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ABSTRACT

ATF2 and ATFa are members of the bZip family of eukaryotic transcription

factors, which are characterized by the presence of a region of basic amino acids (basic

region) located upstream of a heptad repeat of leucine residues (leucine zipper). The

leucine zipper region is required for dimer formation, and the basic region binds the

negatively charged DNA backbone. ATF2 and ATFa are unique among the bZip

transcription factors in that they both contain a metal binding domain (zinc finger) in their

amino-terminus.

Both ATF2 and ATFa are able to bind DNA in a sequence specific manner,

regulating transcription. This DNA binding requires the formation of homo- or

heterodimers. These dimers bind DNA at sites called CREs, or cyclic AMP response

elements (5'TGACGTCA3'), although neither transcription factor is able to confer cAMP

responsiveness. Heterodimerization with the related transcription factor c-Jun enables

binding to sites similar to CREs, called TREs (5'TGA C/G TCA3'), implying a method of

fine tuning gene regulation. Genes shown to have ATF binding sites in their promoter

region include TGF-p2, E-selectin, c-Jun, and TNFcc.

Activation of transcription factors has been shown to be regulated through both

protein-protein interactions and phosphorylation. Both ATF2 and ATFa are able to

interact with the Hepatitis-B viral X protein, the Tax protein of human T cell leukemia,

and the adenovirus El a protein. Through direct interaction with El a, both ATF2 and
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ATFa are able to activate transcription through CRE sites. Phosphorylation of ATF2 on

threonine residues 69 and 71 in response to environmental stress such as UV light, heat

shock, hyperosmolarity, and alkylating agents has been shown to be a requirement for

transcriptional activation. This phosphorylation is due to members of the INK and p38

family of mitogen activated protein (MAP) kinases, and although other kinases have been

reported to phosphorylate ATF2, none have been shown to mediate its activity. The direct

effect of phosphorylation of ATF2 has not been elucidated, but possibilities include a

conformational change that enables dimerization (and thereby DNA binding), disruption of

intramolecular N-terminal/C-terminal inhibitory interactions, or facilitating protein-protein

interactions either directly to the basal transcription machinery or to a bridging protein that

in turn binds to the transcription machinery.

Because ATF2 has been the subject of more research than ATFa, and because of

the many similarities between these proteins, I chose to focus on ATFa for my

experiments. Two kinases were purified, one purchased, and all three were tested for their

ability to phosphorylate both purified ATF2 and ATFa. The cyclic AMP-dependent

protein kinase (PKA) was able to phosphorylate both transcription factors, as was JNK,.

A surprising difference was found when p38 was tested, however. While ATF2 proved to

be a substrate for p38, ATFa was not able to be phosphorylated by this kinase under any

conditions tested. Because the site of phosphorylation in ATF2 by p38 is highly conserved

in ATFa, this proved to be a surprising and unique discovery.
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Chapter 1

Introduction

ATF2 is a 505 amino acid protein (54.5 kD) expressed in various human tissue

types including lung, liver, kidney and it is especially abundant in the nervous system and

brain cells such as hippocampus and dentate gyrus (Maekawa et al., 1989). The ATF2

gene is located on human chromosome 2 and this gene's promoter has no TATA box but

does contain several Sp-1 binding sites (Goetz et al., 1996). A germline mutation of the

ATF2 gene in mice caused a 49% mortality rate within a month of birth. Those mice

surviving the first month thereafter had a mortality rate double that of normal mice. These

survivors were runted, only achieving 71% of normal weight, with dwarfism of the spine

and long bones as well as deafness and hyperactivity. The ATF2 (-/-) mice also had

smaller brains, with a 50% decrease in the number of Purkinje cells. They also displayed

body-wide twitching, head twitching, and decreased hind limb coordination (Reimold et

al., 1996). These defects indicate ATF2 is required for skeletal system and nervous system

development.

ATF2 is a bZip protein, with a highly conserved dimerization and DNA binding

domain. ATF2 forms homodimers that bind to CRE sites and can form heterodimers with

cJun. ATF2 fails to dimerize with JunB or cFos (Chatton et al., 1994). ATF2/cJun

heterodimers can bind to CRE (5'TGACGTCA3') and 12-0-tetradecanoyl-phorbol-13-

acetate response element (TRE) (5'TGAGTCA3') with high affinity, as well as the NF-

ELAM element (5'TGACATCA3') (Hai and Curran, 1991).



ATF2 is able to mediate the transactivation ability of Ela in vivo. Using a GAL4-

ATF2 fusion protein with a CAT reporter containing GAL4 binding sites in its promoter

region, ATF2 has been shown to mediate transcriptional activation through the Ela

oncogene product, while neither ATF2 nor Ela alone could activate transcription in this

system. Deletion of amino acids 1-33 (the zinc finger domain) in ATF2 reduced Ela

inducibility in this system by four fold. Further deletion to residue 108 reduced activity by

10 fold (Liu and Green, 1990). Mutation of Thr 69 or Thr 71 to alanine either individually

or together in GAL4-ATF2 fusion proteins reduced Ela activation in CAT reporter

constructs with GAL4 promoters by 5-fold. Mutation of Ser 90 to alanine mediated an

Ela response as well as the wild-type ATF2 protein in this system. Ela and ATF2 can

interact directly. This was demonstrated in an affinity pull-down experiment. GST-El a

immobilized on GSH-agarose beads was incubated with cell extracts overexpressing ATF2

truncation mutants. Ela was only able to interact with ATF2 mutants that included amino

acids 350-505. Thus while the N-terminal region of ATF2 is required to mediate Ela

transactivation ability, it is the C-terminal 155 amino acids that are required for protein-

protein interaction (Livingstone et al., 1995).

ATF2 has three sites for phosphorylation by proline directed kinases in the amino-

terminus. These sites are threonine 69 and 71 and serine 90. JNK, binds ATF2 directly

through interactions requiring the N-terminus of ATF2 (between amino acids 20 and 60)

and phosphorylates each of these sites. Full length ATF2 was not as good a substrate for

this reaction as were N-terminal domain truncations, indicating that the kinase may have

difficulty accessing the site of phosphorylation due to the conformation of the full length



ATF2 protein (Livingstone et al, 1995). Mutation of Thr 69, Thr 71 and Ser 90 to alanine

abolished phosphorylation by JNKi in vitro. These sites are also phosphorylated by ERK2

in vitro but not as efficiently as with JNKi. ATF2 has been shown to directly interact with

INKj by affinity pull-down experiments. Immobilized GST-ATF2 proteins incubated with

extracts from UV-stimulated cells were able to bind JNKi and JNK2, and mutation of any

of the phosphoacceptor sites had no effect on this binding. Phosphopeptide mapping of

wild-type and mutant ATF2 peptides indicated the phosphorylation of Thr 69, Thr 71 and

Ser 90 in vivo (Livingstone et al., 1995).

In vivo studies with GAL4-ATF2 fusion proteins in F9 cells (which lack

endogenous cJun or cFos) transfected with a CAT reporter containing GAL4 binding sites

in the promoter region revealed that exposure to UV light activated transcription through

ATF2/cJun heterodimers (van Dam et al., 1995). The cJun promoter elements juni and

junl are constitutively occupied in the F9 cells, and activation was due to phosphorylation

of ATF2/cJun heterodimers. Threonines 69 and 71 in ATF2 are required for this effect

and a truncation mutation consisting of only amino acids 1-112 (including the activation

domain) was sufficient to convey transcriptional activity (van Dam et al., 1995).

Treatment with TP A did not activate ATF2, but it did activate cJun, indicating that ATF2

is not a target of the ERK cascade induced by phorbol esters m vivo. The alkylating agents

MNNG (N-methyl-N'-nitro-N-nitroso-guanidine) and MMS (methylmethane sulphonate),

which damage DNA, increased transcription of a GAL-4 promoter through ATF2 by 5-

fold, and Thr 69 and Thr 71 are required, while Ser 90 is not (van Dam et al., 1995),

further defining conditions under which ATF2 is activated.



The ATF2 C-terminal domain (including the bZip region) between amino acids 349

and 415 has been shown to be able to bind to the N-terminal domain of ATF2 and inhibit

transcriptional activation (Liu and Green, 1996). Neither the basic region nor the leucine

zipper alone supports this interaction; instead both are required. The bZip domain from

cFos fused to amino acids 1-349 of ATF2 did not confer this inhibition, but the bZip

domains of CREB, CEBP and cJun did. Immobilized GST-ATF2 1-109 or GST-ATF2 1-

139 were able to bind bacterially expressed full length ATF2, implying this interaction is

specific. Fusing the bZip and zinc finger domains together in various combinations shows

that this inhibition is independent of the relative position of these two domains within the

same molecule (Liu and Green, 1996). This inhibition may be a mechanism to prevent

transcription factors from binding to DNA under non-activating conditions.

