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Abstract

Cancer, cardiovascular disease, and neurological disease are currently three top public
health concerns in much of the world. One protein found deregulated in many of these diseases
is Protein Phosphatase 2A (PP2A), a group of diverse heterotrimeric holoenzymes containing
regulatory subunits which are responsible for substrate specificity. There is limited structural
and biochemical information on PP2A holoenzyme-substrate interactions and no PP2A substrate
binding consensus sequences are yet identified.

The study here has an important focus on one family of PP2A regulatory subunits, the
B”’/PR72 family, which is involved in several cellular processes and uniquely regulated by
calcium binding. The PR70 subunit in this family interacts with cell division control 6 (Cdc6), a
cell cycle regulator important for control of DNA replication. Here I report the crystal structure
of the trimeric PR70 holoenzyme at a resolution of 2.4 A and in vitro characterization of the
PP2A-PR70 holoenzyme and its interaction with Cdc6. The holoenzyme structure reveals that
one of the PR70 calcium-binding motifs directly contacts the scaffold subunit, resulting in the
most compact scaffold subunit conformation among all known PP2A holoenzymes. In vitro
biochemical analysis demonstrated that PR70 can enhance PP2A-mediated dephosphorylation of
pCdc6; in contrast, the B’ family of holoenzymes barely have any phosphatase activity on
pCdcé6, likely due to steric hindrance by a B’ loop near the active site. PR70 binds distinctively
to the catalytic subunit near the active site, and this interaction is required for PR70 to enhance
phosphatase activity toward Cdc6. These studies provide a structural basis for unique regulation
of B”/PR72 holoenzymes by calcium ions, and suggest mechanisms for precise control of

substrate specificity among PP2A holoenzymes.



The study above suggests that local structural features and global conformational changes
regulate substrate binding. As such, PP2A substrate recognition is dictated by three-dimensional
architecture of holoenzymes, and PP2A substrates might not have consensus recognition
sequences for holoenzyme binding. The study above also demonstrates how peptide-based assays
help characterize PP2A substrate interactions. Given the vast amount of processes and pathways
in which PP2A is involved, novel high-throughput methods are discussed for efficient

characterization of PP2A substrates in vitro.
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Chapter I

Introduction and Background:

PP2A and the Cell Cycle

A review article is in preparation which will include information presented in this chapter.



Introduction

Cell division is the most important aspect of life, allowing life to continuously grow and
evolve. This process itself evolved from a relatively simple copying of a few macromolecules to
a beautiful and intricate process that the very minds created by it are now only beginning to
understand. Unfortunately, the more complex this process becomes, the more severe the
consequences are when errors occur. These errors can lead to cancer, one of the most
devastating diseases that afflict mankind. To conquer or suppress cancer, it is important for us to
have a deep understanding of the cell cycle and know what we can do to correct or prevent these
errors. There are many varied and complex proteins involved in the cell division, including
kinases and phosphatases, the primary regulators of the cell cycle. Protein Phosphatase 2A, the
focus of this thesis, is a phosphatase with many links to the cell cycle and has been implicated in
tumor suppression. Important advances have been made in understanding the cell cycle, and the
role of PP2A in regulating this process is beginning to be elucidated. These begin with the
understanding of cell signaling pathways involved in the cell cycle and the history of those

discoveries.



Historical Background of Cell Division

Shortly after cells were discovered, it was observed that they grow and divide. “Mitosis”
was coined by Flemming in the late 1800’s and has been extensively studied since then'.
Theodor Boveri, a zoologist at Wiirzburg, extensively studied cell division at the end of the
1800’s and beginning of the 1900’s and gave extensive insight as to the importance of
chromosomes for the transmission of heritable traits and the necessity for these to be divided
properly for daughter cells to behave as the parent cells®. Boveri also gave remarkable insight
into the relatedness of cell division and carcinogenesis, a connection well supported and agreed
upon in the modern age. He argued that malignancy resulted from chromosomal abnormalities,
most often resulting in clonal outgrowths, and that tumors were the result of some loss of
function which allowed cells to proliferate without restraint.

Research into cell division continued throughout the early 1900’s, investigating mostly
morphological mitotic and meiotic events, but scientists began investigating in the 50’s the role
of biological macromolecules in the cell cycle, most notably DNA. In 1950, Hewson Swift
determined that the amount of DNA in the cells is consistent with and is a characteristic of a
particular species®. In 1953, Howard & Pelc discovered that DNA synthesis occurred in a
specific, narrow time period during the middle of interphase (now known as S phase)’. The
same year, Watson & Crick would publish their landmark paper on the structure of DNA®. By
1970, it was understood that the cell cycle had different phases, and Rao and Johnson
demonstrated that the cell cycle phases occur in an ordered, unidirectional manner, and that the
progression is controlled by the exchange of chemicals between the cytoplasm and nucleus’.
Still, the manner of cell cycle initiation was unresolved in the early 70’s. To address this, Arthur

Pardee performed a group of experiments demonstrating that cells must pass a “restriction point”



to enter the cell cycle in G1, and the cell is committed after this point. He also suggested that
this control point does not function normally in malagnancies®. Together, these studies
established the stages, directionality, and restriction of the cell cycle, as well as the importance in
properly copying and segregating the cell’s genomic material. This discovery would set the

stage for the molecular biology era.

The last third of the 20™ century would be heavily focused on understanding the
molecular mechanisms that regulate the cell cycle and gene expression. A key discovery in cell
division control was the discovery of regulatory kinases and phosphatases to which the Nurse
group made several key contributions. They first discovered several mutations that allowed
yeast cells to divide at a smaller size” '°. Eventually, these genes were defined as the kinase
weel and the phosphatase cdc25, and they determined that cdc2 (CDK1 in humans), a critical
substrate of weel and cdc25, is phosphorylated and dephosphorylated on Y15, and this

phosphorylation regulates the entry of cells into mitosis' ™'

. Concurrent with these discoveries,
the Hunt group discovered proteins that were created and destroyed with each cell division.
They termed these proteins “cyclins” and postulated that they are intimately involved in the cell
cycle'®. Shortly thereafter, the Kirschner group demonstrated that these proteins were required
for embryonic cell divisions and that cyclin B is required for the activation of maturation

promoting factor (CDK 1) kinase activity'™ '°.

While many scientists in the 80’s were hot on the trail of cyclins and CDKs, another
group of scientists began looking into S phase and were able to shed some light on how such a
large amount of DNA is efficiently and accurately replicated via origins of replication. By the
early 80’s, autonomously replicating sequences (ARS) of DNA were isolated from yeast and
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were identified as the origins of replication in DNA synthesis It was not until 1992 that



Diffley & Cocker demonstrated that a large protein complex is targeted to the origins of
replication in G1 phase'’, and the same year, Bell & Stillman identified and characterized the six
origin recognition complex proteins®. These proteins were demonstrated to be necessary for
DNA synthesis, but questions remained as to what other proteins were required for initiation.
The cdc6 gene was isolated and characterized in 1988, and it was also determined to be
necessary for DNA synthesis®'. Eight years later, it was shown to bind directly to the ORC
proteins, which in turn bound to the ARS. This complex would be termed the pre-replication
complexzz, and the other components of this complex, mini-chromosome maintenance 2-7 and

: 23,24
cdtl, were discovered a few years later™ .

The discovery of the pre-replication complex was a milestone in the molecular biology of
DNA synthesis, but open questions remained regarding how the complex was regulated and how
synthesis (S phase) was initiated. Two discoveries were critical in answering these questions:

G1 cyclins/CDKs and the retinoblastoma tumor suppressor protein (pRb or Rb).

In 1991, a number of groups identified a new group of cyclins, cyclin C, D, and E, the
expression of which peaked in the G1 phase of the cell cycle®™?’. The authors all suggested that
these cyclins play an important role in ushering the cell from G1 to S phase, as they all peak
sometime in G1 phase and then fall. Previous work demonstrated that cyclin A and B were
important for CDK1 activity in human cells, and it was clear that cyclin A and B levels
correlated with the level of CDK1 activity, which both peaked in the G2 phase*®”. The levels of
the new cyclins peaked in G1 phase, prompting researchers to search for new cyclin-CDK
interactions. CDK2 was discovered in 1991°°, and it was found to interact with cyclin E and,

later, cyclin D which was also demonstrated to interact with several other CDKs*'?,



In the early 80’s, scientists were searching for a causal agent of retinoblastoma, a very
rapidly developing cancer affecting the eyes in a small population of people, primarily children.
A genetic link, the retinoblastoma gene, was soon found, and the gene was cloned and

characterized in 1987, becoming the first discovered tumor suppressor gene>> **

. The protein
product of this gene (pRb or Rb) was characterized as a phosphoprotein which has the ability to
bind DNA®. Shortly thereafter, numerous viral proteins were found to interact with Rb and
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mediate transformation through this interaction™". Non-phosphorylated Rb was discovered to

bind to the E2F transcription factor, with SV40 large T antigen and adenovirus E1A proteins

3941 These data

disrupting this interaction, an important requirement for viral transformation
indicated the critical importance of Rb in cell cycle progression, and its function as the G1-S

checkpoint and the role of phosphorylation by cyclin/CDKs in this regulation would soon be

elucidated*>*.

By the early 90’s, researchers suspected there were other checkpoints important in cell
cycle regulation and began screening for candidate genes. A screen of yeast mutants led to the
discovery of a protein, Mad2, which is necessary for microtubule spindle assembly™. The same
year, more microtubule regulating genes would be discovered: the bub loci*’. The Mad and Bub
genes would eventually become known for their role in the spindle checkpoint. The role of one
final and incredibly important cell cycle protein would be discovered in the early 90’s: p53. The
Old group had discovered p53 in 1979 and found that it was highly expressed in a number of
cancers'®. After finding this protein highly expressed in transformed tissues, it was thought that
p53 was an oncogene’. Ten years later, the Vogelstein group found that the p53 gene is mutated
in a large subset of colon cancers and expression of wild-type p53 could suppress the growth of a

large subset of these cancer cells*® *°. This was the first evidence that p53 was not an oncogene



but, instead, a tumor suppressor gene. The role of p53 in stopping DNA synthesis by responding
to DNA damage was discovered shortly thereafter, which established the role of p53 in the DNA

damage checkpoint, one of the most crucial cell cycle checkpoints.

By the end of the 20™ century, most of the major proteins involved in the cell cycle were
discovered. The roles of major checkpoint players such as Rb and p53 were known, the
coordinated synthesis of DNA was seen, and the role of cyclins and kinases in regulating most of
the cell cycle proteins by phosphorylation was uncovered. The 21 century would dive deeper
into the details surrounding all of these proteins—the larger assemblies of which they were part,
the substrates on which they acted, and the existence of feedback loops. Cell cycle initiating
pathways such as mTOR, Wnt, and MAPK would also be well studied due to their role in
proliferation and carcinogenesis. Another area of interest would be the role of phosphatases—
once thought to be housekeeping enzymes, but now known to have a great deal to do with cell
cycle regulation. These enzymes would turn out to be far more diverse and their actions more
complex than previously thought and shift a kinase-focused paradigm of the cell cycle to one of

exquisitely coordinated antagonism between phosphorylation and dephosphorylation.



Protein phosphatase 2A: A Complex and Diverse Family of Phosphatases

Background: Eukaryotic phosphatases are encoded by a small number of genes and can
be divided into three super families: the serine/threonine phosphatases (PSPs), the tyrosine
phosphatases (PTPs) and the dual specificity phosphatases (DSPs) (reviewed in 50-52). The
number of PTPs is approximately equivalent to the amount of tyrosine kinases in the genome,
but the number of serine/threonine kinases exceeds the PSPs by fourteen fold. This difference is
due to the complexity of PSP oligomerization. The PSPs are further divided into three families:
phosphoprotein phosphatases (PPPs), metal-dependent protein phosphatases (PPMs), and
aspartate-based phosphatases (Figure 1.1). The PPP family contains many of the phosphatases
involved in cell cycle regulation such as PP1, PP2B, PP4, PP5, PP6, PP7, and of course, PP2A>"
32 The PPP family all have a similar active site configuration, containing two catalytic metal
ions, 6 conserved residues (D, N, and H’s), and a catalytic water molecule. The
dephosphorylation reaction proceeds via an Sy2 mechanism with the activated water serving as a
nucleophile to attack the phosphorus, hydrolyzing the phosphate bond™. One of the PPPs,
PP2A, functions in the regulation of many processes such as neuronal stabilization, cardiac
muscle function, and as discussed below, the cell cycle. As such, it is implicated in a vast array

5356 1t can affect all of these

of diseases such as Alzheimer’s disease, cardiac disease, and cancer
processes due to its complex regulation and diverse holoenzyme formation.

Regulation and Activation of PP2A: A4 diagrammatic summary of this section is given
in figure 1.2. The PP2A holoenzyme is formed by a combination of three subunits: a catalytic
(C) subunit containing the active site, a regulatory (B) subunit which confers substrate

specificity, and a scaffolding (A) subunit that interacts with B and C*”. There are two isoforms,

a and B, for both A and C that share high sequence homology. The o subunit for each is



expressed at a much higher level and is the predominant isoform studied in PP2A research. In
addition to A and B subunits, cellular PP2A C subunit (PP2Ac) is found associated with a4
protein and TOR Signaling Pathway Regulator-like (TIPRL)*®. The function of a4 on PP2Ac
has been controversial in the past; however, now it is known that a4 can bind and partially
unfold PP2Ac and inactivate it™. a4 can also protect PP2Ac from ubiquitination by Midline 1
(MIDT1) and subsequent degradation. This binding of stable inactive PP2Ac provides the cell
with a pool of available PP2Ac while simultaneously protecting the cell from non-targeted
dephosphorylation by free PP2Ac. Before assembly into active holoenzymes, PP2A must be
activated. The phosphotyrosyl phosphatase activator (PTPA) is a critical protein in PP2A
activation®. PTPA is necessary for folding of the active site and loading of catalytic metal ions.
PP2A together with PTPA can form an enzyme with ATPase activity, and this association is
necessary for loading the catalytic metal ions and activating PP2A. Evidence suggests there is a
Zn”" ion in the active site, and ATP is required to load a Mg”" ion into the second position and
activate PP2A®. PP2Ac also undergoes post-translational modification on its unstructured
carboxy-terminal tail. Phosphorylation occurs on T304 and Y307, and carboxymethylation
occurs on L309. L309 is methylated by a PP2A specific enzyme: leucine carboxy
methyltransferase (LCMT1) and this methylation is reversed by another specific enzyme, PP2A
methylesterase 1 (PME1)®"%2. PP2A methylation is essential for cellular function, and cells will
undergo apoptosis in the absence of LCMT-1%. LCMT-1 is also required for the anti-tumor
effect of PP2A. Methylated PP2Ac has an increased affinity for some B subunits and has been
shown to fluctuate in the cell cycle, making it a likely regulator of holoenzyme assembly®*.
Structural Diversity of Holoenzymes: PP2A can act on a large array of substrates

because of the diverse holoenzymes it can form. The B subunits contribute to the largest
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variation on holoenzyme formation and are divided into four families: the B (PR55), B’ (PR56),
B’’ (PR72) and B’’’ (Striatin). Currently, the identified regulatory subunits are encoded by 15
genes which can be alternatively spliced to yield 26 different B subunits™®. These subunits share
sequence homology within each family, but have little-to-no sequence homology between the
families. As such, there is not a specific “recognition motif” that PP2A substrates contain, and
the recognition is likely due to structural elements inherent in each subunit. The structure of the
core dimer of PP2A revealed important insights on how holoenzyme assembly and activity is
regulated®. The C subunit consists of a core domain with two p-sheets flanked by o-helicies,
with connecting loops of B-sheets forming the active sites. These loops contain the 6 conserved
residues which bind the active site metal ions. The outside of the loops are likely dynamic as
every holoenzyme (and core enzyme) structure solved to date required the addition of a selective
inhibitor such as microcystin LR (MCLR) or okadaic acid (OA) to enable crystallization >’
The A-subunit consists of 15 Huntington-elongation-A subunit-TOR (HEAT) repeats arranged in
a horseshoe shape. The C subunit binds to repeats 10-15 and the regulatory subunits bind to the
N-terminal repeats. The A subunit can exhibit a large degree of conformational flexibility,
explaining how so many structurally diverse B subunits can form active holoenzymes with the
same AC dimer. The B’y1 holoenzyme was the first holoenzyme structure solved®’. The B’yl
subunit structure is similar to the A subunit, as it is a linear arrangement of HEAT repeats. There
is also an ordered loop near the active site which may be involved in restricting substrate access
(Chapter II). The structure of the Ba holoenzyme demonstrated a much wider conformation for
the A subunit than the core enzyme or B’ holoenzyme, with little interaction between the B and
C subunits. The Ba subunit is a 7-bladed B-propeller with a hairpin that extends to interact with

the side face of the N-terminal HEAT repeats of the A subunit®. Until recently, these were the
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only two holoenzyme structures known, with no structural information on the B** or B’’’ family.
Chapter III is devoted to the elucidation of the high-resolution structure of the PR70
holoenzyme, a member from the B” family.

Given the diversity of holoenzyme structures, it is no surprise that PP2A has been
suggested or confirmed to dephosphorylate over 300 substrates (Chapter [V). The majority of
these substrates are involved in cell cycle regulation, and although some of PP2A-mediated
dephosphorylation cause positive regulation of proliferation pathways, the majority of these
reactions function as negative regulators, so the net effect is to retard cell division and promote
apoptosis. It is not a surprise that PP2A has been implicated in such a wide array of human

diseases and is well studied due to its effects as a tumor suppressor.
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The Cell Cycle Initiation: Signaling Pathways

The initiation of the cell cycle is controlled by many diverse and complex signaling
pathways. There is a large and incredibly detailed body of information on each of these
signaling pathways, and they all continue to be thoroughly researched and reviewed. Presented
here is a brief review on three critical signaling pathways, Wnt, mTOR, and MAPK, with a focus
on the role of PP2A in their regulation.

