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Abstract 

 PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a 

tumor suppressing lipid phosphatase that negatively regulates the 

PI3K/PTEN/AKT signaling pathway by dephosphorylating the lipid second 

messenger PIP3. PTEN is one of the most frequently mutated genes in cancer 

and loss of PTEN function is found in many cancer types. There are a variety of 

mechanisms within cells by which PTEN is regulated. One mode of regulation is 

through a cluster of phosphorylations on PTEN’s C-terminal regulatory tail at 

amino acids Ser380, Thr382, Thr383 and Ser385. Phosphorylation of this cluster 

has been proposed to reduce PTEN’s ability to bind to membranes and access 

its substrate, though the exact mechanism by which this occurs is poorly 

understood. To study the regulatory affects of phosphorylation at this regulatory 

cluster we have employed expressed protein ligation to generate semisynthetic 

PTEN in its phosphorylated and unphosphorylated forms.  

 Using a variety of biochemical and biophysical techniques we have found 

that relative to its unphosphorylated form, phosphorylated PTEN binds to 

phospholipid membranes with lower affinity which results in a decrease in its 

catalytic activity. This decrease in membrane binding ability and catalytic activity 

is accomplished through a phosphorylation induced conformational change in the 

PTEN protein. When phosphorylated, the C-terminal tail of PTEN binds to the 
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membrane binding surface of the C2 domain, thereby reducing PTEN’s ability to 

interact with membranes and access its substrate.  
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Chapter 1: Introduction 
 

Signal Transduction and Phosphorylation 

 Signal transduction is the process by which the cell relays signals and 

information from the exterior environment to the interior of the cell. These 

signaling events allow the cell to integrate and process a variety of complex 

external signals simultaneously1. The culmination of signaling events results in 

some response by the cell. Such responses include but are not limited to: cell 

growth, differentiation, death, migration, gene expression and the release of 

hormones and other signaling molecules1,2. Often times signal transduction is an 

extremely complex process, involving hundreds of proteins and multiple signaling 

pathways. One example of this complex signaling process is observed in the 

cell’s response to growth factors. Growth factors bind to receptors on the cell 

surface where their signal must be transduced through the plasma membrane, 

relayed through the cytosol and eventually signal to the nucleus to affect gene 

expression3. Other times the signaling process is much simpler and only involves 

a small number of proteins. One such example is the response to lipid soluble 

hormones which can freely pass through the plasma membrane to bind nuclear 

receptors which directly bind their gene responsive elements to modulate gene 

expression4.  

 Signal transduction within the cell can be mediated by a variety 

mechanisms including protein binding events, second messenger signaling (i.e. 
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Ca2+, IP3, PIP3, ROS) and posttranslational modifications (i.e. phosphorylation, 

acetylation, ubiquitination)1. One of the most extensively studied posttranslational 

modifications in signal transduction is phosphorylation. Protein phosphorylation in 

eukaryotes is the attachment of a phosphate group to the hydroxyl of a serine, 

threonine or tyrosine amino acid1,2,5,6. Phosphorylation can also occur on 

molecules involved in signal transduction other than proteins such as lipids (i.e. 

phosphatidylinositols)7. Phosphorylation is dynamic and reversible. The 

attachment of a phosphate is catalyzed by kinases while its removal is catalyzed 

by phosphatases. There are over 500 protein kinases (~400 serine/threonine, 

~100 tyrosine) and over 100 protein phosphatases8–10. Adding to the complexity 

of signaling events, many protein kinases and phosphatases are redundant. 

Different kinases can have the same substrate and different phosphatases can 

have the same substrate5,6. Additionally, many kinases and phosphatases also 

have more than one substrate5,6,11.  

Phosphorylation of proteins allows for signal transduction to proceed by 

causing changes in protein activity, cellular localization, stability or protein 

binding interactions1,2,5. Binding interactions altered by phosphorylation can be in 

trans (a binding event between two different proteins) or in cis (a binding event 

within a single protein)12. There are a number of phospho serine/threonine and 

phospho-tyrosine binding domains responsible for recruiting proteins to their 

phosphorylated binding partners. They include: WW, 14-3-3, FHA, BRCT and 
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PBD domains for phospho-serine and phospho-threonine13 and SH2 and PTB for 

phospho-tyrosine14,15.    

 

Phosphoinositide Signaling 

 Phosphatidylinositol is a lipid signaling molecule that can be 

phosphorylated multiple times on the 3’-, 4’- and/or 5’-position of the inositol ring 

generating different phosphatidylinositol phosphates (PIPs)7 (Figure 1). In all, 

there are 7 known phosphorylation variants of phosphatidylinositol modulated by 

~20 phosphoinositide kinases and ~30 phosphoinositide phosphatases16 (Figure 

1). PIPs regulate a variety of different cellular events such as cellular migration, 

signaling, cytoskeletal rearrangements, adhesion and membrane trafficking7,16,17. 

The different signaling outcomes depend on which phospho-form of 

phosphatidylinositol is generated. The PIPs can recruit a variety of different 

proteins via their phosphatidylinositide phosphate sensing domains. Some of 

these domains include PH, ENTH, FYVE and PHOX domains7. PH domains can 

be specific for binding PI(3,4)P2, PI(4,5)P2 or PI(3,4,5)P2
7. 

Dysregulation of phosphotidylinositide phosphate signaling has been 

implicated in a number of pathologies including cancer, diabetes and several 

neurological disorders7,16. The two most well studied phosphatidylinositide 

regulators are the kinase PI3K and phosphatase PTEN due to their frequent  
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Figure 1: Phosphoinositide metabolism. There are a total of seven different 
phosphorylated forms of phosphotidylinositide phosphates (PIPs) generated from 
phosphotidylinositide (PI). There are approximately 20 phosphoinositide kinases 
and 30 phosphatases responsible for the maintenance of these PIPs. Two of the 
most well studied phosphoinositide enzymes are the kinase PI3K and the 
phosphatase PTEN shown in red. 
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mutation and regulatory roles in cancer. These two proteins oppose each other’s 

actions. PI3K phosphorylates the 3’-position of PI(4,5)P2 generating PI(3,4,5)P3 

while PTEN removes the 3’-phosphate from PI(3,4,5)P3 generating 

PI(4,5)P2
3.The generation of cellular PI(3,4,5)P3 is essential for activating the 

PI3K/PTEN/AKT signaling pathway. 

 

The PI3K/PTEN/AKT Signaling Pathway 

One signaling pathway central to the subsequent chapters of this thesis is 

the PI3K/PTEN/AKT signaling pathway (Figure 2). This signaling pathway has 

been the subject of extensive study due to the high frequency of mutation of 

many of this pathway’s proteins in cancer3,18–21. Initiation of this pathway occurs 

when a growth factor (i.e. EGF, IGF-1, PDGF) binds to a receptor tyrosine kinase 

(i.e. EGFR, IGF-1R, PDGFR) leading to its dimerization and activation. 

Dimerization and activation of the receptor tyrosine kinases cause 

autophosorylation of tyrosine residues on the intracellular domain of the protein. 

Phosphorylation of the tyrosine residues allows for the recruitment of SH2 

domain containing proteins. PI3K is recruited to the receptor tyrosine kinase via 

its SH2 domain containing p85 regulatory subunit. This allows for the activation 

of PI3K and subsequent phosphorylation of its lipid substrate PIP2, converting it 

to PIP3. PIP3 serves as a second messenger, recruiting the kinase AKT via its PH 

domain. Once recruited to the plasma membrane AKT is phosphorylated and 

activated by other kinases including PDK1 and the mTORC2 complex. Activated 
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AKT can then phosphorylate a variety of downstream substrates. Some of the 

downstream targets of AKT include: mTOR22–24, MDM225,26, p2727,28, p2129,30 and 

FOXO31,32. The overall effects of AKT activation are increases in cell growth, 

proliferation, invasiveness and resistance to apoptosis3,18–20. The lipid 

phosphatase PTEN serves as a key negative regulator in this pathway. PTEN 

dephosphorylates PIP3, thereby preventing the activation of AKT and 

downstream signaling to promote cell proliferation, growth and survival33,34. 

Due to the pro-growth, proliferation and invasiveness induced by the 

activation of the PI3K/PTEN/AKT signaling pathway, it is unsurprising that many 

of the components of this pathway are frequently targeted by mutations in 

cancer3,18–20. By accumulating gain of function mutations in positive regulators of 

the pathway and loss of function mutations in negative regulators of the pathway, 

the PI3K/PTEN/AKT signaling pathway can remain in the “on” state unchecked 

by normal cellular regulatory mechanisms. This gives cancer cells the selective 

advantage they need to grow, proliferate and infiltrate other tissues. Of all the 

proteins in this pathway the single most mutated gene is PTEN35,36. This will be 

discussed in detail in later sections. Several kinases are also targeted by gain of 

function mutations. Receptor tyrosine kinases (such as EGFR), PI3K and AKT 

have all been found to contain mutations that lead to constitutive activation of 

their enzymatic activity3,18,20,37. Additionally gene amplification has been found to 

increase protein levels of these oncogenic kinases3,18.   
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Figure 2: The PI3K/PTEN/AKT signaling pathway. In response to growth factor 
binding, receptor tyrosine kinases (RTKs) dimerize, leading to their activation and 
autophosphorylation at intracellular tyrosine residues. PI3-Kinase is recruited to 
the phospho-tyrosine residues of activated RTKs via its SH2 domain containing 
regulatory subunit p85 where is phosphorylates the lipid PIP2, generating PIP3. 
PIP3 recruits the kinase AKT to the plasma membrane where it is activated and 
phosphorylates downstream targets which in turn promote cell growth, 
proliferation, invasiveness and resistance to apoptosis. PTEN turns off this 
pathway by dephosphorylating PIP3.  
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Because of the high frequency of mutation of the PI3K/PTEN/AKT 

pathway in a number of different cancer types, billions of dollars have been 

funneled into developing drugs to inhibit this pathway by the pharmaceutical 

industry37. There are currently a number of FDA approved drugs targeting the 

receptor tyrosine kinase EGFR including trastuzumab, gefitinib and erlotinib that 

have prolonged the lives of cancer patients38,39. Although there are currently no 

FDA approved drugs targeting PI3K or AKT, there are dozens of drugs targeting 

these kinases currently being explored as potential therapeutics40–47.  

 

Phosphatases 

 There are approximately 150 known phosphatases8,9. They can be 

grouped into two main categories based on substrate recognition and 

mechanism of dephosphorylation. The first group is the family of serine/threonine 

protein phosphatases that are responsible for dephosphorylating serine/threonine 

residues of which there are about 40 members9. They will not be discussed 

further. The second group is the family of protein tyrosine phosphatases (PTPs) 

which dephosphorylate tyrosine residues8. There are just over 100 members of 

this family. The family of PTPs also contains a group of dual specificity protein 

tyrosine phosphatases (DUSPs) which can dephosphorylate serine/threonine 

and tyrosine residues10.  
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 Nearly all PTPs and DUSPs employ a similar mechanism of catalysis 

which involves a nucleophilic cysteine8,48. One exception to this rule is the Eya 

family of PTPs which use a nucleophilic aspartate49. In addition to the 

nucleophilic cysteine, PTPs and DUSPs also have a conserved arginine and 

aspartate. The cysteine and arginine are located on the P-loop within the active 

site of the phosphatase with a conserved CX5RT/S motif48. The arginine and 

backbone N-H groups of the P-loop are responsible for binding and stabilizing 

the substrate phosphate group. The reaction mechanism acts through a 

phospho-enzyme intermediate. The nucleophilic cysteine attacks the phosphate 

group on the substrate, displacing the -O-R1 group as the aspartate acts as a 

general acid to protonate the leaving group. The aspartate then acts as a general 

base to deprotonate a water molecule as it hydrolyzes the phospho-enzyme 

intermediate and regenerates the free cysteine48 (Figure 3).  

 

Phosphatidylinositol Phosphatases 

 There are about ~30 phosphoinositide phosphatases capable of 

dephosphorylating the 3’-, 4’- or 5’- position of the inositol ring7,16. Some of these 

proteins can also dephosphorylate protein targets but have evolved primarily to 

modulate PIP signaling. 3’- and 4’- phosphoinositide phosphatases are all  
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Figure 3: Protein tyrosine phosphatase reaction mechanism. The reaction 
mechanism acts through a phospho-enzyme intermediate where the nucleophilic 
cysteine attacks the phosphate group of the substrate, displacing the -O-R1 group 
as the aspartate acts as a general acid to protonate the leaving group. The 
aspartate then acts as a general base to deprotonate a water molecule as it 
hydrolyzes the phospho-enzyme intermediate and regenerates the free cysteine. 
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members of the DUSP family of phosphatases discussed in the previous section 

and all utilize a catalytic cysteine7. Well known members of this group include 

PTEN and myotubularins. 5’-phosphoinositide phosphatases have a mechanism 

distinct from DUSPs. Though the enzymatic mechanism is not completely 

understood, they contain two well conserved amino acid sequences: 

GD(L/F)N(F/Y)R and P(A/S)(W/Y)(C/T)DR(I/V)(L/I). These proteins also contain 

a fold similar to magnesium dependent endonucleases and require divalent 

cations for catalysis7,16,50. Well-known members of the 5’ phosphoinositide 

phosphatase family are SHIP1 and SHIP2.  

 

PTEN and Cancer 

 PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a 

tumor suppressing lipid phosphatase that negatively regulates the 

PI3K/PTEN/AKT signaling pathway by dephosphorylating the lipid second 

messenger PIP3
33,34. PTEN was originally discovered in 1997 when deletion 

mapping of chromosome 10 identified a potential tumor suppressor at the 10q23 

locus36. This gene was found to have sequence identity to a dual specificity 

protein tyrosine phosphatase and tensin, an actin filament binding protein51. This 

newly discovered gene was later named PTEN. The same year PTEN was 

discover it was found to be inactivated in a number of sporadic tumor types of the 

brain, breast and prostate52. It was also found to be targeted in germline 

mutations of individuals with cancer predisposition syndromes such as Cowden 
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disease53,54. PTEN knockout mice were found not to be viable55. Heterozygous 

deletion of PTEN in mice causes an increase in tumor formation56,57. In contrast 

to the “two-hit” model of cancer formation where two or more mutations must 

accumulate in proto-oncogenic or tumor suppressor genes in order tumors to 

form, PTEN’s ability to suppress tumor formation is thought to be dosage 

dependent35,58. In this continuum model of tumor suppression, the protein and/or 

activity level of PTEN is proportionately related to its ability to prevent a 

neoplastic transformation without the necessity of there being mutations in other 

key regulatory genes.  

 PTEN was found to be capable of dephosphorylating highly acidic 

synthetic peptide substrates in vitro though no physiologically relevant protein 

substrates could be identified52. It was later found to be able to efficiently 

dephosphorylate the phospholipid PIP3 and that this activity was responsible for 

PTEN’s tumor suppressive ability in vivo3,33,34,59. By dephosphorylating PIP3, 

PTEN prevents the activation of AKT and its downstream signaling to promote 

cell growth, proliferation and survival. Although the lipid phosphatase activity is 

the primary tumor suppressive function of PTEN, there is also a clear tumor 

suppressive function for nuclear localized PTEN that appears to be independent 

of its phosphatase activity60–62. The exact mechanism of this function is poorly 

understood though recent reports suggest that PTEN associates with CDH1 and 

the anaphase promoting complex (APC) causing an increase in genomic stability 

and chromosomal integrity61. Breast cancer patients with nuclear localized PTEN 
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have a much better prognosis that those without nuclear PTEN35. Additionally 

tumors lacking for nuclear PTEN are more aggressive than those containing 

nuclear PTEN35,62. 

 Cancers target PTEN for inactivation by a variety of mechanisms 

including: allelic or complete gene deletion, gene silencing through promoter 

methylation and chromatin remodeling, miRNA mediated transcript reduction and 

loss of function point mutations35,63–67. Sequencing of the PTEN gene from 

patient tumors has demonstrated that point mutations are abundant at nearly 

every amino acid position other than its C-terminal tail (Figure 4). The highest 

frequency of mutation occurs within the catalytic pocket of PTEN with the 

mutation of catalytically essential arginine-130 being the most abundant. Other 

hotspots of mutation include proposed membrane binding surfaces and amino 

acids at the interface between the phosphatase and C2 domains. PTEN is one of 

the most frequently mutated genes in all cancers. Only the tumor suppressor p53 

is thought to be mutated at a higher frequency35. Loss of PTEN function has 

been identified in cancers of the breast52,68–71, endometrium72–75, thyroid76–78, 

prostate79–82, brain52,83,84, skin85,86, lung87,88, liver89,90, bladder91,92 and 

pancreas75,93 demonstrating just how important PTEN’s tumor suppressive ability 

is for normal cell and organism function.  
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Figure 4: Common PTEN mutations. PTEN is frequently targeted by point 
mutations. Hotspot mutations are found within the catalytic pocket, on membrane 
binding surfaces and within the interface between the phosphatase and C2 
domains. The histogram was taken from the COSMIC (catalog of somatic 
mutations in cancer) database 
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic, July 10, 2013). 
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The Structure of PTEN  

 PTEN is a 403 amino acid protein comprised of an N-terminal 

phosphatase domain, a C2 domain and a C-terminal 52 amino acid tail. A crystal 

structure of PTEN’s core (phosphatase and C2 domains) was determined in 

199951. Three portions of the PTEN gene had to be omitted from the protein in 

order for crystals to form presumably due to their flexibility. The three segments 

that were deleted from the PTEN amino acid sequence, were a portion of the N-

terminus (aa 1-6), an internal loop of the C2 domain termed the D-loop (aa 286-

309) and the entire C-terminal tail (aa 352-403). The crystal structure with the 

approximate positioning of the deleted regions is shown in Figure 5. 

 The phosphatase domain of PTEN consists of six alpha helices 

surrounding a central beta sheet51. It shares structural similarity to the DUSP 

VHR. The active site of this domain contains the signature P-loop of DUSPs with 

the conserved CX5RT/S sequence. The active site is deeper and larger than 

most DUSPs, presumably allowing it to accommodate the large head group of 

PIP3. PTEN’s mechanism of PIP3 hydrolysis follows the same mechanism of all 

DUSPs. The nucleophilic cysteine-124 and substrate stabilizing arginine-130 of 

the P-loop are essential for catalysis94. Additionally, aspartate-92 of the adjacent 

WPD loop serves as a general acid to protonate the leaving group during 

hydrolysis of PIP3
94. Unique to PTEN and its homologs is the placement of lysine 

residues within the P-loop and on adjacent strands that serve to bind and 

stabilize the highly negatively charged substrate PIP3
51.  
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 The C2 domain of PTEN forms a beta sandwich composed of two 

antiparallel beta sheets. The C2 domain shares structural similarity to the C2 

domains of PLCδ1, PKCδ, and phospholipase A2; though unlike the C2 domains 

of these proteins it does not bind calcium51. Two loops on what is thought to be 

the membrane binding surface of the C2 domain are highly positively charged 

with multiple lysine and arginine residues on each loop. These two loops are the 

Cα2 and the CBRIII loops51. 

 Both the phosphatase domain and C2 domain have been proposed to be 

important for the membrane binding ability of PTEN. In particular, the amino 

acids 1-15 have been suggested to specifically recruit PTEN to the plasma 

membrane and bind the phospholipid PIP2
95–98. Deletion of these amino acids 

abrogates PTEN’s ability to bind membranes. The CBRIII loop of the C2 domain 

is also a crucial membrane binding surface. It has been implicated in binding to 

phosphatidylserine and other lipids embedded in membranes51,99.  

 The interface between the phosphatase and C2 domains of PTEN buries 

a total surface area of 1400 Å2 and has many hydrophobic and hydrogen bonding 

interactions51. Mutations of several of the amino acids at the interface have been 

found in various cancers. In fact, two of the top eight PTEN mutations found in 

cancer are located at this interface51. This suggests that the structural integrity of 

interface between the two domains is necessary for proper PTEN function and its 

tumor suppressive ability. It also suggests that subtle perturbations in one of the 

domains may result in structural changes in the other.   
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Figure 5: The partial crystal structure of PTEN. The crystal structure of PTEN 
contains a globular phosphatase (blue) and C2 (magenta) domain in tight 
junction with each other. Omitted from the crystal structure is the presumably 
flexible N-terminus (green, aa 1-6), internal D-loop (brown, aa 286-309) of the C2 
domain and C-terminal tail (light blue, aa 352-403).  
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 The C-terminal tail of PTEN is 52 amino acids in length and contains two 

PEST (proline, glutamate, serine and threonine) sequences and a PDZ 

interaction motif at amino acids 399-403. The tail is highly acidic, consisting of 15 

aspartate and glutamate residues that are clustered mostly to the final 25 amino 

acids of the tail. The C-terminal tail can be phosphorylated at several positions by 

multiple kinases including casein kinase 2 (CK2) and glycogen synthase kinase 3 

beta (GSK3β)100,101. These phosphorylations regulate a variety of PTEN 

functions that will be discussed in subsequent sections.  