ATF2 may activate transcription by recruitment of the basal transcription

machinery, perhaps through protein-protein interactions with the N-terminal domain of the

transcription factor. One model of how this may occur involves HMG I(Y) and NF-kB

proteins in the INF-P promoter (Du et al., 1993). HMG I(Y) is able to bind DNA and

recruit NF-kB to PRD promoter sites. Two of these sites in the IFN-P promoter flank

ATF/CRE sites. Two HMG I(Y) proteins bind to these PRD sites and recruit ATF2/cJun

heterodimers to the IFN-P promoter (Du et al., 1993), perhaps overriding the need for

phosphorylation to enable dimerization or DNA binding. A CAT reporter system with an

IFN-P promoter in HeLa cells was used to test the effect of antisense RNA expressing

vectors for ATF2, NF-kB or HMG I(Y). These experiments showed the need for all three

proteins in induction of transcription in this system. Antisense cJun reduced reporter



activity, but not to a similar level as did antisense ATF2, implying that ATF2 homodimers

as well as ATF2/cJun heterodimers play a role in this activation. HMG I(Y) binds both

ATF2 and cJun, and this interaction requires the bZip domain. This interaction serves to

recruit ATF2/cJun heterodimers to the ATF/CRE site in the IFN-p promoter. HMG I(Y)

binds DNA in the minor groove, allowing the binding site to overlap that of ATF2. This

binding may cause the DNA to bend and allow the assembly of the transcription complex

(Du et al, 1993). This complex involves a pair of HMG I(Y) proteins bound

simultaneously to DNA and ATF2 dimers, which in turn is bound to NF-kB, itself bound

to a pair of HMG I(Y) proteins. Both ATF2 and NF-kB interact with the basal

transcription machinery in this model, giving the most complete model for the possible

mechanism of ATF2 function to date.

The transcription factor most closely related to ATF2 is ATFa. The two factors

share many similarities, but significant differences in function have been observed (Gong et

al., 1995). ATFa is a 483 amino acid protein with a projected molecular weight of 51.7

kD. The gene for human ATFa is found on chromosome 12, and ATFa mRNA transcripts

were found at low levels in human cell lines such as HeLa, JEG-3, MCF 7, 293 cells and

MG 63 (Goetz et al., 1996). The ratio of ATFa mRNA transcripts as compared to ATF2

and CREB is 1:5:20 (Goetz et al., 1996). ATFa is expressed in mouse embryos and most

adult mouse organs, and elevated levels were detected in squamous or pseudostratified

epithelia, as well as in specific areas of the brain such as Purkinje cells, the hippocampus,

dentate gyrus, and piriform cortex (Goetz et al., 1996). The promoter region of the ATFa



gene has neither a TATA box nor an ATF/CRE site, being more similar to the ATF2

promoter than to other ATF genes (Goetz et al., 1996).

There are 4 splice variants of ATFa currently known. One forms a dominant

inhibitor with ATFa, completely blocking ATFa's transactivating ability (Pescini et al.,

1994). This variant, known as ATFaO, is missing 176 amino acids (135-310). One variant,

ATFa3, has an extra 11 amino acids, while another, ATFal, is missing 21 amino acids

between positions 125-145 (Chatton et al., 1993). All three full length variants, ATFal,

ATFa2 (commonly known as simply ATFa) and ATFa3, are able to mediate Ela induction

of a CAT reporter construct in HeLa cells. All three were also able to be co-precipitated

with antibodies to cFos and cJun, and antibodies to ATFa were able to isolate both cJun

and cFos(Chatton, et al., 1993). GAL4-ATFa/cJun heterodimers with all three variants

were able to stimulate a GAL4 reporter construct up to 13 fold (Chatton, et al., 1994).

Like the other members of the bZip family of transcription factors, ATFa has a

highly conserved region containing a leucine zipper motif that is responsible for

dimerization C-terminal from a region of basic amino acids (Meyer and Habener, 1993).

This basic region is the site responsible for DNA binding, conferring specificity to the

dimer. ATF homodimers bind to a site inside the CRE called the ATF site

(5'TGACGTCA3'). This site differs from the related TRE site (5'TGAGTCA3') bound by

related transcription factors cJun/cFos heterodimers by a single nucleotide

(5'TGAGTCA3').

Like ATF2, ATFa is different from other bZip transcription factors in that both

have a zinc binding element in the N-terminus. This region has been shown to be



responsible for El a responsiveness (but not El a binding). The N-terminal 88 amino acids

are involved in JNKj binding (Bocco et al., 1996). A point mutation (His27 to Asn) in the

zinc finger domain destroys this effect on Ela activity (Chatton et al., 1993). This region

is also able to bind to and mask the C-terminal end of ATFa, between amino acids 378 and

456 (Goetz et al., 1996). It is believed that this interaction masks the DNA binding and

dimerization domain as a form of negative regulation (Goetz et al., 1996). Deletion of this

region in GAL4 fusion proteins resulted in nearly maximal CAT reporter activity (Chatton,

et al., 1994b). Phosphorylation may cause a conformational change that disrupts this
\

negative regulation and enable dimerization and DNA binding.

ATFa has been shown to dimerize with cJun and cFos. ATFa/cJun heterodimers

can bind both CREs and TREs, as well as API sites, while ATFa/cFos heterodimers

cannot bind either (Chatton, et al., 1994b). Co-expression of cJun and GAL4-ATFa

plasmids resulted in up to 13 fold increases of transcription of a GAL4-TK-CAT reporter

(Chatton, et al., 1994b). This activation was not dependent on the transactivation domain

of ATFa, since deletion of amino acids up to 278 had no effect on the observed

stimulation. Deletion of the bZip region destroyed cJun-mediated activation. Similar

results were seen with ATFa/JunD and ATFa/JunB heterodimers. The interaction between

ATFa and cJun was also observed in vivo by immunoprecipitation experiments in cultured

COS-7 cells. Deletion of the bZip domain greatly reduced the amount of cJun

coprecipitated with anti-ATFa antibodies (Chatton, 1994). The C-terminus also contains a

nuclear localization signal (NLS) between amino acids 327-368. Immunofluorescent

staining experiments with ATFa antibodies show nuclear localization in HeLa cells



overexpressing ATFa (Goetz et al., 1996). An unidentified kinase was co-

immunoprecipitated using a GST fusion protein linked to the basic region of ATFa's bZip

domain (Bocco et al, 1996). The level of phosphorylation of ATFa by this kinase was less

than that observed with JNKj. This kinase is not stimulated by ultraviolet light nor heat-

shock, as is the case with JNKs, but was slightly responsive to TPA, like the ERKs. The

effect of either of these kinases on ATFa activity has yet to be determined.

Like ATF2, ATFa has been shown to interact directly with NF-kB (Kaszubska et

al., 1993). In the E-selectin promoter, ATFa and ATF2 homodimers, as well as ATF2-

cJun heterodimers bind to the NF-ELAMl site, which contain a CRE-like sequence

(5'TGACATCA3'). In an E-selectin CAT reporter, overexpressed ATFa was able to

activate transcription, whereas ATF2 could not (Kaszubska et al., 1993). In an affinity

pull-down experiment, both ATFa and ATF2 were able to directly interact with subunits

of NF-kB. GST fusion proteins of p50 and p65 NF-kB were able to bind to ATFa and

ATF2, and this interaction was estimated to require the bZip region of the ATFs. An

ATF2 clone missing amino acids 1-107 (including the zinc finger and INK/p38

phosphorylation sites) and ATFaO (missing amino acids 135-310) were able to interact

with the p50 subunit of NF-kB. Both of these ATF variants contain the bZip domain,

indicating this is the region responsible for NF-kB binding (Kaszubska et al., 1993). While

ATFa was not shown to bind the basal transcription machinery in this model, it is

reasonable to theorize activation similar to that in the ATF2/NF-kB/HMG I(Y) model of

the INF-P promoter (Du et al., 1993). Note that this may be a unique model, and other

ATF-containing transcription initiation complexes may differ considerably.



ATFa and ATF2, like other transcription factors, can have their actions regulated

in several ways, the most studied being phosphorylation. There are at least three distinct

kinase cascades in mammalian cells, with evidence of some cross-talk reported. These

cascades are the extracellular signal-related kinase (ERK) pathway, the stress activated

protein kinase (SAPK) or c-Jun N-terminal kinase (INK) pathway, and the p38 pathway.