Whnt Signaling Pathway: A4 diagrammatic representation of the wnt pathway is shown
in figure 1.3. The Wnt pathway is involved in the regulation of cell proliferation and polarity as
well as embryonic development. Under baseline cell conditions, the protein B-catenin is
degraded by the action of a complex composed of axin, adenomatous polyposis coli (APC),
glycogen synthase kinase 33 (GSK3p), and casein kinase 1 (CK1) (reviewed in 68, 69). GSK3f
and CK 1 phosphorylate B-catenin, targeting it for ubiquitination and proteasomal degradation’”
"I APC and axin have unique domains that bind to CK1 and GSK3p to serve as scaffolds to
increase B-catenin phosphorylation, and these scaffolds are often found mutated in cancers’ .
To activate Wnt signaling, extracellular Wnt binds to the receptor frizzled and co-receptor LRP
5/6. An intracellular complex is then formed with the receptors, disheveled, axin, CK1, and
GSK3p, which then prevents the phosphorylation and subsequent degradation of B-catenin”. B-
catenin can then accumulate in the nucleus and bind to TCF family transcription factors and
activate Wnt responsive genes’°. Many of these genes are critical promoters of cell division such
as cyclin D1 and c-Myc”" ",

B-catenin is the central substrate in Wnt signaling, and its regulation is highly dependent

on phosphorylation and dephosphorylation. The phosphorylation events are sequential, with

CK 1 phosphorylating S45 followed by GSK3p phosphorylating T41, S37, and $337" 7",
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Phosphorylation at S37 and S33 allows the ubiquitin ligase f-transducin repeat containing
protein (B-TRCP) to bind B-catenin and target it for degradation”. In addition to
phosphorylating B-catenin, CK1 and GSK3f can phosphorylate APC and axin which increases

the affinity of B-catenin for these scaffolds®**

. These phosphorylation events are disrupted
when the complex is perturbed by Wnt signaling. B-catenin, APC, and axin can be
dephosphorylated by phosphatases such as PP2A and PP1, and this event can also increase [3-
catenin levels. PP1 increases -catenin levels by dephosphorylating axin which reduces its
affinity for GSK3B*. Unlike PP1, PP2A has a dual and opposing role in B-catenin regulation
(Figure 1.3). The PP2A-Ba holoenzyme has been shown to directly interact with and
dephosphorylate B-catenin to enhance Wnt signaling. This holoenzyme can not only
dephosphorylate the residues relevant to destruction, but it can also dephosphorylate residues
S552 and S675, the functionality of which has yet to be elucidated. The B55a holoenzyme can
also directly bind axin, likely through a different domain than the one that PP2Ac can bind®. In
contrast, the PP2A B’a holoenzyme has been implicated in negative regulation of Wnt signaling.
B’a can bind to the destruction complex through APC, and overexpression of B’a results in
decreased p-catenin levels, with the amino terminus of p-catenin being required for this effect™.
PP2A negatively regulates Wnt signaling through GSK3p both directly and indirectly. GSK3p is
inhibited by phosphorylation on S9, and DNAJB6 with Heat Shock Cognate 40 (HSC40) can
recruit PP2A to GSK3p where it can directly dephosphorylate S9 and activate GSK3B*. PP2A
also indirectly regulates GSK3p by inhibiting Protein Kinase B (AKT or PKB). AKT
phosphorylates GSK3f on S9 to inactivate it, but if AKT is inhibited, there is increased active

GSK3p which targets more B-catenin for destruction®’. This pathway provides an important

intersection with the mTOR pathway, another critical cell cycle initiating pathway.
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Mechanistic Target of Rapamycin (mTOR): A diagrammatic summary of the mTOR
pathway is shown in figure 1.4. The mTOR pathway is involved in many diverse cellular
processes. It is stimulated by amino acids, cellular metabolism, and growth factors, and results
in increased growth, metabolism, biomolecule synthesis, and proliferation®®. Because of the
multifaceted role of mTOR in cell regulation, it is an intensely studied pathway with major
implications in cancer, heart disease, and even some neurological diseases such as autism®*".
Rapamycin was known to have toxic effects on yeast, and the responsible genes
(DDR1&2/TOR1&2) were discovered in 1993, with the protein being discovered one year

later’>**

. Two complexes are formed with the mTOR catalytic protein: mTORC1 and mTORC2.
Both complexes contain some shared as well as some unique components. The shared
components are the ttil and tel2 scaffolds, deptor, and mLST8. mTORCI contains the unique
proteins raptor and pras40, whereas mTORC?2 contains rictor, mSin1, and protor1/2*. Deptor is
an inhibitor of both mTOR complexes and suppresses the function of S6 kinase 1 (S6K1), AKT,
and Serum and Glucocorticoid regulated kinase 1 (SGK1). Deptor is highly overexpressed in
some multiple myelomas, and this overexpression can induce AKT function due to loss of
feedback inhibition of phosphoinositide-3 kinase (PI3K) from mTORC1%. Raptor and rictor
help regulate substrate specificity to mMTORC1 and mTORC2, respectively. Raptor binds with
mTOR in the mTORCI complex and is necessary for binding and phosphorylation of S6K1 and
4E-BP1, which in turn induce protein synthesis and proliferation’®®’. GPL (also known as
mLST8) is found in both mMTORC2 and mTORCI and is essential in stabilizing the interaction of
mTOR with raptor® **,

Both complexes are regulated by highly diverse processes. Wnt signaling can activate

99, 100

both mTOR complexes, as can stimulation by insulin . Wnt can stimulate mTORC2 directly
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through the GTPase RAC1 and stimulates mTORCI indirectly by inactivating glycogen synthase
kinase 3, which is necessary to activate an mTORCI inhibitor, tuberous sclerosis complex 2
(TSC2)* ' Insulin, long known to stimulate protein synthesis, activates mTOR through a
central molecule, phosphatydilinositol-3,4,5-triphosphate, produced by PI3K. This molecule can
directly stimulate mTORC2 and can indirectly stimulate mTORC1 by activation of AKT which
inhibits TSC2'" '°!. Free amino acids activate mTORC]1 via binding to RAS-related GTP
binding protein (RAG) heterodimers, causing a global conformational change. The RAG
complex associated with amino acids can recruit mTORCI1 to the lysosome where it is activated
by binding to RAS homologue enriched in brain (RHEB)'** '**,

There is generally a good body of knowledge on how mTOR is regulated, with some
details still being worked out. Conversely, the substrates of mTOR are not very well known.
Mass spectrometric studies have identified 93 potential substrates in human embryonic kidney

cells and 174 potential substrates in mouse embryonic fibroblasts'®®

. Very few of these
substrates have been studied in detail. The best known substrates of mTOR are the ribosomal S6
kinase (S6K) and eIF4e binding protein 1 (4E-BP)'. Many proteins that are involved in growth
and proliferation are encoded by mRNAs that have secondary structures in their UTR that inhibit
scanning by the 40S ribosomal subunit (reviewed in 104). Phosphorylation of 4E-BP by
mTORCI can inhibit its binding to e[F4E which is necessary to recruit the pre-initiation
complex'** ', An important component of the pre-initiation complex is e[F4B, which allows
for more efficient unwinding of secondary mRNA structures. The binding of eIF4B is enhanced
by phosphorylation by S6K, which is phosphorylated and activated by mTORC1'* ', These

mTOR substrates both work in concert to translate these structured mRNAs to enhance growth

and proliferation. mTOR regulates autophagy by the phosphorylation of Unc 51-like kinase 1
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(ULK1). Autophagy is promoted by ULK1 when activated by phosphorylation on S317 and
S777 by AMP activated protein kinase (AMPK). mTOR phosphorylates ULK1 on S757, which
prevents AMPK phosphorylation and subsequent activation'®®. Recently, LIPIN1, a protein that
helps promote lipid biosynthesis, was identified as a potential mTOR substrate, but more work is
needed to further characterize this substrate'"’.

There is certainly a lack of information on mTOR substrates, and even more lacking is
the role of phosphatases in regulating mTOR activity and activation of its substrates. There is
evidence that PP2A can associate and dephosphorylate S6K, and the same report indicated that
mTOR can inactivate PP2A, providing two modes of S6K activation'® (Figure 1.4). PP2A has
also been shown to affect mTOR activity by regulating AKT. AKT, which inhibits TSC2,
requires phosphorylation on T308 and S473 for activation, and the PP2A B’a holoenzyme has
been shown to dephosphorylate AKT on T308, thereby inactivating it'”” (Figure 1.4). Upstream
of AKT, driven by insulin signaling, is insulin receptor substrate 1 (IRS1) which is necessary to
transduce insulin receptor signaling to PI3K. PP2A can dephosphorylate IRS1, leading to its
stabilization, and mTOR can inhibit PP2A activity toward IRS1 potentially directly

phosphorylating IRS1 at S307, leading to IRS1 degradation''® "

(Figure 1.4). Multiple reports
have indicated that mTOR can negatively regulate PP2A activity, and most of this negative
regulation supports mTOR activation through insulin signaling and PI3K. In contrast, PP2A can
negatively regulate mMTOR when amino acids are not present. MAP4K3 can signal to activate
mTOR when amino acids are present. Autophosphorylation on S170 is necessary for this
activation. When amino acids are withdrawn, PP2A dephosphorylates S170 and prevents mTOR
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activation by this pathway " (Figure 1.4). To make matters more complex, TIPRL can

overcome amino acid withdrawal and stimulate mTOR activation by binding with the C subunit



17

of PP2A and inhibiting its activity; however, the yeast homologue, TIP41, has a negative effect
on mTOR activation by binding to TAP42, which would bind PP2Ac and inhibit its function’®.
The mammalian homologue of TAP42, a4, does bind PP2Ac, but unlike in yeast, this association
is not dependent on mTOR, indicating that the functions of TIPRL and a4 are not conserved' .
The mTOR pathway is a critical pathway to activate growth and proliferation, and the
regulation of this pathway is exceedingly complex, involving many feedback loops and
antagonistic partnerships, especially with PP2A. There is a large amount of information known
about mTOR, and it is a frequently targeted pathway for potential treatments of disease such as
cancer. Despite this knowledge, there are gaps in our understanding of mTOR substrates, as well
as its activation, regulation, and crosstalk with other signaling pathways. Further study will
deepen our understanding of growth signaling and possibly lead to significant drug development.
Mitogen Activated Protein (MAP) Kinase Signaling Pathway: A diagrammatic
overview of the MAPK pathway is shown in figure 1.5. MAP kinase pathways help regulate
many cellular functions such as proliferation, differentiation, and apoptosis. There are 4 families
of MAP kinases: ERK1/2, ERKS, JNK, and p38 (reviewed in 114-117). When activated, MAP
kinases phosphorylate downstream substrates to induce cellular responses. MAPKs are activated
by upstream kinases (MAPK kinases), and those MAPKKSs are activated by further upstream
kinases, MAPKK kinases (MAPKKKs). These kinases are activated by cellular growth signals,
cytokines, or stress signals. ERKS, JNK, and p38 generally have pro-apoptotic functions and are
activated by stresses, whereas ERK1/2 promotes proliferation and transformation. The ERK1/2
pathway was the first MAPK pathway discovered and is the best studied. Growth factors such as
epidermal growth factor (EGF) or fibroblast growth factor (FGF) bind to their respective

receptors and recruit a complex of SRC homology-2-containing protein (SHC), growth factor
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receptor bound protein 2 (GRB2), and son of sevenless (SOS)''®

. This complex changes Ras
conformation, disrupting GDP interaction and promoting GTP association which activates Ras
and recruits Raf (MAPKKK) to the membrane bound complex, where Raf is activated by

dimerization and phosphorylation' " '*°

. Raf then phosphorylates and activates MEK 1, which
subsequently phosphorylates and activates ERK1/2'%!'*2., ERK1/2 phosphorylates transcription
factors Jun and Fos which can then translocate to the nucleus and bind DNA to initiate
transcription of genes involved in cell cycle regulation such as AP-1, which in turn can promote

cyclin D1 expression'>* '#*

. ERK1/2 can also phosphorylate and stabilize c-Myc, which can then
enhance its transcriptional activity toward cell cycle promoting genes such as cyclin D1 and
CDC25A'" 1%,

The ERK1/2 MAPK pathway and its downstream substrates are also regulated by the
action of phosphatases. There are at least 11 MAPK phosphatases (MKPs), which are split into
three families based on cellular localization. There is significant cross-activity between the
MKPs and all four of the MAPK pathways, and many of the MKPs, such as MKP-1 and MKP-3,
have an overall transforming effect and are implicated in many cancers (reviewed in 126).
MKP-1 has been the best studied of the MKPs, and is implicated in a variety of cancers. One of
the mechanisms implicated in maintaining cell survival is its ability to prevent stress-induced
apoptosis by preferentially dephosphorylating p38 and JNK, inactivating two critical stress-
induced apoptotic pathways in the cell'>” '%*,

PP2A appears to have a role in both positive and negative regulation of the ERK MAPK
pathway (Figure 1.5). SHC is an important member of the complex that binds growth receptors

and activates Ras. PP2A can bind to the phospho-tyrosine binding domain of SHC and

negatively regulate Ras activation. After growth factor stimulation, T317 phosphorylation of



19

SHC can dissociate PP2A and allow downstream activation. It is currently unknown whether
PP2A actively dephosphorylates SHC or which regulatory subunit is responsible for PP2A’s

inhibitory effect'”

. PP2A can also directly inactivate ERK by dephosphorylation (Figure 1.5).
This is mediated by the B’} and B’y subunits, which can also be phosphorylated by ERK if IEX-
1 is expressed, thus reversing the PP2A mediated inactivation'*. Sprouty2 is an inhibitor of
FGF stimulated ERK activation. Sprouty?2 is normally phosphorylated and cannot bind Grb2,
and phosphorylation on T55 allows c-Cbl to bind and target sprouty2 for degradation by the
proteasome. On FGF stimulation, sprouty2 is dephosphorylated by PP2A, which exposes a Grb2
binding motif on the C-terminus (Figure 1.5). When bound to Grb2, ras is unable to be recruited
to the complex and be activated, thus downregulating ERK activation by FGF. PP2A binds to
sprouty2 between residues 50-60, competing with c-Cbl binding to activate and protect
sprouty2'*!. PP2A appears to have diverse effects negatively regulating the assembly of the ras
activating complex in addition to working downstream on ERK itself. Conversely, PP2A can
also positively regulate ERK MAPK signaling. The kinase repressor of ras (KSR1) is a critical
positive regulator of ras signaling. It is a necessary scaffold to transduce the activation signal
from ras-1 to MEK to ERK. PP2A Ba holoenzyme is associated with the KSR1 complex and is
required for MEK activation. When phosphorylated, S392 of KSR1 associates with 14-3-3
protein and remains cytoplasmic. PP2A Ba directly dephosphorylates KSR1 at S392 which is
then freed from 14-3-3 and can translocate to the membrane, an event required for MEK
activation'* (Figure 1.5). Similarly, PP2A and PP1 have been shown to positively regulate Raf-
1 activity by dephosphorylating S259, allowing 14-3-3 release from Raf-1 and membrane

translocation'* (Figure 1.5). In addition to working downstream of growth receptors, PP2A can

exert a positive regulation of ERK MAPK signaling. EGF receptors are targeted for
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ubiquitination and degradation by c¢-Cbl, which requires phosphorylation on various residues.
This interaction is disrupted upon recruitment of SRC homology 2 domain containing inositol
polyphosphate phosphatase, SHIP2. PR130, a PP2A regulatory subunit from the B’’ family,
forms a holoenzyme which can form a complex with SHIP2 and is required for SHIP2-mediated
stabilization of EGFR. Mapping studies indicate that the catalytic domain of SHIP2 interacts
with the EF hands of PR130, and mutation in this region disrupts the stabilizing effect of PR130

14 Tt is currently unknown whether catalytic activity is required for this

holoenzyme on EGFR
effect and whether PP2A-PR130 dephosphorylates EGFR, SHIP2, or other associated targets.
Taken together, much of the phosphatase activity of MKPs has a net overall proliferative
effect, and most of the activity of PP2A has a net overall anti-proliferative effect; however, this
regulation is especially complex and may have other as-yet-unidentified regulatory proteins
involved. There is also crosstalk with many of these pathways as well as other cell cycle

promoting pathways, highlighting the importance of phosphatases in regulating the initiation of

the cell cycle and the complexity by which they do so.
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Cell Cycle Progression: Rb and the G1-S Transition

The initiation of the cell cycle can occur by a variety of processes such as those
mentioned above. In G1 phase, these pathways initiate growth and transcription of factors, such
as cyclin D1, that control cell cycle progression. Before the cell can enter into synthesis phase, it
must pass through a critical cell checkpoint to ensure it is ready for DNA synthesis. The master
regulator of this checkpoint, and first discovered tumor suppressor protein, is the retinoblastoma
tumor suppressor protein (Rb).

Rb Phosphorylation: Rb is an approximately 105 kDa protein consisting of three
functional domains: an N-terminal structured region, a two-part central pocket region, and a C-
terminal unstructured region. There are two other proteins structurally and functionally related
to Rb: p107 and p130. Together, these proteins make up the pocket protein family and have all
been implicated in diverse cellular processes such as cell cycle progression, apoptosis,
senescence, differentiation, and angiogenesis (reviewed in 135). These proteins bind and
inactivate E2F transcription factors, with Rb binding E2F 1-3, and p107/p130 binding E2F4/5
(Figure 1.6). E2F 1-3 are transcriptional activators and mostly express cell cycle genes such as
cyclins E and A, and CDC25 (reviewed in 135-137). E2F4 & 5 are transcriptional repressors and
are involved in maintaining genomic stability and redundant functions with Rb (reviewed in 138,
139). The pocket proteins bind to E2F transcription factors along with their dimerization
partners (DPs), preventing their translocation to the nucleus and transcriptional activation. The
pocket proteins are phosphorylated by cyclin/CDK holoenzymes on numerous residues,
weakening the interaction between them and the E2Fs, causing dissociation and E2F
transcriptional activation (reviewed in 140, 141) (Figure 1.6). Rb is phosphorylated by cyclin

D/CDK4 and cyclin E/CDK2 in G1, and numerous phosphorylation events gradually lead to the
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release of E2F transcription factors'*. One possible mechanism for this gradual release is due to
the association of E2F with multiple domains of Rb'*. The pocket domain alone is not
sufficient for E2F dimerization, as the C-terminal region of Rb adopts a stable conformation
upon association with E2F1-DP and increases the binding of the complex more than 36 fold.
Loss of this interaction predisposes Rb-E2F to dissociate, and this region is phosphorylated by
cyclin D/CDK4/6 early in G1, thus providing a model for how sequential phosphorylation events
dissociate Rb-E2F. Rb levels do not change throughout the cell cycle, indicating that
phosphorylation events need to be reversed to reset Rb after cell division'*.

