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ABSTRACT

A proline-directéd protein kinase (PDK) from bovine brain has been purified (Lew et-al.,
19922) and found to consist of a 33kDa catalytic subunit having high sequence homology
to p34¢cde2 and cdk2 ((Lew et al., 1992b). Substrate specificity determinants for this
enzyme were examined using synthetic peptide substrates derived from the in vitro p34cde2
phosphorylaﬁon sites of histone H1. The peptide P-K-T-P-K-K-A-K-K-L was found to be
an excellent substrate for the brain PDK, having a Ky, value in the micromolar range.
Important determinants for efficient substrate i)hosphorylation in this peptide were found
both within the proposed substrate consensus motif (S/T-P-X-K/R) of p34¢dc2 kinase and
outside of this sequence. In addition to the absolute requirement for a proliné residue
immediately C-terminal to the phosphofylatable residue (+1) and a basic residue at the +3
position, a basic amino acid at the +2 position was greatly preferred over an acidic z;mino
acid. A proline residue at the -2 position and a cluster of basic amino acids further C-
terminal to the consensus motif were also found to be important for substrate binding. The
HeLa cell p34¢dc2 kinase displays similar specificity to that of the brain PDK, as the
additional determinants outside of the consensus motif that contribute to the efficient
phosphorylation of the histone peptides by the brain PDK, also appear to be important for :

p34¢de2 catalyzed phosphorylation.

iii



ACKNOWLEDGEMENTS

I would like to thank my supervisor Dr. Jeqy Wang for giving me the opportunity to work
in his laboratory. I would also like to acknowledge the Medical Research Council of
Canada and The Alberta Heritage Foundation for Medical Research for funding this work. I
would like to thank my committee members Dr. Chris Triggle and Dr. M.P. Walsh and Dr.
J. Goren for their encouragement and support. I wish to thank John Lew for his assistance
in the laboratory and for providing me with the proline kinase for my studies. I would also
wish to acknowledge the expertise of Dr. Denis McMaster of the Peptide Core Facility for
his help with the synthesis of the histone-derived peptides. I especially wish to thank my
colleagues Ms. Caterina Bellagamba and Ms. Zenobia Ali for their support. Finally, I
would like to thank my family and my husband for their enduring patience and’

encouragement.

iv



DEDICATION

For Lee



TABLE OF CONTENTS

APPROVAL PAGE. .. ..ttt ettt e ee e e ane s e e e i
ABSTRACT oottt e et e e e e e e e e iii
ACKNOWLEDGEMENTS......uuittiiiiiiiniiioeeii e eeeneeeeeeeeeessnae s oee e iv
DEDICATION. ...ttt et e e e e e e e eaae e e e e v
TABLE OF CONTENTS....cittttteetieiiiitieereeeeeeeseeseasessnnnnsssssseseessssesoennns vi
LISTOF TABLES ..ottt e tee et tee et eeneeeneanssnsseersens s vii
LIST OF FIGURES ....couiiiiiitiiiiiiiiiniiieiie ettt s enee e e e esee s sensseenanss viii
LIST OF ABBREVIATIONS......utttiiiiiteiiteeeiiteeeeeeeereeeseesesessssnsesseeneeas X
INTRODUCTION ....iuiiiiiitiiieiiet et eiee e eieeeeene et eeeeeneane s seenaesnns 1
Regulation of p34°4e2 ACHVItY ......uvvevennnrereneesnnnnnnns et 1
P34CAC2 HOMOIOZUES .o e eeeeeeeeee et eeeeeeeeeeeeeeeeeeaeeseesee e 5
PBACAC2 SUDSIALES .. evvvvvvvrrrrereeeeeseseeeeaseeeeeeeeeeeeeeseseasssseeeeeseesssnenss 7
CONSENSUS MOUES ... eveeeeeeeeeeses s eses e 14
Different Forms of cdc2 Have Different Substrate Preferences..........vevn....... 18
EXPERIMENTAL PROCEDURES ......ccuuiiuiiriniiiniiiniineeeeeenerensernesnesenesennnes 21
RESULTS oot it ee s e e e e eae e e s e e e s 26
Immunological Characterization of Bovine Cytosolic Extracts and Purified
Brain  PDEK ..ottt evea e ae s 26
Substrate Specificity Characterization of the Brain PDK ..............ccoevevevvvnans 40
DISCUSSION .......eteuiutereatrereetereseesesieeesesseeeseneeeeeeseeseesesesesesseseesesesons 68
REFERENCES ... .oittitittiiiiiiiniiiiineiiee et ettt eeeneeeenseseasssessnssssaesees 84

vi



Table 1;
Table 2:

Table 3:

Table 4:

Table 5:

Table 6:

Table 7:

Table &:

Table 9;

LIST OF TABLES

Identified in vitro Substrates

of p34cde2 ... et a e e e e e e et eeeeeaeeeaaas 11,12
Consensus Motifs for Selected

Protein Kinases ... ..oiuuiiiiiriiiiniiiiiienii e e e eeeeaeaaaaaaas 16
Sequence Comparison of HeLa

Cell p34°dc2 and the Brain PDK

in N-terminal and PSTAIRE RegiONS.....cooveeeveeeiveeeeeerenireesenneennnnns 39
Kinetic Parameters of Synthetic

Peptide Substrates and Native

Histone H1 for the Brain PDK .......cc.cccoviiiiiieniiiiiiiiniiieeiieeeeennan, 42
Relative Rates of Phosphorylation

of Various Peptide Substrates ,

by Brain PDK and p34Cde2 .evvvviiiiiiiiiiiiiiiiiiiiiiiniiinnnii e, 52
Stoichiometry of Phosphorylation

for HiStone PEPHAES «..e.uvvuiiuniiiiieiiiiiii et eeee e eee e eee e 53
Influence of N-terminal

Truncations on Kinetic Parameters

for the Brain PDK......c.oiuiiiiiiiiiiiiiiiiiii e e e e 54
Influence of N-terminal

Substitutions and Deletions on Kinetic

Parameters for the Brain PDK .........ccviviiiiiiinieieeieeeeeeeaeannns 56
Influence of C-terminal Residues

and Proposed Consensus Amino Acid

Residuqs on Kinetic Parameters for the Brain PDK...uueveoeeeeeeoeeannnn. 58

vii



Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

LIST OF FIGURES

Epitopic Sites for C-Terminal,

PSTAIRE and N-terminal Antibodies
Western Blot of Cytosolic Extracts

of Bovine Brain with N-terminal,
PSTAIRE and C-terminal Antibodies... ....................................... 30

Purification Scheme for Brain

Immunoreactive Properties of Mono-S

Fractions Containing the Brain PDK35
Specificity of p34¢dc2 N-terminal

Antibody...ccoiiiiiiiiiiiiiiiiieaees e, 37
Kinetic Plots for Bradykinin

PhoSPhOTYIation .. ....uuiuiiiiiiiiiiiii e 43
Kinetic Plots for Pro-src Peptide

PhOSPhOTYIRtion .. ..uuviiiiiiiiiiriis ittt e e aae e 45
Kinetic Plots for HS(1-18) Peptide

Phosphorylation ... ....ceueiiiiiiiiiiiiiiii e e 47
Kinetic Plots for Native Histone H1 )

PhOSPhOTYIation ... .cuueueiiiiiniiiiiiiie e ee e e e en e 49
Relative Rates of Phosphorylation

by the Brain Pi)K and HeLa cell p34cdc2

for Histone Peptide Derivatives

Having Changes in Proposed p34¢cdc2

COnSENnsUS SEQUENCE....uueutivririirirriiieiiiieieeeeeeeeeeeeeeseaaereraarerenns 61

viii



Figure 11:

Figure 12:

Figure 13:

Figure 14:

~ Relative Rates of Phosphorylation

by the Brain PDK and HeLa cell
p34¢cde2 for Histone Peptide

Derivatives Having Basic Amino

Acid Residues Substituted......o.coooeveueemnnvennnn.,

Effect of polylysine on p34¢dc2,
PDK and c-AMP dependent

Protein knase ... ..c.vvvivieiiiiniiiiiii e

Secondary Determinants

forthe Brain PDK .. ..ooviiiiiiiiieiieireieenieneenianns

Schematic Diagram of the

Crystal Structure of the cAMP-dependent

Protein Kinase .....oovievniureiiniiiieinineiiiinenn e,

ix

..........................

.......................

.......................

.......................



ATP

. BCIP
DEAE
DIT
EDTA
EGTA

Fmoc |

'HEPES

HPLC
IPTG
KLH
MLCK
MOPS

NP-40
PAGE
PKC

PMSF

SDS
TFA

Tris

LIST OF ABBREVIATIONS

adenosine triphosphate

5-bromo-4-chloro-3-indoly! phosphate

diethyl amino ethyl

 dithiothreitol
ethylenediamine tetraacetic acid
ethylene glycol bis(B-aminoethyl ether)N-N-
N'-N' tetraacetic acid
9-fluorenylmethoxycarbonyl
4- (2-hydroxyethy1)-1-piperazinemethanej
sulphonic acid
high performance liquid chromatography
isopropyl B-D-thiogalactopyranoside
keyhole limpet hemocyanin

| myosin light chain kinase

4-morpholinepropanesulfonic acid A
p-nitro blue tetrazolium chloride
nonidet 40
polyacrylamide gel electrophoresis
protein kinase C
phenylmethylsulfonyl fluoride
sodium dodecyl sulphate
trifluoroacetic acid

tristhydroxymethylamino) methane



INTRODUCTION

At the time p34¢dc2 was discovered as a key serine/threonine kinase regulating the
cell cycle‘ in yeast, no one could have predicted the implications of its discovery on the
study of cellular proliferation and regulation in higher order species. In both
Saccharomyces cerevisiae and Schizosacc}zaromyces pombe, the function of this gene
product is required both for the entry into mitosis and for the traversal of the Gj control
point Start, in which the cell becomes committed to beginning S phase (Beach et al., 1982,
Nurse and Bisset, 1981). The genetic approaches used to study the yeast cell cycle became
linked to the biochemical approaches used by cell biologists when p34°dc2 was identified as
a component of rpaturation promoting factor or MPF, a factor that was able to induce
Xenopus oocytes naturally arrested at meiosis I to undergo repeated cell cycles (Masui and
Markert, 1971, Reynhout and Smith, 1974). Using a cell free assay system (Lohka and
Mailer, 1985, Lohka and Masui, 1983), in which many of the processes of mitosis
. occurred, MPF was purified to homogeneity and showp to contain a Xenopus homolog of
the yeast p34¢dc2 (Dunphy et al., 1988, Gautier et al., 1988). At around the same time,
various groups also identified p34¢dc2 as a component of the M-phase specific histone H1
kinase or growth associated kinase, a protein kinase that is transiently activated in a wide
variety of dividing cells at the Go/M transition (Arion ez al., 1988, Labbe et al., 1989,
Labbe et al., 1988). The discovery of p34¢dc2 as a component of MPF and the identification
of functional homologues in a wide variety of species including humans (Lee and Nurse,
1987), led to the proposal that p34°d°2 was a universal regulator of the cell cycle (Nurse,
1990).

Regulation of p34cdc2 Activity
The regulation of p34¢dc2 has been intensely studied and to date its activity is

known to be controlled not by variations in protein levels (Draetta and Beach, 1988,
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Durkacz et dl., 1986, Simanis and Nurse, 1986), but by its physical associations with other
proteins and by cell cycle dependent phosphorylation events (Draetta, 1990, Nurse, 1990
for review).

Prominent partners of p34cdc2 are the cyclins (Pines, 1991, Pines and Hunter,
1991a), proteins first identified in sea urchin and clams because of their periodic
accumulation and degradation within the cell cycle (Evans et al., 1983, Swenson et al.,
1986). In addition to the A and B-type cyclins, the cyclin family has grown to include
cyclins C, D1 also known as PRAD1 or CYL1, D2, D3 aﬁd E (Koff et al:, 1991, Leopold
and O'Farrell, 1991, Lew et al., 1991, Matsushime et al., 1991, Motokura et al., 1991,
Pines and Hunter, 1989, Xiong et al., 1991) as well as the CLN cyclins identified in yeast
(Hadwiger et al., 1989, Nash et al., 1988). Select members of this family are known to
associate with p34¢de2 or closely related homologues of p34<dc2. The best characterized
interaction is that of p34¢dc2 and cyclin B, whose complex is required for the Gy to M
transition (Draetta, 1990, Draetta et al., 1989, Norbury and Nurse, 1992, Nurse, 1990,
Pines and Hunter, 1990). The physiological role of cyclin B has been well established with
its degradation being required for the exit from mitosis (Minshull ez al., 1989, Murray and
Kirschner, 1989, Murray et al., 1989). Other members of the cyclin family have also been
shown to associate with p34cdc2 or p34¢dc2._related proteins but the functions of these
associations remain largely speculative. Cyclin A associates with cdk2 (Elledge et al.,
1992, Rosenblatt et al., 1992, Tsai et al., 1991), a cdc2 homologue, during S phase and
G2 but also associates with p34¢de2 (Clarke ez al., 1992, Draetta et al., 1989, Pagano et al.,
1992, Tsai et al., 1991). Cyclin E has also been shown to be associated with both p34cdc2
and cdk2 and was able to activate p34¢dc2 in G cell extracts (Dulic et al., 1992, Koff et al.,
1991, Koff et al., 1992). Recently, several of the D cyclins were shown to complex with
multiple kinases closely related to p34°de2 and accumulate in macrophages and in

proliferating T-cells (Matsushime et al., 1992, Xiong et al., 1992).
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The product of the p13sucl gene in fission yeast is a second protein known to
physically associate with p34¢dc2 either in its monomeric form or when it is associated with
cyclins (Booher et al., 1989, Brizuela ez al., 1987, Hayles et al., 1986, Hindley er al.,
1987, Moreno et al., 1989). Only a small portion of p34¢dc2 (less than 5%) is bound to
pl3sucl in the cell (Brizuela et al., 1987, Draetta and Beach, 1988). p13sucl ig not a
reported substrate of p34°d°2‘(Brizuela et al., 1987) nor does it appear to activate the kinase
activity of pre-activated p34cdc2 (Dunphy and Newport, 1989). This association has
adopted practical uses for the purification of p34¢dc2, by coupling bacterially expressed
p13sucl protein to Sepharose beads and eluting with SDS or expressed protein (Dunphy et
al., 1988, Labbe et al., 1989, Pondaven et al., 1990). Subsequent modified procedures
have also been developed that allow for the isolation of active p34<d2 without elution with
p13 protein (Kusubuta, 1992). In addition to yeast p13sucl, homologues have also been
identified in higher species (Draetta et al., 1987, Richardson et al., 1990). However, the
exact regulatory properties of this subunit with respect to p34¢dc2 function and activation
remain unclear.

In vitro mutagenesis of S. pombe p34¢°dc2 specifically targeting charged clusters and
known phosphorylation sites for replacement with alanine residues, has revealed distinct
regions that are important for binding both p13st¢l and cyclins A and B (Brambilla et al.,
1991). The N-terminal region of p34¢d°2 including the glycine motif and lysine 33 involved
in ATP binding, as well as a highly acidic stretch of amino acids immediately C-terminal to
the glycine motif, were found to be important for cyclin binding. In addition, mutations
within the highly conserved PSTAIRE sequence also diminished cyclin binding. Several
stretches of basic amino acids scattered throughout the entire ¢dc2 protein were found to be~
required for interaction with p13su¢l including Lys 20, Arg 22, His 23, Lys 24; Lys 56,
Asp 57, Arg 59, His 60; and Arg 215 and Arg 218. It was also apparent from this study
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that none of the domains important for cyclin binding overlapped with regions important
for p13st¢! binding and vice versa.

In addition to the cyclins, the _activity of p34cdc2 js clearly regulated by
phosphorylation events. Initially this stemmed from the fact that fission yeast p34cdc2 wag
shown to be phosphorylated on threonine 167 and tyrosine 15 in a cell cycle dependent
manner (Gould ez al., 1991, Gould and Nurse, 1989). Abrupt dephosphorylation of
tyrosine 15 at mitosis was shown to be required for cdc2 activation, as mutation of this
residue to phenylalanine caused cells to prematurely enter mitosis (Gould and Nurse, 1989)
and, in vitro, tyrosine dephosphorylation of p34¢dc2 activated its kinase activity (Pondaven
et al., 1990). This mechanism appears to be conserved in higher eukaryotes; however,
dephosphorylation of an additional residue, threonine 14, acts in conjunction with tyrosine
15 dephosphorylation to activate the kinase (Krek and Nigg, 1991b, Norbury et al., 1991).
Both tyrosine 15 and threonine 14 lie within the putative ATP binding motif found in other
kinases (Hanks, 1987). It is speculatéd that phosphorylation of these two residues directly
influences the ability of ATP to bind to the kinase (Gould and Nurse, 1989, Nurse, 1990).
In the absence of phosphorylation of threonine 14 and tyrosine 15, p34<de2 sfill requires
cyclin B for its activation. Threonine 161 (residue 167 in yeast) is also phosphorylated in a
cell cycle dependent manner (Gould ez al., 1991, Krek and Nigg, 1991a). Phosphorylation
of this residue appears to play a role in allowing p34d¢2 to bind to its cyclin B subunits, as
mutation of this residue in both yeast and vertebrate p34¢dc2 prevents cyclin binding
(Ducommun et al., 1991, Gould et al., 1991). A fourth residue, serine 277, is also
phosphorylated in a cell cycle dependent manner during G1 and S phases, and is conserved
among functional homologues of p34<dc2, although the exact effect of its phosphorylation
on p34¢dc2 kiriase activity and cyclin binding remains speculative.

