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ABSTRACT 

Protein Phosphatase 2A (PP2A) is a holoenzyme consisting of three subunits – a 

scaffold subunit (A), a catalytic subunit (C), and a regulatory subunit (B). One of its 

functions is to oppose hyperphosphorylation of pocket proteins in the Rb family, 

including p107, allowing them to form a suppressor complex with E2F that silences E2F-

dependent genes required for cell cycle progression. B55α, a regulatory subunit of PP2A, 

binds p107 mediating its dephosphorylation by the trimeric B55α /PP2A holoenzyme. 

Our lab has previously shown that binding of B55α/PP2A is dependent on two regions in 

the intrinsically disordered spacer region of p107, which contain three potential CDK 

phosphorylated sites. However, it is not known which of these sites are direct B55α/PP2A 

substrates and how individual phosphorylation sites are presented to the catalytic active 

site. In order to perform these studies, we first need to purify the B55α/PP2A 

holoenzyme.  

We tested various conditions for purification, and found that the most efficient 

method for purification of complete holoenzymes is to use stably transfected HEK293T 

cells expressing flag-B55α, which can be pulled down using α-flag beads and eluted 

using a high concentration of flag peptide which competes with the flag tag for binding to 

the beads. Once the enzyme had been successfully purified we tested enzymatic activity, 

and found that purified enzyme was able to dephosphorylate PP2A substrates at a rate 

equal to or higher commercially available enzyme.  We also showed that it was 

responsive to PP2A inhibitors.  

 Our lab has previously created several GST-p107 fusion proteins allowing the 

identification of the p107 spacer binding sites for B55α/PP2A complexes using pull 
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downs from cellular lysates. Our results using purified enzyme show that the B55/PP2A 

holoenzyme binds p107 directly, and confirms the binding properties previously 

determined using crude lysates. We plan to use a series of p107 mutants to determine 

whether the CDK phosphorylated sites in these mutants are direct targets of this 

holoenzyme.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Regulation of Protein Activity by Phosphorylation 

 Phosphorylation of proteins is a relatively fast mechanism for modulating protein 

function, playing a central role in cell signaling and most cellular processes including 

transcription, translation, cell division, and DNA replication and repair, among many 

others.  The transfer of phosphate groups from ATP changes the charge of the 

phosphorylated amino acid, and may lead to either activation or inactivation of protein 

activity through changes in conformation or by mediating or disrupting protein/protein 

interactions (Reviewed in Liu & Chance, 2014; Stultz, Levin, & Edelman, 2002). 

Phosphorylation events are generally transient, and dephosphorylation by phosphatases is 

as critical as phosphorylation.   The most common and studied phosphorylation sites are 

on serine, threonine, or tyrosine residues, but phosphorylation can also occur on a number 

of other amino acids including histidine, aspartate, cysteine, lysine, and arginine residues 

(Reviewed in Liu & Chance, 2014). 

 More than a third of human proteins are phosphorylated, with the majority of 

phosphosites located in protein loops and intrinsically disordered regions, which have no 

ordered structure under physiological conditions (Reviewed in Dunker et al., 2013; Holt 

et al., 2009). These phosphosites are modified in a site dependent manner, with sites 

within the same protein being modified by different kinase/phosphatase pairs (Reviewed 

in Liu & Chance, 2014).  The addition of a phosphate group to a protein can trigger a 

conformational change, which can alter the activity of the protein or its interactions with 



2 
 

other proteins.  Regulation of substrates through this type of conformational change 

requires that the phosphosite be in a precise location within the protein, and these sites 

are generally conserved across species.  Holt et al. showed in yeast that these highly 

conserved phosphosites are commonly seen in metabolic enzymes, which tend to evolve 

slowly and be highly conserved across species. However, phosphorylation sites that 

mediate binding to other proteins may not require the same precision in location, and 

these sites are frequently not as well conserved (Holt et al., 2009). 

 Phosphorylation of serine and threonine is much more common than tyrosine 

phosphorylation.  Based on proteomic analysis of 6600 phosphorylation sites, serine 

phosphosites account for about 86.4% of total phosphosites, and threonine phosphosites 

account for another 11.8%.  Tyrosine phosphosites account for only 1.8% (Reviewed in 

Shi, 2009).  There are 428 known serine/threonine kinases, but only about 30 

serine/threonine phosphatases are known (Reviewed in Shi, 2009; Xing et al., 2006). In 

contrast, the number of tyrosine kinases and phosphatases is comparable.  While this 

initially led to the idea that Ser/Thr phosphatases were not as specific as kinases, in 

reality most Ser/Thr phosphatases form multimeric holoenzymes that attain substrate 

specificity through binding to regulatory subunits. The major Ser/Thr phosphatases are 

multimeric, consisting of at least two catalytic subunit isoforms that can interact with 

anywhere from 2 to more than 100 regulatory subunits with potentially distinct substrate 

specificity (Reviewed in Shi, 2009). The majority of serine/threonine phosphatase 

activity in the cell is mediated by phosphatases in the phosphoprotein phosphatase (PPP) 

family, in particular Protein Phosphatase 1 (PP1) and Protein Phosphatase 2A (PP2A), 

which have approximately 50% sequence homology and a highly conserved three-
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dimensional structure.  Other, less abundant, phosphatases in the PPP family are PP2B, 

PP4, PP5, PP6, and PP7 (Saraf, Oberg, & Strack, 2010; Xing et al., 2006). 

 

1.2 Protein Phosphatase 2A Structure and Complex Assembly 

 PP2A is a trimeric holoenzyme consisting of three subunits – a catalytic (C) 

subunit, a scaffold (A) subunit, and a regulatory (B) subunit (Reviewed in Perrotti & 

Neviani, 2008). The C subunit is highly evolutionarily conserved.  It exists in two 

isoforms (α and ß) which share 97% sequence homology, but are encoded by two 

different genes (Reviewed in Lechward, Awotunde, Swiatek, & Muszyńska, 2001). The 

A subunit also exists in α and ß isoforms, which are coded by separate genes but share 

87% sequence homology (Hemmings et al., 1990), and act as a scaffold through contacts 

with both the B and C subunits (Reviewed in Lechward et al., 2001).  There are 16 

known regulatory subunits that belong to 4 different gene families, allowing for the 

potential assembly of more than 60 distinct holoenzymes (Reviewed in Eichhorn, 

Creyghton, & Bernards, 2009; Xing et al., 2006).  As these enzymes also bind other 

proteins, more than 200 biochemically distinct PP2A complexes have been detected via 

proteomic analysis (Reviewed in Virshup & Shenolikar, 2009).  This highly adaptable 

enzyme is involved in most major signaling cascades (Reviewed in Eichhorn et al., 

2009), and is a major regulator of the cell cycle (Reviewed in Kurimchak & Graña, 

2015). 

 The core heterodimer of PP2A consists of the A and C subunits, with the α 

isoforms of both being more common than the ß isoforms (Xing et al., 2006).  The Aα 

isoform is ubiquitously expressed, but the Aß isoform is expressed at low levels in most 
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tissues except the testis and epithelial cells.  Aα has the ability to interact with all B 

subunits, but Aß has reduced or no ability to bind to some B subunits, including B55α 

(Zhou, Pham, Ruediger, & Walter, 2003).  The Cα and Cß isoforms are found in all 

tissues, but at different locations within the cell. The α isoform is predominantly located 

at the plasma membrane and the ß isoform in the cytoplasm and nucleus. There is 

evidence that the α and ß isoforms also have tissue specific functions  (Reviewed in 

Janssens & Goris, 2001; Reviewed in Thompson & Williams, 2018).   

The A subunit is a horseshoe shaped molecule that contains 15 tandem HEAT 

repeats consisting of double layered α helices.  HEAT repeats 11 through 15 are 

responsible for binding to the C subunit.  Binding of the C subunit to the HEAT repeats 

causes the scaffold to undergo structural changes.  The C subunit consists of an α/ß fold 

structure, and contains two manganese ions at its active site, which are coordinated by six 

metal binding residues that are conserved in all PPPs (Xing et al., 2006; Zhang, Yogesha, 

Mayfield, Gill, & Zhang, 2013).  The manganese ions have a catalytic role in the 

dephosphorylation reaction and are important to activate H2O  (Reviewed in Shi, 2009; 

Zhang et al., 2013).  The binding of the metal ions requires ATP hydrolysis, which is 

thought to be coordinated by PP2A Phosphatase Activator (PTPA) and the PP2A 

catalytic subunit (Guo et al., 2014). 

In order for the PP2A complex to form, the catalytic subunit needs to be activated 

and methylation of Leu309 at the C-terminus needs to occur (Stanevich et al., 2011). 

Activation of the catalytic site has the dual function of aiding methylation of the C 

subunit tail and stabilizing the association between the A and C subunits (Hombauer et 

al., 2007; Stanevich et al., 2011).  Activation of the C subunit requires PTPA, which 
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stabilizes the catalytic site in the active conformation and assists with binding of ATP 

groups to the ATP site.  Through binding of ATP, the catalytic metal ions are activated 

(Guo et al., 2014; Stanevich et al., 2011). 

Both the stabilization of the active site and the binding of the metal ions allow for 

methylation by Leucine Carboxyl Methyltransferase 1 (LCMT-1) (Stanevich et al., 

2011). The catalytic subunit tail contains a conserved motif (T304PDYFL309), which is 

methylated on Leu309 by LCMT-1 (Reviewed in Mumby, 2001).  LCMT-1 binds to the 

active site of the catalytic subunit when it is in its active form (Stanevich et al., 2014). 

Extensive contact with the active site probably induces a conformational change in 

LCMT-1, which allows it to bind to and methylate the C subunit tail.  Because of the 

direct interaction between LCMT-1 and the active site of the catalytic subunit, any 

perturbation in the active site will also prevent methylation of the C subunit tail 

(Stanevich et al., 2011; Stanevich et al., 2014). Methylation of Leu309 plays an important 

role in regulating the formation of the PP2A holoenzyme by affecting the interaction of 

the C subunit with the α4 protein, and preventing disassembly of the core dimer 

(Stanevich et al., 2011; Wu et al., 2017). 

Several factors act in opposition to assembly and activation of the core 

heterodimer by PTPA and LCMT-1.  Leu309 is demethylated by Protein Phosphatase 

Methylesterase 1 (PME-1).  PME-1 is activated by binding directly to the catalytic site, 

and the binding of PME-1 has been shown to displace the catalytic metal ions (Stanevich 

et al., 2014; Xing et al., 2008). In addition to the removal of the methyl group, PME-1 

also forms a stable complex with the catalytic subunit, preventing LCMT-1 from binding 

to and methylating Leu309 (Xing et al., 2008). 
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Disassembly of the core heterodimer is facilitated by TOR Signaling Pathway 

Regulator (TIPRL) and protein α4.  Once the metal ions have been removed, the catalytic 

subunit tends to partially unfold.  This allows binding of α4, which stabilizes the catalytic 

subunit in its inactive form (Guo et al., 2014).  In addition, binding of α4 causes 

conformational changes to the C subunit, which result in loss of the A subunit binding 

site, leading to disassembly of the core heterodimer (Stanevich et al., 2011).  TIPRL 

binding is believed to facilitate the binding of α4.  The combined actions of TIPRL and 

α4 to disassemble the core heterodimer allows for regulation of PP2A activity without 

changing the cellular level of the enzyme, and may also allow for recycling of the 

complex so that it can bind to different regulatory subunits as needed (Wu et al., 2017). 
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Figure 1: Assembly and disassembly of PP2A holoenzyme 

A) PTPA stabilizes the catalytic site of the C subunit and assists in binding of metal 

ions.  This stabilization facilitates methylation of Leu309 on the C subunit tail, 

which allows for binding of the B subunit 

B) PME-1 demethylates Leu309 and removes the metal ions from the catalytic site.  

