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ABSTRACT OF DISSERTATION

MOLECULAR CHARACTERIZATION OF THE PROTEIN-PROTEIN 
INTERACTION BETWEEN HTLV-1 TAX AND GSK-3p

The human T-cell leukemia virus type 1 (HTLV-1) encodes a viral 

oncoprotein termed Tax, which plays a major role in transforming HTLV-1- 

infected cells. Tax is a potent transcriptional activator that stimulates HTLV-1 

viral and cellular gene transcription. In addition, Tax disrupts a number of cell 

signaling pathways involved in cell growth and survival. Glycogen synthase 

kinase-33 (GSK-33) is a ubiquitously expressed serine/threonine kinase present 

in all eukaryotic cells, which functions as a critical regulator of a wide range of 

cell signaling pathways. As GSK-33 is constitutively active in resting cells, it is 

primarily regulated through inhibition. Ser-9 phosphorylation is inhibitory to the 

kinase activity of GSK-33. Deregulation of GSK-33 has been linked to many 

human diseases such as Alzheimer’s disease and cancers.

It has been reported in Aida Ulloa’s thesis that Tax inhibits GSK-33 kinase 

activity toward both primed and non-primed substrates through direct association. 

To delineate the protein-protein interaction between Tax and GSK-33, we 

compared the amino acid sequence of Tax with a well-characterized short 

peptide deriving from the GSK-33 interacting domain (GID) of Axin, and found 

that Tax contains a notable amino acid sequence homology to Axin GID. The 

region spanning Tax amino acids 185 -  205 has 24% sequence identity and 19% 

similarity with Axin GID. We named this region the putative Tax GID. We 

characterized the putative Tax GID biochemically, and discovered that a longer
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peptide (Tax aa. 138 -  205) of the putative Tax GID strongly inhibits GSK-3(3 

kinase activity in vitro. Bioinformatics computation was used to predict the 

secondary structure of the Tax GID, which was further used in our docking test to 

identify a potential binding interface in GSK-3p. This was tested by GST pull-

down and Co-IP assays using point and deletion mutants. In addition, the effects 

of Tax-GSK-3(3 interaction on the downstream (3-catenin and NFAT pathways 

were characterized by luciferase reporter assays. However, unexpectedly, we 

observed that Tax expression has little effects on p-catenin and NFAT 

transcriptional activation.

Guoliang Wang
Department of Biochemistry and Molecular Biology

Colorado State University 
Fort Collins, Colorado 80523 

Spring 2010
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Chapter 1 Introduction to HTLV-1, Tax, and GSK-3p

Chapter 1 covers the background and significance of human T-cell leukemia 

virus type 1 (HTLV-1) and the two well-known diseases it causes: adult T-cell 

leukemia (ATL) and tropical spastic paraparesis. Selected details of the viral 

RNA genome, life cycle and the cell signaling pathways affected by Tax are also 

included to give readers a broader picture of the retrovirus. This will be followed 

by an introduction to the two major protein players in this study: Tax and GSK-3[3. 

The last part of this chapter presents the rationale, objectives and significance of 

the study.

1.1 Human T-cell Leukemia Virus Type 1 (HTLV-1)

Clustered cases of adult T-cell leukemia (ATL) in West part of Japan were a 

key event for the discovery of the first human retrovirus, HTLV-1, in the late 

1970’s. That evoked enormous attention from physicians, oncologists, and 

virologists. Scientists from Japan and the United States separately identified 

HTLV-1 as the etiological agent responsible for ATL in the early 1980’s. The 

symptoms of ATL include hypercalcemia, lytic bone lesions and skin lesions. ATL 

cells have remarkable lobulated nuclei, chromosomal abonormalities, and 

surface phenotypes (1, 2).In addition to ATL, researchers found the association 

between HTLV-1 and another disease known as tropical spastic 

paraparesis/HTLV-1 associated myelopathy (TSP/HAM), which is immune- 

mediated.



HTLV-1 is primarily transmitted vertically from mother to infant through 

breastfeeding or in utero. Additionally, HTLV-1 can be transmitted horizontally via 

blood transfusion or sexual intercourse. The transmission of HTLV-1 virions rely 

on cell-to-cell contact within infected individuals, as there is no detectable virions 

in the serum. Most infected individuals remain asymptomatic throughout their 

lifetime, only a small percentage (< 5%) of the infected population develops 

HTLV-1-associated diseases such as ATL. An average latency period of 20 -  30 

years has been reported between the time of HTLV-1 infection and development 

of disease (3). Currently, there are approximately 1 0 - 2 0  million people infected 

by HTLV-1 in the world (4).

1.1a Adult T-cell Leukemia

ATL is a highly aggressive malignancy of CD4+ T-lymphocytes, which is 

almost always fatal. It is characterized by rapid and uncontrolled proliferation of 

mature transformed CD4+ and CD25+ T-cells. The mean survival of patients in 

the acute phase of ATL is only 6 months. The symptoms of ATL include 

hypercalcemia, lytic bone lesions, and skin lesions due to infiltrating leukemic 

cells.

In HTLV-1 infected individuals, the provirus is randomly integrated in the 

chromosomal DNA of the host’s T-cells. However, in ATL patients, the HTLV-1 

provirus is integrated in a clonal fashion, with one copy of the provirus integrated 

in the same chromosomal locus in each cell. Tumor cells derived from ATL 

patients do not have detectable replicating virus, suggesting that HTLV-1 is not 

actively involved in maintaining the leukemic state, but rather, is involved in



promoting cellular transformation. The spread of HTLV-1 within infected 

individuals depends on the mitotic replication of T-cells.

The pathogenesis of ATL appears to involve a process of viral protein 

expression leading to oncogenic mutation and cellular immortalization. 

Furthermore, HTLV-1 has evolved complex apoptosis evasion strategies, and 

HTLV-1-infected cells are highly resistant to multiple pro-apoptotic stimuli, 

including death receptor-mediated stimuli, DNA damage-induced stimuli, and y- 

irradiation compared to uninfected normal cells (5-9).

1.1b HTLV-1 Life Cycle

The HTLV-1 virion is about 100 nm in diameter, and has an envelope at the 

outside, decorated with transmembrane glycoproteins. The internal nucleocapsid 

is a roughly spherical, which contains two identical single-stranded, positive- 

sense genomic RNAs. Moreover, the catalytically active enzymes integrase, 

protease and reverse transcriptase reside in the nucleocapsid.

The HTLV-1 life cycle begins with the attachment of virions to receptors on 

the surface of host cells, followed by injection of the virion core content into the 

host cell cytoplasm. HTLV-1 can infect a variety of cell types, including T- 

lymphocytes, B-lymphocytes, monocytes, and fibroblast (8). Glucose transporter 

1 (GLUT-1) has been identified as receptor for HTLV-1, which is ubiquitously 

expressed on cell surfaces (9).

HTLV-1 utilizes its reverse transcriptase to synthesize proviral double-

stranded DNA from the single-stranded RNA genome, which is then integrated



into the host cell genome with the aid of the viral integrase. After the 

chromosomal integration, the HTLV-1 provirus replicates during host cellular 

DNA replication (Fig. 1.1), The viral genome integration is essential for lifelong 

infection and evasion of host immune clearance, allowing diseases with long 

latency.
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Figure 1.1. The HTLV-1 life cycle. Major events in the viral replication cycle 
include adsorption and entry, reverse transcription, nuclear transport and 
integration, viral gene expression, viral protein synthesis, processing, and 
assembly.



1.1c HTLV-1 Genome

HTLV-1 belongs to the 5-type retrovirus genus, which also includes bovine 

leukemia virus (BLV), HTLV-2, and simian T-cell leukemia virus (STLV). The 

HTLV-1 proviral genome is about 9 kb, and contains gag, pro, po/and env genes, 

flanked by long terminal repeats (LTR). The HTLV-1 LTR contains the viral 

promoter and other regulatory elements and is divided into the U3, R, and U5 

regions. The gag region encodes the capsid (CA), nucleocapsid (NC), and matrix 

(MA) retroviral structural proteins. The env gene encodes the transmembrane 

(TM/gp 21) and surface (SU/gp 46) glycoproteins, whereas the pol gene encodes 

reverse transcriptase (RT), integrase (IN), and protease, the latter of which 

cleaves viral polyproteins. A schematic of the HTLV-1 genome and provirus is 

shown in figure 1.2. The US region contains three highly conserved 21-base-pair 

(bp) repeat sequences called viral cyclic AMP response elements (vCREs) that 

control proviral transcription (10). The HTLV-BLV groups of retroviruses share a 

pX region located between env open reading frame (ORF) and the 3’ LTR. The 

pX region encodes a few major nonstructural proteins including Tax, Rex, and 

accessory proteins (p i2, p30, p21 and HBZ). The molecular weights of Tax and 

Rex are 40 kDa and 27 kDa, respectively. Tax protein is critical for viral gene 

transcriptional activation. It is also responsible for promoting cellular proliferation, 

which is believed to contribute to ATL. Rex is a post-transcriptional regulatory 

protein. Increased expression of Rex suppresses the expression of the fully 

spliced pX mRNA.
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Figure 1.2. Schematic representation of the HTLV-1 RNA viral genome 
and proviral genome. The gag and pol proteins are expressed from the full- 
length genomic viral transcript, which encodes the transmembrane 
glycoproteins and protease. The env protein, a component of the envelope, is 
translated from a singly-spliced viral RNA. The Tax and Rex proteins are 
expressed from a doubly spliced viral RNA. Tax is a potent viral transcriptional 
activator that binds the promoter region of HTLV-1 genome and deregulates 
cellular genes.



1.2 The HTLV-1 Tax Protein

The 40-kD Tax protein is essential for viral replication and malignant 

transformation of HTLV-1-infected T-cells (11). Tax also functions as a potent 

transcription activator of viral and cellular genes, and has been reported to 

disrupt a number of cell signaling pathways by deregulating the expression or 

function of key protein regulators in important cell signaling pathways (11, 12).

1.2a Regulation of Viral Gene Expression by Tax

Tax expression is necessary for efficient production of the viral mRNA (IS -

IS). Tax activates HTLV-1 gene expression via interactions with the activating 

transcription factors, cyclic AMP response element binding protein (ATF/CREB) 

family members and the paralogous coactivators CREB-binding protein (CBP) 

and pSOO, which assemble into a multiprotein complex on the 21-bp enhancer 

elements known as viral CREs (vCREs). There are three vCREs upstream of the 

RNA transcription initiation site in HTLV-1 LTR. Each enhancer element carries a 

core off-consensus CRE immediately flanked by GC-rich DMA sequences, which 

is conserved in all HTLV family members. The cellular transcription factor CREB 

binds the vCRE as a homodimer through its leucine zipper domain, and Tax 

associates with the vCREs through protein-DNA interactions and protein-protein 

interactions with CREB (17, 18). The three vCREs of HTLV-1 serve as c/s-acting 

enhancer elements, which are required for Tax transactivation (10, 19-23).

Kwok et al (24) found that Tax and CREB activate HTLV-1 transcription 

through recruitment of the transcriptional co-activator CBP to the promoter. 

Furthermore, they showed that the vCRE activation is independent of CREB



phosphorylation (24). In sharp contrast, however, a recent study from the Nyborg 

laboratory indicated that the Tax and CREB complex on vCRE is deficient for full- 

length CBP/p300 recruitment and transcriptional activation (25). Tax requires 

association with phosphorylated CREB for recruitment of CBP/p300. Tax, 

present at the GC-rich sequences flanking the vCREs region (17), binds pCREB 

and stabilizes the protein complex, which therefore facilitates the recruitment of 

CBP/p300 to vCREs and the subsequent transcriptional activation (26). The 

transcriptional activity of CREB is largely activated by phosphorylation of its Ser- 

133 residue, which is mediated by numerous protein kinases (27-33). Elevated 

levels of phosphorylated CREB have been reported in several HTLV-1-infected 

T-cell lines (26). Furthermore, several studies show that Tax induces CREB 

phosphorylation in vivo (26, 34, 35), driving constitutive elevated viral and cellular 

gene expression.

1.2b Tax Deregulation of Cell Signaling Pathways and Gene Expression

Tax has been reported to immortalize primary rodent cells and primary 

human T-cells derived from peripheral blood or cord blood (11, 36, 37). In 

addition to the fact that Tax is a potent transcriptional activator of HTLV-1 gene 

expression. Tax is involved in deregulating numerous cell signaling pathways, 

leading to alteration of gene expression patterns, cellular proliferation, malignant 

transformation, and tumorigenesis. Tax stimulates transcription of numerous 

cellular genes through deregulating signal transduction pathways including the 

phosphoinositide 3-kinase (PI3K), NFAT, NF-k B and AP-1 pathways. 

Comparison of gene expression profiles between HTLV-infected and uninfected



T-cells revealed numerous differences in the expression of signaling molecules 

including cytokine receptors and cytokines (38, 39). These alterations caused by 

Tax contribute to cellular transformation.

The PI3K/Akt signaling pathway plays an important role in regulating cell 

cycle progression and cell survival. Activation of the PI3K/Akt signaling pathway 

is associated with cellular growth stimulation and the evasion of apoptosis. PI3K 

is a heterodimer enzyme composed of a p85 regulatory subunit and a p110 

catalytic subunit (40) that phosphorylates phosphoinositides and leads to the 

phosphorylation and activation of Akt (aka. Protein Kinase B). PI3K/Akt is 

constitutively activated in HTLV-transformed Rat-1 cells and is involved in cell 

transformation (41). Moreover, Akt is a serine/threonine kinase whose activation 

is oncogenic and is found in many types of cancer (42).

