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Purified S6/H4 kinase (Mr 60,000) requires autophosphorylation for activation. A

rabbit anti-S6/H4 kinase peptide (SVIDPVPAPVGDSHVDGAAK) antibody recognized

both the S6/H4 kinase holoenzyme and catalytic domain. Immunoreactivity with p60

kinase protein, and S6/H4 kinase activity were precisely correlated in fractions obtained

from ion exchange chromatography of P1798 lymphosarcoma extracts. An enzyme

which catalyzed the MgATP-dependent phosphorylation and activation of S6/H4 kinase

coeluted with immunoreactivity from Mono 5, but not Mono Q chromatography. Since

S6/H4 kinase is homologous with rac-activated PAK65, the observation that

phosphorylation is also required for activation suggests a complex mechanism for in vivo

activation of the S6/H4 kinase.
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CHAPTER 1

INTRODUCTION

Metabolism, and the regulation thereof, involves the modification of enzyme

activity to meet the cell's changing needs. Metabolism is regulated by complex signal

transduction pathways. Within a signal transduction pathway, a stimulus affects a very

ordered and specific response in the cell. This ordered and specific cellular response

occurs as enzyme activities change.

In eukaryotes, the three basic mechanisms by which enzyme activities change are:

1) inductive control of gene expression 2) allosteric control through ligand binding and

3) reversible covalent modification. In the category of covalent modification, protein

phosphorylation is by far the most global mechanism. As such, those enzymes that

catalyze reversible phosphorylation, known as protein phosphotransferases or protein

kinases, play integral roles in metabolic regulation.

Protein kinases comprise a ubiquitous and diverse family of proteins, many

members of which have complex and unique species distributions, subcellular

localizations, and mechanisms of regulation. Even so, all protein kinases have this in

common: they bind MgATP and protein substrate and catalyze the transfer of the gamma
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phosphate of ATP to a hydroxyl group on the substrate. Presumably, these fundamental

properties that occur within the protein kinase family result in several highly conserved

domains of primary structure that occur among the enzymes. The catalytic core of most

protein kinases consists of about 250 - 300 amino acids, corresponding to a molecular

weight of roughly 30 kDa. This catalytic core includes eleven conserved domains that

form an asymmetrically bilobed structure with a deep central catalytic cleft for binding

substrates (reviewed in 1).

Protein phosphorylation has been implicated in the regulation of many metabolic

pathways (2,3). Phosphorylation can up regulate some enzymes (4) while down

regulating others (5). A classic example is that of phosphorylase kinase, itself a substrate

for phosphorylation by a cyclic AMP-dependent protein kinase. The covalent attachment

of a phosphate group to phosphorylase kinase increases its activity significantly. In turn,

the activated enzyme catalyzes the phosphorylation of glycogen phosphorylase. Glycogen

phosphorylase catalyzes the degradation of glycogen polymers while glycogen synthase

catalyzes the elongation of glycogen polymers. Glycogen synthase is also regulated by

cAMP-dependent phosphorylation. The effects of phosphorylation are to increase the

activity of glycogen phosphorylase while decreasing that of glycogen synthase. Together,

these activity changes result in the concerted cellular response of depleting glycogen

stores.

Protein kinases are regulated by many different and complex mechanisms of

signal transduction. There is, however, a recurring theme in protein kinase activation.

Most protein kinases exist in inactive states until being activated by their respective
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signals (6). All protein kinases are regulated enzymes that in their inactive states are

physically unable to bind substrates. Many different stimuli and mechanisms may cause

steric changes in protein kinases, allowing them to bind the appropriate protein substrates

and MgATP, hence stimulating phosphotransferase activity. Some kinases are regulated

by interactions with second messengers (7,8), others by protein binding (9), and others are

regulated by phosphorylation (10). Most commonly, however, kinase activity is regulated

by some combination of these three mechanisms.

In the case of the cyclic AMP-dependent kinase (cAPK), the inactive enzyme

consists of a tetramer (R2C2), containing two regulatory and two catalytic subunits. This

tetramer is inactive because regulatory subunit binding blocks the protein substrate and

MgATP binding sites on the catalytic subunits. After cAMP binding, the tetramer

dissociates into one R2 dimer, bound to four cAMP molecules, and two active catalytic

monomers (11,12). In this example, both second messenger and protein binding are

employed in the primary mechanism of regulation. Other examples of such regulation are

phosphorylase kinase (13) and the myosin light chain kinases (14,15), whose activities

depend upon interactions with Ca> as a second messenger and calmodulin as an allosteric

activator.

The activation of the cyclin-dependent kinases (CDK) is also modulated by a

complex combination of regulatory mechanisms. Four regulatory events occur in the

process of CDK activation. The first involves a protein-protein interaction between the

CDK and a regulatory protein called a cyclin. Cyclins are analogous to regulatory

subunits since their binding to CDK's causes allosteric changes that allow for protein
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kinase activation. Specifically, cyclin-CDK interaction allows an activating

phosphorylation of the CDK to occur. Together, the cyclin-induced conformational

change and phosphorylation open the active site on the CDK, making it accessible to

substrates. Cyclin binding, however, also allows an inactivating phosphorylation to occur

on the CDK. This covalent modification is inactivating in that it blocks the MgATP

binding site. CDKs are fully activated only when the inhibitory phosphate is removed by

a specific and highly regulated phosphoprotein phosphatase.

The characteristic feature of the MAPK family is their regulation by dual

specificity kinases, so termed because they phosphorylate MAPKs on both threonines and

tyrosines (reviewed in 16). Although the MAPK family and the signal transduction

pathways in which they participate are very diverse, their cascades are relatively well

understood and it is apparent that they exhibit a common underlying theme in

organization. Briefly, an external stimulus initiates a response pathway which

phosphorylates and activates a dual specificity kinase kinase, which stimulates MAPK

phosphorylation, activation, and regulation of downstream cascade events.

Growth factor regulation of the cell cycle is a widely studied example of a MAPK

cascade. Two types of protein kinases regulate cell cycle events. Both protein kinases

that phosphorylate tyrosine residues, and protein kinases that phosphorylate serine and

threonine residues participate in these regulatory events.

The tyrosine kinases are membrane-bound receptors/enzymes with extracellular

domains that bind growth factors and intracellular domains that possess protein

phosphotransferase activity. After growth factor binding to transmembrane tyrosine
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kinase receptors, the tyrosine kinases undergo dimerization, which leads to an

intermolecular autophosphorylation. This autophosphorylation is activating for two

reasons: first, it increases the inherent phosphotransferase activity of the tyrosine kinase

receptor, and second, it allows the binding of a class of proteins that bind

phosphotyrosine residues. Members of this class of proteins are referred to as SH2/SH3

adaptors; they contain two important domains that mediate their role in the regulatory

cascade. The SH2 domain binds phosphotyrosine residues such as those on the activated

tyrosine kinase receptor (17,18). The SH3 domain binds polyproline stretches that are

found in GTP/GDP exchange factor proteins (GEFs). Association of these adaptor

proteins with their respective binding proteins effectively translocates the entire complex

to the plasma membrane where further activation can occur (16). Interaction of GEFs

with small GTP-binding proteins (G proteins) facilitates the exchange of GTP for GDP in

the G protein's nucleotide binding domain. These multi-protein complexes also associate

with GAPs (GTPase activating proteins). In the case of the G protein ras, GTP binding

enhances its binding to the intracellular serine/threonine protein kinase known as raf.

