the activation loop, a 20-30 amino 

acid stretch, which includes a DFG motif, is usually phosphorylated upon catalytic 

activation and provides an important site for the peptide substrate localization. Upon 

phosphorylation of the activation loop, interaction between the activation loop and 

catalytic loop is important for positioning the DFG motif for catalysis (Huse and Kuriyan, 

2002). The conformation αC helix in the N-lobe and the activation loop in the C-lobe are 

critical for kinase catalytic activity due to interaction between the two regions as well as 

important interactions of the conserved glutamate residue in the αC loop with a 

conserved lysine in an N-lobe β-sheet that organizes the interaction with ATP.   

Comparison of the structure of the autoinhibited versus active kinase domain of ZAP-70 

suggests that the activation loop projects outwards, providing access to the catalytic 

domain upon activation (Deindl et al., 2007; Jin et al., 2004). 

 The two tyrosines (Tyr492 and Tyr493) in the activation loop of ZAP-70 have been 

shown to important for catalytic regulation (Figure 1.2).  Original mutagenesis data, 

where the tyrosines were mutated to phenylalanines, suggested that phosphorylation of 

Tyr493 is important for activation while Tyr492 has a negative regulatory role (Chan et al., 

1995; Wange et al., 1995).  Tyr493 is a potential autophosphorylation site in ZAP-70 
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because in 293 cells, Y315/319A was phosphorylated on Tyr493 even in the absence of 

Lck (Brdicka et al., 2005).  However, wildtype ZAP-70 required Lck to be 

phosphorylated on both Tyr319 and Tyr493, thus suggesting that Lck primes ZAP-70 by the 

phosphorylating the interdomain B tyrosine, and the activation loop tyrosines can be 

phosphorylated either by ZAP-70 or Lck, leading to catalytic activity.   

 Overall, structural, cell line, and in vivo mouse data, provide clear evidence for 

the importance of ZAP-70 kinase function as well as for the intricate regulation of the 

protein’s activity.  However, it remains unclear how to integrate the findings that the 

interdomain B tyrosines are involved in protein regulation with the role of ZAP-70 as an 

adaptor protein.  

 

ZAP-70 and Disease 

 Given ZAP-70’s important role in T cell signaling, it is not that surprising that 

mutations or alterations in ZAP-70 are associated with disease.  The most dramatic 

example of a disease phenotype comes from the SCID patients who lack ZAP-70 

expression.  Those patients, described earlier, have no CD8+ T cells and their CD4+ T 

cells are non-functional, leaving them with a defective acquired immune system.  In 

addition to the SCID phenotype, a spontaneous mutation in murine ZAP-70 was recently 

described that causes a rheumatoid arthritis phenotype on the BALB/c background 

(Sakaguchi et al., 2003).  The mutation of the first residue of the C-terminal SH2 domain 

(W163C) generates a hypomorphic ZAP-70, presumably by reducing ZAP-70’s affinity 

for ITAMs.  Although T cells still develop in this mouse line, use of a TCR-transgenic 

reveals that there are alterations in thymocyte selection.  Thus, the shift in repertoire is 
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believed to account for the peripheral autoimmune phenotype despite the weaker 

signaling allele.  Interestingly, when the mice were raised in a specific pathogen free 

(SPF) facility, they do not spontaneously develop the arthritis phenotype.  However, the 

disease can be induced via injection of the fungal material zymosan, presumably via 

activation of the innate immune system (Yoshitomi et al., 2005).  Mutations in human 

ZAP-70 have not yet been linked to arthritis or other autoimmune diseases.  

 In addition to autoimmune diseases, ZAP-70 has been associated with the 

outcome of malignancy in humans.  The B cell leukemia chronic lymphocytic leukemia 

(CLL) is the most common form of adult leukemia.  Interestingly, a large subset of 

patients can have an excellent long-term prognosis while the other half of patients require 

therapy and have a much poorer outcome.  Originally, the aggressiveness of the disease 

was correlated with the somatic hypermutation status of the immunoglobulin heavy-chain 

variable-region (IgVH) genes, with unmutated IgVH being associated with a deleterious 

outcome.  Gene arrays were done to compare the two sets of patients, and ZAP-70 

expression was the best candidate for correlation with the unmutated IgVH patients 

(Rosenwald et al., 2001).  ZAP-70 is not normally expressed in B cells; however, this 

misexpression in the leukemia patients is associated with increased signaling in the cells, 

which might contribute to the disease pathogenesis (Chen et al., 2005a; Chen et al., 

2002).  Interestingly, ZAP-70 expression has turned out to not only be a strong surrogate 

for IgVH status but also an even better predictive marker for a disease prognosis and 

required treatment (Crespo et al., 2003; Rassenti et al., 2004).   

 The requirement of ZAP-70 for functional TCR signaling as demonstrated by the 

SCID patients as well as the association between ZAP-70 and other diseases makes ZAP-
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70 an interesting drug target.  Additionally, ZAP-70’s limited expression pattern adds to 

its attractiveness because T cells would be primarily targeted; therefore, off-target effects 

on other cell types could be avoided.  An inhibitor against ZAP-70 could be useful as a 

targeted immunosuppressant as well as a potential treatment for diseases where 

overactive T cells are a component of disease pathogenesis, such as autoimmunity, 

asthma, and CLL.     

 

Kinase Inhibitors 

 The generation of protein kinase inhibitors is a challenging yet incredibly 

valuable endeavor.  There are an estimated 518 kinases in the human genome, thus 

comprising 1.7% of the entire genome (Manning et al., 2002).  244 kinases are associated 

with regions related to diseases, thereby demonstrating the importance to human disease 

of understanding and potentially inhibiting these kinases.  Thus, protein kinases have 

become important targets for drug development, second only to G-protein-coupled 

receptors (Cohen, 2002).  For example, the kinase inhibitor Gleevec (imatinib, STI-571, 

Glivec) has been used to successfully treat chronic myelogenous leukemia (CML).  

Gleevec is a potent inhibitor for the protein Abelson tyrosine kinase (Abl), which exhibits 

increased activity in CML patients due to a chromosomal translocation event 

(Buchdunger et al., 1996; Druker et al., 1996; Lugo et al., 1990).  The success of this 

treatment serves as a powerful example of the value of targeting kinases for drug 

therapies.  Additionally, gefitinib (iressa), an inhibitor against the RTK EGFR, has been 

FDA approved for the treatment of non-small-cell lung cancer (NSCLC) (Herbst et al., 

2004).  More recently, several other indications and other inhibitors have been approved. 
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 In addition to the potential clinical benefits of kinase inhibitors, these small-

molecule tools are also incredibly powerful in basic science studies of protein function 

and regulation.  Unlike many other approaches used to study protein function, small-

molecule inhibitors have the potential to be highly specific for the protein of interest, to 

work rapidly, and to be tunable in terms of level of protein catalytic activity (Shogren-

Knaak et al., 2001).  The use of cell lines deficient in a given protein of interest has been 

extremely rewarding, but cell lines are predisposed to numerous caveats due to potential 

compensation by the cell from the lack of the given protein’s expression.  Similarly, 

manipulation of protein expression by RNA interference (RNAi) often takes days to take 

effect and its results are often transient and incomplete.  Genetic knockout animals 

provide essential information about a protein’s requirement in the whole animal or a 

given cell-lineage, but there are many caveats to this approach as well.  For example, 

developmental compensation can occur or a protein can be so crucial that development is 

blocked, as in the case of ZAP-70, where there is a complete block at the DP stage of 

thymocyte development.  Another benefit of a chemical inhibitor over genetic elimination 

is that the protein of interest may have functions that are not solely dependent on kinase 

function.  In fact, there are now numerous examples of distinct phenotypes obtained from 

treating with an inhibitor versus using a genetic knockout approach (Knight and Shokat, 

2007).  In the case of ZAP-70, it is currently unclear what, if any, independent function 

the protein has as an adaptor molecule distinct from its catalytic function.  Thus, although 

small-molecule inhibitors have their own caveats, due to their ability to inhibit catalytic 

activity specifically, rapidly, and usually reversibly, they serve as an important tool for 

protein dissection.     
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 Unfortunately, despite the benefits of using small-molecule inhibitors, they are 

challenging to develop.  The highly conserved nature of the kinase domain of PTK makes 

it difficult to generate an inhibitor specific to one single kinase.  Thus, off-target effects 

commonly occur.  For example, even though Gleevec was originally identified for its 

ability to target Abl, the compound has now been used to treat gastrointestinal stromal 

tumor (GIST) due to its effectiveness on inhibiting c-KIT (Capdeville et al., 2002).  

Although this can sometimes be useful clinically, it can also have potentially deleterious 

consequences.  Interestingly, although the active conformation of protein kinases are 

generally homologous due to their requirement to catalyze the same enzymatic reaction, 

the inactive conformations of the proteins can be quite distinct since there are different 

modes of regulating kinase activity (Huse and Kuriyan, 2002).  Again, Gleevec serves as 

a good example because part of the success of this inhibitor stems from its targeting of 

the inactive conformation of the protein.   

  Given the considerable challenge in generating a kinase inhibitor due to the 

conservation of the catalytic domain, an alternative chemical-genetic approach has been 

developed by Kevan Shokat and colleagues to specifically inhibit susceptible kinases.  

Briefly, the particular kinase of interest is modified so that it retains kinase activity but is 

susceptible to an inhibitor that cannot target wildtype kinases.  The small-molecule 

inhibitors to be used are bulkier analogs of a well-studied SFK inhibitor 4-amino-1-tert-

butyl-3-(p-methylphenyl) pyrazolo[3,4-d]pyrimidine  (PP1).  Conversely, a key 

conserved residue, termed the “gatekeeper,” is mutated in the hydrophobic pocket of the 

kinase domain so as to create a larger pocket that can now accommodate the PP1 analog. 

This conserved residue has been shown in protein kinase crystal structures to form close 
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interactions with ATP (Bishop et al., 2001).   Wild-type kinases will not bind the 

inhibitor due to steric clash between their bulky gatekeeper residues and the enlarged 

group in the PP1-derived inhibitor. 

 Shokat and colleague’s analysis of PP1 revealed the importance of the key 

conserved gatekeeper residue in the catalytic pocket of protein kinases in determining 

susceptibility to the inhibitor (Liu et al., 1999).   Although SFKs with a conserved Thr338 

at this position are sensitive to PP1, v-Src, which has a Ile at the key position is not 

inhibited by PP1, suggesting the significance of this amino acid position in determining 

susceptibility to the inhibitor.  Mutation of Ile338 in v-Src to threonine increased its 

susceptibility to PP1 while further reduction in the size of the amino acid by substituting 

a glycine or alanine increased sensitivity even more.  On the other hand, mutation to a 

bulkier amino acid, such as methionine or phenylalanine, made the mutant even less 

sensitive to PP1.  Interestingly, modified inhibitors of PP1 that were bulkier than the 

parental inhibitor were less effective than PP1 on the wildtype v-Src but still suppressed 

activity of the mutated v-Src molecules with a smaller amino acid at the Ile338 position. 

Based upon the importance of this residue, Liu et al. were also able to predict and 

confirm off-target effects of PP1 on other kinases with a threonine at a comparable 

position to Thr338 in c-Src, such as c-Abl and p38, while kinases with a larger amino acid, 

such as ZAP-70 with a methionine, were insensitive to PP1 treatment.  Thus, the size of 

this residue determines access to the catalytic pocket by an ATP antagonist.     

 The importance of the conserved gatekeeper in the catalytic domain of protein 

kinases have made it an attractive target for mutating and thus making kinases generally 

susceptible to an inhibitor.  Since this residue can be readily mutated to the smaller amino 
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acid without eliminating kinase activity, Shokat and colleagues developed a panel of 

PP1-analogs that are bulkier than the parental molecule that can target the mutated 

alleles.  They specifically did not use adenosine analogs because adenosine has many 

important cellular functions and therefore use of an analog could disrupt cellular 

functions non-specifically.  Thus, they focused on developing PP1 analogs since they 

understood how PP1 bound c-Src and it is not a biological analog (Bishop et al., 1998). 

Analysis of the analog-sensitive cyclin dependent kinase Cdc28 (CDK1) in 

Saccharomyces cerevisiae was the first in vivo demonstration of the functional power of 

this method (Bishop et al., 2000).  The authors found that the inhibitor treatment of the 

analog-sensitive Cdc28 exhibited distinct defects as compared to the traditionally studied 

temperature-sensitive mutant, thus further supporting the power and feasibility of this 

chemical genetic approach.    

 Use of this analog-sensitive system in lymphocytes has thus far been limited.  The 

first lymphocyte application was in the study of the SFK Lck in thymocytes in a 

reaggregate fetal thymic organ cultures (RTOC) by retrovirally expressing a 

constitutively active version of Lck  (Y505F) in the context of the analog-sensitive 

mutation (Denzel et al., 2003).  More recently, a study was published by Geahlen and 

colleagues on the generation of the ZAP-70 homolog, Syk (Oh et al., 2007).  

 The importance of the conserved residue at the ATP binding site has been 

demonstrated by the development of resistance to inhibitors through mutation of this 

residue.  A proportion of CML patients who develop resistance to Gleevec have a 

mutation at the key Thr315 to an Ile (Gorre et al., 2001; Shah et al., 2002). The crystal 

structure of Abl with Gleevec reveals that Thr315 forms a hydrogen bond with Gleevec 
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which is required for inhibition and controls access to the hydrophobic ATP binding 

pocket (Schindler et al., 2000).  Thus, mutation of the residue destroys the hydrogen 

bonding and potentially introduces steric clash between the inhibitor and the kinase 

(Gorre et al., 2001; Schindler et al., 2000).  Daub and colleagues further solidified the 

importance of this residue in conferring inhibitor sensitivity by mutating this conserved 

residue in multiple kinases to larger residues and observed increased resistance to given 

specific classes of inhibitors (Blencke et al., 2004).  Although mutation to a larger residue 

affects inhibitor effectiveness, it does not limit kinase activity because ATP functional 

groups do not enter the pocket, again confirming the power of the chemical genetic 

approach for dissecting kinase function.   

 Given the important that ZAP-70 plays in TCR signaling, we decided to use the 

chemical genetic approach developed by Shokat and colleagues to generate an analog-

sensitive ZAP-70 allele that is sensitive to a PP1 analog.  We used this approach to study 

ZAP-70’s function and regulation in cell lines.   Additionally, since the ZAP-70 deficient 

mouse has a block at the DP stage of thymocyte development, we generated a transgenic 

mouse line that exclusively expresses the analog-sensitive ZAP-70 allele, which can be 

inhibited by the addition of the PP1 analog.  We believe that this mouse system will aid 

in the understanding of ZAP-70’s role in both development and peripheral T cell 

responses and will serve as a model system to test the clinical utility of having a ZAP-70 

inhibitor.  

Topics to be Covered 

 The following three chapters will include data and analysis on the analog-

sensitive ZAP-70 allele.  Chapter 2 describes the development of the inhibitor system and 
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the utility of using the approach to block both TCR and CD28 superagonist signaling.  In 

Chapter 3, the development and initial characterization of the analog-sensitive transgenic 

mouse is described.  Chapter 4 discusses the implications and potential future directions 

of this research.  Finally, the Appendix describes the effect of quantitative changes in 

ZAP-70 signal strength on TCR signaling and development.   
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Chapter 2 

Inhibition of ZAP-70 Kinase Activity via an Analog-Sensitive Allele Blocks T Cell 
Receptor and CD28 Superagonist Signaling 
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Summary

 ZAP-70 is a cytoplasmic protein tyrosine kinase that is required for T cell antigen 

receptor (TCR) signaling.  Both mice and humans deficient in ZAP-70 fail to develop 

functional T cells, thus demonstrating its necessity for T cell development and function.  

There is currently no highly specific, cell-permeable small-molecule inhibitor for ZAP-

70; therefore, we generated a mutant ZAP-70 allele that retains kinase activity but is 

sensitive to inhibition by a mutant-specific inhibitor.  We validated the chemical genetic 

inhibitor system in Jurkat T cell lines, where the inhibitor blocks ZAP-70 dependent TCR 

signaling in cells expressing the analog-sensitive allele.  Interestingly, the inhibitor also 

ablates CD28 superagonist signaling, thereby demonstrating the system’s utility in 

dissecting ZAP-70’s requirement in alternative mechanisms of T cell activation.  Thus, 

we have developed the first specific chemical means for inhibiting ZAP-70 in cells, 

which serves as a valuable tool for studying ZAP-70’s function in T cells. 
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Introduction 

 Stimulation of the T cell antigen receptor (TCR) initiates a cascade of signal 

transduction events that lead to transcriptional alterations and cell activation.  Protein 

phosphorylation is one of the key forms of chemical modifications that controls TCR 

signaling.  Two families of proximal protein tyrosine kinases (PTKs) initiate TCR 

signaling.  Src family kinases (SFKs), predominantly Lck in T cells, phosphorylate 

component chains of the TCR complex following cross-linking of the antigen receptor.  

Dual tyrosine phosphorylation of the immunoreceptor tyrosine-based activation motifs 

(ITAMs) in the CD3 chains and ζ-chain homodimer of the TCR leads to recruitment of 

the Syk family kinase ZAP-70 to these doubly phosphorylated ITAMs, where it binds via 

its two tandem SH2 domains.  ZAP-70 undergoes a conformational change and then 

becomes activated by Lck-mediated phosphorylation and, potentially, by trans-

autophosphorylation (Brdicka et al., 2005).  Once activated, ZAP-70 can propagate the 

TCR signal by phosphorylating key downstream signaling molecules, including the 

adaptor molecules SRC homology 2-domain-containing leukocyte protein of 76 kDa 

(SLP-76) and the linker for activation of T cells (LAT) (Wardenburg et al., 1996; Zhang 

et al., 1998). 

The importance of ZAP-70 in T cell development and function is evident from the 

immunodeficiency that develops in both mice and humans deficient in the gene.  

Transgenic ZAP-70 knockout mice fail to develop any peripheral CD3+ T cells and 

exhibit a block at the double-positive (DP) CD4+CD8+ stage of T cell development 

(Negishi et al., 1995).  In addition, human severe-combined-immunodeficiency (SCID) 

patients have been identified that do not express ZAP-70 protein (Arpaia et al., 1994; 
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Chan et al., 1994a; Elder et al., 1994; Gelfand et al., 1995).  These patients fail to develop 

peripheral CD8+ T cells; however, they do develop non-functional CD4+ T cells.  These 

non-functional T cells have a specific TCR signaling defect. 

