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ABSTRACT
Uncontrolled cell proliferation, a hallmark of camngcis associated with activation of CAD, a
multifunctional protein that catalyzes the firste steps in pyrimidine biosynthesis. The cell
cycle dependent regulation of pyrimidine biosynihésa consequence of sequential
phosphorylation of CAD Thr-456 and Ser-1406 byM#®&P kinase and PKA cascades,
respectively. The mechanism that controls thengmf these events is not well understood.
Our hypothesis is that timing of the activation angleocytoplasmic dynamics of CAD is
controlled by signaling complexes with kinases phdsphatases. Interestingly, a consensus
sequence for PP1 targeting proteins is located uhately adjacent to Thr-456. Peptides were
synthesized corresponding to residues 444-460 & @¥at encompasses both the PP1
consensus sequence and Thr-456 as well as two tp#ptides in which Thr-456 was replaced
with Ala or Asp. The wild type peptide and Ala muttavere able to bind to PP1 while the Asp

mutant which, mimics phosphorylated CAD, does not.
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CHAPTER 1: INTRODUCTION

The Céll: The Fundamental Unit of Life

A cell is the structural and functional uaitall living organisms. It is the fundamental
unit in biology similar to an atom which occupiég ttenter position in the physical science. A
cell carries out all the vital functions such amnsport of nutrients, respiration, and reproduction
Living organisms are divided as unicellular or maglular. Multi-cellular organisms (Figure. 1)
show increasing complexity by allowing the diffetiation of numerous cellular lineages with
specialized functions within the organism. Prokéeg are usually single-celled organisms that
lack a cell nucleus, the most common examples aélwéreEscherichia coli and cyanobacteria,
the blue green algae. The cells of eukaryotes havell-defined nucleus surrounded by a
nuclear membrane. Examples of eukaryotes incliigeamts and animal cells including
unicellular fungi (yeast, mold) and protozoans. Thk organelles have specialized functions
which are essential for growth and survival. Théochondria metabolize energy; lipids and
glycoproteins are synthesized in the endoplasniiculem; lysosomes, present only in animal
cells, degrade worn out and dead cellular constisjend chloroplasts, found in only plant cells,
carry out photosynthesis. The nucleus of the sdlhé administrative headquarter because it
encloses the cell's genome, i.e., the DNA (deoxyrikzleic acid) comprised of two helical
strands that are coiled around a common axis fanha double helix packaged within the
chromosomes. Living beings depend on genes, asspiexyfy all proteins and functional RNA
chains. DNA and RNA are molecular precursors wisicie information and transmit this

information from one generation to the next whiglhie fundamental condition of life.
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Figure 1. Prokaryotic and Eukaryotic célls

The Eukaryotic Cell Cycle

A cell goes through many functional stagessnd) its life cycle (Figure 2). It
undergoes cell division in need to replace wornasudead cells. Whether the cell will
divide or not is a highly regulated process. Faregle, when a parent stem cell in the
bone marrow undergoes cell division to form twoglaer cells, the daughter cells exit the
cell cycle and are differentiated to form

specialized blood cells that might

undergo apoptosis at a later time. When The cell “double checks” the
duplicated chromosomes for
error, making any needed /

repairs.

a particular cell divides, new cells are

produced. After cell division, the two

£ % S
. . . 1 |
daughter cells contain an identical set of \\H“ 'Each of the 46
chromosomes is

K Cellular contents,
chLT|IlcatEd by the_.-'f excluding the chromosomes,

the parental cell’'s genetic material. Cell |/ are duplicated.

division is preceded by a replication

\ Gy,
Cell cycle arrest.

program that is largely executed by ©Emestteot e o
Figure 2. Schematic representation of the
eukaryotic cell-cycle



specific proteins. The cell cycle is a tightly praged and regulated mechanism in which
the initiation of specific stages occurs only aftex successful completion of early ones
and the progress is tightly controlled by speafeck points. Most eukaryotic cells
operate according to internal clocks via a higlelgulated mechanism and proceed through
a sequence of cell- cycle phases during which D&Nduplicated during the synthesis (S)
phase and the copies are then distributed to ojgpesds of the parent cell during the
mitotic (M) phase. Transition from one phase ® dther is highly regulated at various
check points. The four phases in a eukaryoticayalle are G1, S, G2 and M. Interphase
comprises G1, S, and G2 phases. DNA is synthesizedg the S phase and other
macromolecules are synthesized throughout thepinése. Whether a cell can grow and
divide is a highly controlled process at the cealfuével.

Cancer is the second leading killer diseaghe U.S and in a number of European
countries’ In cancer, cell division is no longer restrained aerlls continue to divide and
grow uncontrollably, forming malignant tumors, pbsginvading nearby parts of the
body. In order to fully understand how a normal lsecomes cancerous, extensive
research efforts are devoted to intensely studyrntéehanism of cell division. A normal
cell converting into a cancerous one is a complakirstep process involving various
factors such as genetic instability and increasié Bynthesis during the S-phase of the
cell cycle that requires an increased demand fanpgine and purine biosynthesis.