Following GTP-ras-raf interaction, an activating autophosphorylation to occurs on raf

(19,20). The only known substrate of activated raf is MEK (MAPK kinase/ERK kinase)

(21), the dual specificity kinase of this cascade. MEK is also activated by

phosphorylation, which may also be catalyzed by MEKK (16,22), a dual specificity

kinase kinase. While the details of MEKK activation are still unclear, there is evidence

to suggest that this cascade may be activated in both a ras-dependent manner and a ras-

independent manner (16,23). Phosphorylated MEK catalyzes the phosphorylation and
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activation of the ERKs (members of the MAPK family). Upon phosphorylation,

activated ERKs have broad ranges of both cytoplasmic and nuclear substrates. Among

these substrates are some transcription factors for early gene products. Some of these

early gene products (e.g. fos, myc) are transcription factors for the inducible delayed gene

products. One delayed gene product is the cyclins, whose metabolic significance and

regulation has previously been discussed. This example clearly reflects the complexity

with which metabolic pathways are regulated.

The tyrosine-specific protein kinases are activated by extracellular signals, while

the serine/threonine kinases respond to these extracellular signals by modifying

intracellular enzyme activities. Since small G proteins such as ras are activated by

tyrosine kinase cascades and activate serine/threonine kinase cascades, these G proteins

represent a link between the extracellular signal and the intracellular response. The study

of these G proteins may provide insight into the general signal transduction mechanisms

that connect the extracellular signals with the intracellular responses

Elucidation of various MAPK cascades has illustrated an important tenet of

metabolic regulation. Within a given species, individual MAPK cascades may regulate

different and/or concerted pathways (23). For example, although the three known

subfamilies of MAPKs (JNKs/SAPKs, ERKs, and p38) can be activated in parallel, each

may also be activated independently (9,16). This represents a potential regulatory branch

point in MAPK cascades.

Many protein kinases catalyze their own phosphorylation in addition to

heterologous protein substrates. Autophosphorylation plays an important role in the
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control of tyrosine kinase activity. Virtually all serine/threonine protein kinases undergo

autophosphorylation, but this does not change enzyme activity in most cases (24,25).

However, some data correlates autophosphorylation with enzyme activity changes. Guo

and Damuni (26) describe their isolation of an autophosphorylating, autoactivating

protein kinase from bovine kidney. Yang et al. (27) have also characterized an

autophosphorylation-dependent protein kinase isolated from pig liver.

Dennis and Masaracchia (4) have reported a significant increase in an S6/H4

kinase activity in vitro. The mechanism of this activation is complex, requiring both

intermolecular and intramolecular autophosphorylations (28). This

serine/threoninekinase has been designated an S6/H4 kinase because it catalyzes the

phosphorylation of both S6, the primary phosphorylated protein in eukaryotic ribosomes

(29), and histone H4 (30). The S6/H4 kinase has been identified in human placenta,

murine lymphosarcoma, Jurkat cells, and PC 12 cells (31,32).

p70 and rsk are members of the S6 kinase family that undergo

autophosphorylation. Erikson et al. (33), however, do not report any change in kinase

activity as a result of these autophosphorylations. Aside from its autophosphorylation-

based mechanism of activation, the S6/H4 kinase exhibits other unique characteristics

that further distinguish it from other S6 kinases. First, the S6/H4 kinase is isolated with

an apparent molecular weight of 60 kDa, which is less than that of other isolated S6

kinases (34). Also, the S6/H4 kinase's substrate specificity differs from that of other

known S6 kinases (4).

Incubation of the S6/H4 kinase holoenzyme in dilute trypsin solutions generates a
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40 kDa catalytic domain. The catalytic domain is activated by MgATP-dependent

autophosphorylation. Dennis and Masaracchia (4) have generated and sequenced

peptides from the S6/H4 kinase catalytic domain. These sequences provide the

information necessary to generate anti-peptide antibodies against S6/H4. Antibodies are

very useful tools in the enzymology, metabolic regulation, and cell biology because they

allow the structural comparison of different, yet related proteins and may be used to

identify enzyme family homologies. Antibodies may also be used to investigate

differential tissue distribution of a single protein. Employed in immunoblotting,

immunoprecipitation, and ELISA techniques, antibodies are also used as specific assays

of protein expression and protein-protein interactions under changing experimental

conditions.

Until recently, no sequence homology between the S6/H4 kinase sequences and

any other known protein sequences was reported (Masarchhia, R. A., personal

communication). However, Martin and coworkers (35), have recently reported the

cloning of a serine/threonine kinase from a human placenta cDNA library which exhibits

96% homology with the known S6/H4 kinase sequences. The cloned enzyme, designated

hPAK65, also shares significant sequence homology with rat brain PAK65 and yeast

STE20 kinase domains. In addition to their sequence homology, both PAK65 and

hPAK65 bind rac 1 and CDC42Hs, members of the rho family of G proteins (36,37,38).

Like the S6/H4 kinase, PAK65 and hPAK65 exhibit molecular weights in the 60 kDa

range and their mechanisms of activation involve autophosphorylation. In the cases of

PAK65 and hPAK65, these autophosphorylations appear to be dependent upon their
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GTP-modulated protein-protein interaction with racl/CDC42Hs (36,37,38).

Dennis and Masaracchia (4) have purified the S6/H4 kinase to apparent

homogeneity and characterized its enzymatic properties. While such studies yield

information as to how an enzyme behaves in vitro, this information cannot necessarily be

extended to the enzyme's in vivo behavior. In order to understand an enzyme's role in

metabolism, it is important to understand how and with what other factors (proteins,

hormones, second messengers, etc.) it interacts. Comparison of the purified enzyme

properties with those observed in crude preparations may provide further insight into the

S6/H4 kinase's regulation and its associations with other enzymes in cellular metabolism.

A rabbit antibody was generated against a peptide sequence derived from the

S6/H4 kinase. The hypothesis pursued in this study is that the presence of the S6/H4

kinase in crude lymphosarcoma extracts can be determined using the anti-S6/H4

kinase antibody.



CHAPTER 2

EXPERIMENTAL PROCEDURES

Materials - Murine P1798 lymphosarcomas were transplanted subcutaneously into

six to eight week old BALB/c mice. Tumors were surgically removed and immediately

frozen in liquid nitrogen in the laboratory. [y- 32 P] ATP (4500 Cilmmol) was obtained

from ICN Pharmaceuticals, Inc. The FPLC HR 5/5 Mono S cation exchange and Mono Q

anion exchange columns were obtained from Pharmacia LKB, Inc. Histone, fraction VIS,

bovine serum albumin fraction V, soybean trypsin inhibitor (type I-S), DPCC-treated

trypsin, glycine, EGTA, EDTA, PMSF, and benzamidine-HCl were purchased from

Sigma Chemical Corporation. Leupeptin was obtained from Bachem Fine chemicals.

ET31 chromatographic paper and P81 phosphocellulose paper were obtained from

Whatman. NitroBind nitrocellulose membranes (0.45 micron) were manufactured by

Micron Separation, Inc. Synthetic peptides for antibody generation were synthesized by

Genosys. Prestained, low molecular weight SDS-PAGE standards, Bradford reagent,

alkaline phosphatase-conjugated affinity-purified goat anti-rabbit IgG, Affi-gel protein A

agarose, NBT, and BCIP were obtained from Bio Rad. CSPD and Nitro-Block were

10
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purchased from Tropix. Histone H4 and synthetic peptide S6-21 were prepared as

previously described (47,48). Purified S6/H4 kinase holoenzyme (p60) and catalytic

domain (p40) were prepared as previously described (4).

Tissue preparation/chromatography. Lymphosarcoma tissue samples to be

chromatographed on the Mono S column were homogenized in three volumes (m:v) ice-

cold homogenizing Buffer A (10 mM MES, pH 6.8, 2 mM EDTA, 2 mM EGTA, 5.7 mM

benzamidine-HCI, 2 pM leupeptin, 100 pM PMSF, 30 mM iME). Samples were diluted

with cold homogenizing Buffer A to a conductivity of 3.0 - 3.5 mmho. Protein

concentrations were determined by the Bradford method (41), and the appropriate

volumes corresponding to approximately 55 mg of total protein were loaded onto an HR

5/5 Mono S cation exchange column equilibrated in Buffer B (Buffer A + 10% glycerol).