Deépite the constant level of cdc2 protein during the cell cycle, the amounts of cdc2

mRNA are not constant. Its synthesis and degradation are co-ordinated to maintain protein
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levels at a steady state during the cell cycle (Welch and Wang, 1992). With recent evidence
for the existence of specific p34°d¢2 inhibitors (Mendenhall, 1993), the regulation of cdc2

in the cell cycle is clearly becoming much more complicated than investigators had

originally envisioned.

p34¢dc2 Homologues

The identification of p34<dc2 as a key cell cycle regulator has led to a surge of
research involving the isolation and characterization of cdc2 related proteins in other
speci‘es, largely through the use of cloning techniques. This work has resulted in the
division of the cdc2 family into at least two different subgroups. The first subgroup
consists of functional homologues, those able to complement cdc2/CDC28 temperature
sensitive mutations in yeast, and includes cdc2 genes cloned from human (Lee and Nurse,
1987), chicken (Krek and Nigg, 1989), Xenopus (Milarski ez al., 1991), mouse (Cisek
and Corden, 1989), Drosophila (Jimenez et al., 1990, Lehner and O'Farrell, 1990), and a
variety of plant species (Colasanti et al., 1991, Hirayama et al., 1991, Hirt et al., 1991).
Two other functional homologues, able to complement cdc28 temperature sensitive
mutations, have also been cloned (Elledge and Spottswood_, 1991, Ninomiya et al., 1991).
Cdk2 (cyclin dependent kinase) and cdk3, so named because of their ability to associate
with cyclin proteins, are also thought to play a role in cell cycle control along with p34cdc2
(Elledge et al., 1992, Meyerson et al., 1992, Tsai et al., 1991). In addition to both
functional cdmplementarity and cyclin binding, both cdk2 and cdk3 are able to bind to
p13stcl (Meyerson et al., 1992). In the case of cdk?, it is likely that this kinase plays a role
in controlling G1/S phase of the cell cycle, as depletion of cdk2 blocks DNA synthesis
(Fang and Newport, 1991) and activation of its kinase activity occurs prior to the onset of
S-phase (Pagano et al., 1992, Rosenblatt ez al., 1992). The conclusive assignment of cdk3

in cell cycle related functions awaits further studies.
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Sequence alignment of these functional homologues has revealed highly conserved
motifs in addition to those characteristic of serine/threonine kinases (Hanks et al., 1988). In
the N-terminus of the protein, a sequence region surrounding the putative ATP binding
domain is completely conserved in functional cdc2 homologues, including what
corresponds to the two regulatory phosphorylatable residues in mammalian p34cdc2,
threonine 14 and tyrosine 15. Two other potentially regulatory phosphorylation sites,
threonine 161 and serine 277, are also completely conserved. A second highly conserved
sequence has been termed the PSTAIRE region. Additional sequences include LWYR motif
and GDSEIDQ corresponding to amino acids 165-168 and 206-211 of the human cdc2,
respectively. Sequences in the extreme C-terminal regions of these proteins are more
divergent.

Members of the second subgroup of the cdc2 family although still similar in
sequence to p34¢dc2, are either unable to complement temperature sensitive mutations in
yeast, or their ability to complement has not been tested. Certain members of this subgroup
appear to have a function that is unrelated to the cell cycle. Many of these homologues
possess N-terminal and/or C-terminal extensions in addition to what typically comprises the
p34cde2 catalytic domain. In budding yeast, S. cerevisiae, several cdc?2 related kinases have
been discovered whose function appears to be involved in cell growth and division
(Courchesne et al., 1989, Elion et al., 1990, Irie et al., 1991, Toh et al., 1988). Several
protein kinases found in human and mouse cDNA libraries, whose notable differences
- from p34¢dc2 include amino acid changes within the PSTAIRE region, have recently been
cloned. The majority of these homologues show restricted and varie;d patterns of tissue
distribution (Meyerson et al., 1992, Okuda ez al., 1992), but their potential function
remains elusive. Additional homologues include p58, isolated from a human liver cDNA
library whose overexpression results in prolonged G1 phase and telophase (Bunnell ez al.,

1990), and CLXK, a protein kinase having homology to p34¢dc2, byt possessing intrinsic



7
. serine/threonine and tyrosine kinase activity (Johnson and Smith, 1991). MAK is a germ
cell associated kinase expressed in a tissue and stage specific manner displaying signiﬁqant
homology to p34¢dc2 and is speculated to play a role in spermatogenesis (Matsushime ez al.,
1990). PSK-J3, originally isolated by Steven Hanks by screening a cDNA libfary with
probes selected from homologous regions in protein kinases (Hanks, 1987), was more
recently shown to associate with cyclin D (Matsushime ez al., 1992). Evidence suggesting
the 1nvolvement of cdc2 related kinases in processes unrelated to the cell cycle is only
" beginning to emerge. CHED, a cdc2 homologue that appears to be 1nvolved in
hematopoiesis (Lapidot ez al., 1992), has been isolated. More recently, a cdc2-like kinase
has been cloned and found to be highly expressed in terminally differentiated neurons
(Hellmich et al., 1992). There is also evidence to suggest that cdc2 or related proteins may
be involved in platelet function (Lerea, 1992, Samiei et al., 1991). The MAP or ERK
ﬁnase family is also related to p34°dc2, with pd4erkl sharing approximately 33% identity
with human p34¢dc2 (Pelech and Sanghera, 1992). Members of this family of kinases are
not only activated at M-phase during mitosis, but are also activated in response to a wide
variety of stimuli including growth factors, mitogens and differentiating agents (Pelecﬁ and

Sanghera, 1992).

p34¢de2 Substrates

Given the 'vast number of phosphorylation events that take place duﬁng the cell
cycle, the ability to distinguish proteins phosphorylated by p34¢dc2 or other closely related
kinases becomes increasingly difficult. Many proteins have been identified as in vitro
targets of p34¢°de2 with a subset having identical phosphorylation sites in vivo. These
substrates can be grouped into several classes as shown in Table 1, based on what is

presently known about their respective functional properties.
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The first class of p34¢de2 substrates can be classified as structural proteins. Histone
H1 has traditionally been used as a means of assaying p34°dc2 kinase activity. Histone H1
is phosphorylated on multiple sites (Langan, 1982), and its in vivo phosphorylation sites
by the growth associated histone H1 kinase (a complex of p34¢de2 and cyclin B) have been
identified (Langan et al., 1980). These are found in the bésic regions at the N- and C-
termini of histone H1 and are also regions that appear to be involved in chromosome
condensation (Reeves, 1992). Although the functional significance of histone H1
phosphorylation has not yet been firmly established, it is thought that phosphorylation of
these sites may alter the packing of the nucleosome and therefore contribute to chromosome
condensation (Zlantanova and Yaneva, 1992).
| Lamins are intermediate filament proteins whose phosphorylation levels.increase
during mitosis, and make up the nuclear lamina, a mesh of fibrillary proteins that underlie
the nuclear membrane. Peter and co-workers have shown that p34¢dc2 phosphorylates B-
lamins oh sites identical to those phosphorylated in vivo and is able to induce lamin
disassembly upon incubation with isolated nuclei suggesting that mitotic disassembly of the
nuclear lamina results from direct phosphorylation of lamins by p34cde2 (Peter er al.,
1990b). Heald and McKeon showed that mutations affecting these sites interfered with
lamin disassembly (Heald and McKeon, 1990). In addition, a chicken lamin protein when
expressed in yeast was shown to be phosphorylated by a mitotically active kinase that was
temperature sensitive in cdc2 temperature sensitive mutant strains (Enoch et al., 1991).
‘More recently, the same group has shown that lamin B2 head to tail polymers reconstituted
in vitro from bacterially expressed protein when phosphorylated by p34¢dc2, disassembled
into dimers and that this effect was reversed by treatment with phosphatase (Peter et al.,
1991). ’
Two major nucleolar proteins, NO38 and nucleolin, are highl'y phosphorylated ir

vivo during mitosis and are phosphorylated on identical sites iz vitro by p34°4¢2, Nucleolin
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is considered to be a multi-functional protein acting during the synthesis and processing of
ribosomal RNA, while NO38 is a nuclear matrix protein (Peter et al., 1990a). Although the
significance of their phosphorylation is unknown, it is speculated that their post-
translational modification might play sorﬁe function in the disassembly of the nucleolus
during mitosis.
| Vimentin is another type of intermediate filament protein which is
hyperphosphorylated and depolymerized as cells enter mitosis. Chou and coworkers have
purified an enzyme from rat BHK cells consisting of p34¢d<2 and 65 and 110kDa subunits.
They showed that this purified kinase phosphorylates vimentin in vitro on a subset of sites
phosphorylated in vivo during mitosis and the in vitro phosphorylation:of vimentin caused
. their disassembly (Chou et al., 1990, Chou ez al., 1991). Interestingly, the neurofilaments
(NF), another intermediate filament protein expressed specifically in neuronal cells, is
phosphoryiated in vitro by starfish p34¢dc2  a complex of cyclin B and the starfish ‘
homologue of p34¢dc2, at the C-terminal domain resulting in the dissociation of NF-H from
microtubules (Hisanaga er al., 1991). In addition, Guan ez al. have shown that a complex
of cyclin A and p34¢dc2 purified from rat pheochromocytoma also phosphorylates NF-H,
NF-L and NF-M but does not cause filament disassembly (Guan ez al., 1992).

Caldesmon, a regulatory protein implicated in the control of contractility and
motility in non-muscle and smooth muscle cells (Eretscher, 1986) is phosphorylated in
vitro by p34¢de2 (Mak et al., 1991b, Yamashiro ez al., 1991). In the case of non-muscle
caldesmon, p34°4<2 in vitro phosphorylation sites were identical to those phosphorylated in
vivo during mitosis and phosbhorylation was found to reduce binding affinity for both
actin and calmodulin and caused caldesmon to dissociate from microfilaments in cultured
fibroblasts (Yamashiro ez al., 1991). In vitro phosphoryiation sites in smooth muscle
caldesmon have also been mapped with the majority of sites residing in the C-terminal

domain of caldesmon known to bind actin and calmodulin (Mak et al., 1991a), suggesting
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that phosphorylation by p34¢dc2 may contribute to major structural reorganizations that take
place during mitosis. It has also been reported that p34°dc2 s able to phosphorylate myosin
II regulatory chains on three sites previously shown to inhibit the actin activated myosin
ATP'ase of smooth muscle and non-muscle myosin (Lewin, 1990, Pines and Hunter,
1990, Satterwhite et al., 1992).

Two tumor suppressor proteins, both phosphorylated in a\cell cycle dependent
manner, have also been identified as in vitro substrates of p34cdc2, p110Rb is a nuclear
phosphoprotein that is phosphorylated from S to M phase and dephosphorylated in G1. Lin
and co-workers showed that human p34°dc2 immunoprecipitated from mitotic cells and
purified MPF were able to phosphorylate p110Rb on sites corresponding to in vivo
phosphorylation sites (Lin et al., 1991). A second tumor suppressor protein, p53, is also
phosphorylated by p34¢dc2 on a single serine residue that is also phosphorylated in vivo
(Bischoff er al., 1990). Although the consequences of these phosphorylations have yet to
be verified it is thought that their post-translational modification by p34cdc2 might regulate
their anti-proliferaﬁve activity.

Seyeral tyrosine and serine/threonine kinases are in vitro substrates of p34cdc2,
David Litchfield and coworkers have reported the in vitro phosphorylation of both o and B
subunits of casein kinase II but were unable to detect any alteration in casein kinase II
activity (Litchfield et al., 1991, Litchfield et al., 1992). In contrast, gnother group has
demonstrated that in vitro phosphorylation of the B subunit of casein kinase II by p34cdc2
stimulates its activity (Mulner et al., 1990). Two non-receptor tyrosine kinases, pp60¢-src
and p150°-3bl, are also in vitro substrates of p34<dc2, pp6Qc-sic is phosphorylated in vivo on
two threonine residues and one serine residue in the N-terminal region of pp60°-StC at
mitosis and irn vivo these modifications are associated with a four to seven fold increase in
pp60C-ST€ kinase activity (Chackalaparamil and Shalloway, 1988). Purified p34dc2 was

shown to phosphorylate these sites in vitro although an increase in pp60¢-ST tyrosine kinase



Table 1: Identified In
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Vitro Substrates of p34cdc2

Substrate Same sites Sequence
Phosphorylated Information
in vivo |
Structural Proteins
Histone H1 yes S/T-P-X-K
Lamin B2 yes S-P-T-R
NO38, Nucleolin yes T-P-X-K-K
Vimentin yes S-S-P-G-G
‘ S-A-L-R-P
Neurofilament ? : ?
Caldesmon
non-muscle yes , S-P-G-G-T
| ~ G-T-P-N-K-K
smooth muscle ? S-S-K-R
DNA Binding Proteins
SV40LgT yes S-T-P-P-K-K-R
RPA yes Q-S-P-G-G-F-G
' G-S-P-A-P-S-Q
RNA Pol II ? Y-S-T-P-S-P-S
HMGI yes P-T-P-K-R-P-G
Tumor Suppréssor
Proteins
p53 yes S-P-Q-P-K-K-K
pl 10Rb yes 2




12

Table 1 (continued) Identified In vitro Substrates of p34cdc2

Substrate Same Site(s) Sequence
Phosphorylated - Information
in vivo

Protein Kinases

pp110c-abl yes S-P-L-L-P-R
pp60e-ste yes S-Q-T-P-N-K-T
H-R-T-P-S-R-S
V-T-S-P-Q-R-A
Casein Kinase IT
‘o-subunit yes ?
BB-subunit yes F-K-S-P-V-K-T

Other Proteins

Rab ? Q-S-T-P-VK
R-S-P-R-R-T-Q

EF-1B ? ?

Cyclin B ? S-P-E-P
S-P-S-P
R-S-P-L-P

S-P-V-M
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activity was not demonstrated (Shenoy er al., 1989). pp60¢-s1¢ is associated with
cytoskeletal structures near the plasma membrane and its phosphorylation by p34cdc2
might imply some role for pp60S-t¢ as a mediator of cytoskeletal rearrangement.
p150¢c-abl jg phosphbrylated on three sites during interphase and seven additional sites
during mitosis (Kipreos and Wang, 1990). Kipreos and Wang have shown that two
interphase sites and all of the mitotic sites are phosphorylated in vitro by p34¢cdc2 jsolated
from mitotic or interphase cells. As was the case with pp60¢-IC, these phosphorylations did
not contribute to an increase in p150¢-abl tyrosine kinase activity in vitro, although
physiologically this represents a potential means for regulating its activit-y.

Several DNA binding proteins have also been identified as in vitro substrates of
cdc2 kinase implicating the involvement of one or more forms of p34¢dc2 jp the cé)ntrol of
S phase. McVey and co-workers have shown that p34cde2 purified from HeLa cells was
able to phosphorylate SV40 large T antigen on threonine 1'24, a residue also
phosphorylated in vivo , and was able to bind to the viral origin of replication and initiate
DNA replication in vitrro (McVey et al., 1989). Dutta and Stillman have purified a kinase
consisting of a complex of cyclin B and p34¢dc2 that phosphorylates RPA, a single stranded
DNA binding protein complex that is essential for initiation and elongation stages of SV40
DNA replication (Dutta and Stillman, 1992). Cisek and Corden have also purified a kinase,
the mouse homologue of p34°d°2, that phosphorylated the highly repetitive carboxy-
terminal domain of RNA polymerase II, implicating a role for cdc2 in transcriptional

-regulation (Cisek and Corden, 1989). Several members of the high mobility group
proteins, believed to be important structural components affecting chromatin structure by
binding to A-T rich sequences in DNA, were also identified as in vitro substrates of p34cdc2
(Meijer ez al., 1991, Nissen ez al., 1991, Reeves et al., 1991). Their phosphorylation by
p34¢0¢2 resulted in a decrease in binding affinity of these proteins for A-T rich DNA

sequences.
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Additional substrates have been identified, including several GTP binding proteins
belonging to the Rab famiiy (Bailly et al., 1991) and elongation factor v, involved in
protein biosynthesis (Belle ez al., 1989, J anssen et al., 1991, Mulner et al., 1989). Cyclin
B, which constitutes the major regulatory component for mitotic cdc2, has also been shown
to be an in vitro substrate, being autophosphoryiated by purified MPF (Gautier et al.,
1990). For sea urchin cyclin B, sites phosphorylated have been tentatively identified by site
directed mutagenesis in the N-terminal region of cyclin B and are shown in Table 1 (Pines
and Hunter, 1990). In addition, Izumi and Maller replaced potentie;l phosphorylation sites
in Xenopus cyclins B1 and B2 and found that Ser 90 of cyclin B2 and Ser 94 and 96 of
.cyclin B1 were the main phosphorylation sites in functional Xenopus extracts and when

phosphorylated in vitro with purified MPF (Izumi and Maller, 1991).

Consensus Motifs

Our understandirig of t};e importance of protein phosphorylation in the control and
regulation of cellular processes has made sighiﬁcant progress. Central to this theme is
determining how enzymes selectively recognize their respective substrate proteins. Many
contributions in the protein kinase field have indicated that protein kinases recognize and
phosphorylate discrete sites on their target proteins and that their ability to do this is
primarily dependent on the local primary structu.re surrounding the phosphorylatabie
residue (Kemp and Pearson, 1990). .

