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ABSTRACT 

 

Regulation of Protein Kinases (Syk and PKC-zeta) in Platelets 

 

Azad Mayanglambam 

Degree: Doctor of Philosophy 

Temple University, 2010 

Doctoral Advisory Committee Chair: Satya P. Kunapuli, Ph.D. 

 

Platelets are crucial components of the hemostatic machinery of the body. When the 

endothelial continuity is disrupted due to injury or atherosclerotic plaque rupture, one of 

the earliest responses to arrest the bleeding is the adhesion of circulating platelets to the 

exposed subendothelial collagen matrix. Subsequent intracellular signaling mediated 

downstream of various receptor systems leads to αIIbβ3 activation, thromboxane 

generation, ADP release, etc., culminating in platelet clot or thrombus formation. The 

protein kinase family of enzymes mediates a significant number of these intracellular 

signaling events that culminate in platelet activation. These enzymes can be broadly 

classified into two classes- tyrosine kinases and serine/threonine kinases. 

 

Syk (spleen tyrosine kinase) is an important non-receptor tyrosine kinase present in 

platelets and plays an important role downstream of GPVI-FcRγ chain receptor complex 

activation. We studied the effects of curcumin (diferuloylmethane), which is the active 
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ingredient found in the herbal remedy and food spice turmeric, on the GPVI-mediated 

platelet activation. We have found that it significantly inhibits the kinase activity of Syk 

without affecting its phosphorylation. Pre-incubating the platelets with curcumin for only 

a minute resulted in a concentration-dependent inhibition of aggregation and secretion, 

with approximately 75% inhibition observed at 50 µM curcumin. Additionally, the 

activation-dependent phosphorylation of tyrosines 753/759 on PLCγ2 and 

phosphorylation of tyrosine 191 on the transmembrane scaffold protein LAT, were 

inhibited (p<0.05). However, the phosphorylation of the activation loop tyrosines 

525/526 on Syk and of the tyrosine 145 on intracellular adaptor molecule SLP-76 were 

not significantly affected. Furthermore, the inhibitory action of curcumin on the catalytic 

activity of Syk was independent of any of its effects on the thromboxane generation 

because all our studies were performed using aspirin-treated platelets. 

 

PKCζ is an atypical member of the PKC family of serine/threonine kinases. In this study, 

we have confirmed that it is expressed in human platelets and is constitutively 

phosphorylated at the activation loop threonine 410 as well as the turn motif threonine 

560, which is an autophosphorylation site. Phosphorylation at these two residues has been 

shown to be important for its kinase activity. Furthermore, agonist-mediated platelet 

aggregation under stirring condition results in dephosphorylation of the Thr410 residue, 

which can be prevented by blocking integrin αIIbβ3 by its antagonist SC-57101 

(p<0.01). The dephosphorylation of Thr410 can also be prevented by okadaic acid, a 

Ser/Thr protein phosphatase inhibitor, at concentrations above 100 nM. However, in 

PP1cγ null mice, we did not observe any effect on the dephosphorylation, suggesting that 
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other isoforms of PP1 or other classes of the phosphatases could be responsible for this 

phenomenon, at least in these knockout mice. The basal phosphorylation of Thr560, 

however, remained unaffected by agonist stimulation, integrin activation, integrin 

blockade, okadaic acid treatment and in the PP1cγ null mice. It can be speculated that 

PKCζ may be constitutively active under basal resting conditions and acts as a negative 

regulator of platelet activation or functional responses. The Thr560 autophosphorylation 

signal alone may not be sufficient to sustain its full enzymatic activity. 
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CHAPTER 1 

INTRODUCTION 

 

Overview of the Platelet Activation Process; and 

Hemostasis and Thrombosis 

 

Platelets or thrombocytes are one of the important cellular components of blood. They are 

generated in the bone marrow by budding off from megakaryocytes, which is turn is 

derived from the megakaryoblast lineage of the hematopoetic stem cells (Platelets 2nd 

edition: Alan D. Michelson, Chapter 2: Megakaryocyte development and platelet 

formation; Paulus et al., 1980). Platelets are anucleate and have an average life-span of 5 

to 9 days. Their sole function is to get activated at the site of injury to the endothelial 

lining of the blood vessels and thus seal off the breakage to prevent blood loss. Thus, 

platelets are crucial components of the hemostatic machinery of the body. Under normal 

physiological condition, platelets circulate in the blood stream in a quiescent state 

because a balance between the pro- and the anti-thrombotic factors exists inside the 

lumen of the blood vessels (Pearson, 1999; Pearson, 1994a; Pearson, 1994b). However, 

moment the continuity of the endothelial lining is disrupted either by injury or by rupture 

of atherosclerotic plaque, platelets get activated and respond to arrest the bleeding. This 

happens by first adhering, via the GP Ib-IX-V complex and von Willebrand Factor 
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(vWF), to the exposed subendothelial collagen matrix (Ruggeri, 1997; Ruggeri, 2007; 

Savage et al., 1996). Collagen also binds the platelet integrin α2β1. 

 

This is subsequently followed by collagen binding to the platelet GPVI-FcRγ chain 

receptor complex (Watson et al., 2005). Collagen-mediated clustering of this receptor 

complex results in an intracellular transduction of the initial signal of agonist binding to 

the receptor. These signaling events culminate in platelet integrin αIIbβ3 activation 

which binds soluble fibrinogen leading to platelet aggregation. Additionally, 

thromboxane is generated and ADP is released from dense granules, both of which act in 

a positive feedback manner to further amplify the platelet activating responses (Kahner et 

al., 2006). Platelets also release alpha granule contents, many of which have pro-

coagulant properties. Thrombin is generated at the site of endothelial injury, and it further 

activates platelets via its receptors, the protease activated receptors or PARs (Kahner et 

al., 2006; Lisman et al., 2005). All these events result in the formation of a primary 

hemostatic plug. Thrombin, in addition, converts fibrinogen to fibrin, via the coagulation 

cascades (Lisman et al., 2005). The platelet-based clot is further stabilized and 

strengthened by fibrin meshwork to form secondary hemostatic plug which contains other 

cellular components of the blood as well. Subsequent remodeling of the clot will return 

the site of injury back to near-normal morphological conditions. Abnormalities in this 

physiological process can result in either hemorrhagic or thrombotic disorders. 

Worldwide, atherothrombosis is the major cause of acute ischemic events such as 

myocardial infarction, stroke and peripheral vascular disease (Arora et al., 2008; 

Shimokawa et al., 2008). 
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Molecular Signaling Events in Platelets Functional Responses 

 

The schematic shown on the following page describes the details of the highly complex 

and highly coordinated molecular signaling events that take place inside platelets during 

their activation process. For the purpose of simplification and convenience, the pathways 

are broadly divided into G-protein coupled receptors-mediated pathway and GPVI-

FcRγ chain complex-mediated pathway. 

 

ADP acts on two receptors, P2Y1 and P2Y12, which couple to Gq and Gi, respectively 

(Kahner et al.). Thrombin binds PAR1 and PAR4, which are coupled to Gq and G12/13. 

The PARs also indirectly couple to Gi via secreted ADP. Thromboxane acts on 

TPα receptor which couples to Gq and G12/13 directly, and to Gi indirectly. Activation 

of Gq activates phospholipase Cβ2 (PLCβ2) which hydrolyzes membrane 

phosphatidylinositol 4,5-bisphosphate (PIP2) into second messengers inositol 1,4,5-

trisphosphate (IP3) and 1,2-diacylglycerol (DAG). IP3 mobilizes calcium from 

intracellular stores and DAG activates protein kinase Cs (PKCs). Calcium and PKCs are 

important for integrin αIIbβ3 activation and granular secretion. Calcium is also 

implicated in other cellular responses such as shape change, phosphatidylserine (PS) 

exposure, thromboxane generation, Erk activation, etc. Calcium mediates shape change 

via calcium-calmodulin and myosin light chain kinase (MLC Kinase) pathway. Calcium 

in involved in the cytoplasmic phospholipase A2 (cPLA2)-arachidonic acid (AA)-

cyclooxigenase (COX) pathway that generates thromboxane. Additionally, Erk is 

implicated in thromboxane generation. Calcium and DAG bind, and activate Cal-DAG-
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GEF, an exchange factor for small G-proteins. Cal-DAG-GEF in turn activates Rap1b, a 

small G-protein. Rap1b has been implicated in αIIbβ3 activation. Some of the important 

distal signaling molecules include Rap1 interacting adaptor molecule (RIAM), talin and 

kindlins that associate with αIIbβ3, and together they modulate its avidity and affinity. 

The activation of the α subunit of Gi inhibits adenyly cyclase resulting in decrease 

cAMP. cAMP, via PKA pathway, has been known to keep the platelets in a quiescent 

state. The βγ subunits of Gi are known to couple to the activation of phosphoinositde 3-

kinases (PI3-kinases), which generate phosphatidylinositol (3,4,5,)-triphosphate (PIP3). 

One of the important downstream targets of PI3-kinases is Akt or PKB which is known to 

be important for platelet activation responses. G12/13 mediates platelet shape change via 

the Rho-p160ROCK-MLC Phosphatase pathway. 

 

Collagen, on the other hand, acts on the GPVI-FcRγ chain receptor complex. Clustering 

of the receptor results in activation of the Src family kinases (SFKs) Fyn and Lyn, which 

are constitutively associated with the receptor (Watson et al.). SFKs then phosphorylate 

the immunoreceptor tyrosine-based activation motifs (ITAMs) found on the FcRγ chain. 

The phosphorylated ITAMs recruit Syk (spleen tyrosine kinase) via its tandem SH2 

domain resulting in its autophosphorylation and activation. Activated Syk then 

phosphorylates and activates various downstream targets including the transmembrane 

docking protein LAT (linker for activated T-cells). LAT, along with the cytosolic adaptor 

protein SLP-76 (Src homology 2 (SH2) domain-containing leukocyte protein of 76 kDa), 

form a signaling complex where important molecules in the pathway such as PLCγ2 and 

Btk, are spatially and temporally regulated for optimal signaling. PLCγ2 is activated 
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which then hydrolyzes membrane PIP2 into second messengers IP3 and DAG. The 

downstream signaling is similar to that described for Gq pathway. A major difference 

between these two receptor systems is in the manner in which PKCs are differentially 

regulated. The novel isoform PKC-delta is activated downstream of PARs but inhibited 

downstream of GPVI-pathway (Chari et al., 2009a; Chari et al., 2009b). 
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Figure 1.1.  Schematic diagram of the molecular signaling events during platelet 

activation. 
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Overview of Protein Kinases-Tyrosine and Serine/Threonine Kinases 

 

Signal transduction is a very important mechanism by which extracellular signals are 

transmitted inside the cells (Reece, et. al., Biology (2002): ISBN 0-8053-6624-5). The 

cells respond via numerous intracellular events culminating in a multitude of functional 

responses, such as gene regulation, migration, proliferation, differentiation, survival, 

apoptosis, aggregation, secretion, etc. (Bornfeldt et al., 1995; Lalli et al., 1994) (Guo et 

al., 1995). One of the key mechanisms by which intracellular signal transduction is 

mediated is via post-translational modifications such as reversible phosphorylation of 

signaling molecules and enzymes (Chang et al., 1998) (Barford et al., 1998). Protein 

kinases are a group of enzymes that mediate phosphorylation of target proteins. They 

possess a catalytic subunit which transfers the gamma phosphate from nucleoside 

triphosphates (usually ATP) to the hydroxyl functional groups present on one or more 

amino acid residues (serine, threonine or tyrosine) in a protein substrate side chain, 

resulting in changes in conformation, charge and/or biological thermodynamics. This 

results in functional changes of the target protein by altering its enzymatic activity, 

cellular localization, or association with other proteins (protein-protein interaction). 

Protein kinase function has been evolutionarily conserved from E. coli to Homo sapiens. 

Another group of enzymes known as protein phosphatases remove the phosphate groups 

from target proteins and reverse the effects mediated by the kinases. Interplay between 

these two important enzymes regulates many important cellular processes. 

 

Protein kinases are broadly classified into two groups, based on substrate specificity: 



 8 

Serine/Threonine specific and Tyrosine specific. In general, the tyrosine phosphorylation 

signal is found associated with or in close proximity to the cell surface receptors, i.e., 

upstream signaling, and is usually short-lived. This initial signal is then relayed to 

downstream molecules via serine or threonine phosphorylation, which stays for a longer 

time, relative to tyrosine phosphorylation signal. 

 

Protein Tyrosine Kinases: 

 

Tyrosine kinases are enzymes that can transfer a phosphate group from ATP to a tyrosine 

residues in a target protein. Most tyrosine kinases have an associated protein tyrosine 

phosphatase. The tyrosine kinases are divided into two main families: 

 

1. Receptor tyrosine kinases (transmembrane receptor-linked kinases): examples include 

growth factor receptors such as EGF receptor family, insulin receptor family, VEGF 

receptors family, etc. 

2. Non-receptor or cytoplasmic tyrosine kinases: examples, Syk, Src family kinases, 

BCR-ABL oncogene fusion protein, etc. 

 

Protein Serine/Threonine Kinases: 

 

At least 125 of more than 500 human protein kinases are serine/threonine kinases (Capra 

et al., 2006). They transfer a phosphate group from ATP to a serine/threonine residues in 

a target protein. Examples include, Protein Kinase A (PKA), Protein Kinase G (PKG) 
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family, Protein Kinase C (PKC) family, Protein Kinase B (PKB) or Akt, 

Ca2+/calmodulin-dependent protein kinases (CaM kinases), Mitogen-Activated Protein 

Kinases (MAPKs), etc. Serine/threonine protein phosphatases reverse the 

phosphorylation in this case. Additionally, there are mixed serine/threonine and tyrosine 

kinases, also known as dual-specificity kinases, for eg., MEK-1 (MAPK Kinase) 

(Dhanasekaran et al., 1998). 

 

Protein Kinase Inhibitors in Clinical Trial/Use: 

 

1. Fostamatinib: An orally available Syk kinase inhibitor; is currently in phase II trial 

for the treatment of B-cell lymphoma. 

2. Imatinib: Inhibits BCR-ABL (Philadelphia Chromosome) fusion protein tyrosine 

kinase and is used for the treatment of chronic myelogenous leukemia. 

3. Nilotinib also inhibits BCR-ABL and is used for imatinib-resistant cases. 

4. Lapatinib is used as a treatment for "triple positive" ER+/EGFR+/HER2+ breast 

cancer patients. 

5. Enzastaurin, an oral serine/threonine kinase inhibitor, suppresses PKCβ and 

PKB/AKT signaling, induces tumor cell apoptosis, and inhibits proliferation and 

angiogenesis. Increased PKC and AKT activity is associated with poor prognosis in 

non–small-cell lung cancer (NSCLC). This drug is currently in phase II trial. 

6. Approximately 13 Aurora Kinase inhibitors are under Phase I/II evaluation at present 

for various cancers of different origins. Aurora Kinase plays an important role in the 

mitosis process and is involved in tumorigenesis. 
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Syk (Spleen tyrosine kinase) and its regulation 

 

Syk (Spleen tyrosine kinase) is a protein tyrosine kinase with a molecular weight of 72-

kDa, which is encoded by the SYK gene present on the long arm of chromosome 9 

(9q22) in humans (NCBI Entrez Gene, GeneID: 6850). It was originally isolated from 

bovine thymus and identified as a 40-kDa proteolytic fragment containing the 

catalytic/kinase domain (Zioncheck et al., 1986). A protein kinase of similar size was 

later isolated from porcine spleen and antibodies generated against this fragment 

eventually identified the full-length protein (Kobayashi et al., 1990; Taniguchi et al., 

1991). Cellular signaling pathway that involves Syk was first identified in B-

lymphocytes. However, Syk was later shown to be expressed in many cell types 

including those of the hematopoietic system (Ulanova et al., 2005; Yanagi et al., 2001). 

Syk B is a variant of Syk, produced by alternative splicing; while Zap-70 (ζ-chain 

associated protein of 70 kDa) is a Syk homolog expressed in T cells and NK cells (Latour 

et al., 1996; Latour et al., 1998; Yagi et al., 1994). 

 

Structure: 

 

At the N-terminus, there is a tandem pair of Src homology 2 (SH2) domains separated by 

a 60-amino acid linker region (linker A) (Fig. 1.2). A C-terminal catalytic domain is 

connected to the SH2 domains by a 106-amino acid long linker B, that contains multiple 

sites of phosphorylation (Furlong et al., 1997; Keshvara et al., 1998). Syk B and Zap-70 

lack a “linker insert” of few amino acids from the linker B region (Latour et al., 1996; 
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Latour et al., 1998; Yagi et al., 1994). 

 

 

 

 

 

 

 

Figure 1.2.  Primary structure and the domains of Syk family protein-tyrosine kinases: 

Syk, SykB and ZAP-70. 

 

(Structure and function of Syk protein-tyrosine kinase. J Biochem. 2001 Aug;130(2):177-

86). 
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Major tyrosine autophosphorylation sites that have been identified by an in vitro kinase 

reaction using recombinant Syk expressed in insect cells (Kobayashi et al., 1990) are as 

follows: Y131 (murine Y130) is located within the linker/interdomain A. Y296, 323, 348, 

352 (Y290, 317, 342, 346, respectively, in murine Syk) are present in the 

linker/interdomain B. Y525, 526 (murine Y519, 520) are located in the activation loop of 

kinase domain. Y629, 630, 631 (murine Y623, 624, 625, respectively) are present in the 

C-terminal tail. Each phosphotyrosine residue performs a distinct function by interacting 

with a different molecule. 

 

 

 

Figure 1.3.  Schematic of the primary structure of Syk showing tyrosine residues that are 

phosphorylated upon activation. 

 

(Structure and function of Syk protein-tyrosine kinase. J Biochem. 2001 Aug;130(2):177-

86). 
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Regulation of Syk: 

 

Most of our current understanding of regulation of Syk is derived from studies done in B-

cell receptor (BCR) signaling. Modulation of Syk function is a highly orchestrated 

process. One of the modes of regulation is by the immunoreceptor tyrosine-based 

activation motifs or ITAMs, which was described earlier. Syk binds to the 

phosphorylated ITAMs through its tandem pair of SH2 domains, with high affinity 

(Futterer et al., 1998). These SH2 domains are oriented optimally through domain-

domain interactions and through linker A that results in the simultaneous engagement 

with both phosphotyrosines present in the ITAM. Each SH2 domain recognizes one of 

the two pYxxL sequences within the ITAM. The binding occurs in a head-to-tail 

orientation with the N-terminal SH2 domain of Syk interacting with the second 

phosphotyrosine of the ITAM and the C-terminal SH2 with the first ITAM. Each of the 

SH2 domains contains all of the amino acid residues required to bind independently to 

one of the pYxxL sequences of the ITAM (Futterer et al., 1998). It can be speculated that 

one of the SH2 domains mediates the initial recruitment of Syk to the FcRγ chain after 

phosphorylation of the first ITAM tyrosine by SFKs. Subsequent phosphorylation of the 

second ITAM tyrosine by Syk would then allow for a much higher affinity interaction in 

which both SH2 domains are engaged. Lyn phosphorylates the first tyrosine while Syk 

phosphorylates both the tyrosines on the BCR-ITAM (Rolli et al., 2002). However, both 

SH2 domains are still required for full activation responses, as shown by mutagenesis 

studies (Fuller et al., 2007). The binding of Syk to the phosphorylated ITAMs of 

clustered GPVI-FcRγ complexes leads to its activation. In vitro studies indicate that the 
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simple binding to Syk in solution of a dually phosphorylated peptide with the sequence of 

an ITAM is sufficient to fully activate the kinase (Rowley et al., 1995; Shiue et al., 1995; 

Tsang et al., 2008). Engagement of the SH2 domains by a dually phosphorylated ITAM 

results in conformational changes in the domains that will relieve some form of steric 

hindrance. The binding of Syk to its reaction product, a dually phosphorylated ITAM, 

activates the enzyme and generates a positive feedback loop to promote the 

phosphorylation of additional ITAM tyrosines to recruit even more Syk molecules to the 

clustered receptor complexes (Rolli et al., 2002; Tsang et al., 2008). Syk, recruited to the 

receptor complex, can catalyze the phosphorylation of ITAM tyrosines. 