The following elution scheme was employed: a 60 ml linear gradient of 0.0 - 0.6 M

NaCl in Buffer B. The column flow rate was 0.5 ml/min and 1 ml fractions were

collected.

Tissue samples to be chromatographed on the Mono Q column were homogenized

in three volumes ice-cold homogenizing Buffer C (20 mM Tris-Cl, pH 7.5, 2 mM EDTA,

2 mM EGTA, 5.7 mM benzamidine-HCl, 2 pM leupeptin, 100 pM PMSF, 30 mM (MME).

Samples were diluted with cold homogenizing Buffer C to a conductivity of 3.0 - 3.5

mmho. Protein concentrations were determined by the Bradford method (41), and the

appropriate volumes corresponding to approximately 55 mg of total protein were loaded

onto an HR 5/5 Mono Q anion exchange column equilibrated in Buffer D (Buffer C +

10% glycerol). The following elution scheme was employed: a 60 ml linear gradient
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0.0 - 0.7 M NaCl in Buffer D. The column flow rate was 0.5 ml/min and 1 ml fractions

were collected. Samples were frozen in 15% glycerol and stored at -80 C.

Protein kinase assays - Samples were assayed for the incorporation of 3 2P-labelled

phosphate into protein or peptide substrate. All assays contained the following final

concentrations of substrates: 1 mg/ml H4, 400 pg/ml MBP, or 20 pM S6-21. Fractions

were assayed for protein kinase activity by adding a 10 pl sample to a reaction mixture

containing final concentrations of 20 mM Tris-Cl, pH 7.5, 10 mM MgCI2 , 0.1 mM [y-32 P]

ATP (specific activity = 86 - 100 cpm/pmol), and the appropriate concentrations of

substrate. Reactions were incubated for 10 minutes at 30 C. Inactive S6/H4 kinase

holoenzyme in crude preparations was activated by 3 minute trypsinization and/or 10

minute MgATP activation. Trypsin activation was carried out by incubating 10 pl sample

with 5 pl trypsin working solution (12.5 pg/ml in 21.5 mM Tris-Cl, pH 8.0, 3.2 mg/ml

BSA, 2.4 mM ME) at 300 C for 3 minutes. Trypsin treatment was terminated with a

solution containing final concentrations of 20 mM Tris-Cl, pH 7.5, 10 mM MgC1 2, 0.1

mM [y-32P] ATP (specific activity = 86 - 100 cpm/pmol), and 2.4 pg/ml soybean trypsin

inhibitor. Incubation of this solution was continued for 10 minutes at 300 C to permit

autophosphorylation/autoactivation. Following activation, samples were assayed by 10

minute incubation with the appropriate concentration of substrate. In all assays, 35 pl

aliquots of the reaction mixtures were spotted onto ET31 paper when the substrate was

H4 or MBP, or P81 paper when the substrate was S6-21. Reactions were stopped by

immersion in ice-cold 10% TCA (ET3 1), or ice-cold 30% acetic acid (P81). ET31 papers

were washed in 500 ml cold 10% TCA for 10 minutes, 500 ml cold 5% TCA for 6
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minutes, 500 ml room temperature 5% TCA for 6 minutes, 500 ml ethanol for 6 minutes,

and 300 ml ether for 5 minutes. P81 papers were washed in 500 ml cold 30% acetic acid

for 10 minutes, 500 ml cold 15% acetic acid for 6 minutes, 500 ml room temperature

15% acetic acid for 6 minutes, and 500 ml acetone for 6 minutes. Papers were dried and

the precipitated radioactive products were quantified by liquid scintillation counting.

Antibody production - The S6/H4 kinase peptide sequence

SVIDPVPAPVGDSHVDGAAK (4) was coupled to keyhole limpet hemocyanin using

MBS by the method described by Harlow and Lane (43). Briefly, KLH (2.0 mg) was

activated by incubation with MBS (0.5 mg) in a total volume of 220 p for 30 minutes at

room temperature. The activated protein was separated from unreacted MBS by gel

filtration on a PBS equilibrated, 10 ml bed volume Sephadex G-25 column. Fractions

(250 pl) were collected and the protein-containing fractions were pooled for peptide

conjugation. Peptide-KLH conjugation was achieved by incubating peptide (0.6 mg) with

the activated KLH (total volume = 812 pl) for 3 hours at ambient temperature. One half

of the KLH-conjugated peptide was emulsified in Freund's complete adjuvant and

injected subcutaneously into a New Zealand White rabbit on day 1. All subsequent

injections contained the same concentration of KLH-conjugated peptide. A booster

injection of peptide conjugate in incomplete Freund's adjuvant was administered on day

22, and a final booster injection was administered on day 81. On day 101, 20 ml blood

was collected and allowed to coagulate. Serum was stored at -20 C for further use.

Protein A is a polypeptide isolated from Staphylococcus aureus that binds

immunoglobulins. Rabbit antiserum (2 ml) was loaded onto a 2 ml bed volume protein
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A-agarose column that had been equilibrated in 100 mM Tris-Cl, pH 8.0. The column

was washed with 20 ml (10 bed volumes) 100 mM Tris-Cl, pH 8.0, followed by 20 ml 10

mM Tris-Cl, pH 8.0. The bound IgG was eluted with 100 mM glycine, pH 3.0, in 500 p1

fractions and the pH was adjusted with 50 pl 1 M Tris-Cl, pH 8.0 (44). Protein

concentrations of the fractions was determined by the Bradford method (41) and the IgG

containing fractions were pooled and stored at 40 C.

Trypsin activation of the S6/H4 kinase holoenzyme - Aliquots (60 pl, containing

3.1 pg protein) of purified S6/H4 kinase holoenzyme were incubated with 30 p1 of

trypsin working solution (12.5 pg/ml in 21.5 mM Tris-Cl, pH 8.0, 3.2 mg/ml BSA, 2.4

mM PME) at 300 C. After 15 seconds, 30 seconds, 1 minute, 2 minutes, and 4 minutes,

reactions were terminated by the addition of SDS-PAGE sample buffer, and the proteins

were analyzed by SDS-PAGE and Western blotting. Samples to be assayed for activity

were incubated for 10 minutes at 300 C with 20 mM Tris-Cl, pH 7.5, 10 mM MgCI2 , 0.1

mM [y-32P] ATP (specific activity = 86 - 100 cpm/pmol), and 2.4 pg/ml soybean trypsin

inhibitor. The reaction mixture was then incubated with H4 for 10 minutes at 300 C, and

the radiolabelled product was determined as described previously.

SDS-PAGE - Aliquots of samples to be analyzed by SDS-PAGE were diluted 1:4

with sample buffer (62.5 mM Tris, pH 6.8, 10% (v/v) glycerol, 2% (m/v) SDS, 0.75 M

3ME, 0.0025% (m/v) bromophenol blue) and boiled for 5 minutes. Samples were cooled

to room temperature, loaded onto a 1.5 mm thick, discontinuous polyacrylamide mini gel

(3.9% stacking, 10% resolving) and subjected to SDS-PAGE. Gels were run in Laemmli

buffer (124 mM Tris, pH 8.3, 96 mM glycine, 0.5% (m:v) SDS) (45) at 150 V until the
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dye front had migrated to the bottom of the gel.

Immunoblotting - The SDS-PAGE separated proteins were electrophoretically

transferred to 0.45 micron nitrocellulose membranes at 80 V for 115 volt-hours in

Towbin buffer (20 mM Tris, pH 8.3, 192 mM glycine, and 20% (v:v) methanol) (46).

