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ABSTRACT
Thioredoxins are a family of small redox proteins that mediate a number of
cytosolic processes in the cells of all organisms. Human thioredoxin has a number of
additional functions, including the apparent stimulation of NF-kB and AP-1
transcriptional activation. It can also be exported out of the cell, where it apparently has
additional functions including the ability to stimulate cell growth. The crystal structure of
human thioredoxin revealed that the protein can form a homodimer. The dimer contains
a disulfide bond between the Cys 73 residues of each monomer, and a novel hydrogen
bond between the Asp 60 residue of each monomer that is responsible for the pH
dependent behaviour of dimerization.
This work was undertaken with two goals. First, three mutant protein with
changes in the dimer interface, Asp58-^Ser (D58S), Ala66-^Arg (A66R) and
Trp31—»Ala (W31A) were isolated and characterized. The ability of the mutant proteins
to form dimers, their activities with respect to the reduction of insulin disulfides and their
interaction with thioredoxin reductase were examined. The three mutations affected
thioredoxins ability to form dimers: the W31A and A66R mutant proteins formed dimers
less well, and the D58S mutant protein lost the pH dependence for dimer formation.
Thioredoxin with a D58S mutation behaved very similarly to wild type in the activity
assays, while A66R showed a 6-fold increase in Km and W31A showed large changes to
both Km and Vmax- From these results I suggest that the dimer interface plays a role in
defining the binding site for thioredoxin reductase.
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The second goal was to examine the role that oxidation of the active site plays in
dimerization. Oxidation, which results in structural changes to the dimer interface, also
caused thioredoxin to form dimers much less readily. The reduction in dimer formation
offers a possible mechanism through which thioredoxin could play a role in signaling
oxidative stress. The findings detailed here begin to describe the role that the dimeric
form of thioredoxin could play in physiological situations. The structural bases for the
changes in dimerization are not yet fully characterized, as the monomeric form of
thioredoxin has not yet been crystallized.
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CHAPTER 1

INTRODUCTION
1.1. Overview

Thioredoxin (Trx) is an enzyme that reduces disulfide bonds in many other
proteins. It is believed to have a role in many cellular functions, the best studied of which
is the reduction of ribonucleotide reductase (Thelander and Reichard, 1979). The active
form of Trx contains two reduced cysteines in the active site that become oxidized during
the reduction of the disulfide bond in the target protein. Reduced Trx is regenerated by
the enzyme thioredoxin reductase (TR), with the terminal electrons provided by NADPH.
The TR/Trx system is one of two major systems thought to be responsible for maintaining
the properly reduced environment of the cell, the other being the glutathione system
(Holmgren, 1985).
Human Trx exhibits activities in addition to maintenance of redox state, one of
which is apparently as an activator of various transcription factors, including NF-kB
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(Schenk et al., 1994) and AP-1 (through the nuclear factor Ref 1 (Schenk et al., 1994)).
Thioredoxin can also be secreted through a novel leaderless secretory pathway (Rubartelli
et al., 1992) where it acts as a component of early pregnancy factor (Tonissen et al..
1993), and as an extra-cellular growth stimulator in mmor cell lines (Powis et al., 1994).
Human Trx can form a covalently linked dimer in solution (Andersen et al., 1997;
Weichsel et al., 1996), forming a disulfide bond between the Cys 73 residue of each
monomer. The interface region of the dimer consists of a hydrophobic core, highly
conserved in vertebrates, and includes a novel Asp-Asp hydrogen bond that forms at low
pH, in which the Asp residues have an elevated pKa of 6.5 (Andersen et al., 1997). The
formation of the dimer may play an important role in regulating the extra-cellular
functions of Trx (Gasdaska et al., 1996; Ren et al., 1993; Weichsel et al., 1996).
The evidence that human thioredoxin interacts with a variety of target proteins
and may be involved with some types of tumor growth makes thioredoxin a very
attractive structural system. The determination of the structure of thioredoxin alone and in
combination with its partners will help to define the features of thioredoxin that allow it
to interact with multiple partners, and potentially allow the design of drug inhibitors.
Although some of the functions of thioredoxin described below have yet to be fully
characterized in vivo, and are only indirectly related to the goals of this project, they are
included here for completeness.
This project was designed to address questions related to the Trx dimer. First, this
system allowed me to look at the forces that stabilize relatively weak interactions between
macromolecules. This was done by exploring the effects of mutation and active site
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oxidation on the formation of dimers. Second, a better understanding of the dimerization
conditions allowed me to address the possible physiological roles for the dimer.

1.2. Protein-protein Interactions

Protein-protein interactions play a critical role in many biological processes.
Protein-protein interfaces usually consist of 10 or more side-chains that make contacts
across the interface (Janin and Chothia, 1990). These contacts can be of any type,
primarily hydrophobic and hydrogen bonding. Determining the contribution that
individual side-chains give to the binding energy is difficult, as the mutation of a single
residue often disrupts more interactions than just the one of interest (Ackers and Smith.
1985). Possible secondary effects include conformational changes of side chains,
movement of the protein backbone, and reorganizations in the solvent structure near the
mutation sites. The loss of binding energy due to the Uiincation of a side chain is
generally greater than the incremental binding energy attributable to that side chain
(Fersht, 1988; Goldman et al., 1997).
Some of the best-studied examples of protein-protein interactions are of receptorligand complexes and antigen-antibody interactions. Complementary mutations in both
partners are used to determine the energetics of the pair-wise interactions, the so-called
"double mutant cycles" method (Ackers and Smith, 1985). This method allows one to
measure the energy contribution of various pairs of amino acids, called the "coupling
energy". The size and type of binding interactions can vary quite widely between
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different systems, and even between different antigens to the same antibody (Atwell et al.,
1997; Dall'Aqua et al., 1996; Goldman et al., 1997). Typical values for the coupling
energy vary from 4 kcal/mol for buried hydrogen bonds and large buried hydrophobic
residues, to 1.5 kcal/mol for solvated hydrogen bonds or side chain pairs forming only
van der Waals contacts (Atwell et al., 1997; Goldman et al., 1997).
Dissecting the binding interactions between homodimers is a much more difficult
proposition, as it is not easy to conduct these double mutant cycles and be able to
distinguish between the homo- and hetero-dimers that will be formed. However,
mutations to the residues in the interface have allowed us to begin assessing which
contacts are the most critical. Thioredoxin also presents an interesting example of a
protein that is apparently interacting with a number of different partners. There is a good
possibility that different residues on thioredoxin's surface will be critical in the
interactions with the various parmers.

1.3. General Background

In most of its functions, thioredoxin acts as a general protein disulfide reductant.
The proposed mechanism is as follows: The thioredoxin substrate (Figure la) is thought
to interact with thioredoxin through a conserved hydrophobic surface area on thioredoxin
(Eklund et al., 1991). Cys 32 acts as a nucleophile and attacks the target protein to form a
covalently linked mixed disulfide intermediate. The second active site thiolate, Cys 35,
becomes deprotonated and attacks the mixed disulfide to generate a dithiol in the target
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Figure 1 : Mechanism of Trx Action

A) Proposed mechanism of action between thioredoxin and a target substrate.
B) Mechanism of NADPH-dependent reduction of disulfides by
thioredoxin/thioredoxin reductase. (Holmgren, 1995)
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protein and a disulfide in thioredoxin. The net result is the interconversion of a disulfide
and a dithiol. Trx is regenerated by the enzyme thioredoxin reductase (TR), with the
terminal electrons provided by NADPH (Figure lb) (Holmgren, 1985; Holmgren. 1995).
Thioredoxin has a highly conserved strucmre, but has only 27% sequence identity
between the E.coli and human proteins (Figure 2). The active site of thioredoxin consists
of the highly conserved sequence Trp-Cys^~-Gly-Pro-Cys^^ (Holmgren, 1985). Three
loops, 31-37, 72-76 and 91-96 that form the active site and adjoining loops in £. coli
thioredoxin have been implicated in the interaction of E.coli thioredoxin with its redox
partoers (Eklund et al., 1991). The primary redox partner for thioredoxin is thioredoxin
reductase, and human thioredoxin reductase is selective for human thioredoxin. As
human thioredoxin reductase is significantly different than the E.coli reductase (Oblong
et al., 1993), it seems likely that human thioredoxin is utilizing a slightly different contact
surface than the E. coli protein, possibly the conserved hydrophobic surface (Figure 2.
denoted with an asterisk).
Trx is a member of a family of redox proteins characterized by the so-called
"thioredoxin fold", which consists of a central five-stranded P-sheet flanked by 3 or 4 ahelices (Martin, 1995) (Figure 3). This family also contains glutaredoxin (Bushweller et
al., 1994), DsbA (Martin et al., 1993), and protein disulfide isomerase (PDI) (Lundstrom
and Holmgren, 1993), among others. These proteins all contain a similar active site to
that of thioredoxin, with the general form of Cys-X-X-Cys, where the X can be any
residue (Kallis and Holmgren, 1980; Martin, 1995). The residues that occupy the 'X'
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Figure 2 : Sequence comparison of thioredoxin from different species.
The amino acid sequences are aligned using the active site cysteines. Numbers refer to
the human sequence. Underlined residues are conserved in vertebrates, and residues in
the dimer interface are noted with an asterisk. The bold-faced residues are the invariant
residues. Sequence data were taken from various sources : Human (Gasdaska et al.,
1994), monkey (An and Wu, 1992), calf (Eklund et al., 1991), rat (Tonissen et al., 1989),
chicken (Jones and Luk, 1988), E.coli (Hoog et al., 1985), Anabaena (Alam et al.,
1989), Drosophila (Eklund et al., 1984).

Asp60-Asp60'

Figure 3 : Ribbon drawing of tiiunan ttiioredoxin crystal structure.
Ribbon drawing of human Trx dimer showing disulfide bond between two Cys
73s and hydrogen bond between Asp 60s. Figure made with MOLSCRIPT
(Kraulis, 1991) and RasterSD (Bacon and Anderson, 1988 ; Merritt and Murphy,
1994).

positions are thought to control the reduction potential of the enzyme (Mossner et al.,
1998).
In addition to its roles as a cytoplasmic controller of the redox state, human
thioredoxin apparently performs a number of additional roles as described in the
following sections. Trx modulates the DNA binding of several transcription factors in
vitro (Grippo et al., 1983; Hayashi et al., 1993), is a component of the early pregnancy
factor as measured in the rosette assay (Tonissen et al., 1993), and acts as an extra
cellular growth factor (Gasdaska et al., 1995; Oblong et al., 1994; Powis et al., 1994).
These functions are unique to the vertebrate system, although the E.coli protein also has
additional functions, for example in filamentous phage assembly (Russel and Model,
1986), and in activation of T7 DNA polymerase (Huber et al., 1986).

1.4. Redox regulation of transcription factors

Reactive oxygen species and their by-products that are capable of causing
oxidative damage, collectively referred to as reactive oxygen species (ROS). have been
implicated in a wide variety of diseases (Sies, 1991). Eukaryotic and prokaryotic cells
have inducible responses, including the induction of thioredoxin, that help to protect the
cells against oxidative damage (Jamieson and Storz, 1997). The role that the
thiohdisulfide balance plays in regulating these responses is becoming increasingly
apparent.
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The best known defense systems are described for E.coli, in which the OxyR and
SoxR transcription factors activate defense genes in response to oxidizing compounds
like H2O2 and the superoxide radical. In this system, tJie OxyR protein activates the
transcription of a number of genes, including hydrogen peroxidase I and glutathione
reductase. The control of gene activation is the formation of a disulfide bond in OxyR,
with the oxidized form of the protein being active. OxyR oxidation and reduction is
under the control of the glutaredoxin: glutathione: glutathione reductase system (Zheng et
al-, 1998).
Two well-defined eukaryotic transcription factors, nuclear factor-KB (NF-icB) and
activator protein-1 (AP-1) are regulated by the cellular redox state (Reviewed in (Packer
and Sen, 1996)). These two transcription factors are implicated in the inducible
activation of a large number of genes involved in oxidative stress and cellular response
mechanisms. Recent studies have shown that human thioredoxin may play an important
role in regulating the activity of NF-KB and AP-1 (Angel and Karin, 1991; Packer and
Sen, 1996).

1.4.1. Redox control of NF-KB Activity

NF-KB is a member of the Rel family of proteins that are found in an inactive
form in the cytoplasm. The family consists of two groups. Group I and Group II,
classified based upon their synthesis, structure and function. Group I contains p50 and
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p52, which are synthesized as precursor proteins, pl05 (105 kDa) and plOO (100 kDa),
respectively. Group I proteins have a 300 amino acid domain called the Rel homology
domain that contains a DNA binding domain and a nuclear localization signal. Group II
is comprised of p65, c-Rel, RelB and the Drosophila proteins dorsal and Dif. This group
also contains the Rel homology domain as well as one or more transcriptional activator
domain(s). All of the proteins in the Rel family require the formation of homo- or
heterodimers to bind to DNA (Packer and Sen, 1996; Thanos and Maniatis, 1995). NFKB is implicated in the activation of several gene families encoding cytokines, cytokine
receptors, growth factors and also stimulates viral replication (Thanos and Maniatis,
1995), including HIV virus gene expression, where the long terminal repeat of HTV-l
contains two NF-KB binding sites (Griffin et al., 1989).
There are two forms of inactive Rel proteins found in the cytoplasm of the cell.
The first is a complex between a Group II protein and a Group I precursor protein (either
plOO or pl05). The second inactive form is a homo- or heterodimer of Rel proteins
complexed with a member of the inhibitor protein family, IKB. Activation of the cytosolic
form of NF-KB results from reactions that cause the degradation of the bound IKB protein.
The loss of the inhibitory protein allows the homo-/heterodimer to be rapidly translocated
to the nucleus, where it can bind to cw-acting KB sites in the promoter regions of its
various target genes (Packer and Sen, 1996; Thanos and Maniatis, 1995).
Thioredoxin has been implicated in potentiating the binding of NF-KB to DNA.
Thioredoxin has been shown to increase the DNA binding of activated NF-KB in vitro
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and augments gene expression from NF-KB regulated, HIV long terminal repeat in intact
cells (Hayashi et al., 1993; Mathews et al., 1992; Okamoto et al., 1992). The highly
conserved Rel domain responsible for DNA binding contains a cysteine residue critical
for contacting DNA (Kumar et al., 1992; Toledano et al., 1993). Modification of this
cysteine residue by either alkylation or oxidation results in a dramatic decrease in the
DNA binding ability of NF-KB (Toledano and Leonard, 1991). Although thioredoxin is
predominantly found in the cytoplasm where it could interact with transcription factors
prior to entry into the nucleus, treatment of HeLa cells with PMA (Phorbol 12-myristate
13-acetate) results in a translocation of thioredoxin into the nucleus, as measured by
immunofluorescence (Hirota et al., 1997), where it could also interact with nuclear
transcription factors.
Although no direct in vivo evidence exists to confirm the interaction between NFKB and thioredoxin, the NMR structure of a mutated (C35A, C62A. C69A, C73A)
thioredoxin complexed to a 9 amino acid peptide from NF-KB has been reported (Qin et
al., 1995). The peptide contains the cysteine residue critical for DNA binding, and in this
solution strucmre, the cysteine forms a disulfide bond to the thioredoxin active site
cysteine, Cys 32. This structure offers additional evidence that thioredoxin helps to
regulate the transcriptional activity of NF-KB by conUrolling the oxidation state of the
critical cysteine residue.
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1.4.2. Redox control of AP-1 Activity