The activity of PI3K is tightly regulated in normal cells by many different 

mechanisms. It is currently believed that the p i 10 and p85 subunits form a 

complex in the cytoplasm of resting cells; the p85 regulatory subunit not only 

stabilizes the pi 10 catalytic subunit but also inhibits its lipid kinase activity (43, 

44). Peloponese and Jeang (42) utilized Co-IP studies to demonstrate that Tax 

binds the p85 but not the pi 10 subunit, which diminishes the interaction between 

p i 10 and p85 in Tax-expressing T-cell lines. This gives rise to constitutive 

activation of PI3K in Tax-expressing cells.

Recent studies indicated that Tax dysregulates the (3-catenin pathway 

through activating the PI3K/Akt pathway, which results in the stabilization and 

accumulation of (3-catenin in cytoplasm (45, 46). Stabilized (3-catenin co-activates

10



the human T-ceil factor (Tcf)/lymphoid enhancer factor (Lef) target genes that 

include well-known oncogenes such as c-myc (47) and cyclin D1 (48). Aberrant 

stabilization of |3-catenin is highly oncogenic and high-level expression of (3- 

catenin is found in several leukemic cell lines (49-51) .

1.2c Functional Regions of Tax

The full-length HTLV-1 Tax protein consists of 353 amino acids that can be 

divided into multiple functional regions (Fig. 1.3). Tax interacts with a variety of 

host transcriptional factors and modulates their functions directly or indirectly. 

Tax functionality relies heavily on its subcellular localization in the nucleus where 

it interacts with and modulates nuclear transcription factors. The nuclear 

localization signal (NLS) of Tax is located in the amino terminal 58 residues (52, 

53) and consists of a weakly basic domain with a large number of cysteine and 

histidine residues. The N-terminal 58-amino acid cysteine/histidine rich region 

makes up a zinc-finger-like motif within Tax that is important for the HTLV-1 LTR 

transactivation function and for correct protein folding (54). In addition, the Tax 

NLS region is involved in interaction with CREB (55, 56).

Tax dimerization is required for optimal transactivation of gene transcription 

(57), as indicated by yeast two-hybrid assays and mutational analysis (58). The 

dimerization region of Tax includes amino acids 127 -  228. Tax dimerization 

increases its activity and therefore is important for transcriptional activation of the 

HTLV-1 promoter; point mutants in this domain are unable to mediate viral 

transcription in vivo (57, 59, 60).

11
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Figure 1.3. Functional Regions of HTLV-1 Tax.
NLS: nuclear localization signal; NES: nuclear export signal. Adapted from reference (68).



Seminal work by Lenzmeier et al provided the first evidence that Tax directly 

binds to the minor groove of the GC-rich sequences of the viral CREs (17, 61). 

Interruption of the Tax protein-DNA interaction abolishes Tax transactivation 

activity in vitro, therefore the protein-DNA interaction is critical for Tax to 

transactivate gene expression (62). The DNA interaction region in Tax was 

isolated between amino acids 89 and 110 (61).

Mutational analysis of the full-length Tax uncovered a minimal transactivation 

domain in the carboxyl terminus spanning amino acids 284-325 (63). The 

minimal transactivation is thought to be responsible for forming important protein- 

protein interactions with basal transcription factors and/or coactivators (64-66). 

The M47 Tax mutant, a double-point mutation of amino acids 319 and 320 

(L319R/L320S) in the transactivation domain, abrogates HTLV-1 transcription in 

vivo. Another study using the M47 Tax mutant suggested that the Tax 

transactivation domain plays a role in recruiting RNA polymerase II 

transcriptional machinery and/or coactivators (64).

As noted earlier. Tax plays an important role recruiting the transcription 

coactivators CBP/p300 to the vCRE/CREB/Tax ternary complex. A study by 

Harrod et al (67) identified the region of Tax critical for binding to CBP/p300 as 

amino acids 81 -  95, which is between the domains for CREB binding (or NLS) 

and dimerization. Mutations in this domain (R82A, K85A, K88A, and V89A) failed 

to transactivate HTLV-1 transcription in vivo (67).

13



1.2d Major Tax Interactome

Tax relies on interaction with many cellular proteins to exert its oncogenic 

influence on infected cells. The Tax-interacting cellular proteins include 

transcription factors, post-translational regulators, mitogen-activated kinases 

(MAPKs), cell cycle-related proteins, and some transport proteins [reviewed in 

reference (68)]. Interactome is defined as a complete set of macromolecular 

interactions; however, it is beyond the scope of this dissertation to give a 

comprehensive review of proteins interacting with Tax. Therefore, only a few 

important Tax-interacting proteins are selected for a brief review as below.

In the context of Tax transactivation of HTLV-1 transcription. Tax interacts 

with CREB at the leucine zipper region, which enhances CREB dimerization and 

increases its affinity for binding vCREs (59). In addition, Siu et al (69) reported 

that Tax physically associates with CREB co-activator proteins called 

transducers of regulated CREB activity (TORCs) that includes three members, 

namely, TORC1/2/3. Moreover, p300 enhances the transcriptional coactivation of 

TORCs. Their studies revealed that the depletion of TORC1/2/3 abrogates Tax 

transactivation activity. Collectively, Tax activates HTLV-1 transcription optimally 

by interacting with CREB, CBP/p300 and TORCs.

The ternary complex formed by Tax, pCREB, and vCRE function as a 

platform for recruiting CBP/p300. It has been reported that pCREB binds the KIX 

domain of CBP via its kinase-inducible domain (KID) (70), however pCREB alone 

is insufficient for recruiting full-length CBP/p300 (25). Tax needs to be present on 

the vCRE, together with pCREB, for effective recruitment of the transcriptional

14



coactivators (25, 26). In addition, Tax directly binds the KIX domain of CBP (24, 

71), but at a different surface within KIX from where pCREB binds (72).

Tax has also been reported to interact with the gene transcriptional repressor 

BCL6 (B-cell lymphoma 6) (73). The N-terminal poxvirus and zinc finger (POZ) 

domain of BCL6 is involved in its interaction with Tax. This protein-protein 

interaction enhances the repressive activity of BCL6, leading to down-regulation 

of Tax-induced HTLV-1 LTR transactivation and NF-k B expression, which may 

contribute to the viral gene silencing during the latency period after initial HTLV-1 

infection. This would allow HTLV-1-infected T-cells to avoid the host immune 

response.
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1.3 The Multi-tasking Kinase: GSK-3

Previous unpublished in vitro studies in the Nyborg laboratory indicated that 

Tax physically interacts with GSK-3(S, resulting in strong inhibition of its kinase 

activity. The work described in this dissertation built upon this preliminary 

observation, and focused on defining the interaction between Tax and GSK-3(3, 

and elucidating the mechanism of kinase inhibition. This section introduces GSK- 

3(3, and defines its general role in cell signaling pathways.

Glycogen Synthase Kinase 3 (GSK-3) is a multifunctional serine/threonine 

kinase present in all eukaryotic cells. GSK-3 has two isoforms, namely, GSK-3a 

(51 kDa) and GSK-3(3 (47 kDa). These two isoforms share 97% amino acid 

sequence identity within their kinase domains (74). GSK-3 was initially 

discovered in studies examining glycogen metabolism where it phosphorylates 

and inhibits glycogen synthase. Later studies showed that GSK-3 is involved in a 

wide array of cell signaling, ranging from gene expression, protein translation, 

cell proliferation, cytoskeleton regulation, to cell death. It functions as a key 

regulatory switch that determines the output of numerous signaling pathways 

initiated by an array of stimuli (74-76).

GSK-3(3 is the more widely studied and better characterized of the two 

isoforms. It is an atypical protein kinase in that it is active in resting cells. GSK-3(3 

is primarily regulated through inhibition of its kinase activity. Phosphorylation of 

Ser-9 at the N-terminus of GSK-3|3 is inhibitory to the kinase activity, whereas the 

phosphorylation of Tyr-216 on the activation loop stimulates (~5 fold) the kinase 

activity. GSK-3(3 regulates the function of many metabolic, signaling, and

16



structural proteins by phosphorylation. Among the signaling proteins regulated by 

GSK-3P are many transcription factors, including CREB, heat shock factor-1, 

nuclear factor of activated T-cell (NFAT), myc, p-catenin, and NF-k B (75). In 

contrast to other protein kinases, GSK-Sp has a peculiar preference for primed 

substrates, defined as proteins that have been previously phosphorylated by 

another kinase. Although there is not a strict consensus motif for substrates 

phosphorylated by GSK-Sp, many target proteins require prior phosphorylation at 

a serine or threonine by a priming kinase to form the phosphorylation motif (S/T- 

X-X-X-S/Tp) before efficient phosphorylation by GSK-Sp takes place. The 

transcription factor CREB is good example of a substrate that requires 

hierarchical phosphorylation by GSK-3p. CREB is not a GSK-3p substrate until it 

is first phosphorylated (or primed) by protein kinase A (PKA) or CaM kinase at 

Ser-133. The primary phosphorylation at Ser-133, together with residues 

neighboring Ser-133, provide the recognition motif (S^^^-R-R-P-pS^^^) required for 

efficient phosphorylation by GSK-3|3 at Ser-129. This sequential phosphorylation 

enables complex regulation of protein function.

Dysregulation of GSK-3(3 has links to many human diseases. Elevated 

activity of GSK-3(3 has been associated with type 2 diabetes and 

neurodegenerative diseases (77, 78), whereas aberrant inactivation of GSK-3p 

has been implicated in several types of cancer (79).

1.3a The Structure of GSK-Sp

GSK-3P is composed of 424 amino acids. The crystal structure of GSK-3P 

was simultaneously determined by three different research groups (80-82). The
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structure features a |3 barrel formed by seven anti-parallel (3 strands at the N- 

terminus (aa. 25-138) and an a-helical domain at the C-terminus (aa. 139-343). 

The basic residues Arg-96, Arg-180, and Lys-205 in the catalytic core of GSK-33 

form a positively-charged pocket that serves as the binding site for the priming 

phosphate present on primed substrates (80). The priming phosphate forms 

hydrogen bonds with Arg-96 of GSK-3p. In addition, the activation loop (aa. 200-

226) runs along the substrate binding groove and plays an important role 

positioning substrates in the catalytic domain for phosphorylation. A synthetic 

phospho-peptide, derived from GSK-33 amino acids 4-14, inhibits GSK-33 

kinase activity. This inhibition occurs because the hydrogen bond formed 

between phospho-Ser-9 in the peptide and Arg-96 in the kinase domain of GSK- 

33 excludes substrates from binding the catalytic domain of GSK-33 (83).

The C-terminus of GSK-33 features a hydrophobic groove formed by an a- 

helix (aa. 262 -  273) and an extended loop (aa. 285 -  299). This hydrophobic 

groove has been identified as binding site for both Axin (84) and FRAT1 (82). 

Therefore, Axin and FRAT1 competes for binding GSK-33 through the 

hydrophobic groove. Phe-291 and Phe-293 on the extended loop of GSK-33 are 

involved in the hydrophobic interaction with Axin and FRAT1 (84).

1.3b Regulation of GSK-33

Because GSK-33 regulates a wide range of cellular processes, it is tightly 

regulated by upstream signaling through very complex mechanisms [see 

reference (75) for review]. GSK-33 is primarily regulated through inhibitory 

phosphorylation of Ser-9 at its regulatory N-terminus. Phosphorylation at this site
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causes a conformation change that leads to the formation of a hydrogen bond 

between phospho-Ser 9 and Arg-96 in the catalytically active kinase pocket (83). 

This conformational change in GSK-3p prevents access of substrates into the 

catalytic domain, thus inhibiting the kinase activity of GSK-3p (83). Several 

protein kinases have been identified that target Ser-9 in GSK-3(B, including p70 

S6 kinase, p90Rsk, Akt, certain isoforms of PKC, and PKA (75, 85). Akt is 

implicated in the insulin receptor signaling pathway and directly phosphorylates 

Ser-9 of GSK-3(3 upon activation by PI3K. Protein phosphatase 2A reactivates 

GSK-3(3 by removing the inhibitory phosphate from Ser-9 (86). Many studies 

have focused on identifying the protein kinase signaling pathways that regulate 

the activity of GSK-3(3 (87, 88).

Lithium is a selective inhibitor of GSK-3(3 (113). Lithium induces 

phosphorylation of GSK-3p at Ser-9 through activating the PI3K/Akt pathway, 

leading to inhibition of the kinase activity of GSK-33 (89). In addition, lithium 

inhibits GSK-3P In vitro by competing with magnesium for the cationic binding 

site. However, lithium is not specific to GSK-3P, as it also inhibits other targets, 

including inositol monophosphatase (90) and other phosphomonoesterases 

structurally related to inositol monophosphatase (91, 92). GSK-3(3 is the most 

sensitive protein kinase to lithium inhibition (85).

In opposition to the inhibitory modulation of GSK-3(3 resulting from Ser-9 

phosphorylation or ligand binding (e.g. Axin GID), Tyr-216 phosphorylation on the 

activation loop enhances its kinase activity. Dajani et al performed a quantitative 

GSK-3P kinase assay using a phospho-primed peptide substrate, and they
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observed an apparent stimulatory effect of Tyr-216 phosphorylation on GSK-3P 

kinase activity, which was a 5-fold activation effect compared to the Tyr-216 

unphosphorylated form of GSK-3(3 (84). The physiological significance of Tyr-216 

phosphorylation of GSK-3P in mammalian cells is unclear, since phosphorylation 

at this site is constitutive in resting cells (93). Tyr-216 phosphorylation might 

facilitate substrate phosphorylation but is not strictly required for the kinase 

activity of GSK-3(3 (81). This suggests that the role of Tyr-216 phosphorylation on 

GSK-3(3 kinase activity is limited to enhancement, rather than direct activation.