 

PTEN Regulation 

 PTEN function has been proposed to be regulated by a variety of 

mechanisms within cells. Gene expression is regulated at the level of 

transcription through promoter methylation102–104 and by a number of 

transcription factors including SALL4105, SNAIL65, p5366, CBF167 and c-JUN106,107 

amongst others. PTEN transcript levels are modulated by miRNA64. The PTEN 

protein is subject to a number of posttranslational modifications including 

phosphorylation100,101,108–110, acetylation111, sumoylation112 and ubiquitiylation113–

117. Like many members of the dual specificity protein tyrosine phosphatase 

family, PTEN can be inactivated by reactive oxygen species and disulfide bridge 

formation between its catalytic cysteine and another conserved cysteine residue 
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within its phosphatase domain118. As alluded to previously, PTEN is also acutely 

regulated by the lipid composition of membranes; it is particularly affected by the 

presence of the lipids PIP2 and phosphatidylserine95,96,119. Additionally PTEN 

function can be modulated by other proteins. Some of the proteins PTEN has 

been proposed to interact with in vivo are p85120–122, neutral endopeptidase123, 

mysosin V124 and MAGI2125. PTEN can also be regulated by its subcellular 

localization. There are at least three major subcellular areas where PTEN is 

located: the cytoplasm, the plasma membrane and the nucleus. PTEN’s nuclear 

localization is promoted by monoubiquitylation while polyubiquitylation leads to its 

proteasome mediated degradation113,114,116,117.   

 

Phosphorylation of PTEN 

 Phosphorylation of PTEN is one of the most well characterized forms of 

PTEN regulation. PTEN can be phosphorylated at a number of different sites on 

its C2 domain and C-terminal tail (Figure 6). The C2 domain can be 

phosphorylated at amino acids Ser229, Thr232, Thr319 and Thr321 by the 

kinase RHOA associated protein kinase (ROCK)126,127 and at Tyr336 by the 

protein kinase Rak128. The 52 amino acid C-terminal tail has been shown to be 

phosphorylated at amino acids Ser363, Thr366, Ser370, Ser380, Thr382, Thr383 

and Ser385 by the kinases casein kinase 2 (CK2) and glycogen synthase kinase 

3 beta (GSK3β)100,101,108–110,129. 
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Figure 6: PTEN phosphorylation sites. PTEN can be phosphorylated on its C2 
domain and C-terminal regulatory tail. The C2 domain can be phosphorylated at 
amino acids Ser229 and Thr321 by the kinase RHOA associated protein kinase 
(ROCK) and at Tyr336 by the protein kinase RAK. The C-terminal tail can be 
phosphorylated at Ser363, Thr366, Ser370, Ser380, Thr382, Thr383 and Ser385 
by the kinases CK2 and GSK3β. 
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 Phosphorylation at Ser229, Thr232, Thr319 and Thr321 by ROCK has 

been proposed to activate PTEN through unknown mechanisms126,127. In a 

predominantly cell biology based study, it was demonstrated that the GTPase 

RhoA may enhance PTEN membrane localization and phosphatase activity in 

leukocytes127. The ability of RhoA to regulate PTEN dependent reduction of AKT 

signaling was shown to be dependent on the kinase activity of ROCK (RhoA 

associated protein kinase) which is regulated by RhoA. ROCK is capable of 

phosphorylating PTEN in vitro and these phosphorylation sites were identified 

through mass spec analysis of cell lysates as being Ser229, Thr232, Thr319 and 

Thr321127. How these phosphorylation modifications might regulate PTEN activity 

remains to be determined. All four phosphorylation sites are located to non-

membrane binding surfaces of the C2 domain of PTEN. Phosphorylation of these 

sites could alter PTEN’s interaction with an unknown regulatory protein or could 

affect PTEN’s catalytic activity directly. Given that these modifications are on the 

C2 domain it seems unlikely that could affect the activity of the phosphatase 

domain, though it is possible that subtle conformational changes in the C2 

domain could be transmitted allosterically to the phosphatase domain. 

Alternatively these phosphorylation sites could promote an interaction between 

PTEN and a positive regulator of PTEN function or they could relieve some form 

of inhibition mediated by either a secondary protein or by PTEN itself. Certainly 
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additional biochemical work is necessary to elucidate the mechanism by which 

ROCK regulates PTEN by phosphorylation of its C2 domain.  

 Kim et al. has demonstrated that the protein tyrosine kinase Rak (a 

member of the Src family of kinases) co-immunoprecipitates with PTEN and is 

capable of phosphorylating PTEN at Tyr336128. This may lead to an increase in 

the cellular stability of PTEN as determined by comparing wild type PTEN to the 

unphosphorylatable Y336F mutant in pulse chase experiments. Here the mutant 

was significantly less stable than wild type. Additionally, Rak protein levels 

positively correlated with PTEN’s stability and inhibitory affects on AKT 

signaling128. One confusing aspect about this study is that Tyr336 is located on 

the Cα2 loop of the C2 domain, which is known to be important for membrane 

binding. In the crystal structure of PTEN, Tyr336 juts out from the membrane 

binding surface of the C2 domain and would appear to be a key point of contact 

between PTEN and the plasma membrane. If phosphorylated, it seems likely that 

Tyr336 would interfere with membrane binding given that PTEN is known to 

selectively bind anionic membranes. This study did not examine the membrane 

binding ability or activity of PTEN. One of the E3 ubiquitin ligases for PTEN is 

NEDD4-162,113,114. This protein is thought to be active at the plasma membrane. If 

phosphorylation of Tyr336 does prevent PTEN’s membrane association, this may 

provide a mechanism by which the stability of PTEN is enhanced by Tyr336 

phosphorylation by spatially separating PTEN from its E3 ligase within the cell. 



23	  
	  

Additional biochemical and cell based experiments would be necessary to 

determine this.  

The most abundant sites of phosphorylation on PTEN are on its C-

terminal tail101,108. Mass spectrometry and biochemical studies have 

demonstrated that PTEN is phosphorylated at amino acids Ser363, Thr366, 

Ser370, Ser380, Thr382, Thr383 and Ser385 by the kinases casein kinase 2 

(CK2) and glycogen synthase kinase 3 beta (GSK3β)100,101,108–110,129. The 

physiological ramifications of phosphorylation at Ser363, Thr366 and Ser370 are 

poorly understood. Phosphorylation at the Ser380/Thr382/Thr383/Ser385 cluster 

has been the subject of much research and is likely a key regulator of PTEN 

function. 

Using pulse chase experiments Maccario and coworkers demonstrated 

that phosphorylation of Thr366 by GSK3β may destabilize PTEN130. In this study 

they show that the unphosphorylatable T366A mutant is less stable than wild 

type. The mechanism by which phosphorylation of Thr366 leads to a decrease in 

PTEN stability remains unknown. Additionally, this study demonstrated that 

phosphorylation at S370 by CK2α primes for phosphorylation of Thr366 by 

GSK3β. 

 Phosphorylation at the Ser380/Thr382/Thr383/Ser385 cluster is mediated 

primarily by CK2 though GSK3β may also phosphorylate these amino acids to a 

minor extent100,101,108,110,129. These phosphorylation sites were identified primarily 
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by mass spectrometry. By using mutational analysis of PTEN constructs 

transfected into γ-[32P] orthophosphate treated cells, Torres et al. found that 

mutation of Ser385 to Ala caused a large reduction in total phosphorylation of the 

tail of PTEN131. This suggests Ser385 may prime for phosphorylation of 

Ser380/Thr382/Thr383. This same study estimated that about four mol of 

phosphate where incorporated into one mol of PTEN protein following in vitro 

phosphorylation with CK2131. It is thought that the majority of cellular PTEN 

protein is constitutively phosphorylated at this cluster under most conditions, 

though the exact fraction of phospho-PTEN is unknown. There is a smaller pool 

of PTEN that is not phosphorylated at this cluster and the two pools of PTEN 

may have distinct cellular functions110. The ratio of phospho- to unphospho-PTEN 

may vary based on cell type with CK2 activity levels likely being a determining 

factor. 

Few conditions have been discovered that modulate the level of 

phosphorylation at the Ser380/Thr382/Thr383/Ser385 cluster. To our knowledge 

only example of PTEN being rapidly phosphorylated in response to some signal 

is observed with the treatment of pancreatic beta cells with leptin132–134. In this 

example phosphorylation of the Ser380/Thr382/Thr383/Ser385 cluster increases 

several fold within five minutes and is reduced with near basal levels after 1 

hour134. No conditions have been identified that lead to rapid dephosphorylation 

of PTEN. The tail of PTEN does not undergo dephosphorylation after the 

treatment of cells with growth factors131. Additionally no phosphatase has been 
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found to dephosphorylate PTEN though there are reports of PTEN possessing 

weak autophosphatase activity in vitro135. It is likely that there is a cellular 

phosphatase responsible for dephosphorylating PTEN given that levels of 

phosphorylated PTEN are reduced in less than half an hour in the leptin example 

discussed above and that the half of life of phosphorylated PTEN is thought to be 

roughly 24 hours (discussed below)129,134. Under most conditions it may be that 

CK2 and the unknown phosphatase are responsible for keeping some 

equilibrium level of phosphorylated PTEN. Identification of this phosphatase may 

lead to a better understanding of how PTEN is regulated within cells.  

 Mutation of the Ser380/Thr382/Thr383/Ser385 cluster to the tetra-alanine 

mutant which cannot be phosphorylated leads to changes in PTEN’s cellular 

localization and stability109,129,131. WT PTEN is located predominantly to the 

cytoplasm while the tetra-alanine mutant is located primarily to the plasma 

membrane and to the nucleus (Figure 7). The mechanisms by which 

phosphorylation changes PTEN’s cellular localization are poorly understood. 

Both changes in PTEN’s conformation and ability to interact with different cellular 

proteins have been suggested to affect PTEN’s interaction with the plasma 

membrane109,110,136,137.  

It has been proposed that phosphorylation of the 

Ser380/Thr382/Thr383/Ser385 cluster causes a conformational change in 

PTEN109,137. In this model PTEN exists in a “closed” conformation when 

phosphorylated that prevents it from binding to the plasma membrane and 
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accessing its substrate. When unphosphorylated, PTEN is in a more active 

“open” conformation where it can bind the plasma membrane. The evidence for 

this model has been provided by cell based co-immunoprecipitation experiments 

in which the PTEN molecule was expressed as two fragments that were shown 

to co-immunoprecipitate with each other only when the 

Ser380/Thr382/Thr383/Ser385 cluster was wild type and not mutated to the tetra-

alanine S380A/T382A/T383A/S385A mutant109. While it is conceivable that what 

was occurring in these assays was a direct binding interaction between the two 

PTEN fragments, it is possible that the interaction was being mediated by 

another cellular protein that was also being immunoprecipitated as part of a 

complex with the two PTEN fragments. There are a number of proteins that have 

been proposed to bind to PTEN in a phosphorylation dependant manner 

including neutral endopeptidase123, MAGI2125, p85120–122 and myosin V124. 

Neutral endopeptidase, MAGI2 and p85 are all found either embedded in the 

plasma membrane or associated with it123,125,136. Additionally, unphosphorylated 

PTEN has been shown to immunoprecipitate within a high molecular weight 

complex that contains p85 in addition to a number of unknown proteins110,136.  

In addition to increased plasma membrane localization, mutation of the 

Ser380/Thr382/Thr383/Ser385 cluster to alanine also causes increased PTEN 

localization in the nucleus62,109. The signal for PTEN’s translocation from the 

cytosol to the nucleus is thought to be mono-ubiquitination62,113,115,116. The tetra-

alanine mutant is also significantly less stable than WT100,129, and is quickly 
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degraded by the proteasome. Taken together this suggests phosphorylation of 

the tail of PTEN prevents its ubiquitination though the exact mechanism is 

unknown. It is also unclear what determines whether PTEN is mono-ubiquitinated 

and targeted to the nucleus or poly-ubiquitinated and targeted for degradation by 

the proteasome.  

The relative stability of the tetra alanine mutant compared to wild type was 

determined by pulse chase experiments100,129,131. Here, it was determined that 

wild type PTEN has a half live greater than 24 hours while the tetra alanine 

mutant has a half life of about 9 hours. While it is likely that the absence of 

phosphorylation is the primary cause of PTEN’s reduced cellular stability, it is 

conceivable that mutation of the cluster rather than the absence of 

phosphorylation is the cause of destabilization of the PTEN protein. 

Phosphorylation of PTEN could influence its cellular stability by a number of 

different mechanisms including: causing a conformational change that prevents 

its interaction with an E3 ubiquitin ligase, changing PTEN’s cellular localization 

and therefore its ability to interact with an E3 ubiquitin ligase localized specifically 

to a subcellular compartment or by influencing PTEN’s ability to interact with 

other binding partners which indirectly affect PTEN’s stability.  

Several reports have suggested that PTEN can inhibit cell migration in a 

lipid phosphatase independent manner138–140. A mutation (G129E) has been 

identified in the catalytic pocket of PTEN that eliminates PTEN’s lipid 

phosphatase activity but maintains its ability to dephosphorylate synthetic poly-
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EpY peptides34. Published in 2004, Raftopoulou et al. found that microinjection of 

plasmids expressing wild type PTEN in cells was equally as effective at inhibition 

of cell migration in a scratch assay as plasmids expressing the G129E as well as 

the C2 domain of PTEN alone138. However, catalytically dead PTEN (C124S) 

could not inhibit cell migration. Interestingly mutation of Thr383 on the tail of 

PTEN to alanine allowed for the C124S mutant to inhibit cell migration equally as 

well as wild type, not only suggesting that the phosphorylated tail of PTEN is 

inhibiting its ability to prevent cell migration but also tying together the protein 

phosphatase activity of PTEN to the phosphorylation state of its tail138. There 

were two main conclusions from this study: 1) the C2 domain of PTEN 

contributes to its ability to inhibit cell migration in a lipid phosphatase 

independent manner; 2) the protein phosphatase activity of PTEN may be 

required for dephosphorylation of its tail. Interestingly only the mutation of Thr383 

but not Ser380, Thr382 or Ser385 to alanine prevented that tail’s autoinhibitory 

effects. Although this report suggests PTEN directly dephosphorylates pThr383, 

it is unclear if the catalytic activity of PTEN somehow influences another 

phosphatase that is directly responsible for dephosphorylating the tail of PTEN.  

 One recurring theme used to study PTEN phosphorylation has been 

comparing phosphorylatable, wild type PTEN to the tetra alanine 

unphosphorylatable PTEN mutant. The majority of the reports examining PTEN 

phosphorylation have been cell based; with no thorough biochemical studies of 

purified, site-specifically phosphorylated PTEN. The work of this thesis is  
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Figure 7: Localization of WT versus A4 PTEN. PTEN WT at the 
S380/T382/T383/S385 phospho cluster is located mostly to the cytoplasm. PTEN 
with the S380/T382/T383/S385 phospho cluster mutated to the tetra alanine 
S380A/T382A/T383A/S385A mutant (A4) is located predominantly to the plasma 
membrane and the nucleus. 
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concerned with obtaining a detailed understanding as to how phosphorylation of 

the Ser380/Thr382/Thr383/Ser385 cluster regulates PTEN’s basic biophysical 

and biochemical properties in the context of an intact PTEN molecule containing 

a known phosphorylation state. To accomplish this we have employed expressed 

protein ligation to generate semisynthetic PTEN in its phosphorylated and 

unphosphorylated forms.  

 

Expressed Protein Ligation 

 Expressed protein ligation (EPL) is a chemical ligation technique that 

allows for the native chemical ligation between the N-terminus of synthetically 

derived peptides and the C-terminus of recombinant proteins that contain an 

intein generated thioester141. EPL can be used for a variety of purposes including 

the labeling of proteins with flourophores and other tags, isotopic labeling of 

protein domains, synthesis of cytotoxic proteins, cyclization of proteins and of 

particular interest to the work of this thesis, the incorporation of peptides 

containing posttranslational modifications, replacing the natural C-termini of 

proteins141–146.  

This technique utilizes an intein to install a thioester at the C-terminus of 

the protein. Inteins are protein domains analogous to self splicing introns in that 

they splice themselves out from two flanking polypeptide chains while promoting 

the ligation of the two flanking chains together147. Inteins are found only in 
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prokaryotes and yeast. For the purposes of EPL, the intein has been engineered 

in such a way that it is stalled in the first step of the self splicing event142. For the 

EPL reaction, the protein of interest (PTEN in this case) is expressed 

recombinantly as an intein-CBD fusion protein with the intein at the C-terminus of 

the PTEN gene (Figure 8). The CBD (chitin binding domain) domain is used for 

purification purposes by binding the fusion protein to chitin beads. Here PTEN 

has been C-terminally truncated. The junction site between PTEN and the intein 

exists in an equilibrium between a native amide bond and an intein catalyzed 

thioester rearrangement (Figure 8). The thioester can be trapped and the 

truncated PTEN molecule cleaved from the intein with the use of a small 

molecule thiol such as sodium mercaptoethanesulfonate (MESNA). With a C-

terminal thioester intact, a peptide with an N-terminal cysteine can then be 

ligated to the C-terminus of the PTEN protein. The cysteine on the peptide acts 

as a nucleophile to displace the MESNA thioester. Once the MESNA thioester is 

displaced, the peptide thioester undergoes an N-acyl shift to yield a native amide 

bond at the ligation site (Figure 8). In this way synthetic peptides containing any 

desired modification, natural or not, can be incorporated into a recombinant 

protein. The resulting ligated protein is thus termed a semisynthetic protein given 

that one part of the molecule is produced recombinantly and the other 

synthetically.  

Expressed protein ligation is a powerful technique that is often used to 

study the effects of posttranslational modifications (PTMs). It allows for the exact  
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Figure 8: Mechanism of expressed protein ligation (EPL). The PTEN protein is 
expressed as an intein-cbd fusion protein that is purified over a column of chitin 
beads. The truncated PTEN protein is cleaved from the intein with a small 
molecule thiol such as MESNA (mercaptoethanesulfonate). A C-terminal tail 
peptide containing a cysteine at its N-terminus and posttranslational 
modifications is then ligated to the C-terminus of the thioester containing PTEN. 
This process generates full length semisynthetic PTEN containing 
posttranslational modifications at its C-terminus.  
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positioning and stoichiometry of PTMs to be known. Other methods of PTM 

incorporation, such as enzymatic addition of PTMs, are often promiscuous and 

incomplete. As powerful as EPL is, the major weaknesses of this technique are 

the requirements for a cysteine at the ligation site and the restriction of its 

applicability to the C-terminus of a protein. If a cysteine doesn’t naturally occur on 

the C-terminus of a protein then mutating an amino acid to cysteine is required. 

EPL can only be used when studying PTMs on the C-terminus of a protein due to 

the fact that the upper limit of the lengths of peptides that can be synthesized is 

approximately 50 amino acids. 

 

Interfacial Enzyme Kinetics 

 Interfacial enzymes such as PTEN act at the interface between the cytosol 

and a cellular membrane such as the plasma membrane. These enzymes are 

often located predominately in the cytosol, and can translocate to the cellular 

membrane in which their cognate substrate is located. Interfacial enzymes 

almost always act on lipid substrates. The different types of enzymes in this class 

include: kinases, phosphatases, lipases, oxygenases and lipid biosynthetic 

enzymes148. Prominent members of this enzyme class include: PTEN34,109,119, 

PI3K3,149, COX1/2150,151 and PLC152,153. Interfacial enzymes are subject to the 

same types of regulation as soluble enzymes; namely transcriptional and 

translational control, posttranslational modifications and protein-protein 

interactions. Additionally, the activity and localization of interfacial enzymes can 
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be dramatically affected by the lipid composition of the membranes containing 

their substrate119,148,154. Consequently the lipid composition of membranes is a 

major regulator of interfacial enzyme function. 

 When considering enzyme kinetics, water soluble enzymes that act on 

water soluble substrates depend only on the bulk concentration of substrate. 

Under these conditions, enzymes with soluble substrates follow standard 

Michaelis-Menten kinetics in which the rate of the reaction depends only on the 

bulk or total substrate concentration. Because the substrate of an interfacial 

enzyme is not water soluble, but rather embedded and dispersed in a lipid 

bilayer, the rate of the reaction depends both on the bulk and the surface 

concentration of substrate within the lipid bilayer119,148,154–158. Interfacial enzymes 

therefore do not follow standard Michaelis-Menten kinetics. The reaction follows 

the scheme below which is also displayed in Figure 9. 

 

Here M is the membrane and S is the lipid substrate dispersed within the 

membrane surface. The enzyme must first bind to the membrane surface forming 

the EM complex before it can access its substrate. After processing its substrate 

the interfacial enzyme can either dissociate from the membrane or undergo 

another round of catalysis. Some interfacial enzymes bind only transiently to 

membranes and quickly dissociate from the membrane after turning over only a 

1.1	  
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small number of substrate molecules. These enzymes are thus termed “hopping” 

enzymes. Contrary to “hopping” enzymes, “scooting” enzymes remain associated 

with the membrane, processing all of the substrate within the membrane prior to 

dissociation148.  

 Like all enzymes, it is of interest to study the kinetic parameters of 

interfacial enzymes to better understand their mechanism of action and how they 

are regulated. To accomplish this, lipid substrates are often dispersed in vesicles 

in vitro where the reaction progress of an interfacial enzyme can easily be 

monitored. The initial rate of the reaction follows the equation: 

Vo = (Vmax * Xs * [So])/(ikm * Ks + ikm * [So] + Xs * [So])119                       1.2 

Here Xs refers to the surface concentration of substrate expressed as the mol 

fraction of total lipid. So is the bulk concentration of substrate. Ks is the 

dissociation constant of enzyme for vesicle where Ks = k-1/k1. It is equivalent to 

Kd. ikm is the interfacial Km. Here ikm = (k-2 + k3)/k2. Just as with the Km 

determined from the Michaelis-Menten equation, ikm can be used as an 

approximation of the enzyme’s affinity for substrate within the lipid 

bilayer119,148,154,159.   

The vesicles used in these assays often contain more than one type of 

lipid; the substrate lipid and at least one carrier lipid. The carrier lipid can be any 

type of lipid that has no stimulatory or inhibitory effects on the enzyme of interest. 