AP-1 is another important transcription factor that is believed to be regulated by
thioredoxin. AP-1 complexes are either homodimers of Jun proteins or heterodimers
between Fos and Jun proteins. The cJun protein is critical for DNA binding, by anchoring
cFos to DNA to regulate gene expression. The interaction between cFos and cJun occurs
through their "leucine-zipper" domains. Additionally, cJun contains three short regions in
its amino-terminal half that are important for transcriptional activity. Formation of fos-jun
or jun-jun dimers is a prerequisite for DNA binding. Other members of the Fos and Jun
family of proteins also form dimers (Angel and Karin, 1991; Packer and Sen, 1996). Jun
proteins can form homodimers or heterodimers with Fos proteins, while Fos proteins only
associate with members of the Jun family, forming stable dimers that have higher DNA
binding activity than the Jun homodimers (Packer and Sen, 1996). AP-1 has crucial
regulatory effects on the expression of a number of genes, including growth factorinducible genes (Reviewed in (Angel and Karin, 1991; Packer and Sen. 1996).
The early evidence that AP-1 activation is regulated by ROS comes mainly from
smdies of exposure of cultured cells to oxidative stress. Superoxide and hydrogen
peroxide are found to induce the expression of several early response genes including cfos and c-jun (Packer and Sen, 1996). Also, mitogen-induced AP-1 activation is inhibited
by antioxidants, suggesting that AP-1 activation is ROS mediated (Goldstone et al.,
1995). The yeast proteins Yap-1 and Yap-2, which are members of the Jun family of
proteins, are also critical to in the cellular response to oxidative stress. Null mutants of
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either the Yap-1 or Yap-2 genes result in sensitivity to hydrogen peroxide (Stephen et al.,
1995).
Thioredoxin modifies the activity of AP-1. because overexpression of thioredoxin
increases PMA-induced AP-1 transcriptional activity in a manner dependent on the
concentration of PMA. This effect is dependent on the reducing ability of thioredoxin
(Meyer et al., 1993; Schenk et al., 1994). The Fos and Jun family of proteins contains a
Lys-Cys-Axg consensus sequence that is critical for DNA binding. Oxidation of the
single cysteine residue prevents DNA binding in a maimer that suggests that reversible
oxidation of cysteine to products such as sulfenic (RSOH) or sulfinic (RSO2H) acid are
contributing to the regulation of DNA binding (Abate et al., 1990). This model for the
regulation of DNA binding is supported by the findings that mutation of the critical
cysteine to serine in the Fos subunit of the AP-1 complex results in the constitutive
activation of AP-1 and increases the specific DNA binding of the AP-1 complex (Abate
et al., 1990; Okuno et al., 1993).
The nuclear redox protein Ref-1 is apparently responsible for maintaining Fos and
Jun in the reduced state in vivo, and can activate their DNA binding in vitro
(Xanthodukakis et al., 1992). Several lines of evidence suggest that the Ref-1 protein in
turn is under the regulation of thioredoxin as co-expression of the thioredoxin and Ref-1
genes in HeLa cells results in AP-1 transcriptional activation. Treatment of in vitro
solutions containing thioredoxin and Ref-1 with the disulfide-bond inducing substance
diamide results in formation of a complex formed between Ref-1 and thioredoxin (Hirota
et al., 1997). Based on a mammalian two-hybrid assay, thioredoxin and Ref-1 can
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associate in vivo. The association is dependent upon thioredoxin being in the active,
reduced form (Hirota et al., 1997), as has also been seen with oxidized thioredoxin
inhibition of AP-1 activation (Xanthodukakis et al., 1992).
An NMR structure of the complex between thioredoxin and a peptide fragment
from Ref-1 has been reported (Qin et al., 1996). This structure is very similar to that for
the fragment from NF-KB described earlier with respect to the surface of thioredoxin
utilized for the binding of the peptide fragments (the conserved hydrophobic surface)
(Qin et al., 1996; Qin et al., 1995). However, the two peptides are found in the opposite
orientation, suggesting different modes for thioredoxin recognition of different target
proteins.
The control of gene transcription by thioredoxin suggests that thioredoxin plays a
critical role in helping cells survive oxidative stress by acting both as a general reductant
in the cytoplasm, and as a specific activator of proteins that control the oxidative
response. An additional piece of evidence that supports these roles is that the S.
cerevisiae genes for thioredoxin and thioredoxin reductase are under the control of the
Jun homologue Yap-1 and the transcription factor Skn7 (Morgan et al., 1997).

1.5. Additional extra-cellular roles of thioredoxin

Thioredoxin is usually found as an intracellular protein; however, it has more
recently been shown to have roles as an extra-cellular protein as well. Thioredoxin is
secreted from a variety of normal and neoplastic cells, including fibroblasts and activated
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B and T lymphocytes. The secretion is unaffected by the drugs brefeldin A or
dinitrophenol, indicating that this secretion is not through the classical ER-Golgi
pathway. The mechanism for secretion of thioredoxin is similar to the secretion of
interleukin-ip (IL-iP), a protein that follows a leaderless secretion pathway. However, a
number of differences exist between IL-ip and thioredoxin secretion, namely COS cells
transfected with either thioredoxin or IL-lp secrete thioredoxin but not IL-ip. Also. IL1P can be found in intracellular vesicles whereas thioredoxin is only localized in the
cytoplasm (Rubartelli et al., 1992).

1.5.1. Thioredoxin in early pregnancy factor

Thioredoxin is involved in the "early pregnancy factor" (EPF) phenomenon, that
is detected in maternal serum within hours of fertilization (Tonissen et al., 1993). This
activity is present in the serum for at least the first two-thirds of pregnancy, and modifies
lymphocytes as detected in the rosette inhibition assay. Lymphocytes exposed to
heterologous mixture of red blood cells in the presence of a complement source, bind to
the cells and form rosettes. Rosette formation can be inhibited in a dose-dependent
manner by anti-lymphocyte serum (ALS), and for a given dose of ALS, a rosette
inhibition titer (RTT) can be defined. When the lymphocytes are exposed to pregnancy
sera prior to use in the assay, an increased RTT is observed, and this ability is ascribed to
the presence of the EPF (Morton et al., 1987; Clark, 1992; Tonissen et al., 1993). EPF is
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dependent upon the continued presence of a viable embryo or fetus (Morton et al., 1987).
The factor is made up of a complex system of serum components and thioredoxin plays a
crucial but as yet undefined role in the activity of the factor (Clarke, 1992; Di Trapani et
al., 1991; Tonissen et al., 1993). However, thioredoxin is a component of other sera,
suggesting that pregnancy sera may contain a specific functional form of thioredoxin
capable of acting in EPF (Tonissen et al., 1993) or a novel, unknown partner for
thioredoxin.
The activity of thioredoxin in EPF is not dependent on the active site cysteines to
be functional; however, thioredoxin that has been completely oxidized is not active
(Tonissen et al., 1993). The inability of E.coli thioredoxin to function in EPF indicates
that structural features of mammalian thioredoxin not found in its prokaryotic counterpart
are necessary for EPF activity, and this is confirmed by the finding that human mutant
protein lacking Cys 73 was inactive. This cysteine residue is invariant in vertebrate
thioredoxins, but absent in E.coli thioredoxin (Figure 2). Whether inhibition of
thioredoxin activity in EPF by oxidation is due to changes in the active site or oxidation
of Cys 73 is not known (Tonissen et al., 1993). Non-functional (EPF function) mutants
of thioredoxin are inhibitors of EPF activity, and the control of the EPF system by the
redox state of thioredoxin offers a possible key difference between pregnancy and
nonpregnancy sera (Clarke, 1992; Tonissen et al., 1993).
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1.5.2. Thioredoxin acts as a growth factor

The growth factor adult T-cell leukemia-derived factor (ADH, which is secreted
by human leukemic cell lines transformed with HTLV-1 (Tagayi et al., 1989), has been
identified as thioredoxin (Tagayi et al., 1989). In this system, thioredoxin induces the
expression of the IL-2 receptor, and acts as an autocrine growth factor in synergy with the
cytokines LL-l and IL-2 (Wakasugi et al., 1990).
Additionally, thioredoxin has been shown to play a role in the proliferation of a
number of tumor cell lines. Thioredoxin is over-expressed in a high proportion of human
primary lung and colon tumors, the mRNA levels being several-fold increased over the
mRNA levels in corresponding normal tissue (Gasdaska et al., 1994; Powis et al., 1994).
Exogenously added human thioredoxin stimulates the proliferation of a number of cell
lines, including MCF-7 breast cancer cells, Swiss Murine 3T3 fibroblasts, Jurkat T-cell
leukemia cells and melanoma cells. The stimulation of cell proliferation by thioredoxin
was up to 90% of the proliferation induced by 10% Fetal Bovine Serum (FBS) (which
contains a full complement of growth factors), with stimulation reaching a maximum by I
ji,M thioredoxin added (Powis et al., 1994) as measured by the increase in cell number
counted after 48 hrs of growth. The stimulation is dependent upon the redox active form
of thioredoxin, as active-site mutants do not stimulate proliferation. Also, E.coli
thioredoxin is unable to stimulate proliferation of MCF-7 cells, indicating that structural
differences between prokaryotic and vertebrate thioredoxins are critical in mediating the
activity. However, the mutant thioredoxin C73S, which is inactive as a component of the
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early pregnancy factor, is fully active as a stimulator of cell proliferation (Gasdaska et al.,
1996). Although the mode of action for thioredoxin's stimulation of cell proliferation is
unknown, it is proposed that thioredoxin acts as a voitocrine, or helper growth factor
(Gasdaska et al., 1995) by reducing a key residue on a growth factor or growth factor
receptor.
Transfection of NIH 3T3 cells and MCF-7 human breast cancer cells with
thioredoxin results in cell lines that have higher mRNA expression and either increased
growth on plastic surfaces, or increased colony formation in soft agarose, which are
phenotypes of transformed cells. The transfection of the cell lines with the redox inactive
mutant thioredoxin, C32S/C35S, resulted in inhibition of the transformed phenotypes.
Immunodeficient mice inoculated with thioredoxin-transfected MCF-7 cells had tumors
form, as did mice transfected with vector alone, however mice inoculated with
C32S/C35S transfected MCF-7 cells were almost completely free of tumors. This
suggests that thioredoxin plays an important role in the growth and transformation of
some human cancers (Gallegos et al., 1996; Powis et al., 1996).

1.6. Anticancer drug design

The possible role of thioredoxin as an extra-cellular growth factor in some types
of cancer has made it an attractive target for the design of anticancer drugs. A series of 2imidazolyl alkyl disulfides have been designed to inhibit the function of the
thioredoxin/thioredoxin reductase system. Several of these compounds are good

inhibitors of both thioredoxin and thioredoxin reductase (Oblong et al., 1994; Powis et
al., 1996). Prolonged incubation with thioredoxin results in irreversible inactivation of
thioredoxin as a substrate for thioredoxin reductase. The inhibition of thioredoxin is
apparently dependent on the presence of Cys 73, as the mutant Cys 73—>Ser remains a
substrate for thioredoxin reductase even after prolonged incubation with the disulfides
(Powis et al., 1996).
The lead compound IV-2, an imidazoyl alkyl disulfide that reacts with Cys 32 of
human Trx, inhibits the growth of a number of cell lines in culture. The growth of a
number of human primary tumors in soft agarose was inhibited by rV-2, with selectivity
shown for myeloma, cervical and breast cancers. The mean inhibitory concentration
(IC50) for IV-2 was between 0.06 and 1.8 jiM for the tumors tested. Injection of rV-2 into

scid mice with growing MCF-7 breast cancer xenographs results in dose-dependent
antitumor activity (Powis et al., 1996). It is not yet known if rV-2 acts directly by
inhibiting Trx, or by some other means.

1.7. Structure of Thioredoxin

One of the first steps in the characterization of human thioredoxin in its various
roles is a complete understanding of its structure. The crystal structure of human
thioredoxin, which, surprisingly, formed disulfide-linked homodimers in the crystal was
recently determined (Figure 3, (Weichsel et al., 1996). Other structures of thioredoxin
have been determined previously, including both the NMR (Dyson et al., 1990) and
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crystal (Katti et al., 1990) structures of E.coli thioredoxin, the NMR structure of a mutant
version of human tiiioredoxin (Qin et ai., 1994) and the crystal structure of Anabaena
thioredoxin (Saarinen et al., 1995). All of these structures display the characteristic
"thioredoxin fold" (Martin, 1995), a five-stranded |3-sheet surrounded by 4 a-helices.
None of the other structures exhibits the dimeric form of thioredoxin. The E.coli protein
lacks the cysteine residue that forms the disulfide bond, as well as parts of the
hydrophobic dimer interface region (Eklund et al., 1991), (Figure 2). The mutant form of
the human thioredoxin determined by NMR lacks all three of the non-catalytic cysteine
residues (Cys 62, 69 and 73), all of which were converted to alanine, and also contains a
Met74-^Thr mutation due to a cloning artifact (Gasdaska et al., 1994; Wollman et al..
1988). The cysteine residues were mutated to eliminate problems associated with
formation of interchain disulfide bonds (Qin et al., 1995; Ren et al., 1993).
There are a number of important features of the dimer formed in the crystals of
reduced human thioredoxin. The dimer interface is composed of a highly conserved
hydrophobic patch, which is approximately 10% of the solvent accessible surface area of
the dimer (Weichsel et al., 1996). Of the 12 residues found in the interface (Figure 4), 10
are absolutely conserved in vertebrate species (Figure 2). Six of these residues (W31.
V59, A66, V71, M74 and T30) form a very compact hydrophobic interface for the dimer,
with very little space for the inclusion of water molecules (Weichsel et al., 1996) while
the other 6 are hydrophilic and are solvent accessible (Figure 4).