TIPRL binds to the C subunit, facilitating binding of α4.  Binding of α4 

inactivates the C subunit and leads to dissociation of the core dimer 

  

1.3 PP2A Regulatory Subunits 

 There are 16 known regulatory subunits of PP2A, which can be divided into 4 

subgroups: B, B’, B’’, and B’’’ (or Striatins).  Although there is no sequence identity and 

low structural homology between the four groups, the members of each subgroup are 

highly homologous (Reviewed in Kurimchak & Graña, 2012b).  The substantial 

differences in structure between the B subunits alters the physiological and chemical 

properties of the catalytic subunits, which in turn alters the substrate docking sites within 

the catalytic subunit and allows for association with different substrates (Kuo et al., 

2008). Therefore, differences between subunits ensures substrate specificity, while the 

large number of subunits allows for recognition of a large number of substrates by PP2A 

(Reviewed in Thompson & Williams, 2018).   

In addition to conferring substrate specificity, B subunits regulate the subcellular 

localization of PP2A.  Different subunits can be found in different locations within the 

cell. For example, B55α and B55ß are found mostly in the cytosol, B56γ3 is enriched in 

the nucleus during the G1/S transition and early S phase but is ubiquitously expressed 
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during the remainder of the cell cycle, and B55γ is found in the cytoskeleton. Different 

subunits are also differentially expressed in different tissues.  While B55α and B55δ are 

ubiquitously expressed, B55ß and B55γ are highly enriched in brain tissues (Reviewed in 

Janssens & Goris, 2001; Mo et al., 2014; Strack, Zaucha, Ebner, Colbran, & Wadzinski, 

1998).  The different B subunits have highly specific targets for dephosphorylation.  One 

example is the regulation of Simian Virus 40 (SV40) T antigen, which is activated by 

dephosphorylation of S120 and S123, but inactivated by dephosphorylation of T124.  The 

dephosphorylation of these residues is accomplished by members of two different B 

subunit families (Cegielska, Shaffer, Derua, Goris, & Virshup, 1994). 

 Although there is no sequence homology between the regulatory subunits of 

different families, they all bind to the same portion of the scaffold subunit.  B subunits 

interact with HEAT repeats 1 through 10 at the amino terminal of the A subunit 

(Reviewed in Janssens & Goris, 2001; Xing et al., 2006).  The interaction between the B 

subunit and the core dimer is probably influenced by the C terminal methylation of the 

catalytic subunit at Leu309 (Reviewed in Perrotti & Neviani, 2008; Xing et al., 2006). 

The B family of subunits (B55α, B55ß, B55δ, and B55γ) share greater than 80% 

sequence identity.  The structure of these subunits consists almost entirely of ß sheets and 

turns.  They contain 7 WD40 repeats, which consist of approximately 40 amino acids 

ending in tryptophan-aspartate (Reviewed in Janssens & Goris, 2001; Strack et al., 2002). 

They make multiple contacts with the scaffold subunit when forming the PP2A 

holoenzyme, but do not have significant contact with the catalytic subunit (Reviewed in 

Kurimchak & Graña, 2015). 
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The B55α subunit is highly abundant, ubiquitously expressed, and interacts with a 

wide variety of substrates involved in multiple cellular functions, including TAU, p53, 

retinoblastoma family proteins, KSR, RAF-1, AKT, MAPK, AP-1 and AP-2 (Reviewed 

in Eichhorn et al., 2009; Kuo et al., 2008; Reviewed in Kurimchak & Graña, 2015).  The 

structure of B55α consists of 7 WD40 domains that form blades of a ß-propeller, with 

each blade consisting of 4 anti-parallel ß strands, and a ß-hairpin arm.  There is a highly 

acidic groove in the conserved ß-propeller top face (Xu, Chen, Zhang, Jeffrey, & Shi, 

2008).  

B55α makes multiple contacts with the A subunit.  The bottom of the ß-propeller 

binds to HEAT repeats 3 through 7, and the ß-hairpin arm interacts with repeats 1 and 2.  

The acidic groove assists with binding to substrates.  Mutations in the residues around 

this groove are known to prevent dephosphorylation of TAU and binding to p107 

(Reviewed in Jayadeva et al., 2010; Kurimchak & Graña, 2012b; Xu et al., 2008). 

However, the requirements for substrate specificity appear to be more complex than this, 

hence the need for further structure function studies using the purified holoenzyme and a 

variety of substrates. 

 

1.4 Regulation of PP2A 

 

1.4.1 PP2A Inhibitors 

 Overexpression of the core heterodimer of PP2A has proven challenging in a 

number of different systems.  Expression of the catalytic subunit of PP2A is tightly 

regulated, and exogenous expression leads to an equivalent reduction in endogenous 
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levels (Baharians & Schönthal, 1998).  In addition, the ratio of core heterodimer to the 

holoenzyme has been shown to affect phosphatase specificity in some conditions 

(Ruediger, Brewis, Ohst, & Walter, 1997).   

 There are several known endogenous inhibitors of PP2A, that act through a 

variety of mechanisms.  SET/I2PP2A is a nuclear protein, which directly inhibits PP2A 

by interacting with the catalytic subunit. In vitro, SET inhibits PP2A with an IC50 of 2 

nM, but even at concentrations greater than 20 nM other phosphatases in the PPP family 

are not affected (Arnaud et al., 2011; Zhang et al., 2013).  In contrast, Cancerous 

Inhibitor of PP2A (CIP2A) acts by blocking PP2A mediated dephosphorylation of 

residue S62 on c-Myc, an oncogenic transcription factor (Junttila et al., 2007).  PP2A is 

also inhibited by two downstream targets of Greatwall kinase (GWL), cyclin adenosine 

monophosphate-regulated phosphoprotein 19 (Arpp19) and α-Endosulfine.  When 

phosphorylated by GWL, these inhibitors bind to the A and C subunits of PP2A, and help 

promote mitotic entry (Gharbi-Ayachi et al., 2010) by favoring phosphorylation of 

mitotic substrates by Cyclin-dependent kinase 1 (CDK1) and other mitotic kinases as 

result of B55α/PP2A inhibition (Vigneron et al., 2016). 

In addition to the endogenous regulation of PP2A subunits, there are a number of 

exogenous PP2A inhibitors.  Several viral proteins have the ability to interact with PP2A 

and affect various downstream pathways.  The polyoma small t and middle t antigens and 

the SV40 small t antigen all form complexes with the PP2A core heterodimer.  Binding 

of these viral proteins to the scaffolding subunit displaces the B subunit and affects 

different cellular pathways.  SV40 small t affects the AKT pathway, and polyoma middle 

t affects the MAPK pathway.  The polyoma small t antigen regulates both MAPK and 
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AKT, but AKT regulation is highly dependent on serum concentration.  This interaction 

contributes to the transformative properties of SV40 and polyoma tumor viruses in cell 

lines (Reviewed in Eichhorn et al., 2009). Indeed, inactivation of PP2A is one step 

required for stepwise transformation of primary human cells immortalized by expression 

of human telomerase, inactivation pRB and p53 and activation of an oncogene like RAS 

(Reviewed in Hahn, 2002). 

 There are several natural compounds that act as pharmacologic inhibitors of PP2A 

and other PPP family phosphatases.  Okadaic Acid, which is derived from 

dinoflagellates, and Microcystin-LR, which is derived from cyanobacteria, are two 

common inhibitors.  (Reviewed in Kleppe, Herfindal, & Døskeland, 2015). Fostriecin, 

which is produced by the bacteria Streptomyces pulveraceus, is a potent inhibitor of 

PP2A and PP4 (Zhang et al., 2013). Other PPP family inhibitors include Nodularin, 

Calyculin A, Tautomycin, and Cantharidin (Swingle, Ni, & Honkanen, 2007). 

Okadaic Acid and Microcystin-LR, in spite of having different primary structures, 

have very similar three-dimensional conformations and their binding sites on the PP2A 

catalytic subunit overlap.  The binding site is just above the manganese atoms located in 

the active site.  Both compounds induce cellular apoptosis (Reviewed in Kleppe et al., 

2015; Xing et al., 2006). 

Okadaic Acid is a hydrophobic compound that easily inserts into cell membranes, 

but has low water solubility.  In spite of this, it is amphiphilic enough to enter the cytosol 

without the assistance of transporter proteins, and is able to induce apoptotic cell death in 

almost all cell types (Reviewed in Kleppe et al., 2015; Swingle et al., 2007). At low 

concentrations, okadaic acid inhibits PP2A and PP4 in vitro (IC50 .01-0.3 nM), but does 
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not inhibit PP1 or other members of the PPP family.  PP5 has an in vitro IC50 of 3.5 nM, 

and PP1 has an in vitro IC50 of 15 nM.  IC50 concentrations for inhibition of PP7 and 

PP2B exceed 1 µM  (Swingle et al., 2007). Okadaic acid has tumorigenic properties that 

are believed to be the result of its targeting of PP2A.  The PP2A C subunit contains a 

hydrophobic cage, which accommodates the hydrophobic end of okadaic acid, allowing 

for effective inhibition.  This hydrophobic cage is not present in PP1, accounting for the 

higher concentrations of okadaic acid necessary for its inhibition (Xing et al., 2006). 

Microcystins are a family of toxins that are cyclic heptapeptides with variable 

amino acids in positions 2 and 4.  Microcystin-LR (MC-LR) is the most common 

structure.  Unlike okadaic acid, MC-LR requires transporter proteins to cross the cell 

membrane.  Because of this it is not readily taken up by most cells, but the organic anion 

transporter proteins IB1 and IB3 on hepatocytes allow for efficient uptake (Reviewed in 

Kleppe et al., 2015). In vitro, MC-LR is a potent inhibitor of most PPP phosphatases, 

with IC50 values ranging from less than 0.1 nM to 1 nM for PP2A, PP1, PP4, and PP5.  

Concentrations for inhibition of PP2B and PP7 are 1 µM  or above (Swingle et al., 2007),  

MC-LR, which is present in the drinking water in certain areas of China, has been linked 

to liver cancer (Zheng et al., 2017). 

