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Abstract

In single-cell organisms, such as bacteria, metabolic control of transcription is a
central mode of gene regulation. In multicellular organisms, with different organs having
unique metabolic functions and demands, the connection between gene regulation and
metabolism is significantly more complicated and less well understood. While the links
between the two processes in higher species have remained more elusive, they are
expected to exist.

Recently, the dependence of several transcriptional coregulators on important
metabolic molecules has aroused the interest of many researchers in elucidating how gene
expression may be under the control of the metabolic state of the cell in higher species. In
this thesis, I explain how the metabolic state is composed of the energy state and the
redox state by reviewing the components that contribute to each. The integral role of
oxidized nicotinamide adenine dinucleotide (NAD™) and reduced NAD" (NADH) in both
components of metabolism, and the ability of silent information regulator protein (Sir2)
and carboxyl-terminal binding protein (CtBP) to bind pyridine dinucleotides, highlights
this redox pair as a potential link between metabolism and gene expression in higher
species. The biological relevance of the pyridine dinucleotide binding events depends on
the affinity between the binding partners and the concentration of the free pyridine
dinucleotides in cells. I determined the affinity of CtBP for NAD* and NADH and
presented a collection of data suggesting the relevant cellular concentrations of these
py.ridine dinucleotides. In summary, I provide strong support for NADH serving as an
important signaling molecule linking gene regulation to the metabolic state of the cell

through its interaction with CtBP.
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Introduction

The regulation of gene expression by the oxidative state of the cell has been under
investigation for over a decade. Many transcription factors and proteins involved in
signaling cascades that activate gene expression appear to be regulated by the oxidative
state of the cell through a variety of mechanisms [1, 2]. More recent advances in the
study of gene expression have uncovered a new theme linking transcriptional
coregulators to the metabolic state of the cell via their dependence on molecules central
to cellular respiration [3, 4].

The metabolic state encompasses the energy state and the redox state. The energy
state describes the availability of fuel sources (glucose, lipids) and useable energy (ATP)
while the redox state describes the oxidative potential that reflects the balance of the
molecules able to undergo oxidation/reduction reactions. The redox pair, NAD*/NADH,
tightly couples the redox state to the energy state by serving as the link between fuel
sources and useable energy. Thus, the dependence of transcriptional corepressors on
NAD" and NADH ideally suits these major regulatory proteins to sense both the energy
and redox state of the cell.

Energy is the fundamental requirement for life. Every cell must have an energy
supply, the ability to convert that energy to a useable form and the mechanism to remove
waste products. In cellular respiration, the useable energy is ATP and the waste products
are CO, and H,O. The energy supply consists of higher molecular weight carbon sources
such as carbohydrates and lipids. The process of converting the energy supply to useable
energy is a highly regulated process that involves the transfer of reducing equivalents

from the supply source to the final acceptor oxygen. Organisms have storage mechanisms



installed to avoid starvation should the energy supply become low. Just as overproduction
of ATP can result in starvation due to a depleted energy supply, underproduction of ATP
would halt the many cellular processes that require it. It is important for a cell to maintain
a constant level of the useable ATP. Because essentially every cellular process requires
ATP, it must be continuously replenished. When the supply just meets the demand, there
is no need to store the supply and cellular processes can operate efficiently. The
concentration of ATP in a cell is important for maintaining its own levels by acting at the
level of phosphofructokinase. Increased levels of ATP inhibit glycolysis and stimulate
gluconeogenesis and glycogen synthesis. Decreased ATP levels promote the catabolic
processes to synthesize more ATP. When carbohydrate supplies are depleted, other
sources are utilized including lipids and proteins. Lipids undergo beta-oxidation where
NADP" is reduced to NADPH and the carbons exit as acetyl-CoA. Proteins are broken
down to amino acids which are also converted to acetyl-CoA. Acetyl CoA can then enter
the Kreb’s cycle. Acetyl-CoA is perhaps the most central of all intermediary metabolic
molecules bridging the major anabolic and catabolic processes. Similar to ATP, acetyl-
CoA levels remain stable being situated in the center of essentially all synthetic and
breakdown pathways. Thus, a significant decrease in ATP or acetyl-CoA would represent
a state of severe starvation or metabolic deregulation. In the absence of sufficient amino
acid and ATP levels, gene transcription that leads to protein synthesis would be a waste
of the already depleted energy supplies. It is possible that a drop in acetyl-CoA and ATP
levels during states of severe metabolic stress could inhibit gene expression through their

requirement by transcriptional coactivators.



As mentioned earlier, the pyridine dinucleotides NAD" and NADH appear to be
suited to serve as metabolic indicator molecules reflecting the cell’s energy and oxidative
state. The central question addressed by this thesis is whether gene expression is
regulated by the metabolic state of the cell through the electron carrier redox pair
NAD*/NADH. The focus of this thesis considers the ability of the transcriptional
corepressor CtBP to serve as a metabolic sensor. The report that NAD(H) enhances the
interaction between CtBP and repressor proteins suggested that CtBP may modulate gene
expression under the control of metabolic events [S]. The hypothesis that CtBP serves as
a sensor of cellular metabolism has been controversial. The conflict surrounding the
potential for CtBP to provide such an important link between gene expression and the

metabolic state of the cell led to studies designed to measure nucleotide binding.

Transcription

Transcription is the synthesis of an RNA molecule from a DNA template
molecule. The transcription process requires that RNA polymerase binds to DNA at
promoter elements, the two strands must be unwound and the RNA synthesized based on
the sequence of the DNA. RNA polymerase II is the enzyme the carries out the synthesis
of an RNA polymer. Ribonucleoside triphosphates are used to extend a growing strand in
a reaction that releases pyrophosphate from the newly added nucleotide. A major part of
regulation is the binding of RNA polymerase II to the TATA core promoter of a gene [6].
The binding of RNA polymerase II to a gene’s promoter is an orchestrated process
involving many components of the RNA polymerase complex, including TATA binding

protein (TBP) and many TBP associated factors (TAFs) [7, 8]. Important steps in the



transcription process include DNA melting, initiation and RNA elongation. Post-
translational modifications of the RNA polymerase complex dictate binding partners and
the complex’s structural organization. Two other core promoter elements are the
downstream promoter element (DPE) and the initiator (INR) [9]. These elements are
short, highly conserved and found in nearly all protein-encoding genes.