In addition to SCID, alterations in ZAP-70 function and expression have been 

associated with other disease phenotypes in both mice and humans.  For example, a 

spontaneous mutation in murine ZAP-70 causes an autoimmune rheumatoid arthritis-like 

disease in BALB/c mice (Sakaguchi et al., 2003).  These mice have a single point 

mutation in the C-terminal SH2 domain of ZAP-70, which results in a hypomorphic 

mutant and alterations in TCR repertoire selection.  ZAP-70 has also been associated with 

the human disease chronic lymphocytic leukemia (CLL).  Although ZAP-70 expression is 

primarily restricted to T cells, nearly half of (CLL) patients express ZAP-70 in their 

leukemic B cells (Rosenwald et al., 2001).  This altered expression is associated with a 

poor prognosis for these patients (Crespo et al., 2003; Rassenti et al., 2004).   

The restricted expression of ZAP-70 and its requirement for proper T cell 

signaling and function make it an interesting therapeutic target for transplantation, 

autoimmunity, asthma, and CLL.  Protein kinases, of which there are in excess of 500 in 

the human genome, are attractive targets for disease treatments and comprise the second 

largest group of drug targets, second only to G-protein-coupled receptors (Cohen, 2002).  

The success of the kinase inhibitor Gleevec (imatinib, STI-571, Glivec) in treating 

chronic myelogenous leukemia (CML) serves as a powerful example of the value of 

targeting kinases for drug therapies.  In addition to malignancies, kinases are also being 

studied for the treatment of autoimmunity and asthma in order to inhibit pathogenic 
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pathways that are hyperactivated in these patients.  For instance, Syk inhibitors have 

already been shown to be an effective therapy in rat asthma models (Wong, 2005).    

In addition to serving as potential disease therapies, kinase inhibitors provide a 

powerful means for dissection of protein function.   Yet, alternative methods for 

inactivating protein kinases are commonly used since specific inhibitors are not readily 

available for all kinases.  For example, the ZAP-70 deficient Jurkat T cell line, P116, has 

been extensively studied in order to understand ZAP-70’s function.  However, P116 cells 

may compensate for the lack of ZAP-70 expression by altering other factors.  Moreover, 

without a small-molecule inhibitor, the adaptor function of the kinase can only be studied 

with a kinase-inactive mutant, eliminating opportunity to study function after signaling is 

initiated.   ZAP-70 deficient mice have been useful in the study of the role of ZAP-70 in 

thymocyte development, but due to the complete block at the DP stage, it has been 

impossible to study the role of ZAP-70 in mature thymocytes or in peripheral T cell 

responses.  Furthermore, methods such as RNAi can be used to down-regulate protein 

expression, but they often take hours to days to have a sufficient effect and those effects 

are commonly transient and incomplete.  Thus, small-molecule inhibitors are attractive 

because they usually function within seconds and often do not require any other cell 

manipulation.  Selective inhibitors of several TCR proximal cytoplasmic kinases such as 

Lck have been reported (Goldberg et al., 2003).   Yet, despite much interest, no selective 

cell permeable ZAP-70 inhibitors, other than a peptide inhibitor, have been reported, 

suggesting that this kinase presents a significant challenge to inhibitor development 

(Nishikawa et al., 2000).  



 
 

33 

The biggest drawback of inhibitors is the difficulty in ensuring kinase specificity.  

This has been addressed by the development of a genetically controlled system whereby a 

given kinase is mutated in order to render it uniquely susceptible to a designed analog of 

4-amino-1-tert-butyl-3-(p-methylphenyl) pyrazolo[3,4-d]pyrimidine (PP1), a competitive 

inhibitor of ATP binding (Bishop et al., 2000).  The unmodified (“targetless”) cells, 

containing only wild-type kinases serve as the specificity control for the mutant specific 

small molecule inhibitor.  The system takes advantage of a conserved residue in protein 

tyrosine kinases termed the “gatekeeper,” which is usually a bulky amino acid that forms 

close contact with ATP.  A larger space is generated in the kinase active site by mutating 

this residue to a smaller amino acid, and this pocket can then accommodate an enlarged 

PP1 analog.  Conversely, wild-type kinases present in the cell will not bind the inhibitor 

due to steric clash between their bulky gatekeeper residues and the enlarged group in the 

PP1-derived inhibitor.  Since the kinase of interest has to be mutated in this technique, 

this inhibitor system cannot be used for direct clinical use; however, it enables analysis of 

protein function as well as in vivo testing to determine the clinical utility of an inhibitor 

for the kinase of interest. 

We have used this inhibitor strategy to successfully develop two ZAP-70 analog-

sensitive (ZAP-70AS) alleles that retains catalytic activity and are also sensitive to the PP1 

analog, 3-methylbenzyl-pyrazolopyrimidine (3-MB-PP1).  We have validated the general 

utility of this membrane permeable inhibitor system in the Jurkat T cell system.  We also 

show that, in addition to inhibiting TCR antibody mediated signaling, 3-MB-PP1 inhibits 

ZAP-70 analog-sensitive expressing cells from responding to a CD28 superagonist, 

where the role of ZAP-70 has been controversial.  Since no ZAP-70 specific small-



 
 

34 

molecule inhibitor currently exists, this inhibitor system provides a valuable tool for 

studying the role of ZAP-70 in T cell signaling and in peripheral T cell responses in vivo 

and dissecting other potential ZAP-70 dependent pathways.  
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Results 

Generation of Analog-Sensitive ZAP-70 Allele 

 We generated an analog-sensitive ZAP-70 allele by mutating the gatekeeper 

methionine to alanine to create greater access in the ATP pocket of the kinase domain.  

The resulting M414A mutant is referred to as analog-sensitive allele 1 (AS1) (Figures 

2.1A and 2.1B).  In addition, we introduced a secondary mutation, C405V, in conjunction 

with M414A, in an attempt to restore stability to the beta-sheet in the N-terminal kinase 

domain that could potentially be compromised by the parental M414A mutation (Zhang 

et al., 2005).  We termed this mutant AS2 (Figure 2.1B).  As can be seen in Figure 2.1A, 

the mutation of the gatekeeper methionine to the smaller alanine residue generates more 

space in the catalytic domain, allowing room for binding of bulky PP1 analogs.  In these 

studies, we chose to use the PP1 analog, 3-methylbenzyl-pyrazolopyrimidine (3-MB-

PP1), over other PP1 analogs, based upon its potent inhibition of ZAP-70AS and the lack 

of effect on wild-type cells in a screen for T cell activation (data not shown).  The 3-MB-

PP1 analog of PP1 contains an extra methylene bridge to the phenyl substituent of PP1, 

and a 3-methyl substituent which has been shown to be important for reducing binding to 

wild-type kinases (Figure 2.1C) (Burkard et al., 2007).  

 To test the cellular activity of the ZAP-70AS mutants and their sensitivity to 3-

MB-PP1, we transiently transfected 293 cells with wild-type or either one of the ZAP-

70AS constructs, along with Lck to activate ZAP-70 and the transmembrane adaptor LAT, 

which serves as a ZAP-70 specific substrate.  As shown in Figure 2.2A, ZAP-70WT was 

insensitive to the addition of 3 µM or 6 µM 3-MB-PP1.  In contrast, both ZAP-70AS1 and 

ZAP-70AS2 were inhibited by 3-MB-PP1 in a dose-dependent manner, as measured by  
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Figure 2.1. ZAP-70AS generation.  (A) Ribbon structure of portion of kinase domain of 

ZAP-70WT (left) [PDB code 2OZO (Deindl et al., 2007)] and ZAP-70M414A (M414A was 

manually introduced in Pymol) (right).  Gatekeeper residues are represented in red stick 

with meshed surface.  An ATP analog, AMPPNP is shown. (B) Diagrammatic 

representation of ZAP-70WT and ZAP-70AS constructs. (C) Structure of 3-MB-PP1.  
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Figure 2.2.  ZAP-70AS cellular activity is selectively inhibited by 3-MB-PP1.  (A) 293 

transient transfection of ZAP-70 constructs in the presence or absence of 3-MB-PP1.  

Cells were lysed in 2x concentrated SDS-PAGE sample buffer and analyzed by 

immunoblotting with antibody against phosphotyrosine in upper box.  Important 

phosphospecies are denoted by arrows.  Total ZAP-70, Lck and LAT levels were 

determined by blotting with specific antibodies. (B) FACS analysis of GFP and CD69 

expression after stimulation of P116 cells transiently transfected with either ZAP-70WT or 

ZAP-70AS1 (5 µg) and with GFP (5 µg) to mark transfected cells.  6 hours after 

transfection, cells were left unstimulated or stimulated with anti-TCR antibody (C305 

ascites 1:1000) or PMA (25 ng/ml) for 16 hours in the presence of vehicle (DMSO) or 3-

MB-PP1.  Numbers represent percentage of GFP+CD69+ (upper right) and GFP+CD69- 

(lower right).  Unless otherwise noted, all experiments shown in figures throughout the 

paper are representative of at least three independent experiments.  
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decreased LAT phosphorylation.  Importantly, the 293 transfection data also showed that 

the analog-sensitive ZAP-70 exhibited reduced catalytic activity when compared to the 

wild-type; however, both alleles were able to phosphorylate LAT in the absence of 

inhibitor.  We estimate the analog-sensitive ZAP-70 mutant has an average 2.1 fold 

reduction in cellular activity relative to wild-type based upon quantification of the 

intensity of the total level of ZAP-70 relative to that of the phosphorylated LAT in a 

series of immunoblots (data not shown).     

To further characterize the sensitivity of ZAP-70AS to 3-MB-PP1, we transiently 

transfected the ZAP-70 constructs into the ZAP-70 deficient Jurkat-derived T cell line, 

P116.  P116 fails to effectively initiate signaling events downstream of ZAP-70, 

including protein tyrosine phosphorylation, Ca2+ mobilization, Ras/MAPK activation, 

NFAT-directed transcription, and expression of a variety of downstream genes, such as 

CD69 (Williams et al., 1998).  We tested the transiently transfected cells for surface 

CD69 expression, mediated via the RAS/MAPK pathway, after overnight stimulation 

with an anti-TCR antibody (C305) in the presence or absence of 10 µM 3-MB-PP1.  We 

cotransfected a GFP vector with the ZAP-70 vector in order to monitor relative ZAP-70 

expression.  Both ZAP-70WT and ZAP-70AS1 expressing cells efficiently upregulated 

CD69 following TCR stimulation in the presence of vehicle (DMSO).  However, 

activation of cells expressing ZAP-70AS1 was markedly impaired in the presence of 3-

MB-PP1 (Figure 2.2B).  Additionally, only the highest ZAP-70AS1 expressing cells, as 

monitored by GFP expression, upregulated any surface CD69.   Similar results were 

obtained when ZAP-70 expression was determined by intracellular staining (data not 

shown).  No 3-MB-PP1 mediated effect was seen with either ZAP-70 allele after PMA 
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stimulation, which bypasses proximal TCR signaling.   Thus, the ZAP-70AS is functional 

and inhibited by 3-MB-PP1 in a T cell system. Moreover, although Lck and many 

downstream kinases are required for CD69 induction, only the cells expressing the ZAP-

70AS alleles are sensitive to inhibition by 3-MB-PP1.     

One of the biggest challenges to developing inhibitor systems is avoiding off-

target effects.  Therefore, we further tested the specificity of 3-MB-PP1 inhibition by 

analyzing its effect on other relatively upstream kinase/substrate pairs implicated in TCR 

signaling in 293 transient transfection assays (Figures 2.3A and 2.3B).  Lck activity was 

monitored by cotransfecting a CD8-ζ chimera, which contains the cytoplasmic domain of 

ζ and the extracellular domain of CD8, as a substrate. Tec kinase activity was measured 

by observing PLCγ1 phosphorylation.  Both Lck and Tec kinase activity were only 

minimally affected, even after incubation with high doses (9-10 µM) of 3-MB-PP1.    

 

Requirement of ZAP-70 to Both Initiate and Maintain TCR Mediated Increases in 

Cytoplasmic Free Calcium [Ca2+]i  

  ZAP-70 deficient P116 cells fail to increase [Ca2+]i after TCR stimulation; 

therefore, we wanted to test the effect of 3-MB-PP1 on [Ca2+]i.  We first generated P116 

clones that stably expressed ZAP-70WT, ZAP-70AS1, or ZAP-70AS2 to reconstitute TCR 

signaling.  All clones had similar surface CD3 levels (Figure 2.4).  We focused on four 

stable lines for these studies.  Both ZAP-70WT clones express more ZAP-70 than the 

parental Jurkat line (Figure 2.4).  Therefore, we selected ZAP-70AS2 and ZAP-70AS1a, 

which express comparable amounts of ZAP-70 to the wild-type clones.  In addition, we  
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Figure 2.3. 3-MB-PP1 does not affect Lck or Tec kinase activity.  (A) 293 transient 

transfection of Lck and CD8-ζ, serving as the kinase substrate, in the presence or absence 

of 3-MB-PP1.  Cells were lysed as described in Figure 2.2A.  (B) 293 transient 

transfection of Tec and PLCγ1.  Important phosphospecies are denoted by arrows.  Total 

Lck, CD8-ζ, Tec, and PLCγ1 were determined by blotting with specific antibodies.  Each 

panel in this figure is representative of two independent experiments. 
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Figure 2.4.  Characterization of ZAP-70WT and ZAP-70AS stable P116 lines.  (A) 

FACS analysis of surface CD3 expression and intracellular ZAP-70 expression in ZAP-

70 clones.  (B) FACS analysis of surface CD3 expression and intracellular ZAP-70 

expression comparing ZAP-70WT (dotted), ZAP-70AS1b (solid), and Jurkat (filled). 
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utilized ZAP-70AS1b because it expresses ZAP-70 equivalently to parental Jurkat cells, 

and therefore, allowed us to rule out any potential artifact of ZAP-70 overexpression.  

To test ZAP-70’s requirement for initiating [Ca2+]i increases, cells were pretreated 

with a 6 µM dose of 3-MB-PP1 or vehicle for 75 seconds and then stimulated with anti-

TCR antibody.  In both ZAP-70AS1 and ZAP-70AS2 stably transfected cells, this treatment 

blocked TCR mediated signaling; and, there was only a negligible effect on ZAP-70WT 

cells (data not shown; Figure 2.5A).  In addition, SFKs, such as Lck in Jurkat T cells, are 

also required for inducing [Ca2+]i increases for upstream ITAM phosphorylation and 

ZAP-70 activation.   Treatment with the SFK inhibitor PP2 had a comparable effect to 

that of inhibiting ZAP-70 in both wild-type and mutant stables, while only ZAP-70AS2 

was sensitive to blockade by 3-MB-PP1, suggesting a high degree of specificity.   There 

was also no effect of 3-MB-PP1 treatment on ionomycin dependent calcium release in 

ZAP-70WT or ZAP-70AS cells (data not shown).   

 This block in Ca2+ signaling was interesting but anticipated from studies of the 

parental P116 cells.  However, we were more interested in determining the requirement 

of ZAP-70 catalytic function for maintaining [Ca2+]I elevation.  The inhibitor system 

provides a powerful tool for answering such questions because 3-MB-PP1 can be added 

post-stimulation.  To directly test this, we treated the stably transfected cells with 3-MB-

PP1 after the maximal Ca2+response was achieved (75 seconds after stimulation).  

Interestingly, under these conditions, 3-MB-PP1 treatment completely abrogated TCR 

mediated [Ca2+]i increase in analog-sensitive stables, returning [Ca2+]i to baseline within 

20 seconds (Figure 2.5B).  This suggests an ongoing requirement for ZAP-70 catalytic 

function beyond signal initiation by the TCR. 
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Figure 2.5. ZAP-70 is required for initiating and maintaining TCR mediated Ca2+ 

flux.  Cells were loaded with Indo-1 dye and stimulated with anti-TCR antibody and 

either (A) pretreated or (B) treated post maximal Ca2+ flux with 6 µM 3-MB-PP1 or 

vehicle (V) (DMSO).  In A, PP2 was added at a final concentration of 20 µM.  The 

experiment in A is representative of multiple independent experiments, but PP2 was 

added as a control in two experiments. (C) NFAT activation in stable lines after TCR 

stimulation.  Stable lines were transiently transfected with 20 µg NFAT/AP-1-luciferase 

and 20 µg of vector only.  The cells were then left unstimulated, stimulated with anti-

TCR antibody (C305), or stimulated with 50 ng/ml PMA plus 1 µM ionomycin for 6 

hours at 37 °C and then assayed for luciferase activity.  The anti-TCR relative light units 

were calculated as a percentage of PMA for each sample and then the ratio of the value of 

3MB-PP1 treated cells relative to vehicle (untreated) was determined.  Error bars 

represent the standard deviation of three independent experiments each done in triplicate.   
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 The requirement of ZAP-70 for [Ca2+]i elevation was striking, but these 

measurements are made during short time intervals following the initiation of TCR 

signaling.  Therefore, it was important to monitor NFAT-transcriptional events in order to 

determine the long-term effect of this failure to mobilize intracellular calcium.  We 

transfected an NFAT/AP-1 luciferase reporter into our stable lines and monitored activity 

after 6 hours of TCR stimulation.  As expected from the calcium data, NFAT activity was 

severely and equivalently diminished by 3-MB-PP1 treatment in both the ZAP-70AS1a and 

ZAP-70AS2 lines after anti-TCR antibody stimulation (Figure 2.5C).  In addition, the 

response was dose-dependent.  The highest dose at 6 µM, which effectively blocked 

calcium responses, inhibited almost all NFAT-driven luciferase activity (approximately 

5% remaining activity compared to vehicle treated).  

 

Decreased Phosphorylation of the LAT-SLP-76-PLCγ1 Signalosome Upon ZAP-70 

Inhibition  

 ZAP-70 has been thought to have at least two direct downstream targets, the 

adaptor proteins LAT and SLP-76.  Both LAT and SLP-76 are key signaling adaptors, 

and cells that lack expression of either protein fail to propagate many of the downstream 

TCR signals.  In the ZAP-70 deficient P116, neither LAT nor SLP-76 is efficiently 

phosphorylated; and, the same cells overexpressing a kinase-inactive form of ZAP-70 

also fail to exhibit these phosphorylated substrates (Williams et al., 1998). 