Figure 4 : Space-fllling model of dimer interface residues.
Space-filling model of Trx monomer showing residues that make
interchain contacts. Figure prepared using O (Jones et al, 1991).
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There are 5 hydrogen bonds formed across the dimer. Two come from the
backbone carbonyl oxygen of each Lys 72 hydrogen bonding across the dimer interface to
the backbone anoide nitrogen of Met 74, and two come from the sidechains of Ser 67
hydrogen bonding to the Trp 31 carbonyls of the opposite monomer. The fifth hydrogen
bond is between the side chains of Asp 60 from each monomer. This hydrogen bond is
seen in the crystal structure at pH 3.8 (Weichsel et al., 1996); however the pATa for the
Asp 60 side chains is elevated to 6.5 (Andersen et al., 1997) from the normal value of
about 3.9 seen for free aspartic acids. There are documented examples of other elevated
pATaS for aspartic acid residues (Dyson et al., 1991; Langsetmo et al., 1991). One factor
that could be affecting the pKa is the proximity of Asp 60 to Asp 58. The Asp 58 residue
is solvent exposed, and likely to have a lower pATa than Asp60 (Weichsel et al., 1996).
The hydrogen bond between the Asp 60 residues in the reduced structure is absent in the
oxidized structure, replaced by hydrogen bonds to the indole ring nitrogen of the Trp 31
residue of the same monomer (Weichsel et al., 1996).
The dimer formed by wild type thioredoxin is stabilized by the formation of a
disulfide bond between the Cys 73 residue of each monomer. This disulfide is very stable
in the crystal; it forms even in the presence of 5 mM dithiothreitol (DTT), used to
maintain the active site of thioredoxin in the reduced state. However, the crystal structure
of the mutant thioredoxin, Cys73—>Ser, showed that this protein formed an identical
dimer to wild type thioredoxin, with the disulfide bond between the cysteines replaced by
a hydrogen bond between the serine residues. The crystal structures of wild
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type thioredoxin and the C73S mutant were very similar, suggesting that the formation of
the dimer is not dependent on the formation of the disulfide bond (Weichsel et al., 1996).

1.8. Dimer formation in soiution

Thioredoxin forms dimers in solution. These dimers result in inactivation of
thioredoxin, both in interaction with thioredoxin reductase and as a growth stimulator
(Gasdaska et al., 1996; Ren et al., 1993). Thioredoxin showed a loss of ability to act as a
substrate for thioredoxin reductase when it was stored for an extended period of time
without reductant present. The same result was seen when thioredoxin was used to
stimulate growth. The loss of substrate function also correlated with the appearance of
the dimeric form of thioredoxin as monitored on SDS-PAGE. The C73S mutant
thioredoxin did not lose its ability to function in either system, nor did it result in
accumulation of the dimeric form on SDS-PAGE. The continued activity of the C73S
mutant protein suggests that the inactivation was a result of the formation of a disulfide
bond between the Cys 73 residues as seen in the crystal structure (Gasdaska et al., 1996;
Holmgren, 1985).
The apparent dissociation constants

for wild type thioredoxin has been

determined at various pHs, using an assay that rapidly cross-links pre-formed dimers, but
not monomers, by oxidation (with diamide) of the Cys 73 disulfide bond. The
dimerization follows a titration curve for a single titratable group with pAT^ of 6.5 (Figure
5). The group responsible for this effect was determined to be the Asp60, as the mutant
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Figure 5 : K^pp vs. pH for wild type and D60N thioredoxins from the diamide
assay.
Plots of BC^pp vs. pH for wild-type and D60N human thioredoxins, showing the
removal of the pH dependence upon alteration of the Asp 60 side chain.
Circles - wild type Trx; Squares - D60N. (Andersen et al, 1997)
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protein Asp60—»Asn dimerized about equally well at all pHs (Figure 5) (Andersen et al.,
1997). The

varied from 6-24 }iM at pH 3.8 to 166 nM at pH 8.0. By comparison, the

concentration of thioredoxin in bovine tissue has been estimated at 1-10 |iM from crude
tissue homogenates (Holmgren and Luthman, 1978), which would mean that less than
1% dimer would be formed, however; it is likely that the concentration would be
considerably higher in tissues over-expressing thioredoxin (Gasdaska et al., 1994).
Although the biological role for thioredoxin dimers has yet to be determined, a
number of possibilities have been suggested. Since the formation of the dimers results in
inactive protein, it is possible that dimerization is a regulatory mechanism, to turn off
thioredoxin as a growth factor. Although the concentration of thioredoxin required to
reach maximal stimulation of growth (1 |iM) (Gasdaska et al., 1995; Powis et al.. 1994) is
well below the concentration required for formation of non-covalent dimers, the oxidizing
environment of the extra-cellular space could form irreversible covalent dimer over time.
This would limit the growth stimulation signal of thioredoxin.
Additional roles for the dimer could be to allow the cells to sense oxidative stress,
or it could serve as a protective mechanism for the active site of thioredoxin during
secretion (Rubartelli et al., 1992; Weichsel et al., 1996). If low pH vesicles are involved
in the secretory pathway for thioredoxin, then the pH dependence of dimerization could
play a critical role.
The evidence to date suggests that thioredoxin dimers can occur under
physiological conditions, moreover residues located at the dimer interface in the human
protein are conserved in all vertebrate species (Eklund et al., 1991) suggesting that the
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dimers do play have a function. The possibilities of a role in tumor growth have made
the study of the thioredoxin dimer an interesting question, with the potential to combine
molecular and cellular biology with biophysical characterization of the dimer.

1.9. Objectives

In my dissertation I address three questions about the formation of the thioredoxin
dimer. The first question addresses the assay used to measure dimerization. This
diamide oxidation assay is very useful, as it provides a fast, reproducible method that has
the added benefit of requiring only small quantities of protein. Although the assay
conforms to the expected characteristics that will allow me to accurately measure changes
in the ability of thioredoxin to form dimers (Andersen et al., 1997), additional questions
need to be addressed. The presence of a number of cysteine residues in addition to the
Cys 73, raises the possibility that diamide covalently binds to one or more of these
cysteines and in doing so changes the conformation of the protein. Such a change in
protein conformation could potentially alter the dissociation constant for thioredoxin.
The second question addresses the role that the conserved dimer interface plays in
formation of the thioredoxin dimer. The residues involved with stabilizing the dimer are
highly conserved throughout the vertebrate species (Figure 2). Studies of mutant
thioredoxins allow me to examine the role of the various residues involved in dimer
formation. One goal is to smdy protein-protein interactions. Another goal is to attempt
to crystallize thioredoxin in a monomeric form. The crystal structure of a monomeric
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mutant protein, which has not been possible using wild-type due to dimer formation,
could potentially answer questions about the anomalies seen in the different structures
reported to date (Dyson et al., 1990; Katti et al., 1990; Qin et al., 1994; Weichsel et al.,
1996). Further, a non-dimerizing mutant protein could evenmally help to determine the
physiological role of the dimer.
The third question addresses the differences between the oxidized and reduced
proteins, both in structure (Qin et al., 1994; Weichsel et al., 1996) and activity (Gasdaska
et al., 1996; Tonissen et al., 1993). These differences have raised the possibility that
oxidative state may play a role in thioredoxin's ability to interact with its target proteins.
A number of the contact residues are also part of the dimer interface (Qin et al.. 1996; Qin
et al., 1995), which could mean that changes in the oxidation state of thioredoxin will
change its protein-protein contacts. These changes may also affect the ability of
thioredoxin to form dimers.
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CHAPTER 2
MATERIALS and METHODS

2.1. Preparation of mutants

The C73S and C32S/C35S mutants were obtained from our collaborator. Garth
Powis (Arizona Cancer Centre); all others were made by site-directed mutagenesis using
the Transformer Site-Directed Mutagenesis kit (Clontech Laboratories, Palo Alto, CA).
Wild-type human thioredoxin in the pET-3a vector (Novagen, Milwaukee WI) was
obtained from Garth Powis (Gasdaska et al., 1994). The mutant primers were ordered
from NBI (NBI, Plymouth MN) with the following sequences, the mutated codon being
underlined:

D58S CAGTCATCCACACTTACTTCAACG
W31A CAAGGCCCACACGCCGTGGCTGAG
W31Y GCAAGGCCCACAATACGTGGCTGAGAAG
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A66R CTTCACACTCTGAACGAACGTCCTGAC
V59E GACAGTCATCCTCATCTACTTCAAGG
M74E GGAATGTTGGCTCGCATTTGACTTG
S67A CTTCACACTCTGCAGCAACATCC
C73I

GAATGTTGGCATGATTTTGACTTCAC

The selection primer used was the AlwN 1/SpeI primer (Clontech). The mutated plasmids
were used to uransform E. coli DH5a cells. The mutations were confirmed by sequencing
of the whole gene sequence of the plasmids using T7 primers (Laboratory of Molecular
Systematics and Evolution, University of Arizona) and plasmids with the correct
mutations were then used to transform BL21(A,DE3)/pLysS cells (Novagen).

2.2. Protein Purincation

The proteins were purified using modifications to the procedure of Wollman et al
(Wollman et al., 1988). The transformed E.coli BL21(XDE3)/pLysS cells were grown at
37 °C in 6 L of LB media with 100 mg/L Ampicillin (Sigma), 25 mg/L Chloramphenicol
(Sigma), 1% Glucose and ImM MgS04 until an A^oo of 0.6 was reached. The cells were
then induced by addition of 0.4 mM IPTG and the cells were incubated for 3 hours at 37
°C. The cells were pelleted and washed with 0.9 % NaCl and stored at -20 °C. The
pellets were re-suspended in 10 mM Tris, 1 mM EDTA, 1 mM PMSF (pH 8.0),
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approximately 8 ml/gram of cells, and the cells were lysed by sonication. The mixture
was then spun at 2l0,000x g for I hr to remove debris, and the supernatant was loaded
onto a Q Sepharose column (3 cm diameter, 22 cm bed height; Amersham Pharmacia,
Piscattaway NJ), previously equilibrated in 10 mM Tris, 1 mM EDTA, 5 mM freshly
prepared DTT (pH 8.0). The protein was then eluted from the column using a gradient
(800 ml fi-om 0 mM to 500 mM NaCl in the same buffer). The fractions containing Trx
were determined by absorbance at A280 and confirmed using SDS-PAGE. The protein
was then precipitated in 85% (NH4)2S04 and centrifiiged at 12,000x g for 30 min. The
(NH4)2S04 precipitate was then re-suspended in 10-20 ml of 10 mM Tris, 1 mM EDTA, 5
mM DTT (pH 7.5) and then concenurated to approximately 10 ml using Amicon 15-mL
ultrafiltration cell. The samples were then loaded onto a Sephacryl S-100 HR 26/60 gel
filtration FPLC column (bed volume = 320 ml; Pharmacia), equilibrated with 10 mM
Tris, 1 mM EDTA, 5 mM DTT, 200 mM NaCl (pH 7.5), flow rate 1.0 ml/min. Protein
was eluted in the same buffer and fractions containing Trx confinned using SDS-PAGE.
The protein was then concentrated, dialyzed ovemight against 10 mM Tris, 1 mM EDTA,
5 mM DTT (pH 7.5), aliquoted and stored at -80 °C. The purity of the protein
preparations was determined by SDS-PAGE. Protein yields for a 6 L preparation ranged
from 300-900 mg.
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2.3. Concentration determination

The concentration of all of the proteins except the W31A mutant were calculated
using an extinction coefficient of 1.626 ml*cm''*mg'' @ 280 nm (Wollman et al., 1988).
The concentration of W31A was determined by the Hartree-Lowry Total Protein Assay
(Hartree, 1972). The standard curve was calculated using wild-type thioredoxin, diluted
to various concentrations in 1 ml of 10 mM Hepes 7.0. Reagent A (7 mM sodium
potassium tartrate, 0.81 M NaiCos, 0.5 N NaOH ), 0.9 ml, was added to the 1 ml solution
and the mixture incubated at 50 °C for 10 min. The sample was then cooled to room
temperature and 0.1 ml of reagent B (0.07 M sodium potassium tartrate, 0.04 M CUSO4,
0.1 N NaOH ) was added and incubated for 10 min at room temperature (RT). Reagent C
(1:15 dilution of Folin-Ciocalteau reagent (Sigma)), 3 ml. was rapidly added with mixing,
and the solution was incubated at 50 °C for 10 min and then cooled to RT. The
absorbance at 650 nm was then measured, and a plot of absorbance vs. protein
concentration (mg/ml) was generated.

2.4. Diamide Oxidation Assay

The diamide oxidation assay was performed following the procedure of Andersen
et al (Andersen et al., 1997): Various concenurations of protein (stock solutions with
concentrations of 40-100 mg/ml) were incubated for 10 min at room temperature in 10
mM buffers (sodium acetate for pH 3.8, 5.0, 5.4, sodium citrate for pH 6.5, and Tris-HCl
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for pH 7.3 and 8.0). For the assays using high ionic strength buffer, 100-500 mM NaCl
was added to the various buffers. Diamide (N,N-Dimethyi-fonnaniide, Sigma) was then
added to a final concentration of 10 mM and incubated at room temperature for 10 min.
The monomer and dimer were separated on a Superdex 75 HR 10/30 gel filtration column
(bed volume = 24 ml; Pharmacia), rurming buffer 50 mM Tris, 1 mM EDTA, 200 mM
NaCl (pH 7.5), flow rate 0.5 ml/min. A Spectra Physics SP4290 Integrator, using a UV
detector at 280 nm was used to measure the areas of the peaks, except for W31A. where a
wavelength of 254 nm was used.

2.5. Gel Filtration Assay

Gel filtration FPLC was used to estimate the dissociation constants for various
thioredoxins following a previously published method (Manning et al., 1996; Valdes and
Ackers, 1979).
High concentration thioredoxin stock solutions were prepared as outlined above
(Section 2.2), though the DTT concentration was increased to 10 mM. The samples were
diluted using either 50 mM NaAcetate, pH 3.8 or 50 mM Tris-HCl. pH 8.0. All samples
were brought to a final volume of 100 |iL and injected via a 100 |iL injection loop onto a
Superdex 75 HR 10/30 gel filtration column that had been previously equilibrated to the
pH of interest. The column was run at a flow rate of 0.5 ml/min, and the retention time of
the peaks were determined using a Spectra Physics SP4290 Integrator, with a UV detector
at 280 nm.
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2.6. Analysis of Data
2.6.1. Estimation of K<{ from diamide oxidation assay

For each sample, the ratio of dimer to monomer was calculated from the areas of
the eluted peaks, as the extinction coefficient for the dimer was shown to be twice that of
the monomer (Andersen et al., 1997). Dimer formation was determined by fitting to a
model based on a single dimerization constant:

= [M]-/[D] = 4.F^-[C]/( 1-F„)

(1)

where [M] is the monomer concentration, [D] is the dimer concentration. [C] is the total
thioredoxin concentration expressed as dimer, and Fm is the fraction that is monomer
(Valdes and Ackers, 1979; Weber, 1992).
The apparent dissociation constants (ATapp) were calculated by using a nonlinear
least-squares procedure fitting the data in terms of percent dimer formed to a solution of
the following quadratic equation (Manning et al., 1996):

%D = {(8-[C]+/i:d)-[/i:d-+(i6«/:d'[C])]"-}/o.o8«[C]

(2)

where C is the total concentration of Trx (calculated as dimer), and %D is the percentage
of Trx in dimeric form. From equation (2), it can be shown that when [C] = ATj, then %D
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= 61%. Data were fitted with the Marquardt-Levenberg algorithm in the program
SigmaPlot (Jandel Scientific).