With a knowledge of primary sequences surrounding the phosphorylatable residue
- on a substrate, the elucidation of specificity determinants involves modelling synthetic
peptides after the phospﬂorylaﬁon site sequences énd characterizing the kinetics of
phosphorylation of peptides. Peptide analogues that possess similar kinetic properties to
those of the native protein are considered to contain all of the necessary determinants for

efficient recognition and phosphorylation by the enzyme. These then can be used as a basis
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for the investigation of specific determinants by systematically substituting residues within
the peptide sequence. Sequence elements immediately surrounding the phosphorylation site
that are considered essential for fecognition and phosphorylation by the kinase are
collectively referred to as a consensus sequence (Kennelly and Krebs, 1991). Using
synthetic peptides, consensus sequences for numerous protein kinases have been
determined and representative examples are shown in Table 2 (Kennelly and Krc?bs, 1991).
The cAMP-dependent protein kinase for example, phosphorylates serine and threonine
residues in synthetic peptides that have basic amino acid residues at the -2 and -3 positions
relative to thc;, phosphorylatable residue (position 0) (Kemp, 1990). Casein kinase II, on the
other hand, requires the presence of acidic residues C-terminal to the phosphorylatable
residue with the optimal position being +3 (Kemp, 1990). Although consensus sequences
provide a powerful tool in terms of being able to predict potential substrates and their
phosphorylation sites, it should be noted that the presence of a consensus sequence in a
protein does not guarantee that the protein is phosphorylated by that particular kinase, nor
does it indicate conclusively the kinase responsible for the phosphorylation in vivo. Indeed
higher order structures that small peptides are unable to adopt must also play some role in
enzyme substrate interaction. The consensus sequence can qnly serve as a guideline for the
identification of potentially physiological substrates. For p34d¢2, a consensus sequence
has been proposed by numerous groups, based on the sequence analysis of a variety of
proteins known to be phosphorylated in vitro by p34¢dc2 and whose same site(s) are
phosphorylated in vivo (Draetté, 1990, Langan et al., 1989, Langan et al., 1980, Maller,
1990, Moreno and Nurse, 1990, Peter et al., 1990a, Pines and Hunter, 1990). This
sequence information, which is summarized in Table 2, reveals what is generally agreed to
be the consensus sequence for p34<de2 consisting of S/I‘-P-X;K/R where X is a polar
amino acid, but has yet to be verified with synthetic peptides. It has also been suggested

that the only recognizable motif is a phosphorylatable residue followed by a proline
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Table 2: Consensus Sequence Motifs for Selected Protein Kinases

Serine/Threonine Kinase ; Consensus Motif

%

cAMP Dependent protein kinase X-X-R-X-8-X

PKC(a, B, 7Y) X-R-X-X-§-X-R-X
Phosphorylase kinase K-R-K-Q-I-S-V-R
MLCK X-K-K-R-X-X-R-X-X-8-X-X
Casein kinase I X-E-X-X-§-X

Casein kinase II | X-8-X-X-E-X

MAP Kinases P-X-S/T-P
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(Draetta, 1990). Proline is known to exert structural effects similar to a bend or a kink
in protein molecules and the predicted secondary structure of the consensus sequence is
a B turn (Moreno and Nurse, 1990, Suzuki, 1989). In addition this motif has been shown
to be a DNA binding motif (Suzuki, 1989). As shown in Table 1, there are clearly
exceptions to this motif. Many of the identified sequences of substrate proteins lack a basic
residue, and clearly it appears that amino acids other than polar residues can be tolerated in
the +2 position. In addition, the in vitro phosphorylation sites by p34¢dc2 identified in
myosin light chain do not have the C-terminal proline, but do have basic residues. Pines
and'Hunter have suggested that these sites are phosphorylated because the serine residues
that are phosphorylated in myosin light chain are predicted to lie on a B-turn in the protein
and thus may adopt a similar conformation to that in which the serine would be followed
immediately by a proline (Pines and Hunter, 1990). A minor 1534‘“102 phosphorylation site
has also been identified in vimentin which does not contain a C-terminal proline adjacent to
the phosphorylatable residue, although the presence of a contaminating kinase activity that
phosphorylated this site was not ruled out by the authors (Chou ez al., 1991).

A family of 4ﬁ to 44kDa serine/threonine kinases distantly related to the cdc2 kinase
family in sequence but whose regulatory properties have significantly diverged are the
MAP kinases or mitogen activz;lted protein kinases (Pelech and Sanghera, 1992 for feview).
The in vitro substrate specificity determinants for various members of this family have been
elucidated using synthetic peptides derived from myelin basic protei;l or threonine 669
contairiing peptides derived from the EGF receptor (Clark-Lewis et al., 1991, Gonzalez et
al., 1991). A consensus motif similar to that of p34cdc2, consisfi_né of P-X-S/T-P, was
defined. In these studies, X was ideally a basic or neutral amino acid for p42mpk and
p44erkl, whereas p44mpk could also tolerate an acidic residue. The proline immediately C-

‘ terminal to the phosphorylatable residue was found to be essential for MAP kinase activity

whereas the proline located at the -2 position, although not-essential, was favored for
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efficient substrate phosphorylation by MAP kinases (Clark-Lewis et al., 1991, Gonzalez et
al., 1991). Given the overlap of the MAP kinase consensus sequence with the proposed
consensus sequence for p34°dc2, it js not surprising that some p34¢dc2 substrates are also
targets of the MAP kinases and vice versa. Indeed, lamin B2, phosphorylated on serine 16

by p34°dc2, is also phosphorylated on the same site by MAP kinase and both kinases are

able to induce lamin disassembly in vitro (Peter et al., 1992).

Different Forms of Cdc2 Have Different Substrate Preferences

Cyclins have been proposed to act on their cdc2 catalytic subunits to regulate their
substrate specificity by targeting their catalytic subunits to a particular substrate (Pines and
Hunter, 1990). There is also evidence to suggest that cyclins may influence the subcelhﬂar
distribution of their associated kinase subunits and thus confer a certain degree of
specificity by targeting the catalytic subunit to a particular region of the cell (Pines and
Hunter, 1991b). Evidence implicating the influence of cyclins on the substrate specificity of
their cdc2 catalytic components has been well documented. Brizuela and coworkers were
able to fractionate high molecular weight complexes of human histone H1 kinase, known to
contain cyclin B and p34¢d°2, from corresponding low molecular weight complexes lacking
cyclin B. They found that both the high and low molecular weight forms were able to
phosphoryiate casein, but only the high molecular weight form phosphorylated histone H1
(Brizuela et al., 1989). In another study using antibodies specific for Xenopus cyclin A,
B1 and B2, Minshull and coworkers demonstrated that histone 2B was a much better
substrate for the cyclin A-cdc2 complexes over cyclin B-cdc2 complexes, although the
sequences surrounding the phosphorylatable residues of both histones were identical
(Minshull e al., 1990). Using antibodies for cdk2 or the human homologue of p34cdc2
(cdc2Hs), Elledge and his coworkers reported that both formed complexes with cyclin A

and phosphorylated histone H1 equally well, but that cdc2Hs-cyclin A complexes
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preferentially phosphorylated another in vitro substrate, RF-A, 10 fold better than cdk2-
cyclin A complexes (Elledge er al., 1992). Matshushime has recently identified complexes
of cyclin D and cdk4 using aqti-cyclin antibodies that do not possess any histone H1 kinase
.activity, but that are able to phosphorylate the retinoblastoma gene product (Matsushime ez
al., 1992). Hall and his co-workers have purified a growth factor sensitive proline-directed
kinase from rat pheochromocytoma cells and have shown that it contains a complex of
p34¢de2 and cyclin A (Hall et al., 1991) and unlike the histone H1 kinase it is able to
phosphorylate glycogen synthase (Erikson and Maller, 1989). More recently, p13sucl was
shown to suppress the phosphorylation of two intermediate filament proteins, vimentin and
desmin, but did not affect histone H1 phosphorylation (Kusubuta, 1992). The continual
expansion of the cdc2 kinase family and the discovery of a variety of cyclins provides
numerous opportunities for diversity of function and regulation of these enzymes both
within the cell cycle and potentially in other cellular processes. While it is possible that
- various cdc2 related kinases with their cyclin components have a unique substrate
specificity, detailed enzymatic and biochemical characterizations of the majority of enzyme
species in this growing family are not yet available. |
Recently, in our laboratory, an enzyme has been purified from bovine brain based
on its ability to phosphorylate a synthetic peptide derived from the three in vitro p34cdc2
phosphorylatioh sites of pp60C-SIe ( R—R-P-D-A-H—R—T—P-N—R-A-F). The purified form of
this kipasc consists of a 33kDa subunit and a 25kDa subunit. The activity of this kinase is
clearly proline dependent, as phosphorylation of the pro-src peptide containing alanine
replaced for the proline at the +1 position is not phosphorylated (Lew et al., 1992a). In
addition to the absolute requirement for a C-terminal proline, both the brain proline directed
kinase and p34°dc2 were shown to phosphorylate neurofilaments H and M and smooth
muscle caldesmon on identical sites, as deduced from peptide mapping experiments,

suggesting that the two enzymes possess a similar substrate specificity (Lew et al., 1992b)
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(Alan Mak, personal communication). The 33 kDa subunit has rf:cently been cloned and
besides containing all identifiable hallmarks associated with the protein kinases (Hanks et
al., 1988), it was found to be similar in sequence to both p34¢dc2 and cdk2.

The puriﬁéation of this enzyme from bovine brain has provided large quantities for
enzymatic and biochemical characterization. The primary focus of this study involves
determining the substrate specificity requirements of the brain PDK by amino acid
substitution of synthetic peptides derived from a p34¢dc2 phosphorylation site in histone H1

(Felix ez al., 1990) and characterizing their respective kinetic parameters.
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EXPERIMENTAL PROCEDURES

Materials - [-32P]- ATP and p-nitro blue tetrazolium chloride (NBT) were purchased from
ICN Biomedicals. Phosphocellulose P81 paper was purchased from Whatman.
Polyvinylidene fluoride membranes and Immobilon-P were purchased from Millipore.
Hydroxylapatite, Affigel-10 and molecular weight markers were obtained from Bio-Rad.
- DEAE Sepharose CL-6B, CNBr activated Sepharose, and Sephadex G10 were purchased
from Pharmacia. NP-40 was purchased from Fluka Biochemicals. Leupeptin and pepstatin
A were purchased from United States Biochemical Cérporation. Goat anti-(rabbit IgG-
alkaline phosphatase conjugated was purchased from Jackson Immuno Research. Iso-
propyl-1-thio-B-D-galactopyranoside, DMEM and fetal bovine serum were purchased from
Gibco BRL. m-Maleimido-benzoyl-N-hydroxysuccinimide ester and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide were purchased from Pierce. KLH was obtained from
Calbiochem. HEPES, SDS and Tris were obtained from Boehringer Mannheim. Fmoc
' amino acids were purchased from Bachem. p-Hydroxymethyl-phenoxymethyl polystyrene
resin was purchased from Applied Biosystems Inc. Solvents for peptide synthesis were
obtained from the following suppliers: trifluoroacetic acid, piperidine,
dimethylaminopyridine, N,N-dimethylformamide, N,N-dicyclohexyl-carbodiimide, 1-
hydroxy-benzotriazol and (2-(1H-benzotriazol-1-y1)-1,1,3,3,tetra-ﬁ1ethy1-
uroniumhexafluorophosphate) were purchased from Appliéd Biosystems Inc.
Dichloromethane and N-methylpyrridone were purchased from Burdick and Jackson.
Methanpl was purchased from BDH Inc. Myosin light chain kinase pseudosubstrate
peptide was purchased from Peninsula Laboratories. Histone HI1, purified from ;;vinter
flounder, was a generous gift from Dr. A. Mak (Queen's University, Canada). Smooth

muscle myosin light chain kinase, protein kinase C and the PKC pseudosubstrate peptides
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were kindly provided by Dr. M. P. Walsh (University of Calgary). All other materials were
purchased ﬁom Sigma.

Peptides - The pro-src peptide was synthesized as described previously (Lew et al.,
1992a). Histone derived Apeptides wére synthesized using an Applied Biosystems 431A
peptide synthesizer. Peptides were synthesized from protected Fmoc amino acids (Carpino
and Han, 1970, Carpino and Han, 1972)-, and deprotected and cleaved from the resin using
95% (v/v) TFA in water for 1.5 hours at room temperature. After separation of cleaved
peptides from the resin by filtration, and washing of the resin Qith TFA and
dichloromethane, the filtrate and washes were concentrated to a 1ml volume on a rotary
evaporator, and the peptide was precipitated out of solution by the addition of 50ml cold
diethyl ether. The precipitate was collected on polyvinylidene membranes and resuspended
in a minimal volume of 20% (v/v) acetic acid in water. Peptides were subsequéntly' purified
on a Sephadex G-10 column and eluted with 20% (v/v) acetic acid in water. The purity of
all peptides was analyzed by HPLC on a Vydac 218TP54 Cjgreversed phase analytical
column in a solvent system consisting of 0.1% TFA in water (Solvent A) and 0.1% TFA in
acetonitrile (Solvent B). Samples were eluted from the column at a flow rate of 1ml/min on
a linear gradient from 100% solvent A, 0% solvent B to 60% solvent A, 40% solvent B in
40 minutes. Peptides were found to be greater than 95% pure. Quantitative amino acid
- analysis of purified peptides was determined using a Beckman model 6300 amino acid
analyzer using norleucine as an internal standard.

Preparation of C-terminal, PSTAIRE and N-terminal Antibodies -Purified synthetic
peptides derived from human p34¢dc2, N-terminal (cys-cdc2(8-20)), PSTAIRE (cys- :
cdc2(42-57)) or C-terminal (cys-cdc2(288-297)), were coupled to keyhole limpet
hemocyanin through the additional cysteine residues of the peptides with m—maleimido;
benzoyl-N-hydroxysuccinimide ester as a coupling reaéent according to the standard

methods (Harlow and Lane, 1988). New Zealand rabbits were immunized according to the
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standard methods and serum was collected. After a 50% ammonium sulphate precipitation,
antibodies were purified on an Affigel 10 column coupled with the appropriate peptide
according to standard protocols (Harlow and Lane, 1988). Purified antibodies were tested
with affinity purified p34¢dc2 and stored at -70°C
Preparation of Bacterially Expressed pl3sucl - The p13sucl protein, used for affinity
purification of p34°dc2, was prepared from an overexpressing strain of Escherichia coli, a
gift from R.Golsteyn and Dr. T. Hunt at Cambridge University, essentially as described by
Brizuela ez al. (Brizuela ez al., 1987). Over expressing E. coli was grown in LB medium
containing 50ug/ml ampicillin. On reaching Agqq of 0.5, cultures were induced with IPTG
for 3.5 hours. Cells from a 1 liter culture were harvested by centrifugation at 14,000xg and
lysed in 50ml of homogenization buffer containing 20mM HEPES, pH 7.0, 2mM EDTA,
ImM DTT, 1mM PMSF and 1mg/ml lysozyme for one hour and sonicated briefly at 150
watts. Cell lysates were centrifuged at 100,000xg for one hour and the supernatant dialysed
against homogenization buffer. The p13 protein was loaded onto a DEAE CL-6B column
* equilibrated in homogenization buffer and eluted with a linear gradient of NaCl (0-
200mM). p13 was further purified on an S200 gel filtration column in homogenization
buffer. Samples containing purified p13 were pooled and dialyzed against deionized water,
PH 8 and the lyophilized protein was stored at -20°C. p13 was coupled to CNBr-activated
Sepharose according to the manufacturer's instructions.

Preparation of HeLa Cell p34°4c2 and the Brain PDK- HeLa cell p34¢d¢2 isolated from
colcemid treated cells was partially purified essentially as described by Pondaven et al.
(Pondaven et al., 1988). HeLa cells were grown in DMEM media supplemented with 10%
fetal bovine serum at a density of 2-4x108 cells/ml and were treated with colcemid
(100pg/L) for 18 hours prior to being harvested. The pelleted cells were stored at -700C
prior to use. Cells were lysed in lysis buffer containing 12.5mM MOPS, pH 7.2, 15mM
MgClp, 15mM EGTA, 0.1%(W/v) NP-40 and protease inhibitors leupeptin (10pg/ml),
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pepstatin A (10pg/ml) soybean trypsin inhibitor (10pg/ml), benzamidine (100uM) and
PMSF (1mM) at 40C. Cells were then sonicated for 4 five second bursts at 75W and
incubated on ice for 15 minutes. Cell lysates were clarified by centrifugation at 100,000xg
for 45 minutes. The supernatant was loaded onto a 5 ml p13 column batchwise that had
been washed with bead buffer: 50mM Tris pH 7.4, 250mM NaCl, 1mM EGTA, 1mM
EDTA and 0.1%(v/v) NP-40 and protease inhibitors as described above. After incubating
for 45 minutes, at 49C, the column was drained, washed with bead buffer and eluted with
5ml of 1.5mg/ml bacterially expressed p13 in bead buffer and protease inhibitors. The p13
column was washed and the HeLa cell 100,000xg supernatant reloaded onto the p13
column and the procedure repeated a second time. The eluted material from the P13 column
was subsequently loaded onto a 1ml hydroxylapatite column that had been eqﬁilibrated with
buffer D consisting of 12.5mM MOPS, pH 7.2, 7.5mM MgCl, and 1mM EGTA to
remove excess pl3. The column was washed with buffer D and eluted with 0.5M
phosphate in buffer D. Fractions were assayed for histone peptide kinase activity, pooled
and dialyzed against 25mM Tris pH 7.6 and 1mM EGTA and stored at 40C.

The bovine brain proline directed kinase (PDK) was purified according to the
procedure described by Lew et al. (Lew et al., 1992a). For kinetic assays, PDK was
diluted appropriately in 20mM MOPS pH 7.4, containingr Tmg/ml bovine serum albumin.
Gel Electrophoresis and Western Blotting - SDS-PAGE was performed according to the
procedure described by Laemmli (Laemmli, 1970) and Western blotting was performed
according to the method of Towbin ez al. (Towbin et al., 1979) using alkaline phosphatase-
linked secondary antibody and p-nitro blue tetrazolium chloride (NBT) and 5-bromo-4-

“chloro-3-indolyl phosphate (BCIP) as the color substrates.

Phosphorylation Reactions - Reaction mixtures were essentially as described previously
(Lew et al., 19925) and contained in a final volume of 30 pl: 20mM MOPS pH 7.4, SmM
MgClp, 100uM [¥32P]-ATP (500-1500 dpm/pmol), peptide substrate as indicated and
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protein kinase. Reactions were started with the addition of enzyme and carried out for 10 or
30 minutes at 30°C depending on the peptide substrate. Assays were terminated with the
addition of 15l of 50% (v/v) acetic acid in water. Duplicate 20ul samples were spotted
onto phosphocellulose paper and the papers were washed with 6x500 ml of 0.3% H3POg,
rinsed in acetone and dried. Phosphate incorporation into labelled peptides was quantitated
by liquid scintillation using a Beckman LKB 1215 scintillation counter.

Analysis of Stoichiometry - Phosphorylation reactions were carried out as described above
in 60l assay volume containing 20uM peptide. A 30ul sample was taken at 30 min, 15u1
6f 50% acetic acid was added and duplicate 20ul samples were spotted onto P81 paper.
3.8ul of fresh enzyme and [732P]-ATP were added, and phosphorylation reactions were
continued for another 30 minutes, at which time a second 30ul aliquot was taken and
spotted onto P81 paper.
: Determination of K inetic Constants - Kinetic constants were determined from Lineweaver-
Burke plots using linear regression analysis. Each Ky, and Vmax value was determined at
least twice with a minimum of 8 different peptide concentrations per determination. Ky
values are reported as the mean values. Relative Vipax values, in pmol/min/ul of purified
enzyme, were expressed as a percentage of control peptide and were normalized for each
batch of enzyme used, as protein concentrations of the purified enzyme were too low to

measure by the standard methods.
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RESULTS

Immunological Characterization of Bovine Cytosolic Extracts and Purified
Brain PDK |

The existence of significant levels of p34¢dc2 in brain has been previously reported
(Draetta ez al., 1988). Speculation that p34¢dc2 in a such highly non-proliferative tissue may
have functions potentially unrelated to the cell cycle prompfed us to investigate the existence
of p34¢dc2 or immunologically related proteins in the cytosolic extracts from bovine brain.
We have three polyclonal antibodies that are directed against peptide sequences from
distinct regions of HeLa cell p34°dc2, A schematic representation of the epitopic sites for
these three antibodies is shown in Figure 1. The N-terminal antibody (N1-Ab) is derived
from a peptide sequence inr p34¢de2 that contains the G-X-G-X-X-G motif which.
constitutes a portion of the ATP binding site and also contains two highly‘ conseﬁed
regulatory phosphorylation sites, threonine 14 and tyrosine 15 (Lew e al., 1992a). The
PSTAIRE antibody is directed towards a 16-mer peptide sequence corresponding to this
highly conserved sequence region in functional cdc2 homologues (Lee and Nurse, 1987).
The C-terminal antibody (C1-Ab) is directed against the last 10 amino acid residues of
human p34¢d¢2, a sequence region that is unique in sequence in comparison to other p34¢dc2
homologues (Draetta and Beach, 1988). HeLa cell p34¢dc2, partially purified from whole
cell lysates according to the protocol described in the "Experimental Procedures", was used
as a positive control for all Western blots.