The preinitiation complex (PIC) is composed of TFIID, TBP and TFIIA which
then binds TFIIB. The TAFs and TBP unite with TFIIF, followed by TFIIE and TFIIH.
RNA polymerase contains a carboxyl-terminal domain (CTD) that is an important site of
regulation by phosphorylation [10]. TFIID/TBP recognizes the core promoter and recruits
TFIIB. TFIIA stabilizes TFIID and promoter binding whereas TFIIF assists RNA
polymerase II to reach the promoter. TFIIE recruits TFITH and modulates TFIIH’s
helicase activity.

Other DNA elements important for proper recruitment of the PIC are the enhancer
elements that facilitate activation of transcription. The enhancer elements are bound by a
family of sequence-specific transcription factors that activate gene expression. Some
examples of activators include SP-1, Oct and GATA-1 [11]. Enhancer regions may
consist of several elements recognized by different activators. Opposing the regulation of
enhancers are the silencers. Silencers are the DNA elements that are recognized by
repressors to inhibit transcription of a gene [12]. Some DNA elements, such as the E
box, can differentially regulate gene expression by the binding of either activators or
repressors [13, 14].

Response elements are recognized by transcription factors that are activated by a

particular ligand or stimulus. Response elements are usually within 1000 bp of the



transcriptional start site. Examples of response elements are the estrogen response
element (ERE), cyclic AMP response element (CRE) and the glucocorticoid response
element (GRE) [10].

A regulated recruitment of RNA polymerase is suggested by the many different
DNA elements that are recognized by many different transcription factors. A question
that has not been addressed is how these DNA elements promote recruitment of RNA
polymerase II to a particular gene. The transcriptional coregulators serve to bridge the
DNA-binding proteins to the PIC for the synthesis of RNA transcript. Further study is
demonstrating that the function of transcriptional coregulators goes beyond serving as a
bridge, or adaptor protein. Several coregulators have enzymatic activities and are
involved in altering the structure of chromatin [15]. Before describing the various
transcriptional coregulators, the structure of chromatin will be discussed to provide a

better understanding of the obstacles faced by the RNA synthetic machinery.

Chromatin

Chromatin is the material in the nucleus of a cell that contains the genetic
information required for the synthesis of proteins. Chromatin is packaged into units
called chromosomes. Chromosomes undergo major structural changes throughout the cell
cycle being highly condensed during metaphase and much less condensed during
interphase. Cytologists have long observed that chromatin can be arranged in two
structural configurations termed heterochromatin and euchromatin (Figure 1).
Heterochromatin is the condensed form of chromatin and is more abundant in resting

cells and is heterochromatin is transcriptionally inactive. Euchromatin is less condensed,



has a threadlike appearance and is considered to be transcriptionally active. Note in figure

1 that heterochromatin is disrupted near the nuclear pore to prevent blocking transport.
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Figure 1. Taken from Molecular Biology of the Cell, Alberts, B. et al.

The length of DNA in a single human cell is 300,000 times longer than the diameter of
the nucleus that contains it. In order to accommodate this apparent discrepancy between
the length of DNA and the volume of the nucleus, DNA is organized into several
structural layers [16]. The primary level of organization is the nucleosome [17]. The
nucleosome is composed of DNA wrapped around a histone protein octamer containing
two copies each of the core histones H2A, H2B, H3 and H4. The nucleosome core DNA
is wrapped around the octamer 1.7 times, equivalent to 146 base pairs. The DNA between
the nucleosomes is termed the linker DNA and is bound by the linker histone H1. Several
nucleosomes in tandem appear as “beads on a string.” The secondary level of

organization is the coiling of nucleosome beads into a helical structure called the 30 nm



fiber present in both interphase and mitotic chromatin. The tertiary level of organization

is the arrangement of the 30 nm fiber into loops, scaffolds and domains.
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Figure 2. Taken from Johnstone R.W. Nature Reviews Drug Discovery 2002;Volume 1:
287-299.

Histone proteins are basic at neutral pH due to an abundance of lysine and
arginine residues while DNA is negatively charged due to the phosphate backbone. These
attracting charges are largely responsible for the DNA/histone interaction. The histone
amino terminus tails are important for primary and higher levels of chromatin structure.
Thus, the post-translational modification of the amino termini influences chromatin
structure and gene expression [18]. There are several different types of post-translational
modifications that occur on histone proteins. These modifications influence histone /
DNA interactions, histone / nonhistone protein interactions and higher order chromatin

structure such as the packaging of nucleosomes. Acetylation of histone lysine residues is



generally associated with gene activation [19, 20]. Acetylation neutralizes the charge of
lysine weakening the interaction with the DNA phosphate backbone and relaxing the
structure of chromatin and increasing access of transcription factors and machinery.
Lysine acetylation is important for much more than disrupting DNA histone interactions,
an acetylated lysine serves as a binding module recognized by proteins containing
bromodomains [21]. The ability of a bromodomain to bind a particular acetylated Lys

with a high degree of specificity is important for proper translation of the histone code.

Acetyl-CoA-Dependent Histone Acetylation

Histone acetylation promotes gene activation by altering the structure of
chromatin towards a more relaxed state and by facilitating the recruitment of additional
chromatin remodeling and transcription complexes. Histone acetyltransferases are the
proteins that catalyze the acetylation reaction. There are several families of HATs based
on sequence and function including the GNAT, MYST and CBP/p300 [22]. The HATs
share a weak homology, most significant over the acetyl-CoA binding region. The crystal
structures of several HAT family members revealed that the different HAT families are
structurally similar despite the weak sequence homology [22]. Each HAT is also thought
to carry out a similar catalytic mechanism where a glutamate residue serves as an active-
site base to abstract a proton from the epsilon amino group of the lysine substrate. The
deprotonated lysine of the substrate then serves as a nucleophile that reacts with the
acetate carbonyl of acetyl-CoA to generate CoA-SH and acetylated (Lys) protein. HATs
have been shown to acetylate non-histone proteins such as p53 and RIP140 to promote

gene activation without directly affecting chromatin structure. Acetylation stimulates p53



transactivation by a mechanism that is still under dispute [23]. Acetylation relieves
RIP140 repression by disrupting its interaction with a transcriptional corepressor [24].