2.6.2. Estimation of

from G^i Filtration assay

The concentration of the protein in the gel filtration assay was calculated by
dividing the concentration of protein added to the column in each run by a dilution factor
(Manning et al., 1996; Zimmerman and Ackers, 1971). The dilution factor was
determined as the volume of the eluted peak at half-maximum peak height divided by the
injection volume (Andersen et al., 1997; Manning et al., 1996):

d.f. = w*f/c*v

(3)

where w is the peak width at 1/2 maximum peak height (cm),/is the column flow
rate (ml/min), c is the chart speed of the integrator (cm/min), and v is the volume of
sample injected onto the column (Manning et al., 1996).
The degree of dimerization was estimated from the elution position of the peak
(V) relative to the elution positions for the dimer (Vd) and monomer (Vm) (Manning et al.,
1996) as shown in the equation :

%D = 100»(2lVm-V)/(Vtn-Vd)

(4)
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and the A^app was estimated using equation 2.

2.7. Crystallization

Wild-type thioredoxin was crystallized using the hanging drop method, by adding
diamide (14.5 mM) to a 20 mg/ml protein solution (10 mM Sodium acetate, pH 3.8, and 5
mM DTT) 30-60 min before preparing the crystallization drop. The well buffer solution
contained 18% PEG 4000 and 200 mM NaAcetate, pH 4.5, and was mixed 1:1 with the
protein solution to make the drop. The resulting crystals were isomorphous with reduced
wild-type crystals grown in MPD (Weichsel et al.. 1996) or in the absence of diamide
(Sotelo-Mundo, unpublished data).

2.8. Activity Assays
2.8.1. Insulin precipitation activity assay

The precipitation assay is based on the method of Holmgren (Holmgren, 1979).
Briefly, insulin is used as a substrate for thioredoxin (Figure 6a), and the reduction of the
insulin disulfides results in free alpha and beta chains. The reaction follows the
precipitation of the free peptide chains, primarily the beta chain.
Reduced thioredoxin was passed over a G-25 micro-spin column (Pharmacia) to remove
the DTT, and the concentration was determined by absorbance at 280 nm. The protein
was then added to a solution of 1 mg/ml ( = 167 |iM) insulin (l(X) mM Hepes, pH 7.6, 2
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Figure 6 : Schematic illustrations of two thioredoxin activity assays.
A) The insulin precipitation assay, measuring the rate of precipitation of the
insulin B chains at 650 nm.
B) The coupled reaction of Trx and TR, measuring the disappearance of
NADPH at 339 nm, with insulin as the terminal electron acceptor.
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mM EDTA), to a final concentration of I or 5 |iM thioredoxin. The reaction was started
by the addition of I mM DTT and monitored at A^so (Figure 6a).
The rates were calculated by measuring the maximum rate of insulin precipitation
in the linear region of the assay. The relative rate at each concentration was calculated by
comparing the mutant rates to the rate of wild-type protein using the equation :

Rel. rate = (rate) / (wild-type rate)

(5)

2.8.2. Thioredoxin/ Thioredoxin Reductase Activity assay

Thioredoxin reductase (Oblong et al., 1993) (98 ng, specific activity 6.76 [imol of
thioredoxin reduced min"' (nmol TR) '), NADPH (40 |ig) and insulin (2 mg/ml: = 333
|iM) were mixed together in 300 |iL of 100 mM Hepes, pH 7.6, 5 mM EDTA.
Thioredoxin was added to start the reaction, and the rate of the reaction was determined
by following the disappearance of NADPH at A339. (Figure 6b, (Oblong et al., 1994)) and
calculating the initial rate. The data were plotted using the Michaelis-Menten equation :

V = K^«[S]/(V^+[S])

(6)

where Km is the Michaelis constant, Vmax is the maximum velocity, and [S] is the
substrate concentration, in this experiment, the concentration of thioredoxin. The data
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were fitted with the Marquardt-Levenberg algorithm in the program SigmaPlot (Jandel
Scientific).

2.9. Oxidation of C73S

The mutant C73S was oxidized either by air-oxidation or with the inhibitor IV-2
(Oblong et al., 1994; Powis et al., 1996). Air-oxidation was carried out by removing the
reductant DTT with P-10 gel columns (Pharmacia). Protein sample (400 fiL) was loaded
onto a prepared column and eluted in 4-5 ml of buffer. The sample was then concentrated
back to 300

with a Centricon concentrator, and the concentration was immediately

determined. The protein was then incubated at 4 °C with gentle shaking for up to 3
weeks.
Oxidation with rV-2 was carried out by incubating 20 mM C73S with 50 mM IV2 overnight at room temperature. The solution had a slightly cloudy appearance due to
the precipitation of IV-2 (Kirkpatrick et al., 1992), and was filtered through a 0.45 micron
filter to remove the particulate matter. The concentration of thioredoxin was assumed to
be the same after filtration, since the IV-2 prevented quantitation spectroscopically, and
the concentration was later confirmed by the elution profile of the gel filtration peaks.
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CHAPTERS

VALIDATION OF A DIAMIDE OXIDATION ASSAY

FOR DIMER FORMATION

3.1. Introduction

The main assay that I have used for characterizing the effect of mutations on the
dimer interface is a diamide oxidation assay developed in our lab. As part of this work, I
undertook a series of experiments to assess the reliability of this assay. Part of this work
has been published in a study on the pH dependence of dimer formation (Andersen et al.,
1997).
The assay uses N,N-dimethylamide (Diamide; Fig 7a) to cross-link dimeric
thioredoxin through Cys 73 from each monomer. Monomeric thioredoxin has diamide
covalently linked to Cys 73, and is therefore unable to be cross-linked (Figure 7b). The
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Figure 7 : Diagrams of diamide oxidation assay.
A) Structure of diamide [l,r-azobis(MA^-dimethylformamide)].
B) Schematic cartoon of die diamide oxidation assay (Andersen et al., 1997).
C) Sample chromatogram of the separation of the monomeric and dimeric forms
of thioredoxin.

55

monomelic and dimeric species can then be separated by ETLC (Fig 7c).
Previous work in our lab (Andersen et al., 1996) has shown that the diamide
oxidation assay gives an accurate estimation of the dissociation constant, because it
satisfies the following three conditions. The first condition is that the rate of non-diamide
dependent oxidation must be slow. This is true, as the formation of covalent dimer under
the reaction conditions used in the experiment (with no reductant) is negligible as
measured by SDS-PAGE. The second condition is that the modification with diamide
cannot change the non-covalent dimenmonomer equilibrium by pulling the reaction
towards covalent dimers (/:,» fcand

in Figure 7b). This is true as the formation

of diamide-oxidized dimer is complete within 5 minutes, and the ratio of dimer to
monomer does not change for at least 150 min at room temperature. The third condition
is that the formation of diamide-induced dimers must be rapid compared to dissociation
of non-covalent dimers and association of unreacted monomers. Thioredoxin oxidized
with increasing concentrations of diamide exhibits typical saturation behaviour for
dimerization, with the maximum dimerization occurring at lower values of % dimer
formed, as the concentration of diamide was increased. This behaviour indicates that the
oxidation is fast compared to the dimer association/dissociation rates.
To further address the question of whether the diamide assay provides a reliable
estimate of the dissociation constant, I performed the following experiments, which are
detailed below:
1. I devised an alternative assay for the dimer dissociation constant, using gel
filtration chromatography (Maiming et al., 1996). This assay uses the change in retention
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time of the non-covaiently linked dimer as a function of protein concentration to provide
an estimate of the dimerization.
2. The crystal structure of the diamide oxidized wild-type Trx was determined.
This experiment addressed the question of whether diamide was interacting with any of
the other cysteines present in thioredoxin.
3. The effect of increasing the ionic strength in the diamide oxidation assay was
examined to determine if the difference in ionic strength used in the two assays would
alter the properties of dimer formation

3.2. RESULTS AND DISCUSSION

3.2.1. Gel filtration

The gel filtration assay assumes that the equilibrium between the dimeric and
monomeric species occurs much more rapidly than movement through the column
(Manning et al., 1996). Under this assumption, the protein will migrate down the column
as if it was a single species with an apparent molecular weight between the monomeric
and dimeric values (Figure 8).
Calculation of the % dimer is based on the relative deviation of the peak from the
known dimer and monomer retention volumes. The actual concentration injected onto the
column was determined from the elution profile (see Section 2.6.2. for details).
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Figure 8 : Cartoon of gel filtration assay method.
The solid lines represent the theoretical elution profile for either 100 % dimeric
thioredoxin or 100% monomeric thioredoxin (as labeled). The dotted line
represents the elution profile for a sample that is equlibrating between monomer
and dimer as it moves down the column. The calculation for the amount of dimer
and monomer present in the sample is presented in the text (Section 2.5.) (After
Maiming et al., 1996).
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Wild-type thioredoxin was used to estimate the FQ at pH 3.8 and 8.0 (Figure 9).
The apparent dissociation constant (ATapp) for the pH 3.8 experiment, determined by fitting
the observed % dimer to equation 2 (Section 2.6.1), was 160 ± 10 fiM. It was
impossible to use concentrations higher than 5CK) [iM dimer because such concentrations
overloaded the column, resulting in uninterpretable peaks. The value of 160 fiM is higher
than the value of 6-25 pM determined by the diamide oxidation assay (Andersen et al..
1997). A value of 20-25

was considered to be the most accurate estimate of the

dissociation constant from diamide oxidation (Andersen et al., 1997), which would put
the gel filtration value 6-8 times higher, but still in reasonable agreement based on the
magnitude of the expected error. One source of potential error would arise from the
estimation of the monomer and dimer elution volumes. Diamide-oxidized Trx was used
to estimate the dimer elution volume, and, potentially, this could be an inaccurate value,
since the covalently linked dimer may travel at a different rate through the column than
the non-covalently linked dimer. The monomer elution volume was estimated by diluting
the protein to the point where no change in elution volume was noted. Potentially, this
error could also cause the ATapp to be underestimated from the gel filtration assay, and is
unlikely to account for the entirety of the noted difference between the values.
The results of the experiment run at pH 8.0 showed no dimerization over the
concentration range used (Figure 9). The concentration range used in this experiment was
0.2 - 270 |iM (dimer). The /sTapp at pH 8.0, estimated from the diamide assay, was 166
jiM. Assuming that the difference between the two assays is approximately 10 fold, then
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Figure 9 : Gel filtration of wild type thioredoxin.
Gel filtration of wild-type thioredoxin at pH 3.8 and pH 8.0, showing
pH dependent change of dimerization. Open circles - pH 3.8; open
squares - pH 8.0. Data for pH 3.8 were fitted to equation 2 using
SigmaPlot.
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the expected

from the gel filtration assay would be 1.6 mM. By using equation (2),

the high concentration value (270 pM) should be 31 % dimer, rather than the 9-12 %
calculated from the results of this experiment. This suggests that the 10-fold difference in
ATapp's between the assays is not accurate at all concentrations and pHs, and the difference
between the two assays at pH 8.0 is much greater.
In order to ensure that the concentration injected onto the column was close to the
estimated value, the detector response was measured. The detector response was
measured by quandtating the area of the peak at each of the concentrations, and plotting
the area vs. the concentration of thioredoxin (Figure 10). The linear curve indicates that
the protein is behaving as predicted over the concentration range used.
Based on these results, I have concluded that both assays are displaying similar
pH dependencies although the absolute value for the apparent dissociation constant at low
pH varies by 6-8 fold. At high pH dimer formation cannot be detected over the protein
concentration range that can be used. At higher concentrations of thioredoxin the data
from the gel filtration assay no longer fits well to the model described by equation 2
(Section 2.6.1), suggesting that there complications to the gel filtration assay at these
protein concentrations. In contrast, the diamide oxidation assay appears to give
consistent results under all conditions tested, as determined by the fit of the data to
equation 2 (Andersen et al., 1997).
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Figure 10 : Detector response for gel filtration.
Logarithmic plot of detector response vs.. concentration,
showing the linear response over the concentration range used in
the gel filtration experiments.
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3.2.2. Crystal structure of diamide oxidized wild-type thioredoxin

The crystal structure of the diamide-oxidized wild-type thioredoxin was
determined to address the question of whether diamide was reacting with any of the other
cysteines present in Trx, of which there are four. Any structural changes that were
induced by diamide linkage to other sites on the protein could potentially change the
apparent dimer dissociation constant. Also, the diamide-oxidized protein was used as the
dimer end-point for the gel filtration assay. If the diamide stmcture is significantly
altered from the wild-type crystal structure, this could mean that the diamide-oxidized
protein would not give an accurate measure of the retention volume of the dimeric form
of thioredoxin.
The diamide oxidized protein rapidly crystallized, which suggests that the dimeric
form of the protein is preferentially favored for crystallization. The crystals were
isomorphous with those grown in the absence of diamide (Weichsel et al., 1996), and led
to a well-defined structure at 2.1 A resolution (Table I)
The diamide-oxidized crystal structure was nearly identical to the crystal structure
of reduced thioredoxin (no diamide) (Weichsel et al., 1996). The disulfide bond between
Cys 73 of each monomer was clearly visible in the 2Fo-Fc electron density map (Figure
1 Id). Due to the bulky nature of diamide, and the partially buried nature of Cys 62 and
Cys 69,1 expected that both of these residues would be free of oxidation, and that proved
to be true (Figure 1 la & b). The odd looking density around the Ca- Cp bond in the
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Table 1: Crystallographic Data for Diamide-Oxidized Wild Type Thioredoxin

Space group
a (A)
b (A)

C2
67.8
26.3
51.6
95.1

c(A)
P(deg)

Data Collection
Resolution
26 - 2.1
Total reflections
8553
unique reflections
5391
completeness (%)
overall
98.2
outermost shell
94.4
Rsym"
0.027
mean I/a(I)
overall
18.8
outermost data shell
7.9
Refinement
Rcryst'
Rfree'

Rms deviation
bond lengths (A)
bond angles (deg)
no. of solvent molecules
average B factor (A")

0.19
0.28

0.007
1.1
43
26

^ Rsym = R-factor for symmetry-related intensities, ^ R<.ryst =
crystallographic R-factor, calculated without reflections used in
Rfree- Rfree = R-factor for a randomly selected 10% of reflections not
included in the refinement, as implemented in X-PLOR (Brunger et
al., 1987)
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Figure 11: Electron density around Cys residues in diamide-oxidized
thioredoxin.
Electron density of cysteines in diamide-oxidized wild-type Trx.
The electron density shown is from the final 2Fo-Fc map, contoured at la
(Andersen et al, 1997). The figure was drawn using O (Jones et al., 1991).
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electron density of the Cys 69 has been seen in several of the other structures, suggesting
that local disorder occurs here. Similar disorder was found around the a and P carbons of
Trp 31 (Weichsel et al., 1996). The active site cysteines, Cys 32 and Cys 35, remained
mostly free of oxidation (== 10% oxidized, based on relative size of electron density
peaks; Fig 1 Ic). This suggests that the dimers formed by the oxidation of diamide are
made from pre-formed dimers, and monomeric thioredoxin is not being pulled into
dimers. The two cysteines are mostly hidden from contact with the solution in the
dimeric form of the protein (Cys 32 by the dimer interface, and Cys 35 by the
arrangement of the active site) (Figure 12), and wouldn't be able to interact with diamide
which is rather bulky (Figure 7a). Under the conditions used for crystallization
thioredoxin concentration = 1 mM dimer), and using the dissociation constant determined
from the diamide assay (5-20 |iM), the protein would have been mostly dimeric prior to
oxidation. Monomeric thioredoxin would expose Cys 32 to the solvent and possibly
allow diamide to oxidize the active site, resulting in a disulfide bond between Cys 32 and
Cys 35. The slight oxidation of the active site that is present in the dimeric crystal
structure (=10%) is probably due to the absence of reductant resulting from the excess of
diamide added to the solution. This result is fully consistent with our model for diamideinduced covalently linked dimer formation (Figure 7b).