To understand how a normal cell might turn cancerequires substantial analysis of the
proteome in both the normal and cancerous cellsc€acan be considered as proteomic

disease since proteins have specific functiongils and tissues and many are



implicated to play critical roles in tumor geneargl influence the conversion of normal
cells into malignant ones. Currently, vast amowhisformation are continuously
generated for proteomes of different types of canGomparison of patterns of protein
expression in different types of cancers is anditgd to result in individualized therapy in
the long run. Proteomic techniques are largely tsaadvestigate how signaling pathways
are altered in a way that may allow a normal @etbtrn cancerous in the hopes of
identifying and ultimately developing new drugstthall improve our understanding of
how to target various signaling pathways to contlaater.

In several types of cancer cells, key diffices exist in the expression and/or
malfunction of certain proteins that regulate slmmgacascades involved in, for example,
metabolism, DNA repair and cell-cycle regulatiomo®th factors such as EGF (epidermal
growth factor) and PDGF (platelet derived growtttda) activate the mitogen activated
protein kinase (MAPK) cascade which is requiredti@ proliferation of certain cells and
differentiation of others. However, uncontrollezti@ation of this pathway has been
implicated in cancer developmeéntvhen one of the proteins in the pathway is mutated,
can be constitutively stuck in the "on" or "off"gbon, which is a prerequisite for the
development of many cancers. Overexpression anflincéibn of different proteins,
protein kinases and phosphatases and other comgafehe MAPK/ERK pathway are
believed to result in several types of cancer. Asterable number of drugs have been
developed that target particular components inghtbway. Many naturally occurring
toxins and pathogens can lead to mutations inquéti protein kinases and phosphatases
that can result in a number of disorders due #rialy the phosphorylation states of intra-

cellular targets of many signaling cascades inalgidine MAPK cascade.



Overview: Phosphorylation

Phosphorylation is a ubiquitous cellular medbm. In the early part of the'19
century, the existence of phosphorylation was amrsd a biological method of merely
providing phosphorus as a nutrient and nothing maédéthis changed in the late 1930s
when Carl and Getty Cori found that glycogen phosylase could be isolated in two
forms as phosphorylase b and phosphoryldsé gear later, Fischer and Krebs as well as
Wosilait and Sutherland found that the interconeersf phosphorylase b to
phosphorylase a involved a phosphorylation/dephmsfiéition mechanisri.This idea
was later shown to be true and has now becometegrat example of cell biology and
signaling. It has been estimated that 30% of tlaéeprs encoded by the human genome
contain covalently bound phosphate, and abnormaggorylation is now considered to
be a root cause of diseases such as cancer amgumdliferative diseasesThe extent of
phosphorylation of a protein is the result of aawic equilibrium between the activity of
protein kinases and protein phosphatases.

The addition of the phosphate group is catalyzedriaymes known as kinases and

removal of phosphate groups is catalyzed by enzymean as phosphatases (Figure 3).

- P
serine, AD
threoning —
- PROTEIN KINASE
or lyrosing r"" _j =
side chain ?
\e}OH @30—3—0
Frotein k O
PROTEIN PHOSPHATASE Phosphurylatad
Protein

Fi

Figure 3. Schematic representation of
phosphorylation/dephosphorylation by protein kisase 5
and protein phosphatases
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How Can Phosphorylation Control Enzyme Activity?

Protein phosphorylation is one type of post$lational modification. Since
phosphate groups are negatively charged, phosgtiarylof proteins might alter its
overall charge which can then alter the confornrmatibthe protein and ultimately its
functional activity and/or protein interacting paats (Figure 4). A change in the
phosphorylation state of a given protein can betduwhange in the activities of either
protein kinase(s) or protein phosphatase(s). Theityoof both protein kinases and protein
phosphatases is tightly regulated to allow the lyrmoetimal functioning of the protein.
The activity of some protein kinases and proteiogpihatases depends on the
concentration of second messengers such as cABRIP¢ C&* or diacylglycerof® Other
protein kinases or phosphatases are membrane assb@ceptors (e.g., insulin receptor)

and are activated upon binding of their correspumtigands’ Signals from, for example,



EGF and PDGF can activate protein kinases and pbladases extracellularly. All signal
transduction pathways are regulated on some lgvphbsphorylation making
phosphorylation relevant to most, if not all areésell signaling. Upon reception of a
signal, these phosphorylation cascades continfintiion until protein phosphatases are
activated and down-regulate the cascade. A typicedome of phosphorylation in

response to a signal is activation of certain kesaand phosphatases which may then alter
the accessibility of binding sites on proteinstfugir binding and interacting partners,

altering their function.

Extracellular signals
1 A

Phosphorylation

Kinase 1 -—— Kinase 2

Secondary .
phosphorylation

Kinase 3

—— O Kinase 4

Figure 5. Schematic representation of Phosphaooylat
Cascad@

Phosphorylation (Figure 5) is a molecular switcht tthirectly turns on or off the functions
of proteins. Besides controlling enzyme activitglaegulation, other functions include
regulating and controlling intracellular dynamieglanteractions with other proteins or
peptides, or their possible degradation by protea¥éith such mechanisms, the cell is
able to regulate a diverse set of processes inmgutkllular movement, reproduction and

metabolism. The mammalian cell constantly recesigsals from its surroundings to



which it has to respond appropriately. Growth festead to growth of a cell, its
differentiation or proliferation. Defects in thetsghtly regulated and controlled processes
can cause cancer and chronic inflammatory disé€ases.

