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A novel molecular mechanism of autophosphorylation-dependent activation of

the ser/thr S6/H4 kinase isolated from human placenta is described. Phosphopeptide

mapping of the enzyme was used to determine the rate and extent of site-specific

autophosphorylation. These data were correlated to phosphotransferase activity of the

protein kinase. The results indicated that a sequential phosphorylation of two sites in

the catalytic domain is required for maximum activation. Kinetic analysis determined

that site 1 is modified by an intramolecular phosphorylation, and site 2 is modified by

an intermolecular phosphorylation. On the basis of these data a model is proposed in

which autophosphorylation of the pseudosubstrate domain and on a serine residue in

subdomain VIII are both required for maximum activation of the S6/H4 kinase.
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CHAPTER 1

INTRODUCTION

Signal transduction allows information to be transmitted from extracellular

signalling molecules to intracellular proteins to initiate a response. This process

regulates many cellular responses such as cell to cell communication, differentiation,

and cell proliferation. Signalling pathways are receptor-mediated with receptors

located either on the cell surface or intracellularly. The binding of a ligand to its

receptor activates an intracellular pathway which may consist of GTP-binding proteins,

receptor-linked tyrosine kinases, secondary messengers, protein kinases, and

regulatory and functional target proteins. Phosphorylation cascades, involving both

protein kinases and phosphatases, have been commonly identified as an intracellular

means for signal transduction as well as amplification. Protein kinase cascades are

known to regulate cellular functions such as glycogen metabolism, transcription, and

the cell cycle.

As well as being activated by receptor binding, intracellular signalling

pathways are also controlled by the regulation of enzymes within the pathway.

Regulation of enzymes occurs by three primary mechanisms. The least common and

slowest mechanism is induction. Induction is an example of transcriptional control; a

need for the product of the pathway causes an increase in the amount of enzyme
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synthesized by increasing the amount of mRNA. An example of this is the induction

of phosphoenol pyruvate carboxykinase in gluconeogenesis (1). Reversible binding of

a ligand to the enzyme is another mechanism of enzyme regulation. Second

messenger binding often regulates enzymes, especially protein kinases. For example,

the binding of cAMP to cAMP-dependent protein kinase causes the dissociation of the

regulatory and catalytic subunits, thus activating the protein kinase (2,3). The final

mechanism of regulation is covalent modification. This includes phosphorylation,

uridylation, methylation, adenylation, and ADP-ribosylation. Phosphorylation and

dephosphorylation are by far the most commonly found mechanisms of covalent

modification. Phosphorylation of one or more residues on the peptide chain of an

enzyme results in either its activation or inactivation. Phosphorylase kinase was the

first enzyme found to be activated by phosphorylation (4).

Protein phosphoptransferases are a broad class of enzymes known to be

regulated in vivo by both ligand binding (2,5) and phosphorylation

(6-9). Protein kinases catalyze the transfer of a phosphate group from ATP to the

hydroxyl side chain of the amino acids serine, threonine, or tyrosine (10,11). Thus,

protein kinases are classified as either ser/thr protein kinases or tyr protein kinases (12)

although some multifunctional protein kinases do exist.

Structurally, protein kinases consist of at least one regulatory domain and one

catalytic domain (6,13-15). The catalytic domain contains conserved sequences

required for the binding of ATP as well as sequences specific for the binding of the

protein substrates. The catalytic domain is a globular structure of approximately 260
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amino acids which form eleven conserved domains characteristic of protein kinases

(13). The crystal structure of the catalytic domain of the cAMP-dependent protein

kinase complexed with the peptide inhibitor PKI(5-24) has been resolved (reviewed in

14). This structure shows the bilobal conformation of the catalytic domain resulting in

the cleft required for MgATP binding and catalysis. The crystal structure of the

cyclin-dependent kinase 2 (CDK2) has also been resolved (16). Like the cAMP-

dependent kinase, CDK2 is a bilobal structure with the MgATP binding site located in

the cleft between the two lobes.

The regulatory domain of protein kinases often contains an autoinhibitory

domain. Autoinhibitory domains (reviewed in 17) have been found in many protein

kinases including cAMP-dependent kinase, CaM-kinase II, myosin light chain kinase

and protein kinase C. Autoinhibitory domains bind in the protein substrate groove or

associate with the catalytic center and block access of substrates. The regulatory

domain of protein kinase C was found to contain an amino acid sequence which

resembled the recognition sequence of known exogenous substrates. A synthetic

peptide corresponding to this sequence inhibited both autophosphorylation and activity

of protein kinase C. This sequence was termed a pseudosubstrate domain (18). Many

protein kinases appear to contain autoinhibitory or pseudosubstrate domains, and this

may be a common structural feature for all enzymes in the protein kinase family.

Pseudosubstrate domains bind to the catalytic domain like true substrates and often

have an alanine substituted for the residue that is normally phosphorylated so that

phosphotransfer can not occur. Therefore, the pseudosubstrate blocks access of ATP



4

and other protein substrates to the catalytic site and maintains the protein kinase in an

inactive state.

The crystal structures of cAMP dependent protein. kinase and CDK2 illustrate

the structural basis for inhibition of protein kinase catalytic domains (14,15). The

structure of cAMP-dependent protein kinase shows that the bound inhibitor peptide

blocks access to the catalytic site (14). The binding of the peptide is inhibitory

because the catalytic site containing the MgATP binding determinants is not

accessible. The major difference between the structure of cAMP-dependent protein

kinase and CDK2 is that CDK2 has a large loop which almost completely blocks

access to the protein substrate binding site (15). This loop appears to act as an auto-

inhibitor of protein substrate binding in the inactive form of the enzyme. Activation

of CDK2 requires first the binding of cyclin and then phosphorylation. Cyclin

binding induces a conformational change in the enzyme which makes phosphorylation

possible. Phosphorylation of a threonine residue on the loop blocking the substrate

binding site stabilizes the loop leaving the enzyme in an active conformation similar to

cAMP-dependent protein kinase (15).

In vivo, the regulatory and catalytic domains of protein kinases can be

dissociated by a conformational change in the enzyme resulting from the binding of a

ligand or from phosphorylation of the regulatory subunit at a site other than the

autoinhibitory domain. In vitro, many protein kinases can be activated by limited

proteolysis with trypsin (19-22). A "hinge" region exists in some protein kinases

including the S6 kinases (19), protein kinase C (20), the cAMP-dependent kinase (21),
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and myosin light chain kinase (22). When cleaved in this region, the regulatory and

catalytic subunits dissociate leaving a constitutively active catalytic fragment.

Some protein kinase catalytic domains have been shown to contain

autophosphorylation sites. Both cAMP-dependent protein kinase and the mammalian

insulin-stimulated protein kinase 1 have autophosphorylation sites in subdomain VIII

(23), nine and five residues amino terminal to the highly conserved APE sequence,

respectively (24). These sites, however, have no known physiological significance.

Similarly, myosin light chain kinase undergoes slow autophosphorylation with no

known functional consequences (25). Protein kinase C can undergo

autophosphorylation but the enzyme activation still depends on calcium and

phospholipids (26). The MAP kinases and a myelin basic protein kinase isolated from

bovine kidney cortex have been shown to increase activity corresponding to

autophosphorylation, but the autophosphorylation reaction is so slow that any

physiological significance is unlikely (27,28). Moreover, the S6 kinase families, p70

and rsk, also undergo autophosphorylation, but no increase in activity has been

associated with this phosphorylation (29,30).