66

^ C35

K72'

K72'

,C32

C32

XJ33

C333

W31

E70'

W31

E70'

K36

K36
T30

T30

Figure 12 : Stereo diagram of the dimeric thioredoxin active site.
Stereo diagram illustrating the inaccessibility of the active site in the dimeric form
of human thioredoxin. The view is looking towards the centre of the protein. Solid
lines indicate one monomer and open lines the other monomer. Sequence numbers
refer to human thioredoxin sequence, the active site residues numbered from 30-36,
and the residues from the other monomer numbered from 70'-72'. The figure was
drawn with MOLSCRIPT (Kraulis, 1991).

3.2.3. Altering the Ionic Strength of the Diamide and Gei Filtration Assays

The two assays used to determine the dissociation constant for thioredoxin. the
diamide oxidation assay and the gel filtration assay, are typically run under different salt
conditions. The buffer used for gel filtration contains 200 mM NaCl, while the diamide
assay is performed in 10 mM buffer (see Section 2.4. and 2.5. for details). One possible
explanation for differences seen in the ^Tapp's determined from the two different assays is
that dimer formation is affected by ionic strength. The dimer interface is highly
hydrophobic, and if these forces are the primary forces stabilizing the dimer, then
increasing the ionic strength of the solution should result in an increase in dimerization
(Weber, 1992). Since the ATapp from the gel filtration experiment is higher than the ^Tapp
from the diamide assay, hydrophobicity is unlikely to be accounting for the difference in
the ATapp's. However, there are also important hydrophilic interactions between the two
monomers, and possibly within a single monomer that stabilizes the structure of the
dimer. The combination of the two types of interactions, hydrophobic and hydrophilic.
could result in no change in the ATapp under increased ionic strength conditions.
The diamide assay at pH 3.8 was used to determine the effects of increasing the
salt concentration. Increased salt concentrations, 100-500 mM NaCl, were added to the
diamide oxidation assay, and the dissociation curves were determined (Figure 13). These
results indicate that the increase in the salt concentration had very little effect on the
diamide assay, probably due to the combination of forces, hydrophobic and ionic (Hbonds), essentially "canceling out".
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Figure 13 : Effiect of high salt concentrations on diamide oxidation assay.
Effect of increasing concentrations of salt (NaCl) on diamide-oxidized
dimer formation at pH 3.8. Salt concentration : 0 mM (circles), 100 mM (squares)
200 mM (triangles), 300 mM (diamonds), 500 mM (hexagons).

One way that the gel filtration experiment could be leading to erroneous results is
that there are additional interactions occurring between Trx and the column matrix. To
ask whether such interactions are responsive to the changes in ionic strength, the gel
filtration experiment was run again using 50 mM NaCl rather than the normal 200 mM
(Figure 14). The elution peaks from the low salt gel filtration are broader and have a more
pronounced trailing edge than the elution peaks from the high salt gel filtration,
suggesting that the decrease in salt concenuration is allowing for some interaction with the
column matrix, however the effect is not pronounced enough to prevent the fitting of the
dimerization curve.
The ATapp calculated for the low salt gel filtration is comparable with the ^app from
the high salt gel filtration (150 ± 30 |iM vs. 160 ± 10 |iM), which is consistent with the
results from the diamide oxidation assay. The deviation from the modeled curve at
higher protein concentrations might be due to the increased ability of the protein to
interact with the matrix, and slow its progress through the column, thus lowering the
estimated dimer content of the sample. Altematively, the lower values may indicate that
the protein is dimerizing less well at the lower salt concentrations, and the increased
content of dimer at lower protein concentration is due to some other column effect. Since
the low salt concentration gel filtration experiment has an increased error in its
measurement compared to ±e high salt gel filtration, and there is also an increase in the
disorder of the elution peaks at the low salt concentration, the values obtained form the
high salt gel filtration experiment offer a better estimate for ATapp and the high salt gel
filtration was used in later experiments.
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Figure 14: Eflect of reduced ionic strength on the gel filtration assay.
Gel filtration of wild-type thioredoxin at pH 3.8 and low salt
conditions (50 mM NaCl). Data were fitted to equation 2 using
SigmaPlot.
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3.3. SUMMARY

The results from these experiments, and previous work (Andersen et al., 1997).
lead me to conclude that the diamide assay is providing a reliable estimate of the actual
dimer dissociation constant. The previous work demonstrated that the diamide oxidation
assay behaves as expected for the proposed reaction. The experiments outlined here have
addressed the possibility that diamide is interacting with other residues and affecting the
dimerization. While there is still some question as to the actual value for the dissociation
constant, as the ATapp estimated from gel filtration is higher than that estimated from the
diamide assay, the two assays give qualitatively the same pattern of pH dependence.
Although an additional method would be necessary to address the question of whether the
ATapp estimated from the diamide assay is physiologically accurate, the assay allows rapid
and easy comparison of the relative abilities of different thioredoxin mutants to form
dimers.
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CHAPTER 4
ANALYSIS OF DIMER INTERFACE MUTANTS

4.1. Introduction

A major focus of my work was to examine the structure and function of the dimer
interface through mutagenesis, and biochemical analysis of mutant proteins. There a
number of reasons for doing this. First, the physiological role of dimeric thioredoxin
remains an open question. Mutant proteins that dimerize less readily may have
physiologically different phenotypes that would give an indication of the role of the
dimer. Additionally, mutations to the hydrophobic surface utilized for dimerization,
which is potentially the site at which thioredoxin reductase interacts with thioredoxin
(Powis et al., 1996), could be used to map the interaction surface between the two protein
by examining the kinetics of the thioredoxin/thioredoxin reductase interaction. A third
reason for attempting to design a thioredoxin mutant that does not form dimers is that it
might allow us to crystallize the monomeric form of the protein. The crystal structure of
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a monomelic form of thioredoxin would allow us to address questions about the redox
active form of the protein.
The mutants were designed based on the structure of reduced human thioredoxin
(Weichsel et al., 1996), and by building the altered residue into the structure using
INSIGHT (Insight-O, 1993). Initially, point mutations that were considered likely to alter
dimerization were chosen and constructed by site-directed mutagenesis. They were:

Asp 58

Ser (D58S) - Asp 58 may contribute to the pH dependent dimerization

exhibited by the wild-type protein, and mutation of this residue was postulated to either
result in a weaker dimer. or a lower pH dependence for dimerization. Serine was chosen
rather than alanine to maintain the hydrophilic nature of the side-chain.

Ala 66 —» Arg (A66R) - Ala 66 is located in the center of the hydrophobic interface
(Figure 4), and its replacement with a large charged residue was expected to disrupt the
dimer.

Trp 31 —> Ala (W31A) - The two Trp 31 residues form a large portion of the
hydrophobic surface (Figure 4). Replacing this bulky, hydrophobic residue with Ala was
anticipated to introduce a pocket in the interface that would reduce dimerization. Trp31
is also an important part of the active site and the mutation was expected to allow
assessment of this role, although loss of activity would limit physiological evaluation.
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The above three mutants were analyzed in detail. Three additional mutants were
produced but have not been pursued to date.

Met 74

GIu (M74E) - Met 74 is also located in the hydrophobic dimer interface

(Figure 4), and a negative charge was inserted to disrupt the dimer.

Val 59 ^ Glu (V59E) - this mutation also inserts a charged residue into a site previously
occupied by a conserved hydrophobic residue in the dimer interface.

Ser 67 ^ Ala (S67A) - Ser 67 forms a hydrogen bond across the dimer interface to the
backbone carbonyl of Trp 31 (Weichsel et al., 1996), and the mutation was designed to
remove this bond.

Dissociation constants for the mutants D58S, A66R and W31A were estimated by
the diamide oxidation assay, and their activities were determined by using two enzymatic
assays: the insulin precipitation reaction and the thioredoxin/thioredoxin reductase
reaction. Our collaborators at the Arizona Cancer Center (Margareta Berggren & Garth
Powis) have begun to look at the growth stimulation of these mutants, and the
preliminary results from their work are also included here.
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4.2. RESULTS AND DISCUSSION

4.2.1. Dimerization of D58S

Dimerization of wild-type thioredoxin exhibits a pH-dependent behaviour, with a
pATa of 6.5 that was attributed to a hydrogen bond across the dimer interface between the
Asp 60 residues (Andersen et al., 1997). This hydrogen bond was seen in the crystal
structure of wild type thioredoxin at pH 3.8 (Weichsel et al., 1996), and mutation of this
Asp to Asn removed the pH dependence (Andersen et al., 1997), such that the ATapp was
3.7 |iM at pH 3.8 and 23 |iM at pH 8.0.
The Asp 60 pATa of 6.5 is approximately 2-2.5 pH units higher than the normal pATa
of an aspartic acid residue found in proteins (Mathews and Van Holde, 1996). The
thioredoxin structure also contains a hydrogen bond between Asp 58 and Asp 60 (Figure
15) and I hypothesized that this hydrogen bond serves to stabilize Asp 60 in the
protonated form. If true, then the mutation of Asp 58 to Ser should result in a lower pATa
for the Asp 60 hydrogen bond, and the D58S mutant should display an altered pH
dependence for dimer formation.
To test this hypothesis, the D58S mutant gene was prepared (Section 2.1), and
milligram quantities of protein were isolated (Section 2.2). The protein behaved similarly
to wild type thioredoxin during purification, and the purified protein was found to be
biochemically active (See Section 4.2.4.).

Figure 15 : Stereo diagram of Asp60/Asp58 bonding pattern.
Stereoview of the atoms in the dimer interface near residue 60, showing
interactions between D60 and D58. Sohd lines indicate one monomer,
and open lines the other monomer. Oxygens are indicated by stippled spheres,
nitrogens as larger spheres, and water molecules as isolated spheres
(Andersen et al., 1997). Figure drawn with MOLSCRIPT (Kraulis, 1991).
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Dimerization was assessed using the diamide oxidation assay (Figure 16). These
results do not support the hypothesis of a lowered pKa for dimer formation. The D58S
mutation results in a protein that dimerizes equally well at all pHs much like the D60N
mutant (Andersen et al., 1997). The crystal structure for the D60N mutant, surprisingly,
showed the side chains for the asparagine residues to be rotated away from each other
rather than having the asparagine's forming a stable hydrogen bond at all pHs (Andersen
et al., 1997). It is likely that the change from aspartic acid to the smaller serine residue is
allowing the Asp 60 to undergo a similar movement in the D58S mutant. This could be
due to the removal of the hydrogen bond between Asp 58 and Asp 60 that would, in
effect, hold Asp 60 in place, or alternatively, the increased space left by the replacement
of the aspartic acid with the smaller serine may allow the two aspartic acid side chains to
move apart. As Asp 58 and Asp 60 are absolutely conserved in vertebrate species, these
results suggest that the hydrogen bond between the Asp 60 residues across the dimer
interface may be necessary for preventing thioredoxin from dimerizing too readily in vivo.
The best way to assess the reason for the behaviour of D58S would be to
determine its crystal structure. D58S was crystallized under two different crystal
conditions: the conditions under both reduced wild-type thioredoxin and the D60N
mutant were crystallized (Andersen et al., 1997; Weichsel et al., 1996), and those under
which the diamide-oxidized thioredoxin was crystallized (Andersen et al., 1997;
Weichsel et al., 1996), described in Section 2.7.). Unfortunately, both of these conditions
gave rise to twinned crystals that could not be used for crystal structure determinations.
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Figure 16 : Diamide oxidation assay for D58S.
Plot of Kapp VS. pH for the D58S mutant human thioredoxin, using the
wild-type plot (Figure 5) for comparison. Open squares - wild type thioredoxin;
filled circles - D58S. Error bars represent the error in fitting the data from each pH
to equation 2. The error bars are hidden by the symbols on several of the points.
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4.2.2. Dimerization of A66R

Ala 66 is an absolutely conserved residue in vertebrate species. The residue is
part of the hydrophobic dimer interface, forming part of the surface that Trp 31 of the
other monomer contacts (Weichsel et al., 1996), and is completely buried in the dimer.
The A66R mutant was designed to disrupt the dimer interface since replacement of
alanine with the larger, positively charged arginine residue will result in the loss of
important hydrophobic dimer contacts and the mutant should form much weaker dimers.
To test this hypothesis, the A66R mutant gene was prepared (Section 2.1), and
milligram quantities of protein were isolated (Section 2.2). The protein behaved similarly
to wild type thioredoxin during purification, and the purified protein was found to be
biochemically acdve (See Section 4.2.4.).
Dimerization was assessed using the diamide assay (Figure 17). These results
support the hypothesis of impaired dimer formation. At pH 3.8, the ATapp was estimated to
be 250 [iM, a 50-fold increase over wild-type thioredoxin, indicating a decrease in
binding energy

AAG°' = -RTln[Arapp(wt)/^rapp(A66R)]

(7)

of 2.2 kcal/mol. A similar analysis at pH 8.0 resulted in a 5.5-fold increase in ATapp,
corresponding to a decrease in binding energy of 1.0 kcal/mol.
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Figure 17 : Diamide oxidation assay for A66R.
Plot of Kjipp vs. pH for the A66R mutant human thioredoxin, using
the wild-type plot (Figure 5) for comparison. Data were fitted to equation 8
using SigmaPlot. Open circles - wild type ; filled squares - A66R. Error bars
represent the error in fitting the data from each pH to equation 2.
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An additional point of note is a slight shift in the p/iTa from 6.5 ± 0.1 to 5.9 ± 0.2.
The pATa was determined by fitting the data to the equation:

/i^app = [/i^apprmn + (/sTappmax'IOP"-'"'^)]/l+10^""'"'^)

(8)

where the parameters fitted were Kappmn and ATappmax, the asymptotic minima and maxima
of ATapp, and the pATa for the transition (Andersen et ai., 1997; Langsetmo et al., 1991).
Modeling in INSIGHT (Insight-U, 1993) shows that the arginine residue could be
making a number of contacts, including the possibility of an interaction with Asp 60 (the
closest distance between the two residues in INSIGHT is 3.2-3.6 A). The interaction
between Asp 60 and Arg 66 would stabilize the Asp 60 in the deprotonated form, and
shift the pATa to a lower value as seen in the A66R mutant. However. I have not found
conditions under which this protein will crystallize, and additional hypotheses for the
shift in pKa cannot be ruled out.
It is important to note that the insertion of a large, charged residue into the
hydrophobic dimer interface results in only a 1-2 kcal/mol decrease in binding energy,
and the protein is still able to form dimers. The continued formation of dimers suggests
that the mutation of a single residue may not be enough to completely eliminate dimer
formation, and combinations of mutations may be necessary to yield a mutant protein that
is completely monomeric.
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4.2^. Dimerization of W31A

The two Trp 31 residues in tiie dimer form a major portion of the hydrophobic
interface (Figure 4). Removal of this residue, by mutation to alanine, allowed me to
assess the contribution of W31 to dimer formation.