 

Another mode of regulation of Syk is via phosphorylation on its multiple tyrosine 

residues. Shortly following receptor engagement, Syk that has been recruited to the 

receptor becomes phosphorylated on multiple tyrosines through both autophosphorylation 

and phosphorylation by Lyn (Furlong et al., 1997; Hutchcroft et al., 1991; Keshvara et 

al., 1998). Like ITAM-binding, phosphorylation alone is sufficient to fully activate the 

kinase (Tsang et al., 2008). This is referred to as the “OR-switch.” The ability of either 

ITAM-binding or phosphorylation to activate Syk allows the kinase to be active within 

cells both when phosphorylated but released from the receptor and when not 

phosphorylated but bound to the receptor (Peters et al., 1996). However, the 

phosphorylation of Syk is much more complicated than simple activation as it occurs on 

multiple tyrosines, some of which modify the activity of the kinase directly through 

conformational changes and many of which serve dual roles as docking sites for proteins 

that contain SH2 or related phosphotyrosine-recognition domains. 
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Tyrosines 525 and 526 (corresponding residues 519 and 520 in murine enzyme) are 

located in the activation loop within the catalytic/kinase domain. Both residues are 

phosphorylated in an in vitro autophosphorylation reaction, following engagement of 

BCR in B cells (Furlong et al., 1997; Keshvara et al., 1998), and clustering of Fc�RI in 

mast cells (El-Hillal et al., 1997; Zhang et al., 2000). The phosphorylation of either 

residues of a catalytically inactive mutant of Syk was not detected in B cells expressing 

Lyn suggesting that Syk itself is the major catalyst of activation loop phosphorylation 

(Keshvara et al., 1998). However, in mast cells some Lyn-dependent phosphorylation of 

the activation loop has been observed and is thought to be important for the initial 

activation of Syk and then the bulk of the phosphorylation is catalyzed by Syk itself (El-

Hillal et al., 1997). The activation loops of many protein kinases contain residues whose 

phosphorylation leads to the upregulation of kinase activity most often through 

alterations in substrate binding and/or enhancement of the rate of phosphoryl transfer 

(Adams, 2003). Thus, for many kinases, catalytic activity is profoundly affected by the 

status of phosphorylation of the activation loop. For Syk, however, the situation is 

different. Mutations in one or both of these tyrosines have little or no effect on the 

catalytic activity of the enzyme when measured in an in vitro kinase assay (Couture et al., 

1997; Kurosaki et al., 1995; Papp et al., 2007; Zhang et al., 1998). For example, the 

kinetics of substrate phosphorylation catalyzed by the kinase domain of 

unphosphorylated Syk were indistinguishable from those of either Syk pre-

phosphorylated on the activation loop tyrosines or Syk that has both tyrosines replaced by 

phenylalanine (Papp et al., 2007). Additionally, the activity of the catalytic fragment of 
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Syk (Syk 360-635) is 10-fold compared to full-length Syk, suggesting that residues 

outside the catalytic domain of Syk suppress kinase activity. In the X-ray crystal structure 

of the catalytic domain of Syk (Atwell et al., 2004), the activation loop adopts the same 

“loop-out” conformation that is typically observed in active protein-tyrosine kinases with 

phosphorylated activation loops. Thus, the unphosphorylated activation loop of Syk does 

not appear to restrict access to the ATP or substrate binding pockets and does not disturb 

the proper orientation of important catalytic residues within the active site. Despite the 

apparent lack of involvement of these two residues in regulating the catalytic activity of 

Syk, mutant forms of the kinase in which these residues have been replaced with 

phenylalanines still exhibit major signaling deficits in cells (Couture et al., 1994; Couture 

et al., 1997; Kurosaki et al., 1995; Zhang et al., 1998). In Syk deficient B cells 

reconstituted with a form of Syk lacking both activation loop tyrosines, the BCR-

stimulated phosphorylation of cellular proteins is reduced and the phosphorylation of 

PLC-γ2 is abrogated (Kurosaki et al., 1995). Consequently, BCR ligation fails to enhance 

the production of IP3 and mobilization of calcium. Thus, activation loop phosphorylation 

of Syk may or may not correlate with its catalytic activity. 

 

Tyrosine residues 348 and 352 (corresponding resides 342 and 346 in murine enzyme) lie 

within the linker B region, and are sites of autophosphorylation in vitro and 

transphosphorylation by Lyn in vivo (Furlong et al., 1997; Keshvara et al., 1998). The 

phosphorylation of these residues plays a positive role in Syk-dependent signaling. Not 

surprisingly, elimination/mutation of these two residues reduces/abrogates ITAM-

mediated signaling. Phosphorylation on these sites has been observed on a kinase dead 
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mutant of Syk which was expressed in cells where Lyn was present (Keshvara et al., 

1998). The phosphorylation of both residues enhances the catalytic activity of Syk and 

likely accounts for much of the ability of Lyn to activate the enzyme. Not surprisingly, 

elimination of either of the residue, or elimination of both has significant effects on the 

catalytic activity. A lack of both the tyrosine residues results in a decreased ability to 

couple the receptor (BCR or Fc�RI) to PLCγ phosphorylation and calcium mobilization 

(Groesch et al., 2006; Hong et al., 2002; Simon et al., 2005; Zhang et al., 2002). The 

elimination of Y348 results in a more substantial decrease in the receptor stimulated 

phosphorylation of PLCγ in B cells and mast cells, and of LAT and SLP-76 in mast cells 

than does the replacement of Y352 (Groesch et al., 2006; Simon et al., 2005; Zhang et 

al., 2002). In contrast, the elimination of Y352 more strongly decreases the Fc�RI-

stimulated phosphorylation of ERK and Akt in primary mast cells than does the 

elimination of Y348 (Simon et al., 2005). Many of the signaling defects exhibited by Syk 

mutants in which both residues have been replaced with phenylalanines can be reversed 

by the simultaneous elimination of the inhibitory tyrosine at Y317. However, even in the 

absence of Y317, maximal signaling by Syk in B cells still requires those twos residues 

(Hong et al., 2002). The phosphorylation of Y346 and Y352 enhances signaling both by 

increasing the activity of Syk and by generating docking sites that mediate protein–

protein interactions. The interaction between Syk and PLC-γ1 or 2 is mediated by the C-

terminal SH2 domain of the phospholipase (Law et al., 1996a; Sidorenko et al., 1995; 

Sillman et al., 1995) and is blocked when both the tyrosine residues are substituted with 

phenylalanines (Law et al., 1996a). In vitro phosphopeptide-binding assays indicate that 

the PLC-γ SH2 domain actually binds when both the tyrosine residues are 
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phosphorylated and binds poorly when only a single site is modified (Groesch et al., 

2006). 

 

Tyrosine residue 323 (Y317 in murine Syk) is another major autophosphorylation site 

which is present in the linker B region (Furlong et al., 1997; Keshvara et al., 1998). 

Phosphorylation in vivo is mediated by SFKs, since the phosphorylation is significantly 

reduced in B cells that lack Lyn, and it is observed in cells that express Lyn but have a 

catalytically inactive Syk (Hong et al., 2002; Keshvara et al., 1998). Unlike Y348 and 

Y352 which are also present in the linker B region, the phosphorylation of Syk on Y323 

(murine Y317) has an inhibitory effect on the Syk-mediated signaling downstream of the 

BCR and FcεRI, in B cells and mast cells, respectively (Hong et al., 2002; Keshvara et 

al., 1998; Sada et al., 2000; Simon et al., 2005; Yankee et al., 1999). Furthermore, 

Y317F mutant yields an enzyme with a “gain-of-function” phenotype, resulting in an 

enhanced ability to couple the BCR to increased PLCγ2 phosphorylation, and the 

consequent increased IP3 production and calcium mobilization (Zhao et al., 1996). In 

addition, Y317 phosphorylation enhances its interactions with Cbl (Casitas B-lineage 

lymphoma) family proteins. c-Cbl is the cellular homolog of v-Cbl, the protein product of 

the oncogene of the Cas NS-1 retrovirus (Thien et al., 2005). It has shown to be an 

inhibitor of Syk-dependent signaling in platelets, B cells and mast cells (Auger et al., 

2003; Dangelmaier et al., 2005; Ota et al., 1996). In B cells from c-Cbl and Cbl-b 

knockout mice, proximal signaling events, such as the phosphorylations of Syk, PLCγ, 

and mobilization of intracellular calcium are enhanced (Kitaura et al., 2007). Moreover, 

c-Cbl overexpression inhibits signaling mediated by Syk in B cells and activity of Syk 
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which was ectopically expressed in COS-7 cells. These were dependent on the presence 

of Y323 (317) (Lupher et al., 1998; Yankee et al., 1999). The N-terminal tyrosine kinase 

binding (TKB) domains of Cbl family proteins mediate their binding to the 

phosphorylated tyrosine 323 (317) of Syk. However, the interactions between Syk and c-

Cbl can also occur independent of the Y323 residue on Syk and/or the TKB domain in c-

Cbl (Deckert et al., 1998; Ota et al., 1996; Ota et al., 1997; Yankee et al., 1999). Cbl 

proteins contain a Zn-binding RING finger domain which can recruit E2 ubiquitin 

conjugating enzymes, following which Cbl will exhibit E3 ubiquitin ligase activity 

(Joazeiro et al., 1999). Consequently, the interaction of Cbl with activated Syk leads to 

Syk ubiquitination (Paolini et al., 2002; Rao et al., 2001), resulting in its degradation via 

proteosome (Paolini et al., 2002; Paolini et al., 2001; Peruzzi et al., 2007; Rao et al., 

2001; Youssef et al., 2002; Zyss et al., 2005). However, ubiquitination can have other 

effects such as alterations in enzymatic activity and/or protein–protein interactions 

(Weissman, 2001). Following BCR engagement in B cells or clustering of the collagen 

receptor GPVI in platelets, Syk gets activated and ubiquitinated (Dangelmaier et al., 

2005; Kitaura et al., 2007). However, the ubiquitination of Syk does not result in Syk 

degradation. In platelets derived from c-Cbl knockout mice, the platelet activation-

dependent Syk phosphorylation is prolonged. This would suggest that the interaction of 

Syk with c-Cbl promotes a protein tyrosine phosphatase that would dephosphorylate and 

inactivate the enzyme (Dangelmaier et al., 2005). Phosphorylated tyrosine 323 (317) 

residue also interacts with the C-terminal SH2 domain present on the p85 regulatory 

subunit of PI3-Kinase, and this binding is stronger than that with the TKB domain of c-

Cbl (Moon et al., 2005)]. The Syk-PI3K complex regulates Syk functions, such as IgG-



 20 

receptor-ITAM mediated phagocytosis (Araki et al., 1996; Cox et al., 1999; Crowley et 

al., 1997; Greenberg et al., 1993; Kiefer et al., 1998). In an FcγRIIA-overexpressing cell 

system, Y317F mutated Syk did not lead to the activation of a PI3K target, Akt. The Syk-

PI3K complex is also important for the inflammatory response of neutrophils to 

monosodium urate crystals, in gout (Popa-Nita et al., 2007). 

 

Tyrosine 131 (Y130 in murine Syk) is located on linker A region and is another site of 

autophosphorylation in vitro (DeFranco, 1997). Syk, isolated from cells after receptor 

crosslinking or protein tyrosine phosphatase inhibition, showed Y130 phosphorylation 

(Keshvara et al., 1998; Zhang et al., 2008). Y130 phosphorylation or its replacement with 

glutamate to mimic phosphorylation, both disrupts Syk’s interaction with the 

phosphorylated ITAMs of the BCR complex and enhances its catalytic activity (Keshvara 

et al., 1997). The phosphorylation of Y130 and consequent decrease in affinity for 

ITAMs results in the release of a phosphorylated, active kinase from the receptor 

(Keshvara et al., 1997). A physiological role for Y130-phosphorylation is not known, 

however, expression of a mutant form of Syk with Y130 replaced by glutamate activates 

integrins through “inside-out” signaling in B cells (Stupack et al., 1999; Zyss et al., 

2005). 

 

Y296 (Y290 in murine Syk) lies in the linker insert region of Syk, near the N-terminus of 

linker B that is missing from SykB or Zap-70. It does not appear to be a major site of 

phosphorylation (Zhou et al., 2006) and a physiological role for the phosphorylation of 

Y290 is not known. Tyrosine residues 629, 630 and 631 (Y623, Y624 and Y625 in 
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murine Syk) are located near the C-terminus of the protein. The replacement of these 

three C-terminal tyrosines of Syk results in a gain-of-function mutant (Zeitlmann et al., 

1998). 

 

The phosphorylation of Syk following receptor clustering occurs rapidly due to its 

activation, its association with the receptor and Src family kinases, and the transient 

inhibition of protein-tyrosine phosphatases (Irish et al., 2006; Rolli et al., 2002). Once the 

activity of Syk is terminated, both the kinase and its substrates are rapidly 

dephosphorylated and the activation of downstream signaling pathways ends (Oh et al., 

2007). Thus, the continued activity of Syk is necessary to maintain the kinase in an active 

state. The full identity of the repertoire of protein-tyrosine phosphatases that regulate the 

state of phosphorylation of Syk is not completely known, but several enzymes that alter 

the state of phosphorylation of the kinase have been identified. SH2 domain-containing 

protein tyrosine phosphatase-1 (SHP-1) is recruited to immunoreceptor tyrosine-based 

inhibitor motifs (ITIMs; which have a consensus sequence I/L/V-X-pY-X-X-L/V) on 

inhibitory receptors such as CD22 following their phosphorylation by Lyn (Campbell et 

al., 1995; Law et al., 1996b; Smith et al., 1998). The receptor-associated SHP-1 becomes 

activated and attenuates BCR signaling by dephosphorylating multiple components in the 

BCR-signaling network including Syk. The proline-, glutamic acid-, serine- and 

threonine- enriched protein-tyrosine phosphatase, PEP, also has been implicated as a 

negative regulator of Syk-family kinases  (Cloutier et al., 1999). PEP associates with the 

SH3 domain of Csk (C-terminal Src kinase), a negative regulator of Src-family kinases, 

and of T and B cell signaling. Syk also has been reported to bind and serve as a substrate 
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for a phosphatase known as T-cell ubiquitin ligand-2/Suppressor of T-cell receptor 

signaling-1 (TULA-2/STS-1) (Agrawal et al., 2008). The state of tyrosine-

phosphorylation of Syk is reduced in cells overexpressing TULA-2. Thus, it appears 

likely that Syk is subject to the regulatory influences of multiple phosphatases that can 

catalyze its dephosphorylation, which may account for the very rapid loss of phospho-

tyrosine from the kinase that occurs following its inhibition (Oh et al., 2007). However, it 

should be reiterated that phosphorylation of Syk does not necessarily translate into its 

enzymatic activity, and non-phosphorylation does not mean loss of activity (Papp et al., 

2007). 

 

Functional roles: 

 

Once activated, Syk catalyzes the phosphorylation of multiple protein substrates that are 

important for transducing the signals from receptor activation into the appropriate 

physiological response. The consequences of a protein's phosphorylation by Syk vary 

depending on the nature of the substrate and the site that is modified. For a subset of 

Syk's substrates, the addition of a phosphate group induces conformational changes that 

lead to alterations in the intrinsic activity of the phosphorylated protein. The 

phosphorylation on tyrosines of PLC-γ2, Btk and the Vav1 guanine nucleotide-exchange 

factor leads to their activation (Bustelo, 2000; Rodriguez et al., 2001; Sekiya et al., 

2004). For many substrates, phosphorylation on tyrosines instead promotes protein–

protein associations by generating docking sites that are recognized by proteins that have 

SH2 domains or other phosphotyrosine-binding motifs. This generates scaffolds for the 
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assembly of larger signaling complexes (Maruoka et al., 2005). For example, the 

phosphorylation of BLNK, a major Syk substrate in B cells, creates docking sites that 

bind Btk and PLC-γ to generate a protein complex that regulates the mobilization of 

calcium (Koretzky et al., 2006) (Wienands, 2000) (Hashimoto et al., 1999) . It is less 

well recognized that phosphorylation also can inhibit rather than promote protein–protein 

associations. For example, in red blood cells the acidic cytoplasmic tail of the anion 

transport channel protein, band 3, binds to and inhibits the activities of several of the 

glycolytic enzymes including aldolase and glyceraldehyde-3-phosphate dehydrogenase 

(G3PDH). The phosphorylation of Y8 on band 3 by Syk blocks these interactions and 

relieves the inhibition (Low et al., 1987). Many of the substrates of Syk can be recruited 

directly to the kinase or to kinase-adaptor or kinase-receptor complexes through 

interactions mediated by structural motifs such as SH2 or SH3 domains. These 

interactions that occur outside of Syk's active site serve to bring the kinase and substrates 

together in close proximity. 

 

During platelet activation process, Syk plays a major role downstream of the major 

collagen receptor GPVI. Initial platelet activation is triggered by collagen present in the 

exposed subendothelial matrix (Ruggeri, 1997; Ruggeri, 2007). GPVI is a transmembrane 

glycoprotein belonging to the immunoglobulin-superfamily receptor and is structurally 

related to the IgA Fcα-receptors (Watson et al., 2005). GPVI is associated with the FcRγ-

chain. Signaling is initiated when the GPVI-FcRγ chain complex is crosslinked by 

collagen. Rapidly following this, the cytoplasmic tails of FcRγ chain are phosphorylated 

on conserved tyrosine residues located in a stretch of amino acids known as an 
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immunoreceptor tyrosine-based activation motif (ITAM). The ITAMs have two YxxL 

consensus sequences typically spaced 7-12 residues apart. The initial phosphorylation of 

the ITAM is catalyzed by members of the Src-family of cytoplasmic protein-tyrosine 

kinases (SFKs), Lyn and Fyn. The GPVI cytosolic tail contains recognized sequence 

motifs for binding to the SH3 domain of SFKs. Fyn and Lyn are constitutively bound to 

the proline-rich region of the GPVI cytosolic tail and crosslinking of the Ig receptor is 

proposed to bring the two kinases into contact with their substrate, the FcRγ-chain ITAM. 