 LAT and SLP-76 interact indirectly and are responsible for forming a complex of 

signaling molecules downstream of the TCR.  Phosphorylation of LAT is absolutely 

required for formation of the complex (Lin and Weiss, 2001).  SLP-76 binds to LAT via 
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an SH2 domain in the adaptor molecule Grb2-related adaptor protein, GADS.  SLP-76 

then recruits a number of important molecules, including the phospholipase PLCγ1, the 

guanine nucleotide exchange factor (GEF) Vav, and the Tec-family kinase interleukin-2-

inducible T-cell kinase (ITK), of which the latter two appear to require SLP-76 

phosphorylation (Koretzky et al., 2006).  In addition to its indirect interaction with SLP-

76 via GADS, LAT also interacts with numerous signaling molecules through its 

phosphorylated tyrosines, including the adaptor growth-factor-receptor-bound protein 2 

(Grb2) as well as PLCγ1.  The formation of a LAT- and SLP-76-containing signalosome 

serves as a nucleation point for TCR signaling events.  Phosphorylation of these adaptors, 

mediated by ZAP-70, plays a critical role in the formation and functional activity of this 

signaling complex. 

 Since phosphorylation of LAT and SLP-76 by ZAP-70 are so critical for initiation 

of many of the downstream signaling events, we wanted to examine the phosphorylation 

status of LAT and SLP-76 after treatment with 3-MB-PP1 in the analog-sensitive clones.  

However, in order to first control for more proximal events that are not ZAP-70 

dependent, we monitored Lck dependent TCRζ phosphorylation in ZAP-70WT and ZAP-

70AS2 cells.   As can be seen in Figure 2.6A, TCRζ phosphorylation was not significantly 

altered after incubation with the drug in either cell line, thereby reinforcing that 3-MB-

PP1 specifically targets ZAP-70AS dependent events.   

 We then examined LAT Tyr132 phosphorylation because PLCγ1 has been shown 

to bind to this tyrosine when phosphorylated (Zhang et al., 2000).   Once activated, 

PLCγ1 cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) 

and inositol 1,4,5-triphosphate (IP3), where IP3 binds receptors on the endoplasmic  
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Figure 2.6.  Effect of ZAP-70 inhibition on TCRζ , LAT, SLP-76, and PLCγ1.  P116 

stable lines were incubated with vehicle or 5 µM 3-MB-PP1 (unless otherwise indicated) 

and treated with either anti-TCR antibody (1:2000 C305) or left unstimulated.  Inhibitor 

and stimulus were added concurrently.   (A) After stimulation, 10 x 106 cells were lysed 

in 1% NP-40 lysis buffer and TCRζ was immunoprecipitated.  Immunoprecipitated 

lysates were immunoblotted for total phosphotyrosine and TCRζ. (B) Cells were lysed in 

2x concentrated SDS-PAGE sample buffer and were analyzed by immunoblotting with 

phosphotyrosine specific LAT pTyr132 and total ZAP-70.  Approximately 0.4 x 106 cell 

equivalents were loaded onto a SDS-PAGE gel. (C) After stimulation, SLP-76 was 

immunoprecipitated as described in A.  Immunoprecipitated lysates were immunoblotted 

for total phosphotyrosine and SLP-76. Results are representative of three independent 

experiments, which were carried out using either ZAP-70AS2 or ZAP-70AS1a. (D) Lysates 

were prepared as in B and immunoblotted with antibodies specific for PLCγ1 pTyr783, 

ZAP-70 pTyr319, and tubulin.  
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reticulum that lead to release of Ca2+ stores.  Mutation of Tyr132 to phenylalanine has been 

shown to decrease PLCγ1 phosphorylation and its binding to LAT, in addition to 

diminishing the overall [Ca2+]i  increase (Lin and Weiss, 2001; Zhang et al., 2000).  As 

shown in Figure 2.6B, induced phosphorylation of LAT Tyr132 is markedly inhibited after 

cotreatment with anti-TCR antibody and 5-10 µM 3-MB-PP1.  In addition to LAT 

phosphorylation, total SLP-76 phosphorylation was reduced over a 2-minute time course 

(Figure 2.6C).  Vehicle treated ZAP-70AS2 mutant cell samples often exhibited somewhat 

decreased phosphorylation relative to ZAP-70WT cells, which we hypothesize is due to 

the decreased catalytic activity of the analog-sensitive mutant.  Despite the decreased 

magnitude of phosphorylation in the untreated ZAP-70AS2 cells, the response is still 

sufficient to generate substantial biochemical and transcriptional responses.  Moreover, in 

very preliminary studies, we have been able to reconstitute T cell development of ZAP-

70 null mice with the ZAP-70AS2 clone expressed as a transgene suggesting that the 

reduced catalytic activity of the mutant ZAP-70 is not substantially functionally impaired. 

Phosphorylation of PLCγ1 is required for activation of the enzyme.  In particular, 

phosphorylation of Tyr783 has been shown to facilitate in the interaction between Tyr783 

and the C-terminal SH2 domain of PLCγ1, which leads to enzyme activation (Poulin et 

al., 2005).   Recently, it was demonstrated that SLP-76-bound ITK phosphorylates PLCγ1 

on this key residue (Bogin et al., 2007).  As shown in Figure 2.6D, phosphorylation of 

Tyr783 on PLCγ1 was markedly reduced in 3-MB-PP1 treated ZAP-70AS2.  Similar results 

were observed in ZAP-70AS1a and ZAP-70AS1b cells (data not shown).   The specificity of 

the 3-MB-PP1 toward ZAP-70AS is further emphasized in this experiment by the finding 

that ZAP-70 Tyr319 phosphorylation, mediated by Lck, is not affected by the addition of 
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the inhibitor (Figure 2.6D).  Recent crystallographic studies have shown that the Tyr319 

residue which is phosphorylated by Lck is involved in the auto-inhibition of ZAP-70 

(Deindl et al., 2007).   Together, the loss of LAT, SLP-76, and PLCγ1 phosphorylation 

can account for the marked inhibition we see in calcium mobilization.  We only noticed a 

modest decrease in total ITK phosphorylation in 3-MB-PP1 treated ZAP-70AS1b and 

ZAP-70AS2 cells (data not shown).  This is in agreement with normal ITK 

phosphorylation in SLP-76 deficient cells and that Src kinases regulate Tec kinase 

phosphorylation (Heyeck et al., 1997; Yablonski et al., 1998).  Thus, these studies 

indicate that phosphorylation of two of the most important downstream ZAP-70 

substrates is impaired upon 3-MB-PPl treatment ZAP-70AS expressing cells, but that 

other substrates such as the zeta chain, ITK and ZAP-70, itself, which are all 

phosphorylated by Lck, are not substantially affected.   

 

Maximal and Persistent RAS/MAPK Activation Requires ZAP-70 Catalytic 

Activity. 

 Given the substantial effect on calcium and PLCγ1 phosphorylation, we wanted to 

examine other PLCγ1-mediated signaling events, particularly, activation of the 

Ras/MAPK pathway via the generation of diacylglycerol.  We already demonstrated 

during the initial screening of 3-MB-PP1 that inhibitor treatment diminishes CD69 

upregulation, a downstream transcriptional target of RAS activation, in cells transiently 

transfected with ZAP-70AS (Figure 2.2B).  We confirmed this result in stable lines 

(Figure 2.7A).  In the presence of 3-MB-PP1, all ZAP-70AS lines failed to maximally 

upregulate CD69 after a 16 hour stimulation with anti-TCR antibody; however, there was  



 
 

55 

Figure 2.7.  ZAP-70 catalytic activity is required for complete and persistent 

RAS/MAPK activation.  (A) FACS analysis of CD69 expression after incubating stable 

lines for 16 hours with or without anti-TCR antibody or PMA (25 ng/ml) in the presence 

or absence of 10 µM 3-MB-PP1. Data are representative of at least three independent 

experiments. (B) P116 stable lines were incubated for 2 minutes either with vehicle or 5 

µM 3-MB-PP1 with anti-TCR antibody or left unstimulated.  Inhibitor and stimulus were 

added concurrently.  Cells were lysed in 2x concentrated SDS sample buffer and were 

blotted for pERK, pJNK, pp38, and tubulin.  (C) P116 stable lines were incubated with 

anti-TCR antibody over a 30 minute time course with vehicle (filled) or 5 µM 3-MB-PP1 

(open) in a 96 well round bottom plate.  At the appropriate time points, cells were fixed, 

permeabilized, and stained intracellularly with phosphospecific ERK antibody. (D) Same 

as in C except cells were treated with either vehicle (filled), 5 µM 3-MB-PP1 (solid line) 

or 10 µM 3-MB-PP1 (dotted line).  (E) ZAP-70AS2 was transiently transfected with 20 µg 

GFP and either empty vector (left) or 20 µg DGKζ (right) and stimulated and stained as 

in C.  Transfected cells were identified by gating on GFP+ cells.  The histograms are 

labeled as follows:  unstimulated (dotted line); 5 minute C305 + DMSO (filled); 5 minute 

C305 + 5 µM 3-MB-PP1 (solid).  Data are representative of two experiments.  
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no effect on PMA mediated activation, which bypasses proximal TCR signaling (Figure 

2.7A and data not shown).   

 The failure to express surface CD69 in 3-MB-PP1 treated analog-sensitive cells 

was expected to correlate with lack of the activation of the MAPK, ERK.  However, we 

repeatedly noticed that we had substantial, albeit diminished and delayed, ERK activation 

at 2 minutes in 3-MB-PP1 treated ZAP-70AS cells.  It became clear both by western 

blotting and intracellular staining of pERK using flow cytometry, that ERK activation 

was delayed and not maintainable in the inhibitor treated ZAP-70AS cells (Figures 2.7B 

and 2.7C).   Analysis of ERK activation by the use of a phosphospecific ERK antibody 

on whole cell lysates examined by SDS-PAGE showed clear induction of ERK activation 

by 1 minute in untreated ZAP-70AS2 cells and ZAP-70WT cells, but there was no 

detectable pERK activity above basal levels in inhibitor treated ZAP-70AS2 cells until 1.5 

to 2 minutes after anti-TCR antibody stimulation (Figure 2.7B).  This pattern of ERK 

activation held true for other MAPK members, p38 and JNK.  Analysis of pERK by 

intracellular flow cytometry showed similar results at the early time points with only 

small percentage of the cells being activated 5 minutes post stimulation (Figure 2.7C).  

This minimal activation was not sustained.  By 30 minutes, the ERK phosphorylation in 

the analog-sensitive cells returned to baseline, while untreated cells were still 

substantially positive for pERK (Figure 2.7C).  There was no difference in ERK 

activation between ZAP-70WT and ZAP-70AS2 cells treated with vehicle.         

 Although we were able to effectively eliminate increases in [Ca2+]i with 3-MB-

PP1, treatment with the same inhibitor still generated a substantial, yet abbreviated, 

pattern of ERK activation.   This discrepancy between the Ca2+ data and the ERK 
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activation was interesting because it either suggested that the level of PLCγ1 activity 

post-treatment was sufficient for some ERK activation but not Ca2+ mobilization or that 

the residual ERK activation was PLCγ1-independent.  Such a PLCγ1-independent 

pathway could be mediated by Grb2-SOS recruitment to the phosphorylated TCR ζ-

chain, as has been previously suggested (Ravichandran et al., 1993), albeit Grb2-SOS is 

also known to be recruited to phosphorylated LAT (Sieh et al., 1994; Zhang et al., 1998).   

Interestingly, the existence of a ZAP-70-independent pathway leading to ERK activation 

has been reported.  In these studies, P116 cells repeatedly exhibited delayed and transient 

ERK activation; however, this required the use of high levels of CD3 cross-linking 

(Griffith et al., 1998; Shan et al., 2001).    

We used two approaches to test whether residual PLCγ1 activity was the mediator 

of the ERK activation.  First, we increased the concentration of 3-MB-PP1 to 10 µM and 

found that this eliminated the remaining ERK activation (Figure 2.7D).  Second, we 

transiently overexpressed diacylglycerol kinase ζ (DGKζ), which converts diacylglycerol 

into phosphatidic acid by phosphorylation of the free hydroxyl group.  We hypothesized 

that if the remaining ERK activation were PLCγ1-dependent, then overexpression of 

DGKζ would eliminate the remaining ERK in the 3-MB-PP1 treated ZAP-70AS cells.  

Overexpression of DGKζ did, in fact, eliminate the remaining ERK activation at 5 

minutes post-stimulation in the presence of 3-MB-PP1, thus providing additional 

evidence that the ERK activation appears to be PLCγ1 dependent (Figure 2.7E).  

Therefore, although [Ca2+]i increases were severely inhibited by 3-MB-PP1 treatment, 

similar doses of the inhibitor still allowed for enough PLCγ1 activity to initiate the 

MAPK cascade to some extent.  However, this level of residual ERK activation was not 
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sufficient to maintain long-term activation or promote maximal transcriptional changes.  

These data are consistent with the notion that the mechanisms to amplify or positively 

feedback on ERK activation are more sensitive to low levels of PLCγ1 activity than the 

mechanisms that regulate the calcium pathway.  

 

Superagonist CD28 Antibody is ZAP-70 Dependent 

 One of the benefits of utilizing a small-molecule inhibitor system is to be able to 

test the role of the given protein in a variety of pathways where its function is 

controversial or not easily determined.  For instance, ZAP-70 is well known for its 

critical role in proximal TCR signaling, but its function in CD28 superagonist signaling 

has been unclear.  Conventional anti-CD28 antibodies require TCR coengagement to 

induce proliferation, but there is a class of anti-CD28 antibodies, termed stimulating or 

superagonists, that can stimulate T cell IL-2 production and proliferation in the absence 

of TCR antibodies. One human CD28 superagonist was recently utilized in a clinical trial 

because it had been shown to induce development of regulatory T cells (Treg), but when 

administered to the healthy volunteers in a phase I clinical trial, the superagonist induced 

an unanticipated cytokine storm followed by multiorgan failure in volunteer subjects 

participating in this trial (Suntharalingam et al., 2006).  Thus, understanding the 

biochemical mechanisms by which CD28 superagonist antibodies function might help in 

preventing such unforeseen disastrous complications with immunologically active agents 

in the future. 

 Although the use of stimulating anti-CD28 antibody has been shown to activate 

some common events downstream of the TCR, including SLP-76 and Vav 
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phosphorylation, all TCR-mediated pathways are not induced. Moreover, the role of 

ZAP-70 in this process has been controversial (Dennehy et al., 2007).  Initially, it was 

assumed that ZAP-70 did not function in superagonist stimulation because ZAP-70 did 

not appear to be phosphorylated after stimulation in primary rat cells (Dennehy et al., 

2003).  However, although a more recent study also did not observe ZAP-70 

phosphorylation, the same group found that overexpression of a dominant negative ZAP-

70 construct resulted in inhibition of the anti-CD28 induced IL-2 production, thus 

suggesting an important yet unappreciated role for ZAP-70 in this signaling process 

(Dennehy et al., 2007).  Therefore, given the controversial role for ZAP-70 signaling in 

this signaling cascade, and the importance of understanding how superagonists function, 

we decided to utilize our inhibitor system to dissect the kinase’s role in superagonist 

stimulation. 

 Although previous reports did not observe ZAP-70 phosphorylation following 

CD28 superagonist stimulation, the stimulating CD28 AN28.1/5D10 antibody induced 

detectable ZAP-70 Tyr319 phosphorylation after 1 minute stimulation of Jurkat T cells, 

albeit at a substantially lower level than anti-TCR stimulated cells (Figure 2.8A).  

Interestingly, as has been reported before, the same cells induced substantial PLCγ1 

Tyr783 phosphorylation, with delayed kinetics when compared to TCR stimulation.  ERK 

activation was also evident in these cells.  Therefore, the presence of ZAP-70 

phosphorylation in these cells suggests that ZAP-70 could play a role in the signaling 

cascade.  To explore this further, we first used P116 to see if the cells could be activated 

by ANC28.1 stimulation.  Figure 2.8A demonstrated that superagonist stimulation 

induces pERK, so we decided to monitor CD69 as a readout for ANC28.1 mediated Ras  
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Figure 2.8.  ZAP-70 is required for T cell activation mediated by a stimulating CD28 

antibody. (A) Jurkats were stimulated for 1 or 5 minutes with either a final concentration 

of C305 or 1 µg/ml, 5 µg/ml, or 10 µg/ml ANC28.1/5D10 antibody at 37 °C. Cells were 

lysed in 2x concentrated SDS sample buffer and were analyzed by immunoblotting for 

PLCγ1 pTyr783, ZAP-70 pTyr319, pERK, and tubulin. Data are representative of two 

independent experiments.  (B) FACS analysis of CD69 expression after stimulating ZAP-

70AS2 or P116 for 16 hours with ANC28.1 antibody (1 µg/ml) or PMA (25 ng/ml). The 

histograms are labeled as follows:  unstimulated (dotted line); ANC28.1 (solid line); 

PMA (filled). Data are representative of two independent experiments. (C) CD69 analysis 

of ZAP-70AS1b and ZAP-70AS2 after ANC28.1 antibody (1 µg/ml) stimulation with or 

without 5 µM 3-MB-PP1. The histograms are labeled as follows:  unstimulated (dotted 

line); ANC28.1 + vehicle (filled); ANC28.1 + 3-MB-PP1 (solid line). (D) Similar pERK 

analysis as in Figure 5C except cells were stimulated with ANC28.1 antibody (1 µg/ml) 

for 5 minutes with or without 5 µM 3-MB-PP1. Histograms labeled as in C. Data are 

representative of two independent experiments.  
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activation, which has been previously reported to be induced in superagonist treated cells 

(Dennehy et al., 2003).   Although ZAP-70AS2 cells clearly upregulated CD69 after 

overnight stimulation with soluble ANC28.1 at 1 µg/ml, P116 failed to induce surface 

CD69 expression (Figure 2.8B).  Therefore, ZAP-70 appears to be required for ANC28.1 

stimulation.     

 The induction of ZAP-70 phosphorylation in Jurkat and the failure of P116 to be 

activated by ANC28.1 clearly suggest that stimulating CD28 antibody treatment requires 

ZAP-70.  However, previous research by Dennehy et al. suggests that only tonic 

signaling via ZAP-70 might be required to prime the system (Dennehy et al., 2007).  This 

hypothesis cannot be tested in P116, which do not express ZAP-70 and thus would not 

exhibit ZAP-70 dependent tonic signals. The best way to test this hypothesis is with a 

small-molecule inhibitor; therefore, we treated our ZAP-70AS cells with 3-MB-PP1 

concurrently with 1 µg/ml ANC28.1 antibody.  This treatment inhibited CD69 

upregulation and pERK activation in two analog sensitive lines but had no effect on ZAP-

70WT cells (Figures 2.8C and 2.8D).  Thus, the use of 3-MB-PP1 and the ZAP-70AS 

expressing cells, demonstrate the requirement of ZAP-70 in CD28 superagonist-mediated 

signaling as well as the utility of having an inhibitor system to study the role of ZAP-70.    
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Discussion 

 We have successfully generated two ZAP-70 alleles that retain kinase activity but 

are sensitive to inhibition by the PP1 analog, 3-MB-PP1.  In both 293 and P116 cells, 

ZAP-70AS reconstitutes ZAP-70 functions but is inhibitable by the addition of 3-MB-PP1 

in a dose-dependent fashion.  This inhibition of ZAP-70 function ablates [Ca2+]i increases 

and NFAT/AP1 activity.  Failure to initiate or maintain calcium mobilization was 

associated with and a likely consequence of the inhibition of phosphorylation of the key 

ZAP-70 adaptor targets, LAT and SLP-76.  Without the phosphorylation of those 

important adaptor molecules, PLCγ1 cannot be recruited to the membrane, 

phosphorylated, or activated properly to generate the IP3 required for [Ca2+]i increase.   

