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Abstract

Metabolic reprogramming contributes to tumorigenesis and holds significant
promise for cancer therapy. The PTEN tumor suppressor governs a variety of biological
processes, including metabolism, by acting on distinct molecular targets in different
subcellular compartments. In the cytoplasm, PTEN regulates a plethora of metabolic
processes through antagonizing the PI3K/AKT/mTORCI1 pathway. However, the
metabolic regulation of PTEN in the nucleus remains undefined. Using a gain-of-
function approach to examine the metabolic consequences of PTEN targeted to different
sub-cellular compartments in human prostate cancer cell lines, we reveal a nuclear
function for PTEN in controlling de novo thymidylate biosynthesis and may also open
novel therapeutic avenues for targeting nuclear-excluded PTEN prostate cancer cells
with anti-folate cancer treatment.

The first four chapters of this dissertation are introductory information that
outlines the role of PTEN in cancer, the importance of metabolic compartmentalization,
the fundamentals of pyrimidine biosynthesis pathways, and the novelty of anti-folate
cancer treatments. Chapter 1 explains the role of PTEN as a tumor suppressor and
continues to discuss its role at the cell membrane as a metabolic regulator. The gap in
knowledge in the field is to understand the role nuclear PTEN as a metabolic regulator.

This is important as nuclear PTEN has been shown to be associated with more
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aggressive cancer phenotypes. Chapter 2 focuses on the background of metabolic
compartmentalization and how, by strategically placing genes and metabolites
spatiotemporally, the cell can execute key molecular mechanisms more efficiently. In
this chapter, we highlight where the current field of metabolic compartmentalization is,
the advantages of compartmentalization and how utilization of this knowledge can be
used for definitive therapeutics. Chapter 3 focuses on pyrimidine biosynthesis and
thymidylate biosynthesis. Thymidylate is synthesized de novo by thymidylate synthase
(TYMS), with the enzymes dihydrofolate reductase (DHFR) and
methylenetetrahydrofolate dehydrogenase 1 (MTHFD1) or serine
hydroxymethyltransferase (SHMT) which are required to regenerate 5, 10-
methylenetetrahydrofolate. MTHFD1 is the primary source of 5,10-
methylenetetrhydrofolate generation, and therefore its proper function in the nucleus
ensures the functioning of de novo thymidylate biosynthesis. Using Mass-Spectrometry,
we discovered that MTHFD1 is a top candidate protein interacting with PTEN in human
prostate cancer cells. This is a key focus of our research and important background for
Chapter 7 and 8 which delve into the thymidylate pathway, which is potentially
regulated by nuclear PTEN. A deeper understanding of nuclear PTEN’s regulation of
MTHEFD1 may, in turn, open new therapeutic avenues for anti-folate cancer treatment

tailored to PTEN sub-cellular localization. This brings us to Chapter 4, which focuses on



the current status of anti-folate treatment and the importance of precision medicine and
combinatorial treatment.

Chapter 5 is the start of our research project, it is the basis of the remainder
chapters and what allowed us to elucidate the importance of PTEN in the nucleus as a
novel metabolic regulator. To explore the role of PTEN as not just a tumor suppressor,
but as a metabolic regulator, we first sought to generate overexpression cell lines with
PTEN localized to various subcellular compartments. As explained in chapter 1 and 2,
we discuss how in the cytosol inactive PTEN can be recruited to the plasma membrane
where it functions as a lipid phosphatase to suppress the activation of the proto-
oncogenic phosphoinositide 3-kinase (PI3K)-AKT-mTOR signaling pathway. In the
nucleus, PTEN is known to act to induce cell cycle arrest and maintain genomic stability.
However, the role of PTEN in metabolism remain undefined. It is clearly understood
that each subcellular compartment harbors specific metabolic activities and PTEN is
present in different subcellular locations where it performs distinct functions acting on
specific effectors. To explore this, we used a gain-of-function approach to examine the
metabolic consequences of PTEN targeted to different sub-cellular compartments.
Plasmids were generated using site-directed mutagenesis and PCR. We used the vector
pTRIPZ, which is an inducible TET-ON system. This was necessary as overexpression of
a tumor suppressor in cancer cell lines, if left permanently on, leads to slow cell growth

and eventually be replenished by fast-growing negative cells. We generated a vector
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plasmid, which was used as the baseline for all experiments, a wildtype PTEN plasmid,
which was “normal” PTEN and PTEN had the ability to localize to the membrane or
nucleus, a cytoplasmic membrane plasmid, which localized PTEN predominantly to the
membrane, nuclear PTEN, which localized PTEN permanently to the nucleus, and
mutant C124S PTEN, which generates a catalytically silent PTEN variant preventing its
role at the membrane and its involvement in the PI3K-AKT-mTOR pathway. All of the
plasmids were transfected as a lentivirus into PC3 and C4-2 prostate cancer cells. Both
cell lines are PTEN-null and C4-2 represents early stage prostate cancer and is AR
positive, while PC3 cells represent later stage metastatic prostate cancer and are AR
negative. Prostate cancer is one of the leading causes of morbidity and mortality in the
world. Identification of novel therapeutics to combat this deadly disease is still needed
today, despite advances in PSA testing, molecular diagnostics, and androgen-
deprivation therapy treatments. Inactivation of PTEN by deletion or mutation is found
in 20% of primary prostate tumor samples and over 50% of castration-resistant tumors.
This highlights the importance of using prostate cancer cell lines as a model system. Cell
lines were confirmed for PTEN localization by 3 methods: Western blotting, subcellular
fractionation assays, and immunofluorescence assays. Confirmation of PTEN expression
and localization in both PC3 and C4-2 cell models sets up the system used in the next

couple chapters.
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Chapter 6 focuses on the metabolic profiling of our cell lines and highlights the
big data generated opening multiple avenues to be explored. It emphasizes the potential
role of PTEN as not only a tumor suppressor, but as a metabolic regulator. Unbiased
metabolic profiling was performed in PC3 and C4-2 overexpression cell lines. A polar
metabolomics profiling platform using selected reaction monitoring with the 5500
QTRAP hybrid triple quadrupole mass spectrometer was utilized for metabolomics data
generation. Using LC MS/MS for polar metabolite profiling the platform is a single
normal phase hydrophilic interaction liquid chromatographic run (HILIC) and has a
short mass spectra acquisition time of only 15 minutes. The platform allows for over 250
metabolic compounds to be targeted without chromatographically scheduled selected
reaction monitoring. Lastly, all analysis of data is done through Metaboanalyst, and
output files are generated in R command. Large data sets were generated for each cell
type and allowed for multiple avenues of research for this dissertation. Looking at heat
map of our cell lines, it was clear nuclear PTEN stood out and followed an unique and
distinctive pattern to that of wildtype and cytoplasmic membrane PTEN. This led us to
compare nuclear PTEN to vector PTEN null cell lines and determine which pathways
were enriched. Pyrimidine biosynthesis was at the top of the list, which leads us to
chapter 7.

Chapter 7 focuses on our analysis of pyrimidine biosynthesis and the potential

role nuclear PTEN plays in it. The absence of nuclear PTEN is associate with more
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aggressive disease in patients and therefore can serve as a useful biomarker and
potential therapeutic avenue. While purine metabolism happens exclusively in the
cytoplasm, pyrimidine metabolism occurs in the cytoplasm, mitochondria, and nucleus.
Most notable from our data, in relation to pyrimidine pathways, was the upregulation of
dTMP levels. dTMP, as mentioned in chapter 3, is produced from dUMP and both
metabolites participate in thymidine biosynthesis. Nuclear localization of the dTMP
biosynthesis pathway is a critical factor for allowing the pathway to play its role in DNA
synthesis and proper cell division. This pathway utilizes folate one-carbon metabolism
of which the enzyme MTHFD1 is an important facilitator of the pathway. Previous data
shows, through mass spectrometric analysis, that MTHFD1 was identified as a PTEN
interacting protein. This information suggests a potential role that PTEN plays in
thymidylate biosynthesis. This chapter aims to highlight the potential roles PTEN plays
in thymidylate biosynthesis and pave the way for novel therapeutic treatment.

Chapter 8 discusses the findings in chapter 7 and their ability to contribute to the
metabolic therapeutic field. We utilized crystal violet assays to measure cell growth over
a 6-day time period and treated cells with both an anti-folate and anti-PI3K drug to
maximize efficacy against nuclear PTEN-excluded prostate cancer cell lines.
Pharmaceuticals that target enzymes in folate-dependent dTMP biosynthesis are
developed as anti-cancer drugs. 5-fluorouracil (5-FU) is the most widely used anti-folate

cancer drug, presumably inhibiting TYMS. A full discussion of 5-FU’s pathway is
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discussed in chapter 4. The information and literature lead us to hypothesize that
presence of nuclear-PTEN would affect 5-FU efficacy and combinatorial therapeutics
would be a novel therapeutic strategy. In combination with 5-FU we used Buparlisib, an
oral PI3K inhibitor, to inhibit tumor growth by suppression of the PI3K pathway which
has been shown to promote castration and chemotherapy resistance. We sought to
determine if BKM used in combination with 5-FU could be a potential therapeutic
option for patients with nuclear PTEN-excluded mutations. Our data shows evidence of
a protective effect of nuclear PTEN on drug treatment suggesting novel precision
therapeutic treatment for patients with PTEN-excluded mutations.

Chapter 9 concludes our findings and also explores future directions for the
work, highlights our contributions to the field of PTEN and metabolism, and recognizes
PTEN as a metabolic regulator and gene that is vital in cancer tumorigenesis

progression, applicable pan-cancer.
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1. Introduction

PTEN is a tumor suppressor frequently altered in cancer, and its multifunctional
nature as a lipid phosphatase, protein phosphatase, and scaffold protein in various
cellular compartments makes it a crucial regulator of cell signaling and homeostasis.
While its best-known role is at the plasma membrane, where it negatively regulates the
PI3K/AKT/mTORC pathway by dephosphorylating PIP3, PTEN's functions within the
nucleus have gained attention due to their importance in cancer development and
progression. Nuclear PTEN appears to play distinct roles from its cytoplasmic
counterpart and has been implicated in the regulation of DNA repair, genome stability,
cell cycle progression, and other tumor suppressive functions.[1] The differential
localization and functions of PTEN are controlled by an array of protein-protein
interactions and post-translational modifications, underscoring its complexity in cellular
processes. [2]Understanding the mechanisms behind PTEN's nuclear translocation and
its specific functions within the nucleus is crucial for determining its full potential as a
tumor suppressor and metabolic regulator.

Cancer cells undergo metabolic reprogramming to meet their increased demands
for energy and biosynthetic precursors for proliferation and survival. PTEN's role as a
metabolic regulator has been primarily associated with its ability to modulate the

PIBK/AKT/mTORC pathway, which influences several key metabolic pathways,



including glycolysis, the TCA cycle, and purine synthesis. [3] However, the impact of
nuclear PTEN on cancer metabolism is a novel and exciting area of investigation that
remains largely unexplored.

Our study aims to shed light on nuclear PTEN's metabolic functions and
potential implications it has in cancer metabolism by focusing on pyrimidine
biosynthesis. Pyrimidine metabolism is essential for cancer cell proliferation, as de novo
nucleotide synthesis provides the necessary building blocks for DNA replication. While
purine metabolism occurs exclusively in the cytoplasm, pyrimidine metabolism takes
place in the cytoplasm, mitochondria, and nucleus. [4] Moreover, pharmaceuticals
targeting enzymes involved in folate-dependent dTMP biosynthesis, such as the widely
used anti-cancer drug 5-fluorouracil (5-FU), have shown promise in cancer treatment. [5]
However, the compartmentation of de novo dTMP biosynthesis within the nucleus may
impact the efficacy of such drugs, particularly in the presence of nuclear PTEN. [6]
Combinatorial therapeutic approaches that consider nuclear PTEN's influence on
pyrimidine biosynthesis could offer novel strategies for improving treatment outcomes.

Loss of nuclear PTEN has been associated with aggressive disease in patients,
emphasizing its importance as a biomarker and potential therapeutic target. [7] Recent
studies have shown that nuclear PTEN exerts tumor suppressive functions through the

regulation of cell cycle progression, apoptosis, and maintenance of genomic integrity. [8,



9] Our study seeks to elucidate the specific mechanisms underlying nuclear PTEN's
impact on pyrimidine metabolism and its potential influence on cancer cell responses to
metabolic therapies, including anti-folate drugs like 5-FU. By utilizing an in-vitro
prostate cancer system, we aim gain insight into nuclear PTEN and metabolic pathways,
thereby contributing to a deeper understanding of cancer metabolism and providing
valuable insights into therapeutic approaches targeting PTEN-regulated pathways. By
exploring the impact of nuclear PTEN on pyrimidine biosynthesis and its potential
implications in cancer metabolism, our study endeavors to expand the knowledge base
for developing targeted therapeutic strategies and improving cancer treatment

outcomes.



2. PTEN as a Tumor Suppressor and Metabolic
Regulator

PTEN (phosphatase and tensin homologue deleted on chromosome 10) is one of
the most frequently lost or mutated tumor suppressor gene in human cancer, through its
role as a lipid phosphatase on the PI3K-AKT-mTOR pathway, is a known driver of
cancer initiation and progression. In addition to its role as a lipid phosphatase, PTEN,
also acts as a scaffold protein and a protein phosphatase to govern multiple other
cellular processes, including survival, proliferation, energy metabolism, and cellular
architecture. [10] Mechanisms that regulate PTEN expression and function lead to
altered sub-cellular localization. The subcellular localization of PTEN affects its tumor
suppressive functions and the cells” ability to shuttle PTEN between the membrane,
cytosol, and nucleus is what allows PTEN to act in its entirety. Nuclear PTEN is reported
to play important roles in chromosome stability, DNA repair and cell cycle regulation.
[11] How PTEN exerts its role in the nucleus is incompletely understood, and therefore
here lies a gap in knowledge and an unmet need to understand nuclear PTENs role and
how exploitation of subcellular localization of PTEN can lead to novel therapeutic

avenues.



2.1 The PTEN Protein and its Post-translational Modification
Sites

2.1.1 Structure of PTEN

PTEN is a 403 amino acid protein containing 5 unique domains that allow the
molecule to function as a lipid phosphatase, protein phosphatase, and scaffold protein.
The PTEN gene is encoded on chromosome 10q23, a site that loss of heterozygosity
frequently leads to cancer. [12] There are two major functional domains, the phosphatase
and C2 domain. Additionally, there are 3 structural domains, the Phosphatidylinositol
4,5-bisphosphate (PIP2) binding domain, C-terminal tail that contains a proline,
glutamic acid, serine, threonine sequence (PEST) and a PDZ interaction motif. [13] The
phosphatase domain contains the signature CX5R (HCKAGKGR) p-loop structure for
phosphatases. The C2 domain contains the proteins affinity for phospho-lipids. Lastly,
the two PEST domains and PDZ domain contribute to regulation of PTENS stability and

subcellular localization, respectively.

2.1.2 Post-Translational Regulation of PTEN

Several post-translational modifications, that lend to the protein’s stability and
localization, have been discovered on PTEN. Two lysine sites, K13 and K289, are found
to be ubiquitinated and affect the localization and stability of PTEN. Ubiquitination at
these sites leads to nuclear localization. K289 is also sumoylated which has also been

found to assist with nuclear localization. Two additional sumoylation sites, K254 and
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K255, are identified as facilitators of the binding of PTEN to the membrane. PTEN can
also be acetylated on K125 and K128 which decreases the ability of PTEN to inhibit
Phosphoinositide 3 kinase (PI3K)/ Protein Kinase B (AKT) activity. Oxidation of PTEN
can also occur leading to the formation of a disulfide bond between C71 and C124 which
results in reduced PTEN activity. Lastly, clusters of phosphorylation sites are found on
PTEN. Phosphorylation of PTEN in general is found to increase its stability but reduce
its activity. The PTEN N-terminus harbors a functional nuclear localization domain,
which is required for nuclear accumulation of PTEN. The N-terminal region of PTEN
contains overlapping nuclear localization signals and phosphatase binding motifs that
regulate PTEN subcellular localization and catalytic activity, and this region is targeted
by tumor-associated mutations with high incidence. [14] The COSMIC database shows
that 15% of PTEN mutated samples target residues 1-40 and about 40% of these are
missense mutations. The lack of nuclear PTEN in many human cancers has been
documented and proposed as a factor of poor prognosis for some tumor types. [15] This

will be explored further in later sections.

2.2 Cytoplasmic Membrane and Nuclear Localization of PTEN

A critical conformational switch that regulates PTEN’s localization was
discovered by Nguyen et al. As shown in Figure 1, an open conformation of PTEN

regulates its recruitment to the membrane or nucleus, whereas a closed conformation



keeps PTEN inactive in the cytoplasm. Dephosphorylation of PTENs C-terminal tail
dissociates it from the core region opening the protein and allowing membrane binding-
regulatory actions to occur and recruit PTEN to the plasma membrane. Conversely,
opening of PTEN can also allow for ubiquitination and sumoylation of PTEN at lysine
residues 13, 254 and 289 stimulating nuclear localization of PTEN. [16] Mutation of these
residues prevents monoubiquitination and ultimately localization of PTEN to the
nucleus. Additionally, it has also been shown that PTEN localization can be regulated by
calcium mediated interactions with the major vault protein. [17] Alterations of PTEN
localization and expression in cancer cells is one of the key drivers of tumorigenesis

initiation and progression.

Plasma membrane
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Closed Open

Nucleus Ub¥K1 3

Figure 1: A Model for PTEN in Open vs Closed Conformation. Adapted from
Nguyen et al Scientific Reports 2018 [16]



2.3 PTEN as a Tumor Suppressor: Canonical Signaling Pathways

The tumor suppressor functions primarily at two sub-cellular localizations, the
cytoplasmic plasma membrane, and the nucleus. At the membrane, PTEN’s primary role
is as a lipid phosphatase with secondary messenger phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) as its substrate. PTEN being this dual specificity protein and lipid
phosphatase, has its primary cellular substrate as the second messenger PIP3, which it
hydrolyzes, dephosphorylates, to PIP2, therefore preventing cell survival, growth, and
proliferation. [18] The primary downstream protein of PTEN signaling is AKT. AKT is a
serine, threonine kinase that is activated by phosphorylation at these sites, specifically
threonine 308 and serine 473. Phosphorylation of both sites by 3-phosphoinositide-
dependent protein kinase 1 (PDK1) and rapamycin Complex 2 (mTORC?2) allow for
maximal activation and activity of AKT downstream. Following PI3K activation AKT is
recruited to the membrane where it can be phosphorylated and activate a plethora of
downstream events. [19] However, PTEN blocks the formation of PIP3 and subsequent
membrane recruitment of AKT and prevents cell growth, metabolism, and survival
(Figure 2), highlighting its important role as a tumor suppressor at the cellular

membrane.



Proliferation Metabolism Growth

Figure 2: PTEN Canonical Signaling Pathway at the Cytoplasmic Membrane.
Adapted from Lee YR, Chen M et al., Nat Rev Mol Cell Biol 2018 [20]

Given the importance of PTEN in normal development and disease, regulating
the location and level of active PTEN in a cell is critical for maintaining proper
homeostasis. Loss of PTEN activates the PTEN PI3K AKT mTOR pathway which leads
to oncogenic transformation allowing for uncontrolled growth proliferation and more.

In addition to its lipid phosphatase role on the membrane, PTEN also localizes
to the nucleus and through other processes exerts its tumor suppressor functions.
Nuclear PTEN is found to regulate DNA repair, genome stability, and cell cycle
progression. [21] A nuclear pathway that controls apoptosis has been described in some
cell lines and could account for the proapoptotic or growth suppressive effect of PTEN

in the nucleus. Through direct association with p53 nuclear PTEN is found to promote
9



its stability and transcriptional activity. This demonstrates a tumor-suppressor function
for PTEN in the nucleus that is independent of its catalytic activity but is dependent on
the physical interaction of PTEN with nuclear effectors, including the tumor suppressor
p53. [22-24] In addition, nuclear PTEN has been shown to control cell-cycle progression
by inducing G0-G1 arrest most likely as a result of cyclin D1 downregulation. Nuclear
PTEN has also been shown to maintain chromosomal stability by interacting with the
centromere proteins centromere protein-C (CENP-C). [8] Lastly, nuclear PTEN has the
ability to regulate DN A-damage responses by up-regulating the transcription of Rad51
that leads to double-strand break repair. It can do this through collaboration with E2F to
induce expression of Rad51, leading to the enhancement of DNA repair. Even more
strikingly, loss of nuclear PTEN or interruption of nuclear PTEN function, leads to
increased double-stranded DNA breakage rates. [25, 26]

It was initially thought that PTEN is exclusive to the cytoplasm and localizes to
the membrane to exert its lipid phosphatase function. [27] However, recently PTENs
ability to localize to other compartments such as the nucleus and mitochondria has been
discovered. Even more recently nuclear PTENs tumor suppressive functions are being
elucidated. Through ubiquitination and SUMOylation PTEN is exported into the
nucleus and can exert its functions independent of the PI3K/AKT pathway. While

suppression of the PI3K-AKT-mTORC pathway is the most known role of PTEN, cancer-
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associated mutations in PTEN affecting the proteins localization expose the importance

of both membrane and nuclear localized PTEN.

2.4 PTEN as a Metabolic Regulator

The function of PTEN as a metabolic regulator, is also modulated by its sub-
cellular localization. Through its regulation of the PI3BK-AKT-mTORC pathway PTEN is
shown to modulate many key cancer metabolic pathways like glycolysis, the citric acid
cycle (TCA) and purine synthesis. However, nuclear PTEN, which acts independent of
the PIBK-AKT-mTORC pathway, is still relatively unknown in how it modulates cancer
metabolism. [3] Delving deeper into the metabolic world of PTEN we can discover how
PTEN regulates metabolic functions of the cell based on its sub-cellular localization.

PTEN localized to the cytoplasmic membrane can exert lipid phosphatase
function there. PTEN dephosphorylates PIP3 and converts it to PIP2. This leads to
reduced PIP3 production and downstream signaling that depends on PIP3. PTEN serves
as a negative regulatory signal for the PI3K-AKT signaling pathway. AKT, when
activated by phosphorylation via kinases 3-Phosphoinositide-dependent kinase 1
(PDK1) and mTORC2, modulates a number of signaling pathways involved in cell
growth, survival, metabolism and more. [28] mTOR, being a downstream target of AKT,
plays a critical role in modulation of the cells nutritional status and regulation of cell’s

energy expenditure. [29] Through PTEN’s position as a negative regulator of the PI3K-
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AKT-mTORC pathway, it is able to play an important role in glucose and lipid
metabolism. Preventing PTEN from exerting its lipid phosphatase function is sure to
affect the cells metabolic regulation.

While it is known that nuclear PTEN protects the cells genomic integrity, how it
affects the cells metabolic functions in the nucleus is a huge gap in knowledge in the
field. Cancer cells reprogram their metabolism to sustain their abnormal cell
proliferation, survival, and nutrient demands. The most common feature of altered
cancer metabolism is increased glucose uptake and fermentation of glucose to lactate.
This phenomenon is known as the Warburg effect. [30] PTEN can regulate glucose
metabolism, including glycolysis, gluconeogenesis, and the TCA cycle. All 3 pathways
are regulated by the PI3K-AKT pathway through various downstream interactions. AKT
regulates glucose metabolism through inducing the translocation of glucose transporters
to the cell surface which in turn activates hexokinase which facilitates the conversion of
glucose to glucose-6-phosphate (G6P). Simultaneously while activating hexokinase AKT
inhibits glycogen synthase kinase 3. [31] PTEN also, through the PI3K /AKT cassette, has
the ability to regulate synthesis of purines. AKT regulates de novo synthesis by
modulation of phosphoribosyl pyrophosphate (PRPP) availability and Inosine
monophosphate synthase (ATIC) activity. PI3K/Akt also regulates de novo synthesis by

modulating PRPP production through utilization of the pentose phosphate pathway,
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non-oxidation stage, and late steps by modulating activity of the bifunctional enzyme
aminoimidazole-carboxamide ribonucleotide transformylase IMP cyclohydrolase. This
enzyme, regulated by PTEN, can cause blockage and alterations of multiple metabolites
involved in purine de novo synthesis and salvage. [32]

Where the field lacks knowledge, is to understand PTEN as a metabolic
regulator independent of the PI3K/AKT pathway. This is best studied with analysis of
nuclear PTEN’s role as it acts only in the nucleus and does not have access to
cytoplasmic membrane PIP3. While some studies suggest that nuclear PTEN could
potentially regulate novel nuclear PI3K-dependent signaling pathways independent
from AKT activation, the majority of the field suggests nuclear PTEN functions
independently of the PI3K/AKT pathway. [33] PTEN can function as a lipid
phosphatase, protein phosphatase and scaffold protein. In the nucleus it is suggested
that PTEN primarily acts in its role as a protein phosphatase and scaffold protein. PTEN
is found to be predominantly localized to the nucleus in primary, differentiated, and
resting cells compared to rapidly cycling cancer cell lines where there is a marked
reduction of nuclear PTEN or absence all together. [34] The significant changes to
metabolism in cancer cells, combined with the exclusion of nuclear PTEN, suggests a

role for nuclear PTEN’s regulation of cell metabolism. The absence of nuclear PTEN is
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associated with more aggressive disease in patients and therefore can serve as a useful

biomarker and potential therapeutic avenue. [7]

2.5 PTEN Mutations and the Cancer Landscape

2.5.1 PTEN Pan Cancer

PTEN is one of the most frequently altered tumor suppressors in cancer (Figure
3). Metabolic reprogramming, induced by the loss of tumor suppressor genes or

aberrant activation of oncogenes, contributes to tumorigenesis, and holds significant

promise for cancer therapy.
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Figure 3: Pan cancer Studies of common PTEN Mutations. Generated from
CBioPortal.
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PTEN loss of function can occur through inactivation by hemizygous, one copy
deletion, or homozygous, 2 copy deletion. [35] A study by Vidotto et al did a copy
number analysis of 9793 The Cancer Genome Atlas (TCGA) cases from 30 different
tumor types. The authors found that there were 419 (4.28%) homozygous and 2484
(25.37%) hemizygous PTEN losses.

Germline mutation of PTEN is the underlying cause for PTEN hamartoma
syndromes which include Cowden, Bannayan, Lhermitte-Dulcos, Proteus, and Proteus-
like syndrome. Cowden syndrome notably has 80% of its patients with germline PTEN
mutations. [36-38] These patients have an increased lifetime risk for somatic PTEN
inactivation. PTEN can also be lost partially or full in sporadic tumor types. Somatic
inactivation of the gene alone is not enough to cause tumorigenesis in all tissues. In
certain contexts, PTEN deletion contributes to tumorigenesis through alterations of other
genes. The PTEN gene is commonly inactivated with deep deletions in many tumor
types, including glioblastoma, prostate, and endometrial cancers. Mutations in PTEN
that cause reduced expression of the gene are common in lung and breast cancer. The
gene can be altered by mutation, fusion, amplification, deep deletion, or multiple

alterations. [38-42]
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Overall, PTEN mutation is connected to advanced disease, poor disease
prognosis, and chemotherapy resistance predominantly in neck, breast, melanoma,

colorectal, esophageal, and prostate cancers.

2.5.2 Prostate Cancer and PTEN

Prostate cancer is one of the leading causes of morbidity and mortality in the
world. Although localized prostate cancer is highly curable, about 33,330 men in the U.S.
will died of metastatic disease in 2020. [43] Androgen-deprivation therapy (ADT) has
been the standard of care for advanced and metastatic prostate cancer for more than 70
years. [44] Despite the initial success of the treatment, many patients will inevitably
relapse and develop metastatic castration resistant prostate cancer (mCRPC). Second
generation therapies have led to novel androgen receptor targeted drugs, such as
enzalutamide and abiraterone acetate. However, as predicted, resistance mechanisms
will arise, and the disease will recur. Currently, therapies on the market can prolong
survival of patients, but are not curative. Therefore, identification of novel therapeutic
targets for treatment of mCRPC is necessary. [45, 46] Inactivation of PTEN by deletion or
mutation is found in 20% of primary prostate tumor samples and over 50% of castration-
resistant tumors. [47] It is also shown that genes involved in homologous recombination
pathways of DNA repair are frequently inactivated in over 25% of advance prostate

cancers. [48] Poly-ADP ribose polymerases (PARPs) are an enzyme family involved in
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protein modification DNA repair. PARP]I, specifically, is involved in the repair of DNA
single strand breaks through base-excision repair, which is normally repaired by BRCA1
and BRCA2 pathways. [49] BRCA2 mutations in metastatic castration resistant prostate
cancer lead to poor disease prognosis. Experiments show PARP inhibition has antitumor
activity in metastatic castration resistant prostate cancer, in cases that are deficient in
homologous recombination repair genes. [49] These findings collectively highlight the
importance of DNA repair pathways in cells to prevent tumorigenesis and show how
loss of these DNA repair genes leaves the cell vulnerable to certain therapeutics. Nuclear
PTEN and its key role in maintaining genomic integrity could be combined with certain
therapeutics for combinatorial therapy that is more efficacious in metastatic prostate
cancer. It would be interesting to explore whether nuclear exclusion of PTEN, similar to
loss of BRCAZ2, could allow for PARP inhibitors to function as a treatment method more

effectively.

2.5.3 Loss of Nuclear PTEN Leads to Aggressive Cancer Phenotypes.

Loss of nuclear PTEN across cancer types not only leads to cancer progression
but leads to increasing malignancy and worse prognosis. PTEN nuclear localization
typically occurs in primary, differentiated, and resting cells rather than cancer cell lines.
This emphasizes the critical need for nuclear PTEN and its independent role as a tumor

suppressor, unique to that of its role at the membrane. [34] Nuclear PTEN is commonly
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lost in metastatic tumor states as compared to primary tumor states. [50] Notable
examples of this are in colon cancer, progression from epithelial adenocarcinoma to
metastases shows decreased nuclear PTEN levels. [50] Additionally, lung cancers,
especially small cell, and squamous cell lung cancers, have lower nuclear to cytoplasmic
localization of PTEN ratios. [51] In melanoma it has also been demonstrated that there is
decreased nuclear PTEN localization. [52] The ratio of nuclear to cytoplasmic PTEN
localization in the cell decreases as disease progression and metastasis increases.
Additionally, this change in subcellular localization is also clinically relevant and has
been shown to be correlated with worse survival rates and worse response to
therapeutics. [53-55] There is increasing evidence to define PTEN as a prognostic and
predictive biomarker for drug response in various tumors, including prostate cancer.
Increasing evidence indicates PTEN as a prognostic and predictive biomarker for drug
response in several tumors such as, prostate, breast, and endometrium tumors.

As mentioned earlier, PTEN monoubiquitination at K13 and K289 is essential for
its nuclear localization and tumor suppressive function and, conversely,
deubiquitination of PTEN by herpes virus-associated ubiquitin-specific protease
(HAUSP) protein prevents PTEN nuclear localization and leaves PTEN predominantly
cytoplasmic. [56] One paper found through analysis of PTEN in malignant glioblastoma

primary cells, they report L320S blocks localization of PTEN at the plasma membrane
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and nucleus without affecting lipid phosphatase activity. Further analysis demonstrated
that disruption of PTEN in its open conformation enhanced polyubiquitination of the
protein which led to a decrease in protein stability. [57] Another paper shows an
intestinal polyp from a PTENWTK2E Cowden patient showing nuclear and cytoplasmic
PTEN in normal (PTENWTK2E ) mucosa and only cytoplasmic PTEN¥?*E in dysplastic
(PTENWTK25E) regions. [58] K289 is a sumoylation site which has been shown to be
linked to PTEN nuclear localization. Lastly mutant K254R in glioblastoma patients has
been shown to prevent sumoylation of PTEN at that site and prevents it from going into
the nucleus. The paper shows how sumoylation of pten controls its nuclear localization
and cells lacking nuclear pten are hypersensitive to DNA damage. [1] Mutations at K13
have also been found in brain and prostate cancer patients through the cosmic database
which demonstrates nuclear exclusion of PTEN due to a mutation at this site. It is
important to note that all of these mutations are in the C2 terminal domain of the protein
PTEN which results in misfolding. As mentioned earlier, the C terminal is involved in
both protein stability and PTEN function. Mutation in the C terminal results in loss of
stability and in these cases leads to nuclear exclusion and membrane exclusion but not
loss of function. So essentially the cells block localization of PTEN at the plasma
membrane and nucleus without affecting lipid phosphatase activity. This again

demonstrates the importance of nuclear PTEN and importance of subcellular

19



localization. Understanding the mechanisms that lead to loss of nuclear PTEN and how

to target it as a diagnostic and a therapeutic will advance the treatment of pan cancer.
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3. Metabolic Compartmentalization: A Novel Therapeutic
Opportunity

Metabolic compartmentalization is a crucial cellular function that occurs on both
a spatial and temporal level. In recent years, it has become evident that cells have a
requirement for compartmentalization of certain pathways, including glycolysis,
mitochondrial respiration, and purine metabolism. By strategically placing genes and
metabolites spatiotemporally, the cell is able to execute key molecular mechanisms more
efficiently. The field is still in its infancy and will require novel and innovative methods,
assays, and strategies to target this phenomenon and utilize it for therapeutic advantage
in diseases. In this chapter, we highlight where the current field is with metabolic
compartmentalization, the advantages of compartmentalization and how utilization of
this knowledge can be used for definitive therapeutics. Our body’s ability to maintain
homeostasis is in large part due to the compartmentalization of key metabolic pathways
and functions. Compartmentation can occur at both the cellular and subcellular level.
Many metabolic pathways are highly compartmentalized between different membrane
bound organelles, and even membrane-less compartments. By confining metabolites to
organelles one can increase reaction efficiency and protect cellular contents and regulate
the release of toxic contents. [59] Membrane bound organelles, such as the mitochondria,
nucleus, and membrane itself, harbor distinct pathways and metabolites to keep the cell

running efficiently. The cytoplasm, previously thought to be one big pool of enzymes, is
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now seen to have compartmentalization of metabolism, accomplished through
differential local diffusion rates and local concentration of enzymes. These
membraneless multi-enzyme complexes, which consist of all the enzymes that must be
in close physical proximity to each other to perform seamless pathway functions, are
commonly known as metabolons. [60] It is even further realized that metabolism is not
only spatially compartmentalized, but temporally. A clear example of this is the active
regulation of the cell cycle. [61] It is clear that compartmentalization is a prerequisite for
certain metabolic pathways. However, due to limited availability of methods to study
compartmentalization, the field is still in its early stages and has far to go. Further
advances in the field will lead to novel therapeutic targets and methods to treat

abnormal compartmentalized metabolism in disease.

3.1 Importance of Compartmentalization in Cells

All cellular reactions take place in a certain space within the cell. The
compartments are separated by semi-permeable membranes and help separate and
optimize the course of various metabolic reactions. It is important to note that
compartments do not have to be membrane bound. The major compartments and sites
for key metabolic pathways are the nucleus, the cytosol, various organelles, and the
membrane. [62] Compartmentalization establishes physical boundaries for biological

processes and enables the cell to carry out multiple metabolic activities simultaneously.
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The increase in efficiency is why the cell has evolved to the state it is in today. Our level
of biological complexity is achieved through compartmentalization and the physical
separation of metabolic reactions. By having multiple compartments, enzymes can
participate in multiple metabolic pathways simultaneously. Compartmentalization,
while most commonly is through membrane bound organelles, can also be achieved
with protein scaffolds and multienzyme complexes. [63] Even within one compartment,
there can be further compartmentalization. It is also important to mention that there can
be temporal compartmentalization of metabolites. [64] Both special and temporal
compartmentalization have many benefits for the cell and their ability to carry out
metabolic functions. Subcellular compartmentalization allows for the optimal activity of
specific enzymes. Enzymes function at various pH levels and require different
compartments to do so. [65] Compartmentalization also allows for the containment of
toxic waste and by products produced from various metabolic pathways and reactions.
Additionally, by providing a barrier for reactions, the cell can keep intermediates
located closely together and prevent unwanted diffusion of intermediates. This benefits
the cell greatly in terms of reaction efficiency and reduces energy usage.
Compartmentalization can also prevent metabolites from being interconverted in
reactions that would occur in the opposite directions. Temporally restricting the

presence of metabolites prevents this issue. Lastly, and most importantly, metabolic
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compartmentalization increases reaction efficiency. Everything we do as humans works
towards maximizing efficiency of time, resources, and money. Similar to us functioning
as humans in society, the cell works to maximize energy usage and production by

compartmentalizing key metabolic pathways.

3.2 Membrane Bound Organelles for Metabolic Compartments.

Classically, cell compartmentalization is thought of in terms of membrane-bound
organelles. It is also important to mention the emergence of membrane-less
compartmentalization. Subcellular processes are most commonly described as occurring
at the plasma membrane, cytosol, nucleus, or other membrane bound organelles such as,
the Golgi apparatus, lysosomes, and others. This section focuses on the cytoplasm,
mitochondpria, nucleus, and membrane locations for various cellular processes. Effective
transport and localization of molecular components to their respective compartments is

crucial to maintain proper homeostasis within the cell.

3.2.1 Cytoplasm

The cytoplasm contains more than half the total volume of the cell and is the
primary site of protein synthesis and degradation. The primary metabolic pathways that
occur here are intermediary ones, ones that synthesize building blocks or degrade small
molecules from other pathways. The majority of proteins do not have a localization
signal and will remain in the cytosol of the cell. The major metabolic pathways that
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occur in the cytoplasm include, but are not limited to, glycolysis, gluconeogenesis,
glycogenolysis, the phosphate pentose cycle and metabolism of fatty acids and amino
acids. Other pathways include pyrimidine and purine metabolism and heme and urea
synthesis. Cytosolic nicotinamide adenine dinucleotide (NADH) is regenerated via the
oxidative pentose phosphate pathway. [66, 67] Another important cytosolic enzyme is
Adenosine triphosphate (ATP) citrate lyase (ACLY). This enzyme catalyzes the
conversion of acetyl-CoA from citrate. ACLY-mediated acetyl CoA production may
occur in both the cytoplasm and nucleus as ACLY was identified at both sites as citrate

can diffuse freely through the nuclear pore complex. [68]

3.2.2 Nucleus

The nucleus is yet another distinct compartment within the cell and has a variety
of metabolic functions and pathways occurring. Nuclear glycogen plays a key role in
epigenetic regulation through the highly compartmentalized pyruvate production and
histone acetylation. Impaired nuclear glycogenolysis can prevent the nuclear
translocation of glycogen phosphorylase and cause glycogen accumulation leading to
accumulated levels of glycogen in the nucleus, which in turn leads to a unique
pathology. Compartmentalized metabolism in this case allows for nuclear glycolysis to
take place, where impairment of this pathway could alter histone acetylation driving

tumor proliferation. [69, 70]
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Nuclear pyruvate dehydrogenase complex controls the expression of the sterol
regulatory element-binding transcription factor through mediation of histone
acetylation. In turn the pyruvate dehydrogenase complex has also been found to control
the nuclear pool of acetyl CoA which will promote histone acetylation and regulate gene
expression. Literature has also found that nuclear pyruvate dehydrogenase complex is
able to regulate the expression of lipid synthesis genes in an autonomous manner,
independent of its mitochondrial counterpart. Nuclear pyruvate dehydrogenase
complex is able to regulate the transcription of enzymes that convert cytosolic citrate to
acetyl CoA and fatty acids. Interestingly, the combination and amplification of both
mitochondrial and nuclear pyruvate dehydrogenase pools can sustain prostate

tumorigenesis through lipid biosynthesis. [70]

3.2.3 Membrane

Another crucial compartment in cells is the membrane itself. While the
membrane holds all the other compartments within it, it on its own is able to hold key
metabolic pathways that without localization to this compartment can lead to aberrant
signaling and disease states.

A key pathway is the PI3K/AKT pathway which recures a series of
molecular events to take place at the plasma membrane. Through genetic targeting the

field has discovered that raft microdomains are required for the localization of major
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regulators of the pathway. Dysregulation of this compartmentalized pathway can lead
to pathological complications such as insulin resistance. The localization of PTEN and
PDK1 to nonraft regions of the membrane are also crucial for proper AKT pathway
signaling. Membrane compartmentalization in this scenario enables the activation and
signaling of the important pathway and dysregulation can lead to pathological

conditions. [71]

3.2.4 Mitochondria

Pyruvate participates in glycolysis metabolism and is part of a highly regulated
and compartmentalized process. Within the mitochondria pyruvate dehydrogenase
complex converts pyruvate into acetyl CoA. The glycolytic pathways are associated with
the outer mitochondrial membrane, which is adjacent to the matrix Pyruvate
dehydrogenase complex (PDC) which enables effective channeling and transport of
pyruvate from glycolysis to the TCA cycle. It is the specific location of these pathways
that increase efficiency of pyruvate channeling. [72]

The catabolism of glutamine starts in the mitochondria where glutaminase
converts glutamine into glutamate and ammonia. Mitochondria glutamate is converted
to alpha-ketoglutarate by several mitochondrial aminotransferases. Exportation of a-
ketoglutarate (a-KG) to the cytosol allows for participation in fatty acid biosynthesis and

NADH generation. By compartmentalizing a-KG primarily to the mitochondria we
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allow for its participation in the TCA cycle and generation of other reductive
carboxylation or oxidative phosphorylation pathways. The mitochondria also plays a
role in harboring anabolic processes. Nucleotides are generated through 1C metabolic
pathways. Tetrahydrofolate is important in the mitochondria and cells deficient of it at
that compartment are known as glycine auxotroph. Ion absence of various enzymes flux
to the mitochondria would be redirected to the cytosol. This highlights the importance
of metabolic flexibility among cellular compartments.

In addition to participation in nucleotide production, the mitochondria house
citrate. Regulation of citrate export to the mitochondria is conducted by specific export
molecules. Citrate directly acts as the carbon source for fatty acids, cholesterol and
ketone bodies and therefore must be located in the mitochondria to easily move to the
various pathways and function there.

The mitochondria are also a hub for amino acid synthesis. This includes
glutamine, glutamate, alanine, proline, and aspartate. Glutamine synthetase has been
reported to function in the cytosol and mitochondria and depending on the biological
role it plays it has a different localization. Proline and ornithine metabolism are
primarily mitochondrial and are required to participate there to enhance downstream

target movements.

28



Additionally, gluconeogenesis, although predominantly a cytosolic process, is
initiated in the mitochondria. Oxaloacetate is converted to malate and then exported
from the mitochondria to the cytoplasm. Under metabolic stress, export from the
mitochondpria to cytoplasm can be altered. [73]

Another big, compartmentalized pathway is one-carbon folate metabolism which
contributes one-carbon units for DNA methylation and DNA, RNA, and amino acid
synthesis. This pathway is localized to both the cytoplasm and mitochondria, with
unique parts separated in both. In the mitochondria this pathway primarily serves to
provide protein synthesis and amino acid homeostasis and catabolism of choline,
purines, and histidine. Mitochondrial one-carbon metabolism will also transfer carbon
units to the cytosol to generate glycine and NADH. Serine hydroxy methyltransferase 2
(Shmt2) catalyzes the first reaction in mitochondrial one carbon metabolism and will
reversibly convert serine to glycine and generate 5,10-methylenetetrahydrofolate. Shmt2
is the major source of activated one carbon units for de novo purine and pyrimidine

synthesis in the mitochondria. [74]

3.3 Temporal Metabolic Compartmentalization

Temporal compartmentalization is time related and highlights the dynamic role
of the cell. It is a type of compartmentalization that focuses on cell cycle regulation and

how progression trough the cell cycle requires variations of metabolic pathways to meet
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cellular demands. A prime example of temporal compartmentalization is during the S
phase of the cell cycle there is a peak in glycolysis and glutaminolysis. Proliferating cells
have to adapt their metabolism to generate metabolic intermediates to meet cellular
requirements. To go through the cell, cycle the cell requires high levels of glucose
consumption. Additionally, during the S phase the APC/Cdh1 complex is inactivated as
it negatively regulates the expression of PFKFB3 and glutaminase. Conversely, the S
phase marks the increase of glycolysis and glutaminolysis. Additionally, the pentose
phosphate pathway which produces ribose-5-phosphate, a precursor of nucleotide
synthesis, is enhanced during the late G1 and S phase. Nucleotide metabolism is
increased in proliferating cells due to temporal metabolic compartmentalization. [61]

Additionally, the pyridine dinucleotides NADH and NADPH are also
spatiotemporally compartmentalized. A study showed that the hepatic NAD(P)ome
shows circadian variation and temporal influence of levels optimize cholesterol
biosynthesis. Temporal circadian variation in gene expression allows organisms to vary
their cellular redox state and follow circadian oscillations. [75]

Spatial and temporal compartmentalization of metabolic pathways and enzymes
is crucial for the cell to not only maintain homeostasis but respond to dynamic external

environmental factors. Cellular enzymes and genes compartmentalization lends to
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understanding of disease states and how they are able to prevent or promote

localization of certain enzymes to aid in their infinite proliferation.
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4. Pyrimidine Biosynthesis and Nuclear Thymidylate
Biosynthesis

While purine metabolism happens exclusively in the cytoplasm, pyrimidine
metabolism occurs in the cytoplasm, mitochondria, and nucleus. Pyrimidine metabolism
encompasses de novo nucleotide synthesis, nucleoside salvage and catalytic degradation
of pyrimidines.[4] Pyrimidines can be produced either by taking up of amino acids to act
as substrates or uptake of circulating pyrimidines to be recycled and salvaged. Resting
or differentiated cells rely on salvage pathways, while proliferating cells rely on de novo
nucleotide synthesis pathways. Uridine Monophosphate (UMP) is the first product of de
novo synthesis and leads to production of other pyrimidine nucleotides. Cancer cells
rely on de novo nucleotide synthesis to ensure the necessary supply of dUTP, dCTP, and
dTTP to support their continuous growth demands. Due to the critical function of this
pathway in the cell, alterations to pyrimidine metabolism is a driver of tumor

progression. [76]

4.1 Overview of Pyrimidine Biosynthesis

Pyrimidine biosynthesis can be separated into two key parts. First, the de novo
synthesis from amino acids and ribose precursors is what generates the resulting bases.
A series of enzymatic reactions converts glutamine to UMP which is converted to CTP.
Deoxyribonucleotides are converted from ribonucleotides using the enzyme

ribonucleotide reductase (RNR). [14] Uniquely, dTMP has no ribonucleotide precursor
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and therefore is synthesized by thymidylate synthase (TS)-mediated methylation of
deoxy uridine monophosphate. [15] Second is the salvaging of free nucleotides and
bases to convert them into ribose and deoxyribose nucleotides. Salvage enzymes like
thymidine kinase are also able to convert thymidine from nucleotide catabolism to
thymidylate.