1.3c Wnt Signaling

This section is designed to give readers background information on Axin, 

FRAT (frequently rearranged in advanced T-cell lymphoma), and the (3-catenin 

destruction complex present in the Wnt signaling pathway. GSK-3(3 in the 

destruction complex determines the output of the Wnt signaling by 

phosphorylating (3-catenin. These signaling molecules are important for 

understanding the design and interpretation of the research project described in 

the second chapter.

The Wnts are a family of secreted glycoproteins that mediate embryogenesis, 

cell growth, differentiation, migration and fate (94). Deregulation of the Wnt 

signaling pathway is associated with many human cancers, in particular 

colorectal carcinoma, melanoma, and heptocellular carcinoma (50, 95, 96). One 

of the pathways regulated by Wnts is the canonical Wnt pathway, which leads to 

activation of genes regulated by the Tcf/Lef family of architectural transcription 

factors (97-99). Cytoplasmic (3-catenin, an effector molecule, is essential to
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relaying the Wnt signals to the nucleus where gene expression patterns can be 

altered.

GSK-Sp plays a key inhibitory role in the Wnt signaling pathway. In 

unstimulated cells, GSK-3(3 phosphorylates the N-terminus of (3-catenin, targeting 

it for ubiquitylation and proteasome-regulated degradation, which is termed 

noncanonical Wnt pathway. Phosphorylation of p-catenin by GSK-3P occurs in a 

destruction complex, which consists minimally of GSK-3p, P-catenin, Axin and 

adenomatous polyposis coli (APC) (79). The Wnt signaling pathway inhibits 

GSK-3P to pass on the signal from cell surface down to the nucleus through the 

effector molecule p-catenin. Both protein complex formation and phosphorylation 

are implicated in the mechanism of Wnt-mediated GSK-3P inactivation (canonical 

Wnt pathway) (75). In response to Wnt signals, the cytoplasmic adaptor protein 

Dishevelled recruits the GSK-3P-binding protein FRAT1 through an unknown 

mechanism (100), which replaces Axin from binding GSK-3P in the destruction 

complex. As Axin is a substrate of GSK-3P, dissociation of Axin from GSK-3P 

results in the dephosphorylation of Axin (101), which further reduces its affinity 

for binding GSK-3p. Dissociated GSK-3P is inhibited by PKC or Akt 

phosphorylation of Ser-9 (102, 103). Collectively, the dissociation and inhibitory 

phosphorylation of GSK-3P lead to the cytoplasmic stabilization of p-catenin and 

its nuclear translocation. p-Catenin binds Lef/Tcf transcription factors and 

activates target genes involved in cell growth, cell cycle regulation and cell 

development [reviewed in reference (99)].
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1.3d Cellular Targets of GSK-Sp

GSK-3P substrates play important roles in a wide range of cellular processes. 

Phosphorylation of these substrates by GSK-3(3 is often inhibitory, as in the 

cases of glycogen synthase and P-catenin.

The phosphorylation of CREB at Ser-133 (pCREB) creates a consensus 

recognition site for subsequent phosphorylation by GSK-3P at Ser-129. The first 

phosphorylation at Ser-133 enhances the DNA binding activity of CREB (104), 

although this result remains controversial. Additionally, Ser-133 phosphorylated 

CREB has been shown to bind the KIX domain of CBP/p300 (105-107), however, 

pCREB recruitment of the full length coactivators has been called into question 

(25). Few studies have addressed the functional effects of the secondary 

phosphorylation at CREB Ser-129 by GSK-3p. Mutational analysis of CREB 

indicates that the mutation of Ser-129 -> Ala impaired the transcriptional activity 

of CREB in response to elevated cAMP levels (108). However, contradictory 

results on the activity of CREB following Ser-129 phosphorylation by GSK-3P 

have been reported. Fiol et al found that GSK-3P facilitated activation of CREB- 

regulated transcription in F9 cells (108). In contrast, Bullock and Habener 

provided evidence that phosphorylation of CREB by GSK-3P attenuated PKA- 

induced CREB DNA binding activity (104). Consistent with the latter report. 

Grimes and Jope found that CREB transcriptional activity was inversely related to 

GSK-3P activity in neuroblastoma cells, and that overexpression of GSK-3P 

attenuated the transcriptional activity of CREB (109). What is needed now is a 

careful biochemical analysis of the effect of GSK-33 phosphorylation of CREB on
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the binding of the coactivators CBP/p300. Does Ser-129/133 phosphorylated 

CREB bind the KIX domain of CBP/p300 with higher affinity than Ser-133 

phosphorylated CREB?

(3-catenin belongs to the catenin family that also includes the a- and y-catenin 

proteins. This transcription factor is mainly defined in the Wnt signaling, as 

described above in section 1,3c. The N-terminal region of p-catenin contains four 

highly conserved serine/threonine residues: Ser-45, Thr-41, Ser-37, and Ser-33. 

The protein kinase casein kinase la is responsible for Ser-45 phosphorylation, 

which serves as a priming phosphate site for the processive phosphorylation of 

Thr-41, Ser-37, and Ser-33 by GSK-3P (110-112). The phosphorylation of Ser-33 

and Ser-37 by GSK-3P triggers proteasome recognition and degradation of p- 

catenin. Tumorigenic mutations in P-catenin usually occur at these 

phosphorylation sites. These mutations are oncogenic, as they stabilize p-catenin 

by preventing proteasome-mediated degradation (96).

The NFAT (nuclear factor of activated T-cells) proteins are a family of 

transcription factors regulated by calcineurin (a Ca^'^-dependent phosphatase) 

and protein kinases. NFAT proteins include five structurally similar isoforms, 

named NFAT1-5. The NFAT proteins contain a DNA-binding domain structurally 

related to the REL-family transcription factor, which enables NFAT to bind DNA, 

however, the DNA binding capacity is weak. Therefore, NFAT needs to associate 

with other transcription factors to bind target gene promoters (113).
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NFAT proteins were initially characterized in Jurkat T-cells, but they are 

actually expressed in a many types of cells. NFAT plays an important role in 

immune response by regulating expression of the cytokine genes. In non-

activated T-cells, NFAT stays in the cytoplasm as a heavily phosphorylated 

protein, however, it is rapidly dephosphorylated and activated by calcineurin in 

response to the calcium signaling. Activated NFAT translocates to the nucleus 

where it associates with activator protein 1 (AP-1) and other transcription factors 

to stimulate target gene transcription including interleukin 2 (IL-2) (114).

The transcriptional activity of NFAT is countered by kinases that 

phosphorylate NFAT and expose its nuclear export signal. These kinases can be 

categorized as priming, maintenance, and export kinases (113). Priming kinases 

such as casein kinase 1 (CK1) are required to phosphorylate NFAT before GSK- 

3p phosphorylates and causes NFAT nuclear export and termination of NFAT 

target gene transcription. Maintenance kinases reside in the cytosol to prevent 

NFAT from nuclear entry. Therefore, GSK-3(3 causes nuclear export of NFAT, 

and GSK-3(3 inhibition leads to nuclear retention and activation of NFAT target 

genes (115, 116).

In addition to the aforementioned transcription factors, GSK-3P regulates 

several proteins involved in the cytoskeleton, including microfilaments, 

intermediate filaments, and microtubules. Phosphorylation of these structural 

proteins controls their association with the cytoskeleton, which regulates 

polymerization, stability and arrangement of microtubules, and the organelle 

transport in the cytoplasm (117). The most widely studied of these structural

24



protein substrates of GSK-3(3 are microtubule-associated proteins (MAPs). MAPs 

are primarily regulated by phosphorylation, therefore MAPs are main targets for 

kinases that are involved in microtubule regulation (118-121).

Tau, a protein predominantly expressed in neuronal axons, is a remarkably 

soluble neuronal MAP that normally functions to promote the assembly and 

stabilization of the microtubule cytoskeleton. Tau binds to microtubules in a 

phosphorylation-dependent manner, \Arhich contributes to the stability of 

microtubules and neuronal structure. The hyperphosphorylated tau has a 

reduced affinity for microtubules, which impairs its ability to promote microtubule 

assembly. Hyperphosphorylated tau is a major component in the paired helical 

filaments, which is a major building block of neurofibrillary lesions in Alzheimer’s 

brains (122). Therefore, an increase in hyperphosphorylated tau levels may 

result in the destabilization of microtubules, impairment of axonal transport, and 

aggregation of paired helical filaments, leading to neuronal degeneration (122). 

Tau is primarily regulated by kinases and phosphatases. GSK-3p has been 

shown to phosphorylate Tau on up to ten residues (122-125), which contributes 

to the neuropathogenesis of Alzheimer’s disease when GSK-3(B is deregulated.

MAP2 is another microtubule-associated protein regulated by GSK-3P 

phosphorylation (117). Only a subset of the phosphorylation sites on MAP2 has 

been identified and none have been well characterized. Kinases implicated in 

MAP2 phosphorylation are PKC, MARKs (MAP/microtubule affinity regulating 

kinases), and PDPKs (Proline-directed protein kinases) (126-129). It has been
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suggested that MAP2 is extensively phosphorylated at Ser/Thr-Pro motifs by 

GSK-33, which leads to the dissociation of MAP2 from microtubules (117).

To this end, GSK-33 exerts a critical influence on neuronal structure and 

cytoskeleton dynamics by phosphorylating the microtubule-associated proteins.

1.3e Cellular Proteins Interacting with GSK-SP

Axin is a substrate of GSK-3P and binds to the hydrophobic groove (formed 

by a-helix [amino acids 262 -  273] and the extended loop [amino acids 286 -  

300]) close to the C-terminus of GSK-3P (84). Phosphorylation of Axin enhances 

its binding to GSK-3p. The crystal structure of GSK-3P with Axin bound (PDB: 

109U) published by Dajani et al in 2003 (84) indicated that a peptide named Axin 

GID (GSK-3P interacting domain), derived from Axin amino acids 383 -  401, 

binds GSK-3P mainly through hydrophobic interaction (Fig 1.4A). By direct 

association, the Axin GID peptide inhibits the kinase activity of GSK-3P, whereas 

the full-length Axin does not (130). GSK-3P in the destruction complex of the Wnt 

signaling pathway is primarily regulated by the regulatory binding protein FRAT1. 

A synthetic peptide named FRATtide corresponding to FRAT1 amino acids 188 -  

226 binds and inhibits GSK-3P activity toward non-primed substrates, but not 

primed substrates (82, 130) (Fig. 1.4B). The interaction of FRATtide and GSK-3P 

blocks Axin from binding GSK-3P, which further prevents Axin-dependent P- 

catenin phosphorylation (82).

The KSHV (Kaposi’s Sarcoma-Associated Herpesvirus) viral protein LANA 

(Latency-Associated Nuclear Antigen) was recently found to interact with GSK-3P
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(131). Both the N-terminus and C-terminus of LANA are required for interaction 

with GSK-3(3. The region in LANA spanning amino acids 219 -  268 contains the 

phosphorylation site(s) for GSK-3(3. The other region located between amino 

acids 1112 — 1135 in the C-terminus of LANA is involved in the protein-protein 

interaction with GSK-3(3. The interaction region of LANA contains a low level 

amino acid sequence homology to Axin GID (132). Furthermore, the single-point 

mutation L1132 ^  P renders LANA unable to interact with GSK-3p. The results 

reported by Fujimuro et al in 2005 (131) indicated that LANA activates the p- 

catenin pathway through inhibiting and depleting cytoplasmic GSK-3p. However, 

this conclusion is being challenged by a recent study published in 2009. Hagen 

found that LANA did not regulate the kinase activity of GSK-3p, and the LANA- 

induced upregulation of p-catenin is independent of GSK-3P (133).
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Figure 1.4. Axin GID and FRATtide bind to the same hydrophobic groove 
in GSK-Sp. (A) Axin GID (the stick model) packs into the hydrophobic groove 
of GSK-Sp (PDB: 109U). Adapted from reference (84). (B) Crystal structure of 
GSK-3P and FRATtide demonstrates that FRAT binds to GSK-Sp in the same 
hydrophobic groove as Axin GID binds (PDB: 1GNG). Adapted from reference 
(82).
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1.4 Thesis Research Objectives and Significance

This research project was spawned from the initial discovery made by Aida 

Ulloa, an MS student in the Nyborg laboratory, that HTLV-1 Tax directly interacts 

with GSK-33, and inhibits its kinase activity directed toward Ser-133 

phosphorylated CREB. The objective of my thesis project was to characterize the 

protein-protein interaction between Tax and GSK-3(3, and characterize the 

downstream impact of GSK-3(3 inhibition by Tax. HTLV-1-associated malignancy 

is likely due to the interaction between Tax and a variety of transcription factors 

and critical cell signaling regulators. Because GSK-3(3 is a critical regulator in 

determining cell fate, investigating the interaction between Tax and GSK-3(3 may 

contribute to understanding HTLV-1-associated leukemogenesis.

To identify the interaction domains in both Tax and GSK-3(3, I performed a 

sequence alignment between GSK-3(3 interacting proteins and full-length Tax. 

Two GSK-3(3-interacting ligands appeared to be most interesting; Axin GID and 

FRATtide. These two short peptides derive from full-length Axin and FRAT1, 

respectively, and both peptides inhibit GSK-3P (82, 84, 130, 134, 135). The 

amino acid sequence alignment indicates a significant homology between Tax 

amino acids 185 -  205 and Axin GID and FRATtide. From these important 

observations, I hypothesize that this short region of Tax (aa. 185 -  205), which I 

called the putative Tax GSK-3(3-interacting domain, or Tax GID, is responsible for 

the direct interaction with GSK-3(3 and the resultant kinase inhibition. I 

constructed two deletion mutants of GSK-3(3 based on its crystal structure (84), 

and the results of my computer-aided comparative modeling and docking tests.
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The a-helix (aa. 262 -  273) and the extended loop (aa. 285 -  300) were deleted 

and characterized for interaction with Tax by co-immunoprecipitation (Co-IP) 

assays.