Phosphatases in Rb Regulation: Although the role of phosphorylation in Rb regulation
was discovered early on and has been extensively studied, the role of phosphatases in reversing
these phosphorylation events has not been as thoroughly studied. Protein phosphatase 1 and
PP2A are the primary phosphatases that regulate Rb (and p107/130) function. PP1 is responsible
for complete dephosphorylation of Rb after mitosis, whereas PP2A functions throughout the cell
cycle, dephosphorylating Rb and p107/130 in response to various stimuli (reviewed in 140, 144).

PP1 and PP2A are both known to dephosphorylate Rb, and PP1 appears to compete for
the same CDK docking sites, possibly explaining why it is only effective after mitosis when
CDK activity drops'*'*®. This sort of competitive interaction has also been suggested between
CDKs and PP2A for all three pocket proteins, and during the cell cycle when CDKs are elevated,

147

the net effect is toward hyperphosphorylation ™'. Indeed, specific overexpression of Ba induces

p107 dephosphorylation. Ba can directly associate with p107 but has little affinity for pRb,
therefore, additional holoenzymes may be required to mediate cell cycle arrest by pocket protein

.. 148
activation .
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In contrast to constitutive competitive interactions, extracellular signaling or stress
factors can induce PP2A-modulated dephosphorylation of the pocket proteins with no significant
changes in CDK activity or PP2A expression'*’. Sustained FGF signaling can arrest cell growth
in chondrocytes, which is the opposite effect in most other cell types. FGF can dephosphorylate
Ba, increasing its affinity for p107, and chondrocytes have a large constitutively expressed Ba
population. Phosphorylation of Ba allows increased association of PP2A-Ba holoenzymes with
p107 and subsequent dephosphorylation and cell cycle arrest'”’. The extracellular factor all-
trans-retinoic acid (ATRA) appears to induce PP2A specific dephosphorylation of p130. Upon
ATRA treatment, PP2A can bind to and dephosphorylate p130, protecting it from ubiquitination
and degradation. PP2A can also mediate p130’s translocation to the nucleus due to
dephosphorylation of S1080 and T1097, exposing the NLS and allowing binding by importins o
and B°"'*2. Under oxidative stress conditions, the PP2A-PR70 holoenzyme can
dephosphorylate Rb, and this activity is dependent on Ca*" stimulation'* (Figure 1.6). One
potential underlying mechanism is that oxidative stress induces an influx of Ca®", which
stimulates PR70 holoenzyme formation and results in specific Rb dephosphorylation by PP2A-
PR70.

The regulation of pocket proteins by dephosphorylation is complex and results from the
interplay between competition from CDKSs and specific mitogenic or stress stimuli. There may
also be crosstalk between various signaling pathways in this process, as pocket proteins are
central effectors through which many pathways funnel. S phase induction by Rb represents a
commitment by the cell to DNA synthesis and phosphatases continue to be important in

regulating this process.
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DNA Synthesis and Regulation of the Origin Recognition Complex

Once the cell passes the G1-S checkpoint, it is committed to the process of synthesizing
DNA. The genome in eukaryotes is far too large for synthesis to proceed in a linear fashion from
one end to another, so synthesis proceeds from discrete origins of replication. In yeast, these
origins are defined by specific DNA sequences; however, human origins are likely defined by
DNA structural features (reviewed in 154).

ORC Assembly and Regulation: The origin recognition complex (ORC) is a large
protein complex that binds to DNA at the origins of synthesis and recruits all of the proteins
required to unzip and polymerize DNA (reviewed in 155, 156). There are 6 ORC proteins
(ORC1-6) that bind to DNA at the origins (referred to as autonomously replicating sequences
(ARS) in yeast). These proteins all bind and hydrolyze ATP, and ATPase activity is required for
their assembly and recruitment of other complex members™. In late G1/early S, cell division
control 6 protein (Cdc6) binds to the ORC proteins and is the critical component for further ORC
assembly”>. Cdc6 facilitates the loading of Cdtl and ORC6 to ORC1-5 which then facilitate the
loading of the mini-chromosome maintenance proteins (MCM2-7)**. Cdc6 also has ATPase
activity, and hydrolysis of ATP leads to conformational changes which increase the binding

affinity of the MCM proteins for the complex'’

. The MCM proteins have helicase activity, and
can begin to unwind DNA for replication. The MCM proteins are then phosphorylated by
Dbf4/Cdc7 which allows the recruitment of RPA and Cdc45 to the unzipped origin, which
facilitates the loading of DNA polymerase and synthesis of DNA'>* >,

Regulation of Cdc6 by Phosphorylation: A diagrammatic illustration of Cdc6

regulation is shown in figure 1.7. For error free cell division, DNA must be synthesized once

and only once. One of the chief ways the cell regulates this process is by only allowing the
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origins to fire one time. This restriction is accomplished by the tight regulation of Cdc6. In the
absence of phosphorylation near its N-terminal destruction motifs, the anaphase-promoting
complex/cyclosome (APC/C) targets Cdc6 for ubiquitination and proteasomal degradation. In
G1, Cdc6 is phosphorylated by cyclin E/CDK2 on S54 and S74, protecting it from degradation
and allowing it to be transported into the nucleus and to bind to the ORC'**'®! (Figure 1.7).
After origin firing in late S phase, Cdc6 is acetylated by general control nonderepressible 5
(GCNS5) and phosphorylated by cyclin A/CDK2 on $106'%*'®*. These modifications tag Cdc6
for nuclear export where it is degraded in the cytoplasm. Cdc6 degradation can only happen
when the protective residues are dephosphorylated, and PP2A-PR70 has been shown to
dephosphorylate Cdc6, although this interaction has not been fully characterized (Figure 1.7).
Chapter II will focus on the interaction of PP2A-PR70 and Cdc6 with insights on its interaction

and dephosphorylation.
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Concluding Remarks

The cell cycle is a complex and intricate process and may be the most studied aspect in
all of biology. This highlights its importance in understanding the origins of most of our
diseases and what we can do to intervene and provide our species with an unprecedented quality
of life and longevity. We have made great strides in understanding the complex players of the
cell cycle, and the importance of regulation by reversible phosphorylation cannot be
underestimated.

The role of PP2A in regulating the cell cycle is only beginning to be investigated. PP2A
is a complex group of enzymes and is highly regulated, making it difficult to study. There are no
known PP2A-substrate binding consensus sequences, indicating that structural and biochemical
information is required to understand the mechanisms by which PP2A regulates substrate
dephosphorylation. The knowledge on the B’’ family of PP2A holoenzymes is particularly
lacking, despite the importance of its member in regulating key cell cycle proteins such as Rb
and Cdc6. Structural information on a PP2A-B’’ holoenzyme will fill in an important gap in
knowledge of PP2A function. This information will lead to better characterization of PP2A
function and identify predictive markers and possible targets for therapeutic intervention.

In the modern era, we are beginning to understand the numerous variations in the
population, which requires us to study cell division both as a general process and on an
individual-specific basis. The “omics” revolution gives us new understanding in both of these
aspects, and we can begin to use these tools to better prevent, diagnose, and treat disease. High-
throughput assays can identify substrates and characterize protein-protein interactions
significantly faster than traditional methods while still having high specificity. These large scale

assays combined with structural and biochemical characterization will provide an unprecedented
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amount of information to the PP2A field and possibly identify new targets of cell cycle
regulation. These new targets may be incredibly useful in developing drugs or biomarkers for
preventing, diagnosing, or treating human disease, and more refined knowledge on existing

PP2A-substrate interactions may help improve current treatments.
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Figure 1.1. Serine/threonine phosphatases are classified based on biochemical mechanism.
They are divided into three families, the aspartate-based phosphatases, the metal dependent
protein phosphatases, and the phosphoprotein phosphatases. The phosphoprotein phosphatases
have similar active site configurations and require catalytic metal ions in the active site. PP2A is

a member of this family. Adapted from Stanevitch (2013).
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Figure 1.2. Biogenesis and assembly of PP2A holoenzymes. a4 protects inactive PP2Ac from
ubiquitination by MID1. Activating metal ions are loaded by PTPA, and active PP2Ac binds to
the scaffold subunit (A). The C-terminal tail of PP2Ac can be methylated by LCMT-1 and
reversed by PME-1. Active, methylated PP2A-AC can then form holoenzymes with various B

subunits which are divided into 4 families: B, B’, B’’, and B*”’.
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Figure 1.3. The Wnt signaling pathway. A. Wnt OFF. In the absence of Wnt signaling, a
complex of Axin, Apc, GSK38, and CK1 phosphorylate B-catenin, targeting it for proteasomal
degradation. PP2A-B’a promotes B-catenin degradation by removing an inhibitory
phosphorylation on GSK3p. PP2A-Ba can directly dephosphorylate f-catenin, promoting the
activation of wnt responsive genes. B. Wnt signaling ON. In the presence of Wnt ligand, Wnt
receptors LRP5/6 and frizzled sequester the Axin, GSK3p, and CK1, preventing the
phosphorylation of B-catenin. B-catenin accumulates and translocates to the nucleus, promoting

the transcription of Wnt responsive genes. Figure adapted from MacDonald et. al. (2009).
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Figure 1.4. The mTOR signaling pathway. The mTOR complexes are colored blue. Proteins
involved in mTOR inhibition and activation are colored red and green, respectively.

Downstream factors inhibiting and stimulating growth are colored magenta and teal,
respectively. Growth factors stimulate the mTOR pathway via inhibiting the function of the TSC
complex that inhibits mTOR activation. Wnt signaling can inhibit the TSC complex or directly
stimulate mMTORC2. Amino acids can also stimulate mTOR activity. PP2A inhibits the mTOR
pathway by inhibiting IRS1 in the insulin signaling pathway or MAP4K3 in the amino acid
pathway, or by inhibiting AKT function. PP2A can also reverse mTOR phosphorylation of S6K.

Figure adapted from Shimobayshi & Hall (2014).



33

pERK1/2

Byl

TRANSCRIPTION

Figure 1.5. The MAPK signaling pathway. Growth factors stimulate a complex of proteins:
SHC, GRB2, and SOS to a growth factor receptor. This complex activates Ras which starts a
signal cascade from activation of Raf, to activation of MEK, ERK, and eventually the
transcription factors that activate the transcription of growth related genes. PP2A has both
positive and negative regulatory functions in this pathway. PP2A can activate Raf by
dephosphorylating S259 and causing 14-3-3 release. PP2A-Ba dephosphorylates S392 of KSR1,
which leads to dissociation of 14-3-3 from KSR1, essential for MEK1 activation. PP2A
negatively regulates MAPK upstream by activating Sprouty2, which inhibits GRB2 and
subsequent RAS complex formation. PP2A-B’/B’y can directly dephosphorylate ERK1/2
downstream of the signaling cascade, thereby inactivating it. Figure loosely adapted from

McCubrey et. al. (2009).
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Figure 1.6. Rb phosphorylation promotes transcription of E2F responsive genes. Rb normally
binds E2F transcription factors and their dimerization partners. When phosphorylated by
cyclin/CDK heterodimers, Rb loses affinity for E2F and free E2F is allowed to promote
transcription. Rb is dephosphorylated at the end of mitosis, allowing re-association with E2F.

PP2A-PR70 can dephosphorylate Rb under oxidative stress conditions.



35

ppCDC6

PP2A-
PR70*

Proteasomal

Degradation

DNA
SYNTHESIS

pppCdcbme

s Proteasomal
Degradation

Figure 1.7. Cdc6 is necessary for assembly of the pre-replication complex and subsequent DNA
synthesis. In GO, Cdc6 is ubiquinated by the anaphase promoting complex/cyclosome (APC/C)
and degraded by the proteasome. In G1, Cyclin E/CDK2 phosphorylates Cdc6 on S54 and S74,
protecting it from degradation. Cdc6 is translocated into the nucleus where it binds the origin
recognition complex and is required to recruit Cdtl and MCM2-7 and form the pre-replication
complex. After firing of the origins, Cdc6 is methylated by GCNS causing its dissociation from
the ORC. Cdc6 is then phosphorylated on S106 by Cyclin A/CDK2 and translocated to the
cytoplasm. PP2A-PR70 is thought to dephosphorylate Cdc6 either at this point in G2 and/or in
G1, ensuring Cdc6 destruction and regulating DNA synthesis. Figure loosely adapted from

Mumby (2009).
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Chapter 11

The Biochemical Characterization of

PP2A and its Interaction with Cdc6

The data discussed here is published in Cell Research (Wlodarchak et. al. 2013) with the
following exceptions: the data in figure 2.5 has been submitted to the New England Journal of

Medicine (Kinsler et. al 2014) as part of a collaboration, and the data in figure 2.9 is not
published.

The data in figure 2.1 C and 2.2 C & D was obtained in collaboration with Dr. Feng Guo. Dr.
Guo also performed some replications for the data in figures 2.7 & 2.8 and assisted with
calculations.
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Abstract

The B”’/PR72 family of protein phosphatase 2A (PP2A) is an important PP2A family involved in
diverse cellular processes and uniquely regulated by calcium-binding to the regulatory subunit.
The PR70 subunit in this family interacts with cell division control 6 (Cdc6), a cell cycle
regulator important for control of DNA replication. This chapter focuses on the in vitro
characterization of the PP2A PR70 holoenzyme and its interaction with Cdc6. PR70 interacts
with Cdc6 around the N-terminal phosphorylation sites of Cdc6 and can facilitate
dephosphorylation of residue(s) S54 and/or S74. PR70 holoenzyme assembly is facilitated by
Ca*"-binding and results in the most compact scaffold subunit conformation seen to date. PR70
can enhance PP2A-mediated dephosphorylation of pCdc6; in contrast, the B’ family of
holoenzymes have no phosphatase activity on pCdc6, likely due to steric hindrance by a B’ loop
near the active site. This study provides unique insights on PR70 holoenzyme assembly and its

regulation of Cdc6 dephosphorylation.
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Introduction

The tight control of reversible protein phosphorylation and dephosphorylation is crucial for
the regulation of cellular function"*. Protein phosphatase 2A (PP2A) is a major Ser/Thr
phosphatase in all eukaryotic cells that participates in many cellular processes via formation of
diverse trimeric holoenzymes. Each holoenzyme is comprised of a common core enzyme
formed by the scaffold (A) and catalytic (C) subunits (two isoforms each) that recruits a variable
regulatory subunit derived from four different families (B/B55/PR55, B’/B56/PR61, B”/PR72,
and B™/striatin)*. The regulatory subunits control substrate specificity and intracellular
distribution of PP2A holoenzymes. Collectively, PP2A holoenzymes target a broad array of
cellular phosphoproteins™*. The mechanisms PP2A uses to regulate substrate dephosphorylation
are not well understood, and it is unclear how PP2A regulatory subunits restrict the access to the
PP2A active site, allowing only selected substrates to be dephosphorylated.

Members of B”/PR72 family of PP2A regulatory subunits are involved in multiple cellular
processes, including modulation of neuronal signaling®, Wnt signaling®’, regulation of calcium-
channel phosphorylation® ?, and tumor suppression'®''. The PR72 and PR70 members of this
family have been proposed to play a role in cell cycle progression by regulating the
retinoblastoma (Rb) and cell division control 6 (Cdc6) proteins, which are both crucial for the

G1/S transition'>"

. The precise control of Cdc6 levels is important for the correct timing of
DNA replication and helps to ensure that only one copy of the genome is synthesized during
each cell cycle 116 " The N-terminal domain of Cdc6 harbors RXXL (D-box) and KEN (KEN
box) destruction motifs, which targets Cdc6 for ubiquitination and degradation '’. Ubiquitination

is negatively regulated by phosphorylation of serine residues at 54, 74, and 106 of Cdc6 by

cyclin-dependent kinases during G1'®. Evidence suggests that the PR70 regulatory subunit binds
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to Cde6 and plays a role in controlling its cellular level '*. How the phosphatase activity toward
Cdc6 is regulated, however, remains largely unclear.

The results below describe the in vitro characterization of the PR70 holoenzyme-mediated
dephosphorylation of Cdc6. PR70 binds to the N-terminal region of Cdc6 overlapping the
destruction motifs and phosphorylation sites. PR70 holoenzyme formation requires calcium
ions, and PR70 can also out-compete B’ family subunits. Assembly also forces the A subunit to
adopt a highly compact conformation. PR70 enhances PP2A phosphatase activity toward
pCdc6; in contrast, the B’ regulatory subunits markedly hinder Cdc6 dephosphorylation, likely
by steric hindrance of Cdc6 entry route to the active site on the catalytic subunit. These studies

provide important insight into tight control of Cdc6 dephosphorylation.
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Materials and Methods

Protein Preparation. All constructs and point mutations were generated using a standard
PCR-based cloning strategy. Expression and purification of PP2A Aa (9-589), Ca (1-309), and
assembly of the PP2A core enzyme (Aa-Ca heterodimer) followed procedures described
previously'”. Expression and purification of CFP-Aa (9-589)-TC fusion protein and the core
enzyme containing this protein were similar to Aa (9-589). Expression of Cyclin A and CDK2
followed procedures described previously*’. Cdc6 and PR70 with different boundaries were
cloned in pQlink vector (Addgene) harboring a GST-tag and a Hiss-tag, respectively, and a TEV
cleavage site between the affinity tag and the protein. The proteins were overexpressed at 23°C
in E. coli strain DHS5a. The soluble fraction of the E. coli cell lysate was purified over GS4B
resin (GE Healthcare) or Ni-NTA resin (Qiagen), and further fractionated by anion exchange
chromatography (Source 15Q, GE Healthcare) and gel filtration chromatography (Superdex 200,
GE Healthcare). PR70 and PR70 holoenzymes were purified in the presence of 1-2mM CaCl,.
Free Cdc6 peptides were purified by gel filtration after TEV digestion of the GST tag.

Pull-Down Assays. Approximately 10 pg of GST-AC (core enzyme) or GST-Cdc6 was
bound to 10 pl of glutathione resin via GST tag. The resin was washed with 200 ul assay buffer
three times to remove the excess unbound protein. Then, 10 pg or the indicated amount of PR70
constructs, wild type PR70 (108-575 or 108-519) was added to the resin in a 200 pl volume
suspended in the assay buffer containing 25 mM Tris (pH 8.0), 150 mM NaCl, 1 mM CaCl,, and
3 mM DTT. The mixture was washed three times with the assay buffer. The proteins remained
bound to resin were examined by SDS-PAGE, and visualized by Coomassie blue staining. His-
PR70 pull-down assays were performed similarly, with His-PR70 being passed over Ni-NTA
resin and Cdc6 peptides being passed over the bound protein. For binding of PR70 vacant of

calcium, ImM CaCl, was replaced with 0.1 mM EDTA as indicated. For determination of PR70
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competition with B’y1, a titration of PR70 (108-519) or B’y1 (0-12.8 uM) was added to fixed 2
uM B’y1 or PR70, and the resulting mixture was added to 2 uM GST-AC. The GST-AC-B was
pulled-down with glutathione resin and were examined by SDS-PAGE, and visualized by
Coomassie blue staining. The level of binding was quantified using Image J, and results were
fitted in GraphPad Prism (GraphPad Software, Inc.). All experiments were repeated three times
and standard error of the mean (SEM) were shown where quantified.