Delving deeper into each pathway we can understand why the cell preferentially
chooses one pathway over the other at different stages of the cell cycle. De novo
synthesis of pyrimidines is initiated by a trifunctional enzyme known as CAD. CAD is
made up of carbamoyl phosphate synthetase, aspartate carbamoyl transferase, and
dihydroorotase. De novo synthesis comes from amino acids and ribose precursors,
nucleosides, and bases. [77] CAD converts cytosolic glutamine to dihydroorotate in the
cytoplasm. The molecule is then converted to orotate by a mitochondrial enzyme called
dihydroorotate dehydrogenase. A cytosolic enzyme known as uridine monophosphate
synthase will use dihydroorotate for the synthesis of UMP. [78] UMP can then be
sequentially converted to CTP and its deoxyribonucleotides. Thymidylate, however, has
no ribonucleotide precursor and must be synthesized directly from deoxy uridine
monophosphate using an enzyme called thymidylate synthase. [79] This pathway is
preferentially selected for by the cell when pyrimidine flux is low, typically occurring in

resting or fully matured cells. Pyrimidines will most likely be produced through the
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salvage pathways in these instances. When there is an increased need for nucleic acids
and other cellular components, de novo synthesis will be functioning at its peak.

The second pathway, the salvage pathway, allows cells to meet their pyrimidine
needs without the same energetic costs of de novo synthesis. This pathway utilizes the
intracellular degraded nucleic acid products to remake necessary pyrimidines. [80] The
salvaging of bases and terminally free nucleosides is what terminally differentiated and
resting cells utilize to conserve energy when making pyrimidines. Cells will collect the
free nucleosides and bases from extracellular spaces, such as the bloodstream, and
convert them into necessary ribonucleotides or deoxyribonucleotides. [81] For
thymidylate, a special salvage enzyme known as thymidine kinase, will convert
thymidine to thymidylate. Uridine and cytidine kinase recycles cytidine and uridine into

CMP and UMP which can then be converted with other kinases to CTP and UTP. [82]

4.2 Oncogenic Reprogramming of Pyrimidine Metabolism in
Cancer

As mentioned above, cancer cells rely heavily on de novo synthesis of
pyrimidines making it the primary target pathway for cancer therapy. Cancer cells, to
keep up with their uncontrollable proliferation, require a continuous supply of
deoxynucleotides. Genes that participate in de novo synthesis of pyrimidines are turned
on almost permanently in cancer cells. Mutant p53 has been shown to regulate a host of

pyrimidine genes and can regulate the flux of ribonucleotides in the cell. [83] It has also
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been suggested that mTORC, a protein activated by the loss of PTEN, integrates
oncogenic signals to mediate cancer metabolism changes. For example, it
phosphorylates S6K and transcription factor E2F1 to increase pyrimidine biosynthesis.
S6K interacts with CAD enzyme, an important enzyme in the first 3 steps of pyrimidine
synthesis, and E2F1 on the other hand upregulates pyrimidine anabolic gene expression.
[84] KRAS has also been shown to drive tumor growth through activation of pyrimidine
genes. [85] These are all examples that highlight the different ways cancer cells “switch
on” pyrimidine synthesis to keep up with their proliferation needs. Fueling proliferation
is the key job of cancer cells and pyrimidine metabolism is the basis of that. Pyrimidines
are a requirement of proliferation and therefore an important therapeutic target for
cancer drug therapies. While not discussed in this chapter, pyrimidine metabolism can
contribute to multiple other functions in the cell besides proliferation. It has been linked
to chemoresistance, cancer cell stemness and epithelial mesenchymal transition in
cancer. [86] Exploring both the proliferative and non-proliferative role of pyrimidine

metabolism can provide novel therapeutic options pan cancer.

4.3 Nuclear Thymidylate Biosynthesis

4.3.1 Overview of Thymidylate Biosynthesis Pathways: De novo and
Salvage

Nuclear localization of the dTMP biosynthesis pathway is a critical factor for

allowing the pathway to play its role in DNA synthesis and proper cell division. [87]
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Folates are a family of enzyme cofactors that chemically activate and transfer one carbon
units for fundamental cell processes. Tetrahydrofolate carries the carbons which are
donated from molecules like serine, glycine, sarcosine, dimethylglycine and histidine.
[88] De novo thymidylate (dTMP) biosynthesis is part of folate-mediated one-carbon
metabolism (FOCM). Synthesis is compartmentalized in the cytoplasm, mitochondria,
and nucleus. Methylenetetrahydrofolate dehydrogenase (MTHFD1) catalyzes the
transfer of one-carbon from formate to THEF. [88] Nuclear folate metabolism converts
uridylate to thymidylate through reductive methylation. Thymidylate synthase (TYMS)
transfers, while reducing, the one-carbon group from 5,10-methylenetetrahydrofolate to
deoxy uridine monophosphate and yields thymidylate and dihydrofolate. The primary
source of 5, 10-methylenetetrahydrofolate (CH2THF) is from formate and
tetrahydrofolate combined by the activity of MTHFD1. [89] To regenerate
tetrahydrofolate cells utilize dihydrofolate reductase (DHFR).

In addition to de novo synthesis, thymidylate synthesis can occur using a
secondary salvage pathway. Salvage pathway uses the enzyme thymidine kinase,
which catalyzes phosphorylation of thymidine to dTMP. Thymidine kinase 1 is found in
the cytoplasm and nucleus and localization to the nucleus increase during the S-phase of
the cell cycle in response to DNA damage. The enzyme is typically “off” in quiescent

cells. [90] There is also thymidine kinase 2, which is exclusive to the mitochondria and
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stays “on” most of the time to support mitochondrial DNA synthesis. [91] The salvage
pathway alone is not enough to meet DNA synthesis requirements. De novo synthesis of
thymidylate is necessary for the cell’s DNA requirements. The exclusive function of this
pathway is what makes it an attractive candidate for therapeutic targeting. Impairments
to the thymidylate biosynthesis pathway result in uracil misincorporation into DNA
strands which leads to singles and double strand breaks jeopardizing the cells genomic
integrity. [92]

4.3.2 Effects of Impaired De Novo Thymidylate Biosynthesis.
Impairments to thymidylate biosynthesis can lead to cell cycle arrest and
apoptosis. [93] To maintain DNA integrity, it is critical that the enzymes, serine hydroxy
methyltransferase (SHMT), thymidylate synthase (TYMS), and dihydrofolate reductase

(DHFR) all localize to the nucleus in order to prevent uracil accumulation in DNA.
Nuclear localization of key enzymes in biosynthesis pathways is done through a small
ubiquitin-like modifier (SUMO). [94] Activity of these enzymes can be limiting for
nuclear de novo thymidylate biosynthesis and decrease the ratio of dUMP:dTMP in the
cell. Uracil misincorporation into DNA leads to single and double stranded brakes that
are generated by DNA repair enzymes. [95] While cells have the ability to repair uracil

misincorporation, excessive excision of uracil directly leads to the formation of these
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DNA strand breaks and is lethal to the cell. The excessive repair leads to activation of
p53-mediated apoptosis. [96]

Increased expression of thymidylate synthase specifically has been linked to poor
cancer prognosis and poor response to chemotherapy. Targeting the enzyme and
preventing its activity is favorable and will allow for the cell to induce apoptosis as
opposed to uncontrolled growth. Also, prevention of SUMOylation and subsequent
localization of the enzymes in the nucleus can also reduce levels of dTMP and increase
apoptosis. Another important role of thymidylate biosynthesis is lymphocyte
production. Loss of thymidylate can lead to altered immune responses due to lack of
lymphocyte production leaving patients susceptible to infection. [97] Understanding the
consequences of impaired thymidylate biosynthesis will allow the field to identify novel
therapeutics that can target specific patients whose mutations are primed to accept

specific pharmacological interventions.
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5. Thymidylate Biosynthesis and PI3K/AKT/mTOR
Pathways are Targets for Cancer Therapy

This chapter aims to highlight two important cancer therapies that will be
utilized in chapter 8. The first therapy focuses on targeting the PI3K/AKT/mTOR
pathway using Buparlisib. [98] This drug inhibits the PI3K signaling pathway when
PTEN is no longer able to do so. It is often used in combination with other cancer
treatments to enhance its and their effectiveness. By inhibiting the PI3K signaling
cascade, Buparlisib, like PTEN, is able to prevent abnormal growth and metabolism in
cells, ultimately slowing down the cancer’s progression. Another important therapeutic
target in cancer is thymidylate synthase, targeted with the drug 5-fluoruracil. [99]
Preventing the activity of thymidylate synthase will allow for a delay in the cell cycle,
which will lead to increased uracil incorporation into DNA, which will ultimately give
the cell time to initiate cell death pathways to eliminate the defective cell. Drugs that
target thymidylate biosynthesis do so to prevent uncontrolled proliferation. Cutting off
the tumor’s dTMP supply will allow for an imbalance in the nucleotide pool which will
give the cell time to delete unwanted cells and stop proliferation. Chapter 8 will expand
on the use of these two drugs in combination and how precision medicine plays a role in

deciding therapy for patients with nuclear PTEN loss.
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5.1 Therapeutic Targeting of the PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR pathway is one of the most frequently dysregulated
signaling pathways in cancer and is thus, an important target for therapeutics (Figure 4).
Activation of the pathway leads to cell proliferation, cell survival, increased cell
metabolism and growth. While activation of this pathway can occur through multiple
mechanisms, we will focus on activation due to inactivation of PTEN through
mutations, deletions, or silencing. [100] When PTEN is lost, it results in activation of the
pathway, leading to oncogenic transformation. Drugs targeting this pathway focus on
inhibition of PI3K and mTORC1 and mTORC2. [101] Inhibitors include allosteric
mTORCI inhibitors, AKT inhibitors, pan-class 1 PI3K inhibitors, dual pan-class 1 PI3K
and mTORC1/2 inhibitors and isoform specific PI3K inhibitors. Novartis is a
predominant company in the field and is developing several PI3K inhibitors including
buparlisib BKM120, BEZ235, and BYL719. One drug currently on the market is
Everolimus, also known as Afinitor, which inhibits mTORCI. It has been approved to
treat advanced renal cell carcinoma, certain types of pancreatic, stomach, intestinal and
lung cancer and is also used to treat subependymal giant cell astrocytoma and tuberous
sclerosis complex. The drug works to treat cancer by preventing reproduction of cancer
cells and decreasing blood supply to the cells. [102] Copanlisib, Idealalisib, Umbralisib,

Duvelisib, and Alpelisib have all been FDA approved as PI3K inhibitors and fall under
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pan-PI3K and isoform specific inhibitors. Figure 4 highlights all the various
PIBK/AKT/mTOR inhibitors that are both on market and in clinical development to treat

patients with different cancers. [103]

Figure 4: Graphical Representation of PI3K inhibitors both FDA Approved
and in Clinical Trials. Mishra et al Int | Mol Sci. 2021 [103]

The current issue is identifying which patients are a candidate for PI3K pathway
inhibitors due to the complexity of the pathway and its integration in numerous other
signaling pathways. Due to the heterogeneity of tumors, PI3K inhibitors in drug trials
have not responded uniformly and can be unpredictable in its efficacy. To tackle this
problem the field looks to find ways to employ precision medicine and identify subsets
of patients that could benefit from this type of cancer treatment over other groups of
patients. One such method is the use of combinatorial therapy using both a PI3K
inhibitor and a mTOR inhibitor. Synergistically the drugs can work together to

overcome cellular resistance to individual therapies. [104]

5.1.1 Buparlisib BKM120: Pan Class 1 PI3K Inhibitor

This study focuses on the use of Buparlisib, a pan class 1 PI3K inhibitor currently
in clinical trials. Buparlisib is a pan-PI3K inhibitor that selectively inhibits four isomers
of PI3K, PI3Ka, PI3Kp, PI3Ky and PI3K9, by competitively binding to the lipid kinase

domain on ATP. [105] Its job is to inhibit cellular proliferation, promote apoptosis and
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inhibit angiogenesis, through inhibition of the PI3K/AKT pathway. Through the drugs
direct inhibition of proliferation and activation of apoptosis it is able to exert its
pharmacological effect.

There have been several studies both completed and ongoing with Buparlisib
without any significant clinical outcomes. Most studies led to adverse events and
reactions to the drug. In prostate cancer 70% of metastatic cases have alteration to the
PI3K pathway supporting the use of Buparlisib. However, severe adverse events
occurred in clinical trials, including four men having respiratory infection and multi-
organ failure, urinary tract obstruction, confusion and one seizure in the setting of a new
central nervous system (CNS) metastasis. Buparlisib did not demonstrate significant
activity in men with mCRPC, suggesting that PI3K inhibition is not sufficient to reverse
resistant mCRPC progression. Future studies of PI3K pathway inhibitors with
concurrent enzalutamide treatment has the hopes to increase efficacy. [106] The drug is
also being tested on patients with glioblastoma multiforme, where PTEN loss is reported
in up to 35% of patients. The drug has the ability to cross the blood-brain barrier which
is what makes it an attractive candidate for this cancer. Again, the therapy is being
tested in combination with other standards of treatment and not independently. [105]
Lastly, Buparlisib has notably been tested in triple-negative breast cancer patients.

Toxicity due to side effects of the drug was consistent with prostate cancer trials and did
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not outweigh the benefits. The study again recommends additional testing of the drug in
combination with other therapies to bring to light the true efficacy of the selective PI3K
pathway inhibitor. [98] This section highlights the importance of Buparlisib and its need
to be tested in combination with other therapeutic modalities. As a pan-PI3K inhibitor
with the highest blood-brain barrier penetration this drug while having an unfavorable
toxicity profile, has the potential to be highly effective pan-cancer if used in combination

with other therapeutics and at the right dosage.

5.2 De novo Thymidylate Biosynthesis as a Cancer Therapy
Target

Anticancer drugs have evolved over time and in the past decade have focused
more and more on targeting aberrant metabolic pathways. These drugs aim to exploit
the reliance of cancer cells on aberrant uncontrolled metabolism. Drugs that target
thymidylate biosynthesis have remained the cornerstone of therapy in hard-to-treat
tumors and continue to be utilized in novel combinatorial therapeutic strategies. By
interfering with the production of thymidylate, TMP, there becomes an imbalance in the
ratio of thymidylate to uracil and that causes insertion of a “U” where there should be a
“T” leading to impaired DNA replication and repair which will ultimately cause cell
apoptosis and slow tumor growth.

Development of inhibitors of de novo thymidylate biosynthesis have been

created and used since the 1940s and continue to be used and effective to date. Early
43



antifolates were folate analogues, aminopterin and methotrexate, that were competitive
inhibitors of dihydrofolate reductase the enzyme that reproduces tetrahydrofolate from
dihydrofolate. This reaction is important to supply the methyl group donor, 5,10-
methylene tetrahydrofolate, in the thymidylate synthase reaction. Preventing this
reaction will lead to the accumulation of methotrexate polyglutamates that are potent
inhibitors of the pathway. Second generation inhibitors included 5-fluoruracil,
raltitrexed, and pemetrexed. They function similar to aminopterin and methotrexate to
induce a state of thymidylate deficiency. 5-fluorouracil is a fluoropyrimidine and
Pemetrexed and Raltitrexed, like Methotrexate, is an antifolate. Both of these drugs
target the enzyme thymidylate synthase and function to prevent production of TMP
resulting in depletion of TTP which subsequently lowers dNTP molecules. These drugs
are commonly used to treat lung and colorectal cancer. [107] The inhibition of
thymidylate biosynthesis and disruption of tumor DNA replication through agents
targeting these processes continues to make thymidylate biosynthesis-inhibitor-based
chemotherapeutic strategies the most effective treatment and survival advantage in

challenging cancers.

5.2.1 5-Fluorouracil Antifolate Treatment Targeting Thymidylate
Synthase

5-Fluoruracil, 5-FU, is the best known fluoropyrimidine and was first

synthesized in 1957. [108] 5-fluorouracil (5-FU) is the most widely used anti-folate cancer
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drug and focuses on inhibition of TYMS. [5] Thymidine phosphorylase converts 5-FU to
5-fluorodeoxyuridine which is then phosphorylated into 5-fluorodeoxyuracil
monophosphate (FAUMP). FAUMP metabolite is a dUMP analogue and binds to TYMS
inactivating it and causing cell dUMP accumulation and depletion of dTTP. The
impaired dTMP biosynthesis increases genomic uracil incorporation leading to DNA
strand breaks and eventually cell death. The extent of damage cause by dUTP is
dependent on the levels of pyrophosphatase dUTPase and uracil DNA glycosylase. [109-
111] dTMP can also be salvaged from thymidine kinase activity which can also affect the
extent of DNA damage. [112] The mechanism explained here is visually detailed in
Figure 5. [113] Interestingly, nuclear compartmentation of de novo dTMP biosynthesis
modifies 5-FU efficacy. Increased nuclear TYMS expression is associated with poor 5-FU

efficacy. [6]

Figure 5: 5-Fluoruracil Mechanism of Thymidylate Synthase Inhibition.
Thymidylate synthase (TS), deoxyuridine monophosphate (dUMP), deoxythymidine
monophosphate (dTMP), 5,10-methylene tetrahydrofolate (CH2THF), 5-Fluorouracil (5-
FU), fluorodeoxyuridine monophosphate (FAUMP), deoxynucleotide (dNTP),
deoxyuridine triphosphate (dUTP), uracil-DNA glycosylase (UDG), thymidine kinase
(TK). Longley et al. Nature Reviews Cancer 2003 [113]

It is important to note that cancer cells can become resistant to 5-FU through
increased rates of catabolism of the molecule or by further increasing de novo

thymidylate biosynthesis. [114] This is something that requires clinicians and
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researchers to focus on combinatorial treatment. Co-treatment with leucovorin and

methotrexate have been shown to increase the anti-cancer activity of 5-FU. [115]
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6. Establishment and Validation of Overexpression
PTEN Prostate Cancer Cell Lines.

6.1 Introduction and Rationale

Metabolic reprogramming, whether induced by the loss of tumor suppressor
genes or aberrant activation of oncogenes, contributes to tumorigenesis and holds
significant promise for targeted cancer therapy. [116] Through antagonizing the
PI3K/AKT/mTORC1 pathway in the cytoplasm, PTEN influences a plethora of metabolic
processes involved in cell growth and proliferation. [117] Recently the nucleus has been
proposed as a central hub for metabolism that allows for local control of the core
metabolites needed for cell growth/division and the regulation of the epigenome. [118]
Many metabolic enzymes translocate to the nucleus to carry out their non-metabolic and
metabolic functions. [118] Additionally, certain metabolic activities occur predominantly
in the nucleus. For example, thymidylate (dTMP) is synthesized de novo within the
nucleus by thymidylate synthase (TYMS) from deoxyuridylate (dUMP) with 5,10-
methylenetetrahydrofolate as the one-carbon donor. [87] Impaired dTMP biosynthesis
results in increased rates of uracil misincorporation into the genome, leading to genomic
instability and “thymineless cell death” [92, 119, 120], an attractive therapeutic target
which has been harnessed by antifolate treatment against various forms of cancer. [87]
However, whether PTEN regulates metabolism in the nucleus, and what metabolic

vulnerabilities may exist in cells lacking nuclear PTEN, remain unknown. To determine
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the potential role of nuclear PTEN as a metabolic regulator we sought to establish and
validate several mutant PTEN cell lines that could be used for metabolic profiling. Cell
lines were generated using a pTRIPZ plasmid and PC-3 and C4-2 cells. Overexpression
PTEN cell lines were validated using western blot, immunofluorescence assays, and

subcellular fractionation assays.

6.2 Materials and Methods

6.2.1 Cell Culture and Transfection, Lentiviral Transduction, and
Stable Cell Line Establishment

PC-3, C4-2, and 293T cells were purchased from ATCC. Cells were checked for
mycoplasma using the MycoAlert Mycoplasma Detection Kit (Lonza). Prostate cancer
cells were cultured in RPMI medium. 293T were cultured in DMEM medium. Complete
growth media were supplied with 10% fetal bovine serum, 2 mM glutamine and 100
U/mL of penicillin-streptomycin (Thermo Fisher). All cells were maintained at 37°C with
5% CO2. To establish inducible PTEN overexpressed cells, 293T cells were used for virus
packing. Briefly, pTRIPZ empty vector or pTRIPZ-PTEN constructs, psPAX2, pMD2.G
plasmids, and PEI (DNA:PEI = 1:4) were mixed in Opti-MEM (Thermo Fisher) for 15 min
and transfected into 293T cells. At 48 and 72 hours after transfection, the virus-
containing medium was collected and filtered with a 0.45 em filter. The virus-containing
suspension was mixed with fresh culture medium at 1:1 ratio and supplemented with 4

og/ml of polybrene (Santa Cruz), and then applied to the cells. 48 hours after virus
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infection, cells were selected using puromycin for 48 hours. Cells were pre-treated with

100ng/ml of doxycycline for 48 hours prior to downstream assays.

6.2.2 Western Blotting and Cell Fractionation

For regular western blotting, cells were lysed in RIPA buffer (Boston
BioProducts) supplemented with protease (Roche) and phosphatase (Sigma) inhibitor.
The protein content of each sample was quantified using a BCA Protein Assay Kit
(Thermo Fisher). Cell lysates were then diluted, mixed with 6x Laemmli buffer (Boston
BioProducts), and boiled at 95°C for 5 minutes. Denatured proteins were separated on 4-
12% Bis-Tris gradient gels (Thermo Fisher), then transferred to nitrocellulose
membranes (GE Healthcare) using the standard wet transfer method. Membranes were
blocked with 5% milk and probed with the indicated antibodies. The HRP-conjugated
secondary antibodies and ECL substrate (GE Healthcare) were applied to visualize the
protein of interest. Cell fractionation was performed using a Subcellular Protein
Fractionation Kit (Thermo Fisher) according to manufacturer’s instructions. Cells
underwent a stepwise lysis into cytosolic (CE), membrane (ME), nuclear soluble (NE)

extracts, then were subjected to western blotting as above.

6.2.3 Plasmids, Reagents, and Antibodies

Human wild type (Wt.), N-terminal myristoylated-tagged, and C-terminal NLS-

tagged PTEN complementary DNA (cDNA) sequences were subcloned from pCDNA3-
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PTEN into pTRIPZ vector (Addgene) with Agel and Mlul to generate PTEN expression
plasmid. All plasmid constructs were confirmed by sequencing. Ampicillin, Puromycin,
and doxycycline were purchased from Sigma Aldrich. Polyethylenimine (PEI) was
purchased from Polysciences, while RPMI, DMEM, Opti-MEM reduced serum media
and fetal bovine serum (FBS) were purchased from Thermo Fisher. The antibodies for
western blotting were as follows: anti-PTEN (138G6), anti-p-AKT (9271), anti-AKT
(9272), anti-GAPDH (D16H11), anti-Lamin B1 (D4Q4Z), anti-Beta-actin (13E5), and anti-
EGEFR (D3871) antibodies, all purchased from Cell Signaling Technology. anti-HSP90

(610418) was purchased from BD Bioscience.

6.2.4 Immunofluorescence

Immunofluorescence was performed as described. [121] Briefly, cells were grown
on coverslips (Fisher Scientific), fixed with 4% paraformaldehyde and permeabilized
with ice-cold methanol. Cells were rinsed with PBS, blocked with 10% goat serum and
then incubated with anti-PTEN (Sigma, 6H2.1) antibody overnight, followed by
incubation with GFP-conjugated secondary antibodies (Thermo Fisher). Coverslips were
mounted with ProLong Gold Antifade reagent with DAPI (Thermo Fisher). The stained

slides were visualized by a confocal microscope.
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6.2.5 Statistical Analysis

For analysis of average data, an unpaired two-tailed Student’s t test was used for
comparison of two experimental groups. P values of <0.05 were considered statistically

significant. Statistical tests were executed using GraphPad Prism software.

6.3 Results
6.3.1 Generation of Overexpression PTEN Cell Lines

We sought to determine the impacts on cellular metabolism by PTEN in its two
active sub-cellular compartments: the plasma membrane and nucleus. [20] Due to the
technical challenges of compartment-specific metabolic profiling [122], our strategy was
to express PTEN targeted to different subcellular compartments in PTEN-null prostate
cancer cell lines to assess its impact on whole-cell metabolomics. To this end, using
PTEN-null prostate cancer cell lines, PC3 and C4-2, we established PTEN inducible-
overexpression cell lines that targeted PTEN to the plasma membrane and nucleus,
respectively. The empty vector and Wt. PTEN inducible-overexpression cell lines were
also established and used as controls. Membrane PTEN contained an N-terminal
myristoylation motif of c-Src, a commonly used signal targeting proteins to the plasma
membrane. [123] Nuclear PTEN contained a C-terminal NLS motif of c-Myc. [121]
Lastly a mutant C124S PTEN overexpression cell line was created as a positive control.

Mutant C124S PTEN can localize to the membrane or nucleus but is unable to exert its
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lipid phosphatase function on the PIP3 substrate molecule. [124] Figure 6 below shows
localization of the various PTEN plasmids, visually explaining their localization in the

cell.

Figure 6: Visual Representation of PTEN Plasmids Localization in the Cell.

All inducible cell lines were generated using pTRIPZ vector (Figure 7). pTRIPZ
utilizes an inducible TET-ON system. The system was activated using 100mg of

doxycycline for 48hrs for all subsequent experiments.
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Figure 7 : Vector Map of the pTRIPZ Lentiviral Vector. Horizon Inspired Cell
Solutions, Inducibel Dharmacon TRIPZ Lentiviral shRNA.

The figure above shows the reverse Tet-regulated trans activator site, rtTA3,

which is capable of binding to the TRE, tetracycline-inducible promoter.

6.3.2 Immunofluorescence Confirmation of Overexpression PTEN Cell
Lines

Immunofluorescence of PC3 and C4-2 cells inducible expression of PTEN
showed that Wt. PTEN displayed a diffused staining pattern throughout the body of the
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cell; Membrane PTEN displayed enhanced focal membrane staining, while nuclear
PTEN overlapped with Dapi to a considerable extent, an indication of strong nuclear
localization. Mutant PTEN showed a similar pattern to Wt. PTEN with a diffused

staining pattern throughout the body of the cell. (Figure 8 and 9)

54



PC3

Pten Dapi Mer

A
i
=
D

S
=
T
b

=

Muclear

Figure 8: Inmunofluorescent Staining of PTEN in PTEN Inducible PC3 Stable
Cell Lines. Arrows indicate focal PTEN staining at the plasma membrane. Scale bars,
10um.
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Figure 9: Inmunofluorescent Staining of PTEN in PTEN inducible C4-2 stable
Cell Lines. Arrows indicate focal PTEN staining at the plasma membrane. Scale bars,
10um.
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6.3.3 Subcellular Fractionation Confirmation of Overexpression PTEN
Cell Lines

Cytoplasmic, membrane and nuclear fractions were collected and levels of PTEN
were measured with Lamin B being the internal nuclear fraction control, HSP90 and
beta-tubulin being the internal cytoplasmic fraction control and EGFR being the internal
membrane fraction control. Thermofisher subcellular protein fractionation kit for
cultured cells was used for all fractionation assays.

Subcellular fractionation of cell lysates into cytosolic, membrane, and nuclear
extracts indicated that, compared to PC3 cells inducibly expressing Wt. PTEN, PC3 cells
inducibly expressing membrane PTEN showed higher expression of PTEN in membrane
extractions, while PC3 cells inducibly expressing nuclear PTEN had higher expression of
PTEN in nuclear extractions (Figure 10A-D). PC3 fractionation data shows a
representative western blot, 10A and 10B, and quantification of the band intensity
carried out with Image]J, 10 C and 10D. Similar results were also obtained in C4-2 cells

(Figure 11, A-D).
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Figure 10: Subcellular Fractionation Validation of PC3 Cancer Cell Line
Inducibly Overexpressing PTEN Targeted to the Plasma Membrane and Nucleus.
Immunoblot (IB) analysis of PC3 lysates from membrane extracts (A), and nuclear

extracts (B). Quantification of membrane extracts (C), and nuclear extracts (D) band
intensity was carried out with Image]. All data are mean * SD from n = 3 biological
replicates.
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Figure 11: Subcellular Fractionation Validation of C4-2 Cancer Cell Line
Inducibly Overexpressing PTEN Targeted to the Plasma Membrane and Nucleus.
Immunoblot (IB) analysis of C4-2 lysates from membrane extracts (A), and nuclear

extracts (B). Quantification of membrane extracts (C), and nuclear extracts (D) band
intensity was carried out with Image]. All data are mean * SD from n = 3 biological
replicates.

6.3.4 Western Blot Confirmation of Overexpression PTEN Cell Lines

As expected, overexpression of Wt. and membrane PTEN suppressed AKT
phosphorylation in PC3 cells, while overexpression of nuclear PTEN had a negligible
effect on the level of AKT phosphorylation (Figure 12 A, B). Moreover, we observed that
Wt. and membrane PTEN had largely similar effects on suppression of AKT
phosphorylation in C4-2 cells. (Figure 13 A,B) Interestingly, overexpression of nuclear

PTEN in C4-2 also strongly suppressed AKT phosphorylation, suggesting that a nuclear
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pool of PIP3 may exist in C4-2 cells that are sensitive to catalysis by nuclear PTEN,

leading to suppression of AKT phosphorylation. [125]
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Figure 12: Western Blot Validation of PC3 Cancer Cell Line Inducibly
Overexpressing PTEN Targeted to the Plasma Membrane and Nucleus. Immunoblot
(IB) analysis of PC3 lysates from regular whole cell extracts (A) Quantification of
extracts band intensity was carried out with Image] (B). All data are mean * s.e.m.
from n = 3 biological replicates.
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Figure 13: Western Blot Validation of C4-2 Cancer Cell Line Inducibly
Overexpressing PTEN Targeted to the Plasma Membrane and Nucleus. Immunoblot
(IB) analysis of C4-2 lysates from regular whole cell extracts (A) Quantification of
extracts band intensity was carried out with Image] (B). All data are mean + SD from n
= 3 biological replicates.

6.4 Discussion

The data mentioned in this chapter address the generation of stable
overexpression PTEN cell lines that were used for all subsequent experiments. To
confirm localization of PTEN in the various cell lines we utilized immunofluorescence

assays, subcellular fractionation assays, and whole cell lysate western blots measuring
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PAKT levels. An inducible system was necessary as overexpression of a tumor
suppressor in cancer cell lines, if left permanently on, leads to slow cell growth and
eventually be replenished by fast-growing negative cells. This was found to be sufficient
for subcellular localization and expression of the various PTEN plasmids. The plasmids
generated in this section led us to generation of metabolic profiling data as presented in

the subsequent chapter.
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7. Targeted Metabolomics Reveals that Nuclear PTEN
Induces Distinct Metabolic Changes from Wt and
Membrane PTEN

7.1 Introduction and Rationale

To fully understand PTEN’s role as a metabolic regulator, unbiased metabolic
profiling was performed on PC3 overexpression cell lines. A polar metabolomics
profiling platform using selected reaction monitoring with the 5500 QTRAP hybrid
triple quadrupole mass spectrometer was utilized for metabolomics data generation.
Using LC MS/MS for polar metabolite profiling the platform is a single normal phase
hydrophilic interaction liquid chromatographic run (HILIC) and has a short mass
spectra acquisition time of only 15 minutes. Lastly the platform allows for over 250
metabolic compounds to be targeted without chromatographically scheduled selected
reaction monitoring. [126] The machine outputs peak intensities which can be internally
normalized, i.e., no standards are required. Lastly all analysis of data is done through
Metaboanalyst, and output files are generated in R command. [127] Delving deeper into
the metabolic world of PTEN we can discover how PTEN regulates metabolic functions

of the cell based on its sub-cellular localization.

7.2 Materials and Methods

7.2.1 Targeted Polar Metabolomics via Selected Reaction Monitoring
(SRM) Tandem Mass Spectrometry
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Metabolomics were performed as described. [126] Briefly, one 10cm2 plate of
prostate cancer cells per sample were extracted with 80% methanol (-800C) for 20
minutes. Dried metabolite pellets were re-suspended in 20 pL. LC/MS grade water, 5 pL
were injected over a 15 min gradient using a 5500 QTRAP triple quadrupole mass
spectrometer (AB/SCIEX) coupled to a Prominence UFLC HPLC system (Shimadzu) via
SRM of a total of 287 SRM transitions using positive/negative polarity switching
corresponding to 258 unique endogenous water-soluble metabolites. The dwell time was
3 ms per SRM resulting in ~10-14 data points acquired per detected metabolite. Samples
were separated using an Amide XBridge HPLC hydrophilic interaction liquid
chromatographic (HILIC) column (3.5 pm; 4.6 mm inner diameter (i.d.) X 100 mm
length; Waters) at 300 uL/min. Gradients were run starting from 85% buffer B (LC/MS
grade acetonitrile) to 40% B from 0-5 min; 40% B to 0% B from 5-16 min; 0% B was held
from 16-24 min; 0% B to 85% B from 24-25 min; 85% B was held for 7 min to re-
equilibrate the column. Buffer A was comprised of 20 mM ammonium hydroxide/20
mM ammonium acetate (pH = 9.0) in 95:5 water/acetonitrile. Peak areas from the total
ion current for each metabolite SRM transition were integrated using MultiQuant
version 2.1 software (AB/SCIEX) via the MQ4 peak integration algorithm using a

minimum of 8 data points with a 20 sec retention time window.
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All metabolites undetected in at least one group of samples were excluded from
the analysis. This pruning step reduced the number of metabolites to 263 and 274 in PC3
and C4-2 cells, respectively. Heatmap and Principal components analysis (PCA) were
carried out using R programming (http://www.r-project.org). The original values of each
metabolite were standardized to have a mean of 0 and a standard deviation of 1. The
PCA was performed with all metabolites used to generate the heatmap of all
metabolites. Each sample was also standardized following the standardization of each
metabolite. The processed table was used to compute the covariance matrix of each
sample. Eigenvalues were calculated by using the covariance matrix. The eigenvector
corresponding to the largest eigenvalue was PC_1. PC_2 was the eigenvector
corresponding to the second-largest eigenvalue. PCA analysis was implemented using
R-4.1.2 function stats::prcomp by setting scale=TRUE. Over-representation analysis of
the metabolic pathways based on the human KEGG (www.genome.jp/kegg/) metabolic
pathway database was conducted using MetaboAnalyst 5.0
(http://www.metaboanalyst.ca). The metabolites that significantly differed between the
control and PTEN-overexpressed groups were used for the pathway analysis and are

shown in Table 4-6 and Table 8-10.
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7.3 Results

7.3.1 The Analysis of Metabolite Composition in Control and PTEN-
Overexpressed Prostate Cancer Cells.

To gain insight into how PTEN in different subcellular compartments influences
cell metabolism, we performed a targeted polar metabolomics profiling in control and
PTEN-overexpressed PC3 and C4-2 cell lines by using a liquid chromatography/tandem
mass spectrometry (LC-MS/MS)-based platform. [126] This platform can detect
metabolites covering all major metabolic pathways, including glycolysis, the
tricarboxylic acid cycle, the pentose-phosphate pathway, and metabolism of amino
acids, nucleotides and so on (Table 2). Using this metabolomic platform, we identified
263 and 274 unique metabolites in PC3 and C4-2, respectively (Table 3 and Table 7).

We next performed unsupervised hierarchical clustering to analyze global
differences across all the identified metabolites in control, Wt., membrane, and nuclear
PTEN-overexpressed PC3 and C4-2 cells. Interestingly, the heatmap generated from the
unsupervised hierarchical cluster analysis revealed that prostate cancer cells
overexpressing nuclear PTEN displayed the most distinctive metabolic profiling

compared to the other groups (Figure 14 and Figure 15).
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Figure 14: Unsupervised Hierarchical Cluster Analysis by Heatmap Using All

Identified Metabolites in Control and PTEN-overexpressed PC3 Cells.
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Figure 15: Unsupervised Hierarchical Cluster Analysis by Heatmap Using all
Identified Metabolites in Control and PTEN-overexpressed C4-2 Cells.

Likewise, PCA analysis showed that nuclear PTEN-overexpressed prostate
cancer cells formed a single cluster that was separated in distance from control samples,
while Wt. and membrane PTEN-overexpressed cells were clustered between control and
nuclear PTEN-overexpressed samples (Figure 16 and Figure 17). These data indicate that

nuclear PTEN plays a distinct role in metabolic regulation.
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Figure 16: PCA to Project Individual Samples onto the First Two Principal
Components in Control and PTEN-overexpressed PC3 Cells.
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Figure 17: PCA to project individual samples onto the first two principal
components in control and PTEN-overexpressed C4-2 cells.
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7.3.2 Pathway Analysis for Known Metabolites Affected by PTEN
Metabolic Regulation.

There are some known PTEN regulated metabolic functions in pathways such as
glycolysis, TCA cycle, and purine metabolism. Pathway analysis in wildtype and
membrane PTEN cell lines will allow us to further confirm our overexpression cell lines.
Figure 18A and 18B show pathway analysis of PC3 cells as a heatmap and quantified bar
graph. The heatmap has metabolites that were a hit from the metabolomics profiling in
the following pathways: glycolysis, TCA cycle, and purine. The quantified data in figure
18B compares major metabolites in glycolysis pathways between control, Wt. PTEN, and
membrane PTEN cell lines. The same is shown in Figure 19A and 19B with C4-2 Cell

lines.
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As previously mentioned, PTEN can regulate glucose metabolism, including
glycolysis, gluconeogenesis, and the TCA cycle. All 3 pathways are regulated by the
PI3K-AKT pathway through various downstream interactions. To confirm this we
looked at wildtype PTEN and membrane PTEN in PC3 and C4-2 cell lines. The heatmap
above shows that overexpression of wildtype or membrane PTEN, which negatively acts
on the PIBK-AKT pathway leads to immediate decreases in G6P. Conversely PTEN
reduces levels of pyruvate kinase muscle isozyme (PKM?2), which the heatmap also
shows by displaying an overall increase in pyruvate levels in PTEN cell lines. AKT
activation, which leads to promotion of aerobic glycolysis, can cause glucose-
dependence of cancer cells. AKT can also phosphorylate and activate 6-phosphofructo-2-
kinase/fructose-2, 6-biphosphatase (PFKFB2). This is a key enzyme that catalyzes the
conversion of fructose-6-phosphate to fructose-2,6-biphosphate. [128] Secondly,
expression of wildtype PTEN in PTEN-null cell lines is found to increase
phosphorylation of the E1 alpha subunit of the pyruvate dehydrogenase complex. This
leads to an increase in PDH1 phosphorylation and decrease in oxygen consumption rate
in vitro. PDH being the critical determinant for pyruvate conversion to acetyl CoA
which then begins the TCA cycle, inhibition of the enzyme reduces overall O2

consumption and shows another connection between PTEN/PIBK/mTOR pathway and
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glucose metabolism. [129] The PTEN overexpression cell lines as it pertains to acetyl-
CoA levels also shows correctly the expected results.

Another point of metabolic pathway regulation by PTEN is in the purine
metabolic pathways. Purine metabolism occurs exclusively in the cytoplasm and
therefore cytoplasmic-exclusion mutants of PTEN should greatly affect biosynthesis or
purines. The PI3K /AKT cassette regulates synthesis of purines through de novo and
salvage pathways. AKT regulates de novo synthesis by modulation of
phosphoribosylpyrophosphate (PRPP) availability and Inosine monophosphate
synthase (ATIC) activity. PTEN through this pathway causes blockage and alterations of
multiple metabolites involved in purine de novo synthesis and salvage. [130] In
summary, confirmation of expected metabolic changes with regulation by the canonical
membrane PTEN allowed us to delve deeper and look at nuclear PTEN and identify any

novel metabolic regulatory points.

7.3.3 Wt and Membrane PTEN Share Several Commonly Enriched
Metabolic Pathways.

Further analysis of wildtype and membrane PTEN overexpression cell lines
identify several commonly enriched metabolic pathways. We performed over-
representation analysis of significantly altered metabolites using MetaboAnalyst 5.0.
Consistent with the results obtained in the hierarchical clustering and PCA analyses, Wt.

and membrane PTEN-overexpressed PC3 and C4-2 cells shared several commonly
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enriched metabolic pathways (6 out of top 25 regulated metabolic pathways, Figure 20
and 21). Among them, glycolysis and purine metabolism, two metabolic pathways
known to be regulated by PTEN loss and PI3K/AKT activation [11, 131, 132], were
among the top 10 altered metabolic pathways in all Wt. and membrane PTEN-
overexpressed cell lines. These data indicate the validity of our assays and suggest that
membrane PTEN regulate cellular metabolism through its canonical functions in a
manner similar to Wt. PTEN. From the figures below, it is clear that from PTEN’s
position as a negative regulator of the PI3K-AKT-mTORC pathwayj, it is able to play an

important role in glucose metabolism and its interconnected metabolic pathways.
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Figure 20: Wt. and Membrane PTEN Shared Several Commonly Enriched
Metabolic Pathways. The overrepresentation analysis of significantly changed
metabolites in Wt. PTEN (A) and membrane PTEN (B) overexpressed PC3 cells,

compared to its control counterpart. Six commonly enriched metabolic pathways,
including glycolysis and purine metabolism, in all of Wt. and membrane PTEN-
overexpressed cell lines are highlighted in Red.
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Figure 21: Wt. and Membrane PTEN Shared Several Commonly Enriched
Metabolic Pathways. The overrepresentation analysis of significantly changed
metabolites in Wt. PTEN (A) and membrane PTEN (B) overexpressed C4-2 cells,

compared to its control counterpart. Six commonly enriched metabolic pathways,

including glycolysis and purine metabolism, in all of Wt. and membrane PTEN-
overexpressed cell lines are highlighted in Red.
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7.4 Discussion

This chapter utilizes the cell lines generated in chapter 5 to perform targeted
polar metabolomics profiling in control and PTEN-overexpressed PC3 and C4-2 cell
lines by using an LC-MS/MS-based platform. It is important to note that C4-2, follows a
muted trend of PC3 which could be attributed to the cell lines different genetic features.
C4-2 cells are characterized as androgen receptor positive cells and are androgen-
dependent meaning they rely on androgen signaling for growth and survival. In
addition to that, C4-2 cells, being derived from LNCaP cells, have been selected to
acquire castration resistance but are not inherently castration-resistant like PC3 cells. The
differences in cell lines and different metastatic potentials could explain the unique
metabolic profiles of each. The field is still in its infancy regarding PTEN as a metabolic
regulator and further experimental data will help bring to light novel roles of PTEN in
the various cell lines. Our data taken together, validates our overexpression wildtype
and membrane PTEN cell lines and further emphasizes the role PTEN has as not only a
tumor suppressor, but as a metabolic regulator.

Despite the information presented here, the field still lacks knowledge in
understanding PTEN as a metabolic regulator independent of the PI3K/AKT pathway.
This is best studied with analysis of nuclear PTEN’s role as it acts only in the nucleus

and does not have access to cytoplasmic membrane PIP3. Figures 16 and 17 show the
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principal component analysis of the overexpression cell lines and this figure best
highlights the unique metabolic trend nuclear PTEN plays. Chapter 7 delves further into
this information and aims to elucidate a role for nuclear PTEN as a metabolic regulator

in the cell.
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8. Nuclear PTEN Regulates Pyrimidine Metabolism,
Specifically De Novo Thymidylate Biosynthesis.

8.1 Introduction and Rationale

Following confirmation of expected metabolic results from wildtype and
membrane PTEN, we sought to determine novel pathways that nuclear PTEN could
play a role in. Untargeted polar metabolic profiling preliminary data showed
upregulation in certain metabolic pathways specific to the nucleus and nuclear PTEN
effects. To assess the impacts of PTEN on specific metabolites and metabolic pathways,
we analyzed significantly changed metabolites in each PTEN-overexpressed cell line
compared to its control counterpart using more stringent two-tailed t test statistics (p <
0.05) (Table 4-6 and Table 8-10). We found that, compared to control cells, 28, 33, and 105
metabolites out of 263 identified metabolites were significantly altered in Wt.,
membrane, and nuclear PTEN-overexpressed PC3 cells, respectively (Table 4-6), while
38, 65, and 114 metabolites out of 274 identified metabolites were significantly altered in
Wt., membrane, and nuclear PTEN-overexpressed C4-2 cells, respectively (Table 8-10).
Overexpression of nuclear PTEN resulted in the highest number of significantly changed
metabolites among three PTEN variants, further corroborating a distinct role for nuclear
PTEN in metabolic reprogramming. This chapter aims to elucidate a novel role for
nuclear PTEN as a metabolic regulator of pyrimidine metabolism, more specifically,

thymidylate biosynthesis.
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8.2 Materials and Methods
8.2.1 Immunoprecipitation Assay

Immunoprecipitation was performed as described [121]. Briefly, cells were lysed
in lysis buffer (50 mM Tris at pH 7.5, 10% glycerol, 5 mM MgCl2, 150 mM NaCl, 0.2%
NP-40, protease (Roche) and phosphatase (Sigma) inhibitor) and the lysates were
incubated with anti-PTEN (138G6) antibody overnight at 40C. The protein G Sepharose
(GE Healthcare) was then added and incubated for another 2 hrs. The
immunoprecipitants were washed with wash buffer (50 mM Tris at pH 7.5, 5 mM
MgCl2, 150 mM NaCl, 0.1% NP-40, protease (Roche) and phosphatase (Sigma) inhibitor)
three times and eluted with 2XSDS sample buffer. Densitometry quantification was
performed with Image]J. Protein G Sepharose 4 Fast Flow beads were purchased from

GE Healthcare.

8.3 Results

We performed over-representation analysis of significantly altered metabolites in
control versus nuclear PTEN overexpressed cell lines using MetaboAnalyst 5.0.
Strikingly, nuclear PTEN-overexpressed PC3 and C4-2 cells shared 80% of top regulated
metabolic pathways (20 out of top 25 regulated metabolic pathways, Figure 22 and

Figure 23).
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Figure 22: Over-representation Analysis of Significantly Changed Metabolites
in Nuclear PTEN-Overexpressed PC3 Cells Compared to its Control Counterpart.
Note that pyrimidine metabolism is the most significantly enriched metabolic
pathway.
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Figure 23: Over-Representation Analysis of Significantly Changed Metabolites
in Nuclear PTEN-Overexpressed C4-2 Cells Compared to its Control Counterpart.
Note that pyrimidine metabolism is the most significantly enriched metabolic
pathway.