To study the protein-protein interaction in vivo, I first performed Co-IP assays 

using 293T cells cotransfected with a Tax expression plasmid and HA-tagged 

GSK-3(3. The Co-IP data suggested that Tax interacts with GSK-3(3 in vivo, which 

is in agreement with our in vitro data showing direct association of Tax and GSK- 

3(3.

I also focused on the interaction between GSK-3(3 and the putative Tax GID 

peptide. My study employed in vitro, cell-based assays and computational 

simulation to achieve the objectives, including GST pull-down, in-vitro GSK-3(3 

kinase assay, protein structural modeling, and protein-ligand docking. My 

strategy was to construct point mutations in the putative Tax GID region in the 

full-length Tax and the hydrophobic groove of GSK-3P where Tax was 

hypothesized to bind. Site-directed mutagenesis in Tax was performed for 

expression in bacteria or mammalian cells. The purified Tax wild-type and mutant 

proteins were used for GST pull-down assays. Co-IP assays were performed to 

study the Tax-GSK-3p interaction in cells. To further pinpoint the interaction 

regions in Tax and GSK-3P, Tax GID was cloned and expressed in bacteria or 

mammalian cells for in vitro GSK-3P kinase assays or Co-IP assays.

The data presented herein indicate that: 1) HTLV-1 Tax inhibits GSK-3p 

kinase activity through direct interaction, 2) A peptide deriving from the putative
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T a x GI D i n hi bit s G S K- 3( 3, a n d 3) T a x h a s n o eff e ct o n t h e a cti v ati o n of t h e p- 

c at e ni n a n d N F A T p at h w a y s.

❖  Si g nifi c a n c e

O ur di s c o v er y t h at T a x i n hi bit s G S K- 3 P i n vitr o t hr o u g h p h y si c al i nt er a cti o n, 

l e a di n g t o r e d u c e d p h o s p h or yl ati o n of b ot h pri m e d a n d n o n- pri m e d s u b str at e s, 

m a y r e pr e s e nt a n e wl y d e s cri b e d str at e g y of H T L V- 1 t o m o d ul at e t h e n u m er o u s 

c ell si g n ali n g p at h w a y s r e g ul at e d b y G S K- 3 p. M a n y of t h e s e si g n ali n g p at h w a y s 

ar e criti c al t o c ell s ur vi v al a n d a p o pt o si s, w hi c h if d er e g ul at e d m a y c o ntri b ut e t o 

c ell tr a n sf or m ati o n c a u s e d b y H T L V- 1 i nf e cti o n. S p e cifi c all y, T a x m a y i n hi bit 

G S K- 3 P p h o s p h or yl ati o n of p- c at e ni n b y dir e ct i nt er a cti o n, w hi c h w o ul d b e 

o n c o g e ni c. F urt h er m or e, C R E B i s a w ell- c h ar a ct eri z e d s u b str at e of G S K- 3 p t h at 

pl a y s a n i m p ort a nt r ol e i n dri vi n g vir al a n d c ell ul ar g e n e e x pr e s si o n. B ull o c k a n d 

H a b e n er ( 1 0 4) f o u n d t h at t h e D N A bi n di n g a cti vit y of C R E B i s e n h a n c e d b y 

p h o s p h or yl ati o n at S er- 1 3 3, w hil e t h e s e q u e nti al p h o s p h or yl ati o n of C R E B S er- 

1 2 9 b y G S K- 3 P att e n u at e s it s D N A bi n di n g a cti vit y. It i s li k el y t h at T a x i n hi bit s 

G S K- 3 P i n vi v o t o e n s ur e t h e a v ail a bilit y of tr a n s cri pti o n all y a cti v e p S er- 1 3 3 

C R E B f or e x pr e s si n g a l ar g e b o d y of pr ot o- o n c o g e n e s.
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Chapter 2 Molecular Characterization of GSK-3p Inactivation by
HTLV-1 Tax

This chapter describes a study on characterization of the protein-protein 

interaction between GSK-3(3 and HTLV-1 Tax and the mechanism of Tax 

inhibition of GSK-Sp kinase activity.

2.1 Abstract

The human T-cell leukemia virus type 1 (HTLV-1) encodes a viral 

oncoprotein termed Tax, which plays a major role in transforming HTLV-1- 

infected cells. Tax is a potent transcriptional activator that stimulates HTLV-1 

viral and cellular gene transcription. In addition, Tax disrupts a number of cell 

signaling pathways involved in cell growth and survival. Glycogen synthase 

kinase-3(3 (GSK-3(3) is a ubiquitously expressed serine/threonine kinase present 

in all eukaryotic cells, which functions as a critical regulator of a wide range of 

cell signaling pathways. As GSK-3(3 is constitutively active in resting cells, it is 

primarily regulated through inhibition. Ser-9 phosphorylation is inhibitory to the 

kinase activity of GSK-3(3. Deregulation of GSK-3(3 has been linked to many 

human diseases such as Alzheimer’s disease and cancers.
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It has been reported in Aida Ulloa’s thesis that Tax inhibits GSK-3(3 kinase 

activity toward both primed and non-primed substrates through direct association. 

To delineate the protein-protein interaction between Tax and GSK-3|3, we 

compared the amino acid sequence of Tax with a well-characterized short 

peptide deriving from the GSK-3(3 interacting domain (GID) of Axin, and found 

that Tax contains a notable amino acid sequence homology to Axin GID. The 

region spanning Tax amino acids 185 -  205 has 24% sequence identity and 19% 

similarity with Axin GID. We named this region the putative Tax GID. We 

characterized the putative Tax GID biochemically, and discovered that a longer 

peptide (Tax aa. 138 -  205) of the putative Tax GID strongly inhibits GSK-3(3 

kinase activity in vitro. Bioinformatics computation was used to predict the 

secondary structure of the Tax GID, which was further used in our docking test to 

identify a potential binding interface in GSK-3(3. This was tested by GST pull-

down and Co-IP assays using point and deletion mutants. In addition, the effects 

of Tax-GSK-3p interaction on the downstream (3-catenin and NFAT pathways 

were characterized by luciferase reporter assays. However, unexpectedly, we 

observed that Tax expression has little effects on p-catenin and NFAT 

transcriptional activation.

33



2.2 Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is a human retrovirus that 

causes adult T-cell leukemia (ATL) and the neurodegenerative disease tropical 

spastic paraparesis/HTLV-1-associated myelopathy (TSP/HAM) (136). The viral 

oncoprotein Tax is encoded by the pX  region of the HTLV-1 viral genome. Tax is 

a potent activator that stimulates HTLV-1 and cellular gene transcription (137, 

138). Tax activates viral gene expression by interacting with CREB, and together 

they recruit CBP/p300 to form a multiprotein complex on the regulatory elements 

known as cAMP response elements (CREs) in the HTLV-1 LTR. In addition, Tax 

disrupts a number of cell signaling pathways to alter cellular gene expression 

patterns, and thus plays a major role in transforming cells (139). By deregulating 

signal transduction pathways such as the NF-k B and the phosphoinositide 3- 

kinase (PI3K) pathways. Tax stimulates transcription of many cellular genes, 

thereby promoting cell cycle progression, proliferation and cell survival.

Glycogen synthase kinase-3 is a ubiquitous serine/threonine kinase 

expressed as a and 3 isoforms in eukaryotes and has been implicated in cell 

metabolism, growth, gene transcription, cell cycling, cytoskeleton dynamics, 

apoptosis, and cell fate determination (75, 79). GSK-33 has a mass of 47 kDa, 

whereas GSK-3a has a mass of 51 kDa. The kinase domains of the two isoforms 

share 98% sequence identity, the size difference is due to the glycine-rich 

extension at the N-terminus of the a isoform (79). GSK-33 is the more widely 

studied isoform. Unlike most other protein kinases, GSK-33 is constitutively 

active in senescent cells, and its regulation occurs primarily through inhibitory
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phosphorylation of Ser-9 at the N-terminus by kinases such as Akt and p90RSK 

(79, 140). The phosphorylated N-terminus acts as a pseudosubstrate that 

competes with real substrates for binding to the phosphate-binding site located in 

the catalytic pocket of GSK-3(3 (83). GSK-3(3 has a peculiar preference for primed 

substrates previously phosphorylated by another kinase. Biochemical studies of 

GSK-3P indicate that the kinase activity of GSK-3P differs toward 

phosphorylating primed and non-primed substrates. GSK-3P has a higher 

phosphorylation efficiency toward primed substrates such as pCREB (74, 80, 81, 

83, 134).

GSK-3P is an essential component in the Wnt signaling pathway by forming 

a destruction complex with Axin/conductin, p-catenin and Adenomatous 

Polyposis Coli protein (APC). Axin functions as a scaffolding protein that brings 

GSK-3P and p-catenin in close proximity for GSK-3P to phosphorylate p-catenin 

and target it for proteasomal degradation. Axin phosphorylation by GSK-3P 

enhances its binding to GSK-3p. However, GSK-3P is inhibited in response to 

Wnts, causing dephosphorylation of substrates such as Axin and p-catenin (141, 

142). Stabilized p-catenin translocates to the nucleus where it associates with the 

T-cell factor and lymphoid enhancer factor (Tcf/Lef) to form a transcription 

complex that activates Wnt target genes (e.g., cyclin D1 and c-Myc) (47, 48). 

Aberrant inhibition of GSK-3P is found in many human cancers (96). 

Furthermore, elevated activity of GSK-3P is associated with such diseases as 

type 2 diabetes, neurodegenerative diseases, and bipolar disorders (77, 143).
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Lithium is a direct inhibitor of GSK-3(3 by competing with magnesium for the 

cationic binding site of GSK-3(3 (144). Moreover, lithium inhibits GSK-3(3 in vivo 

by facilitating Akt phosphorylation of GSK-3(3 Ser-9 and suppressing protein 

phosphatase 1 that activates GSK-3(3 by dephosphorylating phospho-Ser-9. 

Robust and rapid Ser-9 phosphorylation has been observed in 293T cells treated 

with lithium (130). Two short peptides, named Axin GID and FRATtide, 

respectively derived from Axin and FRAT1, have been reported to bind and 

inhibit GSK-3P (82, 84, 145). In addition, the latency-associated nuclear antigen 

(LANA) of Kaposi’s sarcoma-associated herpesvirus (KSHV) contains a low-level 

amino acid homology domain to the Axin GID, through which LANA interacts with 

GSK-3(3 (131).

In this study, we present evidence for a physical association between Tax 

and GSK-3|3 in vivo, which extends our in vitro data showing Tax-GSK-3(3 

interaction reported in Aida Ulloa’s thesis. Furthermore, our in vitro GSK-3(3 kinase 

assays demonstrated that a peptide derived from Tax amino acids 138 -  205 

inhibits GSK-3(3 kinase activity. We also found that Tax is phosphorylated by 

GSK-3(3 in vitro, although the phosphorylation efficiency is low compared to 

CREB. This suggests that Tax may be a physiological substrate for GSK-3(3.
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2.3 Results

2.3a Tax inhibits GSK-3P via direct interaction.

We set out to investigate the possible interaction between Tax and GSK-3(3. 

Previous unpublished protein-protein interaction assays in the Nyborg laboratory 

showed that Tax directly interacts with GSK-3p in vitro. Furthermore, Tax 

strongly inhibits GSK-3(3 kinase activity toward both primed (phosphorylated 

CREB, or pCREB) and non-primed (cJun) substrates in a concentration- 

dependent manner (see Aida Ulloa’s M.S. thesis for details).

We were interested in determining whether Tax associates with GSK-3P in 

vivo. We performed co-immunoprecipitation (Co-IP) assays in 293T cells 

cotransfected with expression plasmids for Tax and HA-tagged GSK-33. Whole 

cell extracts were prepared, followed by immunoprecipitation with anti-Tax or 

anti-HA antibody. The presence of HA-GSK-3P and Tax in the immune complex 

was analyzed by Western blot. Figure 2.1A shows the presence of Tax in the 

complex with GSK-3P, immunoprecipitated with the anti-HA antibody. The Tax- 

GSK-3P interaction was confirmed by the reciprocal Co-IP assays (Figure 2.1 B). 

Extending the GST pull-down assay results, the Co-IP results indicate that Tax 

physically associates with GSK-3(3 in vivo.
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HA-GSK-3P + 
Tax -

Tax

Input IP: anti-HA 
WB: anti-Tax
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Figure 2.1. Tax interacts with GSK-3P in vivo. Whole cell extracts (WCE) 
were prepared from 293T cells transfected with HA-GSK-3p in the presence or 
absence of Tax. (A) WCE was immunoprecipitated (IP) with anti-HA antibody, 
followed by western blog (WB) analysis using anti-Tax antibody. Purified 
recombinant Tax (rTaxHe) protein was loaded as a control. Molecular weight 
standards (in kDa) are labeled to the left of the WB image. (B) WCE was 
immunoprecipitated with anti-Tax antibody, followed by western blot analysis 
using anti-HA antibody.
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2.3b Identification of GSK-Sp interacting domain in Tax.