 

1.4.2 PP2A Activators 

 In addition to PTPA and LCMT-1 discussed in Section 1.2, there are several 

endogenous and exogenous activators of PP2A.  Ceramide, which is released from the 

mitochondria during apoptosis, has been shown in some studies to increase the rate of 

methylation on the catalytic subunit, leading to increased phosphatase activity (Stanevich 
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et al., 2011), and in others to interfere with the action of SET (Sangodkar et al., 2016; 

Zhang et al., 2013).  Exogenous activator FTY720 (Fingolimod), which is derived from a 

fungal metabolite, has been shown to activate PP2A by interfering with the action of SET 

(Sangodkar et al., 2016; Zhang et al., 2013).  Forskolin, which is derived from coleus 

roots, is another exogenous PP2A activator.  It acts by stimulating adenylyl cyclase, 

leading to an increase in cAMP.  cAMP in turn acts as an activator of PP2A through 

PKA-mediated phosphorylation of the B56δ subunit (Ahn et al., 2007; Feschenko, 

Stevenson, Nairn, & Sweadner, 2002). 

 Small Molecule Activators of PP2A (SMAPs) have recently been developed by 

re-engineering tri-cyclic neuroleptic compounds (Clomipramine, Trifluoperizine) 

(Kastrinsky et al., 2015).  Tri-cyclic neuroleptic compounds are reported PP2A activators 

(Gutierrez et al., 2014; Sangodkar et al., 2017), but their use was limited by central 

nervous system (CNS) toxicity.  In the re-engineered compounds, the CNS toxicity was 

eliminated by replacing a basic amine with a neutral polar functional group (Kastrinsky et 

al., 2015).  It is thought that SMAPs work by binding to the scaffolding subunit of PP2A, 

leading to conformational changes that activate the catalytic subunit.  They have been 

used in a KRAS mutant murine model of non-small cell lung cancer (NSCLC), a patient-

derived xenograft model, and lung cancer cell lines, and were shown to cause increased 

cell death and decreased tumor burden.  Consistently, expression of small t antigen, 

which inhibits PP2A, led to resistance to SMAP treatment in the xenograft models 

(Sangodkar et al., 2017). 

 

1.5 Role of Pocket Proteins in Cell Cycle Regulation 
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 Among the targets of B55α/PP2A are pocket proteins in the Rb family, which are 

a family of negative cell cycle regulating proteins that includes pRB, p107, and p130.  

Pocket proteins consist of N and C terminal domains, two pocket regions next to the N 

and C terminal domains, and a spacer region between the two pocket domains.  p107 and 

p130 have 54% sequence identity to each other, and 25% homology to pRB (Reviewed in 

Dick & Rubin, 2013; Reviewed in Kurimchak & Graña, 2015). 

Pocket proteins are active in their hypophosphorylated state.  Their 

underphosphorylated forms suppress cell cycle progression through G1 by interacting 

with E2F/DP transcription factors and forming repressor complexes.  These complexes 

bind the promoters of E2F dependent genes that are required for cell cycle progression.  

Progression through the cell cycle is promoted by Cyclin-dependent kinases, which 

hyperphosphorylate and inactivate pocket proteins, allowing for transcription of E2F 

dependent genes and progression through the restriction point (Reviewed in Kurimchak 

& Graña, 2012b). 

Pocket proteins are differentially regulated and expressed at different points 

throughout the cell cycle.  In G0, the most highly expressed pocket protein is p130, which 

becomes hyperphosphorylated in G1.  p107 is undetectable in G0, but is expressed in 

mid-G1.  pRB expression levels increase slightly in G1, but the changes are not as 

pronounced as for p107 and p130.  The hyperphosphorylation of pocket proteins occurs 

through the action of Cyclin/CDK complexes following mitotic stimulation.  Mitogenic 

stimulation promotes D-type cyclin expression and downregulation of p27, resulting in 

activation of Cyclin D/CDK4/6 followed by Cyclin E/CDK2 (Reviewed in Kurimchak & 

Graña, 2012a).  pRB and p130 are phosphorylated by Cyclin D/CDK4/6 and Cyclin 
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E/CDK2, while p107 appears to be mostly regulated by Cyclin D/CDK4/6 (Reviewed in 

Kurimchak & Graña, 2015).  Down-regulation of D-type cyclins effectively 

dephosphorylates p107, but only partially dephosphorylates pRB and p130 (Garriga et al., 

2004).  Phosphorylation of pocket proteins is maintained by other Cyclin/CDK 

complexes throughout the remainder of the cell cycle.  Cyclin A/CDK2 complexes have 

been shown to bind to p107, and are likely to be involved in maintaining phosphorylation 

through G2 (Peeper et al., 1993).  Pocket proteins are inactive through late mitosis, when 

they are rapidly dephosphorylated upon inactivation of cyclin/CDK complexes 

(Reviewed in Kurimchak & Graña, 2015).  Pocket proteins are also dephosphorylated in 

response to external stress.  Oxidative stress rapidly dephosphorylates the three pocket 

proteins, without modulating cyclin/CDK activity.  UV irradiation results in 

dephosphorylation of p107, but not p130 or pRB (Reviewed in Kurimchak & Graña, 

2012b, 2015).  Preventing dephosphorylation of p107 by knocking down B55α has been 

shown to delay cell cycle exit in chondrocytes, but most of these cells eventually exit the 

cell cycle, suggesting that the other pocket proteins are also involved in promoting cell 

cycle exit (Kurimchak et al., 2013)  

 The regulation of pocket protein interactions with E2F transcription factors is 

accomplished by distinct subsets of phosphorylation sites.  p107 and p130 share one 

subset of CDK4 specific sites.  Another subset of sites that can be phosphorylated in the 

absence of CDK4/6 affects p130, but not p107 (Farkas, Hansen, Holm, Lukas, & Bartek, 

2002). Dephosphorylation of pocket proteins is also regulated by the activity of different 

phosphatases.  p107 binds preferentially to B family subunit B55α when compared to 

regulatory subunits from different families.  p130 interacts with both B55α and B’’ 
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family member PR48, and pRB did not seem to associate with B55α in GST-pRB pull 

downs from U-2 OS lysates (Jayadeva et al., 2010).  However, pRB was detected in Flag-

B55 immunoprecipitates from RCS1 cells (Kurimchak et al., 2013). B55α targets p107 

by binding to the spacer region separating its two pocket domains, and phosphorylation 

levels of p107 are highly sensitive to levels of B55α expression (Jayadeva et al., 2010). 

 

1.6 PP2A in Cancer 

 Many of the common pathways involved in cancer are regulated by PP2A, and 

dysregulation of PP2A has been found in numerous cancer types. AKT, p53, ERK, MYC, 

p27, CDK substrates (including pRB) and ß-catenin are all PP2A targets that have been 

identified as factors in many cancers.  Reductions in PP2A activity have been linked to 

numerous types of solid tumors as well as leukemias.  In pancreatic cancer, increased 

levels of B55α seem to indicate that PP2A may also act as a tumor promoter in some 

instances (Reviewed in Kurimchak & Graña, 2012a; Reviewed in Ruvolo, 2016). 

 Mutations in some of the subunits of PP2A have been reported in several types of 

cancer.  Mutations of the Aα subunit are seen in more than 40% of high grade serous 

endometrial carcinomas (McConechy et al., 2011), and mutations in both Aα and Aß are 

present at low frequency in lung cancer, breast cancer, and melanoma.  Fewer mutations 

have been reported in the B subunits, but hemizygous deletions in B55α are common in 

prostate cancer (Cheng et al., 2011; Zhao et al, 2018 (under review)), breast cancer 

(Curtis et al., 2012) and ovarian cancer (Network, 2011) and some cell lines derived from 

solid tumors have B56γ mutations (Reviewed in Ruvolo, 2016). 
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 Inactivation of PP2A by viral oncoproteins is linked to transformation of human 

cells.  SV40 encodes the PP2A inhibitor small t antigen, which is one of the requirements 

for transformation of human cells.  As mentioned in section 1.4.1, additional 

requirements are human telomerase, inactivation of pRB and p53 and activation of 

mitogenic oncogene such as RAS (Reviewed in Kurimchak & Graña, 2012a; Reviewed 

in Perrotti & Neviani, 2008; Reviewed in Thompson & Williams, 2018). It has also been 

shown that cells with a large reduction in expression of PP2A Aα become anchorage 

independent and resemble cells that express SV40 (Reviewed in Ruvolo, 2016).  

 As mentioned above, the exogenous PP2A inhibitors Microcystin-LR and 

Okadaic acid promote tumorigenesis.  Likewise, endogenous PP2A inhibitors have also 

been linked to cancer.  The expression of the PP2A inhibitor SET is increased in NSCLC, 

and leads to lower survival rates.  This may be caused by loss of regulation of the MAPK 

pathway (Reviewed in Kurimchak & Graña, 2012a; Reviewed in Thompson & Williams, 

2018).  Increased expression of CIP2A is also associated with human cancer, including 

head-and-neck squamous cell carcinomas (HNSCC) and colon cancer (Junttila et al., 

2007).  Consistently, pharmacologic PP2A activators have been shown to have beneficial 

effects in several cancers.  FTY720 induces apoptosis in hepatocellular carcinoma 

(HCC), breast cancer, glioma, and multiple-myeloma.  Multiple mechanisms of action 

have been reported for Ceramide.  In addition to the two mentioned in section 1.4.2, it has 

also been reported to induce apoptosis in prostate cancer cells by induction of p27 

(Sangodkar et al., 2016). 
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1.7 Protein Purification Methods  

 Chromatography separates proteins based on their properties, and can be used to 

purify proteins from a variety of sources, including native tissue, bacteria, insect cells, 

yeast, or mammalian cell lines. Often the protein of interest is expressed in engineered 

cells with an exogenous expression plasmid encoding the protein.  All methods of 

purification have the same basic set of requirements.  A stationary phase provides an inert 

matrix for the protein of interest to bind to and be separated from other proteins in the 

cell.  Solvents and buffers need to be selected that provide the appropriate conditions to 

avoid denaturing, misfolding, or other damage to the protein.   Appropriate columns need 

to be used for holding the stationary phase and collecting the purified protein. Finally, a 

method needs to be developed for determining the purity of the protein, and in some 

methods which fractions eluted from the column contain the protein of interest 

(Reviewed in Ritchie, 2012). 

 Several things need to be taken into consideration when determining the best 

purification method from recombinant cells.  First, a vector needs to be selected that will 

allow for expression of the highest amount of protein without precluding cell viability.  

The conditions need to be optimized in order to purify the protein as quickly as possible, 

maintaining its activity.  If the full protein is not being purified, care needs to be taken in 

selecting the N and C terminal boundaries, since slight variations can affect the solubility 

and expression of the protein.  The method of cell lysis also needs to be considered.  

Sonication is fast and efficient, but some proteins may require a milder detergent based 

lysis method (Reviewed in Gräslund et al., 2008; Reviewed in Ritchie, 2012). 
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 There are several different chromatography methods that can be used, depending 

on the properties of the protein.  Ion exchange chromatography is appropriate for proteins 

that can be separated based on their net surface charge.  Anion or cation columns can be 

used, depending on whether the net surface charge is negative or positive at the buffer 

pH.  Hydrophobic Interaction Chromatography (HIC) is appropriate for proteins that 

contain hydrophobic functional groups.  Salt ions are used in the buffer to partially unfold 

the proteins, allowing the internal hydrophobic groups to bind to hydrophobic groups on 

the column.  Size exclusion chromatography can be used to separate proteins based on 

their size or shape, which affects how quickly they move through the column.  Finally, 

affinity chromatography separates proteins based on a specific tag that has been added to 

the protein of interest, such as Flag, Polyhistidine (His), or Glutathione-S-Transferase 

(GST) tags.  In most cases, a combination of these methods is required to obtain a fully 

purified protein (Reviewed in Ritchie, 2012). 