 Although phosphorylation of Tyr783 on PLCγ1 was not readily inducible nor were 

elevations of [Ca2+]i detectable following 3-MB-PP1 treatment in ZAP-70AS cells, we 

consistently observed evidence of ERK activation in a percentage of these cells.  The 

level of ERK activation was delayed, reduced in magnitude and not sustained, when 

compared to ZAP-70WT or untreated ZAP-70AS cells.  Nonetheless, this diminished 

response was reproducibly seen.  It has been previously reported that ZAP-70 deficient 

cells, P116, are capable of activating ERK, thus providing support for a ZAP-70-

independent mechanism (Griffith et al., 1998; Shan et al., 2001).  However, such ZAP-70 

independent activation required high levels of TCR stimulation.  It was also plausible to 

consider a possible PLCγ1 independent mechanism since Grb2-SOS have been reported 

to interact with the phosphorylated TCRζ chain (Ravichandran et al., 1993) and also with 

phosphorylated LAT (Zhang et al., 1998).   Thus, there could be separate ZAP-70 and 

PLCγ1-independent mechanisms leading to the activation of the Ras/MAPK pathway.  
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However, when we increased the dose of 3-MB-PP1 or, more importantly, transiently 

transfected DGKζ to convert the remaining DAG into phosphatidic acid, pERK was no 

longer induced.  This suggests that the remaining ERK activation is still PLCγ1 and ZAP-

70 dependent.  It remains unclear why 3-MB-PP1 completely inhibited calcium 

mobilization and not ERK activation.  The experiments were performed under different 

conditions with the cells being suspended in a larger volume in the Ca2+ assay than in the 

pERK experiment.  This larger volume increases the ratio of drug to cell even though 

similar concentrations of 3-MB-PP1 were used in the two different experiments.  In 

addition, given the delay in ERK activation in 3-MB-PP1 treated ZAP-70AS, we 

hypothesize that a positive feedback loop over ERK is strong enough to support transient 

ERK activation in these cells.   This positive feedback could involve the functional 

amplification loop of the two GEFs, RasGRP and SOS, that we have previously 

described (Roose et al., 2007).  Thus, our studies herein support the notion that Grb2-

SOS plays a less primary role than RasGRP in TCR signaling leading to Ras activation. 

 ZAP-70 not only has kinase function but also has been shown to serve as an 

adaptor for many proteins, including Lck, Vav, c-Cbl, and Crk, via its phosphorylated 

tyrosine residues.  One of the outstanding questions has been: what downstream TCR 

signaling functions is ZAP-70 able to fulfill as an adaptor in the absence of its catalytic 

function?  Following the addition of 3-MB-PP1 to ZAP-70AS stables, we did not observe 

any substantial TCR signaling functions that were maintained.  However, we did not 

determine if ZAP-70’s associations with the other proteins were still inducible.  Our lab 

has previously reported that the deletion of the region of between the second SH2 domain 

and kinase domain of ZAP-70, termed interdomain B, which contains the key tyrosines 
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that are known to interact with other proteins when phosphorylated, does not eliminate 

kinase activity (Zhao et al., 1999).  In addition, point mutations of tyrosines 315 and 319 

to alanine or glutamic acid do not ablate kinase activity (Brdicka et al., 2005).  The 

recently solved crystal structure of ZAP-70 supports a role for the interdomain B 

tyrosines in maintaining ZAP-70 in an inactive and closed conformation when 

unphosphorylated (Deindl et al., 2007).  Upon phosphorylation of ZAP-70 by Lck, the 

former kinase can adopt an active and open conformation.  Thus, although biochemical 

evidence has shown that the ZAP-70 tyrosines promote binding with other important 

signaling molecules, these events are clearly not sufficient for substantial downstream 

signaling in the absence of ZAP-70 catalytic activity.   Overall, these findings allow for 

the possibility that ZAP-70’s role as an adapter might only be significant in the context of 

a catalytically active protein kinase.   

 One of the benefits of using a small-molecule inhibitor is to be able to study an 

enzyme’s role in a process where having genetically deficient system is undesirable.  We 

demonstrate that here a critical role for ZAP-70 in superagonist CD28 signaling.  

Although previous reports did not observe ZAP-70 phosphorylation upon superagonist 

stimulation, we were able to detect induction of ZAP-70 phosphorylation, albeit weaker 

than in Jurkat.  Recently, a role for ZAP-70 has been implicated in superagonist 

stimulation, but it was hypothesized that only tonic signaling was required (Dennehy et 

al., 2007).  Our data using 3-MB-PP1 and analog-sensitive ZAP-70 alleles suggests that 

ZAP-70 is actively required in this signaling cascade.   Although the level of ZAP-70 

phosphorylation is lower following stimulation with the CD28 superagonist, the induced 

signaling events appear ZAP-70 dependent, suggesting the presence of an amplification 
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loop downstream of ZAP-70.  It is unclear why we observed phosphorylation of ZAP-70 

when Dennehy et al. did not observe it in either rat primary T cells or Jurkats (Dennehy et 

al., 2007; Dennehy et al., 2003).  The differences in stimulation conditions and blotting 

antibodies could play a role.  The stimulating CD28 antibody used in this experiment was 

also different than the one used in these previous studies.   Overall, these data support the 

general utility of this ZAP-70 inhibitor system and the general benefit of using multiple 

biological methods to dissect a protein’s function.  

 Protein kinases are important targets of drug development.  However, broad 

expression of many of these enzymes makes them unappealing targets because inhibition 

of the kinase when outside of the disease context can lead to undesirable side-effects.  

ZAP-70 is an attractive target because it is expressed predominantly in T cells.  In 

situations where overactive T cells are a substantial component of disease, such as in 

autoimmune diseases or transplantation, targeting ZAP-70 could provide a means to 

target the T cells while avoiding adverse effects on other cells.  The system that we have 

generated for analyzing the effect of ZAP-70 inhibition will allow us to identify the 

utility of a ZAP-70 inhibitor in preclinical models in mice that we have recently 

reconstituted with the analog-sensitive allele of ZAP-70.  These studies together with 

crystal structures of the intact autoinhibited ZAP-70 protein and the activated isolated 

kinase domain may help in the development of a clinical ZAP-70 inhibitor (Deindl et al., 

2007; Jin et al., 2004). 
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Experimental Procedures 

Generation of 3-MB-PP1 

3-MB-PP1 was synthesized in a previously described route using slightly modified 

conditions (Bishop et al., 1999).  

 

Cell lines and transfections  

P116, a ZAP-70 deficient Jurkat-derived T-cell line, was obtained from R. Abraham 

(Burnham Institute, La Jolla, CA). 293 cells, a kidney epithelial cell line, were obtained 

from the American Type Culture Collections. Cells were grown as described previously.  

For transient transfections of ZAP-70 constructs into P116, 20 x 106 cells were 

transfected with 5 µg expression construct, 5 µg GFP, and 20 µg empty vector.  Cells 

were transfected as previously described (Brdicka et al., 2005).  Stable P116 clones 

expressing ZAP-70 constructs were selected with blasticidin (10 µg/ml; Invitrogen).  

Transient transfections of 293 cells were carried out in 24-well plates using 

Lipofectamine and PLUS reagents (Invitrogen) according to the manufacturer's 

instructions.    

 

Plasmids 

A QuickChange site-directed mutagenesis kit (Stratagene) and standard PCR techniques 

were used to prepare ZAP-70 mutations: M414A (ZAP-70AS1), M414A/C405V (ZAP-

70AS2) in the plasmid pBlueScript (Invitrogen).  The mutated versions and wild-type 

human ZAP-70 were then subcloned into expression vector pEF6.A (Invitrogen) via 

EcoRI digest.  For transfections, the following previously described plasmids were used: 
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Lck (Marth et al., 1985), FLAG-tagged LAT (Brdicka et al., 2002), Lck (Marth et al., 

1985), CD8-TCR-ζ (Irving and Weiss, 1991),  hemagglutinin (HA)-tagged rat PLCγ1 

(Tomlinson et al., 2004), HA-tagged murine Tec kinase (Tomlinson et al., 2004).  The 

DGKζ  construct was a gift from Gary Koretzky.  An enhanced green fluorescent protein 

(EGFP) plasmid from Invitrogen was used in cotransfection experiments. 

 

Antibodies 

Ascites of C305, an anti-Jurkat TCR β-chain monoclonal Ab was used for TCR 

stimulations at a concentration of 1:2000 dilution of ascitic fluid unless otherwise noted 

(Weiss and Stobo, 1984).  For stimulation via CD28 the stimulating antibody 

ANC28.1/5D10 was purchased from Ancell.  The following antibodies were used from 

western blotting: PLCγ1-pY783, LAT-pY132 (Biosource), ZAP-70-pY319, 

Thr202/Tyr204 for phospho-p44/42 MAP kinase (Cell Signaling), Lck (1F6 from 

J.B.Bolen), anti-phosphotyrosine (4G10), α-tubulin (Sigma), LAT (Abcam), SLP-76 

(Santa-Cruz), active p38, active JNK (Promega), PLCγ1 (Upstate Biotechnology) and 

anti-hemagglutinin (12CA5), which was derived from the mouse hybridoma cell line.  

The following antibodies have been previously described: 2F3.2 (anti-ZAP-70) 

(Iwashima et al., 1994); 6B10.2 (anti-TCR-ζ) (van Oers et al., 1995). Anti-CD3 (BD 

Biosciences) and anti-ZAP-70 (Caltag) were used for staining of the stable lines.   

 

Flow cytometry assays 

For CD69 experiments, six hours after transfection, cells were washed in RPMI and 

resuspended at 1x106 cell/ml.  Cells were incubated with DMSO (vehicle) or 3-MB-PP1 
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and stimulated with C305 ascites (1:1000) or phorbol 12-myristate 13-acetate (PMA) (25 

ng/ml).  Cells were left overnight at 37°C and then stained with allophycocyanin-

conjugated CD69 (BD Biosciences).  For intracellular flow cytometry analysis of pERK, 

P116 stable lines were incubated with anti-TCR antibody for a 30 minute time-course 

with vehicle (DMSO) or 3-MB-PP1 in a 96 well round bottom plate.  Cells were fixed by 

adding BD CytoFix (BD Biosciences), washed 2x with FACS buffer and then 

permeabilized with 100% ice cold methanol.  Cells were then washed 3x, stained with 

primary pERK antibody, washed 2x, then stained with allophycocyanin-conjugated goat 

anti-rabbit secondary (Jackson).  

 

Measurement of free intracellular calcium 

Free intracellular calcium was measured as described previously (Brdicka et al., 2005).  

Cell were stimulated with anti-TCR antibody C305 in the presence of DMSO, 6 µM 3-

MB-PP1 or 20 µM PP2 (4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-

d]pyrimidine) (Calbiochem).  

 

Luciferase assays 

Stable cell lines were transfected with 20 µg NFAT/AP1 luciferase and 20 µg of vector 

only.  Approximately 16 hours after transfected, cells were stimulated with anti-TCR 

antibody (C305, 1:2000 ascites) or PMA (50 ng/ml) and ionomycin (1 µM).  Six hours 

later, the cells were harvested, lysed and assayed for luciferase activity using a Mithras 

LB 940 (Berthold Technologies).  
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Stimulations and Immunoblot Analysis  

For 293 experiments, inhibitor or DMSO control was added at the time of transfection, 

and cells were incubated for 24 hours.  Cells were then harvested, spun down, and lysed 

in 2x concentrated sodium dodecyl sulfate (SDS) sample buffer.  Lysates were cleared by 

ultracentrifugation at approximately 440,000 x g for 30 minutes at 24°C degrees.  

Supernatants were then collected and dithiothreitol (DTT) was added to a final 

concentration of 1%.   P116 stable lines were stimulated (25 x 106/ml) in RPMI with anti-

TCR antibody C305 (1:2000 ascites) for the time indicated.  For most experiments, cells 

were lysed, as noted, in 2x concentrated SDS sample buffer and were subjected to 

ultracentrifugation as described above.  For immunoprecipitation experiments, 10 x 106 

cells were stimulated and lysed in ice-cold lysis buffer (20 mM Tris, pH 7.6, 150 mM 

NaCl, 1% NP-40, a cocktail of protease and phosphatase inhibitors).     

 Postnuclear supernatant was used for immunoprecipitation with antibody bound 

to protein A (Amersham Biosciences).    Samples were analyzed by polyacrylamide gel 

electrophoresis (PAGE) and immunoblotting was performed using primary and 

horseradish peroxidase-conjugated secondary antibodies which were detected by 

chemiluminescence (Western Lightning) using a Kodak Image Station (Kodak).   
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Chapter 3 

Characterization of ZAP-70AS Transgenic Mouse 
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Summary  

 Since the ZAP-70 deficient mice have a complete block in thymocyte 

development at the double positive (DP; CD4/CD8) to single positive (SP; CD4 or CD8) 

positive selection checkpoint, it has been impossible to study the role of ZAP-70 in 

peripheral T cells in vivo.  Therefore, we generated a bacterial artificial chromosome 

(BAC) transgenic mouse line that expresses the ZAP-70AS allele, which can be targeted 

by the PP1 analog, 3-MB-PP1.  These mice exhibit relatively normal thymocyte 

development and percentages of peripheral T cells.  Preliminary studies show that the 

ZAP-70AS expressing cells can be inhibited ex vivo in terms of Ca2+ flux, CD69 

expression, and effector cytokine production.  Thus, we have developed a system to study 

the role of ZAP-70 in peripheral T cells.  We hope to use this system to study the 

function of ZAP-70 in vivo as well as to test the clinical utility of a ZAP-70 inhibitor for 

use as an immunosuppressant and for treatment of diseases that are caused by overactive 

T cells or aberrant ZAP-70 function.     
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Introduction 

 The critical role for ZAP-70 in TCR signaling has been well established via cell 

line studies and the block at the DP to SP checkpoint of thymocyte development in ZAP-

70 deficient mice (Negishi et al., 1995; Williams et al., 1998).  Although the complete 

block in murine T cell development and consequential lack of peripheral T cells speaks to 

the important function of ZAP-70 in thymocyte maturation, it eliminates the ability to 

study the role of ZAP-70 in peripheral T cells.  Analysis of ZAP-70 mutants has 

demonstrated that proper ZAP-70 activity is important both in T cell development and 

peripheral function.  A spontaneous hypomorphic mutation caused by a mutation in the 

second SH2 domain of ZAP-70 highlights the importance of the kinase because these 

mice develop a rheumatoid arthritis-like phenotype due to alterations in repertoire 

selection (Sakaguchi et al., 2003).     

 Despite the lack of peripheral T cells in the ZAP-70 deficient mice, ZAP-70 has 

been proposed to be an interesting drug target because blocking kinase function would 

theoretically inhibit T cell function and serves as a powerful means to suppress the 

immune system.  This would be particularly important in situations where T cells are 

hyperactivated and thus disease promoting, as is the case in various autoimmune diseases 

or in host versus graft disease after transplantation.  Additionally, a ZAP-70 inhibitor 

could potentially be useful in treating the subset of chronic lymphocytic leukemia (CLL) 

patients who express ZAP-70 in their leukemic B cells.  In these patients, ZAP-70 

expression correlates with an increased B cell antigen receptor signaling potential and a 

poor prognosis (Chen et al., 2005a; Crespo et al., 2003; Rassenti et al., 2004).  Thus far, 

no small-molecule, cell permeable inhibitor for ZAP-70 has been described.  A peptide 
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inhibitor was previously identified, but the studies were limited to cell lines and no 

further analysis was performed using this approach (Nishikawa et al., 2000).  

 We have developed a ZAP-70 allele (ZAP-70AS) that is sensitive to the PP1 

analog, 3-MB-PP1 in cell line studies.  Since ZAP-70 knockout mice are readily 

available, this chemical genetic approach developed can be used in vivo by generating a 

transgenic mouse line that expresses the ZAP-70AS allele.  We therefore generated a 

bacterial artificial chromosome (BAC) transgenic that expresses ZAP-70AS.  These mice 

develop peripheral T cells which are responsive to inhibition by 3-MB-PP1 and thus will 

be a powerful tool for analyzing ZAP-70 function and testing the utility of having a ZAP-

70 inhibitor for treating different disease models.   
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Results  

Phenotypic Characterization of ZAP-70AS BAC Transgenic Lines   

 In order to generate a ZAP-70AS transgenic mouse, we used bacterial 

recombineering to introduce the methionine to alanine gatekeeper mutation at Met413, the 

homologous site to the human gatekeeper Met414, on a bacterial artificial chromosome 

containing the region of murine chromosome 1 encoding Zap70 (Copeland et al., 2001; 

Tischer et al., 2006).   The final BAC construct was injected into B6 ZAP-70+/- embryos.  

Two resulting founders were identified by PCR and intracellular staining for ZAP-70 

expression in peripheral blood T lymphocytes.  The two founders were then crossed to 

ZAP-70-/- mice to generate ZAP-70AS mice on the ZAP-70-/-  B6 background.  The two 

lines are referred to as ZAP-70AS-LO and ZAP-70AS-HI based upon their level of ZAP-70 

expression in T lymphocytes.  The ZAP-70AS-LO mice express less ZAP-70 than wild-type 

mice while ZAP-70AS-HI mice express more than wild-type (Figure 3.1A).  Based upon 

analysis of peripheral blood, ZAP-70AS-HI mice have significant numbers of peripheral 

CD4+ and CD8+ T cells, albeit slightly lower than wild-type (Figure 3.1B).  However, the 

ZAP-70AS-LO mice have substantially fewer CD3+ positive cells and thus CD4+ and CD8+ 

peripheral blood cells. It is not surprising that the ZAP-70AS do not completely restore 

normal development, given that ZAP-70AS in human cell lines proved to be a 

hypomorphic allele compared to wild-type (see Chapter 2).  