The phosphorylation of the two tyrosines within the ITAM leads to the physical 

recruitment of Syk to the site of the clustered receptor in an interaction mediated by its 

tandem pair of SH2 domains. Syk then initiates downstream signaling cascade, central to 

this is the formation of a signaling complex that is composed of a series of adapter and 

effector proteins. Adapters form an intracellular scaffold that regulates and targets 

effector proteins to appropriate regions of the cell, thereby bringing them into contact 

with their molecular substrates. At the core of this complex is the transmembrane scaffold 

protein LAT and the cytosolic adapter protein SLP-76. These proteins associate with a 

number of signaling molecules to regulate one of the key effector enzymes in the GPVI 

signaling cascade, PLCγ2, which hydrolyzes membrane-bound phosphatidylinositol 4,5-

bisphosphate (PIP2) to liberate the second messengers 1,2-diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3). DAG activates PKCs and IP3 mobilizes calcium, both 

of which are necessary for full platelet activation responses such as αIIbβ3 activation-

aggregation, granules secretion, thromboxane generation, etc. Thus, Syk plays a critical 

role during GPVI-mediated platelet activation. And, this process is severely defective in 

mice lacking this enzyme. After the initial, collagen-induced activation step, platelets are 
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further activated through other cell surface receptors including the αIIbβ3 integrins (Law 

et al., 1996c). The major ligand of these integrins is the plasma protein fibrinogen, which 

promotes platelet aggregation by formation of intercellular bridges between αIIbβ3 

molecules. Platelet activation by fibrinogen leads to the tyrosine phosphorylation of Syk 

and Syk is required for functional and signaling responses of platelets on fibrinogen 

surface (Bauer et al., 2001). This integrin αIIbβ3-mediated outside-in signaling regulates 

actin cytoskeleton rearrangement during lamellipodia and filopodia formation, and clot 

retraction (Fox, 1994). Results from heterologous expression systems suggest that the 

SH2 domains of Syk are not required for its activation by the overexpressed αIIbβ3 

molecule (Gao et al., 1997), and biochemical studies suggest a direct interaction between 

αIIbβ3 and Syk (Woodside et al., 2001). These results argue against an ITAM-based 

activation of Syk by the platelet integrin αIIbβ3; however, they have yet to be confirmed 

in primary platelets before an ITAM-based signal transduction mechanism can be 

excluded. 
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Overview of Protein Kinase C family of Serine/Threonine Kinases 

 

Protein kinase C (PKC) is a family of enzymes that belongs to the extended group of 

serine/threonine protein kinases known as the AGC kinases (cAMP-dependent protein 

kinase or PKA, cGMP-dependent protein kinase or PKG, PKCs, Protein Kinase B/Akt, 

etc.) (Newton, 2001). They are involved in controlling the function of other proteins 

through the phosphorylation of functional hydroxyl groups of serine and threonine amino 

acid residues on these proteins. PKC enzymes, in turn, are activated by second messenger 

signals such as increases in the concentration of membrane-lipids derived diacylglycerol 

(DAG) or Ca2+. Hence, PKC enzymes play important roles in several signal transduction 

cascades in various cell types. 

 

The PKC family consists of approximately ten isozymes (Mellor et al., 1998). They are 

divided into three subfamilies, based on the structure of their regulatory domains and 

their second messenger requirements: 

1. Conventional or classical PKCs (cPKCs): They contain the isoforms α, βI, βII, and γ; 

and require Ca2+, DAG, and a phospholipid such as phosphatidylserine for activation. 

2. Novel PKCs (nPKCs): They include the δ, ε, η, and θ isoforms; and require DAG but 

not Ca2+ for activation. Thus, conventional and novel PKCs are activated through the 

same signal transduction pathways as phospholipase C, which is upstream of PKCs. 

3. Atypical PKCs (aPKCs): They include ζ, ι/λ, and PKMζ isoforms. ζ and ι isoforms 

are 84% identical, while PKMζ is an alternative splice variant of PKCζ present in 

brain. λ isoform is the murine ortholog of human ι isoform with 98% overall amino 
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acid sequence identity. Atypicals require neither Ca2+ nor DAG for activation. 

However, they are responsive to membrane lipid byproducts such as 

phosphatidylinositol (3,4,5)-trisphosphate (PIP3). 
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Figure 1.4.  PKC family members. 

 

Left Panel: Domain composition:- Pseudosubstrate, C1 domain [Y/W switch that dictates 

affinity for DAG-containing membranes indicated by circle in C1B domain], C2 domain 

[basic patch that drives binding to PIP2, indicated by oval with ++], connecting hinge 

segment, kinase domain, and carboxyl-terminal tail (CT). Also shown are the 3 priming 

phosphorylations in the kinase domain and CT, with numbering indicated for PKCβΙΙ, 

PKCε, and PKCζ (note atypical PKC isozymes have Glu at phospho-acceptor position of 

hydrophobic motif). 

Right Panel: Table showing dependence of PKC family members on C1 domain 

cofactors, DAG and phosphatidylserine (PS); and C2 domain cofactors Ca 2+ and PIP2. 

 

(Protein kinase C: poised to signal. Am J Physiol Endocrinol Metab. 2010 

Mar;298(3):E395-402). 
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The structure of all PKCs consists of an N-terminal regulatory domain and a C-terminal 

catalytic domain tethered together by a hinge region. The catalytic region is highly 

conserved among the different isoforms, as well as, to a lesser degree, among the 

catalytic region of other serine/threonine kinases. The second messenger requirement 

differences in the isoforms are a result of the regulatory region, which are similar within 

the classes, but differ among them (Newton). The regulatory domain contains several 

shared subregions. The C1 domain, present in all of the isoforms of PKC has a binding 

site for DAG as well as non-hydrolysable, non-physiological analogues called phorbol 

esters. This domain is functional and capable of binding DAG in both conventional and 

novel isoforms, however, the C1 domain in atypical PKCs is incapable of binding to 

DAG or phorbol esters. The C2 domain acts as a Ca2+ sensor, and is present in both 

conventional and novel isoforms, but functional as a Ca2+ sensor only in the conventional 

class. The pseudosubstrate region, which is present in all three classes of PKC, is a small 

sequence of amino acids that mimic a substrate. It lacks critical serine/threonine 

phosphor-acceptor residues, and binds the substrate-binding cavity in the catalytic 

domain, keeping the enzyme inactive. When Ca2+ and DAG are present in sufficient 

concentrations, they bind to the C2 and C1 domain, respectively, and recruit PKC to the 

membrane. This interaction with the membrane results in release of the pseudosubstrate 

from the catalytic site and activation of the enzyme. In order for these allosteric 

interactions to occur, however, PKC must first be properly folded and in the correct 

conformation permissive for catalytic action. This is contingent upon phosphorylation of 

the catalytic domain. The catalytic domain or kinase core of the PKC allows for different 

functions to be processed. It is a bilobal structure with a β sheet comprising the N-
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terminal lobe and an α helix constituting the C-terminal lobe. Both the ATP- and 

substrate-binding sites are located in the cleft formed by these two lobes. This is also 

where the pseudosubstrate domain of the regulatory region binds. Another feature of the 

PKC catalytic region that is essential to the viability of the kinase is its phosphorylation. 

The conventional and novel PKCs have three phosphorylation sites, termed: the 

activation loop, the turn motif, and the hydrophobic motif. 
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Figure 1.5.  The key features of AGC kinases and their regulation are exemplified in the 

structure of triply phosphorylated protein kinase C β2 (PKCβ2) bound to a competitive 

inhibitor of ATP. 

 

The small lobe, large lobe, activation segment, αC helix, turn motif, hydrophobic motif 

and αG helix are indicated. The three regulatory phosphorylation sites are shown in ball-

and-stick representation, and an inhibitor in the ATP-binding site is also shown. 

 

(The nuts and bolts of AGC protein kinases. Nat Rev Mol Cell Biol. 2010 Jan;11(1):9-22) 



 32 

The atypical PKCs are phosphorylated only on the activation loop and the turn motif. 

Phosphorylation of the hydrophobic motif is rendered unnecessary by the presence of a 

glutamic acid in place of a serine, which, as a negative charge, acts similar in manner to a 

phosphorylated residue. These phosphorylation events are essential for the activity of the 

enzyme, and 3-phosphoinositide-dependent protein kinase-1 (PDK1) is the upstream 

kinase responsible for initiating the process by transphosphorylation of the activation 

loop (Balendran et al., 2000). 

 

Upon activation, protein kinase C enzymes are translocated to the plasma membrane by 

RACK proteins (membrane-bound receptor for activated protein kinase C proteins) 

(Lardans et al., 1998). RACKs also help in PKC translocation to various subcellular 

locations to be near its substrates. The protein kinase C enzymes are known for their 

long-term activation: They remain activated after the original activation signal or the 

Ca2+-wave is gone. This is presumably achieved by the production of diacylglycerol 

from phosphatidylinositol by a phospholipase; fatty acids may also play a role in long-

term activation. A multiplicity of functions has been ascribed to PKC (Newton). 

Recurring themes are that PKC is involved in modulating membrane structure events, in 

regulating transcription, in mediating immune responses, in regulating cell growth, in 

receptor desensitization, and in learning and memory. These functions are achieved by 

PKC mediated phosphorylation of other proteins. However, the substrate proteins present 

for phosphorylation vary, since protein expression is different between different kinds of 

cells. Thus, effects of PKC are cell-type specific. 
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Atypical PKCζ  and its regulation 

 

Protein kinase C zeta (PKCζ) is an atypical isoform of PKC with a molecular weight of 

67,660 Da and is encoded by the PRKCZ gene located on the short arm of chromosome 1 

(1p36.33-p36.2) (NCBI Entrez Gene, GeneID: 5590). This gene encodes at least two 

alternative transcripts, the full-length PKCζ and an N-terminal truncated form PKMζ (the 

dominant form of ζ in the brain). In mammalian brain, the promoter for the full-length 

protein is largely inactive and thus an internal promoter within the PKCζ gene transcribes 

a brain-specific mRNA that is translated into PKMζ (Hernandez et al., 2003). 

 

Structure: 

 

The atypical PKCs (aPKCs), ζ and λ/ι, consist of four functional domains and motifs, 

viz., an N-terminus PB1 (Phox and Bem 1) domain, a pseudosubstrate (PS) sequence, a 

single zinc-finger motif C1 domain and a C-terminus kinase domain (Fig. 1.6). The PB1 

domain recognizes OPCA (OPR/PC/AID) motifs of other proteins, such as ZIP (zeta-

interacting protein)/p62 and PAR-6 (Noda et al., 2003). The PS is a short stretch of 

amino acids, which resembles the substrate sequence except that there is an alanine 

instead of serine or threonine at the phosphate acceptor site, and this results in blockade 

of the substrate-binding pocket in the kinase domain via an autoinhibitiory mechanism. 

The C1 domains of aPKC isotypes contain only a single zinc-finger motif, and it is unlike 

the classical and novel PKCs where there are two repeated zinc-finger motifs, C1A and 

C1B, both of which are essential for interaction with and activation by a second 
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messenger diacylglycerol (DAG) and phorbol-diester tumor promoters. Therefore, the C1 

domains of aPKCs do not respond to these second messengers (Ways et al., 1992). The 

kinase domain of PKCζ has an ATP-binding region, an activation loop, a turn motif, and 

a hydrophobic motif (Hirai et al., 2003). The ATP-binding region contains a lysine 

residue, Lys-281, which is crucial for its kinase activity. The activation loop and turn 

motif contain important threonine residues, namely Thr-410 and Thr-560, respectively, 

which are phosphorylated upon activation. The Thr-560 residue has been shown to be the 

sole autophosphorylation site. 
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Figure 1.6:  Schematic of the domain structures and key phosphorylation sites of PKCζ. 

 

N-terminus PB1 domain, pseudosubstrate sequence (PS), C1 domain and C-terminus 

kinase domain. The kinase domain includes an ATP-binding region, an activation loop, a 

turn motif, and a hydrophobic motif. In the ATP-binding region, Lys-281 is essential for 

kinase activity. Thr-410 in the activation loop is phosphorylated by PDK1 which binds to 

the hydrophobic motif. Thr-560 in the turn motif is the autophosphorylation site and its 

phosphorylation is also crucial for the activation. 

 

(Protein kinase Czeta (PKCzeta): activation mechanisms and cellular functions. J 

Biochem. 2003 Jan;133(1):1-7). 
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Regulation: 

 

The mechanisms of a complete and stable activation of PKC generally involve release of 

the pseudosubstrate (PS) from the substrate-binding cavity, binding of co-factors and 

phosphorylations of key residues in the kinase domain (Newton, 2001). Lipids such as 

phosphatidylinositols (PIs), phosphatidic acid, arachidonic acid and ceramide induce the 

liberation of the PS from active sites of PKCζ, thus relieving the autoinhibition leading to 

its subsequent activation (Limatola et al., 1994; Muller et al., 1995; Nakanishi et al., 

1993). Among these, PI-3,4,5-trisphosphate (PIP3) has been shown to the most important 

lipid that regulates aPKCs in many cell systems. Enzymatically prepared PIP3 can cause 

PKCζ  autophosphorylation, which is a requirement for its activation. This suggested that 

aPKCs can be regulated by PI-3 kinase (PI3K), which produces PIP3 from PI-4,5-

bisphosphate (PIP2) (Nakanishi et al., 1993). Furthermore, in intact cells such as 

monocytes and adipocytes, PI3K can activate the aPKCs (Herrera-Velit et al., 1997; 

Standaert et al., 1997). PIP3 can bind pleckstrin homology (PH) domain–containing 

protein such as 3'-PI–dependent protein kinase 1 (PDK1) and Akt/PKB (Stokoe et al., 

1997). PIP3 binds PDK1 and activates it. PDK1 then attaches itself to the hydrophobic 

motifs of AGC kinases. The hydrophobic motif of PKCζ contains an amino acid 

sequence which is very similar to the PDK1-binding sequences of related protein kinases 

(Parekh et al., 2000) (fig. 1.7). PDK1 is then able to phosphorylate the Thr-410 residue 

present in the activation loop of PKCζ (Chou et al., 1998; Le Good et al., 1998; Parker et 

al., 2001) (fig. 1.7). However, whether PKCζ is a physiological substrate of PDK1, is not 

confirmed. Nevertheless, in embryonic stem cells lacking PDK1, the Thr-410 
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phosphorylation does not occur. This suggested that PKCζ may be a physiological 

substrate of PDK1 (Balendran et al., 2000). In one study, a mutant of PKCζ, where the 

Thr-410 was substituted for alanine, did not have any enzymatic activity. But, another 

mutant where the Thr-410 was substituted for glutamate, retained its activity, probably by 

mimicking the phosphorylated Thr-410 state (Chou et al., 1998; Standaert et al., 1999). 

All these findings suggest that phosphorylation of Thr-410, present in the activation loop 

of PKCζ, is necessary for its activation and activity. After the Thr-410 residue of 

PKCζ is phosphorylated, the kinase domain is exposed for further phosphorylation at the 

Thr-560 residue present in the turn motif, which has been shown to be another key event 

during its activation (Le Good et al., 1998). These phosphorylations may be required for 

its catalytic functions and also for locking the enzyme in a catalytically competent state 

(Bornancin et al., 1996; Edwards et al., 1999). It is not known, though, whether Thr-560 

is phosphorylated by itself, by another PKCζ intermolecularly, or by other protein 

kinases. 
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Figure 1.7:  Schematic representation of PIP3 and PDK1 in PKCζ activation. 

 

The p85 subunit of PI3K interacts with the phosphorylated Tyr residues of receptor-Tyr 

kinases (RTKs) in responses to their ligands, and activates the p110 catalytic subunit, 

thereby producing PIP3. PDK1 binds to PIP3 via its PH domain, and becomes activated. 

The PDK1 interacts with PKCζ and phosphorylates the kinase domain (KD) at Thr-410, 

which induces Thr-560 phosphorylation. The PKCζ simultaneously and directly interacts 

with PIP3, which releases PS-dependent autoinhibition. Both contributions of PIP3 and 

PDK1 are necessary for the complete and stable activation of PKCζ. 

 

(Protein kinase Czeta (PKCzeta): activation mechanisms and cellular functions. J 

Biochem. 2003 Jan;133(1):1-7). 
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As mentioned earlier, PIP3 may be able to activate PKCζ under physiological conditions, 

but the mechanism is not known. In a PKCζ mutant lacking the PS sequence, PIP3 does 

not have any discernible effects. However, in a mutant where the threonines at the 410 

and 560 sites were changes to glutamate, PIP3 could induce a dose-dependent increase in 

its enzymatic activity (Standaert et al., 2001). The liberation of the PS-induced 

autoinhibition may be a necessary step required for the PIP3-mediated activation. 

However, a PIP3-binding region on PKCζ is yet to be discovered. The preceding data 

suggest that PIP3 activates PKCζ via directly modulating the PS-dependent 

autoinhibition and by a PDK1-dependent phosphorylation of the kinase domain threonine 

residues, namely Thr-410 and Thr-560. 

 

The phosphorylation of the activation loop of many enzymes has been shown to be 

important for their activities. However, the situation is different for PKCζ. There is at 

least one report in the literature that the kinase activity of human PKCζ may be 

independent of its activation loop phosphorylation (Ranganathan et al., 2007). The kinase 

activity of a species of the catalytic subunit of PKCζ (CATζ) which lacked the Thr-410 

phosphorylation was comparable to that of the full length protein. However, in this 

CATζ species, tyrosine phosphorylation was observed. Therefore, it was suggested that 

tyrosine phosphorylations could account for this activation loop-independent activity. In 

fact, phosphorylation of tyrosine residue at the position 428, which is near the Thr-410 

site, has been proposed to be responsible for rendering a similar conformational change 

as Thr-410 phosphorylation (SR). Additionally, insulin and PIP3 are able to activate 

PKC-ζ by mechanisms that are both dependent and independent of phosphorylation of 
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activation loop Thr-410 and autophosphorylation Thr-560 sites (Standaert et al., 2001). 

 

One other way by which activities of PKC are regulated, both spatially as well as 

temporally, is via protein–protein interactions. For example, the Phox homology (PX) 

domain of phospholipase D2 (PLD2) interacts directly with the kinase domain of PKCζ  

and enhances PKC ζ  activity in a lipase activity-independent manner (Kim et al., 2005a). 

This interaction also induces the activation loop phosphorylation of PKCζ and 

downstream signal stimulation, as measured by p70S6 kinase phosphorylation. 

Furthermore, only the PLD2-PX domain directly stimulates PKCζ  activity in vitro, and it 

is necessary for the formation of the ternary complex with PDK1 and PKCζ . The mutant 

that substitutes the triple lysine residues (Lys101, Lys102, and Lys103) within the PLD2-

PX domain with alanine abolishes interaction with the PKCζ-kinase domain and 

activation of PKCζ. These results suggest that the PLD2-mediated PKCζ activation is 

induced by its PX domain performing both direct activation of PKCζ and assistance of 

activation loop phosphorylation. Furthermore, PLD2 has been shown to be expressed in 

platelets platelets (Vorland et al., 2008). Additionally, PLD hydrolyzes 

phosphatidylcholine to phosphatidic acid (PA) and choline, and PA is implicated in 

PKCζ activation. 

 

Another protein that interacts with PKCζ and regulate its activities is aPKC-specific 

interacting-protein (ASIP), which is a product of the partitioning defective gene–6 (PAR-

6). It binds the kinase domains of PKCζ and inhibits its activities (Kotani et al., 2000; 

Lin et al., 2000). Prostate apoptosis response–4 (Par-4) is another protein that inhibits 
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PKCζ’s activities by interacting with its C1 motif (Diaz-Meco et al., 1996). A complex 

containing aPKC, PAR-6, and PAR-3 is implicated in Cdc42/Rac1 signaling and cell 

polarity (Joberty et al., 2000; Lin et al., 2000; Yamanaka et al., 2001). PKCζ activity is 

also regulated via guanine nucleotide exchange factor ECT2 (a Dbl oncogene family 

member) interacting with the polarity complex Par6/Par3/PKCζ (Liu et al., 2004). 

 

The hinge region of PKCζ contains caspase cleavage sites, and in some cell types, this 

process results in the generation of a fully activated form of the kinase domain (CATζ) of 

the enzyme (Smith et al., 2003). In transfected HeLa cells, TNFα treatment induced 

caspase processing of wild-type PKCζ to CATζ and increased the immune complex 

ζ kinase activity. Cleavage results in the removal of the regulatory domain which 

contains the pseudosubstrate sequence, and this leads to a relief from the autoinhibition. 

It is to be noted that in vitro caspase processing of PKCζ or CATζ had no effect on Thr-

410 phosphorylation (Smith et al., 2003). 