Protein kinases and protein phosphatases arefiddssito three classes depending on
whether they act either on serine/threonine residuen tyrosine residue or on all three
residues. A further classification is based onstinectural relationship and enzymatic
properties of the catalytic subunits, subcellutealization, substrate specificity and/or the
sensitivity to specific activators and inhibitdrs.

Protein Phosphatase 1:

Extensive research has been carried outdenstanding the role of protein
serine/threonine phosphatases in control mechansegkaryotes that regulates processes
as diverse as metabolic pathways, hormonal resporéeellular signaling, gene
transcription, translation, cell division, learniagd memory. The human genome
encodes ~ 500 kinases of which two thirds are séhie®nine kinases; thus, diversity of
kinases has kept pace with increasing complexityrgdnisms more so than protein
phosphatases. There are four distinct familiegotfgin phosphatases which comprise ~
150 members, of which only 40 are serine/threopimesphatase’sThe PTP family is
composed of protein tyrosine phosphatases andudesgecificity protein phosphatases
which dephosphorylate phosphoserine and phosplootime as well as tyrosine residues.
Members of the PPM and FCP1 families are metalragr protein serine /threonine
phosphatases. The PPM family includes thé Migpendent PP2C enzymes while the
structurally unrelated FCP family has a single memBCP1. All other

phosphoserine/phosphothreonine specific proteirsjpinatases belong to the PPP family



which is further divided into sub-families PP1, PRicluding PP4 and PP6), PP2B and
PP5. Protein phosphatase 1 (PP1) in particuldricuitously distributed and regulates a
broad range of cellular functions including glycogeetabolism, cell cycle progression
and muscle relaxatiohPP1 has evolved to contain an efficient cataftibunit but lacks
substrate specificity. The catalytic subunit of FPP1c) is highly conserved. PP1 is
37kDa major serine/threonine phosphatase thataezpia variety of cellular functions.

PP1 consists of a catalytic subunit and regulasabunits that determine the subcellular
localization of PP1 and/or regulate its functioneTPP1 inhibitory subunits are themselves
regulated by phosphorylation.

The PP1 catalytic subunit (PP1c) can formmexes with greater than 50 regulatory
subunits. The regulatory subunits that interatthWP1c control the specificity and
diversity of PP1 functio.Most forms of regulation are achieved throughréwulatory
subunits, although a small number of PP1c moleaubgbe inhibited by phosphorylation
during the cell cycle. Interaction of targeting salis with PP1c modifies its substrate
specificity, most often by an allosteric mechanism.

A plethora of PP1 subunits have been ideatiind more than 50 regulatory subunits
have been discovered in higher eukarydtassukaryotes multiple genes encode PP1c
isoforms! The four isoforms of mammalian PP1c are designad, PPP (also known
as PP3) , PP¥1 and PP{2, the latter two arising from alternative splicihP1: variant
PPX2 is similar to the PRilisoform that is predicted from the human genonugieece
(Ensembl, ENSP00000176139) indicating that altéraaplicing gives rise to twe alpha
isoforms’ Mammalian PP1c isoforms possess distinct tissushdiion and subcellular

localizations as shown in Figure 6.



PP1 Holoenzymes
Cellular functions of protein phosphatased agefined by the association of PP1

catalytic subunit with endogenous protein inhitstand regulatory subunits. The PP1

Whole Cell Images A Interphase Mitosis

PPl «of Prop. lodide

Figure 6. Subcellular localization of PP1c isoferrRP-1 isoforms are differentially
localized both during interphase and mitosis in &lektlls. A) Images for PP-i, y1,
ando (green) merged with respective images of propidium iodidanterstainrgd) are
shown for cells at interphase and at mitotic meaapt?

catalytic subunit forms complexes with more thané&gulatory subunits in a mutually

exclusive manner of which a few are shown in Figuesnd Table 1.
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Figure . Schematic representation of mammalian PP1 bindibgrsts

. RVxF PPlec-binding motif
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Table 1. PP1 regulatory suburfits
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The major region of PP1c that interacts with reguiasubunits consists of 1) a
hydrophobic groove to which a RVXF motif binds, d@)da neighboring negatively
charged region. Many PP1 regulators consist @nsensus RVXF sequence that docks
within the hydrophobic groove on the surface of Bl catalytic subunit. Site-directed
mutagenesis studies have narrowed down the corseaquence for this motif as [RK]-
Xo-1[VI]-{P}-[FW] where X is any residue except prolifé While there are other binding
sites on many of the regulatory subunits for PPdtations of the RVXF sequence hinders
PP1 binding? Crystallization of a small region ofGiM peptidewith PP1c identified the
RVXF motif as the main sequence that mediatesrtesaction with a hydrophobic groove
on the surface of PP1c, that is distinct from tteve site, that binds to the substrate and
the phosphorylated residues of inhibitor proteifibe hydrophobic RVXF-binding groove
is located near the C-terminus of PP1c and inclveggues lle169, Leu243, Phe257,
Leu289-Cys291 and Phe293, which interact mainiy wiline and phenylalanine residues
in the GM peptide containing the RVXF motffPP1C contains a negatively charged
region that accommodates basic residues precdunigVXF motif.