A histone code based on sequential post-translational modifications of the amino
termini has been proposed [25]. The detailed mapping of amino termini modifications by
chromatin immunoprecipitation (ChIP) analysis during activation of human IFN-J has
suggested how cells process the histone code based on the DNA code of the enhancer.
The DNA code provides the information for the assembly of the higher-order three-
dimensional transcripition factor / enhancer DNA complex termed the enhanceosome.
The enhanceosome recruits the histone modifying proteins that print the histone code.
Translation of the histone code involves the recruitment of transcription complexes to the
enhanceosome and specifically acetylated histone aminotermini. Figure 3 depicts a model
for the histone acetylation code for activation of the IFN-} gene in response to viral
infection. Panel A represents a nucleosome with histone tails exposed for modifications
based on the DNA code of the enhancer. Panel B represents the formed enhanceosome
recruiting the HAT GCNS. In Panel C and D the histone code is printed. GCNS5 acetylates
H3 on Lys9 and H4 on Lys8. Phosphorylation of H3 on Ser 10 by an unidentified kinase
is a prerequisite to acetylation of H3 on Lys14 by GCN5 shown in panel D. Translation
of the code involves recruitment of the bromodomain containing complexes SWI/SNF

and TFIID as well as the replacement of GCNS5 with CBP.
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Figure 3. T. Agalioti, G. Chen, and D. Thanos Cell, Vol.111, 381-392 [25].

NAD"-Dependent Protein Deacetylases

Histone deacetylases (HDACsS) reverse the post-translational modifications of the
HATS. There are two families of histone deacetylases. The first is composed of loosely
related class I and II HDACs [26]. These enzymes serve a corepressor function and
utilize a mechanism involving the hydrolysis of free acetate from lysine residues. The
second family of histone deacetylases is the Sir2 family [4, 27]. The Sir2 family of
histone deactylases require NAD" for deacetylation where the ADP-ribose moiety of

NAD" serves as the acetate acceptor. Nicotinamide is a byproduct of the reaction and

10



serves as an effective inhibitor of SIR2 [28, 29]. The K, of Sir2 for nicotinamide is
similar to the cellular levels of nicotinamide suggesting that the inhibition may be
relevant to Sir2’s cellular functions. The regulation of Sir2 activity remains controversial

and is discussed in much more detail in the Discussion chapter of this thesis.

ATP-Dependent Chromatin Remodeling Complexes

ATP-Dependent Chromatin Remodeling Complexes have been categorized into
three families based on the identity of the catalytic ATPase subunit: the SWI2/SNF2
family, the ISWI family and the MI-2 family [15]. ATP-dependent chromatin remodeling
proteins act in concert with other coregulators to assist in the rearrangement of chromatin
towards a more or less folded state. These proteins use the energy of ATP hydrolysis to
influence the higher order chromatin structure by acting on nucleosomal arrangement
[30]. The activity that seems best characterized is nucleosome sliding by proteins like
NUREF [31]. It has been suggested that these ATP-dependent chromatin remodelers may
have a DNA helicase activity important for unwinding DNA wrapped around the core
histones. Two models proposed for the mechanism utilized by remodeling proteins are
sliding and conformational change. Sliding involves changing the translational position
of nucleosomes on DNA to expose new regions of DNA. Conformational change refers
to altering the shape of the histone octamer and/or the DNA. Various assays have been
developed to better understand the activities of the different remodeling families
including altered restriction enzyme access and assembly of nucleosomes. The precise
mechanism and alterations of the ATP remodeling proteins may be difficult to tease apart

because these proteins are components of a larger complex that works within an even

11



larger machinery. The involvement of the ATPase activity in gene regulation is supported
by the data demonstrating that the activity within ISWI and Mi-2 complexes is stimulated

by nucleosome substrates [32, 33].

Metabolic State

NADH as an Indicator Molecule

Molecules central to cellular respiration reflect both the energy state and oxidative
state of a cell. A basic understanding of the many factors that influence the levels of
NADH is necessary to appreciate the significance of a transcriptional coregulator
sensitive to NADH. NADH is in equilibrium with NAD" having a redox potential of 3.9
mV. NADH is a product of glycolysis and the Krebs cycle. NADH is also in equilibrium
with NADPH, an important molecule for biosynthetic pathways. NADH is a substrate for
oxidative phosphorylation where its reducing equivalents are transferred to molecular
oxygen to yield water and provide the proton gradient required for ATP synthesis. Thus,
NADH levels reflect levels of molecular oxygen and other oxygen species related to
oxidative stress such as hydrogen peroxide, superoxide, hydroxyl radical and nitrogen
oxide. The integral role of NADH in ATP synthesis, as a product of carbon breakdown
and a substrate required for maintaining a proton gradient, demonstrates the ability of
NADH to serve as an indicator of a cell’s energy state. NADPH’s role in the reduction of
glutathione, by glutathione reductase, suggests another link between NADH and the
cell’s oxidative state. The reduction of glutathione is critical for maintaining protein
cysteine residues in a reduced state. Oxidation of protein cysteine residues includes

disulfide formation as well as the formation of other oxidized forms such as the sulfenic,
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sulfonic and sulfinic acid derivatives [34]. Glutathione is able to reduce disulfide bonds
and reverse the formation of sulfenic acids to free sulthydrals. Oxidation to the sulfenic
acid is now accepted as an important regulatory modification of several proteins
containing critical cysteine residues such as caspases and protein tyrosine phosphatases.
NADH is linked to the oxidation state of protein cysteine residues through the enzyme
that monitors the NADH/NADPH equilibrium -- NADH transhydrogenase. Transition
metals, particularly Fe, are also important components of a cell’s oxidative state. The
ability of Fe*? to be oxidized by oxygen species and undergo fenton chemistry provides

the link between the redox balance of transition metals and NADH.

Reactive oxygen species

Molecular oxygen is the ultimate recipient of reducing equilvalents generated
from the catabolism of carbons sources. The electron configuration of molecular oxygen
allows it to accept one electron forming the highly reactive superoxide radical that is
rapidly dismutated without catalysis. Superoxide dismutase accelerates the dismutation
10* fold in a reaction converting superoxide to hydrogen peroxide and molecular oxygen
at a rate approaching diffusion [35]. A two-electron reduction of molecular oxygen yields
hydrogen peroxide. Hydrogen peroxide is more stable than superoxide and is thought to
serve as a more selective signaling molecule. Reactive cysteine residues with lowered

pK, values are targets of hydrogen peroxide. Hydrogen peroxide is also reactive with

reduced transition metals such as Fe* to produce hydroxyl radical and Fe**. The roles of
reactive cysteine residues, hydrogen peroxide, and transition metal redox reactions are

discussed later. A three-electron reduction of molecular oxygen yields water and a
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hydroxyl ion while a four-electron reduction of oxygen results in the formation of two
water molecules. In summary, superoxide and hydroxyl radicals are highly reactive and
essentially oxidize the first molecule with which they collide resulting in an irreversible
oxidation while hydrogen peroxide seems to act more specifically targeting protein thiols
and reduced transition metals. The oxidation of thiols appears to be a reversible
modification.