MAP kinases p42 (ERKl) and p54 (ERK2) have been shown to phosphorylate ATF2 in

vitro, and this phosphorylation had the effect of enabling bacterially expressed ATF2 to

become competent to bind DNA (Abdel-Hafiz et al., 1992). The catalytic subunit of the

cAMP dependent kinase (PKA) has also been shown to phosphorylate ATF2, but no effect

on DNA binding was evident (Abdel-Hafiz et al., 1992). This observation is consistent

with the lack of cAMP responsiveness displayed by both ATF2 and ATFa (Meyer and

Habener, 1993). Dephosphorylation by protein phosphatase 2A (PP2A) of ATF2

previously phosphorylated by ERK 1/2 reversed its ability to bind DNA in gel shift assays,

indicating a role of phosphorylation in regulation of DNA binding (Abdel-Hafiz et al.,

1992). However, more recent studies indicate the INK isoforms and p38 may have more

physiologically relevant roles. JNKi has been shown to phosphorylate ATF2 on threonine

residues 69 and 71, and to a lesser extent, serine 90 (Livingstone et al., 1995). Mutation

of these sites to alanine individually or in combination in GAL4 fusion proteins destroyed

the ability of ATF2 to enhance a CAT reporter's transcriptional activity with a GAL-4

promoter (Livingstone et al., 1995). These same mutations also decreased Ela activation

in a similar reporter construct (Liu and Green, 1990). Since the N-terminal domain in

ATF2 is highly conserved in ATFa, including the crucial threonine residues (at 51 and 53



in ATFa), it is likely that one or more of the kinases able to phosphorylate ATF2 may also

be able to phosphorylate ATFa. Indeed, ATFa has been shown to bind INK2 directly and

is a substrate for that kinase (Bocco et al., 1996).

UV light, TNF-a, heat shock, anisomycin, hyperosmolarity and arsenite not only

activate the JNK pathway in vivo, but also the p38 pathway. Simultaneous activation of

INK and p38 along with the inactivation of the ERK pathway lead to an increase in the

number of apoptotic rat PC-12 pheochromocytoma cells (Xia et al., 1995). ATF2 has been

shown to be a substrate for p38, and the sites of this phosphorylation are the same as seen

with JNK, namely threonines 69 and 71 (Raingeaud, et al., 1995, and Raingeaud, et al.,

1996). Studies have also shown that p38 phosphorylates ATF2 while ATF2 is bound to

DNA in the E-selectin promoter. This suggests that phosphorylation of ATF2 by p38 does

not lead to dimerization or DNA binding, instead this phosphorylation may lead to

activation by recruiting basal transcription machinery such as CBP or p300 (Read et al.,

1997). Phosphorylation by other kinases may be a prerequisite to DNA binding, but not by

p38. Variants of p38 have been discovered that phosphorylate ATF2 much better than has

been seen with p38. The variants p38-2 and p38p2 phosphorylated ATF2 with a catalytic

activity of over 100 fold more than p38 (Stein et al., 1997, and Kumar et al., 1997).

Another variant, p38Y, was able to phosphorylate the known p38 substrate MBP, but

surprisingly, not ATF2. This kinase is predominantly expressed in skeletal muscle, as

opposed to the wider distribution of other forms of p38, implying a more cell-type specific

role for this kinase (Li et al., 1996).
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ATF2 as well as ATFa are able to influence the transcriptional activity of a TGF-

P2 promoter-driven CAT reporter in vivo (Gong et al., 1995). Cotransfection of CHO

cells with an ATFa expressing vector resulted in activation of the TGF-P2 driven CAT

reporter. The same results were found with ATF2. Addition of cAMP had no effect on

this activity, indicating that while both ATF2 and ATFa bind CREs, neither seem to be

part of the cAMP signaling pathway. When ATF2 is overexpressed in this system along

with pRb, transcription is greatly (more than additively) enhanced. Conversely, when pRb

is coexpressed with ATFa, transcription is inhibited. Despite the many similarities between

ATF2 and ATFa, there is obviously some difference in their functionality. Differing effects

on transcription by ATF2 and ATFa may be mediated by levels of expression of the

factors themselves. The ratio of mRNA levels of ATFa, ATF2, and CREB detected in

HeLa cells was 1:5:20 (Goetz et al., 1996). Another means of regulation could involve

alternately spliced variants, ATFaO and mXBP2, that preferentially form inactive

heterodimers with ATFa and ATF2, respectively (Pescini et al., 1994). Evidence has been

shown in both proteins that the bZip domain binds to the activation domain, causing

inhibition of dimerization and therefore DNA binding ability. Phosphorylation has been

implicated as the means of reversing this intramolecular interaction, as well as induction of

the N-terminal domain activation of transcription.

In summary, ATFa and ATF2 are two closely related members of the b-Zip family

of transcription factors. Both have been shown to bind CREs very strongly in vitro

(Maekawa et al., 1989, Gaire et al., 1990, Kim et al., 1992, and Liu and Green, 1990),

although neither are able to confer cAMP responsiveness in vivo (Liu and Green, 1990).
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The sequence similarity between the proteins include an 80% identity in the b-Zip region

and a 86% identical sequence in an 88 amino acid N-terminal sequence (Gaire et al.,

1990). Alignment of the sequences of these two transcription factors, as seen in Figure 1^

suggests that ATFa and ATF2 are products of gene duplication, and have subsequently

diverged through evolution (Meyer and Habener, 1993). Both have been shown to

mediate the transcriptional activation ability of the adenovirus El a protein (Chatton et al.,

1993, and Liu and Green, 1990).

Both ATFa and ATF2 heterodimerize with cJun and these dimers are able to bind

CREs (TGACGTCA) and TREs (Meyer and Habener, 1993, and Pescini et al., 1994).

ATFa can also heterodimerize with cFos, whereas ATF2 cannot (Hai and Curran, 1991,

and Chatton, 1994). ATFa/cFos heterodimers do not appear to bind either CRE nor TRE

sites (Chatton, 1994). Both ATFa and ATF2 are able to bind CREs as homodimers. ATFa

but not ATF2 has been shown to interact with Jun-B and Jun-D (Chatton, 1994). This

dimerization ability is due to the leucine zipper region of the b-Zip domain. A leucine

residue is repeated every seven amino acids in an alpha-helical section of the C-terminus.

This arrangement places a series of 5 hydrophobic leucines on the same side of the alpha-

helical region. Hydrophobic interactions with other leucine zippers enables dimerization.

In ATFa this region runs from 359-387, and in ATF2 the region is between 380-408.

There are only four amino acids that differ between ATFa and ATF2 in this region (an

86% identity). The other half of the b-Zip domain is the region of predominantly basic

amino acids just N-terminal to the leucine zipper region. The positively charged amino

'All figures may be found in the Appendix on page 43.
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acids of this basic region interact directly with the major groove of the negatively charged

DNA backbone, providing DNA specificity for the transcription factors (Meyer and

Habener, 1993). There are only two amino acids different between ATFa and ATF2 in this

region.

The N-terminal domains of ATFa and ATF2 differ from other related transcription

factors in that they have a zinc binding region. Deletion of this region (1-143) in ATF2

results in the destruction of El a inducibility (Liu and Green, 1990), as well as destroying

activation of TGF-P2 (Kim et al., 1992). Deletion of amino acids 1-33 in ATFa also

abolished El a responsiveness in a GAL4 fusion protein system (Chatton, 1993). The N-

terminal domain in both proteins has been shown to be a binding site for protein-protein

interactions and also necessary for transactivation ability.

Despite the many similarities between ATF2 and ATFa, little attention has been

paid to the ability of ATFa to serve as a substrate for kinases known to phosphorylate

ATF2. ATF2 has been shown to be phosphorylated by PKA, INK, and p38 in several

studies (Abdel-Hafiz et al., 1992, Livingstone et al., van Dam et al., 1995, Gupta et al.,

1995, Raingeaud, 1995, Raingeaud, 1996, and Read et al., 1997), but only one paper has

investigated the phosphorylation of ATFa (Bocco et al., 1996). ATFa was able to bind to

a kinase identified as JNKj through immunoprecipitation experiments in HeLa and COS-7

cells. A fusion protein consisting of GST and the 82 N-terminal amino acids of ATFa was

able to trap JNK2 from crude cellular lysates. Another kinase was able to interact with the

carboxyl terminal end of ATFa, but the identity of this kinase was never determined
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(Bocco et al., 1996). Thus, I decided to compare the ability of various kinases to

phosphorylate both ATF2 and ATFa in vitro, including JNKi, PKA, and p38.

Phosphorylation of ATF2 and ATFa by GST-INKi and PKA proceeded as

expected, with both transcription factors proving to be substrates for both kinases. But an

unexpected difference was found when ATFa and ATF2 were used in assays with the

kinase p38. GST-p38 phosphorylated ATF2, as was reported previously; however, ATFa

was not phosphorylated by GST-p38 under any experimental parameters tested. This is a

unique discovery, due to the fact that the phosphoacceptor sites for p38 in ATF2 are

highly conserved in ATFa, as well as the upstream and downstream regions. The

difference in substrate affinity may be due to the in vitro nature of the kinase assays used,

but recent findings by Liu and Wicks (unpublished results) discount this option.