Thus, any effects of varying the concentration of carrier lipid should be due solely  
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Figure 9: The kinetic mechanism of an interfacial enzyme such as PTEN. Prior to 
accessing its lipid substrate an interfacial enzyme must first bind to the 
membrane which its substrate is embedded in. The enzyme can then act on its 
substrate, turning over a few or many substrate molecules before dissociating 
from the membrane.   
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to the accompanied varying surface concentrations of substrate lipid. Given that 

interfacial enzymes depend on both the bulk and surface concentrations of 

substrates, two types of experiments must be performed in order to calculate the 

kinetic parameters for the enzyme. The first type of experiment is a bulk dilution 

experiment in which the surface concentration of substrate is held constant while 

varying the bulk concentrations of the substrate and carrier lipid proportionately. 

A plot of the reaction rate versus the bulk concentration of substrate yields a 

rectangular hyperbola with apparent Vmax and Km values according to the 

following equations: 

appVmax = Vmax(ikm/Xs + 1)119,148                  1.3 

appKm = Ks(Xs/ikm + 1)119,148                        1.4 

The second type of experiment is a surface dilution experiment in which the bulk 

concentration of substrate is held constant while the surface concentration is 

varied by varying the amount of carrier lipid. A plot of the reaction rate versus the 

surface concentration of substrate yields a rectangular hyperbola that defines the 

true Vmax and where the apparent Km follows the equation: 

appKm = ikm(Ks/[S0] + 1)119,148         1.5 

 One important technical consideration when performing a surface dilution 

kinetic analysis on an interfacial enzyme is the ratio of the number of vesicles to 

the number of enzyme molecules in the reaction. The ratio must always be 3:1 

vesicles:enzyme or greater. This ensures that on average, no more than one 
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molecule of enzyme is present on a single vesicle at one time148,154,159. This is 

necessary to keep the percent turnover of lipid substrate within an individual 

vesicle under 10% where the rate of the reaction should still be linear. In order to 

calculate the number of vesicles within a reaction one must know three things: 

the number of lipids in the reaction, the size of the vesicles and the average 

surface area of the head groups of the lipids used. Using the equation for the 

surface area of a sphere (4𝜋𝑟!) along with the radius of the vesicles, it is possible 

to calculate how many lipids are incorporated into one vesicle of that given size. 

Knowing the total number of lipids in the reaction it is then possible to calculate 

the total number of vesicles, with the understanding that each vesicle is a lipid 

bilayer composed of two leaflets of lipids.  

 There are many different ways to generate vesicles for use in interfacial 

kinetic assays. One method to ensure vesicles are of uniform size is by the 

extrusion of lipid solutions through a polycarbonate filter119,160,161. Vesicles 

extruded through a filter will be the same diameter as the pore size of the filter. 

For example, vesicles generated with a 100 nm pore size filter will have a 

diameter of 100 nm. Extruded vesicles of this size are unilamellar, meaning they 

are one contiguous membrane with only water and buffer molecules in the hollow 

center. Vesicles can also be made by sonication of dried lipid films in the 

presence of buffered solutions. These types of vesicles are called small 

unilamellar vesicles (SULs) and typically have diameters of 30-60 nm160,161. 

Another type of vesicle are called large multilamellar vesicles (LMVs). These 
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vesicles are composed of vesicles within vesicles. The diameter of LMVs can 

vary greatly and be upwards of 1 µm. LMVs can be generated by repeated freeze 

thawing of dried lipid films in the presence of buffer or by the vigorous vortexing 

of a lipid/buffer solution160,161.  

 

Small Angle X-ray Scattering 

 Small Angle X-ray Scattering (SAXS) is a technique that utilizes X-ray 

scattering of macromolecules at very low angles. The data obtained from 

scattering at these low angles can be used to obtain information about the shape 

and size of the macromolecule responsible for scattering the X-rays162–167. The 

advantage SAXS has over the more traditional method of structural analysis X-

ray crystallography is that no crystals need to be obtained for data collection. The 

structural determination of proteins by NMR doesn’t require crystals but is limited 

to proteins of molecular weights of less than 30-40 kDa. SAXS is performed on 

concentrated proteins in solution with no limit to the molecular weight of the 

proteins or protein complexes being studied. Data collection is quick (less than 2 

minutes) and only requires the protein sample to be pure and monodispersed in 

solution168. The major disadvantages relative to crystallography and NMR is its 

low resolution and that the SAXS data is spatially averaged to account for the 

different orientations of protein macromolecules in solution163,164,167. The exact 

position of atoms in the macromolecule can therefore not be determined. Instead, 

molecular envelopes of the macromolecule are calculated ab initio using 
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modeling programs with a limit to the resolution of ~12-60 Å depending on the 

quality of the sample166,167,169–173. The relative structural resolution obtainable by 

SAXS compared to other structural determination techniques is shown in Figure 

10. Nevertheless SAXS has many important applications, especially for large 

macromolecules and macromolecular complexes in addition to studying protein 

dynamics. Small angle X-ray scattering is a complex and expansive field of 

study. Only the basics as they pertain to this thesis work will be discussed.  

 Protein samples should be greater than 95% pure based on coomassie 

staining167. They must also be monodispersed in solution at the protein 

concentrations at which data is collected. This must be verified by size exclusion 

chromatography167. The only other requirement before data collection is initiated 

is that the buffer solution that the protein sample is stored in must match exactly 

the buffer solution of the background buffer solution (blank) which will also be 

exposed to X-rays167–169. When the protein sample is bombarded with X-rays, 

every molecule in the solution will give rise to elastic X-ray scattering, including 

buffer molecules. It is therefore imperative to collect scattering data on the 

buffered protein sample and the buffer in the absence of the protein sample. 

Scattering data from the buffer is then subtracted from the protein sample to give 

only signal from the protein macromolecules in solution. Buffer matching is 

achieved by dialysis or gel filtration.  

 The protein samples are exposed to high energy X-rays and the scattering 

data is collected using a detector (Figure 11). The buffer subtracted, raw 
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scattering data yields all of the information necessary to obtain information about 

the size and shape of the protein molecules in solution. The raw scattering data 

is intuitively informative after an indirect Fourier transform171,172. This yields a p(r) 

plot as seen in Figure 11. The p(r) plot is the pair distance distribution plot. It is a 

histogram of electron pair distances (distances between atoms) within the 

macromolecule. Therefore the shape of the plot gives information about the 

shape and overall size of the molecule. It is used to calculate the radius of 

gyration (Rg) and maximum particle dimension (Dmax) of the protein167,168,172.  

SAXS data can be used to generate molecular envelopes of the proteins 

in solution. This is done using molecular modeling programs. There are several 

different modeling programs that can be used for this which use different 

constraints during the modeling process167,168. One program called DAMMIN 

assumes the protein is initially a perfect sphere containing much smaller balls 

within the sphere’s interior167,170. DAMMIN will then remove these smaller balls 

one at a time and generate the theoretical scattering curve for the resulting 

shape (Figure 12). It will repeat this process until the scattering data of the 

modeled shape fits to the experimental scattering data obtained from the protein 

sample. There is more than one three-dimensional structure for every scattering 

curve generated. This is the inherent challenge of generating three-dimensional 

structures from one-dimensional data. Because of this, modeling programs such 

as DAMMIN are typically run at least 10 times. The output of each DAMMIN run 

is then averaged using a program such as DAMAVER to converge on the most  
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Figure 10: The resolution of small angel X-ray scattering (SAXS). The resolution 
achievable using small angel X-ray scattering compared to the resolution of other 
frequently used methods for the structural analysis of macromolecules.  
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Figure 11: Small angle X-ray scattering (SAXS). (Top) Protein samples in 
solution are irradiated with X-rays produced from a synchrotron. Scattering data 
from the protein sample is collected with a detector. (Bottom) Differently shaped 
molecules give rise to different scattering profiles and pair distance distribution 
p(r) functions. Scattering and p(r) plots taken from Svergun et al. 2010. 
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Figure 12: Molecular envelope modeling using DAMMIN. DAMMIN generates 
molecular envelopes ab initio by simulated annealing of a dummy atom model. 
Theoretical scattering data from generated envelopes are then compared to 
experimental scattering data and the process is repeated until the theoretical 
matches the experimental.   
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likely structural conformation163,167,168,170. Because of this, SAXS is not as robust 

as X-ray crystallography or NMR. There is always the possibility that the 

structures obtained from the modeling programs are incorrect or misleading. 

Nevertheless molecular envelopes obtained from SAXS analysis have often 

proven to be in close agreement with X-ray crystal structures in the literature173. 

Proper sample preparation and data processing is required to reduce the 

chances for error in molecular envelope modeling.   

 

Summary 

 The importance of PTEN as a tumor suppressor is demonstrated by its 

high frequency of inactivation in many different types of somatic cancers and 

cancer predisposition syndromes. PTEN’s ability to turn off the PI3K/PTEN/AKT 

signaling pathway by dephosphorylating PIP3 is central to its tumor suppressive 

ability. Although much research has gone into studying PTEN and its functions, 

important questions still remain about the most basic forms of PTEN regulation 

including phosphorylation of the S380/T382/T383/S385 cluster on its C-terminal 

regulatory tail. We aim to answer some of these questions by studying the 

biochemical and biophysical properties of phosphorylated and unphosphorylated 

semisynthetic PTEN.   
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Chapter 2: Generation of Semisynthetic PTEN 
 

Introduction 

 As discussed in Chapter 1, phosphorylation of PTEN has been given 

considerable attention in the literature100,101,108–110,126,129,133. PTEN has been 

shown to be phosphorylated at multiple positions on its C2 domain as well as its 

C-terminal tail (Figure). The C2 domain of PTEN can be phosphorylated at amino 

acids Thr223, Ser229, Thr319 and Thr321 by the kinase Rock126 while the tail 

can be phosphorylated at amino acids Ser363, Thr366, Ser370, Ser380, Thr382, 

Thr383 and Ser385 by the kinases GSK3β, CK2 and perhaps others100,101,108,129. 

Phosphorylation of PTEN has been proposed to affect the membrane 

localization109, nuclear localization62, stability100,110,113, activity109 and protein 

binding partners124,136,174 of PTEN. PTEN is thought to be phosphorylated on its 

C-terminal tail at positions Ser380, Thr382, Thr383 and Ser385 most of the time, 

with only a few conditions being known to modulate the phosphorylation state of 

this phospho cluster132–134. There has yet to be a rigorous characterization of 

purified, tail phosphorylated PTEN.  

 Mutation of the S380/T382/T383/S385 cluster to alanines has been 

shown to change the sub-cellular localization PTEN109,175. In cellular 

experiments, PTEN that contains the wild type S380/T382/T383/S385 cluster and 

tagged with a GFP fluorophore at its C-terminus is located predominantly in the 

cytosol. When the cluster is mutated to the tetra-alanine form, the transfected 
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PTEN molecules accumulate at the plasma membrane and within the nucleus of 

the cell109,175. The observed effect has been assumed to be due to the presence 

of phosphorylation at the S380/T382/T383/S385 cluster in wild type PTEN and 

the absence of the phosphorylation in the tetra-alanine mutant. The mechanism 

by which this occurs is poorly understood. It has been proposed that a 

conformational change in the PTEN protein induced by phosphorylation could be 

the cause of the changes in cellular localization109,137. In this model 

phosphorylated PTEN would undergo a conformational change in which the 

phospho-tail binds somewhere on the PTEN molecule, preventing it from binding 

to the plasma membrane. When dephosphorylated, PTEN would adopt a 

conformation that is free to associate with the plasma membrane. In another 

model, phosphorylation of PTEN could affect its binding interactions with other 

proteins which would then dictate its subcellular localization. There are several 

proposed examples of the binding of PTEN to other proteins being affected by 

the tetra-alanine mutated state of the S380/T382/T383/S385 cluster of the 

tail124,136,174.  

 In prior studies of PTEN phosphorylation, the effects of phosphorylation 

have been deduced by comparing wild type, phosphorylatable PTEN and the 

tetra-alanine, unphosphorylatable PTEN mutant. This can cause misleading 

results since the introduction of mutations into a protein can lead to unintended 

consequences in addition to the intended lack of phosphorylation. In the case of 

PTEN, analysis of the tetra-alanine mutant has led to conflicting results when 
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studying the stability of PTEN conferred by tail phosphorylation100,131. 

Additionally, the phosphorylation state of proteins can change under different 

conditions within the cell. It is not possible to know what percentage of wild type 

PTEN molecules are phosphorylated or to what stoichiometry. Some studies 

have attempted to phosphorylate PTEN in vitro with CK2 kinase. In these cases, 

it is still not possible to determine to what extent PTEN is phosphorylated, and it 

is likely that excessive phosphorylation with large quantities of CK2 could 

phosphorylate other unintended sites in addition to the S380/T382/T383/S385 

cluster. This could lead to ambiguity as to whether the observed affects if any are 

due to phosphorylation of the S380/T382/T383/S385 cluster or to other sites that 

are inadvertently phosphorylated by the kinase.  

In studies pertaining to PTEN conformational changes associated with tail 

phosphorylation, potential conformational changes have been looked at indirectly 

through in trans co-immunoprecipitation experiments109,137. In these experiments, 

two segments of the protein containing artificial tags were expressed within cells 

and the binding of one segment to another was determined by western blot 

analysis after immunoprecipitation. Because these proteins were expressed 

within cells and not purified, the possibility that the binding interaction is being 

mediated by a third protein remains plausible. Again mutations of the 

S380/T382/T383/S385 cluster to alanine were used to simulate the 

unphosphorylated tail state.  
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 To circumvent the issues discussed above we have employed expressed 

protein ligation to generate semisynthetic PTEN in its phosphorylated and 

unphosphorylated forms. In doing so it is possible to study the direct effects of 

PTEN phosphorylation in a purified system in vitro without having to mutate the 

S380/T382/T383/S385 cluster to alanines and with known stoichiometry of 

phosphorylation. Any conformational changes associated with tail 

phosphorylation can be studied in cis with the natural polypeptide intact and 

without having to engineer unnatural tags (GFP, FLAG) onto the protein. As 

discussed in Chapter 1 the utilization of this technique requires a cysteine at the 

ligation site. Given that PTEN does not contain any cysteines on its C-terminal 

tail, Tyr379 was mutated to a cysteine to facilitate the native chemical ligation 

reaction.  

 

Methods 

Peptide Synthesis: 

 All peptides were synthesized on a PS3 peptide synthesizer from Protein 

Technologies using standard Fmoc based solid phase peptide synthesis176–179. 

The unmodified (unphosphorylated) peptide pertaining to amino acids 379-403 of 

the PTEN tail was synthesized by double coupling every amino acid. Tyr379 was 

replaced with a Cys for the purposes of expressed protein ligation (EPL). Fmoc 

amino acids were deprotected for 10 minutes a total of 5 times with 20% 
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piperidine in DMF. Coupling times were 1.5 hours. The phosphorylated tail 

peptide was synthesized using Fmoc-phospho-serine and Fmoc-phospho-

threonine from EMD. The phosphate groups were mono-protected by O-benzyl 

groups during the synthesis. Phospho-serine was used at amino acids 380 and 

385. Phospho-threonine was used at amino acids 382 and 383. Phospho-amino 

acids were double coupled for 3 hours each. Asp381, Asp384 and Cys379 were 

triple coupled for 3 hours each. All peptides ending in amino acid number 403 

were synthesized on Wang resin to yield a carboxylic acid at the C-terminus of 

the peptide after peptide cleavage from the resin. Peptides ending in amino acid 

number 395 were synthesized on Rink amide resin but otherwise synthesized 

identically to the full length 25mer tail peptide. All peptides were cleaved from the 

resin and deprotected using reagent K (trifluoroacetic acid:ethane dithiol:water: 

thioanisole, phenol – 82.5%:2.5%:5%:5%:5%) then purified by reversed phase 

C18 HPLC and lyophilized.  

 

Generation and Purification of Semisynthetic PTEN: 

 PTEN C-terminally truncated at residue 378 was first subcloned into the 

pTXB1 vector from NEB which contains the GyrA intein from the organism 

Mycobacterium xenopi180,181. Tyr379 was mutated to a Cys to facilitate the intein 

mediated cleavage reaction. The PTEN-intein-CBD DNA sequence was then 

subcloned into the pFastBac1 baculovirus entry vector and the subsequent 
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bacmid was generated in DH10Bac E.coli according to the protocols outlined in 

the Bac-to-bac insect cell expression system from Invitrogen (10359-016)182. 

Baculovirus was generated in SF21 insect cells. Second generation (P2) virus 

was used to infect 1 L of High Five insect cells for protein expression at a 

multiplicity of infection of 1. High Five cells were grown in shaking flasks in the 

presence of 10 U/mL of heparin. Flasks were allowed to shake at 115 rpm for 48 

hours.  

 After 48 hours the High Five insect cells were pelleted by centrifugation 

and resuspended in lysis buffer (50 mM Hepes pH 8.0, 150 mM NaCl, 1 mM 

EDTA, 10% glycerol and 0.1% triton X-100). Cells were lysed by 40 passes of a 

Dounce homogenizer. The lysate was the pelleted at 27,000 X g for 40 minutes. 

The supernatant from the cell lysate which contained the PTEN-intein-cbd fusion 

protein was first passed over a 5 mL bed of fibrous cellulose (Whatman) to 

remove viral chitinase, then bound to chitin beads (5 mL bed volume) from NEB 

by gravity flow. Full length semisynthetic PTEN was then generated on the chitin 

column by adding 400 mM MESNA and 2 mM of C-terminal peptide buffered with 

50 mM HEPES (pH 7.2), 150 mM NaCl. C-terminally truncated PTEN (t-PTEN) 

was purified the same way but cleaved from the intein with 50 mM DTT buffered 

with 50 mM HEPES (pH 7.2), 150 mM NaCl. The ligation reactions were carried 

out for 48-72 hrs at room temperature. Upon completion of the ligation reaction 

the ligation mixture was eluted from the chromatography column with 15 mL of 

dialysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 10 mM DTT) and subsequently 
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dialyzed into 4 L of dialysis buffer for a period of 48 hrs with multiple buffer 

exchanges in a dialysis cassette (Slidealyzer) with a 12 K MWCO in order to 

remove excess unreacted peptide. Proteins were then concentrated following 

dialysis to >5 mg/mL (>100 µM). We estimate that there is less than 10 µM of 

residual unligated peptides at this stage.  Due to large dilutions (>1000-fold) of 

the semisynthetic enzyme for enzymatic and other biochemical assays, small 

amounts of residual contaminating peptide remaining after dialysis would not be 

expected to interfere with any assays. Semisynthetic PTEN proteins produced in 

this way yields 8-10 mg of protein per liter of insect cell culture with the desired 

modifications on the C-terminus at purities of greater than 90% based on 

Coomassie stained SDS-PAGE. 

The semisynthetic PTEN protein was further purified for SAXS and other 

biochemical experiments by anion exchange chromatography (mono Q) using an 

AKTA FPLC from GE Healthcare. Proteins were purified with a gradient of 0-50% 

Buffer B over 250 mL at a flow rate of 1.0 mL/min. (Buffer A: 50 mM Tris pH 8.0, 

10 mM DTT; Buffer B: 50 mM Tris pH 8.0, 1.0 M NaCl, 10 mM DTT). Size-

exclusion chromatography was carried out with a Superdex 200 column in the 

following buffer: 50 mM Tris pH 8.0, 150 mM NaCl, 10 mM DTT. After FPLC 

purification PTEN protein was concentrated to between 1 and 14 mg/mL in 50 

mM Tris pH 8.0, 150 mM NaCl and 0-10% glycerol. The PTEN protein was then 

aliquoted and stored at -80 ⁰C. Semisynthetic PTEN protein made and stored in 

this way was stable for at least 12 months. Semisynthetic PTENs produced in 
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this way yields ~2-3 milligrams of protein per liter of insect cell culture with the 

desired modifications on the C-terminus at purities of greater than 90%.   

 

Results 

 Using expressed protein ligation (EPL) to generate semisynthetic proteins 

requires the protein to first be made in two segments prior to ligating the two 

together to yield the full length semisynthetic protein (Figure 13A). The N-

terminal segment must be expressed recombinantly as an intein fusion protein. 

The C-terminal segment is synthesized by standard peptide synthetic techniques 

then ligated to the intein generated thioester at the C-terminus of the N-terminal 

segment.   

Initial attempts to produce large quantities of PTEN-intein-CBD fusion 

protein in E. coli proved fruitless. The majority of the fusion protein was 

expressed insolubly in inclusion bodies. Many different techniques and protocol 

modifications were used in attempt to increase protein production. Two different 

intein fusion protein constructs from NEB (pTXB1 and pTYB2) were used but 

yielded comparable amounts of fusion protein (~50 µg/L of culture). Several 

different commonly used E. coli expression strains were employed along with low 

expression temperatures but did not increase soluble protein yield. GST fusion 

proteins often increase the amount of soluble protein being expressed from 

various expression systems. However GST-PTEN-intein-CBD fusion proteins 
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proved to be completely insoluble. Oftentimes the position of the ligation site at 

the C-terminus of the EPL protein (PTEN) and the N-terminus of the intein can 

affect the yield and solubility of the fusion protein. However changing the 

truncation site and therefore the ligation site on the C-terminus of PTEN also did 

not increase fusion protein yield but did cause the thioester generated at the 

ligation site of a large percentage of the protein to be cleaved within the E. coli 

cells. Lastly molecular chaperone proteins were co-transformed into the E. coli 

cells to aid in the proper folding of the PTEN-intein-CBD fusion protein. This final 

effort did increase yields moderately, up to 200 µg/L of culture, however these 

yields would still be too low for the quantities of proteins needed for biophysical 

experiments in the future. Additionally this caused large quantities of chaperone 

to co-purify with PTEN such that PTEN could only be purified to approximately 

60% purity. This could possibly be due to the fusion protein not being completely 

folded properly even in the presence of co-expressed chaperone, causing the 

chaperone to stick to the semisynthetic PTEN molecule when it was eluted from 

the chitin affinity column.  