The discovery that Tax binds and inhibits GSK-3P led us to investigate the 

molecular basis for this interaction. To study the mechanism of the protein- 

protein interaction between Tax and GSK-Sp, we compared the amino acid 

sequence of full-length Tax and the two GSK-3p-interacting proteins: Axin and 

FRAT1 (82, 84). When the Wnt signaling pathway is activated by the binding of 

Wnt glycoproteins to the receptor on cell surface, FRAT1 mediates the 

dissociation of GSK-33 from Axin. A peptide, termed FRATtide, derived from 

FRAT1 amino acids 188 -  226, binds and inhibits GSK-3p . The Axin GID (GSK- 

3p interacting domain), an amphipathic a-helix of Axin (aa. 383 -  401), binds to a 

hydrophobic groove near the C-terminus of GSK-3P (aa. 262 -  299) (84). The 

Axin GID binding site in GSK-3|3 overlaps with that for FRATtide, thus they are 

mutually exclusive for binding GSK-3(3. A sequence alignment between the Axin 

GID, FRATtide, and Tax is shown in figure 2.2. The alignment reveals striking 

sequence similarity and identity in the region of Tax spanning amino acids 185 -  

205. We hypothesized that this small region of Tax, termed putative Tax GID, is 

involved in the molecular interaction with GSK-3P, which leads to inaccessibility 

of the catalytic domain of GSK-3P to its substrates (Figure 2.3). We first wanted 

to test whether the putative Tax GID is involved in binding to GSK-3P by 

constructing single-point mutations within this region. The amino acids selected 

for site-directed mutagenesis were based on the sequence homology between 

Tax and Axin GID, and the published studies on Axin GID (84, 130, 131). We 

constructed a series of single-point Tax mutants, and characterized each mutant
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by GST pull-down assays. However, none of them compromises the interaction 

with GSK-3(3. Therefore, we decided to make more extensive mutations in Tax. 

Five amino acid substitutions were introduced into Tax at the following positions; 

E193->A, L194^A, L195->A, K197->A, and I198->A. We call this Tax mutant 

Tax 5A. Based on the sequence homology, the Tax residues Leu-194, Lys-197, 

and lle-198 are analogous to Leu-392, Arg-395, and Leu-396 in Axin GID. It is 

worth to point out that Leu-392 and Leu-396 are critical for the hydrophobic 

interaction between Axin GID and GSK-3(3. In addition, Arg-395 in Axin GID 

hydrogen bonds to Asp-264 in GSK-3(3 (84). It is possible that the analogous Tax 

residues make similar interactions with GSK-3(3. Figure 2.4A shows the 

schematic location of the mutated residues in Tax 5A. The Tax 5A mutant was 

purified along with wild-type Tax, as shown in figure 2.4B. GST pull-down assays 

were performed to characterize Tax 5A for its binding to GSK-3(3. The Tax 5A 

mutant exhibited diminished interaction with GSK-3P (Fig. 2.4C), suggesting that 

the putative Tax GID region is important for interaction with GSK-3(3.
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Figure 2.2. Amino acid sequence alignment between Tax, human Axin 
GID and FRATtide indicates notable sequence homology. (*) denotes 
identity, and (|) denotes similarity. The highlighted region shows 43% 
sequence similarity and 43% sequence identity between Tax aa. 192 -  198 
and Axin GID.
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Figure 2.3. Hypothetical model depicting the mechanism of Tax 
inhibition of GSK-Sp kinase activity. Tax interacts with GSK-3p through 
its putative GID region (aa. 185 -  205), which provides docking interaction 
for full-length Tax to block the access of substrates to the catalytic domain 
of GSK-3P, thus preventing GSK-3P from phosphorylating its substrates.
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Figure 2.4. Design and purification of Tax GID mutant that shows 
diminished interaction with GSK-3p. (A) Schematic diagram of full-length 
Tax in which the five labeled amino acid residues were mutated to alanines. 
(B) The Tax 5A mutant was purified along with wild-type (wt) Tax. The 
purified proteins were subjected to SDS/PAGE analysis and coomassie blue 
staining as shown. Three different amounts were analyzed for each protein, 
as indicated. (C) Tax 5A mutant shows diminished interaction with GSK-3p. 
Western blot analysis of a GST pull-down assay was performed to compare 
wt and Tax 5A mutant for binding GST-GSK-3p. Western blot membrane was 
probed with an anti-His antibody. Input wt Tax and 5A mutant (each contains 
2.5% of the highest amount used in this assay) are shown in lanes 3 and 4, 
respectively.
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2.3c Tax GID inhibits GSK-3p.

To further characterize the Tax-GSK-3p interaction, we wanted to express 

and purify the putative Tax GID (Tax aa. 185 -  205) from bacteria. However, we 

found that 43% of the Tax GID residues are hydrophobic, which may have 

solubility issue in aqueous media, making it difficult to purify. To make it easier, 

we decided to purify the Tax GID as a longer peptide (Tax aa. 138 -  205, named 

Tax GID138-205) from bacteria, as a longer peptide is more likely to be structured 

than the short Tax GIDi85-205- We first constructed a hexahistidine-tagged Tax 

GIDi 38-205 plasmid for expression. However, the induced Hise-Tax GID138-205 

remained insoluble. Therefore, we switched to using a GST tag to improve the 

peptide solubility (Fig 2.5A). We were able to purify the longer Tax GID138-205 

peptide as a GST fusion protein (Fig. 2.5B).

The purified GST-Tax GID138-205 was first examined for GSK-3P inhibition by 

in vitro kinase assays with GST as negative control. Full-length Tax and lithium 

were used as positive controls for GSK-3P inhibition. Interestingly, Tax GID138-205 

inhibited GSK-3P phosphorylation of pCREB in a concentration-dependent 

manner (Fig. 2.5C). As expected, both Tax and lithium strongly inhibited GSK-3P 

kinase activity. The kinase assays were repeated three times, which were then 

quantified and plotted in figure 2.5D.
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attB2
attB1 T7 transcription terminator

Figure 2.5. (A) The GST-TaxGIDi38-205 expression plasmid was constructed 
by using the Gateway cloning system. Tax DNA fragment comprising amino 
acid residues 138 -  205 was cloned and inserted between the attB1 and 
attB2 sites of the pDEST 15 vector to produce the N-terminal GST fusion 
construct pDEST15/TaxGIDi38-205- (B) The purified GST-tagged Tax GID138- 
205 and GST proteins were analyzed on SDS-PAGE with coomassie stain.
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Figure 2.5C. Tax GID138-205 inhibits GSK-3(3 kinase activity in vitro. Purified 
recombinant GST-fused Tax GID138-205, Tax, and GST proteins were used in 
the GSK-Sp in vitro kinase reactions at the concentrations of 45, 90, 175, and 
350 nM. Increasing concentrations (10, 20, 50, and 100 mM) of LiCI were used 
as positive controls for inhibiting GSK-3p. Each reaction contains 4.15 nM of 
GST-fused GSK-3p kinase and pCREB (25 nM). Reactions were performed in 
the presence of [y-^^P]ATP, as described in materials and methods. The 
kinase assays shown here include three independent experiments.
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Tax inhibition ofGSK-3p

Lithium inhibition ofGSK-3p

Figure 2.5D. Quantitation of GSK-Sp inhibition. The inhibition of GSK-Sp as 
shown in (C) was quantified by measuring the incorporation of radiolabeled 
phosphate into ppCREB. Relative GSK-Sp kinase activity was measured by 
setting the untreated phosphorylation reaction (lane #1 without inhibitors in 
each panel) to 100%. Error bars denote the standard deviation of the 
relative change of GSK-Sp activity among the three independent 
experiments.
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We next considered the possibility that the purified Tax or Tax GID138-205 

proteins may contain contaminating phosphatase(s) that targets CREB-pSer-133 

and/or pSer-129, thus giving the appearance of kinase inhibition. We reasoned 

that even a small amount of contaminating phosphatase would remove the 

priming phosphate from CREB, making CREB an unsuitable substrate for GSK- 

3(3. Therefore, we designed and implemented phosphatase assays, in which we 

tested whether Tax, or GST-Tax GID138-205 can remove the priming phosphate 

from pSer-133 of CREB. As shown in figure 2.6A, the phosphorylation level of 

^^pCREB with ^^pSer-133 was not significantly reduced after adding the indicated 

proteins. To confirm this result, we did a similar phosphatase assay with cold 

pCREB by using a pSer-133 CREB phospho-specific antibody in the Western 

blot shown in figure 2.6B, which consistently shows that pCREB did not get 

dephosphorylated. Since pCREB is additionally phosphorylated by GSK-3(3 at 

Ser-129 in the In vitro kinase assays, we wanted to examine whether the purified 

Tax or Tax GID138-205 proteins have contaminating phosphatase targeting pSer- 

129 of CREB. For this reason, we used double-phosphorylated CREB 

(^^ppCREB with ^^pSer-129 and pSer-133) in the phosphatase assays as shown 

in figure 2.8C. We observed no significant reduction of the phosphorylation level 

of ppCREB. Taken together, neither Tax nor Tax GID138-205 has significant 

contaminating phosphatase against pSer-133 or pSer-129 of CREB. This 

observation further suggests that Tax or Tax GID138-205 inhibition of GSK-3(3 is not 

due to dephosphorylation of ppCREB or pCREB in the GSK-3(3 in vitro kinase 

assays, rather, they directly inhibit GSK-3|3 kinase activity.
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Figure 2.6. Examination of wild-type Tax, Tax 5A mutant, and GST- 
fused Tax GIDi 38-205 for contaminating phosphatase against CREB- 
pSer133. (A) Purified wild-type Tax, Tax 5A or Tax GID138-205 were 
incubated at 30 °C with radiolabeled ^^pSer133 CREB (^^pCREB) for the 
indicated times. Three different concentrations of pCREB were used as 
indicated to the right of each panel. The time-course mean intensity of 
^^pCREB in each reaction was measured, and the relative intensity was 
determined by setting the zero time point (lane 1) in each panel to 1, which 
is plotted in the bottom panel.
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Figure 2.6B. A similar time-course phosphatase assay was performed as 
described in (A) with 25 nM of cold pCREB, which was then analyzed by 
Western blot with phospho-Ser133 and regular CREB antibodies. P’tase; 
phosphatase.
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Figure 2.6C. Wild-type Tax, Tax 5A mutant, and GST-fused Tax GID138-205 
proteins do not have significant contaminating phosphatase against CREB- 
pSer129. The purified proteins as indicated were incubated with ^^ppCREB 
(^^pSer129 and pSer133) for the indicated times. Two different amounts of 
^^ppCREB were used as indicated to the right of each panel. The time- 
course mean intensity of ^^pp-CREB in each reaction was measured, and 
relative band intensity was determined by setting the zero time point (lane 1) 
to 1 in each panel, which is plotted in the lower panel. Error bars denote the 
standard deviation of the relative intensities from the three independent 
experiments.
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2.3d Bioinformatics predictions and experimental analysis of the Tax-GSK- 

3p interaction.

Having shown that both Tax and Tax GID138-205 inhibit GSK-3p, we wanted to 

know where Tax binds on the surface of GSK-3(3. Although the crystal structure 

of GSK-33 has been solved (80-82), the challenge for addressing this problem 

results from the absence of the crystal structure of Tax. We have employed 

bioinformatics tools to predict the secondary structure of the putative Tax GID185- 

205 and its interaction with GSK-3p. Comparative homology modeling can be 

used to approximate three-dimensional (3D) structure of a target protein for 

which only the primary sequence is known, given an empirical 3D template that 

has > 30% sequence identity. It has been reported that comparative modeling 

based on more than 50% identity tends to have comparable accuracy to a low- 

resolution x-ray structure in terms of the main-chain carbon atoms (146). Based 

on the amino acid sequence alignment between Tax and Axin GID, as shown in 

figure 2.2, we used the published Axin GID structure (PDB; 109U, chain B) (84) 

as a template for modeling the secondary structure of the putative Tax GID using 

the SWISS-MODEL server (147-149). The predicted secondary structure of Tax 

GID is an a-helix as shown in figure 2.7A. We then performed a theoretical 

docking test with the predicted Tax GID structure as a ligand of stationary GSK- 

3(B molecule by using the 3D Dock software suite (see

http://www.bmm.icnet.uk/docking). Figures 2.7B and 2.7C show the hydrophobic 

groove of GSK-3P as the lowest energy binding site of Tax GID.
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Figure 2.7. Computer-aided modeling of the Tax-GSK-3p interactions.
(A) Putative Tax GID (aa. 185 -  205) protein structure generated via 
comparative modeling using the Axin GID as a template. (B) Docking of the 
predicted Tax GID structure and GSK-Sp. (C) Close-up view of the putative 
Tax GID a-helix (green) is bound in the hydrophobic groove of GSK-3 formed 
by the a-helix (aa. 262 -  273) and the extended loop (aa. 285 -  300), where 
Axin binds.
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To test the theoretical prediction of Tax-GSK-3(3 interaction, we constructed 

point and deletion mutations in GSK-3(3 to identify the residues and domain(s) •  

involved in its interaction with Tax. Phe-291 on the extended loop (aa. 285 -  300) 

of GSK-3P plays an important role binding the ligands such as LANA (131), Axin 

GID, and FRAT1 (84) in the hydrophobic groove, as the single-point mutation, 

F291L, causes a 90% reduction of GSK-3(3 binding to Axin and FRAT1 (131). 