The RVXF motif, found in about 100 PP1c-bindingteins, binds to a hydrophobic
surface groove located on a surface behind the B&lhe site. The RVXF binding
channel is a hydrophobic groove opposite the citadite and is formed by top and rear
edges of two central beta sheets. Binding via i&Rmotif does modify the
conformation of PP1 but does not significantly efféne catalytic activity. The available
data suggests that the RVXF motif serves as ancarfichthe initial binding of the
regulatory units thereby promoting binding to setany sites that often bind with lower

affinity but affect the overall activity and sulzste specificity of PP

12



p12-p13
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Asples  Negatively
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Figure 8. Structure of the PP1c—RVXF-containingerotystin peptide complex. PP1c is shown
as a ribbon structure. TIi3@2413 loop that covalently binds to microcystin isigated in the
middle.”

Thep-12 andB-13 loop form a flexible binding site of PP1 thrbughich toxins, including
microcystin, and inhibitors such as Inhibitor-1, RR-32 and Inhibitor-2 bind with PP3.
The loop partially guards the entrance to the adite and undergoes conformational
changes upon binding to partners. PRE2 andB-13 loop contains Cys273 that covalently
binds to microcystin.
Inhibitor-2

The function of PP1 is largely determinedtbyassociated regulatory subunits that
can direct the enzyme to various subcellular cotmpants to be in close proximity to its
substrates. Inhibitor-2 (I-2) was the first protplmosphatase inhibitor identified and
known to form a stable high affinity complex witP P with nanomolar affinityl{d=2
M).* Studies have shown that I-2 mediated inhibitiofPBfL regulates cardiac

contractility’® PP1-12 complex also plays a role in other processeh as cell divisioH.

13



Figure 9. Ribbon structure PP1c-12 compiéx.

I-2 associates with the PP1 catalytic subtaniorm a complex that is subsequently
regulated by the phosphorylation of I-2. I-2 inkslthe PP1 free catalytic subunit and
controls the state of activation of PP1. The bouBaauses conformational changes
which are reversed upon phosphorylation of a cmeseThr (Thr-Pro) site on |-2. The
inactive complex can be reactivated through phosgditton of 1-2 at Thr72 by glycogen
synthase kinase-3 or the extracellular-regulatedde 2 (ERK2)?

Different domains of I-2 are involved in ibftion, inactivation, and reactivation of
PP1. The first 35 residues on the N-terminus ancerepecifically the motif, 10-13
(IKGI) of I-2, play a role in inhibitiort> This motif of I-2 binds to a negatively charged
region close to the RVXF-binding groove. This regis similar to that known to bind
basic residues upstream of the RVXF motif in maRyL Rargeting subunits. The region
encompassing Thr72 is involved in inactivation 8flPwhereas the COOH-terminal

region of I-2 is required for reactivation of thattive complex®

14



Multiple regulatory subunits as well as inhibitaofeins besides I-2 compete for a binding
site on PP1c. Itis proposed that PP1c binds oméyprotein at a time either to a regulatory
subunit or inhibitor proteins such as #2.

CAD

Over the past decades, extensive researdbeleascarried out to better understand the
mechanisms by which signals are transmitted frolirsaeface receptors to intracellular targets.
Protein phosphorylation is a post-translational ification of proteins whereby a serine, a
threonine or a tyrosine residue is phosphorylated protein kinase by the addition of a
covalently bound phosphate group. Phosphorylatiggrateins is one of the most common
modes of regulation of protein function and acyiviGrowth signals typically initiate receptor-
mediated signal transduction cascades which inuaversible protein phosphorylation that
facilitates changes in, for example, transcriptiptranslational and cell-cycle regulatory events.

Among the large number of proteins regulated bysphorylation, several are key
enzymes in basic metabolic pathways includiagovo nucleotide biosynthesis, for example
CAD, the key large mammalian multifunctional proténat catalyzes the first three steps in the
de novo pyrimidine biosynthetic pathway. Proliferating cells require increased amounts of
pyrimidine nucleotides for the synthesis of DNA, RNbhospholipids, glycogen and other
biological molecules involved in various process€#D consists of six copies of a 243 kDa

polypeptide comprised of 2225 amino acid residd@se tri-functional polypeptide is organized

into discrete functional domains that carry glutaeadependent carbamoyl phosphate synthetase

(CPSase), aspartate transcarbamoylase and dihgteer(DHOase) activities.
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CAD

GLM CPSA CPSD CHO AT
A1 AZ A3 B B2 B3
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Figurel0. The domain structure of the multifuoctil protein CAD that catalyzes the first three
steps inde novo pyrimidine biosynthests

CAD is regulated by a number of different mechiansisncluding allosteric and
transcriptional regulation, phosphorylation andstVe degradation. The activity of the protein
invariably increases in tumor cells to meet theeased demand for pyrimidines during
proliferation. The CAD complex is activated by MARase (Erk1/2) just prior to the S phase of
the cell cycle, when DNA synthesis occurs. MAP km& an enzyme that phosphorylates
proteins involved in cell growth and divisiéhGrowth signals initiate a signaling cascade that
activates MAP kinase and leads to the phosphooylaif CAD on Thr-456 in the A1 subdomain
(Figure 10). Upon completion of DNA synthesis, te#ls emerge from S phase, CAD is
dephosphorylated and a second kinase, protein&kihdBKA), phosphorylates CAD at Ser-
1046 in the B3 subdomain leading to deactivaticsh adecreased flux through thenovo
pyrimidine biosynthetic pathway (Figure 12).