In contrast, autophosphorylation has been associated with activation for some

protein kinases. Autophosphorylation is a well established mechanism for the

activation of the tyrosine protein kinase activity of the transmembrane tyrosine kinase

receptors including the epidermal growth factor receptor (31), the platelet-derived

growth factor receptor (32), and the insulin receptor (33). However, the correlation of

autophosphorylation and activation of ser/thr protein kinases is less common.
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One of the first reported ser/thr protein kinase activity thought to be totally

autophosphorylation-dependent was identified in pig liver by Soderling and co-workers

(34). This protein kinase autophosphorylates intramolecularly on serine. Subsequently

the enzyme is activated and catalyzes phosphorylation of glycogen synthase at sites 2

and 3, resulting in a decrease in glycogen synthase activity. Damuni and co-workers

have isolated an enzyme from bovine kidney which autophosphorylates. This

autophosphorylation was accompanied by an approximate ten-fold increase in

phosphorylation and activation of protein phosphatase 2A (35,36). Furthermore,

evidence exists that the interferon-induced, RNA-dependent protein kinase (PKR)

undergoes intermolecular autophosphorylation and autoactivation. In conjunction with

a suitable activator RNA, autophosphorylated PKR can phosphorylate the a subunit of

protein synthesis eukaryotic initiation factor 2 (37). Recently, Lim and co-workers

discovered a new brain ser/thr protein kinase that may be the target for the p21r'-

related proteins Cdc42 and Raci (38). The protein kinase has sequence identity to the

STE20 gene which is required for pheromone signalling. Autophosphorylation of the

protein kinase is associated with a decrease in p21 affinity and activation of this

protein kinase.

Masaracchia and co-workers have identified a unique protein kinase, the S6/H4

kinase, from human placenta (39-41). This protein kinase has the ability to

autophosphorylate and autoactivate (39). The S6/H4 kinase is a ser/thr protein kinase

named for its ability to phosphorylate histone 4 (40) as well as the S6 protein of the

40S ribosomal subunit (41). It is a unique S6 kinase and can be distinguished from



7

other S6 kinases by substrate specificity, molecular weight, immunological analysis

and partial amino acid sequence. The enzyme is purified as an inactive holoenzyme

with an apparent molecular weight of 60,000 (39). Mild trypsin digestion generates an

active catalytic fragment of molecular weight 40,000 (39). However, maximal

activation of the S61H4 kinase requires not only mild trypsin treatment but also

incubation with MgATP prior to the addition of protein substrate. Analogous tho the

cAMP-dependent crystal structure, protein substrate can block access to the catalytic

site and inhibit MgATP activation of the S61H4 kinase (44).

Incubation of the S6/H4 kinase with MgATP results in the autophosphorylation

of the protein kinase exclusively on serine residues (45). The autophosphorylation of

p40 has up to six times the phosphate incorporation as the p60 holoenzyme (39).

Autophosphorylation and autoactivation of p40 occurs rapidly and results in as much

as a two-hundred fold increase in protein kinase activity (39). Autophosphorylated

p40 appears to exist in at least two phosphoprotein isoforms as determined by two-

dimensional electrophoresis. Furthermore, partial amino acid sequence analysis reveals

autophosphorylation sites in the two sequences SSMVGTPY and

SVIDPVPAPVGDSHVD (45).

Although the S6/H4 kinase is known to require autophosphorylation for

activation, the molecular mechanism of phosphorylation was previously unknown. In

order to determine the activation mechanism of the S6/H4 kinase two central aspects

of protein kinase activation had to be addressed. Firstly, the number of

phosphorylation sites required for activation had to be determined, and secondly, the
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intramolecular or intermolecular mechanism of site specific enzyme phosphorylation

had to be determined. The experimental strategy used to investigate this problem is

outlined in Figure 1. The hypothesis investigated in this thesis is that activation of the

S6/H4 kinase by autophosphorylation occurs by a mechanism which is unique but

analogous to other known ser/thr protein kinases. Knowledge of protein kinase

activation mechanisms at the molecular level is important to the understanding of

protein kinase function and activation at the cellular level.



CHAPTER 2

EXPERIMENTAL PROCEDURES

Purification of p60 S6/H4 Kinase - The S6/H4 kinase was purified from human

placenta as previously described (39).

Purification of p40 S6/H4 Kinase - p40 was purified as previously described

(39). In order to assay the p40, a volume of 1 mg/ml bovine serum albumin

equivalent to the volume of the enzyme being assayed was added to the reaction

mixture. p40 irreversibly inactivates at 30 C unless a stabilizing protein is present.

Assay of S6/H4 Kinase Activity - S6/H4 kinase activity was quantified by

measuring the amount of "P0 43 incorporated into protein or peptide substrates. All

reactions were done at 30 C. Inactive p60 fractions (10 pl) were treated by limited

proteolysis with 5 pl 4 pg/ml DPCC-treated trypsin for 3-5 minutes. Trypsin stock

solution was made in 40 mM Tris-Cl, pH 8, 4 mM 0-mercaptoethanol, and 4 mg/ml

bovine serum albumin. The reaction was stopped by the addition of 5 pl soybean

trypsin inhibitor at a final concentration of 6 pg/ml in 10 mM Tris-Cl, pH 7.5. p40

S6/H4 kinase did not require trypsin treatment for activation; however 1 mg/ml bovine

serum albumin was used in the assay to stabilize the protein. Both forms of the S6/H4

kinase were activated by incubation with 20 pl of 12 mM MgAc 2 and 125 pM [y-
32P]ATP (specific activity 100-200 cpm/pmol) in .1 M Tris-Cl, pH 7.5. Incubation for

n
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10 minutes was used for maximum activation, and any variation from this is noted in

individual experiments. Following activation, 10 pl of protein or peptide substrate was

added for 10 minutes. The peptide substrate S6-21 was added at a final concentration

of 190 pM, and the protein H4 was added at a final concentration of 1 mg/ml. The

reaction was terminated by spotting 70% of the reaction mixture onto P81 paper for

the peptide or ET31 paper for H4. P81 papers were immediately submersed in ice

cold 30% acetic acid and ET31 papers were submersed in ice cold 10% TCA. The

papers were then sequentially washed as previously described (46,47). Phosphate

incorporation was measured by liquid scintillation counting of the papers.

Tryptic Digestion of Immobilized S6/H4 Kinase - S6/H4 kinase samples were

incubated with Mg[y-32P]ATP (2,500-20,000 dpm/pmol) for designated time intervals.

The autophosphorylation reaction was stopped with SDS-PAGE sample buffer and

boiled for 5 minutes. Samples were analyzed by SDS-PAGE on a 10% gel (48). The

proteins were then electrophoretically transferred to a nitrocellulose membrane in

buffer containing 25mM Tris-Cl, 192 mM glycine and 20% v/v methanol. The

autophosphorylated protein was detected by autoradiography using x-ray film and an

intensifying screen. The S6/H4 kinase bands of interest were excised for digestion

with trypsin according to the procedure of Luo et al. (49). The membrane pieces were

soaked in 0.5% polyvinyl pyrolidone 360 in 100 mM acetic acid for 30 minutes to

increase efficiency of elution from the membrane. The liquid was aspirated and the

membrane was washed 5 times in 1 ml of water and then twice in 0.05 M ammonium

bicarbonate, pH 7.2. Optimal trypsinization parameters were found to be 10 tg
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DPCC-treated trypsin for 2 hours in 150-200 pl of 0.05 ammonium bicarbonate, pH

7.2, at 37*C, followed by another two hours with an additional 10 pg of trypsin. The

reaction was stopped by the addition of approximately 1 ml of water. The sample was

microfuged to remove the membrane pieces and the supernatant was vacuum

centrifuged to complete dryness.

Peptide Mapping by Two-dimensional TLE/TLC - Peptide mapping was carried

out according to the procedure of Boyle et aL (50). Trypsin digested samples were

spotted in 0.5 pl aliquots, for a total volume of 2 pl, onto 160 pm microcrystalline

cellulose plates. For the first dimension, the plate was pre-sprayed with TLE running

buffer (2% formic acid, 8% acetic acid, pH 1.9). The samples were then

electrophoresed at 1000 volts for 1 hour at 4C on a cooling tray. After

electrophoresis the plate was completely dried and placed into a thin-layer

chromatography chamber pre-equilibrated in the mobile phase buffer (37.5% n-butanol,

25% pyridine, and 7.5% acetic acid). The second dimension chromatography ran until

the mobile phase had migrated about 2.5 cm from the top of the plate. The plate was

removed from the chamber and allowed to dry completely. The phosphopeptides were

visualized by autoradiography.