Our docking test results suggest that Phe-291 on the activation loop may also be 

involved in the Tax-GSK-3|3 interaction, therefore we constructed and purified the 

GSK-3(3 F291L mutant for GST pull-down assays. We compared GSK-3(3 wt with 

the F291L single-point mutant for their binding to Tax, however, the F291L 

mutation did not show reduced binding to Tax (Fig. 2.8). To make more 

aggressive mutants of GSK-3P, we deleted the a-helix (aa. 262 -  273, named the 

Ahelix mutant) and the extended loop (aa. 285 — 300, named the Aloop mutant) 

in the hydrophobic groove, respectively (Fig. 2.9). When we expressed both 

deletion mutants of GSK-3P in 293T cells, we found that the Aloop mutant to be a 

faulty fusion protein that runs higher as shown in our Western blot (Fig. 2.1 OA, 

lower panel). This may result from aberrant PCR product overlapping in the 

deletion mutagenesis PCR, although the sequencing results showed that the 

DNA sequences of the loop domain were deleted. The Aloop mutant of GSK-3P 

was still tested for binding the Axin GID320-429 along with the Ahelix mutant and 

GSK-3P wt. The Axin GID320-429 is a longer version of the Axin GID, which 

strongly inhibits GSK-3P kinase activity through direct interaction with the 

hydrophobic groove of GSK-3p (130). Figure 2.10A shows that the Axin GID320-
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429 peptide interacted with GSK-3(3 wt, but failed to interact with both deletion 

mutants. This observation was further confirmed by the reciprocal Co-IP results 

(Fig. 2.1 OB), which is in agreement with the published report showing that Axin 

GID interacts with the hydrophobic groove of GSK-3(3 (84). To this end, the GSK- 

33 Ahelix mutant alone serves as a good negative control for showing no 

interaction with Axin GID. Because the Aloop mutant is a faulty fusion protein, we 

only used the Ahelix mutant of GSK-33 in our later Co-IP experiments for testing 

Tax binding. To our surprise, we observed that Tax remained bound to the Ahelix 

mutant of GSK-33 (Fig. 2.10 C and D), suggesting that the hydrophobic groove of 

GSK-3P may not be the binding interface for Tax.
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WB: Tax

GST-GSK-3Pwt GST-GSK-3P F291L

Figure 2.8. Tax remains bound to the GSK-Sp F291L single-point 
mutant. Wild-type GST-GSK-Sp (wt) and the F291L single-point mutant were 
compared for Tax binding. Three different amounts of Tax wt were incubated 
with 50 nM of wt GST-GSK-3P or F291L mutant as indicated. The GST pull-
down assays were analyzed by Western blot (WB) using an anti-Tax 
antibody. Tax was also tested for binding 50 nM of GST (lane 1). Tax input is 
shown in lane 2 (2 pmol, 5% of the highest amount of Tax used in the GST 
pull-down reactions).
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Figure 2.9 Targeted deletion mutagenesis of GSK-Sp binding pocket. The
hydrophobic groove of GSK-Sp consists of an a-helix (aa. 262 -  273, red) and 
an extended loop (aa. 285 -  300, green). The helix and the loop were 
individually deleted to test their respective roles in Tax binding in vivo. The 
Ahelix mutant of GSK-3P has the a-helix deleted, and the Aloop mutant has 
the extended loop deleted.
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Figure 2.10. Deletion of the GSK-Sp helix has no effect on Tax binding in 
vivo. (A) Control experiment to test whether GSK-3p deletion mutants 
abrogate interaction with Axin GID. 293T cells were co-transfected with myc- 
Axin GID320-429 (3 pg) with or without HA-GSK-3p wt, Ahelix or Aloop mutant. 
The whole cell extracts (WCE) were immunoprecipitated (IP) with an anti-HA 
antibody, followed by Western blot (WB) analysis with an anti-myc antibody 
(upper panel). The expression of the transfected HA-GSK-3P wt, Ahelix, and 
Aloop mutants were probed with an anti-HA antibody on the same WB 
membrane (lower panel). (B) Reciprocal Co-IP experiment of (A) to test 
whether Axin GID remains bound to the deletion mutants of GSK-3p.
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Figure 2.10. (C) 293T cells were co-transfected with 3 pg of pSG-Tax with or 
without 3 pg of HA-GSK-3p wt or HA-GSK-3p Ahelix mutant. The WCE were 
immunoprecipitated with an anti-HA antibody, followed by WB analysis with 
an anti-Tax antibody (upper panel). The expression of the transfected HA- 
GSK-3P wt and Ahelix mutant were probed with an anti-HA antibody on the 
same WB membrane (lower panel). (D) Reciprocal Co-IP experiment of (C) 
was performed by using an anti-Tax antibody in the IP from the WCE of 
transfected 293T cells (upper panel). The expression of transfected pSG-Tax 
was examined on the same WB membrane by an anti-Tax antibody (lower 
panel). IgG: immunoglobin G.
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2.4 Discussion

Previous in vitro data (reported in Aida Ulloa’s M.S. thesis) from the Nyborg 

laboratory indicated that Tax physically interacts with GSK-3(5, and this 

interaction results in strong inhibition of GSK-3P kinase activity towards both 

primed and non-primed substrates. The data presented here further extended 

that finding. In this study, we set out to understand the molecular mechanism by 

which Tax binds and inhibits GSK-3(3. Because Tax structural information is very 

sparse, we addressed this question by comparing Tax with the we 11-characterized 

GSK-3P interacting proteins: Axin and FRAT1. Both Axin and FRAT1 have been 

studied for their interaction with GSK-3(3 in molecular details, and the peptides 

derived from their GSK-3P interacting domains were shown to inhibit GSK-3(3 

(130, 145). Our analysis of Tax amino acid sequence revealed a putative Tax 

GID (Tax aa. 185 -  205) that has very notable sequence homology with Axin GID. 

We used site-directed mutagenesis, rather than deletion mutants, to identify 

whether the putative Tax GID is involved in the interaction with GSK-3P, because 

it is believed that Tax is sensitive to structural change. We observed that only the 

Tax 5A but none of our single-point Tax mutants diminishes interaction with 

GSK-3p. This indicates that the Tax-GSK-3p interaction may be predominantly 

hydrophobic, rather than residue-specific interaction. The table 2.1 lists all the 

Tax mutants that we have characterized. Among all the mutants, the Tax 5A and 

L194P mutants cannot be expressed in transfected 293T cells. The mutated 

residues in these two mutants do not give rise to rare codons for human cells 

(see http://www.genscript.com/cgi-bin/tools/rare_codon_analysis). These two
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mutants, however, may have caused Tax protein misfolding, which leads to rapid 

degradation in cells.

Our biochemical characterization showed that a peptide derived from Tax 

GIDi 38-205 strongly inhibits GSK-3(3 in vitro. Furthermore, the inhibition potency of 

Tax GID i 38-205 against GSK-3P is quite similar to that of full-length Tax (Fig. 2.5C), 

which suggests that the region aa. 138 -  205 in Tax plays a primary role 

inhibiting GSK-3(3. As previously reported, both Axin GID and FRATtide peptides 

inhibit GSK-3(3 by binding to the hydrophobic channel on the C-terminal helical 

domain. However, it is still unclear how binding of the short peptides leads to 

inhibition of GSK-3(3 kinase activity (82, 84, 145). Our Co-IP studies using the 

GSK-3(3 Ahelix deletion mutant indicated that the hydrophobic groove of GSK-33 

is not the binding interface for Tax. This implies that the mechanism of GSK-3(B 

inhibition by Tax may be different from those used by Axin GID and FRATtide.

In summary, this study extended the initial discovery that Tax inhibits GSK- 

3p through direct interaction. Site-directed mutagenesis of Tax revealed that the 

Tax GID is important for its stable protein-protein interaction with GSK-3p. 

Furthermore, we demonstrate that a peptide derived from Tax amino acids 138 -  

205 inhibits GSK-3P kinase activity to the similar degree to Tax does. However, 

the Tax-binding interface on GSK-3P is not at the hydrophobic surface channel 

that both Axin and FRAT1 bind.
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Tax
mutants

GST pull-
down

GSK-3p kinase 
assays

Co-IP Reduced Binding to GSK-3P

E192Aand
E193A

+ - - -

L194E + - - -

L194P + - + -

L195A + - - .

K197A + - - -

I198A + - - -

Tax 3A + - - +

Tax 5A + + + +++

F78A + - - -

S77L, 
F78A,and 

R82A

+ - - -

Table 2.1. Summary of the characterized Tax mutants. Each Tax mutant 
was purified and tested for binding GSK-3|3, and selected mutants were 
characterized by Co-IP and GSK-3|3 kinase assays, as indicated.
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Chapter 3 Supplemental Data

The data in this section include experiments that were conducted but not 

presented in chapter 2. Some of these data are negative data, which I tried to 

use for steering my later research in a more positive direction. And although 

negative, these data are still informative in defining the interaction between Tax 

and GSK-33.

3.1 The Tax 3A mutant (E193A, L194A, and L195A) shows weaker 

interaction with GSK-3p.

The search for the identity of Tax residues involved in the Tax-GSK-33 

interaction was started with the construction of single-point mutations within the 

putative Tax GID region (aa. 185 -  205) in full-length Tax. However, none of the 

single-point mutations showed diminished interaction with GSK-33. Therefore, I 

selected two additional residues for constructing the Tax 3A mutant. Each 

mutation carried an alanine substitution at Glu-193, Leu-194, and Leu-195. Our 

GST pull-down assays with the Tax 3A mutant show that this multi-point mutant 

weakened its interaction with GSK-3P (Fig. 3.1). Based on this result, I made the 

Tax 5A mutant that shows diminished interaction with GSK-3p.
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Figure 3.1. The Tax 3A mutant exhibits modestly reduced interaction 
with GST-GSK-3p. Wild-type Tax (lanes 4 - 6 )  and the Tax 3A (lanes 7 - 9 )  
mutant (E193A, L194A, and L195A) were compared for binding GST-GSK- 
33. Amounts of each protein are indicated. GST was also tested for Tax 
binding (lane 1). The input lanes contain 1 pmol of Tax wt or 3A mutant, 
which is 2.5% of the highest amount (40 pmol, lane 6 and 9) of Tax used in 
the GST pull-down assays.
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3.2 Tax 5A mutant is defective for quaternary complex formation with 

CREB/vCRE/KIX.

Having shown that the Tax 5A mutant diminishes its interaction with GSK-3p, 

we were interested in examining whether this mutant affects Tax structural 

competency. To test this possibility, we performed electrophoretic mobility shift 

assays (EMSAs) using CREB, ^^P-end-labeled viral CRE probe (vCRE), and 

wild-type Tax or the 5A mutant. CREB binds the vCRE, which is immediately 

flanked by GC-rich sequences where Tax binds (17). This ternary complex 

together recruits the KIX domain of CBP to vCRE (25, 26). EMSA has been 

widely used for studying DNA-binding proteins. We were interested in examining 

whether the mutated residues in Tax 5A mutant have any adverse effects on 

complex formation with CREB/vCRE/KIX.

Surprisingly, the Tax 5A mutant was defective for protein complex formation 

with with CREB/vCRE (Fig. 3.2, compare lanes 7 - 8  and lanes 14 -  15). This 

may result from the potential impairment of Tax dimerization due to the five 

mutated residues within the dimerization domain (aa. 127 -  228) (68), as Tax 

dimerization is required for the efficient ternary complex formation with 

CREB/vCRE and optimal transactivation (57, 59). The mutated residues may 

cause local disorder in its dimerization domain and possibly further destabilize 

the quaternary complex. Moreover, disordered regions in general often lead to 

difficulties in protein expression and purification (150), which may account for the 

difficult expression and purification process of Tax 5A mutant and some of my 

single-point Tax mutant proteins (e.g. Tax L194^P) from bacteria.
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Figure 3.2. Tax 5A is defective for quaternary complex formation with 
CREB and KIX on HTLV-1 vCRE. EMSAs were performed with (y-^^P) end- 
labeled vCRE probe (0.15 nM), CREB (6 nM) and increasing amounts of Tax 
(lanes 4 -  6) or Tax 5A (lanes 11 -  13) (25, 50, and 100 nM). GST-KIX-(588 -  
683) was added to reactions in two different amounts (5 pM and 10 pM), as 
indicated. Lanes 3 and 10 contain 10 pM of GST-KIX each. Supershift of the 
quaternary complex is indicated.
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3.3 Tax 5A mutant inhibits GSK-3p.

An in vitro GSK-Sp kinase assay was performed as described above to 

determine whether the Tax 5A mutant has any inhibitory effects on GSK-3p. The 

Tax 5A mutant was first dialyzed in the GSK-3P kinase buffer along with wild-type 

Tax (Tax wt). Increasing amounts of each protein were added to the reactions as 

indicated. Unexpectedly, Tax 5A inhibited GSK-3P toward pCREB 

phosphorylation (Fig. 3.3, lanes 12 -15 ).

Dialysis
buffer Tax wt GST Tax 5A

ppCREB

10 11 12 13 14 15

Figure 3.3. Tax 5A mutant inhibits GSK-3P in a concentration-dependent 
manner. In vitro GSK-3P kinase assays (20-pl reaction volume) were 
performed to compare the activity of Tax 5A mutant and wild-type Tax against 
GSK-3P, with GST as a negative control. Four different concentrations (42.5, 
85, 170, and 340 nM) of each protein were used in the reactions as indicated. 
Equal amounts of dialysis buffer (2 pi) were added to lanes 2 -  3 as negative 
controls.
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3.4 Tax is phosphorylated by GSK-Sp in  v itro .

We made an unexpected observation in our in vitro GSK-Sp kinase assays, 

which indicated that Tax is phosphorylated by GSK-3P (Fig. 3.4). In this assay, 

we incubated Tax and GSK-3P in the presence of [y-^^P]-labeled ATP with or 

without lithium. PKA-primed CREB (pCREB) was used to examine whether GSK- 

3p is enzymatically active (lane 2), which can be inhibited by the addition of 

lithium (lane 3). The phosphorylation of Tax was observed when increasing 

amounts of either Tax (lanes 5 -  7) or GSK-3P (lanes 9 - 1 1 )  were added. 