Among them, pyrimidine metabolism is the highest enriched pathway in nuclear
PTEN-overexpressed PC3 cells and the second highest enriched pathway in nuclear
PTEN-overexpressed C4-2 cells. Furthermore, among 39 metabolites in the pyrimidine

metabolite set used by MetaboAnalyst 5.0, 15 metabolites were significantly altered by
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overexpression of nuclear PTEN in both PC3 (Figure 24A and B) and C4-2 (Figure 25A

and B) cells, compared to control cells.
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pyrimidine metabolic pathway in nuclear PTEN-overexpressed PC3 cells.
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Figure 25: Nuclear PTEN Significantly Alters Metabolites in the Pyrimidine
Metabolic Pathway in Nuclear PTEN-Overexpressed C4-2 Cells. Heatmap (A) and bar
graph (B) showing the abundance of various significantly altered metabolites in the
pyrimidine metabolic pathway in nuclear PTEN-overexpressed C4-2 cells.
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Notably, among significantly altered metabolites, - TMP and its immediate
downstream metabolites, including dTDP and thymidine, were all upregulated in
nuclear PTEN-expressed PC3 and C4-2 cells, compared to control cells (Figure 26),

suggesting that nuclear PTEN promotes de novo thymidylate biosynthesis.
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Figure 26: De novo Thymidylate Synthesis Metabolites in Nuclear PTEN vs
Control. Bar graph showing the abundance of dTMP and its immediate downstream
metabolites in both nuclear PTEN-overexpressed PC3 and C4-2 cells.

The conversion of dUMP to dTMP is the sole de novo pathway for production of
dTMP. The pyrimidine pathway is shown in figure 27 and shows upregulated and

downregulated metabolites throughout the pathway.
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Figure 27: Pathway Diagram Analysis of Significantly Changed Metabolites in
Nuclear PTEN-Overexpressed PC3 Cells Compared to its Control Counterpart. Red
highlighted KEG IDs demonstrate the nuclear PTEN metabolite is significantly
altered compared to the control with a p value <.05. Blue highlighted KEG IDs show
non-significant p value metabolites. Metabolite names in green show increased
expression, red show decreased expression, and black has no change, when
comparing nuclear PTEN to the control. Adapted from Metaboanalyst.

It is seen that in nuclear PTEN overexpression cell lines there is an increase in
dTMP, thymidine and thymine metabolites as compared to the control. This conversion
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between dUMP to dTMP is catalyzed by TYMS in the nucleus with the assistance of the
enzymes dihydrofolate methylenetetrahydrofolate dehydrogenase 1 (MTHFD1) or
serine hydroxymethyltransferase (SHMT), which generates 5,10-
methylenetetrahydrofolate as the one-carbon donor for TYMS. MTHFD1 contributes to
>70% of 5,10-methylenetetrahydrofolate as the one-carbon donor and is essential for
production of dTMP. [89] We previously compiled a list of PTEN-associated proteins
through Mass-Spec, and identified MTHFD1 as a candidate PTEN-interacting proteins.
[133] Through immunoprecipitation, we confirmed that nuclear PTEN, but not Wt.

PTEN, could co-immunoprecipitate MTHFD1 in PTEN-overexpressed PC3 cell lines

(Figure 28).
IP
Input Wt Muclear
FTEN PTEN
Wt Nuclear + — + - lgG
FTEN PTEN - + — + PTEMNADb
- v w [ THED1 we | MTHFD1
.- PTEN ® ™ PIEN

Figure 28: Co-immunoprecipitation of PTEN and MTHFD1 in Wt. and Nuclear
PTEN-Overexpressed PC3 Cells Using control IgG and PTEN antibody. Input is 10%

of total cell extracts used for immunoprecipitation.8.4 Discussion
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Over-representation analysis of significantly altered metabolites in control versus
nuclear PTEN overexpressed cell lines using MetaboAnalyst 5.0 revealed pyrimidine
metabolism to be significantly altered. The metabolite dTMP, and its immediate
downstream metabolites, including dTDP and thymidine, were all upregulated in
nuclear PTEN overexpression cells. These data indicate that nuclear PTEN drives
significant metabolic reprogramming of pyrimidine metabolism, including de novo
thymidylate biosynthesis. MTHFD] is the primary source of CH2THF and nuclear
enrichment of this enzyme exemplifies its crucial role in ensuring the functioning of de
novo thymidylate synthesis. MTHFD1’s important role in FOCM suggests that
regulation of this enzyme is critical for de novo thymidylate biosynthesis. From previous
mass spectra data and our immunoprecipitation assay we indicate that nuclear PTEN
may regulate thymidylate biosynthesis through interaction with MTHFD1. A schematic

representation of this pathway and PTEN’s role is shown in Figure 29.

90



deoxyuridine (dU) | <= Uridine (U)

\ |

(T e {TTP < JTMP dUMP

dU | G (TP

CHZTHF —

Formate
ATP
NADPH

Figure 29: De Novo Thymidylate Synthesis Pathway in the Nucleus. THF;
Tetrahydrofolate, MTHFD1; Methylenetetrahydrofolate, TYMS; Thymidylate
Synthase, dUMP; deoxyuridine monophosphate, dUTP; deoxyuridine triphosphate,
dTMP; thymidine monophosphate, dTTP; thymidine triphosphate, DHF;
Dihydrofolate reductase. Adapted from Field et al Biochimie 2016.

Nuclear PTEN and its key role in maintaining genomic integrity could be
combined with certain therapeutics for combinatorial therapy that is more efficacious in
metastatic prostate cancer. The next chapter aims to explore potential therapies aimed at

both PTEN and thymidylate biosynthesis.
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9. Preliminary data Reveals a Protective Effect of
Nuclear-PTEN During Combination Treatment of 5-FU
and BKM.

9.1 Introduction and rationale

This section explores preliminary in vitro data that investigates the effects of 5-
FU and BKM treatment on PC3 cells. Nuclear PTEN and its key role in maintain
genomic integrity could be combined with certain therapeutics for combinatorial
therapy that is more efficacious in metastatic prostate cancer. Anti-folate drugs target
thymidylate synthase, an enzyme that catalyzes the reductive methylation of dUMP by
CH2THEF to produce dTMP. This paper proposes the use of 5-FU as the anti-folate drug,
but other drugs such as TDX, MTA and ZD9331 are available. We seek to see if PTEN
localization correlates with 5-FU resistance or enhanced efficacy. Increased nuclear
TYMS expression is associated with poor 5-FU efficacy. [134] To further optimize
therapeutic efficacy, we sought to find another druggable spot within the PTEN
metabolic pathway. Preclinical models showed Buparlisib, an oral PI3K inhibitor, to
inhibit tumor growth via the PI3K pathway which has been shown to promote castration
and chemotherapy resistance. Clinical trials combined BKM with enzalutamide due to
emerging data that suggested combinatorial therapy could overcome the reciprocal
teedback of AR pathway activation by just PI3K inhibition. Data showed that PI3K

inhibition alone was not sufficient to reverse castration resistant metastatic prostate
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cancer. [106] In this chapter we seek to determine if BKM used in combination with 5-FU

could be a potential therapeutic option for patients with nuclear PTEN loss.

9.2 Materials and Methods
9.2.1 Site Directed Mutagenesis to Generate PTENK13E/K289E

To generate the double mutant PTENKIFK28E we used the QuikChange II XL
Site-Directed Mutagenesis Kit (Agilent Technologies #200521) to introduce two single

base changes. The rest is as described in chapter 5 methods section.

9.2.2 Crystal Violet Cell Growth Assay

To analyze combinatorial drug treatment on overexpression cell lines we utilized
a crystal violet cell growth assay. 0.1% crystal violet was made using 1g crystal violet,
20% methanol (200ml), and 800ml Millipore ddH2O. 10% acetic acid solution was also
used. Cells were seeded at 1x10™4 per 12-well dish and treated for 48 hours with 100ng
doxycycline. Cells were collected at day 0, 2, 4 and 6. At the end of each time point, 1ml
10% Formalin was added to fix cells. Following fixation of all cells, Iml crystal violet
was used to stain the cells and 1ml 10% acetic acid was used to solubilize the dye. The
luminance signal was measured using Spectral 100ul of solution was used to test O.D at

595nm.
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9.3 Results

To measure the cytotoxic effects of 5-FU on the various cell lines we generated a
new overexpression cell line that would lead to nuclear exclusion of PTEN. Nuclear-
exclusion PTEN mutant plasmid was created using the same inducible TET-on lentivirus
system. The nuclear exclusion mutant is PTENXISFK2E, that comprises of 2 target sites
that are conserved for PTEN ubiquitinoylation, which is crucial for the nuclear-
cytoplasmic shuttling of PTEN. Both K13 and K289, in the C2-loop, face away from the
plasma membrane site and thus have no positive structural function. Therefore,
mutation at this site does not affect PTEN’s cytoplasmic and cytoplasmic membrane
activity. One mutant allele at this site does lead to patients displaying tumor phenotypes
suggesting the mutant does indeed affect PTEN’s overall tumor suppressive function. [3]
Similar to experiments conducted in wildtype and nuclear PTEN, confirmation of
nuclear exclusion PTENKBEKZE js shown in the supplemental figure 33 showing a
different trend from nuclear-PTEN. Wildtype, Nuclear-PTEN and nuclear-exclusion-
PTEN cells were then treated with 100ng/ml of doxycycline to induce PTEN expression
for 48 hours and then day 0 was collected and 5-FU was added in varying
concentrations to determine optimal dosage. We determined 3uM to be optimal for
testing and that dosage was used in subsequent experiments. (Appendix A Figure 34)

The data shows nuclear-PTEN overexpression cell line has a protective effect against 5-
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FU. 5-FU had minimal impact on nuclear-PTEN when compared to vector and wildtype
cell lines. To further optimize therapeutic efficacy, we sought to find another druggable
spot within the PTEN metabolic pathway. Preclinical models showed Buparlisib, an oral
PI3K inhibitor, to inhibit tumor growth via the PI3K pathway which has been shown to
promote castration and chemotherapy resistance. Clinical trials combined BKM with
enzalutamide due to emerging data that suggested combinatorial therapy could
overcome the reciprocal feedback of AR pathway activation by just PI3K inhibition. We
sought to determine if BKM used in combination with 5-FU could be a potential
therapeutic option for patients with nuclear PTEN loss. We determined 500nM as an
optimal dosage for an IC-50 fold change. This led us to test 500nM BKM with 3uM 5-FU
in our overexpression cell lines and determine if nuclear-PTEN still displays a protective
effect and if combination is more effective than the drugs standing alone. The data
displayed in Figure 30, 31, and 32 demonstrate the expected trend with combinatorial
therapy causing slower growth than singular or no treatment. Additionally, the data
when looked at as a whole show nuclear PTEN as having a protective effect as
compared to wildtype and nuclear exclusion models. Nuclear PTEN shows minimal fold
change in cell growth when treated with 5FU as compared to other cell lines. An
unpaired two-tailed t test was used to determine significance. *P < 0.05, **P < 0.01, ***P <

0.001, ***P < 0.0001. All data are mean + s.d. from n = 3 biological replicates.
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Figure 30: Vector-PTEN PC3 Cells Combinatorial Treatment. Cells were
treated with either 500nM Buparlisib or 3uM of Fluorouracil or combination for 2, 4,
and 6 days post 48-hour doxycycline treatment of inducible pTRIPZ vector. Cells
treated with singular or combinatorial treatment (A) and bar graph representation of
cell growth assay at day 6 with singular or combinatorial treatment (B).
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Figure 31: Nuclear-PTEN PC3 Cells Combinatorial Treatment. Cells were
treated with either 500nM Buparlisib or 3uM of Fluorouracil or combination for 2, 4,
and 6 days post 48-hour doxycycline treatment of inducible pTRIPZ vector. Cells
treated with singular or combinatorial treatment (A) and bar graph representation of
cell growth assay at day 6 with singular or combinatorial treatment (B).
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Figure 32: PTENX®BEK29E PC3 Cells Combinatorial Treatment. Cells were
treated with either 500nM Buparlisib or 3uM of Fluorouracil or combination for 2, 4,
and 6 days post 48-hour doxycycline treatment of inducible pTRIPZ vector. Cells
treated with singular or combinatorial treatment (A) and bar graph representation of
cell growth assay at day 6 with singular or combinatorial treatment (B).
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9.4 Discussion

. Using prostate cancer as a model system for tumor metabolism, we discovered
a protective effect of nuclear PTEN against 5-Fluoroucil and Buparlisib. A deeper
understanding of nuclear PTEN’s regulation of MTHFD1 may, in turn, open new
therapeutic avenues for anti-folate cancer treatment tailored to PTEN sub-cellular
localization. This data is still in its infancy and extensive testing must be done both in
vitro and in vivo to determine optimal dosages that allow for treatment of patients with
nuclear exclusion of PTEN. Further testing with C4-2 Cell lines is also necessary.
Nuclear-exclusion PTEN mutations have been identified in multiple cancers and
typically presents in advanced metastatic cancer. Yang et al showed in their study that
16 malignant glioblastoma patients had mutations that blocked nuclear localization of
PTEN without affecting lipid phosphatase activity. [57] A further dive into patient
cancer -related PTEN defects will allow us to determine ideal candidate genotypic
groups for 5-FU anti-folate drug and BKM anti-PI3K drug treatment. To further
strengthen our findings and be able to link PTEN to MTHFD1 and ultimately
thymidylate biosynthesis, we will also seek to perform in-vitro assays in vivo.
Generating mice models with tumors that express the various PTEN localizations we

can determine efficacy of combinatorial treatment.
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10. Conclusions and Future Directions

This paper demonstrates a potential role for nuclear PTEN in regulation of cell
metabolism. PTEN is an important tumor suppressor in regulating multiple processes
critical to cancer development. Through its lipid phosphatase activity PTEN negatively
regulates and suppresses the PI3K/AKT pathway, a pathway that promotes cell
proliferation, growth, migration, energy metabolism and death. [135] It was initially
thought that PTEN is exclusive to the cytoplasm and localizes to the membrane to exert
its lipid phosphatase function. [136] However, recently PTENs ability to localize to other
compartments such as the nucleus and mitochondria has been discovered. Even more
recently nuclear PTENs tumor suppressive functions are being elucidated. Through
ubiquitination and SUMOylation PTEN is exported into the nucleus and can exert its
functions independent of the PI3K/AKT pathway. While we are beginning to identify
nuclear PTEN and its role in maintaining genomic stability, the field lacks knowledge in
understanding how nuclear PTEN functions as a metabolic regulator. In the cytoplasm
the majority of PTEN’s role as a metabolic regulator is through its regulation of the PI3K
/ AKT pathway. In the nucleus PTEN can act as a protein phosphatase or protein
scaffold and act as a metabolic regulator.

We mapped the different impacts on global metabolism by PTEN in the

cytoplasm and nucleus of human prostate cancer cells by using a targeted mass
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spectrometry-based polar metabolomics profiling platform. This platform was designed
to include as many polar metabolites as possible to cover all the major metabolic
pathways potentially involved in cancer cell metabolism. We robustly quantified the
relative levels of 263 and 274 unique water-soluble metabolites in control and PTEN-
overexpressed PC3 and C4-2 cells, respectively. In addition to observing the enrichment
of known metabolic pathways regulated by PTEN loss and PI3K/AKT activation in Wt.
and membrane PTEN-overexpressed samples, our data has revealed a novel role for
nuclear PTEN in the regulation of pyrimidine metabolism, and specifically the
enhancement of thymidylate biosynthesis. Impaired de novo dTMP synthesis is known
to increase rates of uracil misincorporation into DNA, leading to genomic instability [26-
28]. As PTEN is a guardian of genome integrity [20], our study suggests a potential new
mechanism underlying PTEN-mediated genomic stability. The discovery of MTHFD1
and its ability to interact with PTEN provides an exciting pathway for nuclear PTEN’s
metabolic role.

Additionally, increased TYMS gene expression and de novo dTMP synthesis are
associated with poor response to antifolate treatment [87, 137], As aberrant PTEN
subcellular localization, including loss of nuclear PTEN, is often observed in human
cancer [7, 52], further studies are needed to determine whether PTEN nuclear-excluded

mutant cancer cells are susceptible to cell killing by antifolate drugs in vitro and in vivo.
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Because the metabolic network relies on many common intermediates for
macromolecule biosynthesis, metabolic pathways must be compartmentalized to avoid
futile cycles and to direct metabolic flow towards the correct output. Metabolic
compartmentalization can be achieved through the formation of local enzyme and
protein complexes. Our study indicates that PTEN may form a nuclear complex with
MTHEDI1 to assist dTMP synthesis in the nucleus. Further mechanistic studies are
needed to evaluate how PTEN may impact the enzyme activity of MTHFD1, or other
key enzymes involved in dTMP synthesis. Given that many metabolic enzymes are
reported to play non-metabolic functions, it would also be interesting to explore how
MTHFD1 may affect the functionality of PTEN. [138]

Also production of the metabolic profile of PTEN overexpression cell lines allows
for pursuant of multiple metabolic pathways that nuclear PTEN could play a potential
role in. Preliminary data analysis of nuclear PTEN overexpression cell lines also shows
significant enrichment of metabolites in arginine metabolism, aminoacyl-tRNA
biosynthesis and proline metabolism. Our findings may contribute to the metabolic
therapeutic field and provide insight into nuclear PTEN as a metabolic regulator.
Understanding nuclear PTEN’s role as a metabolic regulator will lend to its role as

tumor suppressor that maintains genomic stability in the cell. In summary, this project
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contributes to the field of PTEN and metabolism, recognizing PTEN as a metabolic
regulator and vital in cancer tumorigenesis progression, applicable pan-cancer.

Our study has some limitations. The metabolic pathway is a complex network.
PTEN may impact metabolic pathways at multiple nodes with opposite effects. More
mechanistic work is needed to define the specific metabolic conversion and metabolic
enzymes that are impacted by PTEN in a metabolic pathway. Together, our results
reveal that nuclear PTEN induces metabolic changes, including thymidylate
biosynthesis, that are distinct from Wt. and membrane PTEN, and provide an important
data resource for metabolites that may potentially be regulated by PTEN in human

prostate cancer cells.
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Appendix A

The following figures show preliminary work on combinatorial drug treatment
done in vitro on PC-3 Cells. The data requires further replicates and optimization prior

to publication and conclusions.
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Figure 33: Western Blot Confirming Establishment of PTENK3EK28E Ce]] Lines.
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Figure 34: Cell Growth Analysis of PC3 Cells Treated with 3uM 5-FU. A) Day
6 Representative images of overexpression cell lines treated with 3uM 5-FU. Stained
with Crystal Violet for imaging B) Cell Growth Curves for 5-FU treated cells and
control cells. Measurements from Day 0, 2, 4, and 6 post treatment.
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Appendix B

Supplemental Materials and Methods:
Primers

Table 1: Overexpression PTEN Sequences with Added Localization Sequences

Name Sequence
Vector N/A
Wildype PTEN N/A
Membrane GGGTCTTCAAAATCTAAACCAAAG
PTEN
Nuclear PTEN CACAAATTACAAAAGTCCCTGCTGCCAAGCGCGTTAAACT
AGACTGA
Mutant PTEN C124S Point Mutation
PTENKISE/K289E K13E/K289E: A>G

Metabolic Profiling Supplementary Data

Table 2: Name, Formula, and PubChem Identifier of Detectable Polar

Metabolites
PubChem Identifier

Metabolite name Formula (KEGG/HMDB)
1,3-diphopshateglycerate C3H8010P2 C00236
1-Methyladenosine C11H15N504 C02494
1-Methyl-Histidine C7H11IN302 C01152
2,3-dihydroxybenzoic acid C7H604 C00196
2,3-Diphosphoglyceric acid C3H8010P2 C01159
2-Aminooctanoic acid C8H17NO2 HMDB0000991
2-dehydro-D-gluconate C6H1007 C06473
2-deoxyglucose-6-phosphate C6H1308P C06369
2-Hydroxy-2-methylbutanedioic acid C5HB805 C02612
2-hydroxyglutarate C5H805 C02630
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2-Isopropylmalic acid C7H1205 C02504
2-ketohaxanoic acid C6H1003 C00902
2-keto-isovalerate C5H803 C00141
2-oxo0-4-methylthiobutanoate C5H803S C01180
2-oxobutanoate C4H603 C00109
3-hydroxy-3-methylglutaryl-CoA C27H44N7020P3S | C00356
3-hydroxybuterate C4H803 C01089
3-hydroxybutyryl-CoA C25H42N7018P3S | C01144
3-methylphenylacetic acid C9H1002 HMDB0002222
3-phosphoglycerate C3H707P C00197
3-phosphoserine C3H8NO6P C01005
3-S-methylthiopropionate C4H802S C08276
4-aminobutyrate C4HONO2 C00334
4-phosphopantothenate CY9H18NO8P C03492
4-Pyridoxic acid C8HONO4 C00847
5-methoxytryptophan C12H14N203 HMDB0002339
5-methyl-THF C20H25N706 C00440
5-phosphoribosyl-1-pyrophosphate C5H13014P3 C00119
6-phospho-D-gluconate C6H13010P C00345
7,8-dihydrofolate C19H21N706 C00415
7-methylguanosine C11H16N505 HMDB0001107
acadesine C9H14N405 D02742
acetoacetate C4H603 C00164
acetoacetyl-CoA C25H40N7018P35 C00332
Acetylcarnitine DL CI9H18NO4 C02571
acetyl-CoA C23H38N7017P3S | C00024
Acetyllysine C8H16N203 C12989
acetylphosphate C2H505P C00227
aconitate C6H606 C00417
adenine C5H5N5 C00147
adenosine C10H13N504 C00212
adenosine 5-phosphosulfate C10H14N5010PS C00224
Adenylosuccinate C14H18N5011P C03794
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ADP-D-glucose C16H25N5015P2 C00498
ADP C10H15N5010P2 C00008
a-ketoglutarate C5H605 C00026
alanine C3H7NO2 C00041
allantoate C4H8N404 C00499
allantoin C4H6N403 C01551
Aminoadipic acid C6H11NO4 C00956
AICAR C9H15N408P C04677
AMP C10H14N507P C00020
anthranilate C7H7NO2 C00108
arginine C6H14N402 C00062
Argininosuccinic acid C10H18N406 HMDBO0000052
Ascorbic acid C6H806 C00072
asparagine C4H8N203 C00152
aspartate C4H7NO4 C00049
ATP C10H16N5013P3 C00002
Atrolactic acid C9H1005 C05584
betaine C5H11INO2 C00719
betaine aldehyde C5H12NO C00576
biotin C10H16N203S C00120
butyryl-CoA C25H42N7017P3S | C00630
Carbamoyl phosphate CH4NO5P C00169
carnitine C7H15NO3 C00318
CDP-choline C14H27N4011P2 C00307
CDP-ethanolamine C11H20N4011P2 C00570
CDP C9H15N3011P2 C00112
Cellobiose C12H22011 C00185
cholesterol C27H460 C00187
cholesteryl sulfate C27H4604S C18043
Cholic acid C24H4005 C00695
choline C5H14NO C00114
Citraconic acid C5H604 C02226
citrate C6H8O7 C00158
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citrate-isocitrate C6HB80O7 C00158
citrulline C6H13N303 C00327
CMP C9H14N308P C00055
coenzyme A C21H36N7016P3S | C00010
creatine C4HI9N302 C00300
Creatinine C4H7N30 C00791
CTP C9H16N3014P3 C00063
3',5'-Cyclic diGMP C20H24N10014P2 | C16463
cyclic-AMP C10H12N506P C00575
cystathionine C7H14N204S C02291
cysteine C3H7NO2S C00097
cysteine sulfinate C3H7NO4S C00606
Cystine C6H12N20452 C00491
cytidine C9H13N305 C00475
cytosine C4H5N30 C00380
dAMP C10H14N506P C00360
dATP C10H16N5012P3 C00131
dCDP C9H15N3010P2 C00705
dCMP C9H14N30O7P C00239
dCTP C9H16N3013P3 C00458
dehydroascorbic acid C6H606 C05422
deoxyadenosine C10H13N503 C00559
Deoxycholic acid C26H43NO5 C04483
deoxyguanosine C10H13N504 C00330
deoxyinosine C10H12N404 C05512
deoxyribose-phosphate C5H1107P C00673
deoxyuridine C9H12N205 C00526
dephospho-CoA C21H35N7013P2S | C00882
D-erythrose-4-phosphate C4H907P C00279
dGDP C10H15N5010P2 C00361
D-glucarate C6H1008 C00818
D-gluconate C6H1207 C00257
D-glucono-1, 5-lactone 6-phosphate C6H1109P C01236
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D-glucosamine-1-phosphate C6H14NO8P C06156
D-glucosamine-6-phosphate C6H14NO8P C00352
D-glyceraldehdye-3-phosphate C3H706P C00118
dGMP C10H14N507P C00362
dGTP C10H16N5013P3 C00286
dihydroorotate C5H6N204 C00337
dihydroxy-acetone-phosphate C3H706P C00111
Diiodothyronine C15H1312NO4 HMDB0000582
dimethylglycine C4HONO2 C01026
DL-Pipecolic acid C6HI11NO2 C00408
D-sedoheptulose-1-7-phosphate C7H15010P C05382
dTDP C10H16N2011P2 C00363
dTMP C10H15N208P C00364
dTTP C10H17N2014P3 C00459
dUMP C9H13N208P C00365
dUTP C9H15N2014P3 C00460
ethanolamine C2H7NO C00189
FAD C27H33N9015P2 C00016
Flavone C15H1002 C15608
FMN C17H21N40O9P C00061
folate C19H19N706 C00504
fructose-1,6-bisphosphate C6H14012P2 C05378
fructose-6-phosphate C6H1309P C05345
fumarate C4H404 C00122
GDP C10H15N5011P2 C00035
Geranyl-PP C10H2007P2 C00341
glucono-1,5-lactone C6H1006 C00198
glucosamine C6H13NO5 C00329
glucose-1-phosphate C6H1309P C00103
glucose-6-phosphate C6H1309P C00668
glutamate C5HI9NO4 C00025
glutamine C5H10N203 C00064
glutathione C10H17N306S C00051
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glutathione disulfide C20H32N601252 C00127
glycerate C3H604 C00258
Glycerophosphocholine C8H2INO6P C00670
glycine C2H5NO2 C00037
glycolate C2H403 C00160
glyoxylate C2H203 C00048
GMP C10H14N508P C00144
GTP C10H16N5013P3 C00044
Guanidoacetic acid C3H7N302 C00581
guanine C5H5N50 C00242
guanosine C10H13N505 C00387
guanosine 5-diphosphate,3-diphosphate C10H11N5017P4 C01228
hexose-phosphate C6H1109P C02672
histidine C6HIN302 C00135
histidinol C6H11N3O C00860
HMG-CoA C27H44N7020P3S | C00356
homocysteic acid C4HO9NOS5S Cl6511
homocysteine C4HONO2S C00155
homoserine C4HINO3 C00263
Hydroxyisocaproic acid C6H1203 HMDB0000746
Hydroxyphenylacetic acid C8HB803 C05852
hydroxyphenylpyruvate CY9HBO4 C01179
hydroxyproline C5HI9NO3 C01157
hypoxanthine C5H4N40 C00262
IDP C10H14N4011P2 C00104
Imidazole C3H4N2 C01589
Imidazoleacetic acid C6H8N202 C02835
IMP C10H13N40O8P C00130
indole C8H7N C00463
Indole-3-carboxylic acid C9H7NO2 C19837
Indoleacrylic acid C11H9NO2 HMDBO0000734
inosine C10H12N405 C00294
isocitrate C6H80O7 C00311
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itaconic acid C5H604 C00490
Kynurenic acid C10H7NO3 C01717
Kynurenine C10H12N203 C00328
lactate C3H603 C00186
L-arginino-succinate C10H18N406 C03406
leucine-isoleucine C6H13NO2 C00123
lipoate C8H140252 C00725
lysine C6H14N202 C00047
malate C4H605 C00149
Maleic acid C4H404 C01384
malonyl-CoA C24H38N7019P3S | C00083
methionine C5H11NO2S C00073
Methionine sulfoxide C5H11NO3S C02989
Methylcysteine C4H9NO2S C22040
Methylmalonic acid C4H604 C02170
methylnicotinamide C7HI9N20 C02918
myo-inositol C6H1206 C00137
N6-Acetyl-L-lysine C8H16N203 C02727
N-acetyl-glucosamine C8H15NO6 C00140
N-acetyl-glucosamine-1-phosphate C6H14NO8P C04256
N-acetyl-glutamate C7H11INO5 C00624
N-acetyl-glutamine C7H12N204 HMDB0006029
N-Acetyl-L-alanine C5H9NO3 C01073
N-acetyl-L-aspartic acid C6HINOS5 C01042
N-acetylaspartylglutamic acid C11H16N208 C12270
N-acetyl-L-ornithine C7H14N203 C00437
N-Acetylputrescine C6H14N20 C02714
N-acetyl spermidine CY9H21IN30O C00612
N-acetyl spermine C12H28N40 C02567
NAD+ C21H27N7014P2 C00003
NADH C21H29N7014P2 C00004
NADP+ C21H28N7017P3 C00006
NADPH C21H30N7017P3 C00005

112




N-carbamoyl-L-aspartate C5H8N205 C00438
Ng,NG-dimethyl-L-arginine C8H18N402 C03626
nicotinamide C6H6N20 C00153
nicotinamide riboside C11H15N205 C03150
Nicotinamide ribotide C11H15N208P C00455
nicotinate C6H5NO2 C00253
O8P-O1P (octulose 8-phosphate) C8H17011P

O-acetyl-L-serine C5HINO4 C00979
octulose-1,8-bisphosphate (OBP) C8H18014P2

ornithine C5H12N202 C00077
orotate C5H4N204 C00295
orotidine-5-phosphate C10H13N2011P C01103
oxaloacetate C4H405 C00036
p-aminobenzoate C7H7NO2 C00568
pantothenate C9H17NO5 C00864
phenylalanine C9H11NO2 C00079
Phenyllactic acid C9H1003 C05607
Phenylpropiolic acid C9H6O2 HMDB0002359
phenylpyruvate C9HS803 C00166
Phosphocreatine C4H10N3O5P C02305
phosphoenolpyruvate C3H506P C00074
Phosphorylcholine C5H15N0O4P C00588
3-phospho-serine C3H8NO6P C01005
p-hydroxybenzoate C7H603 C00156
prephenate C10H1006 C00254
proline C5H9NO2 C00148
propionyl-CoA C24H40N7017P3S C00100
purine C5H4N4 C00465
putrescine C4H12N2 C00134
Pyridoxamine C8H12N202 C00534
pyridoxine C8H11NO3 C00314
Pyroglutamic acid C5H7NO3 C01879
Pyrophosphate P2H407 C00013
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pyruvate C3H403 C00022
quinolinate C7H5NO4 C03722
retinoic acid C20H2802 C00777
riboflavin C17H20N406 C00255
ribose-phosphate C5H1108P C00117
S-adenosyl-L-homocysteine C14H20N6055 C00021
S-adenosyl-L-methioninamine C14H23N603S C01137
S-adenosyl-L-methionine C15H22N6055 C00019
sarcosine C3H7NO2 C00213
sedoheptulose 1,7-bisphosphate (SBP) C7H16013P2 C00447
serine C3H7NO3 C00065
shikimate C7H1005 C00493
shikimate-3-phosphate C7H1108P C03175
S-methyl-5-thioadenosine C11H15N5035 C00170
sn-glycerol-3-phosphate C3H906P C00093
spermidine C7H19N3 C00315
spermine C10H26N4 C00750
S-ribosyl-L-homocysteine CI9H17NO6S C03539
succinate C4H604 C00042
succinyl-CoA C25H40N7019P3S | C00091
taurine C2H7NO3S C00245
Taurodeoxycholic acid C26H45NO65 C05463
thiamine C12H16N40S C00378
Thiamine pyrophosphate C12H19N407P2S C00068
thiamine-phosphate C12H17N404PS C01081
threonine C4H9NO3 C00188
thymidine C10H14N205 C00214
thymine C5H6N202 C00178
trans, trans-farnesyl diphosphate C15H2807P2 C00448
trehalose-6-Phosphate C12H23014P C00689
trehalose-sucrose C12H22011 C00089
tryptophan C11H12N202 C00078
tyrosine C9H11INO3 C00082
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UDP-D-glucose C15H24N2017P2 C00029
UDP-D-glucuronate C15H22N2018P2 C00167
UDP-N-acetyl-glucosamine C17H27N3017P2 C00043
UDP C9H14N2012P2 C00015
UMP C9H13N209P C00105
uracil C4H4N202 C00106
Urea CH4N20 C00086
Uric acid C5H4N403 C00366
uridine CI9H12N206 C00299
UTP CI9H15N2015P3 C00075
valine C5H11NO2 C00183
xanthine C5H4N402 C00385
xanthosine C10H12N406 C01762
xanthosine-5-phosphate C10H13N409P C00655
Xanthurenic acid C10H7NO4 C02470
3-hydroxybuteric acid C4H803 C01089
sorbitol C6H1406 C00794
Table 3: Results of Polar Metabolomics in Control and PTEN-Overexpressed
PC3 Cells
KE Ctrl Ctrl Ctrl Wt Wt Wt. Me Me Me Nuc Nuc Nuc
GG | 1 2 3 PTE | PTE | PTE | mbr | mbr | mbr | PTE | PTE | PTE
or N.1 N.2 N.3 ane ane ane N1 N.2 N.3
HM PTE | PTE | PTE
DB N1 | N2 | N3
Ide
ntif
Metabolite name Formula ier
196 | 178 | 143 | 824 | 172 | 166 | 194 | 153 | 188 | 469 | 704 | 764
107 | 734 | 280 | 765 | 313 | 352 | 385 | 998 | 755 | 652 | 854 | 241
C02 | 570. | 227. | 285. | 91.8 | 309. | 853. | 938. | 626. | 264 | 552 | 282 | 114
Acetylcarnitine DL COH18NO4 571 | 2 8 1 8 3 8 9 9 3 6 7 3
163 | 150 | 138 | 727 | 136 | 118 | 208 | 235 | 182 | 117 | 136 | 830
511 | 385 | 729 | 953 | 322 | 468 | 615 | 730 | 715 | 969 | 336 | 348
Co0 | 685 | 292. | 821. | 77.3 | 539. | 057. | 226. | 126. | 968. | 362. | 530. | 50.0
Glycerophosphocholine C8H21NO6P 670 9 8 8 2 7 6 5 9 3 1 7
170 | 153 | 867 | 634 | 137 | 148 | 153 | 108 | 175 | 279 | 621 | 868
828 | 091 | 643 | 903 | 655 | 191 | 989 | 836 | 539 | 563 | 611 | 204
Co0 | 173. | 930. | 41.8 | 29.9 | 998. | 598. | 685. | 117. | 542 | 482 | 659 | 193
betaine C5H1INO2 719 | 1 8 3 5 9 5 7 1 6 6 2
94 | 888 | 831 | 432 | 817 | 846 | 727 | 634 | 894 | 538 | 463 | 447
132 [ 912 | 090 | 988 | 994 | 292 | 159 | 431 | 106 | 821 | 821 | 127
o1 | 738 | 966 | 381 | 533 | 686 | 093 | 516 | 502 | 69.2 | 746 | 130 | 19.0
N-Acetyl-L-alanine C5HINO3 073 | 2 3 9 2 8 5 1 2 3 2
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114 762 768 604 801 745 764 760 658 263 248 304
578 321 259 229 583 447 087 091 286 734 756 085
C00 657. 61.6 80.4 70.5 487 | 59.0 76.2 88.0 59.7 37.6 72.5 242
DL-Pipecolic acid C6H11INO2 408 4 3 3 6 1 4 3 2
858 853 864 431 866 798 672 656 865 500 386 449
141 520 494 283 166 959 728 852 623 383 504 787
C00 62.3 84.1 51.0 55.4 80.3 057 | 51.3 40.8 232 14.7 | 05.6 02.8
creatine C4HIN3O2 300 5 5 9 2 1 8 4 2 9 2 8 5
883 767 867 516 102 825 951 992 103 634 699 514
185 126 431 175 717 381 554 979 547 490 627 552
C10H16N5013P C00 50.3 76.2 32.0 19.2 170. 85.9 67.2 83.6 297. 119 64.0 16.1
ATP 3 002 4 9 6 9 1 5 5 9 4 1 6
940 685 767 524 864 802 749 832 823 503 458 488
627 181 741 953 891 934 759 308 683 966 759 311
C00 81.5 43.5 74.5 63.6 448 17.3 01.9 49.8 12.8 04.2 37.1 82.2
glutamate C5HINO4 025 3 3 3 1 8 6 7 2 2 2 9
860 665 824 511 100 881 932 962 103 626 681 489
618 685 456 297 055 972 494 746 037 540 085 450
C10H16N5013P C00 26.3 75.5 64.4 07.1 447. 43.5 02.0 89.8 499. 37.0 87.7 23.6
dGTP 3 286 5 9 7 3 9 5 1 5 5 5 5 9
960 516 805 410 735 761 808 890 845 117 515 319
842 845 234 714 460 164 361 323 605 584 579 959
C00 83.8 23.8 66.6 62.9 422 78.6 90.7 87.7 | 412 725 13.5 66.1
citrate-isocitrate C6H807 158 8 9 2 5 2 4 1 9 4 7 5
107 517 565 417 685 633 699 856 539 289 307 282
555 053 169 125 983 345 310 138 582 263 665 931
C00 659. 77.7 39.8 65.5 73.9 14.6 23.7 94.1 67.1 34.8 86.1 67.3
leucine-isoleucine C6H13NO2 123 2 9 7 7 8 2 9 9 6 8 8 5
773 526 526 317 637 530 567 609 646 103 241 226
285 184 959 912 628 797 093 506 404 885 956 256
C00 34.2 16.4 18.5 26.1 50.8 91.7 16.5 83.2 65.7 716. 196 627.
proline C5HINO2 148 5 6 2 9 7 8 6 3 1 4 5
842 484 475 403 571 533 453 512 433 166 162 174
891 364 975 313 670 875 721 602 974 879 706 715
C00 67.3 35.0 19.8 239 61.3 819 15.4 68.9 68.0 20.2 76.9 63.4
glutamine C5H10N203 064 7 8 3 5 6 7 7 3 5 2
612 539 608 306 485 428 421 439 545 344 249 237
329 717 196 875 309 181 738 877 653 533 805 953
C20H32N6012S C00 923 04.7 73.0 96.4 65.3 14.2 36.1 80.6 77.1 68.1 01.2 20.0
glutathione disulfide 2 127 6 5 7 2 5 1 8 8 4 2 6 5
498 476 458 338 598 554 490 520 587 227 254 260
208 837 587 795 991 771 484 397 110 020 584 060
C00 91.3 11.2 55.4 50.8 64.2 37.8 16.7 69.2 15.0 489 37.5 55.1
malate C4H605 149 7 9 3 7 4 1 8 3 2 2
474 429 400 264 517 417 340 365 429 249 222 138
437 036 758 601 234 692 144 193 170 437 123 041
C00 74.3 01.3 56.7 84.2 10.9 73.9 51.4 67.3 27.6 189 22.6 16.4
myo-inositol C6H1206 137 4 5 8 1 3 6 3 8 3 5 1 4
622 267 392 228 343 252 353 490 221 164 174 118
846 423 233 716 082 843 672 504 517 587 027 260
C00 54.4 27.6 05.6 50.8 339 38.8 239 05.4 50.6 89.0 44.4 223
arginine C6H14N402 062 2 2 3 4 9 7 5 2 4 4 1
484 352 430 166 361 288 313 324 489 247 204 204
501 118 476 784 010 865 052 247 013 102 545 566
C00 46.8 32.6 227 90.0 57.6 889 93.0 13.1 19.2 825 98.8 452
UTP C9H15N2015P3 075 1 9 5 3 9 3 6 5 8 3 1 3
373 261 277 444 364 464 862 912 182 179 157
663 332 747 354 609 954 213 542 143 562 420 044
C00 07.0 853 85.3 3.92 80.5 63.3 77.1 51.3 71.3 03.2 46.9 89.7
glutathione C10H17N306S 051 6 85.9 9 7 1 7 9 3 1 2 9 9
328 304 316 189 337 380 440 353 237 248 186
142 683 275 078 384 000 489 106 815 829 735 748
C21H27N7014P C00 69.4 34.6 31.4 05.2 297 48.6 86.8 64.0 15.3 90.1 29.3 03.3
NAD+ 2 003 6 3 8 5 622 1 7 5 6 1 2 3
C00 383 219 341 203 253 300 342 392 416 571 222 124
citrate C6H807 158 855 615 739 742 341 743 984 508 549 145 332 146
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72.9 34.3 68.7 86.1 14.9 68.6 11.7 76.4 51.0 5.26 68.4 72.7
9 6 1 8 2 5 2 2 1 1 9
291 264 256 230 228 159 168 279 321 109 116 148
097 962 611 688 146 945 696 082 848 479 793 770
C00 06.6 222 61.3 36.1 46.7 08.5 80.0 314 08.2 82.2 453 28.2
lactate C3H603 186 2 6 1 2 6 9 9 8 6 7 5
284 226 205 152 208 231 208 193 175 134 104 816
819 155 168 237 104 063 553 313 074 158 624 257
C00 41.0 98.5 89.1 63.1 69.4 80.6 95.0 85.1 724 05.0 30.9 2.6
histidine C6HIN302 135 3 2 1 6 3 9 9 8 2 6 5
303 168 226 144 232 274 205 287 296 612 662 985
323 986 274 408 618 855 891 040 045 529 132 284
C00 224 53.0 12.1 35.1 06.2 31.6 373 68.8 49.2 6.66 1.63 5.11
pantothenate C9H17NO5 864 9 4 2 7 2 4 9 7 4 9
239 243 157 179 212 322 253 177 360 108 130 126
363 512 657 567 883 765 403 583 884 933 206 414
C01 95.0 06.9 28.1 12.0 289 55.1 17.9 36.9 25.8 93.2 79.6 17.2
dimethylglycine C4HINO2 026 3 8 1 7 7 8 3 7 1 3 2 4
214 228 151 976 135 116 788 782 128 710 568 519
717 037 561 316 459 062 888 707 890 292 942 296
C00 73.6 27.2 64.5 4.38 00.3 63.7 9.27 3.63 71.5 1.24 5.71 6.39
taurine C2H7NO3S 245 4 7 8 2 1 9 3 6 3 7
171 166 128 104 143 169 137 961 953 589 781 123
456 776 446 383 648 020 274 310 990 075 580 086
C00 76.2 15.5 96.1 08.8 04.7 16.2 20.0 9.04 2.96 8.03 5.19 36.2
Urea CH4N20 086 6 2 5 7 4 9 1 3 7 6 7
546 300 751 131 192 346 555 931 N/ 371 N/ 132
94.7 655 164 932 487 113 945 643 A 732 A 878
C00 394 56.7 3.41 89.7 03.5 60.1 26.1 60.4 8.81 69.5
choline C5H14NO 114 8 3 2 9 5 9 6 2 1
146 117 109 794 148 164 155 202 146 965 981 611
875 463 268 501 274 162 861 479 678 963 920 963
C00 37.1 93.6 85.6 4.79 99.9 77.7 80.6 42.6 14.8 5.85 7.61 8.68
aspartate C4H7NO4 049 7 8 5 6 8 6 4 3 3 3 1 3
146 556 147 859 392 367 660 704 116 259 109 375
834 531 953 564 242 239 320 062 982 321 004 889
C00 21.1 9.27 54.0 221 5.16 2.89 534 50.8 8.22 98.4 66.0 0.76
Pyrophosphate P2H407 013 5 4 7 1 4 3 3 9 9 2 7
145 919 102 689 118 112 823 968 964 409 340 332
734 009 818 127 870 891 737 997 198 948 960 177
C00 06.0 1.16 02.8 1.56 73.3 66.8 9.77 6.67 1.09 8.66 0.55 0.97
serine C3H7NO3 065 5 7 8 1 5 7 5 9 7 8 1 4
994 104 130 505 785 794 803 113 913 584 429 454
242 083 589 454 601 812 967 259 479 161 266 006
C02 1.78 80.2 05.3 2.67 3.04 3.84 6.24 15.6 9.44 8.57 | 2.00 4.15
hexose-phosphate C6H1309P 672 9 4 9 2 3 2 1 7 2 7 8
125 102 101 732 113 109 110 108 120 474 430 390
112 764 679 515 292 234 075 517 273 876 665 355
C01 36.4 00.0 69.5 3.95 68.6 92.0 60.6 58.7 04.2 8.44 7.36 5.98
hydroxyproline C5HINO3 157 1 2 8 7 3 7 2 7 9 3 9
155 817 858 493 782 695 557 517 649 153 138 211
452 129 531 328 185 596 202 806 199 788 999 022
C00 19.9 0.61 2.78 0.55 491 8.66 1.42 0.49 4.03 2.09 6.79 6.98
asparagine C4H8N203 152 9 9 8 5 6 2 4 4 2 1
137 976 858 259 768 647 103 139 905 350 390 442
069 624 497 726 778 950 766 915 573 951 914 776
C00 32.8 3.79 2.51 0.11 2.92 0.14 68.0 14.8 6.23 9.32 1.91 4.52
carnitine C7H15NO3 318 6 9 3 4 5 4 3 3 7 4 9
808 747 154 565 593 160 343 760 286 829 823 611
908 389 649 035 420 142 378 744. 940. 755 996 823
C18 1.18 2.77 93.9 4.60 6.15 11 9.09 060 161 2.38 3.40 6.21
cholesteryl sulfate C27H4604S 043 4 2 7 1 4 2 8 9 2 9
C00 101 892 860 664 938 100 763 812 106 471 465 476
213 169 106 604 520 773 096 281 886 671 852 329 740
94.0 293 9.12 7.56 3.64 33.8 4.49 4.65 14.6 0.26 2.96 1.29
sarcosine C3H7NO2 7 5 2 3 3 5 9 9 7 8 8 5