 Due to the difficulties of expressing PTEN-intein-CBD fusion protein in an 

E. coli expression system, we decided to attempt to produce the fusion protein in 

insect cells using baculovirus. Historically, the expression of such intein-cbd 

fusion proteins in insect cells has proven quite difficult to researchers working 

with expressed protein ligation. One potential reason for this is that baculovirus 

encodes and expresses chitinase. Chitinase is an enzyme that hydrolyzes chitin. 
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Intein-CBD fusion proteins are affinity purified with chitin covalently linked to a 

solid support of beads. Chitinase competes with CBD (chitin binding domain) for 

the chitin beads. Chitinase also hydrolyzes the chitin, eliminating binding sites for 

intein-CBD fusion proteins. Intein fusion proteins may also have the propensity to 

cleave the intein generated thioester within insect cells prior to purification of the 

fusion protein. This could be due to high levels of endogenous thiol within insect 

cells. These factors may lead to decreased yields of the desired intein fusion 

protein when using baculovirus/insect cell expression systems.  

 Despite the historical difficulties of expressing intein fusion proteins in 

insect cells, we were able to produce large quantities of PTEN-intein fusion 

protein in insect cells after optimizing a few expression and purification 

conditions. Initial attempts to express the protein in SF9 and SF21 insect cells 

produced low amounts of protein that could only be visualized by western blot 

with an anti-CBD antibody. However High Five insect cells produced massive 

amounts of the fusion protein. Even though about 50% of the fusion protein 

remained insoluble or had its thioester cleaved within the insect cells, the yield of 

soluble C-terminally truncated PTEN protein from 1 L of culture was 

approximately 10 mg after DTT cleavage of the thioester. Viral chitinase was 

removed by passing the lysate over a bed of fibrous cellulose prior to binding the 

fusion protein to chitin beads. Cellulose selectively binds to chitinase while 

having minimal affinity for the intein-cbd fusion protein. 
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 With the PTEN-intein fusion protein being expressed in ample quantities, 

all that was need to generate semisynthetic PTEN was the C-terminal tail peptide 

that would be ligated to the intein generated thioester on the C-terminus of the 

recombinant PTEN protein. The tail peptide was needed in its phosphorylated 

and unphosphorylated form. Synthesis of these tail peptides proved to be just as 

difficult as expressing the N-terminal PTEN-intein fusion protein. Initially, the 

ligation site at the C-terminus of PTEN was chosen to be at amino acid position 

362. This would have required the synthesis of a 42 amino acid peptide and the 

mutation of Ser362 to a Cys to facilitate the native chemical ligation reaction. 

Using standard solid phase Fmoc based peptide synthesis, the 42mer 

unphosphorylated PTEN tail was readily synthesized with decent yields on a PS3 

peptide synthesizer from Protein Technologies. Unfortunately, the 42mer 

phosphorylated peptide with amino acids Ser380, Thr382, Thr383 and Ser385 

phosphorylated proved impossible for us synthesize. It is widely accepted that 

phosphorylated peptides are significantly more difficult to synthesize than their 

unphosphorylated counterparts. This is at least partially because phosphates and 

their protecting groups used during peptide synthesis are large and bulky, 

leading to steric hindrance during the chemical coupling reaction of the phospho-

amino acid and of subsequent amino acids. The phosphates are typically mono-

protected, meaning only one of the negative charges on the phosphate is 

masked by a protecting group. Therefore, if the phospho-peptide requires there 

to be multiple phospho-amino acids in close proximity to each other, there could 

be repulsion of negative charges in addition to steric hindrance leading to lower 
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coupling efficiency. The phosphorylated PTEN tail peptide may be particularly 

difficult to make given that there are four phosphorylated amino acids clustered 

within six amino acids. There is likely both steric hindrance and repulsion of 

negative charges leading to a decrease in coupling efficiency and therefore final 

yields.  

Adding to the difficulty of synthesizing the phosphorylated PTEN tail 

peptide is that phosphorylated peptides do not give large ionization/detection 

signals in mass spectrometry183,184. Multi-phosphorylated peptides give lower 

signals than singly phosphorylated peptides, further decreasing the signal. This 

made it difficult to ascertain whether or not the peptide was being synthesized or 

not. To surmount this problem MALDI matrix containing ammonium citrate was 

used with the mass spectrometer set to negative mode. Ammonium citrate is 

known to increase the signal obtained from a phosphorylated peptide in MALDI 

mass spectrometry185. Negative mode also enriches the signal from negatively 

charged species, further enhancing the low signal186. After the addition of each 

amino acid a small portion of the growing peptide chain was cleaved from the 

resin and monitored by MALDI-TOF to determine if the previous reaction 

occurred or not.  

Several different approaches were taken in attempt to successfully 

synthesize the phospho-42mer. Because the unphosphorylated 42mer was 

easily made, it was likely that the addition of phospho-amino acids was 

responsible for our problems. We therefore focused on optimizing the addition of 
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the phospho-amino acids and the amino acids added after the phospho amino 

acids. Longer reaction/coupling times of the phospho amino acids did appear to 

increase yields. Typical coupling times in Fmoc based peptide synthesis are 1.5 - 

2 hrs. Coupling times for the phospho-amino acids were increased to 6 - 12 hrs 

and were coupled by hand to ensure adequate washing in between deprotection 

and coupling steps. After coupling all of the phospho amino acids manually, the 

peptide was put on the PS3 synthesizer to complete the remainder of the 

peptide, however this never lead to any of the desired complete 42mer phospho 

peptide after purification.  

The correct synthesis of the desired peptide can be blocked by the buildup 

of side products that sterically hinder the desired reaction. To prevent this and to 

more easily purify the final product, free amines at the growing N-terminus can by 

capped by acetic anhydride which effectively terminates the extension of 

incompletely coupled peptide chains. This approach eliminated any desired 

product after the addition of the phospho amino acids even before attempting to 

complete the full 42mer. This could be due to the fact that the phosphates are 

only mono protected, leaving one hydroxyl to react with the acetic anhydride. 

This could form an asymmetric anhydride on the growing peptide that could then 

cap the N-terminal amine after deprotection, thereby preventing the addition of 

the next amino acid.  

After many unsuccessful attempts to synthesize the 42mer phospho-

peptide, we decided to shorten the length of the peptide to just after the phospho-
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cluster given that we could successfully synthsize the phosphorylated peptide up 

to amino acid 378, albeit at significantly lower yields than the unphosphorylated 

peptide. We thus decided to mutate Tyr379 to a Cys to facilitate the native 

chemical ligation reaction and synthesize a phospho-peptide 25 amino acids in 

length (Figure 14A). Ideally, we would have liked to mutate a Ser, Ala or Met to a 

Cys which would have been a more conservative mutation. However, given the 

constraints of the length of peptide that could be synthesized, Tyr379 was the 

best option. Cys is not similar to Tyr in terms of bulk and hydrophobicity but the 

two amino acids do have similar pKa values (Cys ~9; Tyr ~10). The 

unphosphorylated and phosphorylated 25mer PTEN tail peptides were 

successfully synthesized and purified (Figure 14B, C). Changing the ligation site 

to Tyr 379 of course required changing the truncation site on the C-terminus of 

PTEN in the PTEN-intein fusion protein. Fortunately this did not change the 

expression yield of the fusion protein in the High Five insect cells.  

With the two components required for expressed protein ligation in hand, 

semisynthetic PTEN was generated in its unphosphorylated and its fully 

phosphorylated (pSer380/pT382/pT383/pS385) form (Figure 13B). 

Unphosphorylated PTEN and phosphorylated PTEN will be referred to as n-

PTEN and 4p-PTEN respectively for the remainder of this thesis. Additionally C-

terminally truncated PTEN (t-PTEN) at amino acid 378 was made to compare the 

affects of removing a portion of the tail on various PTEN activities (Figure 15). 

The ligation reaction proceeded to near completion over 48 – 72 hrs with the  
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Figure 13: Generation of semisynthetic PTEN proteins. (A) C-terminal PTEN tail 
peptides (aa 379 – 403) are ligated to the C-terminal thioester containing body of 
PTEN (aa 1 – 378). (B) The reaction proceeds over 72 hrs yielding full length 
PTEN.  
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Figure 14: Synthesis of PTEN C-terminal tail peptides. (A) The amino acid 
sequences of the unmodified and phosphorylated tail of PTEN with amino acids 
Ser380, T382, T383 and S385 either unphosphorylated or phosphorylated. (B) 
MALDI-TOF mass spectrum of the unmodified tail peptide. Expected mass: 2852 
(m/z). (C) MALDI-TOF mass spectrum of the phosphorylated tail peptide. 
Expected mass: 3172 (m/z). MALDI induced fragmentation of phosphates results 
in the loss of 95 mass units for each phosphate which is seen in the series of four 
peaks preceding the major peak of the desired mass at 3172. 
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Figure 15: Schematic view of semisynthetic PTEN proteins. n-PTEN and 4p-
PTEN are full length (aa 1 – 403) and contain the Tyr379 to Cys mutation. t-
PTEN contains amino acids 1 – 378. 
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upper band corresponding to the mass of full length PTEN (Figure 13B). The 

correct theoretical masses of the semisynthetic proteins were verified by MALDI-

TOF with the expected 320 mass unit increase for 4p-PTEN (Figure 16A, B). The 

presence of the phosphorylated cluster in 4p-PTEN was also verified using a 

commercially available antibody to the phospho cluster. With this antibody, intact 

phospho cluster in 4p-PTEN is detected by western blot while n-PTEN is not  

(Figure 17). Both n-PTEN and 4p-PTEN eluted as monomers on a size exclusion 

column (Figure 18). 

There have been reports of PTEN possessing auto-phosphatase activity, 

meaning it can remove its tail phosphates. However semisynthetic 4p-PTEN 

generated in the presence of a PTEN inhibitor (VO-OHpic) showed identical tail 

phosphorylation status compared to 4p-PTEN generated in the absence of this 

inhibitor (Figure 19A). Additionally 4p-PTEN incubated with n-PTEN for a period 

of up to 24 hrs showed little to no appreciable removal of tail phosphates while 

alkaline phosphatase readily removed tail phosphates as measured by western 

blot (Figure 19B).  

There was some concern that the Tyr379 to Cys mutation could affect the 

activity of PTEN. We therefore expressed and purified WT GST-PTEN and 

Y379C GST-PTEN from E. coli and tested their enzymatic activity in vitro. 

Phosphatase activity with a soluble PIP3 substrate was nearly the same for the 

pair (Figure 20). Phosphate release was monitored by malachite green 

detection187,188.  
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Figure 16: MALDI-TOF of semisynthetic PTEN proteins. (A) Unphosphorylated 
semisynthetic PTEN (n-PTEN) (expected mass: m/z 47106.2). (B) 
Phosphorylated semisynthetic PTEN (4p-PTEN) (expected mass: m/z 47426.2). 
The spectra for A and B were normalized to the external reference bovine serum 
albumin. The approximate accuracy for the mass spectrometric measurements of 
these protein masses is +/- 50 Da. 

  



65	  
	  

 

 

 

 

 

Figure 17: 4p-PTEN contains the phospho S380/T382/T383/S385 cluster intact. 
Western blot with an antibody to the phospho cluster shows 4p-PTEN but not n-
PTEN is phosphorylated. Phosphorylated PTEN was detected using a 1:1000 
dilution of anti phospho-S380/T382/T383 from Novus Biological. Total PTEN was 
detected using a 1:1000 dilution of an antibody recognizing the phosphatase 
domain of PTEN form Santa Cruz Biotechnologies.  
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Figure 18: Size exclusion chromatography of n-PTEN and 4p-PTEN. The 
chromatograms and elution volumes of (A) n-PTEN and (B) 4p-PTEN purified by 
FPLC on a size exclusion column (Superdex 200). (C) The chromatogram of 
protein standards on a size exclusion column (Peak A: thyroglobulin, 
MW=670,000, elution vol. = 8.7 mL; Peak B: gamma globulin, MW=158,000, 
elution vol. = 9.7 mL; Peak C: ovalbumin, MW=44,000, elution vol. = 14.6 mL; 
Peak D: myoglobin, MW=17,000, elution vol. = 16.3 mL; Peak E: vitamin B12, 
MW=1350, elution vol. = 19.5 mL). 
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Figure 19: Determination of autophosphatase activity of PTEN. (A) Generation of 
4p-PTEN by expressed protein ligation in the presence or absence of 25 µM VO-
OHpic, a potent PTEN inhibitor monitored by western blot. (B) 50 ng of 4p-PTEN 
treated with 2 µM n-PTEN (left) or 1 µM calf intestinal phosphatase (right). 
Dephosphorylation of the phospho tail is monitored by western blot.  
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Figure 20: Activity of Y379C PTEN mutant. Phosphatase assays using diC6 PIP3 

for WT GST-PTEN and Y379C GST-PTEN purified from E. coli. Data are 
reported as the mean +/- the SEM of three experiments performed in duplicate. 
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Discussion 

 The generation of semisynthetic PTEN in its unphosphorylated and fully 

phosphorylated forms allow for the characterization of phosphorylated PTEN for 

the first time. PTEN is thought to be phosphorylated most of the time in vivo 

though the extent and stoichiometry of phosphorylation is unknown. Only a few 

conditions in specialized cell lines have been found to modulate the 

phosphorylation level of PTEN132–134. Previous studies have relied exclusively on 

mutations to study PTEN phosphorylation at the Ser380, Thr382, Thr383 and 

Ser385 cluster. Using semisynthetic 4p-PTEN, PTEN phosphorylation can be 

studied without mutating the phosphorylation sites to Ala and without having to 

assume that WT PTEN expressed in eukaryotic cells is phosphorylated. Any 

conformational changes associated with PTEN phosphorylation can be studied in 

cis rather than in trans using 4p-PTEN. 4p-PTEN and n-PTEN could potentially 

be used to study other affects of PTEN phosphorylation that are not examined in 

this thesis such as protein-protein interactions, ubquitinylation and PTEN stability 

among others.  

 Although we do not detect any autophosphatase activity for PTEN in vitro, 

it is possible that PTEN may possess autophosphatase activity in vivo. There 

may be other proteins responsible for binding to PTEN’s tail and presenting it in 

such a way that allows for PTEN to hydrolyze its tail phosphates. It is important 

to note that the detection of any autophosphatase activity in this thesis was 

monitored with a polyclonal antibody raised to the phospho cluster 
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phosphorylated three times at Ser380, Thr382 and Thr383. Therefore the 

removal of pSer385 may not be detectable with this antibody. Also, it is unknown 

if the removal of a single phosphate at either of the other three sites could be 

detectable with this antibody. Though no dephosphorylation was detected during 

the ligation reaction in the absence of PTEN inhibitor VO-OHpic, it is possible 

that the conditions of the ligation reaction are not suitable for PTEN phosphatase 

activity (400 mM MESNA, 2 mM phospho-peptide). It is also possible that 4p-

PTEN which is phosphorylated four times is in a conformational state that is 

closed off to dephosphorylation by itself. PTEN is thought to be phosphorylated 

most of the time in vivo but it is unknown what percentage of the protein is 

phosphorylated four times on the S380/T382/T383/S385 cluster. 

 No difference in the activity between WT GST-PTEN and Y379C GST-

PTEN was detected against a soluble PIP3 substrate with the malachite green 

detection assay. While this is encouraging it is not conclusive evidence that the 

Tyr to Cys mutation required for expressed protein ligation does not alter PTEN 

activity in some way. It may be that the Y379C mutation is only relevant with 

respect to vesicle based substrate. The Y379C mutation was not examined in the 

context of the phospho PTEN protein. If there is a conformational change that 

affects PTEN activity when PTEN is phosphorylated, the mutation may only 

affect PTEN’s various activities when PTEN is phosphorylated. There is no easily 

testable experiment to determine this. Even if the Y379C mutation has no affect 
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on 4p-PTEN activities by itself, it could alter reported protein-protein interactions 

requiring the tail phospho cluster to be intact.  
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Chapter 3: The Effects of Phosphorylation on PTEN 
Function 
 

Introduction 

 Phosphorylation of PTEN has been proposed to modulate many different 

PTEN functions including but not limited to: protein stability100,129,131, plasma 

membrane recruitment109,175, nuclear localization62, modulating other 

posttranslational modifications (including ubiquitinylation113,116,117, acetylation189 

and sumoylation112), altered catalytic activity109,137, conformational changes109,137 

and altered protein-protein interactions124,136,174. Though it would be nice to 

examine all of these proposed phosphorylation dependent activities and 

functions with semisynthetic 4p-PTEN, the time required to do so would be 

prohibitive during the time span of a graduate student’s thesis work. We instead 

decided to examine the most basic effects of PTEN phosphorylation on PTEN 

enzymatic activity, membrane binding ability and structural conformation. This 

work is outlined in the next three chapters of this thesis. 

 PTEN has been shown to possess phosphatase activity against both 

peptide and lipid substrates34,94,119,135. PTEN’s activity to peptide substrates in 

vitro is very low and concrete evidence that these peptide substrates are 

legitimate PTEN substrates in vivo is weak94. On the other hand, PTEN activity to 

its lipid substrate PIP3 is much higher in vitro and its lipid phosphatase activity 

has been linked to its tumor suppressor ability in vivo18,34,119. The majority of 
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studies involving PTEN catalytic activity have used soluble lipid PIP3 substrates 

due to their ease of use. Soluble lipid substrates contain short aliphatic chains 

linked to the glycerol backbone of the lipid causing them to be monodispersed in 

aqueous solutions. While PTEN activity with soluble substrates is easier to study, 

these substrates may not capture functions of membrane embedded PIP3. We 

therefore decided to examine PTEN enzymatic activity with long chain PIP3 

embedded in vesicles in addition to soluble substrates to get a better 

understanding of how phosphorylation affects PTEN functions when bound to 

membranes versus when it is in solution. One of the added advantages of 

performing an interfacial kinetic analysis for an interfacial enzyme such as PTEN 

is that the membrane binding affinity of the protein can be determined using 

steady state kinetic measurements.  

 There are several methods that can be used to directly measure a 

protein’s ability to bind to phospholipid membranes including surface plasmon 

resonance (SPR)190,191, fluorescence anisotropy192,193, nuclear magnetic 

resonance (NMR)194,195 and vesicle sedimentation experiments51. Several of 

these methods can be used to precisely determine the equilibrium binding 

constants of the protein of interest to the phospholipid membrane. Low 

technology techniques such as vesicle sedimentation assays are used to 

estimate the relative amount of protein bound to lipid membranes.   

 A very influential regulator of PTEN function in vivo has been shown to be 

the lipid composition of membranes95,96,99,109,125,175,196. The phospholipids PIP2 
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and phosphatidylserine (PS) are particularly important95,96,119,175. PTEN 

localization at the plasma membrane is dependent on the amount of PIP2 within 

the membrane96,96. PIP2 also targets PTEN to vesicle membranes in vitro51. 

PTEN enzymatic activity is allostercially activated by PIP2 as well119. The effects 

of PIP2 are dependent on a native, structurally intact N-terminus of PTEN, 

corresponding to the first 15 amino acids of the protein96,109. PS also enhances 

PTEN’s membrane binding ability and has been suggested to bind the C2 

domain of PTEN specifically99,119. A number of point mutations on the membrane 

binding surfaces of both the phosphatase and C2 domain that disrupt PTEN’s 

ability to bind membranes have been identified in tumors with increased signaling 

through the PI3K/PTEN/AKT signaling pathway51,119.  

 In this chapter we characterize the enzymatic activity of the semisynthetic 

phosphorylated and unphosphorylated PTEN proteins discussed in the previous 

chapter with both soluble and membrane embedded PIP3 substrates. Differences 

in membrane binding ability were examined using a vesicle sedimentation assay.  

 

Methods 

Soluble Substrate Activity Assay: 

 PTEN activity with a water soluble substrate (diC6-PIP3) was determined 

by measuring the release of inorganic phosphate with a malachite green 

detection kit from R and D Biosystems187,188. 25 µL reactions were allowed to 
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proceed for 5-10 minutes at 30 ⁰C in assay buffer (50 mM Tris pH 8.0, 10 mM 

BME) before being quenched by malachite green reagent A according to the 

manufacture’s protocol. Amounts of PTEN used per data point ranged from 0.5 to 

20 µg.  Reactions were shown to be linear with respect to time and enzyme 

concentration in the ranges used.   

 

Generation of Radiolabed PIP3: 

 Radiolabeled PIP3 was generated as previously described119. PIP3 labeled 

with 32Pi at the 3’-position of the inositol ring was generated by incubating PI3K 

(Echlon) and PIP2:PS (1:1) vesicles in the presence of 250 µCi γ-32P-ATP, 1 mM 

ATP and 2.5 mM MgCl2 in PI3K assay buffer (25 mM HEPES pH 7.6, 120 mM 

NaCl and 1 mM EGTA) for 1 hour. The total reaction volume was 500 µL. The 

reaction was stopped by the addition of 50 µL 3 M HCl. The radiolabeled PIP3 

was then isolated by performing a Bligh-Dyer extraction with 

chloroform:methanol:3 M HCl (1:2:1) in a 1 mL volumn197. Preparatory thin-layer 

chromatography (TLC) (Analtech) showed radiolabeled PIP3 to be the major 

product by comparison to an unlabeled standard. The radiolabeled PIP3 was 

visualized by exposure of the TLC plate to autoradiography film. The unlabeled 

PIP3 was visualized by iodine staining. TLC plates were run in the following 

solvent conditions: [CHCl3:Acetone:MeOH:Acetic Acid:H2O]; [70:20:50:20:20]. 
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Radiolabeled PIP3 was stored in 95:5 chloroform:methanol at -20 °C for up to 

three weeks at a concentration of 4 mg/mL total lipid.  