Membranes were incubated overnight in 1% BSA/PBS (PBS = 0.58 M Na2HPO4. 0.17 M

NaH 2PO4 , 0.068 M NaCl) to block all unbound membrane sites. All antibodies were

diluted in 0.1% BSA/PBS. The membranes were the incubated for 2 hours or overnight

in a 1:500 or 1:1,000 dilution of the purified IgG fraction or crude antiserum. After

washing, this was followed by a one hour incubation with a 1:5,000 dilution (alkaline

phosphatase color detection) or 1:10,000 dilution (chemiluminescence) of alkaline

phosphatase conjugated goat anti-rabbit IgG. Alkaline phosphatase-catalyzed color

visualization was accomplished by development in a mixture of 0.3 mg/ml NBT and 0.15

mg/ml BCIP in 100 mM Tris-Cl, pH 9.5, for 10 minutes to 1 hour. For chemiluminescent

visualization, membranes were treated as suggested in the manufacturer's instructions

and incubated in 0.24 mM CPSD substrate. Following 5 minute substrate incubation, the

membranes were exposed to Fuju X-ray film for 15 minutes to 1 hour exposure time and

developed.

Autoradiography of column fractions - Aliquots (20 pl) of fractions eluting from

the Mono S and Mono Q columns were incubated with the following solution: 20 mM

Tris-Cl, pH 7.5, 10 mM MgCl2 , and 0.1 mM [y-32 P] ATP (specific activity = 4000

cpmlpmol) for 10 minutes at 30 C. Reactions were terminated by diluting 1:1 in SDS-

PAGE sample buffer and electrophoretically separated by SDS-PAGE. Gels were dried
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and exposed to Fuji X-ray film for 12 to 24 hours.



CHAPTER 3

RESULTS

Affinity purification of rabbit antiserum - To increase the relative purity of IgG,

rabbit antiserum (2 ml, containing 100 mg total protein) was subjected to affinity

chromatography on a protein A-Sepharose column. Bound IgG was eluted with 100 mM

glycine, pH 3.0, and protein concentrations were determined by the Bradford method (41)

(Figure 1). The bulk of bound protein (3.1 mg) eluted in four 500 p1 fractions. Fraction

number 3 was used for antibody studies.

Test of antibody specificity and purification - The S6/H4 kinase is purified as an

inactive holoenzyme with an apparent molecular weight of 60 kDa. Mild trypsin

treatment of this 60 kDa holoenzyme generates a 40 kDa catalytic domain (4). To test

whether or not and with what specificity various dilutions of the crude antiserum and

purified IgG recognized both the S6/H4 kinase catalytic domain and the S6/H4 kinase

holoenzyme, samples were analyzed by SDS-PAGE and electrophoretically transferred to

nitrocellulose. The Western blots were probed with two dilutions (1:500 and 1:1000) of

the crude and purified antibodies. When alkaline phosphatase-catalyzed color

development was used as the method of detection, no significant difference was observed

17
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between the four trials (Figure 2). When the S6/H4 kinase catalytic domain was probed

with each of the above antibody dilutions, a single positive reaction was observed at Mr

40 kDa. In the lanes that were loaded with the S6/H4 kinase holoenzyme, only a single

band at Mr 60 kDa was observed. In each case, little to no nonspecific background was

observed. When chemiluminescence, a more sensitive method of detection was used,

both dilutions of the crude and purified antibody recognized a doublet in the 60 kDa

range when the S6/H4 kinase holoenzyme was tested. Both dilutions of purified IgG

produced sharper bands than did the dilutions of crude serum. In probing the lanes that

were loaded with the S6/H4 kinase catalytic domain, only the 1:500 dilutions of both

crude serum and purified IgG produced positive reactions at 40 kDa. The 1:500 dilution

of purified IgG produced a sharper band with less background than did the same dilution

of crude serum. A 1:500 dilution of purified IgG was used in all subsequent antibody

studies.

Correlation of trypsinization time with S6/H4 kinase activation and appearance

of the S6/H4 kinase catalytic domain - Autoradiographic studies (4) have shown that

treatment of the S6/H4 kinase holoenzyme with dilute trypsin solutions yields a 40 kDa

product which undergoes autophosphorylation (4). To confirm that the appearance of the

S6/H4 kinase catalytic core is correlated with an increase in S6/H4 kinase activity, the

S6/H4 kinase holoenzyme was subjected to mild trypsin digestion for variable times (15

sec to 4 minutes). Samples were electrophoretically separated, transferred to

nitrocellulose and probed with the purified anti-S6/H4kinase peptide antibody (Figure 4,

panel A). The results indicate that the S6/H4 kinase catalytic domain was undetectable
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prior to trypsin digestion and reached a level detectable by chemiluminescence after 2-4

minutes trypsin treatment. In Figure 4, panel B, samples of the S6/H4 kinase

holoenzyme were subjected mild trypsinization for variable times (15 sec to 4 minutes).

The samples were then subjected to 10 minute MgATP activation and assayed for H4

kinase activity. The results indicate that an increase in time of trypsin digestion is

accompanied by an increase in H4 kinase activity, with 2 minute and 4 minute samples

exhibiting 9 times and 7 times, respectively, the activity of the untreated S6/H4 kinase

holoenzyme (Figure 4, panel B). Together, these data indicate that the appearance of the

S6/H4 kinase catalytic domain is correlated with activation of the S6/H4 kinase.

Chromatography and activity profiles of crude preparations - To confirm the

existence of several different kinases in crude P1798 lynphosarcoma homogenates,

samples were subjected to Mono Q or Mono S chromatography and assayed using S6-2 1,

MBP, and H4 as substrates. Following Mono Q chromatography (Figure 5), S6-21 kinase

activity eluted in 3 major, symmetrical peaks at mean salt concentrations of 110 mM, 180

mM, and 270 mM NaCl. The two peaks eluting at lower salt concentrations exhibited

similar activities and that eluting at the highest salt concentration exhibited approximately

two times the activity of each of the other peaks. Three symmetrical peaks of MBP kinase

activity coeluted with the S6 kinase peaks. As was the case with the S6 peaks, protein

eluting at the highest salt concentration exhibited the most activity, approximately 1.5

times the activity of each of the earlier peaks. One biphasic peak of H4 kinase activity

eluted from the Mono Q column. The peak maximum activities were observed at salt

concentrations of 94 and 120 mM NaCl. The activity of the major MBP kinase peak
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represented approximately half that of both the H4 kinase peak and the largest S6 kinase

peak.

Following Mono S chromatography (Figure 6), S6-21 kinase activity eluted as two

peaks of comparable size. One peak was biphasic and its maximum activities were

observed at salt concentrations of 80 mM and 120 mM. The other Mono S S6-21 kinase

peak was symmetrical and eluted at a mean salt concentration of 160 mM. MBP kinase

activity eluted as a broad peak between 60 and 190 mM NaCl. H4 kinase activity eluted

as a single symmetrical peak at a mean salt concentration of 100 mM NaCl. The

activities of the S6 kinase peaks were about twice that of the H4 kinase peak and 3 times

that of the MBP kinase peak. These results indicate that these crude extracts contain a

complex mixture of several different kinases.

Immunoreactivity of Mono Q and Mono S fractions - The occurrence of S6/H4

kinase activity after Mono S and Mono Q chromatography has been well characterized.

Both types of chromatography are used in the S6H4 kinase purification scheme (4).