quiescent proliferating

cells cells

pyrimidine
biosynthesis

DNA synthesis

GO G1 S G2 M

@ @

Figure 11. Schematic representation of cell cyetpilation ofde novo pyrimidine biosyntHsi§’



The timing of the up and down regulation of CADshbe precise but the control
mechanisms that regulate the processes are nftllyainderstood. Studies have shown that
phosphorylation of CAD by PKA down regulates théhpay? It has also been shown that
MAP kinase and PKA form stable complexes with CAQgesting that mutual antagonism is
the result of steric effect by the bound kina€eghe cytoplasmic level of CAD is higher in
resting cells and is primarily unphosphorylaté@.ell fractionation and fluorescence microscopy

studies (Figure 12) showed that Thr (P)-456 CAD prwarily localized within the nucleds.

CAD P~Thr456 CAD P~Thr456
+ mito

Figure 12. Confocal microscopic images of intrhdat localization of CAD. Dephosphorylated
is cytosolic whereas phosphorylated CAD P-Thr456uisleaf”
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The rate of thele novo pyrimidine biosynthetic pathway was found to beregulated in
MCF7 breast cancer cells. The activity was 4.4 fogher than the normal MCF10A breast
cells® The growth dependent changes in the CAD phospéiioyl state and the associated
changes in the rate of pyrimidine biosynthesissarelar in normal breast cells MCF10A and
BHK21 cells but quite different in the highly matiant MCF7 cell$3 In MCF10A cells, the rate
of pyrimidine biosynthesis is low and CAD is depblosrylated prior to S phasgAs the
cultured cells enter the S phase, MAPK is activatedl CAD-Thr456 is phosphorylated and
pyrimidine biosynthesis is up-regulated. As thdésceécome confluent, the activity of MAP
kinase decreases and CAD-Thr456 is dephosphorylatdzsequently, CAD Ser1406 is
phosphorylated and pyrimidine biosynthesis is doggulated. In MCF7 cells, CAD-Thr456 is
persistently phosphorylated while Ser1406 is dephos/lated leading to a constant rate in
pyrimidine biosynthesié® The activity of the pathway was high in newly agsd cells and
increased only slightly as the culture became cenfl. It has been shown that there was no
down regulation of the pathway at higher cell déesf* Thus, the cell cycle- dependent
regulation of pyrimidine biosynthesis is tightlygtdated by reciprocal antagonism of CAD

phosphorylation by MAP kinase and PKA.
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HYPOTHESIS
Why CAD and PP1?

This thesis project focused on the interachetween CAD and PP1. PP1 is known to
bind to many different targeting proteins. The ss¥ge recognized by PP1 as the binding site of
a large number of targeting proteins is highly ewed, Lysine (or Arginine)-Valine-X-
Phenylalanine, RVXF or KVXF, where X is any amiradaexcept Proline as Proline causes
steric effects! There is only one such sequence in the CAD comlpleated immediately
adjacent to the MAP kinase site, Thr-456 (Figurg 13

Our working hypothesis is that phosphorylaid Thr-456 blocks the binding of PP1 and
thus prevents the premature dephosphorylation emh degulation of the pathway. At the end
of S phase, the phosphorylation of CAD by PKA altiéye conformation of the protein allowing
dephosphorylation of Thr-456 by PP1.

The objectives of this project are to determinéh&)binding or docking site on CAD for
PP1 and 2) whether the binding of PP1 depends @th&hor not Thr-456 is phosphorylated.

Accomplishing these two objectives is significastitgorovides insight into the timing of
the phosphorylation/dephosphorylation events of G&id the resulting outcome on pyrimidine
biosynthesis.

GLN CPS.A CcPs.B DHO ATC
AN AZ A3 B1 B2 B3

M (1 1
_,.,-”‘ l o

| ssovYELPITP4ST |
!

ERK 1/2 MAPK
ssssssss

Consensus sequence: KVYF

Figure 13. Schematic representation of CAD, reessdl-2225, comprising the
putative PP1 binding sequence, KVXF
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CHAPTER 2: EXPERIMENTAL METHODS
Several different methods were employed to addhressbjectives of the project.
I mmunopr ecipitation
Immunoprecipitation (Figure 14) was used to esthlithat a complex forms between
CAD and PP1. This experiment was carried out bylahycolleagues, Kyle Poulsen and David

McDiarmid in Dr. Evans’ Lab at Eastern Michigan Uerisity.