HPLC Chromatography of Phosphopeptides - Trypsin digested peptides were

dissolved in 99.9% water/ 0.1% trifluoroacetic acid (Buffer A) and applied to a

SynChropak reverse phase C18 column (0.46 x 25 cm). The column was equilibrated

in 2.5% Buffer B (80% acetonitrile/ 0.1% trifluoroacetic acid). Peptides were eluted

in a 2.5-100% Buffer B linear gradient in 100 minutes, and 1 ml fractions were
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collected with a flow rate of 1 ml/min. Phosphopeptides fractions were quantified by

liquid scintillation counting using the Cerenkov method.

Oxidation of Peptides - The oxidation was done according to the method of

Boyle et al (50). The dried down peptides were dissolved in 50 pl performic acid

(nine parts 98% formic acid and one part 30% hydrogen peroxide, incubated for 30

minutes at room. temperature) and incubated for 60 minutes on ice. At the end of the

hour, 400 pl of water was added and the sample was vacuum centrifuged to complete

dryness. Oxidized and control peptides were spotted on a microcrystalline cellulose

plate for thin layer electrophoresis as described previously.

Separation of Phosphorylated p60 from Mg[y-32P]ATP - Purified p60 and p40

were incubated together in the presence of Mg[y-32P]ATP (3000 dpm/pmol) in 0.1 M

Tris-Cl, pH 7.5. The reaction mixture was loaded to a 1.5 ml Sephadex G-25

Superfine column equilibrated in buffer containing 20 mM Tris-Cl, pH 7.5, 2 mM

EGTA, 2 mM EDTA, 10 mM 6-mercaptoethanol, 2 pM leupeptin, 0.1 mM PMSF,

10% glycerol, and 0.2 M NaCl. Proteins were eluted, and 55 pl fractions were

collected. Protein-containing fractions were identified by a modified Bradford assay

using 5 pl sample and 1 pl Bradford reagent (51), and Mg[y-32P]ATP containing

fractions were identified by spotting 5 pl fractions on Et31 paper and counting by

liquid scintillation counting. Protein- containing fractions which did not overlap the

fractions containing Mg[y-32P]ATP were assayed for S6/H4 kinase activity and

analyzed by SDS-PAGE on a 10% gel followed by autoradiography.

Materials - Human placentas were obtained from cesarean births and
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transported to the lab on ice. Ultra pure Tris-Ci and [y-YP]ATP (4500 Ci/mmole)

were purchased from ICN Biochemicals. Benzamidine-HCl, leupeptin, PMSF, 3-

mercaptoethanol, dithioerythitol, DPCC-treated trypsin type XI, soybean trypsin

inhibitor type I-S, MES, EGTA, EDTA, ammonium bicarbonate, polyvinyl pyrolidone

360, histone fraction VIS, bovine serum albumin fraction V, myoglobin,

phosphocellulose, Sephacryl S200, CM Sephadex and Sephadex G-25 were all

purchased from Sigma Chemical Co. DEAE cellulose, P81 paper and Et31 paper were

all purchased from Whatman. The FPLC system and Mono Q HR 5/5 and Mono S

HR 5/5 columns were purchased from Pharmacia LKB Inc. Histone 4 and the

synthetic peptide S6-21 were prepared as previously described (42,52). All reagents

and equipment necessary for gel electrophoresis and electrophoretic transfer were

purchased from Bio-Rad including pre-stained standards and nitrocellulose membrane.

The microcrystalline cellulose plates for TLE and TLC were purchased from Kodak,

and the film used for autoradiography was either Kodak X-OMAT or Fuji RX medical

x-ray film. The cooling tray for TLE was a DeSaga Brinkman. Both the HPLC

system and the SynChropak reverse phase C18 column were purchased from Gilson.

Samples were vacuum centrifuged on a Jouan centrifugal vacuum concentrator, and

liquid scintillation counting was done on a Beckman LS 5000 TD scintillation counter.
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RESULTS

Phosphorylated p40 contains four phosphopeptides - The S6/H4 kinase was

purified by chromatography including DEAE cellulose, phosphocellulose, CM

sephadex, Sephacryl S200, Mono S and Mono Q columns to yield either the inactive

p60 holoenzyme or the p40 active enzyme fragment (39). Since the p40 S6/H4 kinase

has been shown to autophosphorylate in the presence of MgATP (39), autoradiography

was used to analyze the purity of the protein. Incubation of the purified p40 fractions

with Mg[y- 32P]ATP followed by SDS-PAGE on a 10% gel and autoradiography

showed just one band at Mr 40,000. The p40 was the only phosphoprotein observed

at variable incubation times of 3, 5, 10 and 20 minutes with Mg[y- 32P]ATP (Figure 2,

upper panel). No other radiolabelled bands were observed when protein concentrations

were varied from 4.3 pg to 17.2 pg (Figure 2, lower panel). Since virtually all protein

kinases have been shown to autophosphorylate, the single band at 40,000 indicated

that no other protein kinases were present in the purified fraction. Therefore, the

purification procedure for the S6/H4 kinase yielded a single kinase which undergoes

autophosphorylation.

Four phosphopeptides are generated when phosphorylated p40 is digested with

trypsin (45). To confirm that in situ trypsin digestion of the p60 holoenzyme yielded

I A
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performed on the trypsin digested protein. Four phosphopeptides were observed

(Figure 3). The phosphopeptides were numbered according to their migration towards

the cathode during TLE. Phosphopeptide 4 was the fastest migrating peptide, and

phosphopeptide 1 was the slowest migrating peptide. This indicated that peptide 4 has

the greatest charge to mass ratio. The second dimension (TLC) separated the peptides

by their relative hydrophobicity. Phosphopeptide 1 had the greatest Rf value followed,

in order by peptide 3, peptide 4, and peptide 2, respectively. These results were in

agreement with the previous peptide map of pp40 and established that the same

phosphorylation sites were seen in both purified p40 and in p40 generated from in situ

trypsin treatment of purified p60.

As a further confirmation that four phosphopeptides were generated by trypsin

digestion of pp40, peptides were analyzed by HPLC (Figure 4). The tryptic peptides

obtained from autophosphorylated p40 were applied to a reverse phase C, column (.46

x-25 cm) and eluted with a 2-40% acetonitrile linear gradient in 100 minutes. All of

the phosphopeptides eluted in less than 50 minutes. Of all the peptides identified by

absorption at 219 nm, only four of the peptides were shown, by Cerenkov counting, to

be phosphopeptides. The phosphopeptides were identified by their Rf value when

analyzed by TLE. The four phosphopeptides eluted at 3.5%, 6%, 9%, and 15%

acetonitrile corresponded to peptides 4, 3, 1 and 2, respectively.

To eliminate the possibility that the four phosphopeptides were the result of the

protein being over or under trypsin digested, the effects of trypsin digestion time and

trypsin concentration were determined (Figure 5). Trypsin concentrations and



16

digestion times both less than and more than the recommended parameters established

by Lou et al. (48) were investigated. All trypsin concentrations and digestion times

yield the same four phosphopeptides. Therefore, the trypsin digestion parameters were

appropriate, and the four phosphopeptides were not the result of over or under trypsin

digestion.