Several purification steps precede Mono S and Mono Q chromatography in the

purification scheme and may dissociate regulatory proteins from the S6H4 kinase. This

may alter subsequent S6/H4 kinase activity. Assays using the substrates S6-21, MBP,

and H4 (Figure 5, Figure 6) indicated a complex elution pattern of several kinase peak

activities from both the Mono Q and the Mono S columns. To determine where the

S6/H4 kinase eluted within this complex kinase activity profile, aliquots of each fraction

were subjected to SDS-PAGE, electroblotting, and probing with the purified S6/H4

peptide antibody. A doublet of immunoreactive proteins of apparent molecular weights



60,000 and 63,000 were detected eluting from the Mono Q column in fractions 8 to 13

(Figure 7, panel A). These proteins may represent differentially phosphorylated forms of

the S6/H4 kinase. Immunoreactivity corresponded to the peak of H4 kinase activity

(Figure 7, panel B). The only immunoreactive protein eluting from the Mono S column

was detected in fractions 9 and 10 (Figure 8, panel A) and exhibited an apparent

molecular weight of 64 kDa. In agreement with the results obtained from Mono Q

chromatography, the immunoreactive fractions corresponded to the fractions exhibiting

the most H4 kinase activity (Figure 8, panel B). These results establish that the anti-

S6/H4 kinase antibody has a high degree of specificity, and that in these samples, H4

kinase activity is well correlated with the presence of the S6/H4 kinase.

The effects of trypsin and/or MgATP activation on H4 kinase activity - In purified

preparations, S6/H4 kinase activity is completely dependent on both trypsin and MgATP

incubation. To investigate the effects of trypsin-dependent and MgATP-dependent

activation on the S6/H4 kinase activity eluted from the Mono S and Mono Q columns,

fractions were assayed under the following conditions: 1) after activation by incubation

with dilute trypsin and autophosphorylation by with MgATP, 2) in the absence of trypsin

activation but presence of MgATP-dependent autophosphorylation, and 3) without

activation. The results indicate that in the fractions eluted from the Mon \s and Mono \q

columns, maximum H4 kinase activity was observed after activation with trypsin and

MgATP (Figure 9, Figure 10). In samples assayed without activation, no H4 kinase

activity was observed to elute from either the Mono S or the Mono Q column. The Mono

Q fractions did not exhibit trypsin-independent, MgATP-dependent H4 kinase activity.

21
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However, from the Mono S column, an additional H4 kinase peak coelutes with the H4

kinase peak that results from both trypsin-dependent and MgATP-dependent activation.

This activity ws observed in the absence of trypsin incubation but the presence of MgATP

incubation. Maximun H4 kinase activity was approximately 3 times the activity of the H4

kinase activity peak observed after only MgATP-dependent activation. The data suggest

that in the Mono S fractions containing H4 kinase activity and the S6/H4 kinase, there is

an enzyme that catalyzes the MgATP-dependent activation of S6/H4 kinase activity in the

absence of trypsin activation.

Autoradiographic comparison of trypsinized and control Mono Q and Mono S

fractions - Virtually all protein kinases undergo autophosphorylation and many protein

kinases can be phosphorylated by other kinases. The previous experiment indicated that

different enzymes coelute with the S6/H4 kinase from the Mono S column than from the

Mono Q column. Autoradiographic studies were performed on the immunoreactive

fractions that eluted from each column. This experiment was designed to investigate

possible differences between the phosphorylated products in Mono S and Mono Q

immunoreactive fractions. Aliquots of fractions eluting from the columns were

incubated with MgATP, then subjected to SDS-PAGE and autoradiography. The results

indicate that in the immunoreactive fractions that eluted from the Mono Q column, there

were no discernable phosphorylated products in the absence of trypsin activation. In the

immunoreactive fractions that eluted from the Mono S column (Figure 9 and Figure 10), a

phosphorylated protein of 60 kDa was detected in the absence of trypsin activation.

Autoradiography also detected a phosphorylated protein at 34 kDa in fraction 10 in the
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absence of trypsin activation. These data indicate that in the immunoreactive fractions

that eluted from the Mono Q column, there were no kinases present that were capable of

being phosphorylated or undergoing autophosphorylation in the absence of trypsin

activation. The 60 kDa phosphorylated product detected in immunoreactive Mono S

fractions that had not been subjected to trypsin activation is possibly phosphorylated

S6/H4 kinase holoenzyme. Together, these data further confirm the presence of different

enzymes in the immunoreactive Mono S and Mono Q fractions. The data also suggest

that the presence of the 60 kDa phosphorylated protein in Mono S fractions is well

correlated to MgATP-dependent activation of the S6/H4 kinase.

Previous studies have established that after mild trypsin digestion of the 60 kDa

holoenzyme of the S6/H4 kinase, a 40 kDa catalytic domain is released which undergoes

autophoshorylation (4). Aliquots of the immunoreactive fractions that eluted from the

Mono S and Mono Q columns were trypsin-activated prior to MgATP incubation. After

SDS-PAGE, gels were subjected to autoradiographic detection of phosphorylated

proteins. Following trypsin activation, a phosphorylated protein of 40 kDa was detected

in the immunoreactive fractions that eluted from the Mono Q column. In the presence of

trypsin activation, a phosphorylated protein of 40 kDa was detected in the

immunoreactive fractions that eluted from the Mono S column, as well. All data are

consistent with the conclusion that this 40 kDa phosphorylated protein is the S6/H4

kinase catalytic domain. This further confirms the presence of the S6/H4 kinase in Mono

S and Mono Q immunoreactive fractions.

Comparison of activities and activity ratios of purified S6/H4 kinase catalytic
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domain, crude P1798 Mono Q peak fractions and crude P1798 Mono S peak fraction -

The S6/H4 kinase has a unique substrate specificity (4). In order to confirm that the H4

kinase peak fractions eluting from the Mono S and Mono Q columns contain other

kinases in addition to the S6/H4 kinase, activity ratios for H4 kinase activity/S6 kinase

activity and H4 kinase activity/MBP kinase activity were calculated. The H4 kinase/MBP

kinase ratio for the Mono S peak is 39% higher than that of the purified enzyme, while

the H4 kinase/S6 kinase ratio is 29% lower than the respective ratio exhibited by the

S6/H4 kinase catalytic domain. There are more marked differences in the kinase activity

ratios between each of the Mono Q peak phases and the purified enzyme. In each phase

of the Mono Q peak, the H4 kinase/MBP kinase ratio is over 400% higher than that of the

S6/H4 kinase catalytic domain. The H4 kinase/S6 kinase ratio exhibited by the Mono Q

peak phase eluting at lower salt is 340% higher than that of the S6/H4 kinase catalytic

domain. Proteins in the Mono Q peak phase eluting at higher salt concentration exhibited

an H4 kinase/S6 kinase ratio that was 250% higher than that of the S6/H4 kinase catalytic

domain. This data suggests that 1) other kinases coelute with the S6/H4 kinase from

both the Mono S and the Mono Q columns, and 2) the combination of kinases coeluting

with the S6/H4 kinase from the Mono S column is different from that coeluting with the

S6/H4 kinase from the Mono Q column.