Cell protein extract containing & W o &
the two interacting proteins L (=Y D
of interest in protein complex
Protein Extraction Add antibody Add antibody
against one of the binding beads

protein of interest

|

1) Mol. weight marker
— — 21 Extract
3] Supernatant

o
[=
4] Co-1P ‘ ‘
Western blot analysis of the immu- ﬁ‘ ﬁ‘
naprecipitated proteins using an

antibody directed against the
second protein of interest

Wash and collect the Immunoprecipitate
immunaoprecititated the proteins of
proteins interest

Figure 14. Schematic representation of immunopietion

In this method, one of the proteins, for exampl&DPGs reacted with CAD-specific
antibodies and then incubated with beads that heyreaffinity for immunoglobins. The protein
bound to the bead is then reacted with a seconboalyt for example, directed against PP1, to
determine whether it forms a complex with the CAlttwas previously bound to the beads. The
immunoprecipitated proteins are analyzed by Wedikrtting.

The Microcystin pull down assay was performed bgdeéric Sigoillot at Wayne State
University. Microcystins are hepatotoxic cyclic pieps produced by cyanobacteria (e.g.
Microcystis aeruginosa). Microcystins strongly inhibit protein phosphsea type 1 (PP1).
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Pull down assays are-vitro assays used to confirm the existence of protestepr interactions
previously predicted by other research techniquebk as immunoprecipitation (IP). The
working principle is similar to that of immunoprpaation with the only difference being that a
tag is used, such as a histidine-tag, instead ah#ibody.
Peptide Synthesis

In order to determine the location of the PRing site on CAD, a 17 amino acid
residue peptide (residues 444-460) was synthesizeallaboration with Dr. Debbie Heyl-Clegg
which corresponded to the naturally occurring seqgaen CAD.

Wild-Type peptide

444GIn-Gly-Leu-Ala-Aspt ys-Val-Tyr-Phe-Leu-Pro-LleT hr-Pro-His-Tyr-Val460
A A
PuwatPP1 binding site MAP kinase site

This peptide was used in competition experimentetermine whether it could bind to
PP1 and block the binding and effect of Inhibitofl-2) on PP1 catalytic activity. No sequence
analogous to the consensus RVXF motif is found2n However, the fact that DARPP-32
peptide containing a KIQF is able to antagonize PRibition by I-2 suggests that I-2 contains a
similar sequence. Inhibition of PP1 was measukedssaying the hydrolysis pfnitrophenyl
phosphate which produces a colored product thabeaneasured using a spectrophotometer.

Our hypothesis is that if the peptide binds to RRdn it should result in blocking or
reducing PP1 inhibition by I-2. Moreover, to detére whether the phosphorylation state of
Thr456 influences the interaction of CAD with PR&¢ additional peptides were synthesized. In
one, Thr456 was replaced with Alanine (Ala) asitmot be phosphorylatédThe second
peptide was synthesized replacing Thr-456 with Atspa (Asp). Aspartate has been reported in

several studies to mimic a phosphorylated residukeib vitro andin vivo as when a protein is
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phosphorylated, a negative charge is added tontheosacid side chain that mimics that of
aspartaté®

Mutant peptidel

444GIn-Gly-Leu-Ala-AspL ys-Val-Tyr-Phe-Leu-Pro-LleAla-Pro-His-Tyr-Val460

Mutant peptide 2

444GIn-Gly-Leu-Ala-Aspt ys-Val-Tyr-Phe-L eu-Pro-LleAsp-Pro-His-Tyr-Val460

Solid Phase Peptide Synthesis

Solid phase synthesis is the most commordy usethodology to synthesize peptides.
The fundamental premise of this method is that araids are coupled in the desired sequence
followed by removal of reversible protecting growgsile the C-terminal of the first amino acid
is anchored to an insoluble support, a resin. Doablpling was carried out in the chain
assembly in order to achieve better yields.

Solid phase peptide synthesis (Figure 15) involeestition of two steps, coupling and
deprotection of amino acids assisted by variougeets. Wash steps remove impurities several
times during each cycle. Synthesis starts withGHerminal amino acid of the sequence. The C-
terminal amino acid is attached to a cross-linkelggiyrene resin via an acid labile bond with a
linker molecule. The resin is placed in the reacttiessel and subsequently deprotected. The
desired amino acids are added one at time alway® &-terminus of the amino acid at the end
of the growing chain. The N-termina amine group of the added amino acid is protedtedg
coupling and then deprotected awaiting the nexharacid to be added to it. Following this
pattern, the peptide is synthesized with aminosaadtled in order and then the N-terminus can

be capped with acetic anhydride to form an acedgllamine.
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Solid Phase Peptide Synthesis Scheme
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Figure 15. Schematic representation of solid ppagtide synthesis

Three steps are repeated each time as shown ireFi§u
1) Deprotection of the N-terminal amino acid of th@fide carried out by 20% piperidine
in DMF to remove the Fmoc (fluorenylmethyloxycarlgrgroup from thex-amine.
2) Activation and coupling of the next amino acid gsitBTU (O-(Benzotriazol-1-yl)-
N,N,N',N'-tetramethyluronium hexafluorophosphate)
3) Deprotection of the N-terminus of the new aminalamd repetition until the desired

peptide is assembled on the resin. A biotin tag fwetker added at the N-terminus of the

three peptides.
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The Rainin PS3 synthesizer monitors the deptimn and coupling steps. At the end of
the synthesis, the peptide is cleaved from ther@sd the side chain protection groups are then
removed from the peptide. This is achieved by usingxture of 90%rifluoroacetic acid (TFA)
and scavengers (phenol, water, anisole) that resatilubilization of the peptide. The peptide is
then precipitated in cold diethyl ether, re-disgalin water lyophilized and purified by RP-
HPLC.