 In preliminary studies, thymocyte development of the ZAP-70AS-HI mice appear 

comparable to heterozygous ZAP-70+/- than ZAP-70+/+ mice; however, we chose to 

predominantly compare the transgenic line to the ZAP-70+/- because the cells appear to 

respond comparably to stimuli.  Percentages of DP, SP4, and SP8 were equivalent  
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Figure 3.1. ZAP-70AS-HI mice develop thymocytes and peripheral T cells. (A) ZAP-70 

expression in peripheral blood CD3+ T cells (ZAP-70 knockout CD3- cells used as a 

negative control).  (B) Comparison of percentage of peripheral blood CD4+ and CD8+ T 

cells in ZAP-70+/+, ZAP-70AS-LO, and ZAP-70AS-HI mice.  (C) Thymocyte profile of ZAP-

70+/- and ZAP-70AS-HI.  (D) Comparison of CD5 and CD3 levels on DP and SP4 

thymocytes.   
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between ZAP-70+/- and ZAP-70AS-HI mice (Figure 3.1C).  However, CD5 levels on DP 

thymocytes were consistently lower on ZAP-70AS-HI thymocytes (Figure 3.1D).  Since 

CD5 expression correlates with TCR signal strength, this finding again suggests that 

ZAP-70AS is a weaker signaling allele even when overexpressed (Azzam et al., 1998). 

Overall, levels of CD3, CD69, and TCRβ on both DP and SP ZAP-70AS-HI thymocytes 

appear comparable to the ZAP-70+/- (data not shown).    

 Interestingly, preliminary experiments show that ZAP-70AS-LO mice have a 3-4 

fold reduction in SP4 thymocytes and alterations in developmental markers, 

demonstrating an impairment in thymocyte development due to the lower expressing 

mutant allele.  This correlates with the reduction in CD3+ peripheral T cells in the blood 

of these animals.  Subsequent analysis of ZAP-70AS-LO splenocytes showed that the T 

cells had a primarily memory T cell phenotype (CD44HICD62LLO).  This memory T cell 

phenotype is unlike the ZAP-70AS-HI peripheral T cells that appeared comparable to ZAP-

70+/-.  Again, this suggests that that the lower expression of the ZAP-70AS allele cannot 

reconstitute normal development, while higher expression in ZAP-70AS-HI appears to 

compensate for this defect. It is important to note that these are preliminary studies on 

young mice and more analysis is required.  

 

Inhibition of Ca2+ Mobilization in ZAP-70AS-HI Peripheral T cells Ex Vivo  

  In P116 lines stably expressing ZAP-70AS, we showed that the PP1 analog, 3-

MB-PP1, could strongly inhibit TCR mediated increase in intracellular Ca2+ ([Ca2+]i).  

Therefore, to confirm that the ZAP-70AS transgenic line was also sensitive to PP1 analog 

inhibition, we tested the effect of inhibitor treatment on peripheral T cell Ca2+ flux.  In 
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order to determine the best inhibitor for the murine T cells, three different inhibitors were 

tested ex vivo: 3-MB-PP1, CZ21 and CZ40.  Total splenocytes were isolated from the 

animals and loaded with the Ca2+ dye Fluo3 in the absence of the PP1 analogs.  Cells 

were then stimulated in the presence or absence of the inhibitors and changes in [Ca2+]i 

were followed.  As can be seen in Figure 3.2A, ZAP-70AS-HI peripheral T cells were 

strongly inhibited at a final inhibitor concentration of 6 µM and were completely 

inhibited at 12 µM while T cells from the ZAP-70+/- exhibited only a slight delay in flux.  

Importantly, the two genotypes fluxed Ca2+ equivalently in the absence of inhibitor. 

Similar results were obtained with all three inhibitors but only 3-MB-PP1 and CZ40 are 

shown as examples.  ZAP-70+/- splenic B cells were used as an additional negative 

control and showed a similar mild delay in Ca2+ flux as the ZAP-70+/- T cells with 3-MB-

PP1 (Figure 3.2B).   

 Interestingly, the ZAP-70AS-LO peripheral T cells did not flux calcium (data not 

shown).  Their altered development and primarily memory T cell phenotype, which might 

result from homeostatic expansion, could potentially account for their failure to respond. 

Due to the reduction in peripheral T cell number in the ZAP-70AS-LO mice and their 

altered phenotype, we did not pursue further studies on these mice.  

 

Suppression of Peripheral T Cell Activation 

 Inhibitor treatment has to effectively suppress T cell activation in order to block T 

cell effector functions in vivo.  We previously showed in T cell lines that 3-MB-PP1 

blocks surface CD69 expression, a marker of T cell activation via the Ras/MAPK 

pathway.  Therefore, we sought to compare CD69 expression on stimulated αCD3 ZAP- 
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Figure 3.2. PP1 analogs specifically inhibit Ca2+ flux in ZAP-70AS-HI T cells.  (A) 

Intracellular calcium levels were measured on negatively gated Flou3 splenic T cells 

from ZAP-70+/- and ZAP-70AS-HI mice by stimulating with αCD3 and cross-linking 

antibody in the presence of different concentrations of vehicle, 3-MB-PP1 or CZ40.  (B) 

ZAP-70+/- splenic B cells were similarly measured by stimulating with F(ab’)2 goat α-

mouse IgM.   
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70+/- and ZAP-70AS-HI T cells in the presence or absence of inhibitor.  As shown in Figure 

3.3, ZAP-70AS-HI CD4+ T cell activation was strongly inhibited by both 3-MB-PP1 and 

CZ40.  Although there was some inhibition of ZAP-70+/- T cells, the maximum inhibition 

of the control cells at 10 µM of inhibitor was less than that of the ZAP-70AS-HI cells at 2 

µM.  Thus, both 3-MB-PP1 and CZ40 blocked ZAP-70AS-HI T cell activation ex vivo in a 

dose-dependent fashion.  

 

Inhibition of ZAP-70AS-HI Effector T Cell Cytokine Production 

 Since ZAP-70 deficient mice do not develop peripheral T cells, it has not been 

possible to study the role of ZAP-70 in vivo. One of the major functions of effector T 

cells is to produce cytokines, which regulate the immune response.  Since ZAP-70 is 

critical in T cell activation, we wanted to determine if ZAP-70 is also required for 

effector cytokine production.   In order to address this question, purified T cells from 

both ZAP-70+/- and ZAP-70AS-HI mice were first primed in vitro.  The cells were then 

restimulated by αCD3 stimulation and CD8+ T cell cytokine production was monitored 

by intracellular staining.  3-MB-PP1 inhibited IFNγ production in ZAP-70AS-HI T cells in 

a dose-dependent manner after αCD3 stimulation, but there was almost no effect of the 

inhibitor when cells were stimulated with PMA/ionomycin to bypass proximal TCR 

components (Figure 3.4A).  Additionally, the ZAP-70+/- cells were insensitive to inhibitor 

treatment.  Similar results were obtained with the other PP1 analogs, CZ21 and CZ40 

(data not shown).  Interestingly, the strength of the TCR stimulation correlated with the 

degree of inhibition obtained (Figure 3.4B).  When lower levels of αCD3 stimulation (0.2 

µg/ml) were used, 10 µM 3-MB-PP1 inhibited all IFNγ production.  However at higher  
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Figure 3.3. Inhibition of ZAP-70AS-HI T cells CD69 induction.  Purified T cells from 

spleen and lymph nodes of ZAP-70+/- and ZAP-70AS-HI mice were stimulated with plate-

bound αCD3 in the presence of vehicle, 3-MB-PP1 or CZ40 for 16 hours and monitored 

for CD69 expression.  The percentage of CD4+CD69+ T cells treated with inhibitor was 

compared to those cells that were untreated (maximum).   
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Figure 3.4.  Effector cytokine production is ZAP-70 dependent.  (A) In vitro primed T 

cells were restimulated for 6 hours with plate-bound αCD3 or PMA/ionomycin in the 

presence of vehicle or 3-MB-PP1.  Percentage of CD8+ IFNγ+ is represented in upper 

right hand quadrant.  (B) Comparison of the percentage of CD8+ IFNγ+  cells for ZAP-

70+/- and ZAP-70AS-HI over a range of αCD3 concentrations.           
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doses of αCD3 treatment, there was an increased percentage of cytokine producing cells 

that was not completed eliminated by 10 µM of inhibitor.   All together, these data 

demonstrate that ZAP-70 is required for effector T cell cytokine production that can be 

suppressed via addition of 3-MB-PP1.  Therefore, treatment with 3-MB-PP1 could be a 

powerful mechanism to model suppression of T cell function in the ZAP-70AS-HI mice. 
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Discussion 

 We have generated the first mouse model system for the study of ZAP-70 in 

peripheral T cells.  Since ZAP-70 deficient mice lack peripheral T cells due to the block 

at the DP stage of thymocyte development, most ZAP-70 functional studies have been 

carried out in T cell lines. Although these cell line studies have provided valuable 

information about ZAP-70’s regulation and function, there are limitations due to the 

inability to translate experiments into an in vivo system.  We have created a transgenic 

ZAP-70AS expressing mouse line that is sensitive to 3-MB-PP1, as well as other PP1 

analogs, that is based upon the inhibitor system we first modeled in T cell lines.  We 

show here that a mouse line overexpressing ZAP-70AS as compared to the level of wild-

type ZAP-70 expression in B6 mice develops peripheral T cells that appear qualitatively 

similar on a functional level to ZAP-70+/- T cells.  In ex vivo TCR stimulation studies, the 

cells flux Ca2+, upregulate surface CD69 expression and produce cytokines to the same 

extent as ZAP-70+/- cells; however, they are uniquely sensitive to inhibition by 3-MB-

PP1 and other PP1 analogs.   

 Interestingly, the level of ZAP-70AS expression is important to reconstitute normal 

T cell development.  Our cell line studies suggested that the human ZAP-70AS allele was 

hypomorphic; therefore, we reasoned that the murine ZAP-70AS might have defects in T 

cell development.  The lower expressing transgenic ZAP-70AS line (ZAP-70AS-LO) 

expressed less ZAP-70 than wild-type mice and exhibited decreased percentages of 

peripheral blood T cells (Figure 3.1B).  Preliminary analysis of thymocytes from these 

animals shows that they have a 3-4 fold decrease in SP4 thymocytes (data not shown), 

thus accounting for the peripheral T cell deficiency.  Those cells that do develop adopt a 
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memory-like phenoytpe (CD44HICD62LLO) and do not exhibit an increase in [Ca2+]i after 

TCR stimulation.  Conversely, ZAP-70AS-HI mice, which overexpress ZAP-70 as 

compared to wild-type mice, develop thymocytes and peripheral T cells at percentages 

similar to the ZAP-70+/-.  Importantly, the decrease in CD5 expression on DP thymocytes 

from ZAP-70AS-HI mice when compared to ZAP-70+/- suggest that the mutant allele is still 

hypomorphic even when overexpressed, and thus the resulting TCR repertoire may be 

different than in the control mice.  Despite the difference in CD5 expression, in ex vivo 

studies, the cells appear to stimulate comparably to control T cells.  In order to 

circumvent the potential caveat of TCR repertoire alteration, we are currently crossing 

the ZAP-70AS-HI mice to a TCR transgenic background.  

 The targeted inhibition of ZAP-70AS T cells ex vivo by the addition of the PP1 

analogs suggests that this system will be a powerful way to study the role of ZAP-70 in 

vivo.  The same chemical genetic system has been used in transgenic model systems to 

successfully study kinase functions in vivo (Chen et al., 2005b).  Therefore, we plan to 

treat the mice in vivo to study ZAP-70’s role in development and effector T cell function.  

Additionally, we now have a model system to determine the clinical utility of having a 

ZAP-70 inhibitor and will thus employ various mouse models to test the efficacy of 

inhibiting ZAP-70 on T cell driven diseases.  Our ability to block effector T cell cytokine 

production by treating with the inhibitor ex vivo is a potential indicator that we will be 

able to block disease pathogenesis in different model systems.  These experiments will be 

discussed in greater detail in Chapter 4.   
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Experimental Procedures 

Generation of ZAP-70AS BAC Transgenic Mice 

The bacterial artificial chromosome (BAC) RP23-6M17 containing the region of murine 

chromosome 1 encoding Zap70 was purchased from BACPAC Resources at the 

Children’s Hospital Oakland Resource Institute (Oakland, CA).  The ZAP-70AS 

mutation M413A (homologous to human M414A) was engineered by bacterial 

recombineering and then injected into fertilized ZAP-70+/- embryos (ZAP-70-/- male x 

ZAP-70+/+ female) (Copeland et al., 2001; Tischer et al., 2006).  The founders were 

identified by PCR.  The mice are screened by the following three PCR combinations: 

Transgenic allele (834 bp product):  205: 5’ TTCCTCTCTAACCCGGGAGT 3’; 192: 

5’TCCCGCCATCTCCGC 3’; Wild-type allele (834 bp product): 205; 233: 5’ 

TCCCGCCATCTCCAT 3’;  

Knockout allele: A1: 5’ GCACATATGCACTGTCCCTGGTCTA 3’ 

B1: 5’ TGGCTACCCGTGATATTGCTGAAGA 3’ 
 

Measuring Ca2+ flux in peripheral splenocytes 

Single cell suspensions of splenocytes were prepared in RPMI with 10% FCS with 10 

mM Hepes and loaded with 2 µg/1 x 107 Fluo3 (Molecular Probes) for 30’ at 37 °C.  

Cells were then washed 2x and stained for non-T cells (i.e. “dump gate”) with APC-

conjugated antibodies to ter119, CD19, CD11b, Gr1, and panNK for 15’ on ice.  For B 

cell experiment, replace CD19 with CD3.  Cells were then washed two times and 

resuspended at 10 x106 cells/ml.  300 µl of cells were prewarmed to 37 °C for 5 minutes 

and then run on the flow cytometer for 30”.  100 µl of  αCD3 (2C11; final concentration 

5 µg/ml)  +/- inhibitor was added and events were collected for 1’.  At that point, 100 µl 
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of goat α-armenian hamster antibody (Jackson Immunochemicals) (final concentration 50 

µg/ml) +/- inhibitor was added and sample was collected for 2’.  For B cells, F(ab’)2 goat 

α-mouse IgM (Jackson Immunochemicals) was used for stimulation at  a final 

concentration 5 µg/ml.    

 

CD69 expression in peripheral T cells 

Total T cells were purified from lymph nodes and spleen using Pan T Macs Beads as per 

manufacturer’s instructions (Miltenyi Biotec).  2 x 105 cells were stimulated per well in a 

96 well with plate-bound αCD3 (2C11;1 µg/ml) or PMA (10 ng/ml) in complete RPMI 

1640 medium with 10% FCS.  Inhibitor or vehicle was added at concentrations described 

in figures.  Cells were stimulated for at least 16 hours at to 37 °C and then measured for 

CD69 expression.     

 

Measuring cytokine production by effector T cells in vitro  

Purified T cells were primed using plate-bound αCD3 (2C11) and CD28 (2 µg/ml each) 

with 10U/ml recombinant human IL-2 (NIH AIDS Reagent Program) in complete RPMI 

1640 medium with 10% FCS for 3 days and then rested for 2 days with IL-2.  For 

cytokine measurements, cells were restimulated with 5 µg/ml, 1 µg/ml, or 0.2 µg/ml 

plate-bound 2C11 or 50 ng/ml PMA/1 µM ionomycin for 6 hours. 10 µg/ml Brefeldin A 

(Epicentre) was added for the last 4 hours. After surface staining, cells were fixed with 

BD CytoFix (BD Biosciences) and permeabilized with permeabilization buffer from 

Caltag before intracellular cytokine staining was performed for IFNγ and TNFα. 
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Chapter 4 

Discussion 
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 The generation and characterization of the ZAP-70 analog-sensitive allele has 

provided us with a valuable tool for the in depth study of ZAP-70 dependent T cell 

signaling.  Prior to the development of this system, we were restricted to studying the role 

of ZAP-70 in T cell lines, due to the block in ZAP-70 deficient mice at the double 

positive (DP) stage of thymocyte development.  Thus, the ZAP-70 deficient Jurkat T cell 

line, P116, was until now the most powerful system available for dissecting ZAP-70 

function. However, the use of P116 is ultimately limited to analysis and comparison of 

stably or transiently transfected lines where variations between lines can easily extend 

beyond differences in the transfected ZAP-70 and be difficult to control.  Our inhibitor 

system allows for targeted inhibition of a mutant ZAP-70 allele’s catalytic activity both 

in cell lines and in a transgenic mouse model.  The cell line data presented in Chapter 2 

and the characterization of the ZAP-70AS transgenic line in Chapter 3 validate the utility 

of this inhibitor system for future studies.  The potential future questions and directions 

for this project are described in this chapter. 

 

Optimization of ZAP-70AS Allele 

 The ZAP-70AS allele has a mutation in the conserved gatekeeper residue (M414A) 

that makes it susceptible to a bulky PP1 analog, 3-MB-PP1. Since the gatekeeper does 

not directly bind ATP, mutation of the conserved residue does not eliminate kinase 

activity.  Although both transfection of 293 cells and P116 show that the ZAP-70AS 

mutant has diminished kinase activity as compared to the wild-type kinase, the mutant is 

still able to restore downstream ZAP-70 dependent functions.  We also studied an 

additional analog-sensitive allele with a C405V mutation (ZAP-70AS2) in an attempt to 
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restore stability to the beta-sheet in the N-terminal kinase domain that could potentially 

be compromised by the parental M414A mutation.  However, there did not appear to be a 

great difference between ZAP-70AS2 and the parental ZAP-70AS1 mutation. 

 Although the ZAP-70AS allele is able to reconstitute signaling, it would be ideal if 

it retained wild-type kinase activity and thus did not introduce any potential artifacts due 

to the altered signaling potential.  Recently, Geahlen and colleagues developed a SykAS 

mutation with the homologous gatekeeper substitution (Oh et al., 2007).  In their studies, 

they observed a severe reduction in SykAS catalytic activity compared to wild-type, but 

they were able to compensate for this defect by mutating key residues in Syk to restore 

homology to the Src kinase sequence. They focused on Src because the analog-sensitive 

mutation in Src retains kinase activity.  They recognized that Src residues Gln324 and 

Leu325 come in close proximity to the gatekeeper and may be important in retaining N-

lobe stability.  Therefore, they mutated the correlating amino acids in Syk, Arg428 and 

Met429, to glutamine and leucine, respectively.   Although ZAP-70 has a leucine in the 

same position as Src, it does have an arginine (Arg400) like Syk.  Therefore, mutation of 

Arg400 to glutamine in ZAP-70AS may restore catalytic activity in the mutant.    