Cytosolic extracts, containing equal amounts of protein from bovine brain, were
resolved by SDS-PAGE and analyzed by Western blot using C-terminal, N—temﬁnal or
PSTAIRE antibodies. As shown in Figure 2, several immunoreactive bands in and around
the 34kDa region were present in crude bovine brain extracts. Two major C-terminal

immunoreactive bands that comigrated with p34¢dc2 were resolved. The higher molecular
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Figure 1: Epitopic Sites for C-terminal, PSTAIRE and N-terminal
Antibodies

Antibodies raised against synthetic peptides derived from three distinct regions of human
p34cde2, The N-terminal and PSTAIRE regions are highly conserved regions among

p34¢de2 homologues while the C-terminal region is more specific for human p34¢dc2,
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ANTIBODY SEQUENCE
1. N-terminal C-E-K-I-G-E-G-T-Y-G-V-V-Y-K
2. PSTAIRE C-E-G-V-P—S-T-A-I—R-E-I—S-L-L-K-E

3. C-terminal C-N-D-L-D-N-Q-I-K-K-M

28
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weight band at 35 kDa also appeared to cross react with PSTAIRE antibodies, as a Western
blot of crude extracts with both é-terminal and PSTAIRE mixed together did not indicate
the presence of a separate immunoreactive protein (Figure 2). In addition to this 35kDa
band, several other PSTAIRE immunoreactive proteins were detected, at approximately
45kDa, 30kDa and 28kDa. Only one major band at 33kDa was dete.cted with N-terminal
antibody in 100,000xg extracts, although a faint band at 35kDa has also been detected in
partially purified extracts (data not shown). The verification of the specificity of these
immunoreactive bands was not tested using an excess. of competing peptide, as all
antibodies used for Western blotting were affinity purified on peptide columns. The
possibility that some of these bands are proteolytic degradation products is possible but
highly unlikely, as extraction of cytosolic extract was performed in the presence of a battery
of protease inhibitors. These data are indicative of the presence of numerous proteins
sharing similar epitopic sites to those found in human p34¢de2 and suggest that there are
related forms that are distinct from the authentic p34¢dc2 protein in bovine brain extracts.

At this particular time, a protocol had been optimized for the purification of a
proline directed kinase whose substrate specificity appeared to resemble that of p34cdc2 a5
its activity required a C-terminal proline immediately following the phosphorylatable
residue on peptide substrates (Lew et al., 1992a). The protocol for purification of the brain
PDK (Lew et al., 1992a) is shown in Figure 3. The cytosolic fraction of bovine brain was
loaded on a DEAE-Sepharose column :connected directly to an Affigel blue column. Kinase
activity did not bind to the DEAE column and activity was eluted from Affigel blue column
with 1.5M NaCl. Additional chromatographic steps included Sepharose 4B,
hydroxylapatite, Superose 12 and finally Mono S FPLC chromatography; Kinase activity
was monitored with the pro-src peptide, a peptide derived from thfee p34°4e2 i vitro
phosphory}lation sites in 'pp6O°'Sf°. To investigate the possibility that one or more of the

p34¢de2 immunoreactive bands found on Western Blots corresponded to the active proline
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i

Figure 2: Western Blot of Cytosolic Extracts of Bovine Brain with N-
terminal, PSTAIRE and C-terminal Antibodies

Bovinebrain cytosolic extracts and partially purified HeLa cell p34¢dc2 were prepared as
described in the "Experimental Procedures" under purification procedures. Equai amounts
of protein were subjected to SDS-PAGE and then transblotted to Immobilon-P as described
in the "Experimental Procedures” with HeLa cell control in the lanes marked "a" and the
" bovine brain cytosolic extracts marked "b" . The membrane was then probed with N-
terminal, PSTAIRE or C-terminal primary antibody and alkaline phosphatase-linked
secondary antibody. Immunoreactive proteins were detected using BCIP and NBT as color

substrates. Immunoreactive proteins are indicated by the arrow markers.
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directed protein kinase, purified fractions from the Mono-S column were immunoblotted
with the three p34cdc2 antibé)dies and proline-directed kinase activity monitored with the
pro-src peptide. Fold purification in the pegk fraction of kinase activity was estimated to be
approximately 200,000 fold (Lew et al., 1992a). As shown in Figure 4A, N-terminal
immunoreactivity towards a 33kDa protein was present in Mono-S fractions 27 through 32,
with the peak of immunoreactivity occurring in fraction 28. This correlated with both
kinase activity towards the pro-src peptide as well as a 33kDa silver stained band on SDS
gels (data not shown (Lew et al., 1992a)). Antibodies towards the C-terminal region were
unable to detect any immunoreactive proteins in Mono-$ fractions (Figure 4C), while
antibodies towards the PSTAIRE sequence reacted weakly with the 33kDa N-terminal
immunéreactive protein (Figure 4B). The immunoreactive properties of this enzyme
indicated that the proline kinase was related to but distinct from authentic p34¢dc2,

The N-terminal antibody is directed to a region of p34¢dc2 which contains the triad
of glycines present in all protein kinases that is involved in ATP binding (Hanks et al.,
1988). 1t is possible that the N-terminal antibody is not specific for p34cdc2 and related
family members but can cross react with other protein kinases. To test this possibility,
several serine and threonine kinases as well as the tyrosine kinase, p56lyn (Cheng et al.,
1992, Litwin et al., ‘1991), purified from bovine spleen were tested for immunoreactivity
towards the N-terminal antibody (Figure 5). Only p34¢dc2 and the brain PDK displayed N-
terminal immunoreactivity when an equal or greater amount of the other protein kinases
was used, thus confirming the specificity of this antibody for p34¢dc2 and related family
members. Recently the 33@a subunit has been cloned and sequenced (Lew et al., 1992b).
Table 3 shows the sequences corresponding to peptides used to make the peptide
antibodies, HeLa cell p34°d¢2 and the corresponding sequence regions of the brain PDK

from the N-terminal and PSTAIRE regions. The sequence information from the-33kDa



Figure 3: Purification Scheme for the Brain Proline Directed Kinase
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Purification Scheme for Brain PDK
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Figure 4: Immunoreactive Properties of Mono-S Fractions Containing the
Brain PDK

Equal volumes of Mono-S fractions containing the brain PDK were electrophoresed and
transblotted onto Immobilon-P membranes as described in the "Experimental Procedures".
After incubation with (A) N-terminal, (B) PSTAIRE or (C) C-terminal primary antibody,
immunoreactive': bands were visualized using an alkaline phosphatase conjugated secondary

antibody and NBT/BCIP as substrates.
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Figure 5: Specificity of the p34¢dc2 N-terminal antibody

Purified protein kinases were applied to SDS-polyacrylamide gels and subsequentiy
transblotted to Immobilon-P. Membranes were probed with N-terminal antibody and
immunoreactive proteins were detected with alkaline phosphatase conjugated secondary
antibody as described in the "Experimental Procedures". Lane 1: HeLa p34cde2; Lane 2:
purified brain PDK (0.1ug); Lane 3: protein kinase C (0.5ug); Lane 4: cAMP-dependent
protein kinase (0.5ug); Lane 5: phosphorylase kinase (2.0pg); Lane 6: smooth muscle
myosin light chain kinase (0.61g); Lane 7: p561yn (0.1ug).
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Table 3: Sequence Comparison of HeLa cell p34¢dc2 and the Brain PDK in

N-terminal and C-terminal Regions

N-terminal PSTAIRE
‘%
Antibody C-E-K-I-G-E-G-T-Y-G-V-V-Y-K C-E-G-V-P-S-T-A-I-R-E-I-§-L-L-K-E

Brain PDK E-K-I-G-E-G-T-Y-G-T-V-F-K E-G-V-P-$-S-A-L-R-E-.C-L-LK-E

HeLa p34€dc2 gy 1GE.G-T-Y-G-V-V.YK E-G-V-P-S-T-A-I-R-E-I.S-L-LK-E
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subunit of the brain PDK correlates with its immunoreactive properties. The N-
terminal isequence has only two amino acid changes in the brain PDK; a threonine
replacing a valine residue and phenylalanine replacing a tyrosine residue. Within the
corresponding PSTAIRE region of the brain PDK, there are three amino acid substitutions:
a serine replacing threonine, leucine replacing_ isoleucine and cysteine replacing serine,
accounting for the weaker immunoreactive properties of the brain PDK towards PSTAIRE
antibodies. Corresponding regions of the brain PDK and HeLa cell p34°4c2 are completely

divergent, accounting for the inability of C-terminal antibodiés to recognize the brain PDK.

Substrate Specificity Characterization of the Brain PDK
The establishment of the brain PDK é.s, a member of the cdc2 kinase family and
accessibility to reasonable quantities of purified enzyme prompted us to examine some of
its biochemical and enzymological properties, in particular its substrate specificity. A
consensus motif for p34¢dc2 phosphorylation, S/T-P-X-K/R, has been proposed based on
the analysis of in vitro and in vivo phosphorylation sites of numerous p34cde2 gubstrates
(Moreno and Nurse; 1990). There are several key observations that led us to believe that a
similar consensus sequence could exist for the brain PDK. First, the brain PDK is
immunologically related to p34°d°2 and shows high sequence similarity to other cdc2 family
members (Lew et al., 1992b). Second, both p34¢dc2 and the brain PDK have an absolute
requirement for proline immediately C-terminal to the phosphorylatable residue on synthetic
peptide substrates (Lew ez al., 1992a) and both enzymes phosphorylate caldesmon and
neurofilaments H and M on identical sites as determined from tryptic peptide mapping
experiments (Lew et al., 1992b, Alan Mak, personal communication).
Synthetic peptides have not yet been used to test the proposed p'34°d°2 consensus
‘motif. Substrate specificity characterization of the brain PDK using synthetic peptides

would therefore represent one of the first studies of its kind for a purified cde2-family
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N
member. At the same time it would allow for the verification of specific residues within the

proposed p34¢dc2 consensus. Kinetic parameters for brain PDK-catalyzed phosphorylation
of three peptides, bradykinin, the pro-src peptide, and a histone-derived peptide, HS(1-
18), which contained the repeat phosphorylation site for the growth associated histone H1
kinase (Matthews and Huebner, 1984), are shown in Table 4. Representative plots of initial
rate versus substrate concentration and their corresponding Lineweaver-Burke plots are
shown in Figure 6 (bradykinin), Figure 7 (pro-src) and Figure 8 (HS(I'—18)). All three
peptides contained the proposed consensus sequence for phosphorylation by p34cdc2;
however, marked differences in kinetic parameters for the three peptide substrates were
observed. In agreement with previous data (Lew ez al., 1992a), the histone peptide HS(1-
18) was a much better substrate having an apparent Ky, value of SuM, well over two
orders of magnitude lower than those values for pro-src or bradykinin peptides, and a
relative Vmax two to three fold higher than either peptide. These differences in kinetic
parameters, particularly in the Km values, suggested that there might be other important
determinants in addition to what was contained in the proposed motif for p34cdc2
phosphorylation. The Ky, value for native histone was slightly higher than the 18-mer
peptide at 12uM, while the relative Vimax was almost identical (Table 4 and Figure 9). The
comparable kinetic parameters for native histone H1 and the histone peptide suggested that
determinants requifed for efficient phosphorylation of the intact protein were also contained
 within the histone peptide sequence.

Histone proteins are commonly used as in vitro substrates not only for p34¢dc2, put
also for other kinases such as cAMP dependent protein kinase, protein kinase C and CaM
kinase II. The ability of these enzymes to phosphorylate the full length histone peptide was
tested in order to address the specificity of this peptide for p34¢de2 and related kinases.
Phosphate incorporation into the full length histone peptide HS(1-18) was negligible for all

three enzymes (J. Lew, personal communication). In addition, synthetic peptides designed
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Table 4: Kinetic Parameters of Synthetic Peptide Substrates and Native

Histone H1 for the Brain PDK

Kinetic parameters were determined as detailed under "Experimental Procedures”. The

relative maximal velocity of the phosphorylation reaction, in pmols/min/ul of enzyme, was

expressed as a percentage of the full length histone peptide (HS(1-18)). Vmax/Km was also

expressed as a percent of the full length peptide.

Peptide

Sequence

Vmax Vmax/Km

%

control

HS(1-18)
Bradykinin

Pro-src

Histone

K-T-P-K-K-A-K-K-P-K-T-P-K-K-A-K-K-L
P-P-G-F-S-P-F-R

R-R-P-D-A-H-R-T-P-N-R-A-F

100
<0.1
<0.1

70
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Figure 6: Kinetic Plots for Bradykinin Phosphorylation
A representative plot of the effect of substrate concentration on the rate of phosphorylation
of bradykinin for the brain PDK is shown in panel A, with the corresponding Lineweaver-

Burke plot shown in panel B. Kinetic parameters were determined as described in the

"Experimental Procedures".
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Figure 7: Kinetic Plots for Pro-sr‘c Phosphorylation

A representative plot of the effect of substrate concentration on the rate of phosphorylation
of pro-src peptide for the brain PDK is shown in panel A, with the corresponding
Lineweaver-Burke plot shown in panel B. Kinetic parameters were deﬁermined as described

in the "Experimental Procedures”.
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Figure 8: Kinetic Plots for HS(1-18) Phosphorylation

A representative plot of the effect of substrate concentration on the rate of phosphorylation
of the full length histone peptide HS(1-18) for the brain PDK is shown in panel A, with the
corresponding Lineweaver-Burke plot shown in panel B. K:inetic parametérs were

determined as described in the "Experimental Procedures".
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Figure 9: Kinetic Plots for Histone H1 Phosphorylation

A representative plot of the effect of substrate concentration on the rate of phosphorylation
of winter flounder histone H1 for the Brain PDK is shown in panel A, with the
corresponding Lineweaver-Burke plot shown in panel B. Kinetic parameters were

determined as described in the "Experimental Procedures".
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as specific substrates for other protein kinases, including Kemptide, MLCK substrate
peptide and several protein kinase C pseudosubstrate peptides, were negligibly
phosphorylated by both p34¢dc2 and the brain PDK (Table 5). Thus the histone peptide
appears to be a specific and unique peptide substrate of cdc2-like protein kinases.

"The full length histone peptide (HS(1-18)) contains two possible p34°dc2 consensus
phosphorylation sites. Stoichiometry of phosphorylation revealed that bot‘h sites were
phosphorylated by the brain PDK (Table 6). If substrate concentration is expressed on the
basis of phosphorylation site rather than peptide, the Km value is therefore 10uM of
phosphorylation sites. Kinetic parameters for the full length histone peptide HS(1-18) and
the corresponding peptide having the first phosphorylatable residue replaced with alanine
are shown in Table 7. Substitution of the first phosphorylatable residue with an alanine
(HS(1-18)A2), resulted in a small Ky, increase, to 15uM, and also a drop in relative Vimax
(Table 7). These results suggest that the two phosphorylation sites in the histone peptide -
are independently phosphorylated with similar kinetics of phosphorylation. This is in
contrast to the previous observation that the phosphorylation of two proxi£na1 sites
(separated by 5 amino acid residues) in caldesmon by the HeLa p34¢dc2 kinase display
strong negative co-operativity (Mak et al., 1991a).

The amino acid sequence around the two phosphorylation sites of the histone
peptide HS(1-18) differ mainly in the amino terminal regions of the target residues. While
the threonine residue at position 2 of the full length peptide is preceded by a single lysine
residue, a number of lysine residues forming a positive charge cluster are present in the
amino terminal region of the threonine residue at position 11. The contribution of these
lysine residues to the peptide's substrate activity was examined using truncated peptide
analogues with successive deietions of the lysine residues. Table 7 shows that the substrate
activities of truncated peptides HS(4-18).and HS(9-18) are not markedly different from
that of HS(1-18), indicating that basic clusters N-terminal to the phosphorylatable .
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Table §: Relative Rates of Phosphorylation of Various Peptide Substrates
by Brain PDK and HeLa cell p34¢dc2

Kinase reactions were performed as described in the "Experimental Procedures” in the
presence of 5 mM HS(9-18) peptide, MLCK pseudosubstrate peptide, PKC ¢ and ¢
peptides, based on their respective pseudosubstrate domains, and a peptide derived from

myelin basic protein. Results are expressed as a percent of 32P incorporation into HS(9-

18).

Peptide Substrate Brain PDK HeLa p34cdc2
% 32P-incorporation

—_— e incorporalion

HS(9-18) ‘ ,

P-K-T-P-K-K-A-K-K-L 100 100

Kemptide

L-R-R-A-S-L-G 0.1 0.1

MLCK Peptide

K-K-R-A-A-R-A-T-S-N-V-F 49 ’ 0

PKC Peptides

E-R-M-R-P-R-K-R-Q-G-S-V-R-R-R-V' (PKC-¢) 6.8 9.5

G-E-D-K-$-I-Y-R-R-G-8-R-R-W-R-K-L (PKC-0) 0 6.3

A-QK-R-P-S-Q-R-S-K-Y-L (MBP) 0 6.3
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Table 6: Srtoichiometry of Phosphorylation of Histone Peptides

Phosphorylation reactions were performed as described in the "Experimental Procedures".

Values shown represent the average of three separate experiments, after incubation for 60

minutes.