4.2.3.1. Concentration Determination

Human thioredoxin contains a single tryptophan (W31), and removal of this
residue drastically changes the extinction coefficient at A280 used for determination of the
protein concentration (Pace et al., 1995). The extinction coefficient for wild-type
thioredoxin was determined by amino acid analysis (Wollman et al.. 1988). Since
accurate knowledge of the concentration is necessary to determine the dissociation
constant, I used a modified version of the Hartree-Lowry assay for protein concentration
determination (Hartree, 1972; see Section 2.3. for details of the assay). I used wild-type
thioredoxin of a known concentration to calculate a standard curve (Figure 18). This
curve was fitted to give the linear equation:

Abs = 4.36x + 0.02

(9)

where x is the unknown concentration, which was then used to calculate the concentration
for W31A in terms of mg/ml. The absorbance at 280 nm, of a known concentration of
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Figure 18 : Hartree-Lowry protein concentration curve for thioredoxin.
Protein concentration curve from the Hartree-Lowry assay, using wild-type
thioredoxin as the standard protein.
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W31A, was then measured and the extinction coefficient was calculated from Beer's Law:

Abs = elc

(10)

where Abs is the absorbance at 280 nm, e is the extinction coefficient, 1 is the path
length, and c is the concentration of the protein. The extinction coefficient was calculated
to be 3.2 ml*cm l*mg''. In order to eliminate the possibility that the EDTA in the
solution was interfering with the assay, as previously indicated (Hartree, 1972). the curve
was also calculated after removal of EDTA, and the same result was obtained (data not
shown).

4.2.3.2. Dimerization of W31A

The W31A mutant gene was prepared (Section 2.1), and milligram quantities of
protein were isolated (Section 2.2). The protein behaved similarly to wild type
thioredoxin during purification, although the yield for the W31A mutant was only about
50% of the yield of the other proteins. The purified protein was found to be
biochemically active (See Section 4.2.4.).
The loss of the tryptophan residue and subsequent absorbance meant that I had to
use absorbance at 254 nm, rather than 277 nm to determine the dimer;monomer ratios.
This mutant proved to be quite difficult to use in the diamide oxidation assay, and the
data did not always fit to the model curve very well. I believe that there are two reasons
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for this. First, the loss of the Trp 31 resulted in a significant decrease in the signal, which
made the quantitation of the dimer and monomer peaks less accurate. Second, the loss of
the Trp 31 caused a drastic change in the characteristics of the active site (as seen below
in the activity assays), and it seems likely that this change resulted in deviations from the
dimerization model. In particular, there was a significant increase in the amount of
higher order oligomers that occurred during oxidation, particularly when oxidation was
done at higher pH values (Figure 19). It is possible that the loss of the Trp 31 is allowing
the two active site cysteines (Cys 32 and Cys 35) to form some disulfide bonds with other
monomers (Gasdaska et al., 1996). The higher order species (which migrates as if it were
a trimeric form of thioredoxin) could be the result of a normally formed dimer interacting
with an additional monomer, or it could result from a novel interaction between 3
monomers. Only the first of the possible explanations can be easily incorporated in the
model we have used for dimerization, and I calculated the dissociation curves assuming
that 2/3 of the trimeric peak is dimer and 1/3 is actually monomer. The fits of the curves
to equation 2 are slightly improved (Figure 20), but not to a great extent, which leads me
to believe that the acmal model is more complicated than the model I have used.
However, the shift in pKa outlined below is consistently seen in repeated experiments.
The results from the diamide oxidation assay (Figure 21) support the idea that Trp
31 is stabilizing the dimer. The contribution of the tryptophan residues to dimer
stabilization is 1.4 kcal/mol (a 10-fold increase in ATapp) at pH 3.8, and 0.8 kcal/mol at pH
8.0. This is lower than the decrease in binding energy due to the insertion of a charged
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Figure 19 : Elution profile for diamide oxidation assay for W31A.
Elution profile for W31A thioredoxin (250 |iM dimer), diamide
oxidation assay at pH 3.8, showing the presence of an additional peak (21.6)
eluting prior to the dimer (23.3) and monomeric (26.3) peaks. The numbers
refer to the retention time as determined by the integrator.
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Figure 20 : Sample raw data for the diamide oxidation assay with W31.
A) shows the raw data for a pH 3.8 experiment, unadjusted for the
presence of the higher order peak.
B) shows the modified data, with a slightly improved fit when the higher
order peak is incorporated as described in the text. The data were fitted
to equation 2 using SigmaPlot.
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Figure 21: Diamide oxidation assay for W31A.
Plot of K^pp vs. pH for the W31A mutant human thioredoxin, using the wild-type
plot (Figxire 5) for comparison. Data were fitted to equation 8 using SigmaPlot.
Open squares - wild type ; filled circles - W31A. Error bars represent the error in
fitting the data from each pH to equation 2.
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residue (A66R) into the interface. This decrease is consistent with the reduction in
binding energy seen in the mutational analysis of an antibody:antigen complex, where
removal of tryptophan residues resulted in a decrease of 2-5 kcal/mol (Dall'Aqua et al.,
1996; Goldman et al., 1997), but was significantly less than the 19 kcal/mol contributed
by a tryptophan residue to the interaction between human growth hormone and its
receptor (Atwell et al., 1997).
The second result of note was the decrease in the pATa of almost 1.5 units. In the
NMR structure of monomeric human thioredoxin (Qin et al., 1994), Trp 31 is thought to
form a hydrogen bond with Asp 60. If the monomeric form of thioredoxin (as seen in the
NMR study) forms a hydrogen bond between Trp 31 and Asp 60 rather than the Asp 60Asp 60 hydrogen bond across the dimer interface, then removal of the Trp 31 residue may
also be resulting in a decrease in the pATa of Asp 60.
Taken together, these results indicate that there is probably an extensive re
arrangement of the residues in the dimer interface to compensate for the hole left by
removal of the two Trp residues. It is possible that additional solvent molecules may be
incorporated into the protein interface, as described for a complex between a mutant
structure of hen egg-white lysozyme and its antibody (Ysem et al., 1994). These
additional solvent molecules, or alternately, re-arranged interface residues, could allow
thioredoxin to still form dimers, while altering the pATa of the interaction. It is also
possible that the re-arrangement of the dimer interface has brought another interaction,
with a higher pK^ into play, as witnessed by the apparent decrease in the ^app between pH
7.3 and 8.0 (Figure 21). However, due to the problems with the diamide oxidation assays
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for W31A at these higher pH values (as noted by the much higher error bars), these
changes are not necessarily reliable.
The answer to these questions could be found in the crystal of the W31A mutant,
but to date, only very small crystals have been grown for the mutant, under very different
conditions than the wild-type crystals, 1.6 M NaCitrate, pH 6.5, 5 mM DTT and 20
mg/ml protein. However, the conditions have not allowed the growth of crystals large
enough to measure diffraction.
The fact that I have not been able to find conditions that result in crystals for
either of the two mutants with impaired ability to dimerize may be due to the great role
that dimerization plays in stabilizing the known crystal form. This may mean that it will
prove very difficult to find a mutant that will crystallize as a monomeric protein.
Alternatively, perhaps multiple interface mutants are needed to assure that only one form
of the protein, the monomeric form, exists in solution.

4.2.4. Activity Assays

The mutants designed for the study of thioredoxin dimerization have also allowed
me to begin addressing the question of where human thioredoxin interacts with
thioredoxin reductase. The large hydrophobic surface that constitutes the dimerization
surface has been postulated to be the binding surface for thioredoxin reductase (Powis et
al., 1996) to monomeric thioredoxin, with the differences in this surface possibly
accounting for the reason why E.coli thioredoxin does not interact as well with the human
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reductase (=20 fold higher Km) (Holmgren and Bjomstedt, 1995; Tamura and Stadtman,
1996).
Two assays were used to analyze the activity of the mutant thioredoxins. Both
assays used insulin as the substrate for reduction by thioredoxin, as insulin has been
shown to be an excellent substrate for thioredoxin (Holmgren. 1979).
The first assay is based on the precipitation of the reduced insulin chains,
particularly the B chains (Holmgren, 1979), and is used to compare the relative abilities
of the mutants to reduce disulfides. The second assay examines the interaction between
thioredoxin and thioredoxin reductase, by using thioredoxin as the substrate for
thioredoxin reductase, and monitoring the oxidation of NADPH (Luthman and Holmgren,
1982)

4.2.4.1. Insulin precipitation assay

The insulin precipitation assay (Figure 6a) is used to monitor the precipitation of
reduced insulin chains (particularly B chains) by the increase in the turbidity of the
solution (Holmgren, 1979). DTT is used to re-reduce the oxidized thioredoxin, because
the rate of DTT reduction of insulin is very slow compared to the thioredoxin catalyzed
reduction of insulin (Holmgren, 1979). DTT (1 mM) and pH 7.6 have been shown to
produce linear relationships between the rate of precipitation and thioredoxin
concentration over a 0.1-10 piM Trx concentration range, with no reduction of insulin by
DTT (Holmgren, 1979).

All of the mutants were analyzed and compared to wild-type thioredoxin, along
with C32S/C35S as a negative control (Figure 22). The reaction is much more
complicated than a simple first order reaction, as the reduced insulin chains must reach a
sufficiently high concentration to cause precipitation (Holmgren, 1979). However, once
the chains begin precipitating, the relative rate of precipitation for each mutant can be
compared to wild-type thioredoxin as an estimate of the relative activity of each mutant.
The relative rates are summarized in Table 2. As expected, C32S/C35S is completely
inactive, while A66R and D58S retain almost 100% activity.
W31A is only 43% as active as wild type, which is not surprising, considering that
Trp 31 is an important residue in maintaining the active site. In E.coli thioredoxin,
mutation of Trp 31 to Ala results in a mutant with 30% of wild type protein activity,
based on the insulin precipitation assay (Krause and Holmgren, 1991). These results
illustrate the importance in maintaining the proper environment of the active site to
maintain proper enzyme function. The change in the active site environment may also be
responsible for the increased errors in the diamide oxidation assay for the W31A mutant.

4.2.4.2. ThioredoxinyThioredoxin Reductase Activity Assay

The second activity assay examines the ability of each of the mutant enzymes to
act as a substrate for thioredoxin reductase (Figure 6b). The oxidation of NADPH is
followed at 339 nm with the reduction of insulin providing the electron sink (Holmgren
and Bjomstedt, 1995; Luthman and Holmgren, 1982). By maintaining the concentration
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Figure 22 : Insulin precipitation assays.
Insulin precipitation assay of wild type and mutant thioredoxins.
A) 5 |iM concentration of wild-type (circles), A66R (squares), D58S (traingles),
W31A (diamonds) andC32S/C35S (hexagons).
B) 1 |iM concentration of the proteins. Note the different time scale in A «&; B.
Relative rates were calculated from the maximum slopes (equation 5) and are
summarized in Table 2.
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of insulin and NADPH at high levels, this reaction behaves like a pseudo-first order
catalytic reaction for reduction of the thioredoxin active site disulfide by thioredoxin
reductase :

Thioredoxin-S2 + Reductase-(SH)y^^ Thioredoxin-(SH)2 + Reductase-S2 (11)

and the Michaelis-Menten constants Km and Vmax were calculated for each of the mutants
by plotting the data using the Michaelis-Menten equation (equation 6, Section 2.8.2).
The data for wt, A66R, D58S and W31A are shown in Figure 23, and summarized
in Table 2. The values for Km and Vmax were estimated from a nonlinear least squares
analysis of the Michaelis-Menten equation in the program SigmaPlot (Jandel Scientific).
D58S showed almost identical catalytic activity to wild-type thioredoxin, although
Vmax was slightly reduced. The D58S value of 13.2 ± 0.3 nmol NADPH*min'' was 86%
of the wild-type value, which corresponded closely with the decrease in relative rate seen
in the insulin precipitation assay (Table 2). Whether this slight decrease is due to long
distance communications between Asp 58 and the active site, possibly by affecting the
position of Trp 31 through a hydrogen bond to Asp 60, or is just an artifact will require
more structural information than I have at present.
The A66R mutant has the same Vmax as wild type, however the Km is 6-fold
higher. This decrease in the ability of A66R to interact with reductase suggests that the
hydrophobic interface is playing a role in the binding of thioredoxin to reductase, as
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Figure 23 : Kinetic data plots for TR/Trx activity assays.
Plot of velocity vs. protein concentration for the TR/Trx activity assays.
A) contains the plots for wild-type (circles), A66R (squares) and D58S (triangles),
while the plot for W31A (diamonds) is in B, due to the great change in
concentration necessary to show the W31A results. Error bars represent points
done in triplicate. The data were fitted to a standard hyperboUc function using
SigmaPlot. Data are summarized in Table 2.
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Table 2 : Summary of activity data.
Activity data for wild-type and mutant thioredoxins from insulin precipitation assay and
thioredoxin/thioredoxin reductase assay. The error bars for the rate of reduction of insulin
are from the average of 3 separate experiments normalized prior to averaging.