Reactive nitrogen species have important roles in redox chemistry and cellular
signaling. Nitric oxide (NO) is synthesized by nitric oxide synthases from L-arginine in a
reaction yielding the side product L-citrulline. The roles of reactive nitrogen species are
still under debate. The ability of nitric oxide to activate guanylate cyclase by interacting
with the ferrous heme of the enzyme was the first known physiological function of NO.
The ability of NO to bind to ferric heme is thought to promote the nitrosation of
biological nucleophiles. The chemistry of this modification involves transfer of an
electron from the nitric oxide radical to the ferric heme forming ferrous heme and the
electrophilic nitrosonium ion (NO"). Nitrosation of reactive thiols is a modification
similar to the oxidation of cysteine by hydrogen peroxide. Nitrosation of a cysteine
residue can be reversed in a manner similar to the reduction of sulfphenic acids discussed
below. Another method of nitrosating thiols is by the formation of N,O, from the
oxidation of NO with O,. There are other proposed mechanisms for nitrosating thiols
including the reaction of NO with superoxide to form peroxynitrite. The precise
mechanism(s) involved in thiol nitrosation are still under investigation. Nevertheless, S-

nitrosthiol formation is a physiologically occurring phenomenon connected to the redox
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environment of the cell via reactivity with transition state metals, thiols and oxygen
species.

There are several enzymes that function to rid cells of reactive oxygen species.
The first, superoxide dismutase, was already mentioned. Three enzymes that remove
hydrogen peroxide are catalase, glutathione peroxidase and thioredoxin peroxidase.
Catalase carries out a dismutation reaction converting hydrogen peroxide to water and
and oyygen. Glutathione peroxidases make up a family of selenium proteins that reduce
hydrogen peroxide using glutathione to produce oxidized glutathione and water.
Thioredoxin uses its own reactive cysteine residues to reduce hydrogen peroxide to

produce a disulfide and water.

Redox Thiols

The sulfur of cysteine residues can be oxidized to a disulfide bond, a sulfenic acid
(SOH), a sulfinic acid (SO,H) or a sulfonic acid (SO;H) [34]. The sulfinic and sulfonic
acids are essentially irreversible modifications. At physiological pH most protein cysteine
residues (pK, = 8.3) are not susceptible to oxidation by reactive oxygen species. Some
proteins contain cysteine residues that are unusually reactive due to their unique protein
environment such as a cysteine coordinating a metal ligand or near a protein residue
capable of reducing the cysteine’s pK,. Protein cysteines with a reduced pK,, are in the
reactive thiolate (S-) form at cellular pH. The thiolate can react with hydrogen peroxide
to form the sulfenic acid. The sulfenic acid can lead to an intramolecular disulfide or a
disulfide with glutathione. A second gluta.thione molecule will regenerate the protein

free thiol (SH) and yield oxidized glutathione (GSSG).
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Two families of enzymes that are oxidized by reactive oxygen species are the
protein tyrosine phosphatases and the caspases. Structural studies have provided a closer
look at cysteine oxidation of protein tyrosine phosphatase 1B. Hydrogen peroxide is
considered a second messenger required for full activation of protein tyrosine kinase
signal transduction pathways [36]. One mechanism of activation is the transient inhibition
of PTP1B by reversible oxidation of the catalytic cysteine that prevents protein
dephosphorylation. The crystal structure revealed that the sulfenic acid is converted to a
sulphenyl-amide species formed between the catalytic cysteine and the main chain
nitrogen of an adjacent residue [37]. Further oxidation of this cysteine to the sulphinic
and sulphonic acid derivatives was also observed in crystal structures of PTP1B [38].

Caspases are cysteine-aspartate proteases responsible for regulating inflammation
and executing apoptosis. Similar to protein tyrosine phosphatases, caspases contain an
unusually reactive catalytic cysteine residue that is susceptible to oxidation by hydrogen
peroxide and other reactive oxygen species [39]. The sulphenic acid derivative renders
caspases inactive and may result in the inhibition of apoptosis.

Oxidized proteins are reduced by one of several different enzymes using a
reducing molecule such as glutathione or thioredoxin to carry out the reduction [40].
Glutathione is a tripeptide synthesized nonribosomally from glutamate by
glutamylcysteine synthetase that forms intermolecular disulfides. The cellular
concentrations of glutathione are high (1-11 mM). This is higher than most other cellular
redox compounds suggesting that glutathione plays an important role in the redox state of
a cell. NADPH is the primary source of electrons for reducing oxidized glutathione to the

free sulphydral form in a reaction catalyzed by glutathione reductase.
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Thioredoxin is particularly important for reducing cysteine disulfides of DNA-
binding transcription factors. Thioredoxin is a protein that forms intramolecular
disulfides. Cellular thioredoxin levels are much lower than those of glutathione (~1-10
uM vs. 1-11 mM, respectively). Similar to the glutathione system, NADPH is the main
source of electrons for reducing the thioredoxin disulfide to the dithiol form in a reaction
catalyzed by thioredoxin reductase.

As pointed out by Schafer and Buettner, the three redox systems NADP* /
NADPH, GSSG/2GSH and TrxSS/Trx(SH)2 are not isolated systems [41]. Rather, they
are thermodynamically connected to each other because NADPH provides both Trx and
glutathione with reducing equivalents. The half-cell potentials of these linked redox
couples influences the redox environment of cells.

Another enzyme that influences the redox balance of a cell is NADH
transhydrogenase [42]. This protein couples the proton chemical gradient to the hydride
transfer between NADH and NADP®. The [NADPH][NAD']/[NADP*][NADH] ratio can
be > 400 [43]. The NADPH produced is available for reduction of glutathione and
biosynthesis of lipid molecules. The production of NADPH from NADH provides a

direct connection between NADH and the NADPH/thiol systems.

Transition State Metals

A survey of cellular redox molecules should include a description of the
involvement of transition metals such as iron and copper. These metals participate in one-
electron transfers that are often important for their roles in enzyme catalysis. These

metals also have a high affinity for O, making them ideal for O, transport and utilization

19



[44, 45]. The reactivity of transition metals towards oxygen species results in the
formation of highly reactive species such as the production of the damaging hydroxyl
radical from hydrogen peroxide in a reaction termed the fenton reaction [46]. Increased
iron accessibility and production of reduced oxygen species such as hydrogen peroxide
and superoxide shifts the cell to a prooxidant state [47]. One important consequence of a
prooxidant state is DNA damage by reactive oxygen species, such as hydroxal redicals
which oxidize DNA bases. Another result of fenton chemistry is the regulation of the
oxygen sensor hypoxia-inducible factor (HIF-1). HIF-1 and several other transcription
factors are sensitive to changes in the cellular redox state by a variety of mechanisms.
The regulation of gene expression by oxygen, and oxidative stress will be dicussed in the

next section.