117




114 717 872 234 689 578 561 636 107 402 308 299
476 164 774 408 772 974 801 892 739 524 605 958
C15H24N2017P C00 96.6 1.79 6.40 119 3.84 3.88 1.37 9.82 16.6 2.84 2.58 4.05
UDP-D-glucose 2 029 9 5 4 6 9 9 2 4 3 5 3 2
986 720 721 547 868 774 780 642 762 162 207 216
849 679 083 968 412 999 033 825 036 321 189 978
C00 | 439 | 136 | 560 | 563 | 847 | 820 | 244 | 6.67 | 887 | 6.03 | 2.05 | 271
threonine C4HONO3 188 8 4 5 5 2 5 6 8 4 3 4 9
824 749 828 499 944 771 105 105 123 797 811 471
482 514 059 974 933 916 810 458 509 949 070 258
CIOH15N5010P | C00 | 051 | 3.06 | 9.06 | 0.66 | 532 | 9.98 | 224 | 419 | 064 | 441 | 350 | 1.19
dGDP 2 361 7 9 2 3 5 6 2 5 9
796 719 847 491 985 819 109 105 134 759 786 513
162 701 120 838 956 791 534 562 787 356 922 738
C10H15N5010P C00 5.14 7.75 7.13 8.03 1.04 6.97 86.5 52.6 85.5 0.52 6.15 0.69
ADP 2 008 1 8 3 9 3 6 2 9 2 7
117 480 629 424 745 733 754 106 595 341 338 305
306 090 052 304 442 688 017 271 667 773 260 576
C00 413 4.36 0.90 2.69 3.32 6.51 1.53 67.2 8.33 9.85 5.21 9.19
phenylalanine C9HI11NO2 079 3 2 4 8 7 5 6 3 1 1
842 636 736 488 671 680 563 723 780 341 280 283
930 067 349 319 753 834 614 539 886 714 751 908
Co0 | 041 | 305 | 582 | 1.9 130 | 878 | 1.52 | 536 | 426 | 397 | 9.64 | 2.79
alanine C3H7NO2 041 1 4 7 5 3 7 6 7 9
718 702 720 513 922 848 780 830 861 417 402 409
425 115 300 854 155 967 537 299 803 168 488 810
C00 125 | 6.02 | 548 | 1.50 | 216 | 035 | 806 | 457 | 526 | 620 | 575 | 1.83
fumarate C4H404 122 3 7 9 3 8 1 7 4 5 3
691 659 787 173 555 491 724 844 379 260 197 183
474 578 061 740 685 136 773 499 077 972 099 939
fructose-1,6- C05 9.61 7.98 6.97 4.85 4.64 257 8.96 1.63 9.18 3.59 7.19 3.82
bisphosphate C6H14012P2 378 4 5 7 1 4 7 1 6 3 5 2
855 537 711 624 661 668 710 885 623 126 105 651
222 300 864 121 274 918 787 951 174 417 739 185
C02 9.38 8.96 0.66 9.11 5.95 225 2.38 6.37 2.30 03.5 80.1 3.68
Methylmalonic acid C4H604 170 6 8 2 2 5 6 5 8 5 4 6
732 666 693 502 959 888 790 832 816 383 421 418
841 572 936 053 003 973 575 027 876 731 288 482
o1 565 | 534 | 631 | 542 | 706 | 337 | 018 | 740 | 673 | 474 | 344 | 9.73
Maleic acid C4H404 384 3 4 3 2 7 5 9 6 2 6 1 5
717 663 688 486 812 817 759 745 789 387 373 404
805 496 838 079 218 827 329 298 846 630 375 455
Co0 | 5.21 7.21 791 | 0.82 | 873 | 521 | 230 | 429 | 521 | 272 | 2.04 | 694
2-keto-isovalerate C5H803 141 9 2 3 8 8 9 5 7 9 9 7
727 573 670 347 829 601 735 677 902 469 488 354
483 125 774 328 404 161 180 401 113 891 392 393
C10H16N5013P C00 1.36 8.80 9.88 3.97 0.84 0.61 3.14 511 7.49 7.23 8.78 2.66
GTP 3 044 2 9 5 4 2 4 6 6 8 6 7 5
781 494 615 545 588 612 569 773 554 114 954 552
023 838 044 804 106 570 775 739 783 543 466 319
C00 0.06 3.60 9.79 417 4.55 4.02 9.58 71 6.49 86.2 6.98 1.47
succinate C4H604 042 4 5 8 1 8 2 4 3
576 550 608 291 512 520 574 560 934 449 332 345
138 262 515 700 580 375 581 756 938 750 801 914
Co0 | 579 | 006 | 780 | 0.88 | 9.10 | 324 | 508 | 205 | 778 | 445 | 936 | 6.18
UDP C9H14N2012P2 015 4 9 9 1 2 8 6 8 3 6
424 818 291 379 971 727 609 229 666 944 138 126
632 754 415 159 351 595 619 640 874 785. 313 280
Cco1 652 | 883 | 276 | 565 | 882 | 079 | 509 | 729 | 937 | 818 162 | 7.89
1-Methyl-Histidine C7H11IN302 152 2 3 9 7 3 9 3 3 3 6 4
606 377 501 177 430 384 471 577 584 187 226 157
195 001 139 288 136 011 132 867 075 138 537 408
UDP-N-acetyl- C17H27N3017P C00 5.19 4.83 4.81 8.37 5.97 6.64 8.92 4.84 7.21 8.18 3.49 6.38
glucosamine 2 043 7 1 3 9 4 2 8 9 8 1 5
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520 428 457 284 472 401 364 458 579 384 345 271
370 706 020 591 548 129 552 105 573 612 580 402
C02 | 891 | 643 | 224 | 846 | 026 | 466 | 3.67 | 729 | 746 | 167 | 753 | 4.26
2-hydroxyglutarate C5H805 630 5 9 1 3 3 2 8 1 6 7 9 1
494 303 501 107 298 348 344 473 195 103 964 852
567 182 218 126 692 740 112 362 624 854 891. 076.
C00 745 | 134 | 217 | 1.28 | 072 | 7.90 [ 241 | 931 | 6.01 | 6.07 | 546 107
3-phosphoglycerate C3H707P 197 1 2 5 1 1 8 8 1 2 2
393 313 354 130 317 243 244 282 400 236 187 155
893 526 855 917 465 331 484 849 565 426 972 688
C00 6.37 7.06 5.44 9.66 1.33 5.35 0.52 0.76 2.86 9.96 1.46 1.59
CTP CI9H16N3014P3 | 063 1 8 9 5 2 8 5 2 4 5 8 2
346 316 362 313 480 389 641 626 415 361 599 286
025 304 200 910 015 917 031 194 548 150 764 437
C00 7.99 5.59 9.90 5.89 2.74 9.14 9.61 9.91 0.11 9.45 7.10 0.68
AMP C10H14N507P 020 7 8 6 3 9 4 5 2 2 8 8
587 210 177 869 304 274 347 476 295 953 123 108
059 818 898 659. | 554 921 790 236 094 668. | 529 365
C00 125 | 279 | 1.52 | 558 503 | 790 | 551 1.55 | 296 | 135 673 | 282
methionine C5H11NO2S 073 8 3 3 7 9 7 6 2 3
482 247 207 153 212 194 218 313 131 197 280 240
082 258 166 099 924 202 291 201 338 777. 836. 667.
Co0 | 251 | 389 | 518 | 770 | 1.35 | 241 | 014 | 116 | 0.18 | 615 007 947
xanthine C5H4N402 385 7 4 3 7 3 7 1 7 2 6 4 9
212 179 454 115 421 310 360 414 362 299 176 135
548 232 064 577 170 784 183 132 664 570 007 429
S-adenosyl-L- C00 5.35 1.77 3.29 5.40 5.72 4.07 1.64 8.17 1.23 0.51 7.82 3.69
methionine C15H22N605S 019 8 7 4 5 2 7 9 9 5 4
384 189 227 160 258 241 245 279 196 114 125 899
595 313 655 130 957 904 810 264 758 141 950 465.
C00 4.80 7.06 241 0.42 5.93 3.57 4.68 2.52 5.85 6.22 3.66 516
tyrosine C9H11INO3 082 2 1 9 1 2 5 6 1 5 5 4
295 232 235 144 352 308 243 263 270 976 100 785
334 231 865 189 908 982 721 032 546 608. | 584 253.
N-carbamoyl-L- Co0 | 059 | 773 | 6.7 371 | 526 | 590 | 639 | 875 | 9.15 | 202 228 | 641
aspartate C5H8N205 438 9 5 2 7 8 2 9 6 7
289 217 235 129 332 260 256 203 274 100 876 748
118 609 329 076 649 603 240 173 005 669 007. 078.
C00 | 265 | 571 | 637 | 476 | 910 | 1.98 | 877 | 526 | 7.00 | 2.84 | 308 489
allantoate C4H8N404 499 8 5 7 9 3 4 4 3 1
320 183 237 109 283 211 220 233 364 142 114 894
057 912 560 508 865 269 236 654 044 347 940 379.
C15H22N2018P C00 8.86 6.48 0.81 8.34 7.40 1.72 8.52 5.72 8.66 7.27 8.24 116
UDP-D-glucuronate 2 167 5 5 6 7 8 8 3 7 7 9 2
250 211 203 792 175 120 215 215 261 972 103 920
516 798 163 179. | 932 988 147 117 143 839. | 003 838.
D-sedoheptulose-1-7- C05 7.06 7.54 2.01 612 4.13 8.46 9.83 4.64 4.61 464 7.92 037
phosphate C7H15010P 382 2 8 9 6 4 8 7 5 3 6
285 130 227 152 145 142 186 229 174 126 160 119
531 389 493 603 845 008 624 862 100 167 129 050
C02 743 | 090 | 318 | 6.94 | 1.14 | 935 | 337 | 195 | 692 | 334 | 730 | 647
Citraconic acid C5H604 226 2 2 5 5 3 4 3 4 2 4 4
228 189 210 879 191 125 117 189 240 213 646 636
169 010 388 284. 799 414 419 435 952 529 814. 910.
2,3-Diphosphoglyceric Cco1 970 | 382 | 6.92 | 908 252 | 566 | 443 | 9.06 | 835 | 129 | 27 174
acid C3H8010P2 159 3 2 7 7 3 8 9 9
219 221 988 147 299 230 775 776 308 126 473 747
582 934 344. 461 789 717 289 346 388 048 562 209.
C00 6.41 2.09 463 4.05 9.77 5.06 7.90 7.06 4.49 9.12 4.12 288
Carbamoyl phosphate CH4NO5P 169 6 7 7 8 7 6 5 6 4 3 6
285 970 139 737 993 113 155 211 103 518 492 417
881 053. | 951 956. | 891. | 452 650 060 094 405. | 395. | 848.
Co1 8.88 641 2.80 792 100 228 1.99 4.25 5.63 278 093 707
Pyroglutamic acid C5H7NO3 879 3 8 2 1 2 5 8 4 8 4 7 9
C00 168 139 208 297 155 122 841 124 757 141 106 615
oxaloacetate C4H405 036 659 669 084 837 133 897 161. | 492 442. | 415 516 088
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6.96 6.97 3.14 9.17 3.44 9.04 366 2.03 439 07.3 88.2 3.17
2 6 1 7 1 4 6 2 4 7 6
253 607 191 943 213 185 229 215 203 784 131 105
974 101. 609 998. 408 376 062 551 132 163. 754 439
C00 8.75 986 8.23 503 243 5.68 8.93 2.32 8.46 734 4.87 2.85
adenine C5H5N5 147 9 3 4 3 5 1 1 8 2 4 9
333 860 832 744 697 739 125 174 473 950 163 181
584 889. 816. 6.77 475. 329. 244 945 924. 61.1 673. 609.
C00 3.09 862 912 715 499 931 4.34 9.72 053 828 482 433
Cystine C6H12N204S2 491 6 7 3 7 9 2 1 5 7 9 8
153 147 184 489 929 861 878 189 117 408 288 441
803 112 736 181. 956. 746. 697. 371 989 137. 888. 037.
dihydroxy-acetone- C00 4.63 0.54 6.78 462 884 177 437 0.03 2.29 338 031 540
phosphate C3H706P 111 8 6 8 1 4 7 5 9 6 9 9 9
207 127 147 970 333 240 279 268 243 129 129 108
796 352 498 327. 212 729 483 057 779 082 300 780
C03 7.24 4.26 2.46 593 5.74 0.92 2.08 7.37 1.52 0.81 1.63 7.97
L-arginino-succinate C10H18N406 406 9 2 8 6 9 7 5 5 2 2 9
HM 175 189 116 524 130 122 160 176 156 363 530 551
DBO | 249 566 645 519. 440 095 209 239 974 489. 691. 611.
000 8.97 3.07 8.06 417 8.41 6.55 6.95 293 294 560 999 396
2-Aminooctanoic acid C8H17NO2 991 7 5 3 5 3 2 3 5 3 4
139 150 186 114 197 200 203 323 117 812 107 971
190 404 291 998 811 622 639 645 099 036. 757 769.
C00 3.38 2.40 9.29 7.37 9.24 1.1 8.21 8.81 7.84 018 0.47 207
CMP CI9H14N308P 055 4 5 4 3 7 1 1 3 4 7 2
185 149 139 535 124 104 123 116 198 211 160 125
196 626 045 893. 560 682 640 568 158 836 827 679
C10H17N2014P C00 4.36 3.66 0.79 174 9.50 9.68 9.87 2.22 3.53 3.41 0.59 8.92
dTTP 3 459 7 4 1 4 7 4 5 1 4 9 4
176 136 150 497 144 899 263 139 284 256 902 640
268 138 700 234. 768 862. 440 685 721 405 265. 662.
1,3- C00 9.97 218 8.09 908 4.04 178 3.08 2.34 0.47 3.41 720 519
diphopshateglycerate C3H8010P2 236 9 2 2 4 8 2 3 1 3 9
HM 204 119 130 946 225 217 219 228 207 120 123 930
DBO | 065 657 199 046. 367 403 466 458 868 455 703 494.
000 1.90 391 9.15 033 8.41 3.44 9.66 0.46 1.75 2.70 5.35 91
Argininosuccinic acid C10H18N406 052 4 7 5 6 7 3 4 3 4
168 119 161 136 171 175 170 180 175 240 194 164
544 395 697 583 767 682 321 439 541 653 589 786
C02 112 1.87 6.05 6.90 7.52 3.13 4.93 5.09 043 547 | 4.31 9.47
2-Isopropylmalic acid C7H1205 504 7 1 9 1 7 2 9 2 1 3 9
224 983 116 882 140 129 140 180 119 724 702 552
670 326. 226 333. 049 974 617 165 996 541. 736. 338.
C00 8.80 513 8.55 947 9.70 | 431 2.74 0.93 9.92 792 978 028
tryptophan C11H12N202 078 6 5 1 4 6 6 6 3 4 7 4
185 103 143 494 125 639 164 206 115 343 441 315
513 372 429 646. 263 185. 858 418 529 149. 328. 601.
C00 5.79 6.74 5.06 534 6.20 119 9.40 3.88 6.34 968 237 111
phosphoenolpyruvate C3H506P 074 5 1 3 4 7 2 6 4 9 1 8 2
209 130 844 770 140 104 100 733 112 339 312 359
615 719 445. 924. 558 240 099 639. 225 181. 064. 801.
C00 6.01 237 612 224 3.98 6.19 1.79 827 0.30 744 919 14
a-ketoglutarate C5H605 026 1 8 3 4 7 4 5 8 5 7
156 116 146 137 119 118 131 139 150 355 324 232
982 539 782 335 019 049 316 787 138 230 902 817
2-Hydroxy-2- C02 5.90 5.07 4.07 9.06 2.81 4.02 5.56 3.27 0.06 6.60 9.23 0.47
methylbutanedioic acid C5H805 612 4 8 4 7 2 2 1 8 7 2
238 109 553 201 648 138 178 271 312 590 538 745
100 430 602. 277. 570. 848 051 480 095 857. 226. 182.
C00 7.70 1.75 516 492 361 1.71 0.42 4.53 839 753 346 526
nicotinamide C6H6N20 153 8 1 4 1 2 5 9 5 2 4 6
935 111 163 397 572 576 777 146 788 319 185 468
578. 791 443 613. 665. 532. 134. 162 073. 249. 904. 322.
D-glyceraldehdye-3- C00 946 3.94 2.08 844 366 110 868 248 526 686 284 003
phosphate C3H706P 118 1 9 3 5 4 5 5 9 9 5 4
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123 130 929 165 226 283 164 206 143 151 139
830 109 518 920. 155 419 629 339 533 595 542 301
C21H28N7017P C00 1.99 651 4.00 354 6.64 | 4.45 1.37 8.07 9.48 6.55 2.10 1.26
NADP+ 3 006 2 1.18 7 8 4 9 3 1 3 8 2 8
131 663 164 220 149 980 413 482 286 923 554 331
493 357. 257 939 777 430. 392. 214. 191. 209. 964. 037.
C02 1.98 687 1.94 4.13 8.11 098 064 702 019 205 843 193
Methionine sulfoxide C5H11INO3S 989 8 5 9 3 5 4 9 5 5 1
161 212 124 189 170 662 706 759 116 781 189 193
510. 505 066 531 581 094. 199. 777. 249 10.4 587. 474.
C02 031 0.33 2.52 7.23 297 21 129 895 8.73 254 238 051
N-acetyl spermine C12H28N40 567 4 1 2 3 3 4 4 4 8 9
149 725 103 915 802 108 472 504 722 185 165 158
508 762. 118 101. 273. 031 731. 728. 889. 903 065 277
C00 6.25 633 8.40 709 573 8.18 385 107 601 5.78 3.53 9.07
dihydroorotate C5H6N204 337 6 4 6 2 6 9 6 4 1 5 8 3
134 712 115 111 777 578 993 794 101 785 103 773
841 440. 697 933 398. 172. 946. 235. 879 317. 676 697.
C00 1.53 464 7.32 7.85 140 345 243 334 0.10 055 9.96 309
aconitate C6H606 417 3 1 9 4 8 3 8 6 7 3 3
160 108 426 274 103 137 405 558 476 195 493 139
642 957 419. 877. 579 532 365 833 915 089. 920. 713
C00 4.60 4.93 841 965 3.84 7.77 0.55 8.74 5.35 577 080 9.22
cholesterol C27H460 187 3 5 7 5 6 7 3 7 2 8 2 1
103 963 110 613 120 100 140 146 174 108 989 671
369 558. 814 931. 495 540 068 057 511 623 777. 010.
C10H14N4O11P C00 5.74 928 5.72 616 7.45 8.00 6.28 9.39 6.26 6.39 561 936
1DP 2 104 3 2 4 4 3 4 1 7 1 2
138 696 939 634 821 193 141 152 152 129 115 615
780 189. 919. 405. 330. 120 548 137 590 011 818 932.
C00 1.89 166 140 498 111 0.78 2.81 5.74 391 6.20 5.14 133
sn-glycerol-3-phosphate C3H906P 093 3 1 5 1 8 1 8 9 7 1 4
901 141 698 730 987 118 180 197 352 287 424 555
460. 341 999. 598. 775. 030 815 637 888 755. 675. 108.
C00 239 3.60 918 409 653 2,67 | 5.14 3.06 6.01 171 428 612
spermidine C7H19N3 315 6 5 5 6 1 9 8 7 1 8 9 4
HM 107 635 120 194 969 822 729 940 586 150 106 596
DBO 329 422. 192 766 593. 701. 103. 577. 133. 168 288 325
002 4.63 992 1.79 4.89 663 167 478 914 010 82.0 75.1 3.06
Phenylpropiolic acid C9H602 359 8 9 2 3 3 3 3 2 1 7 9 8
120 695 920 794 658 653 890 945 973 497 768 526
743 243, 422. 575. 068. 804. 341. 053. 467. 470. 974. 454.
C00 4.47 850 630 014 011 876 002 878 931 275 792 625
itaconic acid C5H604 490 1 6 3 6 5 4 9 9 7 3 2 9
125 640 810 787 725 562 687 101 473 292 237 914
953 348. 141. 533. 946. 923. 782. 748 456. 453. 803. 55.5
C00 9.97 829 424 995 555 630 708 2.85 818 377 634 828
uracil C4H4N202 106 6 1 8 4 6 3 8 9 5
C00 876 960 870 977 338 463 593 533 753 227 407 157
447 107. 110. 607. 81.8 662. 075. 518. 155. 523. 521. 117. 001.
536 236 336 757 131 152 680 080 659 405 566 253
2 6 6 5 8 9 9 4 7 7 2
SBP C7H16013P2
108 651 842 312 514 356 727 491 891 127 807 412
630 472. 469. 538. 349. 831. 884. 394. 273. 147 493. 745.
C02 9.96 171 984 998 243 531 391 020 346 5.06 596 164
phosphocreatine C4H10N3O5P 305 8 8 7 3 7 6 1 7 4 3 3 9
129 656 586 471 716 722 740 917 589 292 354 256
480 391. 948. 350. 767. 641. 154. 662. 505. 953. 284. 330.
Cc22 1.36 724 182 942 194 224 178 062 823 304 105 046
Methylcysteine C4HINO2S 040 3 9 8 8 9 6 5 2 3 3 3
848 711 876 353 619 609 558 117 842 128 872 597
621. 247. 611. 255. 807. 589. 018. 663 231. 459 734. 947.
C00 694 982 379 039 776 824 816 5.39 908 9.30 432 792
ribose-phosphate C5H1108P 117 8 7 3 6 1 6 8 2 2 2
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713 771 897 332 417 494 538 750 622 448 270 420
630. 279. 584. 306. 263. 722. 285. 136. 310. 475. 204. 681.
C05 572 553 576 881 149 736 121 76 818 636 709 465
fructose-6-phosphate C6H1309P 345 3 2 4 5 3 3 6 5 5 5 2
N/ 724 828 479 625 124 196 243 926 757 779 228
A 918. 810. 838. 611. 914 349 154 619. 255. 063. 233.
C12 386 918 972 207 5.14 2.19 2.72 162 357 902 189
N6-Acetyl-L-lysine C8H16N203 989 6 3 4 3 4 3 4 4 6
925 654 745 494 101 927 717 957 817 414 472 365
N- 017. 912. 751. 704. 747 398. 714. 202. 628. 594. 394. 855.
acetylaspartylglutamic C12 110 650 849 847 1.63 337 045 846 203 493 511 986
acid C11H16N208 270 3 9 8 3 6 2 6 1 9 9
651 669 953 410 449 433 553 775 458 586 579 440
827. 923. 841. 084. 681. 658. 402. 899. 468. 260. 174. 927.
C00 990 372 134 848 493 600 504 554 275 624 428 827
glucose-6-phosphate C6H1309P 668 5 1 2 9 7 1 2 7 3 4 3
916 684 667 343 536 524 547 690 760 293 231 311
002. 980. 987. 069. 797. 291. 815. 087. 471. 233. 038. 501.
C00 464 578 872 562 946 179 314 106 526 279 819 874
Guanidoacetic acid C3H7N302 581 2 2 6 9 8 4 7 7 5 5 4 6
660 653 706 246 665 453 710 690 985 368 439 298
443, 252. 446. 027. 535. 649. 003. 735. 022. 240. 050. 435.
904 007 177 508 346 152 903 247 921 132 008 121
O8P-O1P C8H17011P 5 6 4 3 6 1 5 4 5 9 3 2
612 620 581 305 370 445 348 545 382 110 910 581
363. 908. 932. 025. 750. 575. 002. 739. 067. 202 763. 232.
D-erythrose-4- C00 706 594 073 661 954 005 014 502 344 7.72 103 071
phosphate C4H90O7P 279 2 5 8 3 4 4 6 9 4 5 7 9
906 213 684 575 641 906 117 149 378 620 541 249
492. 976. 213. 134. 692. 859. 976 889 472. 819. 326. 492.
C02 220 366 856 707 073 455 23 2.08 920 859 930 210
Acetyllysine C8H16N203 727 1 7 2 7 7 7 3 7 5 2
690 486 568 323 100 586 720 691 287 403 468 199
840. 129. 355. 395. 907 238. 936. 485. 427. 809. 597. 474.
Ng,NG-dimethyl-L- Co3 465 809 936 006 748 | 526 726 283 516 535 276 578
arginine C8H18N402 626 6 9 9 4 1 4 2 5 4 4 9 8
478 560 693 190 292 372 449 932 574 280 265 177
911. 823. 553. 385. 795. 672. 990. 956. 067. 968. 284. 268.
C00 746 641 725 821 085 037 967 317 023 615 580 871
D-gluconate C6H1207 257 8 3 1 3 7 6 4 2 7 5
494 552 567 540 817 613 102 783 652 555 837 273
292. 529. 462. 813. 747. 683. 505 733. 322. 582. 038. 929.
C00 455 713 259 836 659 428 0.15 181 635 329 950 149
GMP C10H14N508P 144 1 5 6 2 8 3 8 3 5 9 9
616 431 468 293 394 520 395 512 668 492 497 365
343. 899. 188. 543. 889. 701. 984. 627. 202. 459. 464. 390.
C01 668 526 630 988 471 949 983 717 035 540 807 762
Kynurenic acid C10H7NO3 717 9 5 4 1 6 9 5 1 3 1 8 4
643 430 440 303 576 382 767 813 965 244 346 496
366. 923. 534. 520. 377. 182. 226. 475. 821. 210. 555. 855.
N-acetyl-glucosamine- Co4 870 632 228 162 368 687 988 17 327 956 500 371
1-phosphate C6H14NOS8P 256 6 6 6 5 2 6 6 8 6 7
742 342 403 269 447 410 408 326 353 179 207 160
006. 051. 156. 290. 541. 824. 664. 961. 468. 608. 867. 218.
C00 513 430 137 757 615 411 758 850 837 125 972 318
valine C5H11INO2 183 2 1 2 5 4 3 2 2 9 8 1
501 423 550 458 454 557 402 513 608 716 430 544
342. 845. 943. 304. 666. 167. 822. 696. 949. 978. 650. 842.
C00 388 002 491 141 024 133 663 671 677 997 088 568
acetoacetate C4H603 164 4 9 2 7 1 9 7 1 9 8 7
421 501 521 418 381 427 530 415 540 502 615 376
606. 526. 865. 350. 230. 928. 355. 192. 477. 801. 226. 075.
C00 93 538 016 667 561 964 746 968 737 864 045 586
2-oxobutanoate C4H603 109 8 3 1 4 6 4 4 8 5
C00 571 442 402 203 308 262 325 389 640 215 165 167
cyclic-AMP C10H12N506P 575 739. 034. 195. 951. 987. 923. 352. 938. 128. 660. 306. 612.
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459 639 672 219 954 962 976 764 060 727 239 552
5 5 5 2 8 4 1 8 9 5 8
580 453 372 279 388 458 389 537 464 N/ 102 743
519. 205. 923. 765. 575. 056. 316. 004. 066. A 625 400.
C00 816 897 526 786 222 268 284 324 810 2.53 215
Aminoadipic acid C6H11INO4 956 9 5 3 4 6 1 5 7 1 1
442 472 488 311 616 446 573 617 777 542 465 323
013. 768. 440. 254. 012. 787. 941. 939. 225. 514. 041. 186.
C10H15N5011P C00 086 889 354 248 687 599 329 605 909 196 974 049
GDP 2 035 6 8 8 1 1 1 4 8 4 1 7
393 498 457 271 429 448 898 591 548 736 720 398
452. 547. 264. 711. 809. 465. 400. 960. 116. 473. 026. 840.
C00 608 864 919 879 736 030 688 891 146 419 313 941
dAMP C10H14N506P 360 7 4 1 7 8 7 3 5 3 5 6 4
459 420 430 159 322 326 315 346 506 679 285 197
936. 379. 715. 054. 800. 406. 511. 812. 256. 344. 481. 463.
C00 685 175 211 389 444 295 862 459 203 409 510 211
(@) CY9H15N3011P2 112 7 1 9 7 3 4 3 8 5 2 4
520 312 464 204 373 279 405 498 614 369 310 164
720. 906. 015. 679. 092. 919. 286. 739. 184. 722. 803. 065.
C25H40N7017P C00 569 357 366 817 020 645 933 253 223 899 465 771
acetyl-CoA 3S 024 9 3 7 9 9 6 6 6 3 9 4
499 355 442 208 417 283 147 203 523 517 158 220
667. 127. 650. 154. 006. 366. 567. 901. 672. 350. 589. 272.
C00 028 584 282 008 016 117 295 904 951 611 353 909
4-aminobutyrate C4HINO2 334 5 5 7 8 9 9 1 6 2 6 8 4
102 737 453 891 859 674 360 421 518 850 993 897
662. 872. 503. 266. 790. 061. 633. 671. 386. 63.8 50.8 57.7
C00 663 534 953 619 413 690 974 974 909 063 147 915
spermine C10H26N4 750 4 9 7 1 5 2 7 6 9 6
752 982 396 339 371 361 363 401 557 899 563 508
965. 40.6 953. 282. 368. 259. 764. 099. 772. 666. 949. 343.
2,3-dihydroxybenzoic C00 389 852 820 790 108 824 589 901 384 202 659 542
acid C7H604 196 5 5 5 2 6 8 5 6 4 6 2 7
503 375 365 319 424 140 107 774 297 339 336 325
786. 038. 904. 454. 587. 385. 468 862. 433. 347. 771. 278.
C00 120 117 308 199 538 295 3.88 921 586 922 484 887
glucose-1-phosphate C6H1309P 103 6 2 7 3 4 4 2 1 1
494 171 560 410 474 N/ 562 247 141 383 261 176
959. 121. 123. 623. 990. A 226. 862. 784. 288. 640. 132.
C00 155 045 393 273 524 833 026 659 663 938 761
lysine C6H14N202 047 6 6 6 7 2 8 5 9 3 7 4
436 398 372 161 415 299 403 317 402 118 137 191
998. 562. 052. 174. 414. 249. 216. 416. 855. 619. 960. 977.
C00 344 432 735 646 257 256 652 671 765 667 780 063
acetylphosphate C2H505P 227 7 5 6 8 9 8 7 1 1 3
477 407 316 180 336 331 382 368 356 237 196 122
067. 733. 855. 231. 136. 971. 065. 968. 168. 735 132 007
C00 364 617 526 133 337 820 629 477 765 7.57 5.18 0.39
p-hydroxybenzoate C7H603 156 1 5 6 9 6 3 8 3 5 4 9 5
469 184 530 530 644 501 745 693 493 242 336 270
263. 679. 119. 626. 286. 875. 352. 508. 328. 445. 586. 651.
C00 026 977 269 980 259 222 491 275 296 334 181 908
citrulline C6H13N303 327 6 9 6 5 6 6 4 3 6 3 5 3
576 278 290 190 260 235 276 385 241 514 234 243
421. 266. 498. 475. 147. 364. 399. 964. 003. 061. 739. 121.
Co1 183 618 259 315 918 426 114 219 578 828 873 599
allantoin C4H6N403 551 3 3 9 1 4 6 3 9 5 4 2 9
523 278 268 151 242 304 200 331 138 759 591 514
411. 874. 600. 758. 627. 838. 610. 636. 597. 99.9 23.8 05.8
C00 095 903 719 768 554 896 398 574 586 891 297 899
Uric acid C5H4N403 366 4 5 4 2 5 8 8 8 6 1 6
294 301 381 275 398 245 746 761 392 397 721 274
247. 750. 987. 059 299 355 130. 964. 982. 816. 585. 991.
C00 625 164 510 7.69 8.26 9.22 468 098 715 802 927 795
IMP C10H13N408P 130 3 6 5 3 4 5 6 5 6 8 6
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377 243 356 336 331 208 306 347 285 195 165 146
048. 182. 357. 106. 138. 105. 901. 209. 389. 871. 191. 897.
C00 572 036 087 547 088 802 997 796 931 251 459 666
isocitrate C6H807 311 9 1 1 1 4 2 6 4 4 6 8 4
301 330 333 898 192 180 304 393 366 186 172 132
054. 399. 284. 42.1 283. 833. 812. 076. 561. 553. 586. 937.
C00 885 302 598 141 292 508 573 795 075 119 172 672
deoxyribose-phosphate C5H1107P 673 2 8 4 9 9 9 2 1 6 3 8 2
470 158 319 201 269 260 295 472 315 847 377 155
552. 349. 236. 639. 144. 355. 117. 250. 011. 994. 768. 299.
C00 164 124 067 811 086 002 600 810 760 338 849 436
orotate C5H4N204 295 6 2 2 9 1 7 2 6 1 9 2
338 260 244 158 250 220 376 499 304 235 243 127
487. 729. 540. 939. 883. 506. 171. 036. 312. 619. 953. 022.
C01 913 924 070 151 415 318 793 045 512 901 194 225
xanthosine C10H12N406 762 8 5 3 9 5 8 7 3 2 5 8
267 254 309 150 222 157 199 N/ 276 813 113 102
106. 798. 128. 959. 613. 630. 703. A 526. 225 587. 742.
C00 751 018 447 048 120 670 584 937 744 609 178
Creatinine C4H7N30 791 5 7 4 3 3 7 9 4 4 5
321 252 243 174 255 201 227 311 215 141 104 805
828. 428. 680. 660. 658. 036. 445. 700. 529. 290 256 585.
C19 840 303 863 397 661 799 990 559 070 2.81 9.95 398
Indole-3-carboxylic acid COH7NO2 837 7 7 8 4 6 4 2 5 9 4 8 7
405 138 201 248 201 167 421 770 146 217 157 109
196. 700. 566. 659 956 232 293. 815. 362. 319. 887. 107.
C00 142 114 567 7.82 0.18 8.19 564 94 211 573 733 357
hypoxanthine C5H4N40 262 8 9 8 1 6 6 2 1 8 1
259 204 274 121 329 235 249 210 322 141 905 854
068. 689. 892. 049. 948. 337. 983. 302. 452. 373 478. 719.
C10H16N5012P C00 855 745 826 605 155 360 108 467 523 8.09 746 378
dATP 3 131 7 8 6 3 2 5 7 6 8 8 8 5
257 198 275 136 213 226 251 212 265 176 200 178
599. 339. 384. 439. 359. 364. 022. 415. 368. 914. 522. 772.
C00 537 698 221 859 070 973 223 386 013 125 979 253
UMP C9H13N209P 105 3 8 3 8 2 3 5 9 3 6 9 4
278 197 232 114 318 256 408 328 341 864 181 158
301. 137. 592. 583. 605. 791. 803. 698. 094. 86.3 463. 661.
C27H33N9015P C00 680 580 086 94 752 308 609 455 554 095 235 279
FAD 2 016 6 4 8 1 6 9 4 7 8 6 2
172 188 306 409 260 157 100 626 454 535 316 177
770. 768. 648. 041. 593. 658. 253. 72.8 42.3 992 463 179
C00 189 138 838 573 416 684 457 969 818 8.75 8.47 225
glycolate C2H403 160 8 4 5 7 3 1 1 8 3 9 1
234 113 314 597 143 173 125 144 105 819 692 462
224. 116. 202. 436. 326. 333. 084. 890. 786. 578. 665. 605.
C00 164 746 323 974 715 136 763 373 559 088 635 673
Ascorbic acid C6H806 072 2 9 8 6 2 6 9 7 6 8
258 216 179 116 660 575 345 268 429 105 107 101
087. 513. 242. 380. 716. 840. 813. 339. 315. 442. 925. 140.
S-adenosyl-L- C00 618 448 269 473 207 493 646 294 881 744 686 902
homocysteine C14H20N605S 021 8 9 1 7 6 3 1 3 9 5 8
336 134 180 136 152 172 278 N/ 207 134 883 669
064. 144. 554. 501. 769. 572. 820. A 795. 304 516. 125.
C02 917 927 539 850 925 726 056 447 4.37 | 330 225
Xanthurenic acid C10H7NO4 470 6 2 8 8 5 4 7 4
243 161 233 925 256 232 274 181 331 228 143 132
553. 047. 669. 03.1 011. 064. 976. 586. 176. 768. 772. 557.
C01 502 620 214 769 547 642 412 400 268 082 505 073
N-acetyl-L-aspartic acid C6HINOS 042 2 7 2 7 9 7 4 9 1 1 5 1
245 175 185 903 146 102 139 223 152 933 851 511
512. 501. 486. 44.0 396. 638. 860. 465. 978. 319 63.3 56.9
C00 074 672 699 970 793 781 165 630 318 299 607 824
6-phospho-D-gluconate C6H13010P 345 6 9 5 1 1 9 1 1 4 7 1
HM 215 167 219 203 184 260 240 252 185 614 212 156
Indoleacrylic acid C11HINO2 DBO | 961. 253. 861. 225. 599. 124. 079. 866. 115. 955. 498. 215.
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000 410 886 053 187 008 765 011 189 685 148 479 874
734 8 1 1 6 3 9 4 2 6 6 7 4
190 250 147 120 125 180 126 149 258 828 857 682
396. 789. 567. 235. 719. 248. 309. 676. 850. 22.7 10.1 61.7
C01 490 232 459 893 179 631 867 042 295 790 773 005
3-hydroxybuterate C4H803 089 9 5 9 3 7 8 4 2 7 4 9
145 194 209 278 196 149 119 175 398 259 154 388
626. 606. 137. 203. 931. 394. 049. 559. 738. 930 202 435.
C00 489 990 741 256 316 231 938 503 215 4.45 0.35 988
nicotinate C6H5NO2 253 2 6 4 6 3 9 1 2 4 2 8 8
195 133 205 171 114 111 109 173 202 152 607 705
307. 896. 428. 46.7 714. 814. 024. 097. 469. 492. 28.7 18.3
406 611 676 958 558 420 071 451 447 711 512 861
OBP C8H18014P2 3 8 5 2 1 6 2 7 8 7
219 135 148 181 168 857 215 271 157 415 133 659
585. 376. 671. 320. 680. 48.1 552. 976. 576. 887. 981 378.
C00 327 421 304 652 145 300 118 823 9 660 0.24 277
glucosamine C6H13NO5 329 9 5 8 5 2 3 8 4 4
173 146 179 694 128 146 151 163 274 682 460 162
269. 826. 369. 50.0 723. 807. 476. 686. 829. 201. 956. 000.
C10H16N2011P C00 126 120 269 109 258 968 386 916 846 857 127 326
dTDP 2 363 9 4 3 4 7 5 9 1 8 4
170 161 162 948 165 194 147 146 359 113 450 775
176. 790. 295. 43.6 963. 204. 147. 948. 496. 222. 71.1 07.0
C02 772 804 080 449 279 408 058 324 637 977 191 752
cystathionine C7H14N204S 291 4 7 2 6 5 8 4 4 4 6
181 155 150 990 117 112 122 192 154 845 117 899
035. 292. 845. 72.9 336. 184. 294. 460. 676. 13.3 180. 55.4
C00 299 455 014 582 615 413 991 322 650 98 247 528
2-ketohaxanoic acid C6H1003 902 4 5 2 9 9 5 2 5 3
304 322 148 108 136 128 589 556 209 318 197 155
721. 34.5 034. 960. 136. 135. 928. 723. 485. 232 926 097
C03 907 841 862 509 135 662 579 017 351 7.92 3.56 7.20
quinolinate C7H5NO4 722 5 5 4 8 5 5 7 8 3 1 5
226 795 148 791 167 168 152 137 209 139 805 946
758. 12.8 060. 16.6 291. 957. 964. 113. 187. 957. 91.3 335
C00 939 225 417 536 857 071 474 739 968 602 408 263
N-acetyl-glutamate C7H11INO5 624 1 5 1 9 4 1 9 1 7 4 8 6
162 151 130 784 175 184 245 327 176 106 140 677
700. 128. 486. 59.3 085. 092. 958. 870. 766. 447. 323. 04.5
C11H20N4011P C00 395 142 866 880 698 908 988 367 344 996 100 032
CDP-ethanolamine 2 570 4 4 6 1 6 3 4 1 6 6
192 132 116 840 143 121 834 887 145 586 494 341
352. 274. 061. 58.1 674. 540. 29.2 14.0 522. 17.4 05.3 78.4
C00 121 520 880 590 117 052 906 055 761 929 746 376
glycerate C3H604 258 5 7 7 2 2 8 3 7 2 2 5
196 776 160 121 363 268 124 233 949 578 101 234
776. 87.1 261. 836. 079. 704. 854. 676. 06.9 73.4 613. 059.
C00 119 239 639 160 559 246 642 493 072 530 538 039
adenosine C10H13N504 212 8 4 6 9 5 8 5 7 9 4
102 163 136 642 651 133 881 597 198 258 683 109
430. 473. 959. 17.1 249 685. 41.2 51.3 985. 27.0 14.8 676.
C00 124 087 846 296 513 213 553 261 276 181 411 623
Pputrescine C4H12N2 134 9 3 4 8 4 7 2 2 9 9 1 7
155 105 122 652 908 131 N/ 164 494 706 508 437
136. 695. 318. 18.6 49.6 294. A 347. 7.38 00.5 67.5 70.8
C00 012 835 254 068 901 562 109 687 713 851 411
cytidine C9H13N305 475 5 9 9 8 2 7 7 5 1 6
156 101 125 741 125 866 933 114 221 104 636 720
070. 091. 614. 80.9 590. 233 10.2 786. 378. 345 053. 397.
C00 131 971 898 969 138 107 159 613 889 7.33 307 498
dCTP C9H16N3013P3 458 1 4 1 9 8 2 2 8 6 5 4 3
119 122 118 147 823 495 157 222 625 983 475
891. 588. 963. 735 798. 347 33.6 716. 96.7 36.2 04.7 70.9
C21H30N70O17P C00 794 824 704 98.9 052 614 724 256 122 939 144 708
NADPH 3 005 2 1 4 915 3 7 7 1 8 6 9 7
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140 951 122 762 774 579 529 821 997 659 440 221
337. 91.3 628. 02.1 93.4 92.0 30.3 71.0 14.5 135. 379. 589.
C00 389 372 052 946 078 278 511 707 700 332 447 057
trehalose-6-Phosphate C12H23014P 689 2 5 4 8 4 3 9 9 7 6 1 8
140 111 973 756 817 819 117 128 783 N/ 487 367
742. 359. 30.1 63.6 46.3 79.5 056. 067. 15.9 A 84.1 39.3
C05 52 782 539 397 710 246 797 946 681 903 681
Phenyllactic acid C9H1003 607 9 3 2 6 4 4 3 3 9
532 109 179 N/ N/ 476 366 607 N/ 988 101 244
31.7 978. 472. A A 41.0 93.2 29.8 A 72.9 988. 26.0
C00 323 555 505 431 811 381 711 026 437
betaine aldehyde C5H12NO 576 3 8 4 6 3 2 6 5 7
169 761 946 444 688 592 751 102 567 420 452 451
942. 439 62.5 50.0 71.5 734 05.2 073. 252 26.5 59.9 01.4
C00 245 634 515 465 536 746 072 064 736 799 141 753
shikimate C7H1005 493 9 2 1 7 8 5 3 6 4 6 1
115 683 149 530 876 994 114 918 182 109 508 N/
004. 98.3 636. 463 215 222 842. 25.1 47.0 179. 89.4 A
C00 732 434 557 780 676 497 669 112 211 195 549
cytosine C4H5N30 380 2 6 3 1 2 7 5 6 2 6
850 107 127 949 214 182 139 130 189 101 127 974
72.8 363. 175. 77.3 729. 518. 552. 490. 952. 601. 850. 38.7
C14H27N4011P C00 876 852 002 359 009 639 946 990 388 958 437 586
CDP-choline 2 307 7 5 2 5 8 1 8 3 8 8 4 8
191 584 611 508 672 753 122 776 495 288 420 428
288. 35.1 41.8 64.3 59.0 47.0 524. 347 50.3 22.0 97.4 04.9
C00 915 234 111 592 387 061 486 481 962 013 927 852
folate C19H19N706 504 5 1 1 1 6 7 8 7 7 9 4
HM 119 923 974 665 654 732 586 652 816 125 141 843
DBO | 159. 93.4 70.5 10.4 72.4 374 69.2 25.8 67.3 531. 558. 70.5
000 376 784 706 333 346 637 292 213 405 211 551 987
Hydroxyisocaproic acid C6H1203 746 9 6 7 4 4 3 8 4 6 1 9
121 773 108 719 130 951 117 186 125 126 103 474
918. 91.8 061. 339 192. 59.1 493. 870. 252. 028. 589. 314
C00 295 866 894 652 299 872 093 976 796 606 552 838
glyoxylate C2H203 048 | 9 8 2 1 8 8 4 5 8 7 8
170 506 763 397 101 904 120 143 642 445 689 524
049. 253 72.6 95.0 299. 90.6 357. 298. 96.8 251 10.3 99.7
C00 448 483 208 773 646 331 119 153 107 981 123 744
indole C8H7N 463 6 3 5 3 1 1 3 4 2 2 5
N/ 184 104 130 160 228 273 653 197 363 308 781
A 700. 02.1 46.8 592. 010. 121. 287. 360. 1.08 8.25 7.02
C00 628 937 781 154 714 871 153 925 919 451 302
pyridoxine C8H11INO3 314 3 6 5 1 6 6 7 1 2 5 8
136 891 659 135 N/ N/ 213 482 198 626 252 122
950. 09.3 023 063. A A 312. 177. 228. 781. 500. 634.
C00 889 488 175 238 098 952 154 631 543 506
ornithine C5H12N202 077 9 4 3 2 1 4 2 5 3 1
144 970 485 803 692 N/ 411 180 961 198 374 350
339. 90.3 38.1 19.9 85.6 A 949. 668. 957. 023. 789. 751.
S-methyl-5- C00 624 224 446 236 620 961 304 780 647 052 816
thioadenosine C11H15N503S 170 9 1 3 4 8 4 5 7 3 8 6
101 888 892 219 323 905 312 173 306 317 177 113
891. 27.2 75.3 766. 932. 012. 503. 850. 941. 295 681 863
C00 121 311 522 770 936 452 439 359 386 6.09 4.57 9.98
inosine C10H12N405 294 8 5 3 9 2 5 1 6 1 5 1 6
877 773 535 135 997 488 148 128 282 210 137
64.4 99.9 100 95.0 192. 53.1 456. 369. 071. 849. 726. 636.
C00 107 480 931. 277 185 065 809 580 827 915 174 130
dTMP C10H15N208P 364 6 6 452 5 3 7 5 7 6 2 5 8
127 768 613 456 786 729 834 973 628 529 371 282
117. 67.1 62.8 99.2 03.0 93.8 16.9 269 56.6 355 20.2 61.8
C00 194 486 540 393 635 667 751 433 760 965 590 596
purine C5H4N4 465 6 5 6 7 1 3 9 8 5 7 6 8
C00 848 105 697 456 112 994 149 168 129 N/ 817 N/
biotin C10H16N203S 120 28.7 988. 16.9 11.8 618. 03.2 176. 014. 431. A 524 A
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333 726 048 432 266 229 560 158 320 079
4 6 3 2 5 9 6 4 2
948 630 946 117 927 955 103 217 362 220 291 483
55.0 19.1 38.0 825. 79.6 353 382. 79.2 80.4 708. 750. 190.
C05 147 182 569 463 076 363 395 295 949 372 376 755
dehydroascorbic acid C6H606 422 8 9 7 2 1 2 4 5 4 4 5 8
931 680 767 323 545 608 457 991 686 106 100 483
80.7 93.2 28.8 05.9 824 71.6 379 51.7 66.3 274. 470. 68.7
C06 698 377 315 367 64 306 195 175 211 200 561 746
2-dehydro-D-gluconate C6H1007 473 1 9 9 5 3 6 6 4 8 5 9
846 858 600 362 843 767 932 110 133 177 245 264
79.2 21.3 79.4 29.8 285 58.4 51.6 479. 628. 36.9 28.4 53.1
C00 312 213 079 048 163 910 615 731 104 791 608 119
uridine C9H12N206 299 5 6 5 7 3 7 7 2 6 9 6
792 470 668 528 114 951 421 999 272 237 398 825
85.9 69.8 67.6 55.2 805. 20.4 219 15.5 58.2 80.5 86.0 7.78
C21H29N7014P C00 586 167 033 770 300 808 470 380 827 895 982 987
NADH 2 004 1 8 1 1 3 7 1 1 9 6 9 2
539 547 842 N/ 357 670 565 N/ 755 308 335 225
58.5 445 04.5 A 255 13.2 53.9 A 29.5 66.3 84.6 59.0
C01 989 597 015 420 877 593 496 546 488 078
3-phospho-serine C3H8NO6P 005 1 8 1 9 8 2
344 777 806 384 618 520 459 762 648 587 363 272
12.6 435 79.1 23.7 52.0 79.6 46.3 18.5 73.8 62.7 12.9 06.8
C02 659 568 299 298 055 646 866 047 124 788 957 002
Imidazoleacetic acid C6H8N202 835 2 4 3 5 5 9 8 4 4 3 4 5
726 498 603 453 752 760 931 653 107 772 874 789
52.0 12.0 72.0 61.4 82.6 57.7 71.6 25.6 273. 31.3 81.9 85.1
C00 584 792 637 131 509 59 217 771 833 182 668 171
5-methyl-THF C20H25N706 440 9 5 1 4 8 3 8 5 6
627 285 676 504 997 913 124 965 955 430 825 390
72.3 51.9 65.2 06.4 17.0 67.4 891. 92.4 13.5 58.1 28.0 71.2
C00 185 175 622 073 533 195 448 609 958 236 913 280
guanine C5H5N50 242 2 4 6 2 2 4 1 1 7 2 1
984 505 N/ 625 529 N/ N/ 543 N/ 168 N/ 756
479 5.91 A 8.66 20.8 A A 85.4 A 14.3 A 1.46
hydroxyphenylpyruvat Co1 842 881 634 424 990 021 012
e CI9H80O4 179 4 4 4 8 3 8
838 412 287 346 578 594 792 735 379 495 313 231
46.9 825 53.8 24.0 60.7 60.6 79.7 254 68.5 76.5 87.0 421
C00 394 017 225 340 593 213 989 172 625 680 238 468
homocysteine C4HINO2S 155 6 9 7 5 4 4 2 9 6 6 2 1
495 428 571 549 491 424 352 466 330 947 945 464
56.2 55.9 28.2 38.9 63.1 96.8 35.0 53.5 85.1 67.2 89.4 32.3
2-deoxyglucose-6- C06 232 637 200 188 286 494 155 708 461 104 971 679
phosphate C6H1308P 369 7 1 3 9 1 4 7 1 8 6 4
583 414 433 199 561 511 437 487 627 940 198 176
40.0 47.4 73.4 02.4 87.3 99.7 64.2 09.6 18.8 75.0 78.5 94.9
C00 008 666 084 245 810 218 362 836 589 387 253 252
D-glucarate C6H1008 818 1 9 2 4 4 4 6 6 7 1 5
293 489 564 106 272 181 155 N/ 380 390 140 120
14.9 90.9 95.5 474 17.0 889 385 A 72.0 61.1 78.3 00.0
C00 502 366 758 136 137 296 636 846 622 491 359
Geranyl-PP C10H2007P2 341 2 2 9 4 5 4 5 6 2 5 8
395 495 453 198 561 553 534 697 750 315 283 591
51.2 40.4 81.6 71.6 484 839 62.0 74.5 58.2 72.6 55.4 46.0
Co4 315 912 585 735 236 672 449 705 373 196 384 798
AICAR C9H15N408P 677 3 4 3 5 7 7 3 8 6 4 9 4
569 315 454 214 355 339 294 303 437 483 588 388
18.6 40.6 41.1 04.2 82.5 70.1 16.9 97.8 77.2 45.8 85.6 04.5
C25H40N7018P C00 869 200 072 972 884 706 965 632 728 013 392 105
acetoacetyl-CoA 35 332 3 3 6 7 4 2 9 3 5 4 4 4
576 409 272 502 154 132 374 419 907 569 171 413
71.1 34.8 46.7 56.4 594. 684. 960. 578. 33.4 68.0 782. 243
C00 085 090 390 552 246 879 740 260 266 609 058 128
Kynurenine C10H12N203 328 4 5 9 4 2 1 2 7 6 2 2 1
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462 450 334 294 711 108 791 142 410 562 600 101
147 | 450 | 556 | 21.6 | 67.1 194. | 425 | 019. | 491. | 70.8 | 059 | 974.
C21H36N7016P | C00 | 201 788 003 614 233 147 567 456 837 943 125 213
coenzyme A 3S 010 4 5 7 8 9 9 2 3 2 4 3
699 123 417 256 320 491 696 890 975 495 188 116
59.6 47.7 85.0 20.6 76.4 61.6 86.3 76.6 20.2 398. 147. 247.
Hydroxyphenylacetic Co5 | 641 211 009 801 854 135 038 638 570 163 817 373
acid C8H803 852 2 1 1 9 6 9 4 6 5 6 9
282 379 571 165 420 322 371 264 388 726 484 200
79.9 45.1 46.3 93.2 66.9 82.5 34.0 96.3 29.8 262. 743. 069.
C00 368 206 398 856 289 088 218 067 575 336 260 572
dCDP CY9H15N3010P2 | 705 9 6 5 2 9 6 3 5 6 6 3
HM | 512 232 485 497 368 356 542 201 538 248 243 159
DBO | 924 | 149 | 783 | 816 | 076 | 98.7 | 888 | 664. | 589 | 950. | 114. | 338.
3-methylphenylacetic 002 719 222 028 060 263 283 379 143 077 325 211 736
acid C9H1002 222 5 5 2 2 6 6 8 3 2 3 9
191 484 453 542 298 244 1m 498 412 924 N/ 405
774 | 619 | 389 | 340 | 41.8 | 470 | 177 | 1.06 | 7.65 | 023 | A 01.0
C00 | 366 353 539 016 152 800 207 222 043 712 225
phenylpyruvate C9HB803 166 7 8 6 1 5 5 1 3 1
353 101 627 551 455 509 213 219 234 217 211 127
29.0 94.3 81.4 97.4 26.1 85.5 47.8 95.0 22.2 404. 231. 979.
Cco1 842 745 468 269 158 277 283 765 972 791 471 376
orotidine-5-phosphate CI0H13N2011P | 103 8 9 6 6 3 9 6 3 5 9
HM | 440 337 281 445 421 280 144 325 116 301 178 138
DBO 94.3 53.3 27.2 97.7 24.3 42.2 03.8 84.4 76.7 700. 917. 694.
001 768 083 441 497 113 063 678 060 365 509 251 715
7-methylguanosine C11H16N505 107 4 5 4 8 3 6 7 6 4 8 8
272 312 456 257 357 499 362 663 294 361 304 113
49.1 | 824 | 999 | 127 | 426 | 035 | 068 | 60.5 | 373 | 344 | 885 | 824
D-glucono-1, 5-lactone Co1 450 060 162 868 302 084 379 091 818 054 033 540
6-phosphate Co6H1109P 236 5 5 9 2 9 1 4 1 1 1
485 255 272 115 256 173 240 107 204 150 670 111
341 | 522 | 531 | 56.1 | 025 | 41.0 | 788 | 55.6 | 80.3 | 649 | 801 | 014
C00 776 372 854 467 099 402 139 100 505 354 457 104
cysteine sulfinate C3H7NO4S 606 8 7 7 8 9 6 5 2 1 6 6 2
327 226 455 199 259 132 646 518 922 N/ 183 227
19.2 07.9 40.7 32.7 25.6 01.7 529 185 00.2 A 50.0 55.4
Coo | 679 384 355 428 524 737 848 852 631 002 359
riboflavin C17H20N406 255 5 6 9 6 3 3 4 8 7 9
369 372 231 190 562 793 228 127 700 193 345 396
63.0 723 42.5 47.4 712 53.1 955. 219. 53.8 46.1 70.1 67.2
C00 775 391 048 590 138 244 688 827 821 134 356 978
N-acetyl-glucosamine C8H15NO6 140 6 3 6 2 4 2 8 5 2 4 2
306 370 163 115 345 335 253 785 695 648 462 533
972 | 288 | 59.7 | 809 | 342 | 457 | 69.7 | 1.99 | 452 | 422 | 968 | 828
C00 039 724 927 650 395 325 858 723 466 410 056 845
thymine C5H6N202 178 4 9 5 9 5 4 4 7 3 4 3 6
200 397 230 189 260 166 209 139 351 283 195 130
228 | 189 | 770 | 443 | 353 | 985 | 458 | 939 | 87.6 | 589. | 787. | 772.
S-ribosyl-L- Co3 | 991 170 978 786 054 733 205 895 609 441 540 004
homocysteine C9H17NO6S 539 1 1 1 3 4 3 4 4 6 7 7 3
965 223 497 115 N/ 160 275 289 315 100 N/ 162
1.20 714 08.2 424 A 05.9 40.2 06.8 25.4 82.4 A 774
Cl5 | 542 403 564 527 399 830 121 690 823 583
Flavone CI15H1002 608 5 1 6 5 7 1 2 9
214 272 321 123 148 173 108 280 881 259 967 124
87.9 54.5 61.2 88.1 44.6 30.2 64.2 80.0 8.88 58.2 6.35 50.8
D-glucosamine-6- C00 484 789 030 45 328 325 246 686 777 407 784 988
phosphate C6H14NOSP 352 6 4 8 4 4 9 9 1 8
180 172 370 178 158 905 258 207 154 601 541 574
38.7 | 417 | 370 | 293 | 700 | 391 | 587 | 165 | 461 | 922 | 683 | 744
C05 457 359 607 025 167 621 796 917 405 858 002 758
Atrolactic acid C9H1005 584 2 3 1 8 9 1 8 6 3 7 2
Co3 N/ 238 194 118 698 106 382 204 119 158 173 209
Nicotinamide Riboside CI1H15N205 150 A 09.2 | 209 | 584 | 433 | 175 | 195 | 076 | 191 | 059 | 171 19.4
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750 641 937 048 875 761 059 113 050 853 861
9 6 9 8 6 1 6 1 5
113 438 920 102 182 189 260 253 401 N/ N/ 151
89.4 36.8 7.07 57.5 143 | 46.8 59.3 69.2 852 A A 74.3
C00 636 501 897 861 508 677 237 149 210 332
N-acetyl spermidine C9H2IN30O 612 7 7 3 1 5 3 5 7 4
107 386 115 875 189 407 398 150 373 197 114 369
94.6 40.4 33.6 5.39 72.7 382 228 962. 59.5 09.5 94.4 3.30
C02 154 583 239 657 537 164 429 266 611 924 891 660
N-Acetylputrescine C6H14N20 714 7 2 2 8 5 3 1 3 7 5 6
134 158 275 124 229 222 175 388 140 218 307 919
46.0 07.0 78.0 03.3 19.2 94.3 72.7 12.0 73.2 774. 774. 6.37
C00 289 420 335 910 391 458 439 756 365 894 264 398
trehalose-sucrose C12H22011 089 8 7 2 6 8 3 4 9 1 4 7
114 280 171 261 305 219 136 190 289 552 649 188
26.8 58.2 95.6 8.70 43.7 35.8 35.1 01.7 09.2 5.39 8.72 15.5
C25H40N7019P C00 346 922 089 629 792 872 521 645 227 846 381 374
succinyl-CoA 3S 091 3 2 1 1 2 2 5 8 2 3 5 3
N/ 177 197 315 213 603 232 638 417 171 N/ N/
A 46.7 62.3 61.8 426 | 404 25.6 18.8 428. 413 A A
C02 083 155 966 838 617 602 125 976 848
methylnicotinamide C7HIN20 918 2 8 1 3 9 1 4 9
186 122 220 130 288 198 643 257 329 195 107 767
75.4 29.1 55.4 94.3 99.3 06.9 23.8 332 11.3 281. 279. 86.9
C00 671 116 865 796 603 826 3 801 334 377 205 375
dCMP C9H14N307P 239 2 3 3 1 4 9 3 3 1 4 1
213 148 118 171 288 121 215 158 107 186 883 159
23.3 72.7 20.9 83.1 70.3 63.0 51.0 239 90.6 12.1 1.12 23.2
C00 800 954 157 274 951 325 048 754 164 099 203 919
deoxyguanosine C10H13N504 330 2 6 4 2 7 6 7 8 3 6 5
C00 140 115 204 514 578 115 660 722 140 200 120 839
356 00.0 54.8 452 9.50 0.15 51.6 9.12 7.14 38.1 312 87.0 1.84
024 189 805 414 799 509 878 325 910 564 457 580
C27H44N7020P 2 8 7 1 3 9 9 9 7 1
HMG-CoA 3S
206 493 190 246 111 214 657 346 181 203 907 660
11.9 2.16 00.1 3.25 61.1 96.9 5.46 83.2 67.4 784. 02.0 66.0
C00 276 109 824 179 941 089 393 716 629 659 260 754
dUTP C9H15N2014P3 460 4 7 3 5 3 9 1 8 4 6 2
HM 118 132 165 166 905 178 137 977 157 345 423 531
DBO | 00.1 57.6 68.2 73.7 6.19 222 45.9 0.55 95.5 547 | 825 5.70
006 669 068 879 997 125 237 442 884 219 779 491 269
N-acetyl-glutamine C7H12N204 029 6 8 4 1 4 9 6 8 9
N/ 754 178 113 106 996 115 188 176 507 N/ 890
A 8.51 38.6 83.0 98.5 6.15 844 20.0 58.3 5.70 A 6.61
trans, trans-farnesyl C00 506 308 397 796 896 413 365 397 485 794
diphosphate C15H2807P2 448 4 6 4 1 8 8 7 9
936 182 964 N/ N/ 629 236 118 200 639 967 434
1.70 55.9 1.82 A A 553 61.6 08.9 75.3 2.80 5.98 6.99
C00 339 480 369 166 988 583 711 290 118 508
ethanolamine C2H7NO 189 9 5 7 8 1 7 7 1 2
157 909 N/ 825 742 330 123 586 107 163 115 742
02.7 0.41 A 6.01 9.75 3.05 09.7 5.14 352 58.4 62.6 9.83
C03 275 969 189 320 316 441 046 646 035 798 125
4-phosphopantothenate COH18NO8SP 492 9 2 6 4 4 9 9 8 6
102 355 231 N/ 307 218 532 N/ N/ N/ 155 N/
85.6 4.90 60.6 A 5.63 | 53.2 2.40 A A A 442 A
2-ox0-4- C01 690 974 033 429 492 463 732
methylthiobutanoate C5H803S 180 3 3 8 1 3 7 1
193 991 732 422 569 N/ 495 329 115 248 N/ 100
35.7 4.30 8.52 3.54 0.78 A 7.08 6.49 60.3 28.4 A 94.0
C24H40N7017P C00 371 889 683 452 293 331 013 534 325 391
propionyl-CoA 3S 100 6 3 3 8 2 2 9 5 7 3
107 103 N/ N/ 126 140 162 N/ N/ 242 N/ 152
C00 34.1 425 A A 76.3 11.7 11.4 A A 8.49 A 86.7
deoxyadenosine C10H13N503 559 963 810 459 647 818 182 816
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3 7 5 6 6 2
147 495 997 725 189 165 123 213 170 142 168 197
984 | 522 | 503 | 718 | 905 | 343 | 881 | 454 | 51.6 | 136 | 60.0 | 17.6
Co0 899 987 130 679 208 832 434 722 915 028 074 669
guanosine C10H13N505 387 5 5 7 4 3 3 4 9 2 8
N/ N/ 958 764 N/ 548 210 508 N/ 435 N/ N/
A A 256 | 973 | A 827 | 659 | 647 | A 630 | A A
C00 013 995 224 794 064 687
N-acetyl-L-ornithine C7H14N203 437 5 3 1 9 3
103 140 335 237 645 122 660 247 206 368 194 202
94.1 39.1 0.84 7.90 0.38 44.0 3.93 113 46.2 7.57 17.0 3.09
Co0 | 362 952 246 001 820 690 868 443 805 689 711 195
dUMP CY9H13N208P 365 7 4 8 1 6 2 1 3 3 2 5
495 828 123 660 823 826 825 173 827 N/ 578 247
5.09 1.23 92.9 7.92 6.99 0.48 7.76 40.7 7.26 A 0.12 6.52
C16H25N5015P Co0 751 666 447 119 823 838 333 585 561 126 201
ADP-D-glucose 2 498 5 6 3 7 7 5 4 7 5 8 4
110 107 356 823 N/ N/ N/ 551 N/ 163 548 103
747 | 328 | 558 | 942 | A A A 196 | A 515 | 675 | 91.8
C16 791 841 711 754 437 477 357 292
homocysteic acid C4HINO5S 511 8 6 8 9 7 6 1
N/ N/ 843 N/ 810 328 209 110 N/ N/ 306 246
A A 044 | A 789 | 076 | 7.36 | 493 | A A 2.68 | 653
Cco1 059 782 513 682 366 915 256
thiamine-phosphate CI2H17N404PS | 081 6 5 3 7 7 1 7
495 116 949 129 140 239 152 493
2.75 90.4 406 8.11 84.7 33.4 751 54.0 03.7 8.01
C21H35N7013P | C00 784 451 N/ 9.20 | 865 564 079 879 | 594 587 N/ 174
dephospho-CoA 25 882 9 1 A 363 5 2 1 011 3 7 A 8
862 N/ 789 794 215 143 182 255 215 235 165 179
5.86 A 1.04 7.54 121 78.8 39.4 07.9 50.2 62.6 712 36.9
Co0 818 860 187 779 579 261 506 148 167 932 249
pyruvate C3H403 022 2 3 8 6 7 2 5 8 5
968 880 627 351 563 N/ 859 104 481 301 233 N/
246 | 897 | 173 | 549 | 3.02 | A 424 | 026 | 7.88 | 515. | 758. | A
C00 773 304 474 273 672 100 807 893 624 211
glucono-1,5-lactone C6H1006 198 5 9 4 3 1 9 1 3 1
603 583 127 325 326 747 480 799 150 920 115 125
687 | 563 | 935 | 528 | 627 | 8.03 | 09.3 | 74.8 | 122 | 849 | 56.7 | 513
C00 | 600 151 141 541 403 631 137 994 372 793 420 144
cysteine C6H12N20452 097 4 2 4 3 2 1 7 6 3 5
873 107 405 101 990 N/ 549 299 749 N/ 293 N/
9.84 10.4 5.20 13.2 1.26 A 6.93 4.05 3.27 A 8.62 A
Co0 | 647 337 646 973 482 209 582 465 662
O-acetyl-L-serine C5HINO4 979 7 5 3 7 6 6 4 7 8
N/ 551 991 N/ 475 329 574 N/ 226 175 125 870
A 4.73 8.87 A 8.79 1.74 6.95 A 5.20 90.8 85.5 8.61
C00 961 250 774 730 361 812 209 087 358
Cholic acid C24H4005 695 8 7 8 1 9 5 5 6 8
614 977 403 748 432 265 184 146 254 251 421 495
297 | 912 | 922 | 286 | 67.0 | 593 | 671 | 269 | 593 | 555 [ 155 | 0.79
C05 530 244 600 399 017 104 755 062 863 861 091 738
deoxyinosine C10H12N404 512 1 3 6 2 6 3 1 8 8 4 4
657 N/ N/ N/ N/ 249 330 N/ 230 190 654 325
262 | A A A A 021 | 489 | A 6.36 | 406 | 7.92 | 7.58
3-S- Cco8 | 519 702 363 755 652 054 461
methylthiopropionate C4H802S 276 6 1 3 8 2 2
HM 713 N/ 579 123 344 577 148 271 331 388 N/ N/
DBO | 5.93 A 3.20 46.6 6.16 0.44 93.1 153 915 4.63 A A
002 856 171 274 287 166 730 172 587 242
5-methoxytryptophan C12H14N203 339 6 6 5 9 3 8 3 7
817 N/ 392 580 N/ 740 116 140 489 394 420 336
0.26 A 4.34 2.20 A 6.76 111 40.4 2.82 90.6 16.4 88.6
Co0 900 903 388 188 856 939 821 579 137 755
thymidine C10H14N205 214 8 1 4 9 5 2 5 2 7
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733 380 663 660 N/ 389 N/ 328 569 N/ 398 N/