Rate of Reduction
of Insulin
(Relative to wt)

Vmax (nmol
NADPH/min)

kcat/Km
(xlO"'M"'*min"')

15.4± 1.1

420 ± 80

Wild-type

1.00 ±0.02

Km (HM)
1.3 ±0.2

A66R

1.05 ±0.05

7.7 ±0.3

17.4 ± 1.0

30 ±5

D58S

0.89 ± 0.03

1.6 ±0.2

13.2 ±0.9

290 ± 40

W31A

0.43 ± 0.06

73.8 ±23.1

10.1± 1.5

5±2
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suggested previously (Powis et al., 1996).
The W31A mutant was much less active when compared to wild type, as shown
by the increase in Km and the decrease in Vmax (Table 2). Since the Trp 31 residue is
probably involved in the interaction with thioredoxin reductase, and in maintaining the
proper conformation of the active site, the changes in both parameters is the expected
result. The slight difference in Vma* between the two assays (0.40 relative rate would
correspond to 7 ± 0.5 rmiol NADPH/min, rather than the 10.1 ± 1.3 seen), could be a
result of the changes affecting both the ability of thioredoxin to reduce disulfides (redox
potential) and the interaction with the reductase. Also, as W31A reacts much less well
with insulin alone, in the insulin precipitation assay, the reaction with thioredoxin
reductase may no longer be acting as a pseudo-first order reaction. Attempts to overcome
this potential problem, using higher concentrations of insulin, resulted in precipitation of
insulin. The higher value for Km meant that W31A had to be used at much higher
concentrations in order to accurately determine the kinetic parameters, but this was
further complicated by the possibility that high concentrations of thioredoxin inhibit the
TR/Trx reaction (Navarro et al., 1991). Interestingly, the E.coli mutant W31A has only a
two-fold increase in Km (compared to 57-fold change for human W31 A, Table 2), with no
change in Vma* (Krause and Holmgren, 1991). There is an additional tryptophan residue
in the E.coli protein that is located close to the active site that may be compensating for
the loss of Trp 31 (Holmgren and Bjomstedt, 1995; Jeng et al., 1994). These differences
could also be due to different contact surfaces utilized by human thioredoxin reductase
and E.coli thioredoxin reductase, as these two proteins are significantly different from
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each other (Oblong et al., 1993). Further attempts to distinguish between the different
factors that could be affecting the kinetics of W31A activity are beyond the scope of my
dissertation.

4.2.5. Preliminary growth stimulation studies

The ability of the thioredoxin mutant proteins to stimulate the growth of MCF-7
breast cancer cell line is being examined by our collaborators at the Arizona Cancer
Center (Margretta Berggren & Garth Powis). The growth stimulation is dependent on the
redox active form of thioredoxin, and has a maximum stimulation at 1 |iM concentrations
(Powis et al., 1994) (see Section 1.8. for more details). Growth stimulation is measured
by counting the number of cells after 18 hrs of growth with media containing
thioredoxin.
Preliminary results from the growth stimulation of MCF-7 cells using W31A and
A66R shows that both of these mutant proteins confer no growth stimulation (Margareta
Berggren & Ganh Powis, personal communication). The growth stimulation study was
carried out at a concentration of 1 |iM, which was the concentration that demonstrated
maximum growth stimulation in wild-type thioredoxin. Wild-type thioredoxin exhibited
a 3-4 fold increase in cell proliferation over control levels, while the A66R and W31A
mutants showed no increase. The lack of growth stimulation by the W31A mutant is
consistent with the results from the other activity assays that I have reported here, as the
reducing activity of Trx is necessary for growth stimulation (Oblong et al., 1994).
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These preliminary results do not allow us to identify thioredoxin's target. The
lack of stimulation exhibited by A66R could possibly be a result of the higher Km for
interaction with the reductase as seen in the reductase assay (Table 2). A 6-fold change in
Km, as seen for A66R in the reductase assay, could result in greatly reduced growth
stimulation, if the growth stimulation required thioredoxin to be recycled using the
reductase system. Alternatively, the A66R mutant may have reduced activity due to the
inability of this mutant to form the proper contacts between thioredoxin and its surface
target protein. If growth studies done with A66R at 10-fold or higher concentration
compared to wild-type thioredoxin (underway in the Powis lab) show no growth
proliferation, then it may possibly be due to the failure of A66R to interact properly with
a target growth factor. However, it may prove to be very difficult to differentiate between
effects caused by A66R's reduced ability to bind to thioredoxin reductase, and the
potential change in A66R's ability to interact with a different target protein.

4.3. SUMMARY

The three mutants selected to disrupt the dimerization of thioredoxin have given
rise to a number of interesting results:
The D58S mutant protein, while not disrupting the dimerization as first
postulated, has properties suggesting that the hydrogen bond formed by the Asp 60
residues across the dimer interface is being stabilized by additional hydrogen bonding
elements. Removal of one of the additional hydrogen bonds (with Asp 58) results in a
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stronger dimer formed at higher pHs, which suggests that the Asp 60 hydrogen bond
plays an important role, not in stabilizing the dimer, but in preventing dimerization
through the repulsion of the negatively charged Asp 60 side chains at higher pHs.
The A66R mutant protein proved to be the best of the three mutants at disrupting
dimer formation, displaying a 50-fold increase in ATapp at low pH. Dimers were still
formed, which suggests that the protein is able to compensate for changes to the
hydrophobic interface. Ala 66 may also be part of the binding site for thioredoxin
reductase, as suggested by the 6-fold increase in Km- The preliminary growth studies
suggest that A66R either has a role in the interaction between thioredoxin and additional
target proteins, or the lack of growth activity may be due to the changes in interaction
with thioredoxin reductase.
W31A has proven to be the most complex of the mutant proteins to characterize.
The removal of the tryptophan residue affects dimerization and protein activity, both in
its relationship with reductase and insulin. W31A causes a 10-fold increase in the ATapp
for dimerization, and appears to shift the pATa for dimerization, but it also allows
additional interactions not seen in any of the other versions of thioredoxin characterized.
The Trp 31 residue also plays an important role in the interaction with thioredoxin
reductase and in maintaining the active site of thioredoxin, as seen by the increase in the
Km and the decrease in Vmax- The preliminary growth studies suggest that W31A is
inactive as a growth factor. Because thioredoxin's role as a growth factor depends upon
the reducing ability of thioredoxin, and W31A is much less active, this result is not
surprising.
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Crystals of sufficient quality to collect data have not been found for any of the
mutants, so any conclusions I make about the structural changes to thioredoxin remain
tentative. The ability of thioredoxin to compensate for point mutations to the dimer
interface may mean that more complex mutations are required to completely eliminate
dimerization.
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CHAPTERS
ANALYSIS OF OXIDIZED TfflOREDOXIN DIMERIZATION

5.1. Introduction

The oxidation of the active site of thioredoxin results in the formation of a
disulfide bond between the active site cysteines. Cys 32 and Cys 35 (Holmgren. 1985;
Holmgren and Bjomstedt, 1995). This disulfide bond has been seen in the crystal
structures of human, E.coli and Anabaena thioredoxins (Katti et al., 1990; VVeichsel et al..
1996; Saarinen et al., 1995) and in the NMR solution structures for human and E.coli
proteins (Jeng et al., 1994; Qin et al., 1994). In the crystal structure of human
thioredoxin, the formation of the disulfide bond causes movements in the active site loop
that result in movement of residues in the dimer interface. The most apparent movement
in the interface is the shift of Trp 31 (Figure 24, (Weichsel et al., 1996)). These
movements could potentially change the ability of thioredoxin to form dimers. To date.

KJ6

KJ6

Figure 24 : Stereo diagram of active site of reduced and oxidized thioredoxin.
Stereoview of the atoms in the active site of reduced and oxidized human
thioredoxin from the crystal structure of the dimer, showing movements that occur
upon oxidation. Open lines indicate the reduced form of thioredoxin and solid lines
the oxidized form. Figure drawn with MOLSCRIPT (Kraulis, 1991).
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all of the crystal structures of human thioredoxin have been of either reduced protein, or
protein that has been allowed to form dimers, covalently through Cys 73 prior to
crystallization. Active site oxidized C73S, which lacks the ability to form covalent
dimers, and the reduced mutant thioredoxins that dimerize much less readily (W31A and
A66R, described in Chapter 4) have yet to yield usable crystals under any conditions.
These observations led me to hypothesize that oxidation of the thioredoxin active site
reduces the ability of the protein to dimerize, which could provide a mechanism for
sensing oxidative stress. An E.coli system that illustrates one potential mechanism is the
OxyR/SoxR system, where the oxidation of a disulfide bond in the OxyR protein causes
the protein to become active as a transcription factor (Zheng et al., 1998).

5.2. RESULTS AND DISCUSSION

5.2.1. Dimerization of C73S

In order to measure the ability of thioredoxin to form non-covalent dimers under
oxidizing conditions, the mutant C73S was used. This mutant lacks the cysteine residue
that forms the disulfide bond between the monomers (Gasdaska et al., 1996), however,
the protein is still capable of forming dimers, as the crystal structure is nearly identical to
the structure of wild type protein (Weichsel et al., 1996). To begin, I examined the ability
of the C73S mutant to dimerize under reducing conditions using the gel filtration
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experiment previously described for wild type thioredoxin (Chapter 3), since the mutant
lacks the cysteine required for cross-linking in the diamide oxidation assay.
The gel filtration of C73S was performed at pH 3.8 (Figure 25), and the ATapp was
calculated to be 200 ± 20 jiM, about the same as the wild type value of 160 ± 10 |iM.
The crystal structure determined for C73S (Weichsel et al., 1996), and the fact that C73S
behaves identically to the wild type protein in activity assays and cell proliferation studies
(Gasdaska et al., 1996) support the conclusion that there is no difference in the dimer
interface between wild type and C73S. The slight decrease in the apparent binding
energy (= 0.1 kcal/mol) is probably within the experimental error of the assays; however,
it could be a result of the loss of the ability of the protein to form a transient disulfide
bond even under reducing conditions. C73S could also be run at higher concentrations
than wild type on the gel filtration column, which also suggests that at very high
concentrations wild type could be undergoing some transient disulfide bond formation
that is not being seen in the C73S mutant, or could be interacting with the column
through Cys 73 in some manner.
I oxidized the active site of C73S under two different conditions, with the
inhibitor IV-2 (see below), and through exposure to air. C73S is completely oxidized
over a 14 day period when reductant is removed from the solution (Gasdaska et al.,
1996). Since the solution I was using was much more concentrated than that used in the
previous study, I allowed the solution to oxidize for a total of 21 days. The crystal
suoicture of wild-type protein that was oxidized for 2 months after crystals were formed,
showed an oxidized active site (Weichsel et al., 1996).
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Figure 25 : Gel filtration of C73S thioredoxin.
Gel filtration of reduced C73S thioredoxin at pH 3.8. Data were fitted
to equation 2 using SigmaPlot.
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Under these conditions air-oxidized C73S did not undergo any other
intermolecular disulfide bond formations, as judged by the nearly identical behaviour of
reduced and 3-week air oxidized proteins in non-denaturing SDS-PAGE (Figure 26).
This result is in agreement with previous studies using lower thioredoxin concentrations
(Gasdaska et al., 1996). When the C73S is left under oxidizing conditions for over 3
months, the formation of a dimeric form became evident, though still at very low levels
(Figure 26, lane 6 & 7).
I used the insulin precipitation assay to measure the degree of oxidation of the
mutant. The fully reduced form of C73S (10 |iM) caused the precipitation of insulin
(initial concentration =167 |iM), similar to the behaviour of wild type thioredoxin (Figure
27a) (see Section 4.2.4.1). The active site of the C73S was completely oxidized based on
the inability of concentrated C73S to cause the precipitation of insulin (Figure 27b). This
loss of activity could be reversed by addition of DTT (Figure 27b), demonstrating that the
protein was still in its native conformation, but needed to be reduced before displaying
activity toward insulin.
IV-2 (Figure 28) is a strong inhibitor of the thioredoxin/thioredoxin reductase
system (Kirkpatrick et al., 1992; Powis et al., 1996), and acts as a substrate for
thioredoxin. The compound also displays antitumour activity in mice, but it has not yet
been established if this is due to inhibition of thioredoxin (Powis et al., 1996). The exact
mode of enzyme inhibition is not well understood, but there is a role for cysteine 73,
because rV-2, while still a substrate for C73S, does not inhibit the interaction of C73S
with reductase (Powis et al., 1996). This suggests that IV-2 is binding to Cys 73 in wild-
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Figure 26 : SDS-PAGE of reduced and oxidized C73S.
Non-denaturing SDS-PAGE (15% Acryiamide) of C73S reduced, or air-oxidized
for 3 weeks, or 3 months. Molecular weight markers (lane 1) are from Pharmacia,
numbers refer to the molecular weight of the standards in kDa.
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Figure 27 : Insulin precipitation assay of reduced and oxidized C73S.
Insulin precipitation assay of C73S.
A) reduced C73S.
B) oxidized, with addition of 50 mM DTT after 300 sec.

110

C

V s - s - CH- -CH2-CH3

N
I
H

I

CH3

Figure 28 : Structure of the inhibitor rV-2.
Chemical structure of l-methylpropyi-2-imidazolyl disulfide, known as IV-2.
Structure was drawn with the program ChemWindow (SoftShell
International Ltd.)
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type thioredoxin and preventing it from interacting with the reductase. Since IV-2 acts as
a substrate for thioredoxin, I used this compound as an additional way of oxidizing C73S,
by incubating C73S with IV-2 for over 24 hours at room temperature, which should result
in completely oxidized protein.
The crystal structure of wild type thioredoxin oxidized by IV-2 has been
determined (Sotelo-Mundo, unpublished results). This structure shows that IV-2 does not
remain bound to any of the cysteine residues, and that the active site of the structure is
completely oxidized. However, this structure is of the dimeric form of thioredoxin.
complete with disulfide bond formation between the Cys 73 residues due to the high
protein concentration (500 fiM dimer) in the solution prior to addition of IV-2.
Potentially, this could allow the protein to form covalent dimers prior to oxidation with
IV-2.
The gel filtration experiments for the two oxidized forms of C73S showed a great
change in the ability of thioredoxin to form dimers (Figure 29). Thus, the changes in the
active site loop that occur with the formation of the disulfide bond between Cys 32 and
Cys 35 are causing changes in the interface (potentially through the movement of the Trp
31 residue), which decreases the ability of thioredoxin to form dimers. As the calculated
amount of dimer formed by either of the oxidized proteins is never higher than 20%,
estimations of ATapp will not yield reliable numbers. In addition, the shapes of the curves
were not quite what is expected. The amount of dimer expected at lower concentrations
of protein, based on the fitted curves, were abnormally high (Figure 29). This could
indicate that the oxidized forms of C73S are interacting with the column matrix in a
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Figure 29 : Gel filtration of oxidized C73S.
Gel filtration of reduced and oxidized C73S thioredoxin, experiment performed
at pH 3.8. Open circles - reduced C73S (Figure 25); closed triangles - airoxidized C73S; closed squares - IV-2 oxidized C73S. Data were fitted to
equation 2 using SigmaPlot.