 Affinity chromatography is based on specific interactions between the tag on the 

protein and the ligand bound to the stationary phase.  This interaction is generally 

reversible – after the proteins have been captured on the stationary phase, the column is 

washed under conditions that disrupt any non-specific interactions.  The protein is then 

eluted, either by using a molecule that competes with the protein for binding to the 

ligand, or by changing the conditions so that all interactions are disrupted.  If affinity 

purification can be used, this may be the only step required (Reviewed in Ritchie, 2012; 

Reviewed in Urh, Simpson, & Zhao, 2009). 

 Proteins can be purified from native tissues.  PP2A, for example, is enriched in 

rabbit skeletal muscle, porcine brains, and bovine heart, and has previously been 
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extracted from those sources (Reviewed in Guo, Wlodarchak, Menden, & Xing, 2018).  

However, most protein purification systems involve purifying recombinant proteins from 

a variety of expression vectors including bacteria, yeast, insect cells, or mammalian cell 

lines.  All of these systems have advantages and disadvantages (Reviewed in Brondyk, 

2009). 

 The fastest and simplest vector for expressing recombinant proteins is bacteria.  E. 

coli is a frequently used protein expression vector that allows for rapid purification, due 

to the short doubling time of bacteria.  However, there are several drawbacks to 

expression of mammalian proteins in bacterial vectors.  Many post-translational 

modifications that are common in mammalian cells cannot be replicated in bacterial cells.  

They may also be unable to correctly form disulfide bonds.  In addition, high expression 

rates can lead to the accumulation of inclusion bodies, which are aggregates of insoluble 

proteins.  At molecular weights greater than 60 kDa, the likelihood of expressing a 

soluble protein decreases.  The addition of a GST, Maltose-binding protein (MBD), or 

other tag can increase the solubility of a protein.  GST and MBD tags have the added 

benefit that they can also be used as affinity tags (Reviewed in Brondyk, 2009; Reviewed 

in O'Shaughnessy & Doyle, 2011). 

 Another common vector for expressing recombinant proteins is yeast cells.  Like 

bacteria, yeast have a short doubling time, and high densities of cell culture can be 

grown.  Unlike bacteria, most post-translational modifications can be completed in yeast, 

and disulfide bonds can be generated.  This system can also be superior to a bacterial 

system for those proteins that tend to form inclusion bodies. Recovery of the protein can 

be more difficult in yeast if it is not secreted, since harsh cell lysis techniques may be 
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required (Reviewed in Brondyk, 2009; Reviewed in O'Shaughnessy & Doyle, 2011; 

Reviewed in Wingfield, 2015). 

 Purification using baculovirus and Sf9 insect cells can be used to produce 

phosphorylated proteins and glycoproteins.  Most recombinant proteins produced using 

this method contain a His tag to allow for easier purification.  Protein expression usually 

begins after two days, and is optimal in 3 to 5 days.  For multimeric proteins, it is 

common to use this system in combination with a bacterial system to purify different 

subunits (Reviewed in O'Shaughnessy & Doyle, 2011; Reviewed in Wingfield, 2015). 

 The most effective vector for purification of proteins with correct folding, 

disulfide bond formation, and other post-translational modifications is mammalian cell 

lines.  HEK293 cells can be transiently transfected with high efficiency.  Expression of 

recombinant proteins in CHO cells is also commonly used, but generation of stably 

producing clones is a time-consuming process. This method can be useful if large 

quantities of protein need to be purified.  Stable expression of proteins in mammalian 

cells can be time consuming, but purification of complex multidomain proteins or 

proteins that require post-translational modifications for activity or proper assembly is 

sometimes not possible or is inefficient in other systems (Reviewed in Brondyk, 2009; 

Reviewed in Wingfield, 2015). 

 

1.8 Goals and Hypothesis 

In order to prepare purified B55α/PP2A holoenzymes for structure/function 

studies, we wanted to use a purification method that would result in a functionally intact 

enzyme.  Previous purifications of B55α/PP2A holoenzymes have been performed using 
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a number of different methods including purification from insect cells and bacteria 

vectors (Stanevich et al., 2014; Xu et al., 2008) and transient transfections in mammalian 

cell lines such as NIH3T3 and HEK293T (Arnaud et al., 2011; Cundell et al., 2013). Our 

lab has previously purified the enzyme from insect cells, but this method apparently 

resulted in some insect PP2A subunits being pulled down along with the mammalian 

subunits (unpublished data).   

To this end, we modified a protocol for purifying active enzyme from human 

HEK293T cell lines (Cundell et al., 2013).  This method utilized cells that had been 

transiently transfected with Flag-B55α constructs, which were pulled down using α-Flag 

beads and eluted using a flag peptide.  While we were able to use this method to 

efficiently pull-down Flag-B55α from HEK293T cells, we experienced difficulty due to 

the low number of intact B55α/PP2A complexes that we obtained.  In addition, we 

wanted to test several steps in this protocol to determine if increased yield could be 

obtained by altering the purification conditions. 

 Thus, we hypothesized that: 

1) Given that transient transfection of 293T cells leads to a very high expression 

of proteins with plasmids carrying the SV40 origin of replication, complexes 

purified from these cells will contain excess free Flag-B55α.  If so, stable 

expression of Flag-B55α closer to physiological levels or supplemented with 

exogenous PP2A A and C subunits will result in more effective generation of 

PP2A/ B55α complexes. 
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2) Expression and purification of B55α/PP2A complexes in mammalian cells 

will ensure post-translational modifications allowing for a high level of 

enzymatic activity from the purified complexes. 

3) Due to the expression of PP2A inhibitor SV40 small t antigen in 293T cells, 

purification of the complex from 293 cells may result in more efficient 

complex assembly. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Tissue Culture 

HEK293 and HEK293T cells were cultured in Dulbecco’s Modified Eagle Media 

(DMEM) (Cellgro) supplemented with 10% Fetal Bovine Serum (FBS) (Peak Serum) and 100 

U/mL Penicillin-Streptomycin (Gibco) at 37o in 5% CO2.  For the establishment of stable cell 

lines, cells were transfected with a plasmid encoding Flag-B55α. Forty-eight hours after 

transfection cells were selected with medium supplemented with 1 µg/mL puromycin (Sigma).  

Cells were pelleted by centrifugation at 2500 rpm for 2 minutes and washed twice in PBS 

before resuspending in lysis buffer.  Cells were lysed in ice cold DIP lysis buffer (50 mM 

HEPES pH 7.2, 150 mM NaCl, 1 mM EDTA, 2.5 mM EGTA, 10% glycerol, 0.1% 

Tween-20, 1 µg/mL aprotinin, 1 µg/mL leupeptin, 1 µg/mL Pepstatin A, 1 mM DTT, 0.5 

mM PMSF) for one hour on ice.  All subsequent steps were done at 4˚C or on ice, unless 

noted.  

 

2.2 Transfections 

DNA was extracted using QIAfilter Plasmid Midi Kit (Qiagen) per manufacturer’s 

instructions.  Cells were split 2 days prior to transfection and grown to approximately 80% 

confluency.  One hour prior to transfection, the medium in the plates was removed, plates were 

washed with 1X PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4, pH 

7.4), and 9 mL of fresh DMEM was added.  Five µg plasmid DNA and 50 µl of 2.5 M CaCl2 was 

brought to a final volume of 500 µL with sterile deionized water.  The DNA mixture was then 

added dropwise at the rate of 1 to 2 drops per second to 500 µl 2X HEPES-buffered saline (HBS) 

solution (280 mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO4, pH 7.05) while bubbling the HBS 
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buffer. The mixture was incubated at room temperature for 30 minutes prior to the addition of the 

transfection mixture to the plates.  Five minutes prior to the addition of the mixture to the plates, 

10 µl of 25 mM Chloroquinoline was added to each plate.  The medium was removed the next 

day, cells were washed with 1X PBS, and 7 mL of fresh DMEM was added.  For transient 

transfections, cells were harvested after 48 hours.  For transfections of 15 cm plates, 8 µg of DNA 

was used, and all other reagents were doubled. 

 

2.3 Adenovirus transduction 

HEK293 Flag-B55α clones were seeded with approximately 2.5 million cells per 

plate.  Sixteen hours after seeding, plates were infected with adenovirus plasmids 

encoding SV40 small t or EGFP.  Virus stock were diluted from 7.1 x 107 pfu (small t) or 

6.79 x 107 pfu (EGFP) in PBS.  After 30 hours, cells were harvested and lysed as above. 

 

2.4 Immunoprecipitation 

After determining protein concentration by Bradford assay, 300 µg – 500 µg of 

protein was brought to a final volume of 500 µl using DIP buffer. Input samples were 

taken from this mixture.  For immunoprecipitations using Protein A beads, samples were 

first incubated with appropriate antibodies for 3 hours rotating at 4oC. For all 

immunoprecipitations, beads were pre-washed three times with complete DIP lysis buffer 

or Tris lysis buffer (20 mM Tris pH 7.35, 150 mM NaCl, 1% Triton-X, 1 µg/mL 

aprotinin, 1 µg/mL leupeptin, 1 µg/mL Pepstatin A, 1 mM DTT, 0.5 mM PMSF). 50 µl 

pre-washed 1:1 Protein A agarose beads (Thermo Scientific) and lysis buffer, or 50 µl 1:1 

α-flag agarose beads (Sigma) and lysis buffer were added to samples and incubated 
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overnight rotating at 4oC.  Following a short spin at maximum speed, 15 µl of supernatant 

were reserved for western blot analysis, and the remaining supernatant was discarded.  

Beads were then washed 5-8 times in lysis buffer.  Beads were either processed for 

elution of immunopurified protein complexes or resuspended in 30 µl 2X LSB and heated 

for 10 min at 65˚C prior to SDS/PAGE. 

 

2.5 Elution of Protein Complexes 

After immunoprecipitation, beads were washed eight times in DIP lysis buffer.  

Fifty-five µl of 200 µg/mL DYKDDDDK peptide (Genscript) was then added to beads.  

Beads were incubated shaking at RT for half an hour, then centrifuged at max speed for 

10 seconds.  Eluate was transferred to a separate tube, carefully avoiding transfer of any 

beads.  A second 50 µl elution step was performed with the DYKDDDDK peptide.  

Fifteen and 20 µl aliquots of eluate were analyzed by western blot and SDS/PAGE 

followed by Coomassie stain, respectively.  Glycerol to 25% of total volume and 1 mM 

DTT were added to eluates, which were stored at -80o. 