 

PKCζ is insensitive to PKC inhibitors known to interfere either with the regulatory or the 

catalytic domain. It is also insensitive to typical PKC inhibitors that compete at the ATP-

binding sites, such as GF109203X and Go6983, because of dissimilarity in the amino 

acid sequences in the ATP-binding site. 

 

Functional roles: 

 

PKCζ participates in diverse signaling pathways and cellular functions in a wide variety 
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of cells. Atypical PKCs, Akt, and their upstream activators such as PI3-Kinase and PDK-

1, play important roles in insulin-stimulated glucose transport in various cell types 

(Bandyopadhyay et al., 1997; Bandyopadhyay et al., 1999; Standaert et al., 1997; Tanti 

et al., 1997). Defects in this molecular signaling pathway underlie the pathophysiology 

behind type 2 diabetes mellitus. PKCζ has been shown to play a permissive role in 

insulin-stimulated uptake of glucose and long-chain fatty acid (LCFA) in cardiac tissue, 

via its role in translocation of glucose transporter 4 (GLUT4) and human homolog of rat 

fatty acid translocase (CD36) respectively, from intracellular membrane compartments to 

the sarcolemma (Luiken et al., 2009). Insulin-stimulated glucose and LCFA uptake were 

completely blunted by inhibition of PKCζ, but not by inhibition of conventional or novel 

PKCs. Concomitantly, translocation of GLUT4 and CD36 to the sarcolemma was 

completely blunted upon inhibition of PKCζ. It was already entirely membrane-bound in 

non-stimulated cells, and insulin treatment had no effect on the subcellular localization, 

phosphorylation or enzymatic activity of PKCζ (Luiken et al., 2009). In differentiated rat 

L6 muscle cells expressing myc-tagged GLUT4, insulin stimulation led to translocation 

of PKCζ from low-density microsomes to plasma membrane accompanied by increase in 

GLUT4 translocation and glucose uptake (Liu et al., 2006). The relocated PKCζ also co-

localized with the small GTPase Rac-1 and actin, in addition to GLUT4 after insulin 

stimulation. In stable transfected cells, overexpression of PKCζ caused an insulin-like 

effect on actin remodeling accompanied by a 2.1-fold increase in GLUT4 translocation 

and 1.7-fold increase in glucose uptake in the absence of insulin. The effects of PKCζ 

overexpression were abolished by cell-permeable PKCζ pseudosubstrate peptide. Thus, 

PKCζ mediates insulin effect on glucose transport through actin remodeling in muscle 
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cells (Liu et al., 2006). By employing adenoviral gene transfer methods, it was shown 

that aPKCs play important roles in insulin-stimulated glucose transport in preadipocyte-

derived human adipocytes. Expression of kinase-inactive PKCζ, chemical inhibitors and 

cell-permeable myristoylated PKCζ pseudosubstrate, effectively inhibited insulin-

stimulated glucose transport. Furthermore, expression of wild-type and constitutively 

active PKCζ increased glucose transport (Bandyopadhyay et al., 2002). Additionally, 

PKCζ is essential for PTHrP- and HGF-induced beta-cell proliferation (Vasavada et al., 

2007). Furthermore, PKCζ phosphorylates its upstream molecules- insulin receptor 

substrate-1, -3, and -4 but not-2, and this has been suggested to be a specific negative 

feedback pathway for insulin signaling (Lee et al., 2008b). 

 

PKCζ is also involved in the mitogen activated protein kinase (MAPK) cascade in 

various cells. In thyroid cells, overexpression of wild-type PKCζ activates ERK1 and 

ERK2, and increases transcriptional activity of Elk-1, a well-established target of ERK1 

and ERK2 (Fernandez et al., 2000). In human alveolar macrophages, PKCζ likely 

functions as a MEK1 kinase (Monick et al., 2000). PKCζ is reported to function as an 

adapter in the MEK5-ERK5 pathway, which is another MAPK cascade critically 

involved in mitogenic activation by EGF (Diaz-Meco et al., 2001). A function of PKCζ 

as an adapter independent of its enzymatic activity is proposed, whereby it binds to and 

activates PKBγ/Akt3 by phosphorylation at the C-terminal Ser of PKBγ/Akt3 

(Hodgkinson et al., 2002). 

 

Another function of atypical PKCs includes transducing signals from the receptors of 
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TNFα, IL-1, and NGF to the activation sites of NFκB in vivo (Sanz et al., 2000). 

Additionally, PKCζ phosphorylates the IKKβ subunit in vitro, possibly through a direct 

interaction (Lallena et al., 1999). As mentioned earlier, the ternary complex of PAR-3, 

PAR-6, and PKCζ/λ has been shown to be important in cell polarity (Joberty et al., 2000; 

Lin et al., 2000; Ohno, 2001). Also mentioned earlier, PKMζ, the dominant splice variant 

present in brain, is implicated in memory by maintaining the late phase of long-term 

potentiation (LTP) (Migues et al., ; Serrano et al., 2005). 

 

In human platelets, PKCζ has been shown to be expressed (Baldassare et al., 1992; 

Crabos et al., 1992; Murugappan et al., 2004). However, nothing has been reported 

regarding the regulation and/or the functional roles of PKCζ in platelets. 
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CHAPTER 2 

REGULATION OF SYK IN GPVI-PATHWAY, BY CURCUMIN 

 

Introduction 

 

Ischemic heart disease due to atherosclerotic coronary artery disease is the leading cause 

of death and hospital admissions worldwide (Arora et al., 2008; Shimokawa et al., 2008). 

Excessive platelet activation, and subsequent thrombus formation at the site of 

atherosclerotic-plaque rupture underlie the basic pathophysiological mechanism of 

atherothrombotic ischemic events such as acute coronary syndrome (unstable angina, 

myocardial infarction) and a significant proportion of ischemic strokes (Fuster et al., 

1992; Fuster et al., 1990; Packham, 1994; Stoll et al., 2008). Denudation of the 

endothelial layer, during plaque rupture, exposes the subendothelial matrix, which 

consists mainly of collagen (Ruggeri, 1997). Circulating platelets, via surface integrins 

 α2β1 and GPIb-IX complex, adhere to subendothelial collagen and vWF, respectively 

(Ruggeri, 1997). Collagen also binds another platelet receptor GPVI/FcRγ chain complex 

which mediates intracellular signaling that leads to activation of various kinases and 

adaptor proteins, culminating in platelet activation, thromboxane A2 formation and 

secretion of granular contents (Watson et al., 2005). 

 

Binding of collagen to GPVI/FcRγ chain complex results in clustering of the receptor, 

with subsequent activation of the Src family kinases (SFKs) Fyn and Lyn, which are 
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constitutively associated, via the SH3 domain, with the receptor (Watson et al., 2005). 

SFKs then phosphorylate the immunoreceptor tyrosine-based activation motif (ITAM) 

found on the FcRγ chain (Quek et al., 2000). The phosphorylated ITAM recruits Syk 

(spleen tyrosine kinase) via its tandem SH2 domain resulting in its autophosphorylation 

and activation (Yanaga et al., 1995). Activated Syk then phosphorylates and activates 

various downstream targets including the transmembrane docking protein LAT (linker for 

activated T-cells). LAT, along with the cytosolic adaptor protein SLP-76 (Src homology 

2 (SH2) domain-containing leukocyte protein of 76 kDa), form a signaling complex 

where important molecules in the pathway such as PLCγ2 and Btk, are spatially oriented 

for optimal signaling (Yanaga et al., 1995). One of the key events in this pathway is the 

activation of PLCγ2. Phosphorylation of tyrosine residues 753 and 759 in the SH2-SH3 

linker region of on PLCγ2 is required for its activation (Ozdener et al., 2002). PLCγ2 

then hydrolyzes membrane phosphatidylinositol 4,5-bisphosphate (PIP2) into second 

messengers 1,2-diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) (Siess, 1989). 

 

Turmeric, which is derived from the rhizomes of the turmeric plant Curcuma longa, has 

been used in the traditional Indian culture as an herbal remedy and a culinary spice for 

millennia (Aggarwal et al., 2007; Ammon et al., 1991). The main ingredients found in 

turmeric are the curcuminoids, which consist of curcumin, desmethoxycurcumin and bis-

desmethoxycurcumin (Jayaprakasha et al., 2002). Curcumin, which makes up about 1-5% 

of turmeric, is the most active molecule and is responsible for majority of its 

pharmacotherapeutic effects (Jayaprakasha et al., 2002). It is a polyphenolic compound 

and has a poor solubility in water (Jayaprakasha et al., 2002). Curcumin possesses anti-
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oxidant and anti-inflammatory properties (Hatcher et al., 2008). It has inhibitory effects 

on the transcription factor NF-kB, various inflammatory cytokines and IgE-mediated 

mast cell degranulation (Abe et al., 1999; Lee et al., 2008a; Singh et al., 1995). Curcumin 

has also been shown to inhibit the PAF- and arachidonic acid-induced platelet activation 

via inhibition of thromboxane generation (Shah et al., 1999). 

 

In our current study, we sought to investigate its inhibitory effects on GPVI-mediated 

platelet activation and to delineate the molecular mechanism of this action. Convulxin, a 

C-type lectin, is a toxin derived from the tropical rattlesnake Crotalus durissus terrificus, 

and has a strong agonistic action at the GPVI receptor (Polgar et al., 1997). We show that 

curcumin has concentration-dependent inhibitory effects on the convulxin-mediated 

platelet aggregation as well as dense granule secretion. We also show that curcumin 

inhibits the GPVI-mediated platelet activation by interfering with the kinase activity of 

Syk and the subsequent activation of PLCγ2. 
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Materials and Methods 

Materials 

 

Apyrase (type VII), bovine serum albumin (fraction V), and acetylsalicylic acid were 

obtained from Sigma (St Louis, MO). Curcumin was a gift from Dr. C. D. Reddy 

(Temple University). Convulxin was purchased from CenterChem (Norwalk, CT). 

Luciferin-luciferase reagent (CHRONO-LUME) was purchased from Chrono-Log 

(Havertown, PA). Anti-Syk (Tyr525/Tyr526) antibody was purchased from Cell 

Signaling Technology (Beverly, MA). Anti-PLCγ2 (Tyr753/Tyr759) antibody was 

generated by in our laboratory in rabbits using the phospho-peptide (Humphries et al., 

2004). Anti-SLP-76 (pY145) antibody was purchased from BD Biosciences (San Jose, 

CA). Monoclonal phosphotyrosine antibody (clone 4G10) was purchased from Upstate 

Biotechnologies (Lake Placid, NY). N-Terminal GST-tagged active human Syk was 

purchased from Invitrogen (Carlsbad, CA). Tubulin (bovine brain, >99% purity) was 

purchased from Cytoskeleton, Inc. (Denver, CO). Anti-α tubulin (clone B-7) and anti-β 

tubulin (clone D-10) antibodies were obtained from Santa Cruz Biotechnologies (Santa 

Cruz, CA). All the other reagents were of reagent grade, and de-ionized water was used 

throughout.  

 

Isolation of human platelets 

 

All experiments using human subjects were performed in accordance with the 

Declaration of Helsinki. Whole blood was drawn from healthy consenting human 
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volunteers into tubes containing one-sixth volume of ACD (2.5 g of sodium citrate, 1.5 g 

of citric acid and 2 g of glucose in 100 ml of deionized water). Blood was centrifuged 

(Eppendorf 5810R centrifuge) at 230 g for 20 min at room temperature (25 °C) to obtain 

PRP (platelet-rich plasma). PRP was incubated with 1 mM aspirin for 30 min at 37 °C. 

The PRP was then centrifuged for 10 min at 980 g at room temperature to pellet the 

platelets. Platelets were resuspended in Tyrode's buffer (138 mM NaCl, 2.7 mM KCl, 1 

mM MgCl2, 3 mM NaH2PO4, 5 mM glucose, 10 mM Hepes, pH 7.4, and 0.2% BSA) 

containing 0.1 U/mL apyrase. Cells were counted using the Coulter Z1 Particle Counter, 

and concentration of cells was adjusted to 2 x 108 platelets/mL. All experiments using 

isolated platelets were performed in the absence of added extracellular calcium. 

 

Preparation of serial dilutions of curcumin 

 

A stock solution of curcumin (250 mM in DMSO) was first prepared by incubating at 37 

0C water bath until it is completely dissolved. This solution was then serially diluted with 

DMSO to obtain 50, 25, 10, 5, and 0.5 mM stock solutions. One µL of each of these 

solutions were incubated in 500 µL platelet suspensions to get final curcumin 

concentrations of 100, 50, 20, 10, and 1 µΜ, respectively. 

 

Platelet aggregation measurement 

 

Platelet aggregation was measured using a lumi-aggregometer (Chrono-Log, Havertown, 

PA) at 37 °C under stirring conditions (900 rpm). A 0.5 mL sample of aspirin-treated 
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washed human platelets was stimulated with convulxin and change in light transmission 

was measured. Platelets were preincubated with 1 µl curcumin stock solutions (final 

concentrations of 1, 10, 20, 50, and 100 µΜ) or 1 µl DMSO for 1 min at 37 °C before 

convulxin stimulation. The platelet-poor plasma controls were adjusted with curcumin to 

give concentrations corresponding to the test samples. The chart recorder (Kipp and 

Zonen, Bohemia, NY) was set at 0.2 mm/second. The data is represented as either in the 

form of actual aggregation tracings or maximal extent of aggregation taking DMSO-

treated convulxin-stimulated sample as 100%. 

 

Platelet dense granule secretion measurement  

 

Platelet secretion was determined by measuring the release of adenosine triphosphate 

(ATP) using CHRONO-LUME (Chronolog Corp, Havertown PA). The platelet samples 

were pre-incubated with curcumin or DMSO for 1 minute at 37 °C prior to the addition 

of convulxin. The platelet-poor plasma controls were adjusted with curcumin as 

mentioned above. The activation of platelets was performed in a lumi-aggregometer at 37 

°C with stirring at 900 rpm, and the secretion was measured and calculated as nmol ATP 

released per 2x108 platelets, normalized to the corresponding ATP standards which had 

the corresponding concentrations of curcumin (1-100 µM) in it. The data is represented 

as either in the form of actual secretion tracings or (normalized) maximal extent of 

secretion taking DMSO-treated convulxin-stimulated sample as 100%. 
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Western immunoblot analysis 

 

Platelets were stimulated with 100 ng/ml convulxin and the reaction was stopped by the 

addition of SDS - Laemmlli buffer (1X is 10% by volume glycerol, 62.5 mM Tris-HCL 

pH 6.8, 2% SDS, 0.01 mg/ml bromophenol blue, 1 mM DTT). Proteins were separated by 

10% or 15% SDS–polyacrylamide gel electrophoresis and transferred onto 

polyvinylidene difluoride (PVDF) membranes. Membranes were blocked by incubation 

with Tris (tris(hydroxymethyl)aminomethane)–buffered saline (TBS; 20 mM Tris, 140 

mM NaCl) containing 3% (wt/vol) bovine serum albumin (BSA) for 1 hour at room 

temperature. Membranes were incubated overnight at 4 °C with the primary antibody 

(1:1000 dilution in TBS with 3% BSA) with gentle agitation. After 3 washes for 5 

minutes each with TBST, the membranes were probed with an HRP-conjugated 

secondary antibody (1:10,000 dilution in TBST) for 1 hour at room temperature. After 

additional washing steps, membranes were then incubated with the chemiluminescent 

HRP-substrate (Millipore, Billerica, MA), and immunoreactivity was detected using a 

Fuji Film Luminescent Image Analyzer (LAS-3000 CH; Tokyo, Japan). 

 

In-vitro Syk kinase assay 

 

DMSO or curcumin (50 µM) was incubated for 1 min. at room temperature in the in-vitro 

Syk kinase assay mixture containing GST-tagged active Syk (final concentration 0.25 

ng/µl), tubulin (final concentration 50 ng/µl), kinase assay buffer (50 mM MOPS, 5 mM 

MgCl2, 5 mM MnCl2, 1 mM DTT), and the reactions were started by the addition of 2.5 
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µΜ  ATP. The reactions were stopped with 1x SDS Laemmlli buffer and the samples 

were run on an SDS-PAGE. Phosphorylation of tubulin and Syk were assessed using 

4G10 antibody, and total tubulin measured using the tubulin antibodies (section 2.1). 

 

Statistical analysis 

 

All aggregation, secretion, Western blot and in-vitro kinase assay data were compiled 

from at least 3 independent experimental results. The results were quantified and 

expressed as mean ± SEM. Statistical significance was tested using Student's t test and 

GraphPad Prism software. P values <0.05, <0.01, and <0.001, were considered 

statistically significant; and are indicated by *, **, ***, respectively. 
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Results 

 

Curcumin inhibits convulxin-mediated platelet aggregation in a concentration-dependent 

manner 

 

Washed and aspirin-treated human platelets were pre-incubated with either DMSO 

(vehicle) or various concentrations of curcumin (dissolved in DMSO) for 1 minute at 37 

oC after which platelets were stimulated with convulxin (100 ng/ml). We have found that 

curcumin inhibited the convulxin-mediated platelet aggregation in a concentration-

dependent manner (Fig. 2.1 and 2.2). Keeping the concentration of curcumin constant at 

50 µM and using various concentrations of convulxin, we found that curcumin nearly 

abolished platelet aggregation induced by 50 ng/ml convulxin. At a very high agonist 

concentration (500 ng/ml), approximately 30% inhibition was still observed (Fig. 2.3 and 

2.4). 
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Figure 2.1 

 

 

Figure 2.2 
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Figure 2.1 and 2.2. Curcumin inhibits convulxin-mediated platelet aggregation in a 

concentration-dependent manner 

 

Washed and aspirin-treated human platelets were pre-incubated with either DMSO 

(vehicle) or various concentrations of curcumin for 1 min. at 37 0C and then stimulated 

with convulxin (100 ng/ml) in an aggregometer. The platelet-poor plasma controls were 

adjusted with curcumin to give concentrations corresponding to the test samples. Fig. 2.1: 

Platelet aggregation tracings (light transmittance). Fig. 2.2: Percent maximal extent of 

aggregation, with DMSO-treated convulxin-stimulated platelets taken as 100%. Data is 

representative of at least 3 independent experiments and is expressed as (mean ± S.E.M.). 

P-values < 0.05 (*), <0.01 (**), and < 0.001 (***). 

 

 

 

 

 

 



 56 

 

Figure 2.3 

 

Figure 2.4 
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Figure 2.3 and 2.4. Curcumin inhibits convulxin-mediated platelet aggregation 

 

Washed and aspirin-treated human platelets were pre-incubated with either DMSO 

(vehicle) or 50 µM curcumin for 1 min. at 37 0C and then stimulated with varying 

concentrations of convulxin (50-500 ng/ml) in an aggregometer. The platelet-poor plasma 

controls were adjusted with curcumin to give concentrations corresponding to the test 

samples. Fig. 2.3: Platelet aggregation tracings (light transmittance). Fig. 2.4: Percent 

maximal extent of aggregation compared with the corresponding DMSO-treated 

convulxin-stimulated platelets taken as 100%. Cvx = convulxin, cur = curcumin. Data is 

representative of at least 3 independent experiments and is expressed as (mean ± S.E.M.). 