Crude peptides were purified to homogenejtpiteparative reversed-phase high
performance liquid chromatography (RP-HPLC) on aéfginstrument with a Phenomenex
Jupiter C18 column (2.2 x 25.0 cm, 10mL/min). Aelan gradient of 105 acetonitrile (0.1%
TFA)/water (0.1%TFA) to 50% acetonitrile (0.1% THAgter (0.1%TFA) was employed,
followed by lyophilization. Peptide purity was assed by analytical RP-HPLC. Peaks were
monitored at 214, 230, 254 and 280 nm. The peptiggs >97% pure as analyzed by peak
integration. Electrospray mass spectrometry cordtine appropriate molecular weights.
Protein Phosphatase Assay:

p-Nitrophenyl Phosphate (PNPP) is a non-specifimiogenic substrate used to assay
(Figure 16) most phosphatases such as alkalingpplatases, acid phosphatases, protein
tyrosine phosphatases and serine/threonine pha@sasatThe PNPP phosphatase activity is a
spectrophotometric assay based on the ability ofphatases to catalyze the hydrolysis of PNPP
to p-nitrophenol, a chromogenic product with absorbaatc#05 nm. The reaction produgt,

nitrophenol, which is soluble under alkaline coiwgtis, has an intense yellow color.
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Phosphatase

p-Nitrophenyl phosphate —————» p-Nitrophenol + phosphate
=
o o]
il R H P
P‘% D J"_\.. E |'-|ﬂﬂh"ﬂ
GF._:_N-\.._\_\_\___G cl.-" "'H-\.,D
p-nitrophenyl phosphate (pNPP) p-nitrophenol

o =g
p-nitrophenolate

Figurel6. The biochemical principle of the alkaliphosphatase ass&y.

The 1ml of the biotinylated peptides (concentratiomy/ml, 567 uM) was dissolved in
50 pul DMSO prior to use. The total reaction migts0 ul) consisting of 5 pl 10X PP1 reaction
buffer, 5 pl of 20X MnC, 800 units (0.8 pl) I-2 and 1.25 units (0.5 plIRfAs incubated prior
to addition of the substrate PNPPu{sof 500mM PNPP, final concentration of 50mM and th
reaction was quenched by addition of 1 ml of 1IN Na® 1 ml of 0.5M EDTA. The amount of
product,p-nitrophenol, was determined by measuring the dasame at 405 nm. One unit of
protein phosphatase activity is defined as the arofuienzyme that hydrolyzes 1 nanomole of
PNPP in one minute at 30°C in a total reaction nmwof 50 pl under standard reaction

conditions.
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CHAPTER 3: RESULTSAND DISCUSSION
CAD co-immunoprecipitates with Protein Phosphatase 1
Results obtained from western blot analylex anmunoprecipitation indicated that
CAD co-immunoprecipitates with PP1 as shown in Fagli7. The bands in lane 2 and lane 4
indicate the presence of CAD in the supernataBtHi cells. Immunoprecipitation of PP1
using PP1-specific antibodies contained CAD indingathat CAD forms a complex with PP1

(lane 3 and lane 5).

1703 4
20k0a Q@ O@—CAD

L=Mol.weight marker
2=5.pematan:

-~ . J=IPvith PPL
4=Supematan;
>=IP with PP

Figure 17. Co-immunoprecipitation of CAD with PP1
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Pull Down Assay

Microcystin binds with PP1 and acts asntsbitor. Microcystin pull down assays further
confirmed that CAD and PP1 form a complex. Micrdcyagarose beads were used in the pull
down assays. No PP1 was pulled down with the cbptatein G agarose beads. PP1 pulled

down with the microcystin beads also revealed tiesgnce of CAD indicating formation of a

Microcystin Pull-down of PP1

£ o
28 9
cso &E
s& B
Pull Down: S@ o<
- \
200 kDa
Blot: CAD
40 kDa —
Blot: PP1

Figure 18. Western Blot of the Microcystin pullvdo assay
complex.

Protein Phosphatase Assay

As mentioned earlier, the PP1 binding $tc) can bind either to a regulatory subunit

or to inhibitor proteins such as 2 This can be demonstrated by measuring
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spectrophometrically the activity of PP1 with If2presence of the WT peptide and two mutant
peptides at 405nm.

Also as discussed earlier, our hypothesis is fitheipeptide binds to PP1, it should
block the inhibition of PP1 by its endogenous itoily Inhibitor-2 (I-2). The WT peptide that
corresponds to the naturally occurring sequen€@ADB (Wild-Type peptide: 444GIn-Gly-Leu-

Ala-Asp-Lys-Val-Tyr-Phe-Leu-Pro-LleT hr-Pro-His-Tyr-Val460) was used for this assay.