Peptide Sequence

mole PO4-
mole peptide
—_— [NO7¢ péplide

HS(1-18) K-T-P-K-K-A-K-K-P-K-T-P-K-K-A-K-K-L
HS(1-18)A2 K-A-P-K-K-A-K-K-P-K-T-P-K-K-A-K-K-L
HS(4-18) K-K-A-K-K-P-K-T-P-K-K-A-K-K-L

HS(9-18) P-K-T-P-K-K-A-K-K-L

1.86
0.88
0.81
1.07
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Table 7: Influence of N-terminal Truncations on Kinetic Parameters for the

Brain PDK

Kinetic parameters were determined as detailed under "Experimental Procedures”. The
relative maximal‘velocity of the phosphorylation reaction, in pmols/min/ul of ehzyme, was

expressed as a percentage of the full length histone peptide (HS(1-18)). Vinax/Km was also

expressed as a percent of the full length peptide.

Peptide - Sequence Km ' Vmax Vmax/Km

% %
(M), control control

HS(1-18) K-T-P-K-K-A-K-K-P-K-T-P-K-K-A-K-K-L 5 100 100
HS(1-18)A2  K-A-PK-K-AK-KPKTIPKK-AKKL 15 66 24
HS(4-18) K-K-A-K-K-P-K-T-P-K-K-A-K-K-L 14 69 52

HS(9-18) P-K-T-P-K-K-A-K-K-L 6 82 70
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residue were not important for efficient substrate phosphorylation by the brain PDK. On
the other hand, deletion of tﬁe amino terminal proline residue from the peptide HS(9-18)
resulted in a peptide, HS(10-18) of markedly lower substrate activity (Table 8). Based on
these results, it was concluded that HS(9-18) represented the minimal size peptide substrate
that contained all of the important determinants for the brain PDK.

HS(9-18) was chosen as the parent peptide to investigate the effect of single amino
acid changes or deletions either N-terminal to the phosphorylatable residue, within the
proposed p34¢dc2 consensus sequence or C-terminal to the consensus sequence, on the
ability of the brain PDK to phosphorylate these peptide substrates. There are two residues,
a lysine and a proline that are N-terminal to the phosphorylatable residue. The proline at the
-2 position is a determinant for the MAP kinases (Clark-Lewis et al., 1991, Gonzalez et al.,
1991) and élso appears to contribute to efficient substrate phosphorylation by the brain
PDK. This observation was not due to contamination of the enzyme preparation with a
MAP kinase, as Western blots of the puriﬁéd enzyme preparation with anti-MAP kinase
antibodies shows no immunoreactivity (data not shown). Substitution of this proline
residue for an alanine ((HS(9-18)A9), or deletion of this residue resulted in approximately
a 4 or 10-fold increase ianm values respectively (Table 8). Further deletion of the lysine
residue resulted in a peptide, HS(11-18), showing an additional 10-fold increase in Km
value. The effect of this lysine deletion could effectively be reversed if the o-amino group
of the threonine residue was acetylated (Table 8). The result suggests that the lysine residue
at the -1 position does not contribute directly as a positive determinant, but neutralizes the
strong negative influence of the free ®-amino group of the target threonine residue. This
suggestion is supported by the observation that substitution of the lysine residue at the -1
position by alanine (HS(9-18)A10) does not significantly change the substrate activity of
the peptide (Table 8).
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Table 8: Influence of N-terminal Substitutions and Deletions on Kinetic

Parameters for the Brain PDK

Kinetic parameters were determined as detailed under "Experimental Procedures". The
relative maximal velocity of the phosphorylation reaction, in pmols/min/pl of enzyme, was
expressed as a percentage of the parent peptide (HS(9-18)). Viax/Km was also expressed

as a percent of the parent peptide.

Peptide Sequence : Km  Vmax Vmax’Km

% %
(uM) control control

HS(-18) . PK-T-PKKAKKL 6 100 100
HS(9-18)A9 AK-TPKKAKKL 24 95 49
HS(9-18)A10 P-A-T-P-K-K-A-K-K-L 4 107 145
HS(10-18) K-T-P-K-K-A-K-K-L 57 178 19
© HS(11-18) T-PK-K-A-KK-L 500 72 <1

HS(Ac11-18) Acetyl-T-P-K-K-A-K-K-L, 24 137 35
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The synthetic peptide approach is especially useful in the testing of proposed
sequence motifs for substrate activity- of protein kinases. An earlier study has already
demonstrated the dependence on proline residues at the +1 position for the substrate activity
of peptides pro-src and bradykinin (Lew et al., 1992a). Similarly, when proline 12 of
HS(9-18) is substituted with an alanine, the peptide HS(9-18)A12 is essentially inactive as
‘a substrate for the brain PDK. The importance of a positively charged residue at position
+3, another feature of the motif, is also verified using synthetic peptides. Substitution of
lysine 14 by alanine résults in over a 60-fold increase in Ky value of: the peptide, and a two
fold increase in Vmgax (Table 9)'. Some serine/threonine kinases are known to have a
preference for the amino acid residues they phosphorylate. For example, casein kinase II
prefers serine over threonine as the phosphoacceptor, as synthetic peptides containing a
serine had a 10-fold higher Vmax and 20-fold lower Ky, value than the equivalent
threonine containing peptide (Kemp, 1996). In addition, there is recent evidence for the
existence of dual specificity protein kinases, those able to phosphorylate serine, threonine
and tyrosine residues (Lindberg et al., 1992). The ability of the brain PDK to
phosphorylate histone-derived peptides containing serine, threonine or tyrosine was tested.
The brain PDK displayed no significant preference for serine or threonine residues (Table
-9), and peptide analogues having tyrosine substituted for threonine in HS(9-18) had ﬁo
substrate activity .

It has been proposed that a polar residue at the +2 position of the consensus motif
for p34¢de2 ig favored for efficient substrate phosphorylation (Moreno and Nurse, 1990).
When the lysine at the +2 position of the parent peptide HS(9-18) is changed to an alanine,
the Km value for HS(9-18)A13 increases almost 10-fold from 6uM to 50uM for the brain
PDK with a 60% increase in Vipax (Table 9). If the same amino acid is substituted by a
negatively charged residue (HS(9-18)D13), the Ky value increases over 100 fold relative

to the parent peptide and Vmax values decrease to less than 50% of the parent peptide
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Table 9: Influence of C-terminal Residues and Proposed Consensus

Sequence Amino Acid Residues on Kinetic Parameters for the Brain PDK

Kinetic parameters were determined as detailed under "Experimental Procedures”. The

relative maximal velocity of the phosphorylation reaction, in pmols/min/pl of enzyme, was

expressed as a percentage of the parent peptide (HS(9-18)). Vinax/Km was also expressed

as a percent of the parent peptide.

Peptide

Sequence

.%

HS(9-18)

HS(9-18)S11
HS(9-18)A14
HS(9-18)A13
HS(9-18)D13
HS(9-18)A16
HS(9-18)A17

HS(9-18)A16,A17

P-K-T-P-K-K-A-K-K-L
S .
S, B W—
SN, B W
N, S SO
S, B Y N
S, | B
S, , B A-A-eme-

Km Vmax Vmax/Km
(M) con?rol cor:yzrol
6 100 100
7 243 199
376 187 3
50 165 20
649 45 <1
26 140 33
27 152 34
155 132 5
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(Table 9). Clearly a positively charged amino acid is greatly favored over a negatively
charged residue at the +2 position for the brain PDK.

The presence of basic residues in the proposed p34¢dc2 consensus motif is clearly
important for efficient substrate phosphorylation by the brain PDK. To investigate the ‘
significance of the C-terminal basic cluster in HS(9-18), lysine residues at +5 and +6
positions relative to the phosphorylatable residue were substituted by alanine. Substitution
of either lysine residue, HS(9-18)A16 or HS(9-18)A17, results in approximately a 5-fold
increase in Ky values (Table 9), along with a 50% increase in Vmax. Substitution of both
lysine residues, (HS(9-18)A16,A17), causes a further increase in Km to a value 25 fold
higher than that of the parent peptide (Table 9), thus establishing the importance of basic
residues downstream from the consensus sequence for efficient substrate binding.

Substrate specificity determinants using synthetic peptides have not been elucidated
for various forms of p34¢dc2, The protocol used routinely for partial purification of p34cdc2
from colcemid treated HeLa cells involves p13sucl affinity chromatography followed by
hydroxylapatite chromatography. The exact composition of this preparation pertaining to
the specific forms of p34<dc2 present (ie. associated cyclins and/or phosphorylation states)
has not been characterized. Given this fact, in addition to the observation that other cdc2
homoiogues (cdk2 and cdk3) can bind to p13-Sepharose (Meyerson er al., 1992), kinetic
parameters for the partially purified "p34cdc2" kinase activity were not deduced.
Alternatively, initial rates of phosphorylation of the various peptide analogues at a single
peptide concentration were compared. Although not as informative as Km and Vmax
values, relative initial rates of iphosphorylation can lend some insight into p34cdc2
specificity determinants. The peptide analogues can be useful as analytical tools to
investigate cdc2-kinase substrate specificity as the various forms become purified in future.
Figure 10 represents initial rates of phosphorylation for both the brain PDK ana partially

purified p34¢de2 with histone peptides having amino acid substitutions within the proposed
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S/T-P-X-K/R motif. Relative rates of phosphorylation are expressed as a percentage of the
parent peptide HS(9-18). As expected, p34°dc2 kinase activity was proline dependent and
required the presence of a basic residue in the +3 position of substrate peptides for
favorable phosphorylation (Figure 10). As is the case with thé brain PDK, a basic amino
acid residue at the +2 position is clearly favored over an acidic or neutral residue, as relative
rates of phosphorylation for p34¢dc2 with peptides having an aspartic acid residue or alanine
in place of lysine were 10% and 50% of the parent peptide respectively (Figure 10).

In addressing the role of basic residues outside the proposed consensus motif,
p34¢dc2 and the brain PDK appear to share similar ;'equirements for a basic cluster
downstream from the phosphorylation site. These effects however are not as drastic as
those described for the brain PDK (Figure 11). Substitution of a 1ysine residue in HS(9-18)
at the +5 or +6 position results in a drop of relative rates of phosphorylation to
approximately 60% of the parent peptide. Substitution of both residues simultaneously
drops the relative rates of phosphorylation to approximately 25% of the parent peptide.
Substitution of the lysine residue immediately N-terminal to the phosphorylatable threonine
in HS(9-18) results in comparable rates of phosphorylation for p34°dc2 and the brain PDK
(Figure 11).

Pseudosubstrate peptides, those having phosphorylatable amino acids replaced with
an alanine or another non-phosphorylatable residue, have been reported to be adequate
inhibitors of their respective protein kinases- (Kemp, 1990). With the‘br:ain PDK, the
majority of peptide analogues showed altered Ky, values while Viax values were relatively
constant, suggesting that these peptide analogues could not be used as inhibitory peptides.
Histone peptide derivatives having the phosphorylatable threonine replaced with an alanine
or tyrosine residue (HS(9-18)A11 or HS(9-18)Y11), or a peptide having the proline at the
+1 position substituted by an alanine (HS(9-18)A12) were all very poor inhibitors for both



61

Figure 10: Relative Rates of Phosphorylation by the Brain PDK and
HeLa cell p34cde2 for Histone Peptide Derivatives Having Changes in the

Proposed p34cdc2 Consensus Sequence

The phosphorylation of synthetic peptides (5UM) was performed with purified brain
proline directed kinase and partially purified HeLa p34¢dc2 as described in the
"Experimental Procedures". Rates of phosphorylation are expressed as a percentage of
parent peptide HS(9-18). Single amino acid substitutions were made by feplacing
individual residues as indicated. Black bars represent phosphorylation reactions with brain

PDK and hatched bars represent reactions with p34¢cdc2,



62

Peptide
T A
T D

T A

T A

A

P-K-T-P-K-K-A-K-K-L

4 cdc2
H rDK

] ¢ 1

0 20
%

40 60 80 100 120
Phosphorylation of Control
Peptide HS(9-18)



63

Figure 11: Relative Rates of Phosphorylation by the Brain PDK and HeLa
cell p34cdc2 for Histone Peptide Derivatives Having Basic Amino Acid

Residues Substituted.

The phosphorylation of synthetic peptides (5SuM) was performed with purified brain
proline directed kinase or partially purified HeLa cell p34¢dc2 as described in the
"Experimental Procedures". Rates of phosphorylation are expressed as a percentage of the
* parent peptide HS(9-18). Black bars represent phosphorylation reactions performed with
purified brain PDK and hatched bars represent phosphorylation reactions performed with

HeLa cell p34cdc2,
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p34¢dc2 and brain PDK activity. Peptide concentrations up to 10 times the Ky value for
HS(9-18) had no effect on p34¢dc2 or PDK activity (data not shown).

The strong contribution of the basic residues in the histone peptide towards efficient
phosphorylation by both the brain PDK and p34¢dc2 inspired us to perform an initial
characterization of the effect of polycations on p34dc2 and the brain PDK-catalyzed
phosphorylation of HS(9-18). The effects of polylysine on cAMP-dependent protein
kinase-catalyzed phosphorylation of Kemptide was included to represent a kinase unrelated
to the cdc2-family. Preliminary expeﬂmeﬁts indicated that polylysine completely inhibited
p34¢dc2-catalyzed phosphorylation of HS(9-18) at 100nM, while this inhibitory effect was
not seen at 10nM. Closer examination of the effects of polylysine revealed that 50%
inhibition occured at approximately 30nM. The inhibitory effects of polylysine on brain
PDK kinase activity were markedly different, as only 50% of its activity was inhibited at
40mM. This resembled the inhibition of cAMP-catalyzed phosphorylation of Kemptide
(Figure 12). The ability of polylysine to inhibit p34¢dc2 kinase activity did not appear to
depend on the substrate used as similar effects were observed when native histone H1 was
used as a substrate. The inhibitory potency of polylysine towards p34cdc2 kinase activity
did however vary depending on the preparation of p34¢dc2, In a separate experiment,
inhibitory activity of polylysine was tested on two other preparations of HeLa cell p34cdc2,
For the first preparation, complete inhibition of cdc2 kinase activity was observed at a
polylysine concentration of 1mM. The second preparation showed 50% inhibition at
100nM. These observations, although preliminary, are interesting given the importance of
basic residues for efficient phosphorylation of synthetic peptides by the brain PDK. A more
careful examination of the effects of polycations'is required to substantiate these data and

lend further insight into their effects on cdc2-family members.
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Figure 12: The Effect of Polylysine on p34cdc2, PDK and cAMP-dependent
Kinase Activities |

Phosphorylation reactions were carried out as described in the "Experimental Procedures"
using SUM HS(9-18) as a peptide substrate for p34¢dc2 and the brain PDK and Kemptide as
a substrate for the cAMP-dependent protein kinase. Polylysine (24 kDa) was included at

the concentrations indicated.
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DISCUSSION

A 'clearexl' understanding of the function and regulation of p34¢cdc2 within the cell
cycle is now only; beginning to surface. As researchers have delineated the many complex
aspects of this process, they have uncovered a growing family of related enzymes whose
function and regulatory properties remain unclear. The existence of these related family
members, and their potential to possess functions that are outside of cell cycle control, is an
interesting prospect that merits further study. Techniques employing molecular biology and
yeast genetics have been predominant in the attempts of researchers to understand the
overall role of these enzyme species, while the biochemical and enzymological
characterization of these kinases, that is more suited for the elucidation of their mechanisms
of action, has been limited. It is our hope that this latter approach might result in many
interesting observations that further our understanding of the processes controlling cell
proliferation and regulation. The present study has focussed on the immunological and
substrate specificity characterization of a purified cdc2-related kinase from bovine brain for
“this purpose.

The 1dent1ﬁcat10n of a cdc2-related protein in bram was first reported by Draetta and
colleagues, who suggested that this protein, because it was present in such a highly non-
proliferative tissue, might function in a process unrelated to the cell cycle (Draetta et al.,
1988). Using cytosolic extracts prepared from various rat organs, they detected a 34kDa
protein that cross-reacted with polyclonal antibodies made against the yeast cdc2 protein,
and found high levels of this protein in brain cytosolic extracts. In addition Draetta and his
colleagues showed that PC12 cells, a cell line t};at undergoes differentiation to a neuronal
like state in response to nerve growth factor, showed no difference in the levels of this
p34cdc2_related protein in growth factor treated or untreated cells (Draetta et al., 1988).

Since this initial discovery, the existence of p34¢dc2 or p34¢dc2.Jike proteins in brain has
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revealed some controversial results. In contrast to Draetta's results, Hasimoto and
Kishimoto reported as unpublished results in a recent paper that a monoclonal PSTAIR
antibody and cDNA of mouse cdc2 failed to detect cdc2 protein or mRNA of cdc2,
respectively, in adult mouse brain (Hisanaga et al., 1991). This was substantiated in
another study using Northern blot analysis of neuronal precursor cells that revealed that
cdc2 mRNA was dramatically downregulated upon terminal differentiation of neurons
(Hayes ez al., 1991). More recently, however, M. Hellmich and his colleagues have cloned
a cdc2-like kinase from a rat.brain cDNA library that is 58% identical to mouse cdc?2 and is
localized at high levels in terminally differentiated neurons (Hellmich et al., 1992). In
addition to these observations, they supported previous findings in Northern blots that very
low levels of cdc2 and cdk?2 existed in adult rat brain. The apparent discrepancy of the
presence of p34¢dc2 in brain can be reconciled by the obvious existence of related cdc2
family members. Clearly there are other cdc2 homologues whose sequence Vdifferences
within certain regions account for the inability of these forms to react with antibodies or to

recognize cDNA probes derived from authentic yeast cdc2. On the other hand, the lack of
| specificity of certain cdc2 antibodies allows them to react with multiple cdc2 fainily
members. |
Western blots of bovine brain cytosolic extracts, using peptide antibodies derived
from three separate regions of p34¢dc2 (two of them being highly conserved among cdc2
family members), substantiates the existence of several p34cde2_related proteins in this
tissue. Immunological characterization of the brain PDK using three polyclonal antibodies
derived from human p34°d¢2 was instrumental in establishing it as a distinct cdc2-family
member. Brain PDK, resolved on a Mono-S FPLC column in the final stage of
purification, comigrated with a single band possessing very strong N-terminal
immunoreactivity, weaker PSTAIRE immunoreactivity and no immunoreactivity towards

C-terminal antibodies. Several other cdc2-related proteins present in crude bovine brain
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extracts react quite strongly with PSTAIRE antibodies. This in itself is interesting given
that this sequence is highiy conserved among functional cdc2-homologues and that
authentic cdc2 and cdk2 are present in low amounts in brain. Several of these proteins are
also of higher molecular weight than HeLa cell p34cdc2 suggesting that they possess
extensions in sequence beyond what constitutes the catalytic domain for p34¢de2, These
extensions might prove to be important regulatory domains for protein/protein interaction or
for targeting the enzyme to a particular location within the cell. This would not be unlikely,
as a 58kDa cdc2 homologue ‘cloned by Bunnell et al. contains what corresponds to a
calmodulin binding domain (Bunnell ez al., 1990). With the exception of the 33kDa
immunoreactive protein, evidence to indicate that any of the other immunoreactive proteins
in crude extracts represents an active kinase has yet to be established. The 35kDa protein
detected by Western blot that immunoreacts with all three antibodies could likely Tepresent a
protein more closely related to authentic p34¢de2, but attempts to resolve and correlate this
immunoreactive protein with proline directed kinase activity has so far proven
unsuccessful.