As a final control that there were indeed four distinct phosphopeptides, the

trypsin-digested peptides were oxidized (Figure 6). Since the sequence of peptide 1

(SSMVGTPY) was known to contain a methionine residue (45), the possibility that the

thiol ester group existed in more than one oxidation state was considered. If

phosphopeptide 1 existed in more than one oxidation state, it could have appeared as

more than one phosphopeptide. The tryptic peptides were oxidized for 60 minutes in

ice cold performic acid as described by Boyle et al. (50). Both the control and the

oxidized lanes contained four phosphopeptides. The relative intensity of the

phosphopeptides from the control and oxidized lanes was the same. On the basis of

all available data, trypsin-digested pp40 apparently yields four unique phosphopeptides.

Correlation of S6/H4 kinase activation and autophosphorylation of specic

enzyme sites with activation time - In order to determine which phosphorylation sites

were required for activity, p40 S6/H4 kinase was incubated with MgATP for times

known to be greater than and less than the time required for maximal activation of the

kinase. Autophosphorylations required for activation of the S6/H4 kinase would be

maximally phosphorylated when the protein kinase was maximally activated. At

activation times before the S6/H4 kinase was maximally phosphorylated, required
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phosphorylation sites would have phosphate incorporation proportional to activation.

By investigating the correlation of the phosphorylation of specific enzyme sites with

activation of the protein kinase, the sites required for activation were determined.

To determine the specific phosphorylation sites required for activation, p40 was

incubated with MgATP for 3, 5, 10, and 20 minutes. The phosphotransferase activity

of the S6/H4 kinase at these MgATP incubation times was analyzed, and the sites

phosphorylated at these activation times were determined by TLE and visualized by

autoradiography (Figure 7). The results of the activity assay indicated that the S6/H4

kinase was partially activated at 3 minutes. At 10 minutes the protein kinase was

completely activated, and at 20 minutes no further activation occurred.

To further analyze the phosphorylation of the specific enzyme sites, the

phosphopeptides from Figure 7 were quantified by computer scanning and determining

the relative intensity of the phosphopeptide spots (Figure 8). At 3 minute activation

time when the protein kinase was partially activated, phosphorylation of site 1 was the

greatest, and phosphorylation of site 2 was barely detectable. The phosphorylation of

site 1 represented 40% of the total phosphate incorporation. At 5 minute MgATP

incubation time, the phosphorylation of site 1 remained the greatest, and site 2 was

also phosphorylated. The phosphorylation of site 1 was 1.5 times greater than the

phosphorylation of site 2. When the S6/H4 kinase was completely activated by

MgATP incubation for 10 minutes, the phosphorylation of site 1 and site 2 both

increased. At this time point the phosphorylation of site 2 increased greatly and was

1.5 times greater than the phosphorylation of site 1. At 20 minutes, when the activity
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of the S6/H4 kinase had plateaued, the phosphorylation of site 1 also plateaued. The

phosphorylation of site 2 continued to increase even though the kinase had reached

maximum activation. These results indicated that the phosphorylation of site 1 and

site 2 is required for maximum activation of the S6/H4 kinase. At activation times

before the S6/H4 kinase is maximally activated, the phosphorylation of site 1

correlates to the partial activation of the protein kinase. The protein kinase is not

completely activated until site 2 has also been phosphorylated.

The effect of exogenous substrate on autophosphorylation of specific enzyme

sites and activation of the S6/H4 kinase - In order to determine the relative

significance of site 1 and site 2 autophosphorylation and concomitant enzyme

autoactivation, the p40 enzyme was subjected to autophosphorylation in the presence

and absence of exogenous substrate. Exogenous substrate will bind to the catalytic

domain of the enzyme, and, as shown by the crystal structure of cAMP-dependent

protein kinase with an inhibitor peptide, binding at the protein substrate site blocks

access to the catalytic cleft where the MgATP binding determinants are located. In

the presence of exogenous substrate, MgATP does not have access to the catalytic site,

and the activity of the enzyme is inhibited. Previous studies showed that inhibition of

the S6/H4 kinase activity by the H4 protein substrate resulted in inhibition of the

autophosphorylation reaction of the enzyme. Therefore, the hypothesis that

phosphorylation of sites required for activity of the S6/H4 kinase would be most

inhibited by the binding of exogenous protein substrate was investigated.

To investigate the hypothesis, p40 S6/H4 kinase was incubated with MgATP
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alone or with MgATP in the presence of H4 for 10 minutes as required for maximum

activation of the protein kinase. The tryptic phosphopeptides were analyzed (Figure

9). p40 incubated with H4 showed a 75% decrease in protein kinase activity and a

70% decrease in total phosphate incorporation as compared to p40 incubated with

MgATP alone. Phosphopeptides 1 and 2 showed decreases in phosphorylation of 62%

and 91%, respectively. The large inhibition of site 1 phosphorylation observed when

the protein kinase was incubated with MgATP in the presence of exogenous substrate

suggests that site 1 must be important for activation of the kinase. Site 1 may be

located in or near the catalytic site which was blocked by the exogenous. substrate.

Correlation of phosphorylation of specific enzyme sites in p60 S6/H4 kinase

with activation of the protein kinase - The purpose of these experiments was to

determine if sites 1 and 2 were both required for complete activation of the protein

kinase. Since the p60 S6/H4 kinase is inactive, it must not be phosphorylated at all

the sites required for activation. Therefore, if both site 1 and site 2 are required for

activation, at least one of these sites is not phosphorylated in p60 S6/H4 kinase. The

p60 S6/H4 kinase is inactive because it contains an autoinhibitory domain. The

autoinhibitory domain blocks access of MgATP and exogenous protein substrate to the

active site. Therefore, the phosphorylation of p60 can only occur at sites that are not

blocked by the autoinhibitory domain, and phosphorylation of these sites is not

sufficient to activate the kinase.

To determine which sites were phosphorylated in the p60 S6/H4 kinase, p60

was incubated with MgATP either alone or with a catalytic amount of p40. The p40
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S6/H4 kinase was added so that it could intermolecularly phosphorylate sites on the

p60. The p60 which was phosphorylated in the presence of p40 showed approximately

twice the phosphate incorporation as compared to p60 which was autophosphorylated

(Figure 10). In order to determine the specific phosphorylation sites, tryptic peptides

from the phosphorylated p60 samples were analyzed by HPLC (Figure 11). Sites 2

and 4 showed the greatest phosphate incorporation in both p60 samples. These results

indicated that sites 2 and 4 were not blocked by the autoinhibitory domain, and

intermolecular phosphorylation of these sites was possible. In contrast, site 1 and site

3 must be located in or near the catalytic site since these phosphorylations were

blocked by the autoinhibitory domain.

Another phosphopeptide not evident in tryptic peptide maps of the p40 S6/H4

kinase was also present in these experiments. The phosphopeptide may possibly be

from a phosphorylation site in the p60 S6/H4 kinase that is not present in the p40

S6/H4 kinase. However, a phosphoprotein of Mr 55,000 was also present in the p60

fractions. The p55 phosphoprotein band was difficult to separate from the p60 band

when the protein was excised from the nitrocellulose membrane. Contamination from

the p55 phosphoprotein is the likely source of the extra phosphopeptide seen in the

tryptic peptide maps of p60 S6/H4 kinase.

To show that the phosphorylation of p60 at sites 2 and 4 was not sufficient for

activation of the kinase, the p60 samples were assayed for protein kinase activity. The

autophosphorylated p60 and the p60 phosphorylated in the presence of p40 had

between 90% and 95% less phosphate incorporation and between 89% and 97% less
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protein kinase activity than p60 which had been maximally .activated by mild trypsin

digestion prior to MgATP incubation (Figure 12). Therefore, the phosphorylation of

p60 S6/H4 kinase at sites 2 and 4 did not fully activate the kinase.