155 | 044 | 378 | 733 | A 338 | A 742 | 792 | A 767 | A
Co5 | 647 143 932 240 132 352 190 889
Taurodeoxycholic acid C26H45NO6S 463 1 5 6 5 2 1 7 6
N/ 485 N/ N/ N/ 107 N/ 884 991 678 N/ N/
A 5.32 A A A 09.5 A 4.41 8.20 6.07 A A
C00 825 462 149 633 387
deoxyuridine C9H12N205 526 6 2 7 8 7
330 165 794 492 166 N/ 898 353 125 143 183 N/
1.79 222 0.13 0.87 8.31 A 8.56 0.74 53.4 82.0 44.0 A
Co0 850 684 727 429 783 084 038 725 009 058
dGMP C10H14N507P 362 9 4 3 6 7 8 7 9
330 330 503 140 173 493 107 495 338 412 N/ 660
509 | 5.09 | 567 | 379 | 435 | 045 | 344 | 282 [ 456 | 971 | A 7.82
C00 631 674 733 461 846 767 142 793 849 039 719
xanthosine-5-phosphate C10H13N409P 655 3 2 2 9 3 5 2 9 4 3

440 371 231 646 292 445 834 645 608 325 213 145
0.91 0.72 8.48 1.04 16.6 6.74 7.84 2.98 1.42 45.7 81.4 11.0
C00 591 910 025 103 049 420 690 574 715 892 021 563

homoserine C4HINO3 263 6 7 9 4 2 5 5 7 7 5 4 9
N/ 329 N/ N/ 327 N/ 330 655 580 247 N/ N/
A 9.16 A A 4.67 A 4.57 5.76 6.14 3.64 A A
D-glucosamine-1- C06 054 618 003 802 624 527
phosphate C6H14NO8P 156 8 6 7 3 3 4
329 N/ N/ N/ 826 N/ 330 990 N/ N/ N/ 495
4.88 A A A 0.05 A 2.59 7.43 A A A 529
C00 336 79 582 446 178
FMN C17H21N409P 061 1 4 4 7
311 N/ N/ N/ 487 N/ N/ N/ 247 164 800 N/
1.31 A A A 7.22 A A A 7.59 16.7 | 4.87 A
C00 74 320 036 292 987
7,8-dihydrofolate C19H21N706 415 5 7 7 8
307 N/ N/ N/ 578 330 578 743 N/ 417 791 339
3.45 A A A 0.34 | 5.13 8.64 4.73 A 557 | 5.87 5.12
D02 109 244 33 181 861 477 976 671
acadesine C9H14N405 742 3 4 7 3 3 8 1
242 N/ 330 247 N/ N/ N/ N/ 733 611 N/ N/
5.85 A 1.25 7.64 A A A A 0.57 7.90 A A
S-adenosyl-L- Co1 104 889 798 961 004
methioninamine C14H23N603S 137 7 5 6 3
N/ N/ 247 330 N/ N/ N/ N/ 247 327 N/ N/
A A 7.70 5.20 A A A A 7.36 3.93 A A
C20H24N10014 C16 170 033 225 350
3',5'-Cyclic diGMP P2 463 1 4 9

N/ 242 N/ 250 N/ 745 N/ 246 N/ 742 663 830
A 2.96 A 1.88 A 0.00 A 9.26 A 6.24 6.88 9.08
C00 388 092 618 970 166 546 608
Cellobiose C12H22011 185 8 9 5 3 7 3 9

Table 4: List of Significantly Altered Metabolites in Wt.-PTEN Overexpressed
PC3 Cells Compared with Control PC3 Cells.

KEGG or Ctrl.1 Ctrl.2 Ctrl.3 Wt. Wt. Wt. Fold p value
HMDB PTEN.1 PTEN.2 PTEN.3 Change
Metabolite name Formula Identifier
405196.1 138700.1 201566.5 2486597. 2019560. 1672328. 8.288121 0.001905
hypoxanthine C5H4N40 C00262 428 149 678 82 181 196 132 446
C10H13N 294247.6 301750.1 381987.5 2750597. 3982998. 2453559. 9.393960 0.004302
IMP 408P C00130 25 643 106 695 263 224 403 822
D-erythrose-4- 612363.7 620908.5 581932.0 305025.6 370750.9 445575.0 0.617755 0.005437
phosphate C4H907P C00279 062 945 738 613 544 054 024 492
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C00447 876107.5 960110.2 870607.3 97781.87 338662.1 463075.1

C7H1601 362 366 366 575 318 529 0.332315 0.005601

SBP 3P2 212 527
fructose-6- C6H1309 713630.5 771279.5 897584.5 332306.8 417263.1 494722.7 0.522264 0.006143

phosphate P C05345 723 532 764 815 493 363 652 111
deoxyribose- C5H1107 301054.8 330399.3 3332845 89842.11 192283.2 180833.5 0.479880 0.007936

phosphate P C00673 852 028 984 419 929 089 07 038
181035.2 155292.4 150845.0 99072.95 117336.6 112184.4 0.674491 0.008256

2-ketohaxanoic acid C6H1003 C00902 99 554 145 822 159 139 698 015
dihydroxy-acetone- 1538034. 1471120. 1847366. 489181.4 929956.8 861746.1 0.469653 0.008743

phosphate C3H706P Co0111 638 546 788 621 844 777 908 188
Hydroxyisocaproic HMDBOO 119159.3 92393.47 97470.57 66510.43 65472.43 73237.46 0.664093 0.015581

acid C6H1203 00746 769 846 067 334 464 373 122 805
Nicotinamide C11H15N N/A 23809.27 19420.96 11858.49 6984.330 10617.58 0.454317 0.017990

Riboside 205 C03150 509 416 379 488 756 97 933
C10H12N 571739.4 442034.6 402195.6 203951.2 308987.9 262923.9 0.547937 0.023079

cyclic-AMP 506P C00575 595 395 725 192 548 624 641 985
478911.7 560823.6 693553.7 190385.8 292795.0 372672.0 0.493773 0.023276

D-gluconate C6H1207 C00257 468 413 251 213 857 376 911 351
D-glucosamine-6- C6H14NO 21487.94 27254.57 32161.20 12388.14 14844.63 17330.23 0.550815 0.023491

phosphate 8P C00352 84 896 304 5 288 254 274 257
267106.7 254798.0 309128.4 150959.0 222613.1 157630.6 0.639207 0.023809

Creatinine C4H7N30 C00791 515 187 474 483 203 707 709 02
trehalose-6- C12H230 140337.3 95191.33 122628.0 76202.19 77493.40 57992.02 0.591047 0.028509

Phosphate 14p C00689 892 725 524 468 784 783 393 447
C4H10N3 1086309. 651472.1 842469.9 312538.9 514349.2 356831.5 0.458761 0.029204

phosphocreatine 0O5P C02305 968 718 847 983 437 316 282 009
glucose-6- C6H1309 651827.9 669923.3 953841.1 410084.8 449681.4 433658.6 0.568390 0.029246

phosphate P C00668 905 721 342 489 937 001 406 92
D-glyceraldehdye-3- 935578.9 1117913. 1634432, 397613.8 572665.3 576532.1 0.419425 0.030437

phosphate C3H706P C00118 461 949 083 445 664 105 919 989
6-phospho-D- C6H1301 245512.0 175501.6 185486.6 90344.09 146396.7 102638.7 0.559570 0.032454

gluconate oP 00345 746 729 995 701 931 819 358 17
C2H7NO3 21471773 22803727 15156164 9763164. 13545900 11606263 0.587486 0.034714

taurine S C00245 .64 .27 .58 382 31 .79 96 931
C20H32N 61232992 53971704 60819673 30687596 48530965 42818114 0.693294 0.035448

glutathione disulfide 601252 C00127 .36 .75 .07 42 .35 .21 206 327
C6H1309 9942421. 10408380 13058905 5054542. 7856013. 7948123. 0.624329 0.036886

hexose-phosphate P C02672 78 .29 .34 679 042 843 908 626
D-sedoheptulose-1- C7H1501 2505167. 2117987. 2031632. 792179.6 1759324. 1209888. 0.565216 0.037821

7-phosphate oP C05382 06 542 018 129 136 464 051 675
C9H15N3 459936.6 420379.1 430715.2 159054.3 322800.4 326406.2 0.616507 0.041191

cop 011P2 C00112 857 751 119 897 44 953 988 439
C3H7N30 916002.4 684980.5 667987.8 343069.5 536797.9 524291.1 0.618852 0.046956

Guanidoacetic acid 2 C00581 642 782 726 629 468 794 661 736
140742.5 111359.7 97330.15 75663.63 81746.37 81979.52 0.685080 0.047294

Phenyllactic acid C9H1003 C05607 2 829 393 972 106 464 996 644
C5H1108 848621.6 711247.9 876611.3 353255.0 619807.7 609589.8 0.649564 0.048020

ribose-phosphate P C00117 948 827 79 393 766 241 927 867
C10H200 29314.95 48990.93 56495.57 10647.41 27217.01 18188.92 0.415821 0.049394

Geranyl-PP 7P2 C00341 022 662 589 364 375 964 579 365

Table 5: List of Significantly Altered Metabolites in Membrane-PTEN

Overexpressed PC3 Cells Compared with Control PC3 Cells.

KEGG or Ctrl.1 Ctrl.2 Ctrl.3 Membran Membran Membran Fold pvalue
HMDB ePTEN.1 e PTEN.2 e PTEN.3 Change
Metabolite name Formula Identifier
1606424. 1089574. 426419.8 4053650. 5588338. 4769155. 4.615377 0.002548
cholesterol C27H460 €00187 603 935 417 553 747 352 661 149
7328415. 6665725. 6939366. 7905750. 8320277. 8168766. 1.165346 0.007092
Maleic acid C4H404 C01384 653 344 313 189 406 732 732 534
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C10H15N 8244820. 7495143. 8280599. 10581022 10545841 12350906 1.393713 0.008277
dGDP 5010P2 C00361 51 06 067 .45 9 .46 016 284
7184251. 7021156. 7203005. 7805378. 8302994. 8618035. 1.154985 0.010481
fumarate C4H404 C00122 253 027 489 068 571 267 574 214
C10H14N 1033695. 963558.9 1108145. 1400686. 1460579. 1745116. 1.483345 0.011846
IDP 4011pP2 C00104 743 282 724 283 394 261 576 825
C10H16N 84828.73 105988.7 69716.90 149176.5 168014.1 129431.3 1.714253 0.015492
biotin 203s C00120 334 266 48 609 586 204 858 644
8625.868 N/A 7891.048 18239.42 25507.95 21550.21 2.635584 0.015781
pyruvate C3H403 00022 182 603 617 062 485 372 017
L-arginino- C10H18N 2077967. 1273524. 1474982. 2794832. 2680577. 2437791. 1.639540 0.017493
succinate 406 C03406 249 262 468 085 375 52 794 841
C00447 876107.5 960110.2 870607.3 593518.6 533155.0 753523.6
C7H1601 362 366 366 809 804 59 0.694613 0.018533
SBP 3P2 558 06
C10H15N 7961625. 7197017. 8471207. 10953486 10556252 13478785 1.480691 0.018536
ADP 5010P2 €00008 141 758 133 .52 .69 .52 781 773
C10H12N 101891.1 88827.23 89275.35 312503.4 173850.3 306941.3 2.833260 0.019796
inosine 405 C00294 218 115 223 391 596 861 785 861
N-acetyl- 643366.8 430923.6 440534.2 767226.9 813475.1 965821.3
glucosamine-1- C6H14NO 706 326 286 886 7 278 1.681068 0.019898
phosphate 8P C04256 069 188
4400.915 3710.729 2318.480 8347.846 6452.985 6081.427 2.002110 0.020112
homoserine C4HONO3 C00263 916 107 259 905 747 157 161 485
7178055. 6634967. 6888387. 7593292. 7452984. 7898465. 1.108366 0.021718
2-keto-isovalerate C5H803 00141 21 219 912 309 295 217 118 083
C27H33N 278301.6 197137.5 232592.0 408803.6 328698.4 341094.5 1.523374 0.022582
FAD 9015P2 C00016 806 804 868 099 554 547 104 555
C10H12N 6142.975 9779.122 4039.226 18467.17 14626.90 25459.38 2.933345 0.023034
deoxyinosine 404 C05512 301 44 003 553 621 638 948 1
C2H7NO3 21471773 22803727 15156164 7888889. 7827073. 12889071 0.481309 0.023790
taurine S 00245 .64 .27 .58 27 633 5 655 371
C10H16N 88318550 76712676 86743132 95155467 99297983 10354729 1.183602 0.024281
ATP 5013P3 C00002 .34 .29 .06 .25 .65 7.9 454 668
Glycerophosphoch C8H21NO 16351168 15038529 13872982 20861522 23573012 18271596 1.385382 0.026263
oline 6P C00670 5 29 1.8 6.6 6.5 8.9 665 489
172770.1 188768.1 306648.8 100253.4 62672.89 45442.38 0.311841 0.027521
glycolate C2H403 C00160 898 384 385 571 691 188 87 221
62772.31 28551.91 67665.26 124891.4 96592.46 95513.59 1.993826 0.027975
guanine C5H5N50 C00242 852 754 226 484 091 581 69 766
19177.43 48461.93 45338.95 11117.72 4981.062 4127.650 0.179029 0.031673
phenylpyruvate C9H803 00166 66 537 398 075 22 431 325 458
Hydroxyisocaproic HMDB0O 119159.3 92393.47 97470.57 58669.22 65225.82 81667.34 0.665200 0.032042
acid C6H1203 00746 769 846 067 928 134 056 026 726
C27H460 8089081. 7473892. 15464993 3433789. 760744.0 286940.1 0.144433 0.032272
cholesteryl sulfate 4s C18043 18 774 .92 094 602 618 349 212
1686596. 1396696. 2080843. 841161.3 1244922. 757442.4 0.550629 0.035951
oxaloacetate C4H405 C00036 962 976 141 66 036 392 427 185
C9H15N4 39551.23 49540.49 45381.65 53462.04 69774.57 75058.23 1.474603 0.040355
AICAR osp C04677 153 124 853 493 058 736 01 799
C10H15N 442013.0 472768.8 488440.3 573941.3 617939.6 777225.9 1.403275 0.040622
GDP 5011P2 C00035 866 898 548 294 058 094 02 346
C10H14N 3460257. 3163045. 3622009. 6410319. 6261949. 4155480. 1.642482 0.041419
AMP 507P C00020 997 598 906 615 912 112 647 526
54694.73 30065556 7511643. 55594526 93164360 N/A 5.929500 0.042608
choline C5H14NO 00114 948 73 412 1 .46 243 812
CI0H17N 37366307 33285385 26174785 46421377 86254251 91214371 2.312280 0.043627
glutathione 3065 C00051 .06 9 .39 .19 .33 .31 728 626
D-erythrose-4- 612363.7 620908.5 581932.0 348002.0 545739.5 382067.3 0.702845 0.044467
phosphate C4H907P C00279 062 945 738 146 029 444 85 218
C10H16N 86061826 66568575 82445664 93249402 96274689 10303749 1.244540 0.044932
dGTP 5013P3 C00286 .35 .59 .47 .01 .85 9.5 101 667
C21H27N 32814269 30468334 31627531 38048986 44010664 35381515 1.237393 0.046597
NAD+ 7014P2 C00003 .46 .63 .48 .87 .05 .36 304 395
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Table 6: List of Significantly Altered Metabolites in Nuclear-PTEN
Overexpressed PC3 Cells Compared with Control PC3 Cells.

KEGG or Ctrl.1 Ctrl.2 Ctrl.3 Nuc Nuc Nuc Fold p value
HMDB PTEN.1 PTEN.2 PTEN.3 Change
Metabolite name Formula Identifier
7184251 7021156 7203005 4171686 4024885 4098101 0.57429 1.84731
fumarate C4H404 C00122 .253 .027 .489 .204 755 .833 1701 E-06
7178055 6634967 6888387 3876302 3733752 4044556 0.56298 7.56798
2-keto-isovalerate C5H803 C00141 21 .219 912 729 .049 .947 6363 E-05
4982089 4768371 4585875 2270204 2545843 2600605 0.51733 0.00011
malate C4H605 C00149 1.37 1.29 5.43 8.93 7.52 5.12 2619 4283
7328415 6665725 6939366 3837314 4212883 4184829 0.58447 0.00021
Maleic acid C4H404 C01384 .653 .344 313 .746 441 735 0999 6704
8581416 8535208 8644945 5003831 3865040 4497870 0.51886 0.00023
creatine C4HIN302 C00300 2.35 4.15 1.09 4.72 5.68 2.85 3658 68
fructose-1,6- 6914749 6595787 7870616 2609723 1970997 1839393 0.30026 0.00037
bisphosphate C6H14012P2 C05378 .61 .984 .975 .593 .195 .822 9781 996
dihydroxy-acetone- 1538034 1471120 1847366 408137. 288888. 441037. 0.23433 0.00057
phosphate C3H706P C00111 638 .546 .788 3389 0319 5409 7025 6403
€00213 1011699 8921062 8606049 4718520 | 4653292 4767401 0.51147 0.00061
sarcosine C3H7NO2 4.07 935 122 .268 968 295 3023 8273
267106. 254798. 309128. 81322.5 113587. 102742. 0.35817 0.00072
Creatinine C4H7N30 C00791 7515 0187 4474 7444 609 1785 1437 388
2910970 2649622 2566116 1094798 1167934 1487702 0.46149 0.00078
lactate C3H603 C00186 6.6 2.22 1.36 2.26 5.37 8.25 5001 7444
436998. 398562. 372052. 118619. 137960. 191977. 0.37144 0.00094
acetylphosphate C2H505P C00227 3447 4325 7356 667 7801 0633 1281 2628
9641327 8889129 8310903 5388217 4638211 4471271 0.54012 0.00099
N-Acetyl-L-alanine C5HINO3 C01073 3.82 6.6 8.13 4.62 3.03 9.02 5396 5797
D-sedoheptulose-1-7- 2505167 2117987 2031632 972839. 1030037 | 920838. 0.43934 0.00112
phosphate C7H15010P C05382 .06 .542 .018 4645 923 0376 0221 5512
1251123 1027640 1016796 | 4748768 | 4306657 3903555 0.39322 0.00114
hydroxyproline C5HONO3 C01157 6.4 0.01 9.52 449 .363 .989 5414 3211
301054. 330399. 333284. 186553. 172586. 132937. 0.51006 0.00117
deoxyribose-phosphate C5H1107P C00673 8852 3028 5984 1193 1728 6722 2383 2361
C00447 876107. 960110. 870607. 227521. 407117. 157001. 0.29246 0.00132
SBP C7H16013P2 5362 2366 3366 4057 5667 2532 0796 9627
C20H32N6012S 6123299 5397170 6081967 3445336 2498050 2379532 0.47282 0.00167
glutathione disulfide 2 C00127 2.36 4.75 3.07 8.12 1.26 0.05 7651 3787
2953340 2322317 2358656 | 976608. 1005842 785253. 0.36253 0.00168
N-carbamoyl-L-aspartate C5H8N205 €00438 .59 739 7 2026 .28 6417 4702 0249
9682.46 8808.97 6271.73 301515. 233758. N/A 32.4235 0.00197
glucono-1,5-lactone C6H1006 C00198 7735 3049 4744 6243 2111 7799 5319
2891182 2176095 2353296 1006692 876007. 748078. 0.35452 0.00217
allantoate C4H8N404 C00499 .658 71 .37 .843 308 4891 4917 4539
660443. 653252. 706446. 368240. 439050. 298435. 0.54735 0.00225
08P-01P C8H17011P 9045 0076 1774 1329 0083 1212 0242 6072
8429300 6360673 7363495 3417143 2807519 2839082 0.40913 0.00227
alanine C3H7NO2 C00041 .41 .051 .824 .976 .647 799 4403 1505
9868494 7206791 7210835 1623216 2071892 2169782 0.24149 0.00243
threonine C4HINO3 00188 .398 .364 .605 .033 .054 719 1456 6999
8170.26 N/A 3924.34 39490.6 42016.4 33688.6 6.34969 0.00280
thymidine C10H14N205 C00214 9008 9031 579 1372 7557 7406 2173
HMDB000 11800.1 13257.6 16568.2 3455.47 4238.25 5315.70 0.31253 0.00321
N-acetyl-glutamine C7H12N204 6029 6696 0688 8794 779 4918 2699 1017 3839
84679.2 85821.3 60079.4 17736.9 24528.4 26453.1 0.29802 0.00359
uridine C9H12N206 C00299 3125 2136 0795 7916 6089 1196 4823 0935
1961075 1787342 1432802 4696525 7048542 7642411 0.37418 0.00383
Acetylcarnitine DL C9H18NO4 C02571 70.2 27.8 85.1 5.26 8.27 1.43 7477 9903
4744377 4290360 4007585 2494371 2221232 1380411 0.46740 0.00434
myo-inositol C6H1206 C00137 4.34 1.35 6.78 8.95 2.61 6.44 26 6667
3-methylphenylacetic HMDB000 51292.4 23214.9 48578.3 248950. 243114. 159338. 5.29227 0.00435
acid C9H1002 2222 7195 2225 0282 3253 2119 736 4318 9563
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9942421 1040838 1305890 5841618 4292662 4540064 0.43922 0.00448

hexose-phosphate C6H1309P 02672 .78 0.29 5.34 .572 .007 .158 3982 7349
916002. 684980. 667987. 293233, 231038. 311501. 0.36834 0.00464

Guanidoacetic acid C3H7N302 C00581 4642 5782 8726 2795 8194 8746 9355 1798
2147177 2280372 1515616 7102921 5689425 5192966 0.30262 0.00470

taurine C2H7NO3S 00245 3.64 7.27 4.58 .246 713 .397 1729 5511
571739. 442034. 402195. 215660. 165306. 167612. 0.38742 0.00577

cyclic-AMP C10H12N506P C00575 4595 6395 6725 7275 2398 552 3185 2248
156070. 101091. 125614. 1043457 636053. 720397. 6.26972 0.00580

dCTP C9H16N3013P3 C00458 1311 9714 8981 .335 3074 4983 9208 0516
713630. | 771279. | 897584. | 448475. | 270204. | 420681. 0.47822 | 0.00591

fructose-6-phosphate C6H1309P C05345 5723 5532 5764 6365 7095 4652 218 7777
4945677 3031821 5012182 1038546 964891. 852076. 0.21982 0.00658

3-phosphoglycerate C3H707P C00197 451 342 175 .07 546 1072 9396 6327
5761385 | 5502620 | 6085157 | 4497504 | 3328019 | 3459146 | 0.65044 | 0.00763

ubp C9H14N2012P2 C00015 794 .069 .809 .45 .363 186 461 4893
4845014 3521183 4304762 2471028 2045459 2045664 0.51788 0.00764

uTp C9H15N2015P3 C00075 6.81 2.69 2.75 2.53 8.81 5.23 9137 652
18038.7 | 172417 | 37037.0 | 60192.2 | 54168.3 | 57474.4 237611 | 0.00775

Atrolactic acid C9H1005 C05584 457 3592 6073 8583 0027 7582 8661 5208
S-adenosyl-L- 258087. | 216513. 179242. 105442. 107925. 101140. 0.48101 | 0.00776

homocysteine C14H20N605S C00021 6188 4489 2691 7449 6865 9028 6348 9955
245512. 175501. 185486. 93331.9 85163.3 51156.9 0.37865 0.00777

6-phospho-D-gluconate C6H13010P C00345 0746 6729 6995 2994 6077 8241 1449 8044
3938936 3135267 3548555 2364269 1879721 1556881 0.54607 0.00821

CcTP C9H16N3014P3 C00063 371 .068 .449 .965 .468 .592 9704 4542
HMDB000 1752498 1895663 1166458 363489. 530691. 551611. 0.30029 0.00825

2-Aminooctanoic acid C8H17NO2 0991 977 .075 .063 5605 9993 3964 2219 6336
1145786 | 7623216 | 7682598 | 2637343 | 2487567 | 3040852 | 0.30510 | 0.00836

DL-Pipecolic acid C6H11INO2 C00408 57.4 1.6 0.4 7.63 2.52 4.2 6153 1062
478911. 560823. 693553, 280968. 265284, 177268. 0.41742 0.00875

D-gluconate C6H1207 C00257 7468 6413 7251 6152 5807 8715 7227 7074
181035. 155292. 150845. 84513.3 117180. 89955.4 0.59865 0.00917

2-ketohaxanoic acid C6H1003 €00902 299 4554 0145 98 2475 5283 6405 1005
2848194 2261559 2051688 1341580 1046243 8162572 0.44740 0.00954

histidine C6HIN302 C00135 1.03 8.52 9.11 5.06 0.95 6 7167 7296
1457340 9190091 1028180 4099488 3409600 3321770 0.31813 0.00960

serine C3H7NO3 C00065 6.05 .167 2.88 .668 551 974 0848 4622
35329.0 10194.3 62781.4 217404. 211231. 127979. 5.13933 0.01014

orotidine-5-phosphate C10H13N2011P C01103 8428 745 4689 7913 4715 3769 913 1153
321828. 252428. 243680. 1412902 1042569 805585. 3.98692 0.01030

Indole-3-carboxylic acid C9H7NO2 C19837 8407 3037 8638 .814 .958 3987 5828 8942
C21H27N7014P 3281426 3046833 3162753 2378299 2487352 1867480 0.70942 0.01053