Overexpression of MKK6 (a potent upstream activator of p38 but not INK) and ATF2 in

CHO cells resulted in activation of a CAT reporter with a TGFp2 promoter, but

overexpression of MKK6 with ATFa in the same system did not. Overexpression of

MKK7, a potent activator of the JNK but not the p38 pathway, along with either ATFa or

ATF2 resulted in increased CAT reporter activity. These results, taken with my in vitro

results indicate that ATFa is a target of the JNK pathway, but not the p38 kinase pathway.
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Chapter 2

Materials and Methods

Cell Cultures

Colonies of BL21 (DE3) pLysS Escherichia coli cells previously transformed with

a vector expressing ATF-a (pET-14b), p38 or JNKi (pGEX) (Novagen) were taken from

LB-Amp plates and incubated overnight in 30 ml of LB media containing 20 pg/ml of

ampicillin at 37° with shaking. This culture was transferred to larger flasks with LB-Amp

(1000 ml total volume) and incubated for 2 hours at 37° with shaking before being

induced with IPTG (Sigma) at a final concentration of 0.4 mM. The incubation was

carried on for 3 more hours before harvesting by centrifligation for 10 minutes at 5,000x

g. Crude lysates were made by resuspending the pellets in Ix binding buffer (20 mM Tris

pH 7.9, 500 mM NaCl, 5 mM imidazole (Sigma)) with 1 mM PMSF (Sigma), 0.3 pg/ml

pepstatin A and 0.1 pg/ml leupeptin (the last two were a gift from the lab of Dr. Roberts)

and then sonicating the cells on ice. Cellular debris was removed through centrifugation

for 5 minutes at 10,000x g. Negative controls (untransformed cells and cells transformed

with an empty vector but without IPTG induction) were also prepared.

Nickel Affinity Chromatography

The 6xHis-tag is a repeat of six histidine residues added in frame to proteins

expressed through the pET 14b vector system. Two similar methods were used to purify
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the 6x His tagged proteins, ATFa and ATF2. Crude cellular lysates were passed over a 2.5

ml bed volume nickel affinity (NTA-sepharose, Novagen) column equilibrated with Ix

binding buffer. In one experiment the sample was washed with an increasing gradient of

imidazole in fx binding buffer ranging from 5 mM to 100 mM. Target proteins were

eluted with addition of 200 mM imidazole in binding buffer. In another experiment, the

crude lysate was added as described previously. The column was then washed with a

decreasing gradient of urea ranging from 6M to OM. Samples were eluted with 40 mM

then 200 mM imidazole in Ix binding buffer. One ml fractions were collected and

examined on a silver stained SDS-PAGE.

Preparation and Purification of GST fusion proteins

Cultures of E. coli expressing a GST fusion protein (INKj and p38) were grown

and harvested as described above, except the pellets were resuspended in phosphate

buffered saline (PBS) containing 1 mM DTT, 1 mM EDTA and 1 mM PMSF (each from

Sigma). After sonication on ice, 10% Triton X-100 (Sigma) was added to the sample to a

final concentration of 1%. Cellular debris was removed by centrifligation as above, with

the supernatant being aliquoted as crude cellular lysate.

One ml of a 50% (v/v) slurry of GSH-agarose beads (Sigma) was then added to

the crude lysate and incubated at room temperature for less than 5 minutes. Beads were

collected by centrifugation in a table top centrifuge at 4° and washed 3 times with ice cold

PBS-1 mM DTT/EDTA/PMSF. This pellet was resuspended in PBS-1 mM

DTT/EDTA/PMSF and transferred to a 1.5 ml microcentriflige tube. This volume of
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buffer was discarded afler another centrifugation at room temperature. GST tagged

proteins were eluted off the GSH-agarose beads by the addition of elution buffer (50 mM

Tris pH 8.0, 20 mM DTI, 10 mM reduced GSH) and incubation at room temperature for

less than 5 minutes. Centrifugation at room temperature removed the GSH-agarose beads

from the eluted fraction, which was saved. Sterile glycerol was added to the eluted

fraction to a final concentration of 50% and the sample was stored at -20°.

JNK, andp38 Kinase Assays

Protein kinase GST-JNKi or GST-p38 (100 ng) were incubated with 5 pCi of ̂ ^P-

Y- ATP (ICN), 20 pM ATP (final), 20 pi assay buffer (25 mM HEPES, 25 mM MgClj, 25

mM P-glycerophosphate (Sigma), 1 mM DTT (Sigma), 0.1 mM sodium orthovanadate

(Sigma)), substrate (typically 0.1 pg to 5 pg) and water to a final volume of 30 pi. This

mixture was allowed to incubate at 30° for 30 minutes. The reaction was halted by

addition of 5 pi of 5x Laemmli sample buffer (62.5 mM Tris, pH 6.8, 10% glycerol,

0.02% w/v SDS (Sigma), 0.02% w/v bromophenol blue (Sigma), 715 mM P-Mercapto-

ethanol (Sigma)) and incubation at 95° for 5 minutes. Samples were then subjected to

SDS-PAGE and the gels were washed twice in 1 M H3PO4 to reduce background. The

gels were then Coomassie stained, destained, dried and exposed to x-ray film at -70°

overnight with enhancing screen.

PKA Kinase Assay
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The catalytic subunit of the cAMP dependent protein kinase (PKA) (Sigma) was

resuspended in PKA resuspension buffer (300 mM KH2PO4, pH 6.8, 1 mM EDTA, 15

mM P-Mercapto-ethanol) to a final concentration of 2.5 units per pi. One pi of PKA was

incubated with 20 pi PKA reaction buffer (25 mM MES pH 6.8, 5 mM MgClz, and 4 mM

P-mercaptoethanol), 5 pCi ̂^P-y-ATP, 20 pM ATP (final), 0.1 pg to 5 pg substrate, and

water to a final volume of 30 pi. The incubation was for 30° for 15 minutes. The reaction

was terminated by addition of 5 pi of 5x Laemmli sample buffer and incubated at 95° for 5

minutes. After SDS-PAGE, the gels were washed twice in 1 M H3PO4 to reduce

background, Coomassie stained, destained, dried and exposed to x-ray film at -70°

overnight with enhancing screen.

Western Blotting

After resolving samples on a 10% SDS-PAGE and electroblotting onto

nitrocellulose (Bio-Rad), 10% non-fat dry milk in PBS-0.05% Tween-20 (Mallinckrodt)

("blotto") was used to block non-specific proteins from binding to the membrane. After

washing with PBS-Tween three times for 10 minutes, the primary antibody was added.

This antibody was either monoclonal rabbit anti-ATF-2 (Santa Cruz), or monoclonal

mouse anti-T7 (Novagen) in a final dilution of 1:3000. The T7 tag is an 11 amino acid

leader peptide (Met-Ala-Ser-Met-Thr-Gly-Gly-Gln-Gln-Met-Gly) expressed by many pET

expression vectors. After incubation with primary antibody, the membrane was washed

with PBS-Tween before the secondary antibody was added (1:1000). The secondary

antibodies were goat anti-mouse or goat anti-rabbit linked to horseradish peroxidase.
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Bands were visualized by addition of 4-Chloro-l-naphthol (3mg/ml in methanol) and

hydrogen peroxide (2pl/3ml) in PBS with shaking at room temperature.
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Chapter 3

Results and Discussion

Purification ofA TFa by nickel-sepharose affinity chromatography

6xHis-tagged ATFa was expressed in BL21(DE3) pLysS E. coli cells and crude

cellular lysates were prepared as described in Materials and Methods. The polyhistidine

tag binds nickel ions with high affinity, enabling rapid purification using nickel bound to

sepharose. The crude lysate was loaded onto a 2 ml, pre-equilibrated, nickel-sepharose

affinity column as described in Materials and Methods. The column was subsequently

washed with a gradient of imidazole ranging from 5 to 100 mM. The His-tagged ATFa

was eluted by the addition of 200 mM imidazole. Figure 2 shows the high degree of

purification of ATFa achieved by this technique. In an attempt to remove the impurities

seen with this procedure, another protocol was employed.

ATFa-containing crude cellular lysate was applied to a nickel affinity column as

before, however, instead of washing with imidazole, the column was washed with a

decreasing gradient of urea, ranging from 5 M to OM. The urea wash causes denaturation

of proteins bound to the affinity column, eliminating hydrophobic interactions that result in

impurities co-eluting with his-tagged proteins. After the denaturing wash, the column was

then washed with 40 mM imidazole and finally eluted with 200 mM imidazole. Figure 3 A

shows that a much higher degree of purity is achieved through this technique than that of

the imidazole wash alone. The identity of the bands seen in the silver stained
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polyacrylamide gel was confirmed through Western blotting, Figure 2B. The primary

antibody used in this blot, mouse monoclonal anti-T7, is a highly specific antibody crafted

against the 11 amino acid leader peptide expressed by the pET vector. This tag is fused in

frame along with the His-tag and the ATFa cDNA and can therefore be used as an epitope

tag specific to any protein expressed through the pET system, including ATF2 (see

below). Figure 3B shows that both of the bands in the doublet seen in Figure 2 (lane 10)

and Figure 3 A (lanes 6 and 7) contain the T7 tag. Given the presence of the tag and the

molecular weight of the doublet (69-71 kDa), both must be ATFa. The bands are either

due to alternately spliced transcripts or, more likely, to proteolytic cleavage of the full

length protein. Other researchers have also noticed that the mobility of the ATF proteins is

lower in polyacrylamide gels than was expected given their projected weights. Using this

technique, a much higher concentration of ATFa was purified, and to a much higher

extent, apparently over 90% pure.