  Interestingly, Arg400 is in the hinge region of ZAP-70’s kinase domain, and 

mutation of Arg400 to alanine increases basal catalytic ZAP-70 activity, potentially by 

disrupting the autoinhibited conformation (Deindl et al., 2007).  Therefore, it is unclear if 

the R428Q mutation in Syk is artificially increasing catalytic activity by disrupting a 

comparable autoinhibitory mechanism in Syk rather than increasing intrinsic catalytic 

activity. ZAP-70WT requires Lck mediated activation in order to phosphorylate LAT; 

whereas, constitutively active mutants that are not in the autoinhibited conformation do 



 96 

not.  Therefore, if the R400Q mutation renders the ZAP-70AS allele basally active, the 

mutant’s catalytic activity would be Lck independent in a 293 cell transfection assay.  If 

the R400Q mutant retains proper regulation, SFK activity should still be required for its 

activation.  Alternatively, if the R400Q restores catalytic activity of the ZAP-70AS allele 

without affecting its regulation, this mutation would be useful in future inhibitor studies.   

 
ZAP-70 as an Adaptor 

 ZAP-70 has primarily been appreciated for its kinase function, but the role of 

ZAP-70 as an adaptor is an interesting and important question that can be addressed using 

the chemical genetic system we developed.  As discussed in detail in Chapter 1, previous 

studies have shown that Tyr315 is important for Vav and CrkII binding, and Tyr319 binds 

Lck and PLCγ1.  Mutation of these tyrosines to phenylalanines suggested that the adaptor 

function of ZAP-70 was important; however, more recent studies strongly demonstrated 

that the same two tyrosines play key roles in regulating ZAP-70 by supporting an 

autoinhibited protein conformation (Brdicka et al., 2005; Deindl et al., 2007).  Therefore, 

it is currently unclear what, if any, role ZAP-70 plays as an adaptor. ZAP-70AS is still 

strongly phosphorylated on Tyr319 following 3-MB-PP1 treatment; therefore, adaptor 

function could still potentially be intact.  Since the parental P116 cell line retains Lck and 

Fyn kinase activities, ZAP-70 adaptor function could possibly contribute to some TCR-

regulated signaling by recruiting substrates regulated by upstream SFKs. 

 Our cell line studies support the requirement of ZAP-70 kinase activity for most 

antigen receptor dependent signaling events.  3-MB-PP1 treatment inhibited ZAP-70 

dependent TCR activation, including Ca2+ flux, MAPK activation, NFAT-mediated 

transcription, and CD69 surface expression, in ZAP-70AS stable lines.  Tyrosine 
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phosphorylation of LAT and PLCγ1, as measured by phosphospecific antibodies, was 

strongly inhibited, as was total SLP-76 phosphorylation, which was measured by 

immunoprecipitation of the adaptor protein.    

Interestingly, despite these effects, total tyrosine phosphorylation, measured by the 

phosphotyrosine antibody 4G10, was not consistently dampened in whole-cell lysates 

(WCL) from 3-MB-PP1 treated ZAP-70AS cells, and significant induction of total 

phosphotyrosine proteins were still detected upon TCR stimulation (S. Levin, 

unpublished observations).  Although these results on WCL were variable, the extent of 

phosphotyrosine induction was surprising in the context of inhibitor treatment given the 

reduction observed with phosphospecific antibodies and immunoprecipitated proteins.  

However, it is important to consider that 4G10 monitors total phosphotyrosine, and the 

use of phosphospecific antibodies allows individual sites important for T cell activation 

to be identified; therefore, one cannot directly compare the two methods.  For instance, in 

whole-cell lysates from 3-MB-PP1 treated ZAP-70AS cells, LAT Tyr132 and PLCγ1 Tyr783 

was diminished, but both of these proteins contain other tyrosines that may be 

differentially regulated and identified by the 4G10 antibody.  Additionally, we might be 

preferentially immunoprecipitating a specific pool of SLP-76 where ZAP-70 mediated 

phosphorylation was affected, and this would not be appreciated in WCL.   Finally, we 

have already shown that the dose of the 3-MB-PP1 is critical for eliminating total ZAP-

70 function.  For example, at 5 µM, Ca2+ flux can be completely inhibited while residual 

ERK activation is observed.  Therefore, higher concentrations of 3-MB-PP1 could 

possibly inhibit more tyrosine phosphorylation in WCL, but these doses were typically 

avoided so as not to induce non-specific affects on wild-type cells. 
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 Although monitoring total tyrosine phosphorylation in WCL is subject to the 

caveats described above, the significant induction of tyrosine phosphorylation often 

observed in 3-MB-PP1 treated ZAP-70AS is still striking because it allows for the 

possibility that the adaptor function of ZAP-70 in the context of SFK activation can 

mediate some downstream events.  However, like ZAP-70AS, kinase-dead ZAP-70 is also 

strongly phosphorylated on Tyr319; yet, it is unable to rescue tyrosine phosphorylation 

events in P116 stables (Brdicka et al., 2005).  These studies were not done side-by-side 

with the ZAP-70AS cells to compare levels of phosphorylation induction.  Unlike cells 

expressing the kinase-dead ZAP-70, 3-MB-PP1 ZAP-70AS cells, in addition to having low 

level residual catalytic function, might have some initial ZAP-70 dependent signaling that 

occurs because the inhibitor is added concurrently with the stimulus.  Therefore, cells 

could also be pretreated with inhibitor to block basal signaling.  Thus, although the 

induction of tyrosine phosphorylation in the inhibitor treated ZAP-70AS cells leaves open 

the possibility that the adaptor function of the protein might be contributing to cell 

activation, this needs to be more rigorously analyzed.    

 Multiple proteins described above have been shown to interact with ZAP-70.  Of 

these, the strongest case may be made for a positive regulatory role of the Lck interaction 

with Tyr319 in interdomain B.  Mutation of the phosphotyrosine binding site in Lck’s SH2 

domain eliminates binding to ZAP-70, as well as ZAP-70 phosphorylation and other 

TCR-mediated events (Straus et al., 1996).  Conversely, optimization of the Lck binding 

site in ZAP-70 via mutation of Y319SDP to YEEI amplified TCR signaling, including 

ZAP-70 phosphorylation and NFAT transcription (Pelosi et al., 1999).  These previous 

studies suggest that Lck binding to ZAP-70 via its SH2 domain is critical for TCR 
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signaling.  However, we now know that mutation of Tyr319 to phenylalanine eliminates 

this interaction as well as potentially induces the autoinhibited confirmation of ZAP-70, 

thus making it difficult to interpret whether Lck can mediate functions through its 

interaction with a catalytically inactive ZAP-70.  In the 3-MB-PP1 treated ZAP-70AS 

cells, this interaction should still be intact since Tyr319 remains strongly phosphorylated.  

This should also be true for the catalytically inactive ZAP-70.  The maintenance of this 

interaction in the ZAP-70AS cells as well as those expressing the catalytically inactive 

ZAP-70 should be studied and can easily be tested by immunoprecipitation.  It is unclear 

what signals Lck can promote, besides TCRζ and ZAP-70 phosphorylation, in the 

absence of catalytically active ZAP-70. 

 Lck has been shown to directly phosphorylate many important downstream 

signaling molecules, including Itk and Vav (Deckert et al., 1996; Han et al., 1998; 

Heyeck et al., 1997).  Itk phosphorylation was not significantly reduced in our ZAP-70AS 

3-MB-PP1 treated cells, supporting that Itk phosphorylation is ZAP-70 independent.  

However, Itk activation of the Ca2+ pathway via PLCγ1 phosphorylation is still 

presumably ZAP-70 dependent because ZAP-70 induced phosphorylation of LAT and 

SLP-76 is required for PLCγ1 recruitment to the membrane and its activation.  Thus, it is 

unclear if Itk mediates any function independently of ZAP-70 kinase activity.  

 Lck has been shown to target Vav by phosphorylating Tyr174, but ZAP-70 has also 

been implicated in this phosphorylation event in vitro (Deckert et al., 1996; Han et al., 

1998).  Vav binds ZAP-70 via interaction with Tyr315  in interdomain B of ZAP-70, but 

although ZAP-70 kinase activity is required for Vav phosphorylation, mutation of Tyr315 

to phenylalanine does not eliminate Vav phosphorylation in T cells (Michel et al., 1998). 
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Since Vav interacts with tyrosine phosphorylated SLP-76, Vav may require both ZAP-70 

and Lck activity, either for the proper recruitment of Vav to the membrane or to 

phosphorylate distinct sites in Vav.  In support of this, we consistently observed 

decreased but not absent Vav phosphorylation in 3-MB-PP1 treated ZAP-70AS2 cells 

(S.Levin, unpublished observations).  Again, this suggests that the adaptor function of 

ZAP-70 is not sufficient for Vav phosphorylation, but Vav activity should be more 

directly evaluated by measuring Vav-dependent events, such as Rac activation, in 3-MB-

PP1 treated cells.   Moreover, sites of phosphorylation could be assessed in 

phosphopeptide mapping sites. 

 ZAP-70 dependent functions are traditionally thought to require ZAP-70 mediated 

phosphorylation of LAT and SLP-76.  However, not all ZAP-70 dependent events require 

this signalosome.  For example, activation of the p21-activated kinase (PAK1) can be 

mediated by two ZAP-70 dependent pathways where the first is LAT-SLP-76-Vav-Rac 

dependent and the second involves the GIT-PIX-PAK1 trimolecular complex (Ku et al., 

2001; Phee et al., 2005).  Since PAK1 can be activated in the absence of LAT and SLP-

76, this presents the possibility that ZAP-70 mediated PAK1 activation only requires 

ZAP-70’s adaptor function.  However, in preliminary studies, in ZAP-70AS cells treated 

with 3-MB-PP1, PAK1 kinase activity was reduced to baseline (H. Phee, unpublished 

observations).  In support of this finding, P116 cells expressing kinase-dead ZAP-70 did 

not induce PAK1 kinase activity.  Thus, ZAP-70 catalytic activity appears to be required 

for this undefined mechanism of PAK1 activation.     

 
Cytoskeletal Reorganization 
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 The organization of the immune synapse has become an area of intense study in 

immunology.  Interestingly, although ZAP-70 kinase function is required for 

reorganization of the microtubule-organizing center (MTOC) and thus mature synapse 

formation, initial conjugate formation does not necessitate ZAP-70 (Blanchard et al., 

2002; Morgan et al., 2001).  However, this initial contact requires Lck dependent actin 

polymerization and integrin activation.  The question remains if ZAP-70 adaptor function 

is important for these processes.   

 We confirmed that initial adhesion is independent of ZAP-70 kinase function 

because there was not a difference in conjugate formation between superantigen-pulsed 

APCs and ZAP-70AS cells with or without 3-MB-PP1 treatment (S.Levin, unpublished 

observations). Since actin cytoskeleton reorganization is a prerequisite for T-APC 

conjugation, this process does not absolutely require ZAP-70 kinase activity.  

Unfortunately, there are limited quantitative tools to measure actin reorganization; 

therefore, microscopy is often used to make more qualitative measurements.  Although 

superantigen coated APCs do form conjugates with P116 cells, the conjugates often 

appear abnormal in terms of their actin reorganization pattern.  Therefore, there is the 

possibility that either ZAP-70 catalytic activity is required for optimal activation or an 

adaptor function of ZAP-70 can enhance actin polymerization.   Interestingly, the actin 

regulatory molecule hematopoietic lineage cell-specific protein 1 (HS1) is predicted to 

interact with a proline-rich region in interdomain B of ZAP-70, thus potentially linking 

ZAP-70 adaptor function to actin reorganization (Scansite). HS1 interacts with Lck, and 

HS1 deficient cells have defects in actin polymerization and T cell activation (Gomez et 
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al., 2006; Huang and Burkhardt, 2007). The potential ZAP-70/HS1 interaction should be 

analyzed.  

 Despite the findings that P116 cells and cells expressing kinase-dead ZAP-70 can 

form initial conjugates, the specific role of ZAP-70 in inside-out integrin activation is 

unclear.  Although ZAP-70 kinase activity is required for β1 integrin activation (Epler et 

al., 2000; Goda et al., 2004), ZAP-70’s requirement in activation of the β2 integrin, 

leukocyte function-associated antigen-1 (LFA-1), which is specifically required for stable 

conjugate formation, is unknown.  Our preliminary studies using both P116 and inhibitor 

treated ZAP-70AS cells suggest that ZAP-70 catalytic activity is required for the induction 

of the high-affinity conformation of LFA-1 (S. Levin, unpublished observation), bringing 

into question how conjugates are formed and maintained by a ZAP-70 independent 

mechanism.  There is the possibility that superantigen-mediated conjugation is initiated 

via different mechanisms than interactions between peptide-MHC and T cells.  Therefore, 

it would be interesting to use primary T cells from the ZAP-70AS mice to study actin 

cytoskeleton reorganization, integrin activation, and conjugate formation in vivo.  

 It is clearly difficult to determine the role of ZAP-70 as an adaptor because upon 

ZAP-70 inhibition, downstream signaling is abolished.   One hypothesis is that the 

adaptor functions serve to amplify signals that are dependent on ZAP-70 kinase activity. 

Thus, upon inhibition of the catalytic function of ZAP-70, the adaptor function is 

obsolete.  One way to test this possibility is to determine whether the adaptor function of 

ZAP-70 can contribute to TCR signaling in trans.  ZAP-70AS can be coexpressed in cells 

where the adaptor function of ZAP-70 has been compromised by mutation of Tyr315 and 

Tyr319 to alanines (YYAA) to test whether the inhibited ZAP-70AS can amplify the 
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catalytic signal from the YYAA mutant by functioning as an adaptor.  A potentially 

cleaner experiment would be to coexpress the YYAA allele with a kinase-dead allele of 

ZAP-70 so that there would be no residual kinase function on the “adaptor-only” allele. 

In order to evaluate potential adaptor functions more completely, ZAP-70’s interaction 

with its known binding partners should be evaluated in the ZAP-70AS lines.     

 
Temporal and Dosage Requirements of ZAP-70 

 Although inhibitors are often added before or at the time of stimulation, there are 

many benefits to being able to add the inhibitor after stimulation has been initiated.  This 

is especially true in the case of a kinase such as ZAP-70 where we already know that its 

catalytic activity is required to initiate important signaling events.  In the absence of 

ZAP-70, only SFKs are activated; therefore, few, if any, signals are propagated.  

Although this information is informative, it begs the question of whether ZAP-70 is 

required to maintain or propagate signals or if its catalytic activity is only transiently 

required.  Thus, a small-molecule cell permeable inhibitor can be added after stimulation 

to answer those questions.  For example, we added 3-MB-PP1 at the peak of the Ca2+ 

response and saw that ZAP-70 is required for maintaining high levels of [Ca2+]i.  Thus, 

with the use of the inhibitor, we showed for the first time that ZAP-70’s sustained activity 

is required in this later part of the signaling cascade.  

  The temporal requirement for ZAP-70 can be monitored for other components of 

the TCR signaling cascade.  For example, in the recent analysis of an analog-sensitive 

Syk allele, Syk activity was required for NFAT transcriptional activity longer than for 

NF-κB activation, thus suggesting a difference in regulation of the two pathways (Oh et 
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al., 2007).  These processes can be monitored via luciferase assay in the ZAP-70AS cells 

by adding the inhibitor or vehicle control at time points after stimulation.   

 An additional advantage of the inhibitor system is the flexibility in dosing.  Rarely 

in our studies did we see a complete block in activation of a pathway, we presumed 

because residual ZAP-70 kinase function was present.  Through the use of different doses 

of inhibitor, we can monitor whether given pathways are differentially sensitive to ZAP-

70 inhibition.  As shown in Chapter 2, Ca2+ appeared more sensitive to ZAP-70 inhibition 

than the MAPK pathways, potentially highlighting a positive feedback loop over the 

latter.  Such differential inhibitor sensitivity of pathways is not uncommon.   For 

example, the Lck inhibitor concentration required to inhibit 50%  (EC50) of T cell Ca2+ 

release is significantly lower than that for IL-2 secretion and proliferation (Knight and 

Shokat, 2005).   The combination of temporal and dosage analysis will more finely map 

the requirement for ZAP-70’s kinase activity over the course of T cell activation.    

 All of the chemical genetic analyses of ZAP-70 described above can be further 

amplified by combining ZAP-70 inhibition with other small-molecule inhibitors to 

disrupt other pathways.  This will allow for better definition of required components for 

given events in T cell activation.  For example, the genetic mutants of the avian B cell 

line, DT40, have been incredibly valuable in mapping signaling pathways downstream of 

the BCR.  Interestingly, the Lyn/Syk double deficient DT40 line has a complete block in 

thapsigargin mediated Icrac (Ca2+ release activated ion channels) activation even though 

the single mutants are still activated (Chung et al., 2007).  Treatment of DT40s with the 

SFK inhibitor PP2 recapitulates the phenotype of the doubly deficient cells.  Since there 

are no Lck/ZAP-70 double deficient Jurkat lines, similar experiments have not been 
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carried out in T cells, but ZAP-70AS will serve as a tool where both ZAP-70 and Lck can 

be chemically inhibited by the addition of PP2 and 3-MB-PP1.  Now that additional 

proteins have been defined in this pathways, including stromal interaction molecule 1 

(STIM1) and Orai1, a component of the channel, more mechanistic studies can be done in 

T cells utilizing the inhibitor system.  

 

Transcriptional Analysis  

 Transcriptional events downstream of the TCR both basally (tonic) and following 

stimulation of the antigen receptor are important in understanding signaling dynamics.  

The ZAP-70AS inhibitor system provides us with a tool to dissect ZAP-70 dependent 

transcriptional changes.  These experiments can be carried out using either the stable T 

cell lines or primary cells from the ZAP-70AS-HI
 transgenic.  Lck dependent tonic 

signaling can be monitored by treating wild-type cells with the SFK inhibitor, PP2, 

whereas ZAP-70 dependent signals can be inhibited by the addition of 3-MB-PP1 to 

ZAP-70AS cells.  It is important to note that PP2 treatment of ZAP-70AS cells will most 

likely directly inhibit ZAP-70AS in addition to SFKs due to the methionine mutation in 

the ZAP-70AS allele; therefore, it is best to control for Lck inhibition specifically by using 

wild-type cells.  Isolation of RNA and microarray analysis will provide information about 

which transcriptional events are specifically Lck dependent and ZAP-70 independent.  