Redox sensitive nuclear transcription regulators

Transcription factors and thiol / oxygen species

There are a number of bacterial transcription factors sensitive to alterations in the
redox environment [48]. A brief discussion of SoxR and OxyR provides examples of how
redox changes are sensed by a redox iron center and a redox sensitive cysteine. The genes
regulated by these proteins agree with their classification as redox sensors. For example
the SoxRS protein induces genes for antioxidant defense such as those encoding Mn-
containing superoxide dismutase and a DNA repair endonuclease for oxidative damages
[49]. SoxRS also induces genes of aerobic metabolism and resistance genes for

antibiotics, organic solvents and heavy metals. The SoxRS regulon is activated by
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exposure to agents that generate intracellular superoxide or by exposure to nitric oxide.
Activation of SoxRS is thought to involve the protein’s [2Fe-2S] center by oxidation or
metal assembly.

The OxyR protein is responsive to hydrogen peroxide and induces at least eight
genes of oxidative defense including catalase-hydroperoxidase and glutathione reductase
[50]. The signal to activate OxyR is thought to be the oxidation of a cysteine that
stimulates DNA binding and gene activation. Many of the genes regulated by OxyR are
also regulated by the stationary phase/starvation response system programmed by the ¢**

protein.

Eukaryotic DNA-binding transcription factors

The DNA-binding transcription factors, NF-kB, and AP-1 are examples of
eukaryotic activator proteins inﬂuénced by the cell’s redox environment [2]. NF-kB
regulates an array of genes involved in the inflammatory response such as cytokines and
interleukins. Activation of the NF-kB pathway provides an example of how redox
regulation of a gene can occur at locations ranging from the cell’s plasma membrane to
the nucleus. Reactive oxygen species activate Ras which stimulates the phosphorylation
of MAPK kinase kinase (MEKK 1) and subsequent phosphorylation and release of IxkBx.
Release of IkBx is required for NF-kB nuclear translocation. Phosphorylation of the p65
subunit of NF-xB is required for activation and is also a target of the MEKK1
phosphorylation cascade. Reactive oxygen species stimulate the degradation of
phosphorylated IkBk. A reducing environment is required for NF-kB DNA binding.

Oxidation of a cysteine in the DNA binding region prevents DNA binding. This cysteine
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is thought to form an intermolecular disulfide that can be reversed by thioredoxin and
Ref-1.

Activation of the NF-xB pathway by Ras provides an example of ROS acting at
many cellular locations to alter gene regulation. ROS stimulate the phosphorylation of
p38 and IkB kinase by MEKK 1 as well as the phosphorylation of IkBxk. The
phosphorylated IkBx is then degraded in a manner also enhanced by ROS.
Phosphorylation of IkBx results in its release from NF-kB and subsequent degradation.
NF-xB is able to enter the nucleus in the absence of IkBx under reducing environments.
A cysteine in the DNA-binding region of NF-kB must be in the reduced state for
activation. Oxidation of this cysteine to an intermolecular disulfide prevents DNA-
binding. The disulfide can be reversed by thioredoxin and Ref-1. NO has been reported
to have many effects on NF-xB signaling that appear to both antagonize and synergize
with those of ROS.

AP-1 is formed from heterodimers with c-fos and jun. The binding of AP-1 to
DNA is favored under reducing conditions as a cysteine in the basic DNA-binding region
of c-Fos and c-Jun confers the redox sensitivity. Activation of AP-1 involves ROS
stimulated expression, and subsequent phosphorylation, of the two subunits c-fos and c-
jun. The phosphorylation of the c-Fos and c-Jun is the result of MAP kinase family
members. The inactivation of tyrosine and dual-specificity phosphatases by ROS is
thought to enhance activation by preventing dephosphorylation and inactivation of ERK.

Ref-1 is able to reduce AP-1 and is regenerated by thioredoxin.
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Transcriptional coregulators and metabolic messenger molecules

The dependence of two classes of transcriptional coregulators on central
metabolic molecules was described in the discussion of the HATs and the chromatin
remodeling proteins which require acetyl-CoA and ATP respectively. While ATP and
acetyl-CoA do not undergo oxidation or reduction chemistry, these two molecules are of
major importance in metabolism. ATP is the energy source for essentially all cellular
processes and the end product of cellular respiration. ATP synthesis is driven by a proton
gradient generated by a process dependent on reducing equivalents provided by NADH
produced during catabolism of carbon sources. Acetyl-CoA is perhaps the most central
of all intermediary metabolites, bridging the major catabolic and anabolic processes to
the Krebs cycle, where its two carbons are converted to the respiratory product, CO,. A
summary of cellular respiration is provided below (Fig. 4) and highlights the roles of

acetyl-CoA, NAD*, NADH and ATP.
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Figure 4. Cellular respiration.

22



Sir2 and NAD"

The ability to sense the cellular redox state via thiol chemistry with oxygen
species appears to be an attribute commonly seen with DNA-binding transcription
factors. Transcriptional coregulators, on the other hand, are highly specialized in their
form and function to be sensitive to molecules that appear to serve as metabolic
messengers linking cellular respiration to gene regulation. Perhaps the best example of
this connection is the NAD"-dependence of the histone deacetylase, Sir2. Studies in yeast
and other species suggest that the regulation of Sir2 by NAD" may be important for the
affects of calorie restriction on life-span [51, 52]. The deacetylase activity of Sir2 is
critical for Sir2’s roles in gene repression and the maintanance of heterchromatin. The
observation that one NAD" is consumed in the histone deacetylation reaction for every
peptide lysine deacetylated led investigators to conclude that NAD" is involved in the
chemistry of the reaction. Efforts to identify free acetate as a reaction product were
unsuccessful and led to the identification of the novel reaction product O-acetyl-ADP
ribose [53, 54]. The functional significance of O-acetyl-ADP ribose remains to be
determined. Nevertheless, the NAD" dependence of Sir2 provides a connection between
the metabolic environment and gene silencing.

The role of Sir2 in repressing muscle cell differentiation was shown to be
regulated by the redox state of the progenitor cells [55]. First, Fulco et al established that
Sir2’s deacetylase activity was required for muscle cell differentiation. Small molecule
inhibitors of Sir2 deacetylase activity and a catalytically inactive mutant of Sir2 (H355Y)

each increased transcription of muscle-specific reporter constructs.
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Additionally, overexpression of Sir2 resulted in a block in differentiation. A
microarray analysis of cells expressing high levels of Sir2 demonstrated specific
repression of muscle-cell differentiation genes. Fulco et al. then manipulated the redox
state of the cell by the addition of pyruvate or lactate which causes an increase or
decrease in the NAD'/NADH respectively. The pyruvate/lactate ratio was used to
determine that the NAD'/NADH ratio decreases in cells undergoing differentiation in
support of the hypothesis that NAD" levels influence Sir2 activity and muscle cell
differentiation. The authors suggest that Sir2 is regulated by the NAD*/NADH ratio
based on the changes in the ratio due to different pyruvate/lactate treatments. The
inability of Sir2 to bind NADH suggests that Sir2 is not influenced by changes in NADH
directly.