 

2.6 Western Blotting 

  The protein concentration in whole cell lysates was determined using the 

Bradford Assay (Protein Assay Dye, BioRad).  Ten µg of protein per lane were resolved 

by 8-12% SDS-PAGE gels and transferred to polyvinylidene difluoride (PVDF) 

membrane (Immobilon-FL, Millipore) in 1X CAPs buffer (0.1M CAPS, 10% Methanol, 

pH 11.00), then blocked in 5% milk solution (non-fat dry milk) in 1X TBS-T (137 mM 

NaCl, 20 mM Tris, 0.5% Tween20, pH 7.6) for 1 hour at room temperature.  Membranes 

were incubated for 1 hour (at room temperature) or overnight (at 4oC) with primary 
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antibody in 3% milk solution, then washed three times in 1X TBS-T, incubated for 1 hour 

in corresponding secondary antibody, and washed three times in 1X TBS-T. Western 

Lighting Plus ECL reagent was added to membranes, and bands were visualized using 

Alpha Innotech FluorchemQ chemiluminescent imager.  Western blot protein signals 

were quantified using Alpha View software version 3.4.0. 

 

2.7 Phosphatase Assay 

The activity of the purified enzyme was determined using Ser/Thr Phosphatase 

Assay Kit 1 (K-R-pT-I-R-R) (EMD Millipore).  Using a 96 well plate, 5 l of purified 

B55α/PP2A holoenzyme was incubated with 200 nM phosphopeptide substrate (K-R-pT-

I-R-R) in buffer provided by the manufacturer (50 mM Tris-HCL, pH 7.0, 200 µM CaCl) 

was added to a total volume of 15-25 µL, and the mixture was incubated at RT for 15-30 

minutes. Forty to 100 µL of Malachite green solution (0.034% malachite green in 10mM 

ammonium molybdate, 1N HCl and 3.4% ethanol) with 0.01% Tween-20 was then added 

to the reaction mixture and incubated for another 15-30 minutes.  Absorbance was 

measured at 600 nM on a plate reader.  For samples where okadaic acid or microcystin-

LR were used, the purified enzyme was incubated with the inhibitor, diluted to final 

concentrations using sterile deionized water, for 10 minutes before adding 

phosphopeptide.  For the assays using SMAPS, the SMAPs were diluted to final 

concentrations using sterile deionized water.  Purified B55α/PP2A enzyme was incubated 

with the SMAPs for 10 minutes before being added to the 96 well plate as above.  

Phosphate standard curve was prepared per manufacturer’s instructions. 
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2.8 Expression and Purification of GST Fusion Proteins 

GST tagged spacer and mutant constructs were expressed in E. coli.  Bacteria 

were incubated, shaking, in LB broth with 100 µg/L Ampicillin for up to 2 hours at 37o, 

until OD600 was between 0.5 and 1.0.  IPTG (RPI) was then added to 0.25 mM final 

concentration and fusion proteins were allowed to express for 2 hours.  Cells were 

harvested by centrifugation at 3500 rpm for 20 min at 4oC and were resuspended in 2 mL 

ice-cold NETN buffer (20 mM Tris pH 8, 100 mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 

mM PMSF, 10 µg/mL Leupeptin).  Cells were sonicated at 30% amplitude for 10 cycles, 

10 seconds on and 20 seconds off, and lysates were centrifuged for 10 minutes.  

Supernatants were transferred to a 1.5 mL tube containing 125 µL glutathione beads 

prewashed in NETN buffer and rotated at 4o for 30 minutes.  Beads were washed twice 

with high salt NETN buffer (0.7 M NaCl), and twice with NETN buffer, and resuspended 

1:1 in NETN buffer. 

 

2.9 Kinase Assay 

Phosphorylation of GST-tagged p107 fusion proteins was performed on 

glutathione beads. Where necessary, beads were further diluted with additional 

glutathione beads, and 5 µL of total beads were used for reactions. Beads were washed 

two times in NETN buffer and once in KAS buffer (50 mM HEPES pH 7.2, 10 mM 

MgCl2, 5 mM MnCl2, 1 mM DTT).  0.25 µL of Cyclin A/CDK2 (Invitrogen) and 2 µL of 

200 nM ATP in 10X KAS buffer was added to beads, along with sterile deionized water 

to bring total reaction volume to 20 µL, and reaction was incubated in a heating block at 
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30o for the time indicated in the figures.  Reaction was stopped by adding 4 µL of 6X 

LSB and placing samples in a 65o water bath.  The entire reaction was then analyzed by 

western blot or SDS/PAGE followed by Coomassie Blue staining. 

 

2.10 Antibodies 

The following antibodies were used for western blot analyses: rabbit monoclonal 

anti-B55α antibody and anti -phospho-CDK Substrate antibodies were obtained from Cell 

Signaling.  Goat polyclonal anti-PP2A/A and mouse monoclonal Anti-GAPDH 

antibodies were obtained from Santa Cruz.  Mouse monoclonal anti-PP2A/C was 

obtained from Millipore.  Mouse monoclonal anti-Flag antibody was obtained from 

Genscript.  Anti-mouse and anti-Rabbit secondary antibodies were obtained from GE 

Healthcare.  Anti-Goat secondary antibody was obtained from Santa Cruz. 

For immunoprecipitation assays, mouse monoclonal anti-C-Myc antibody was obtained 

from Santa Cruz.  Mouse monoclonal anti-Flag antibody from Genscript was used for 

Flag pulldowns. 

 

2.11 Plasmids 

pCPP-puro-Flag-B55α vector was derived from pMSCV-puro-Flag-B55α. Flag-

B55α was cut with BgIII and EcoRI from the pMSCV-puro-Flag-B55α plasmid and 

ligated into the pCPP-puro vector digested with BamHI and EcoRI.  pN1 Bb1-FF::AC 

and pN1 Aa::HA-Ca plasmids and plasmids encoding A and C individual subunits were a 
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gift from P. Eichhorn (Eichhorn, Creyghton, Wilhelmsen, van Dam, & Bernards, 2007). 

Adenovirus encoding SV40 small t antigen (Ad-st) was obtained from K. Rundell 

(Mungre et al., 1994) with permission from B. Thimmapaya (Rajan, Dhamankar, 

Rundell, & Thimmapaya, 1991). Adenovirus encoding EGFP (Ad-EGFP) was obtained 

from P. Ruiz (Garriga et al., 2004).   
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CHAPTER 3 

RESULTS 

3.1 Transfection of B55α/PP2A Subunits 

Although expression of the catalytic subunit is tightly controlled (See 1.4.1), we 

wanted to determine whether co-transfection of the regulatory subunit along with the core 

enzyme would overcome this restriction and allow for increased expression of the 

scaffold and catalytic subunits.  For these experiments we first tested various 

combinations of plasmids encoding the A and C subunits together with a plasmid 

encoding EGFP.  We found that transfection with both individual plasmids encoding 

these subunits (data not shown), and with a plasmid encoding both subunits together (Fig. 

2), resulted in fewer cells and lower expression of EGFP.  Although the overexpression 

of A and C subunits appeared to be toxic to the cells, we wanted to see if we could 

overcome this toxicity as well as the restriction on overexpression of the catalytic subunit 

by co-transfecting all three subunits together, thereby restoring the ratio of the core dimer 

to the holoenzyme in the cells.  To test this, we co-transfected a B55α plasmid with the 

A/C plasmid or a polycistronic plasmid encoding all three of the subunits with a self-

cleaving 2A peptide separating them (Wang, Wang, Wang, Zhao, & Xia, 2015).   We 

found that all combinations of plasmids that directed expression of the A/C subunits, 

even when B55 was co-expressed, appeared to be toxic to cells (Fig. 2). 
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Figure 2:  Effect of overexpression of A & C subunits.  HEK293T cells were 

transfected with plasmids containing A) a Tricistronic vector encoding all three 

B55α/PP2A subunits and EGFP B) a vector encoding the A & C subunits, a separate 

vector encoding Flag-B55α, and EGFP C) A vector encoding A & C (no Flag-B55α) and 

EGFP D) A vector encoding Flag-B55α (no A  or C) and EGFP and E) an empty vector 

and EGFP 
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3.2 Generation of Stable Cell Lines 

HEK293T cells were generated by others (DuBridge et al., 1987) by transfecting a 

plasmid encoding the temperature sensitive SV40 T-antigen mutant tsA1609 in HEK293 

cells.  Expression of the Large T antigen promotes replication of plasmids with the SV40-

origin of replication (Rio, Clark, & Tjian, 1985).  The small t antigen is produced by 

alternative splicing of the same region encoding the large T antigen (Bikel & Loeken, 

1992).  Expression of small t in cells transiently transfected with the full-length T antigen 

has previously been found to be 10-15 fold higher in HEK293 cells than in other cells 

lines (Fu & Manley, 1987).  

Our lab has previously detected expression of small t antigen (st) in HEK293T 

cells. While this is not a problem for high expression of many proteins, it is a potential 

problem for the assembly of heterotrimeric PP2A holoenzymes due to the inhibition by st 

of PP2A complex formation described in section 1.4.1.  Since HEK293T cells were 

previously used to purify trimeric PP2A complexes (Cundell et al., 2013), we wanted to 

test whether purification of the enzyme from HEK293 cells would facilitate a higher 

yield of trimeric PP2A complexes compared to HEK293T cells.   However, due to the 

significantly lower transfection efficiency of HEK293 cells as compared to HEK293T 

cells using Ca-phosphate transfection method, transient transfection of HEK293 cells 

limits the purification potential as only a relatively small percent of the cells will express 

Flag-tagged-B55 (Flag-B55).  Also, transient transfection often leads to very high 

expression in the transfected cells, which might result in the purification of monomeric 

B55 free of PP2A-A/C subunits if these endogenous subunits become limiting. Thus, 

we generated HEK293 cells stably expressing Flag-B55 and at the same time we also 



34 
 

generated HEK293T cells expressing the same transgene to be able to compare them 

side-side in purification experiments.   Interestingly, although previous experiments in 

our lab have shown that increased levels of B55α are very toxic to prostate cancer cell 

lines, no toxicity from the increased expression of B55α was observed in either of the 

HEK cell lines (Zhao et al., under review). 

In addition to the stable expression of Flag-B55α, we also attempted to establish 

HEK293 cells stably expressing all three exogenous subunits. We were not able to 

establish stable cell lines co-expressing the three exogenous subunits, as very few of the 

transfected cells survived, and the surviving cells did not express the desired proteins. 

 In contrast, cell lines expressing Flag-B55α were established by transfecting the 

cells with puromycin resistant Flag-B55α constructs.  Two days after calcium phosphate 

transfection, cells were split 1:100, treated with 1 µg/mL puromycin, and allowed to 

proliferate until control cells transfected with an EGFP expressing plasmid (lacking a 

puromycin resistance transgene) died. Initial puromycin treatment lasted for two weeks 

for HEK293T cells, and three weeks for HEK293 cells.    Thirty colonies of puromycin 

resistant HEK293 clones and 24 puromycin resistant colonies of HEK293T cells were 

selected and transferred to 96-well plates. Clones that continued to proliferate were 

expanded to 24 well plates and selected with puromycin (4 days for HEK293T cells, and 

one week for HEK293 cells), before transferring to 60 mm plates.  Out of the surviving 

clones, western blotting with anti-Flag antibodies showed that 11 HEK293 clones and 10 

HEK293T clones were expressing Flag-B55 (data not shown).  HEK293 and HEK293T 

clones expressing Flag-B55α were then compared to whole cell lysates of untreated cells 

as well as PC3 cells by western blot.  The two cell lines showed similar levels of 
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expression of exogenous B55α, and both cell lines showed significantly higher B55α 

levels than any of the parent cell lines (Fig. 3). 