NAD+ 2 C00003 9.46 4.63 1.48 0.11 9.32 3.33 1837 6518
C10H16N5012P 259068. | 204689. | 274892. 1413738 | 905478. | 854719. 429693 | 0.01068

dATP 3 C00131 8557 7458 8266 .098 7468 3785 3713 9204
1855135 1033726 1434295 343149. 441328. 315601. 0.25446 0.01105

phosphoenolpyruvate C3H506P C00074 795 741 .063 9681 2378 1112 1997 0207
3736630 3328538 2617478 1825620 1794204 1570448 0.53603 0.01127

glutathione C10H17N306S C00051 7.06 5.9 5.39 3.22 6.99 9.79 8704 0832
C15H24N2017P 1144769 7171641 8727746 4025242 3086052 2999584 0.36972 0.01127

UDP-D-glucose 2 C00029 6.69 795 404 .845 .583 .052 4215 2994
UDP-N-acetyl- C17H27N3017P 6061955 3770014 5011394 1871388 2265373 1574086 0.38474 0.01169

glucosamine 2 00043 197 .831 .813 .181 495 .38 0799 8587
155136. 105695. 122318. 70600.5 50867.5 43770.8 0.43126 0.01190

cytidine C9H13N305 €00475 0125 8359 2549 7135 8511 4116 4395 2928
170176. 161790. 162295. 113222. 45071.1 77507.0 0.47707 0.01228

cystathionine C7H14N204s C02291 7724 8047 0802 9774 191 7526 6648 7998
1370693 9766243 8584972 3509519 3909141 4427764 0.36952 0.01276

carnitine C7H15NO3 C00318 2.86 799 .513 .324 919 .52 9311 4204
477067. 407733. 316855. 2377357 1961325 1220070 4.62590 0.01314

p-hydroxybenzoate C7H603 C00156 3641 6175 5266 574 .189 .395 8585 2394
2-Hydroxy-2- 1569825 1165395 1467824 3552306 3249029 2328170 2.17211 0.01329

methylbutanedioic acid C5H805 C02612 .904 .078 .074 .608 237 472 7166 5773
N-acetylaspartylglutamic 925017. 654912, 745751. 414594. 472394. 365855. 0.53870 0.01368

acid C11H16N208 C12270 1103 6509 849 4931 5119 9869 0133 0661
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304721. 322345 148034. 3182327 1979263 1550977 13.8405 0.01373

quinolinate C7H5NO4 C03722 907 8415 8625 923 .561 .205 9456 3576
9406278 6851814 7677417 5039660 4587593 4883118 0.60622 0.01471

glutamate C5H9NO4 C00025 1.53 3.53 4.5 4.22 7.12 2.29 7834 8861
192352. 132274. 116061. | 58617.4 | 494053 | 34178.4 0.32267 | 0.01486

glycerate C3H604 C00258 1215 5207 8807 9292 746 3765 9847 7529
D-glyceraldehdye-3- 935578. 1117913 1634432 319249. 185904. 468322. 0.26396 0.01575

phosphate C3H706P C00118 9461 .949 .083 6869 2845 0034 3063 7527
S-ribosyl-L- 20022.8 39718.9 23077.0 283589. 195787. 130772. 7.36726 0.01706

homocysteine C9H17NO6S C03539 9911 1701 9781 4417 5407 0043 6216 741
1391903 1504042 1862919 812036. 1077570 971769. 0.60127 0.01735

CMP C9H14N308P C00055 .384 .405 294 0184 477 2072 2709 8813
3033232 1689865 2262741 6125296 6621321 9852845 0.32350 0.01789

pantothenate C9H17NO5 C00864 2.49 3.04 2.12 .664 639 A1 3937 2767
190396. 250789. 147567. 82822.7 85710.1 68261.7 0.40219 0.01820

3-hydroxybuterate C4H803 C01089 4909 2325 459 7907 7734 0059 6819 6871
1554521 | 8171290 | 8585312 | 1537882 | 1389996 | 2110226 | 0.15596 | 0.01937

asparagine C4H8N203 C00152 9.9 619 .789 .094 792 .981 9705 8178
1686596 1396696 2080843 1414150 1065168 6150883 5.99211 0.02080

oxaloacetate C4H405 C00036 .962 976 141 7.34 8.27 176 0262 0739
234224, 113116. | 314202. | 819578. | 692665. | 462605. 2.98521 | 0.02164

Ascorbic acid C6H806 C00072 1642 7469 3238 0886 635 6738 5921 1033
4400.91 3710.72 2318.48 32545.7 21381.4 14511.0 6.56159 0.02168

homoserine C4HINO3 C00263 5916 9107 0259 8925 0214 5639 403 1004
HMDB000 1073294 635422. 1201921 1501688 1062887 5963253 10.8598 0.02173

Phenylpropiolic acid C9H602 2359 638 9929 792 2.07 5.19 .068 166 7465
336064. 134144. 180554. 1343044 883516. 669125. 4.44966 0.02278

Xanthurenic acid C10H7NO4 C02470 917 9276 5392 .37 3307 2254 8725 9952
140742. 111359. 97330.1 N/A 48784.1 36739.3 0.36712 0.02302

Phenyllactic acid C9H1003 C05607 52 7829 5393 9033 6819 4849 7995
1259539 640348. 810141. 292453, 237803. 91455.5 0.22941 0.02308

uracil C4H4AN202 C00106 976 829 4241 3778 6349 8285 1683 3097
8428916 4843643 4759751 1668792 1627067 1747156 0.27966 0.02319

glutamine C5H10N203 C00064 7.3 5.07 9.8 0.23 6.95 3.42 5525 1949
C10H16N5013P 7274831 5731258 6707749 4698917 4883928 3543932 0.66586 0.02344

GTP 3 C00044 .362 .809 .885 .236 .787 665 6145 5084
377048. 243182. 356357. 195871. 165191. 146897. 0.52013 0.02377

isocitrate C6H807 C00311 5729 0361 0871 2516 4598 6664 8007 5995
3301.79 1652.22 7940.13 14382.0 18344.0 N/A 3.80707 0.02397

dGMP C10H14N507P C00362 8509 684 7274 0099 058 2364 4464
523411. 278874. 268600. 75999.9 59123.8 51405.8 0.17418 0.02430

Uric acid C5H4N403 C00366 0954 9035 7194 8911 297 8996 2484 8705
HMDBO0O | 44094.3 33753.3 28127.2 301700. 178917. 138694. 5.84395 0.02548

7-methylguanosine C11H16N505 1107 7684 0835 441 5094 2518 7158 2727 0233
C10H16N5013P 8831855 7671267 8674313 6344901 6996276 5145521 0.73425 0.02684

ATP 3 C00002 0.34 6.29 2.06 1.94 4.01 6.16 663 238
S-methyl-5- 144339, | 97090.3 | 48538.1 | 198023. | 374789. | 350751. | 3.18505 | 0.02694

thioadenosine C11H15N503S C00170 6249 2241 4463 6473 0528 8166 5675 7709
C21H30N7017P 119891. 122588. 118963. 62536.2 98304.7 47570.9 0.57660 0.02777

NADPH 3 C00005 7942 8241 7044 9396 1449 7087 8806 1975
8625.86 N/A 7891.04 23562.6 16571.2 17936.9 2.34389 0.02803

pyruvate C3H403 00022 8182 8603 167 9328 2495 3262 395
53958.5 54744.5 84204.5 30866.3 33584.6 22559.0 0.45104 0.02818

3-phospho-serine C3H8NO6P C01005 9891 5978 0151 5468 488 0782 4874 5538
4820822 | 2472583 | 2071665 | 197777. | 280836. | 240667. 0.07680 | 0.02830

xanthine C5H4N402 C00385 517 .894 .183 6156 0074 9479 4706 8035
C21H28N7017P 1238301 1096511 1305184 1435956 1515422 1393011 1.19351 0.03000

NADP+ 3 C00006 1992 .18 .007 .558 .102 .268 4641 5497
101891. 88827.2 89275.3 3172956 1776814 1138639 21.7448 0.03218

inosine C10H12N405 C00294 1218 3115 5223 .095 571 .986 1261 5364
2393639 2435120 1576572 1089339 1302067 1264141 0.57070 0.03313

dimethylglycine C4HI9NO2 01026 5.03 6.98 8.11 3.23 9.62 7.24 3975 3809
5203708 4287066 4570202 3846121 3455807 2714024 0.71232 0.03464

2-hydroxyglutarate C5H805 C02630 915 .439 241 677 .539 261 2697 0183
94855.0 63019.1 94638.0 220708. 291750. 483190. 3.94297 0.03512

dehydroascorbic acid C6H606 C05422 1478 1829 5697 3724 3765 7558 5999 229
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C15H22N2018P 3200578 1839126 2375600 1423477 1149408 894379. 0.46758 0.03618

UDP-D-glucuronate 2 C00167 .865 48 .815 277 249 1162 2129 9656
C21H29N7014P 79285.9 47069.8 66867.6 23780.5 39886.0 8257.78 0.37223 0.03662

NADH 2 C00004 5861 1678 0331 8956 9829 9872 4862 3911
172770. 188768. 306648. 5359928 3164638 1771792 15.4093 0.03727

glycolate C2H403 C00160 1898 1384 8385 753 479 251 9425 7262
18675.4 12229.1 22055.4 195281. 107279. 76786.9 7.16289 0.03793

dcmp C9H14N307P C00239 6712 1163 8653 3771 2054 3751 7515 2616
2096156 1307192 844445, 339181. 312064. 359801. 0.23801 0.04194

a-ketoglutarate C5H605 C00026 .01 371 6128 7445 9197 14 7146 6644
1714567 1667761 1284469 5890758 7815805 1230863 0.55745 0.04226

Urea CH4N20 C00086 6.2 5.56 6.12 .037 196 6.27 2778 0137
48534.1 25552.2 27253.1 15064.9 6708.01 11101.4 0.32439 0.04262

cysteine sulfinate C3H7NO4S C00606 7768 3727 8547 3546 4576 1042 7968 8311
7732853 5261841 5269591 1038857 2419561 2262566 3.13233 0.04310

proline C5HI9NO2 00148 4.25 6.46 8.52 16.4 96 27.5 4387 877
87764.4 77399.9 100931. 282849. 210726. 137636. 2.37212 0.04566

dTMP C10H15N208P C00364 1076 4806 452 9152 1745 1308 3855 4847
28279.9 37945.1 57146.3 726262. 484743. 200069. 11.4376 0.04791

dcbp C9H15N3010P2 C00705 3689 2066 3985 3366 2606 5723 2006 3275

Table 7: Results of Polar Metabolomics in Control and PTEN-Overexpressed

PC3 Cells
Ctrl Ctrl Ctrl Wt. Wt. Wt. Me Me Me Nuc Nuc Nuc
1 2 3 PT PT PT mb mb mb PT PT PT
EN. EN. EN. ran ran ran EN. EN. EN.
1 2 3 e e e 1 2 3
KEGG or PT PT PT
HMDB EN. EN. EN.
Metabolite name Formula Identifier 1 2 3
534 529 289 509 257 265 893 225 410 719

688 328 382 609 010 800 941 682 860 516 998
238. 724 588. 978. 627. 839. 244, 398. 613. 506. 220.
choline C5H14NO C00114 4 797 2 5 1 6 3 3 7 5 8 N/A

400 447 531 604 463 528 531 466 483 684
920 818 457 004 265 151 810 692 721 735 283 672
028. 348. 587 264. 993. 920. 852. 098. 073. 182 849. 234.
citrate-isocitrate C6H807 C00158 5 7 930 6 5 4 3 4 5 301 3 6

317 257 262 261 306 275 289 271 296 227 318 304
132 678 828 923 346 704 375 484 597 239 825 572
665. 499. 953. 967. 796. 814. 600. 180. 063. 767. 886. 730.
Phosphorylcholine C5SH15NO4P C00588 1 7 3 8 3 8 9 3 2 4 3 2

279 165 238 265 305 166 161 156 328 248 225
520 606 823 382 510 235 437 768 342 418 146 929
814. 307. 120. 613. 864. 146 979. 549. 904. 576. 963. 567.
citrate C6HBO7 C00158 4 3 5 2 4 388 8 7 1 9 8 6

204 210 201 195 200 197 204 198 206 175 207 192
748 014 257 419 864 242 871 593 216 845 718 459
919. 988. 684, 167. 835. 593. 881. 312 233. 886. 179. 450.
N-Acetyl-L-alanine C5SHONO3 C01073 9 3 9 6 8 5 3 7 7 8 5 3

157 149 157 153 142 154 124 145 144
280 392 149 703 557 183 832 148 152 795 282 360
550. 082. 867 538. 732. 550. 446. 572 797 956. 696. 379.
creatine C4HON302 C00300 3 3 434 5 3 8 9 987 062 5 4 6

144 144 133 148 140 122 122 112 118 125 126 130
298 266 074 413 022 648 441 249 715 094 845 778
312 703. 457. 146. 700. 985. 149. 929. 036. 509. 483. 036.
betaine C5H1INO2 C00719 5 2 2 3 1 2 4 1 7 2 5 1

147 112 140 111 131 137 142 138 156 128 124
891 478 080 513 399 075 565 286 134 248 687 515
965. 837. 845. 879. 072. 594. 034. 683. 443 209. 790. 939.
leucine-isoleucine C6HI13NO2 C00123 7 3 7 3 5 6 2 2 033 2 7 1