An important question concerning the ability of NAD" to regulate the Sir2
proteins is the physiological concentration of free nuclear NAD". In yeast the total
cellular NAD" concentration was determined to be 1.5 - 2 mM. A recent study in yeast
demonstrated that Hst1, a homolog of Sir2, is responsible for regulating NAD*
biosynthesis and for controlling cellular levels of NAD*. The NAD*-dependent
deacetylase activity of Hst1 is required for the repressed transcription of de novo NAD*
biosynthesis genes. Such a mechanism provides a feedback loop where a decrease in
NAD" levels induces the expression of NAD* biosynthesis genes.

Sir2 serves as a metabolic sensor through its NAD* dependent deacetylase
activity. It seems unlikely that the NAD*/NADH regulates Sir2 activity given the weak
affinity of Sir2 for NADH and the low nuclear concentrations of free NADH. It is also

unlikely that the free nuclear NAD" levels change adequately to alter the activity of Sir2
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under physiological conditions. The model presented by Bedalov et al. requires the lower
affinity of Hstl for NAD" relative to that of Hst2 and Sir2 and suggests that in yeast the
NAD" dependence of Hstl serves to maintain NAD* homeostasis and buffer Hst2 and
Sir2 from sensing NAD" fluctuations that may result from noninvasive metabolic
challenges [56]. This buffering affect of Hstl would seem to prevent stimulation of
Sir2/Hst2 by caloric restriction through repression of the NAD™ biosynthesis genes, as
well as by preventing inhibition of Sir2/Hst2 by a decrease in NAD" levels through
induction of the NAD" biosynthesis genes. The sensitivity of Sir2 to nicotinamide, a
product and potent inhibitor of the Sir2 deacetylation reaction, may be involved in the
ability of Sir2 to serve as a metabolic sensor by direct inhibition of Sir2.

It has been proposed that the basis for life-span extension by calorie restriction in
yeast is the activation of Sir2 by increased NAD* levels. If the free nuclear NAD*
concentration and the relative affinities of the various Sir2 family members are similar to
the values described by Bedalov [57], then Sir2/Hst2 would not be significantly activated
by an increase in NAD" levels as they would be essentially saturated in NAD*. The
mechanism utilized by Sir2 to serve as a metabolic sensor remains a complex and

interesting question that is addressed, in depth, in the Discussion of this thesis.

CtBP and NADH

The carboxyl terminal binding protein (CtBP) is another transcriptional
corepressor proposed to be sensitive to metabolic events through its interaction with the
reduced form of NAD", NADH. CtBP was first identified through its ability to interact

with the carboxyl terminus of adenovirus E1A oncoprotein [58]. The residues in the
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carboxyl terminus critical for the interaction were determined to be the PLDLS sequence
[59].

CtBP shares high homology with dehydrogenase proteins. For example, the
dehydrogenase domain of CtBP and 3-phosphoglycerate dehydrogenase are nearly 40%
identical. A weak dehydrogenase activity has been detected for CtBP in the presence of
pyruvate and NADH that went undetected in initial studies [60]. Mutation of the critical
catalytic residue (H315Q) did not result in a loss of repression at endogenous promoters
in mouse embryonic fibroblast cells from CtBP knockout mice suggesting that the
dehydrogenase activity is not important for CtBP’s corepressor function [61, 62]. It has
been proposed that the nucleotide binding capabilities of CtBP are important for
recruitment of CtBP to promoters. The first observation of nucleotide regulated binding
was seen by Zhang et al. in the ability of Gst-E1A to interact with hCtBP1 [5]. Zhang et
al. observed that NADH was capable of enhancing the CtBP/E1A interaction at much
lower concentrations compared to NAD". Additional support was provided by limited
proteolysis assays demonstrating an induced comformational change of CtBP at low
nanomolar levels of NADH and at micromolar levels of NAD*. Experiments in culture
designed to increase NADH levels served to enhance repression of reporter genes that
required NADH binding as suggested by the lack of stimulated repression by the
nucleotide binding deficient CtBP mutant (G183A). The inability of other groups to
detect the differential binding of NAD* and NADH to CtBP [60, 63] led to the studies
central to this thesis. The differential binding of CtBP to NAD" and NADH is critical to
CtBP’s ability to serve as a redox sensor. Structural information provided by Kumar et al.

[60] stimulated the studies described later in chapter 1 of this thesis. Structural
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information provided by Nardini et al. [64] became available upon completion of the
work described in chapter 1. A comparison of the structure of CtBP bound to NADH with
CtBP bound to NAD", explains the NADH preference by revealing that several critical
contacts to the nicotinamide moiety of NADH are closer with bound NADH compared to
bound NAD". Thus, structural data suggests that CtBP prefers NADH relative to NAD".
The crystal structures of CtBP bound to NADH and NAD" help reveal how CtBP
is able to distinguish between the reduced and oxidized forms of the nucleotide [60, 65].
The structural data reveal that CtBP takes advantage of the positive charge on NAD" to
distinguish it from NADH. In addition, the nicotinamide carboxamide is rotated to a
staggered position in the structure of CtBP bound to NADH while it is planar in the
structure of CtBP bound to NAD". The distances between CtBP residues and NAD(H)
suggest that NADH binds more tightly based on the difference in charge and
configuration of the carboxamide (Fig.5). Arg 266 and His 315 are 4.18 and 6.24 A from
N1 of the nicotinamide ring of NAD", respectively. In the structure with bound NADH,
these distances are reduced to 3.69 and 5.60 A suggesting a repulsion between charged
residues and NAD" plays a role in the NADH preference. The result of the carboxamide
rotation appears to be stronger hydrogen bonds between CtBP and N7 of the amide based

on the shorter interatomic distances.
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Figure 5. Structural data suggesting preference of CtBP for NADH over NAD™, taken
from [65] and [60], respectively. Contacts demonstrating higher affinity for the reduced
nicotinamide are shown. These structures are deposited in the Protein Data Bank

(accession numbers for CtBP/NAD+, IMX3, ref. [60], and CtBP NADH, 1HLS3 ref.