Determination of the concentration ofA TFa

Known amounts of purified ATF2 (Santa Cruz) were resolved on a 10%

polyacrylamide gel along with an unknown concentration of purified ATFa in an effort to

approximate the concentration of ATFa. Figure 4A shows this silver stained gel. ATFa has

22 fewer amino acids than ATF2 (483 in ATFa, 505 in ATF2), and thus has a projected

molecular weight 2.5-3.0 kDa less than ATF2 (51.7 as compared to 53.5 for the wild type

proteins, plus 17 additional amino acids for the His and T7 tags). Both proteins were

expressed in the same system and purified through similar techniques, resulting in some
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similar impurities, but my preparation of ATFa appears to be cleaner than commercial

ATF2. The ATFa band appears to be more intense than that of ATF2 seen in lane 2 (200

ng) but not as intense as the ATF2 band seen in lane 3 (400 ng). This implies that the

concentration of ATFa is between 50 and 75 ng per pi. Notice also the breakdown

product seen in the ATF2 lanes at a molecular weight of approximately 53 kDa. This

product is also seen in the Western blot, Figure 4B, indicating that it must be an intact N-

terminus. The estimated size of this breakdown product is estimated to be -350 amino

acids, based on its mobility in the SDS gel. This would correspond to cleavage of the bZip

domain. The purified ATFa sample appears to be at least 90% pure, and while it is not as

concentrated as the commercial ATF2, it is cleaner.

Phosphoiylation of ATF2 by GST-JNK,

It has been previously reported that ATF2 is a substrate for members of the JNK

family of protein kinases (2-9, 2-10, 2-12). 1 tested the ability of my preparation of GST-

JNKi to phosphorylate ATF2. GST-JNK, was purified as described in Materials and

Methods. Approximately 50 ng of GST-JNK, was incubated with either GST-cJun (1-79),

as a positive control, or 400 ng of ATF2 (Santa Cruz). Figure 5 shows an autoradiogram

of a time course of ATF2 phosphorylation by GST-JNK, and the gel used to create the

autoradiogram. The GST-JNK 1 prepared in our lab is able to phosphorylate ATF2 (Santa

Cruz). The 53 kDa ATF2 N-terminal breakdown product is also phosphorylated under

these conditions. In fact, this breakdown product appears to be a better substrate than full

length ATF2. There is much less of the breakdown product evident in the stained
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polyacrylamide gel, but the band in the autoradiogram is intense. It appears that maximal

phosphorylation of ATF2 occurs within 15 minutes of the initiation of the reaction. This

may due to accidental loading of more sample in that particular well (Figure 5B, lane 5)

than the actual rate of kinase activity.

Most of the GST-JNK, and GST-p38 kinase preparations exhibit a high degree of

autophosphoiylation (when the kinase phosphorylates itself at the activation sites normally

phosphorylated by upstream kinases) and, unfortunately, the GST tag gives both kinases

mobilities on SDS gels very similar to that of ATF2 and ATFa. This is problematic, but

not impossible to work with, as long as the autophosphorylation band is not so intense as

to overshadow that of ATF2 or ATFa. In assays with either kinase, ATF2 migrates above

and ATFa below the kinase. Methods of correcting this problem include thrombin

cleavage of the GST-tag or using GSH-agarose beads to remove the kinase. Nickel-

sepharose beads can be used to isolate ATFa and ATF2. Attempts were made at using

affinity beads to isolate either the kinase or the substrate, but various problems kept them

from being as useful as first hoped. Densitometry, however, allows efficient differentiation

between the bands. Upon scanning an autoradiogram with a densitometer, distinct peaks

can be seen in adjacent bands as close as 0.1 mm apart.

Figure 6 shows the result of using increasing amounts of GST-JNKi with ATF2

and vice versa. Again, GST-JNKi shows a high degree of autophosphorylation, obscuring

the visual detection of the GST-JNKj and ATF2 bands. Densitometry was able to

distinguish between the two bands, however. Figure 7 shows that as the ATF2

concentration rises, the level of ATF2 phosphorylation rises, as does the level of the
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breakdown product, roughly in proportion, as is expected. Figure 8 shows the relationship

between increasing amounts of GST-JNK, and the degree of phosphorylation of full length

ATF2 and the 53 kDa breakdown product. The degree of phosphorylation of the 53 kDa

breakdown product is similar to that of the full length protein. The presence of the

breakdown product is fortuitous, in a way, in that it mirrors the degree of phosphorylation

of full length ATF2. This can serve as a guideline to the state of ATF2 phosphorylation

when the full length protein band may be obscured by kinase autophosphorylation, without

resorting to densitometry. From all of these results, I conclude that, as reported previously

(Livingstone et a!., 1995, van Dam et a!., 1995, Gupta et al., 1995), ATF2 is a substrate

for GST-JNK, in vitro. This phosphorylation of ATF2 serves as a control to compare

phosphorylation of ATFa with GST-lNKj, as examined below.

Phosphorylation ofA TFa by GST-JNK,

ATFa has been shown to bind INKj directly and is phosphorylated by it in vitro

(Bocco et a!., 1996). To see if GST-JNKi could also phosphorylate ATFa, a GST-

JNK 1/ATFa time course assay was performed. Approximately 50 ng of GST-INKj was

incubated with either cJun (1-79) as a positive control or with approximately 300 ng of

ATFa for up to 30 minutes in a time course assay, as done previously with ATF2. ATFa is

efficiently phosphorylated by GST-JNKI within 30 minutes (Figure 9). This particular

preparation of GST-INKj does not exhibit autophosphorylation, thus the phosphorylated

band seen is clearly due to ATFa. Indeed, when the autoradiogram is overlaid onto the gel
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that exposed the film, the bands superimpose directly over the ATFa bands (data not

shown).

Figure 10 shows the results of varying the levels of GST-JNKi and ATFa relative

to each other. As either concentration increases, the degree of ATFa phosphorylation also

increases, although the effect of GST-JNKi concentration is more readily apparent. In

lanes 7-9, the 50 ng of kinase may be quickly saturated with ATFa. Thus Figures 9 and 10

show ATFa is a substrate for GST-JNK, in vitro, just as is ATF2. In both cases, GST-

JNKi efficient phosphorylation occurs in less than 30 minutes, and as little as 50 ng of

kinase is sufficient to observe this activity.

PKA phosphorylation ofA TF2 and A TFa.

It has been previously reported that the catalytic subunit of cAMP dependent

kinase (PKA) can phosphorylate ATF2 (Abdel-Hafiz et al., 1992) and ATFa (Wicks lab,

unpublished results). Thus, I tested PKA to see if it could phosphorylate ATF2 and/or

ATFa. PKA was incubated alone, with histone fjb (positive control), and with ATF2 or

ATFa. Figure 11 shows that both ATF proteins are phosphorylated by PKA. Note also the

53 kDa phosphorylated breakdown band in the ATF2-containing lane (lane 3).

From the results thus far, we can conclude that both ATF2 and ATFa are

phosphorylated by GST-INKj and PKA. In fact, judging from the intensity of the bands

seen in the autoradiogram (Figure 11 A) as compared to the intensity of the bands in the

stained polyacrylamide gel (Figure 1 IB), it appears as though ATFa is a much better
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substrate for PKA than ATF2. To our knowledge, this phosphorylation of ATFa by PKA

has not been reported previously in the literature.

GST-p38phosphorylation ofATF2.

The kinase known simply as p38 has been reported to phosphorylate ATF2 on the

same residues as does JNK (Raingeaud, 1995). I conducted experiments with p38 similar

to those done with ATF2 and GST-INKj. GST-p38 was expressed and purified in a

fashion identical to that used to isolate GST-INKp A 30 minute phosphorylation time

course was performed with purified GST-p38 (250 ng) and ATF2 (400 ng). Figure 12

shows the results of this assay. As a positive control, GST-p38 was incubated with 20 pg

myelin basic protein (MBP), a known substrate for this kinase. It is clear that MBP is

heavily phosphorylated, indicating an active p38 preparation. It is also apparent, despite

the autophosphorylation band, that ATF2 is phosphorylated by GST-p38. By comparing

the autoradiogram (Figure 12 A) with the stained gel (Figure 12B), it can readily be seen

that the upper band in both figures is ATF2, while the lower band is GST-p38. It seems as

though maximal phosphorylation of ATF2 occurs within 15 minutes, but this may be

misleading. Figure 12B, lane 5, shows a more intensely stained p38 band in the

polyacrylamide gel, indicating a higher concentration of GST-p38 in that one lane. This

increase in the amount of kinase may explain the more intense band in the autoradiogram

(Figure 12 A, lane 5). Other than lane 5, the intensity of the GST-p38 phosphorylated

ATF2 bands increases linearly as incubation time increases (data not shown). Thus GST-

p38 phosphorylates ATF2 within 30 minutes.
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The amounts of GST-p38 and ATF2 were varied as was done with GST-JNKi and

ATF2. Figure 13 shows GST-p38 (500 ng) incubated with increasing amounts of ATF2

(100-800 ng) for 30 minutes in lanes 2-5. ATF2 (400 ng) was titrated with increasing

amounts of GST-p38 (250 ng to 2 pg) in lanes 6-9. By the use of densitometry, relative

levels of phosphorylation of GST-p38 and ATF2 could be determined. Figure 14 shows

that the intensity of the ATF2 phosphorylated band increases with increasing amounts of

ATF2. Figure 15 shows that as the GST-p38 amounts rise, the level of ATF2

phosphorylation also increases proportionately. The bands in Figure 13A directly correlate

with those seen in Figure 13B (~76 kDa for ATF2, ~72 kDa for GST-p38). Thus ATF2 is

a substrate for GST-p38 in vitro, and this phosphorylation occurs within 30 minutes, using

as little as 500 ng of GST-p38.