P-values < 0.05 (*), <0.01 (**), and < 0.001 (***). 
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Curcumin inhibits collagen- and CRP-mediated platelet aggregation 

 

While convulxin acts primarily at GPVI receptors, both CRP and collagen are considered 

more specific to this receptor (Knight et al., 1999). Thus we studied the effect of 

curcumin signaling by these agonists. Curcumin inhibited both collagen- and CRP- 

mediated platelet aggregation (Fig. 2.5). In order to determine whether effects of 

curcumin were mainly on GPVI-dependent signaling, we also studied the effects of this 

drug on the PAR4 agonist AYPGKF-dependent signaling. The effect of curcumin on 

aggregation was minimal (Fig. 2.5). 
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Figure 2.5 

 

 

Figure 2.5. Curcumin inhibits CRP-and collagen-mediated platelet aggregation 
 

Washed and aspirin-treated human platelets were pre-incubated with either DMSO 

(vehicle) or 50 µM curcumin for 1 min at 37 0C and then stimulated with different 

platelet agonists as indicated. The platelet-poor plasma controls were adjusted with 

curcumin to give concentrations corresponding to the test samples. Platelet aggregation 

(change in light transmittance) was measured for ~ 3 min. Cvx = convulxin, cur = 

curcumin. 
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Curcumin inhibits convulxin-mediated platelet dense granule secretion in a 

concentration-dependent manner 

 

To investigate whether curcumin also has an inhibitory effect on dense granule secretion, 

washed and aspirin-treated human platelets were pre-incubated with various 

concentrations of curcumin for 1 min. at 37 oC and then stimulated with 100 ng/ml 

convulxin. Secretion was measured and calculated as nmol ATP released. We observed 

that curcumin inhibited convulxin-mediated dense-granule secretion in a concentration-

dependent manner (Fig. 2.6 and 2.7). 
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Figure 2.6 

 

Figure 2.7
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Figure 2.6 and 2.7. Curcumin inhibits convulxin-mediated platelet dense granule 

secretion in a concentration-dependent manner 

 

Washed and aspirin-treated human platelets were pre-incubated with either DMSO 

(vehicle) or various concentrations of curcumin for 1 min at 37 0C and then stimulated 

with convulxin (100 ng/ml) in a lumi-aggregometer and platelet dense-granule secretion 

was measured. The platelet-poor plasma controls were adjusted with curcumin to give 

concentrations corresponding to the test samples. Fig. 2.6: ATP luminescence. Fig. 2.7: 

Percent maximal dense-granule secretion; each value has been normalized to its 

corresponding ATP standards, which had the corresponding concentrations of curcumin; 

and the DMSO-treated platelets stimulated by convulxin was taken as 100%. Data is 

representative of at least 3 independent experiments and is expressed as (mean ± S.E.M.). 

P-values < 0.05 (*), <0.01 (**), and < 0.001 (***). 
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Flow of signaling events downstream of GPVI activation 

 

Downstream of GPVI activation, SFKs phosphorylate the ITAM present on the FcRγ 

chain, which in turn recruits Syk via its SH2 domain. This results in autophosphorylation 

of the tyrosines 525/526 present in the activation loop of Syk kinase domain, and its 

subsequent activation. Syk then phosphorylates downstream molecules. Transmembrane 

docking protein LAT and cytosolic scaffold protein SLP-76, form a signaling complex 

where PLCγ2 is recruited and activated. In order to first characterize the flow of the 

signaling events following GPVI activation, a time course study of tyrosine-

phosphorylated states of FcRγ chain, Syk, LAT, SLP-76 and PLCγ2, was conducted. 

Washed and aspirin-treated human platelets were stimulated with convulxin (100 ng/ml) 

for various time-points, and a Western blot analysis was performed using the anti-

phosphotyrosine antibody 4G10. We observed that the proximal/upstream proteins, FcRγ 

chain (16.5 kD), Syk (72 kD), LAT (36/38 kD), PLCγ2 (150 kD) and SLP-76 (76 kD), 

were optimally tyrosine-phosphorylated by 30 secs. after agonist stimulation (Fig. 2.8 and 

2.9). Therefore, we chose this time point of stimulation to study the effects of varying 

concentrations of curcumin on the signaling molecules. 
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Figure 2.8 

 

 

Figure 2.9 
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Figure 2.8 and 2.9. Time course of tyrosine-phosphorylated states of upstream signaling 

molecules 

 

Washed and aspirin-treated human platelets were stimulated with 100 ng/ml convulxin 

for various time-points (5, 15, 30, 60, and 210 seconds) under stirring conditions. The 

time course of tyrosine-phosphorylated states of (fig. 2.8) PLCγ2, SLP-76, Syk, LAT, 

shown as a Western blot analysis done on a 10% SDS-PAGE; and (fig. 2.9) FcRγ chain, 

shown as a Western blot analysis done on a 15% SDS-PAGE. Unstim = unstimulated 

platelets. 
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Effect of Curcumin on tyrosine phosphorylation of signaling molecules 

 

To examine the signaling molecules affected by curcumin, platelets were treated with 

various concentrations of curcumin for 1 min. at 37 oC and then stimulated with 

convulxin (100 ng/ml) for 30 seconds. It was observed that curcumin inhibited the 

activation-dependent tyrosine phosphorylation (residues 753/759) of PLCγ2 and tyrosine-

191 phosphorylation of LAT; but not the phosphorylation of activation loop tyrosine 

residues (Y525/Y526) on Syk, or the phosphorylation of tyrosine residue 145 on SLP-76 

(Fig. 2.10). Densitometric analysis confirmed that phosphorylation of PLCγ2 and LAT 

were inhibited by curcumin in a concentration-dependent manner and at 50 µM curcumin 

concentration there was approximately 40-60% reduction of the phosphorylation status 

(Fig. 2.11 and 2.12), while no statistically significant inhibition of phosphorylation of 

Syk and SLP-76 was observed (Figs. 2.13 and 2.14). Unfortunately, we were unable to 

measure the effect of curcumin on intracellular calcium mobilization because a 

fluorescence interference with the calcium dye, Fura 2-AM, was encountered, which is 

consistent with the observations of Lee, et. al. (Lee et al., 2008a). 
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Figure 2.10 

 

 

Figure 2.11 
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Figure 2.12 

 

Figure 2.13 
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Figure 2.14 
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Figure 12.10-12.14. Effect of curcumin on tyrosine phosphorylation of signaling 

molecules 

 

Washed and aspirin-treated human platelets were pre-incubated with DMSO or varying 

concentrations of curcumin for 1 min. at 37 0C and then stimulated with a convulxin (100 

ng/ml) for 30 secs. under stirring conditions. Fig. 12.10: A representative western blot. 

The phosphorylation bands were normalized to β-actin, and DMSO-treated platelets 

stimulated by 100 ng/ml convulxin taken as 100 %. Unstim = unstimulated platelets. 

Figs. 12.11 and 12.12: Densitometric analysis showing a statistically significant 

inhibition of the activation-dependent tyrosine phosphorylation (residues 753/759) of 

PLCγ2 and tyrosine 191 phosphorylation of LAT, respectively, by 50 µM curcumin. Figs. 

12.13 and 12.14: Non-significant effects on the activation loop phosphorylation 

(Y525/526) of Syk and tyrosine 145 phosphorylation of SLP-76, respectively, by 

curcumin. Data is representative of at least 3 independent experiments and is expressed as 

(mean ± S.E.M.). P-value <0.01 (**) and NS = not significant. 
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Curcumin significantly inhibits the kinase activity of Syk 

 

The phosphorylation of the activation loop tyrosine residues (525/526) of Syk is essential 

for its kinase activity (Papp et al., 2007). Therefore, we sought to investigate whether 

curcumin has any inhibitory effect on Syk kinase activity without affecting its 

phosphorylation status. In-vitro Syk kinase assay was performed by incubating GST-

tagged Syk (0.25 ng/µl) with tubulin (50 ng/µl) and ATP (2.5 µM). This experiment 

showed that tubulin phosphorylation by Syk was significantly inhibited by curcumin (50 

µM) (Fig. 12.15 and 12.16). The inhibition of Syk activity by curcumin was statistically 

significant at concentration above 10 µM (Fig. 12.17 and 12.18). 
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Figure 2.15 

 

 

Figure 2.16 
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Figure 2.17 

 

 

Figure 2.18 
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Figure 2.15-2.18. Curcumin inhibits the kinase activity of Syk in vitro 

 

GST-tagged active Syk (0.25 ng/µl) and tubulin (50 ng/µl) were incubated at room 

temperature in a kinase assay buffer. The reaction mixture was then incubated with either 

DMSO or 50 µM curcumin for 1 min. at room temperature. The reaction was started by 

the addition of 2.5 µΜ ATP and it was stopped at 0, 2.5, 7.5, and 10 min. time-points by 

adding 1X Sample buffer to prepare western blot samples. At 0 min., no ATP was 

present, serving as a negative control. Fig. 12.15: A representative western blot. Fig. 

12.16: Quantification of phosphorylated-tubulin normalized over total-active Syk. Data 

compiled from at least 3 independent experiments and expressed as (mean ± S.E.M.) in 

linear curves. Statistical analysis (GraphPad Prism) of the two linear graphs (DMSO-

treated vs. curcumin-treated) yielded a P value < 0.001 (***). Figs. 12.17 and 12.18: Syk 

kinase assay was also performed with curcumin (1, 10, and 20 µM) and the reactions 

were stopped at 0, 2.5, and 10 min. time-points. P value < 0.01 (**). 
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Discussion 

 

In this study, we have investigated the antiplatelet effects of curcumin downstream of the 

GPVI pathway. We have discovered that curcumin has a concentration-dependent 

inhibitory effect on convulxin-mediated platelet aggregation, and at 50 µM concentration 

of curcumin, there was a dramatic inhibition of the maximal extent of aggregation (Figs. 

2.1 and 2.2). Even at a very high (500 ng/ml) concentration of the agonist, a significant 

inhibition (30%) of aggregation was still observed (Figs. 2.3 and 2.4). Curcumin also 

significantly inhibited the aggregation induced by the synthetic GPVI-agonist CRP as 

well as the physiological GPVI-agonist collagen (Fig. 2.5). The effect of curcumin on 

AYPGKF-mediated aggregation was minimal. However, curcumin might affect 

aggregation induced by other agonists (Ozdener et al., 2002). We also observed a 

concentration-dependent inhibition of convulxin-mediated dense granule secretion (Figs. 

2.6 and 2.7). 

 

To delineate the molecular mechanism of the inhibitory action of curcumin, we measured 

signaling events affected by curcumin. Downstream of the GPVI signaling pathway, the 

most crucial event is the activation of PLCγ2. Phosphorylation of tyrosine residues 753 

and 759 in its SH2-SH3 linker region is an important step required for its activation 

(Ozdener et al., 2002). This event was significantly inhibited by curcumin in a 

concentration-dependent manner (p<0.01 for 50 µM curcumin) (Fig. 2.11), and it 

correlated fairly well with the concentration-dependent inhibition of aggregation and 

secretion.  
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LAT (a transmembrane docking protein), along with SLP-76 (a cytosolic adaptor protein) 

form a signaling complex, where PLCγ2 is recruited and is optimally oriented near its 

membrane-bound substrate PIP2. LAT has been known to be phosphorylated by Syk in 

the platelet GPVI pathway (Bezman et al., 2008; Pasquet et al., 1999; Ragab et al., 

2007), and we observed an inhibition of LAT tyrosine-phosphorylation by curcumin in a 

concentration-dependent manner (Fig. 2.12). However, the mechanism of regulation of 

tyrosine phosphorylation of SLP-76 is unclear, but it is independent of LAT (Bezman et 

al., 2008; Pasquet et al., 1999; Ragab et al., 2007). Tyrosine 145 on SLP-76 has been 

shown to be important in GPVI mediated platelet activation (Bezman et al., 2008), and 

no significant effect on this phosphorylation was observed (Fig. 12.14). Our 

understanding is that, tyrosine phosphorylation of SLP-76 is not regulated by the Syk-

LAT axis. 

 

It was observed in our study that curcumin did not inhibit the phosphorylation of tyrosine 

residues 525/526 of the activation loop of Syk. In mast cells, curcumin does not interfere 

with SFK-mediated Syk phosphorylation, but it inhibits Syk kinase activation and the 

phosphorylation of downstream signaling molecules (Lee et al., 2008a). Another group 

has shown that curcumin reduces the constitutively active Syk phosphorylation in several 

B lymphoma cell lines (Gururajan et al., 2007). However, it has also been shown that 

autophosphorylation of the activation loop of Syk does not regulate its activity (Papp et 

al., 2007). Our observation (Figs. 2.13 and 2.15-2.18) is in line with the findings that 
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curcumin does not inhibit Syk activation loop phosphorylation, but the downstream 

events are affected. 

 

The platelet inhibitory effect of curcumin in the GPVI signaling pathway seems to be 

related to an interference with PLCγ2 activation. PLCγ2 is a downstream signaling 

molecule from Syk and other proteins subsequent to GPVI stimulation (Gross et al., 

1999). Curcumin significantly inhibited the Syk kinase activity in vitro (Figs. 2.15-2.18). 

Curcumin is a polyphenolic compound and is shown to have structural similarities with 

another Syk-inhibitor piceatannol (a metabolite of resveratrol found in red wine) 

(Fullbeck et al., 2005). Therefore, it can be speculated that its phenol groups bind to 

amino acid residues present in the kinase domain of Syk and this results in an allosteric 

inhibition of the enzyme. Furthermore, the inhibitory effect of curcumin on platelet 

activation, observed in our study, is not due an inhibition of thromboxane generation 

because all our experiments were performed using aspirin-treated platelets. 

 

In conclusion, we have shown that curcumin inhibits GPVI-mediated platelet aggregation 

and secretion through inhibition of Syk kinase activity and hence affecting downstream 

signaling events. It is hoped that this biological property of curcumin could be exploited 

for anti-thrombotic drug development in the future. 
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CHAPTER 3 

REGULATION OF THE ATYPICAL PKC-ZETA IN PLATELETS 

 

Introduction 

 

In many cell-systems, extracellular signals are transmitted from the receptors to 

intracellular molecules such as protein kinase C (PKC) family of serine/threonine kinases 

which phosphorylate key serine and threonine residues present in target proteins leading 

to conformational changes resulting in alteration of their functions which will eventually 

dictate the cellular responses. Thus, they are integral in cellular signal transduction. 

Various members of the classical/conventional (α, β) and novel (δ, θ, η) isoforms of 

PKC have been shown to be important for platelet functional responses such as dense 

granule secretion, aggregation, thromboxane generation, etc. (Chari et al., 2009a; Font et 

al., 1992; Hers et al., 1998; Murphy et al., 1991; Murphy et al., 1992; Murugappan et al., 

2004; Nagy et al., 2009; Quinton et al., 2002; Reddy et al., 1994; Yacoub et al., 2006). 

PKCζ is a member of the atypical class of the PKC family (Hirai et al., 2003). Unlike the 

conventional and the novel isoforms, the atypicals do not respond to second messenger 

diacylglycerol (DAG) because its C1 domain is modified to contain only one zinc-finger 

motif. They also do not bind calcium because they lack the calcium binding C2 domain 

(Hirai et al., 2003). They are, however, sensitive to phosphoinositide 3-kinase (PI3-K) 

lipid product phosphatidylinositol (3,4,5)-trisphosphate (PIP3) and are activated by 3-

phosphoinositide dependent protein kinase-1 (PDK1) in a PIP3-enhanced manner (Chou 
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et al., 1998). Phosphorylation of the threonine 410 residue present in the activation loop 

and autophosphorylation of threonine 560 residue present in the turn motif, of the kinase 

domain of the enzyme, have been shown to be important for its kinase activity (Kim et 

al., 2005b; Smith et al., 2003; Standaert et al., 1999). 

 

It activates ERK1/2 in thyroid cells, functions as a MEK1 kinase in alveolar 

macrophages, and functions as an adaptor in the MEK5-ERK5 pathway in HEK293 cells. 

Atypical PKCs transduce signals from the receptors of TNFα, IL-1 and NGF to the 

activation sites of NFκB in vivo. In addition, PKCζ phosphorylates the IKKβ in vitro. 

Atypical PKCs have also been shown to act downstream of insulin receptor substrates 

(IRS), and are required for insulin-stimulated glucose-transport (via GLUT) in skeletal 

muscle and adipocytes. Furthermore, the polarity complex PAR-3/PAR-6/PKCζ plays an 

essential role in polarization in epithelial cells and migrating astrocytes. An alternatively 

spliced variant PKMζ is involved in long-term potentiation (LTP) maintenance in 

hippocampal pyramidal cells. Thus, this enzyme is involved in many functional responses 

in various cell systems. 

 

In mice deficient in PKCζ, phenotypic alterations are seen in the secondary lymphoid 

organs such as spleen and lymph nodes (Leitges et al., 2001). The genetic deletion of 

PKCζ results in an impairment of B-cell receptor signaling and defects in the 

transcription of NFκB-dependent genes (Martin et al., 2002). PKCζ knockouts also have 

a defective T-cell-dependent immune response (Martin et al., 2002). However, these 

mice are grossly normal (Leitges et al., 2001). 
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PKCζ has been shown to be expressed in human platelets (Baldassare et al., 1992; 

Murugappan et al., 2004; Wang et al., 1995), although it is not known whether it gets 

phosphorylated and/or activated downstream of receptor activation by physiological 

agonists. The signaling events, the molecular mechanisms of its activation and regulation, 

as well as the physiological function/s of this kinase, in platelets, are also unknown. In 

this study, we investigated the regulation of PKCζ in platelets. We have confirmed its 

expression in human platelets, and have found that it is constitutively phosphorylated at 

the activation loop threonine 410 and the turn motif threonine 560 under basal resting 

conditions. Upon agonist stimulation, the threonine 410 residue gets dephosphorylated in 

an integrin αIIbβ3-dependent manner. Okadaic acid, an inhibitor of protein ser/thr 

phosphatases, can prevent the threonine 410 dephosphorylation. However, in PP1cγ null 

mice, prevention of the dephosphorylation was not observed, suggesting that other 

isoforms or types phosphatases are responsible. Furthermore, the basal phosphorylation 

of threonine 560 remained unaffected throughout. This differential dephosphorylation 

could be important for platelet activation responses. 
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Materials And Methods 

 

Materials 

 

Apyrase (type VII), bovine serum albumin (fraction V), and acetylsalicylic acid were 

obtained from Sigma (St Louis, MO, USA). PGE1 was purchased from Enzo Life 

Sciences (Plymouth Meeting, PA). AYPGKF was custom synthesized at Invitrogen 

(Carlsbad, CA). SC-57101 was a gift from Searle and Co (Greenwich, CT). Ethyl alcohol 

(Absolute, 200 proof) was purchased from Aaper Alcohol Co. (Shelbyville, KY). 

Phospho-PKC ζ/λ (Thr410/403) and β−actin antibodies were purchased from Cell 

Signaling Technology (Beverly, MA). PKC ζ phospho (pT560) antibody was purchased 

from Epitomics (Burlingame, CA). Total PKC ζ antibody, okadaic acid and HRP-

conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA). Chemiluminescent HRP-substrate was from Millipore (Billerica, MA). 

Ketamine (Ketaset) was purchased from Fort Dodge Animal Health, Wyeth (IO). All the 

other reagents were of reagent grade, and de-ionized water was used throughout. 

 

Animals 

 

CD-1 mice carrying PP1cγ−null mutation were generated in the laboratory of Susannah 

Varmuza (University of Toranto) (32). These mice were kindly provided by Dr. V. K. 

Vijayan, Baylor College of Medicine, Texas. 
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Isolation of human platelets 

 

All experiments using human subjects were performed in accordance with the 

Declaration of Helsinki. Whole blood was drawn from healthy consenting human 

volunteers into tubes containing one-sixth volume of ACD (2.5 g of sodium citrate, 1.5 g 

of citric acid, 2 g of glucose in 100 ml of deionized water). Blood was centrifuged 

(Eppendorf 5810R centrifuge) at 230 g for 20 min at room temperature (25°C) to obtain 

PRP (platelet-rich plasma). PRP was incubated with 1 mM aspirin for 30 min at 37°C. 