The studies by Zhang et al. strongly suggest that nucleotide binding enhances the

interaction between CtBP and E1A [5]. This phenomenon has also been observed by
others in Gst-pull down assays. Evidence that the enhanced binding is the consequence

of a conformational change is supported by the limited proteolysis experiments
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demonstrating that nucleotides are able to protect CtBP from proteolytic cleavage. The
observations that nucleotides protect from limited proteolysis are not surprising given the
immense knowledge collected over the past several decades related to dehydrogenase
structure and function. In general, nucleotide binding to dehydrogenase proteins induces
a conformational change involving the movement of a flexible loop over the active site.
The nucleotide bound conformation is termed the closed state and favors catalysis by
squeezing out water and optimizing the positions of catalytic and substrate binding
residues.

Balasubramanian et al. [63] found that NAD(H) doubled the apparent molecular
mass of CtBP, suggesting that its addition promoted dimerization or tetramerization
(depending on whether the 65- to 70-kDA species is a monomer or dimer, respectively).
Nardini et al. propose that nucleotide binding induces a conformational change that
promotes CtBP dimerization, which is essential for corepressor activity. Both structures
of CtBP are nucleotide bound, in the closed conformation and reveal CtBP dimers. The
ability of CtBP to dimerize was reported by several groups prior to the publication of the
crystal structures. Thus, CtBP is able to dimerize in a manner that appears to depend on
nucleotide binding. It is possible, therefore, that this ability of NAD(H) to stimulate CtBP
oligomerization could contribute to the enhanced binding of E1A and other
transcriptional repressors.

Post-translational modifications of CtBP

Phosphorv]atibn

The phosphorylation of CtBP, first described ten years ago, has recently been

shown to be important for blocking gene repression. The first report by Barnes et al.
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demonstrated that CtBP can be phosphorylated on Ser158 by p21-activated kinase 1
(Pak1) [66]. The phosphorylation of CtBP by Pak1 results in attenuation of CtBP
corepressor activities in reporter and chomatin assays possibly by the redistribution of
CtBP in response to signaling. The phosphorylation of CtBP by Pak]1 is enhanced by
NADH, but not by NAD". This suggests that there are differences in the position of
Ser158, or in the Pak1 binding site of CtBP, depending on the oxidation state of the
bound nucleotide. Such a difference in the conformation of CtBP was not observed in the
limited proteolytic studies performed by Zhang et al. [5] and by Kumar et al. [60] which
suggested that the reduced and oxidized forms of NAD" induced the same conformational
change. Barnes et al. also observed that the NADH stimulated phosphorylation event
completely inhibited the weak dehydrogenase activity of CtBP [66]. The relevance of this
remains to be determined. Understanding the mechanism of inhibition may provide
further insight on the role of NADH binding. For example, phosphorylation may affect
CtBP oligomerization or nucleotide binding/release.

The second CtBP phosphorylation site also reportedly results in gene activation
by a derepression mechanism involving the translocation of CtBP from the nucleus to the
cytoplasm. Specifically, homeodomain interacting protein kinase 2 (HIPK2) promotes
phosphorylation of CtBP on Ser422 which promotes apoptosis by downregulating CtBP
through a degradative mechanism involving removal of CtBP from the nucleus to the

proteosomal digestive pathway [67].

Sumovylation of CtBP
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The conjugation of SUMO (small ubiquitin-related modifier) to target proteins
has functional consequences such as targeting proteins to specific subcellular locations
and for regulating the activity transcription factors. To date, sumoylation has not been
shown to target proteins for degradation. The carboxyl-terminus of CtBP contains the
amino acid sequence VKXE which matches sumoylation motif WKxE (W is
hydrophobic). Lin et al. found that sumoylation enhances nuclear localization of CtBP by
either preventing nuclear export or increasing nuclear import [68]. The E3 ligases Lin et
al. found to sumoylate CtBP1 include PIAS1 and PIASx. Binding of nNOS to the PDZ
domain of CtBP was found to be mutually exclusive with sumoylation of Lys428. A
model was proposed where sumoylation of CtBP promoted the corepressor activity of
CtBP by preventing nuclear export by nNOS. Sumoylation did not affect binding to
PxDLS determined with ZEB.

The ability of Polycomb Protein PC2 to stimulate the sumoylation of CtBP in PcG
bodies led to the identification of PC2 as an E3 ligase [69]. Previously, PC2 had been
shown to recruit CtBP to PcG bodies that are large protein complexes involved in the
stable repression of gene expression. An E3 ligase functions as an adapter that brings E2
and substrate together and not through some intrinsic enzymatic activity as suggested by
its name. Interestingly the PC2 contains a CtBP binding motif demonstrated to be critical

for CtBP binding.
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Abstract

Carboxyl-terminal binding protein (CtBP) is a transcriptional corepressor
originally identified through its ability to interact with adenovirus E1A. The finding that
CtBP-E1A interactions were regulated by the nicotinamide adeninine dinucleotides
NAD" and NADH raised the possibility that CtBP could serve as a nuclear redox sensor.
This model requires differential binding affinities of NAD* and NADH, which has been
controversial. The structure of CtBP determined by x-ray diffraction revealed a
tryptophan residue adjacent to the proposed nicotinamide adenine dinucleotide binding
site. We find that this tryptophan residue shows strong fluorescence energy transfer to
bound NADH. In this report, we take advantage of these findings to measure the
dissociation constants for CtBP with NADH and NAD"*. The affinity of NADH was
determined using fluorescence resonance energy transfer (FRET). The binding of NADH
to protein is associated with an enhanced intensity of NADH fluorescence and its
maximum blue-shifted. NAD" affinity was estimated by measuring the loss of the
fluorescence blue shift as NADH dissociates upon addition of NAD". Our studies show a
greater than 100-fold higher affinity of NADH than NAD*, consistent with the proposed
function of CtBP as a nuclear redox sensor. Moreover, the concentrations of NADH and
NAD" required for half-maximal binding are approximately the same as their
concentrations in the nuclear compartment. These findings support the possibility that
changes in nuclear nicotinamide adenine dinucleotides could regulate the functions of

CtBP in cell differentiation, development, or transformation.

33



Introduction

An emerging theme in gene regulation is the dependence of transcriptional
coregulators on molecules linked to cellular respiration. Acetyl-CoA is required by the
histone acetyltransferase (HAT) coactivators [70] and is perhaps the most central of all
intermediary metabolites, bridging the major catabolic and anabolic processes to the
Kreb’s cycle where its two carbons are converted to the respiratory product, CO,. ATP is
important for essentially all cellular processes requiring energy, including the chromatin
remodeling proteins involved in modifying nucleosomal structure [71]. The pervasive
involvement of acetyl-CoA and ATP in cellular processes generally obscures recognition
of their specific contributions to transcriptional regulation, however. In addition, the
relatively small changes in acetyl-CoA and ATP that occur during metabolism may not

be suitable for regulating the activities of the relevant enzymes.