 

Vesicle Based Phosphatase Assays: 

Lipid phosphatase assays were modified from those already described in 

the literature119.  3’-32P-PIP3 was incorporated into vesicles containing unlabeled 

PIP3, Phosphatidylcholine (PC), and/or Phosphatidylserine (PS) and/or PIP2 by 

sonication of dried lipids hydrated in the presence of 100 – 300 µL PTEN assay 

buffer (50mM Tris pH 8.0, 150 mM NaCl, 10 mM DTT, 1 mM EGTA). The specific 

activity of 32P-PIP3 ranged from 3 – 10 mCi/nmol PIP3. Lipids were first dried 

under a stream of nitrogen in glass test tubes. The lipid film was then hydrated in 

assay buffer at 50⁰C for 20 minutes.  Lipids were sonicated in 100 µL volumes in 

glass test tubes at room temperature until the solution clarified. Depending on the 

amount of lipid in the tube this could take anywhere from 20 minutes to 2 hours.  

Vesicles made in this way are 30-50 nm in diameter160,161. Vesicles were used in 

assays within 15 min of being made.  In assay reactions, the ratio of the number 

of vesicles to the number of PTEN molecules was maintained at 4:1 or greater. 

Ovalbumin (0.05 mg/mL) from Sigma-Aldrich was used to stabilize the PTEN 

protein in the assays. 25 µL reactions were initiated by the addition of vesicle 

substrate and incubated at 30⁰C for 3 minutes. The reaction was quenched with 

5 µL 3 M perchloric acid. Hydrolyzed 32Pi was then separated from 32P-PIP3 by 
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using a Bligh-Dyer197 extraction with CHCl3, methanol and 3 M perchloric acid. 

The aqueous phase was then treated with 400 µL of 1% ammonium molybdate 

and the resulting phosphate-molybdate complex was extracted with 500 µL 

toluene:isobutanol (1:1). This organic phase was then counted using a Beckman 

scintillation counter. 

 

Interfacial Kinetic Analysis: 

 Analysis of the kinetic parameters of the semisynthetic PTEN proteins 

were determined in accordance with the procedures pioneered by Dennis and 

coworkers and previously performed for recombinant PTEN produced in E. 

coli119,154,156,159. With this type of analysis, the initial velocity of an interfacial 

enzyme follows the equation below: 

V0 = (Vmax*Xs*[S0])/(iKm*Ks + iKm*[S0] + Xs*[S0])119,154                   3.1 

Here, Xs represents the mol percent of substrate within the lipid bilayer, [S0] is 

the total amount of substrate in the reaction, iKm is the interfacial Km (expressed 

as a mol percent) and Ks is the dissociation constant of enzyme for vesicle 

membrane. Two types of experiments were performed, bulk dilution (BD) and 

surface dilution (SD). In BD experiments, the surface concentration of PIP3 was 

held constant and the bulk concentration of PIP3 was varied by adjusting the 

concentration of PIP3 and the carrier lipid PC proportionately. In SD experiments, 

the bulk concentration of PIP3 was held constant and the surface concentration 
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was varied by adjusting the amount of PC. In both types of experiments 

rectangular hyperbolas were obtained with apparent Vmax and apparent Km 

values. Apparent Vmax and apparent Km values were then fit to the equations 

below to determine the kinetic variables for each PTEN protein.  

iKm = (Vmax SD/Vmax BD -1)Xs
119,154   3.2 

Ks = Km BD(Xs/ikm +1)119,154    3.3 

kcat = Vmax SD*[ET]119,154    3.4 

 

Vesicle Pulldowns: 

 Large Multilamillar Vesicles (LMVs) containing various amounts of PC, PS 

and/or PIP2 were generated by vigorously vortexing dried lipids that were 

hydrated in the presence of PTEN buffer for 5 minutes in 1 mL volumes. Lipids 

were dried under a stream of nitrogen in glass test tubes. The lipid film was then 

hydrated in assay buffer at 50⁰C for 20 minutes. The LMVs were then incubated 

with 50 ng of the different forms of PTEN protein for 30 minutes at 25⁰C. The 

vesicles and bound protein in 50 µL volumes were then pelleted at 180,000g 

using a Beckman ultracentrifuge for 2 hours at 4 °C. The supernatant was 

removed from the vesicle pellet and the pellet washed with buffer, then boiled in 

10% SDS loading dye and run on a 10% SDS-PAGE gel. The amount of PTEN 

protein that bound to the LMVs was then visualized by Western blot using an 
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anti-PTEN antibody from Santa Cruz Biotechnologies (SC-6818). The primary 

antibody was diluted 1:1000 in 1% BSA (Sigma-Aldrich) in TBS/T and incubated 

overnight at 4 °C. The anti-goat secondary antibody (Santa Cruz) was diluted 

1:10000 in 1% BSA in TBS/T and incubated for 1 hour at room temperature. The 

amount of PTEN bound was quantified using Carestream Media image 

quantification software.  

Results 

 With phosphorylated 4p-PTEN and unphosphorylated n-PTEN 

successfully generated, we characterized the enzymatic activity of each 

semisynthetic protein to determine what effects tail phosphorylation may have on 

PTEN regulation. PTEN activity is most easily tested using water soluble PIP3 

substrates such as the diC6-PIP3 (containing hexanoyl side chains) used in this 

study. The release of inorganic phosphate was monitored by the colorimetric 

malachite green assay. The progress of the reaction was determined to be linear 

with respect to time for both n-PTEN and 4p-PTEN (Figure 21A). The rate of the 

reaction was determined to be linear with respect to enzyme concentration for 

both proteins as well (Figure 21B). The Km of n-PTEN for diC6-PIP3 was 

determined to be 67 µM (Figures 22, 23A). The Km of 4p-PTEN could not be 

determined as the plot of rate versus substrate concentration was linear up to 

160 µM substrate (Figures 22, 23B). Comparing kcat/Km for each enzyme reveals 

about a 6-fold decrease in catalytic efficiency when the tail is phosphorylated.  
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Figure 21. Semisynthetic PTEN phosphatase activity with diC6-PIP3 substrate. 
The rate of the reaction is linear with respect to (A) time (750 nM PTEN) and (B) 
PTEN concentration. Phosphate release was measured using the Malachite 
green detection assay. The substrate concentration was 160 µM diC6-PIP3. Data 
is represented as the mean +/- the SEM of three experiments performed in 
duplicate.  



81	  
	  

 

 

 

 

 

 

Figure 22. n-PTEN and 4p-PTEN Km curves with diC6-PIP3 substrate. PTEN 
concentrations ranges from 300 – 750 nM. Reaction times were 10 minutes. Data 
are reported as the mean +/- the SEM from three experiments performed in 
duplicate. 
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Figure 23. Non-linear regression analysis for n-PTEN and 4p-PTEN with diC6-
PIP3 substrate. (A) Steady-state kinetic analysis of n-PTEN. kcat and Km values 
were obtained by non-linear regression. (B) Steady-state kinetic analysis of 4p-
PTEN. kcat/Km was determined from the slope of the line of rate versus substrate 
concentration as saturating substrate conditions were not achieved. Data is 
represented as the mean +/- the SEM of three experiments performed in 
duplicate.  
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 While it was interesting to observe changes in enzymatic activity caused 

by tail phosphorylation with respect to a soluble substrate, soluble PIP3 is not a 

natural PTEN substrate as PIP3 in vivo contains long aliphatic side chains (C-18) 

and is embedded in cellular membranes. We therefore decided to study PTEN 

activity to PIP3 (containing palmitoyl side chains) integrated into lipid vesicles 

containing a carrier lipid. As described in Chapter 1 and the methods section, 

interfacial enzymes such as PTEN do not follow standard Michaelis-Menten 

kinetics given that they do not act on soluble substrates. Instead the initial rate of 

interfacial enzymes follows the equation below: 

V0 = (Vmax*Xs*[S0])/(iKm*Ks + iKm*[S0] + Xs*[S0])119,154   3.1 

Here Xs is the mol fraction of lipid substrate in the lipid bilayer, S0 is the bulk or 

total substrate concentration, Ks is the dissociation binding constant of enzyme 

for vesicle and iKm is the interfacial Km
119,148,154,155. Xs and iKm are expressed in 

terms of the mol % of substrate while So and Ks are expressed as µM 

concentrations. Interfacial enzymes are dependent on both the total 

concentration of substrate in a reaction and the surface concentration of 

substrate within the lipid bilayer119,148,154,155. Therefore two types of experiments 

must be performed to determine the steady state constants outlined above. The 

first is a bulk dilution experiment in which the surface concentration of substrate 

is held constant while the bulk concentration is varied by adjusting the amount of 

substrate and carrier lipid proportionately. The second is a surface dilution 

experiment in which the bulk concentration of substrate is held constant at 
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saturating levels while the surface concentration is varied by adjusting the 

amount of carrier lipid. Both bulk dilution and surface dilution experiments yield 

rectangular hyperbola with apparent Vmax and apparent Km values that are then fit 

to a series of equations outlined in the methods section to calculate the steady 

state constants outlined above. 

 The correct determination of initial rates for interfacial enzymes depends 

on finding a carrier lipid into which the substrate lipid is incorporated that has 

neither inhibitory or stimulatory affects on the enzyme. Therefore, any changes in 

rate can be attributed directly to changes in substrate concentration when varying 

the amount of carrier lipid for bulk and surface dilution experiments. Fortunately, 

this type of interfacial, surface dilution kinetic analysis had been performed 

previously for PTEN produced as an N-terminal GST tagged protein in E. coli by 

McConnachie et al119. This study identified phosphatidylcholine (PC) as an 

appropriate carrier lipid for studying PTEN interfacial kinetic activity. These 

authors also identified that PTEN operates in the “hopping” mode of interfacial 

catalysis; meaning PTEN binds transiently to vesicles rather than binding 

essentially irreversibly (at least for the duration of the reaction) to vesicles as 

“scooting” enzymes do. A “hopping” enzyme will bind briefly to a vesicle, turning 

over one or several molecules of substrate, then detach from the vesicle before 

every molecule on that vesicle is converted to product. Conversely, “scooting” 

enzymes will remain bound to a vesicle, converting every molecule of substrate 

to product.  
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 The malachite green detection assay proved to be incompatible with the 

high concentrations of lipid required for an interfacial kinetic analysis of PTEN. 

We therefore decided to use a radioactive assay that had been previously used 

in the literature119. Radiolabeled PIP3 was generated by phosphorylating PIP2 

with γ-[32P]-ATP using PI3-Kinase. [32P]-PIP3 was purified by Bligh-Dyer 

extraction and incorporated in the PC vesicles along with unlabeled PIP3 by 

sonication of dried lipids in the presence of assay buffer. [32P]-PIP3 was the major 

product as determined by thin layer chromatography (Figure 24). Sonicated 

vesicles are typically 25 – 50 nm in diameter. By considering the diameter of the 

vesicles and the amount of lipid in each reaction, the approximate total number of 

vesicles in each reaction can be calculated. In every reaction the vesicle to 

enzyme ratio was kept equal to or greater than 3 to 1. The rate of the reaction 

was linear with respect to enzyme concentration for n-PTEN, 4p-PTEN and t-

PTEN (Figure 25). Allowing the reaction to go to completion reveals that ~60% of 

the substrate could be hydrolyzed (Figure 26A). The percent turnover of the 

reaction could be pushed to nearly 100% by forcing the fusion of vesicles with 

BSA (Figure 26B). This established that the [32P]-PIP3 substrate was properly 

incorporated into vesicles with only about 50% of the substrate being available 

for hydrolysis in the outer membrane of the bilayer. It is expected that for small 

sonicated vesicles the amount of substrate in the outer layer of the vesicle would 

be slightly larger than 50% given that the diameter of the outer layer is larger 

than that of the inner layer of the vesicle membrane119,160. These experiments 

also ensure that n-PTEN, 4p-PTEN and t-PTEN are operating in the “hopping” 
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Figure 24. Generation of [32P]-PIP3. 32P labeled PIP3 was the major product 
generated by phosphorylating PIP2 with 32P-ATP using PI3-Kinase as visualized 
by autoradiography after running the radiolabeled lipid on thin layer 
chromatography. [CHCl3:Acetone:MeOH:Acetic Acid:H2O]; [70:20:50:20:20]. 
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Figure 25. PTEN phosphatase activity with radiolabled palmitoyl PIP3 substrate 
incorporated into phosphatidylcholine vesicles. Velocity is linear with respect to 
enzyme concentration. Vesicle substrate contained 1% (50 µM) PIP3. Reactions 
proceeded for 3 minutes. Data are reported as the mean +/- the S.D. of three 
experiments preformed in duplicate. 
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Figure 26. PTEN is acting on PIP3 incorporated into vesicle substrates. (A) 2.5 
nM n-PTEN, 4p-PTEN and t-PTEN consume up to ~30 µM PIP3 in vesicles 
generated by sonication containing a total of 50 µM PIP3. (B) The percent of the 
reaction that can be consumed can be pushed to ~100% by the addition of 0.15 
mg/mL BSA to each reaction. BSA causes the fusion of vesicles and the 
exchange of lipid between vesicles.  
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mode of catalysis given that the number of vesicles always out numbers the 

number of PTEN molecules. If any of the different forms of PTEN were not 

operating the hopping mode, the reaction progress should have stopped prior to 

reaching ~50% turnover.  

Bulk dilution curves, holding the concentration of PIP3 constant at 1 mol 

%, yield expected rectangular hyperbolas for n-PTEN and 4p-PTEN (Figure 

27A). From these plots it was determined that 50 µM bulk concentrations of PIP3 

was nearly saturating. 50 µM PIP3 was therefore used as the constant bulk 

concentration of PIP3 while the surface concentration was varied in surface 

dilution experiments. Plots of the surface dilution experiments show apparent 

substrate inhibition at higher surface concentrations of PIP3 (>1 mol %) for both 

n-PTEN and 4p-PTEN (Figure 27B). This made it difficult to directly measure 

Vmax for these conditions. Nevertheless, apparent Vmax values were extrapolated 

from fitting the first four data points of the surface dilution curves to a nonlinear 

regression curve fitting program (Figure 28). Using the apparent Vmax and 

apparent Km values from both bulk and surface dilution experiments (Figure 28), 

the kinetic constants from equation 3.1 above were determined and are 

displayed in Table 1. The interfacial kinetic analysis reveals that there is no 

change in the iKm with little difference in kcat conferred by PTEN tail 

phosphorylation. There is however about a 3-fold increase in the Ks for 4p-PTEN, 

suggesting the binding affinity to vesicle is decreased when PTEN is  
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Figure 27. Interfacial kinetic analysis of n-PTEN and 4p-PTEN. (A) In the bulk 
dilution experiment enzymatic activity for n-PTEN and 4p-PTEN was measured 
at a fixed surface concentration of 1% PIP3 while the bulk concentration was 
varied. (B) In the surface dilution experiment activity was measured at a fixed 
bulk concentration of 50 µM PIP3 while the surface concentration was varied. 
Data are reported as the mean +/- the SEM from three experiments performed in 
duplicate.  
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Figure 28. Interfacial kinetic data for semisynthetic PTENs obtained by non-linear 
regression analysis. Apparent kcat and apparent Km values were obtained by non-
linear regression analysis for each form of PTEN for surface dilution experiments 
(top row) and bulk dilution experiments (bottom row). Apparent kcat and apparent 
Km values were then fit to the equations in the methods section to obtain the 
interfacial kinetic parameters in tabulated in Tables 1 and 2. 
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Table 1. Summary of the interfacial kinetic analysis of n-PTEN and 4p-PTEN. 
Data are reported as the mean +/- the SEM from three experiments performed in 
duplicate. Apparent Vmax values were obtained from the best fit curves from the 
first four points of the surface dilution experiments. 
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Figure 29. Interfacial kinetic analysis of t-PTEN. (A) In the bulk dilution 
experiment, enzymatic activity for t-PTEN was measured at a fixed surface 
concentration of 1% PIP3 while the bulk concentration was varied. (B) In the 
surface dilution experiment, activity was measured at a fixed bulk concentration 
of 50 µM PIP3 while the surface concentration was varied. Data a represented as 
the mean +/- the SEM of three experiments performed in duplicate.  
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Table 2. Summary of the interfacial kinetic analysis of t-PTEN. Data are reported 
as the mean +/- the SEM from three experiments performed in duplicate. 
Apparent Vmax values were obtained from the best fit curves from the first four 
points of the surface dilution experiments. 
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phosphorylated (Table 1). This same analysis was performed for t-PTEN (Figure 

29). The iKm for t-PTEN was similar to that of n-PTEN and 4p-PTEN while the Ks 

is similar to that of n-PTEN and lower than that of 4p-PTEN (Table 2). This would 

suggest that the unphosphorylated tail doesn’t play a significant role affecting 

PTEN activity in the context of vesicle embedded substrate. It is important to note 

that the activity of 4p-PTEN is lower than that of n-PTEN at low surface 

concentrations of PIP3 (Figure 30). At higher surface concentrations, 4p-PTEN 

has activity equal to or greater than n-PTEN at PIP3 levels greater than 1% 

(Figure 30).  

 Given that the major differences between n-PTEN and 4p-PTEN were 

observed in the values of Ks in the interfacial kinetic analysis, we wanted to 

corroborate these differences using a more direct measurement of membrane 

binding ability using a vesicle sedimentation assay. This assay uses western blot 

analysis to determine the amount of PTEN protein that binds to and sediments 

with phospholipid vesicles upon centrifugation. The anionic phospholipids PIP2 

and phosphatidylserine (PS) have been shown to enhance PTEN recruitment 

and binding to membranes95,96,99,119. Phosphatidylcholine vesicles incorporated 

with increasing amounts of PIP2 and PS enhanced the amount of both n-PTEN 

and 4p-PTEN that bound to and sedimented with the vesicles (Figures 31, 32). In 

all conditions tested, the amount of 4p-PTEN that bound the vesicles was 

significantly less than the amount of n-PTEN for the same amount of PIP2 or PS, 

thus corroborating the membrane affinity differences deduced from the interfacial  
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Figure 30. Relative activity of n-PTEN and 4p-PTEN at low PIP3 concentrations. 
PTEN activity was measured against a fixed bulk PIP3 concentration of 50 µM 
while varying the surface concentration of PIP3 and PC. Data are reported as the 
mean +/- the SEM from three experiments performed in duplicate.  
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Figure 31. n-PTEN and 4p-PTEN binding to large multilamellar vesicles (LMVs) 
containing PIP2. (A) The percent of n-PTEN and 4p-PTEN bound to sedimented 
phosphatidylcholine LMVs incorporated with PIP2 was determined by 
quantification of western blot bands using an anti-PTEN antibody (SC-6818, 
Santa Cruz). Data are reported as the mean +/- the SEM of three separate 
experiments. (B) Representative blots of the percent of n-PTEN and 4p-PTEN 
bound to sedimented phosphatidylcholine LMVs incorporated with PIP2. 
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Figure 32. n-PTEN and 4p-PTEN binding to large multilamellar vesicles (LMVs) 
containing PS. (A) The percent of n-PTEN and 4p-PTEN bound to sedimented 
phosphatidylcholine LMVs incorporated with PS was determined by quantification 
of western blot bands using an anti-PTEN antibody (SC-6818, Santa Cruz). Data 
are reported as the mean +/- the SEM of three separate experiments. (B) 
Representative blots of the percent of n-PTEN and 4p-PTEN bound to 
sedimented phosphatidylcholine LMVs incorporated with PS. 
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Figure 33. t-PTEN, n-PTEN and 4p-PTEN binding to LMVs. PTEN binding to 
phosphatidylcholine LMVs containing 2% PIP2. Data are reported as the mean 
+/- the S.D.  
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enzyme kinetic activity analysis. t-PTEN behaved similarly to n-PTEN (Figure 

33).  

At this point it was clear that the phosphorylated tail of PTEN was having 

an inhibitory effect on the ability of PTEN to bind membranes and therefore 

access its substrate, causing a reduction in enzymatic activity. It has been 

reported that the phospho-tail may able to exert its mode of regulation in trans; 

meaning if it were detached from the PTEN molecule it may still be able to inhibit 

PTEN enzymatic and membrane binding activities. We thus tested the ability of 

the detached PTEN tail peptides (phosphorylated and unphosphorylated) to 

inhibit the activity of t-PTEN against a soluble substrate. We identified that the 

phosphorylated 25mer tail peptide is a potent inhibitor of t-PTEN in trans with an 

IC50 of about 1 µM (Figure 34A).The unphosphorylated tail peptide demonstrated 

less than 20% inhibition at 10 µM (Figure 34A, B). Characterization of t-PTEN 

reveals that it possesses similar catalytic activity to n-PTEN with a slightly lower 

Km of about 33 µM (Figure 35). In the presence of 1 µM of the phosphorylated 

4p-25mer tail, the kcat/Km of t-PTEN for diC6-PIP3 is elevated to about the same 

level as 4p-PTEN (Figures 23, 35) (4p-PTEN: kcat/Km = 0.005 min-1/µM; t-PTEN + 

1 µM 4p-25mer: kcat/Km = 0.006 min-1/µM). The phosphate release in the presence 

of phosphopeptide inhibitor was linear with respect to time and enzyme 

concentration (Figure 36). Additionally, the 4p-25mer phosphopeptide was also 

able to reduce the amount of t-PTEN that sedimented with 1% PIP2 vesicles. The 

amount of t-PTEN that pelleted with the vesicles was reduced to about 50% in  
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Figure 34. In trans inhibition of t-PTEN activity with tail peptides. Activity is 
measured with 160 µM diC6-PIP3 substrate. (A) IC50 curve of t-PTEN treated with 
phosphorylated 25mer or unphosphorylated 25mer tail peptide. (B) IC50 curve of 
t-PTEN treated with higher concentrations of unphosphorylated 25mer tail 
peptide. Data points are represented as the mean +/- the S.D. of three 
experiments in duplicate.  
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 Figure 35. Characterization of t-PTEN with diC6-PIP3 substrate in the absence 
and presence of 1 µM 4p-25mer phosphopeptide. Km curve for t-PTEN with kcat 
(2.9 +/- 0.1 min-1) and Km (33 +/- 2 µM) values determined from nonlinear 
regression analysis. In the presence of 1 µM 4p-25mer phosphopeptide kcat/Km = 

0.006 min-1/µM for t-PTEN, similar to 4p-PTEN (kcat/Km = 0.005 min-1/µM). Data 
are represented as the mean +/- the S.D. of three experiments performed in 
duplicate.  
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Figure 36. Characterization of t-PTEN in the presence of phospho-peptide. (A) 
Product vs time and (B) velocity vs enzyme concentration plots of t-PTEN in the 
presence of 1 µM 25mer phospho-peptide. Data are represented as the mean +/- 
the S.D. of two experiments performed in duplicate.  
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Figure 37. Vesicle sedimentation of t-PTEN in the presence of n- and 4p-25mer 
tail peptides. Data are represented as the mean +/- the S.D. of at least three 
replicates.  