In order to determine if phosphorylation at sites 2 and 4 was also insufficient to

activate the p40 form of the S6/H4 kinase, the autoinhibitory domain of the

phosphorylated p60 was removed, and protein kinase activity was measured in the

absence of additional activation with MgATP. As a control to determine that

phosphorylation of p60 did not inhibit proteolysis, trypsin-treated pp60 was compared

to untreated pp60 by SDS-PAGE (data not shown). The trypsin-treated sample showed

a phosphoprotein at Mr 40,000 which was not present in the untreated sample,

demonstrating that proteolysis was not inhibited by phosphorylation. In addition, a

phosphoprotein band corresponding to a protein of Mr 90,000 was also observed.

Several previous experiments indicated that the p90 protein is not phosphorylated

when p60 is autophosphorylated. Therefore, it is unlikely that the p90 is a protein

kinase which could have interfered with the experiment.

Since phosphorylation did not inhibit proteolysis, the phosphorylated p60 was

treated by mild trypsin digestion to remove the autoinhibitory domain. Protein kinase

activity was determined using assay conditions which permitted minimal MgATP-

dependent activation (Figure 13). Maximum activity was observed when the

phosphorylated p60 was trypsin treated and pre-incubated with MgATP. The protein

kinase activity of pp60 treated with trypsin, but not activated with MgATP, was 70%

less than the maximum activity. These results indicated that even when the catalytic
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site is accessible, the phosphorylation of site 2 and site 4 is not sufficient for complete

activation. For maximum activation the p40 must be further incubated with MgATP

so that site 1, as well as site 2, can be phosphorylated.

The effect of kinase concentration on activation kinetics and peptide

phosphorylation - In order to determine if the phosphorylation mechanism of site 1

and site 2 was intramolecular or intermolecular, the effect of protein kinase dilution on

activity and phosphorylation was analyzed. If activation was dependent on

intramolecular phosphorylation only, activity and peptide phosphorylation would be

directly proportional. If the amount of protein kinase was doubled, the activity and

phosphorylation would double. If activation was dependent on intermolecular

phosphorylation, activity and peptide phosphorylation would exhibit cooperative

kinetics. A sigmoidal relationship between peptide phosphorylation or protein kinase

activity and enzyme dilution would be observed.

The activation kinetics of p40 S6/H4 kinase were analyzed by activating

various dilutions of the protein kinase with MgATP for 2, 4, or 10 minutes before the

addition of H4 protein substrate (Figure 14). At all three activation times, a direct

proportionality between enzyme activity and enzyme concentration was not observed.

At the lowest S6/H4 kinase concentrations, the change in enzyme concentration was

not the same as the change in the protein kinase activity. When the S6/H4 kinase

concentration is increased from 10.32 ng/l to 20.64 ng/xl, and the enzyme is

activated for 2 minutes with MgATP, the activity of the enzyme with H4 substrate

increased 4.2 fold from 19 pmole/min to 79 pmole/min. At 4 minute activation time,
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when the S6/H4 kinase concentration was increased from 10.32 ng/pl to 20.64 ng/pl,

an activity change of 5.5 fold from 48 pmole/min to 262 pmole/min was observed.

Similarly, at 10 minute activation time, the protein kinase concentration was increased

two fold from 10.32 ng/pl to 20.64 ng/pl , and the activity increased 3.4 fold from 118

pmole/min to 400 pmole/min. Since the change in S6/H4 kinase concentration and the

change in protein kinase activity were not proportional from 10.32 ng/pl to 20.64

ng/pl, the relationship between enzyme concentration and activation was sigmoidal.

To confirm that correlation between enzyme concentration and enzyme activity

was non-linear, regression analysis of the data points was carried out using the Cricket

Graph computer program. The analysis indicated that for all of the MgATP activation

times, the data was better fit to a curve than to a straight line (Figure 15-17). If only

intramolecular phosphorylations were required for activation, a straight line would be

predicted. Since the data fit the curved line plot best, an intermolecular

phosphorylation must be required for the activation of the S6/H4 kinase. These data do

not eliminate the possibility that an intermolecular phosphorylation and an

intramolecular phosphorylation are both required for activation of the S6/H4 kinase.

In order to determine if the overall activation mechanism of the 56/H4 kinase

required both intermolecular and intramolecular phosphorylations or occurred solely by

an intermolecular mechanism, the activation mechanism of the individual

phosphopeptides was determine by HPLC analysis (Figure 18). The three lowest

enzyme concentrations from the experiment shown in Figures 14-17 were chosen for

analysis because under these experimental conditions sufficient autophosphorylation is



24

expected so that the kinetics of the specific sites can be determined. By analogy to the

above discussion, any intramolecular phosphorylations would vary in direct proportion

to enzyme concentration and be observed at all enzyme concentrations. Any

intermolecular phosphorylations would be expected to be barely detectable at the

lowest enzyme concentrations but then increase at a rate that was not directly

proportional to the increase in the concentration of the S6/H4 kinase. To ensure that

maximal activation of the enzyme was possible, the p40 was incubated with MgATP

for 10 minutes.

The results of this experiment indicated that activation of the S6/H4 kinase

required both intermolecular phosphorylation and intramolecular phosphorylation. At

the lowest concentration of S6/H4 kinase, only site 1 was significantly phosphorylated.

The phosphorylation of site 1 continued to increase linearly as the concentration of the

S6/H4 kinase increased. Therefore, the phosphorylation of site 1 occurred

intramolecularly. Site 2 phosphorylation was not detected at the lowest enzyme

concentration, but as the concentration of the enzyme increased, site 2 became the

most phosphorylated of all the phosphopeptides. The phosphorylation of peptide 2

increased 50% when the concentration of the S6/H4 kinase only increased 30%. The

data indicate that site 2 is intermolecularly phosphorylated. Comparing these data with

the data obtained when activity was monitored as a function of enzyme dilution

indicated that minimal S6/H4 kinase activity was observed when only site 1 was

phosphorylated, and the enzyme could not reach maximum activation until site 2 had

also been phosphorylated.
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Figure 1. Flow diagram of the experimental strategy used to determine the

mechanism of S61H4 kinase activation by autophosphorylation.
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Figure 2. Autoradiography of autophosphorylated p40. Mono Q purified p40 was

incubated with Mg[y- 32P]ATP for designated time periods and the reaction was

stopped with SDS-PAGE sample buffer and boiled for 5 minutes. Samples were then

loaded to a 10% gel and separated by SDS-PAGE. The proteins were then transferred

to nitrocellulose and phosphoproteins were viewed by autoradiography. Upper panel:

The p40 (172 ng) was incubated with Mg[y- 32P]ATP (7000 dpm/pmole) for variable

times. Lanes A and B were incubated for 3 minutes, C and D for 5 minutes, E and F

for 10 minutes, and G and H were incubated for 20 minutes. Lower panel: Variable

concentrations of p40 were incubated with Mg[y-32P]ATP (7500 dpm/pmole) for a

constant time of 10 minutes. Lanes A and B were 21.5 ng/pl, C and D were 43.0

ng/pl, E and F were 64.5 ng/pl, and G and H were 86.0 pg/p1. For all reactions 20 l

of S6/H4 kinase was used.
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Figure 3. Two dimensional peptide map of p40 from in situ trypsin digestion of p60.

Mono Q purified p60 (100 pl of 48 ng/pl) was treated with trypsin for 5 minutes in

trypsin buffer containing 8 mg/ml myoglobin in place of the bovine serum albumin.