Titration of A TF2 and A TFa against GST-p38.

ATF2 and ATFa have a high sequence homology, including the conserved

threonine residues (69 and 71 in ATF2, 51 and 53 in ATFa) known to be the site of

phosphorylation in ATF2 by both JNK and p38 (Livingstone et al., 1995, van Dam et al.,

1995, and Raingeaud, 1995). Both are also phosphorylated by both PKA and JNKi

(Figures 5, 6, 9,10, and 11). It was reasonable, therefore to expect that both ATF2 and

ATFa might be phosphorylated to a similar degree by GST-p38. As a test of this

possibility, a titration of ATF2 and ATFa with a set concentration of GST-p38 (250 ng)

was performed. As shown in Figure 16, the results with ATFa were surprisingly different

than those with ATF2. ATF2 is readily phosphorylated by GST-p38. In marked contrast,
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even the highest amount of ATFa tested was not phosphorylated by GST-p38. Figure 16B

shows that GST-p38 migrates at a position between ATF2 and ATFa. The ATF2 band

migrates at -75 kDa, the ATFa band at -69 kDa, while GST-p38 has a mobility directly

between the two at -72 kDa. The ATFa band is easily seen in the stained gel, but not at all

in the autoradiogram taken from that same gel (Figure 16A). Figure 17 shows that as the

amount of ATF2 increases, so does the level of the ATF2 breakdown product. The

differences seen between Figure 17 and Figure 14 are due to the fact that the GST-p38

preparation used had aged, decreasing specific activity and increasing

autophosphorylation. Densitometry was unable to detect any phosphorylation of ATFa.

This represents a surprising new discovery; ATFa appears not to be a substrate for GST-

p38 in vitro.

GST-p38/ATFa time course

As an additional check on the observed difference in the ability of GST-p38 to

phosphorylate ATF2 and ATFa, a time course was performed with GST-p38 and ATFa.

Five hundred ng of GST-p38 was incubated with approximately 300 ng of ATFa for up to

30 minutes. As is seen in Figure 18, at no time point was any phosphorylation of ATFa by

GST-p38 detectable. The ATFa band is clearly seen in Figure 18B, but no phosphorylated

band at the same molecular weight (-69 kDa) appears in Figure 18A. Superimposing the

autoradiogram over the polyacrylamide gel, it becomes obvious that the band seen

corresponds to GST-p38 autophosphorylation. Again, ATFa is not phosphorylated by

GST-p38.
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Titration of GST-p38 and A TFa

In yet another attempt to detect phosphorylation of ATFa by GST-p38, increasing

amounts of GST-p38 (up to 2500 ng) were incubated with 300 ng of ATFa. Figure 19

shows that no phosphorylation of ATFa is detected with any amount of GST-p38, despite

the obvious increase in GST-p38 autophosphorylation. Figure 20 shows that the level of

GST-p38 autophosphorylation rises linearly with increasing concentrations of GST-p38.

This increase in autophosphorylation was seen with every other GST-p38 titration

performed (data not shown), and autophosphorylation of p38 has been reported in many

papers (Kumar et al., 1997).

Conclusions

We conclude that ATFa is either not a substrate of p38 in vitro or, at the very

least, it is a very poor one relative to ATF2. In support of this finding, Li and Wicks have

found that overexpression of a constitutively active form of MKK6 (a potent activator of

the p38 kinase cascade) in CHO cells did not result in further activation by ATFa of a

CAT reporter with a partial CRE in its promoter but did further enhance the effects of

ATF2 on CAT activity. The effects of both ATF2 and ATFa on CAT activity were

enhanced when overexpressed with a constitutively active form of MKK7, an activator of

the INK pathway. This fits with the findings that both ATF2 and ATFa can be

phosphorylated by GST-JNKi in vitro.

Both ATF2 and ATFa have been found to be the targets of the adenovirus Ela

protein in vivo (Liu and Green, 1990, and Chatton et al., 1993). Much attention has been
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devoted to the study of ATF2. Less notice has been paid to ATFa, however. Because

phosphorylation has been shown to be a prerequisite for transcriptional activation of ATF2

(van Dam et al., 1995, Gupta et al., 1995, and Livingstone et al., 1995), we decided to

compare the ability of various kinases known to phosphorylate ATF2 to phosphorylate

ATFa.

Phosphorylation of transcription factors has been implicated in both activation and

inhibition of transcriptional activity. Phosphorylation of sites in the DNA binding region of

a transcription factor would place a strong negative charge in proximity to the negatively

charged DNA backbone, preventing DNA binding by the transcription factor. Such an

example is seen with phosphorylation of Spl by casein kinase II (CKII)) (Armstrong et al,

1997). CKII has also been shown to negatively regulate c-Jun binding to DNA through

phosphorylation (Lin et al., 1992). PKA and PKC phosphorylation in the DNA binding

region of the transcription factor LAP has been shown to prevent DNA binding

(Trautwein et al., 1994). Thus phosphorylation may play a role in negatively influencing

the action of transcription factors by preventing DNA binding. Phosphorylation may

simply cause a conformational change, disrupting the proposed N terminal-C terminal

intramolecular interactions. While phosphorylation of ATF2 by the MAP kinases ERKl

and ERK2 have been suggested to increase binding of bacterially expressed ATF2 to DNA

in vitro, other labs have not achieved the same results (Abdel-Hafiz et al., 1992, Gong et

al., 1995).

Members of the bZip family of transcription factors only bind DNA in homo- or

heterodimer forms (Meyer and Habener, 1993). Phosphorylation may play a role in
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influencing dimer formation, or perhaps partner selection. Both ATF2 and ATFa display

intramolecular interactions between the N-terminal (the zinc finger containing) and C-

terminal (bZip containing) domains (Li and Green, 1996 and Bocco et al., 1995). Such

interaction prevents dimer formation, and subsequently DNA binding. Phosphorylation

may disrupt this interaction, enabling successful dimer formation. ATFaO, a variant of

ATFa missing 173 amino acids, forms a dominant negative heterodimer with ATFa. A

similar variant of ATF2 has been identified, mXBP2 (Pescini et al., 1994).

Phosphorylation of one or both halves of this dimer might disrupt this interaction, allowing

dimerization with a partner that would enable DNA binding.

The most widely reported effect of phosphorylation of transcription factors is

direct activation of transcription. Phosphorylation of CREB on serine 133 by PKA has

been shown to be a requirement for transactivation ability (Bodor et al., 1995). ATF2

phosphorylation at threonines 69 and 71 by p38 and JNK leads to activation in a number

of systems (Gupta et al., 1995, Livingstone et al., 1995, van Dam et al., 1995), and the N-

terminal domain is also responsible for Ela mediated activation (Liu and Green, 1990,

Livingstone et al., 1995). One possible mechanism for this activation is that

phosphorylation of Thr 69 and Thr 71 enables protein-protein interactions either directly

with constituents of the basal transcription machinery, or with a bridging protein such as

CBP or p300. CBP/p300 binding may substitute for the Ela interaction seen in viral

systems. CBP has been shown to interact with PKA phosphorylated CREB (Bodor et al.,

1995). The JNK phosphorylation sites in cJun, Ser 63 and Ser 73, analogous to Thr 69

and Thr 71 in ATF2, have been shown to be crucial for the binding of that transcription

31



factor to CBP (Bannister et al., 1995), but phosphorylation of Ser 63 and 73 was not a

prerequisite. Thus it is possible that phosphorylation of ATF2 at Thr 69 and Thr 71 leads

to activation of transcription by enabling protein-protein interactions between the

transcription factor and a protein such as CBP or p300 that itself directly contacts and

thereby recruits transcription machinery. Because ATFa, like ATF2, is phosphorylated by

members of the JNK family, and the sites of phosphorylation in ATF2 are highly

conserved in ATFa (Thr 51 and Thr 53 in ATFa), it is possible that phosphorylation of

ATFa can also lead to CBP/p300 interactions.

p38, as well as JNK, phosphorylates ATF2 on Thr 69 and 71 (Raingeaud, 1995),

and this region is highly conserved in ATFa. Thus it is interesting that p38 does not

phosphorylate ATFa. Perhaps the reason is that ATFa requires phosphorylation by a

different kinase on a different site, causing a conformational change allowing p38 to bind

and phosphorylate ATFa. Perhaps the binding site for p38 in ATF2 requires a three-

dimensional conformation that is different or absent in ATFa. Isoforms of p38, p38-2 and

p38Y, are expressed predominantly in skeletal muscle. p38-2 has been reported to be over

100 times more catalytically active than p38 in phosphorylating ATF2, but p38Y did not

phosphorylate ATF2 at all (Stein et al., 1997 and Kumar et al., 1997). It would be

interesting to see if ATFa is a substrate for any of these alternate forms of p38, perhaps

implying a cell type specific role for the transcription factor.