The PRP was then centrifuged for 10 min at 980 g at room temperature to pellet the 

platelets. Platelets were resuspended in Tyrode's buffer (138 mM NaCl, 2.7 mM KCl, 1 

mM MgCl2, 3 mM NaH2PO4, 5 mM glucose, 10 mM PIPES, and pH 6.5) containing 1 

mM PGE1 and 0.1 U/mL apyrase. The platelet suspension was then centrifuged for 10 

min at 980 g at room temperature to pellet the platelets. Platelets were resuspended in a 

second Tyrode's buffer (138 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 3 mM NaH2PO4, 5 

mM glucose, 10 mM Hepes, and pH 7.4) containing 0.1 U/mL apyrase. Platelets were 

counted using the Hemavet (Drew Scientific), and concentration of cells was adjusted to 

2 x 108 platelets/mL. All experiments using isolated platelets were performed within 4 

hours after drawing blood and in the absence of added extracellular calcium. 
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Okadaic acid stock solutions 

 

A master stock solution (1 mM) of okadaic acid was first prepared by dissolving it in 200 

proof absolute ethanol. This was serially diluted to get stock solutions of 250, 100, 50 and 

5 µM. 

 

Isolation of murine platelets 

 

Blood was collected from ketamine-anesthetized mice by cardiac puncture into syringes 

containing 3.8% sodium citrate as anticoagulant. The whole blood was centrifuged (IEC 

Micromax centrifuge; International Equipment) at 100g for 10 minutes to isolate the 

PRP. Prostaglandin E1 (1 µM) was added to PRP. The platelets were centrifuged at 400g 

for 10 minutes, and the pellet was resuspended in Tyrode’s buffer containing 0.1U/mL 

apyrase. 

 

Platelet aggregation measurement 

 

Platelet aggregation was measured using a lumi-aggregometer (Chrono-Log) at 37°C 

under stirring conditions (900 rpm). A 0.5 mL sample of aspirin-treated washed human 

platelets was stimulated with 500 mM AYPGKF and the change in light transmission was 

measured. In okadaic acid studies, platelets were preincubated with 1 µl okadaic acid 

stock solutions of 5, 50, 100, and 250 µM (giving final concentrations of 10, 100, 200 
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and 500 nM, respectively) or 1 µl ethanol for 5 min at 37°C before agonist stimulation. 

The chart recorder (Kipp and Zonen, Bohemia, NY, USA) was set at 0.2 mm/s. 

 

Western immunoblot analysis 

 

Platelets were stimulated with 500 µM AYPGKF and the reaction was stopped by the 

addition of SDS–Laemmli buffer (1X is 10% by volume glycerol, 62.5 mM Tris-HCL, 

pH 6.8, 2% SDS, 0.01 mg/ml bromophenol blue, 1 mM Dithiothreitol (DTT)). Proteins 

were separated by 10% SDS–polyacrylamide gel electrophoresis and transferred onto 

polyvinylidene difluoride (PVDF) membranes. Membranes were blocked by incubation 

with Tris (tris(hydroxymethyl)aminomethane)-buffered saline (TBS: 20 mM Tris, 140 

mM NaCl) containing 3% (wt/vol) bovine serum albumin (BSA) for 1 hour at room 

temperature. Membranes were incubated overnight at 4°C with the primary antibody in 

loading buffer (TBS with 3% BSA) with gentle agitation. After three washes for 5 

minutes each with Tris-Buffered Saline Tween-20 (TBST), the membranes were probed 

with an HRP-conjugated secondary antibody in TBST for 1 hour at room temperature. 

After additional washing steps, membranes were then incubated with the 

chemiluminescent HRP-substrate and immunoreactivity was detected using a Fuji Film 

Luminescent Image Analyzer (LAS-3000 CH; Tokyo, Japan). 
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Statistical analysis 

 

Western blot data were compiled from at least three independent experimental results. 

The results were quantified and expressed as mean ± SEM. Statistical significance was 

tested using Student's t test and One Way-ANOVA with Bonferroni’s pos-hoc analysis. P 

values <0.05 was considered statistically significant, and P values <0.05, <0.01, <0.001, 

are indicated by *, **, ***, respectively. 
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Results 

 

PKCζ is expressed in human platelets and is constitutively phosphorylated under basal 

resting conditions 

 

Our laboratory and others have previously shown that PKCζ is expressed in human 

platelets. In my current study, we confirmed the presence of this protein in human 

platelets by immunoblotting for total protein. Different concentrations of platelet samples 

(100, 200 and 500 million per ml) were first prepared and whole cell lysates of the same 

were analyzed by Western blotting for the total protein. As shown in figure 3.1, PKCζ is 

expressed in human platelets. 

 

The threonine 410 (T410) residue present in the activation loop and the threonine 560 

(T560) residue present in the turn motif of the kinase domain are important for its kinase 

activity. Available literature suggests that in other cell systems, PKCζ is phosphorylated 

under resting conditions and is constitutively active. We probed the unstimulated platelet 

lysates with phospho-specific antibodies and confirmed that, in platelets too, it is 

phosphorylated at these two sites under basal resting conditions (fig. 3.2 and subsequent 

figures). 
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Figure 3.1 

 

 

Figure 3.2 

 



 88 

 

 

 

 

 

 

 

 

 

Figure 3.1 and 3.2. Expression of PKCζ in human platelets. 

 

Whole cell lysates of various concentrations of resting/unstimulated platelet samples 

(100, 200 and 500 million platelets per mL of Tyrode’s buffer) were prepared and run on 

an SDS-PAGE. Fig. 3.1: Western blots for total PKCζ, and fig. 3.2: for phospho-PKCζ 

T410. Corresponding lane loading controls with β-actin are also shown. 
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Agonist stimulation under stirring condition leads to the dephosphorylation of T410 

residue but not the T560 residue 

 

We observed that PKCζ was constitutively phosphorylated under resting conditions. For 

most enzymes, agonist stimulation leads to an increase in the levels of phosphorylation 

and/or activity from a low basal sate. A high basal phosphorylation could mean a 

constitutively phosphorylated state, which could decrease with agonist treatment. To test 

this hypothesis, we activated platelets with PAR4 agonist AYPGKF (500 µM) under both 

non-stirring and stirring conditions. We found that the T410 residue gets 

dephosphorylated upon agonist stimulation only under stirring condition. Surprisingly, 

T560 phosphorylation is not affected by this treatment condition (fig.3.3). 
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Figure 3.3 

 

Fig. 3.3. Dephosphorylation of T410 residue of PKCζ with agonist stimulation under 

stirring condition. 

 

Platelets were stimulated with PAR4 agonist AYPGKF (500 µM) for various time-points 

under non-stirring and stirring conditions, and lysates prepared. Western blot analysis 

was performed probing for phospho-PKCζ T410 and phospho-PKCζ T560. 

Corresponding lane loading controls with β-actin are also shown. Unstim: Unstimulated, 

Non-Stir: Non-Stirring, Stir: Stirring, 30”: 30 secs, 3.5’: 3.5 mins. 
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Basal T410 phosphorylation gets dephosphorylated in an aggregation-dependent 

manner, while basal T560 phosphorylation is unaffected. 

 

Next, we performed a full panel of time-course (fig. 3.4 left panel) and a dose-response 

(fig. 3.4 right panel) of agonist stimulation under stirring condition to further delineate 

the dephosphorylation event. Platelets were stimulated with 500 µM of AYPGKF for 

various time points (0-4 min) and lysates were analyzed by Western blotting. We 

observed that T410 gets dephosphorylated in a time-dependent manner and by 4 min, it is 

almost completely dephosphorylated (~90%) (figs. 3.5 left panel, and 3.6). Platelets were 

also stimulated with a varying concentration of AYPGKF (100-500 µM) for 4 mins. 

Again, the T410 residue was dephosphorylated in an agonist concentration-dependent 

manner (figs. 3.5 right panel and 3.7). The T560 phosphorylation, on the other hand, 

remained unaffected by agonist treatment (figs. 3.5, 3.8 and 3.9). Therefore, the T410 

dephosphorylation is dependent on aggregation. 
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Figure 3.4 

 

Figure 3.4. Time-course and dose-response of agonist-stimulated platelet aggregation. 

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points (left panel) and with varying concentrations of AYPGKF for 4 mins (right 

panel). Representative aggregation tracings. 

.
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Figure 3.5 

 

 

Figure 3.5. Differential dephosphorylation of PKCζ via aggregation. 

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points (left panel) and with varying concentrations of AYPGKF for 4 mins (right 

panel), as shown, and lysates prepared. Representative Western blots of the lysates by 

probing with phospho-PKCζ T410 and phospho-PKCζ T560 antibodies. Corresponding 

lane loading controls with β-actin are also shown. Unstim: Unstimulated. 
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Figure 3.6 

 

 

Figure 3.7 
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Figures 3.6 and 3.7. Differential dephosphorylation of PKCζ via aggregation 

 

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points (fig. 3.6) and with varying concentrations of AYPGKF for 4 mins (fig. 3.7) 

and lysates prepared. Densitometric analysis of the Western blots of the lysates by 

probing with phospho-PKCζ T410. Corresponding lane loading controls with β-actin are 

also shown. Unstim: Unstimulated, NS: Non-significant, *: p<0.5, **: p<0.01, ***: 

p<0.001. 
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Figure 3.8 

 

 

Figure 3.9 
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Figures 3.8 and 3.9. T560 basal phosphorylation is not affect by either time- or dose-

dependent agonist stimulation. 

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points (fig. 3.8) and with varying concentrations of AYPGKF for 4 mins (fig. 3.9) 

and lysates prepared. Densitometric analysis of the Western blots of the lysates by 

probing with phospho-PKCζ T560. Corresponding lane loading controls with β-actin are 

also shown. Unstim: Unstimulated, NS: Non-significant. 
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Basal T410 phosphorylation gets dephosphorylated in an integrin αIIbβ3-dependent 

manner, while basal T560 phosphorylation is unaffected. 

 

From the previous observation, it was evident that the T410 dephosphorylation could be 

mediated via integrin αIIbβ3 activation (outside-in signaling). To confirm this 

hypothesis, we blocked the integrin with an antagonist SC-57101 (10 µM) and stimulated 

the platelets with agonist for 4 mins (fig. 3.10). The dephosphorylation was prevented by 

blocking the integrin (figs. 3.11-3.13). This result confirms that αIIbβ3 activation leads 

to dephosphorylation of T410 on PKCζ. It is worth mentioning here that T560 

phosphorylation is not affected by either agonist stimulation or integrin blockade (figs. 

3.11, 3.14, 3.15). 
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Figure 3.10 

 

 

Figure 3.10. Representative aggregation tracings with integrin αIIbβ3 blockade. 

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points and for 4 mins in the presence of 10 µM of integrin aIIbb3 antagonist SC-

57101 (left panel). Platelets were stimulated with varying concentrations of AYPGKF for 

4 mins and with 500 µM AYPGKF for 4 mins in the presence of 10 µM of integrin 

αIIbβ3 antagonist SC-57101 (right panel). 
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Figure 3.11 

 

 

Figure 3.11. Prevention of T410 dephosphorylation with integrin αIIbβ3 blockade.  

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points and for 4 mins in the presence of 10 µM of integrin aIIbb3 antagonist SC-

57101 (left panel). Platelets were stimulated with varying concentrations of AYPGKF for 

4 mins and with 500 µM AYPGKF for 4 mins in the presence of 10 µM of integrin 

αIIbβ3 antagonist SC-57101 (right panel). Representative Western blots of the lysates by 

probing with phospho-PKCζ T410 and phospho-PKCζ T560 antibodies. Corresponding 

lane loading controls with β-actin are also shown. Unstim: Unstimulated, SC: SC-57101. 
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Figure 3.12 

 

 

Figure 3.13 
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Figure 3.12 and 3.13. Prevention of T410 dephosphorylation with integrin αIIbβ3 

blockade 

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points and for 4 mins in the presence of 10 µM of integrin aIIbb3 antagonist SC-

57101 (fig. 3.12). Platelets were stimulated with varying concentrations of AYPGKF for 

4 mins and with 500 µM AYPGKF for 4 mins in the presence of 10 µM of integrin 

αIIbβ3 antagonist SC-57101 (fig. 3.13). Densitometric analysis of the phospho-PKCζ 

T410 blots. Unstim: Unstimulated, NS: Non-significant, *: p<0.5, **: p<0.01, ***: 

p<0.001.  
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Figure 3.14 

 

 

Figure 3.15 
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Figure 3.12 and 3.13. Basal T560 phosphorylation is unaffected by integrin αIIbβ3 

blockade 

 

Platelets were stimulated under stirring condition with 500 µM AYPGKF for various 

time-points and for 4 mins in the presence of 10 µM of integrin aIIbb3 antagonist SC-

57101 (fig. 3.12). Platelets were stimulated with varying concentrations of AYPGKF for 

4 mins and with 500 µM AYPGKF for 4 mins in the presence of 10 µM of integrin 

αIIbβ3 antagonist SC-57101 (fig. 3.13). Densitometric analysis of the phospho-PKCζ 

T560 blots. Unstim: Unstimulated, NS: Non-significant. 
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Dephosphorylation of T410 is mediated by αIIbβ3-associated ser/thr phosphatases 

 

Our results showed that integrin mediates the dephosphorylation of T410 residue. 

However, integrins do not have any intrinsic phosphatase activity. Available evidence in 

the literature points to serine/threonine phosphatase PP1, which is constitutively 

associated with the platelet integrin αIIbβ3. Upon activation of integrin, PP1 dissociates 

from it and gets activated. 

 

Okadaic acid is a toxin produced by dinoflagellates and has a strong inhibitory effect on 

various members of serine/threonine phosphatases. We utilized this valuable tool to 

investigate the molecular mechanism of PKCζ dephosphorylation. A dose-response study 

was first undertaken. Platelets were pre-incubated with various concentrations (1-500 

nM) of okadaic acid for 5 mins at 370C and then stimulated with agonist for 4 mins (fig. 

3.16). Lysates were analyzed by Western blot (fig. 3.17). We found that agonist-

dependent dephosphorylation of T410 could be preventd by okadaic acid used at a 

concentration range that inhibits PP1 and PP2A in in vitro conditions (figs. 3.18 and 

3.19). However, basal T560 remained unaffected by okadaic acid treatment (figs. 3.20 

and 3.21). 
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Figure 3.16 

 

 

Figure 3.16. Representative aggregation tracings with ser/thr phosphatases inhibitior, 

okadaic acid dose-response. 

 

Platelets were preincubated with 1 µl absolute ethanol (200 proof) or various 

concentrations of okadaic acid (10-500 nM) at 370C for 5 mins under stirring condition. 

They were then left unstimulated or stimulated with 500 µM AYPGKF for 4 mins under 

stirring condition. EtOH: Ethyl alcohol, OkA: Okadaic acid. 
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Figure 3.17 

 

 

Figure 3.17. Prevention of T410 dephosphorylation with ser/thr phosphatases inhibition. 

 

Platelets were preincubated with 1 µl absolute ethanol (200 proof) or various 

concentrations of okadaic acid (10-500 nM) at 370C for 5 mins under stirring condition. 

They were then left unstimulated (left panel) or stimulated with 500 µM AYPGKF for 4 

mins under stirring condition (right panel). Representative Western blots of the lysates by 

probing with phospho-PKCζ T410 and phospho-PKCζ T560 antibodies. Corresponding 

lane loading controls with β-actin are also shown. Unstim: Unstimulated, EtOH: Ethyl 

alcohol, OkA: Okadaic acid. 
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Figure 3.18 
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Figure 3.18. Prevention of T410 dephosphorylation with ser/thr phosphatases inhibition. 

 

Platelets were preincubated with 1 µl absolute ethanol (200 proof) or various 

concentrations of okadaic acid (10-500 nM) at 370C for 5 mins under stirring condition. 

They were then left unstimulated or stimulated with 500 µM AYPGKF for 4 mins under 

stirring condition. Densitometric analysis of the blots, with each phospho-PKCζ T410 

signal in the AYPGKF-stimulated sample normalized to its corresponding phospho-

PKCζ signal in the unstimulated sample. Corresponding lane loading controls with β-

actin are also shown. Unstim: Unstimulated, EtOH: Ethyl alcohol, *: p<0.5, **: p<0.01, 

***: p<0.001. 
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Figure 3.19 
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Figure 3.19. No effect on T560 basal phosphorylation with ser/thr phosphatases 

inhibition. 

 

Platelets were preincubated with 1 µl absolute ethanol (200 proof) or various 

concentrations of okadaic acid (10-500 nM) at 370C for 5 mins under stirring condition. 

They were then left unstimulated or stimulated with 500 µM AYPGKF for 4 mins under 

stirring condition. Densitometric analysis of the blots, with each phospho-PKCζ T560 

signal in the AYPGKF-stimulated sample normalized to its corresponding phospho-

PKCζ signal in the unstimulated sample. Corresponding lane loading controls with β-

actin are also shown. Unstim: Unstimulated, EtOH: Ethyl alcohol, NS: Non-significant. 
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In order to further elucidate the mechanism of T410 dephosphorylation, we made use of 

genetically modified mice. PP1cγ null mice have been previously described, where the 

γ isoform of the catalytic subunit of PP1 has been silenced. Inspite of the absence of 

PP1cγ,  in our experimental conditions, agonist stimulation still led to dephosphorylation 

of T410 on PKCζ  (fig. 3.20 and 3.21), suggesting that other isoforms of PP1 or other 

phosphatase/s could be mediating this event. The basal T560 phosphorylation remained 

unaffected (fig. 3.20 and 3.22). 
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Figure 3.20 

 

 

Figure 3.20. T410 dephosphorylation still occurs after agonist stimulation in PP1cγ 

deficient platelets. 

 

Platelets from wild type or PP1cγ null mice were stimulated with 500 µM APGKF for 4 

mins under stirring condition, and lysates were prepared. Representative Western blots of 

the lysates by probing with phospho-PKCζ T410 and phospho-PKCζ T560 antibodies. 

Corresponding lane loading controls with β-actin are also shown. Unstim: Unstimulated. 

 



 114 

 

 

Figure 3.21 

 

 

Figure 3.21. Inability of PP1cγ deficient platelets to prevent the T410 dephosphorylation 

 

Platelets from wild type or PP1cγ null mice were stimulated with 500 µM APGKF for 4 

mins under stirring condition, and lysates were prepared. Densitometric analysis of the 

phospho-PKCζ T410 blots. Corresponding lane loading controls with β-actin are also 

shown. Unstim: Unstimulated, WT: Wild type, PP1cγ−/−:  PP1cγ null mice, NS: Non-

significant, **: p<0.01. 
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Figure 3.22 

 

 

Figure 3.21. Basal T560 phosphorylation is unaffected by the absence of PP1cγ. 

 

Platelets from wild type or PP1cγ null mice were stimulated with 500 µM APGKF for 4 

mins under stirring condition, and lysates were prepared. Densitometric analysis of the 

phospho-PKCζ T560 blots. Corresponding lane loading controls with β-actin are also 

shown. Unstim: Unstimulated, WT: Wild type, PP1cγ−/−:  PP1cγ null mice, NS: Non-

significant. 
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Discussion 

 

The PKC family of serine/threonine kinases mediates a number of physiological 

functions in platelets such as aggregation, secretion, thromboxane generation, etc. 

Classical (α, β) and novel (δ, θ, η) classes of PKC have been thoroughly studied in this 

regard. However, nothing is known regarding the atypical member PKCζ in platelets, 

except that it is expressed in platelets. This study was undertaken to investigate the 

regulation of this enzyme in platelets. 