Furthermore, Tax phosphorylation by GSK-33 can be inhibited by lithium (lanes 8 

and 12), and therefore it is not a result of autophosphorylation, as Tax is not a 

kinase (lane 4). To test whether GSK-3P phosphorylates protein non-specifically, 

we used GST-KIX (aa. 588 -  683 of CBP) as a random substrate of GSK-3P in 

the kinase assay (lanes 13 -  15). We observed that GSK-3P did not 

phosphorylate GST-KIX randomly. Additionally, PKA phosphorylation of CREB 

(lanes 17 -  18) was used as a standard for quantifying the extent of Tax and 

pCREB phosphorylation by GSK-3P, as PKA phosphorylates CREB to almost 

100% completion. As indicated in figure 3.4, Tax phosphorylation by GSK-3P is 

modest with a maximum phosphorylation efficiency of only 1.3%. Although the 

phosphorylation efficiency of Tax by GSK-3P is low compared to pCREB, it is an 

interesting discovery. We are not sure about the physiological meaning in the 

context of Tax inhibition of GSK-3p. The phosphorylation site(s) of Tax by GSK- 

3p remains to be characterized.
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Figure 3.4. Tax is phosphorylated by GSK-Sp in vitro. GSK-Sp kinase 
assays were performed in the presence of Tax or pCREB with or without 100 
mM of lithium. Increasing concentrations of Tax (lanes 5 -  7) or GSK-Sp 
(lanes 9 - 1 1 )  were used to titrate Tax phosphorylation while keeping GSK-Sp 
(4.2 nM) or Tax (50 nM) constant. GST-KIX was used as a random protein to 
examine whether GSK-3p phosphorylates substrates non-specifically. PKA 
phopshorylation of CREB (lanes 17 and 18 contain 5 and 10 nM of CREB, 
respectively) was used as standards for the quantification of pCREB and Tax 
phosphorylation by GSK-3(B. PKA-primed CREB of 5 nM was used in lanes 2 
and 3 for phosphorylation by GSK-33. The percentages of substrates 
phosphorylation were indicated under each band.
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3.5 Tax has little effect on p-catenin/TCF-4 transcriptional activation.

Analysis of the p-catenin activation is an indirect way to study GSK-3P 

inactivation in vivo (130, 132). We were interested in investigating the effects of 

Tax-GSK-3p interaction on the p-catenin pathway. If Tax inhibits GSK-3P in vivo, 

we would expect to see accumulation of cytoplasmid p-catenin released from the 

destruction complex (APC/Axin/GSK-3p/p-catenin) in the Wnt pathway. 

Stabilized p-catenin binds to TCF-4 to form a transcriptionally active complex 

(97), which further activates target genes including c-myc (47) and cyclin D1 (48). 

For this reason, we evaluated the ability of Tax to activate the p-catenin/TCF-4- 

responsive gene transcription using p-catenin/TCF-4 luciferase reporter plasmids 

(47) (Fig. 3.5A). The mutant reporter pGL3-OF has three mutated TCF-4 binding 

sites, rendering p-catenin/TCF-4 unable to activate it. Axin GID was used as a 

positive control in this assay, which inhibits GSK-3P and activates the pGL3-OT 

wild-type reporter as indicated in figure 3.5B, consistent with the published 

reports (84, 130). However, Tax activation of the pGL3-OT reporter is much 

lower with a maximum activation of only 3.5-fold. (Fig. 3.5C). To test whether the 

transfected Tax is fully active, we performed a separate luciferase assay at the 

same time using the HTLV-1 LTR luciferase reporter (151). Figure 3.5D shows 

that Tax potently activates the HTLV-1 LTR reporter, indicating that the 

transiently transfected Tax is active. We were also interested in comparing Tax 

and Axin GID in parallel. We therefore transfected 293T cells with same amount 

of each plasmid (Tax or Axin GID) and either wild-type or mutant luciferase 

reporter plasmids. Consistently, Axin GID activates the wt reporter strongly, but
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not the mutant reporter, indicating that the activation of the wild-type reporter is 

specifically mediated by p-catenin/TCF-4 (Fig. 3.5E). In contrast, Tax has < 2-

fold effects on the wild-type reporter activation, which suggests that Tax does not 

have significant activation effects on the GSK-3(3/|3-catenin pathway. 

Furthermore, it is noteworthy that Tax has similar activation effects on the mutant 

reporter to the wt reporter, indicating that Tax exerts its modest effects directly on 

both reporter plasmids, rather than through the (3-catenin/TCF-4 pathway.
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Figure 3.5. Tax has little effects on p-catenin/TCF-4 transcriptional 
activation. (A) Schematic diagram of the luciferase reporter constructs 
containing three wild-type (OT) or mutant (OF) TCF-binding sites. (B) Axin 
GID320-429 was used as a positive control for activating the OT reporter. 293T 
cells were cotransfected with the OT reporter plasmids (100 ng) and Axin 
GID320-429 or the mock vector pUC 19, together with Renilla luciferase pRL-TK 
(10 ng, internal control). Increasing amounts (25 -  500 ng) of Axin GID320-429 
were used to titrate the activation of the OT reporter. (C) Tax was tested for 
activating the OT reporter at three different amounts as indicated. Relative 
fold activation represents luciferase activity normalized to the pUC 19 control.
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Figure 3.5. (D) Tax is functional for transactivating HTLV-1 LTR. 293T cells 
were co-transfected with HTLV-1 LTR luciferease reporter (200 ng) and 250 
ng of pSG-Tax or pUC19 plasmids. Each transfection was repeated twice. 
Luciferase activities were assayed 24 hrs after transfection and normalized to 
pUC19. (E) 293T cells were co-transfected with pGL3-OT or pGL3-OF 
reporter plasmids and 250 ng of pSG-Tax, pUC19 or Axin GID320-429- 
Transient transfections were performed in duplicate, and each experiment 
was repeated twice. Relative luciferase activities were assayed 24 hrs after 
transfection and normalized to pUC19. Error bars denote the standard 
deviation of the fold activation. Tax expression was probed by Western blot 
(lower panel) for the corresponding sample analyzed in the luciferase assay.
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3.6 Tax has no effect on NFAT transcriptional activation.

Our observation indicates Tax has very minimal activation effects on (3- 

catenin/TCF-4-responsive genes, arguing against the findings reported by Tomita 

et al (45). We think the effects of Tax inhibition of GSK-3(3 may depend on their 

subcellular localization. As the regulation of p-catenin by GSK-Sp occurs in the 

cytoplasm, we wanted to switch to the nucleus to study whether Tax inhibits 

GSK-3P in the nucleus. NFAT (nuclear factor of activated T-cells) appears to be 

a good candidate for our purpose, as NFAT is negatively regulated by GSK-3p. 

GSK-3P phosphorylates NFAT and leads to the nuclear export of NFAT, thus 

inhibiting the expression of NFAT target genes (115, 152), which is reviewed in 

the reference (113). If Tax inhibits GSK-3P in the nucleus, we would expect to 

see elevated activation of NFAT-responsive gene transcription. To this end, we 

transfected Jurkat T-cells with NFAT luciferase reporter plasmids with other 

plasmids as indicated in figure 3.6. We first wanted to find a point where HA- 

GSK-3P expression inhibits NFAT luciferase reporter activation by 50%. Figure 

3.6A shows that 50 ng of HA-GSK-3P inhibited NFAT by about 50%, however, for 

some unknown reason; the expression of HA-GSK-3P seems to have repressing 

effects on the internal Renilla luciferase (pRL-TK) activity. We had to use a lower 

amount (20 ng) of HA-GSK-3P in the following transfection assays.

Once we optimized the transfection conditions for the NFAT assay, we 

investigated whether Tax had any impact on GSK-3P repression of NFAT- 

mediated transcription. We increased the amounts of Tax while keeping GSK-3p 

constant in the transfection. However, we observed very minimal effects of Tax
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on NFAT activation (Fig. 3.6B). To examine whether the transfected Tax is active, 

we did a luciferase reporter assay at the same time using HTLV-1 LTR luciferase 

reporter. Figure 3.6C shows that Tax is functional for transactivating the HTLV-1 

LTR luciferase reporter in Jurkat T-cells.
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Figure 3.6. Tax has little effects on NFAT activation in Jurkat cells.
(A) GSK-3(3 inhibits NFAT activation. HTLV-1-negative Jurkat T-cells were co-
transfected with 100 ng of NFAT luciferase reporter plasmids and three 
different amounts of HA-GSK-Sp as indicated. Cells were transfected for 24 
hrs. Six hrs before harvesting, cells were activated with PMA/ionomycin 
(iono). The luciferase activity of nonactivated cells with pUC 19 transfection 
was set to 1 arbitrarily. Fifty percent suppression of NFAT luciferase reporter 
activation by HA-GSK-Sp expression is indicated by an arrow head. (B) Jurkat 
T-cells were co-transfected as described in (A) with Tax, HA-GSK-3P (20 ng), 
or both. Cells were activated by PMA/ionomycin for 6 hrs before harvesting 
and luciferase activity measurement. (C) Tax is functional for transactivation 
through the HTLV-1 LTR. Jurkat T-cells were co-transfected with the HTLV-1 
LTR luciferase reporter plasmids (100 ng) and pSG-Tax or pUC19 for 24 hrs. 
Results show average of fold activation ± standard deviation of three 
independent experiments.
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Chapter 4 Materials and Methods

4.1 Cloning, expression, and purification of recombinant proteins.

The glutathione-S-transferase was made by PCR amplification of the 

corresponding Tax DNA sequence from the pTaxHe plasmid. The PCR products 

were cloned into the Gateway pDEST 15, with GST tag DNA sequence at the 

upstream (Invitrogen). The GST-GSK-3(3 expression plasmid was constructed as 

described in Aida Ulloa’s thesis. The GST-Tax GID138-205 and GST-GSK-3|3 

expression plasmids were then transformed into Escherichia coli BL21(DE3) 

Codon Plus cells (Stratagene), separately, and induced by 0.2 mM of IPTG for 4 

hrs at room temperature. The induced GST-Tax GID138-205, wild-type GST-GSK- 

3(3, and the point mutant GST-GSK-3(3 F291L were purified using glutathione 

agarose chromatography.

C-terminally histidine-tagged Tax (TaxHe) was expressed from a pTaxHe 

expression plasmid as previously described (71, 153), and purified by nickel- 

chelate chromatography as described previously (154). The Tax 5A mutant 

(E193^A, L194->A, L I9 5 ^ , K197->A, and I I 98-^A) was made using the 

QuickChange site-directed mutagenesis kit (Stratagene) in the pTaxH6 

background (153), followed by bacterial expression and purification by nickel- 

chelate chromatography.
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Two deletion mutants, GSK-33 Ahelix and GSK-33 Aloop, were constructed 

in the HA-GSK-3P plasmid using the SLIM (Site-directed, Ligase-independent 

Mutagenesis) method as previously described (155). Briefly, four primers were 

designed to delete the o-helix (aa. 262 -  273) or the extended loop (aa. 285 -  

300) of GSK-3p. The primer sequences for deleting the a-helix are as follows. 

Overhang tail sequences were underlined. Ft  (Forward tailed): AT A TTT CCA 

GGG GAT AGT GGA ACT CCA ACA AGG GAG CAA ATC; Fs (Forward short): 

GGA ACT CCA ACA AGG GAG CAA ATC; R j (Reverse tailed): ACT ATC CCC 

TGG AAA TAT TGG TTG TCC TAG TAA CAG CTC AGC; Rs (Reverse short): 

TGG TTG TCC TAG TAA CAG CTC AGC. The primers for deleting the extended 

loop in GSK-33 include another four set of primer oligos as follows with overhang 

tail sequences underscore: Ft : 5’-CAA ATC AGA GAA ATG AAC TGG ACT AAG 

GTC TTC CGA CCC CGA AC-3’; Fs: 5’-TGG ACT AAG GTC TTC CGA CCC 

CGA AC-3’; Rt : 5’-GTT CAT TTC TCT GAT TTG CTC CCT TGT TGG AGT TCC 

CAG GAC-3’; and RS: 5’-CTC CCT TGT TGG AGT TCC CAG GAC-3’. PCR 

products mixture (25 pi) was diluted, digested, and hybridized accordingly.

The full-length CREB protein was expressed and purified as previously 

described (156), which was followed by phosphorylation using the catalytic 

subunit of protein kinase A at serine-133 for use in the in vitro GSK-33 kinase 

assays. pCREB was used as a primed substrate in our in vitro GSK-33 kinase. 

All proteins were dialyzed against TM buffer (50 mM Tris pH 7.9, 100 mM KCI, 

12.5 mM MgCI2, 1 mM EDTA pH 8.0, 20% (vol/vol) glycerol, 0.025% (vol/vol) 

Tween-20, and 1 mM DTT), aliquoted and stored at -70 °C.
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4.2 GST pull-down assays.

GST pull-down experiments were performed as previously described (157). 

Briefly, all GST pull-down experiments were performed using 20 pi of glutathione- 

agarose beads (GST beads) equilibrated in 0.5X Superdex buffer (25 mM 

HEPES pH7.9, 10 pM ZnS04, 12.5 mM MgCb, 150 mM KCI, 20% glycerol [v/v], 

0.1% Nonidet P-40, and ImM EDTA). The purified GST or GST fusion proteins 

(500 nM) were incubated with the equilibrated glutathione agarose beads for 2 

hours at 4 °C with gentle rotation, followed by washing and incubation with the 

purified TaxHe wt or mutant proteins overnight at 4 °C. The pull-down reactions 

were washed three times by the pull-down buffer, and the bound wild-type TaxHe 

or mutant proteins were resolved on 10 to 12% sodium dodecyl sulfate 

polyacrylamide gel (SDS-PAGE), transferred to nitrocellulose membrane for 

subsequent Western blot analysis using an anti-Tax antibody or anti-His antibody.