For instance, let us presume that Lck inhibition blocks all transcriptional events.  If ZAP-

70 inhibition blocks the majority of transcriptional changes, but a few events do occur, 

those latter events would be SFK dependent, since Lck would still be active in 3-MB-PP1 
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treated ZAP-70AS cells.  Similar studies could be performed after TCR stimulation with 

inhibitor added both before and at different time points post-stimulation.        

 

In Vivo Analysis 

 As mentioned previously, the generation of the ZAP-70AS transgenic mouse, 

specifically the ZAP-70AS-HI line, allows for the study of ZAP-70 in vivo.  Since such 

analysis was impossible prior to the development of this model system, there are a range 

of opportunities for future study, so a few important areas of interest will be highlighted.   

 Before complex disease models are utilized, detailed analysis of the effect of 3-

MB-PP1 treatment in vivo will  be completed.  3-MB-PP1 can be given via injection, 

osmotic pump or orally in food or water.  Most importantly, the pharmacokinetics of 3-

MB-PP1 should be analyzed by monitoring the plasma concentration of 3-MB-PP1 in the 

blood over a time-course after treatment by mass spectrometry.  In addition to 

determining the details of the inhibitor stability, the long-term effects of ZAP-70 

inhibition on T cell homeostasis are unknown.  Previous studies have shown that T cells 

slowly disappear when TCR expression is eliminated, with a half-life of 26.8 days for 

CD4+ cells and 19.0 days for CD8+ cells (Labrecque et al., 2001); therefore, total T cell 

numbers and T cell phenotypic characteristics should be monitored during 3-MB-PP1 

treatment.  

 

Developmental Studies 

 The block in ZAP-70 deficient mice from the DP to the SP stage of thymocyte 

development highlights the strict requirement for ZAP-70 in positive selection.    
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Thymocyte maturation at this transition in development is known to be dependent on the 

strength of the TCR signaling; therefore, treatment of the mice in vivo could serve as a 

model system to monitor how changes in signal strength via ZAP-70, and thus the TCR, 

impact downstream signaling quantitatively and qualitatively as well as positive selection 

and lineage commitment.  For example, we can determine if positive selection is linearly 

related to signal strength or if there is a specific threshold required by monitoring 

generation of SP thymocytes over a range of 3-MB-PP1 concentrations. Crossing of the 

ZAP-70AS line to different TCR transgenics, such as OT.II and HY, will allow for more 

specific studies of positive and negative selection both in vivo and ex vivo. 

 The TCR repertoire that is positively selected during thymocyte development is 

thought to be dependent on the strength of the TCR signal.  Therefore, a hypomorphic 

allele of a protein in the TCR signaling cascade can lead to the development of a higher 

affinity, and potentially autoimmune, TCR repertoire.  In this type of situation, the 

peripheral T cells might not cause autoimmune disease because the T cells still retain the 

hypomorphic signaling protein.  However, other inducing factors, such as stimulation of 

the innate immune system in the SKG model, can generate peripheral autoimmunity 

(Sakaguchi et al., 2003).  This effect of altering TCR repertoire can be directly tested in 

our model system. Treatment of the ZAP-70AS mice with the inhibitor early in life, at 

doses that would still allow for some ZAP-70 dependent signal, would presumably lead 

to a high affinity repertoire due to the decreased signal strength.  However, if the same 

mice are then removed from inhibitor treatment, then the high affinity peripheral T cells  

would have “normal” levels of ZAP-70 activity restored.  This disruption of the system 

might could lead to peripheral autoimmunity and thus highlight the alterations in 
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repertoire that occur to compensate for changes in TCR signal strength.  Changes in TCR 

repertoire could also be monitored by examining Vβ usage; however, differences are not 

often observed on the C57BL/6 background. 

 

Signal Strength and the Role of ZAP-70 in Different T cell Lineages  

 Although strength of signal is most often discussed in the context of αβ T cell 

selection, it is a common theme in the regulation and function of T cells.  The ZAP-70AS 

transgenic will serve as a useful model to dissect the role of ZAP-70 and TCR signal 

strength in different T cell lineages.  For example, the model for γδ versus αβ lineage 

development is now based upon signal strength, where strong signals at the DN stage 

support γδ T cell development (Hayes et al., 2005).  Interestingly, γδTCR+ DN 

thymocytes have higher levels of phosphorylated signaling proteins, including ZAP-70, 

suggesting that ZAP-70 dependent signals may be important in determining this lineage 

commitment, although ZAP-70 is not absolutely required for generation of γδ T cells 

(Hayes et al., 2005; Kadlecek et al., 1998).  Receptor dependent signaling by γδ T cells 

has not been well-studied, but there are clear differences from αβ T cell signaling.  For 

example, γδ cells do not express CD3δ, therefore potentially altering protein recruitment.  

Costimulation, which is critical for αβ T cell proliferation is not required for γδ T cells 

(Hayes et al., 2003).  Additionally, mutation of the PLCγ1 binding site in LAT 

substantially affects from αβ T cell development, but γδ development appears normal 

(Hayes et al., 2003).  Therefore, ZAP-70 function might be differentially required 

between the two T cell subsets due to different strength of signal requirements as well as 

qualitative differences in the receptor mediated signaling cascades.   
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 T helper (Th) differentiation is another mode of T cell commitment that may be in 

part regulated by TCR signal strength.   Although there is conflicting evidence in the 

literature; overall, individual models suggest that the strength of the TCR signal will 

preferentially support either Th1 or Th2 development.  Low antigen doses have been 

shown to support Th2 development while higher doses promote Th1 (Leitenberg and 

Bottomly, 1999).  Other reports suggest that Th1 development is driven by intermediate 

antigen doses (Hosken et al., 1995).  Duration of signaling and TCR affinity for antigen 

have also been shown to contribute to the differentiation cascade.   Given that TCR signal 

strength and thus ZAP-70 mediated functions are thought to be important for naïve T cell 

differentiation, the ZAP-70AS transgenic will be a useful model to dissect this 

phenomenon in an antigen specific or non-TCR transgenic system.   

 Although TCR signaling required for naïve cells activation has been well 

characterized, T cell signaling in memory cells has not been well defined, in part because 

T cells do not develop in the absence of many of the important proteins in T cell 

signaling, such as ZAP-70.  However, there is evidence that antigen receptor signaling is 

differentially wired in memory cells.  Although memory cells exhibit increased 

responsiveness to stimulation, many reports have noted that upon TCR triggering, 

memory cells have decreased phosphorylation of important signaling proteins (Chandok 

and Farber, 2004).  In fact, ZAP-70 phosphorylation has even been shown to be 

decreased.  Despite this decrease in ZAP-70 phosphorylation, more recent experiments 

show that ZAP-70 is expressed at higher levels in memory cells and that this increased 

expression correlated with effector function (Chandok et al., 2007).  Thus, it remains to 

be seen how inhibition of ZAP-70 function will impact memory cell function.   
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Models of the Peripheral Immune Response 

 As shown in data presented in Chapter 3, inhibitor treatment of ZAP-70AS-HI T 

cells ex vivo appears to inhibit TCR mediated T cell activation.  3-MB-PP1 treatment 

was even able to block IFN-γ production by in vitro generated effector cells.   These data 

suggest that we may be able to block ZAP-70 dependent T cell activation in vivo using 

the ZAP-70AS-HI mice.   Although there are many disease models to be pursued, delayed-

type hypersensitivity (DTH) would be a good initial in vivo model to determine the 

effectiveness of 3-MB-PP1treatment on inhibiting ZAP-70 T cell dependent immune 

responses.  We predict that the DTH response would be inhibited in 3-MB-PP1 treated 

ZAP-70AS-HI mice; however, it would be interesting to determine at what stages ZAP-70 

function is required, whether during sensitization, effector response or both. 

 

Transplantation 
 
 Immunosuppressants have allowed for the success of transplantation of solid 

organs and bone marrow by inhibiting host versus graft disease or graft versus host 

disease, respectively.  Although immunosuppressants, such as cyclosporin, rapamycin, 

FK506, and glucocorticoids (GCs), are commonly used, the off-targets effects of these 

drugs can be quite toxic and thus require combinatorial treatment methods.  For instance 

renal insufficiency and hypertension frequently limits the use of cyclosporin or FK506.  

A ZAP-70 inhibitor would make a particularly interesting immunosuppressant due to its 

very restricted expression pattern as well its requirement for T cell function.   Allogeneic 



 111 

heart transplantation would be a useful model for testing the effectiveness of a ZAP-70 

inhibitor as an immunosuppressant. 

 Recently, an inhibitor against the SFK member Lck, A-770041, generated by 

Abbott Bioresearch Center, was shown to be comparable to Cyclosporin A treatment in 

preventing acute rejection of allograft heart transplants in rats (Stachlewitz et al., 2005).  

Interestingly, plasma concentrations at or above the EC90 for the inhibitor were required 

in order to ensure graft survival.  Further analysis suggested that almost all IL-2 

production needed to be eliminated by the small-molecule for the treatment to be 

effective.  The degree of IL-2 inhibition potentially required is interesting because in 

preliminary restimulation experiments of in vitro generated effector T cells, the dose of 

αCD3 inversely correlated with the degree of 3-MB-PP1 inhibition of IFN-γ production.  

Thus, it remains to be seen how antibody treatment ex vivo correlates with the level of 

stimulation by allograft antigens.    

 The significant inhibition of IL-2 production required for graft survival raises an 

important question about the role of regulatory T cells (Treg) in transplantation tolerance.  

Commonly given immunosuppressants block IL-2 production in order to inhibit T cell 

activation and induce graft survival. However, Tregs are an important component of 

inducing tolerance, and they require IL-2 for development and homeostasis (Burchill et 

al., 2007).  In fact, calcineurin inhibitors have been shown to reduce Treg numbers and 

inhibit long-term graft survival upon high-dose treatment (Wood and Sakaguchi, 2003).  

Thus, this paradox between the differing roles of IL-2 complicates the picture of how to 

induce tolerance in transplant patients.  Therefore, in addition to monitoring allograft 

rejection, T cell subsets, including naïve T cells and Tregs, should be followed over the 
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course of treatment to determine how ZAP-70 inhibition affects the function of the 

different T cell subsets.  

 

Autoimmunity 

 Inhibition of ZAP-70 clinically might be a powerful treatment option for T cell 

driven autoimmune diseases, especially because of ZAP-70’s limited expression pattern.    

The efficacy of ZAP-70 inhibitors as a tool for treatment of autoimmunity can be tested 

using inducible autoimmune models in the ZAP-70AS mice.  Two potential mouse T cell 

mediated autoimmune models include collagen-induced arthritis (CIA) and experimental 

autoimmune encephalomyelitis (EAE), a model of multiple sclerosis.  Unfortunately, 

C57BL/6 mice are not very susceptible to CIA induction; therefore, the discussion will be 

focused on EAE.  The effectiveness of a ZAP-70 inhibitor can be evaluated both in terms 

of disease development, by pretreating the animals with inhibitor, thereby preventing 

sensitization, as well as disease regression, by treating after disease has been induced, 

thereby treating the effector phase of the T cell response.  

 EAE is induced in B6 mice by injection of the immunodominant peptide of the 

myelin protein, myelin oligodendrocyte glycoprotein (MOG), which results in a chronic 

disease in this mouse strain.  The autoreactive T cells cross the blood brain barrier where 

the Th17 cells drive disease (Weaver et al., 2006).  T cell mediated recruitment of 

myeloid cells, such as macrophages, cause myelin damage and propagation of the 

inflammatory signals (Kuchroo et al., 2002).  Since T cells are required for disease, we 

hypothesize that ZAP-70 inhibition will alleviate disease in 3-MB-PP1 treated ZAP-70AS 
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animals.  However, given that disease persists in these animals, it will be very interesting 

to determine if ZAP-70 inhibition will revert established disease.         

 

Asthma  

 In contrast to the Th17 mediated disease of EAE, cytokine production, mediated 

in part by Th2 cells, drives the airway hypersensitivity in allergic asthma via IgE 

production, eosinophilia, and mucus secretion (Herrick and Bottomly, 2003).  

Interestingly, tyrosine kinase inhibitors, including ones targeted against Syk and Itk, have 

been shown to be potential therapeutics for the treatment of asthma (Wong, 2005).  A 

commonly used mouse model for airway hyperresponsiveness (AHR) involves 

sensitization and then airway challenge with ovalbumin (OVA).  The success of other 

PTK inhibitors in treating asthma makes ZAP-70 another interesting target that will block 

T cell activation.  Interestingly, although CD4+ T cells are required for Th2 induction and 

IgE production, IL-4 and IL-13 cytokine production is required from innate cells for 

effector cell recruitment and tissue responses to potentiate the AHR phenotype 

(Voehringer et al., 2006). It is important to note that basophils also express ZAP-70, but 

its role in these cells is unknown.   In the ZAP-70AS mice, 3-MB-PP1 treatment would 

inhibit ZAP-70 mediated T cell function and might potentially inhibit basophil function 

as well. Currently, there is no method for studying basophils in isolation.  Therefore, if 

ZAP-70 turns out to be required for basophil function, then ZAP-70AS mice could be 

crossed to the RAG-/- mice so that ZAP-70 could be inhibited in basophils specifically 

and wild-type T cells could be adoptively transferred into these mice.  Thus, the ZAP-
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70AS will allow not only for dissection of the T cell component in AHR, but also 

potentially provides a tool to study innate cell function. 

 

Chronic Lymphocytic Leukemia (CLL) 

 ZAP-70 is a particularly interesting drug target for the treatment of a subset of 

CLL patients who express ZAP-70 in their leukemic B cells.  This subset of CLL patients 

has a much poorer prognosis than their non-ZAP-70 expressing counterparts (Crespo et 

al., 2003; Rassenti et al., 2004).  Interestingly, although ZAP-70’s homolog Syk has a 

higher intrinsic catalytic activity than ZAP-70, studies suggest that ZAP-70 expression 

leads to increased B cell receptor (BCR) dependent signaling in these cells (Chen et al., 

2005a).   Furthermore, recent work showed that a kinase-inactive ZAP-70 allele, 

introduced by an adenovirus (Ad) vector driving ZAP-70 expression, could also mediate 

the increased signaling in CLL cells, thus suggesting that in the presence of Syk, ZAP-70 

can function as an adaptor to enhance the BCR mediated signaling in CLL via 

recruitment of important signaling molecules (Chen et al., 2007).   Moreover, in Burkitt 

lymphoma B  (BJAB) cells stably overexpressing ZAP-70, ZAP-70 was constitutively 

associated with PI3K p85α, c-Cbl, Cbl-b, and Shc (Gobessi et al., 2007).  In these cells, 

Syk, ERK, and Akt activation was enhanced over the control BJAB cells.  Our inhibitor 

system serves as a particularly powerful model to test the hypothesis that ZAP-70 adaptor 

function increases signaling in CLL cells.   Introduction of  the ZAP-70AS allele would 

enhance signaling, and then we could determine if 3-MB-PP1 affects the increased 

signaling potential or if it is adaptor mediated.  Since ZAP-70 currently serves as a 

prognostic marker, these studies would be important in determining if a ZAP-70 inhibitor 
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would be useful in treating ZAP-70+ CLL patients or if it would be ineffective because 

the catalytic function of the kinase is not the mediating factor.   

 

Conclusion 

 We hope that this model system for ZAP-70 inhibition will demonstrate the 

effectiveness of using a ZAP-70 inhibitor to block disease pathogenesis in vivo.  

Although 3-MB-PP1 cannot target wild-type ZAP-70, if these models prove successful, it 

might reinvigorate the pharmaceutical industry to generate a clinically useful ZAP-70 

specific inhibitor.  Generation of specific kinase inhibitors is a challenging task, but the 

detailed structures that are now available for ZAP-70 will hopefully prove useful (Deindl 

et al., 2007; Jin et al., 2004).  The inactive conformation of the protein might be 

particularly relevant because active structures of the catalytic domains are highly 

conserved whereas inactive conformations are unique (Huse and Kuriyan, 2002).  Thus, 

inhibitors against the inactive kinase might have fewer off-target effects. Allosteric sites 

outside of the kinase domain that inhibit kinase activation may also be useful.  Overall, 

the future cell line and in vivo studies will increase our understanding and appreciation of 

the PTK ZAP-70 and potentially lead to clinical applications. 
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Appendix 

Strength of ZAP-70 Dependent Signaling Drives Positive Selection 
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Summary 

 The strength of T cell antigen receptor signaling is critical for thymocyte 

selection.  Changes in TCR signal strength impact both positive and negative selection 

and thus alter the TCR repertoire.  Therefore, we analyzed the effect of altering ZAP-70 

signaling potential on thymocyte development of a restricted TCR repertoire.  We found 

that the level of ZAP-70 expression positively correlated with degree of thymocyte 

selection.  Similarly, hypomorphic ZAP-70 alleles failed to reconstitute thymocyte 

development while both wild-type and a hypermorphic mutant rescued the DP block in 

ZAP-70 deficient mice.  These studies agree with previous works supporting the 

importance of TCR signaling potential in thymocyte development.  
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Introduction 

 Thymocyte selection at the double positive (DP) stage of development is thought 

to be driven by avidity of the peptide-MHC (pMHC) interactions with the TCR (Sebzda 

et al., 1999).  The majority of DP thymocytes undergo “death by neglect” due to failure 

to adequately recognize peptide in the context of self-MHC; whereas, high avidity 

interactions result in negative-selection.  Only those cells that express a rearranged TCR 

that has a relatively low affinity for pMHC will be positively selected, such that the 

selected TCR repertoire will recognize peptide in the context of self-MHC but will be 

limited in terms of autoreactivity.   