Effects of phosphatase inhibitors on protein kinase activity obtained from Mono S

chromatography - Sequence data obtained from the S6/H4 kinase catalytic domain

indicates the presence of the sequence TPY. This sequence is characteristic of the JNK

subclass of MAPKs. Activation of the JNKs requires phosphorylation of both the
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tyrosine and threonine of the TPY sequence. Phosphorylation of the tyrosine and/or the

threonine of the S6/H4 kinase's TPY sequence may play a role in activation of the S6/H4

kinase. This experiment employed the serine/threonine phosphatase inhibitor okadaic acid

and the tyrosine phosphatase inhibitor orthovanadate to investigate the possibility that

there were coeluting serine/threonine of tyrosine phosphatases that may be affecting

kinase activity in the fractions corresponding to S6/H4 activity. A sample of the S6/H4

kinase peak fraction eluting from the Mono S column was assayed for S6-21 kinase

activity in the presence of 1 pM okadaic acid and/or 1 mM orthovanadate both in the

presence and absence of trypsin activation (Figure 13). In the presence of 1 pM okadaic

acid, S6-21 kinase activity in the presence of trypsin activation is 21% lower than in the

control. In the presence of both 1 pM okadaic acid and 1 mM orthovanadate or 1 mM

orthovanadate alone, the S6-21 kinase activity is 7% higher than in the control samples

assayed in the absence of trypsin. After trypsin activation, S6-21 kinase activity is

increased by 47% in the presence of 1 pM okadaic acid, and 29% when either both

phosphatase inhibitors or 1 mM orthovanadate alone is added to the assay. These results

indicate that the addition of these phosphatase inhibitors in the assay exhibits minor

effects on S6-21 kinase activity.

Time course for MgATP activation - To confirm that the observed MgATP-

dependent activation of Mono S S6/H4 kinase activity was enzyme catalyzed, the

relationship between MgATP incubation time and S6 kinase activation was investigated.

An aliquot (10 pl) of fraction 10 eluting from the Mono S column (Figure 14) was

incubated with 10 mM MgCl 2 and 0.1 mM ATP (S.A. = 86.3 - 100.3 cpm/pmol) for time
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intervals from 2 to16 minutesand assayed for S6 kinase activity. Samples that were

incubated with MgATP for 16 minutes exhibited the highest activity, which was more

than 200% higher than the activity of samples incubated with MgATP for 2 minutes.

The data indicates that there is a linear relationship between MgATP incubation time and

S6 kinase activation. These results suggest that MgATP-dependent activation of S6/H4

kinase activity is enzyme catalyzed.
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Figure 1. Purification of rabbit anti-S6/H4 peptide serum. Crude serum (2 ml, containing

110 mg protein) was loaded onto a protein A-Sepharose column, as described in

Experimental Procedures. IgG was eluted with 100 mM glycine, pH 3.0, in 500 pl

aliquots. Protein concentrations were determined by the Bradford method and IgG

containing fractions 2-4 were used for antibody studies.
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Figure 2. Western blot of purified S6/H4 kinase holoenzyme and catalytic domain probed

with crude antiserum and purified IgG detected by alkaline phosphatase-catalyzed color

development. Aliquots (60 pl) were electrophoretically separated by SDS-PAGE and

transferred to nitrocellulose membranes. Lanes 1 and 3 contain 2.1 pg S6/H4 kinase

catalytic domain, and lanes 2 and 4 contain 3.1 pg S6/H4 kinase holoenzyme. The

membranes were probed as follows: panel A, lanes 1-2, 1:500 crude antiserum; panel A,

lanes 3-4, 1:1000 crude antiserum. Panel B, lanes 1-2, 1:500 purified IgG; panel B, lanes

3-4, 1:1000 purified IgG. Positive reactions were visualized using the alkaline

phosphatase-catalyzed color development method as described in Experimental

Procedures.
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Figure 3. Western blot of purified S6/H4 kinase catalytic domain and holoenzyme probed

with crude antiserum and purified IgG using chemiluminescent detection. Aliquots (60

p1) were electrophoretically separated by SDS-PAGE and transferred to nitrocellulose

membranes. Lanes 1 and 3 contain 2.1 pg S6/H4 kinase catalytic domain, and lanes 2

and 4 contain 3.1 pg S6/H4 kinase holoenzyme. The membranes were probed as follows:

panel A, lanes 1-2, 1:500 crude antiserum; panel A, lanes 3-4, 1:1000 crude antiserum.

Panel B, lanes 1-2, 1:500 purified IgG; panel B, lanes 3-4, 1:1000 purified IgG. Positive

reactions were visualized using the chemiluminescent detection method as described in

Experimental Procedures.



A
kDa 1 2

60>

40>

kDa 1 2

60>1

40>-

32

3 4

B

3 4



33

Figure 4. Correlation of trypsin activation time with S6/H4 kinase activity and appearance

of the S6/H4 kinase catalytic domain catalytic domain. In panel A, purified S6/H4 kinase

holoenzyme (2.6 pg) was activated by trypsin incubation for variable times (lane 1 = 0

sec; lane 2 = 15 sec, lane 3 = 30 sec, lane 4 = 1 minute, lane 5 = 2 minutes, lane 6 = 4

minutes). Reactions were terminated by the addition of SDS-PAGE sample buffer and

samples were subjected to SDS-PAGE and Western blotting using the purified rabbit

anti-S 6/H4 peptide antibody. Positive reactions were visualized by chemiluminescence as

described in Experimental Procedures. In panel B, purified S6/H4 kinase holoenzyme

(0.52 pg) was activated by trypsin incubation for the variable time intervals shown and

MgATP MgATP activation for 10 minutes. Activated enzyme activity was determined

using H4 as described in Experimental Procedures.
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Figure 5. Protein kinase activity in fractions obtained from Mono Q chromatography of a

crude P1798 lymphosarcoma preparation. Lymphosarcoma P1798 tissue (7.7 g) was

homogenized and chromatographed on the HR 5/5 Mono Q column by the methods

described in Experimental Procedures. Aliquots (10 pl) of fractions 1-28 were activated

by 3 minute trypsin and 10 minute MgATP incubation. Samples were assayed for protein

kinase activity using either H4 (closed circles), MBP (open circles), or S6-21 (dashed

line, closed circles) as substrates.
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Figure 6. Protein kinase activity in fractions obtained from Mono S chromatography of a

crude P1798 lymphosarcoma preparation. Lymphosarcoma P1798 tissue (8.8 g) was

homogenized and chromatographed on the HR 5/5 Mono S column by the methods

described in Experimental Procedures. Aliquots (10 pl) of fractions 1-28 were activated

by 3 minute trypsin and 10 minute MgATP activation using either H4 (closed circles),

MBP (open circles), or S6-21 (dashed line, closed circles) as substrates.
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Figure 7. Coelution of Mono Q H4 kinase activity peak with anti-S6/H4 peptide antibody

reactive proteins of Mr 67 and 62 kDa. Fractions 1 - 28 eluting from the Mono Q column

were subjected to SDS-PAGE, immunoblotting, and probing with the anti S6/H4 peptide

antibody. Positive reactions were visualized by the alkaline phosphatase method as

indicated in Experimental Procedures. Shown in panel A are fractions 6 - 15. Aliquots

(10 pl) of the same fractions 1 - 28 were activated by 3 minute trypsin and 10 minute

MgATP incubation. Samples were assayed for H4 kinase activity (panel B).
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Figure 8. Coelution of Mono S H4 kinase activity peak with an anti-S6/H4 peptide

antibody reactive protein of Mr 60 kDa. Fractions 1-28 eluting from the Mono S column

were subjected to SDS-PAGE, immunoblotting, and probing with the anti S6/H4 peptide

antibody. Positive reactions were visualized by the alkaline phosphatase method as

indicated in Experimental Procedures. Shown in panel A are fractions 7 - 13. Aliquots

(10 gl) of the same fractions were activated by 3 minute trypsin and 10 minute MgATP

incubation. Samples were assayed for H4 kinase activity (panel B).
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Figure 9. The effect of trypsin and/or MgATP activation on H4 kinase activity eluting

from Mono Q chromatography of a crude P 1798 preparation. Lymphosarcoma P1798

tissue (7.7 g) was homogenized and chromatographed on the HR 515 Mono Q column by

the methods described in Experimental Procedures. Aliquots (10 pl) of fractions 1-28

were assayed for incorporation of 32P labelled phosphate into H4. The effects of trypsin

activation (3 minutes) and/ or MgATP activation (10 minutes) on phosphotransferase

activity was investigated. Closed circles represent activity after both trypsin and MgATP

activation (+T+A); closed circles with dashed line represent activity after MgATP

activation but no trypsin activation and (-T+A); Open circles represent activity in the

absence of both trypsin and MgATP activation (-T-A).
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Figure 10. The effect of trypsin and/or MgATP activation on H4 kinase activity eluting

from Mono S chromatography of a crude P1798 preparation. Lymphosarcoma P1798

tissue (8.8 g) was homogenized and chromatographed on the HR 5/5 Mono S column by

the methods described in Experimental Procedures. Aliquots (10 pl) of fractions 1-28

were assayed for incorporation of 32P-labelled phosphate into H4. The effects of trypsin

activation (3 minutes) and/ or MgATP activation (10 minutes) on phosphotransferase

activity was investigated. Closed circles represent activity after both trypsin and MgATP

activation (+T+A); closed circles with dashed line represent activity after MgATP

activation but no trypsin activation and (-T+A); Open circles represent activity in the

absence of both trypsin and MgATP activation (-T-A).
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Figure 11. Phosphorylated proteins in trypsinized and control Mono Q fractions.