The other major difference reported between ATFa and ATF2 is the differing

effect of activation of a TGF-P2 promoter-driven CAT construct in the presence of pRb in

CHO cells (Gong et al., 1995). Coexpression of pRb with ATF2 results in enhanced
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activation, while coexpression of pRb with ATFa greatly reduced activation of the CAT

reporter. Since pRb and TGF-P2 are both implicated in the regulation of cell cycle

progression, these differences become even more intriguing. Opposing effects of the ERK

pathway and the JNK/p38 pathway in regulating apoptosis have been reported (Xia et al.,

1995). This may imply that ATFa and ATF2 play a major role in cell cycle checkpoint

decisions, with the differences in phosphorylation by p38 playing a part in the signaling of

this effect.
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Chapter 4

Future Studies

\) AfFinity pull-down of GST-tagged kinase or His-tagged substrates.

In order to overcome the difFiculties of autophosphorylation by the kinases being

studied, either kinase or substrate can be isolated from the kinase assay through GST-

agarose or nickel-sepharose. My attempts at using this technique have met with varying

degrees of success thus far.

2) Pre-phosphorylation of ATFa with PKA or JNKi before p38

Phosphorylating ATFa with either PKA or INKj and non-radioactive ATP may

make ATFa a substrate for p38. Prephosphorylation may cause a conformational change

that overcomes negative regulation (e.g. N-C terminal interactions etc.) allowing p38

better access to potential phospho-acceptor sites.

3) Phosphorylation of ATFs by other kinases

Kinases such as CKII, p38-2, and p38Y may target ATFa or ATF2 in vitro and this

phosphorylation may provide evidence for which kinase cascades influence the function of

ATFa and ATF2.

41 Gel shift assays

The effects of phosphorylation on the ability of ATFa and ATF2 to bind DNA can

be studied through gel shift assays. Phosphorylation by INK, p38 or any of its isoforms,
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CKII, or PKA with non-radioactive ATP may modify the ability of ATFa or ATF2 to bind

a radioactive CRE-containing oligo.

5) 2-D phosphopeptide mapping

The regions of phosphorylation of ATFa and ATF2 can be determined through 2-

D phosphopeptide mapping and the maps of ATF2 and ATFa can be compared to see if

the pattern of phosphorylation is similar between the two proteins.

6) Heterodimerization

Finally, the effect of phosphorylation on the formation of heterodimers between

the ATF proteins and other transcription factors such as cJun, cFos and others can be

examined. Gel-shift assays before and after phosphorylation can be used to determine the

effect of dimerization on the ability of ATFa or ATF2 to bind to varying olgionucleotides.
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Figure 1

z  z z z
ATF2 MKFKLHVNSARQYKDLWNMSDDKPFLCTAPGCGQRFTNEDHLAVHKHKHEMTLKFGP

ATFa MGDDRPFVCNAPGCGQRFTNEDHLAVHKHKHEMTLKFGP

*  * «

ATF2 ARNDSVIVADQTPTPTRFLKNCEEVGLFNELASPFENEFKKASEDDIKKM PLDLSPL

ATFa ARTDSVIIADQTPTPTRFLKNCEEVGLFNELASSFEHEFKKAADEDEKKAAAGPLDMSLP

ATF2 ATPIIRSKIEEPSVVETTHQDSPLPHPESTTSDEKEVPLAQTAQPT--S--AIVRPASLQVPNV

ATFa STPDIKIKEEEPVEVDSSPPDSPASSPCSPPLKEKEVTPKPVLISTPTPTIVRPGSLP

ATF2 LLTSSDSSVII QQAVPSPTSSTVITQAPSSNRPIVPVPGPFPLLLHLPSGQTMP

ATFa LHLGYDPLHPTLPSPTS----VITQAPPSNRQMGSPTGSLPLVMHLANGQTMP

ATF2 VAIPASITSSNVHVPAAVPL VRPVTMVPS VPGIPGPS SPQPVQSEAKMRLKAALTQQHPPVTN

AT Fa VLPGPPVMPSV ISL ARPVSMVPNIPGIPGPPVNSSGSISPSGHPIPSEAKMRLKATLHQVSSI—N

A T F2 GDTVKGHGSGLVRTQSEESRPQSLQQPATSTTETPASPAHTTPQ

A TFa G GCGMVVGTASTMVTARPEQSQILIQHP

ATF2 TQSTSGRRRRAAN EDPDEKRRKFLERNRAAASRCROKRKVWVO.SI .F.KKAF.ni SSI NG

ATFa DAPSPAOPOVSPAOPTPSTGGRRRRTVDEDPDERRORFLERNRAAASRCROKRKI.WV.SSI.F.KKAF.KI.TSnNI

ATF2 OLOSEVTLLRNEVAOLKOLLLAHKnrPVTAMQKKS-GYHTAnKnnSSF.ni.'sVPSSPHTF.

ATFa OLSN EVTLLRNEVAOLKOLLLAHKDCPVTAl.QKKTQGY LESPKESSEPTG

ATF2 AIQHSSVST--SNGVSSTSKAEAVATSVLTQMADQSTEPALSQIVMAPSSQSQPSGS

ATFa SPAPVIQHSSATAPSNGLSVRSAAEAVATSVLTQMASQRTE—LSMPIQSHVIMTPQSQSAGR

Figure 1: Sequence Comparison ofATF2 and ATFa.
The amino acid sequence of ATF2 and ATFa are aligned to show the many

similarities. A "Z" indicates residues composing the zinc finger region. The asterisks
indicate known sites of phosphorylation in ATF2. The underlined region of both
proteins represents the leucine zipper domain. The numbers in boxes represent the
position of the last amino acid shown in that line.
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Figure 2: Nickel-Sepharose Affinity Column Purification of ATFa.
Bacteria transformed with pET vector containing the ATFa coding sequence

were lysed and crude extracts were isolated. Two ml of this crude lysate were applied
to a nickel-sepharose affinity column. The column was washed with an increasing
gradient of imidazole ranging from 5 to ICQ mM. ATFa was eluted by the addition of
200 mM imidazole. Fractions were loaded onto a 10% SDS-PAGE and silver stained to
visualize bands. Lane lis a 10 IcDa ladder molecular weight standard. Lanes 2-9
contain fractions 10-17 of the imidazole wash gradient, respectively, while lane 10
contains the 200 mM elution fraction. The identity of the bands seen in lane 10 were
confirmed through Westem blotting (data not shown).
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Figure 3: Affinity Column Purification ofATFa with Urea Gradient Wash.
Two ml of ATFa-containing crude cellular lysate were applied to a nickel-

sepharose affinity column, as in Figure 2. The column was then washed with a
decreasing gradient of urea ranging from 6 M to OM. The column was then washed
with 40 mM before eluting with 200 mM imidazole. A) Collected fractions were
examined through a 10% polyacrylamide gel. Lane 1 contains a 10 kDa molecular
weight standard. Lane 2 contains crude lysate, lanes 3 and 4 show 40 mM imidazole
fractions while lanes 5 and 6 show 200 imidazole fractions respectively. Lane 7
contains the same sample of ATFa shown in Figure 2, lane 10. B) Western blotting
was used to confirm the identity of the bands seen in Figure 3 A. Lane 1 contains a
prestained standard. Lanes 2-6 contain the same samples in the same amounts as in
Figure 3A. The primary antibody used in this blot was mouse monoclonal anti-T7,
specific for a peptide fragment encoded in the pET expression vector system.
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Figure 4: Comparison of Concentrations of Purified ATF2 and ATFa.
Three known concentrations of purified ATF2 (Santa Cruz) were compared

with an unknown concentration of purified ATFa. A) This silver stained 10%
polyacrylamide gel contained 200 ng, 400 ng and 800 ng of ATF2 in lanes 2-4
respectively. Lanel contains a 10 kDa ladder molecular weight standard. Lane 5
contains 4p.l of ATFa (200 mM fraction 2 from Figure 3 A lane 6). The doublet seen
with ATFa is present in this fraction, but it is very faint. B) Western blotting was used
to confirm the identity of the ATF2 and ATFa bands. Lane 1 contains a prestained
molecular weight standard. Lanes 2-5 contain the same fractions in the same
concentrations as in A). Notice the breakdown product at 50 kDa in lane 4. This band
must be an amino-terminal peptide due to the fact it is detected by the anti-T7 antibody.
Both of these proteins were purified from the same expression vector (pET 14b) in the
same system (E. coli). Proteolysis is a common problem in all of the samples, whether
purchased or purified in the lab. The concentration of ATFa can be estimated to be
between 200 and 400 ng in 4 p,l, or about 75 ng/|il.
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Figure 5: GST-JNK/ATF2 Phosphorylation Time Course.
A) Lane 1 shows GST-JNK, (50 ng) alone as a test for autophosphorylation.