The p40 generated was then incubated for 20 minutes with Mg[y- 32P]ATP (4500

dpm/pmole). The reaction was stopped with sample buffer and boiled for 5 minutes

and applied to a 10% polyacrylamide gel for SDS-PAGE. After electrophoresis the

protein was transferred to nitrocellulose and visualized by autoradiography. The pp40

bands were excised and digested with trypsin as described in "Experimental

Procedures". The peptides generated were then spotted to a microcrystalline cellulose

plate and electrophoresed in the first dimension in pH 1.9 buffer ( 2% formic acid, 8%

acetic acid) for 1 hour at 1000 volts. The second dimension was ascending

chromatography in buffer containing 37.5% n-butanol, 25% pyridine, and 7.5% acetic

acid. Peptides were visualized by autoradiography. The peptides were numbered

according to their migration towards the cathode during the first dimension. The

origin is not shown.
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Figure 4. HPLC analysis of trypsin digested pp40. pp40 from Figure 2 (lower panel,

lane G) was digest with trypsin as described in "Experimental Procedures." The

tryptic peptides were applied to a reverse phase C1a column (.46 x 25 cm) equilibrated

in 97.5% buffer A. (99.9% water / 0.1% TFA) and 2.5% buffer B (80% acetonitrile /

0.1% TFA). Peptides were eluted in a linear gradient of 2.5-50% buffer B in 100

minutes. One minute fractions were collected at a flow rate of one ml/min. The

absorption spectrum at 219 nm shows all of the peptides which eluted in the first 50

minutes (upper pane). The fractions were then counted by Cerenkov counting and the

phosphopeptides were identified (lower pane). The phosphopeptides peaks are

labelled according to their Rf value as determined by TLE.
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Figure 5. Effect of trypsin concentration and incubation time on the phosphopeptides

obtained from p40. p40 was incubated for 10 minutes with Mg[y- 32P]ATP (2500

dpm/pmole) and analyzed by SDS-PAGE on a 10% polyacrylamide gel. Proteins were

transferred to nitrocellulose and visualized by autoradiography. pp40 bands were

excised and treated with trypsin. During the trypsin digest 50 l aliquots were

removed after 2 hours with 10 pg trypsin (lane A), after 4 hours with 20 pg trypsin

(lane B) and after 6 hours with 30 pg trypsin (lane C). The aliquots were vacuum

centrifuged to complete dryness and then spotted on a microcrystalline cellulose plate

for electrophoresis in pH 1.9 buffer for 1 hour at 1000 volts. Peptides were visualized

by autoradiography and numbered as previously described. The origin is not shown.
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Figure 6. Effect of oxidation of thiol-containing amino acids on the number of tryptic

peptides obtained from autophosphorylated p40. pp4O (3.44 pg) was isolated by SDS-

PAGE on a 10% polyacrylamide gel and transferred to nitrocellulose. pp40 bands were

excised and digested with trypsin. The tryptic peptides were then either spotted to a

cellulose plate for electrophoresis (lane A) or the peptides were dissolved in 50 pl

performic acid and incubated for 1 hour on ice for oxidation. After oxidation, water

was added and the peptides were vacuum centrifuged to complete dryness. Oxidized

peptides were then spotted to the cellulose plate (lane B). The peptides were

electrophoresed in pH 1.9 buffer for 1 hour at 100 volts and were visualized by

autoradiography. The origin is not shown.
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Figure 7. Correlation of site specific p40 autophosphorylation and activity with

activation time. Upper panel: pp4 O from Figure 2 (upper panel) was trypsin digested

and peptides were spotted to microcrystalline cellulose plates. Incubation times of 3,

5, 10 and 20 minutes with Mg[y-32P]ATP correspond to lanes A, B, C, and D,

respectively. The peptides were electrophoresed in pH 1.9 buffer for 1 hour at 1000

volts visualized by autoradiography. Lower panel: Following Mg[y-32P]ATP

incubation, H4 protein substrate (1 mg/ml) was added and incubation continued for 10

additional minutes. Reactions were stopped by spotting aliquots to Et31 paper and

precipitating the protein in TCA. The papers were washed as described in

"Experimental Procedures", and phosphate incorporation was determined by liquid

scintillation counting.
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Figure 8. Quantification of tryptic phosphopeptides generated from p40 activated with

variable MgATP incubation times. The TLE in Figure 7 was scanned by computer.

The phosphopeptide lanes were analyzed by the Macintosh computer graphics

program, Image. Phosphorylation was quantified by graphically representing the

relative intensities of the phosphopeptide spots on the x-ray film.
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Figure 9. Effect of exogenous substrate on autophosphorylation and activation of p40

S6/H4 kinase. Upper panel: p40 (10 pl of 86 ng/pl) was assayed for activity either

with (lane A) or without (lane B) Mg[y- 32P]ATP incubation using H4 (1 mg/ml) as the

protein substrate. Lower panel: p40 (40 pl of 86 ng/sl) was autophosphorylated in the

absence (lane A) or presence (lane B) of 1 mg/ml H4. The resulting phosphopeptides

were analyzed by HPLC as described in Figure 4. The bar graph represents the total

phosphate in each peptide respectively.
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Figure 10. Autoradiography of autophosphorylated p6 0 and p60 phosphorylated in the

presence of p40. p60 (30 pl of 48.0 ng/pl) was incubated with Mg[y- 32P]ATP (5000

dpm/pmole) for 20 minutes either alone or with p40 (5 pl of 86.0 ng/pl). Samples

were loaded respectively to lanes A and B of a 10% gel and analyzed by SDS-PAGE.

Phosphorylated p60 and p40 were visualized by autoradiography.
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Figure 11. HPLC analysis of autophosphorylated p60 and p60 phosphorylated in the

presence of p40. Trypsin digested samples of autophosphorylated p60 (upper panel)

and p60 phosphorylated by p40 (lower panel) from Figure 10 were applied to a

reverse phase C18 column and eluted as described in Figure 4.



46

200

am
0r

0.

0

0
0
'C
CL

100 l

0L
0

300 r

aE
0.

0

0

0

0
0
0C

am

200 1

100

10

10

20

Minutes

20

Minutes

30 40

30 40

2

4

_I - -

2

4
3

1

0
0



47

Figure 12. Effect of p60 S6/H4 kinase phosphorylation on phosphorylation sites and

activation. Purified p60 (-2.5 pg) was either treated with mild trypsin digestion to

generate p40 and then autophosphorylated (lane A), allowed to autophosphorylate (lane

B), or phosphorylated by a catalytic amount of active p40 (-0.5 pg) (lane C). Upper

panel: The p60 fractions were assayed for S6/H4 kinase activity using H4 as a

substrate. Lower panel: The tryptic peptide from phosphorylated p6 0 were analyzed

by HPLC as described in Figure 4. The bar graph represents the total phosphate in

each peptide respectively.
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Figure 13. Effect of proteolysis on the activity of phosphorylated p60. p60 (9.6

pg)was incubated with Mg[y- 32P]ATP (3000 dpm/mole) and a catalytic amount of p40

(1.7 pg). The reaction was stopped after 10 minutes and the reaction mixture was

applied immediately to a Sephadex G-25 column to remove all unreacted Mg[y-

32P]ATP. Fractions containing phosphorylated protein were assayed for activity using

H4 as a substrate. Lane A was assayed for full activation with both a mild trypsin

digestion and a Mg[y- 32P]ATP (100 dpm/pmole) incubation prior to the addition of

substrate. Lane B was digested with mild trypsin but was not incubated with Mg[y-

32P]ATP. Lane C was not treated with trypsin but did include a Mg[y- 32P]ATP

incubation, and lane D did not have either mild trypsin digestion or incubation with

Mg[y-32P]ATP prior to the addition of substrate.
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Figure 14. Effect of S6/H4 kinase concentration on activation kinetics. Varying

concentrations of purified p40 S6/H4 kinase were assayed with Mg[y- 32P]ATP

incubation times of 10 minutes (closed circles), 4 minutes (open circles), and 2

minutes (closed squares). After activation, H4 was added (1 mg/ml) and all reactions

were incubated for an additional 10 minutes. Reactions were stopped by precipitation

in TCA as described in "Experimental Procedures".
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Figure 15. Regression analysis of the effect of S6/H4 kinase concentration on activity

when the protein kinase is activated for 10 minutes. Varying concentrations of p40

S6/H4 kinase were incubated with Mg[y- 32P]ATP at 30*C for 10 minutes, and then H4

(1 mg/ml) was added and incubation continued for 10 additional minutes. Reactions

were stopped by precipitation in TCA as described in "Experimental Procedures."