Aliquots (20 pl) of fractions 8 - 13 eluting from the Mono S column (shown in Figure 7)

were incubated for 10 minutes with 20 mM Tris-Cl, pH 7.5, 10 mM MgCl2, and 0.1 mM

[y- 32P] ATP (specific activity = 4000 cpmlpmolol) at 30 C. Prior to incubation with

MgATP, samples in Panel B were trypsin-activated. Samples in Panel A were not trypsin

activated prior to MgATP incubation. All samples were subjected to SDS-PAGE and

proteins were electrophoretically transferred to nitrocellulose 32P-labelled protein were

detected by autoradiograhy (shown).
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Figure 12. Phosphorylated proteins in trypsinized and control Mono S fractions.

Aliquots (20 p) of fractions 9 and 10 eluting from the Mono S column (shown in Figure

7) were incubated for 10 minutes with 20 mM Tris-CI, pH 7.5, 10 mM MgCl 2, and 0.1

mM [y- 32P] ATP (specific activity = 4000 cprnlpmolol) at 300 C. Prior to incubation

with MgATP, samples in Panel B were trypsin-activated. Samples in Panel A were not

trypsin activated prior to MgATP incubation. All samples were subjected to SDS-PAGE

and proteins were electrophoretically transferred to nitrocellulose 3 2P-labelled protein

were detected by autoradiograhy (shown).
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Table I. Comparison of activities and activity ratios of purified S6/1H4 kinase catalytic

domain, crude P1798 Mono Q and crude P1798 Mono S peaks. Specific activities, H4

kinase/S6 kinase activity ratios, and H4 kinase/MBP kinase activity ratios were calculated

for: 1) the purified catalytic domain of the S6/H4 kinase, 2) S, fraction 10 eluted from the

Mono S column and exhibiting maximal H4 kinase activity 3) Q1 and Q2, fractions 8 and

12, respectively, eluted from the Mono Q column and exhibiting maximal H4 kinase

activity.

Substrate Protein Protein
Kinase Kinase
Activity Activity
Ratio

p40 S Q Q2 p40 S Q Q2

(H4 activity/
nmol/min/mg substrate activity

H4 79 18 4.3 2.8 1.0 1.0 1.0 1.0

MBP 100 17 0.87 0.62 0.79 1.1 4.9 4.5

S6 120 38 1.5 1.2 0.66 0.47 2.9 2.3
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Figure 13. Effects of phosphatase inhibitors on Mono S peak activity. Aliquots (10 i)

of the peak fraction eluting from Mono S chromatography were assayed in the presence

(open bars) or absence (solid bars) 3 minute trypsin activation in the presence of: a) 1 pM

okadaic acid, b) 1 mM orthovanadate, c) I gM okadaic acid + I mM orthovanadate, d)

control, no additions. In all assays, a 10 minute MgATP activation was included and the

substrate was S6-21.
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Figure 14. Time course for MgATP-dependent activation of the S6/H4 kinase activity

eluted from Mono S chromatography of a crude P1798 preparation. Aliquots (10 pl) of

the peak fraction eluting from the Mono S column were subjected to MgATP incubation

at variable times I to 16 minutes and assayed for S6 kinase activity.
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CHAPTER 4

DISCUSSION

The S 6/H4 kinase has been identified in murine lymphosarcoma tissue, human

placenta, PC12 cells, and Jurkat cells (34,35,36,53). This kinase has been isolated from

both P1798 lyruphosarcoma and human placenta tissue. The S6/H4 kinase has been

purified 5700-fold and to apparent homogeneity as ascertained by protein kinase assay,

SDS-PAGE, and autoradiography (38). Because it has been so highly purified, a good

deal is known about the S6/H4 kinase's enzymatic properties (4). The enzyme is purified

as an inactive holoenzyme with an apparent molecular weight of 60 kDa. Mild trypsin

digestion liberates a catalytic domain of 40 kDa. Autophosphorylation of the 40 kDa

catalytic domain of the S6/H4 kinase has been correlated with increasing S 6/H4 kinase

activity.

A rabbit anti-S6/H4 kinase peptide antibody recognized both the S6/H4 kinase

holoenzyme and catalytic domain (Figure 3, Figure 4). Data has been presented here

which establishes this antibody's high specificity for the S6/H4 kinase. After protein A-

Sepharose purification, this antibody recognizes only the S6/H4 kinase holoenzyme in

samples resulting from ion exchange chromatography of crude lymphosarcoma

56
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homogenates (Figure 3, Figure 4, Figure 7, Figure 8). The fact that this antibody

recognizes only the S6/H4 kinase in samples containing several kinases indicates that the

S6/H4 kinase exhibits some unique characteristic(s) that distinguish it from at least most

other members of the ubiquitous protein kinase family.

Other antibodies have previously been employed in the study of the S6/H4 kinase.

The S6/H4 kinase reacted with an anti-APE antibody generated against this highly

conserved feature of the protein kinase catalytic domain, confirming that it was a member

of the protein kinase family (4). Also, studies with an antibody generated against the p70

S6 kinase established that the S6/H4 kinase is not likely to be a proteolytic fragment of

p70. This same antibody was also used to confirm the S6/H4 kinase's resolution from

p70 by Mono Q chromatography (4).

In the present studies, the anti-S6/H4 peptide antibody data further supports the

previously postulated theory of in vitro S6/H4 kinase activation by trypsin. Dennis (4)

presented data that upon mild trypsinization of the S6/H4 kinase holoenzyme, S6/H4

kinase activity increases as does the concentration of the S6/H4 kinase catalytic subunit.

The data presented here: 1) confirms that mild trypsinization of the S6/H4 kinase

holoenzyme increases the S6/H4 kinase activity and 2) correlates this activity increase

with an increase in the concentration of a 40 kDa immunoreactive protein (Figure 4).

From both the Mono Q and the Mono S columns, the only fractions containing

proteins that were immunoreactive with the anti-S6/H4 peptide antibody were the

fractions exhibiting maximal H4 kinase activity. This suggests that in the samples used
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in this study, 1-14 kinase activity is well correlated to the presence of the S6/H4 kinase.

This also suggests that either: 1) the S6/H4 kinase is the only enzyme in this preparation

which is isolated in a form that is able to phosphorylate histone H4, or 2) all kinases in

this preparation which are capable of using H4 as a substrate coelute with the S6/H4

kinase.