Lane 2 is a positive control, showing GST-JNK, phosphorylation of GST-cJun (1-79).
Lanes 3-8 show kinase reactions with 50 ng of GST-JNK, and 400 ng of ATF2, with
samples taken at five minute intervals. B) The stained gel used to produce the
autoradiogram. The ATF2 breakdown product seen in figure 4 appears to contain a
phosphorylation site for GST-JNK,, since a faint band can be seen at the same
molecular weight (-53 k Da).
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Figure 6: Titration of GST-JNK, and ATF2.
A) Lane 1 is a positive control, with GST-JNK, and GST-cJun (1-79). Lanes

2-5 contain increasing amounts of ATF2 (100 ng, 200 ng, 400 ng and 800 ng
respectively) titrated against a set concentration of GST-JNK, (50 ng). Lanes 6-9
contain increasing amounts of GST-JNK, (25 ng, 50ng, 100 ng and 200 ng
respectively) with a set amount of ATF2 (400 ng). B) The Comassie stained gel used
to produce the autoradiogram is shown to give the relative positions of ATF2 and GST-
JNK,. Notice the phosphorylated breakdown product seen in the lanes with ATF2
(Santa Cruz). This band is at the same molecular weight (-53 kDa) as that seen in
Figures 4 and 5.
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Figure 7: Densitometric Measurement of the Titration ofATFl with GST-JNK,.
This graph shows phosphorylation of increasing amounts of ATF2 and the ATF2

breakdown product by 50 ng of GST-JNK,. The increase in phosphorylation is
proportional between the two, despite the fact that the breakdown product is not as
abundant as full length ATF2. In fact, it appears as if the breakdown product is a better
substrate than full length ATF2. GST-JNK, autophosphorylation did not increase
significantly with increasing amounts of ATF2.
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Figure 8: Densitometric Measurement of the Titration ofGST-JNKj with ATF2.
This graph shows phosphorylation of 400 ng ATF2 and the ATF2 breakdown

product by increasing amounts of GST-JNK,. Both the full length and the -53 kDa
breakdown product are phosphorylated to a higher degree as the concentration of GST-
JNK, increase. The level of GST-JNK, autophosphorylation increased linearly as the
amount of kinase increased.
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Figure 9: GST-JNK/ATFa Phosphorylation Time Course.
A GST-JNK, kinase assay was performed as described in Materials and

Methods. GST-JNK, (50 ng) was incubated with approximately 300 ng of purified
ATFa for up to 30 minutes at 30°. Lane 1 is a positive control, showing JNK,
phosphorylation of GST-cJun (1-79). Lane 2 contains ATFa alone. Lanes 3-8 show
reactions stopped at five minute intervals from 5 to 30 minutes respectively. The bands
seen in this autoradiogram directly coincide with those seen on the stained gel at the
position corresponding to ATFa, approximately 70 kDa.
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Figure 10: Titration of GST-JNK, andATFa.
A GST-JNK, ̂nase assay was performed as described in Materials and

Methods. All reactions were conducted for 30 minutes at 30°. Lane 1 contains GST-

JNK, alone (50 ng). Lane 2 is a positive control for kinase activity, containing GST-
JNK, and GST-cJun (1-79). Lane 3 is ATFa alone (no kinase) as a negative control.
Lanes 4-6 show the result of adding increasing amounts of GST-JNK, (25 ng, 50 ng
and 100 ng respectively) on the phosphorylation of a set amount of ATFa (300 ng).
Lanes 7-9 show the result of adding increasing amounts of ATFa (150 ng, 300 ng, and
600 ng respectively) with a set amount of kinase (50 ng).



Figure 11

ATF2

breakdown

Figure 11: cAMF Dependent Kinase (PKA) Phosphorylation ofATF2 andATFa.
A modified kinase assay (PKA kinase assay) was used as described in Materials

and Methods. PKA (2.5 units/|il; Sigma) was incubated in PKA reaction buffer alone

in lane 1. Lane 2 is a positive control, with 2.5 units of PKA with histone fjb (2 |j.g).
Lanes 3 and 4 show PKA (2.5 units) with ATF2 (800 ng) or ATFa (600 ng)
respectively. A) Both ATF2 and ATFa are phosphorylated by PKA. B) The stained
gel shows that not as much ATFa was loaded in lane 4 as compared to the amount of
ATF2 loaded in lane 3. This was due to the fact that the wells in the gel could not hold
the entire volume of the ATFa reaction, whereas all of the ATF2 reaction could fit in
lane 3. Note again the phosphorylated ATF2 breakdown product as seen previously.
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Figure 12: GST-p38/ATF2 Phosphorylation Time Course.
A) In this autoradiogram. Lane 1 shows GST-p38 alone (250 ng) as a test for

autophosphorylation. Lane 2 is a positive control, with GST-p38 and myelin basic

protein (MBP, 20 |ig). Lanes 3-8 contain ATF2 (300 ng) and GST-p38 (250 ng)

incubated together at 30° for up to 30 minutes. Samples were removed at five minute
intervals. B) The stained gel used to form the autoradiogram shows the relative
positions of GST-p38 and ATF2.
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FigurelS: Titration ofGST-p38 andATFl.
A) In this autoradiogram, Lane 1 contains 500 ng of GST-p38 alone as a test

for autophosphorylation. Lanes 2-5 contain increasing amounts of ATF2 (100, 200,
400, and 800 ng respectively) incubated with a set concentration of GST-p38 (500 ng).
Lanes 6-9 contain a set amount of ATF2 (400 ng) incubated with increasing amounts of
GST-p38 (0.25, 0.5, 1.0, and 2.0 p.g respectively). B) The Coomassie stained gel
shows the relative position of ATF2 and GST-p38.
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Figure 14: Densitometric Measurement of the Titration ofGST-p38 withATF2.
This graph shows phosphorylation of increasing amounts of ATF2 by 500 ng of

GST-p38. GST-p38 autophosphorylation did not increase with increasing amounts of
ATF2.
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Figure 15: Densitometric Measurement of the Titration ofATFl with GST-p38.
Increasing GST-p38 concentrations result in an increase in the degree of

phosphorylation of 400 ng of ATF2. GST-p38 autphosphorylation levels increased linearly
with increasing amount of kinase.
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Figure 16: Titration of GST-p38 with ATF2 and ATFa.
A) A standard kinase assay was performed with GST-p38 and increasing

amounts of either ATF2 or ATFa. Lane 1 is GST-p38 alone (250 ng). Lanes 2-5
contain GST-p38 (250 ng) and 100,200,400 or 800 ng of ATF2 respectively. Lanes
6-9 contain the same amount of GST-p38 with an increasing concentration of ATFa,
150, 300, 600 or 1200 ng. ATFa does not appear to be a good substrate for GST-p38.
B) The Coomassie stained gel used to form the autoradiogram shows the relative
positions of GST-p38, ATF2 and ATFa.
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Figure 17: Densitometric Measurement of the Titration ofATF2 with GST-p38.
This graph shows the degree of phosphorylation of ATF2 and the ATF2

breakdown product by 250 ng of GST-p38. The degree of phosphorylation by GST-p38
between the two substrates follows the same pattern. GST-p38 autophosphorylation levels
did not increase with increasing amounts of ATF2.
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Figure 18: GST-p38/ATFa Phosphorylation Time Course.
A) A GST-p38 kinase assay was performed as described in Materials and

Methods. GST-p38 (500 ng) was incubated alone in lane 1 as a test for
autophosphorylation. Lane 2 contains ATFa alone as a negative control. Lanes 3-8
show GST-p38 (500 ng) with ATFa (300 ng) incubated together for intervals up to 30
minutes. Samples were removed every five minutes. B) The Coomassie stained gel
used to form the autoradiogram shows the relative positions of GST-p38 and ATFa.
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Figure 19: Titration of GST-p38 andATFa.
Increasing amounts of GST-p38 were incubated in a GST-p38 kinase assay

with a set concentration of ATFa. Lane 1 contains GST-p38 alone (500 ng) as a test for
autophosphorylation. Lane 2 contains ATFa without GST-p38. Lanes 3-7 contain
ATFa (300 ng) with increasing amounts of GST-p38 (0.125, 0.25, 0.5, 1.25, and 2.5

pg respectively). The downward slope apparent in lanes 4-7 is due to the gel not having
been dried properly. It does not reflect the migration of bands seen on the Coomassie
stained gel.
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Figure 20: Densitometric Measurement of the Titration of GST-p38 with ATFa.
No phosphorylation of ATFa by GST-p38 was detectable by densitometry. GST-

p38 autophosphorylation levels increased in a linear fashion.
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