 

We first confirmed the expression of PKCζ in human platelets by probing unstimulated 

resting platelet lysates for the total protein. We detected the presence of this protein on 

lysates prepared from different concentrations of platelets. There are reports that PKCζ is 

constitutively phosphorylated and active under basal resting conditions. Therefore, we 

probed the platelet lysates for phosphorylated states using phospho-specific antibodies 

recognizing the activation loop threonine 410 and turn motif 560 residues. It was 

observed that unstimulated platelets have a basal phosphorylation at these two sites. 

Since phosphorylation of these two residues have been shown to be important for its 

activity, it is possible that PKCζ is constitutively activated under resting conditions in 

platelets, but it remains unconfirmed at this time. 

 

The high baseline level of phosphorylation could mean a constitutively phosphorylated 

state, which could change with agonist stimulation. To test this hypothesis, we first 

stimulated platelets under stirring and non-stirring conditions with PAR4 agonist 
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AYPGKF. We have found that, only under stirring condition, agonist-stimulation led to 

dephosphorylation of the T410 residue but not T560 residue. In order to fully investigate 

this event, we next stimulated platelets with AYPGKF under stirring condition for 

various time points and with varying concentrations of the agonist. The basal 

phosphorylation of T410 residue was reduced (i.e., dephosphorylated) in a time- and 

concentration-dependent manner. However, no change in the level of T560 basal 

phosphorylation was observed with either treatment. 

 

It was surprising that only one of the two residues, both of which are present in the kinase 

domain of PKCζ, could get dephosphorylated by agonist stimulation. Nevertheless, these 

preceding data suggested that agonist stimulation under condition of integrin activation 

may be necessary for T410 dephosphorylation. To confirm this, we made use of SC-

57101 to block the integrin αIIbβ3, and then the platelets were stimulated under stirring 

condition with the agonist. It was observed that T410 dephosphorylation could be 

preventd by integrin blockade. As expected, T560 phosphorylation remained unaffected 

by this treatment. 

 

This provided further evidence for a requirement of integrin activation/activity for the 

dephosphorylation of T410. However, integrins do not have any intrinsic phosphatase 

activity, and since only a ser/thr phosphatase could carry out this reaction, we 

investigated a role for such phosphatases. Initial review of the available literature 

suggested that protein phosphatase 1 (PP1) which is constitutively associated and gets 

activated in an integrin-dependent manner, could be a possible candidate. It was shown to 
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be responsible for a partial prevent of agonist-stimulated PKCη dephosphorylation 

(Bynagari et al., 2009). In order to test our hypothesis, we made use of two 

complementary approaches. 

 

Okadaic acid, which is produced by marine dinoflagellates, has concentration-specific 

inhibitory effects on ser/thr protein phosphatase family of enzymes, namely PP2A, PP1, 

PP2B and PP2C (Holmes, 1991). The IC50 values, derived from cell-free systems, for 

PP2A is approximately 1-10 nM, for PP1 is 50-500 nM, and is above 1 µM for other 

phosphatases. We made use of this concept and applied to our system, i.e., platelets. A 

dose-response study was first undertaken. Okadaic acid at concentrations below 100 nM 

did not have any significant effect on AYPGKF-mediated aggregation. However, a 

concentration-dependent inhibition was observed above 100 nM, and at 500 nM, the 

effect was dramatic. We prepared corresponding lysates to study PKCζ phosphorylation 

events by Western immnoblotting. It should be noted that okadaic acid, by shifting the 

equilibrium towards kinases, could lead to hyperphosphorylation of PKCζ. Therefore, 

corresponding (unstimulated) samples were prepared as well and the final 

phosphorylation levels were calculated by normalizing to these samples. We have found 

that the okadaic acid, used at concentrations that inhibit PP1 in cell-free systems, could 

prevent the dephosphorylation of T410 on PKCζ. These results suggest that PP1 could be 

the phosphatase responsible for T410 dephosphorylation. However, this remains 

unconfirmed at this stage. 
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Another approach we utilized was the use of PP1cγ null mice. These mice have been 

described previously (Varmuza et al., 1999). The γ isoform of the catalytic subunit of 

PP1 has been shown to be one of the phosphatases responsible for the dephosphorylation 

of PKCη. We wanted to confirm whether this isoform is also responsible for 

dephosphorylating the T410 residue on PKCζ. Platelets were isolated from PP1cγ 

knockout as well as littermate wild-type control mice, and stimulated with 500 µM 

AYPGKF for 4 mins under stirring condition. We did not observe any significant defect 

in aggregation in either of the mice under our experimental conditions. Lysates for 

Western blot were also prepared. No significant differences in the level of T410 

dephosphorylation was observed in either mice, suggesting that this isoform may not be 

involved in the dephosphorylation process. Other isoforms of PP1 (α, β/δ) or another 

phosphatase, either alone or collectively, could be responsible for this phenomenon. 

However, it could not be confirmed because deletion of the genes for these enzymes 

results in embryonic lethality. One way to circumvent this issue could be generation of 

conditional knockouts using the Cre-Lox technique. 

 

The activation loop threonine 410 is phosphorylated by PDK-1 (PIP2-dependent kinase-

1) in many cell systems, and the turn motif threonine 560 is an autophosphorylation site. 

The phosphorylation of both these two residues have been shown to be required for the 

kinase activity of PKCζ. However, there are reports of kinase activity independent of 

these two phosphorylations. Tyrosine phosphorylation was observed in mutants where 

T410 and T560 were deleted, but which showed full kinase activity. It was suggested that 

phosphorylation of Y428 present near the activation loop, could result in a similar active 
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conformation as T410 phosphorylated protein. Additionally, there are reports that 

cleavage of PKCζ by caspases could result in generation of a catalytically active subunit 

of this enzyme. We have used a pan-caspase inhibitor in our experiments but did not 

observe any effect on the dephosphorylation or the total protein (data not shown), 

strongly suggesting that caspase-mediated cleavage of PKCζ does not occur in human 

platelets. 

 

The significance of the constitutively phophophorylated state of PKCζ and the 

subsequent dephophosphorylation of T410 via integrin-dependent manner is not known at 

this time. One plausible explanation could be that this enzyme is constitutively active and 

acts as a negative regulator of platelet functional responses, and integrin-mediated 

(outside-in) signaling leads to its deactivation. The T560 autophosphorylation signal 

alone may not be sufficient to sustain the catalytic activity. This hypothesis will be tested 

in our subsequent studies using genetically modified mice. 

 

In summary, we have confirmed that the atypical isoform ζ of the Protein Kinase C 

family of serine/threonine kinases is expressed in human platelets and is constitutively 

phosphorylated at the activation loop threonine 410 residue as well as the turn motif 

threonine 560 residue, an autophosphorylation site. Upon agonist-stimulation under 

stirring condition, only the threonine 410 gets dephosphorylated in an integrin αIIbβ3-

dependent manner. This dephosphorylation event can be preventd by blockade of integrin 

by SC-57101, and by okadaic acid used at a concentration that inhibits the 

serine/threonine phosphatases PP2A and PP1. However, the threonine 560 
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phosphorylation is unaffected by any of the treatment conditions mentioned above. This 

differential dephosphorylation of PKCζ could be important for regulating its functions 

and platelet functional responses. 
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CHAPTER 4 

OVERALL DISCUSSION 

 

Discussion 

 

Platelets play a major role during both hemostasis and thrombosis. They are anucleate 

cells derived from megakaryocytes in the bone-marrow, and under physiological 

conditions, circulate in the blood stream in a quiescent state for approximately 7-10 days, 

after which they are cleared from the body via spleen. Their sole purpose is to get 

activated at the site of vessel injury and along with the coagulation cascades plug the 

breakage to prevent blood loss that can result in loss of blood pressure which could 

potentially be fatal. Under pathological condition such as atherosclerotic plaque rupture, 

platelets also get activated and plug the lumen of blood vessels leading to ischemia and/or 

infarction of the distal portion of the tissue supplied by that particular blood vessel. This 

is the etiopathology behind acute coronary syndrome and majority of ischemic stroke. 

 

The molecular mechanisms behind the intracellular signaling cascades that culminate in 

the afore-mentioned physiological as well as pathological outcomes are very 

complicated, and involve numerous proteins and signaling molecules that interact with 

each other to fine tune the platelet responses. Of these signaling molecules, protein kinase 

enzymes play a critical role. They are broadly classified as either tyrosine-specific 

kinases or serine/threonine-specific kinases, based on the amino acid residues of the 
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target proteins that they phosphorylate. The work of my thesis focuses on: 

 

• The regulation of a crucial protein tyrosine kinase enzyme implicated in the GPVI-

mediated platelet functional responses, Syk, by herbal remedy curcumin 

(diferuloylmethane), and, 

 

• The regulation of the atypical PKC-zeta, a protein serine/threonine kinase belonging 

to the atypical class of the protein kinase C family of enzymes which are implicated 

in mediating critical platelet functions such as dense granule secretion, aggregation, 

etc. 

 

The project described in chapter 2 has elucidated the mechanism of the regulation of the 

enzymatic activity of Syk by curcumin, downstream of platelet GPVI-mediated pathway. 

Curcumin or diferuloylmethane is the active ingredient derived from the Indian herbal 

remedy and spice turmeric, which has been used in the traditional Ayurvedic medicine 

for millennia. My work has shown that curcumin possesses inhibitory actions on platelet 

functional responses such as aggregation and secretion, downstream of the GPVI-

pathway, via interfering with the kinase activity of Syk and the subsequent activation of 

PLCγ2. Curcumin has been shown to possess additional therapeutic properties such 

chemopreventive, chemotherapeutic, antioxidant and anti-inflammatory actions in 

various cell types. It is hoped that the biological properties described in my work could 

be further explored for developing an effective and safe anti-thrombotic therapy in the 

future. 
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Chapter 3 focused on defining the expression of PKCζ, an atypical isoform of protein 

kinase C, in human platelets and also delineating the mechanism of its regulation. 

Previous groups have shown that it is expressed in platelets, however, nothing is known 

regarding its regulation and functional roles in platelets. In this project, we have studied 

and confirmed its expression profile in human platelets using Western blotting analysis. 

Furthermore, we have shown that it is constitutively phosphorylated at the activation loop 

threonine 410 and the turn motif threonine 560 residues, both of which have been shown 

to be important for its activity. After agonist-stimulation in an integrin αIIbβ3-depedent 

manner, the Thr410 gets dephosphorylated but the Thr560 phosphorylation is unaffected. 

This dephosphorylation of Thr410 can be preventd by blocking the integrin with an 

antagonist SC-57101, as well as by inhibiting serine/threonine phosphatases by an 

inhibitor, okadiac acid. The γ isoform of the catalytic subunit of the ser/thr phosphatase 

type 1 (PP1cγ) does not appear to play a role in this dephosphorylation event. However, 

the involvement of specific phosphatase/phosphatases could not be ascertained at this 

time due to unavailability of tools such as PP1cα, PP1cβ/δ and PP2A null mice because 

of embryonic lethality. Moreover, the functional significance of the constitutively 

phosphorylated state and the subsequent differential dephosphorylation of PKCζ via 

integrin-mediated signaling in platelets, is currently not known. 

 

In this section of my dissertation, I intend to discuss the following questions that arose 

from my two major studies: 
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1. What are the potential mechanisms by which Syk activity is regulated by curcumin in 

platelets? Contributions of concentrations, incubation-time and other factors that 

could potentially affect the inhibitory capacity of curcumin. 

 

2. Pharmacokinetic parameters of curcumin that could potentially affect it oral 

bioavailability and ways to circumvent this issue. 

 

3. Do the activation loop and turn motif phosphorylations of PKCζ correlate with its 

activity in platelets? What are other mechanisms of regulating of its function? 

 

4. Potential functional role/s of PKCζ in platelets and tools to investigate them? 
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Potential mechanisms by which Syk activity is regulated by curcumin in platelets. 

 

Syk is a very important signaling molecule present in platelets. It plays a prominent role 

downstream of GPVI activation. As discussed at length in chapter 1, Syk activity is 

regulated by ITAM binding, phosphorylation on numerous tyrosine residues, Cbl 

ubiquitin ligases, protein tyrosine phosphatases, etc. The spice turmeric contains an active 

molecule called curcumin which is responsible for majority of its therapeutic actions in 

many cell types. Commercial curcumin is prepared from turmeric powder and contains 

primarily three curcumin polyphenols: curcumin or diferuloylmethane (curcumin I) 

which predominates, followed by demethoxycurcumin (curcumin II) and 

bisdemethoxycurcumin (curcumin III) (Goel et al., 2008). This trio is commonly referred 

to as “the curcumin complex” or simply “the curcumins.” Pure curcumin I is rare and 

references to “curcumin” usually refer to the curcumin complex. 

 

From my work, curcumin affects the GPVI-mediated platelet activation by interfering 

with Syk activity. After only a minute of pre-incubation, we observed a concentration-

dependent inhibition of aggregation and secretion, and at 50 µM the inhibition was 

approximately 75%. However, we did not observe any effect on the phosphorylation of 

Syk. The phosphorylation of the activation loop tyrosines 525/526 has been suggested by 

numerous groups to be important for its catalytic activity. However, there are reports in 

the literature that this phosphorylation is not required for it activity. Nevertheless, we 

found that curcumin does not affect this event, but affects the downstream activation-

dependent phosphorylation of tyrosine residues 753/759 of PLCγ2. Initially, we thought 
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curcumin inhibits the activity of PLCγ2 directly and that is why we are seeing its effects 

on platelet functional responses. Therefore, we investigated the effects of curcumin on 

intracellular calcium mobilization, which is mediated by a PLCγ2 enzymatic product IP3. 

Unfortunately, we could not pursue it due to a fluorescence interference with the calcium 

dye, Fura-2, by curcumin. Tyrosine residues 753/759 of PLCγ2 are present in the SH2-

SH3 linker region have been shown to important for its activation (Ozdener et al., 2002; 

Watanabe et al., 2001). It has been used as a marker of its activation status. Therefore, we 

utilized it in our work to study the effect of curcumin on the activation of PLCγ2. We 

observed a concentration-dependent inhibition of this event and at 50 µM the inhibition 

was approximately 50%. The slight discrepancy between the inhibition of PLCγ2 

phosphorylation, and the inhibition of aggregation and secretion, could be due to genetic 

factors regulating phospholipase activity and/or due to a contribution from the PI3-kinase 

pathway. 

 

At this point, we were certain that the level at which curcumin exerts it inhibitory effects 

is either at or above PLCγ2. To further investigate this phenomenon, we pursued 

immunoprecipitating activated Syk from platelets and studying its catalytic activity. 

Initially, we preincubated platelets with curcumin and stimulated for 30 secs, and then 

perform the Syk immunoprecipitation (IP). For the detection and quantification of Syk's 

catalytic activity, tubulin was used as a substrate because its C-terminus contains highly 

acidic amino acid residues and Syk exhibits a marked preference for the phosphorylation 

of tyrosines surrounded by multiple acidic amino acids (Peters et al., 1996; Schmitz et 

al., 1996; Volker et al., 1997). We utilized Western botting technique and probed for the 
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phosphorylated tubulin by using a phospho-tyrosine antibody (4G10). Unfortunately, the 

tubulin bands overlapped with the IgG bands from the IP antibody, due to similar 

molecular weights and therefore this experiment could not be pursued further. Following 

this setback, we came up with the idea of performing the kinase assay with the 

recombinant protein. GST-fusion recombinant active human Syk was purchased from 

Cell Signaling Technology. And, we confirmed that curcumin does inhibit Syk kinase 

activity without affecting its phosphorylation, as discussed in detail in chapter 2. 

 

The exact molecular mechanism of this inhibitory action is not known. However, a few 

plausible explanations could be speculated. One possible mechanism is a competitive 

inhibition at the substrate binding site. Curcumin being a small molecule could 

potentially compete with Syk substrates inside the cell. Another possibility is that 

curcumin competes with ATP at its binding site. The linear nature of the graphs/curves 

from the kinase assays suggests that it could be a competitive inhibition. However, we 

did not perform an in-depth analysis of the kinetics of Syk, calculating the Km and Vmax 

values utilizing Michaelis-Mentis equation or Lineweaver–Burk (double reciprocal) 

equation. This inhibition is less likely to be non-competitive given that the platelets were 

inhibited very dramatically, and also a significant inhibition was observed even at later 

time points. Therefore, increasing the concentration of the substrate is unlikely to 

displace curcumin form its binding pocket. An allosteric modulation of Syk function by 

curcumin is another plausible explanation. Being a polyphenol, curcumin could transfer 

its phenol groups to certain amino acid residues in the kinase domain of Syk and induce a 

conformational change that could render the kinase core less active. Regulation of 
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phosphorylation of tyrosine residues 348 and 352, which plays a positive role in Syk-

dependent signaling, could be another mechanism. The phosphorylation of tysosine 

residue 323 present in the linker B region has an inhibitory effect on the Syk-mediated 

signaling (as discussed in chapter 1). Even though far-fetched, if curcumin possibly 

modulates this phosphorylation it could potentially regulate Syk activity. In addition, 

Y323 phosphorylation enhances its interactions with Cbl ubiquitin ligases, of which c-

Cbl has been shown to be an inhibitor of Syk-dependent signaling in platelets (discussed 

in chapter 1). Curcumin could have a role in the c-Cbl-mediated Syk regulatory effects. 

Phosphorylated tyrosine 323 residue also interacts with the C-terminal SH2 domain 

present on the p85 regulatory subunit of PI3-Kinase. The Syk-PI3K complex regulates 

Syk functions (discussed in chapter 1). Regulation of this pathway is another possibility. 

Phosphorylation of tyrosine 131 located on linker A region disrupts Syk’s interaction 

with the phosphorylated ITAMs of the BCR complex and enhances its catalytic activity 

(discussed in chapter 1). This is another possible point of interaction. 

 

Contributions of concentrations, incubation-time and other factors that could 

potentially affect the inhibitory capacity of curcumin. 

 

In my work, we have used various concentrations of curcumin to study its effects on 

platelet functions. The inhibitory effects were observed above 10 µM. The half maximal 

inhibitory concentration or IC50 was observed to be approximately 20 µM in our hands. 

At 50 µM, the maximal inhibition of aggregation and secretion was approximately 70%, 

compared with the vehicle-treated control samples. Higher concentrations inhibited the 
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platelet functional responses completely. However, it should be noted that the platelets 

were pre-incubated with curcumin for only a minute before they were stimulated with the 

agonist. Curcumin being a lipophilic compound readily enters the cells and started 

exerting its inhibitory effect on Syk as early as within a minute of coming in contact with 

the target molecule. The dramatic inhibitory effect seen after such a short period of 

exposure to the compound strongly suggests that curcumin is a potent inhibitor of Syk. 

 

In subsequent experiments, we increased the exposure time by pre-incubating the 

platelets with curcumin for 10 minutes. The inhibition that was observed was astonishing. 

The 10 µM concentration gave roughly 75% inhibition of aggregation and secretion (data 

not shown), which was comparable to the effects seen with 50 µM at 1 minute pre-

incubation. This strongly demonstrates that after being in contact for longer time, the 

inhibitory capacity of curcumin could be further enhanced. A practical application of this 

concept could be in the in vivo use of curcumin as a therapeutic drug. Since, under an 

ideal condition platelets circulating in the bloodstream would be seeing curcumin for 

longer period, the possibility that it could sufficiently dampen the platelet responses to 

exposed subendothelial collagen after vessel injury, has a high probability. This will 

prevent unnecessary activation of platelets at the site of injury such as atherosclerotic 

plaque rupture, and thus prevent thrombus formation. However, it should be noted that 

the bioavailability of curcumin is very low due to an extensive first pass metabolism in 

the liver. This aspect will be discussed in detail the subsequent section. Additionally, the 

inhibitory effect of curcumin will also depend on the concentration of Syk, that will be 

determined by the number of platelets or the molar concentration used in the kinase 
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assay. 