The data in Table I also suggests that the S6/H4 kinase may not be the only

enzyme in these preparations that phosphorylates H4. This data demonstrates that the H4

kinase/S6 kinase and H4 kinase/MBP kinase ratios are higher in the crude homogenates

than in the purified enzyme preparations. The fact that these ratios are significantly

different than those of the purified S6/H4 kinase catalytic domain suggests that they are

not homogenous. The fact that these ratios are higher in the crude homogenates supports

the hypothesis that there are coeluting kinases that can also phosphorylate H4.

The size and shape of the H4 kinase activity peak eluting from the Mono Q

column suggests the elution of more than one H4 kinase. This peak is less symmetrical

and broader than what one would expect to result from the elution of a single protein

(Figure 7, panel A). The immunological data (Figure 7, panel B) also indicates that a

doublet of anti-S6/H4 kinase antibody immunoreactive proteins elutes from the Mono Q

column in the H4 kinase peak. This is not the first time that the existence of S6/H4

kinase isoforms has been suggested (42). Early in the S6/H4 kinase purification scheme,

biphasic activity peaks are often observed to elute from the Mono S and Mono Q columns

(Dennis, unpublished data); and Dennis and Masaracchia (4) were able to resolve two
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peaks of S6/H4 kinase activity by Mono S chromatography. The existence of

electrophoretically distinct forms of the S6/H4 kinase could indicate different subcellular

localizations of S6/H4 kinase isoforms and/or differential processing of the mRNA that

codes for S6/H4 kinase activity. Protein kinases themselves are often substrates for

phosphorylation. It is possible that the observed S6/H4 kinase isoforms could represent

differentially phosphorylated forms of the enzyme.

In addition to being significantly different from the activity ratios of the S6/H4

kinase catalytic domain, the H4 kinase/S6 kinase and H4 kinase/MBP kinase activity

ratios of the S6/H4 kinase peak eluting from the Mono S column are different from those

eluting from the Mono Q column. Again, this suggests the presence of different proteins

in the corresponding fractions. Lending further validity to this hypothesis is the different

enzymatic properties of the two peaks. The S6/H4 kinase activity eluting from the Mono

Q column is completely dependent on both trypsin and MgATP activation (Figure 9),

while that eluting from the Mono S column exhibits a significant amount of activity in the

absence of trypsin activation and presence of MgATP activation (Figure 10).

The fact that the S6/H4 kinase activity eluting from the Mono S column exhibits

activity in the absence of trypsin-dependent activation but presence of MgATP-dependent

incubation suggests that there is an uncharacterized activating enzyme that coelutes with

the S6/H4 kinase from the Mono S column. This enzyme requires MgATP to activate the

S6/H4 kinase. Data (Figure 8) indicates the presence of the S6/H4 kinase holoenzyme,

not the catalytic domain, in the immunoreactive fractions eluted from the Mono S
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column. This suggests that the activating enzyme catalyzes activation of the S6/H4

kinase holoenzyme. Autoradiography (Figure 12) indicates that in the absence of trypsin-

dependent activation there is a 60 kDa phosphorylated protein in the immunoreactive

fractions eluted from the Mono S column. This indicates that the presence of a 60 kDa

phosphorylated protein is well correlated to MgATP-dependent activation of the S6/H4

kinase holoenzyme.

The 60 kDa phosphorylated protein present in immunoreactive fractions eluted

from the Mono S column may be the S6/H4 kinase holoenzyme. This indicates a

regulatory role for phosphorylation of the S6/H4 kinase holoenzyme.

Autophosphorylation affects activation of the S6/H4 kinase catalytic domain (4).

Complete trypsin digestion of activated S6/H4 kinase catalytic domain liberates four

phosphopeptides (4). In the holoenzyme, two of these phosphorylated sites are blocked

by pseudosubstrate binding and autophosphorylation of the other two sites does not result

in activation of the S6/H4 kinase holoenzyme (32). This indicates that the activated

S6/H4 kinase holoenzyme is phosphorylated on different sites than those phosphorylated

by autophosphorylation in purified enzyme preparations. The activated holoenzyme does

not exhibit the same activity as the activated catalytic domain (Figure 10) . This indicates

that the activating phosphorylation(s) of the holoenzyme are not the same as those in the

fully activated catalytic domain. It is possible that the activated holoenzyme is

phosphorylated on a site that is removed by trypsin activation and is not present in the

catalytic domain.
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Although this putative activating enzyme catalyzes some activation of S6/H4

kinase activity even in the absence of trypsin, this activity represents only 1/3 of the

activity following full trypsin activation. A possible explanation is that the

phosphorylation of the S6/H4 kinase holoenzyme precedes the S6/H4 kinase catalytic

domain autophosphorylation in the regulatory cascade that controls S6/H4 kinase activity.

This is the first time that an enzyme has been implicated as catalyzing activation of the

S6/H4 kinase holoenzyme. This introduces the possibility of a complex regulatory

cascade that controls S6H4 kinase activity.

This hypothesis is not inconsistent with the data presented by Martin and

coworkers (38) concerning hPAK65. This serine/threonine kinase has been cloned from a

human placenta cDNA library and exhibits similar electrophoretic mobility and 96%

sequence homology with the known S6/H4 kinase sequences. Following binding to GTP-

bound rac 1 or CDC42Hs, hPAK65 undergoes autophosphorylation, which increases its

kinase activity toward MBP. The striking similarities between the S6/H4 kinase and

hPAK65 suggest that the S6/H4 kinase may interact with and be activated by

racl/CDC42Hs. This suggests that there are potentially several levels of S6/H4 kinase

control.

Rac 1 and CDC42Hs are members of the Ras-related Rho subfamily of G-proteins

(39). A common denominator among members of this subfamily is that they participate

in pathways involving cytoskeletal reorganization (49,50,51). Two proteins which are

involved in cytoskeletal reorganization are actin and myosin (53). Myosin light chain
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phosphorylation plays a role in regulating actin-myosin interactions in both muscle and

non-muscle cells. The S6/H4 kinase can catalyze the phosphorylation of myosin light

chains (52), which may have implications on cytoskeletal reorganization.

In addition to the peptide sequence which was used for antibody generation,

Dennis and Masaracchia (4) sequenced another proteolytic fragment of the S6/H4 kinase.

Within these eight residues (SSMVGTPY) is a three residue sequence, TPY, that may be

physiologically significant. The TPY sequence is characteristic of the JNK/SAPK

subclass of MAPK. This sequence contains the specificity determinants and

phosphorylation sites recognized and phosphorylated by their respective dual specificity

kinase(s). As in all MAPK's, the activation of JNK/SAPK's involves the phosphorylation

of both the tyrosineosine and the threonine of their TPY sequences. UV irradiation,

anisomycin and okadaic acid (16) are activators of the JNK/SAPK cascade, which

eventually affects the phosphorylation of c-Jun, an immediate early gene and transcription

factor. Despite the fact that okadaic acid exhibits no major effect on the S6/H4 kinase

activity eluting from the Mono S column (Figure 13), this does not discount the S6/H4

kinase's possible role in this cascade. This data simply suggests that at least one of the

upstream components that participates in okadaic acid's mechanism of JNK cascade

activation does not coelute with the S6/H4 kinase in these preparations.

It is feasible that the S6/H4 kinase could be activated by the JNK/SAPK or a

parallel kinase cascade. The JUNK/SAPK cascade is activated by stimuli that tell the cell

to divide. Increasing myosin light chain phosphorylation has been associated with
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actively dividing cells (54). If myosin light chain is a physiological substrate for the

S6/H4 kinase, this enzyme may be involved in regulating actomyosin reorganization

during mitosis. In light of the significant role that protein kinases (e.g. the cyclin-

dependent kinases) play in the control of progression through the cell cycle and the

physiological significance of myosin light chain phosphorylation, the S6/H4 kinase's

ability to phosphorylate myosin may provide insight into elucidating the S6/H4 kinase's

role in cellular metabolism.
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