Data points were plotted and fit to the best curve (upper panel) or straight line (lower

panel) using Cricket Graph computer program.
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Figure 16. Regression analysis of the effect of S6/H4 kinase concentration on activity

when the protein kinase is activated for 4 minutes. Varying concentrations of p40

S6/H4 kinase were incubated with Mg[y-"2P]ATP at 30 C for 4 minutes, and then H4

(1 mg/ml) was added and incubation continued for 10 additional minutes. Reactions

were stopped by precipitation in TCA as described in "Experimental Procedures."

Data points were plotted and fit to the best curve (upper panel) or straight line (lower

panel) using Cricket Graph computer program.
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Figure 17. Regression analysis of the effect of S6/H4 kinase concentration on activity

when the protein kinase is activated for 2 minutes. Varying concentrations of p40

S6/H4 kinase were incubated with Mg[y-YP]ATP at 30*C for 2 minutes, and then H4

(1 mg/ml) was added and incubation continued for 10 additional minutes. Reactions

were stopped by precipitation in TCA as described in "Experimental Procedures."

Data points were plotted and fit to the best curve (upper panel) or straight line (lower

panel) using Cricket Graph computer program.
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Figure 18. The effect of S6/H4 kinase concentration on phosphorylation of specific

sites. Variable concentrations of p40 were incubated with Mg[y- 32P]ATP (25,000

dpm/pmole) for 10 minutes. The resulting phosphopeptides were analyzed by HPLC

as described in Figure 4. The graph represents total phosphate incorporation at each

concentration for peptide 1 (closed circles), peptide 2 (open circles), peptide 3 (closed

squares), and peptide 4 (open squares).
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Figure 19. Proposed model of the mechanism of the S6/H4 kinase activation by

autophosphorylation.
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CHAPTER 5

DISCUSSION

The S6/H4 kinase, purified from human placenta, is a member of the S6 kinase

family. The protein kinase is distinguished from the other members of the S6 kinase

families, p70 and rsk, (reviewed in 53) by substrate specificity, immunological

reactivity, molecular weight and partial amino acid sequence (45). The S6/H4 kinase

is also distinguished from other S6 kinases because it uses autophosphorylation as a

mechanism for activation. The rsk and p70 families can be autophosphorylated, but no

change in activity is associated with this event (29,30).

The S6/H4 kinase is purified as a holoenzyme with a Mr of 60,000. The p60

form of the enzyme autophosphorylates very slowly and is inactive (39). In order to

activate the enzyme, mild digestion with trypsin is required. A catalytic fragment with

a Mr of 40,000 is generated by this process. The p40 form of the enzyme

autophosphorylates rapidly, resulting in up to a two hundred-fold increase in kinase

activity (39). The time frame and extent of autophosphorylation in vitro suggests that

this event occurs in the physiological activation of the kinase.

Autophosphorylation is a common mechanism for the activation of the protein

kinase activity of transmembrane tyrosine-kinase receptors (31-33), but it is a rare

mechanism for the activation of ser/thr protein kinases. Although most ser/thr protein
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kinases can autophosphorylate, few use autophosphorylation as a required mechanism

for activation. A molecular mechanism of autophosphorylation and autoactivation has

been reported for a protein kinase that phosphorylates and inactivates protein

phosphatase 2A (35,36), a multifunctional protein kinase from liver (34) and PKR

(37).

The autophosphorylation-dependent protein ,kinase that phosphorylates and

inactivates protein phosphatase 2A uses an intramolecular mechanism for

autophosphorylation (36). The phosphorylation occurs exclusively on threonine

residues and results in an approximate 10-fold increase in enzyme activity (35). The

number of sites modified by phosphorylation was not reported. The enzyme is not

effected by the presence of cyclic nucleotides or Ca+2/calmodulin. The

autophosphorylation reaction is inhibited 80% by the exogenous protein substrate,

myelin basic protein (36). A possible role for physiological autophosphorylation of

this kinase suggests that activation is insulin stimulated (36). Similarly, a

multifunctional protein kinase from liver can be activated by incubation with MgATP

which results in the intramolecular phosphorylation of a serine residue (34). This

protein kinase activation is independent of cyclic nucleotides and Ca+2/calmodulin.

The autophosphorylation reaction is correlated with a conformational change in the

enzyme. The autophosphorylation reaction can be modified by exogenous regulators

in vitro, but the in vivo regulators of the kinase are not known. Since the protein

kinase phosphorylates glycogen synthase, regulation by insulin is suspected (34).

The autophosphorylation and autoactivation mechanism of PKR requires the
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presence of a suitable activator RNA and intermolecular phosphorylations (37).

Phosphorylations occur on both serine and threonine residues. The intermolecular

mechanism was determined by studies with point mutated PKR that was deficient in

catalytic activity. The data does not exclude the possibility that an intramolecular

phosphorylation may also be important for the activation of the protein kinase. The

proposed model for PKR activation requires that two PKR molecules bind the same

dsRNA for intermolecular phosphorylation and subsequent activation (37).

The S6/H4 kinase is another example of a ser/thr protein kinase known to rely

on autophosphorylation for activation (39). Several mechanisms for the activation of

p40 by MgATP activation have been considered. The data presented in this thesis

focuses on two central aspects of the molecular activation mechanism:

1. the number of autophosphorylation sites required for

activation and

2. the role of intermolecular vs intramolecular

phosphorylation in activation.

Collectively, the data presented supports an activation mechanism which requires the

phosphorylation of two sites and uses both intermolecular and intramolecular

phosphorylation mechanisms. Site 1 appears to be modified first, and phosphorylation

occurs by an intramolecular mechanism. Site 2 appears to be modified second using

an intermolecular phosphorylation mechanism. This activation model is summarized

in Figure 19, and data supporting the model are discussed below.

Autophosphorylation of the fully activated p40 S6/H4 kinase results in the
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modification of four distinct sites on the kinase. Phosphopeptide mapping using both

two-dimensional TLE/TLC and HPLC on a reverse phase column confirms the

presence of four sites with differing phosphate stoichiometries. Based on analysis of

the protease digestion parameters, none of the phosphopeptides are the result of over

or under trypsin digestion, and oxidation of the tryptic peptides confirms that the

phosphopeptides do not exist in more than one oxidation state. Despite the existence

of four phosphopeptides, it is unlikely that all four sites are required for the activation

of the protein kinase.

Autophosphorylation sites 1 and 2 appear to be required for autoactivation of

p60 and p40 S6/H4 kinase. Phosphorylations required for activity should occur prior

to or concomitant with activation, and maximum activation should not be detectable

until all required sites are phosphorylated. Phosphopeptide analysis of the

autophosphorylated protein kinase under various conditions indicates that the activity

of the S61H4 kinase is maximal only when both site 1 and site 2 are phosphorylated.

The importance of phosphopeptide 1 for the activation of the S6/H4 kinase is

evident when the protein kinase is activated by incubation with MgATP for different

time intervals. Peptide 1 is the major phosphorylation site at the shortest MgATP

activation time. The phosphotransferase activity of the protein kinase at the shortest

activation time point is greater than the activity of the protein kinase when there is no

MgATP activation. Since the other peptides are not significantly modified during this

time interval, phosphorylation of site 1 correlates with the increase in protein kinase

activity. At the longest activation time investigated, phosphorylation of site 1 appears
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to reach a plateau. Both phosphotransferase activity of the kinase and

autophosphorylation of site 1 plateau at the same activation time. These results

indicate that site 1 phosphorylation is closely correlated with the activation of the

kinase, but the results do not rule out the possibility that other sites may also be

required for activation of the kinase.