115 114 109 148 146 117 131 571 603 318 600 184
849 840 761 515 412 878 364 200 061 885 852 509
807. 292. 875. 984. 925. 340. 710. 82.8 95.4 97.4 6.00 33.0
Glycerophosphocholine C8H21NO6P C00670 1 4 8 4 6 1 5 2 1 9 5 2
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130 994 102 794 902 688 883 782 729 559 663 738
116 657 694 435 771 214 221 522 903 043 934 165
CI0H16N5013 557. 07.9 814. 51.0 10.8 61.5 43.9 84.5 09.1 80.9 27.9 47.8
ATP C00002 2 9 3 9 1 5 9 6 9 2 9 9
130 101 891 694 889 771 708 538 663 748
637 989 493 830 569 795 025 825 789 831 876 589
CI0H16N5013 457. 222 112. 068 27.6 64.0 06.3 50.0 11.3 08.3 23.5 14.4
dGTP P3 C00286 3 07.1 7 06.7 3 9 6 4 1 6 1 2
110 961 104 903 102 108 104 118 122 105 114 104
718 076 078 854 170 425 901 127 021 061 323 963
633. 244 347. 29.5 859. 204. 205. 910. 575. 886. 279. 806.
glutathione CI0H17N306S C00051 8 7 3 5 9 2 9 2 2 3 9 1
107 980 927 937 100 975 974 103 104 846 811 910
003 838 773 408 994 868 268 983 609 075 555 500
729. 79.9 96.7 39.6 086. 01.0 59.6 726. 079. 26.6 20.9 01.5
proline C5HINO2 C00148 1 7 8 9 5 2 5 6 2 1 6 5
102 884 103 770 733 813 753 822 855 547 601 670
803 161 329 621 517 232 127 524 003 115 505 666
028. 53.7 428. 71.3 45.2 82.0 83.4 42.6 44.6 06.8 243 96.8
lactate C3H603 C00186 4 7 1 3 9 6 8 7 4 5 4 9
969 945 983 102 102 919 919 892 855 873 863
498 503 818 608 455 389 423 900 010 344 723 194
69.5 61.2 84.4 046. 908. 76.9 02.7 173 06.4 62.7 97.2 84.3
Acetylcarnitine DL CY9H18NO4 C02571 3 7 6 7 3 6 5 20.1 9 8 8 2
929 865 989 808 942 836 836 829 926 952
935 454 515 754 360 988 067 516 739 240 714 889
34.8 09.6 12.6 526 325 89.6 97.7 00.5 89.0 76.1 58.9 365
glutamate C5HINO4 C00025 8 3 4 76.8 8 3 8 9 6 1 9 89.8
711 882 960 662 751 770 592 445 744 708
846 108 200 855 066 683 222 216 666 989 883 748
36.4 260 59.0 82.3 65.4 851 53.8 82.7 79.4 26.8 91.7 05.2
p-hydroxybenzoate C7H603 C00156 2 500 8 3 6 56.8 5 5 8 2 9 9
790 630 796 596 632 701 637 563 423 488 362 304
890 949 435 192 842 535 499 593 047 052 066 987
C20H32N6012 71.4 60.5 19.4 11.9 432 97.4 31.2 77.8 98.1 71.4 85.2 533
glutathione disulfide S2 C00127 6 5 5 7 5 4 2 9 4 8 4 9
769 664 755 661 649 689 734 610 705 602 723 679
668 424 109 093 923 489 154 253 547 124 746 603
40.2 225 67.5 55.8 82.4 18.6 43.3 40.8 84.4 12.6 32.0 43.9
DL-Pipecolic acid C6H11INO2 C00408 1 7 9 2 8 9 3 8 7 5 6 9
633 578 475 413 481 265 499 289 279 147 246 239
209 000 272 297 395 145 005 603 778 467 517 461
C9H15N2015P 79.0 57.2 32.1 46.7 79.9 25.0 28.7 09.1 96.2 253 59.2 39.4
UTP 3 C00075 5 3 8 8 9 8 5 2 3 4 7 3
572 550 546 466 445 508 551 539 421 384 403
279 173 511 531 652 667 905 807 488 406 667 149
43.6 89.9 82.4 70.3 65.6 06.9 43.1 293 315 02.8 51.2 51.5
malate C4H605 C00149 9 5 2 9 1 3 7 3 24.7 7 9 9
569 532 521 482 520 517 487 497 450 409 494 460
091 241 210 444 709 073 172 977 585 926 598 625
46.1 00.0 57.9 61.5 26.0 56.9 511 51.0 24.1 09.2 67.2 56.2
glutamine C5H10N203 C00064 1 2 5 4 1 1 4 1 8 4 2 9
541 472 592 838 866 634 663 721 713 888 995 957
067 837 970 460 391 997 818 364 412 363 631 005
82.6 16.2 23.6 73.9 48.0 36.9 91.4 13.0 90.4 335 522 02.0
Carbamoyl phosphate CH4NOS5P C00169 3 1 6 7 7 7 7 2 3 9 5 7
538 442 365 403 372 380 379 409 322 251
124 424 333 658 269 194 296 482 502 244 605 394
68.3 923 23.8 41.2 01.7 71.8 81.6 64.3 97.7 620 54.4 17.2
myo-inositol C6H1206 C00137 9 90.6 5 8 2 3 8 6 2 97.4 6 8
507 426 468 455 416 436 478 420 423 373
376 466 296 161 879 423 195 368 399 830 630 178
CI5H22N2018 62.0 784 85.4 74.9 294 056 64.0 16.8 04.8 12.3 36.2 94.3
UDP-D-glucuronate P2 C00167 6 36.6 9 9 8 84.5 5 6 7 6 7 1
455 375 428 431 431 377 400 405 413 321 359 335
059 342 568 902 609 724 555 338 960 521 631 564
C21H27N7014 52.6 59.5 17.5 21.2 65.6 92.7 38.9 91.2 20.5 26.5 89.9 54.8
NAD+ P2 00003 8 6 4 9 3 4 7 8 8 2 5 9
460 347 425 253 309 355 426 338 312 201 163
734 950 314 836 258 104 218 809 201 577 142 008
84.7 06.6 35.0 61.9 972 85.2 235 46.6 335 61.5 44.9 75.4
uracil C4H4N202 C00106 9 6 5 8 37.9 2 6 6 6 5 8 5
383 439 360 405 359 533 494
402 583 342 631 408 567 414 103 346 401 500 369
627 98.8 50.3 92.1 638 453 053 66.1 340 56.0 290 25.0
taurine C2H7NO3S €00245 02.8 6 1 5 61.7 7 08.2 4 88.7 9 19.6 8
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404 398 406 407 456 383 427 507 616 623
033 381 201 058 612 337 214 834 488 222 435 513
54.1 547 88.2 44.5 11.5 09.6 94.3 80.0 224 91.9 78.5 71.5
carnitine C7HI5NO3 C00318 3 63.7 4 7 8 8 7 5 03.9 4 8 8
389 386 398 405 426 422 398 382 387 461 449
728 588 544 988 769 060 042 743 154 210 447 816
UDP-N-acetyl- C17H27N3017 57.7 29.8 69.3 67.3 40.8 38.8 85.6 98.7 78.2 45.6 789 01.5
glucosamine P2 00043 8 6 4 1 1 7 2 5 1 9 96 7
394 350 404 349 355 404 386 406 368 429 422 408
C00213 254 861 857 495 212 284 686 984 430 019 704 504
12.5 98.3 08.9 83.4 10.0 02.9 95.3 87.0 69.4 74.2 59.4 68.7
sarcosine C3H7NO2 7 6 2 4 2 6 7 8 9 1 8 3
390 267 429 280 298 906 720 868 648 113 624 437
782 795 908 084 475 447 753 716 403 805 494 935
522 44.4 21.6 25.7 05.4 21.9 45.8 20.2 80.8 550. 41.7 12.7
hexose-phosphate C6H1309P C02672 7 4 5 1 1 4 5 7 5 7 7 5
331 280 311 265 307 309 246 328 260 244 315 289
804 217 915 130 392 889 331 285 807 009 483 975
82.5 28.7 79.6 05.5 06.8 63.7 33.7 16.8 19.5 11.4 00.2 89.6
serine C3H7NO3 C00065 1 1 4 7 9 7 3 7 4 8 1 7
313 280 319 261 340 334 330 360 348 301 339
655 838 761 095 549 947 947 954 521 401 147 367
41.2 87.7 98.1 52.5 98.8 02.3 29.0 02.0 30.1 71.0 80.5 280
alanine C3H7NO2 C00041 6 5 2 7 8 3 9 6 6 8 8 26.2
212 345 184 235 116 136 207 100 466 601 601
275 553 656 498 379 169 227 398 758 333 895. 848.
916 79.0 90.6 41.4 18.5 70.9 61.4 80.0 68.2 2.29 755 587
nicotinamide C6HO6N20 C00153 77.8 5 3 1 8 7 6 3 7 5 4 3
231 247 331 175 371 871 618 563 822 621 581
886 938 565 049 382 555 243 292 883 170 172 665
N-acetyl-glucosamine-1- 63.3 45.5 66.7 76.9 00.5 6.95 929 0.68 2.28 0.04 4.34 7.47
phosphate C6H14NO8P C04256 8 5 3 1 4 6 17.1 1 8 7 4 1
347 200 237 201 216 236 253 288 203 216 224
312 880 909 262 493 777 507 304 190 795 047 595
36.7 85.2 333 332 17.0 07.4 87.9 04.3 315 04.2 50.1 232
histidine C6HON302 C00135 9 4 5 1 2 6 9 4 35 6 6 1
346 217 215 113 217 608 167 112 353 642 744 915
626 036 501 458 016 843 504 800 427 909 936 024
03.9 274 55.3 00.7 85.3 48.1 73.0 24.5 36.0 91.1 13.7 90.8
cholesteryl sulfate C27H4604S C18043 9 6 3 7 3 9 4 8 2 4 3 5
185 271 237 175 195 938 244 726 244 177 254
276 919 657 180 561 692 848. 554 297 314 201 945
504 98.7 87.4 85.5 75.0 87.0 911 93.1 9.41 6.43 2.47 8.38
adenine CSHS5NS C00147 51.3 4 9 6 7 6 4 7 4 4 8 1
168 256 186 220 234 234 253 289 225
278 301 784 723 142 249 008 201 587 260 263 855
601 45.5 82.7 01.8 79.8 807 92.5 97.8 23.0 85.2 566 69.9
phenylalanine CY9HI11INO2 C00079 33.5 3 5 4 2 32.3 7 4 4 6 22.9 6
232 217 168 159 156 107 150 115 117 756 101 101
889 574 094 061 555 854 682 936 871 306 237 302
CI0H16N5013 27.9 82.2 67.7 254 95.6 41.6 73.7 64.7 78.2 7.52 90.8 06.9
GTP P3 C00044 9 5 8 2 9 6 6 5 2 9 6 2
197 194 201 182 177 189 195 212 161 165 166
059 068 683 631 807 587 209 859 438 126 615 054
63.2 54.8 87.0 50.2 17.3 55.5 860 91.1 95.4 349 60.1 63.2
2-hydroxyglutarate C5H805 C02630 6 2 4 4 9 6 71.8 9 7 9 2 6
233 148 176 194 205 184 167 172 278 294
218 279 193 548 007 341 872 169 213 809 605 696
74.2 84.3 254 52.8 09.6 09.0 93.6 143 93.9 77.1 01.8 88.2
pantothenate C9H17NOS5 C00864 4 8 70.4 5 4 6 3 10.3 7 5 8 6
213 140 171 173 151 169 181 151 133 176 150
794 913 197 134 501 457 834 726 369 584 535 213
07.1 29.1 219 56.3 44.2 223 81.4 17.2 97.0 57.0 45.9 73.6
hydroxyproline C5HINO3 Co1157 9 3 78.8 1 6 2 4 4 6 1 4 5
180 176 169 204 178 201 199 224 160
137 480 360 168 363 509 031 905 183 185 714 838
57.5 61.0 17.4 917 69.3 34.2 33.6 02.9 424 074 39.8 18.2
arginine C6H14N402 C00062 5 7 6 18.4 5 8 9 1 26.7 07.9 5 5
219 144 150 463 394 496 502 506 462 597 560
918 928 244 287 323 669 999 875 839 444 718 463
CIO0HI5N5010 19.4 40.3 422 84.7 72.0 42.5 36.4 94.5 54.6 55.3 89.3 765
dGDP P2 C00361 8 4 5 8 6 8 5 3 7 2 3 59.8
141 151 432 377 505 538 516 447 616 438
207 290 960 521 521 093 281 691 217 050 589 673
CIO0HI15N5010 583 05.4 05.2 04.1 12.1 00.8 56.4 99.8 234 57.7 707 51.3
ADP P2 C00008 84.8 4 2 5 3 4 4 8 5 7 97.7 7
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188 109 109 883 104 668 916 790 106 100
611 708 192 798 062 328 100 096 285 825 765 373
S-adenosyl-L- 80.8 36.5 257 70.4 243 67.4 252 2.18 6.11 0.81 50.6 22.7
methionine CI15H22N605S C00019 4 2 56.9 8 7 2 23.6 6 7 5 6 3
164 147 166 176 129 902 112 111 104 108 101
833 397 296 384 780 325 339 801 382 012 245 710
99.7 50.8 26.4 16.9 72.7 50.7 538 121. 280. 004. 747. 110.
sn-glycerol-3-phosphate C3H906P C00093 7 3 3 5 2 8 08.8 4 8 9 8 5
164 151 141 129 183 119 145 135 173 127
387 132 865 019 150 883 992 698 730 701 448 672
214 114 14.0 06.8 344 03.5 99.4 39.1 49.2 75.7 389 12.7
threonine C4HI9NO3 C00188 5 52 2 4 73.9 2 7 8 2 7 8 3
155 125 135 133 147 149 133 143 141 107 121 950
632 004 688 312 191 967 905 514 336 427 955 791
C15H24N2017 26.1 88.3 31.9 21.5 88.7 65.9 43.2 383 86.1 59.8 82.4 1.32
UDP-D-glucose P2 C00029 1 1 1 1 9 6 9 3 7 4 1 2
139 131 124 940 117 112 931 728 831
470 175 142 836 238 208 588 167 891 215 958 773
97.2 18.1 883 834 41.3 4.01 42.4 31.1 8.53 9.40 4.12 864
ornithine C5H12N202 C00077 6 8 30.1 8.21 3 9 8 6 9 2 6 4.66
131 127 124 983 101 135 124 115 119 110 956 934
817 339 661 370 823 626 984 124 697 377 434 899
52.7 80.5 03.8 9.42 12.5 349 354 69.7 88.4 74.9 3.88 222
fumarate C4H404 C00122 7 6 8 6 7 9 6 8 4 2 2 5
135 117 122 961 100 129 101 119 922 868
728 174 641 708 369 274 705 110 342 015 928 267
82.9 53.8 57.0 7.55 37.7 20.5 68.6 828 13.3 7.96 627 3.68
2-keto-isovalerate C5H803 C00141 9 4 6 3 1 8 3 76.8 2 3 2.73 4
129 117 122 100 134 110 110 122 998 103 973
924 835 204 373 102 380 578 345 482 281 393 942
89.9 31.7 46.4 97.7 376 86.3 69.6 25.9 24.7 3.72 28.6 0.02
Maleic acid C4H404 C01384 7 9 3 6 96.4 4 2 2 4 8 1 4
116 146 104 133 165 199 182 141 179 228 186
486 998 828 558 859 957 086 127 112 355 918 266
11.0 46.8 432 39.6 225 86.4 61.4 008 61.2 94.6 93.6 18.6
aspartate C4HTNO4 C00049 7 5 8 6 2 6 6 88.9 2 7 2 2
117 865 120 107 982 830 106 954 954 875 635 616
789 315 661 179 426 126 743 651 729 486 074 388
D-sedoheptulose-1-7- 57.7 0.66 38.7 31.6 6.45 7.95 71.7 1.53 9.46 0.94 5.46 5.90
phosphate C7H15010P C05382 5 9 2 4 7 5 3 5 7 5 8 3
102 876 122 936 879 131 907 109 769 132 941 662
041 564 286 033 995 146 974 335 282 049 172 950
79.1 5.94 71.9 7.70 1.17 56.1 4.89 74.4 7.69 05.9 4.44 4.37
Pyrophosphate P2H407 C00013 4 8 9 1 8 9 7 9 8 7 3 9
106 121 967 720 855 100 967 106 134 118 986
329 074 843 928 245 227 576 560 865 163 116 616
94.1 30.9 501 8.26 5.03 3.67 05.8 7.33 294 94.1 18.9 5.04
Urea CH4N20 C00086 3 4 0.59 8 9 3 5 2 7 5 3 2
981 163 138 831 740 725 797 271 221 677
345 103 985 581 876 924 638 988 225 917 389 728
fructose-1,6- 6.95 437 758 97.1 87.0 4.50 6.56 6.41 6.79 35.8 23.5 4.23
bisphosphate C6H14012P2 C05378 9 34.7 2.81 6 5 1 7 2 9 1 5 7
103 773 113 823 789 101 975 112 125 897 130 101
598 987 397 625 566 032 558 528 258 251 175 874
94.2 9.60 32.8 0.60 5.83 72.9 9.65 60.6 44.5 2.61 48.5 71.5
Methylmalonic acid C4H604 C02170 8 4 4 9 7 3 9 7 8 5 4 5
884 945 633 362 461 529 263 261 120
959 852 707 475 904 545 023 854 528
4.32 391 6.32 9.09 5.16 9.36 6.27 9.47 9.37
oxaloacetate C4H405 C00036 7 N/A 2 N/A 7 1 2 7 N/A 2 4 1
112 686 800 303 415 503 435 357 268 359 282
673 010 132 725 306 121 741 817 558 265 225 514
00.2 7.69 2.93 0.80 4.09 3.62 5.39 1.33 0.59 196 5.70 4.34
asparagine C4H8N203 C00152 2 1 5 8 2 8 5 7 5 5.66 3 7
882 688 101 765 675 848 102 846 110 897
647 615 857 127 319 878 916 955 361 961 341 609
2.51 1.38 50.3 1.18 0.58 7.94 519 036 87.4 4.67 84.6 7.30
succinate C4H604 C00042 6 5 1 7 3 1 6.17 4.18 7 3 3 1
882 101 664 251 281 352 345 328 352 357 329 265
032 703 590 068 670 167 992 461 231 222 113 199
C9H14N2012P 1.25 33.8 5.52 69.3 38.8 09.4 54.4 73.3 30.6 65.0 46.6 65.9
UDP 2 C00015 9 9 2 8 1 3 9 1 4 8 7 6
872 918 782 738 572 709 850 425 618 678
185 282 729 159 353 560 762 438 150 139 255 938
7.71 247 086 9.76 5.85 0.71 120 0.52 3.34 4.68 4.87 4.24
dimethylglycine C4HINO2 C01026 5 7 4.77 9 8 6 0 8 9 7 5 4
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782 949 954 649 101 716 893 295 642 969
821 915 023 062 704 002 558 943 760 943 532 415
068 203 7.07 2.74 2.87 1.15 24.1 2.15 9.47 7.53 2.44 8.44
N6-Acetyl-L-lysine C8H16N203 C12989 6.86 7.08 5 8 7 8 4 4 7 9 6 5
862 857 708 857 579 635 943 434 712 706
687 413 006 907 877 232 428 649 283 283 190 855
9.69 3.50 1.00 481 8.26 7.07 8.57 571 1.84 2.53 4.24 6.01
Acetyllysine C8H16N203 C02727 1 7 6 3.98 5 1 5 7.34 4 3 9 8
783 802 669 521 511 466 935 132 979
957 400 090 526 921 414 734 520 966 113 190 113
dihydroxy-acetone- 6.86 9.72 6.88 197 7.79 8.95 2.66 406 4.61 597 88.2 9.65
phosphate C3H706P C00111 8 9 9 6.05 8 2 6 9.06 3 66.6 9 4
695 379 787 400 403 387 448 409 362 292
561 696 214 050 818 152 788 722 275 973 055 258
3.87 2.10 4.00 9.32 3.55 8.01 4.24 5.01 810 7.17 0.32 385
xanthine C5H4N402 C00385 6 2 1 8 2 2 6 4 6.52 4 8 4.47
596 559 229 172 440 571 666 793 631
807 643 908 311 441 879 875 275 956 730 816 156
9.47 821 9.87 704 637 08.7 64.9 18.2 69.8 349 13.0 20.6
ribose-phosphate C5H1108P C00117 2 4.32 5 0.48 3.83 7 3 8 7 6 6 5
746 440 601 459 593 767 737 730 679 833 558
059 483 978 416 322 218 725 435 599 730 032 220
4.15 6.36 9.41 5.49 5.42 5.75 1.11 4.14 664 9.16 2.38 3.32
methionine CSH1INO2S C00073 7 8 1 5 2 7 2 9 4.02 5 5 8
667 503 487 530 576 454 541 465 327
463 380 562 988 686 626 613 074 407 022 251 795
C21H28N7017 6.49 3.14 300 8.18 6.37 316 3.58 3.73 329 0.16 2.67 7.36
NADP+ P3 C00006 6 6 5.11 8 9 7.36 8 8 3.06 4 9 8
582 499 609 491 584 601 515 574 564 553 713 545
728 195 448 494 285 233 967 187 917 051 735 801
7.18 7.99 3.84 1.94 3.55 3.97 7.60 6.37 4.11 6.08 5.27 3.27
Creatinine C4HTN30 C00791 3 9 4 2 7 1 6 3 3 3 9 4
626 577 457 716 209 706 990 130 218 234 279
224 430 713 646 935 799 543 786 424 103 951 180
9.78 5.47 3.36 5.39 141 39.5 4.40 5.48 58.5 06.5 76.4 58.3
cholesterol C27H460 C00187 1 3 2 4 9.26 3 1 9 4 6 4 8
424 617 615 719 627 471 108 798 952 130 216 155
616 990 362 663 427 203 774 663 703 624 996 010
2.99 5.61 8.04 9.46 5.40 9.45 49.8 8.00 1.31 13.7 53.0 67.0
inosine CI0H12N405 C00294 7 4 3 1 4 8 9 7 3 3 1 4
482 561 411 479 402 387 423 260 300 297 222
115 997 509 702 593 072 494 551 357 213 246 835
HMDB00 5.35 8.83 186 4.52 5.56 2.73 9.95 3.50 2.26 6.01 9.65 8.13
Phenylpropiolic acid C9H602 02359 6 1 0.08 5 2 5 8 6 2 2 2 1
549 389 523 409 484 453 536 565 527 424 503 543
714 907 509 213 878 336 221 713 979 493 580 985
8.13 1.92 1.96 3.52 9.52 7.03 1.57 1.92 9.53 1.86 3.01 0.56
tryptophan CI1H12N202 C00078 9 8 3 8 2 1 1 9 2 9 5 3
436 628 379 561 534 428 454 379 383 384
390 261 087 376 948 807 752 672 887 792 432 962
N-acetylaspartylglutamic 572 4.67 4.03 516 3.93 7.69 3.03 7.48 4.36 9.82 4.24 3.67
acid CI1H16N208 C12270 4.61 8 9 1.6 4 2 5 3 3 8 9 1
410 450 508 734 717 600 576 640 482 491 602
259 741 076 303 076 315 616 523 019 388 440 002
5.15 9.43 5.04 5.35 8.28 6.53 662 2.84 4.03 6.28 7.14 9.63
O8P-O1P C8H17011P 2 2 1 1 3 2 2.68 3 7 4 9 7
571 392 397 374 331 249 459 270 329 170 339 387
560 237 758 452 240 555 739 988 004 735 039 031
HMDB00 5.69 3.63 7.91 5.81 4.22 4.29 9.59 6.49 7.78 2.13 4.92 3.02
Argininosuccinic acid C10H18N406 00052 3 9 8 8 5 5 9 6 2 6 8 9
434 375 545 330 116 105 715 135 142 134
250 498 399 840 334 000 715 403 671 992 192 010
0.11 0.14 1.26 1.94 690 80.9 69.6 1.68 84.8 87.4 202 27.0
hypoxanthine C5H4N40 C00262 8 2 4 6 1.29 3 6 1 9 5 11.7 9
416 457 436 566 226 109 103 957 989 699
549 620 081 523 386 563 232 933 617. 796. 844 382.
Ng,NG-dimethyl-L- 3.10 3.73 5.85 8.33 5.48 1.62 275 0.97 368 511 556. 638
arginine C8H18N402 C03626 8 5 1 1 5 7 2.34 8 1 7 156 8
389 253 267 732 412 609 687 817 761 683
667 303 034 465 540 676 312 410 165 878 065 143
610 9.20 8.23 850 92.0 09.6 65.7 02.2 50.5 89.3 71.6 53.8
AMP CI0H14N507P C00020 9.03 2 4 14.1 5 5 1 1 7 9 7 5
448 443 386 322 336 388 425 281 342 323 255
786 115 104 041 406 565 033 439 555 681 137 972
7.48 9.73 7.85 9.61 354 1.51 1.29 322 2.82 7.72 5.68 4.25
a-ketoglutarate C5H605 C00026 9 6 3 5 7.7 4 4 1 7 8 2 3
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444 289 435 495 265 376 246 257 128 179
528 567 278 801 436 125 951 641 306 510 687 176
CY9H16N3014P 099 9.84 | 4.93 8.09 7.60 | 335 | 498 | 4.56 1.91 4.08 5.04 | 683
CTP 3 C00063 9.32 7 6 6 9 8 9 4 7 4 4 8.95
445 306 324 349 242 362 315 324 240 278 455
298 503 209 489 056 800 928 860 971 334 950 077
6.55 | 044 2.95 5.60 | 6.69 3.39 7.03 4.83 9.56 749 | 423 2.01
L-arginino-succinate C10H18N406 C03406 8 4.03 2 1 2 2 3 8 2 3 8 4
450 284 473 605 465 785 547 754 735 114 947 762
300 656 719 476 516 837 788 974 427 626 148 947
4.57 1.99 | 237 3.19 | 474 | 7.16 | 6.93 3.56 1.57 | 93.6 | 3.35 7.49
CMP C9H14N308P C00055 8 4 3 1 8 3 3 3 7 7 2 6
445 280 466 196 131 235 334 459 347
446 220 869 903 800 259 213 020 282 730 917 576
6.73 3.60 | 239 | 9.25 3.49 760 775 3.30 127 3.98 1.21 3.41
guanine C5H5N50 C00242 2 2 6 6 7 6.04 | 6.04 | 6 4.68 3 1 2
402 290 456 319 352 347 343 513 387 302
636 806 448 295 259 275 444 737 771 055 477 581
4.83 1.99 5.51 029 4.92 8.18 | 238 0.60 | 7.70 | 7.80 | 0.90 1.95
Pyroglutamic acid C5H7NO3 C01879 3 1 8 5.53 1 1 4.21 1 4 7 8 2
350 364 223 249 356 629 999 996 746
399 358 876 219 577 271 086 313 035 996 913 205
D-glyceraldehdye-3- 0.23 436 9.42 | 9.81 1.81 456 5.84 | 613 1.92 1.51 4.13 4.45
phosphate C3H706P C00118 7 5.06 | 2 8 2 4.56 6 2.09 8 3 1 9
443 250 342 331 298 347 341 258 291 266 331
911 809 737 221 430 837 499 874 493 999 878 332
425 | 9.54 | 653 750 9.37 3.48 3.02 7.82 8.71 5.56 3.01 5.59
tyrosine C9HI11INO3 C00082 4 8 8 2.31 1 5 7 2 2 9 8 5
349 350 322 384 440 393 353 317 342 149 466 395
154 217 802 346 153 726 217 325 800 855 100 497
HMDB00 5.36 7.2 | 236 | 240 | 4.57 | 942 8.12 | 2.80 | 2.82 8.69 7.40 1.93
2-Aminooctanoic acid C8H17NO2 00991 2 5 6 9 6 8 5 8 7 2 1 9
402 244 149 225 331 217 228 316 297 271
874 906 346 911 672 698 263 120 439 447 902 876
4.01 6.78 740 834 | 0.76 | 9.69 | 088 9.30 | 5.86 | 6.94 1.57 1.73
cystathionine C7H14N204S C02291 8 9 039 | 9 3 3 5.1 5 2 6 5 6
303 372 184 286 167 344 945 189 546 822 130
617 690 257 871 531 788 894 834. 675 470. 348. 208
C25H40N7017 6.27 875 | 458 2.45 6.25 | 044 | 445 388 6.84 | 903 633 3.44
acetyl-CoA P3S C00024 3 3 647 | 9 1 4 1 4 5 3 5 1
338 317 209 136 925 101 719 242 745 420
817 250 712 223 039 575 945 084 675 983 659 788
0.31 695 5.14 | 447 6.25 144 | 4.07 78.3 5.58 72.6 | 4.68 1.84
fructose-6-phosphate C6H1309P C05345 2 1.66 3 0.53 1 6 6 1 3 5 1 2
342 223 306 229 290 252 195 329 568
670 667 042 008 310 247 466 862 143 398 592 147
770 | 345 | 243 5.02 | 071 414 9.38 826 | 9.61 4.98 8.86 | 779
trehalose-sucrose C12H22011 C00089 9 3 1 8 9.52 5.78 5 3 7 4 8 1.92
279 252 339 156 167 150 100 801 252 795 477
494 472 992 348 109 420 697 112 079 985 510 191
9.85 | 2.96 [ 4.52 6.58 | 0.09 | 99.2 346 | 201 2.63 642 | 498 | 259
glucose-6-phosphate C6H1309P C00668 3 6 3 9 5 6 2 739 | 2 3 4 1
372 172 520 583 919 166 121 888 835 722
508 267 509 742 020 110 227. 218 443 300. 288. 237.
0.24 121 0.73 0.40 | 4.86 102 882 3.00 | 6.56 617 051 659
trehalose-6-Phosphate C12H23014P C00689 9 0.35 6 2 9 115 | 2 7 8 4 5 1
261 234 289 235 247 211 231 259 249 172 162
278 867 773 138 164 002 174 602 233 168 995 075
0.53 3.28 6.34 | 576 | 257 6.57 6.86 1.70 | 273 7.42 19.5 | 289
Citraconic acid C5H604 C02226 9 9 7 8 4 7 4 7 2.17 8 9 7
382 240 161 234 206 104 203 122 114 168 133
966 443 661 755 091 395 562 889 975 222 821 777
9.30 | 3.36 [ 2.59 5.63 4.22 3.87 8.18 8.86 | 053. 5.37 7.09 5.71
phosphoenolpyruvate C3H506P C00074 1 2 3 6 8 3 2 2 242 4 8 3
346 290 146 416 457 576 494 159 112 810 134
293 743 679 810 464 924. 112. 818 914 333 685. 119
1.96 | 4.97 1.46 | 430 | 5.73 556 675 0.69 | 2.34 [ 503. 821 7.21
phosphocreatine C4H10N305P C02305 5 1 1 6 1 2 1 5 2 946 5 3
458 191 120 480 385 292 178 250 555 410
831 658 351 206 240 075 448 633 361 427 447 416
6.19 6.63 6.00 | 554 | 530 | 83.8 35.6 | 789 337 977 19.8 | 29.5
3-phosphoglycerate C3H707P C00197 8 9 5 8 7 8 7 7 13.6 88 8 1
333 236 167 178 208 164 180 164 186 128 183 200
941 028 553 262 296 338 062 336 765 000 952 556
C10H17N2014 6.32 897 | 028 | 9.00 | 437 [ 0.68 7.15 7.85 | 0.56 | 522 | 237 | 2.05
dTTP P3 C00459 2 5 5 2 4 8 2 3 5 5 5 6
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294 176 208 579 505 752 863 855 946 974 674
111 682 025 507 031 070 892 538 109 125 328 501
CI0H14N4011 9.57 4.75 1.68 2.39 7.90 7.39 881 8.12 3.02 7.10 4.19 1.28
1DP C00104 2 3 2 4 1 9 4.59 8 1 2 7 7
202 229 165 222 202 234 235 326 316
212 027 672 796 229 456 743 329 179 292 360 590
787 8.90 3.57 5.47 7.96 6.11 4.12 6.76 652 497 8.17 8.65
aconitate C6H606 C00417 0.96 1 5 5 1 2 6 9 9.88 8.6 4 9
218 184 215 179 225 241 218 112 151 157 159
615 143 740 213 209 709 763 691 963 359 212 044
2.76 3.16 8.81 0.48 982 7.19 523 6.44 3.01 0.71 2.31 5.99
Guanidoacetic acid C3H7N302 C00581 9 6 2 2 3.9 4 3 9 1 2 4 7
196 186 226 132 188 182 237 163 158 107 135
752 393 237 462 920 361 298 223 530 707 908 122
2-Hydroxy-2- 0.33 3.07 6.95 3.30 5.46 2.80 7.30 2.01 8.55 8.40 3.92 264
methylbutanedioic acid C5H805 C02612 8 2 9 9 6 5 1 3 4 9 5 6.97
150 245 189 194 377 318 354 286 320 319 267
188 490 308 722 062 919 432 134 271 838 293 506
458 5.40 8.15 3.12 3.27 6.65 7.02 8.68 8.11 9.81 6.88 0.02
glucose-1-phosphate C6H1309P C00103 0.78 7 7 5 7 2 2 8 6 3 1 6
188 239 131 817 856 188 170 313 836 299 538
618 400 858 074 961. 747 775 303 146. 279 178.
5.10 6.18 5.44 5.89 166 8.74 5.45 221 947 6.02 893
betaine aldehyde C5HI12NO C00576 9 9 7 7 N/A 8 4 8 5 3 9 7
259 180 147 137 192 152 225 174 198 195 139
898 118 214 752 264 459 388 452 090 977 398 665
2.58 274 243 0.78 6.08 7.25 3.14 8.94 8.68 3.10 0.61 5.20
N-acetyl-L-aspartic acid C6HINOS C01042 8 2.86 6 7 9 1 3 1 1 4 9 2
167 186 128 152 158 129 163 152 677 705
126 311 740 450 353 560 847 546 152 063 027 792
432 2.49 8.28 1.89 4.47 2.49 9.61 0.76 062 523 4.71 1.92
itaconic acid C5H604 C00490 6.99 9 1 5 5 6 6 6 9.22 6 8 3
173 130 159 145 123 127 766 153 193 648 290
360 718 948 792 108 588 548. 917 97.8 3.25 106 70.9
S-adenosyl-L- 9.79 2.05 0.77 1.46 8.92 1.76 519 4.45 311 381 78.7 861
homocysteine C14H20N605S C00021 8 2 2 1 8 1 6 4 7 7 939 9
159 154 189 172 197 225 212 294 287 463 377
704 145 882 230 037 581 038 812 553 894 646 586
7.00 758 9.49 9.28 1.48 2.24 6.64 2.57 7.22 1.19 1.69 6.34
xanthosine CI0H12N406 C01762 6 6.81 1 7 9 1 8 4 9 6 1 1
165 111 181 125 115 147 208 197 844 970
567 689 480 187 974 888 249 338 750 751. 455. 110
C14H27N4011 4.98 6.60 3.78 978 3.75 5.42 7.77 9.22 7.45 908 965 668
CDP-choline P2 C00307 4 2 6 7.14 1 1 4 4 3 2 1 9.98
179 150 119 230 192 223 199 224 261 256
999 013 875 298 158 212 801 902 088 678 005 220
CIO0HI5N5011 2.08 5.68 9.37 1.89 1.07 120 9.60 3.36 6.97 9.48 6.13 392
GDP P2 C00035 5 8 1 4 1 4.44 4 4 7 4 2 4.99
147 138 150 184 115 136 194 121 117 127
325 235 158 787 887 224 909 168 660 806 334 679
CI11H20N4011 2.10 9.70 710 3.58 1.84 9.57 9.59 613 5.31 9.28 5.27 1.33
CDP-ethanolamine P2 C00570 5 8 0.87 6 9 9 7 7.08 7 6 1 4
153 110 156 975 105 454 375 405 310 879 308 198
159 082 892 302. 758 031 964 000 715 745 849 273
2.07 5.89 2.61 271 1.41 4.07 2.73 8.62 7.30 0.46 8.54 8.94
D-erythrose-4-phosphate C4H907P C00279 8 7 6 5 6 1 2 8 5 1 4 4
181 104 131 539 339 125 426 747 100 148 980
956 386 079 408 406 533 823 553 013 209 110 208
0.46 6.91 6.38 8.17 7.28 43.8 4.53 9.53 08.9 027 06.1 9.24
IMP CI10H13N408P C00130 6 9 1 2 9 7 2 9 4 11.3 4 6
155 111 114 831 787 610 629 119 846 928
907 468 144 143 326 901. 173. 221. 190. 072 004. 536.
2.39 7.90 910 200 7.22 967 728 939 927 5.73 145 796
D-gluconate C6H1207 C00257 7 1 4.75 9.78 6 7 7 9 8 6 3 5
128 156 127 996 139 123 108 106 119 115 141 148
953 029 197 714. 350 159 823 571 028 300 640 957
7.54 6.54 2.13 101 6.45 5.99 5.19 5.75 7.90 6.80 4.02 2.90
2-Isopropylmalic acid C7H1205 C02504 6 7 9 7 4 8 1 3 4 9 8 3
133 112 143 805 106 115 761 737 805 202 234 181
704 590 235 261. 007 598 009. 696. 035. 682 014 666
1.21 2.39 4.63 335 0.48 2.24 671 720 684 0.95 5.82 9.47
shikimate C7H1005 C00493 8 8 6 8 7 3 7 8 2 7 4 5
103 892 703 951 767 998 891 101 945 107 103
163 230 783. 639. 419. 213. 872. 018. 302 600. 527 726
C27H33N9015 600 0.93 320 488 525 282 996 946 1.69 678 4.49 9.53
FAD P2 C00016 6.61 7 2 6 3 9 5 3 7 1 7 6
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154 107 847 988 657 330 333 732 740 294 457 287
398 907 483. 164. 666. 833. 672. 395. 314. 249. 192. 129.
3.70 8.39 547 007 073 422 945 585 092 891 218 677
Cystine C6H12N204S2 C00491 2 3 8 4 2 4 2 4 6 8 9 5
116 812 136 171 177 116 146 144 141 174 122
00447 764 211. 316 273 740 450 712 122 902 404 356 453
4.55 952 1.80 533 8.61 9.79 2.38 517 8.83 6.81 0.98 1.36
SBP C7H16013P2 8 2 6 9 8 7 6 4.38 4 3 9 7
152 856 124 274 312 386 494 506
130 801. 810 344 131 358 127 411 038 271 808 753
C21H36N7016 0.54 074 648. 1.71 170 3.53 164 5.48 6.43 4.70 723 6.78
coenzyme A P3S C00010 5 5 766 6 8.47 8 6.67 3 5 3 4.02 9
124 102 836 741 881 482 606 470 611 519
175 080 837 019. 766. 601 650. 139. 533. 513. 406. 607.
CI0H16N5012 1.29 0.31 754. 796 015 529. 937 184 998 099 254 752
dATP P3 C00131 6 6 874 1 5 121 7 2 4 3 5 3
101 703 120 762 114 667 860 606 429 279 328
262 173. 963 914. 287 704. 752. 079. 214. 548. 344 738.
0.33 708 4.18 462 9.75 406 628 502 097 262 380. 812
quinolinate C7H5NO4 C03722 8 7 9 3 5 9 8 7 7 8 29 2
837 100 960 214 723 983 129 116 250 181 737
504. 473 317. 581 075. 288. 467 858 106 714 471 843.
238 1.74 424 1.02 650 819 3.44 3.85 590 3.81 7.06 291
dAMP CI0H14N506P C00360 6 8 2 2 8 5 8 4 5.68 3 5 6
109 686 967 767 948 984 105 812 951 939
438 386. 542. 967. 868. 973 258. 228 101 198. 752. 414.
9.32 694 138 799 088 011. 917 2.38 969 015 576 689
allantoin C4H6N403 CO01551 8 9 4 6 1 901 8 3 1.55 8 7 5
100 756 954 873 787 101 847 871 912 944 864 822
827 225. 899. 472. 877. 578 501. 415. 984. 218. 513. 608.
1.92 613 796 055 992 1.42 066 870 029 057 559 799
Methylcysteine C4HONO2S C22040 6 8 1 5 8 5 9 2 9 7 1 6
854 920 882 105 212 715 923 145 130 604 112 317
197. 867. 666. 305 442 959. 779. 949. 970. 63.1 895. 48.3
trans, trans-farnesyl 687 170 698 1.23 3.34 430 966 216 664 379 322 587
diphosphate C15H2807P2 C00448 7 5 9 6 6 1 9 2 7 3 3 2
946 506 709 932 943 849 746 798 785 560
342. 744 921 521. 200. 349. 651. 735. 060. 133. 029. 755.
712 312. 410. 627 244 460 710 264 277 807 818 267
1-Methyl-Histidine C7HI11IN302 Co01152 1 161 046 9 6 9 4 8 4 2 3 8
817 882 905 489 661 488 423 741 674
891. 400. 825 687 398. 539. 621 845. 695. 778. 208. 515.
264 810 922. 757. 081 461 030. 061 094 550 144 576
Methionine sulfoxide CSH1INO3S C02989 5 8 433 529 9 7 377 1 6 2 1 7
755 884 875 187 167 154 162 165 157 199 170
149. 687. 219. 313 447 865 908 489 154 072 433 287
CI2H19N407P 771 891 489 3.53 0.15 3.98 9.02 3.54 247 3.03 1.07 5.56
Thiamine pyrophosphate 28 C00068 2 7 5 2 8 8 2 3 9.98 7 9 5
838 774 881 938 964 821 761 801 696 538 524 600
993. 976. 007. 114. 229. 917. 929. 629. 456. 617. 277. 044.
644 653 887 535 485 640 042 781 674 608 761 014
2-oxobutanoate C4H603 C00109 5 6 4 5 5 5 7 3 2 8 4 5
860 756 792 746 935 609 746 583 533 436 576
257. 432. 149. 471. 966. 172. 822 208. 658. 953. 726. 361.
822 915 820 038 872 243 550. 502 079 746 604 365
acetoacetate C4H603 C00164 9 3 8 4 3 7 747 1 6 7 9 5
827 727 699 600 744 659 710 808 614 724 608
184. 354. 986. 278. 376. 038. 302. 918. 609. 538. 776 550.
620 150 617 380 374 775 883 597 579 081 807. 468
glycerate C3H604 C00258 4 1 6 4 6 4 5 8 5 8 497 5
832 736 672 738 474 716 686 388 753 689 468
192. 916. 364. 232. 713 201. 190. 569. 780. 261. 838. 899.
812 819 081 331 334. 075 864 052 198 596 706 604
Ascorbic acid C6H806 C00072 5 5 8 2 712 5 5 6 7 1 7 8
830 589 820 591 749 696 698 552 455 808 503 356
376. 211. 528. 801. 806. 223. 493. 686. 945. 804. 513. 117.
743 812 540 046 490 886 389 804 625 205 359 038
Cellobiose CI12H22011 C00185 2 6 5 7 7 7 5 7 5 7 7 7
683 316 256 100 497 793 272 196 852
123 088. 946. 598 910 865 140 818 100 813 842 436
907 157 332 471 3.03 78.9 4.22 6.35 322 39.1 63.3 523
GMP CI0H14N508P C00144 53 5 8 1.66 6 6 6 5 53.4 3 3 6
774 694 745 750 707 705 766 798 588 720 658
951. 438. 240. 087. 372. 870. 988. 341. 128. 213. 528. 594
844 139 287 788 751 381 633 524 746 025 679 880.
valine C5HI1INO2 C00183 3 2 8 1 4 6 2 8 1 8 6 007
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707 579 751 526 468 915 833 793 765 611 536 581
600. 749. 695. 838. 498. 552. 143. 013. 541. 683. 696. 932.
121 999 384 869 865 734 527 040 177 229 213 756
Kynurenic acid C10H7NO3 C01717 8 8 8 5 4 6 1 3 7 5 4 5
678 648 559 722 524 630 878 814 515 899
361. 907. 666 900. 977. 437. 477. 956. 938. 559. 835 424.
859 720 326. 335 358 056 046 201 799 695 038. 794
lysine C6H14N202 C00047 2 5 375 6 6 1 4 3 8 9 497 5
672 447 501 462 515 440 509 586 288 556 437
813 174. 438. 822. 832. 235. 457. 916. 176. 384. 698. 680.
802. 371 557 008 480 577 079 946 769 734 127 394
1,3-diphopshateglycerate C3H8010P2 C00236 068 2 9 5 7 8 6 2 9 2 9 9
710 432 744 793 968 131 131 121 207 803 172
497. 271. 241. 235. 956. 082 549 215 647 987. 161 574
109 562 530 485 729 397 | 4.16 7.07 7.68 697 715 0.78
Geranyl-PP C10H2007P2 C00341 1 9 7 2 8 2 1 1 4 7 5.13 5
906 429 897 137 113 163 137 126 113 139
711. 996. 519 833. 796 935 167 137 025 281 388 319
030 543 061. 358 689. 3.85 3.61 2.82 | 2.98 7.89 | 0.00 | 2.87
deoxyribose-phosphate C5H1107P C00673 8 6 839 9 962 1 9 2 1 9 6 9
558 557 669 604 577 323 344 554 776 383 388 377
351. 850. 481. 158. 869. 946. 799. 142. 442. 732. 068. 284.
447 415 335 304 588 288 440 322 283 750 281 407
cysteine C3H7NO2S C00097 3 3 8 4 9 7 9 9 1 8 1 4
612 796 356 452 177 127 910 200 191 318 163
430. 361 297. 071. 089. 810 674 720. 625 286 950 906
129 303. 116 589 234 8.54 1.82 667 1.35 5.07 336 | 044
methylnicotinamide C7HIN20 C02918 8 424 9 6 1 3 1 1 6 4 2 3
505 544 591 440 460 305 458 418 418 303 483
225. 484. 220. 167. 806. 030. 618. 047. 946. 000. 062. 376
012 406 917 591 496 882 939 895 729 117 961 472.
3-hydroxybuterate C4H803 C01089 5 1 8 8 8 4 6 8 4 1 6 397
602 454 469 224 325 234 424 327 244 294
272. 817. 659. 392 179. 634. 851. 687. 416 450. 611. 187.
698 454 275 820. 143 512 714 666 079. 237 647 026
orotate C5H4N204 C00295 7 5 8 538 8 7 5 5 341 4 5 6
404 583 531 643 607 459 502 536 446 363 464
228. 503. 799. 438. 627. 850. 118. 643. 751. 747. 733 275.
434 979 037 089 133 394 146 812 182 072 771. 564
Xanthurenic acid C10H7NO4 C02470 4 6 2 9 6 1 1 3 5 9 581 3
478 537 497 331 507 550 457 474 406 422 385
642. 259. 732. 608. 478 782. 826. 942. 707. 078. 842. 259.
972 225 962 280 366. 316 013 128 450 862 293 592
Aminoadipic acid C6H11NO4 C00956 9 9 3 5 793 6 2 1 3 9 8 7
544 469 409 527 580 338 445 416
161. 458 059. 381. 494 578 449. 840. 509 558. 067. 053.
253 665. 051 461 565. 952. 679 647 126. 615 956 374
4-aminobutyrate C4HINO2 C00334 1 397 2 8 027 199 1 4 395 8 8 9
558 502 396 464 538 514 422 417 380 363
686. 599. 046. 524 258. 979. 221. 959. 916. 412 425. 810.
335 922 063 973. 994 826 199 778 431 698. 347 171
Indole-3-carboxylic acid COH7NO2 C19837 5 9 5 181 3 5 4 2 1 394 9 8
419 585 432 813 640 542 914 600 677 543 695 756
475. 642. 856. 257. 315. 750. 691. 431. 350. 685. 169. 989.
838 572 528 769 598 246 175 665 534 273 310 416
dihydroorotate C5H6N204 C00337 9 6 3 1 3 9 5 6 8 5 3 3
577 455 401 940 850 787 126 261 156
281. 833. 353. 881 126. 514. 863. 034 182 018 277 135
C21H29N7014 018 231 229 164. 952 979 379 4.88 581 2.41 574 1.76
NADH P2 C00004 7 7 7 2 7 1 1 7 1 2 2.4 2
652 491 214 980 973 148 693 192 214 393 267 162
886. 771. 018. 556. 455. 275 711. 109 015 287 317 306
930 227 592 772 328 7.28 | 072 9.21 9.19 6.79 | 0.07 | 226
UMP C9H13N209P C00105 1 7 3 4 3 2 9 9 4 2 3 4
477 437 402 360 326 352 356 350 379 385 347 416
805. 900. 658. 831. 881. 052. 519. 185. 659. 558. 994. 298.
645 065 337 341 836 130 116 109 520 929 824 043
N-carbamoyl-L-aspartate CSH8N205 C00438 6 4 3 9 6 5 5 3 5 5 2 1
507 261 515 311 234 317 190 329 209 212
189. 869. 788. 568. 204 994. 736. 350 631. 745. 920. 393.
346 937 005 839 743. 795 420 986. 622 121 676 219
Uric acid C5H4N403 C00366 6 6 7 6 932 9 4 671 9 5 7 3
505 358 409 406 517 363 467 490 377 588 485
643. 736. 848. 191. 529. 122. 412 597. 833. 467. 628. 279.
014 281 936 506 302 959 691. 953 717 572 233 025
citrulline C6H13N303 C00327 1 5 1 9 6 4 89 4 9 3 2 9
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484 376 386 432 361 307 549 237 187 161 176 204
335. 173. 389. 518. 710. 015. 907. 050. 646. 175. 865. 660.
CY9H16N3013P 781 658 467 617 803 510 904 253 051 153 891 722
dCTP 3 C00458 4 8 7 7 3 4 3 3 9 2 1 6
498 406 325 407 255 255 215 260 233 232 198
321. 594. 248. 713. 455 314. 802. 240. 283. 305. 737. 760.
456 855 397 013 788. 457 327 115 201 671 406 692
cyclic-AMP CI0H12N506P C00575 1 7 7 1 45 9 3 6 4 1 2 7
581 174 469 147 515 717 200 858 391 102 273 350
701. 005. 195. 470. 319. 964. 534. 995. 122. 019 867. 538.
HMDB00 542 438 294 927 667 589 497 248 011 6.49 992 703
N-acetyl-glutamine C7H12N204 06029 9 6 1 3 2 8 3 6 7 8 4 2
423 452 313 429 417 412 377 335 335
488. 330 361. 295. 358 214. 408. 749. 179. 322 104. 601.
222 842. 798 705 765. 673 073 211 369 863. 033 952
2-ketohaxanoic acid C6H1003 C00902 3 285 6 2 876 7 5 1 1 892 2 5
492 317 395 384 207 518 390 480 306 414 338
267. 163. 394. 451. 270 825 223. 907 529 412 873 087
153 581 173 162 745. 0.79 259 4.74 6.34 6.95 6.59 7.42
ethanolamine C2H7NO C00189 9 1 4 7 707 2 2 8 3 4 4 7
478 376 328 106 100 114 102 100 105 109 970
616. 146. 636. 374 233 895 739 240 930 399 114 744.
C9H15N3011P 336 571 405 7.35 2.86 6.82 2.80 5.66 6.95 2.56 336 867
CDP 2 C00112 1 1 1 1 6 5 8 5 7 4 8.96 5
358 379 337 440 414 495 317 375 370 276 351
856. 418. 686. 813. 644. 374. 423. 994. 584. 308. 192 774.
864 896 312 663 129 691 379 144 919 788 078. 151
biotin CI0H16N203S C00120 5 8 9 3 1 9 8 7 4 6 569 8
347 292 416 372 509 670 523 545 794 770 981
421. 018. 435 107. 672. 345. 612. 795. 831. 532. 527. 866.
008 273 441. 422 315 719 055 965 089 782 619 516
glucosamine C6H13NO5 C00329 2 4 734 3 2 5 6 5 6 8 6 6
485 197 301 496 583 393 415 348 484 429 401
773. 369. 364. 366. 079. 484. 445 130. 759. 547. 297. 298.
C17H27N3017 850 484 564 550 930 456 131. 135 950 977 223 905
N-acetyl-glucosamine P2 C00140 7 5 3 8 6 5 535 3 7 4 5 9
309 229 440 249 394 291 362 235 211 176
307. 618. 444, 187 294. 895. 255. 961. 427. 165 316. 037.
405 283 092 055. 402 843 338 306 296 780. 448 241
N-acetyl-glutamate C7HIINOS C00624 6 5 6 163 6 9 6 8 4 436 1 5
385 439 235 235 550 245 443 465 311 275 266
488. 148 097. 749. 597. 955. 697. 250. 577. 817. 315. 761.
841 067. 298 200 167 303 626 816 123 155 380 336
nicotinate C6HS5NO2 C00253 6 065 4 6 3 1 6 3 8 6 5 5
234 342 394 215 243 766 228 189 206 280 571
403. 141. 375. 446. 757. 34.7 142 540. 563. 49.2 32.7 08.9
387 519 761 057 993 858 818. 825 283 055 609 928
AICAR C9H15N408P C04677 8 2 3 4 6 8 576 9 6 3 4 6
262 268 410 285 513 101
437 415. 099. 756. 979. 261 306 375 231. 899 101 233
290. 116 099 869 656 542. 126. 518. 244 403. 227 0.01
OBP C8H18014P2 235 5 3 9 5 552 864 777 8 137 4.1 9
473 302 149 334 255 287 261 168 206 184
822. 273. 922. 188. 583. 090. 785. 177. 418. 120 345 346.
2,3-Diphosphoglyceric 800 065 870 537 600 657 510 290 689 758. 762. 596
acid C3H8010P2 CO01159 7 9 5 1 2 9 9 4 2 525 541 9
485 224 213 351 439 278 300 294 272 406 358 390
536. 587. 808. 854. 369. 148. 509. 909. 657. 332. 974. 723.
C25H40N7019 470 237 026 773 921 907 675 259 904 717 663 350
succinyl-CoA P3S C00091 5 4 8 1 5 7 2 4 8 2 3 6
521 217 174 524 505 594 701 503 617 577 547
923. 286. 342. 583. 789. 51.8 94.0 136. 796. 337 998. 569.
C21H30N7017 490 322 875 978 764 961 730 034 726 932. 989 379
NADPH P3 C00005 5 8 8 2 9 2 3 3 3 143 5 3
286 311 291 262 312 326 253 291 330 286
581. 292. 890. 768. 246. 211. 266 395. 966. 255 603. 485.
717 695 632 302 275 763 774. 417 637 198. 973 096
allantoate C4H8N404 C00499 8 8 6 3 8 4 398 2 8 418 2 6
245 145 166 262 256 179 244 229 195
130 392 642. 515. 231. 395. 190 624. 374. 368. 407. 893.
5-phosphoribosyl-1- 854. 885. 932 787 907 580 129. 610 366 626 583 859
pyrophosphate C5H13014P3 C00119 924 526 9 7 1 5 818 1 4 2 6 2
292 212 251 274 233 293 285 390 312 244 370 334
324. 206. 008. 155. 113. 812. 913. 077. 812. 175. 110. 442.
758 630 072 965 629 670 180 733 127 514 489 125
Phenyllactic acid C9H1003 C05607 5 8 5 8 3 8 9 5 7 5 3 6
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444 154 325 197 795 123 157 187 111
459. 137 408. 945 570 603. 013. 353. 629 724 501 394
686 916. 951 398. 754. 138 672 628 4.20 1.90 3.64 242
6-phospho-D-gluconate C6H13010P C00345 1 928 1 585 829 9 5 1 4 9 1 8
271 218 317 438 309 312 312 240 575 390
193 664. 031. 262. 122. 649. 138. 413 017. 499. 322. 666.
CI12H17N404P 383. 408 270 712 988 886 168 455. 570 218 466 983
thiamine-phosphate S C01081 599 1 4 7 7 9 6 808 6 3 7 4
219 187 261 180 231 251 259 171 253 319 247 196
247. 188. 344, 208. 506. 493. 915. 600. 630. 050. 056. 310.
282 021 775 326 332 989 426 332 000 439 631 831
purine C5H4N4 C00465 2 6 5 5 9 5 3 3 4 3 4 8
277 184 197 152 154 184 151 169 174 947 140 118
391. 020. 993. 640. 496. 813. 956. 219. 928. 61.0 407. 080.
884 177 948 679 753 703 672 860 518 324 036 603
hydroxyphenylpyruvate C9H804 01179 2 7 7 8 1 3 9 3 2 8 7 1
227 238 134 182 223 225 256 173 127 121
043. 188 946. 181. 036. 576. 481. 071. 790. 996. 976. 134
986 664. 149 270 169 666 599 094 272 063 520 680.
glyoxylate C2H203 C00048 4 981 3 4 1 9 7 2 1 1 4 642
210 347 812 401 359 143 120 112 280 129 373 412
588. 685. 94.6 345. 817. 163. 209. 859. 472. 718. 982. 298.
446 692 565 361 916 657 147 679 497 142 221 974
3-phospho-serine C3H8NOG6P C01005 5 3 9 9 5 2 2 9 6 6 6 4
271 129 205 363 199 254 209 447 537 837 178 193
687. 696. 642. 269. 966. 243 16.2 37.6 01.9 32.6 691. 426.
096 146 183 378 566 909 697 068 545 576 253 804
cytidine C9H13N305 C00475 2 2 2 5 2 8 9 3 2 2 2 8
134 158 292 230 155 276 318 281 275 211 394 262
418. 060. 383. 034. 705. 271. 693. 490. 694. 253. 098. 778.
139 156 175 172 196 046 883 659 539 605 592 181
dTMP CI0H15N208P C00364 9 8 9 8 6 3 4 6 2 7 2 4
173 172 182 199 191 999 905 120 112 851 112 101
564. 159. 365. 816. 735. 38.6 284 615. 254. 63.7 507. 328.
884 227 080 198 764 835 871 013 169 696 045 592
spermidine C7HI9N3 C00315 6 9 9 4 6 1 7 3 6 6 6 8
219 920 210 112 124 164 184 162 118 198 158 153
937. 54.1 255. 056. 815. 032. 114. 987. 781. 342. 706. 680.
166 181 222 025 921 057 834 413 763 567 279 555
indole C8H7N C00463 9 2 2 3 6 1 5 2 2 6 7 6
219 112 163 591 637 627 624 859 661 457
314. 065. 048. 569. 396 667. 031. 679. 584 700. 480. 365.
adenosine 5- CI0H14N5010 119 621 614 813 606. 709 800 464 781. 700 766 832
phosphosulfate PS 00224 3 9 2 9 628 1 5 5 749 3 3 2
213 122 155 518 413 103 726 721 158 115
887. 301. 572. 866. 192. 507 474. 995. 666 814 139 321
CIO0H16N2011 141 990 896 548 154 5.96 891 250 659. 1.87 164 4.96
dTDP P2 C00363 7 9 3 7 1 5 8 9 587 2 6.3 4
175 129 167 143 111 107 208 113 634 165 941 759
085. 486. 313. 689. 508. 392. 855. 148. 31.8 909. 47.5 09.8
286 763 675 487 318 890 228 540 932 903 068 924
folate CI9HI9N706 C00504 3 3 2 7 8 7 5 2 3 6 8 2
842 130 232 224 142 812 785 138 790 521 593 738
83.0 975. 576. 329. 948. 07.1 47.1 348. 29.0 87.6 07.3 27.2
879 020 055 302 003 199 497 652 375 146 402 394
4-Pyridoxic acid C8HONO4 C00847 3 9 5 6 6 9 3 8 5 3 9 2
146 141 190 152 369 299 458 502 486 607
517. 905. 123 443. 459. 337. 583. 407. 258. 940. 517 920.
S-ribosyl-L- 024 307 529. 220 345 434 889 046 963 713 365. 091
homocysteine CY9H17NO6S C03539 9 2 066 4 7 7 9 9 2 8 161 6
142 134 126 136 180 131 105 138 130 141 112
guanosine 5- 041. 263. 506. 245. 015. 139 322. 732. 703. 536. 469. 872.
diphosphate,3- CIOH11IN5017 781 591 276 676 579 509. 924 649 732 421 684 504
diphosphate P4 C01228 2 4 5 6 2 69 7 5 9 8 5 2
135 107 740 645 128 127 134 810 834 941 131
882. 154 353. 76.5 08.4 907. 178. 606. 87.2 14.6 49.2 313.
277 436. 744 130 459 378 921 793 780 159 979 673
5-methyl-THF C20H25N706 00440 7 596 5 5 7 7 8 7 6 8 8 7
151 873 155 170 140 178 116 150 144 167 188
440. 47.7 246. 507. 352. 031. 518. 041. 155. 875. 143 044.
749 633 116 403 839 232 377 338 397 207 416. 004
2-dehydro-D-gluconate C6H1007 C06473 5 8 5 3 1 4 7 5 5 8 769 8
167 833 140 150 151 357 163 249 253 410 328 389
931. 38.5 784. 542. 895. 025. 376. 927. 401. 205. 769. 743.
459 742 216 671 468 846 032 555 481 774 420 118
cytosine C4H5N30 C00380 1 8 9 4 1 5 9 2 9 2 1 3
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798 188 115 774 787 102 836 842 811 894 829
81.0 830. 501. 585. 234. 076 425. 368. 990. 797. 748 309.
2,3-dihydroxybenzoic 809 114 516 549 364 6.97 333 011 803 131 387. 419
acid C7H604 C00196 8 3 9 5 9 5 8 6 5 1 557 3
743 146 153 247 223 111 227 105 106 822 148
20.8 664. 512. 450. 851. 533. 081. 582. 588. 638 59.9 229.
943 461 293 497 985 213 245 583 235 83.5 507 977
thymine CSH6N202 C00178 5 7 9 1 9 4 7 2 1 541 7 3
198 985 559 774 943 409 568 396 314 465 437
131. 701 71.9 49.7 29.4 44.7 73.1 05.4 18.4 36.3 41.3 47.4
649 97.3 512 710 672 005 427 349 617 730 442 513
lipoate C8H1402S2 C00725 1 259 5 7 5 7 1 2 3 9 9 9
137 111 103 875 849 631 214 125 147 224 479 365
210. 585. 691. 79.3 70.4 44.7 628. 957. 966. 102. 678. 992.
220 102 357 876 139 902 581 281 676 466 657 752
guanosine CI0H13N505 C00387 5 5 3 5 3 7 7 4 2 7 8 5
156 101 111 101 563 834 651 558 834 597 844
394. 846 910. 665. 305. 80.5 38.4 71.9 19.0 30.0 57.5 212
C21H35N7013 774 63.8 739 568 266 747 095 525 025 573 192 562
dephospho-CoA P2S C00882 1 312 6 9 4 1 4 3 8 3 9 2
125 685 875 101 850 884 727 863 758 827
191. 41.7 105 31.9 402. 124 82.9 29.8 249 18.3 34.0 18.4
836 754 718. 757 211 641. 526 615 643 633 734 412
D-glucarate C6H1008 C00818 5 2 642 1 3 993 3 7 6 2 9 9
852 103 107 411 644 129 279 132
89.8 138. 898. 04.9 10.4 112. 28.6 339 760.
HMDB00 475 696 567 627 803 151 603 383 959
Indoleacrylic acid CI1H9NO2 00734 4 5 3 N/A N/A 9 3 8 3 058 N/A 9
105 938 954 149 853 968 430 119 132 874 174 139
621. 84.7 64.1 922. 88.0 30.2 34.8 586. 386. 09.3 705. 183.
Hydroxyphenylacetic 545 579 857 034 964 290 059 643 285 395 825 553
acid C8HB803 C05852 9 4 3 4 5 1 6 8 3 2 2 2
118 745 679 701 486 779 332 562 144
997. 10.3 919 321 68.4 453 14.5 454 703 85.4 31.6 31.9
337 825 23.1 78.2 218 069 422 476 97.9 732 062 652
deoxyadenosine CI0H13N503 C00559 7 1 056 268 4 9 3 6 222 9 5 1
643 963 121 113 449 313 289 521 347 316
124 14.3 99.7 648. 211. 042. 311 951. 980. 143. 672. 793.
D-glucono-1, 5-lactone 173. 388 632 603 121 809 95.0 400 735 895 201 079
6-phosphate C6H1109P C01236 256 4 6 2 3 4 813 7 8 7 5 8
107 916 958 126 462 112 147 941
409. 58.1 759 01.0 356. 717 445 48.4 793 308. 826. 39.2
C25H40N7018 108 851 58.9 787 117 76.6 98.0 637 28.7 513 180 265
acetoacetyl-CoA P3S C00332 8 9 444 2 1 456 049 2 167 9 3 9
103 727 964 121 115 151 119 159 225 212 303
964. 74.9 52.9 222. 187. 033. 742. 156. 283. 273. 500 034.
299 413 916 553 848 406 426 974 173 776 179. 077
dUMP C9H13N208P C00365 9 4 7 9 7 7 4 2 3 1 502 5
701 988 107 115 784 883 557 733 954
76.2 938 73.4 787. 122. 74.1 37.0 899 30.7 61.4 272 794
271 29.4 348 872 277 158 149 17.7 651 639 624 24.8
homocysteic acid C4HINOS5S Cl6511 5 393 3 8 3 8 5 117 8 9 9 096
717 963 736 916 131 134 115 844 148 194 145
73.7 20.6 843 70.3 78.0 538. 484. 434. 88.8 857. 797. 812.
284 528 39.6 584 393 749 291 191 228 803 787 701
homocysteine C4HONO2S C00155 5 1 345 5 2 7 2 4 4 2 1 2
568 102 870 500 562 389 423 555 369 669 731 628
92.5 662. 01.1 30.5 28.8 68.7 26.6 26.6 26.7 74.1 55.5 95.0
110 639 876 853 549 859 563 201 444 630 186 210
Atrolactic acid C9H1005 C05584 9 3 2 4 1 5 3 9 1 3 2 4
639 948 731 657 700 464 762 901 827 691 971
55.5 789 99.8 26.2 19.8 90.6 07.3 62.9 33.9 25.0 18.4 12.3
185 81.6 092 773 413 651 541 524 503 532 922 081
Imidazoleacetic acid C6H8N202 C02835 5 003 4 8 7 6 4 7 4 5 8 1
844 731 689 216 153 225 141 885 189 281 328 245
64.2 70.7 62.1 09.7 755. 556. 646. 98.3 177. 098. 913. 571.
501 401 240 240 667 657 916 241 460 344 150 409
p-aminobenzoate C7HTNO2 C00568 6 3 9 4 3 2 3 7 9 7 7 3
958 576 611 222 494 106 574 815 484
42.8 20.0 728 38.8 603 812 91.7 1.57 12.4 2.51 0.49 5.97
C24H38N7019 079 837 28.1 294 29.2 8.24 693 695 069 618 389 447
malonyl-CoA P3S C00083 4 1 161 7 906 315 7 7 3 7 7 7
463 779 101 403 997 614 754 109 411 850 465
76.4 55.7 197. 05.5 48.3 01.3 39.9 622. 14.1 97.7 94.7
3-methylphenylacetic HMDB00 687 317 710 306 814 943 690 940 496 304 718
acid C9H1002 02222 6 5 3 2 6 5 N/A 1 4 4 1 9
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105 345 806 477 746 328 150 131 221 267 363 281
037. 07.4 29.0 72.3 69.5 412. 146. 773. 950. 132. 269. 799.
926 057 856 152 126 248 583 574 206 443 088 659
anthranilate CT7HTNO2 C00108 1 4 5 9 4 2 6 3 6 6 6 5
933 578 611 107 142 110 922 614 135 754
239 13.3 27.0 364. 185. 581. 754 56.2 69.0 210. 34.0 825
614 616 811 526 207 371 60.1 466 586 166 637 22.6
dCMP C9H14N307P C00239 1 8 3 5 9 4 201 9 6 2 4 987
495 102 536 447 625 467 518 359 560 396 666 403
68.5 168. 03.7 97.4 42.4 91.0 37.7 64.3 47.7 37.0 96.5 38.7
865 367 943 014 630 955 850 864 857 970 368 549
spermine CI10H26N4 C00750 3 9 3 4 6 2 7 8 3 8 3 7
767 732 538 295 314 247 285 780 424 438
47.9 462 54.9 02.1 716 78.6 23.5 98.1 74.8 02.7 99.2 04.6
789 19.0 582 565 97.7 609 934 701 847 062 270 100
deoxyguanosine CI0H13N504 C00330 2 579 5 3 952 7 9 5 8 4 3 5
648 707 558 492 459 346 393 397 524 498 537
10.2 57.6 86.5 40.1 22.8 06.6 93.0 35.7 43.7 236 61.0 48.3
666 321 371 609 929 495 321 171 297 78.7 268 957
pyruvate C3H403 C00022 7 7 5 8 1 2 1 4 4 862 5 8
760 514 125 105 101 950 736 680 676
72.0 93.4 732. 459. 718. 65.8 86.2 61.5 84.8
086 955 887 360 179 134 863 310 367
Nicotinamide ribotide CI11HI15N208P C00455 N/A 2 3 N/A 3 2 4 6 N/A 9 5 4
103 315 138 127 173 392 748 388 751 588 213
18.3 42.1 516. 734. 933. 22.1 67.4 88.6 28.8 10.7 253 85.3
994 069 881 301 630 398 824 313 189 862 62.9 854
N-acetyl spermidine C9H2IN30O C00612 8 2 2 9 3 7 2 8 7 2 506 1
737 521 501 745 644 673 641 542 561
701 357 20.3 451 72.5 02.1 37.5 57.3 17.2 59.9 47.0 64.0
22.7 89.2 441 37.2 031 626 351 035 774 549 028 502
Kynurenine CI0H12N203 C00328 693 307 3 146 8 8 9 3 4 4 6 3
577 438 774 412 405 161 890 120 120 301 145 809
87.5 55.9 38.0 94.3 252 836. 49.6 198. 576. 776. 352. 16.6
D-glucosamine-6- 985 324 824 417 291 634 849 604 903 774 495 034
phosphate C6H14NO8P C00352 1 6 8 6 1 2 4 8 3 7 9 7
654 626 499 546 124 560 102 199 271 164 181
492 61.9 47.9 24.6 48.3 51.3 86.4 88.1 74.3 88.0 83.2 30.3
37.7 567 114 859 737 696 087 861 914 690 640 969
deoxyuridine C9H12N205 C00526 918 8 4 5 8 5 1 9 2 8 4 4
496 769 363 743 309 450 334 772 511
462 35.8 91.9 39.5 28.5 03.9 08.9 923 536 690 29.0 22.0
14.2 694 433 762 594 631 183 544 94.6 83.9 465 805
4-phosphopantothenate C9H18NOSP 03492 247 1 8 2 1 4 6 7 36 347 7 6
507 310 877 305 411 116 113 106 165 179 705 251
39.6 99.7 07.8 53.0 39.0 001. 803. 316. 394. 081. 484. 227.
671 403 254 196 290 703 947 798 431 005 794 129
uridine C9H12N206 C00299 5 4 6 4 5 4 2 5 1 6 7 8
680 142 194 606 214 266 202 178 265
440 31.4 572 79.2 243 9.34 29.8 63.7 115 59.8 03.9 95.6
98.7 365 349 616 256 970 797 578 15.7 906 983 281
N-acetyl spermine CI12H28N40 C02567 747 8 751 5 4 2 9 9 422 1 8 2
552 577 521 222 338 304 344 214 187 271 276
64.3 67.7 79.1 77.1 73.2 233 511 78.0 264 90.6 08.6 99.7
935 786 704 131 638 533 921 545 355 046 933 974
Taurodeoxycholic acid C26H45N0O6S C05463 4 9 3 3 3 8 4 9 799 2 4 3
434 712 608 586 802 572 738 357 140 447
468 66.1 54.8 85.3 76.0 26.1 244 13.2 252 031. 36.1 406
38.6 702 492 022 843 270 248 954 030 375 550 17.7
glycolate C2H403 C00160 735 4 6 3 1 9 4 8 1 1 3 246
745 425 351 233 232 319 272 256 224 290 256 257
284 85.0 26.8 996. 073. 301. 079. 657. 499. 766. 981. 929.
C9H15N3010P 443 819 116 247 150 811 875 500 932 794 431 239
dCDP 2 C00705 6 2 2 9 2 1 1 5 4 4 2 6
700 387 437 538 419 561 403 294 231 295 190
86.5 428 27.5 68.4 09.6 25.8 35.6 28.7 54.3 03.8 49.6 45.8
C9H15N2014P 339 95.5 752 091 425 141 415 614 224 939 914 089
dUTP 3 C00460 8 496 8 2 4 7 7 2 7 5 8 1
556 466 424 334 563 558 369 486 196 479 292
464 78.2 77.0 44.0 63.6 31.6 08.8 80.4 84.6 46.0 35.1 54.4
2-0x0-4- 85.5 533 419 461 966 223 578 220 547 284 283 040
methylthiobutanoate C5H803S C01180 64 4 5 3 5 2 4 3 3 2 3 5
842 363 297 223 247 222 255 289 148 206
39.4 231 61.6 30.5 05.5 77.4 660 98.2 77.2 47.6 04.5 65.0
191 26.2 565 277 058 204 7.81 558 685 121 980 543
cysteine sulfinate C3H7NO4S C00606 2 999 9 1 4 2 556 2 6 8 2 7
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459 584 362 363 734 528 619 594 490 673 586
98.0 49.6 55.4 40.1 39.4 42.0 25.6 30.7 680 41.1 73.6 23.8
425 176 512 654 211 264 316 748 39.9 373 937 137
riboflavin C17H20N406 C00255 1 7 6 9 6 5 7 3 899 7 4 9
459 382 540 340 410 170 973 273 224 381 389
88.4 16.2 79.4 69.5 82.2 09.9 226 7.71 255 65.4 37.6 08.4
925 752 090 574 631 352 02.9 878 289 103 689 438
deoxyinosine CI10H12N404 C05512 3 6 2 5 6 6 027 3 4 3 8 4
403 262 871 523 250 273 301
50.9 95.6 2.53 3.00 76.5 73.7 65.5
012 010 659 156 319 785 258
Flavone CI15H1002 C15608 N/A 7 N/A 3 N/A 4 4 N/A 5 N/A 8 2
491 296 307 346 318 312 102 193 158
78.0 15.2 303 80.1 67.8 70.9 37.9 92.2 67.2 86.0 182
432 226 42.5 862 652 757 942 626 980 148 02.2
pyridoxine C8HI1INO3 C00314 5 9 432 N/A 9 4 9 6 8 1 5 928
303 356 288 423 258 679 264 414 859 222 224
90.9 93.0 31.1 6.09 36.9 25.0 85.9 02.6 7.49 37.7 05.6
285 205 940 892 646 951 849 280 763 576 409
O-acetyl-L-serine CSHONO4 C00979 N/A 9 1 2 3 3 6 1 9 4 6 2
245 414 166 435 248 607 134 767 229
318 58.1 91.6 68.6 2.36 94.3 52.9 281 20.1 173 3.38 68.1
00.6 360 432 397 989 023 971 32.1 163 83.9 487 581
Nicotinamide Riboside CI1H15N205 C03150 826 8 9 1 4 5 6 162 1 113 9 1
270 295 377 408 101 798 521 789 137 168
32.6 75.6 79.0 96.7 64.0 0.34 19.4 576 115 4.93 15.0 25.0
775 169 675 430 177 950 456 03.6 27.0 684 420 183
retinoic acid C20H2802 C00777 6 1 7 4 1 7 6 86 053 4 8 2
417 109 248 330 545 334 157 123 881
433 400 87.3 842 577. 07.4 31.3 434. 961. 38.5 152 211
731 13.6 146 9.95 801 808 259 073 833 070 290. 316.
isocitrate C6H80O7 C00311 4 139 8 4 4 9 9 8 9 6 312 854
570 243 110 810 793 193 398 741 149 752 126
76.3 96.7 243 545. 383. 210 620. 398. 022 318. 206 511
514 298 565 676 693 7.63 756 862 6.39 793 3.13 657.
putrescine C4H12N2 C00134 6 3 3 1 7 4 1 1 6 1 3 01
281 314 282 273 463 178 170 437 131 386 234
84.7 97.3 79.1 21.1 57.1 95.0 44.7 83.5 360 29.8 06.7 26.3
HMDB00 126 659 776 840 829 610 884 681 75.5 563 090 677
5-methoxytryptophan CI12H14N203 02339 7 6 8 1 5 9 2 8 203 8 9 7
329 383 148 131 515 136 109 118 394 150 139
64.0 04.4 16.8 28.6 81.3 490. 702. 831. 227. 641 623 561
268 882 148 660 276 130 522 273 225 037. 9.44 8.27
adenosine CI0H13N504 C00212 2 6 6 6 4 7 3 5 4 703 2 1
528 205 107 421 444 536 780 481 157 497 938
20.5 58.2 339 56.4 07.3 80.6 66.3 55.3 682. 657 16.7 59.3
C24H40N7017 740 112 033 370 523 309 905 628 755 17.6 381 911
propionyl-CoA P3S C00100 2 3 1 9 9 3 4 7 1 562 9 7
254 299 225 231 329 453 109 288 300 417 238 242
57.2 17.8 73.4 52.1 293 17.7 26.4 25.6 01.0 13.8 17.4 14.9
739 747 705 233 262 517 672 748 019 006 644 528
glucono-1,5-lactone C6H1006 C00198 4 2 5 6 6 3 6 5 7 4 1 9
262 200 272 221 278 248 175 257 250 250
218 45.8 292 08.4 59.3 88.3 79.5 86.6 65.2 85.5 70.1 97.5
62.5 530 87.3 057 633 498 579 681 738 135 643 634
homoserine C4HONO3 C00263 525 2 153 7 1 8 1 5 4 6 5 7
119 280 723 650 164 138 842 852
86.1 03.8 7.86 2.81 6.56 06.3 3.65 297 418
431 049 690 996 294 650 381 487 3.36
dehydroascorbic acid C6H606 C05422 7 1 N/A 9 3 6 3 7 N/A N/A 9 881
290 584 232 314 295 886 337 173 310 164 557 446
12.7 1.89 50.1 33.1 60.5 7.90 97.3 77.0 56.6 97.2 28.8 69.2
HMDB00 086 168 981 332 652 821 618 308 477 884 954 234
7-methylguanosine CI1HI6N505 01107 7 7 5 9 6 6 4 3 4 4 2 6
143 157 276 231 191 204 259 123 517 209 333
98.8 41.4 23.7 81.9 39.7 48.2 52.0 47.9 6.69 49.7 525
148 615 348 125 959 343 320 907 092 831 734
acadesine C9H14N405 D02742 7 9 5 8 4 1 4 6 7 8 N/A 9
240 165 115 140 330 660 173 381 289
22.0 55.9 55.6 148 54.3 332 5.45 272 78.6 305 84.6 17.1
856 504 297 67.9 207 683 457 70.0 163 339 265 386
FMN C17H21N409P C00061 8 4 1 95 1 6 6 367 2 588 7 5
163 190 147 188 214 214 131 173 388 515 670 991
C00356 63.1 15.4 253 32.6 82.8 70.2 58.7 43.5 18.0 6.77 7.01 5.25
C27H44N7020 247 005 089 341 971 113 253 245 835 577 276 710
HMG-CoA P3S 5 2 1 9 7 5 4 8 4 7 4 1
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181 139 990 992 220 454 561 183 764 485
148 70.6 99.4 9.95 0.89 514. 239 743. 344, 613 327. S11.
65.8 960 601 874 619 058 288 985 090 263. 462 040

xanthosine-5-phosphate C10H13N409P C00655 849 8 3 5 4 2 1 4 9 478 3 6
203 101 152 288 828 232 234 341
11.4 26.9 96.1 80.4 189 203 7.57 81.8 227 54.5 36.4
028 889 150 265 11.2 90.4 607 920 77.1 455 096

N-Acetylputrescine C6H14N20 C02714 2 8 4 1 566 N/A 734 3 3 108 2 9

145 577 182 660 277 377 354 878 121 190 112 126
17.0 9.66 27.0 67.3 17.6 67.2 41.0 70.5 417. 55.1 641. 956.