FRET Assay. The donor fluorescent signal of CFP of 100pg/ml of PP2A core enzyme
containing CFP-Aa (9-589)-TC fusion protein was measured in the presence and absence of
FIAsH-EDC, compound (Invitrogen) using a Victor V 1420 Multilabel HTS counter (Wallac)
with excitation at 450 nm and emission at 490 nm. Addition of FIAsH-EDC, compound at 1:1.1
molar ratio creates the highly fluorescent TC-FLASH that serves as the acceptor in the FRET
assay. The rate of energy transfer was calculated based on loss of donor fluorescence using the
following equation: E=1-(Fpa/Fp), where Fps and Fp are the fluorescence of CFP in the presence
and absence of TC-FLASH, respectively. The effect of regulatory subunits on the rate of energy
transfer was determined similarly in the presence of five time molar concentration of B’ subunits
or wild type or mutant PR70 (108-575).

Phosphatase Assay. The purified GST-Cdc6 (49-90) was phosphorylated in vitro by
Cyclin A/CDK2 (1/20 w/w) with 10 mM MgCl, and 10x molar concentration of ATP for 1 hour
at 30°C. The phosphorylated protein was purified by gel filtration chromatography (Superdex
200, GE Healthcare) to remove free ATP, followed by overnight cleavage of the GST-tag with
TEV protease (1/20 w/w). The pCdc6 peptide was then separated from GST or uncleaved
peptide using untrafiltration membrane (Millipore) with a 10 kDa cut-off. The measurement of

phosphatase activity followed a procedure of a commercially available kit (Upstate) modified as
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follows. The phosphatase activity of 50nM - 1uM of PP2A core enzyme or holoenzyme
containing B’ or PR70 (108-519 or 108-575) was measured using 60 pM pCdc6 peptide in a
buffer containing 25 mM Tris pH 8.0, 150 mM NaCl, 3mM DTT, 50 uM MnCl; and 1 mM
CaCl,. The reaction was performed in 50ul assay volume at room temperature for 15 minutes
and stopped by the addition of a malachite green solution (100uL) which binds to free phosphate
and undergoes a colorimetric absorbance shift. The absorbance of the mixture was measured at
620 nm after 10 min incubation at room temperature. For steady state kinetics, the assays were
performed using 0.16 uM of the indicated PP2A complexes and titration of pCdc6 peptide (10-
380 uM). The data were fitted using GraphPad Prism (GraphPad Software, Inc.) to calculate K,
and K.

The phosphatase activity of PP2A samples (0.4-20 nM) toward a universal phosphopeptide
substrate (K-R-pT-I-R-R) was measured similarly as previous described *'. For steady state
kinetics, the assays were performed using 0.4 nM of the indicated PP2A complexes and titration
of pThr peptide (75 uM-1.2 mM). All experiments were performed in triplicate and repeated

three times. Mean £ SEM were calculated.
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Results

PR70 binds to Cdc6 near the N-terminal phosphorylation sites and destruction
motifs. Phosphorylation sites on the N-terminus of Cdc6 (S54 and S74) have been implicated in
protection from degradation, and PP2A was shown to mediate this degradation®**. GST pull-
down assays were employed to probe the PR70 binding region on Cdc6. Full-length Cdc6 (1-
550) was not able to be purified, but a region from 18-550 was soluble and was used for pull-
down assays. Previous reports indicated Cdc6 bound to PR70 from 442-575% and PR70
constructs were chosen for pull-down with various C-terminal truncations, with PR72 used as a
negative control. PR70 108-575 bound Cdc6 18-550 (not shown) as did PR70 108-519 and 108-
490 (Figure 2.1A). Neither construct bound well to Cdc6 140-550, indicating that the binding
region was in the unstructured N-terminal region (Figure 2.1B). The binding region was then
narrowed to a region encompassing both S54 and S74 (Cdc6 49-90) (Figure 2.1C). The GST tag
may cause some steric interference when assaying smaller pieces of Cdc6, so a His-tagged PR70
was used to pull-down Cdc6 peptides. This assay revealed that Cdc6 70-90 is necessary and
sufficient for binding to PR70 (Figure 2.1D).

PR70 interacts weakly with Cdc6. Cdc6 and PR70 did not co-migrate over anion
exchange chromatography, but did over size exclusion chromatography. On a size exclusion
column, the Cdc6 70-90 fragment alone eluted around 20 mL; in the presence of PR70, it co-
eluted with PR70 in the peak near 15 mL (Figure 2.2A&B). GST-70-90 did not interact with the
PP2A-PR70 holoenzyme, likely due to steric interference by the N-terminal GST-tag.
Additional Cdc6 sequence following the GST-tag allowed GST-Cdc6 49-90 to interact with AC-
PR70 108-519, and the two co-migrated on a size exclusion column (Figure 2.2C&D). These

data further support the conclusion that PP2A-PR70 interacts with Cdc6 near its N-terminal
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phosphorylation sites. The interaction is weak, however, since it survives size exclusion
chromatography but not anion exchange chromatography.

PP2A holoenzyme assembly is regulated by diverse mechanisms. It is still unclear
how holoenzyme assembly is coordinated. One proposed mechanism is through the methylation
of the C-terminal tail of PP2Ac, and some B subunits such as Ba require this methylation for

24,25
assembly”™

. To test this hypothesis, PR70 holoenzymes were prepared with methylated and
unmethylated PP2Ac. The level of holoenzyme assembly exhibited no difference between
methylated and unmethylated PP2Ac in vitro (Figure 2.3). One unique feature of the PR72
family of B subunits is the presence of two EF hands in each subunit. Previous studies show that
mutations in these regions that disrupt Ca®* binding do not allow PR70 holoenzyme formation®.
PR70 (108-575) treated with EDTA to chelate Ca’" exhibited the same results, even at twice the
molar amount of PR70 relative to AC (Figure 2.4A). Assembly of the B’y1 holoenzyme was not
affected by EDTA and bound to AC in the presence of PR70 without Ca®", but bound less when
Ca®" is present (Figure 2.4B). Furthermore, PR70 appeared to have higher affinity than B’y1 for
AC and fully out-competed B’y1 for holoenzyme assembly at 6x the molar ratio of PR70:AC
(Figure 2.5A). B’y1 barely displaced PR70 across the same concentration range (Figure 2.5B).

The PR70 holoenzyme has a more compact conformation than B’ holoenzymes or
AC alone. The known structures involving PP2A holoenzymes or AC dimer all show
differences in A-subunit conformation'”*?*?”. A fluorescence resonance energy transfer (FRET)
assay was developed as a tool to measure the conformation of the A subunit when assembled into
different holoenzymes. The A subunit exists as a horseshoe shape forming 15 HEAT

(Huntingtin-elongation- A subunit-TOR) repeats with considerable flexibility. To examine the

conformation of the A-subunit in different holoenzymes, cyan fluorescent protein (CFP) was
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fused to the N-terminus of A and a tetracysteine (TC) peptide was fused to its C-terminus. CFP
served as a fluorescence acceptor, and the TC peptide bound to a fluorescein derivative, the
FlAsH compound, resulting in a fluorophore that acted as a FRET acceptor (Figure 2.6A).
Purified AC dimer with this FRET pair was assayed with various B subunits to measure FRET
efficiency by donor loss. All proteins were normalized and added in a 5x molar excess to ensure
full saturation of the fluorescent AC dimer (Figure 2.6C). Free B subunits did not have any
effect on fluorescence for this assay. The assay revealed that the PR70 holoenzyme had a
significant increase in FRET as compared to B’y1, B’g, and AC alone (Figure 2.6B). This result
indicated that the A-subunit is in a tighter conformation in the PR70 holoenzyme than that of free
AC or holoenzymes comprised of B’ family regulatory subunits.

PR70 can dephosphorylate Cdc6 49-90 in vitro. Cdc6 49-90 contains two known CDK
phosphorylation sites: S54 and S74. In vitro phosphorylation of the PR70 binding motif of Cdc6
(70-90) by CDK2 and subsequent dephosphorylation by PP2A-PR70 revealed low levels of
dephosphorylation; therefore, Cdc6 49-90 was used for all subsequent in vitro dephosphorylation
assays and prepared as described in the methods. The steady-state kinetics for Cdc6
dephosphorylation by PP2A-PR70 were determined using the phosphatase assay described in the
methods. Little difference was seen between AC and two PR70 holoenzymes on
dephosphorylation of a small universal pT substrate [KR(pT)IRR] (Figure 2.7A). The PR70
holoenzymes exhibited enhanced dephosphorylation of pCdc6 as compared to AC (Figure 2.7B).
Although the K., and K, values were slightly different between the two truncations of PR70
used in the assay, their K../Ky, ratio were identical (0.12 uM'lmin'l) and over twice the value of
AC alone (0.05 pM'lmin'l). These results indicated that PR70 enhances PP2A-mediated

dephosphorylation of Cdc6.
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B’ holoenzymes cannot dephosphorylate Cdc6. B subunits are thought to regulate
substrate specificity. B’y1 and B’¢ holoenzymes were tested for their ability to dephosphorylate
pCdc6 49-90. While PR70 enhanced pCdc6 dephosphorylation relative to AC, similar to that
shown in Figure 2.7, the B’y1 and B’¢ holoenzymes were hardly able to dephosphorylate pCdc6,
even at high enzyme concentration (Figure 2.8A). The same holoenzymes were used to
dephosphorylate the artificial pT peptide as a control, and none had significantly different
activity (Figure 2.8B). An examination of the B’yl holoenzyme structure (2NPP) revealed an
extended loop (~99-110) near the PP2A active site (Figure 2.9A). To test whether this loop
restricted the access of PP2A substrates to the exclusion of Cdc6, a B’y1 construct with residues
99-110 removed (A99-110) was created and used for the in vitro dephosphorylation assay. A
holoenzyme containing B’y1 A99-110 showed a restoration of non-specific activity similar to
that of AC, indicating that this loop prevents dephosphorylation of pCdc6 by B’y1 holoenzymes

(Figure 2.9B).
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Discussion

PP2A is intimately involved in human disease, in large part due to its regulation of the
cell cycle. Despite this critical importance and increased study, much remains to be known
about the interaction of PP2A with its substrates. It is known that the PR70-PP2A holoenzyme is
responsible for Cdc6 dephosphorylation and overexpression leads to increased Cdc6
degradation®. These results provide detailed biochemical characterization of PP2A with Cdc6.
The smallest PR70-binding region of Cdc6 is from residues 70-90; however, for most of the
experiments, 49-90 was used since it contains both phospho-sites and binds PR70 similar to full-
length protein (Figure 2.1 & 2.2). This region also overlaps with the CDK2-binding region (71-
77), but not the cyclin A-binding region (89-100)*, suggesting that a competitive mechanism
may be involved in controlling the phosphorylation status of Cdc6. Preliminary data indicated
that pCdc6 49-90 was more efficiently dephosphorylated by PP2A than pCdc6 70-90 (data not
shown); however, differences in in vitro phosphorylation by CDK2 cannot be ruled out. In
addition, preliminary phosphatase assays with S54A, S54D, S74A, and S74D pCdc6 mutants
indicated that more phosphate is released from S74A and S74D than S54A and S54D, suggesting
that S54 may be the target site of PP2A, but more experiments are needed to confirm this result.

Little is known about what regulates holoenzyme assembly and if holoenzymes change
during the cell cycle. As discussed in chapter I, PP2A holoenzymes are involved in many
diverse processes regulating the cell cycle, some positively and most negatively. Holoenzymes
must be tightly regulated to ensure these processes proceed in the proper fashion. One possible
mechanism discovered here is through the competition of B subunits for PP2A-AC. PR70
outcompetes B’y1 for holoenzyme assembly in vitro (Figure 2.5), but in the absence of Ca*",

PR70 can hardly bind, giving B’y1 a clear advantage (Figure 2.4). Ca"levels rise during the cell
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cycle, and there are numerous spikes at various points where Ca”" is needed®’. Changes in Ca®*
levels may be one avenue by which holoenzyme assembly is regulated, temporally regulating
holoenzyme formation and substrate dephosphorylation.

It has been widely accepted in the PP2A field that the B subunits control substrate

30-31 "~ Although many studies on PP2A have demonstrated binding preferences

specificity
between B subunits, very few have characterized the phosphatase activity on those substrates.
PP2A-PR70 holoenzyme enhances the dephosphorylation of pCdc6 49-90 relative to AC alone,
and holoenzymes containing the B’yl and B’¢ subunits cannot dephosphorylate pCdc6 at all
(Figure 2.7 & 2.8). This finding appears to be the first quantified evidence that a specific
holoenzyme enhances the dephosphorylation of one of its substrates, and that holoenzymes from
another family cannot dephosphorylate the substrate at all. The structure of the B’y1

holoenzyme reveals an extended loop that may be the mechanism for substrate restriction, and
phosphatase assays with the loop removed support this idea (Figure 2.9). Other structural
features may be involved in this recognition, and those will be discussed in the next chapter.

The PP2A-PR70 holoenzyme is only beginning to be studied despite its critical
importance in the regulation of cell cycle proteins. This study mapped the PR70-binding region
on Cdc6, revealed a tight interaction of PR70 in the holoenzyme and the higher binding affinity
than other B’ subunits, and showed specific phosphatase activity on pCdc6 by PP2A-PR70. The
evidence presented suggests that the activity of PP2A on its substrates may be due to competition

between various B subunits, or the specific structural architecture of each holoenzyme. Chapter

III will present further insights based on the structure of the PP2A-PR70 holoenzyme.
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Figure 2.1. PR70 directly binds to the N-terminus of Cdc6. For A-C, various GST-tagged Cdc6
fragments were used to pull-down various PR70 truncations. A. The PR70 core domain (108-
490) binds to Cdc6 (18-550). B. The PR70 core domain binds weakly to Cdc6 140-550. C.
PR70 binds near known N-terminal phosphorylation sites (49-90). PR72 does not associate in
this region and only weakly associates with FL Cdc6. D. PR70 binds Cdc6 70-90. Peptides of
Cdc6 were produced as GST-tagged proteins and cleaved before being pulled-down by His-

tagged PR70 108-519.
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Figure 2.2. Cdc6 co-migrates with PR70 on size exclusion chromatography. A. PR70 108-519
was mixed with Cdc6 70-90 in a 1:1 molar ratio and submitted to size exclusion
chromatography. The resulting chromatogram indicates the position of PR70 and bound Cdc6
70-90. B. SDS-PAGE shows the Cdc6 peptide eluted in the same fractions as PR70. No free
Cdc6 was detected in later fractions as would be expected based on its size. C. GST-Cdc6 49-
90 was submitted to size exclusion chromatography alone or mixed with PR70 holoenzyme. The
peak for GST-Cdc6 with PR70 holoenzyme is shifted forward 1.7 mL more than compared to the
position of Cdc6 position alone. D. SDS-PAGE fractions of peaks. Cdc6 travels with PR70

holoenzyme. Assays in Panel C and D were performed in collaboration with Dr. Feng Guo.
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Figure 2.3. PR70 can form holoenzymes in vitro with both methylated C subunit and
unmethylated C subunit. PR70 holoenzyme was assembled as described in the methods.
Unmethylated or methylated PP2Ac did not affect assembly and purification of the holoenzyme.

SDS-PAGE gels of final assembled and purified holoenzyme are shown.
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Figure 2.4. PR70 requires Ca”" to bind to PP2A-AC. A. GST-AC was used to pull-down PR70

(108-575) with ImM Ca”" or PR70 treated with EDTA to remove Ca*". PR70 with Ca®" binds

stoichiometrically to AC, but PR70 does not bind AC at all when Ca®"is chelated by EDTA. B.