 

Other factors that could potentially affect curcumin’s inhibitory action are pH, 

temperature, light, genetic factors, etc. Curcumin is unstable at neutral and basic pH, and 

is degraded to ferulic acid and feruloylmethane (Wang et al., 1997). More than 90% of 

curcumin decomposes rapidly in buffer systems at neutral-basic pH conditions (Pan et al., 

1999). Although the exact mechanism of degradation is not clear yet, it appears to occur 

through an oxidative mechanism because the presence of antioxidants such as ascorbic 

acid, N-acetylcysteine, or glutathione completely blocks the degradation of curcumin at 

pH 7.4 (Oetari et al., 1996). Curcumin should be stable in the stomach and small 

intestines because the pH is between 1 and 6, and degradation of curcumin is extremely 

slow in these conditions (Wang et al., 1997). 

 

Curcumin does not readily dissolve in water due to its hydrophobic nature. Therefore, we 

used DMSO to dissolve it in. Even so, it did not dissolve readily at ambient room 

temperature. The stock solutions of curcumin in DMSO had to be incubated in a water 

bath with a temperature of 370C for about an hour for it to be completely dissolved. This 

brings out an interesting concept that temperature could also play an important role in 

modulating curcumin’s ability to affect its target molecules. A possible explanation is 

that curcumin molecule requires a certain temperature range (close to the core body 

temperature) to get activated, and either lower or higher temperature would destabilize 

the compound and possibly degrade it. As an example to illustrate this point, changes in 

temperature has been shown to modulate heme oxygenase-1 (HO-1) induction by 
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curcumin in renal epithelial cells (Balogun et al., 2003). Curcumin strongly enhanced 

HO-1 activity levels and protein expression in porcine renal epithelial cells after 6hr 

incubation at 37°C. However, the ability of curcumin to induce HO-1 was progressively 

lost as cells were exposed to the agent at lower temperatures (Balogun et al., 2003). 

 

Curcumin has a poor light sensitivity. It decomposes when exposed to sunlight, and 

vanillin, vanillic acid, ferulic aldehyde and ferulic acid have been identified as the 

degradation products (Tonnesen et al., 1986; Wang et al., 1997). Light sensitivity is 

decreased by the addition of aluminium ions, which form a complex with curcumin and 

thus protect degradation by light. We stored our stocks in amber-colored tubes to protect 

it from light. Genetic factors such as variations in the human phospholipase Cγ2 gene 

could also account for curcumin’s inability to completely inhibit this enzyme despite 

inhibiting the upstream Syk. PLCG2 is a large gene, containing 32 exons and it is highly 

polymorphic. In one study, 24 variants were identified in 35 individuals (Wang et al., 

2001). 

 

It is worth mentioning here that curcumin has been shown to possess inhibitory effects on 

thromboxane generation (Shah et al., 1999). However, our experimental conditions 

excluded this possibility because the platelet rich plasma (PRP) was pre-incubated with 

aspirin to completely block the generation of thromboxane and its feedback pathway. 

Furthermore, we have evidence to support that the catalytic activity of Syk is affected by 

curcumin without affecting its phosphorylation. Thus, the subsequent signaling and the 

functional responses are abrogated. Nevertheless, we should be cautious in interpreting 
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the data because the possibility that curcumin can affect signaling molecules other than 

Syk, is still there. 

 

Pharmacokinetic parameters of curcumin that could potentially affect it oral 

bioavailability and ways to circumvent this issue 

 

Although curcumin is endowed with potent antioxidant, anti-inflammatory and anticancer 

properties, clinical research and application are limited by its poor oral bioavailability. 

Conventional curcumin preparations are poorly absorbed (Jurenka, 2009; Villegas et al., 

2008). Human chronic pharmacokinetic studies indicate that free curcumin remains at or 

below 25 nM in plasma over an oral daily dosage range of 3.6-12 g conventional 

curcumin preparation taken for a week or longer (Villegas et al., 2008). This poor 

average bioavailability is compounded by great variability among subjects (Vareed et al., 

2008). The primary problems limiting bioavailability of curcumin are poor solubility in 

water, molecular instability including rapid hydrolytic degradation, and rapid molecular 

modification by conjugation, mostly in the liver, to the glucuronide and sulfate forms that 

are rapidly excreted (Marczylo et al., 2007). These metabolites have unknown bioactivity 

and unlikely cross the blood-brain barrier. Some benefits of curcumin, such as the 

potential protection from colon cancer, may not require systemic absorption. 

 

Curcumin phytosome (Meriva®), a recently developed complex of curcumin and a 

phospholipid, may remove this limitation on the clinical efficacy of the curcumin 

complex. As with other phytosome preparations, the curcumin molecule’s limited 
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solubility should be mitigated by the presence of phosphatidylcholine. The 

physicochemical enwrapment of the polyphenol molecule by the larger 

phosphatidylcholine molecule may well decrease its molecular instability to improve its 

effective half-life. In one study, creating a complex of curcumin with soy phospholipids 

resulted in an increase of the plasma concentration of curcumin by 5-fold reaching 33.4 

nanomolar in comparison to 6.5 nanomolar obtained with an equal molar quantity of 

unformulated curcumin administered as control (Marczylo et al., 2007). Another 

approach to increase its bioavailability is co-supplementation with piperine (extracted 

from black pepper). Piperine 20 mg significantly increased the absorption of curcumin by 

2000% in a study funded by a prominent manufacturer of piperine (Shoba et al., 1998). 

However, the increase in absorption only occurred during the first hour, after which the 

difference between the piperine-curcumin and the regular curcumin was almost the same 

as far as absorption. Due to its effects on the drug metabolizing cytochrome P450 enzyme 

complex, piperine should be taken cautiously by individuals taking other medications. A 

polymeric nanoparticle-encapsulated formulation of curcumin (known as nanocurcumin) 

has been synthesized which has the potential to bypass many of the shortcomings 

associated with free curcumin, such as poor solubility and poor systemic bioavailability 

(Bisht et al., 2007). Nanocurcumin particles have a size of less than 100 nanometers on 

average, and demonstrate comparable to superior efficacy compared to free curcumin in 

human cancer cell line models. However, actual in vivo absorption has not been 

demonstrated with this nanoparticle. Tetrahydrocurcumin (THC) is a more stable 

metabolite of curcumin that was noted to achieve a concentration of more than 5 mM in 

the brain in vivo, 50 times that found in clinical studies (Begum et al., 2008). 
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Alternatively, dissolving curcumin in hot water or in warm oils prior to ingestion may 

possibly increase bioavailability; however, no published studies to date have documented 

this. Cooking with curcumin and oil may increase absorption, but peer-reviewed 

scientific literature has not documented this, while the literature has documented 

concerns regarding the heat stability of curcumin and its degradation in the gut. 

 

In the next section, I will discuss relevant questions and issues that arose from my second 

study on the regulation of PKCζ in platelets. 

 

The correlation or lack of, between the activation loop and turn motif 

phosphorylations with the catalytic activity of PKCζ . 

 

The overall mechanisms by which the catalytic activity of protein kinase C enzymes is 

regulated involve, binding of co-factors such as DAG, Ca2+, PS; release of the 

autoinhibitory pseudosubstrate binding; and phosphorylation of key residues present in 

the activation loop, turn motif and hydrophobic motif of the kinase domain. PKCζ 

belongs to the atypical class of PKCs and is the only member of the class expressed in 

human platelets. They do not respond to second messengers DAG and Ca2+. However, 

PIP3 could modulate its activity. At least in some cell types, the pseudosubstrate is quite 

possibly already released form the substrate binding pocket, so that the enzyme is already 

membrane-bound and active (Luiken et al., 2009). The phosphorylation of the threonine 

410 residue present in the activation loop has been shown to be critical in regulating its 

catalytic activity (Chou et al., 1998). The phosphorylation of threonine 560 residue, the 
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sole autophosphorylation site, present in the turn motif, is also required for full kinase 

activity (Standaert et al., 2001; Standaert et al., 1999). 

 

The exact mechanisms of regulation of PKCζ activation remain elusive. However, few 

possibilities have been proposed. PI3-kinase has been shown to be both necessary and 

sufficient to activate PKCζ in vivo, because PI3-kinase inhibitor wortmannin used at a 

concentration that inhibits the accumulation of PI3-kinase lipid products PI(3,4)P2 and 

PI(3,4,5)P3, could abolish the activation of PKCζ (Chou et al., 1998). Phosphoinositide-

Dependent Kinase-1 (PDK-1) binds with high affinity to the PI3-kinase lipid product 

PI(3,4,5,)P3. Using co-transfection experiments, it was shown that PDK-1 stimulates the 

phosphorylation of the activation loop thr410 residue of PKCζ, thus leading to its 

activation in vivo. Furthermore, PKCζ and PDK-1 seem to be constitutively associated. 

Whether this phenomenon is universal in nature is not known. Nevertheless, at least in 

some cell systems, the PDK-1-mediated phosphorylation of the activation loop threonine 

410 correlates with its kinase activity. In another study, it was shown that the free kinase 

domain of PKCζ (CATζ), which does not have the pseudosubstrate-containing regulatory 

domain, lacks any constitutive activity (Smith et al., 2002). CATζ required 

phosphorylation of thr410 residue for its kinase activity. Furthermore, findings with the 

T410A/T560E-PKCζ (where thr410 is substituted with alanine to render it inactive and 

thr560 is substituted with glutamate to mimic phosphorylation) and T410E/T560A-PKCζ 

(where thr410 is substituted with glutamate to mimic phosphorylation and thr560 is 

substituted with alanine to render it inactive) double mutants (Standaert et al., 2001), 

suggested that (i) phosphorylation of threonine-410 is required for full activation and 
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activity of PKC-ζ, and cannot be circumvented simply by phosphorylation of the 

threonine-560 autophosphorylation site; (ii) in addition to threonine-410, phosphorylation 

of threonine-560 is required for full activation and activity of PKC-ζ; (iii) the defect in 

activation and activity of the T560A single mutant cannot be simply attributed to an 

inability to phosphorylate the threonine-410 residue of this mutant. Furthermore, PIP3 

provoked dose-dependent increases in the activity of the T410E/T560E PKC-ζ double 

mutant, but there were no discernible effects of PIP3 on the truncated Δ1−247 PKC-ζ, 

which lacks the entire N-terminal regulatory domain. These suggested that PKC-zeta 

enzyme activity can be regulated through phosphorylation-independent but 

conformational/allosteric-dependent relief of pseudosubstrate autoinhibition (Standaert et 

al., 2001). Therefore, phosphorylation of thr410 and thr560 may not necessarily correlate 

into its catalytic activity. 

 

Not surprisingly, in a subsequent study, it was clearly shown that PKCζ could have 

catalytic activity which is independent of thr410 phosphorylation (Ranganathan et al., 

2007). Using ion exchange chromatography, the authors separated three species of CATζ 

which had different levels of thr410 phosphorylation with one of them being completely 

devoid of any thr410 phosphorylation. All three species were active and their activity was 

not correlated with thr410 phosphorylation. This indicated that the catalytic activity of 

PKCζ does not solely depend on the activation loop phosphorylation. The possible 

explanation was a contribution from tyrosine phosphorylation because it was detected in 

all the three species as well as in the full length enzyme. A tyrosine residue 428 which is 

present in close proximity of the RD motif of the catalytic loop and of thr410 in the 
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activation loop, has been predicted to be phosphorylated. Phosphorylated tyr428 would 

interact with two key positively charged residues to create a conformational change 

similar to that formed by phosphorylated thr410. 

 

Another postulated mechanism of PKC zeta activation is by phospholipase D2 (PLD2). 

Phox homology (PX) domain of PLD2 directly interacts with the kinase domain of PKCζ 

and this interaction enhances the PKCζ activity (Kim et al., 2005a). And PLD2 does so in 

a lipase activity-independent manner. This direct interaction also enhances thr410 

phosphorylation on PKCζ and the subsequent signaling. Furthermore, PLD2-PX domain 

is necessary for the formation of a ternary complex with PKDK-1 and PKCζ. 

Interestingly, PLD2 has been shown to be present in platelets (Vorland et al., 2008). 

Whether the constitutively phosphorylated thr410 that we have observed in my work is 

due to a direct interaction with PLD2, will be investigated in future experiments. 

Additionally, we will be immunoprecipitate PKCζ from unstimulated and stimulated 

platelets, and perform a kinase assay using a known substrate to examine whether thr410 

phosphorylation correlates with its activity. 

 

One other important question that remains to be answered is, how threonine-560 can 

remain phosphorylated in the absence of threonine-410 phosphorylation after platelets are 

stimulated with agonist. Clearly, this is a piece of the puzzle that does not fit. However, a 

possible explanation I have is that, since thr560 is a major autophosphorylation site, it is 

able to phosphorylate itself even after the activation loop phosphorylation signal is gone. 

As explained earlier, thr410 phosphorylation does not necessarily correlate with the 
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catalytic activity. So, the kinase could still be active, at least partially, so that it is able to 

phosphorylate the thr560 residue. Whether, phospho-thr560 signal on its own is sufficient 

to sustain the full kinase activity, is not known. A kinase assay of the immunoprecipitated 

PKCζ might provide some answers. 

 

Potential functional role/s of PKCζ in platelets and tools to investigate them 

 

Our group and others have previously shown that human platelets express PKCζ. In my 

work, we have confirmed this previous finding. However, nothing so far has been 

described in the literature regarding its physiological functions in human platelets, even 

though it has been worked out at length in other cell types such smooth muscle cells, 

adipocytes, cell lines, etc. We started this project to delineate the mechanism of 

regulation, the molecular signaling pathways and the physiological roles of this enzyme 

in platelets. After confirming its expression, we next investigated whether it could get 

phosphorylated; this is an important post-translational modification that alters the 

enzymatic activity of many signaling proteins. We observed that it is constitutively 

phosphorylated at key threonine residues, which are implicated in regulation of its 

activity. Therefore, it is possible that PKCζ is constitutively activated and active in 

platelets under resting conditions. There is at least one report that suggests that similar 

mechanism is in place in another cell type (Luiken et al., 2009). 

 

Another interesting aspect of this study is the dephosphorylation of the activation loop 

thr410 after agonist stimulation but only under the conditions of integrin αIIbβ3 
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activation. When platelets are stimulated with agonists under non-stirring condition, the 

basal phosphorylations were not affected. This gave us a clue as to the regulatory 

mechanism of its dephosphorylation. In all likelihood, an integrin-dependent (outside-in) 

signaling is required to dephosphorylate the thr410 residue. And since integrins do not 

have any intrinsic phosphatase activity, a ser/thr protein phosphatase linked to the 

integrin activation, has to perform this dephosphorylation. PP1 and PP2A are the two 

possible candidates. Not surprisingly, blockade of both the integrin as well as ser/thr 

phosphatases could prevent the dephosphorylation of thr410, despite the platelets being 

stimulated with agonists under stirring condition. This strongly suggested that outside-in 

signaling is indeed required to dephosphorylate the thr410 residue. In platelets, outside-in 

signaling has been implicated in cytoskeleton rearrangements such as lamellipodia and 

filopodia formation, clot retraction, etc. Therefore, it can be speculated that PKCζ might 

have a role in these processes. To cite an example to elucidate this point, in the 

acentrosomal spindle poles and the kinetochore region of fertilized mammalian egg 

arrested at meiotic metaphase II (MII), phosphorylated PKC zeta (p-PKCζ) co-localized 

with a known microtubule stabilizing component Glycogen Synthase Kinase 3beta 

(GSK3beta). p-PKCζ phosphorylated GSK3beta on the ser9 position inactivating 

GSK3beta and consequently maintaining spindle stability during meiotic metaphase 

arrest (Baluch et al., 2008). Another instance where PKCζ plays a role in cytoskeletal 

reorganization is in mesangial cells where it mediates filamentous actin disassembly and 

hypocontractility during high glucose state (Whiteside et al., 2002). 

 

There is evidence that both outside-in signaling from the fibrinogen receptor, and inside-
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out signaling from the P2Y1 and P2Y12 receptors are necessary for phospholipase A2 

activation, resulting in arachidonic acid liberation and thromboxane A2
 generation (Jin et 

al., 2002). From my work, PKCζ is possibly regulated via an integrin-mediated signaling 

pathway. Therefore, PKCζ might have a role in thromboxane generation, at least in 

certain agonist-mediated platelet activation pathways. This will be another focus of our 

future experiments. 

 

To investigate the functional roles of PKCζ in platelets, we had earlier utilized a 

commercially available myristoylated PKCζ pseudosubstrate peptide. Unfortunately, the 

peptide by itself led to platelet agglutination or destruction, even at concentration as low 

as 5 µM. Therefore, we could not proceed further with this tool. Web searching for 

relevant literatures regarding small inhibitory molecules resulted in a disappointment. 

The next option we have is the genetically modified mice which are null for this enzyme. 

PKCζ knockout mice are available and we are currently in the process of negotiating 

their procurement. We can perform all relevant platelet functional studies such as 

aggregation, secretion, calcium mobilization, thromboxane generation, in vivo 

thrombosis, etc., on these mice. 
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SUMMARY 

 

Platelets are important players in hemostasis and thrombosis. The molecular signal 

transduction pathways from receptor activation all the way culminating in platelet 

activation are very complex and are highly regulated. Protein kinase enzymes play crucial 

roles in these processes. My work focuses on, i). Regulation of Syk, a very important 

tyrosine kinase implicated in the GPVI-mediated platelet activation, by curcumin derived 

from food spice turmeric; and ii). Regulation of PKC-zeta, an atypical isoform of the 

protein kinase C family of serine/threonine kinases which are important signaling 

enzymes in platelets. Form chapter 2, we have shown that curcumin dose-dependently 

inhibits the GPVI-mediated platelet functional responses such as aggregation, dense 

granule secretion, via interfering with the kinase activity of Syk without affecting the 

phosphorylation of its activation loop tyrosines 525/526. The subsequent activation of 

PLCγ2 is also correspondingly inhibited. This inhibitory action of curcumin is not due to 

an inhibition of thromboxane generation because all our experiments were performed 

using aspirin-treated platelets. We propose that the biological property of curcumin 

described in my study could be further explored for the purpose of developing a safe and 

efficacious anti-thrombotic therapy in the future. In chapter 3, we have confirmed that 

human platelets express PKCζ, an atypical isoform of PKCs. We have discovered that it 

is constitutively phosphorylated at the activation loop threonine 410 and turn motif 

threonine 560 residues, under basal resting condition. After agonist stimulation in a time- 

and concentration- dependent manner under the condition of integrin αIIbβ3 activation, 
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only the threonine 410 residue gets dephosphorylated. Correspondingly, this 

dephosphorylation could be preventd by blocking the integrin with an antagonist SC-

57101 and by inhibiting ser/thr phosphatases with okadaic acid. The specific isoforms or 

types of phosphatase/s responsible for this phenomenon in platelets is not known at the 

present time. Of note, the basally phosphorylated threonine 560 residue remained 

unaffected by agonist treatment, integrin activation, integrin blockade and phosphatase 

inhibition. The physiological significance of these constitutively phosphorylated states 

and the subsequent differential dephosphorylation, is currently not known. It can be 

speculated that, since these residue have been shown to be important for PKCζ activity, 

this enzyme could be constitutively active in platelets and thus act as a negative regulator 

of platelet functional responses. Future experiments utilizing genetically modified mice 

will shed some light into these queries. 
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