 The changes in avidity of thymocyte interactions have been shown to correlate 

with TCR signal strength, with strong signals leading to negative selection and weaker 

signals promoting positive selection.  The extensive study of TCR signaling requirements 

during thymocyte selection supports a role for antigen receptor signal strength being 

integral in TCR repertoire selection.  For example, although mice deficient in TCRζ 

ITAMs still develop peripheral T cells, the number of TCRζ ITAMs impacts the 

efficiency of thymocyte selection (Shores et al., 1997).  Such changes in TCR signaling 

potential alter the selection of the TCR repertoire, as was directly seen with the 

hypomorphic signaling ZAP-70 allele, SKG (Sakaguchi et al., 2003).  This allele signaled 

inefficiently as compared to wild-type ZAP-70, leading to the selection of an autoreactive 

TCR repertoire that would normally have been negatively selected.  In this way, TCR 

signal strength is directly linked the avidity of the pMHC:TCR interaction and thus 

repertoire selection.    
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 The correlation between TCR repertoire selection and TCR signal strength 

suggests that there is a signal threshold that thymocytes must reach in order to be 

positively selected.  We decided to test this model by studying thymocyte selection in the 

context of a restricted TCR repertoire so that the pMHC:TCR affinity was fixed.  Since 

ZAP-70 is essential in thymocyte development due to the complete bock at the DP stage 

in ZAP-70 deficient mice (Negishi et al., 1995) and ZAP-70 mutations have been well 

characterized, we utilized multiple ZAP-70 alleles with different signaling potentials for 

these studies.  In addition to studying how ZAP-70 dosage affects thymocyte 

development, we employed a retroviral transduction system to express a series of ZAP-70 

hypomorphic and hypermorphic signaling mutants in a ZAP-70 deficient host to analyze 

how signaling potential correlates with repertoire selection.  
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Results and Discussion  

Minor Positive Selection Defect in ZAP-70+/- Mice 

 ZAP-70 deficient mice fail to develop SP thymocytes; however, ZAP-70+/- mice 

appear to develop similarly to ZAP-70+/+ mice (Figure A.1A).  Since TCR signal strength 

is critical for thymocyte selection, we hypothesized that decreased ZAP-70 expression 

should impact ZAP-70 dependent signals and thus thymocyte development.  Since no 

significant defect was seen on a non-TCR transgenic background, we reasoned that this 

could be do to selection of an altered repertoire.  Therefore, to determine if ZAP-70 

heterozygosity compromised TCR selection, we crossed the ZAP-70+/- mice onto a OT.II 

TCRα+/+ background in order to restrict the TCR repertoire.  Although the difference 

between the ZAP-70+/+ and ZAP-70+/- was subtle, there did appear to be a small decrease 

in the percentage of ZAP-70+/- SP4 cells in the non-TCR transgenic that was significantly 

increased on the OT.II background (Figure A.1A).  This difference in the thymus 

correlated with the percentage of CD4+ peripheral T cells (Figure A.1B).  Although these 

differences were again subtle, the expression levels of CD5 and TCRβ were also 

decreased on DP thymocytes in the ZAP-70+/- OT.II mice as compared to the ZAP-70+/+ 

(Figure A.2).  Since CD5 expression correlates with TCR signal strength, this finding 

again suggests that ZAP-70+/- mice have a slightly decreased signaling potential (Azzam 

et al., 1998). CD4 levels were unchanged.  Therefore, the restricted TCR background 

reveals a signaling defect in the ZAP-70+/- that can be compensated for by altered 

repertoire selection on a non-TCR transgenic.  
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Figure A.1.  Phenotype of ZAP-70 OT.II heterozygote exposes positive selection 

defect. (A) Top panel shows CD4 vs. CD8 on thymocytes isolated ZAP-70+/+, ZAP-70+/-, 

ZAP-70-/- mice on a non-TCR transgenic background.  Bottom panel shows 

corresponding OT.II thymocytes. (B) Top panel: CD4 vs. CD8 ratio of CD3+ splenocytes 

in non-TCR transgenic mice.  Bottom panel: OT.II CD3+ splenocytes.  Figures are 

representative of three mice each. 
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Figure A.2.  Decreased expression of positive selection markers on DP ZAP-70+/-  

OT.II thymocytes.  (A) Geometric mean of CD5 (B) TCRβ (C) CD4 on ZAP-70+/+, 

ZAP-70+/-, ZAP-70-/- OT.II DP thymocytes.  Average of three animals is shown.  
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ZAP-70 Expression Level Correlates with Thymocyte Selection  

 Since the analysis of the ZAP-70+/- suggested that the level of ZAP-70 expression 

affects thymocyte development, we wanted to develop a system that would allow us to 

monitor a range of ZAP-70 expression.   We decided to use a retroviral approach to 

express ZAP-70 at varying levels in ZAP-70 deficient mice.  The retroviral vector drove 

expression of bicistronic message that encoded ZAP-70 followed by GFP; therefore, 

positively transduced cells could be followed by GFP expression (Figure A.3A).  In order 

to test the system, we transduced fetal liver or bone marrow from ZAP-70-/- mice with the 

retroviral vector driving ZAP-70WT.  As shown in Figure A.3B, retroviral infection of the 

ZAP-70-/- hematopoietic stem cells was able to rescue the block at the DP stage of 

thymocyte development and lead to the generation of peripheral T cells in lethally 

irradiated hosts.  Conversely, the use of a GFP alone did not restore development, and 

thus the ZAP-70-/- cells remained blocked at the DP stage and CD3+ cells were not 

present in the spleen.   

 Unfortunately, we were not able to get a large range of ZAP-70 expression in 

most reconstituted animals.  We believe this is related to the transduction efficiency of 

retroviral infection as well as the ability of a few T cell progenitors to restore thymocyte 

development. Since ZAP-70 is not required for thymocyte development until the DP to 

SP transition, there is no selective pressure to have ZAP-70+ stem cells seed the thymus.   

Therefore, the cells that were not infected with ZAP-70 were able to reconstitute 

development up to the DP stage and only a few ZAP-70+GFP+ made it to this stage.  In 

order to address this problem in the future, GFP+ cells should be purified before 

reconstitution so as to ensure that all cells express ZAP-70.  
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Figure A.3.  Retroviral reconstitution of ZAP-70. (A) Diagrammatic representation of 

ecotropic retroviral vector used to infect murine hematopoietic stem cells in bone marrow 

or fetal liver. The constructs contain two long terminal repeats (LTR) at the 5’ and 3’ 

ends for integration.  In addition, they contain an internal ribosomal entry site (IRES) 

followed by sequence encoding GFP.  (B) Representative example of GFP+ thymocytes 

and splenocytes from an irradiated mouse reconstituted with retrovirally transduced ZAP-

70-/- bone marrow.  Left: ZAP-70-/- bone marrow was transduced with an empty retroviral 

vector. Right: ZAP-70-/- bone marrow was transduced with a ZAP-70 expressing 

retroviral vector.  GFP+ cells reconstitute thymocyte (upper panel) and peripheral T cell 

development (bottom).   

 



 127 



 128 

 Despite this technical challenge, we were able to examine the effect of the level of 

ZAP-70 expression in reconstituted ZAP-70+/- OT.II TCRα−/− thymocytes.  We did this 

by gating on total GFP+ thymocytes and then dividing them into a 1:1 ratio of GFPhigh: 

GFPlow cells.  Interestingly, the ratio of the GFPhigh: GFPlow remained at a 1:1 ratio at the 

DP stage; however, at the SP4 stage, there was a significant advantage of the GFPhigh 

cells over the GFPlow cells as demonstrated by the increased ration of GFPhigh: GFPlow  

(4.1:1; p=0.0097) (Figure A.4A).  This increase in SP4 cells correlated with an increase 

in geometric mean of both CD5 and TCRβ on the DP GFPhigh cells as compared to the 

DP GFPlow cells (Figure A.4B).  Therefore, the level of ZAP-70 expression appears to 

correlate with the degree of positive selection. 

 

Quantitative Differences in ZAP-70 Signal Strength Impact Positive Selection 

 Since the level of ZAP-70 expression correlates with the degree of positive 

selection, we sought to further define the role of signal strength by testing an allelic series 

of ZAP-70 mutants with different signaling capacities.  For this study, in addition to wild-

type ZAP-70 (WT), we chose to analyze two hypomorphic mutants (SKG, Y315/319A) 

and one hypermorphic allele (Y292F).  The SKG allele consists of a point-mutation 

(W163C) in the second SH2 domain and has been well-characterized as having decreased 

signaling potential (Sakaguchi et al., 2003).  Mutation of both Tyr315 and Tyr319 to 

alanines (YYAA) has previously been shown to retain catalytic activity, although in most 

assays, it cannot restore wild-type levels of activation (Brdicka et al., 2005).  The YYAA 

knock-in has a phenotype that is indicative of it being a hypomorphic allele (L.Hsu, 

unpublished observations).  Finally, Tyr292 has been well studied as a negative regulatory  
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Figure A.4. Increased levels of ZAP-70 expression promote positive selection. (A) 

The ratio of GFPhigh to GFPlow levels was fixed so that they were approximately at a 1:1 

ratio at the DP stage by gating on a histogram of total GFP+ OT.II TCRα-/- thymocytes 

(data not shown).  The ratio of GFPhigh:GFPlow cells at the DP and SP4 stages is shown 

for 4 independent animals. (B) Histograms of CD5 (left) and TCRβ (right) comparing DP 

GFPhigh and GFPlow cells defined in A.   
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site because mutation of the Tyr292 to phenylalanine increase T cell activation; however, 

the mechanism of this regulation is unclear (Zhao and Weiss, 1996). Thus, with these 

four alleles, we have generated an allelic series of signaling potential.  As shown in 

Figure A.5A, in a transient transfection assay, both SKG and YYAA were hypomorphic 

compared to WT in terms of CD69 upregulation both basally and after TCR stimulation; 

whereas, Y292F was hyperresponsive.  We used the same retroviral vector described in 

Figure A.3A so that ZAP-70 expression could be monitored by following GFP levels.      

 We again wanted to use the retroviral transduction system to express a range of 

expression levels of these various ZAP-70 alleles.  We hypothesized that if the TCR 

repertoire were fixed through the use of a TCR transgenic, the appropriate expression 

level of the mutant signaling alleles would be selected for in order to meet the signaling 

threshold imposed by the TCR transgene.  We reasoned that in order to progress to the 

SP4 stage, a hypomorphic allele of ZAP-70 would be expressed at a higher level than the 

wild-type allele while a lower level of expression of a hypermorphic allele would be 

selected.  Unfortunately, due to the same problems discussed above, we were not able to 

get a large range of ZAP-70 expression in individual mice.   

 However, overall, the different signaling mutants showed consistent differences in 

development that supported the importance of strength of signal.  Both hypomorphic 

mutants (SKG and YYAA) did not efficiently develop SP4 cells while the Y292F allele 

reconstituted development similarly to WT cells on the OT.II TCRα-/- background 

(Figure A.5B). When we compared how the level of expression affected positive 

selection markers, we observed similar effects to what was seen in Figure A.4B, with the 

DP GFPhigh exhibiting higher levels of CD5 than the GFPlow cells (Figure A.5C).   
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Figure A.5. ZAP-70 mutants that affect quantitative signal strength also impact 

positive selection.  (A) P116 cells were transfected with different ZAP-70 retroviral 

constructs expressing GFP.  CD69 was measured 16 hours after stimulation with αTCR 

antibody.  Representative flow data are shown. (B) CD4 and CD8 plot of total 

thymocytes from irradiated hosts reconstituted with WT, SKG, YYAA, and Y292F OT.II 

TCRα-/- cells.  (C) Histograms of CD5 on DP GFPhigh and GFPlow thymocytes from WT, 

YYAA and Y292F reconstituted mice.   
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 Although we refer to these alleles as quantitative mutants, we cannot ignore that 

they are potentially qualitatively different as well. Both YYAA and Y292F have 

compromised ZAP-70 adaptor function, since key tyrosines have been eliminated; 

whereas, the SKG is thought have reduced ITAM binding.  Thus, it is difficult in these 

experiments to separate the quantitative and potential qualitative aspects of signaling of 

the ZAP-70 alleles. 

 Overall, these studies confirm that the strength of the TCR mediated signaling in 

DP thymocytes plays an important role in driving selection.  Although differences in 

signaling potential are often compensated for by altering the selected repertoire, these 

defects can be unmasked by using a restricted TCR repertoire experimentally.   This 

approach was useful in identifying the effect of the reduced ZAP-70 expression on 

selection in the ZAP-70+/-.   

 The mild defects observed in the ZAP-70+/- suggest that the level of expression in 

the ZAP-70+/- is sufficient to drive selection, although it might alter repertoire selection.  

Conversely, the use of hypomorphic mutants (SKG, YYAA) showed that the lower levels 

of ZAP-70 activity have a substantial effect on development.   It is important to note that 

mice that encode these mutations in the endogenous locus do develop peripheral T cells 

and do not have such a marked block in thymocyte development (Sakaguchi et al., 2003).  

Therefore, expression from the endogenous promoter both in terms of temporal and 

dosage regulation may be important.   Both wild-type ZAP-70 and the hypermorphic 

allele (Y292F) comparably rescued the development block in ZAP-70 deficient.  Knock-

in of the Y292F allele has been shown to enhance negative selection on the H-Y 

transgenic background; therefore, the increased signaling of the Y292F allele as 
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compared to wild-type might only be functionally relevant in thymocyte selection on a 

given transgene (Magnan et al., 2001).   Although our studies were limited by the 

technical challenge of transducing hematopoietic stem cells, overall our data support the 

model that TCR signal strength, as measured by ZAP-70 dependent signaling, drives 

thymocyte selection.   
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Experimental Procedures 

Plasmids 

A QuickChange site-directed mutagenesis kit (Stratagene) and standard PCR techniques 

were used to prepare the murine ZAP-70 mutations in the plasmid pBlueScript 

(Invitrogen): SKG (W163C), Y315/319A, Y292F.  To maintain consistency with 

previous reports, for YYAA and Y292F, the numerical residues are referred to for human 

ZAP-70. The mutated versions and wild-type murine ZAP-70 were then subcloned into 

retroviral expression vector FloxGFP via NotI/Sa1I digest.   

 

CD69 Activation Assay 

P116, a ZAP-70 deficient Jurkat-derived T-cell line, was obtained from R. Abraham 

(Burnham Institute, La Jolla, CA). For transient transfections of ZAP-70 constructs into 

P116, 20 x 106 cells were transfected with 5 µg expression construct and 20 µg empty 

vector.  For CD69 experiments, six hours after transfection, cells were washed in RPMI 

and resuspended at 1x106 cell/ml.  Cells were stimulated with C305 ascites (1:1000) or 

phorbol 12-myristate 13-acetate (PMA) (25 ng/ml).  Cells were left overnight at 37°C 

and then stained with allophycocyanin-conjugated CD69 (BD Biosciences). 

 

Phoenix Transfection 

Day 1:  Seed phoenix-ecotropic packaging cell line for transient transfection 24 hr before 

transfection.  Plate 3 x 106 cells so that they will be 50-70% confluent on the day of 

transfection. 
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Day 2: Transfect packaging cell line using Lipofectamine 2000 (Invitrogen).  Per 10 cm 

plate: 

a. Components 
i. 10 µg retroviral construct 

ii. 5 µg helper plasmid pCL-eco  
iii. 30 µl Lipofectamine 2000 
iv. Serum Free (SF) DMEM 

b. Put DNA together in polystyrene tube with 750 µl SF DMEM per 10 cm dish. 

In separate tube place Lipofectamine 2000 with 750 µl SF DMEM per 10 cm 

dish. Leave components at room temperature for 5 minutes. 

c. After 5 minutes, mix components and vortex. 

d. Leave for 30 minutes. 

e. Gently replace media on phoenix cells with 5.5 ml warm fresh DMEM with 

10% FBS.  

f. Add 1.5 ml of mixture to each plate dropwise.  Place at 37°C for 24 hours. 

Day 3: 24 hours post transfection, replace media on plates with 5.5 ml of fresh media.  If 

possible, place plates at 32°C. 

Day 4: Approximately 16 hours after replacing media on cells, collect supernatant.  Pool 

supernatants of the same virus.  Replace media on cells, place back at 32°C. Filter viral 

supernatants through 45 µm syringe.  Add serum to desired concentration, 10 mM Hepes, 

4 ug/ml polybrene (hexadimethrine bromide; store 10 mg/ml stock at 4°C for 6 months), 

cytokines if necessary. Spin 2200-2500 RPM for 90 minutes.  

Day 5: Repeat Day 4. Harvest phoenix plate and determine transfection efficiency by 

western or flow cytometry.  
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Fetal Liver and Bone Marrow Transduction 

For fetal liver, first set-up timed matings. Set-up matings for 4 days and remove males on 

day 5.  Sacrifice pregnant females on day 19.  Used ZAP-70-/-, ZAP-70-/- OT.II TCRα+/+ 

or ZAP-70-/- OT.II TCRα-/- depending on experiment.  

Day 1: Harvest embryos into 10 cm dish with PBS on ice.   Wash embryos by placing 

them into another 10 cm dish with PBS.  Transfer single embryo into dish without PBS to 

harvest fetal liver with tweezers.  Plate fetal liver into single well of 24 well dish with 1 

ml of media (DMEM + 10% FBS). Make single cell suspensions of all fetal livers by 

crushing the livers through filter.  Spin down cells in 50 ml Falcon tube at 1500 rpm for 5 

minutes.  Lyse red blood cells (RBC) in 1x sterile ACK for 5 minutes on ice, and then 

add PBS to 50 ml. Spin 1500 rpm for 5 min.  Resuspend cells in media with 2 ml/well of 

12 well plate (1-2 fetal livers per well).  Add cytokines to media: IL6 (10 ng/ml); IL3 (20 

ng/ml); mSCF (100 ng/ml.  (Make up a 1000 x stock of cytokines from R&D in PBS + 

0.1%BSA and store at -80°C for 6 months).  Leave cells overnight 37°C. 

Day 2:  Collect supernatant from phoenix cells and prepare as described in phoenix 

protocol.  Use 1 ml of supernatant per well of 12 well plate.  Add cytokines (IL6, IL3, 

MSCF) to filtered supernatant.  Gently remove media from cultured fetal liver cells and 

keep media if reusable. Add 1 ml of viral supernatant to each well and gently resuspend 

cells. Spin at 2500 rpm for 60-90 min at 25°C.  After spin infection, place plate back at 

37°C for 2 hours.  After incubation, aspirate viral supernatant and add back 2 ml/well 

media (new or old) to wells.  

Day 3: Repeat Day 2 procedures.  Determine transfection efficiency of phoenix by flow 

cytometry.  
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Day 4: Lethally irradiate recipient mice (usually C57BL/6).  Use approximately 1200 

rads (split into 2 doses 3 hours apart). Between two irradiations, collect cells from dish 

and wash 2x in PBS.  Inject approximately 1 x 106 cells per animal in 200 µl PBS.  Use 

avertin at a 1:40 dilution in PBS for anesthetic.  

 

For bone marrow cells, treat mice with 5’ fluorouracil at 150 mg/kg via intraperitoneal 

injection 5 days before harvest.  Harvest cells from femur and tibia into 20% IMDM.  

Then resuspend cells in StemSpan media (Stem Cell Technologies) with 15% FBS with 

cytokines described above into 24 well plate (approximately one mouse/well).  Incubate 

cells for 48 hours before first spin infection.  
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