4.3 Mammalian expression plasmids, cell culture and transient transfection 

assays.

The Tax expression plasmid, pSG-Tax has been described previously (158). 

The Xenopus myc-tagged Axin GID380-429 pCS2 + MT plasmid (130) for 

expression in mammalian cells was a generous gift from Peter Klein at the 

University of Pennsylvania. The immortalized human embryo kidney 293T cells 

and HeLa cells were cultured in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and penicillin- 

streptomycin. Transient-cotransfection assays were performed in 293T and HeLa 

cells using Fugene 6 reagent, as indicated in figures. Jurkat T-cells were cultured
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in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with 10% fetal 

bovine serum (FBS), 2 mM L-glutamine and penicillin-streptomycin. Jurkat cells 

were co-transfected with Lipofectamine reagent (Invitrogen) and a constant 

amount of DNA as indicated. Where indicated, the transfected Jurkat cells were 

treated with PMA (20 ng/ml) and ionomycin (2 pM) for 6 hrs before harvesting.

4.4 Antibodies.

The following antibodies were used in Western blots; anti-CREB (C-21), anti- 

phospho-Ser133 CREB, anti-HA, anti-GSK-3(3, and anti-His antibodies were all 

purchased from Santa Cruz Biotechnology. Myc antibody (9E10) was purchased 

from Sigma. A monoclonal Tax antibody (Hybridoma 168B17-46-92) was 

obtained from the National Institutes of Health Aids Research and Reference 

Reagent Program.

4.5 In  v itro  GSK-Sp kinase assays.

The GSK-3P kinase was purchased from Cell Signaling Technology. Kinase 

assays were performed according to the manufacturer’s suggested protocol with 

modification. Briefly, the kinase assays were performed in a 20-pl reaction 

containing GSK-3P kinase buffer (4 mM MOPS, pH 7.2, 2.5 mM p- 

glycerophosphate, 1 mM EGTA, 0.4 mM EDTA, 4 mM MgCb, 0.05 mM DTT, and 

40 pM BSA), GSK-3P enzyme of 4.15 nM (Cell Signaling, #7436) and 2 pCi [y- 

^^P]-ATP in the presence or absence of TaxHe or GST-TaxGIDi38-205- 

Recombinant PKA-phosphorylated CREB of 25 nM, unless indicated otherwise, 

was used as substrates of GSK-3p. The reactions were incubated at 30 °C for 45 

minutes, which were stopped by addition of 4X SDS dye, and heated at 90 °C for
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3 - 5  minutes. The reaction was loaded on a 12% SDS-PAGE gel, which was 

dried for 40 minutes at 80 °C. Substrates phosphorylation by GSK-3(3 was 

visualized by phosphorimager analysis.

4.6 Phosphatase assays.

The purified recombinant GST-Tax GID138-205, Tax wt or the 5A mutant 

proteins of 350 nM were incubated with 25 nM of radiolabeled ^^pSer133-CREB 

(^^pCREB), cold pCREB, or ^^pSer129-pSer133-CREB (^^ppCREB) in the GSK- 

3p kinase buffer with or without phosphatase inhibitors (Sigma P2850). 

Reactions were performed at 30 °C for 45 minutes, which were stopped by 

adding 6 pi of 4X SDS dye to each reaction (20-pl volume). Samples were 

heated at 90 °C for 5 minutes, followed by SDS-PAGE analysis. The gel was 

dried, and the phosphorylation level of pCREB or ppCREB was visualized by 

phosphorimager analysis.

4.7 Co-immunoprecipitation assays.

293T cells seeded at 2 x 10® per 10-cm dish were transfected using Eugene 

6 reagent (Roche) with expression plasmids for Tax (pSG-Tax) or myc-Axin 

GID380-429 and HA-GSK-3P as indicated in the figure legends. Cells were 

harvested 48 hours post transfection, resuspended in 400 pi lysis buffer (50 mM 

Tris-HCI pH8, 1% NP-40, 100 mM NaCI, and 1 mM MgCl2) supplemented with 

protease inhibitors (2 mM benzamidine, 2 pg/ml leupeptin, 2 pg aprotinin, and 1 

mM PMSF), and lysed on ice for 30 min. Equal amounts of cell lysates were 

precleared by mixing with proein A/G agarose beads (20 pi), followed by 

centrifugation at 2,500 rpm for 5 min. The supernatant was then incubated with

82



anti-HA polyclonal antibody, anti-Tax antibody, or anti-myc antibody for 

overnight at 4°C with rotation, followed by incubation with protein A/G-agarose 

beads (20 pi) for 2 hours at 4°C. Beads were washed three times with ice-cold 

PBS, resuspended in 1X SDS dye, and boiled prior to SDS-PAGE separation 

and Western blotting analysis.

4.8 Electrophoretic Mobility Shift Assays (EMSAs).

EMSAs were performed with indicated recombinant proteins as previously 

described with minor modifications (71). Briefly, purified CREB, Tax wt or the Tax 

5A mutant, or GST-KIX (aa. 588 -  683 of CBP) were incubated with ^^P-end- 

labled viral CRE (vCRE) DNA probe and 5 ng of poly(dA) poly(dT) in a 20-pl 

reaction volume containing 100 mM of imidazole. Binding reactions were 

incubated on ice for 60 minutes and resolved on 5% nondenaturing 

polyacrylamide gels (49:1 (w/w), acrylamide:N,N-methylenebisacrylamide) in a 

running buffer containing 0.04 M Tris-HCI, 0.306 M glycine, pH 8.5, and 0.1% 

(v/v) Nonidet P-40. Gels were dried and visualized by Phosphorlmager (GE 

Healthcare). The top strand of the DNA probe used in this study is 5'- 

TTTCAGGCGTTGACGACAACCCCTCA-3' (vCRE sequence underlined), and 

the bottom strand is 5'-AAT GAGGGGTTGTCGTCAACGCCTGA-3'. The 

annealed DNA probe has a 2-bp overhang at each end.

4.9 Luciferase reporter assays.

HeLa, 293T or Jurkat cells were transfected with constant amount of DNA 

(reporter plasmids and pSG-Tax, Axin GID320-429 or pUC 19) using Fugene 6 

(Roche) or Lipofectamine reagent (Invitrogen) as noted in the figure legends.
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After 24 hrs of transfection, the transfected cells were harvested and lysed, and 

the luciferase activity was measured using a Turner Designs model TD 20-e 

luminometer. Renilla luciferase activity from the herpes simplex virus thymidine 

kinase promoter (pRL-TK) was used as an internal control to normalize firefly 

luciferase activities. The pGL3-OT and pGL3-OF reporter plasmids (159) were 

generous gifts provided by Dr. Bert Vogelstein (The Sidney Kimmel 

Comprehensive Cancer Center, Johns Hopkins University School of Medicine, 

Baltimore, MD). pGL3-OT contains three tandem repeats of the wild-type TCF- 

binding site, and pGL3-OF contains three mutant TCF-binding sequences at the 

upstream of the c-fos promoter and the luciferase open reading frame. An HTLV- 

1 LTR luciferase reporter construct (160) was used to examine the activity of 

transiently transfected Tax. An NF-AT luciferase reporter plasmid (161) was used 

to study the effects of Tax inhibition of GSK-3|3 on NFAT activation in Jurkat cells. 

The luciferase assay was performed in triplicate or duplicate, as indicated.
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Chapter 5 Future Directions

GSK-3P is such an important multifunctional kinase that is involved in 

regulating numerous cellular activities, ranging from glycogen metabolism, gene 

expression, cell cycling and proliferation, microtubule dynamics, and the Wnt 

signaling pathway (75, 79, 162). Deregulation of GSK-3(3 in cells causes many 

problems for these signaling pathways that GSK-3(3 regulates, which has been 

linked to many types of human cancer, and neurodegenerative diseases (75). 

Tax inhibition of GSK-3P may contribute to the leukemogenesis caused by HTLV- 

1 infection.

It has been reported that Tax inhibits GSK-33 indirectly by activating the 

PI3K/Akt pathway (45); however, our studies presented in the second chapter 

investigated the same problem, but from a different angle -  the direct inhibition of 

GSK-3P by Tax. We have successfully localized the region in Tax (aa. 138 -  205) 

that inhibits GSK-33. However, the exact mechanism of the inhibition still remains 

to be elucidated. To further our understanding of the mechanism of Tax-GSK-3p 

interaction, we have also tested our hypothesis by performing site-directed 

mutagenesis (single-point and deletion mutations) in GSK-3P protein. Our Co-IP 

studies using two GSK-3P deletion mutants that have the a-helix (acids 262 -  

273) and the extended loop (amino acids 286 -  300) deleted, respectively shows 

both deletion mutants still retain the capability to interact with Tax, which
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suggests that Tax may interact with more than one domains in GSK-33 or Tax 

may interact with a different domain other than the hydrophobic groove in GSK- 

3(3. In future studies, we can perform random mutagenesis on the surface of both 

Tax and GSK-3(3 proteins, followed by pull-down or fluorescence polarization 

assays. Additionally, NMR-detected mutational scanning could be an alternative 

option using competition binding experiments, as explained by Baminger and 

Ludwiczek in their article (163). Crystallography of the Tax-GSK-3(3 protein 

complex would be the best yet most challenging way to gain greater insights into 

this protein-protein interaction.

As indicated in our Co-IP and GST pull-down results. Tax binds to GSK-3(3 

both in vitro and in vivo, which raises the question whether Tax competes with 

Axin in binding GSK-3p. As the elevated level of |3-catenin protein and GSK-3[3 

Ser-9 phosphorylation were observed in HTLV-1-infected T-cells and Tax- 

transfected cells (45), it would be interesting to study whether Tax can dissociate 

Axin from binding GSK-3p. The dissociation of Axin from the destruction complex 

leads to the stabilization and accumulation of (3-catenin in cytoplasm. To address 

this possibility, we can perform three-color single-molecule FRET 

(Fluorescence/Fdrster Resonance Energy Transfer) experiments by attaching 

one of the three fluorophores (e.g., Cyanine5.5, Cyanine3 and CyanineS) with 

spectral overlap to each of the proteins, respectively. The application of single-

molecule FRET experiments would provide profound information on the 

intermolecular dynamics for Tax, GSK-3(3 and Axin. Alternatively, we can use 

fluorescence polarization to compare the affinities between Tax and Axin in
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binding GSK-3(3 by measuring the dissociation constants (Kd). However, before 

doing this, we still need to see the biological output of Tax-GSK-3p in cells.

It has come to our attention that Tax can be phosphorylated by GSK-3(3 in 

vitro, as shown in our in vitro kinase assays (Fig. 3.4), although the 

phosphorylation efficiency is much lower than pCREB phosphorylation by GSK- 

3(3. Phosphorylated Tax may function as a substrate of GSK-3(3, which leads to 

the inhibition of GSK-3(3. To address this possibility and investigate the GSK-3(3 

phosphorylation site(s) in Tax, we can use mass spectrometry to analyze the 

phosphorylation of endogenous Tax immunoprecipitated from HTLV-1-infected T- 

cells (e.g. SLB-1).

Meanwhile, we will also expand the study to the upstream signaling that 

regulates GSK-3(3, because Tax may target those signaling pathways for 

deregulation of GSK-3(3. An interesting kinase named aurora kinase A (AURKA) 

has been very sparsely studied in the HTLV-1 field. This kinase is an interesting 

candidate for our future studies, because AURKA interacts with GSK-3(3, and the 

overexpression of AURKA is associated with increased GSK-3P Ser-9 

phosphorylation (87). We may first explore the effect of Tax expression on the 

activity of AURKA in mammalian cells, followed by studies on the potential 

interaction between AURKA and GSK-3(3.

The Tax interactome has been summarized by Boxus et al (68) recently. 

However, the coverage of their review paper on Tax-interacting proteins is limited 

to those published studies. An important protein kinase the paper is lacking is 

GSK-3(3, as no previous studies have reported the interaction between Tax and
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GSK-3p. To gain a broader view of Tax-interacting proteins, we can carry out 

mRNA-display screening from a natural protein library or combinatorial peptide 

library (164-166). For a review on the mRNA-display technique, see the 

reference (167).

Finally, to make this project fit better into the laboratory’s major research 

theme, the future direction of this project will have focuses on understanding the 

impacts of Tax inhibition of GSK-3(3 on CREB-regulated HTLV-1 viral gene 

transcription. CREB is an important transcription factor involved in HTLV-1 viral 

and cellular genes transcription. Phosphorylation of CREB at Ser-133 is essential 

for complex formation with the CRE region of promoter and CBP/p300 (26). 

CREB Ser-133 phosphorylation creates the phosphorylation motif SXXXSp 

(where Sp denotes the phospho-Ser-133 in CREB), for hierarchical 

phosphorylation by GSK-3(3. However, contradictory results have been reported 

regarding the effects of the secondary phosphorylation at CREB Ser-129 on its 

DNA binding activity (109, 168). To investigate the effects of the secondary 

phosphorylation on CREB DNA binding activity in the context of HTLV-1 viral 

transcription, we will first do a gel shift assay to compare the DNA binding activity 

of pCREB (phospho-Ser-133) and ppCREB (phospho-Ser-129, 133). If different 

DNA binding activity is observed, we can continue to characterize ppCREB by 

doing In vitro transcription assays to further study the difference between the two 

forms of CREB in recruiting CBP/p300 and transcription initiation.

In summary, the future studies will shed more light on the mechanism of Tax- 

GSK-3(3 interaction and the Tax inhibition of GSK-3|3. More importantly, the
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future directions of this project will enable this project to integrate into the general 

scheme of Tax-induced cell transformation and HTLV-1 pathogenesis.
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