The same experiment as panel A was performed with the addition of an equivalent molar ratio of

B’yl. PR70 competes with B’y1 to bind AC but cannot compete without Ca®". B’y1 binding to

AC is not affected by loss of Ca*".
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Figure 2.5. PR70 can out-compete B’y1 for holoenzyme assembly. A. GST-AC was used to
pull down a mixture of B’y1 at fixed concentration (2 pM) and various concentrations of PR70
indicated below the gel. Increasing concentrations of PR70 can quickly out-compete fixed B’y1
for AC binding. B. The experiment in A was performed with a fixed concentration of PR70 (2
uM) and various concentrations of B’y1 indicated below the gel. Increasing B’y1 cannot out-
compete PR70 for holoenzyme binding. Three replicates of the assays in A and B were
quantified with ImageJ and graphed with Prism software with the standard errors of the mean

indicated. Detailed experimental conditions can be found in the methods section.
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Figure 2.6. The PR70 holoenzyme forms the most compact holoenzyme structure known to date
as measured by scaffold subunit flexibility. A. Diagram of FRET assay. The scaffold (A)
subunit is highly flexible and can accommodate diverse B subunits. This flexibility can be
measured by placing fluorophores on the N and C-terminus of the A subunit. CFP and TC-
FIAsH were used as donor and acceptor respectively. B. (CFP-A-TC)C was mixed with 5 fold
excess B subunits to ensure saturation, and FRET efficiency was measured and calculated as
described in the methods. The assay indicated a marked increase in efficiency, as measured by
donor loss, for the PR70 holoenzyme relative to B’ holoenzymes or AC, indicating a more closed

A conformation. C. Input for the FRET assay. Protein was normalized using the Bradford

assay, then visualized on SDS-PAGE. Experiments were done in triplicate.
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Figure 2.7. PR70 enhances PP2A substrate specificity. A. The phosphatase activity of AC and

PR70 holoenzyme on a small universal substrate was measured and steady-state kinetics were

calculated as described in the methods. AC and PR70 holoenzyme have similar kinetics toward

the universal pT peptide substrate. B. The assay described in A was performed with a peptide of

pCdc6 49-90 (details in the methods section). PR70 enhances the dephosphorylation of pCdc6

relative to AC alone. Holoenzymes assembled with two different PR70 truncations have similar

steady-state kinetics. C. The proteins for the assays in A and B were normalized by the
Bradford assay then visualized on SDS-PAGE. All experiments were done in triplicate and

mean values with error are summarized in the tables to the right. The phosphatase assay were

performed in collaboration with Dr. Feng Guo.
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Figure 2.8. PR70 enhances Cdc6 dephosphorylation and B’ family holoenzymes cannot
dephosphorylate Cdc6. A. The phosphatase activity of AC and holoenzymes containing PR70 or
B’ subunits on pCdc6 49-90 was measured at various concentrations as described in the methods.
PR70 can enhance phosphatase activity on pCdc6 relative to AC alone, whereas the B’y1 and
B’¢ holoenzymes cannot dephosphorylate Cdc6 even at uM concentrations. B. A similar
phosphatase assay against a universal pT substrate indicates the same holoenzymes do not show
a difference in the dephosphorylation of this universal peptide. C. Input for assays in A and B.
Protein was normalized using the Bradford assay, then visualized by SDS-PAGE. Experiments

were done in triplicate. The phosphatase assay was performed in collaboration with Dr. Feng

Guo.
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Figure 2.9. A loop near the active site in the B’y1 holoenzyme prevents dephosphorylation of
Cdc6 by the B’y1 holoenzyme. A. The structure of the B’y1 holoenzyme (2NPP) reveals a loop
(99-110, circled in red) near the C subunit active site. A subunit is shown in purple, B subunit is
shown in green, and C subunit is shown in blue. Active site metals are indicated in violet, and
MCLR is shown in yellow sticks. B. A B’yl subunit with residues 99-110 removed was used in
a phosphatase assay as described in the methods. Removal of this loop allowed the B’y1
holoenzyme to non-specifically dephosphorylate pCdc6. The restoration of activity is
comparable to the non-specific activity of AC alone. Phosphatase activity is indicated relative to
basal activity of the B’y1 holoenzyme. C. Input for phosphatase assay. Protein was normalized

using the Bradford assay, then visualized by SDS-PAGE. Experiments were done in triplicate.
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Chapter 111

The Structure of the PP2A-PR70 Holoenzyme

The data discussed here is published in Cell Research (Wlodarchak et. al. 2013)

The data in figure 3.10 A-C was obtained and analyzed in collaboration with Dr. Feng Guo. The
structure of the PR72 regulatory subunit was determined by Dr. Yongna Xing in collaboration
with Dr. Philip Jeffery and Dr. Yigong Shi.
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Abstract

The B”’/PR72 family of protein phosphatase 2A (PP2A) is an important PP2A family
involved in diverse cellular processes and uniquely regulated by calcium binding to the
regulatory subunit. The PR70 subunit in this family interacts with cell division control 6 (Cdc6),
a cell cycle regulator important for control of DNA replication. Here I report the crystal
structure of the trimeric PR70 holoenzyme at a resolution of 2.4 A, and in vitro characterization
of the PP2A-PR70 holoenzyme. The holoenzyme structure reveals that one of the PR70
calcium-binding motifs directly contacts the scaffold subunit which, together with two other
contacts at separate locations, leads to the most compact scaffold subunit conformation among
all PP2A holoenzymes. PR70 also binds distinctively to the catalytic subunit near the active site,
which is required for PR70 to enhance phosphatase activity toward Cdc6. These studies provide
a structural basis for unique regulation of B”/PR72 holoenzymes by calcium ions, and suggest

mechanisms for precise control of substrate specificity among PP2A holoenzymes.
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Introduction

As discussed in Chapter II, control of reversible protein phosphorylation is critical for
regulating cellular function, and PP2A is one of the phosphatases involved in many of these
processes” > *. The three-dimensional structures of two PP2A holoenzymes have been
determined””’, but no structure has been reported for B”/striatin family of PP2A holoenzymes.
The structures of the B”/PR72 family of regulatory subunits and holoenzymes were only recently
reported®, in part derived from the work described here. Furthermore, regulation of the
dephosphorylation of cellular proteins remains poorly understood, as it is unclear how PP2A
regulatory subunits restrict the access to the PP2A active site, allowing only selected substrates
to be dephosphorylated. Several lines of evidence suggest that the PR70 regulatory subunit
binds to Cdc6 and plays a role in controlling its cellular level’. How the phosphatase activity
toward Cdcb6 is regulated, however, remains largely unclear.

The A-subunit of PP2A contains 15 HEAT (huntingtin-elongation- A-subunit -TOR)

1011 " The catalytic subunit specifically recognizes HEAT repeats 11-15'% and regulatory

repeats
subunits from the B/PR55 and B’/PR61 families interact with the N-terminal HEAT repeats® " '°.
The B”/PR72 family has no sequence similarity to B/PR55 or B’/PR61 regulatory subunits. All
members of the B”/PR72 family have two conserved EF hand calcium-binding motifs. Calcium
binding was shown to enhance interaction of these subunits with the PP2A core enzyme and

affect the phosphatase activityM'16

. However, the lack of structural information for this family of
regulatory subunits and holoenzymes has prevented mechanistic understanding of PP2A

regulation by B”/PR72 regulatory subunits.

Here I report the crystal structure of the trimeric PP2A holoenzyme containing PR70 in

comparison with that of the isolated PR72. There is a distinct positioning of two PR70 EF-hand
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calcium-binding motifs in the holoenzyme. The first EF-hand (EF1) is located on the top surface
facing the phosphatase active site, and the second EF-hand (EF2) directly contacts the scaffold
subunit. This architecture provides a possible explanation for the role of calcium-binding in
holoenzyme assembly and substrate recognition. PR70 contacts the catalytic subunit near the
phosphatase active site distinctly different from other families of regulatory subunits. These
studies fill an important gap in knowledge on the structural basis of the B”/PR70 holoenzymes

and adds structural insight into PP2A-PR70 substrate recognition.
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Materials and Methods

Protein Preparation. All constructs and point mutations were generated using a standard
PCR-based cloning strategy. Expression and purification of PP2A Aa (9-589), Ca (1-309), and
PR72 subunits, and assembly of the PP2A core enzyme (Aa-Ca heterodimer) followed
procedures described previously'2. Expression and purification of CFP-Aa (9-589)-TC fusion
protein and the core enzyme containing this protein were similar to Aa (9-589). Cdc6 and PR70
with different boundaries were cloned in pQlink vector (Addgene) harboring a GST-tag and a
Hiss-tag, respectively, and a TEV cleavage site between the affinity tag and the protein. The
proteins were overexpressed at 23°C in E. coli strain DH5a. The soluble fraction of the E. coli
cell lysate was purified over GS4B resin (GE Healthcare) or Ni-NTA resin (Qiagen), and further
fractionated by anion exchange chromatography (Source 15Q, GE Healthcare) and gel filtration
chromatography (Superdex 200, GE Healthcare). PR70, PR72 and their holoenzymes were
purified in the presence of 1-2mM CaCl,.

For crystallization of the PR70 holoenzyme, the PP2A core enzyme was fully methylated
by PP2A specific methyltransferase (LCMT-1) in the presence of PTPA (PP2A phosphatase
activator) at 1:1.5:0.2 molar ratio'’, followed by association with PR70 (122-490) fused to the
Cdc6 peptide (70-90) via a flexible linker (STGNASDSSSDSSSSEGDGTYV). The sample was
fractionated by anion exchange and gel filtration chromatography to remove LCMT-1, PTPA,
and the excess amount of PR70. The purified PR70 holoenzyme was mixed with MCLR in a

1:1.2 molar ratio prior to crystallization.

Crystallization and Data Collection. Crystals of the holoenzyme containing the PR70-
Cdc6 fusion protein bound to MCLR were grown at 18°C by the sitting-drop vapor-diffusion

method by mixing ~6 mg/ml of the protein complex with two thirds volume of a reservoir
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solution containing 7% PEG3350 (v/v), 0.03 M succinic acid at pH4.75. The crystals appear in
three days and grew to full within two weeks. Crystals of the holoenzyme with the seleno-
methionine-substituted scaffold and PR70 subunits were grown similarly except that the
reservoir solution contains 12% PEG3350 (v/v), 0.1 M sodium malonate pH5.0. Crystals were
equilibrated in a cryoprotectant buffer and flash frozen as described above. Native and
anomalous datasets for the PR70 holoenzyme were collected at APS LS-CAT sector 21 using
beamline F and D, respectively, and processed using the software HKL2000'®,

Structure Determination. The structure of the holoenzyme containing PR70 were
determined by MAD and SAD phasing, using the program CRANK " in the CCP4 package™.
Selenium atoms were located by program AFRO/CRUNCH2*' and refined using BP3%.
Following phase improvement and density modification, a large fraction of the scaffold and
PR70 subunits were automatically built using Buccaneer. Model errors were corrected
manually based on the electron density map followed by manual building of the rest of the
model. The structures were built using Coot** and refined using REFMAC restraints with TLS.
The structures of the seleno-methionine-labeled and native PR70 holoenzymes were refined to
2.8 A and 2.4 A, respectively (Table 3.1).

GST-Mediated Pull-Down Assay. Approximately 10 ug of GST-AC (core enzyme) or
GST-Cdc6 was bound to 10 pl of glutathione resin via GST tag. The resin was washed with 200
ul assay buffer three times to remove the excess unbound protein. Then, 10 pg or the indicated
amount of PR70 constructs, wild type or mutant PR70 (108-575) was added to the resin in a 200
ul volume suspended in the assay buffer containing 25 mM Tris (pH 8.0), 150 mM NaCl, 1 mM
CaCly, and 3 mM DTT. The mixture was washed three times with the assay buffer. The proteins

remained bound to resin were examined by SDS-PAGE, and visualized by Coomassie blue
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staining. All experiments were repeated three times. For determination of the binding affinity,
titration of PR70 (108-575) wild type and mutants (1/32-4 uM) were added to the immobilized
GST-AC for pull-down. The immobilized GST was used as control. The level of binding was
quantified using Image J, and results from three separate experiments were fitted in GraphPad
Prism (GraphPad Software, Inc.) after background subtraction to estimate Kd.

FRET Assay. The FRET assay was performed as described in Chapter II. For this assay,
wild type and mutant PR70 subunits were used in place of B subunits from different families.
The effect of regulatory subunits on the rate of energy transfer was determined similarly in the
presence of five time molar concentration of wild type or mutant PR70 (108-575).

Phosphatase Assay. Phosphorylated Cdc6 was prepared as described in Chapter II. The
phosphatase activity of PP2A core enzyme or holoenzyme containing wild type or mutant PR70
(108-575) was measured using 60 uM pCdc6 peptide in a buffer containing 25 mM Tris (pH
8.0), 150 mM NaCl, 3mM DTT, 50 uM MnCl; and 1 mM CaCl,. The reaction was performed as
described in Chapter II. The phosphatase activity of PP2A samples (0.4-20 nM) toward a
universal phosphopeptide substrate (K-R-pT-I-R-R) was measured similarly as previous
described®. All experiments were performed in triplicate and repeated three times. Mean + SEM

were calculated.
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Results

Crystallization of the trimeric PR70 holoenzyme. The recombinant full-length PR72
and PR70 subunits eluded crystallization after extensive effort. An elastase-resistant core of the
PR72 subunit (residues 165-443) was defined, and this protein was readily crystallized by
previous efforts in our laboratory.

PP2A holoenzymes assembled with various PR72/PR70 fragments failed to produce
diffracting crystals. PR70 was previously shown to interact with the N-terminal fragment of
Cdc6”?7; therefore, the PR70 holoenzyme was assembled using PR70 fused to Cdc6 fragments,
which facilitated crystallization of this holoenzyme (Figure 3.2). Diffracting crystals were
obtained for the PR70 holoenzyme bound to microcystin-LR (MCLR) containing PR70 (122-
490) fused to Cdc6 (70-90) via a flexible linker (STGNASDSSSDSSSSEGDGTV).

Structural determination by molecular replacement using the structure of PR72 and the
structural models of the PP2A core enzyme from other holoenzymes (PDB codes: 2NPP (B’y1
holoenzyme), 3DWS8 (B55a holoenzyme)) was not successful, indicating there are significant
structural differences between the PR70 holoenzyme and holoenzymes containing other
regulatory subunits. The structure was eventually determined by Selenium SAD (single-
wavelength anomalous dispersion) phasing, and refined to 2.4 A with the native dataset (Table
3.1). The electron density map identified a majority of the residues in all three PP2A subunits
(residues 9-589 of the A-subunit, residues 2-296 of PP2Ac, and residues 122-478 of the PR70
subunit).

Overall structure of PR70 holoenzyme. The structure of the PR70 holoenzyme
measures 110 A in width, 100 A in height, and 60 A in thickness (Figure 3.2). The interhelical

loops of the A-subunit serve as the docking sites for the regulatory and catalytic subunits, as seen
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in holoenzymes containing the Ba and B’y1 families of PP2A regulatory subunits
holoenzyme containing PR70, the catalytic subunit associates with the C-terminal five HEAT
repeats, and PR70 binds to HEAT repeats 1-7 at the N-terminus of the A-subunit (Figure 3.2).
The PR70 binding region overlaps with the binding sites of the Ba and B’y1 regulatory subunits,
indicating that binding is mutually exclusive.

The PR70 subunit is an elongated, mostly a-helical protein harboring an N-terminal
hydrophobic motif and two EF hand calcium-binding motifs (Figure 3.2). The N-terminal
hydrophobic motif (125-129) and a broad surface in the protein core encompassing EF2 directly
contacts the A-subunit (Figure 3.2 & 3.5). In addition to an A-B interface, a helix (439-446) of
PR70 interacts directly with the catalytic subunit near the active site (Figure 3.2 & 3.5).

Comparison between PR70 and PR72. Sequence alignment of various B’* family
subunits from different species indicated that the N and C-terminal sequences are quite different,
but the core structure is conserved across the family and species. In particular, the hydrophobic
motif, EF hands, and contact residues in the C-subunit binding helix are highly conserved
(Figure 3.3A). An overlay of the structures of free PR72 and PR70 from the holoenzyme
revealed that the core structure is very similar and only small conformational changes are seen in
the core upon holoenzyme assembly (Figure 3.3B). The EF hands are also positioned similarly
in both structures, suggesting they are important in holoenzyme assembly.

Comparison between holoenzymes from three different families. The PP2A-PR70
holoenzyme was the first to be crystallized in its family. The B’y1 and Ba holoenzymes have
been crystallized previously, and reveal distinct differences between families of regulatory
subunits. In all of the holoenzymes, the C-subunit interacts with the C-terminal HEAT repeats of

the A-subunit and induces a conformational change bringing it in closer proximity to the B
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subunits (Figure 3.4). The B subunits all interact with the N-terminal HEAT repeats of the A-
subunit. The Ba subunit consists of a 7 bladed B-propeller with a hairpin that extends down
across the face of the N-terminal HEAT repeats of the scaffold subunit. The B’y1 subunit is an
elongated HEAT repeat protein that interacts with the top ridge of the N-terminal HEAT repeats
of the A-subunit. PR70 consists of a linear arrangement of domains running diagonally across
the top of the N-terminal HEAT repeats of the A-subunit, with a hydrophobic domain running
along the face of the N-terminal HEAT repeats (Figure 3.4A). PR70, Ba, and B’y1 interact with
the C-subunit at different extents (Figure 3.4A & B), likely in part contributing to the differences
in the conformation of the A-subunit in these holoenzymes (Figure 3.4C). Alignment of the
scaffold subunits derived from the holoenzyme structures revealed the PR70 holoenzyme A-
subunit is considerably more compact than that in the Ba and B’y1 holoenzymes or AC alone
(Figure 3.4C). This structural observation corroborated the biochemical evidence from the
FRET assay (Figure 2.6). The holoenzymes also have distinct charge differences in their
putative substrate binding regions. The Ba holoenzyme has a long acidic groove facing the
active site, as does the B’y1 holoenzyme (Figure 3.4B). The PR70 holoenzyme has alternating
patches of positively and negatively charged residues near the active site, which matched the
pattern seen in the binding region of its substrate, Cdc6
(KALPLSPRKRLGDDNLCNTPHLPPCSPPKQGKKENGPPHSHT).

Interfaces of PR70 with the scaffold and catalytic C-subunits. The PR70 subunit
interacts with the A-subunit at two distinct interfaces (Figure 3.5A). At the first interface (AB1)
the N-terminal hydrophobic (FYF) motif interacts along the side of HEAT repeat 1 of the A-
subunit, with F128 binding in a hydrophobic pocket in the A-subunit (Figure 3.5B). The second

interface (AB2) harbors extensive contacts between the PR70 protein core and the top ridge of
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HEAT repeats 2-7 that are enriched in hydrogen bond, salt bridge, and stacking interactions
(Figure 3.5A). Two acidic residues in HEAT repeats 2 and 3, D61 and E100, make hydrogen
bond and salt bridge contacts to R288 and R398 of PR70 (Figure 3.5D). Two basic residues in
repeats 5 and 7, R183 and R258, make hydrogen bond and salt bridge interactions to D403 in
PR70 (Figure 3.5E). m-m stacking interactions were found in the middle of the interface, formed
between W140 in HEAT repeat 4 and PR70 residues, W277, R362, and R398 (Figure 3.5E).
D403 also participates in chelation of Ca®" ions by EF2 of PR70. This architecture places the
EF2 calcium-binding motif in direct contact with the A-subunit of PP2A, and supports the
observation that PR70 will not bind to AC in the absence of Ca*" (Figure 2.4). The interfaces
between the PR70 subunit and the A-subunit bury a surface area of 3,200 A”.

PR70 interacts with the catalytic C-subunit near the phosphatase active site with a direct contact
with the B12-B13 loop that hangs over the active site (Figure 3.5C). A PR70 helix (residues 439-
446) is nestled into a shallow groove of the C-subunit, formed by Y91, Y267 (on the f12-13
loop), R294, and R295. These residues make extensive hydrogen bond and salt bridge
interactions with PR70 residues C439, Q440, D443, and K446 (Figure 3.5C). The interface
between the PR70 subunit and the C-subunit buries a surface area of 1,300 A%

Validation of residues required for PR70 holoenzyme assembly. In order to validate
the structural observations and determine which interactions are biologically relevant, point
mutations were made that would potentially disrupt protein binding. GST-AC pull-down of
PR70 mutants revealed that mutations which disrupted hydrophobic interactions in the AB1
interface (F128A) and mutations that disrupt salt bridge interactions in the AB2 interface
(R288D & R398D) all reduced PR70-AC binding (Figure 3.6). Mutations in the BC interface

(D443K) appeared to have a minimal effect on binding, where double mutants including two
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interfaces (F128A & R288D, F128A & D443K, and R288D & D443K) completely prevented
binding. All of the mutants tested showed no difference in Cdc6 binding (Figure 3.7).