  



105	  
	  

the presence of 10 µM phosphopeptide (Figure 37). The fact that the same 4p-

25mer phosphopeptide is not as potent an inhibitor in the vesicle binding assay 

compared to the soluble substrate assay suggests that the phosphopeptide may 

be competing with membrane binding surfaces on the body of PTEN.  

 PIP2 and PS have been reported to activate the enzymatic activity of 

recombinant, unphosphorylated PTEN produced in E. coli when incorporated into 

phospholipid vesicles119. It is unknown what effect if any these anionic lipids 

would have on phosphorylated PTEN. These lipids are reported to activate PTEN 

only at low surface concentrations of PIP3. At higher surface concentrations there 

is less of a stimulatory effect suggesting that the anionic nature of the PIP3 

substrate itself is activating. At 0.01% PIP3 in PC vesicles very low amounts of 

PIP2 are needed to have large activating affects on PTEN with the maximal effect 

being approximately 100-fold at 1% PIP2 (Figure 38A). Both 4p-PTEN and n-

PTEN are equally activated by PIP2 with the activation plot closely resembling 

the surface dilution plots of PIP3 discussed previously (Figure 27B). Just like the 

surface dilution plot, the PIP2 activation plot shows 4p-PTEN being less active 

than n-PTEN at lower PIP2 concentrations (<1%) but having equal to or greater 

activity at higher PIP2 concentrations (>1%) (Figure 38A). Similarly, there is also 

apparent inhibition of enzymatic activity at PIP2 concentrations greater than 1% 

for both enzymes (Figure 38A). This suggests a similar mechanism of inhibition. 

PS also activated both n-PTEN and 4p-PTEN to an equal extent though it was 

much less potent and efficacious than PIP2 (Figure 38B). PS only stimulated  
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Figure 38. Anionic lipid stimulation of n-PTEN and 4p-PTEN. At a low surface 
concentration of PIP3 (0.01%) incorporated vesicles, (A) PIP2 and (B) 
Phosphatidylserine stimulate the enzymatic activity of n-PTEN and 4p-PTEN. 
Data are reported as the mean +/- the SEM of three experiments performed in 
duplicate. 
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PTEN activity about 15-fold at 10% PS (Figure 38B). There was no observed 

activity inhibition at the PS levels tested.  

 It is interesting that at the very low PIP3 concentrations (0.01%) in the 

absence of PIP2 or PS, the activity of n-PTEN and 4p-PTEN are approximately 

equal. Figure 30 shows that the difference in activity between the two increases 

as the surface concentration of PIP3 decreased. It would therefore be expected 

that 4p-PTEN should still have lower activity than n-PTEN at 0.01% PIP3 but that 

is not what is observed. We think this is likely an artifact of the assay. At these 

very low substrate concentrations there would be a significant number of vesicles 

containing no substrate at all. Given that n-PTEN binds to all vesicles more 

tightly than 4p-PTEN (Figures 31, 32), 4p-PTEN would be able to “hop” from 

vesicle to vesicle more easily while n-PTEN remains bound to vesicles containing 

no substrate for longer periods of time. 4p-PTEN would therefore be able to 

access more substrate than n-PTEN, resulting in the apparent equal activity seen 

here. This shouldn’t be relevant in vivo given that the plasma membrane is one 

contiguous membrane and PTEN is not known to bind to any other cellular 

membrane. 

 

Discussion 

The differences in membrane binding affinity between n-PTEN and 4p-

PTEN, calculated in the surface dilution kinetic analysis and corroborated with 
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the vesicle sedimentation assay, demonstrate clearly for the first time that 

phosphorylation of the S380/T382/T383/S385 tail cluster results in a direct loss of 

membrane binding affinity without involvment of any other protein. Exactly how 

tail phosphorylation achieves this effect remains to be determined. It is intriguing 

that with respect to soluble substrates, the Km for n-PTEN is much lower than it is 

for 4p-PTEN but the interfacial Km is identical for both proteins when PIP3 is 

incorporated into lipid membranes. This suggests that the conformation of both 

proteins is the same when PTEN is bound to the vesicle membrane but that 

phosphorylation causes a conformational change when the enzyme is in solution. 

Conformational changes associated with PTEN tail phosphorylation are 

examined in the next chapter of this thesis. 

The cause of the apparent substrate inhibition observed in the surface 

dilution experiments is unknown. Given that the percent turnover of the reactions 

was kept under 10% and that the product of the reaction PIP2 activates rather 

than inhibits PTEN it is unlikely that the decreased rates are due to product 

inhibition. Similar patterns of inhibition are observed in the PIP2 activation curves 

at levels greater than 1%. This effect is not due to decreased membrane binding 

given that increasing amounts of PIP2 cause increased binding of PTEN up to 

10% PIP2 in the vesicle sedimentation assay. It is possible that the inhibition is 

due to the increase in vesicle binding of PTEN. If the apparent substrate 

inhibition is due to increased vesicle binding it would be expected that 4p-PTEN 

would be less affected than n-PTEN given that it has lower membrane binding 
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affinity. Supporting this hypothesis are the observations that inhibition of catalytic 

activity is observed for n-PTEN at lower PIP3/PIP2 concentrations than it is 

observed for 4p-PTEN. At greater than 1% PIP3/PIP2, there is increased 4p-

PTEN activity compared to n-PTEN where substrate inhibition is observed. Also, 

there was no observable substrate inhibition for soluble PIP3 at the 

concentrations tested suggesting this phenomena is vesicle dependent. PTEN 

may bind to membranes in a conformation that has lower enzymatic activity at 

very high substrate and PIP2 concentrations. This apparent substrate inhibition is 

likely not relevant in vivo since the cellular levels of PIP3 probably don’t approach 

the higher levels used in this in vitro assay. 

Enzymatic activity decreases for 4p-PTEN at a faster rate than n-PTEN as 

the surface concentration of PIP3 decreases, therefore increasing the rate 

differential between the two as the concentration of PIP3 drops. This is important 

because cellular concentrations of PIP3 are thought to be at levels less than 

0.001%119. It would therefore be expected that phosphorylated PTEN should be 

less active than unphosphorylated PTEN in vivo under physiologically relevant 

conditions. Conversely, this also suggests that phosphorylated PTEN can be 

more quickly activated as needed by the cell when PIP3 concentrations increase. 

Phosphorylation may therefore allow the cell to keep PTEN in a less active state 

most of the time, only to activate it with increasing substrate concentrations as 

needed. At 1% PIP3 both n-PTEN and 4p-PTEN appear to have the same 

activity. While total levels of PIP3 don’t reach anywhere near 1% of the total 
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plasma membrane composition, it may be that localized PIP3 concentrations in 

lipid rafts and other membrane signaling clusters do approach this level. If this is 

the case, phosphorylation may have little effect on PTEN activity in these 

membrane regions.  

We find that PIP2 stimulates PTEN activity about 100-fold over basal 

levels. This is more than 10-fold higher than was previously reported119. This 

inconsistency may be due to the fact that in the previous study recombinant 

PTEN was produced in E. coli with an N-terminal GST tag. This tag was later 

cleaved off with a protease leaving a non-native N-terminus on the PTEN protein. 

The N-terminus of PTEN has been implicated in PIP2 binding95,96,119. Having 

additional amino acids at the N-terminus of PTEN may therefore prevent optimal 

PIP2 binding and subsequent activation. Because the semisynthetic PTEN 

proteins generated in this study posses a native N-terminus, the ~100-fold 

activation measured here may be more accurate than the ~8-fold activation 

measured in the previous study. 

 It is intriguing that PIP2 activates both n-PTEN and 4p-PTEN about 100-

fold over basal levels while phosphorylation of PTEN appears to inhibit activity 

more modestly. This raises interesting questions. Is phosphorylation the major 

regulator of PTEN activity as many research studies have suggested? Or does 

the lipid composition of the plasma membrane play a more important role in 

PTEN regulation? Certainly if phosphorylated and unphosphorylated PTEN 

behave similarly in vivo as they do in these in vitro studies, one could argue that 
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lipids play a more important role than phosphorylation. As mentioned previously, 

PTEN is thought to be phosphorylated under most conditions with few examples 

of its phosphorylation state being regulated. The phosphorylation state of PTEN 

has not been found to be modulated during signaling events through the 

PI3K/PTEN/AKT signaling pathway. Yet there must be a way PTEN is recruited 

to signaling domains at the plasma membrane. Our data and others would 

suggest that lipids likely play an important role in this. There have been several 

studies on the importance of the N-terminal PIP2 binding motif as well as the 

membrane binding surface of the C2 domain51,95,96. Without these regions, PTEN 

appears to be unable to bind to the plasma membrane. Gao et al. recently found 

that PTEN preferentially associates with non-lipid raft regions of the plasma 

membrane198. It has also been shown that PTEN associates preferably with the 

lagging edge of chemotaxing cells95,96. It is likely that lipids play a major role in 

these examples.  

But if phosphorylation plays only a minor role in regulating PTEN 

enzymatic activity, why is PTEN phosphorylated at all? It is possible that 

phosphorylation plays a more important role in regulating PTEN functions other 

than enzymatic activity. Phosphorylated PTEN has been proposed to be more 

stable than its unphosphorylated counterpart. The A4 phosphocluster mutant 

appears to be degraded by the proteasome faster than wild type129,131. 

Interestingly, NEDD4-1, one E3 ubiquitin ligase responsible for ubiquinating 

PTEN, is located at the plasma membrane199–201. It may be that tail 
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phosphorylation serves to keep PTEN off of the plasma membrane when it is not 

needed to prevent it from being ubiquitinated and subsequently degraded. 

Additionally there are several proteins that have been proposed to interact with 

PTEN in a manner that is dependent on the phosphorylation state of PTEN. 

These proteins include p85122,136, Myosin V124, MAGI174, neutral endopeptidase123 

and p-rex2a202,203.  

While the 100-fold activation of PTEN caused by PIP2 is larger than the 

difference in activity conferred by tail phosphorylation in vitro, these values could 

be different in vivo. It is possible that the presence of other proteins and/or lipids 

could either exaggerate or decrease the activation caused by PIP2 or the 

deactivation caused by tail phosphorylation.  
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Chapter 4: The Effects of Phosphorylation on PTEN 
Structure 
 

Introduction 

 One of the mechanisms by which phosphorylation by a kinase relays an 

intracellular signaling event is by inducing a conformational change in the 

phosphorylated target protein that modulates its function in some manner. The 

majority of these conformational changes involve minor structural changes such 

as the phosphorylation of the flexible activation loop of a kinase leading to its 

activation. However, there are several examples of proteins that undergo major 

conformational changes upon phosphorylation by a kinase. Several examples 

include: Src204–206, CrkL207 and SHP-1/2208,209. In the case of the Src kinase, C-

terminal phosphorylation at Tyr527 causes an intramolecular conformational 

change in which the phosphorylated Tyr527 binds to Src’s SH2 domain, leading 

to inactivation of the protein204–206. 

 The cellular localization and stability changes associated with PTEN 

phosphorylation have been proposed to be due to a change in PTEN’s 

conformation caused by phosphorylation on its C-terminal tail109,137. The best 

evidence to date of a phosphorylation induced conformational change for PTEN 

has been demonstrated by the co-immunoprecipitation of the body of PTEN with 

the wild type phosphorylatable C-terminal tail. In these experiments, the body of 

PTEN (aa 1-352) and the wild type C-terminal tail (aa 353-403) were co-
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expressed in eukaryotic cells and shown to immunoprecipitate with one 

another109,137. PTEN tail peptides with four alanine mutations at the 

S380/T382/T383/S385 phosphorylated cluster did not immunoprecipitate the 

body. While this did raise the possibility of a phosphorylation induced 

conformational change in PTEN, it did not rule out that the interaction between 

the body and tail of PTEN was being mediated by a secondary cellular protein. It 

also did not definitively demonstrate that phosphorylation was necessary for this 

intermolecular interaction. It is possible that the mutation of the C-terminal tail 

tetra alanine mutant rather than the absence of phosphorylation was the cause of 

the loss of co-immunoprecipitation between the two segments.  

As discussed in the previous chapter, purified unphosphorylated n-PTEN 

and phosphorylated 4p-PTEN were determined to have several distinct kinetic 

and biochemical characteristics such as significantly different Km values for 

soluble PIP3 substrates as well as different membrane binding affinities. Taken 

together, this may suggest that PTEN undergoes a conformational change when 

its tail is phosphorylated. In the present chapter we use a variety of techniques to 

better characterize this conformational change including partial trypsin 

proteolysis, anion exchange chromatography, sensitivity to alkaline phosphatase 

and small angle X-ray scattering (SAXS). We demonstrate that relative to n-

PTEN, phosphorylated 4p-PTEN is in a more compact state that is caused by the 

phosphorylated tail binding to the main body of PTEN. 
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Methods 

Anion Exchange Chromatography:  

The semisynthetic PTEN protein was further purified for SAXS and other 

biochemical experiments by anion exchange chromatography (monoQ) using an 

ACTA FPLC from GE Healthcare. Proteins were purified with a gradient of 0-50% 

Buffer B over 250 mL at a flow rate of 1.0 mL/min. (Buffer A: 50 mM Tris pH 8.0, 

10 mM DTT; Buffer B: 50 mM Tris pH 8.0, 1.0 M NaCl, 10 mM DTT). 

 

Trypsin Digests: 

 2 µg of semisynthetic PTEN in 20 µL reactions volumes was digested with 

varying amounts of trypsin (Promega, V511A) for 10 minutes at 37⁰C in PTEN 

assay buffer. Reactions were quenched with SDS loading dye and run on 10% 

SDS-PAGE gel. The digestion fragments were visualized by Colloidal Blue stain 

from Invitrogen (LC6025) or by western blot analysis (antibodies SC-6818 or 

NBP1-44412). Primary antibodies were diluted 1:1000 in 1% BSA in TBS/T and 

incubated with the membrane overnight at 4 °C. Secondary antibodies were 

diluted 1:10000 in 1% BSA in TBS/T and incubated with the membrane for 1 hour 

at room temperature.  

 

Sequencing of Trypsin Digest Fragments: 
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 Trypsin digestion products were run on a 10% SDS PAGE gel and 

transferred to a PVDF membrane. The membrane was then stained with 

Coomassie stain for 30 seconds. The bands of interest were cut out of the 

membrane and analyzed by N-terminal Edman degradation sequencing210,211 at 

the JHMI Synthesis and Sequencing Facility.  

 

Phosphatase Sensitivity Assay: 

 50 ng of semisynthetic phosphorylated PTEN and its mutants were 

dephosphorylated in the presence of 1 µM alkaline phosphatase from NEB (CIP) 

for varying periods of time in phosphatase assay buffer (50 mM Tris pH 8.0, 20 

mM NaCl, 25 µM MgCl2 and 10 mM DTT) at room temperature in 20 µL 

reactions. Reactions were quenched with SDS loading dye and run on SDS-

PAGE. Dephosphorylation of PTEN was monitored by western blot with an 

antibody to the phospho-tail cluster (NBP1-4136). The fraction of phospho-PTEN 

remaining was determined using Carestream Media image quantification 

software. 

 

Small-Angle X-ray Scattering (SAXS): 

 SAXS experiments were performed at Brookhaven National Laboratories 

at the National Synchrotron Light Scource (NSLS), beamline X9 using a MarCCD 
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detector, located 3.4 m from the sample. Data for each protein sample was 

collected in triplicate. All samples were in PTEN assay buffer. 20 µL of each 

sample was continuously passed through a capillary tube exposed to a 400 x 200 

µm X-ray beam and data recorded for 30 s. Normalization for beamline intensity, 

buffer subtraction and merging of data were carried out using proc.py software 

developed by the beamline staff212. 

 SAXS data analysis was carried out using software from the ATSAS 

program suite. The radius of gyration (Rg) was calculated using a Guinier 

approximation with the program PRIMUS171.  The pair distribution function P(r) 

and the maximun particle dimension (Dmax) were determined using GNOM169. 

Ten ab initio models were generated for each protein using DAMMIF, then 

averaged using DAMAVER167,168,170. The resulting molecular envelopes were fit 

with the tailless crystal structure in PyMOL. Figures of the models were made 

using PyMOL213. 

 

Results 

 Though it had been proposed that PTEN undergoes a conformational 

change upon phosphorylation, phosphorylation induced changes in structure had 

yet to be analyzed with an intact PTEN molecule as prior to our work here. The 

first evidence we observed for an intramolecular PTEN conformational change 

came from the FPLC purification of the semisynthetic proteins by anion exchange 
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chromatography. Contrary to expectations, 4p-PTEN eluted at an earlier volume 

(~70 mL) on anion exchange chromatography than n-PTEN (~105 mL) (Figure 

39). This is unexpected since the more negatively charged species 4p-PTEN, 

compared with n-PTEN, should have higher affinity for the positively charged 

anion exchange resin. The most likely explanation for this is that the four 

phosphates on the S380/T382/T383/S385 cluster are concealed from the anion 

exchange resin in a binding interaction with the body of PTEN (Figure 40). In the 

case of n-PTEN, the tail contains about twenty negative charges (due mostly to a 

high number of Asp and Glu residues) with only two positive charges, likely 

allowing the tail to interact with the positively charged resin. When the tail is 

phosphorylated PTEN presumably undergoes a conformational change in which 

the phospho cluster is concealed, burying many of the other negative charges on 

the tail as well. It has been established in the literature that clusters of charges 

on a protein can be more important than the net charge in dictating the elution 

volume of the protein with respect to ion exchange chromatography214,215.  

 n-PTEN elutes from the anion exchange column initially at ~105 mL in one 

large peak followed by several smaller peaks (Figures 39, 41A, B). This is likely 

due to the presence of heterogeneous phosphorylation of the portion of the 

PTEN protein expressed within High Five insect cells. Two of these 

phosphorylation sites are Thr366 and Ser370 as determined by western blot with 

an antibody to these two sites (Figure 42). This antibody reveals that the later 

elution peaks for n-PTEN are more heavily phosphorylated at these sites than  
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Figure 39: FPLC purification of n-PTEN and 4p-PTEN by anion exchange 
chromatography. Proteins were purified using a mono-Q column. With a gradient 
of 0-50% Buffer B over 250 mL on an anion exchange column, 4p-PTEN elutes 
in one peak at ~70 mL while n-PTEN elutes at ~100 mL in a series of peaks at 
280 nm. Buffer A: 50 mM Tris pH 8.0, 5 mM NaCl, 5 mM DTT. Buffer B: 50 mM 
Tris pH 8.0, 1 M NaCl, 5 mM DTT.   
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Figure 40: Model for the paradoxical elution pattern 4p-PTEN. 4p-PTEN may 
elute from the anion exchange column prior to n-PTEN even though it possesses 
an additional eight negative charges because phosphorylation of the C-terminal 
tail has caused a conformational change in which the negatively charged tail of 
PTEN is concealed in an intramolecular binding interaction with the main body of 
PTEN, preventing it from interacting with the positively charged anion exchange 
resin.  
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Figure 41: Purification of n-PTEN by anion exchange chromatography. (A) With a 
gradient of 0-50% Buffer B over 250 mL, n-PTEN elutes from the column initially 
at ~100 mL in a series of peaks. Buffer A: 50 mM Tris pH 8.0, 5 mM NaCl, 5 mM 
DTT. Buffer B: 50 mM Tris pH 8.0, 1 M NaCl, 5 mM DTT.  (B) Coomassie stained 
gel of fractions from the chromatogram of n-PTEN above. (C) Western blot of the 
elution fractions from the chromatogram above with an antibody to 
phosphorylated T366 and S370. Primary dilution: 1:1000 in 1% BSA in TBS/T. 
Secondary dilution: 1:10,000 in 1% BSA in TBS/T.  
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Figure 42: PTEN produced in High Five insect cells is phosphorylated at T366 
and/or S370. An antibody recognizing phosphorylated T366 and S370 reveals 
that PTEN produced in insect cells is phosphorylated at these sites but PTEN 
produced in E. coli is not. Full length PTEN: aa 1-403. Truncated PTEN: aa 1-
378.  
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Figure 43:  Purification of t-PTEN by anion exchange chromatography. With a 
gradient of 0-50% Buffer B over 250 mL, t-PTEN elutes from the column initailly 
at ~90 mL in a series of peaks. Buffer A: 50 mM Tris pH 8.0, 5 mM NaCl, 5 mM DTT. 
Buffer B: 50 mM Tris pH 8.0, 1 M NaCl, 5 mM DTT.   