The absence of site 1 autophosphorylation in p60 S6/H4 kinase incubated with

MgATP is consistent with the minimal activation observed. When p60 is

autophosphorylated or phosphorylated in the presence of p40, phosphorylation is

observed primarily at sites 2 and 4. Phosphorylation of only these sites does not result

in activation of the p60 S6/H4 kinase. Similarly, the p40 catalytic fragment of the

S6/H4 kinase is not completely activated when only sites 2 and 4 are

autophosphorylated. Complete activation of the kinase is only observed when the

S6/H4 kinase phosphorylated at sites 2 and 4 is further incubated with MgATP so that

sites 1 and 3 are also phosphorylated.

The inability of site 1 to be phosphorylated in the S6/H4 kinase holoenzyme is

the likely result of the regulatory domain association with the catalytic domain. When

the regulatory domain is present, the catalytic site of the protein kinase is not

accessible for MgATP or protein substrate binding. In many protein kinases the

catalytic and regulatory domains can be dissociated by mild proteolysis with trypsin to

generate a constitutively active catalytic fragment. Mild trypsin digestion of the p60

S6/H4 kinase generates the p40 catalytic fragment, but p40 is not constitutively active.

Activation of p40 requires incubation with MgATP indicating that an autoinhibitory
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domain is still associated with the catalytic domain.

Phosphopeptide 1 is likely to be located in a pseudosubstrate domain. Previous

data established that the binding of H4 protein substrate to the inactive p40 S6/H4

kinase inhibited autophosphorylation and autoactivation (39). The mechanism of this

inhibition has not been established, but by analogy to the crystal structure of PKA

with bound inhibitor substrate (14), the H4 protein substrate may compete out a

pseudosubstrate domain but still block MgATP access to the catalytic site. When p40

is activated by MgATP in the presence of the H4 protein substrate, protein kinase

activity and phosphorylation are both about 70% less than the activity and

phosphorylation of p40 activated by MgATP without H4. Peptides 2, 3, and 4 have

approximately 65% less phosphate incorporation when p40 is activated with H4

compared to p40 activated without H4 whereas peptide 1 shows an approximate 90%

decrease in phosphate incorporation. The H4 protein substrate presumably binds to the

enzyme and forces the pseudosubstrate out of the substrate binding groove. The

pseudosubstrate domain can not be phosphorylated because it is no longer in the

catalytic cleft. Consistent with phosphopeptide 1 being in the pseudosubstrate domain,

site 1 is barely phosphorylated when exogenous substrate is bound to the enzyme.

The phosphorylation of site 2 in conjunction with the phosphorylation of site 1

is required for maximum activation of the S6/H4 kinase. When p40 is activated by

incubation with MgATP, maximum activation is seen in 10 minutes. At this time

point both site 1 and site 2 are phosphorylated. At the earliest time point investigated

site 1 is the major phosphorylation site. As activation time approaches the time
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required for full activation, the increase in the phosphorylation of site 1 is less than the

increase in protein kinase activation. Although site 1 is sufficient for minimal

activation of the protein kinase at the earliest time point, the later occurrence of site 2

phosphorylation correlates with maximum activation of the protein kinase.

Site 2 is located on the external portion of the 56/H4 kinase catalytic domain

and can be phosphorylated intermolecularly. When the p60 S6/H4 kinase was

autophosphorylated or phosphorylated in the presence of p40, site 2 was modified.

Since phosphorylation sites in or near the catalytic cleft were blocked by the

regulatory domain in p60, the phosphorylation of site 2 indicates that site 2 is not in

the catalytic cleft. Therefore, site 2 must be on the external portion of the catalytic

domain. The phosphorylation of site 2 was two times greater when p60 was

phosphorylated in the presence of p40 compared to p60 autophosphorylation. Since

p40 was able to increase the phosphate incorporation into site 2, the phosphorylation

must be bimolecular.

Site 2 may be located near the highly conserved APE sequence found in

subdomain VIII of the catalytic domain (13). Phosphorylation of a site in this region

is required for activity of many protein kinases including cAMP-dependent protein

kinase (14), p34*cd 2 (54) and the MAP kinases (55). The crystal structure of cAMP-

dependent protein kinase indicates that phosphorylation in this region may be

important for the correct positioning of the nucleotide binding region on the surface of

the enzyme, and for substrate recognition (14). Phosphorylation in this region is

required for the activation of the MAP kinases (55), and if the phosphorylated
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threonine in p34C l 2 in substituted for an alanine or valine, activity of the protein

kinase is inhibited (54). Analogously, the phosphorylation of site 2 in the S6/H4

kinase is required for activation.

The molecular mechanism for autophosphorylation and autoactivation of the

S61H4 kinase appears to involve both intramolecular and intermolecular

autophosphorylation. Activity assays of variable concentrations of the p40 S61H4

kinase indicate that a non-linear relationship exists between the concentration of the

enzyme and the activity observed at all activation times. Non-linear kinetics are

indicative of an intermolecular phosphorylation being required for activation. These

data support the importance of site 2 intermolecular phosphorylation for activation of

the protein kinase. The existence of an intramolecular phosphorylation site can not be

determined from these kinetic data.

Intramolecular phosphorylation is the mechanism used for site 1

phosphorylation. Phosphopeptide mapping of p40 S6/H4 kinase analyzed at different

enzyme dilutions indicates that site 1 is intramolecularly phosphorylated and confirms

that site 2 is intermolecularly phosphorylated. The phosphorylation of site 1 is directly

proportional to the concentration of the protein kinase. The phosphorylation of site 2

increases cooperatively as the concentration of the p40 S61H4 kinase increases. Since

both site 1 and site 2 are required for maximal activation of the S6/H4 kinase, the

autophosphorylation mechanism involves both intramolecular and intermolecular

phosphorylation.

The proposed model for the activation of the S6/H4 kinase is consistent with
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all of these data (Figure 19). The first step required for activation of the S6/H4

holoenzyrme is dissociation of the regulatory and catalytic domains. In vivo the

binding of a ligand or phosphorylation causes a conformational change in the enzyme

which dissociates the domains. In vitro, the S6/H4 kinase catalytic domain is isolated

by limited proteolysis with trypsin. Once the domains are dissociated,

autophosphorylation at all sites can occur. The first phosphorylation is the

intramolecular phosphorylation of site 1. This removes the pseudosubstrate domain

and allows easier access of MgATP to the catalytic site. When the pseudosubstrate

domain is removed, the p40 S6/H4 kinase is partially activated and can

intermolecularly phosphorylate other p40 molecules at site 2. Phosphorylation of site

2 cause a conformational change in the enzyme which allows MgATP and protein

substrate to be correctly positioned so that catalysis can occur. Once site 1 and site 2

are both phosphorylated, the kinase is maximally activated and can bind and

phosphorylate exogenous protein substrate.

The proposed mechanism of the S6/H4 kinase activation by

autophosphorylation represents a unique activation mechanism with similarities to

other known mechanisms. The S6/H4 kinase activation mechanism is similar to

CDK2 in that phosphorylation of the catalytic domain is required for access to the

substrate binding site. In CDK2 phosphorylation of a loop which blocks the substrate

binding site allows the enzyme to be stabilized in an active conformation (16). In the

S6/H4 kinase, phosphorylation of site 1 in the pseudosubstrate domain causes a

conformational change which allows access of exogenous substrate to the catalytic
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center. Pseudosubstrate domains are known to be present in many protein kinases

(17), but the removal of a pseudosubstrate domain by autophosphorylation is unique.

Phosphorylation at sites in the region of subdomain VIII are common for activation of

protein kinases (14,54,55), but autophosphorylation of this site is not typical for ser/thr

protein kinases. Other ser/thr protein kinases which use autophosphorylation for

activation use only intermolecular phosphorylation or intramolecular phosphorylation

as a mechanism (35-37), but no other example of autophosphorylation and

autoactivation requiring both intermolecular and intramolecular phosphorylation has

been reported.
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