To determine whether the mutations at the inter-subunit interfaces have any effect on
holoenzyme conformation, the FRET assay established in Chapter II was used to probe the
differences in the conformation of the A-subunit in holoenzymes containing WT and mutant
PR70 subunits. It was expected that the mutants with reduced binding affinity would give a
reduced FRET efficiency reflecting a mixture of free AC (wider conformation) and bound PR70
holoenzyme (tighter conformation) (Figure 3.8). The mutants which have significantly reduced
binding (F128A and R398D) were found to have correspondingly wider average conformations.
D443K had somewhat reduced binding, but more drastic reduction in FRET efficiency,
indicating that the weakened contacts with the C-subunit have an effect on the holoenzyme
conformation (Figure 3.8).

The PR70 can enhance dephosphorylation of pCdc6 (Figure 2.7 & 2.8), therefore, mutant
PR70 subunits were assayed on their ability to retain their phosphatase activity enhancement
toward pCdc6. The double mutants (F128A & R288D, F128A & D443K, and R288D & D443K)
and R398D did not enhance pCdc6 dephosphorylation at all relative to AC alone (Figure 3.9).
F128A, despite having a reduction in binding comparable to R398D, did not impact the
phosphatase activity as severely as did R398D or the double mutants. In contrast to mutations on
the AB interfaces, D443K had minimal impacts on holoenzyme assembly but completely
abolished enhanced PR70 holoenzyme dephosphorylation toward pCdc6 (Figure 3.9).

To further probe the differences in binding and activity between WT, F128A, and
D443K, an in vitro pull-down assay was used employing various concentrations of PR70 mutant

or WT, and the Ky was calculated by quantifying the bands on SDS-PAGE with ImageJ and



using nonlinear regression in GraphPad Prism to calculate the Ky (Figure 3.10C). The assay
revealed that F128A reduced PR70-AC binding by 75% but only had a phosphatase activity
reduction of 40%, whereas D443K reduced PR70-AC binding by only 50% and completely
negated any enhanced phosphatase activity (Figure 3.10A & B). The WT and D443K PR70
subunits had comparable activity towards a synthetic pT peptide, indicating that only specific
enhanced phosphatase activity was lost (Figure 3.10D). This result suggests that the BC
interface is not strictly required for holoenzyme assembly, but perturbation of this interface

greatly reduced the efficiency of PP2A-PR70 holoenzyme dephosphorylation of pCdc6.

92
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Discussion

Despite recent advances in PP2A structural biology, many questions remain about the
mechanisms underlying PP2A holoenzyme assembly, substrate specificity, and regulation. Since
the diversity of PP2A holoenzyme functions are dictated by its distinctly different regulatory
subunits, a complete understanding of this crucial regulatory enzyme requires structural
information about each holoenzyme family. In this chapter, I described the crystallization and
structure determination of the PR70-PP2A holoenzyme and discussed the differences between
known holoenzyme structures and how B’’ family holoenzymes are bound together.

The core of the bound PR70 and free PR72 subunits are highly similar, and most of the
required residues for holoenzyme assembly are found in this region. This finding suggests that
the binding of the B’’ family of holoenzymes likely occurs by similar mechanisms and that the
PR70 holoenzyme structure is representative of the B’” family. The structure revealed a highly
compact scaffold subunit conformation, which corroborates the FRET data presented in chapter
II. The structure also exhibited a large amount of buried surface interfaces with numerous
residues participating in salt bridge interactions, hydrogen bonding, and stacking interactions.
This tight multiple interface interaction provides evidence for the compaction of the A-subunit as
well as the high binding affinity of PR70 over B’y1 (Figure 2.5). The structure also showed the
two EF hands suggested by the primary sequence. EF1 is located on the top of the PR70 subunit,
whereas EF2 is located deep within the AB2 binding interface. This result supports the known
importance of calcium for activity toward pCdc6'* and PP2A-PR70 holoenzyme assembly
(Figure 2.4).

The structure also revealed the importance of the interaction between a helix (439-446)

on PR70 and the C-subunit in correctly positioning pCdc6 for dephosphorylation. A mutation in
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this helix that disrupted interaction at this interface (D443K) completely abolished the enhanced
phosphatase activity on pCdc6 despite having modest effect on holoenzyme assembly. This
helix is at the beginning of the known PR70-Cdc6 binding region (440-575)'*'*, and data
presented here narrowed that down to 446-519, as the helix is buried and the 519 truncation has
similar binding and activity as FL (Figures 2.1 & 2.7). It should be noted, however, that the N-
terminal portion of the B’’ subunits, and particularly EF1, may still have some role in substrate
dephosphorylation, as EF1 of PR72 has been implicated in enhancing the dephosphorylation of
DARPP32°.

Despite being necessary for crystallization, the fused Cdc6 fragment (70-90) was not
visible in the structure. Since the interaction between PR70 and Cdc6 is weak, it may have been
required to initiate crystallization but was displaced by crystal packing. Similarly, crystal
formation may have cleaved the Cdc6 chain from PR70. The pH of the crystallization buffer
was significantly below physiological pH which also may have contributed to dissociation or
destruction of the Cdc6 peptide. Some surface side chains sustained light radiation damage;
however, this fragment may have been present in the crystal initially but was more severely
damaged by radiation leading to a loss in electron density for the chain. The holoenzyme does
not crystallize at room temperature without the addition of MCLR, and this active site inhibitor
may be responsible for displacing the peptide. Crystals do form at 4°C without MCLR; however,
they do not diffract X-rays, indicating that there is some instability around the active site even
with the added peptide. Further experiments will be needed to test whether a co-crystal structure
of Cdc6 and PP2A-PR70 can be obtained.

The differences in the PP2A holoenzyme structures provide insight as to the regulation of

substrate dephosphorylation. Steric hindrance by different B subunits, such as B’y1, may be
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responsible for the observed lack of phosphatase activity toward pCdc6 (Figures 2.8, 2.9, & 3.4).
In addition to steric hindrance, previous studies have suggested that PP2A B’ holoenzymes
regulate substrate specificity by charge-charge interactions®. Observations of the electrostatics
near the putative substrate binding sites on the three families of holoenzymes show the Ba and
B’y1 holoenzymes have a fairly acidic groove and would favor more positively charged
substrates, whereas the PR70 holoenzyme has alternating patches of positively and negatively
charged regions. Although the electron density was not present for the fused 70-90 fragment of
Cdc6, the residues in the Cdc6-binding region have alternating charges which would match the
pattern of charges on the putative PR70 substrate-binding region (Figure 3.4). In addition, the
closely related phosphatase, PP1, has been shown to regulate substrate binding and specificity by
electrostatic interactions®>’. Collectively, these observations suggest a mechanism for the
regulation of substrate specificity by both electrostatic interactions and steric hindrance.
Observations of the structure of the PP2A-PR70 holoenzyme gave important insights as
to the regulation of holoenzyme assembly and the regulation of substrate specificity. The
enhanced binding of PR70 to PP2A-AC, due to extensive buried interface area, likely explains
the increased competition between B’ subunits, and the position of the EF2 hand in the AB
interface provides a mechanism by which Ca®" can regulate B’” holoenzyme assembly. Analysis
of the steric interferences between different holoenzymes as well as their different electrostatic
potentials suggests mechanisms by which substrate specificity is regulated.
The concept of substrate restriction by regulatory subunits is an emerging concept in the control
of cellular signalling by PP2A**!. Many PP2A holoenzymes have been implicated in the

regulation of the cell cycle and, taken together, the observations in this study support the idea
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that PP2A activity is highly regulated throughout the cell cycle by diverse mechanisms involving

competition, steric hindrance, and specific electrostatic interactions.
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Table 3.1. Crystallographic data collection, phasing, and refinement for PP2A holoenzyme

containing PR70.
Data Collection and Phasing
Crystal PR70 Holoenzyme  PR70 Holoenzyme
Data set SeMet SAD Native
Space group P2:2:24 P2:2:24
Wavelength (A) 0.9792 0.9792
Resolution (A) 49-2.8 50-2.4
Unique observations 119018 123017
Redundancy 7.1(7.4) 7.0 (6.7)
R-symm' 0.157 (0.94) 0.068 (.592)
Completeness (%) 99.8 (100) 98.4 (89.7)
Phasing
Figure of merit 0.68
Refinement
Resolution (A) 49-2.8 50-2.4
No. reflections (free) 79333 (4113) 116785 (6193)
Completeness (%) 99.9 98.6
R-factor (%) 18.3 17.9
R-free (%) 24.9 22.8
Number of atoms (total) 19933 20419
Protein 19662 19886
Water 174 533
RMSD bond lengths (A) 0.009 0.008
RMSD bond angles (°) 1.4 1.3
Average B-factors (A%
With TLS contribution 54.5 27.6 (42.1)
Ramachandran plot:
Preferred regions (%) 94.8 97.0
Allowed regions (%) 4.4 2.5
Outliers (%) 0.9 0.6

X-ray diffraction data were collected on one crystal. Values in parentheses are for highest-

resolution shell.
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Figure 3.1. Preparation of PP2A-PR70 holoenzyme for crystallization. A. A PR70 holoenzyme
prepared for crystallization as described in the methods. Briefly, a fusion protein was
constructed consisting of the PR70 core (122-490) fused to Cdc6 70-90 with a flexible linker
derived from JMJD6 (22 AAs). AC dimer was methylated with LCMT-1 and PTPA and mixed
with the PR70 fusion protein. The resulting holoenzyme was purified and used for
crystallization. B. An SDS-PAGE gel of the final holoenzyme after purification by size
exclusion chromatography. Fraction numbers are given at the top of the gel and PP2A subunits

are indicated on the left.
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Figure 3.2. Overview of PP2A-PR70 holoenzyme structure. Two views are shown in cartoon
ribbon and dimensions indicated in angstroms. The A-subunit, PR70, and C-subunit are shown
in purple, forest, and blue, respectively. The inhibitor, MCLR, is shown in yellow sphere.
Catalytic metal ions are shown in violet, and calcium ions are shown in orange. The holoenzyme
measures 110A wide, 60A tall, and 100A deep. The A and C subunits have a structure similar to
other holoenzyme structures (2NPP and 3DWS). PR70 is an elongated multi-domain protein
which binds to the N-terminus of the A subunit and interacts with the C subunit near the active

site.
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Figure 3.3. Alignment of PR70 and PR72. A. Primary sequence alignment of PR70 and PR72

from human (hs), mouse (mm), and C. elegans (ce). Secondary elements are indicated above the

sequence. Conserved residues are highlighted in yellow and PR70 holoenzyme contacts are

indicated by squares. Calcium binding residues are indicated by circles. The alignment shows

the core region is highly conserved within the B*’ family. The hydrophobic domain, EF hands,
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and other residues involved in holoenzyme assembly are also highly conserved. B. Structural
alignment of PR70 (orange) and PR72 (yellow) subunits. The conformation of the PR70 subunit
as assembled in the holoenzyme shows only minor differences with the core structure of free
PR72 (415J) and similar positioning of the EF hands. Taken together, this data indicate that the

B’ family of holoenzymes likely bind to AC via similar mechanisms of interaction.
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Figure 3.4. Differences in holoenzyme structures from three families. A. Overall view of
holoenzymes of PP2A with Ba (3DWS), B’y1 (2NPP), and PR70 (4I5L) shown in cartoon
ribbon. The A-subunit is shown in purple, the C-subunit is shown in blue, and Ba, B’y1, and
PR70 are shown in lime, green, and forest, respectively. The active site metals are shown in
violet, and calcium ions are shown in orange. The Ba subunit is a -propeller protein, the B’y1
subunit is an extended HEAT repeat protein, and the PR70 subunit consists of a linear
arrangement of various domains (hydrophobic, helical, EF hands). B. Qualitative surface charge
representations of the same holoenzymes. Blue is positively charged, red is negatively charged,

and white is neutral. Active site metals are shown in green for contrast. The B and B’ subunits
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have a large negatively charged channel in the putative substrate binding region. The PR70-
binding region consists of more or less even patches of alternating positive and negative charge.
C. An alignment of the A-subunit s as observed in the Ba (yellow), B’y1(pink), PR70 (purple)
holoenzyme, and AC (grey) structures. The conformation of the A-subunit in the PR70
holoenzyme is considerably more compact than all other structures known. This data also

corroborated the FRET data in figure 2.6.
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Figure 3.5. Inter-subunit interfaces of the PP2A-PR70 holoenzyme. A. Overview of the PP2A-
PR70 holoenzyme with three PR70-AC interface regions indicated (AB1, AB2, BC). Two
rotated views are shown. Color scheme is the same as in Figure 3.2. B. Close-up view of the
ABI1 interface containing the FYF motif. PR70 is shown in sticks and tube, and A is represented
as charge density. F128 (center) sits in a hydrophobic pocket on the A-subunit. C. Close-up of

the BC interface. PR70 is shown in tube with green sticks, C is shown in blue tube with
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transparent surface and magenta sticks. PR70 participates in stacking interactions with C and
salt bridge interactions, most notably PR70-D443K to C-R294. D & E. Close-up stereo views
of the AB2 interface. Due to length of the interface, the view was broken into two overlapping
parts. The A-subunit is in purple with cyan sticks, and the PR70 subunit is in forest with green
sticks. Extensive salt bridges, hydrogen bonds, and stacking interactions are evident in this
interaction. D. The N-terminal region of the interface starting with PR70-R288 and ending with
PR70-R398. E. The C-terminal region of the interface starting with PR70-R398 and ending

with PR70-F411.
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Figure 3.6. In vitro pull-down of wild type and mutant PR70 by GST-AC. PR70 mutants were
generated to disrupt PR70 holoenzyme binding (except E418R was used as a control). GST-AC
was used to pull-down PR70 WT and mutants as described in the methods. F128A, R398D, and
double mutants (F128A & R288D, F128A & D443K, and R288D & D443K) largely reduced
binding. F411R and D443K, unexpectedly, did not greatly reduce binding. Results from three
experiments were quantified using ImageJ and analyzed using GraphPad Prism, and relative

binding is quantified below the gel.
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Figure 3.7. PR70 mutant protein binds Cdc6 similar to WT. GST-Cdc6 18-90 was used to pull-
down PR70 mutants as described in the methods. All mutants bound Cdc6 comprably. GST-49-
90 does not bind PR70 when the C-terminal residues are present (519-575). GST-18-90 was

chosen to avoid steric hindrance due to the GST tag.
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Figure 3.8. Changes in A-subunit conformation with mutant PR70 proteins. A. The FRET
assay described in chapter II was used to quantify the conformation of the A-subunit by energy
transfer efficiency. All measurements are shown relative to AC alone. Mutants with lower
binding efficiency show an expanded conformation of the A-subunit (increased free AC in
solution relative to holoenzyme) based on transfer efficiency. B. Input protein was normalized

by the Bradford assay then visualized by SDS-PAGE.



109

A

Q .
@ S~ 015
(1] it o~
- @O °
© g2
L =0
2 > 0.10-
3% 2
£ 8 g ¢
o)

S N
S c o 005
(7)) o Q
©

> | "9
538 * *

S
2= o 0.001
— 8 -

0®*’é@v@o SO xqg;pﬁb%& &5*}*5*’
v NI ETCE IO
PG RN
RO
B NN
B — L A
— C
q&v q’-‘?’qp Q?":’%Q Qébv ‘«6‘;& ch§° Q“Q‘}E qi@q’g 0"'&}_ Q“Q’*_ £
‘?“B' %Y_‘H‘ q?"{:?
f-:";ﬂ’ <<'<"' Q?s,

Figure 3.9. Phosphatase activity of PR70 mutants and wild type on pCdc6 49-90. A.
Phosphatase activity was measured using the assay described in chapter II. Activity is indicated
relative to AC activity. Mutants that still bind to AC have higher activity, and those that did not
bind have similar activity to AC alone. The exception is D443K, in the B-C interface. This
mutant bound well (Figure 3.6, 3.7) but does not have enhanced activity on pCdc6. B. Input

protein was normalized by the Bradford assay then visualized on SDS-PAGE.
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Figure 3.10. Quantification of PR70 mutant binding to GST-AC. A. GST-AC was used to pull
down various concentrations of PR70 WT, F128A, and D443K as described in the methods. A
graphical representation of PR70 WT and mutant binding indicates that D443K has somewhat
reduced binding and F128A has more reduced binding. B. The data in A and Figure 3.8A and
3.9A are summarized with regard to changes in binding affinity and phosphatase activity. The
data indicate that although F128A has reduced binding far greater than D443K, D443 is
absolutely essential for enhanced phosphatase activity. C. Representative SDS-PAGE gels of

the data represented in A and B. The bands were quantified with ImageJ, and three sets were
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analyzed in GraphPad Prism to create the figure in A. D. The phosphatase activity of PP2A WT
and D443K holoenzyme on the artificial pT peptide was measured as described in the methods.
The holoenzymes show equal activity toward the universal substrate. Assays in panel A-C were

performed in collaboration with Dr. Feng Guo.
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Chapter 1V

A High-throughput Peptide Chip Assay to

Characterize PP2A-Substrate Interactions

The proteomic assay was performed by Dr. Yongna Xing in collaboration with Dr. Heng Zhu at
Johns Hopkins

A review article is in preparation which will include table 4.1.

Unpublished data from the proteomic chip assay is withheld pending publication.
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Abstract

Protein Phosphatase 2A has been highly implicated in many processes involved in
neurological disease, heart disease, and cancer. PP2A is an assembly of diverse heterotrimeric
holoenzymes. Regulatory subunits confer substrate specificity to the various holoenzymes, and
they bind substrates via various structural interactions, nullifying the possibility of consensus
sequences for substrate recognition. As such, identification and characterization of genuine
PP2A substrates has occurred via traditional low-throughput methods such as yeast-two-hybrid
assays and co-immunoprecipitation assays. Given the vast amount of processes and pathways in
which PP2A is involved, novel high-throughput methods are needed to efficiently identify and
characterize PP2A substrates in vitro. Built on a preliminary proteomic assay performed in our
laboratory, which was able to identify 24 previously unknown PP2A substrates, I participated in
the design of a peptide assay for the characterization of PP2A-substrate interactions. The peptide
assay promises to be useful in expeditious characterization of PP2A-interacting proteins. These
assays have considerable promise in providing large amounts of high-throughput data which will
be useful in characterizing the mechanisms by which PP2A in involved in various critical

pathways and provide potential targets for therapeutic treatment.
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Introduction

Protein phosphatase 2A is one of the major S/T phosphatases in the cell. PP2A has been
implicated in numerous human diseases such as cancer” 2, heart disease’ , and neuronal diseases”.
While PP2A is believed to have an anti-proliferative, pro-apoptotic effect and is found
suppressed in many cancers, quite a few PP2A holoenzymes were indicated to be important for
progression through mitosis. The role of phosphorylation in heart disease is also regulated by
complex phosphatase regulation, with some proteins contributing to heart failure when
hypophosphorylated and some proteins contributing when hyperphosphorylated®. As such,
PP2A has been known or suggested to act on some of these substrates. The impact of PP2A in
neuronal disease has best been studied by its ability to dephosphorylate Tau, a key protein that
when hyperphosphorylated can lead to neurofibrillary tangles and may be a contributing factor in
Alzheimer’s disease™°.