 

 

 

Figure 3: Stable cell lines expressing Flag-B55α 

HEK293 and HEK293T cells were stably transfected with a plasmid encoding Flag-B55α 

and a puromycin resistance gene.  Clones expressing Flag-B55α were selected for.  Wb 

shows expression of Flag-B55α clones, as well as endogenous B55α in cells that were not 

transfected 
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3.3 Purification of B55α/PP2A Holoenzyme 

 The purification protocol that we used was based on previously published work 

(Cundell et al., 2013), with a number of significant modifications to improve efficiency 

and increase the proportion of intact complexes obtained from the purification.  We first 

tested various conditions for the immunoprecipitation and subsequent elution of purified 

complexes in order to obtain the highest possible yield of purified B55α/PP2A 

complexes, prior to proceeding to the purification on a larger scale.   

  

3.3.1 Immunoprecipitation Conditions 

 Cundell et al. used a Tris based lysis buffer with Triton-X detergent, but we found 

that using this buffer resulted in a low yield of trimeric B55α holoenzymes, as the relative 

amount of A and C subunits was low.  We rationalized that this could result from lysis 

buffer components or their concentration.  Thus, we compared whole cell lysates 

prepared in both 1% and 0.1% Triton-X Tris buffer to DIP buffer lysates, which contains 

0.1% Tween 20. We found that fewer trimeric complexes were immunopurified from 

both Triton-X Tris buffers than DIP buffer whole cell lysates.  In order to test the buffers, 

we used cells that were transiently transfected with Myc-B55α and pulled down with α-

Myc antibody and protein A beads.  This transient transfection strategy was chosen 

because previous experiments conducted in the lab using both western blot analysis and 

Mass spec analysis have shown that trimeric holoenzymes are effectively 

immunoprecipitated in this manner (Jayadeva et al., 2010; Kurimchak et al., 2013 and 

data not shown).  In addition to cells transfected with Myc-B55α alone, we tested cells 

co-transfected with a plasmid directing the expression of the A and C subunits using the 
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Tris buffer.  The cells lysed in DIP buffer had been co-transfected with p107 for 

unrelated purposes, but the presence of p107 has no effect, as a B55 mutant that does 

not bind p107 efficiently co-immunopurifies the PP2A A and C subunits.  Cells co-

transfected with EGFP or Flag-p107 plasmids were used as a negative control. 

 The results of these experiments showed that the immunoprecipitations that were 

done from DIP buffer-based cell lysates co-purified the PP2A/C subunit in much higher 

proportion relative to the signal present in the inputs than the immunoprecipitations done 

using Tris-Triton X buffer even in the absence of exogenous PP2A A/C expression (Fig. 

4A). All subsequent experiments were performed using DIP buffer. 
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Figure 4: Testing of Purification Conditions 

A) Western blot of immunoprecipitation using lysates of HEK293T cells transfected 

with Myc-B55α and lysed in Tris buffer with 0.1% or 1.0% Triton-X or DIP 

buffer.  300µg of protein was incubated with α-c-Myc Ab for three hours and then 

incubated overnight with Protein A agarose beads. 15µL input samples were 

taken before incubation with Ab.   
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B) Lysates from stable cell line expressing Flag-B55α were incubated with 

increasing volumes of α-Flag agarose beads.  Beads were eluted twice for half an 

hour using 200mg/mL Flag peptide 

C) Quantification of Western blot comparing increasing volumes of beads, 

normalized to input 

D) Lysate from stable cell line was divided equally into 4 Eppendorf tubes and 

incubated with α-Flag agarose beads.  Supernatants from samples 3 and 4 were 

then re-incubated with beads and compared to beads with only one incubation. 

15µL input sample was taken before beads were separated into tubes.  15µL 

supernatant samples were taken after each incubation. 

E) Quantification of western blot from D normalized to input 
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 In addition to the cell lysis buffer, we also compared the immunoprecipitation and 

elution of complexes using α-Flag antibody and Protein A agarose beads vs. α-Flag 

conjugated agarose beads.  Complexes were immunoprecipitated using either 2 µL α-Flag 

antibody and 50 µL Protein A beads, or 50 µL α-Flag conjugated beads, and then eluted 

twice using 50 µL of 200 µg/mL Flag peptide for each elution.  In the samples that were 

immunoprecipitated using α-Flag beads, western blotting showed a much stronger B55 

signal in proportion to the original input using α-Flag conjugated beads (data not shown). 

 We also wanted to determine the most efficient volume of α-Flag beads, in order 

to obtain the maximum yield of B55 complexes.  Using HEK293 Clone 1, we tested 

whether increasing the quantity of α-Flag beads would increase the amount of enzyme 

eluted.  We compared 50 µL, 100 µL, 150 µL, and 200µL of beads.  After incubating 

samples overnight with α-Flag beads, each sample was eluted twice using 50 µL of 200 

µg/mL Flag peptide and the elutions were compared by western blot.  When normalized 

to the Input signal, there was only a slight increase in total Flag-B55α eluted compared to 

the increase in the volume of the beads (Fig. 4B & 4C). 

 During the immunoprecipitation process, a substantial amount of Flag-B55α 

remains in the supernatant after the samples have been incubated with the α-Flag beads, 

despite the finding that using more beads does not immunoprecipitate additional 

holoenzyme (Fig. 4B & 4C).  We rationalized that the beads could be non-specifically 

blocked from binding to the enzyme by other factors in the lysate.  To rule out this 

possibility, we added an intermediate washing step after the conventional IP rocking step.  

That is, after incubating the samples overnight with α-Flag beads, the supernatant was 

removed, and the beads were washed 5 times with DIP buffer, while the supernatant was 
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stored on ice.  After washing the beads, the supernatant was added back, and they were 

re-incubated for another three hours.  One set of control IPs were processed normally 

with one single rocking step.  Both sets of beads were then eluted as previously.  No 

difference was seen in either elution between the beads that were immunoprecipitated 

once and those that were immunoprecipitated twice (Fig. 4D & 4E) 

 In addition to the immunoprecipitation conditions, we also tested whether 

increasing the concentration of flag peptide would increase the yield of complexes eluted, 

but found that there was no significant difference using higher concentrations (data not 

shown). 

 

3.3.2 Purification 

 After determining ideal immunoprecipitation and elution conditions, purifications 

were completed using clones expressing Flag-B55α.  Cells were harvested from 6 fully 

confluent 15 cm plates, centrifuged for 5 minutes at 400 RCF, and washed three times in 

cold PBS.  The cells were lysed on ice for one hour in 2 mL of complete DIP buffer and 

centrifuged for 10 minutes at maximum speed.  After taking a 15 µL input sample, 

lysates were split in equal volumes into four 1.5 ml tubes containing 50 µL of α-Flag 

agarose beads and incubated by rotating overnight.  For the initial purification, they were 

eluted three times with 50 µL DIP buffer containing 200 µg/mL Flag peptide.  Eluates 

from each of the 4 Eppendorf tubes were pooled into a single Eppendorf for each elution.  

Fifteen µL samples were taken for western blot, and 20 µL samples were taken for 

Coomassie Blue stain after running on a 10% SDS/PAGE gel.  Glycerol at 25% of total 

volume and 1 mM DTT was added to each sample before storing at -80 degrees. 
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 Quantification of the western blot, as well as analysis of the Coomassie stained 

gel, showed that the third elution resulted in ~10% of enzyme compared to the first 

elution.  For subsequent purifications two elutions were done.  Coomassie staining 

showed bands at 36 kDa (C subunit), 55 kDa (F-B55α subunit) and 65 kDa (A subunit).  

No other bands were detected.  Using BSA as a standard, this first purification 

approximately yielded approximately 500 ng of B55.  The 55kDa band is darker than 

the 65k Da band, suggesting that some of the purified F-B55α is not bound to the other 

two subunits that form the trimeric holoenzyme (Fig. 5A-5D). 

 As expected, no signal was detected by WB or Coomassie Blue staining when the 

purification was done with parental HEK293 cells (Fig. 5E & 5F). 
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Figure 5: Purification 

A) Cells were collected from 3 15cm plates and lysed in 2mL DIP buffer. 15µL input 

sample was taken before lysate was equally divided into 4 Eppendorf tubes and 

incubated overnight with α-Flag agarose beads.  15 µL supernatant samples were 

taken after incubation.  Only supernatants from tubes 2 and 4 were run in western 

blot.  Beads were eluted three times for 30 minutes using 200 µg/mL Flag 

peptide, and eluates were pooled before 15 µL sample was taken for western blot 

B) 20 µL sample from pooled eluates was taken for each elution and resolved via 

SDS-PAGE.  Gel was stained with coomassie 

C) Western blot of three elutions from the same beads from a separate purification, 

showing decreasing enzyme with each subsequent elution’ 

D) Quantification of western blot in C 

E) Purification was done as above using 500 µL of HEK293 cells that were not 

transfected, and 500 µL per tube of Clone 1.  Input samples were taken prior to 

incubation with beads.  Elutions and supernatant samples were taken as above 

F) Coomassie stain of 20 µL from pooled eluates of each elution 
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3.3.3 Comparison of Purification from Clone vs. Transient Transfection 

 Although transiently transfected cells express high levels of Flag-B55α, this does 

not necessarily equate to a high number of active complexes, if there is no efficient 

assembly with the core dimer.  Since our goal was to purify active complexes, we wanted 

to determine if a larger number of complete heterotrimers could be purified using the 

clones that stably express Flag-B55α in all cells versus transiently transfecting cells 

where high levels of Flag-B55α are only expressed in the portion of cells that are 

successfully transfected.  For transient transfections, three 15 cm plates were transfected 

with 8 µg of Flag-B55α plasmid DNA.  After 48 hours, all transfected cells and three 15 

cm plates of HEK293T Clone 1 were harvested and purified as above.  Approximately 

550 µg of protein was added to each tube for the clone and approximately 375 µg of 

protein was added to each tube for the transiently transfected cells.  When normalized to 

the inputs, the first elution from the clone contained approximately 24.6% of the B55α 

input, and 17.8% of the PP2A/C input.  In contrast, the first elution from the transiently 

transfected cells contained approximately 21.5% of the B55α input, but only 4.6% of the 

PP2A/C input. When compared to the amount of B55α pulled down, significantly more 

PP2A/C was seen in the purification from the stably expressing clones (Fig. 6A & 6B).  

This shows that our hypothesis that more intact complexes can be purified from stably 

transfected cells is correct. 
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Figure 6:  Purification from Clones vs. Transient Transfection 

A) 3X 15cm plates were transfected with 8 µg of Flag-B55α plasmid DNA, and 

harvested after 48 hours, along with 3X 15 cm plates of 293T Flag-B55α Clone 1.  

PP2A complexes were purified as previously described.  Cells were lysed in 1 mL 

of DIP buffer.  15 µL samples were taken from each sample prior to purification, 

and 15 µL samples were taken from pooled eluates after each elution. 