The recent cloning of the catalytic subunit of the brain PDK conclusively establishes
it as a member of the p34cdc2 family and substantiates the immunoreactive properties of this
enzyme. It is interesting to note from the sequence information that two amino acid changes
within the N-terminal region of the brain PDK still enable it to react strongly with N-
terminal antibodies whereas three fairly conservative amino acid substitutions within the
PSTAIRE region significantly reduce its immunoreactivity towards PSTAIRE antibodies .
The N-terminal antibody, although it was made against a peptide sequence that contains
certain conserved residues found in all protein kinases, does appear to be specific for cdc2-
family members. This antibody along with PSTAIRE and C-terminal peptide antibodies are
useful tools for the study of other cdc2-related proteins and can be used for the detection of

cdc2-related proteins in other tissues during various purification steps.
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The purification of a particular form of a cdc2-related protein enables one to address
the possibility that these forms may possess differences in their substrate specificity
determinants. In addition, given the immunological and structural relatedness of the brain
PDK to p34¢dc2, the identification of the downstream targets of the brain PDK and their
relatedness to known p34cdc2 sybstrates becomes a critical question. The potential
substrates for the brain PDK and the localization of likely phosphorylation sites in target
proteins is greatly facilitated by a knowledge of the primary determinants or a consensus
sequence required for substrate recognition. In the last several years, synthetic peptide
substrates have been used to define specific consensus sequence motifs for numerous
protein kinases and phosphatases (Kemp and Pearson, 1990, Kennelly and Krebs, 1991).
Synthetic peptides, while not a true representation of the phosphorylation sites in native
protein substrates, are effective tools for confirming specific determinants. Consensus
motifs for protein kinases allow for the identification of additional unknown substrates and
provide important information for the design of synthetic substrates that are specific for the
enzyme of interest. In addition, information obtained from detailed kinetic analysis of
synthetic peptide substrates may prove useful for the design of potential inhibitory
peptides.

The consensus sequence for p34°d°2 recognition was first proposed by Shenoy and
coworkers based on identified pp60¢-S™ phosphorylation sites during mitosis (Shenoy et
al., 1989). Moreno and Nurse, when examining the sequence features of six p34¢dc2
substrate proteins, found that seven out of eight sites conformed to this motif (Moreno and
Nurse, 1990). Using kinetic analysis of histone peptide analogues, based on in vivo
p34cde2 phosphorylation sites, the S/T-P-X-K/R motif has essentially been confirmed for
the brain PDK, a member of the cdc2-family. ’fhe proline residue at the +1 position is
indispensable as a substrate determinant, as replacement with an alanine residue abolishes

its substrate activity. The basic residue at the +3 position exerts a strong positive influence
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" on substrate activity, particularly in binding affinity, as replacement with an alanine residue
results in a 60-fold increase in Ky value. Finally, serine and threonine residues are
preferred phospho-acceptors as a histone peptide having tyrosine substituted for threonine
is not a substrate for the brain PDK.

The use of synthetic peptides to elucidate specificity determinants for protein
kinases also allows for the investigation of secondary determinants, those which improve
substrate activity but are not essential. These are not easily uncoveréd when
phosphorylation sites .in native proteins are scanned. In addition, the assessment of kinetics
of phosphorylation of specific sites in substrate proteins is usually difficult. In this study,
kinetic characterization of synthetic histone peptides has revealed several secondary
determinants for the brain PDK (see Figure 13). At the +2 position a basic residue is a
positive determinant, while an acidic residue at the same position is a negative determinant
for phosphorylation by the brain PDK. Additional basic residues at positions +5 and +6 are
positive determinants for phosphorylation of the histone peptide by the brain PDK, while
two other secondary determinants, the proline residue at the -2 position and a free oi-amino
group on the phosphorylatable residue, are found N-terminal to the phosphorylation site.
While each of the secondary determinants exerts a relatively small effect on the substrate
activity of the histone peptide, their effects appear to be cumulative. For example,
substitution of the lysine residue at the +5 or +6 position by alanine each brings about a 5-
fold increase in Kpy value. If these effects are cumulative, the Km value for a dual
substituted peptide would be expected to increase approximately 25-fold. This is in good
agreement with the experimental results comparing Ky values of the dual substituted
peptide and the parent peptide HS(9-18) (Table 4). The cumulative effects of secondary
determinants on the substrate activity may also to a large extent account for large

7 differences in the Ky, values for HS(1-18) when compared to pro-src and bradykinin
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Figure 13: Summary of the Positive and Negative Determinants for the
Brain PDK

~ The effects of amino acid substitutions within and §urrounding the p34¢cdc2 consensus
sequence that alter kinetic parameters for the brain PDK are shown. Amino acid
substitutions above the sequence contribute as positive determinants. “Amino acid
substitutions or the free amino terminus on the phosphorylatable residue below the

sequence contribute as negative determinants.
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peptides. All of these peptides contain the consensus motif, yet the Ky, values for
bradykinin and pro-src are 840 and 340-fold higher respectively than that of HS(1-18). If
all of the secondary determinants in HS(9-18) are substituted simultaneously, and the
effects of these determinants are cumulative, then the resulting peptide is expected to have
Km values approximately 650 fold higher than the parent peptide. This is comparable to the
differences observed for the Ky valueé for the histone-derived peptide and pro-src and
bradykinin.

To alarge extent, the substrate structural determinants in addition to those contained
in the consensus motif appear to account for the marked differences in K values. While
most of the determinants in the histone peptide appear to contribute to substrate binding
affinity, a comparison of histone peptides, pro-src and bradykinin peptides reveal that there
are also differences in relative Vmax, The determinants accounting for these differences in
relative Vmax have yet to be characterized for the brain PDK and may be attributable to the
presence of specific amino acids as yet undefined.

The MAP or ERK kinases are distantly related family members of the cdc2 kinase
family in sequence, bﬁt are even more diverse with respect to their mechanism of re.:gulation
(Pelech and Sanghera, 1992). It is noteworthy that the proline residue at the +1 position is
a critical determinant for both the MAP and cdc2 kinases and that the proline residue at the
-2 position, also a MAP kinase determinant (Clark-Lewis er al., 1991, Gonzalez et al.,
1991), appears to contribute somewhat to efficient substrate phosphorylation by the brain
PDK. In a recent review on MAP kinases, Pelech and Sanghera reported unpublished
results that efficient phosphorylation of peptide substrates derived from myelin basic
protein by p34¢dc2 also favored the presence of this N-terminal proline, therefore
confirming the results of this study (Pelech and Sanghera, 1992). It is unknown if the
MAP kinases share additional determinants C-terminal to the phosphorylatable residue that

are common to the brain PDK, such as a basic amino acid at the +3 position or the cluster
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of basic amino acids further C-terminal to the phosphorylation site. Gonzalez e al. in their
studies of the phosphorylation of EGF receptor-derived peptides by mammalian MAP
kinases, in addition to defining the P-X-S/T-P motif, also investigated the role of other
secondary detenniﬁants (Gonzalez et al., 1991). They found that, outside of this motif,
glutamate residues at -1 and +4 positions reduced the rate of phosphorylation by ERK1 and
ERK?2 kinases compared to peptides having a leucine or alanine residue at these positions.
A lysine or arginine residue at the -1 position also contributed as a secondary determinant to
favorable phosphorylation of peptide substrates by these two enzymes. This parallels our
observations seen with the brain PDK, in that basic residues generally appear to contribute
as positive determinants for efficient phosphorylation of substrates and acidic residues
contribute as negative determinants. It also lends further support to the overlapping
specificities of the cdc2 and MAP kinases. A careful study examining differences in
substrate specificity determinants for the MAP kinases and cdc2-family members would
address some of these ambiguities.

The phosphorylation sites of native proteins are much more complex than their
respective peptide substrates due to higher order structures. This is also likely to apply to
substrates of p34°dc2 and homologous kinases, although a comparison of the apparent Km
and Vmax values for native histone H1 and the HS(9-18) peptide indicate that all of the
necessary determinants are present in this p.eptide. Analysis of identified p34cdc2
phosphorylation sites in protein substrates, and comparison of these sequences with the
p34°dc2 consensus motif, reveal that the majority of sites contain the C-terminal proline
immediately following the phosphorylatable residue (Table 1). This proline residue,
assumed to be essential for p34¢dc2 and the brain PDK activity, is bypassed in certain
identified pro:tein substrates (Chou ez al., 1991, Satterwhite ez al., 1992). Pines and Hunter
have suggested that these sites are phosphorylated possibly because they adopt a similar B-

turn conformation to that in which a serine or threonine residue is followed by a proline
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(Pines and Hunter, 1990). More exceptions to the motif are noted when examining residues
in protein substrates at the +3 position. The requirements for this substrate determinant may
be more readily 'overcome in the higher order structures of protein substrates. The
additional secondary determinants elucidated in this study may not be expected to show a
very strong constraint on substrate activity of the phosphorylation site in native proteins.
Nonetheless, several sites in well established p34¢dc2 substrates, p53 and p110Rb, in
addition to histone H1, contain a cluster of basic aniino acids C-terminal to the
phosphorylation site. Peptides derived from these phosphorylation sites were characterized
in a recent study (Marshak et al., 1991) using purified human p34¢dc2, Both peptides
derived from large T-antigen and p53 were reasonable substrates for p34¢dc2 having Kpy
values of 74uM and 120uM, reSpéctively. These values are still 10 to 20-fold higher than
the reported Ky, value for the histone-derived peptide in this study. The peptides derived
from p53 and p110RP differ from the histone-derived peptide with respect to their
configuration of basic amino acids relative to the phosphorylation site. Examination of the
- exact number and spatial requirements of these basic residues that results in the most
favored configuration therefore requires further investigation.

Consepsus sequences for the various protein kinases constitute models of the
critical subs&ate recognition determinants for a particular protein kinase. As such, they are
expected to be reflected images of their corresponding substrate binding domains within
their respecﬁve protein kinase (Kennelly and Krebs, 1991). An understanding of how
particular regions of ‘a kinase are involved in substrate recognition necessitates a basic
knowledge of the higher order structure of protein kinases. In spite of their tremendous
diversity, all protein kinases share highly conserved features that, when they are aligned,
constitute their catalytic domain (Hanks et al., 1988). This catalytic domain, represented by
amino acids ”40 to 280 of the cAMP-dependent protein kinase, is subdivided into 11 major

conserved subdomains that are separated by regions of more diverse sequence structure
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depending on the protein kinase. The elucidation of the crystal structure of the catalytic
subunit of the cAMP-dependent protein kipase and its associated inhibitor peptide has
provided important clues in understanding how these conserved residues fit into the three
dimensional structure of protein kinases and support the very complex nature of
kinase/substrate interactions (Knighton et al., 1991a, Knighton et al., 1991b). The fact that
all known kinases share this conserved catalytic core allows for the crystal structure of
cAMP-dependent protein kinase to serve as a template for yiewing‘the catalytic domains of
other protein kinases. Briefly, the crystal structure of the A-kinase catalytic subunit,
represented by a ribbon diagram in Figure 14, consists of a bi-lobed structure, separated by
a cleft between tﬁe two lobes. The N-terminal portion of the protein, from amino acid
residues 40 to 125, is associated with the small lobe. It contains predominantly B-strands,
but has one a-helical region. Eé.rly chemical data along with the crystal structure have
verified the function of this region to be associated with nucleotide binding (Kniéhton et
al., 1991a, Knighton et al., 1991b). The C-terminal region of the protein constitutes the
core of the large lobe which is predominantly helical in structure. The large lobe of A-
kinase contains nearly all of the features important for peptide recognition, as the consensus
region for the A-kinase inhibitor peptide lies along the surface of the cleft corresponding to
the large lobe (Knighton et al., 1991a).

‘ Given the favorable properties of basic residues within the4 histone-derived peptide
substrate on both p34°d¢2 and the brain PDK activity, a corresponding acidic domain in
these kinases may function as a component of t!le substrate binding domain. There is a
cluster of acidic amino acids just preceding the PSTAIRE region of human p34¢dc2 and
several of its homologues including the brain PDK. This region has been shown by site
directed mutagenesis of S. pombe p34¢dc2 to be important for cyclin binding (Brambilla ez
al., 1991). Alignment of.the p34¢de2 sequence with the A-kinase crystal structure reveals

that this acidic cluster (corresponding to amino acids 77 to 81 of the A-kinase sequence) is
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Figure 14: Schematic Diagram of the Crystal Structure of the cAMP-

dependent Protein Kinase

A ribbon diagram representing the crystal structure of the cAMP-dependent protein kinase
is shown (Knighton ez al., 1991a).
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predicted to be located in a single o-helical region of the small lobe that lies above the cleft.
It can be speculated that this region may function as pérc of the substrate binding domain,
forming some sort of electrostatic interaction with the basic residues of the histone-
substrate peptides. The identification of structural determinants involved in binding the A-
kinase inhibitor peptide to be localized in the large lobe and evidence to suggest the
involvement of this basic region in cyclin binding, do not support this notion. In addition
the bend or kink that the consensus proline is predicted to exert in substrate proteins might
alter the structure such that the basic residues are directed away from this acidic cluster
when the substrate is bound to the enzyme. Nonetheless, if the acidic cluster does not
function as part of the substrate binding domain, it may well function as a targeting
domain, with its corresponding bound cyclin, directing substrate proteins to the enzyme
active site. Preliminary studies have also indicated that p34cdc2 activity is inhibited by
polylysine. The acidic box in p34°dc2 also makes this an attractive site for interaction with
polylysine. Given the involvement of this region in cyclin binding, polylysine could
effectively be inhibiting p34¢dc2 kinase activity through displacement of its cyclin regulatory
subunit. The answers to some of these questions could be addressed using site directed
mutagenesis of these acidic residues in p34°dc2 or the brain PDK and examining the kinetic
properties of these mutated forms towards various histone-derived peptides and the effects
of polycations on their activity. Ultimately, resolution of the crystal structure of p34cdc2
complexed with cyclin and its substrate peptide would lend further insight into its‘
mechanism of catalysis and address the role of the acidic cluster in p34cdc2 homologues and
its potential involvement in substrate binding and/or binding of polycation inhibitors.

Several interesting analogies can be drawn from the identified structural
determinants for the brain PDK deduced in this study and what is known about the
structural determinants for another protein kinase, casein kinase II. Casein kinase II, a

widely distributed tetrameric serine/threonine kinase composed of two o subunits and two
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B subunits, is likely to play a role in a wide variety of signal transduction events (Pinna,
1990 for review). As basic residues within histone-derived peptides are favorable
determinants for the brain PDK and p34¢dc2, substrate specificity determinants for casein
kinase II have been shown to require the presence of acidic amino acid residues
immediately C-terminal to the phosphorylation site from positions +1 t‘o +3, with the
optimum position being +3 (Kemp, 1990, Kennelly and Krebs, 1991). Optimizing factors
for the efficient phosphorylation of substrate péptides, in addition to the acidic residues at
the +3 position, include the presence of acidic residues N-terminal to the phosphorylation
site or an extension of acidic amino acids further C-terminal to the +3 position (Kemp,
1990). The overall number of acidic residues in substrate peptides is critical for determining
substrate binding affinity by lowering K values. Whereas phosphorylation of histone-
derived peptides is hampered by the presence of acidip amino acids within the consensus
sequence, casein kinase II catalyzed phosphorylation is hampered by the presence of basic
amino acids both C-terminal and N-terminal to the phosphorylation site of substrate
peptides, in positions where neutral amino acid substitutions on substrate peptides do not
affect kinetic parameters. Casein kinase II is also inhibited by the polyanions heparin and
polyaspartate and stimulated by polycations (Pinna, 1990). Alignment of the amino acid
sequence of casein kinase II with that of A-l;inase also reveals a polycation stretch of amino
acids highly conserved among casein kinase II family members in the same region as the
acidic cluster for p34¢dc2 and the brain PDK (Hanks et al., 1988). It has been suggested
that this region in casein kinase II could facilitate substrate binding since preferred casein
kinase II targets contain acidic residues (Pinna, 1990). Site directed mutagenesis of the
casein kinase II o subunit, mutating two lysine residues within this polycation stretch,
increased the ICsq for heparin inhibition 70-fold, but had no effect on the bind{ing affinity
of subsi:rates (Hu and Rubin, 1990). This implied that this basic stretch in casein kinase II

was important for heparin binding but not for substrate binding. This was further
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supported by studies showing that peptides made against this basic cluster of amino acids
could effectively reverse heparin inhibition of casein kinase II (Charlton et al., 1992).

In spite of the very intensive studies of ‘cdc2 kinase in the last several years, this
work represents the first attempt to investigate the substrate determinants for a purified
cdc2-family member using synthetic peptides. We have used synthetic peptide substrates
derived from histone H1 to characterize the determinants for a novel cdc2-like kinase
purified from bovine brain. The data presented in this study demonstrate that both the brain
PDK and p34¢dc2 share common in vitro specificity detérmihants, although a detailed
analysis of the substrate specificity for p34¢dc2 and its various forms has not yet been
undertaken. While this present study has defined the structural determinants of substrates
for the brain PDK, it can also provide us with some insight into p34¢dc2 kinase substrate
specificity. With the existence of multiple forms of cdc2 kinases and cyclins, and evidence
to suggest that different forms have different in vitro substrate specificities (Brizuela et al.,
1989, Elledge et al., 1992, Matsushime et al., 1992), the set of substrate peptides prepared
in this study may be useful in defining possible differences in substrate specificity for these
various forms. Such studies await the availability of purified samples of the various cdc2

family members and their respective complexes.



84
REFERENCES

Arion, D., Meijer, L., Brizuela, L. and Beach, D. (1988). cdc2 is a component of the
M phase-specific histone H1 kinase: evidence for identity with MPF. Cel]
55, 371-378.