PP2A is known or suspected to interact with nearly 300 substrates and likely many more
(Table 4.1). PP2A can act on such a large array of substrates because of the diverse
holoenzymes it can form. PP2A is comprised of a catalytic “C” subunit, a scaffold “A” subunit,
and various regulatory “B” subunits’. The B subunits contribute the most to variation on
holoenzyme formation and are divided into four families: the B (PR55), B’ (PR56), B’ (PR72)
and B*** (Striatin)®. Currently, the identified regulatory subunits are encoded for by 15 genes
which can be alternatively spliced to yield 26 different B subunits®. These subunits share
sequence homology within each family, but have little to no sequence homology between the
families. As such, there is no specific “recognition motif” that PP2A substrates contain, and the
recognition is likely conferred by structural elements inherent in each subunit, necessitating the

need for structural information on the PP2A holoenzymes.
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Since there are no consensus sequences for PP2A substrates, proteome-wide data mining
is not able to easily identify PP2A substrates. In the past, the identification of PP2A substrates
has mostly occurred via low-throughput, time-consuming processes such as yeast two-hybrid,
co-immunoprecipitation, and mass spectrometric analyses. Proteomic chip microarrays offer
newer, more powerful approaches for substrate identification.

Although many PP2A substrates have been identified, few have been completely
characterized (Table 4.1). Most experiments have identified PP2A substrates based on
interaction with the common C subunit; however, the B subunits direct substrate specificity, and
this critical information is missing in many studies. In addition to a lack of information on which
B subunits are responsible for activity, the PP2A-interacting regions of most of these substrates
remain to be mapped. The process for mapping these interacting boundaries is traditionally done
by expressing truncations of the substrates and using an in vitro pull-down assay to determine
binding. This is a time-consuming and costly one-by-one process. Cross linking and
identification by MS is another attractive method, but still requires expression of individual
proteins and examining each interacting pair.

Developing methodologies to simultaneously and rapidly identify substrates and
characterize the PP2A-substrate binding regions and the requisite B subunits would be of great
benefit to the PP2A field. Modern high-throughput approaches are attractive options to
simultaneously identify substrates and their interacting regulatory B subunits and to characterize
their binding regions. In this chapter, I described the information based on data acquired from a
proteomic assay that was used to identify several PP2A substrates and their participating B
subunits. In addition to substrate identification, I will discuss the large-scale data mining of

PP2A substrates and bioinformatic characterization of these substrates with the intention of
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assembling a peptide array chip which will be used to determine the PP2A-binding regions of
known substrates, as well as the required B subunits. These high-throughput assays have the
potential to greatly reduce time and increase the throughput of PP2A substrate identification and
characterization. Extensive knowledge of PP2A substrates will be helpful in identification of the
mechanisms by which these interactions are involved in disease and possible development of

targeted therapies to intervene in these processes.
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Materials and Methods

Proteomic Chip Assay. A proteomic chip assay was performed by Dr. Yongna Xing in
collaboration with Dr. Heng Zhu at John’s Hopkins. Full experimental details are withheld here
pending publication. In brief, a chip containing 17,000 human proteins synthesized in yeast and
printed in duplicate was phosphorylated by a mixture of over 400 kinases was used with ATP to
phosphorylate the proteins on the array. The kinase mixture was removed and the chip was
washed three times with assay buffer. Holoenzymes containing B’y1 or B’a were applied to the
chip to selectively dephosphorylate the substrates present on the chip. This mixture was
removed and the chip washed three times. Radiolabeled [y->>P] ATP was then used to re-
phosphorylate the substrates that had been dephosphorylated. The mixture was removed and the
array washed three times, then the array was imaged using a microarray scanner. A negative
control chip was obtained by using the kinase cocktail and ATP alone then adding kinases with
[y-*P] ATP. A positive control chip was obtained by using the kinase cocktail and [y-*P] ATP.
In order to score potential substrates, the signal of the negative control, n, was subtracted from
the positive control, p, and the experimental assay, a, and the ratio of the assay to the positive
control was calculated [(a-n)/(p-n)]. Candidates with the highest scores indicated increased
likelihood that they were PP2A substrates.

Design of a peptide array for identification of PP2A substrates. For a diagrammatic
representation of this procedure, see figure 4.1. In order to create a comprehensive list of
candidate substrates for inclusion on the peptide array, several sources of information were
aggregated. Known substrates were collected from lists included in reviews and the primary
sources vetted. Additional known substrates were mined from the BioGrid database

(http://thebiogrid.org/), and PubMed was extensively queried for additional new substrates. In
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addition to substrates identified in the literature, known CDK1 substrates, phospho-proteins
known to be modified in heart disease, and proteins identified in the lab by the proteomic chip
assay were also included.

Most phosphorylation sites occur in the unstructured regions of proteins that are likely on
the surface and involved in PP2A interaction. Therefore, inclusion of only those areas would
greatly reduce the amount of peptide necessary for investigating PP2A interaction. Secondary
structure analysis of the candidate substrates was performed using the XtalPred server
(http://ffas.burnham.org/XtalPred-cgi/xtal.pl) which aggregates several different prediction
algorithms. The outputs were collected, and known phosphorylation sites retrieved from the
PhosphoSite database (http://www.phosphosite.org/) were annotated on the sequences.
Sequences were individually reviewed, and unstructured regions, areas enriched in
phosphorylation sites, and/or areas known to interact with PP2A were selected for the peptide
chip (Figure 4.2). These regions were divided into 20-amino acid long peptides with a step of 5
amino acids to generate the list of peptides that cover the entire unstructured region using Excel

(Microsoft).

Peptide chip assay (proposed). The peptide chip will be printed using PEPperPRINT
technology (B-Bridge International) at a rate of 4290 substrate peptides in duplicate per chip. In
order to test binding of PP2A to peptide substrate fragments, a cy3 labeled scaffold subunit will
be used (Figure 4.3). A will be labeled using a Cy3 mono-S ester labeling kit (GE Life Sciences)
and assembled with C as described above. B subunits from three different families will then be
assembled with the labeled AC similar to as described above. The labeled protein complexes
will be applied to the chip and incubated for 5-30 min at RT. The protein solution will be

removed and the chip washed 3x with assay buffer. The chip will be read by a GC3000 7G
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microarray scanner (Affymetrix Inc.) and the data analyzed using the PEPperMAP software.
Experiments will be conducted and analyzed similar to that described above for the proteomic

chip.



124

Results

Identification of substrates by proteomic chip. The proteomic chip assay successfully
identified 24 novel candidate substrates (data not shown). The 24 identified substrates were
dephosphorylated by holoenzymes containing B’a, B’y1, or both. These candidate substrates
were included with the known and predicted PP2A substrates for the proteomic chip.

Assembly of the peptide chip. In order to assemble the peptide chip, all groups of
substrates and potential substrates were thoroughly vetted. Substrates identified in the proteomic
assay in our laboratory and potential substrates from lists of known CDK substrates or other
phosphoproteins were queried in Pubmed or BioGrid to search for known interactions. All
literature identifying proteins known to interact with PP2A was analyzed and summarized (Table
4.1). Phosphoproteins of special interest in heart disease, neuronal disease, or the cell cycle (but
not known to interact with PP2A) were also analyzed and summarized (Table 4.2 & 4.3). All of
the above-mentioned proteins were subjected to secondary analysis by XtalPred, and the results
were annotated with known phosphosites or interacting boundaries. The aggregate information
was used to manually select and narrow down boundaries of unstructured or highly modified
regions, as well as known PP2A-interacting boundaries. Over 250 proteins were analyzed and
divided into over 800 selected boundaries. Peptides of 20-mer length were generated with 5-mer
overlaps. A set of peptides with phospho-mimicing S/T->E mutations were also generated to
account for any interactions that require secondary modifications. In total, over 40,000 peptides

were generated for the array.
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Discussion

Our proteomic array-based phosphatase assay revealed several unknown PP2A
substrates, with 24 selected for further analysis (data not shown). The assay revealed some
substrates are specific to different holoenzymes, whereas others can be dephosphorylated by
redundant holoenzymes from the same family. Interestingly, PP2A was found to
dephosphorylate three different B subunits included on the chip: Ba, B’, and B’ (data not
shown). The B’ subunits can be phosphorylated by various kinases such as ERK’, and other
PP2A holoenzymes may be able to dephosphorylate different B subunits and modulate
holoenzyme assembly and activity. The assay produced some substrates with scores well above
1. This likely indicates that some of these substrates were phosphorylated when they were
produced in yeast; however, the large difference only strengthens the case that these candidates
are PP2A substrates. Although all of the substrates have yet to be confirmed, it is highly likely
that most, if not all, will be due to the specificity of the assay. In addition to traditional
verification, the peptide chip assay may be a viable option for high throughput verification,
further enhancing the efficiency of substrate discovery and characterization.

The assembly of the peptide chip required extensive effort. If algorithms were written to
select boundaries to test based on secondary analysis and known information, the manual
analysis time would be considerably reduced. This idea would also need to be tested, but based
on subjective observations of known binding sites and phosphosites in relation to unstructured
regions, this sort of algorithm would be practical. The costs of the chips are fairly reasonable
(~$1,400/~4,000 peptides), and new technology will deliver more peptides at decreased cost in
the future. One major concern for this peptide assay is the transient nature of PP2A binding to

some of its substrates. Interactions with low binding affinity may be washed off easily or drift
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off in the short interval between final wash and measurement. The engineers at PEPperPRINT
do have concern that binding affinities weaker than 10 pM may be very difficult to observe.
Some preliminary data on PP2A-Cdc6 binding affinity revealed a binding affinity in this range.
Other substrates may bind tighter, but this assay has the potential to miss proteins with weaker,
transient interaction. In the future, some method involving crosslinking or changes in washing
procedures may be able to overcome this hurdle. This assay may also miss interactions which
involve large structured surface areas. The method of selecting peptides in unstructured regions
would preclude detection of this mode of interaction. It may be possible that PP2A binding
requires phosphorylation on a residue separate from the one to be dephosphorylated. To account
for this possibility, phospho-mimic peptides (where S/T are mutated to E) were also included.
These peptides may also be useful for increasing binding affinity by binding to the active site in
the case of peptides containing target residues.

In order to test proof-of-concept for this assay, a test array of 100 peptides will be
synthesized. It will include some peptides of known binding regions as positive controls and
some experimental peptides. A labeled AC dimer will serve to give amplified binding signals,
possibly assisting in cases of low binding affinity. The assay will be conducted as described in
the methods and Figure 4.3. If the assay is successful, it will be scaled up to include all of the
peptides derived from the proteins in the tables below. The assay has a potential to yield a large
amount of information and follow-up verification on individual substrates will be a time
consuming process. In addition, since legitimate substrates may have widely varying binding
affinities and this may affect the fluorescent binding signal, a simple signal cutoff may miss
important substrates. One proposed way to score substrates is to split them into two groups—a

high affinity group and a low affinity group and select those with the highest signal in each
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group. The groups can be defined by identifying signals of positive controls consisting of
representative high and low affinity substrate peptides and then choosing experimental substrates
based on comparable signals. In all cases, it should be noted that the method of scoring
substrates to choose for further analysis will be highly dependent on the success of the assay.

A quick glance at the known information relating to PP2A interacting proteins (Table
4.1) reveals the large gap of missing information regarding the nature of these associations.
Traditional methods are costly in time and money and generally put out low volumes of
information. High-throughput style assays, such as those proposed and tested here, have the
potential to radically accumulate this vital information. Given the massive importance of PP2A
in regulating many critical cellular processes, this information may provide a valuable resource
for discovering predictive markers or developing drugs that modify these interactions to prevent

or treat disease.
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Table 4.1
B Interaction

Interacting Protein subunit PhosphoSite Boundary Reference
ACS - - - 10
ADRENRGIC FACTOR - - - 1
AKT Ba. T308 - 12
APC B, B bCaternin, - 302-625, 188-774 | 1
Apl 1 &2/u Ba T156 - 15
APP B’y,B’e - - 16
AR - - - 17
ARL2 Ba - - 18
ATM - S1981 2427-2841 19
ATR - - - 20
ATXN7L2 PR72 - - 21
Aurora A - S51 46-56 2
AXINI1 B’a - 595-726 2324
BAF-Lern4 Ba - 59-938 2
B-Arrestin 11 - - - 26
Bax - S184 - 27
Baz B’ S1085 - 28
B-Caternin B’, Ba | $33,537,T41,545,8552,8675 APC, Mult. 29,30
BCL2 B’y T69, S70, S87 - 31,32
Bestorphin - - - 33
BLNK By - - 34
BRCAI B’y - i 35
BUBRI1 B’ - 630-720 36
CACNAI1S Ba - . 37
Calpain - - - 38
caM kinase IV - - ] 39
CamklII - T253 - 40
Carpoxypeptidase D - - - 41
CAS - - - 42
Caspase-3 - - - 43
Cavl.2 Bo,BB,PR70 S1928 1927-2029 38
CBX1 - - - 44
CCT2 By - R 45
CDC25 B’ T138 - 46,47, 48,49
Cdc6 PR70 S54/S74* 49-90* 50,51
CDK16 Ba - _ 52

Cdk4

53
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Cdk9 - - . 54
CFTR - - i 55
CG-NAP PR130 - - 56
Chkl - S317 & S345 - 57
CIP2A - - i 58
c-MET - S985 - 59
CmyC B’a S62 40-179 60
Cofilin - - . 61
Connexin-43 - - - 62, 63
CSNK1E - - . 64
CTLA4 B’a - 151-159 63
CUL3 B’B - 315-374 66, 67
CXCR2 - - . 68
CyclinG1 B’a - _ 69,70
CyclinG2 B’B, B’y - i 71
DARPP32 PR72 T75 - 72
Dlg4 B’S - _ 7
DNA polymerase A - - - 74
E4dorf3 - - - 75
E-CADHERIN - - . 76
EGFR PR130, B’s - - 77,78
EIF1AK2 B’a - _ 79
EIFAEBP1 Ba - - 80
ELAVLI1 B’s - _ 81
Emi2 - - 319-375 82
Era - S18 - 83
Erfl - . _ 84
ERK1/2 B’B, B’y T202/T185 IEK-1 ’
FAMIO7A Ba - _ 85
FMRP - - . 86
Glutamate receptor - - - 87
Gpl130 - S782 . 88
GRB2 Ba - _ 89
Greatwall B “a” T194 - 9
GRKS5 Ba - _ 91
GSK3p B’3 S9 i 92
Gal2 - - i} 93
H2AX - - . 94
HAND-1 B’% - 150-216 95
HAND-2 B’d - _ 95
HCP-6 B - - 96
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HDAC4 Ba S298 1-289 o7
HDACS Ba _ _ 98,99
HDM?2 CyG S166 400-489 70
HOXI11 - - - 100
HRX - - . 101
HSF2 - - i} 102
IEX-1 - - - 9
IKKB - S77 &S181 121-179 103, 104
IKKG - - . 105
IQGAP1 - - . 106
IRAK1 - - - 107
JAK?2 - - i 108
JNK - - . 109
KCNQ2 B’y, - E12-14 110
Keratin 8 - - - 11
Keratinl8 - - . 1
KSR1 Ba S392 249-320 12
LATS2 Ba - _ 35
LNX1 - - - 113
Mdm?2 B’0/CyG T216 100-280, 400-489 70
MEK3 o4 T193 - 114
MEKK3 Ba, Bo S526 - 115
Mid-1 - - i} 116
MKK4 - - i 17
MLHI1 BB&B6 - _ 18
Mst3 B T178, T182 - 19
MTOR Ba - _ 120
Naked PR72 - - 121,122
NDRG1 Ba - _ 123
NEK1 B’a S109 1-267 124
Nemo - S68 - 125
NHE3 B’d - 651-839 126
NKCCI1 - - . 127
NM23H2 - - . 128
NMDA receptor - - - 129
NOD2 B’s - _ 130
NorepinephrineXporter - - - 131
NOTCHI1 Ba - _ 132
NR3A - - . 133
NRF1 B’y - _ 134

Occludin

135
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OSBP - - - 136
P107 PR59 Mult. - 137
p35 B’8 - _ 138
P38 - - i} 03
P53 -B’y1/3 S37, T55 - 139, 140
P70 S6 Kinase - - - 141
PACSI - S278 - 142
PAK1 - - . 141
PAK3 - - . 141
Paxillin B’y1/2 - - 143
PDE4D3/mAKAP B’0 - 2083-2319 144
Period - - - 145
PIM1 B’B - 70-139 146
Pinl B’B - _ 147, 148
PKA - - . 149
PKR B’a B’a Ba 79
PPFIA1 B’5 - _ 150
PTPN14 - - . 151
Rackl1 - - 138-317 152
Rafl Ba/o S259 - 153
RalA AB S183, S184 - 53
Rb PR70 T826 792-928% 154, 155
Rec8 B’-sgo Mult. - 136
RelA A S536 1-155, 354-551 104,108, 157
REPOman B’a S893 586-595 138
Rev Ba& Bd - - 159
RHEB - - - 160
Rho-B - - - 160
R-RAS - - . 160
RRN3 Ba S44 - 161
RSA1&2 - - i 162
Runx2 - - . 163
Securin - - . 164
Separase B’a-¢ - 1419-1474 165
Seratonin- R - - - 166
SET - - . 167
SG2NA - - . 168
SHC - Y317 - 169
Skl B’a S225 451-470 170
Smad3 - - 1-232 171
SMAD9 B’s - _ 172
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SMURF1 Bo - - 173
SOX2 B’y - - 174
Spl - T739 - '»
Sprouty A S112, S115 50-60 176
SRC By S12 177
STATS - - - 178
STE20 - - - 127
SUMOI1 - - - 179
TAU Ba Mult. 197-259, 265-328 >
TAX _ _ _ 105
TBC1D3 B’y S6K - 180
TCEALI Bo& Bb - - 181
TGFBRI1 Ba - - 182
TH B’p S19,S31, S40 R37 & R38 183
TIP - - - 184
TOM?22 Bp - - 183
TOP1 Bj - - 186
TRAF2 B’y T117 272-501 104
TSC2 - - - 160
TTP - - - 187
UBD _ _ _ 188
UBRS By - - 189
UPF1 - - - 190
Vimentin Ba - - 191
Vpu B’e - - 192
ZRANBI B>’ - - 193

Table 4.1. PP2A-interacting proteins identified by literature search. Reviews, Pubmed, and

Biogrid results represented. The first row is the abbreviated interacting protein, the second is B

subunit if known, the third is dephosphorylation site if known, the fourth is interacting boundary

if known, and the last row indicates the reference. * Indicates experimental data from this thesis.
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Table 4.2

Substrate Reference

ALB >

Branched chain ketoacid dehydr. Ela

CapZ Interacting Protein

Cysteine-rich secretory Protien 2

Eef2

Enolase3

Heatschock Bl

Mapkepk?2

Mib-CK

Myosin reg. light chain 2

PEA-15

Prkarla

Pyruvate dehydr. Ela form subunit 1

Tropmyosin alpha-4 chain

Troponin 1

Tubulin alpha

Tubulin alpha 1A

A(3,5)-A(2,4)-dienoyl-CoA isomerase
Table 4.2. Predicted PP2A substrates implicated in heart disease. Substrates were included in

W W] W] W W] W

WDl W | W ]| | | ] | |

the chip. The first row indicates the substrate, and the second row indicates the reference.