B) Graph comparing PP2A/C to B55α expression.  Both B55α and PP2A/C were 

normalized to their respective inputs before normalizing PP2A/C to B55α 
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3.3.4 Comparison of HEK293 vs. HEK293T Cells 

 In order to compare pulldown and complex formation between HEK293 and 

HEK293T cells, two clones of each were purified using the protocol above.  Three 15 cm 

plates were harvested for each clone.  For each clone, 330 µg of protein were used for 

purification.  15 µL were taken for the input before adding beads, and 15 µL were taken 

from each elution for the western blot.  Based on the results of this western blot, there is 

no difference in complex formation between HEK293 and HEK293T cells, indicating 

that small t is not present in sufficient concentration in 293T cells to inhibit the formation 

of B55α/PP2A holoenzymes (Fig. 7A).  This experiment was completed two additional 

times with similar results (data not shown).   

As purified recombinant B’ subunits have previously been shown to outcompete 

small t antigen for binding to the PP2A in in vitro experiments unless small t is in excess 

(Chen et al., 2007), it is possible that the levels of st expressed in 293T cells are 

insufficient to inhibit the assembly of  B55α/PP2A holoenzymes. To test this, we 

transduced HEK293 Clone 1 with an adenovirus vector encoding small t antigen to 

compare the formation of complexes in HEK293T cells to HEK293 cells expressing a 

high level of small t antigen.  For a control, HEK293 Clone 1 cells were transduced with 

an adenovirus encoding EGFP.  Since HEK293 cells express adenovirus E1A and E1B, 

replication defective Adenoviruses generate recombinant viruses and lyse cells 

(Reviewed in Kovesdi & Hedley, 2010).  To determine the maximum concentration of 

adenovirus that would be tolerated by the HEK293 cells, we first transduced the cells 

with concentrations of adenovirus ranging from 1 to 100 pfu per cell.  At 50 pfu there  



49 
 

 

 

 

 

 

 

 

  



50 
 

Figure 7: Effect of small t antigen on purification 

A) 2 clones each of HEK293 and HEK293T were purified using the protocol above 

and analyzed by western blot.  Graph shows PP2A/C expression normalized to 

B55α expression for both elutions of each clone. Both B55α and PP2A/C were 

normalized to their respective inputs before normalizing PP2A/C to B55α 

B) 293 Clone 1 was transduced with 50pfu/cell of adenovirus expressing either small 

t or EGFP.  293T Clone 16 was used for comparison.  All clones were 

immunoprecipitated using α-Flag agarose beads 

C) 10 µg of lysate of HEK293T and HEK293T clones 8, 16, & 17 were run on a 12% 

SDS/PAGE gel to confirm the presence of small t antigen.  10 µg of HEK293 

lysate was used as a control 
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was a high level of expression in the cells transduced with EGFP, and no significant cell 

lysis at 30 hours post transduction, when the cells were collected (data not shown). 

 To test whether the over-expression of small t was sufficient to disrupt 

B55α/PP2A complex formation, we performed an immunoprecipation using Anti-Flag 

agarose beads.  For comparison of small t levels, we also immunoprecipitated HEK293T 

Flag-B55α Clone 16.  Flag-B55α was efficiently pulled down from all three samples, but 

very little PP2A A or C was pulled down in the cells that were transduced with the 

adenovirus encoding small t.  A significant portion of the PP2A A & C in the sample was 

detected in the supernatant. (Fig. 7B).  Small t was detectable in HEK293T Clone 16 at 

longer exposures of this western blot, but expression was very low compared to the cells 

transduced with small t. (data not shown).  This experiment was repeated with HEK293T 

clones 1 and 8, with similar results (data not shown).  The presence of small t in 

HEK293T cells was shown by western blot in a separate experiment (Fig 7C). Together 

these experiments show that it is necessary for small t to be present in excess in order for 

it to have an effect on the formation of B55α/PP2A holoenzymes. 

 In these experiments, PP2A/C appears to be expressed at significantly higher 

levels in the transduced HEK293 clone than in the control HEK293T clones.  

Experiments are in course to determine whether this is due to higher levels of PP2A/C 

expression in HEK293 cells, or whether the transduction is affecting the expression of 

PP2A/C. 
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3.4 Enzymatic Activity of Purified Holoenzyme 

 The purpose of the purification was to obtain active enzyme which could be 

experimentally used to determine activity and binding properties of the B55α/PP2A 

holoenzyme towards purified substrates.  In order to confirm that the purified trimeric 

enzyme was active, a dephosphorylation assay kit from EMD Millipore was used.  This 

assay uses a short peptide with a phosphorylated Threonine (K-R-pT-I-R-R), which is 

dephosphorylated by Serine/Threonine phosphatases.  Malachite green in 10 mM 

ammonium molybdate, which changes color from yellow to green in the presence of free 

phosphate, is used to detect the amount of phosphate released from the peptide.  The 

change in color is measured on a plate reader at 600 nm and compared to a phosphate 

standard curve in order to determine the picomoles of phosphate released. 

 Before testing for dephosphorylation, we first tested all of the assay reagents to 

confirm that there was no phosphate contamination.  PBS was used as a positive control 

to confirm that the assay was detecting free phosphate.  All reagents from the kit, in 

addition to the purified enzyme, okadaic acid, and water used for the assay, were tested.  

No reagents showed measurable levels of contaminating phosphate. 

 After confirming that the assay could be used to effectively determine 

dephosphorylation by the purified enzyme, we tested increasing levels of purified enzyme 

to determine the volume necessary to most efficiently dephosphorylate the 

phosphopeptide substrate.  We measured a range of enzyme volumes, from 0.1 µL to 1.0 

µL (B55 concentration ~2.50 ng/µL), and measured two control samples of 0.1 µL and 

1.0 µL of enzyme incubated for 10 minutes with 10 nM Okadaic Acid, a potent PP2A 

inhibitor, prior to adding the peptide.  The maximum amount of free phosphate was 
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released using 0.75 µL of enzyme.  In this assay, ~1.88 ng of B55 complex (estimated 

from the Coomassie blue signals) generated 2,500 pMol of free phosphate.  (Fig. 8A & 

8B).  We also tested different concentrations of phosphopeptide and varying total 

reaction volumes to determine the most efficient conditions for the assay (data not 

shown).  Based on this information, 200 μM phosphopeptide and 55 µL total reaction 

volume was used for future assays, unless indicated (these experiments were performed 

with Holly Fowle). 
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Figure 8: Enzymatic Activity of Purified B55α/PP2A 

A) Increasing quantities of 2.5 ng/µL purified enzyme were used in 

dephosphorylation assay with 200 µM phosphopeptide.  10 nM Okadaic Acid was 

used as a negative control, with 0.1 µL and 1.0 µL of enzyme.  Experiment 

performed in triplicate. 

B) Graph showing pMol phosphate released from the phosphopeptide by purified 

enzyme 

C) Tested dephosphorylation activity of two separate sets of elutions using 1µL 

enzyme from each sample and 200nM phosphopeptide 

D) Graph of enzymatic activity from dephosphorylation assay 

E) 0.5µL of purified B55α/PP2A was incubated for 15 minutes with inhibitor before 

adding 200 µM phosphopeptide and incubating for an additional 15 minutes 

before stopping the reaction with malachite green solution.  For the representative 

graphs shown, IC50 for Okadaic Acid is 0.38 nM, and for Microcystin is 0.91 nM 
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F) SMAPs were diluted to 10X final concentration, then diluted 1:10 in ddH2O.  

Purified B55α/PP2A was incubated for 15 minutes with SMAPs before adding 

200 µM phosphopeptide and incubating for an additional 15 minutes.  Reaction 

was stopped by addition of Malachite Green reagent.  For the No SMAP control, 

5 µL of ddH2O was added in place of the SMAP.  The No Enzyme control 

contained 5 µL ddH2O, 5 µL DIP buffer, and 5 µL assay buffer 
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 Once we had established ideal conditions for the phosphatase assay, we tested for 

enzymatic activity in the products of two previous purifications.  We used 1 µL of each 

purification.  For 4 purifications, we obtained an average of 3.34 ng of enzyme per µL 

from the first elution and an average of 1.34 ng of enzyme per µL from the second 

elution.  For the first purification a third elution was done, and we obtained 

approximately 0.27 ng of enzyme per µL from that elution.  We determined that 1 µL of 

the first elution released an average of 833 pMol of phosphate, 1 µL of the second elution 

released an average of 344 pMol of phosphate, and 1 µL of the third elution released 

about 97 pMol of phosphate (Fig 8C & 8D) 

 We next wanted to confirm that enzymatic activity of the purified enzyme could 

be inhibited by known PP2A inhibitors.  We tested a range of concentrations of both 

Okadaic Acid and Microcystin-LR, using 0.5 µL of purified enzyme to assure that the 

substrate would be in excess.  Enzyme was incubated with inhibitor for 10-15 minutes 

before adding 200 µM phosphopeptide and buffer to bring total volume to 15 µL.  After 

establishing the inhibitory range for both compounds, we tested inhibition of Okadaic 

Acid using concentrations ranging from 0.001 nM to 100 nM.  The IC50 average was 

0.37nM ±0.17, which is slightly above the published IC50 of 0.1-0.3 nM.  For 

Microcystin-LR, concentrations ranging from 0.01 nM to 100 nM were used.  The 

average IC50 was between 0.5607 and 1.273, with an average of 0.80, which is within the 

published range of <0.1 to 1 nM. (Fig 8E) 

 In addition to testing inhibition with known PP2A inhibitors, we also attempted to 

show increased PP2A activity using Small Molecule Activators of PP2A (SMAPs), 

which have been shown to activate PP2A in vivo (see 1.4.2).  The SMAPs are dissolved 
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in DMSO, and precipitate rapidly when more than 30% water is added to the solution, 

although they will dissolve in water if left for several hours.  We were not able to get 

consistent results from the dephosphorylation assay using SMAPs dissolved in DMSO 

due to the viscosity of the liquid.  SMAPs dissolved in water did not show any activation 

of purified PP2A complexes, but it is unclear whether this is due to the inactivity of the 

compounds or limitations of the assay (Fig 8F). Other PP2A activators were not tested 

because they do not act directly on the PP2A holoenzyme, and would therefore not be 

expected to activate purified enzymes in vitro.  

 

 3.5 Binding Properties of Purified Enzyme 

 Our lab previously determined the binding properties of B55α/PP2A for p107 by 

creating GST tagged mutant constructs of the p107 disordered spacer domain where 

B55α is known to bind (Jayadeva et al., 2010, Zhao, Fowle et al., unpublished data).  The 

spacer domain has three highly conserved regions.  GST tagged mutant constructs were 

made with various regions of the spacer deleted, and binding assays were done to 

determine whether the mutants retained the ability to pull down B55α.  Through these 

experiments, it was determined that the first region (R1) is required for binding to B55α, 

the second region (R2) enhances binding, and the third region (R3) is dispensable.  

(Zhao, Fowle et al., unpublished data) 

In order to determine whether the purified PP2A/ B55α trimeric holoenzyme 

exhibits the same binding properties in the absence of other factors, we completed a pull-

down assay comparing whole cell lysates and purified enzyme using the same GST-set of 

tagged p107 constructs. Since R3 was not found to affect binding in previous 
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experiments, we used the complete p107 spacer, the R1 construct, and R1-R2 construct to 

compare binding.  GST alone was used as a negative control (Fig 9A).   