 



124	  
	  

earlier fractions (Figure 41C). There may be other posttranslational modifications 

as the presence of phosphorylation at Thr366 and/or Ser370 can account for up 

to four peaks. There are several other Ser and Thr residues on the tail of PTEN 

that could be phosphorylated within the insect cells as well. Ser363 has been 

reported to be phosphorylated by CK2 in vitro108. 4p-PTEN elutes as a single 

peak, suggesting that the endogenous phosphorylation sites are concealed 

during the conformational change. Similar to n-PTEN, t-PTEN elutes as a series 

of several peaks (Figure 43).  

 Partial trypsin digestion is a well established method used to study protein 

conformational changes at a macroscopic level216–218. The partial digestion of n-

PTEN and 4p-PTEN reveal that 4p-PTEN is more stable to proteolysis than is n-

PTEN (Figure 44A). There are several bands visible by colloidal blue staining 

that are readily observed in the n-PTEN digestion but not in the 4p-PTEN 

digestion. These bands are highlighted by asterisks in Figure 44. One possible 

explanation for the detection of these fragments with n-PTEN but not 4p-PTEN is 

that these Lys or Arg residues are involved in binding the phosphorylated tail 

directly and therefore cannot be accessed by trypsin during the digestion 

reaction. These three bands were sequenced using N-terminal Edman 

degradation. The identity of the cleavage sites were determined to be R15, R84 

and R161.  

 In order to gain more information as to what portions of the PTEN 

molecule are protected to trypsin proteolysis by tail phosphorylation, the 
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Figure 44: Limited proteolysis of semisynthetic PTEN with trypsin. 2 µg of n-
PTEN and 4p-PTEN were digested with varying amounts of trypsin then 
visualized by (A) colloidal blue staining or by western blot with an antibody to the 
(B) C-terminus (anti-phospho T366/S370, Novus Biological) or (C) N-terminus 
(N-19, Santa Cruz Biotechnology) of PTEN. Primary Ab dilution: 1:1000 in 1% 
BSA in TBS/T. Secondary Ab dilution: 1:10,000 in 1% BSA in TBS/T. Asterisks 
denote bands that are in higher abundance in the digestion of n-PTEN compared 
to 4p-PTEN. N-terminal sequencing of these bands identifies the cleavage sites 
as (*) R15, (**) R84 and (***) R161. 
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digestion products were subjected to western blot using antibodies to the N- and 

C-terminus of the protein. The N-terminal antibody which recognizes only the first 

19 amino acids of PTEN reveals only the highest molecular weight fragments still 

contain this epitope (Figure 44C). Conversely an antibody to the C-terminal tail 

reveals that nearly every fragment still contains the tail of PTEN (Figure 44B). 

Taken together this suggests that the phosphatase domain rather than the C2 

domain is resistant to trypsin proteolysis upon C-terminal tail phosphorylation in 

4p-PTEN.  

 There are several examples of phosphorylation of proteins causing 

conformational changes such as with Src204–206, CrkL207 and SHP-1/2208,209. The 

conformational switching induced by phosphorylation can be measured as a 

function of the protein’s sensitivity to alkaline phosphatase removal of these 

conformational change inducing phosphorylations206. In theory, when PTEN is in 

the “closed” conformation, then the tail phosphates should be less sensitive to 

alkaline phosphatase removal than when PTEN is in the “open” conformation due 

to phosphate concealment in a binding interaction (Figure 45). The removal of tail 

phosphates can be monitored over time with an antibody to the tail phospho-

cluster. We attempted to use this assay to measure the equilibrium between the 

“open” and “closed” forms of PTEN. 4p-PTEN would serve as “closed” PTEN but 

a good control for “open” PTEN was not readily available. We attempted to blot 

the 25mer phospho PTEN tail directly by binding it to commonly used western 
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blotting membranes. However due to its small molecular weight and highly 

charged state it could not be bound to any membrane tested. In a related 

approach, the phospho-tail peptide was ligated to CTPS1 (CTP Synthetase 1) by 

expressed protein ligation then bound to a membrane and blotted. This resulted 

in the phospho cluster having reduced sensitivity to alkaline phosphatase under 

high salt conditions (10 mM MgCl2), not increased as expected. Serendipidously 

we found that repeated freeze thaw cycles 4p-PTEN led to denaturation of the 

protein and greatly increased sensitivity to alkaline phosphatase. Treating 

natively folded 4p-PTEN with 1 µM alkaline phosphatase resulted in about a 50% 

decrease in tail phosphorylation over 60 min (Figure 46A, C). Treating denatured 

4p-PTEN with the same amount of alkaline phosphatase resulted in near 

complete removal of the phospho cluster in about 15 min. When the amount of 

alkaline phosphatase was reduced to 0.5 µM, the denatured form of the enzyme 

had about 50% its tail phosphates removed in 5 min (Figure 46 B, C). Assuming 

the rate of removal of tail phosphates follows a pseudo-first order mechanism, 

then the equilibrium between the “open” and “closed” states of PTEN is at least 

25:1 favoring the “closed” conformation. Another interesting aspect of this assay 

is that in the presence of high concentrations of magnesium (10 mM) the rate of 

phosphate removal for both native and denatured 4p-PTEN is equal. One 

explanation for this is that Mg2+ binds to the negatively charged tail and disrupts 

its interaction with the body of PTEN, allowing it to be more readily 

dephosphorylated by alkaline phosphatase.  
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Figure 45: Alkaline phosphatase sensitivity assay. 4p-PTEN exists in two 
simplified conformational states. In the “closed” conformation the C-terminal tail 
of 4p-PTEN will be unable to be dephosphorylated by alkaline phosphatase, 
while in the “open” conformation it can be readily dephosphorylated.  
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 Figure 46: Natively folded versus denatured 4p-PTEN sensitivity to alkaline 
phosphatase. (A) Natively folded 4p-PTEN show approximately 50% removal of 
tail phosphorylation with 1 uM alkaline phosphatase in 60 minutes. (B) Denatured 
4p-PTEN shows approximately 50% removal of tail phosphorylation with 0.5 uM 
alkaline phosphatase in 5 minutes. (C) Representative western blots of the 
alkaline phosphatase hydrolysis of C-terminal tail phosphorylation of PTEN from 
the graphs shown above. Primary dilution: 1:1000 in 1% BSA in TBS/T. 
Secondary dilution: 1:10,000 in 1% BSA in TBS/T. 
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 To gain a more detailed view of the conformational changes of PTEN 

induced by tail phosphorylation, we performed small angle X-ray scattering 

(SAXS) on the semisynthetic PTEN proteins. The scattering data for t-PTEN, n-

PTEN and 4p-PTEN is shown in Figure 47A. An indirect Fourier transform of the 

radially averaged scattering data yields the pair distribution function (p of r) plot 

shown in Figure 47B for each protein. The shape of the plot for each protein is 

similar with a single hump followed by an extended region at higher values of r. 

The extended region is characteristic of a protein that is elongated in shape. In 

the case of PTEN the extension may be due the presence of the C-terminal tail. 

Interestingly the extended region is largest for n-PTEN and is significantly 

reduced for t-PTEN and 4p-PTEN. This suggests that the tail is no longer in an 

extended “open” conformation when phosphorylated in 4p-PTEN. Given that half 

of the C-terminal tail is missing in the t-PTEN, this extension in the p of r plot 

would be expected to be reduced for this protein. The radius of gyration (Rg) as 

well as the maximum particle dimension (Dmax) of each protein can be calculated 

from the p of r plot. The Rg for 4p-PTEN (27.16 ± 0.02 Å) is reduced compared to 

n-PTEN (31.91 ± 0.05 Å) and is similar in value to t-PTEN (27.82 ± 0.08 Å). 

Additionally the Dmax is largest for n-PTEN (96.5 Å) and smaller for 4p-PTEN 

(82.5 Å) and t-PTEN (82.5 Å) (Table 3). 

Low resolution molecular envelopes were modeled from the SAXS data 

using the program DAMMIN167,170. The outputs from ten DAMMIN runs for each 

protein were averaged using DAMAVER and are displayed in Figure 48 overlaid  
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Figure 47: Small angle X-ray scattering of semisynthetic PTENs. The (A) 
scattering data and (B) pair distance distribution function plot of t-PTEN, n-PTEN 
and 4p-PTEN. 
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Table 3: Radius of gyration (Rg) and maximum particle dimension (Dmax) of 
semisynthetic PTENs. Rg and Dmax values of t-PTEN, n-PTEN and 4p-PTEN 
were calculated from the P(r) plot. 
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Figure 48: Molecular envelopes of t-PTEN, n-PTEN and 4p-PTEN obtained from 
SAXS analysis. Molecular envelopes of t-PTEN, n-PTEN and 4p-PTEN were 
generated from SAXS scattering data using the ab initio modeling program 
DAMMIF. Outputs from ten DAMMIF runs were averaged for each protein using 
DAMAVER and are shown overlaid with the tailless crystal structure with 
phosphatase domain shown in blue, the C2 domain shown in magenta and the 
CBRIII loop shown in yellow. Front, side and top views are shown for each 
protein.  
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with the tailless PTEN crystal structure. The tail-less crystal structure fits nicely 

into the two lobed globular domain of the molecular envelope for protein. In 

addition to the two lobed globular domain in each envelope there is a protrusion 

extending from what is likely the C2 domain. This protrusion is likely filled by the 

C-terminal tail in the full length PTEN molecule. Due to the larger size of the 

phosphatase domain compared to the C2 domain and the fact that these two 

domains are tilted off axis to each other, the crystal structure can fit into the 

molecular envelopes in only one orientation. This places the tail region adjacent 

to the membrane binding surface of the C2 domain. The tail is longer and 

narrower in the molecular envelope of n-PTEN compared to 4p-PTEN where the 

tail appears more compact around the C2 domain. As expected the tail is shorter 

for t-PTEN compared to n-PTEN. Also of note, the phosphatase domain appears 

to have a different shape for 4p-PTEN compared to n-PTEN and t-PTEN.  

 

Discussion 

 The structural changes in PTEN caused by tail phosphorylation observed 

here provide an understanding into the mechanistic basis for the reduction in 

membrane binding affinity and decrease in catalytic activity discussed in the 

previous chapter. The trypsin digestion assays, shift on anion exchange 

chromatography, alkaline phosphatase sensitivity assay and SAXS molecular 

envelopes all point to phosphorylation causing a conformational change that 

leads to a more compact PTEN molecule in which the phospho tail is concealed 
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by a binding event with the main body of PTEN. The SAXS models would 

suggest the phospho tail binds to the body of PTEN in the general vicinity of the 

membrane binding surface of the C2 domain. If the phospho tail competes with 

membrane binding surfaces on the C2 and/or the phosphatase domain it would 

cause a reduction in PTEN’s ability to bind to membranes and a subsequent 

reduction in catalytic activity.  

 Although the SAXS molecular envelopes suggest the phospho tail binds to 

the C2 domain of PTEN, the trypsin digestion data demonstrate that the 

phosphatase domain is stabilized to proteolysis when the tail is phosphorylated. 

This would suggest the tail is inducing a conformational change in the 

phosphatase domain by either directly binding to it or indirectly through 

interaction with the C2 domain, which then allosterically influences the 

conformation of the phosphatase domain. Additionally, the phosphatase domain 

in SAXS molecular envelopes appears to undergo a change in shape for 4p-

PTEN when compared to t-PTEN and n-PTEN, indicating a change in the 

structural/dynamic state of the domain. As discussed in the introduction of this 

thesis, the phosphatase and C2 domain are closely interfaced. It therefore 

wouldn’t be surprising if structural changes in one domain would cause 

perturbations in the other. This observed structural change in the phosphatase 

domain may account for the elevated Km of 4p-PTEN for soluble substrates 

compared to that of n-PTEN which was discussed in the previous chapter.  
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 Phosphorylated PTEN’s paradoxical shift on anion exchange 

chromatography as well as the sensitivity to alkaline phosphatase suggests that 

the equilibrium between the “open” and “closed” states of PTEN greatly favors 

the “closed” conformation by at least 25 to 1. It has been reported that PTEN 

possess “autophosphatase” activity, though we did not detect any as measured 

by western blot analysis. It may be possible that PTEN does possess weak 

“autophosphatase” activity with phosphorylated tail peptides. In the case of full 

length PTEN protein predominantly in the “closed” conformation, the tail 

phosphates may not be available for dephosphorylation. 

 n-PTEN eluted from the anion exchange column as a series of multiple 

peaks, which has been determined to be due to heterogeneous phosphorylation 

at amino acids Thr366 and Ser370 amongst others, presumably resulting from 

kinases in insect cells. Though 4p-PTEN was generated from the same truncated 

PTEN protein from insect cells, it elutes from the anion exchange column as one 

sharp peak. This suggests that the additional phosphorylation sites at Thr366 

and Ser370 are also being concealed by the conformational change induced by 

phosphorylation at the S380/T382/T383/S385 phospho cluster. It is currently 

unknown what the major biological ramifications of phosphorylation at T366/S370 

are, though phosphorylation at Thr366 has been reported to decrease the 

stability of the PTEN protein within cells130. It is unknown if the phosphorylation 

events at T366/S370 affects the signaling effects of phosphorylation at the 

S380/T382/T383/S385 cluster or vise versa. However if the phosphorylations at 
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Thr366 and Ser370 are concealed by the conformational change induced by 

phosphorylation at S380/T382/T383/S385, it would suggest that the effects of 

T366/S370 phosphorylation may be turned off. Further experiments would be 

necessary to verify this.   
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Chapter 5: Identification of PTEN Surfaces and Amino 
Acids Implicated in Phosphorylated Tail Binding 
 

Introduction 

 The conformational changes observed in the previous chapter suggest 

that phosphorylation of the C-terminal tail causes structural changes in both the 

phosphatase and C2 domains of PTEN. The molecular envelopes generated 

from the small angle X-ray scattering data indicate that the phosphorylated tail 

binds to the C2 domain along its membrane binding surface. Additionally, the 

same envelopes show apparent changes in the shape of the phosphatase 

domain when the tail is phosphorylated. Furthermore, the phosphatase domain is 

protected from trypsin proteolysis and the protein shows an elevated Km for 

soluble substrates conferred by tail phosphorylation, suggesting there are 

structural changes in this domain. At approximately 175 Å in extended length, the 

C-terminal tail is long enough to bind surfaces of both the phosphatase and C2 

domain concurrently.  

 Previous evidence for a phosphorylation induced conformational change 

was established using an in trans binding experiment in which the main body of 

PTEN (aa 1-352) and tail (aa 353-403) were expressed in eukaryotic cells and 

shown to co-immunoprecipitate109,137. While this did not prove the interaction was 

an in cis binding event and wasn’t mediated by a secondary protein, this assay 

was used in attempt to identify point mutations in PTEN that would disrupt the co-
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immunoprecipitation. These authors identified mutations on the phosphatase 

domain (K13A, R14A, R15A) and C2 domain (K260A, K263A, K266A, K267A, 

K269A) that disrupted the co-immunoprecipitation of the two PTEN fragments109. 

Interestingly, as discussed in the previous chapter, we found that R15 was 

protected from trypsin proteolysis suggesting it could be involved in phospho tail 

binding.  

 In the present chapter we have generated a series of semisynthetic PTEN 

mutants to screen for amino acids on the main body of PTEN that are important 

for phospho tail binding. Point mutants localized to both the phosphatase domain 

and C2 domain were examined. One set of mutations on the CBRIII loop of the 

C2 domain was found to significantly disrupt the binding interaction between the 

phosphorylated C-terminal tail and the body of PTEN.  

 

Methods 

 

Anion Exchange Chromatography:  

The semisynthetic PTEN protein was further purified for SAXS and other 

biochemical experiments by anion exchange chromatography (monoQ) using an 

AKTA FPLC from GE Healthcare. Proteins were purified with a gradient of 0-50% 

Buffer B over 250 mL at a flow rate of 1.0 mL/min. (Buffer A: 50 mM Tris pH 8.0, 

10 mM DTT; Buffer B: 50 mM Tris pH 8.0, 1.0 M NaCl, 10 mM DTT). 
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Phosphatase Sensitivity Assay: 

 50 ng of semisynthetic phosphorylated PTEN and its mutants were 

dephosphorylated in the presence of 1 µM alkaline phosphatase from NEB (CIP) 

for varying periods of time in phosphatase assay buffer (50 mM Tris pH 8.0, 20 

mM NaCl, 25 µM MgCl2 and 10 mM DTT) at room temperature in 20 µL 

reactions. Reactions were quenched with SDS loading dye and run on 10% SDS-

PAGE gel. Dephosphorylation of PTEN was monitored by western blot with an 

antibody to the phospho-tail cluster (NBP1-4136). Primary dilution: 1:1000 in 1% 

BSA in TBS/T. Secondary dilution: 1:10,000 in 1% BSA in TBS/T. The fraction of 

phospho-PTEN remaining was determined using Carestream Media image 

quantification software. 

 

Soluble Substrate Activity Assay: 

 PTEN activity to a water soluble substrate (diC6-PIP3) was determined by 

measuring the release of inorganic phosphate with a malachite green detection 

kit from R and D Biosystems187,188. 25 µL reactions were allowed to proceed for 

5-10 minutes at 30⁰C in assay buffer (50 mM Tris pH 8.0, 10 mM BME) before 

being quenched by malachite green reagent according to the manufacturer’s 

protocol. Amounts of PTEN used per data point ranged from 0.5 to 20 µg.  

Reactions were shown to be linear with respect to time and enzyme 
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concentration in the ranges used. Careful consideration of background signal 

was needed here. The addition of enzyme, substrate and buffer components led 

to increases background signal that needed to be accounted for (by subtraction) 

in the final calculation of the amount of phosphate released by PTEN.  

 

Results 

 With overwhelming evidence that PTEN undergoes a conformational 

change when phosphorylated at the S380/T382/T383/S385 cluster on its C-

terminal tail, we set out to determine what amino acids and regions of the PTEN 

protein are more or less important for binding the phosphorylated tail. 

It has been proposed that the active site of PTEN may directly interact 

with the tail of PTEN when it is phosphorylated given that mutation of catalytic 

Cys124 prevents intermolecular binding interactions between the tail and the 

body of PTEN. To gain insight into potential interactions between the 

phosphorylated tail and the catalytic pocket, we digested n-PTEN and 4p-PTEN 

with trypsin in the presence of different compounds that bind the active site. 

Unexpectedly, all molecules tested that bind to the catalytic pocket enhanced 

PTEN sensitivity to trypsin proteolysis rather than stabilizing the protein (Figure 

49). Digesting PTEN in the presence of vanadate, VO-OHpic and soluble PIP2 all 

have the effect of destabilizing PTEN even when the tail is phosphorylated 

(Figure 49). However, there is still a different banding pattern for 4p-PTEN  
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Figure 49: Trypsin digestion of n-PTEN and 4p-PTEN in presence of active site 
binding small molecules. 2 µg of n-PTEN or 4p-PTEN were digested with 25 ng 
of trypsin in the presence or absence of indicated amounts of diC6 PIP2 or diC4 
phosphatidylserine (PS), vanadate or VO-OHpic. Digestion fragments were 
visualized by colloidal blue staining. 

  



143	  
	  

compared to n-PTEN. This would suggest that even though the active site is 

occupied, the phosphorylated tail is still binding the body of PTEN. The addition 

of soluble phosphatidylserine (PS) had no affect on PTEN’s stability to trypsin 

proteolysis regardless of tail phosphorylation state (Figure 49). PS embedded in 

membranes has been suggested to bind the C2 domain of PTEN though it is 

unknown if soluble PS can bind PTEN. 

The internal flexible loop (aa 286-309) of the C2 domain, referred to as the 

“D-loop”, has unknown function. It was deleted from the truncated PTEN protein 

that was ultimately crystallized, presumably because the D-loop introduced 

flexibility into the protein. Flexible loops of proteins often participate in 

conformational changes and binding events between proteins. The D-loop of 

PTEN was deleted to determine if it was involved in the interaction between the 

phosphorylated tail and the main body of PTEN. Partial trypsin digestion of the 

phosphorylated and unphosphorylated D-loop deleted semisynthetic proteins 

revealed that phosphorylation still conferred protection to proteolysis suggesting 

that the phospho tail was still causing a conformational change (Figure 50). 

Furthermore, the D-loop deleted protein showed phosphorylation dependent 

reduction in membrane binding ablitiy (Figure 51). Taken together this would 

indicate that the D-loop does not stabilize or mediate the binding event between 

the phosphorylated tail and the body of PTEN.  

 To try to better understand the phospho-tail binding interaction, we made 

a number of semisynthetic PTEN mutants with point mutations targeted to the 
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Figure 50: Partial trypsin digestion of n-PTEN and 4p-PTEN containing D-loop 
(aa 286-309) deletions. 2 µg of the semisynthetic proteins were digested with the 
indicated amounts of trypsin. Digestion fragments were visualized by colloidal 
blue staining. 
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Figure 51: D-loop deleted n-PTEN and 4p-PTEN binding to large multilamellar 
vesicles (LMVs). That amount of semisynthetic PTEN protein that pelleted with 1 
mM LMVs containing various concentrations of phosphatidylcholine, 
phosphatidylserine and/or PIP2 was determined by western blot. Data are 
represented as the mean +/- the S.D. of two experiments performed in duplicate.   
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phosphatase domain as well as the C2 domain. The mutants were chosen based 

on previous models, trypsin digestion experiments, and educated guesses. 