Table 4.3

Substrate

Reference

Actopaxin

194

Amphiphysin

195

BAD

196

BARDI

197

Beta-tubulin

198

B-myb

199

BRCA2

200

Calesmon

201

Cdc20

202

CDK7

203

CK2

204

Dab2

205

DNA polymerase Lambda

206

Drcl

207

Dynein light intermediate chain

208

Dystophin

209

ECT2

210

Elongation factorl

211

FANCG

212

FOXMIc

213

FOXO1

214

GM130(Golgi Protein)

215

GRASP-65

216

HCNI1

217

hHR6A

218

HIRA

219

Histone H1

220

HMG-1

221

HPV EI protein

222

hRad9

223

HuCDC7

224

Kar9

225

KID

226

KIFI1

227

LaminA

228

LaminB

228

MAP4

229

MARCKS

230

134
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MCM?2

MdmX 2
MEF 233
Mpsl p 234
MyoD 235
NDEL 6
Net1 27
NF-Y 238
Nir2 239
NPAT 0
NUCKS i
P21- activated Kinase 242
P27kip 43
Protein Phosphatse 1 Inhibitor (I-2) 244
Rab4 243
RCCI1 246
RI aplha subunit pf PKA 247
Ribonucleotide Reductase R2 248
Ski oncoprotein 249
Stathmin 230
Stem-Loop binding protein 1
Survivin 232
Swi5 236
TOPK >3
Upstream binding factor 24
WARTS tumor suppressor 23
Spc4?2 234
SRs2 DNA Helicase 236
Weel 7

Table 4.3. Known CDKI substrates that are potential, but not confirmed, PP2A substrates.
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Substrates were included in the peptide chip. Row one lists the substrate, row two indicates the

reference.
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Figure 4.1. Flow chart depicting the selection of peptides for the assay. Candidate substrates
were selected from known substrates in the literature, potential substrates from literature (CDK
substrates and phospho-proteins implicated in heart disease), and the proteomic assay. A
secondary structural analysis was then performed on the candidate substrates using the XtalPred
server. Unstructured regions were manually selected and these areas were broken into 20mer
peptides with Smer overlaps by Microsoft Excel. The candidate peptides were submitted for

printing on a chip in duplicate by a commercial company (B-bridge International).
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Secondary Structure Prediction of Cdcé
1., %0100 .. 0%...200 .. .%.00.300 00 % 0040000 %, 00500 0 .60 L L 700 L0 B0 L L0 9000 L0100
MPQTRSQAQATISFPKRKLSRALNKAKNSSDAKLEPTNVQTVTCSPRVEALPLS PRERLGDDNLCNTPHLPPCSPPEKQGKKENGPPHSHTLKGRRLVFDN
ce..*001100..0%,0120. .. .%..130. .. .%,.140....%..150....%..160....%..170....%..180....%..190....*%..200
QLTIKSPSKRELAKVHONKILSSVRKSQEITTNSEQRCPLKKESACVRLFKQEGTCYQOAKLVLNTAVPDRLPAREREMDVIRNFLREHICGKKAGSLYL
e FOL2100 0L % 22000 0%, 02300 ... L2400, 0% 0250, ... %. 0260, L %L 2700 %0280, . L%, 02900 .. 0%, . 300
SGAPGTGKTACLSRILQODLKKELKGFKT IMLNCMSLRTAQAVFPAIAQEICQEEVSRPAGKDMMRKLEKHMTAEKGPMIVLVLDEMDQLDSKGQDVLYTL

ce..*003100 00070032000, 0%003300 0007003400 ... .350.0 .. .%0.360.0 ... %L 03700 .. 0% 0380, .. 0700390, .. .%..400

FEWPWLSNSHLVLIGIANTLDLTDRILPRLQAREKCKPQLLNFPPYTRNQIVTILODRLNQVSRDQVLDNAAVQFCARKVSAVSGDVRKALDVCRRAIET
ce Fo 4100000704200 000700430000 .%0 04400 00 %, 04500 .. 0% 04600 %L 047000 %0480 .. *F, 0490, .. .*%..500

VESDVKSQTILKPLSECKSPSEPLIPKRVGLIHISQVISEVDGNRMTLSQEGAQDSFPLOOKILVCSLMLLIRQLKIKEVTLGKLYEAYSKVCREKQQVAA
Lo *0U5100 00000520000 0%0.0530. .. .%..540. . ..%,..550....%..560

VDQSECLSLSGLLEARGILGLKRNKETRLTKV FFKTEEKE T FHALKDKALIGNILATGLP
Figure 4.2. An example of secondary structure prediction used to select candidate regions for
the peptide chip. Secondary structure was predicted by the XtalPred server. a-helices are
indicated in red, and B-strands are indicated in blue. The underlined region was chosen for the
peptide chip. The Cdc6-PR70-binding region that was determined experimentally is indicated in
green. Known phosphorylation sites are highlighted in yellow. The experimental data for Cdc6
binding along with the secondary analysis corroborates the hypothesis that PP2A binding occurs

in largely unstructured and modified regions.
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o3| -

Incubate

< -

Remove
PP2A &
Wash 3x

Figure 4.3. Diagrammatic representation of the proposed peptide chip assay. Candidates for the
peptide chip were chosen as described in the methods. The chip will be synthesized using the
PEPperPRINT technology (B-Bridge International). The A-subunit will be esterified with Cy3
using a commercially available kit then assembled with C as described in chapter II. The labeled
AC will be assembled and purified with various B subunits from multiple families similar to that
as described in chapter II and III. The complex will be overlaid onto the peptide chip, incubated,
and removed. The chip will be washed 3x to remove excess enzyme, and the fluorescent signal
on the chip will be visualized by a microarray scanner to detect bound PP2A. The resulting
fluorescent image will be analyzed by the PEPperMAP software and compared to the map of
peptides on the chip. Signals will be scored based on intensity, and overlapping peptides with

high fluorescent intensity will be used to determine the PP2A binding motif of each substrate.
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Future Directions

Many open questions remain in the PP2A field. The experiments discussed in this thesis
have shed a considerable amount of light on some of these questions and simultaneously brought
up new ones. Three gaps are discussed here regarding the mechanism of holoenzyme in specific
substrate recognition. Accordingly, three experiments are proposed to address the gaps in
understanding how the regulatory subunits enhance phosphatase activity and control substrate
specificity.

Structural basis of substrate recognition by PP2A holoenzymes. The structural basis
for enhancement of PP2A holoenzyme phosphatase activity toward specific substrates remains to
be elucidated. In the manuscript published from chapters II and I1I, we proposed that substrates
interacted with PP2A based on patterns of charge recognition'. There is some evidence for this
mechanism?, and it has been suggested for other substrates as well®, but more experimental
evidence is needed to support this notion. Obtaining a co-crystal structure of a substrate bound
to the regulatory subunit, and preferably with the C-subunit in the holoenzyme form, would be
invaluable in ascertaining the mechanism of substrate binding. No holoenzyme structure has
been solved to date without an inhibitor’, making this a challenging prospect. The difficulty in
finding suitable substrates for obtaining a co-crystal structure is hampered, in part, by a lack of
biochemically characterized substrates. The assay described in chapter IV is one such method of
characterizing these substrates in a high-throughput manner and may be useful for discovering
ideal candidates for crystallization.

The design described in chapter III did not deliver a co-crystal structure as anticipated.
The construct does produce crystals at 4°C with no added inhibitor; however, these are quite

fragile and do not diffract x-rays. With the success of obtaining the holoenzyme structure (even
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if the peptide was not visible) and the success of obtaining crystals without an inhibitor, the
method, with some modification, still holds promises to obtain the structure. I would propose the
production and treatment of various constructs to be used for holoenzyme assembly (Figure 5.1).
The current PR70 structure ends shortly after the interacting helix between it and the C-subunit.
To provide more surface for substrate interaction and possibly increased binding affinity, the
PR70 core to be used (122-519) will be slightly larger than that used for the current structure
(122-490). Fused to this will be a fragment of Cdc6 from 49-90 which encompasses the PP2A
binding motif as well as both phospho-sites. As it is unknown which phospho-site is
dephosphorylated by PP2A and whether the other one is required to be dephosphorylated or
phosphorylated prior to binding, non-phosphorylatable mutants as well as phospho-mimicing
mutants will be used along with the wild-type. These constructs may also be phosphorylated
with ATP-yS in order to see the substrate locked into the active site. The PR70 fusion proteins
will be assembled with AC as described in chapter III except without the addition of MCLR.
Constructs will be initially screened at 18°C and possibly at 4°C if needed. Any diffracting
crystals will be processed as before and the structure determined by molecular replacement.

If a structure is obtained, it will likely produce much information as to the nature of
PP2A-substrate binding. Based on the data obtained previously', T would predict that Cdc6 will
make salt bridge and hydrogen bond contacts with various residues on the surface of PR70
facing the active site and a few residues might bind to the C subunit to help position a phospho-
serine into the active site. Studies along this line can be applied to other regulatory
subunit/holoenzyme-substrate interactions such that insights into general principles can be

gained for guiding the understanding of PP2A function in cell signaling.
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Biochemical Understanding of Substrate Restriction — Charge Interactions and
Steric Hindrance. In addition to the enhancement of phosphatase activity, the mechanisms by
which the regulatory subunits control substrate specificity need to be further investigated. The
data shown here indicate that in the case of Cdc6, steric hindrance by the B’ family of
holoenzymes prevents dephosphorylation. It is unknown if a similar result would be obtained
using the B or B’’’ families of holoenzymes. Furthermore, other substrates for other families of
PP2A holoenzymes need to be tested to determine if this effect is unique to Cdc6 or if it is a
general mechanism.

If the previous experiment produces a structure, the testing of the charged interactions
between Cdc6 and PR70 will proceed quite easily in a similar fashion to the mutagenic analysis
described in chapter III. If that is not the case, there are a limited number of residues in the PR70
binding motif of Cdc6 that could be mutated to test their interactions (Figure 5.2). An analysis
of the residues on PR70 nearest to the binding site will be used to find candidate residues
responsible for Cdc6 interaction. These residues will be mutated and tested for binding with
pull-down assays as above.

One important question regarding charge interaction and steric hindrance is whether it is
a conserved mechanism within and between families. PP2A-PR70 can also dephosphorylate
Rb®, and the same battery of assays described in chapters II and III would be useful in assessing
if this is a conserved function with PR70. One difficulty in assessing Rb is the fact that other
holoenzymes can dephosphorylate certain Rb residues as well’. Residues known to be
dephosphorylated by other B subunits would need to be mutated to phospho-mimics (D) to
account for non-specific dephosphorylation by B’ subunits when comparing their activity to that

of PR70. In addition to testing other PR70 substrates, holoenzymes from the B and B’ family
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will be tested against substrates from different families. For example, substrates such as tau and
tyrosine hydroxylase would be tested with the PR70 holoenzyme and others to determine if they
can also dephosphorylate these substrates.

I would predict that specific charge patterning for substrate binding is a conserved
mechanism for enhancing substrate dephosphorylation, and that steric hindrance is a conserved
mechanism by which the regulatory subunits restrict substrate specificity. I would predict that
the patterns are family dependent but within the family there are enough specific changes to
accommodate a wide range of substrates. These results combined with the high-throughput
characterization described in chapter IV may be able to elucidate some general patterns of PP2A-
substrate interactions. This would be useful in predicting new substrates and small molecule
binding sites that would be useful for therapeutic intervention.

Elucidating Mechanisms of PP2A Regulation in vive. In addition to biochemical
characterization, the in vivo mechanisms of PP2A regulation require further investigation. One
of the difficulties with in vivo investigation is the fact that some B subunits form holoenzymes
that dephosphorylate multiple substrates. For example, Rb and Cdc6 are both dephosphorylated
by PP2A-PR70%®. If PR70 is knocked down, it may be difficult to ascertain if the resulting
observations are due to loss of dephosphorylation toward Rb or toward Cdc6. To further
complicate matters, many PP2A substrates are involved in the same pathways; for example,
Cdc6 is transcribed by E2F responsive genes therefore an effect on Rb activity may also affect
Cdc6’. In order to design better in vivo experiments, more biochemical information is needed on
specific PP2A-substrate interactions.

Many PP2A-substrate interactions have been discovered in vivo, but few have explored

the in vivo mechanisms by which PP2A regulates each substrate. Furthermore, despite an
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expanding body of in vitro biochemical characterization, few of these ideas have been tested in
cells. Part of that is due to the difficulty of knocking-down or over-expressing PP2A subunits in
cells. One alternative approach would be to use the information obtained by either the co-crystal
study or the biochemical characterization experiments. I propose to use this information to
create mutated B constructs which are defective in binding to very specific substrates. These
mutant B subunits will be expressed in human cells in culture and the WT PR70 silenced using
siRNA. The effects on substrate stability, changes in gene transcription or other known markers
of substrate integrity, cell cycle stability, and transforming potential will be measured. I would
predict that disruption of specific substrate dephosphorylation would cause subtle but significant
effects. Global disruption of a protein affects multiple pathways and it can be hard to ascertain
which pathway disruption is causing a specific phenotype; however, very specific disruption can
identify which pathway led to the observed phenotype with more certainty. For example, if all
Rb dephosphorylation is inhibited, it would be expected that many E2F responsive genes are
transcribed and the cells will quickly move into S phase. If only PP2A-PR70 dephosphorylation
is inhibited, the phenotype will likely be less dramatic, perhaps only being affected by minor
changes in the timing of cell division, or a dramatically altered phenotype will only present itself
under specific conditions such as oxidative stress. In the case of Cdc6, a specific disruption
would determine at what stage of the cell cycle Cdc6 is dephosphorylated and destroyed without
the disruption of Rb which might result in off-target effects. Although it is difficult to predict
exact outcomes of specific changes in the cell cycle, experiments such as this offer very accurate
ways of predicting which pathways are involved when a particular substrate is not
dephosphorylated. It may be possible that redundant mechanisms exist in the cell, and the use of

controls for multiple holoenzymes will be crucial in this regard.
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General Conclusions

PP2A is a complex and diverse group of phosphatases. It has been globally implicated as
a tumor suppressor and interacts with a large variety of substrates'’. Since PP2A is deregulated
in many cancers and some neural disease, the importance of studying it is of paramount
significance. There are over 250 known PP2A substrates and more to be discovered (Chapter
IV). The genes for PP2A regulatory subunits transcribe 26 different products and can maximally
form 100 different holoenzymes. With a small group of phosphatases interacting with a large
amount of substrates, some holoenzymes must dephosphorylate multiple substrates. As there is
no known PP2A-binding consensus sequences, information regarding substrate binding must be
obtained by looking at the holoenzyme structure. Only three holoenzyme structures have been

L3, 4, and none of them with a substrate bound to the active site. In addition, the

discovered so far
full characterization of PP2A substrates has proceeded at a slow pace and there are many gaps in
knowledge (Table 4.1). Kinases have been more thoroughly studied than phosphatases,
especially in the context of treatments for cancer. Although kinase inhibitors have shown some
clinical promise, many are not the “silver bullet” many thought they would be. Part of this is the
underlying complexity of the cell cycle and its redundant mechanisms, and part of this is failing
to fully understand the complex regulation of phosphorylation in the cell. It is not possible to
study the cell cycle without acknowledging the critical role that PP2A plays in its regulation.
This role will likely become even more apparent as new studies implicate PP2A in an increasing
amount of regulatory networks. For a long time, PP2A was thought of as a simple housekeeping
enzyme, but this was only due to our inability to understand the complexities of its interactions

and regulation''. We now have the tools to study this increasingly important enzyme in detail

and use that information to design better treatments for human diseases.
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Figure 5.1. Proposed design of holoenzyme constructs for crystallization. PR70 holoenzyme

will be prepared similarly to that as described in figure 3.1 with the following modifications.

Instead of using PR70 122-490 and Cdc6 70-90, PR70 122-519 and Cdc6 49-90 will be used in

the fusion constructs. The following modifications of the Cdc6 sequence will be used: WT,

phosphorylated WT, phosphorylated S74A, phosphorylated S74E, phosphorylated S54A,

phosphorylated S54E, S54E & S74E. All phosphorylation will be performed with ATPyS. These

variations will hopefully account for potential differences in binding relative to phosphorylation

status and will hopefully produce a structure with a non-hydrolyzable moiety in the active site.
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Figure 5.2. Potential residues involved in Cdc6 binding. The PR70 and C-subunits of the PR70
Holoenzyme (4I5L) are shown in transparent surface with selected charged residues shown as
sticks. B is shown in forest and C is shown in blue. Calcium atoms and active site metals are
shown in sphere. Analysis of the putative substrate binding surface reveals 15 charged residues:
9 acidic (D & E) and 6 basic (K & R). These residues would be the first candidates for

mutagenesis to determine critical enzyme-substrate interactions.
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