For the whole cell lysate samples, 20 µL of lysate was taken from a 500 µL 

sample for the input.  Consistent with prior results, using HEK293 whole cell lysates, 

binding was strongest with the full spacer region and the R1R2 region.  B55α bound the 

R1 region alone, but not as strongly as it did to the GST-p107 fusion proteins that 

included R2.  No B55α was pulled down with the GST control (Fig. 9B and 9C). 

 For the pull-downs using purified enzyme, 1 µL of enzyme was used for all 

samples.  As with the whole cell lysates, B55α bound most strongly to the full spacer and 

the R1R2 construct.  Binding was present with R1 alone, but at a much lower level than 

with the full construct.  With larger volumes of enzyme (5 µL and 10 µL), more B55α 

was pulled down using the same volume of GST-spacer, showing that the quantity of 

enzyme was a limiting factor in this experiment (this experiment was performed with 

Holly Fowle). 

 The results of this experiment show that B55α binding to the p107 spacer is 

essentially the same using either purified enzyme or whole cell lysates.  No binding was 

seen in any of the GST only samples.  These data strongly suggest that there are no 

additional factors involved or required in the binding of B55α to p107. 
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Figure 9: Binding of B55α/PP2A to known substrate p107 

A) Diagram of GST-tagged P107 mutants used 

B) HEK293 whole cell lysate pulled down with GST-tagged P107 mutant constructs 

(Input shows 20 µL of 500 µL sample) compared to pull-down with same GST-

tagged constructs and 1 µL of purified B55α/PP2A enzyme.  GST only was used 

as a negative control.  Full GST-Spacer with 5 µL and 10 µL of purified enzyme 

show increased pull-down 

C) Graph from prior experiments showing binding of GST-tagged mutant constructs 

to B55α in pull-down from whole cell lysates 
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3.6 Dephosphorylation of Known B55α/PP2A Substrate  

 Once we had established that the purified complex was an active phosphatase, we 

determined its ability to dephosphorylate p107, a known B55α/PP2A substrate (Jayadeva 

et al., 2010).  We used Cyclin A/CDK2 and ATP to phosphorylate a GST tagged 

construct of the p107 R1R2 region, then dephosphorylated the construct using the 

purified enzyme (this experiment was performed with Holly Fowle). 

 We first tested to make sure Cyclin A/CDK2 would effectively phosphorylate the 

p107 construct.  Using 0.5 µL of 0.14 mg/mL enzyme and 20 nM ATP, we 

phosphorylated GST-p107 R1R2 constructs bound to 5 µL glutathione beads (~28 ng 

GST-p107 R1R2/µL).  As a control, Cyclin A/CDK2 was incubated for 10 minutes with 

CDK inhibitor Flavopiridol (2 µL, 100 µM), that inhibits CDK2 in the high nanomolar 

range, before adding to beads.  We tested a series of time points from 0 to 45 minutes, 

and used western blotting with α-phospho-CDK substrate polyclonal antibody.  Fig. 10 

shows that the levels of phosphorylated substrate increased through 60 minutes of 

incubation time (two separate bands are shown to increase).  Of note, the slowest 

migrating band is not detected at time zero.  Although Flavopiridol did not completely 

block phosphorylation, the sample pre-treated with the inhibitor showed less 

phosphorylation than the sample incubated for the same amount of time but not pre-

treated with the inhibitor.  GST only beads used as a negative control showed no 

phosphorylation at 35.7 kDa, where the phosphorylated p107-R1R2 construct is seen 

(Fig. 10A) 

 Once we had determined that the GST-R1R2 construct could be phosphorylated 

using Cyclin A/CDK2, we next determined if it could be dephosphorylated using purified 
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Figure 10: Phosphorylation/Dephosphorylation of B55α/PP2A Substrate p107 

A) Glutathione beads with bound GST-P107 R1R2 were incubated for the indicated 

times with 0.5 µL of 0.14 mg/mL Cyclin A/CDK2 to show phosphorylation of the 

substrate.  GST alone was used as a control.   

B)  GST‐P107 R1R2 constructs were phosphorylated using Cyclin A/CDK2. They 

were then incubated for the times shown with 4 μL of 2.5 ng/μL purified 

B55α/PP2A. 10 nM Okadaic Acid was used to inhibit the enzyme as a control. 
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C) GST-P107 R1R2 was phosphorylated using 0.125 µL of Cyclin A/CDK2.  It was 

then incubated with purified B55α/PP2A at increasing concentrations for 60 

minutes.  Using 2.5 ng of enzyme, the substrate is completely dephosphorylated 

D) Testing of ideal phosphorylation conditions.   Except for where amounts were 

altered to test a given condition, the following conditions were used: 0.25 µL 

Cyclin A/CDK2, 5.0 µL P107 R1R2, 20 µM ATP, 60 minutes 
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B55α/PP2A enzyme.  After phosphorylating the GST-p107 R1R2 with Cyclin A/CDK2 

for one hour, we incubated the beads with 10 ng of B55α/PP2A enzyme at the times 

indicated in Fig. 9B.  As a control, for one sample we pre-treated the enzyme with 10 nM 

Okadaic Acid for 10 minutes to inhibit B55α/PP2A before adding it to the 

phosphorylated substrate.  Western blotting using α-phospho-CDK substrate antibody 

shows decreasing levels of phosphorylation from zero to 60 minutes, with no 

phosphorylation seen by 60 minutes.  The sample treated with okadaic acid showed high 

levels of phosphorylation even after 60 minutes of incubation with B55α/PP2A. (Fig. 

10B) 

 After confirming that the purified enzyme efficiently dephosphorylates the model 

substrate that our lab is using to study the determinants of B55α/PP2A substrate 

specificity, we performed several experiments to determine the ideal conditions for future 

experiments.   

 We first tested increasing amounts of B55α/PP2A, from 0.3 ng to 2.5 ng, and 

showed that the substrate was almost completely dephosphorylated after 1 hour using 2.5 

ng of enzyme, but some phosphorylation remained when less enzyme was used. (Fig. 

10C) 

 In the previous experiments we had used 0.25 µL of Cyclin A/CDK2, 5 µL GST-

R1R2 beads and 20 nM ATP.  We next determined the optimal concentrations of the key 

components of this phosphatase assay during one hour.  Again, 0.25 µL of Cyclin 

A/CDK2, 5 µL GST-R1R2 beads and 20 nM ATP was used except when the variable 

tested was one of these components.  For Cyclin A/CDK2, we used volumes ranging 

from 0.03 µL to 5.0 µL.  All volumes from 0.06 and above showed phosphorylation, and 
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levels of phosphorylation increased with increase in volume of Cyclin A/CDK2 across all 

samples.  For GST-p107 R1R2 we used increasing volumes of beads from 0.63 µL to 10 

µL (28 ng/µL), with a GST only control.  Phosphorylation was seen in all samples 

containing the R1R2 construct, and all volumes above 2.50 µL appeared to be fully 

phosphorylated. For ATP, we used concentrations ranging from 5 µM to 80 µM.  Some 

phosphorylation was seen at all concentrations, but at 5 µM, the signal was barely 

detectable.  Highest levels of phosphorylation were seen at 80 µM and 100 µM ATP 

concentrations.  For the final condition, we tested incubation time.  We used time points 

from zero to 120 minutes.  No phosphorylation was seen at time zero, and the highest 

levels of phosphorylation were seen at 90 and 120 minutes. (Fig. 10D) 

 In this series of experiments, we showed that purified p107 R1R2 spacer could be 

phosphorylated and dephosphorylated as expected by purified Cyclin A/CDK2 and 

B55α/PP2A respectively.  The ideal conditions for phosphorylation experiments are 1.4 

mg/mL of Cyclin A/CDK2, 80-100µM ATP, 5 µL of 28 ng/µL GST-R1R2 loaded on 

beads, and incubation time of 90 minutes.  The ideal incubation time for 

dephosphorylation is 60 minutes. 
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CHAPTER 4 

DISCUSSION 

 

 We have successfully purified active B55α/PP2A trimeric holoenzymes free of 

other contaminating proteins as determined by Coomassie blue staining from HEK293 

and HEK293T cell lines stably expressing the Flag-B55α. Purification from both parental 

cell lines exhibit similar yields. This is an efficient system that allows for g quantities of 

enzyme to be purified easily using clones that are stable in culture.  This eliminated the 

necessity of having to transfect the cell with plasmids each time, eliminates the variability 

associated with transient transfection and increases the yield of trimeric holoenzymes vs. 

presumably the monomeric B55 subunit. 

 In addition, we have shown that the purified enzyme is able to dephosphorylate 

p107, a known B55α/PP2A substrate (Jayadeva et al., 2010).  We have also shown that 

the binding properties of the purified enzyme are essentially the same as the binding 

properties of B55α/PP2A pulled-down from whole cell lysates, which strongly suggest no 

other factors are required for binding of this substrate by B55.  Finally, we have shown 

that the enzymatic activity of the purified enzyme is comparable to the activity of 

commercially available PP2A core dimer, which allows current and future studies aimed 

at characterizing the substrate specificity of B55 in vitro.  

 One potential drawback to this system is that only one component of the 

B55α/PP2A holoenzyme is being over-expressed.  It is therefore only possible to purify 

as many complete complexes as can be formed using the endogenous levels of the 

scaffold and catalytic subunit.  We made several attempts to establish stable cell lines 
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overexpressing the A/C subunits, but were not able do so.  This is most likely due to 

toxicity of the A/C subunits when overexpressed in cells.   

 We attempted to overexpress all 3 subunits together using a Tricistronic vector 

containing the three separate components, in order to help mitigate the existing problems 

with toxicity from overexpressing the A/C subunit, but were not successful.  It is 

conceivable that over-expression of PP2A A and C subunits may lead to squelching of 

PP2A complexes disrupting the cellular balance of the PP2A family of holoenzymes.  

Excess free AC may also prevent essential phosphorylations in the cell. 

 Previous purifications have used insect cells to purify PP2A with some success, 

but there are concerns that protein purified in this manner may interact with subunits 

from insect cells forming “chimeric” holoenzymes.  Another potential purification 

method that could be explored would be purification from yeast cells.  This could shorten 

the time needed to complete the purification, since the human cell lines being used 

require considerable time to reach sufficient confluency for the purification.  In this case, 

some posttranslational modification may be lacking, and harsher lysis conditions could 

lead to less active enzyme.  

 While additional optimization could improve yield, the current method is 

effective for producing sufficient quantities of purified enzyme to continue with ongoing 

experiments into the structure and function of the B55α/PP2A holoenzyme.  Experiments 

are in course to determine if the residues in p107 required for binding to B55 are also 

required for p107 dephosphorylation in vitro.  Future experiments will determine the 

specific residues that mediate substrate contacts to B55 using crosslinking of purified 

complexes incubated with p107 and other substrates.  Finally, we will also measure the 
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affinity of the purified complex for p107, which is an important step to determine 

whether crystallization of PP2A/ B55 with p107 is feasible.  This is an important 

objective, because there are no known structures of substrates bound to PP2A/ B55 

holoenzymes.  
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