Bailly, E., McCaffrey, M., Touchot, N., Zahraoui, A., Goud, B. and Bornens, M.
(1991). Phosphorylation of two small GTP-binding proteins of the Rab
family by p34¢dc2, Ngrure 350, 715-7188.

Beach, D., Durkacz, B. and Nurse, P. (1982). Functionally homologous cell cycle
control genes in budding and fission yeast. Nature 300, 706-709.

Belle, R., Derancourt, J., Poulhe, R., Capony, J.P., Ozon, R. and Mulner, L.O. (1989).
A purified complex from Xenopus oocytes contains. a p47 protein,' an in
vivo substrate of MPF, and a p30 protein respectively homologous to
elongation factors EF-1y and EF-1B . Febs Lerr. 255, 101-104.

Bischoff, J.R., Friedman, P.N., Marshak, D.R., Prives, C. and Beach, D. (1990).
Human p53 is phosphorylated by p60-cdc2 and cyclin B-cde2. Proc. Natl.
Acad. Sci. U. S. A. 87, 4766-4770.

Booher, R.N., Alfa, C.E., Hyams, J.S. and Beach, D.H. (1989). The fission yeast
cdc2/edcl3/sucl protein kinase: regulation of catalytic activity and nuclear
localization. Cell 58, 485-497.

Brambilla, P., Ducommun, B. and Draetta, G. (1991). cdc2 protein kinase:
interactions with cyclins and sucl. Cold Spring Harb. Symp. Quant. Biol. 56,
515-521.

Bretscher, A. (1986). Caldesmon: Role in Smooth Muscle Contraction. Nature
321, 726-7217.

Brizuela, L., Draetta, G. and Beach, D. (1987). p13sucl acts in the fission yeast
cell division cycle as a component of the p34cdc2 protein kinase. EMBO J. 6,
3507-3514.



85
Brizuela, L., Draetta, G. and Beach, D. (1989). Activation of human CDCZ‘protein
as a histone H1 kinase -is associated with complex formation with the p62
subunit. Proc. Natl. Acad. Sci .U. S. A. 86, 4362-4366.

Bunnell, B.A., Heath, L.S., Adams, D.E., Lahti, JM. and Kidd, V.J. (1990).
- Increased expression of a 58-kDa protein kinase leads to changes in the
CHO cell cycle. Proc. Natl. Acad. Sci. U. S. A. 87, 7467-7471.

Carpino, L.A. and Han, G.Y. (1970). J. Amer. Chem. Soc. 92, 5748-5749.
Carpino, L.A. and Han, G.Y. (1972). J. Org. Chem. 37, 3404-3409.

Chackalaparamil, I. and Shalloway, D. (1988). Altered Phosphorylation and
Activation of pp60¢-sr¢ during Fibroblast Mitosis. Cell 52, 801-810.

Charlton, L.A., Sanghera, J.S., Clarke-Lewis, . and Pelech, S.L. (1992). Structure-
Function Analysis of Casein Kinase II with Synthetic Peptides and
Antipeptide Antibodies. J. Biol. Chem. 267, 8840-8845.

Cheng, H.C., Nishio, H., Hatase, O., Ralph, S. and Wang, J.H. (1992). A synthetic
peptide derived from p34cdc2 is a specific and efficient substrate of sre-
family tyrosine kinases. J. Biol. Chem. 267, 9248-9256.

Chou, YLH., Bischoff, J.R., Beach, D. and Goldman, R.D. (1990). Intermediate
filament reorganization during mitosis is mediated by p34cdc2
phosphorylation of vimentin. Cell 62, 1063-1071. '

Chou, Y.H., Ngai, K.L. and Goldman, R. (1991). The regulation of intermediate
filament reorganization in mitosis. p34¢dc2 phosphorylates vimentin at a
unique N-terminal site. J. Biol. Chem. 266, 7325-7328.

Cisek, L.J. and Corden, J.L. (1989). Phosphorylation of RNA polymerase by the
murine homologue of the cell-cycle control protein cdc2. Nature 339, 679-
684.

Clark-Lewis, L., Sanghera, J.S. and Pelech, S.L. (1991). Definition of a consensus
sequence for peptide substrate recognition by p44mpk, the meiosis-activated
myelin basic protein kinase. J. Biol. Chem. 266, 15180-15184.



86
Clarke, P.R., Leiss, D., Pagano, M. and Karsenti, E. (1992). Cyclin A- and cyclin

B-dependent protein kinases are regulated by different mechanisms in -
Xenopus egg extracts. EMBO J. 11, 1751-1761.

Colasanti, J., Tyers, M. and Sundaresan, V. (1991). Isolation and characterization
of cDNA clones encoding a functional p34cdc2 homologue from Zea mays.
 Proc. Natl. Acad. Sci. U. S. A. 88, 3377-3381.

Courchesne, W._E., Kunisawa, R. and Thorner, J. (1989). A putative protein kinase
overcomes pheromone-induced arrest of cell cycling in S. cerevisiae. Cell
58, 1107-1119.

Draetta, G. (1990). Cell cycle control in eukaryotes: molecular mechanisms of
cdc2 activation. Trends Biochem. Sci. 15, 378-383.

Draetta, G. and Beach, D. (1988). Activation of cdc2 protein kinase during
mitosis in human cells: cell cycle-dependent phosphorylation and subunit
rearrangement. Cell 54, 17-26.

Draetta, G., Beach, D. and Moran, E. (1988). Synthesis of p34, the mammalian
homolog of the yeast cdc2+/CDC28 protein kinase, is stimulated during

adenovirus-induced proliferation of primary baby rat kidney cells. Oncogene
2, 553-557.

Draetta, G., Brizuela, L., Potashkin, J. and Beach, D. (1987). Identification of p34
and pl13, human homologs of the cell cycle regulators of fission yeast
encoded by cdc2+ and suclt. Cell 50, 319-325.

Draetta, G., Luca, F., Westendorf, J., Brizuela, L., Ruderman, J. and Beach, D. (1989).
Cdc2 protein kinase is complexed with both cyclin A and B: evidence for
proteolytic inactivation of MPF. Cell 56, 829-838.

Ducommun, B., Brambilla, P., Felix, M.A., Franza, B.J., Karsenti, E. and Draetta, G.

(1991). cdc2 phosphorylation is required for its interaction with cyclin.
EMBO J. 10, 3311-3319.

Dulic, V., Lees, E. and Reed, S.I. (1992). Association of human Cyclin E with a
Periodic G1-S phase protein kinase. Science 257, 1958-1961.



87

Dunphy, W.G., Brizuela, L., Beach, D. and Newport, J. (1988). The Xenopus cdc2
protein is a component of MPF, a cytoplasmic regulator of mitosis. Cell 54,
423-431. '

Dunphy, W.G. and Newport, J.W. (1989). Fission yeast p13 blocks mitotic
activation and tyrosine dephosphorylation of the Xenopus cdc2 protein
kinase. Cell 58, 181-191. ’

Durkacz, B., Carr, A. and Nurse, P. (1986). Transcription‘ of the cdc2 cell cycle
control gene of the fission yeast Schizosaccharomyces pombe. EMBO J.5,
369-373.

Dutta, A. and Stillman, B. (1992). edc2 family kinases phosphorylate a human
cell DNA replication factor, RPA, and activate DNA replication. EMBO J.
11, 2189-2199.

"Elion, E.A., Grisafi, P.L. and Fink, G.R. (1990). FUS3 encodes a cdc2+/CDC28-
related kinase required for the transition from mitosis into conjugation. Cell
60, 649-664. '

Elledge, S.J., Richman, R., Hall, F.L., Williams, R.T., Lodgson, N. and Harper, J.W.
(1992). CDK2 encodes a 33-kDa cyclin A-associated protein kinase and is
expressed before CDC2 in the cell cycle. Proc. Natl. Acad. Sci.U. S. A. 89,
2907-2911.

Elledge, S.J. and Spottswood, M.R. (1991). A new human p34 protein kinase,
CDK2, identified by complementation of a cdec28 mutation in

Saccharomyces cerevisiae, is a homolog of Xenopus Egl. EMBO J. 10, 2653-
2659.

Enoch, T., Peter, M., Nurse, P. and Nigg, E.A. (1991). p34¢dc2 acts as a lamin
kinase in fission yeast. J. Cell Biol. 112, 797-807.

Erikson, E. and Maller, J.L. (1989). Biochemical characterization of the p34cdc2
protein kinase component of purified maturation-promoting factor from
Xenopus eggs. J. Biol. Chem. 264, 19577-19582.



88
Evans, T., Rosenthal, E.T., Youngbloom, J., Distel, D. and Hunt, T. (1983). Cyclin: A
protein Specified by Maternal mRNA in Sea Urchin Eggs That is Destroyed
at Each Cleavage Division. Cell 33, 389-396.

Fang, F. and Newport, J.W. (1991). Evidence that the Gi-S and G2- M

transitions are controlled by different cdc2 proteins in higher eukaryotes.
Cell 66, 731-742.

Felix, M.A., Labbe, J.C., Doree, M., Hunt, T. and Karsenti, E. (1990). Triggering of
cyclin degradation in interphase extracts of amphibian eggs by cdc2 kinase.
Nature 346, 379-382.

Gautier, J., Minshull, J., Lohka, M., Glotzer, M., Hunt, T. and Maller, J.L. (1990):

Cyclin is a component of maturation-promoting factor from Xenopus. Cell
60, 487-494.

Gautier, J., Norbury, C., Lohka, M., Nurse, P. and Maller, J. (1988). Purified
maturation-promoting factor contains the product of a Xenopus homolog of
the fission yeast cell cycle control gene cdc2+. Cell 54 433-439.

Gonzalez, F.A., Raden, D.L. and Davis, R.J. (1991). Identification of substrate
Recognition determinants for Human ERK1 and ERK2 protein Kinases. J.
Biol. Chem. 266, 22159-22163.

Gould, K.L., Moreno, S., Owen, D.J., Sazer, S. and Nurse, P. (1991).
Phosphorylation at Thr167 is required for Schizosaccharomyces pombe
p34cde2 function. EMBO J. 10, 3297-3309.

Gould, K.L. and Nurse, P. (1989). Tyrosine phosphorylation of the fission yeast
cdc2+ protein kinase regulates entry into mitosis. Nature 342, 39-45.

Guan, R.J,, Hall, F.L. and Cohlberg, J.A. (1992). Proline-directed protein kinase

(p34cde2/psgeyelin Ay phosphorylates bovine neurofilaments. J. Neurochem.
58, 1365-1371.

Hadwiger, J.A., Wittenberg, C., Richardson, H., de Baros Lopes, M. and Reed, S.I.
(1989). A Family of cyclin homologs that control G; Phase in Yeast. Proc.
Natl. Acad. Sci. U.S.A. 86, 6255-6259.



89 -
Hall, F.L., Braun, R.K., Mihara, K., Fung, Y.K., Berndt, N., Carbonaro, H.D. and
Vulliet, P.R. (1991). Characterization of the cytoplasmic proline-directed
protein kinase in proliferafive cells and tissues as a heterodimer comprised
of p34cdc2 and p58eyelin A, . Biol. Chem. 266, 17430-17440.

Hanks, S., Quinn, AM. and Hunter, T. (1988). The Protein Kinase Family:
Conserved Features and Deduced Phylogeny of the Catalytic Domains.
Science 241, 42-52.

Hanks, S.K. (1987). Homology probing: identification of c¢DNA clones
encoding members of the protein-serine kinase family. Proc. Natl. Acad. Sci.
U.S. A. 84, 388-392.

Harlow, E. and Lane, D. (1988). Antibodies, A Laboratory Manual. 283-318

Hayes, T.E., Valtz, N.L. and McKay, R.D. (1991). Downregulation of CDC2 upon
terminal differentiation of neurons. New Biol 3, 259-2609.

Hayles, J., Beach, D., Durkacz, B. and Nurse, P. (1986). The fission yeast cell
cycle control gene cdc2: isolation of a sequence sucl that suppresses cdc2
mutant function. Mol. Gen. Gener 202, 291-293.

Heald, R. and McKeon, F. (1990). Mutations of phosphorylation sites in lamin A
that prevent nuclear lamina disassembly in mitosis. Cell 61, 579-589.

Hellmich, M., Pant, H.C., Wada, E. and Battey, J.F. (1992). Neuronal cdc2-like
kinases: A cdc2-related protein kinase with predominantly neuronal
expression. Proc. Natl. Acad. Sci. U. S. A. 89, 10867-10871.

Hindley, J., Phear, G., Stein, M. and Beach, D. (1987). Sucl* encodes a predicted
13-kilodalton protein that is essential for cell viability and is directly
involved in the division cycle of Schizosaccharomyces pombe. Mol. Cell.
Biol. 7, 504-511.

Hirayama, T., Imajuku, Y., Anai, T., Matsui, M. and Oka, A. (1991). Identification of
two cell-cycle-controlling cdc2 gene homologs in Arabidopsis thaliana.
Gene 105, 159-165. |



90
Hirt, H., “Pay, A., Gyorgyey, J., Bako, L., Nemeth, K., Bogre, L., Schweyen, R.J.,
Heberle, B.E. and Dudits, D. (1991). Complementation of a yeast cell cycle
mutant by an alfalfa ¢cDNA encoding a protein kinase homologous to
p34¢d<2, Proc. Natl. Acad. Sci. U. S. A. 88, 1636-1640.

Hisanaga, S., Kusubata, M., Okumura, E. and Kishimoto, T. (1991). Phosphorylation
of neurofilament H subunit at the tail domain by CDC2 kinase dissociates
the association to microtubules. J. Biol. Chem. 266, 21798-21803.

Hu, E. and Rubin, C.S. (1990). Expression of Wild Type and Mutated Forms of
the Catalytic Subunit of Caenorhabditis elegans Casein Kmase II in
Escherischia coli. J. Biol. Chem 265, 20609-20615.

Irie, K., Nomoto, S., Miyajima, I. and Matsumoto, K. (1991). SGV1 encodes a
CDC28/cdc2-related kinase required for a Go subunit-mediated adaptlve

response to pheromone in S. cerevisiae. Cell 65, 785-795.

Izumi, T. and Maller, JL. (1991). Phosphorylation of Xenopus cyclins B1 and
B2 is not required for cell cycle transitions. Mol. Cell. Biol. 11, 3860-3867.

Janssen, G.M., Morales, J., Schipper, A., Labbe, J.C., Mulner, L.O., Belle, R. and
Moller, W. (1991). A major substrate of maturation promoting factor identified
as elongation factor 1 Byd in Xenopus laevis. J. Biol. Chem. 266, 14885-14888.

Jimenez, J., Alphey, L., Nurse, P. and Glover, D.M. (1990). Complementation of
fission ‘yeast cdc2ts and cdc25ts mutants identifies two cell cycle genes
from Drosophila: a cdc2 homologue and string. EMBO J. 9, 3565-3571.

Johnson, K.W. and Smith, K.A. (1991). Molecular Cloning of a Novel Human
cdc2/CDC28-like Protein Kinase. J. Biol. Chem. 266, 3402-3407.

Kemp, B.E. and Pearson, R.B. (1990). Protein Kkinase recognition sequence
motifs. Trends Biochem. Sci. 15, 342-346.

Kennelly, P.J.-and Krebs, E.G. (1991). Consensus Sequences as Substrate
Specificity Determinants for Protein Kinases and Protein Phosphatases J.
Biol. Chem. 266, 15555-15558.



91
Kipreos, E.T. and Wang, J.Y. (1990). Differential phosphorylation of c-Abl in

cell cycle determined by cdc2 kinase and phosphatase activity. Science 248,
217-220.

Knighton, D.R., Zheng, J., Ten Ecyk, L.F., Xuong, N.-H., Taylor, S.S. and Sowadski,
J.M. (1991a). Structure of a Peptide Inhibitor Bound to the Catalytic Subunit
of Cyclic Adenosine Monophosphate-Dependent Protein Kinase. Science 253,
'414-420. ‘

Knighton, D.R., Zheng, J., Ten Eyck, L.F., Ashford, V.A., Xuong, N.-H., Taylor, S.S.
and Sowadski, J.M. (1991b). Crystal structure of the Catalytic Subunit of
Cyclic Adenosine Monophosphate-Dependent Protein Kinase. Science 253,
407-414.

Koff, A., Cross, F., Fisher, A., Schumacher, J., Leguellec, K., Philippe, M. and
Roberts, J.M. (1991). Human cyclin E, a new cyclin that interacts with two
members of the CDC2 gene family. Cell 66, 1217-1228.

Koff, A., Giordano, A., Desai, D., Yamashita, K., Harper, J.W., Elledge, S.,
Nishimoto, T., Morgan, D.O., Franza, B.R. and Roberts, J.M. (1992). Formation and
Activation of Cyclin E-cdk2 during G phase of Human Cell Cycle. Science
257, 1689-1694.

Krek, W. and Nigg, E.A. (1989). Structure and developmental expressidn of the
chicken CDC2 kinase. EMBO J. 8, 3071-3078.

Krek, W. and Nigg, E.A. (1991a). Differential phosphorylation of vertebrate
p34cdc2 kinase at the G1/S and G,/M transitions of the cell cycle:
identification of major phosphorylation sites. EMBO J. 10, 305-316.

Krek, W. and Nigg, E.A. (1991b). Mutations of p34¢dc2 phosphorylation sites
induce premature mitotic events in HeLa cells: evidence for a double block
to p34¢de2 kinase activation in vertebrates. EMBO J. 10, 3331-3341.

Kusubuta, M. (1992). p13sucl Suppresses the Catalytic Function of p34¢d°2
kinase for Intermediate Filament Proteins, in vitro. J. Biol. Chem. 267, 20937-
20942,



92
Labbe, J.C., Capony, J.P., Caput, D., Cavadore, J.C., Derancourt, J., Kaghad, M.,
Lelias, J.M., Picard, A. and Doree, M. (1989). MPF from starfish oocytes at first
meiotic metaphase is a heterodimer containing one molecule of cdc2 and
one molecule of cyclin B. EMBO J. 8, 3053-3058.

Labbe, J.C., Lee, M.G., Nurse, P., Picard, A. and Doree, M. (1988). Activation at M-
phase of a protein kinase encoded by a starfish homologue of the cell cycle
control gene cdc2+, Nature 335, 251-254.

Labbe, J.C., Picard, A., Peaucellier, G., Cavadore, J.C., Nurse, P. and Doree, M.
(1989). Purification of MPF from starfish: identification as the H1 histone

kinase p34c¢dc2 and a possible mechanism for its periodjc activation. Cell 57,
253-263.