Presumably, regions on the body of PTEN that bind to the phosphorylated tail are 

positively charged given that the tail is multiply phosphorylated and has 

numerous acid aspartate and glutamate residues. Therefore, all of the point 

mutants that were generated where either lysine or arginine amino acids. Several 

of the mutants are outlined in Figure 52. The N-mutant contained amino acids 

K13, R14, R15 and R161 mutated to alanines (Figure 53). This mutant was 

chosen based partially on the trypsin digestion data which revealed R15 and 

R161 were protected from proteolysis when the tail was phosphorylated and 

partially because mutations of these amino acids were previously reported to 

disrupt the in trans binding interaction between the phospho-tail and body of 

PTEN109. These four amino acids are co-localized in the crystal structure of 

PTEN and are important for targeting PTEN to the plasma membrane51,95,96. 

Another mutant targeted five lysine residues (aa 260, 263, 266, 267 and 269) on 

the CBRIII loop of the C2 domain. These lysine residues have been shown to be 

important for lipid binding and have previously been proposed to disrupt an in 

trans biding event between the phospho-tail and the body of PTEN51,99,109. The 

five lysines were mutated to alanines to neutralize the positive charge in one 

mutant (A5-mutant) and to aspartates as a charge reversal mutant (D5-mutant) 

(Figure 54). The final mutant was chosen to mimic the crystallized form of PTEN. 

This mutant (X-mutant) contained deletions at the N-terminus (aa 1-6), D-loop 

(aa 286-309) and C-terminus (aa 396-403). Additionally this mutant contained the 
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Figure 52: Schematic view of semisynthetic PTEN mutants. PTEN mutants were 
generated analogously to n-PTEN and 4p-PTEN semisynthetic proteins as 
outlined in the methods section.   
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Figure 53: Crystal structure of PTEN highlighting point mutations of the N-mutant. 
R14, R15 and R161, shown in red, were mutated to either alanines in the N-
mutant. The N-mutant also contains K13 mutated to alanine though it is not 
shown in the crystal structure. Top and side views of the PTEN protein are 
shown with the membrane binding surface oriented towards the plasma 
membrane. Tartrate, in yellow, binds to the active site of PTEN. 
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Figure 54: Crystal structure of PTEN highlighting point mutations of the D5- and 
A5-mutant. Lysines 260, 263, 266, 267 and 269 of the CBRIII loop, shown in red, 
were mutated to either alanines in the A5-mutant or aspartates in the D5-mutant. 
Top and side views of the PTEN protein are shown with the membrane binding 
surface oriented towards the plasma membrane. Tartrate, in yellow, binds to the 
active site of PTEN. 
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Figure 55: Characterization of the X-mutant by anion exchange chromatography. 
(A) The unligated X-mutant elutes from the anion exchange column as one peak, 
indicating the heterogenous phosphorylation occurring from insect cell 
expression has been eliminated. (B) The full length 4p-PTEN X-mutant elutes 
from the anion exchange column just before the unligated X-mutant, indicative of 
the phosphorylation induced conformational change.  
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Figure 56: The X-mutant is not phosphorylated at T366 or S370. Using an 
antibody to phospho T366/S370, it can be seen that n-PTEN which is wt at these 
two amino acids is phosphorylated while the X-mutant which contains 
T366A/S370A mutations is not. Primary dilution: 1:1000 in 1% BSA in TBS/T. 
Secondary dilution: 1:10,000 in 1% BSA in TBS/T. 
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mutation of T366 and S370 to alanine to remove phosphorylation modifications 

on the tail of PTEN that were a result of insect cell expression (Figure 56). The 

unligated X-mutant eluted as a single peak on anion exchange chromatography 

(Figure 55A), suggesting the mutation of these two residues eliminated 

phosphorylation events not only at these two sites but also perhaps at nearby 

serine and threonine residues.  

 Any mutants that prevent the phosphorylated tail from binding the body of 

PTEN would be expected to have at least three distinct biochemical 

characteristics compared to the wild type protein. The mutant protein should no 

longer exhibit the paradoxical elution patterns observed on anion exchange 

chromatography. That is, the phosphorylated mutant should elute after, rather 

than before, the unphosphorylated mutant (Figure 57). Additionally, the 

phosphorylated mutant should be more sensitive to alkaline phosphatase 

removal of the phospho-tail cluster compared to wild type PTEN if the equilibrium 

between the “open” and “closed” forms of PTEN were shifted to favor the “open” 

conformation (Figure 58). Finally the phosphorylated mutant PTEN should exhibit 

increased catalytic activity with a decreased Km with soluble PIP3 substrates 

given that the unphosphorylated form of PTEN shows increased activity and a 

reduced Km relative to phosphorylated PTEN. 

 The A5-mutant, N-mutant and X-mutant all exhibited the same paradoxical 

elution patterns on anion exchange chromatography (Figures 55, 59) where the   
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Figure 57: Screening for PTEN mutants that disrupt the phosphorylation induced 
conformational change by anion exchange chromatography. While WT n-PTEN 
and 4p-PTEN exhibit the paradoxical elution patter where 4p-PTEN elutes prior 
to n-PTEN, mutant 4p-PTEN should elute after mutant n-PTEN if the binding 
interaction between the phospho-tail and the main body of PTEN has been 
disrupted.  

 



154	  
	  

  

 

 

 

Figure 58: Screening for PTEN mutants that disrupt the phosphorylation induced 
conformational change by sensitivity to alkaline phosphatase removal of tail 
phosphates. When phosphorylated the equilibrium between the “open” and 
“closed” forms of PTEN favors the “closed” conformation. Mutations that disrupt 
the binding interaction should shift the equilibrium to the “open” conformation, 
leading to increased sensitivity to alkaline phosphatase.  
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Figure 59: Characterization of the N-mutant by anion exchange chromatography. 
The N-mutant exhibits the same paradoxical elution pattern as WT 
phosphorylated and unphosphorylated PTEN, indicating the mutations contained 
in the N-mutant do not disrupt the tail binding interaction. The elution of 1 mg of 
each protein was monitored at 280 nm (milli-absorbance units). Gradient: 0-50% 
Buffer B over 250 mL. Buffer A: 50 mM Tris pH 8.0, 5 mM NaCl, 5 mM DTT. Buffer B: 
50 mM Tris pH 8.0, 1 M NaCl, 5 mM DTT.   
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Figure 60: Characterization of the 5D-mutant by anion exchange 
chromatography. The phosphorylated 5D-mutant initially elutes as a broad peak 
from the anion exchange column just prior to the unphosphorylated 5D-mutant. 
However much of the phosphorylated 5D-mutant elutes long after the 
unphosphorylated mutant. Gradient: 0-50% Buffer B over 250 mL. Buffer A: 50 
mM Tris pH 8.0, 5 mM NaCl, 5 mM DTT. Buffer B: 50 mM Tris pH 8.0, 1 M NaCl, 
5 mM DTT.   
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phosphorylated form eluted before the unphosphorylated form of the PTEN 

mutant. However the phosphorylated D5-mutant eluted as a very broad peak with 

a portion of the peak eluting both before and after the unphosphorylated D5-

mutant (Figure 60). The phosphorylated D5-mutant was also significantly more 

sensitive to alkaline phosphatase removal of its tail phosphates compared to the 

A5-mutant, N-mutant and X-mutant phosphorylated PTEN proteins which 

displayed similar sensitivity to alkaline phosphatase compared to WT 4p-PTEN 

(Figures 61, 62). The D5-mutant however was not as sensitive to alkaline 

phosphatase removal of tail phosphates as a denatured WT form of the PTEN. 

The D5-mutant displayed dephosphorylation kinetics about 7 fold faster than WT 

but about 3 fold slower than the denatured form (Figures 61, 62). Taken together 

these data suggest that the phosphorylated D5-mutant is in a partially “open” 

conformation that is significantly more “open” than WT.  

 We considered the possibility that mutating the five lysine residues to five 

aspartates was denaturing in the D5-mutant. However the D5-mutant was found 

to not only be active, but to have higher specific activity with soluble diC6-PIP3 

than the WT 4p-PTEN and the phosphorylated A5-mutant (Figure 63). More 

detailed characterization of the enzymatic activity of the phosphorylated D5-

mutant shows a reduced Km for diC6-PIP3 compared to WT 4p-PTEN (Figure 64). 

Given that n-PTEN was found to have higher activity and a reduced Km to soluble 

substrates than 4p-PTEN, this is further evidence that the phosphorylated 5D- 
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Figure 61: Alkaline phosphatase sensitivity of 4p-PTEN and its mutants. The rate 
of dephosphorylation of 4p-PTEN and its mutants was measured by 
quantification of bands from western blot analysis after treatment of the PTEN 
protein with 1 µM alkaline phosphatase. Data points are shown as the mean +/- 
the SEM of three experiments. 
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Figure 62: Western blots of the alkaline phosphatase sensitivity of 4p-PTEN and 
mutant forms. 4p-PTEN and its mutants were treated with 1 µM alkaline 
phosphatase. Dephosphorylation of the phospho-tail cluster was monitored by 
western blot with an antibody to the phospho-tail. Primary Ab dilution: 1:1000 in 
1% BSA in TBS/T. Secondary Ab dilution: 1:10,000 in 1% BSA in TBS/T. 
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Figure 63: Phosphatase activity of 4p-PTEN and its mutants with diC6-PIP3 
substrate. PTEN activity was measured against 160 µM diC6-PIP3 substrate. 
Data points are shown as the mean +/- the SEM of three experiments performed 
in duplicate.  
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Figure 64: Phosphatase activity of the 5D 4p-PTEN mutant with soluble diC6-
PIP3 substrate. (A) Km curve of 5D 4p-PTEN compared to n-PTEN and WT 4p-
PTEN. (B) Km curve of 5D 4p-PTEN with kcat and Km values determined from 
nonlinear regression analysis. Data are represented as the mean +/- the S.D. of 
three experiments performed in duplicate.  
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Figure 65: In trans inhibition of 5D t-PTEN phosphatase activity with 
phosphorylated tail peptide compared to WT t-PTEN. Activity was measured with 
160 µM diC6-PIP3 substrate. Data are represented as the mean +/- the S.D. of 
three experiments performed in duplicate. 
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Figure 66: WT and mutant n-PTEN phosphatase activity with diC6-PIP3 
substrate. n-PTEN and its mutants activity was measured with 160 µM soluble 
diC6-PIP3. Phosphate release was monitored by Malachite green detection. Data 
are represented as the mean +/- the SEM of three experiments preformed in 
duplicate. 
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mutant exists in a more “open” conformation than the WT 4p-PTEN protein. 

Furthermore, we found that unlike WT t-PTEN, 5D t-PTEN was nearly completely 

resistant to in trans inhibition of catalytic activity by the 25mer phosphopeptide 

(Figure 65) suggesting the phospho-tail can no longer bind to the body of PTEN 

when the five lysines in the CBRIII loop have been mutated to aspartates.  

 As previously reported, we found that the N-mutant of PTEN showed 

significantly reduced activity compared to WT (Figures 63, 66). The mechanistic 

basis for this reduction in activity is unknown, though the amino acids mutated in 

the N-mutant are known to be important for PIP2 binding and allosteric activation 

of the enzyme.  

 

Discussion 

 Identification of the D5-mutant as a mutant form of the phosphorylated 

PTEN that is in a more “open” state compared to WT suggests that the 

membrane binding surface of the C2 domain is implicated in phospho-tail 

binding. This gives credence to the molecular envelope models generated from 

the small angle X-ray scattering data discussed in the previous chapter where it 

appeared as the though the phospho-tail was binding to the body of PTEN in the 

vicinity of the membrane binding surface of the C2 domain (Figure 67). This 

provides a simple mechanism by which the phosphorylated C-terminal tail  
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Figure 67: N-terminal and CBRIII mutant crystal structures overlaid with the 
SAXS generated molecular envelope from 4p-PTEN.  
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decreases PTEN’s ability to bind to phospholipid membranes by competing for 

membrane binding surfaces on the C2 domain.  

 It is unknown why mutating the five lysines on the CBRIII loop of the C2 

domain to aspartates has the effect of “opening” the PTEN molecule while 

mutating the same five lysines to alanine has no effect on the “open” and 

“closed” equilibrium. Although direct contact of the phospho-tail with the CBRIII 

loop cannot be ruled out, those results likely suggest that the phosphorylated tail 

does not bind directly to the lysine residues. The most likely scenario is one in 

which the phospho-tail binds to the C2 domain in the general vicinity of the 

CBRIII loop and that the negatively charged aspartates repel the negatively 

charged tail, inducing the more “open” conformation of PTEN.  

 Contrary to our findings, the N-mutant and 5A-mutant have previously 

been shown to disrupt the phospho-tail binding event with an in trans binding 

assay109. In this assay, the body of PTEN (aa 1-352) and the tail (aa 353-403) 

were expressed as tagged proteins and shown to co-immunoprecipitate with 

each other. The N-terminal and CBRIII loop alanine mutations abrogated this co-

immunoprecipitation. The differences between the methodologies used likely are 

the reason for these inconsistent findings. It may be that the phosphorylated tail 

interacts with the body of PTEN in a different way when the tail and body are 

detached from each other versus when they are part of the same molecule.  
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 The mutations of the N-mutant were originally chosen partially based upon 

the previous model discussed above and partially because two of the amino 

acids (R15 and R161) were found to be protected during proteolysis with trypsin 

when the PTEN tail was phosphorylated. One explanation for the protection of 

these amino acids from proteolysis is that the tail directly binds to them and 

therefore prevents trypsinization at these sites. Given that the N-mutant did not 

display any characteristics of the “open” form of PTEN, it is unlikely that these 

residues were directly protected from proteolysis but rather indirectly so by the 

stabilization of the entire phosphatase domain when the PTEN tail is 

phosphorylated.  

 The exact amino acids on the C2 domain of PTEN that are responsible for 

binding to the S380/T382/T383/S385 phospho cluster remain to be determined. 

Further mutagenesis of the C2 domain my help to determine which key amino 

acids may be involved. Given that phosphorylation is the major switch from the 

“open” to “closed” conformation, it should be possible to completely disrupt the 

tail binding interaction by mutating the key amino acids that bind to the tail 

phosphates. In this thesis, only positively charged lysine and arginine residues 

were mutated. Given that the phospho tail is highly negatively charged, it would 

be expected that positively charged amino acids play some role in stabilizing the 

binding interaction. That being said, the amino acids that have been found to 

most frequently bind to phosphates are actually 

glycine>threonine>arginine>serine>lysine in decreasing order12. Interestingly, 
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there is a loop on the C2 domain that has a stretch of glycine, serine and 

threonine residues. While mutational analysis could be informative, the only way 

to definitively identify the key amino acids involved in phosphate cluster binding 

would be to obtain a high resolution structure of 4p-PTEN by X-ray 

crystallography or NMR.  

  



169	  
	  

Conclusion 

 The uncompromised normal function of PTEN is essential for negatively 

regulating the PI3K/PTEN/AKT signaling pathway, thereby preventing 

carcinogenesis3,18,37. PTEN’s importance as a tumor suppressor is demonstrated 

by its high frequency of mutation in many cancer types and cancer predisposition 

syndromes35,53–55,57. PTEN can be regulated by a variety of mechanisms within 

cells. One of these modes of regulation is through the phosphorylation of a 

cluster of serine and threonine residues on PTEN’s C-terminal tail109,110,129,131. 

While the regulation of PTEN functions by phosphorylation has been the subject 

of several studies109,110,129,131, the detailed mechanism by which phosphorylation 

regulates PTEN’s activities has remained largely unknown. In this thesis work, 

we have employed expressed protein ligation to generate PTEN in its 

phosphorylated and unphosphorylated forms in order to get a better 

understanding of how phosphorylation regulates PTEN.  

 We find that PTEN’s catalytic efficiency with respect to a soluble PIP3 

substrate is reduced about 7-fold for phosphorylated 4p-PTEN compared to 

unphosphorylated n-PTEN. The reduction in catalytic efficiency is due at least in 

part to an elevated Km for 4p-PTEN compared to n-PTEN. Additionally the 

phosphorylated tail peptide is a potent (IC50 ~1 µM) inhibitor of C-terminally 

truncated t-PTEN in trans while the unphosphorylated tail peptide shows little to 

no inhibition at 10 µM. Taken together this suggests the phosphorylated tail is 

auto-inhibitory. An interfacial kinetic analysis of t-PTEN, n-PTEN and 4p-PTEN 
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reveals that all three enzyme forms have the same interfacial Km (iKm) while 4p-

PTEN has a larger vesicle binding constant (Ks) than t-PTEN and n-PTEN, 

suggesting reduced binding affinity for phospholipid membranes. The differences 

in vesicle binding affinity calculated in the values of Ks were verified with the use 

of a vesicle sedimentation assay. Under all conditions tested 4p-PTEN 

demonstrated reduced binding affinity for phospholipid vesicles compared to n-

PTEN. Additionally the phosphorylated tail peptide reduced the amount of t-

PTEN that sedimented with phospholipid vesicles. Also of note, at low surface 

concentrations (<0.125%) of PIP3 substrate within vesicle membranes, 4p-PTEN 

has reduced catalytic activity compared to n-PTEN. This is important because 

physiological levels of PIP3 are thought to be less than 0.001%; therefore 

phosphorylated PTEN should have lower activity in vivo than its 

unphosphorylated form.  

 We have identified several lines of evidence to suggest that PTEN 

undergoes a conformational change when it is phosphorylated at its C-terminal 

tail. Serendipitously, we found that upon purification of n-PTEN and 4p-PTEN by 

anion exchange chromatography, 4p-PTEN elutes at an earlier elution volume 

compared to n-PTEN even though it possesses eight additional negative 

charges. This suggests that the phosphorylated tail is being concealed in an 

intramolecular binding event thereby preventing it from interacting with the 

positively charged anion exchange resin. Additional evidence to suggest that 

phosphorylation of PTEN induces a conformational change includes 4p-PTEN’s 
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reduced susceptibility to trypsin proteolysis compared to n-PTEN and the fact 

that natively folded 4p-PTEN is more resistant to alkaline phosphatase removal 

of its tail phosphates than a denatured form of the protein. 

 Small angle X-ray scattering (SAXS) of t-PTEN, n-PTEN and 4p-PTEN 

revealed that 4p-PTEN is smaller and more compact compared to n-PTEN with 

reductions in both its radius of gyration (Rg) and maximum particle dimension 

(Dmax). The molecular envelopes generated from the SAXS data suggests that 

the phosphorylated tail binds to the body of PTEN in the general vicinity of the 

membrane binding surface of the C2 domain. Mutation of five lysines of the 

membrane binding CBRIII loop of the C2 domain to aspartates at least partially 

prevents the phosphorylated tail from binding the main body of PTEN. This D5-

mutant 4p-PTEN protein demonstrated more normal elution patterns on anion 

exchange chromatography where much of the phosphorylated D5-mutant elutes 

after the unphosphorylated D5-mutant. The D5 4p-PTEN mutant also shows 

increased sensitivity to alkaline phosphatase removal of its tail phosphates 

compared to wild type. Additionally, the D5-mutant possesses catalytic activity 

with soluble PIP3 substrate comparable to n-PTEN with a significantly reduced 

Km compared to wild type 4p-PTEN. Furthermore the C-terminally truncated D5-

mutant is nearly completely resistant to 4p-25mer phosphopeptide inhibition of its 

catalytic activity.  

 Analysis of the D5-mutant along with the SAXS, vesicle binding and 

interfacial kinetic data of wild type 4p-PTEN suggests that the phosphorylated tail 
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exerts its auto-inhibitory effects by directly interacting with the membrane binding 

surfaces on the C2 domain of PTEN. This interaction prevents the C2 domain of 

4p-PTEN from binding to membranes and accessing its substrate. The fact that 

n-PTEN and 4p-PTEN have similar iKm for vesicle embedded PIP3 substrate but 

different Km values for soluble PIP3 substrate suggests the two enzyme forms 

have similar conformations when bound to phospholipid membranes but different 

conformations in solution when acting on a soluble substrate. The solution 

conformations of the two enzymes are visualized in the SAXS generated 

molecular envelopes. This model of PTEN regulation by phosphorylation is 

shown in Figure 68. Here, when PTEN is not phosphorylated, it exists in a more 

“open” state where it can easily bind to the plasma membrane and act on its 

substrate. When PTEN is phosphorylated on its C-terminal tail at the 

S380/T382/T383/S385 phosphocluster it adopts a more compact “closed” 

conformation. In this compact conformation, the phosphorylated tail prevents 

PTEN from interacting with the plasma membrane by binding to the C2 domain in 

the general vicinity of the phospholipid binding CBRIII loop.   

 In conclusion, expressed protein ligation has allowed us to examine how 

PTEN is regulated by phosphorylation in a detailed manner that has not 

previously been possible. Using these newly developed tools for studying PTEN 

phosphorylation, we demonstrate unequivocally that phosphorylation leads to a 

conformational change and that this causes a reduction in PTEN’s phospholipid 

membrane binding ability and catalytic activity. The utility of semisynthetic n- 
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Figure 68:  Model of PTEN regulation by phosphorylation. Upon phosphorylation, 
PTEN adopts a more compact conformation with the phosphorylated tail 
condensing around the CBRIII loop and membrane binding surface of the C2 
domain, preventing it from binding to the plasma membrane. When 
dephosphorylated, the tail of PTEN is no longer bound tightly to the C2 domain, 
allowing for the open PTEN protein to bind efficiently to the plasma membrane. 
Both forms of PTEN are in the same open conformation when bound to the 
plasma membrane. 
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PTEN and 4p-PTEN to study PTEN phosphorylation is not limited to the 

examination of protein conformational changes, membrane binding and catalytic 

parameters. These tools can be used to examine other potential PTEN 

phosphorylation-dependent functions such as protein-protein interactions, 

ubiquitination, cellular localization and protein stability.  
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