The breakdown of carbon sources is also associated with the reduction of the
nicotinamide adenine dinucleotide NAD* to NADH. NADH serves as an electron carrier
that transports reducing equivalents to the electron transport chain where ATP is
synthesized. The synthesis of ATP involves oxidative phosphorylation, wherein NADH is
oxidized to NAD" and molecular oxygen is reduced to water. These roles of NAD" and
NADH provide additional, albeit somewhat indirect, connections between energy
homeostasis and gene regulation. A more direct link was recognized when it became
apparent that nicotinamide adenine dinucleotides were capable of interacting with certain
enzymes involved in transcriptional silencing. Perhaps the best example of this

regulation is the NAD*-dependence of the histone deacetylase, Sir2 [52, 72]. The
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deacetylase activity of Sir2 and related proteins has been shown to contribute importantly
to gene repression and the maintenance of heterochromatin [4]. Recent data indicate that
the regulation of Sir2 by NAD" may explain the interaction between dietary factors and

longevity in yeast and other species [51].

The vast majority of the cellular nicotinamide adenine dinucleotide is bound to
protein and, consequently, cannot play a regulatory role in controlling transcription
factors involved in gene regulation. Presumably, only the free pool of nicotinamide
adenine dinucleotides can subserve these functions and, in most instances, the relevant
free pool is in the nuclear compartment. The concentration of free NAD", at least in the
cytoplasm, greatly exceeds that of NADH. Because unbound nicotinamide adenine
dinucleotides should pass freely through nuclear pores, this difference in the levels of free
NAD" and NADH should pertain to the nucleus as well. Furthermore, because the free
cytoplasmic (and presumably nuclear) NAD*/NADH ratio is approximately 700:1 [73],
conversion of NAD" to NADH causes a much larger relative change in the NADH level.
This implies that the levels of free NADH are likely to more accurately reflect metabolic
events than the levels of NAD". Thus, the ability of a transcriptional regulator to sense
levels of free nuclear NADH rather than NAD* would seem to provide a more sensitive
mechanism for linking metabolic events to transcription. Relatively little is known about

the functions of NADH in the nucleus, however.

Two nuclear transcription factors have been proposed to be regulated by NADH.

The first, NPAS2, is a DNA-binding protein involved in the maintenance of mammalian
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circadian rhythms. Studies by Rutter, et al [74] suggested that the binding of the
NPAS2:BMAL heterodimer to control elements in target genes was regulated by NADH
and NADPH. The concentrations of NADH and NADPH required for stimulating
binding were in the millimolar range, however, levels that are considerably higher than
the concentrations of the free nucleotides. Thus, whether NPAS? is sensitive to

physiologically relevant levels of NADH or NADPH remains to be determined.

The second NADH-regulated factor is the carboxyl-terminal binding protein,
CtBP. CtBP was named for its ability to bind to the carboxyl-terminus of the adenovirus
EIA oncoprotein [59]. Like other E1A-binding proteins, CtBP interacts with a wide
variety of cellular factors, including several transcriptional repressors. Thus, CtBP has
been categorized as a transcriptional corepressor. Studies in Drosophila as well as
mammalian systems have shown that the corepressor function of CtBP is critical for cell
differentiation, transformation, and development [75]. Precisely how CtBP mediates
gene repression has not been entirely resolved, however. Several reports have indicated
that CtBP binds to histone deacetylases [76-78], but the importance of this interaction is
controversial. Other proteins shown to interact with CtBP include co-REST. histone
methyltransferases, and a polyamine oxidase [79]. Interactions between CtBP and the
polycomb repressors have also been reported, but CtBP was not a component of the
polycomb complex isolated by Levine, et al [80] A recent study showed that the
association of CtBP with the polycomb protein PC2 led to its sumoylation [60], but how
this modification alters CtBP function is unknown. Finally, the high homology between

CtBP and 3-phosphoglycerate dehydrogenase led to the suggestion that an oxido-
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reductase activity might also contribute to its gene repression effects [60]. The
observation that this activity is dispensable in the regulation of endogenous target genes
in CtBP-knockout mouse embryo fibroblasts casts doubt on this hypothesis, however

[62].

Zhang, et al. [5] proposed that NAD" and NADH regulate CtBP binding to certain
DNA-binding transcriptional repressors, thereby targeting its corepressor functions to
particular gene promoters. Although the ability of nicotinamide adenine dinucleotides to
stimulate CtBP binding to E1A and other proteins has been confirmed by several
laboratories [60, 63], the differential efficacy of NAD" and NADH is controversial.
Zhang, et al. [5] showed that NADH was two-to-three orders of magnitude more effective
than NAD" in stimulating CtBP binding and proposed that this differential effect might
link CtBP-mediated repression to the redox state of the nuclear compartment. In support
of this model, they determined that the concentration of free nuclear NADH was about
100 nM, similar to that required for half-maximal CtBP-E1A binding. The free nuclear
NAD" concentration cannot be measured directly but was estimated to be about 70 uM,
also approximately the half-maximal level for stimulating CtBP binding. In contrast,
however, Kumar, et al. [60] and Balasubramanian et al. [63] found that NAD" and
NADH were equally effective in stimulating CtBP binding. These results would not be
consistent with metabolic regulation of CtBP function. While Balasubramanian et al did
not examine levels of NAD" and NADH that were low enough to discern a differential
effect, Kumar et al tested a full range of nicotinamide adenine dinucleotide

concentrations. Moreover, they concluded on the basis of the CtBP crystal structure that
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the single proton difference between NAD™ and NADH could not result in a two-to-three

order of magnitude difference in binding.

Because the potential for CtBP to serve as a redox sensor depends upon its
differential affinity for NAD" and NADH, we decided to investigate these binding events
directly. The structure of CtBP determined by Kumar, et al. [63] showed that one of the
three tryptophan residues in the protein lies within four angstroms of the nicotinamide in
NAD". Thus, we predicted that we could directly measure the binding of NADH by
measuring the transfer of energy from the adjacent tryptophan. We showed using single
tryptophan mutants that tryptophan 318 is the major contributor to the fluorescence
resonance energy transfer (FRET) to NADH. NAD" affinity was estimated by
competition assays. Binding of NADH to protein enhances the intensity of the NADH
fluorescence and shifts the fluorescence peak to a shorter wavelength (blue shift<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>