Laemmli, UK. (1970). Cleavage of structural proteins during assembly of the
head of bacteriophage T4. Nature 227, 680-689.

Langan, T.A. (1982). Characterization of Highly Phosphorylated
Subcomponents of Rat Thymus Histone H1. J. Biol. Chem. 257, 14835-14846.

Langan, T.A., Gautier, J., Lohka, M., Hollingsworth, R., Moreno, S., Nurse, P.,
Maller, J. and Sclafani, R.A. (1989). Mammalian growth-associated H1 histone
kinase: a homolog of cdc2+/CDC28 protein kinases controlling mitotic
entry in yeast and frog cells. Mol .Cell. Biol. 9, 3860-3868.

' Langan, T.A., Zellig, C.E. and Leichtling, B. 7(1980). Analysis of Multiple site
- Phosphorylation of Histone H1 in Protein Phosphorylation and Bioregulation
ed.T.J. Podesta and J. Gordon, S.Karger, Basel, 70-82

Lapidot, L.Y., Patinkin, D., Prody, C.A., Ehrlich, G., Seidman, S., Ben, AR.,
Benseler, F., Eckstein, E., Zakut, H. and Soreq, H. (1992). Clonihg and antisense
oligodeoxynucleotide inhibition of a human homolog of cdc2 required in
hematopoiesis. Proc. Natl. Acad. Sci. U. S. A. 89, 579-583.

Lee, M.G. and Nurse, P. (1987). Complementation used to clone a human

homologue of the fissionlyeast cell cycle control gene cdc2. Nature 327, 31-
35.



93
Lehner, C.F. and O'Farrell, P.H. (1990). Drosophila cdc2 homologs: a functional
homolog is coexpressed with a cognate variant. EMBO J. 9, 3573-3581.

Leopold, P. and O'Farrell, P.H. (1991). An evolutionarily conserved cyclin
homolog from Drosophila rescues yeast de‘ficient“ in Gp cyclins. Cell 66,
1207-1216.

Lerea, K.M. (1992). Inhibitors of protein phosphatase type 1 and 2A attenuate
phosphatidylinositol metabolism and Ca(2+)-transients in human platelets.
Role of a cdc2-related protein kinase. Biochemistry 31, 6553-6561.

Lew, D.J., Vjekoslav, D. and Reed, S.I. (1991). Isolation of three Novel Human
Cyclins by Rescue of Gy Cyclin (Cln) function in Yeast. Cell 66, 1197-1206.

Lew, J., Beaudette, K., Litwin, C.M. and Wang, J.H. (1992a). Purification and
characterization of a novel proline-directed protein kinase from bovine
brain. J. Biol. Chem. 267, 13383-13390.

Lew, J., Winkfein, R.J., Paudel, HK. and Wang, J.H. (1992b). Brain Proline-
Directed Kinase is a Neurofilament Kinase which Displays High Sequence
Homology to p34cdc2, J. Biol. Chem. 267, 25922-25926.

Lewin, B. (1990). Driving the cell cycle: M phase kinase, its partners, and
substrates. Cell 61, 743-752.

Lin, B.T., Gruenwald, S., Morla, A.O., Lee, W.H. and Wang, J.Y. (1991).
Retinoblastoma cancer suppressor gene product is a substrate of the cell
cycle regulator cdc2 kinase. EMBO J. 10, 857-864.

Lindberg, R.A., Quinn, A M. and Hunter, T. (1992). Dual Specificity protein
kinases: will any hydroxyl do? Trends Biochem. Sci. 17, 114-119.

Litchfield, D.W., Lozeman, E.J., Cicirelli, M.F., Harrylock, M., Ericsson, L.H.,
Piening, C.J. and Krebs, E.G. (1991). Phosphorylation of the B subunit of casein

kinase IT in human A431 cells. Identification of the autophosphorylation
site and a site phosphorylated by p34¢dc2, J. Biol. Chem. 266, 20380-20389.



94
Litchfield, D.W., Luscher, B., Lozeman, F.J., Eisenman, R.N. and Krebs, E.G. (1992).

Phosphorylation of casein kinase II by p34cdc2 in yitro and at mitosis. J.
Biol. Chem 267, 13943-13951.

Litwin, C.M., Cheng, H.C. and Wang, J.H. (1991). Purification and
characterization of a pp60¢-src.related tyrosine kinase that. effectively
phosphorylates a synthetic peptide derived from p34cd<2, J. Biol. Chem. 266,
2557-2566. ‘

Lohka, M.J. and Maller, J.L. (1985). Induction of nuclear envelopg breakdown,
chromosome condensation and spindle formation in cell free extracts.J. Cell
Biol. 101, 518-525.

Lohka, M.J. and Masui, Y. (1983). Formation in vitro of sperm pronuclei and
mitotic chromosomes induced by amphibian oocytes. Science 220, 719-721.

Mak, A.S., ’Carpenter, M., Smillie, L.B. and Wang, J.H. (1991a). Phosphorylation of
caldesmon by p34cdc2 kinase. Identification of phosphorylation sites. J.
Biol. Chem. 266, 19971-19975.

Mak, A.S., Waison, M.H., Litwin, C.M. and Wang, J.H. (1991b). Phosphorylation
of caldesmon by cdc2 kinase. J. Biol. Chem. 266, 6678-6681.

Maller, J.L. (1990). Xenopus oocytes and the biochemistry of cell division.
Biochemistry 29, 3157-3166.

Marshak, D.R., Vandenberg, M.T., Bae, Y.S. and Yu, LJ. (1991). Characterization
of synthetic peptide substrates for p34cdc2 protem kinase. J. Cell. Biochem.
45, 391-400.

Masui, Y and Markert, C. (1971). Cytoplasmic Control of Nuclear Behaviour
During Meiotic Maturation of Frog Oocytes. J. Exp. Zool. 177, 129-146.

Matsushime, H., Jinno, A., Takagi, N. and Shibuya, M. (1990). A Novel Mammalian
Protein Kinase Gene (mak) Is Highly Expressed in Testicular Germ Cells at
and After Meiosis. Mol. Cell. Biol. 10, 2261-2268.



95
Matsushime, H., Ewen, M.E., Strom, D.K., Kato, J.-Y., Hanks, S.K., Roussel, M.F.
and Sherr, C.J. (1992). Identification and Properties of an Atypical Catalytic
Subunit (p34PSK-J3/cdk4) for Mammalian D Type G; Cyclins. Cell 71, 323-
334,

Matsushime, H., Roussel, M.F., Ashmun, R.A. and Sherr, C.J. (1991). Colony-
stimulating factor 1 regulates novel cyclins during the Gy phase of the cell
cycle. Cell 65, 701-713.

Matthews, H.R. and Huebner, V.D. (1984). Nuclear Protein Kinases. Mol. Cell.
Biochem. 51, 81-89.

McVey, D., Brizuela, L., Mohr, 1., Marshak, D.R., Gluzman, Y. and Beach, D. (1989).
Phosphorylation of large tumour antigen by cdc2 stimulates SV40 DNA
replication. Nature 341, 503-507.

Meijer, L., Ostvold, A.C., Walass, S.I., Lund, T. and Laland, S.G. (1991). High-
mobility-group proteins P1, I and Y as substrates of the M-phase-specific
p34¢dc2/eyclincdel3 kinase. Eur. J. Biochem. 196, 557-567.

Mendenhall, M.D. (1993). An Inhibitor of p34¢dc28 Protein Kinase Activity
from Saccharomyces cerevisae. Science 259, 216-219.

Meyerson, M., Enders, G.H., Wu, C.L,, Su, L.X., Gorka, C., Nelson, C., Harlow, E.
and Tsai, L.H. (1992). A family of human cdc2-related protein kinases. EMBO
J. 11, 2909-2917.

Milarski, K.L., Dunphy, W.G., Russell, P., Gould, S.J. and Newport, J.W. (1991).
Cloning and characterization of Xenopus cde2, a component of MPF. Cold
Spring Harb. Symp. Quant. Biol. 56, 377-384.

Minshull, J., Blow, J.J. and Hunt, T. (1989). Translation of Cyclin mRNA is
Necessary for Extracts of Activated Xenopus Eggs to Enter Mitosis. Cell 56,
947-956.



96
Minshull, J., Golsteyn, R., Hill, C.S. and Hunt, T. (1990). The A- and B-type cyclin

associated cdc2 kinases in Xenopus turn on and off at different times in the
cell cycle. EMBO J. 9, 2865-2875. |

Moreno, S., Hayles, J. and Nurse, P. (1989). Regulation of p34cde2 protein kinase
during mitosis. Cell 58, 361-372.

Moreno, S. and Nurse, P. (1990). Substrates for p34cde2; in vivo veritas? Cell 61,
549-551.

Motokura, T., Bloom, T., Kim, H.G., Juppner, H., Ruderman, J.V., Kronenberg, H.M.
and Arnold, A. (1991). A novel cyclin encoded by a bcll-linked candidate
oncogene. Nature 350, 512-515.

Mulner, L.O., Cormier, P., Labbe, J.C., Doree, M., Poulhe, R., Osborne, H. and Belle,
R., (1990). M-phase-specific cdc2 protein kinase phosphorylates the beta
subunit of casein kinase II and increases casein kinase II activity. Eur. J.
Biochem. 193, 529-534,

Mulher, L.O., Poulhe, R., Cormier, P., Labbe, J.C., Doree, M. and Bellé, R. (1989).
Purification of a pd47 phosphoprotein from Xenopus laevis oocytes and
identification as an in vivo and in vitro p34¢dc2 substrate. Febs Lett 251, 219-
224,

Murray, A.W. and Kirschner, M.W. (1989). Cyclin Synthesis drives the early
embryonic cell cycle. Nature 339, 275-280.

Murray, A.W., Solomon, M.J. and Kirschner, M.W. (1989). The role of cyclin
synthesis and degradation in the control of maturating promoting factor
activity. Nature 339, 280-286.

Nash, R., Tokiwa, G., Anand, S., Erikson, K. and Futcher, A.B. (1988). The WH1+
gene of Saccharomyces cerevisiae tethers cell division to cell size and is a
cyclin homolog. EMBO J. 7, 4335-4346.



97
Ninomiya, T.J., Nomoto, S., Yasuda, H., Reed, S.I. and Matsumoto, K. (1991).
Cloning of a human c¢DNA encoding a CDC2-related Kkinase by

complementation of a budding yeast cdc28 mutation. Proc. Natl. Acad. Sci. U.
S. A. 88, 9006-9010.

Nissen, M.S., Langan, T.A. and Reeves, R. (1991). Phosphorylation by cdc2
kinase modulates DNA binding activity of high mobility group I nonhistone
chromatin protein. J. Biol. Chem. 266, 19945-19952.

Norbury, C., Blow, J. and Nurse, P. (1991). Regulatory phosphorylation of the
p34cde2 protein kinase in vertebrates. EMBO J.10, 3321-3329.

‘Norbury, C. and Nurse, P. (1992). Animal cell cycles and their control. Ann. Rev.
Biochem. 61, 441-470.

Nurse, P. (1990). Universal control mechanism regulating onset of M-phase.
Nature 344, 503-508.

Nurse, P. and Bisset, J. (1981). Gene required in G for committment to cell
cycle and in G for control ‘of mitosis in fission yeast. Nature 292, 558-560.

Okuda, T., Cleveland, J.L. and Downing, J.R. (1992). PCTAIRE-1 and PCTAIRE-
3, two members of a novel cdc2/CDC28 related protein kinase gene family.
Oncogene 7, 2249-2258.

Pagano, M., Pepperkok, R., Verde, F., Ansorge, W. and Draetta, G. (1992). Cyclin A
is required at two points in the human cell cycle. EMBO J.11, 961-971.

Pelech, S.L. and Sanghera, J.S. (1992). Mitogen activated protein Kkinases:
versatile transducers for cell signalling. Trends Biochem. Sci. 17, 233-238.

Peter, M., Heitlinger, E., Haner, M., Aebi, U. and Nigg, E.A. (1991). Disassembly of
in vitro formed lamin head-to-tail polymers by CDC2 kinase. EMBO J. 10,
1535-4154.

Peter, M., Nakagawa, J., Doree, M., Labbe, J.C. and Nigg, E.A. (1990a).
Identification of major nucleolar proteins as candidate mitotic substrates of
cdc2 Kkinase. Cell 60, 791-801.



98

Peter, M., Nakagawa, J., Doree, M., Labbe, J.C. and Nigg, E.A. (1990b). In vitro
disassembly of the nuclear lamina and M phase-specific phosphorylation of
lamins by cdc2 Kinase. Cell 61, 591-602.

.Peter, M., Sanghera, 1.S., Pelech, S.L. and Nigg, E.A. (1992). Mitogen-activated
protein kinases phosphorylate nuclear lamins and display sequence
specificity overlapping that of mitotic protein Kkinase p34cde2 pyr g,
Biochem. 205, 287-294.

Pines, J. (1991). Cyclins: wheels within wheels. Cell Growth Differ. 2, 305-310.

Pines, J. and Hunter, T. (1989). Isolation of a human cyclin ¢cDNA: evidence for
cyclin mRNA and protein regulation in the cell cycle and for interaction
with p34cde2, Cell 58, 833-846.

Pines, J. and Hunter, T. (1990). p34¢dc2; the S and M kinase? New Biol. 2, 389-
401.

Pines, J. and Hunter, T. (1991a). Cyclins and Cancer. Cell 66, 1071-1074.

Pines, J. and Hunter, T. (1991b). Human cyclins A and B1 are differentially

located in the cell and undergo cell cycle-dependent nuclear transport. J. Cell
Biol. 115, 1-17.

Pinna, L.A., Meggio, F. and Marchiori, F. (1990). Type-2 Casein Kinases: General
Proeprties and Substrate Specificity in Peptides and Protein Phosphorylation. ed.
B.E. Kemp, Uniscience CRC Press, Boca Raton, Fla., 145-163.

Pinna, L.A., (1990). Casein Kinase II: an 'eminence grise' in cellular
regulation? Biochim. Biophys. Acta. 1054, 267-284.

Pondaven, P., Meijer, L. and Beach, D. (1990). Activation of M-phase-specific
histone H1 kinase by modification of the phosphorylation of its p34¢cde2 gpd
cyclin components. Genes Dev. 4, 9-17.

Reeves, R. (1992). Chromatin Changes during the Cell Cycle. Curr. Opin. Cell
Biol. 4, 413-423.



99
Reeves, R., Langan, T.A. énd Nissen, M.S. (1991). Phosphorylation of the DNA-
binding domain of nonhistone high-mobility group I protein by cdc2

kinase: reduction of binding affinity. Proc. Natl. Acad Sci. U.S.A. 88, 1671-
1675. '

Reynhout, J.K. and Smith, L.D. (1974). Studies on the Appearance and Nature of
Maturation-inducing Factor in the Cytoplasm of Amphibian Oocytes
Exposed to Progesterone. Dev. Biol. 38, 394-400.

Richardson, H.E., Stueland, C.S., Thomas, J., Russell, P. and Reed, S.I. (1990).
Human cDNAs encoding homologs of the small p34CDC28/Cdc2_ggsgciated
protein of Saccharomyces cerevisiae and Schizosaccharomyces pombe.
Genes Dev. 4, 1332-1344,

Rosenblatt, J., Gu, Y. and Morgan, D.O. (1992). Human .cyclin-dependent kinase 2
is activated during the S and G, phases of the cell cycle and associates with
cyclin A. Proc. Natl. Acad. Sci. U. S. A. 89, 2824-2828.

Samiei, M., Daya, M.M., Clark, L.I. and Pelech, S.L. (1991). Platelet-activating
factor and thrombin-induced stimulation of p34cdc2.cyclin histone H1
kinase activity in platelets. J. Biol. Chem. 266, 14889-14892.

Satterwhite, L.L., Lohka, M.J., Wilson, K.L., Scherson, T.Y., Cisek, L.J., Corden, J.L.
and Pollard, T.D. (1992). Phosphorylation of myosin-II regulatory light chain
by cyclin-p34¢dc2: a mechanism for the timing of cytokinesis. J. Cell Biol.
118, 595-605.

Shenoy, S., Choi, J.K., Bagrodia, S., Copeland, T.D., Maller, J.L. and Shalloway, D.
(1989). Purified maturation promoting factor phosphorylates pp60¢-ST¢ at the
sites phosphorylated during fibroblast mitosis. Cell 57, 763-774.

Simanis, V. and Nurse, P. (1986). The cell cycle control gene cdc2+ of fission

yeast encodes a protein kinase potentially regulated by phosphorylation.
Cell 45, 261-268.

Suzuki, M. (1989). SPKK, a new nucleic acid-binding unit of protein found in
histone. EMBO J.8, 797-804.



100
Swenson, K.I., Farrell, K.M. and Ruderman, J.V. (1986). The clam embryo protein

cyclin A induces entry into M phase and the resumption of meiosis in
Xenopus oocytes. Cell 47, 861-870.

Toh-e, A., Tanaka, K., Uesono, Y. and Wickner, R.B. (1988). PHOS85, a negative
regulator of the PHO system, is a homolog of the protein kinase gene,
CDC28, of Saccharomyces cerevisiae. Mol. Gen. Genet. 214, 162-164.

Towbin, H., Staehlin, T. and Gorden, J. (1979). Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets-procedure and
some applications. Proc. Natl. Acad. Sci. U. S. A. 76, 4350-4354.

Tsai, L.H., Harlow, E. and Meyerson, M. (1991). Isolation of the human cdk2
gene that encodes the cyclin A- and adenovirus ElA-associated p33 Kkinase.
Nature 353, 174-1717.

Welch, P.J. and Wang; J.Y. (1992). Coordinated synthesis and degradation of
cdc2 in the mammalian cell cycle. Proc. Natl. Acad. Sci. U. S. A. 89, 3093-3097.

Xiong, Y., Connolly, T., Futcher, B. and Beach, D. (1991). Human D-type cyclin.
Cell 65, 691-699.

Xiong, Y., Zhang, H. and Beach, D. (1992). D Type Cyclins associate with
multiple Protein Kinasesrand the DNA Replication and Repair Factor
PCNA. Cell 71, 505-514.

Yamashiro, S., Yamakita, Y., Hosoya, H. and Matsumura, F. (1991). Phosphorylation
of non-muscle caldesmon by p34¢dc2 kinase during mitosis. Nature 349, 169-
172. '

Zlantanova, J. and Yaneva, J. (1992). Histone-H1 DNA Interactions and Their
Relation to Chromatin Structure and Function. Trends Biochem. Sci. 16, 92-97.