C16H25N5015 849 272 605 646 701 328 355 519 257 270 254 085
ADP-D-glucose P2 C00498 7 9 4 7 5 3 6 7 1 1 1 2
155 107 660 123 264 166 495 132 330 429 660
61.4 325 7.85 97.7 28.5 07.9 5.16 20.8 60.7 8.32 7.90
C20H24N1001 016 601 573 096 589 616 002 068 423 569 723
3',5'-Cyclic diGMP 4P2 C16463 1 2 5 N/A 3 6 1 3 4 6 4 8
956 377 789 428 653 530
2.44 9.32 6.28 1.34 727 8.03 3.33
833 129 678 045 0.27 337 552
N-acetyl-L-ornithine C7H14N203 C00437 N/A 8 N/A N/A N/A 9 9 2 04 7 N/A 6
138 855 134 104 141 132 727

526 18.0 953 7.96 71.6 00.7 08.8 08.9 450 128 8.26 198
432 739 5.50 038 363 795 576 701 7.81 62.5 061 12.7

phenylpyruvate C9HBO3 C00166 276 4 958 7 1 9 1 3 372 577 7 149
247 156 757 416 825 222 300 239
7.34 40.6 1.26 9.66 9.96 98.0 37.8 46.5
278 298 271 375 493 814 790 729

1-Methyladenosine CI1HI5N504 C02494 7 N/A 1 4 6 N/A N/A N/A 2 1 8 8
123 489 148 153 197 190 265 636 429 315

956 87.4 9.18 03.7 84.7 81.2 155 21.7 96.7 07.1 458 94.6
2.52 901 162 820 853 201 254 858 656 081 031 927

dGMP CI0H14N507P C00362 072 6 4 5 2 6 229 6 5 3 8 8
107 412 739 828 984 410 660 834 991 742 578
433 7.28 7.58 9.88 9.84 0.78 6.33 1.65 1.66 908 8.07 3.83
3-S- 609 116 964 958 876 851 498 066 382 9.57 238 690
methylthiopropionate C4H802S C08276 9 6 3 5 3 1 1 1 6 777 7 1
247 916 660 520 413 655 417 203 173 743 132
7.46 5.02 7.76 221 5.85 4.44 2.49 0.36 558 20.6 0.27 08.9
D-glucosamine-1- 389 398 320 807 371 879 996 252 2.09 485 890 470
phosphate C6H14NO8P C06156 6 2 3 3 2 1 7 3 716 8 1 2
330 247 908 330 247 495 413 338
2.66 7.65 9.48 2.68 7.62 5.06 0.12 3.24
560 891 699 404 475 111 048 813
glycine C2H5NO2 C00037 6 3 2 3 5 7 N/A N/A 6 N/A 3 N/A
403 441 918 590 470 108 596 283
0.10 4.07 7.99 8.47 4.42 37.7 245 4.33
426 272 471 905 867 148 661 013
Cholic acid C24H4005 C00695 4 4 N/A 2 8 2 8 4 N/A N/A N/A 3
412 248 660 330 247 247
7.99 1.28 7.57 2.70 7.52 7.63
033 393 044 374 922 010
7,8-dihydrofolate CI9H2IN706 C00415 6 N/A N/A N/A N/A 7 4 7 N/A 5 N/A 2
246 411 411 412 413 163 167 659 493
8.64 1.25 8.74 7.02 9.86 4.29 1.04 9.22 3.90
S-adenosyl-L- 856 115 079 909 022 900 321 675 739
methioninamine C14H23N603S C01137 3 5 3 4 6 4 N/A N/A 7 N/A 3 9
210 433 128 314 134 309 555 373
1.91 8.83 32.6 9.86 54.4 0.69 7.51 6.28
CI0H13N2011 753 960 587 452 898 812 622 300
orotidine-5-phosphate P C01103 4 N/A 4 3 8 4 7 4 N/A 2 N/A N/A
363 265 574 552 743 825
7.27 3.06 595 523 5.01 3.00 7.96 493
557 853 9.65 848 868 181 648 3.98
Pyridoxamine C8H12N202 C00534 N/A 4 9 322 7 7 7 N/A 3 N/A 668 N/A
247 247 342 497 497 742 415 825
7.70 250 9.77 322 7.80 3.76 9.92 8.02 8.02
170 5.38 409 800 174 470 993 957 001
histidinol C6H1IN30O C00860 1 N/A 034 5 7 3 N/A 3 4 5 N/A 1

Table 8: List of Significantly Altered Metabolites in Wt.-PTEN Overexpressed
C4-2 Cells Compared with Control C4-2 Cells
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KEGG or Ctrl.1 Ctrl.2 Ctrl.3 Wt. Wt. Wt. Fold p value
HMDB PTEN.1 PTEN.2 PTEN.3 Change
Metabolite name Formula Identifier
478616. 376146. 328636. 1063747 1002332 1148956 2.71678 0.00038
CDP C9H15N3011P2 C00112 3361 5711 4051 351 .866 .825 1233 3293
2,3-dihydroxybenzoic 79881.0 188830. 115501. 774585. 787234. 1020766 6.72176 0.00105
acid C7H604 C00196 8098 1143 5169 5495 3649 975 3251 1138
755149. 884687. 875219. 1873133 1674470 1548653 2.02629 0.00113
Thiamine pyrophosphate C12H19N407P2S C00068 7712 8917 4895 532 .158 .988 8954 3025
D-glyceraldehdye-3- 3503990 3584365 3648769 2232199 2495771 2714564 0.69315 0.00165
phosphate C3H706P C00118 237 .06 422 .818 .812 .56 9145 5072
2199181 1449284 1502444 4632878 3943237 4966694 2.62920 0.00192
dGDP C10H15N5010P2 C00361 9.48 0.34 2.25 4.78 2.06 2.58 715 887
577281. 455833. 401353. 881164. 940126. 850514. 1.86257 0.00210
NADH C21H29N7014P2 C00004 0187 2317 2297 2 9527 9791 6997 252
55264.3 57767.7 52179.1 22277.1 33873.2 30423.3 0.52401 0.00231
Taurodeoxycholic acid C26H45N06S C05463 9354 7869 7043 1313 6383 5338 8079 3133
74528.4 42585.0 35126.8 233996. 232073. 319301. 5.15875 0.00249
dCDP C9H15N3010P2 C00705 4436 8192 1162 2479 1502 8111 8973 0762
8820321 1017033 6645905 2510686 2816703 3521670 3.45173 0.00269
uDP C9H14N2012P2 C00015 .259 3.89 522 9.38 8.81 9.43 5151 8711
2075838 1412900 1519600 4325210 3775211 5050930 2.62589 0.00302
ADP C10H15N5010P2 C00008 4.8 5.44 5.22 4.15 213 0.84 0596 4589
dihydroxy-acetone- 7839576 8024009 6690906 5261976 5219217 5114148 0.69145 0.00521
phosphate C3H706P C00111 .868 729 .889 .05 .798 .952 1697 8605
44098.7 68031.4 57234.9 14279.2 19424.3 6069.34 0.23483 0.00553
N-acetyl spermine C12H28N40 C02567 747 3658 751 6165 2564 9702 5375 5472
3637.27 2653.06 5959.65 5745.23 5525.01 1.82606 0.00746
Pyridoxamine C8H12N202 C00534 N/A 5574 8539 322 8487 8687 9723 0667
2941119 1766824 2080251 5795072 5050317 7520707 2.70559 0.00893
IDP C10H14N4011P2 C00104 572 753 .682 394 901 .399 3308 2997
adenosine 5- 219314. 112065. 163048. 591569. 396606. 637667. 3.28833 0.00925
phosphosulfate C10H14N5010PS C00224 1193 6219 6142 8139 628 7091 1126 4528
4102595 4507419 5080765 7343035 7170768 6003156 1.49859 0.01096
08P-01P C8H17011P 152 432 .041 .351 .283 .532 6919 6901
5722794 5501738 5465118 4665317 4456526 5086670 0.85133 0.01493
malate C4H605 C00149 3.69 9.95 2.42 0.39 5.61 6.93 6782 4421
1028030 8841615 1033294 7706217 7335174 8132328 0.78675 0.01789
lactate C3H603 C00186 28.4 3.77 28.1 1.33 5.29 2.06 3665 7305
477805. 437900. 402658. 360831. 326881. 352052. 0.78867 0.01793
N-carbamoyl-L-aspartate C5H8N205 C00438 6456 0654 3373 3419 8366 1305 8446 5848
1597047 1457586 1548829 1892309 1720371 1975812 1.21397 0.01852
xanthosine C10H12N406 01762 .006 .81 491 .287 489 241 5793 4359
UDP-N-acetyl- 3897285 3865882 3985446 4059886 4267694 4220603 1.06805 0.02115
glucosamine C17H27N3017pP2 €00043 7.78 9.86 9.34 7.31 0.81 8.87 6444 655
4607348 3479500 4253143 2538366 2589723 3091048 0.66605 0.02185
uracil C4H4N202 C00106 4.79 6.66 5.05 1.98 7.9 5.22 7002 6253
1970596 1940685 2016838 1826315 1778071 1895875 0.92782 0.02488
2-hydroxyglutarate C5H805 C02630 3.26 4.82 7.04 0.24 7.39 5.56 5659 0817
358856. 379418. 337686. 440813. 414644. 495374. 1.25546 0.02636
biotin C10H16N203S C00120 8645 8968 3129 6633 1291 6919 4776 64
HMDB0000 3491545 3502177 3228022 3843462 4401534 3937269 1.19179 0.02827
2-Aminooctanoic acid C8H17NO2 991 .362 125 .366 409 576 428 9109 8085
64810.2 70757.6 55886.5 49240.1 45922.8 34606.6 0.67780 0.02930
pyruvate C3H403 C00022 6667 3217 3715 6098 9291 4952 9855 8717
6676109 3893039 2530348 4658501 2675409 7326760 11.1917 0.03024
AMP C10H14N507P C00020 .03 .202 234 4.1 2.05 9.65 8254 525
652886. 491771. 214018. 980556. 973455. 1482757 2.52949 0.03076
ump C9H13N209P C00105 9301 2277 5923 7724 3283 .282 7456 7331
1126730 6860107 8001322 3037250 4153064 5031213 0.46774 0.03238
asparagine C4H8N203 C00152 0.22 .691 935 .808 .092 .628 2907 2132
93323.9 57813.3 61127.0 107364. 142185. 110581. 1.69661 0.03598
dCcmPpP C9H14N307P C00239 6141 6168 8113 5265 2079 3714 563 0503
137210. 111585. 103691. 87579.3 84970.4 63144.7 0.66866 0.03783
guanosine C10H13N505 00387 2205 1025 3573 8765 1393 9027 2406 6044
57076.3 24396.7 11024.3 810545. 793383. 1932107 38.2284 0.03822
putrescine C4H12N2 00134 5146 2983 5653 6761 6937 634 8596 4972
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5410678 4728371 5929702 8384607 8663914 6349973 1.45614 0.03900
Carbamoyl phosphate CH4NO5P C00169 2.63 6.21 3.66 3.97 8.07 6.97 8899 9776
1799992 1500135 1198759 2302981 1921581 2121204 1.41051 0.04014
GDP C10H15N5011P2 C00035 .085 .688 371 .894 .071 .44 9357 383
1394709 1311751 1428833 8368348 1242384 9402084 0.73016 0.04241
ornithine C5H12N202 C00077 7.26 8.18 0.1 21 1.33 .019 0165 2741
4454466 2802203 4668692 1969039 1318003 2597606 0.49345 0.04440
guanine C5H5N50 C00242 732 .602 .396 .256 497 .04 6587 0096
602272. 454817. 469659. 392820. 224179. 325634. 0.61741 0.04543
orotate C5H4N204 C00295 6987 4545 2758 538 1438 5127 2508 0756
9562.52 12387.4 4899.18 14803.7 15384.7 19781.2 1.86112 0.04569
dGMP C10H14N507P C00362 072 9016 1624 8205 8532 2016 8133 4689

Table 9: List of Significantly Altered Metabolites in Membrane-PTEN
Overexpressed C4-2 Cells Compared with Control C4-2 Cells

KEGG or Ctrl.1 Ctrl.2 Ctrl.3 Membra Membra Membra Fold p value
HMDB ne ne ne Change
Metabolite name Formula Identifier PTEN.1 PTEN.2 PTEN.3

2,3-dihydroxybenzoic 79881.0 188830. 115501. 836425. 842368. 811990. 6.48282 3.02275

acid C7H604 C00196 8098 1143 5169 3338 0116 8035 5971 E-05
8820321 1017033 6645905 3459925 3284617 3522313 4.00477 3.30768

ubpP C9H14N2012P2 C00015 259 3.89 522 4.49 331 0.64 1146 E-05
2941119 1766824 2080251 8928814 | 8635383 | 8551093 3.84716 6.33555

IDP C10H14N4011P2 C00104 572 753 .682 .59 128 .021 2885 E-05
213887. 122301. 155572. 726474. 721995. 666659. 4.30112 8.05911

dTDP C10H16N2011P2 C00363 1417 9909 8963 8918 2509 587 4539 E-05
755149. 884687. 875219. 1629089 1654893 1542479 1.91902 0.00013

Thiamine pyrophosphate C12H19N407P2S C00068 7712 8917 4895 .022 .543 .98 6985 8075
478616. 376146. 328636. 1027392 1002405 1059306 2.61036 0.00017

CDP C9H15N3011P2 C00112 3361 5711 4051 .808 665 957 6085 661
adenosine 5- 219314, 112065. 163048. 627031. 624679. 584781. 3.71437 0.00018

phosphosulfate C10H14N5010PS C00224 1193 6219 6142 8005 4645 749 6398 9849
2199181 1449284 1502444 5029993 5068759 4628395 2.85913 0.00033

dGDP C10H15N5010P2 C00361 9.48 0.34 2.25 6.45 4.53 4.67 5177 5894
74528.4 42585.0 35126.8 272079. 256657. 224499. 4.94768 0.00041

dCDP C9H15N3010P2 C00705 4436 8192 1162 8751 5005 9324 5471 3104
2075838 1412900 1519600 5382815 5166919 4472172 2.99937 0.00062

ADP C10H15N5010P2 C00008 4.8 5.44 5.22 6.44 9.88 3.45 8904 5087
fructose-1,6- 9813456 1034373 9857582 7406386 7259886 7972256 0.75424 0.00087

bisphosphate C6H14012P2 C05378 959 4.7 .81 .567 412 799 6206 4493
173564. 172159. 182365. 90528.4 120615. 112254. 0.61239 0.00200

spermidine C7H19N3 C00315 8846 2279 0809 8717 0133 1696 2138 4892
D-erythrose-4- 1531592 1100825 1568922 3759642 4050008 3107157 2.59841 0.00211

phosphate C4H907P C€00279 .078 .897 .616 732 .628 .305 0776 3249
2794949 2524722 3399924 1006973 1122017 | 8010792 3.36032 0.00213

glucose-6-phosphate C6H1309P C00668 .853 .966 523 4.62 3.9 .632 7317 9854
55264.3 57767.7 52179.1 34451.1 21478.0 26435.5 0.49854 0.00255

Taurodeoxycholic acid C26H45N06S C05463 9354 7869 7043 9214 5459 799 2202 6162
3388170 2506951 3177125 9259454 1010847 7196755 2.92812 0.00297

fructose-6-phosphate C6H1309P C05345 312 .66 143 .076 8.31 .583 6586 9199
Ng,NG-dimethyl-L- 4165493 4576203 4360815 2322752 1039330 957617. 0.32968 0.00306

arginine C8H18N402 C03626 .108 735 .851 .34 978 3681 4908 723
6676109 3893039 2530348 4123126 6094100 6871655 13.0454 0.00313

AMP C10H14N507P C00020 .03 .202 234 5.71 2.21 0.57 4941 3393
1337041 1125902 1432354 761009. 737696. 805035. 0.59141 0.00460

shikimate C7H1005 C00493 218 .398 .636 6717 7208 6842 6094 9186
C24H38N7019P3 95842.8 57620.0 72828.1 22291.7 4941.57 10612.4 0.16724 0.00680

malonyl-CoA S C00083 0794 8371 161 6937 6957 0693 3735 5917
1559072 1114687 1449104 787173. 610221. 629190. 0.49154 0.00851

D-gluconate C6H1207 C00257 .397 .901 .75 7287 9399 9278 8128 2656
1442983 1442667 1330744 1224411 1122499 1187150 0.83817 0.00889

betaine C5H11INO2 C00719 12.5 03.2 57.2 49.4 29.1 36.7 1324 8202
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3907825 2677954 | 4299082 7207534 | 8687162 6484038 2.05595 0.00917
hexose-phosphate C6H1309P C02672 2.27 4.44 1.65 5.85 0.27 0.85 0276 2097
1239075 683088. 316946. 4971404 7938186 1003225 10.2459 0.00985
GMP C10H14N508P C00144 3 1575 3328 226 .355 3.4 6653 2037
4102595 4507419 5080765 6166622 5765232 6400194 1.33900 0.01030
08P-01P C8H17011P 152 432 .041 .68 .843 .037 6986 7317
S-ribosyl-L- 146517. 141905. 123529. 299583. 458407. 502258. 3.05921 0.01031
homocysteine C9H17NO6S C03539 0249 3072 066 8899 0469 9632 9864 2447
9694986 | 9455036 | 9838188 | 9194230 | 9001732 8920100 0.93541 0.01069
Acetylcarnitine DL C9H18NO4 C02571 9.53 1.27 4.46 2.75 0.1 6.49 6899 2895
817891. 882400. 825922. 621030. 661845, 488695. 0.70127 0.01093
Methionine sulfoxide C5H11NO3S C02989 2645 8108 433 377 0611 0946 4784 1972
44098.7 68031.4 57234.9 21429.8 26663.7 11515.7 0.35195 0.01125
N-acetyl spermine C12H28N40 C02567 747 3658 751 7979 5789 422 7691 297
8849594 9458523 4619045 5295459 0.54153 0.01155
oxaloacetate C4H405 C00036 327 N/A 912 .162 .367 N/A 5968 3893
4588316 1916586 1203516 1784483 2506337 3613371 10.2539 0.01178
3-phosphoglycerate C3H707P C00197 .198 .639 .005 5.67 8.97 3.6 7424 95
5410678 4728371 5929702 6638189 7213641 7134129 1.30601 0.01386
Carbamoyl phosphate CH4NO5P C00169 2.63 6.21 3.66 1.47 3.02 0.43 0521 6395
505225. 544484, 591220. 458618. 418047. 418946. 0.78956 0.01512
3-hydroxybuterate C4H803 C01089 0125 4061 9178 9396 8958 7294 0371 4787
3637.27 2653.06 7433.00 8257.96 2.49445 0.01815
Pyridoxamine C8H12N202 C00534 N/A 5574 8539 1817 N/A 6483 3089 5725
271687. 129696. 205642. 20916.2 44737.6 53701.9 0.19662 0.01823
cytidine C9H13N305 C00475 0962 1462 1832 6979 0683 5452 4105 2015
76747.9 46219.0 73254.9 31423.5 24798.1 28574.8 0.43214 0.01950
deoxyguanosine C10H13N504 C00330 7892 579 5825 9349 7015 8478 65 1031
45988.4 38216.2 54079.4 22602.9 9737.71 27325.5 0.43147 0.01978
deoxyinosine C10H12N404 C05512 9253 7526 0902 027 8783 2894 4893 5193
4246162 6179905 6153628 1087744 7986638 9527031 1.71240 0.02009
inosine C10H12N405 00294 997 614 .043 9.89 .007 313 2814 4978
1394709 1311751 1428833 1175884 1121673 9318918 0.78094 0.02093
ornithine C5H12N202 €00077 7.26 8.18 0.1 2.48 1.16 .539 7808 8439
906711. 429996. 519061. 1131673 1631372 1370252 2.22726 0.02094
deoxyribose-phosphate C5H1107P C00673 0308 5436 839 619 .822 .981 9936 5189
1884580 1504905 2453088 3184327 3541348 2862718 1.64112 0.02096
glucose-1-phosphate C6H1309P C00103 .78 .407 157 .022 .688 116 483 7186
1126730 6860107 8001322 4357415 3578171 2685580 0.40649 0.02127
asparagine C4H8N203 C00152 0.22 691 935 .395 .337 .595 3809 6834
347421. 292018. 435441. 670612. 523795. 545831. 1.61900 0.02312
glucosamine C6H13NO5 00329 0082 2734 734 0556 9655 0896 6276 191
D-glucosamine-6- 57787.5 43855.9 77438.0 89049.6 120198. 120576. 1.84175 0.02449
phosphate C6H14NO8P C00352 9851 3246 8248 8494 6048 9033 911 6828
1597047 1457586 1548829 2250386 2128122 2945537 1.59098 0.02450
xanthosine C10H12N406 C01762 .006 .81 491 .648 574 229 6169 6041
1819560 1043866 1310796 | 4268234 7475539 1000130 5.20937 0.02494
IMP C10H13N408P C00130 .466 919 .381 532 .539 8.94 1665 3549
2328892 2175748 1680946 1506827 1159366 1178717 0.62159 0.02588
GTP C10H16N5013P3 C00044 7.99 2.25 7.78 3.76 4.75 8.22 1964 8163
1799992 1500135 1198759 2238019 1999023 2240886 1.43989 0.02603
GDP C10H15N5011P2 C00035 .085 .688 371 604 .364 977 6076 7759
477805. 437900. 402658. 356519. 350185. 379659. 0.82402 0.03012
N-carbamoyl-L-aspartate C5H8N205 C00438 6456 0654 3373 1165 1093 5205 4098 4754
64810.2 70757.6 55886.5 39393.0 39735.7 52443.7 0.68722 0.03060
pyruvate C3H403 C00022 6667 3217 3715 3211 1714 2974 6067 4617
498321. 406594. 325248. 255802. 215240. 260283. 0.59449 0.03298
cyclic-AMP C10H12N506P C00575 4561 8557 3977 3273 1156 2014 4086 1271
710497. 432271. 744241. 1315494 1212157 2076477 2.43990 0.03538
Geranyl-PP C10H2007P2 C00341 1091 5629 5307 .161 .071 .684 6742 0648
4503004 2846561 4737192 5477886 7549743 7354271 1.68630 0.03585
CMP C9H14N308P C00055 .578 .994 373 933 .563 577 0038 792
4342500 3754980 5453991 1057156 7154031 1356718 2.30917 0.03683
hypoxanthine C5H4N40 C00262 118 142 .264 9.66 681 4.89 9942 9885
5690914 5322410 5212105 4871725 4979775 4505852 0.88486 0.03780
glutamine C5H10N203 C00064 6.11 0.02 7.95 1.14 1.01 4.18 729 8113
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1028030 8841615 1033294 7531278 8225244 8550034 0.82521 0.04025

lactate C3H603 C00186 28.4 3.77 28.1 3.48 2.67 4.64 3776 8971
1801375 1764806 1693601 2010313 1999050 1834242 1.11099 0.04038

arginine C6H14N402 C00062 7.55 1.07 7.46 3.69 291 6.7 7479 517
HMDB0002 4821155 5619978 5091860 3874949 4235513 2603572 0.68975 0.04269

Phenylpropiolic acid C9H602 359 .356 .831 .08 .958 .506 262 9846 7017
837504. 1004731 960317. 1294673 1168583 1065905 1.25926 0.04322

dAMP C10H14N506P C00360 2386 748 4242 448 .854 .68 6985 0665
9562.52 12387.4 4899.18 15525.4 19021.7 26596.7 2.27731 0.04372

dGMP C10H14N507P C00362 072 9016 1624 229 8586 6565 1484 4423
50739.6 31099.7 87707.8 113803. 106316. 165394. 2.27379 0.04453

uridine C9H12N206 C00299 6715 4034 2546 9472 7985 4311 2205 7924
193383. 271664. 218031. 312138. 413455. 312017. 1.51902 0.04470

thiamine-phosphate C12H17N404PS C01081 599 4081 2704 1686 808 5706 0678 9769
1301165 9946570 1026948 8832214 7825228 7299030 0.72097 0.04480

ATP C10H16N5013P3 C00002 57.2 7.99 14.3 3.99 4.56 9.19 8823 5119
5968079 6438214 5599089 1728756 4402751 5719566 6.58196 0.04625

ribose-phosphate C5H1108P C00117 472 32 .875 4.93 8.28 9.87 211 8693
3136554 2808388 3197619 3309472 3609540 3485213 1.13799 0.04765

alanine C3H7NO2 C00041 1.26 7.75 8.12 9.09 2.06 0.16 888 2551

Table 10: List of Significantly Altered Metabolites in Nuclear-PTEN
Overexpressed C4-2 Cells Compared with Control C4-2 Cells

KEGG or Ctrl.1 Ctrl.2 Ctrl.3 Nuc Nuc Nuc Fold p value
HMDB PTEN.1 PTEN.2 PTEN.3 Change
Metabolite name Formula Identifier
1648339 1473975 1662962 1040120 1082457 1017101 6.56112 1.56985
sn-glycerol-3-phosphate C3H906P C00093 9.77 0.83 6.43 04.9 47.8 10.5 1061 E-06
trans, trans-farnesyl 854197. 920867. 882666. 60463.1 112895. 31748.3 0.07717 1.16925
diphosphate C15H2807P2 00448 6877 1705 6989 3793 3223 5872 364 E-05
Ng,NG-dimethyl-L- 4165493 4576203 4360815 989796. 844556. 699382. 0.19337 1.71416
arginine C8H18N402 C03626 .108 735 .851 5117 156 6388 7817 E-05
6676109 3893039 2530348 | 8178788 7610657 6831435 17.2685 6.4595E-
AMP C10H14N507P C00020 .03 202 234 9.39 1.67 3.85 1223 05
74528.4 42585.0 35126.8 290766. 256981. 257929. 5.29214 0.00018
dCDP C9H15N3010P2 C00705 4436 8192 1162 7944 4312 2396 1862 6356
2,3-dihydroxybenzoic 79881.0 188830. 115501. 894797. 748387. 829309. 6.43522 0.00019
acid C7H604 C00196 8098 1143 5169 1311 557 4193 2024 5791
1394709 1311751 1428833 7282159 8319584 7738644 0.56441 0.00019
ornithine C5H12N202 00077 7.26 8.18 0.1 402 126 .66 9 7716
5968079 6438214 5599089 6667303 7938161 6311562 11.6170 0.00020
ribose-phosphate C5H1108P C00117 472 32 .875 4.96 3.06 0.65 9589 8813
1158498 1148402 1097618 3188859 6008526 1845093 0.16550 0.00025
Glycerophosphocholine C8H21NO6P C00670 07.1 92.4 75.8 7.49 .005 3.02 956 1902
1970596 1940685 2016838 1611263 1656156 1660546 0.83128 0.00025
2-hydroxyglutarate C5H805 C02630 3.26 4.82 7.04 4.99 0.12 3.26 6379 3657
S-adenosyl-L- 1733609 1307182 1599480 6483.25 10678.7 29070.9 0.00996 0.00026
homocysteine C14H20N605S C00021 .798 .052 772 3817 939 8619 3431 3682
5722794 5501738 5465118 4214060 3846675 4031495 0.72453 0.00032
malate C4H605 C00149 3.69 9.95 2.42 2.87 1.29 1.59 4631 5272
UDP-N-acetyl- 3897285 3865882 3985446 4612104 4477899 4498160 1.15657 0.00036
glucosamine C17H27N3017P2 €00043 7.78 9.86 9.34 5.69 6 1.57 5777 85
S-ribosyl-L- 146517. 141905. 123529. 486940. 517365. 607920. 3.91363 0.00041
homocysteine C9H17NO6S 03539 0249 3072 066 7138 161 0916 1496 515
6262249 5774305 4577133 2181030 2349517 2791805 4.40742 0.00056
cholesterol C27H460 C00187 781 473 .362 6.56 6.44 8.38 2281 4089
478616. 376146. 328636. 1093992 1143368 | 970744. 2.71092 0.00057
cbp C9H15N3011P2 C00112 3361 5711 4051 .564 .96 8675 4671 1188
492267. 317163. 395394, 3064126 | 4148736 3380877 8.79276 0.00065
ethanolamine C2H7NO C00189 1539 5811 1734 .954 .594 427 3912 7737
437290. 262415. 268099. 899403. 1012274 1012330 3.02127 0.00068
OBP C8H18014P2 235 1165 0993 137 1 .019 8991 4122
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213887. 122301. 155572. 1588141 1391646 1153214 8.40447 0.00070

dTDP C10H16N2011P2 C00363 1417 9909 8963 .872 3 .964 7967 1957
4588316 1916586 1203516 4279778 5554471 4104162 18.0820 0.00072

3-phosphoglycerate C3H707P C00197 .198 .639 .005 8 9.88 9.51 6589 278
55264.3 57767.7 52179.1 18790.6 27108.6 27699.7 0.44548 0.00075

Taurodeoxycholic acid C26H45N06S C05463 9354 7869 7043 0462 9334 9743 4518 7574
173564. 172159. 182365. 85163.7 112507. 101328. 0.56619 0.00087

spermidine C7H19N3 C00315 8846 2279 0809 6966 0456 5928 1113 1104
5410678 | 4728371 5929702 8883633 9956315 9570050 1.76802 0.00092

Carbamoyl phosphate CH4NOSP C00169 2.63 6.21 3.66 3.59 2.25 2.07 7682 6886
84464.2 73170.7 68962.1 281098. 328913. 245571. 3.77578 0.00103

p-aminobenzoate C7H7NO2 C00568 5016 4013 2409 3447 1507 4093 9056 7468
9694986 | 9455036 | 9838188 | 8553446 | 8737239 8631948 0.89424 0.00117

Acetylcarnitine DL C9H18NO4 C02571 9.53 1.27 4.46 2.78 7.28 4.32 7457 5575
8820321 1017033 6645905 3572226 3291134 2651996 3.71163 0.00134

uDpP C9H14N2012P2 C00015 .259 3.89 522 5.08 6.67 5.96 5852 7098
2199181 1449284 1502444 5974445 5607188 4637655 3.14882 0.00137

dGDP C10H15N5010P2 C00361 9.48 0.34 2.25 5.32 9.33 9.8 0266 9712
2127870 2020278 2296723 2924978 3263608 3165908 1.45146 0.00166

aconitate C6H606 00417 .96 901 .575 6 174 659 3016 7193
2765045 1859199 2716578 2443146 1772012 2549458 0.09215 0.00166

adenine C5H5NS C00147 13 8.74 7.49 434 478 .381 0657 9713
14865.8 18170.6 13999.4 613263. 764327. 485511. 39.6100 0.00168

xanthosine-5-phosphate C10H13N409P C00655 849 9608 6013 478 4623 0406 9339 1162
8849594 9458523 2630236 2618549 1205289 0.23501 0.00172

oxaloacetate C4H405 C00036 327 N/A 912 272 474 371 6875 207
838993. 774976. 881007. 538617. 524277. 600044. 0.66651 0.00198

2-oxobutanoate C4H603 00109 6445 6536 8874 6088 7614 0145 4599 8366
HMDB0002 4821155 5619978 5091860 3002136 2972469 2228358 0.52809 0.00210

Phenylpropiolic acid C9H602 359 .356 .831 .08 .012 652 131 9326 043
167931. 83338.5 140784. 410205. 328769. 389743. 2.87898 0.00215

cytosine C4H5N30 C00380 4591 7428 2169 7742 4201 1183 5018 7269
755149. 884687. 875219. 1570723 1994331 1702875 2.09455 0.00224

Thiamine pyrophosphate C12H19N407P2S C00068 7712 8917 4895 .037 .079 .565 6649 3141
D-glyceraldehdye-3- 3503990 3584365 3648769 9999961 9969134 7462054 2.55479 0.00271

phosphate C3H706P C00118 237 .06 422 513 131 .459 4772 6095
2075838 1412900 1519600 6160505 5897079 4386735 3.28338 0.00294

ADP C10H15N5010P2 C00008 4.8 5.44 5.22 7.77 7.7 1.37 7745 76

49237.7 65461.9 62647.9 27188.0 16483.2 18130.3 0.34847 0.00304

deoxyuridine C9H12N205 C00526 918 5678 1144 6908 6404 9694 7843 7258
484335, 376173. 386389. 161175. 176865. 204660. 0.43524 0.00308

dcTp C9H16N3013P3 €00458 7814 6588 4677 1532 8911 7226 1192 2762
N-acetyl-glucosamine-1- 2318866 2479384 3315656 8221700 6211724 5816657 0.24957 0.00308

phosphate C6H14NO8P C04256 3.38 5.55 6.73 .047 344 471 2499 6733
105037. 34507.4 80629.0 267132. 363269. 281799. 4.14308 0.00316

anthranilate C7H7NO2 C00108 9261 0574 8565 4436 0886 6595 4388 0571
2759167 2125537 3456569 4663332 601895. 601848. 0.07033 0.00316

nicotinamide C6HEN20 C00153 7.8 9.05 0.63 295 7554 5873 789 4357
2941119 1766824 2080251 9461257 | 9743284 6745011 3.82274 0.00329

IDP C10H14N4011P2 C00104 572 753 .682 .102 197 .287 6508 7863
6332097 5780005 4752723 1474672 2465175 2394613 0.37560 0.00335

uTp C9H15N2015P3 C00075 9.05 7.23 218 534 9.27 9.43 1983 1574
347421. 292018. 435441. 794532. 770527. 981866. 2.36949 0.00338

glucosamine C6H13NO5 00329 0082 2734 734 7828 6196 5166 6606 4543
C24H38N7019P3 95842.8 57620.0 72828.1 5742.51 8150.49 4845.97 0.08280 0.00343

malonyl-CoA S C00083 0794 8371 161 6187 3897 4477 9232 6562
1028030 | 8841615 1033294 5471150 6015052 6706669 0.61765 0.00344

lactate C3H603 C00186 28.4 3.77 28.1 6.85 4.34 6.89 2645 0184
234403. 342141. 394375. 20649.2 28032.7 57108.9 0.10895 0.00398

AICAR C9H15N408P C04677 3878 5192 7613 0553 6094 9286 9427 158
1357288 1171745 1226415 9220157 | 9286272 8682673 0.72399 0.00405

2-keto-isovalerate C5H803 C00141 2.99 3.84 7.06 .963 73 .684 0701 4395
4342500 3754980 5453991 1429928 1922021 1340102 3.46239 0.00405

hypoxanthine C5H4N40 C00262 118 142 264 7.45 1.7 7.09 3449 5659
1299248 1178353 1222044 9982813 1033932 9739420 0.81255 0.00421

Maleic acid C4H404 C01384 9.97 1.79 6.43 728 8.61 .024 222 5503
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227043. 188664. 238946. 127996. 121976. 134680. 0.58756 0.00448

glyoxylate C2H203 C00048 9864 981 1493 0631 5204 642 621 916
558351. 557850. 669481. 383732. 388068. 377284. 0.64349 0.00469

cysteine C3H7NO2S C00097 4473 4153 3358 7508 2811 4074 9049 5958
2-Hydroxy-2- 1967520 1863933 2262376 1077078 1359083 1222646 0.60041 0.00493

methylbutanedioic acid C5H805 02612 .338 .072 959 409 925 .97 207 5261
3466260 2170362 2155015 6429099 7449361 9150249 2.95556 0.00495

cholesteryl sulfate C27H4604S C18043 3.99 7.46 5.33 1.14 3.73 0.85 6925 0038
860257. 756432, 792149. 533953. 436726. 576361. 0.64223 0.00500

acetoacetate C4H603 C00164 8229 9153 8208 7467 6049 3655 5 6941
C25H40N7017P3 3036176 3726908 2574586 546470. 822348. 1302083 0.28603 0.00518

acetyl-CoA S C00024 273 753 .47 9033 6335 441 5226 7088
2328892 2175748 1680946 7563067 1012379 1013020 0.44970 0.00601

GTP C10H16N5013P3 C00044 7.99 2.25 7.78 529 0.86 6.92 7711 6524
444459. 137916. 154408. 1577241 1875013 1113942 6.19745 0.00626

6-phospho-D-gluconate C6H13010P C00345 6861 928 9511 .909 641 428 8522 3703
C27H44N7020P3 C00356 16363.1 19015.4 14725.3 5156.77 6707.01 9915.25 0.43467 0.00734

HMG-CoA S 2475 0052 0891 5777 2764 7101 8224 1877
4026270 3835839 4393425 5334015 5002901 4943692 1.24683 0.00777

taurine C2H7NO3S C00245 2.8 8.86 0.31 6.09 9.6 5.08 3356 0579
1318175 1273398 1246610 1103777 9564343 9348992 0.78034 0.00788

fumarate C4H404 C00122 2.77 0.56 3.88 4.92 .882 225 5945 467
4040335 3815476 3982018 5072229 6164357 6235137 1.47592 0.00797

carnitine C7H15NO3 C00318 4.13 3.7 8.24 1.94 8.58 7.58 286 9002
478642. 537259. 497732. 406078. 422842, 385259. 0.80216 0.00808

Aminoadipic acid C6H11INO4 C00956 9729 2259 9623 8629 2938 5927 2093 175
577281. 455833. 401353. 2610182 2775742 1561351 4.84310 0.00872

NADH C21H29N7014P2 C00004 0187 2317 2297 412 4 762 4965 1518
C21H36N7016P3 1521300 856801. 810648. 4942714 8087234 5067536 5.67541 0.00918

coenzyme A S C00010 545 0745 766 .703 .02 789 6174 5201
44098.7 68031.4 57234.9 20259.8 17803.9 26595.6 0.38177 0.00919

N-acetyl spermine C12H28N40 C02567 747 3658 751 9061 9838 2812 5727 0359
7908907 6309496 7964351 4880527 3620668 3049875 0.52072 0.00983

glutathione disulfide C20H32N6012S2 C00127 1.46 0.55 9.45 1.48 5.24 3.39 3009 7021
D-glucono-1, 5-lactone 124173. 64314.3 96399.7 521143. 347672. 316793. 4.16167 0.01037

6-phosphate C6H1109P C01236 256 3884 6326 8957 2015 0798 7039 4492
71773.7 96320.6 84339.6 148857. 194797. 145812. 1.93899 0.01040

homocysteine C4HO9NO2S C00155 2845 5281 345 8032 7871 7012 4989 2426
5381246 4249239 4423332 2446209 3226055 2513941 0.58248 0.01054

myo-inositol C6H1206 C00137 8.39 0.6 3.85 7.4 4.46 7.28 9879 3142
27032.6 29575.6 37779.0 7894.93 13715.0 16825.0 0.40720 0.01102

retinoic acid C20H2802 C00777 7756 1691 6757 6844 4208 1832 491 4511
2186152 1841433 2157408 1513590 1572122 1590445 0.75604 0.01118

Guanidoacetic acid C3H7N302 00581 .769 .166 .812 712 314 .997 8989 2741
1799992 1500135 1198759 2616789 2560056 2203924 1.64057 0.01133

GDP C10H15N5011P2 C00035 .085 .688 371 484 132 .99 6963 7103
1012620 703173. 1209634 279548. 344380. 328738. 0.32565 0.01148

quinolinate C7H5NO4 C03722 .338 7087 .189 2628 29 8122 0568 7505
1597047 1457586 1548829 2878941 4636461 3775866 2.45277 0.01188

xanthosine C10H12N406 C01762 .006 .81 491 .196 .691 341 7067 0361
4503004 2846561 4737192 1146269 9471483 7629477 2.36321 0.01196

CMP C9H14N308P C00055 578 994 373 3.67 .352 496 868 2247
1337041 1125902 1432354 2026820 2340145 1816669 1.58746 0.01255

shikimate C7H1005 00493 218 .398 636 957 .824 475 1564 1832
1819560 1043866 1310796 2090271 1481100 9802089 10.9040 0.01281

IMP C10H13N408P C00130 466 919 .381 13 6.14 246 1695 8608
4246162 6179905 6153628 1306241 2169965 1550106 3.03160 0.01328

inosine C10H12N405 C00294 997 .614 .043 3.73 3.01 7.04 7564 6528
32964.0 38304.4 14816.8 641037. 1506239 1395618 41.1556 0.01329

adenosine C10H13N504 C00212 2682 8826 1486 703 442 271 2336 2836
1126730 6860107 8001322 2651965 3592255 2825144 0.34710 0.01362

asparagine C4H8N203 C00152 0.22 .691 935 .66 .703 347 3186 5215
602272. 454817. 469659. 327450. 244611. 294187. 0.56738 0.01393

orotate C5H4N204 00295 6987 4545 2758 2374 6475 0266 1192 6595
1301165 9946570 1026948 5590438 6639342 7381654 0.59021 0.01464

ATP C10H16N5013P3 C00002 57.2 7.99 14.3 0.92 7.99 7.89 3316 9776
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adenosine 5- 219314. 112065. 163048. 859700. 661480. 457365. 4.00168 0.01466
phosphosulfate C10H14N5010PS C00224 1193 6219 6142 7003 7663 8322 6548 6692
1241751 1020800 837754. 470513. 611406. 519607. 0.51657 0.01569
dATP C10H16N5012P3 C00131 296 316 874 0993 2545 7523 0576 5521
906711. 429996. 519061. 1262817 1133880 1393192 2.04222 0.01721
deoxyribose-phosphate C5H1107P C00673 0308 5436 839 .899 .006 .879 074 5104
1473252 1382359 1587100 1218069 1173345 1276791 0.82566 0.01769
CDP-ethanolamine C11H20N4011P2 C00570 .105 708 .87 .286 271 334 8044 3664
9562.52 12387.4 4899.18 63607.1 42945.8 31594.6 5.14531 0.01821
dGMP C10H14N507P C00362 072 9016 1624 0813 0318 9278 6905 114
1306374 9892220 1014931 5388310 6638762 7485891 0.58942 0.01875
dGTP C10H16N5013P3 C00286 57.3 7.1 12.7 8.36 3.51 4.42 1566 1775
1543983 1079078 847483. 294249. 457192. 287129. 0.29925 0.01876
Cystine C6H12N204S2 C00491 .702 .393 5478 8918 2189 6775 3171 9975
1164861 1469984 1048284 1793559 2289189 1862661 1.61422 0.01945
aspartate C4H7NO4 C00049 1.07 6.85 3.28 4.67 3.62 8.62 7708 7872
498321. 406594. 325248. 233305. 232737. 198760. 0.54041 0.02129
cyclic-AMP C10H12N506P C00575 4561 8557 3977 6711 4062 6927 8502 7367
dihydroxy-acetone- 7839576 8024009 6690906 1135976 1321908 9791139 1.52386 0.02150
phosphate C3H706P Co0111 .868 729 .889 6.6 8.29 654 4616 6132
57076.3 24396.7 11024.3 752318. 1262063 511657. 27.3092 0.02158
putrescine C4H12N2 C00134 5146 2983 5653 7931 1133 01 8549 2072
5280999 4445679 2892784 1285104 1796875 1766838 0.38423 0.02271
CcTP C9H16N3014P3 C00063 .32 .847 936 .084 .044 .95 3279 6408
4487867 4431159 3861047 3426817 3231375 2559724 0.72127 0.02283
a-ketoglutarate C5H605 C00026 .489 .736 .853 728 .682 .253 2575 5216
118997. 74510.3 91923.1 33285.4 56231.6 14431.9 0.36418 0.02687
deoxyadenosine C10H13N503 C00559 3377 8251 056 7329 0625 6521 2966 5326
652886. 491771. 214018. 3932876 2673170 1623062 6.05670 0.02808
ump C9H13N209P C00105 9301 2277 5923 792 .073 264 8579 5386
612430. 361303. 796297. 1912865 3189503 1639060 3.80865 0.02847
methylnicotinamide C7HI9N20 C02918 1298 424 1169 .074 .362 443 0885 0255
4607348 3479500 4253143 3125776 2011424 1630087 0.54840 0.02926
uracil C4H4N202 C00106 4.79 6.66 5.05 1.55 4.98 5.45 2936 0663
1884580 1504905 2453088 3208389 3192936 2675060 1.55349 0.02990
glucose-1-phosphate C6H1309P C00103 .78 .407 157 .813 .881 .026 101 2173
24022.0 16555.9 11555.6 30533.9 38184.6 28917.1 1.87279 0.03029
FMN C17H21N409P C00061 8568 5044 2971 588 2657 3865 6061 2544
3725080 2671210 1725090 888300. 835288. 722237. 0.30115 0.03097
trehalose-6-Phosphate C12H23014P C00689 .249 .35 736 6174 0515 6591 8907 8113
1239075 683088. 316946. 2728133 1968426 8524365 24.7821 0.03123
GMP C10H14N508P C00144 3 1575 3328 9.13 3.33 236 5581 649
41743.3 40013.6 10987.3 88138.5 152290. 211316. 4.87087 0.03169
isocitrate C6H807 C00311 7314 139 1468 0706 312 854 2546 2528
137210. 111585. 103691. 224102. 479678. 365992. 3.03493 0.03276
guanosine C10H13N505 C00387 2205 1025 3573 4667 6578 7525 4188 6298
277391. 184020. 197993. 94761.0 140407. 118080. 0.53570 0.03300
hydroxyphenylpyruvate C9H804 C01179 8842 1777 9487 3248 0367 6031 7389 0374
1442983 1442667 1330744 1250945 1268454 1307780 0.90769 0.03395
betaine C5H11NO2 C00719 12.5 03.2 57.2 09.2 83.5 36.1 0227 5763
4550595 3753425 4285681 3215212 3596318 3355645 0.80757 0.03579
NAD+ C21H27N7014P2 C00003 2.68 9.56 7.54 6.52 9.95 4.89 8793 7332
5690914 5322410 5212105 4099260 4945986 4606255 0.84136 0.03971
glutamine C5H10N203 C00064 6.11 0.02 7.95 9.24 7.22 6.29 4631 6593
103964. 72774.9 96452.9 212273. 500179. 303034. 3.71711 0.04438
dump C9H13N208P C00365 2999 4134 9167 7761 502 0775 6496 6474
49178.0 29615.2 30342.5 19367.2 15886.0 18202.2 0.48980 0.04582
pyridoxine C8H11NO3 C00314 4325 2269 432 9801 1485 928 8122 4361
8721857 9182822 7290864 4251394 6182554 6789384 0.68358 0.04952
dimethylglycine C4HINO2 C01026 715 477 77 .687 .875 244 6477 2884
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