PP1 activity assay --WT peptide

1 N
e 1
8 0.8
; 0.6 —
0.4
[a
s 0.2 ’:
= 0 ‘ —
Blank l-2 Peptide PP1 1+f-2 PPL+ PPL+I2

Peptide + Reptide

Figure 19. PP1 activity with I-2 in the peece of the WT CAD peptide

As shown in Figure 19, PP1 by itself shovgmsicant activity when it reacts with the
substrate PNPP and also shows similar activity@sgnce of only the WT peptide indicating
that the WT peptide binds to PP1 but does not intigactivity.

In the presence of only its endogenous inhibi®y PP1 binds with I-2, I-2 inhibits the activity
of PP1 represented in the bar graph above encinmclestl. However, a significant amount of
activity is recovered in presence of the WT peptidese results suggest that I-2 is not able to
inhibit PP1 significantly indicating that the pejgimaybe competing for the same binding site

on PPL.
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In the second assaymautant peptide in whicThr-456is replaced by Alanine (Al

(Mutant peptide: 444GIn-Glyeu-Ala-Asp-Lys-Val-Tyr-Phe-Leu-Pro-LleAla-Pro-His-Tyr-

Val460) was used instead of tWeTl peptide. This peptide mimics ng@mosphorylated CAIL

because Alaine lacks the side chain ttcan be phosphorylated:he bar graph belo(Figure

20) indicates similar activitgf PP with its substrate, PNPP, astire previous assay (Figure

and the presence of the Afautant peptidddoes not significantly affe¢he activity of PP.

PP1 activity assay -- Ala peptide
1.4 /\
g 1.2 [ \
£ 1 aN |
g 0 7\
§ 06
& 04
2 00
0 | | B
Blank |2 Blank Peptide PP k2 PP+ +
Blank Peptide +©Peptide

Figure 20PP1activity with 12 in the presence of the CAD (BA) peptide

The activity of PP1vas inhibited as expect in the presence of [H2ut inthe presence of

themutant peptide CAD (T456,, the ability of I-2 to inhibit PP1 is disrupted indicate by

the bar graph encircled in red (Figure 20). Theltexf this assay indicates that the binding

the WT CAD peptide and thEhr-456 Ala mutanpeptide have the same affinity for PP1 an

able to block the inhibition by 2-
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The result of the third assay was signifigarterms of the second goal of the project
which is to determine if binding of the CAD peptsd® PP1 depends on whether or not Thr-456
is phosphorylated. In this assay, the third mupeptide was used in which Thr-456 was
replaced by Aspartate (Asp) which mimics phosplaied CAD (Mutant peptide: 444GIn-Gly-

Leu-Ala-AspLys-Val-Tyr-Phe-Leu-Pro-LleAsp-Pro-His-Tyr-Val460). As indicated by the bar

graph, the CADT456D peptide was largely ineffegtagainst I-2. PP1 was inhibited by
Inhibitor-2 (I-2) clearly indicating that the intestion of Inhibitor-2 and PP1 is not disrupted in
presence of the Asp mutant peptide (Figure 21urei@2 summarizes the effect of the three

peptides.

PP1 activity assay Asp peptide

1.6 -
14 2\

1.2

0.8
0.6 -
0.4
0.2

pM PNPP/30 min

Blank -2 Peptide PP1 PP1 HI2 PP1+ P -
Peptide Peptide
A4 \>4

Figure 21. PPlactivity with 12 in the presencehaf CAD (T456D) peptide
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PP1a activity - 1-2 vs. CAD peptides
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Figure 22. PPd activity-12 vs. CAD peptide

An unanticipated result was that when the fulptrpurified CAD protein was incubated
with PP1, the phosphatase activity increased niane 2-fold. The significance of this result is

not yet clear but it may be necessary mechanigmeteent premature phosphorylation of the

PKA phosphorylation site on CAD.
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CHAPTER 4: CONCLUSION

Results of the phosphatase assays provideree that the peptides, synthesized based
on the putative PP1 binding sequence in CAD, hlageability to affect the activity of inhibitor-2
(I-2) on PP1 as summarized in Figure 22.

The observation that the effect of the mutant CAdptle, T456A, reduces the ability of
I-2 to inhibit PP1, and this peptide mimicked ungbloorylated wild type sequence, provides
support for the hypothesis that binding of the kpto PP1 depends on unphosphorylated
Thr456 via the putative binding sequence, KVXFC&D.

The PP1 binding site on CAD is adjacenbh®MAP kinase phosphorylation site. The
mutant peptide, Thr456D, which mimics phosphorygd@®D does not appear to hinder the
inhibitory effect of I-2, supporting the hypothesiisit binding to PP1 depends on whether CAD
has been phosphorylated by MAP kinase on Thr456.

This project paves the way for future studiethe complex regulatory mechanisms of
CAD. The next step would be to investigate wheti€A binding alters the interactions of CAD
with PP1 and the phosphorylation state of Thr-456.

While the up- and down-regulation of teenovo pyrimidine pathway has been well-
established, the understanding of the mechanismhiigh PP1 can affect CAD activity is the
unique contribution of this project. This projeetrrows down the region of CAD that interacts
with PP1 and suggests the possibility for the fdromeof a regulated complex. This project
begins to fill the gap in our understanding of HBRL regulates CAD and ultimately ttenovo
pyrimidine biosynthetic pathway and may serve mdesign of drugs that could interrupt the

activation of this pathway in rapidly proliferatiglls.
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