113

manner that is affecting dimerization. Regardless, it is clear that dimer formation is
severely reduced.
I also examined the gel filtration of air-oxidized C73S after only 4 days of
oxidation. Figure 30 shows that when protein samples, at 300-490 |iM final
concentration, were run either reduced, after 4 days or after 21 days of oxidation, there is
a significant change in the profile of the gel filtration elution peak. Both the reduced and
21 day oxidized proteins ran as a single peak, with a shift of =1.5 minutes in retention
time. The 4 day oxidized protein eluted in two peaks, that I have interpreted as being a
peak that corresponds to oxidized protein (at 29.6 min) that does not form dimers and a
peak that corresponds to reduced protein (at 27.6 min) that is dimerizing. 1 further
examined this effect by comparing the elution profiles of 100 [iM C73S thioredoxin,
either reduced, oxidized, or oxidized and then incubated with 50 mM DTT to re-reduce
the protein (Figure 31). The shift in elution profile retention time that is seen when C73S
is oxidized is reversed when C73S is incubated with additional reductant (Figure 3 Ic),
which implies that the shift in retention time is due to the change in the oxidation state of
thioredoxin. That some form of higher order covalent oligomer does not occur was
confirmed by gel electrophoresis, described above (Figure 26).
The differences seen in the dimerization of reduced and oxidized thioredoxin is
consistent with a number of other observations that have been reported. In human
thioredoxin, oxidized protein is unable to function in its role in the early pregnancy factor
(Tonissen et al., 1993). This is not due to formation of disulfide linked dimers, but could
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Figure 30 : Elution proflle of oxidized C73S from gel nitration column.
Changes to elution profile of 400 |iM C73S thioredoxin, run at pH 3.8, with
increasing duration of air-oxidation. Top peak - reduced C73S;
middle - air-oxidized for 4 days; bottom - air-oxidized for 3 weeks.
Numbers refer to the retention time as determined by the integrator.
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Figure 31: Effiect of oxidation/reduction on elution times for C73S.
Changes to elution profiles for 100 fiM C73S, run at pH 3.8, after re-oxidation
with 50 mM DTT. Top peak - reduced C73S; middle peak - 3 month
air-oxidized C73S; bottom peak - after incubation with 50 mM DTT. The
numbers refer to the retention time as determined by the integrator.
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possibly be due to oxidation of Cys 73 in a manner that does not result in dimer
formation, as this residue is critical for thioredoxin function as part of the early pregnancy
factor. In the E.coli system, the role of thioredoxin in phage assembly and T7 DNA
polymerase activation (Huber et al., 1986; Russel and Model, 1986) requires the reduced
form of thioredoxin, though redox activity itself is not necessary. As E.coli thioredoxin
contains no additional cysteine residues that could potentially be oxidized, the structural
changes noted between oxidized and reduced E.coli proteins are likely to be playing a role
(Dyson et al., 1990; Katti et al., 1990). There is a significant change in the proton
exchange behaviour (Kaminsky and Richardson, 1992), the partial specific volume, and
compressibility of E.coli thioredoxin (Kaminsky and Richards, 1992) upon oxidation,
leading to the proposal that large changes in the solvent hydration layer may be resulting
from smaller changes in protein structure, which in turn change the functional properties
of the protein.

5.2.2. Dimerization of C32S/C35S

The crystal structure of the active site double mutant C32S/C35S is very similar to
that of the active site oxidized dimeric wild type protein (Weichsel et al., 1996). Ser 32
moves toward Ser 35 and forms a hydrogen bond, a shift that is very similar to the
movement of Cys 32 in the wild type structure when the disulfide bond is formed (Figure
32). This causes the Trp31 in the C32S/C35S mutant to be moved to the same position as
in the oxidized structure. Since Cys 73 is still present in this mutant, the diamide
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Figure 32 : Stereo diagram of active sites of oxidized and C32S/C35S tliioredoxin.
Stereoview comparing the active site of oxidized wild-type human thioredoxin and the
C32S/C35S mutant from the crystal structures of the dimers. Open lines indicate the
oxidized wild-type form of thioredoxin and soUd lines the C32S/C35S mutant form.
Figure drawn with MOLSCRIPT (Kraulis, 1991).
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oxidation assay can be used to estimate the ATapp of any change in dimerization that is a
result of the movement of Trp 31. I used gel filtration of reduced C32S/C35S at pH 3.8
and the diamide oxidation assay at several pHs to investigate the dimerization behaviour
of the C32S/C35S mutant. The gel filtration experiment (Figure 33) suggests that
dimerization is being greatly altered, as seen with the oxidized C73S. However, on closer
examination, there is the possibility that the curve is actually a hyperbolic function, with a
maximum at around 15-20% dimer, as the higher concentrations of C32S/C35S do not
exhibit a continuing increase in dimer formation, unlike that seen in the C73S results.
This possible deviation suggests that C32S/C35S is not behaving consistently on the gel
filtration column.
The results of the diamide oxidation assay suggest that C32S/C35S dimerizes as
well as wild type thioredoxin (Figure 34), in contrast to the gel filtration results described
above. The mutant also displays the same pH dependence as wild-type thioredoxin. This
is consistent with the ability of the C32S/C35S mutant to be crystallized as a dimer under
the same crystallization conditions that wild type thioredoxin was crystallized (Weichsel
et al., 1996).
In order to determine if C32S/C35S behaves differently on the gel filtration
column due to the change in salt concentration between the two assays (see Chapter 3),
the diamide oxidation assay for C32S/C35S was performed under high salt conditions at
pH 3.8 (Figure 35). There is a slight hint that some additional effects may be playing a
role with the C32S/C35S mutant, as the elution peaks from the high salt experiment show
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Figure 33 : Gel filtration of C32S/C35S.
Gel filtration of C32S/C35S at pH 3.8. Open circles - reduced C73S (Figure 25);
Closed squares - reduced C32S/C35S. Data were fitted to equation 2 using
SigmaPlot.
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Figure 34 : Diamide oxidation assay for C32S/C35S.
Plot of K^pp vs. pH for the C32S/C35SS mutant thioredoxin, using the wild-type
plot (Figure 5) for comparison. Data were fitted to equation 8 using Sigma Plot.
Open circles - wild type; Filled squares - C32S/C35S. Error bars represent the error
in fitting the data from each pH to equation 2.
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Figure 35 : Efifect of high salt on diamlde oxidation assay for C32S/C35S.
Effect of high salt concentration on diamide-oxidized dimer formation of
C32S/C35 mutant thioredoxin at pH 3.8. Circles - no salt; triangles - 500 mM
NaCl. Data were fitted to equation 2 using SigmaPlot.
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the presence of two peaks that are probably corresponding to two different forms of
monomer (Figure 36). The lack of change in ATapp after incubation with 500 mM NaCI is
consistent with the previous results seen for wild type thioredoxin (Chapter 3, Figure 13).
This suggests that the change in salt concentrations is not directly responsible for the
anomalous results found for the gel filtration of C32S/C35S, although the presence of the
twin monomer peaks may indicate that a complicating effect is occurring.
The diamide oxidation assay results imply that the C32S/C35S mutant protein has
similarities with reduced wild type thioredoxin. These similarities are also seen in
thioredoxin's function as a component of the early pregnancy factor, where the
C32S/C35S protein functions just as well as the reduced wild type protein (Tonissen et
al., 1993). This is also the case with E.coli thioredoxin's ability to function in phage
assembly and activation of T7 DNA polymerase (Huber et al., 1986; Russel and Model,
1986).
The differences in dimerization observed between C32S/C35S and active site
oxidized thioredoxin lead me to the conclusion that the differences seen in the crystal
structures of active site oxidized and reduced wild type thioredoxin are not accurately
displaying the changes occurring in solution upon oxidation of the active site. It is
possible that C32S/C35S may have multiple conformations for Trp31 and Cys32, while
the oxidized wild-type protein has a covalent bond between Cys32 and Cys35, making it
less flexible. Also, it may be possible that the crystal structure form of thioredoxin may
be favoring the reduced active site conformation, and that the movements seen in the
oxidized and C32S/C35S thioredoxin crystal structures actually represent an intermediate
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Figure 36 : Elution profile of high salt diamide assy of C32S/C35S.
Elution profile for C32/C35S thioredoxin (5 |iM dimer), diamide oxidation
assay at pH 3.8, 500 mM NaCl. The numbers refer to the retention time as
determined by the integrator.
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or "half-closed" state to the active site. The active site oxidized crystal structures (air
oxidized and IV-2 oxidized) have both been crystallized under conditions that would
favor the formation of reduced covalently linked dimers prior to the oxidation of the
active site. The wild-type oxidized structure was crystallized under reducing conditions
and allowed to oxidized afterwards (Weichsel et al., 1996), while in the rV-2 oxidized
crystals, the protein concentration was about 500 |iM (dimer). This would allow
significant covalent dimer formation to occur once the reductant was removed, and prior
to oxidation with rV-2. If the oxidation of the active site was occurring after the disulfide
linked dimer was formed, the protein may not be able to undergo the complete structural
changes that would occur if the covalent dimer were not present.

5.3. POTEPvrriAL REGULATORY ROLES

Although it is too soon to know if the effect that oxidation has on the dimerization
of thioredoxin has any physiological role, it is intriguing to speculate on the potential
roles that oxidation could play. It could have a role in thioredoxin's association with
target proteins. Potentially, the oxidation of thioredoxin's active site could result in
thioredoxin interacting better or worse with various target proteins. Since thioredoxin
generally needs its redox ability to affect the target proteins, it seems more likely that the
oxidation of the active site would cause thioredoxin to interact less well with the target
proteins, thus allowing differentiation between oxidized and reduced thioredoxin.
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Conversely, the oxidized form of thioredoxin may bind better to thioredoxin
reductase, offering a way for thioredoxin reductase to favor binding to oxidized
thioredoxin. Also, the inability of oxidized to form dimers may be a method of
preventing thioredoxin from forming covalently linked dimers (through Cys 73) that
would be inactive and non-reducible.
In the E.coli system, OxyR is a transcription factor that is controlled by oxidationreduction of a disulfide bond. The oxidized form of OxyR is the active form of the
transcription factor, and this regulation is in turn controlled by the ratio of reduced to
oxidized glutathione (GSH:GSSG) (Zheng et al., 1998). This system offers a potential
model for how the regulation of the dimerization of thioredoxin could affect a target
system. In a environment where thioredoxin was in sufficiently high concentrations, the
ratio of monomeric to dimeric thioredoxin would be a signal of the oxidation state of the
environment.
As of yet, there is no data to address whether any of the potential roles discussed
above physiological significance. Dissecting the physiological significance of the ability
of thioredoxin to alter its dimerization may prove to be difficult to do, due to the
importance of the reduced form of the protein in its roles .

5.4. SUMMARY

The ability of thioredoxin to form dimers is altered when thioredoxin becomes
oxidized. This is apparently due to re-arrangements in the hydrophobic dimer interface
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when the active site cysteines form a disulfide bond. The crystal structures of human
thioredoxin that have been determined to this point are possibly preventing the full
movement of the changes to the hydrophobic interface to be seen. The changes in the
hydrophobic interface also will potentially alter thioredoxin's interactions with other
redox partners, which would present a mechanism for how the activity of thioredoxin can
be regulated depending on its envirotmient.
My initial hypothesis that the movement of the Trp 31 side chain is responsible
for the altered dimerization has not been supported by the experiments performed using
the C32S/C35S mutant, although it has not been ruled out either. The possibility that
oxidation of monomeric thioredoxin results in greater changes to Trp 31 than observed in
the dimeric crystal structure, as well as other residues, remains distinctly possible.
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CHAPTER 6
SUMMARY & FUTURE DIRECTIONS

I described the results of experiments that have confirmed the validity of the
diamide oxidation assay for estimating the ^app for dimerization in Chapter 3. The crystal
structure of the diamide oxidized wild type protein showed the absence of any density
around the cysteine residues that could be attributed to diamide. Also, the active site
showed very little oxidation, which suggests that only pre-formed dimers were being
covalently linked through the action of diamide. The use of gel filtration added an
additional method for confirming that the ATapp determined from the diamide oxidation
assay was a reasonable estimate of the actual dissociation constant, and it also provided a
method for looking at dimerization under oxidizing conditions, as carried out in Chapter
5.
I described the effects that three mutations had on the dimerization and activity of
thioredoxin in Chapter 4. All three mutants showed changes to dimerization, both A66R
and W31A having higher ATapp's, while D58S showed a lack of pH dependence. W31A
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also exhibited a shift in the p/iTa for diraer formation, suggesting that there are re
arrangements to the dimer interface that compensate for the mutation.
The results of the activity assays for thioredoxin suggest that the dimer interface
plays an important role in the interaction between thioredoxin and thioredoxin reductase.
D58S is very similar to wild type, though there is a decrease in Vmix that may be
attributable to contacts between Asp 60 and Trp 31. A66R has a 6-fold increase in Kn,.
while the Vmax remains the same as wild type, suggesting that the A66R mutation is
interfering with the interaction between thioredoxin and thioredoxin reductase. W31A
has an altered Km and V^ax, displaying the importance of the Trp 31 residue in catalysis
and binding of thioredoxin reductase.
I described the effects of oxidation on the dimerization of thioredoxin. Oxidation
by air, or the inhibitor IV-2, results in impairment in the ability of thioredoxin to dimerize
in Chapter 5. Initially, this was thought to be due to the movement of the Trp31 residue,
but experiments to address this question yielded mixed results.
My project has opened a number of interesting questions regarding the
interactions of thioredoxin with itself and other proteins. After completing my work, I
believe that there are a number of questions that are worth pursuing.

6.1. Dimerization of Thioredoxin

So far, there are no mutants that have completely eliminated the dimerization of
thioredoxin. There are more point mutations that have been designed and mutated, that
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have not been characterized and these may give a mutant that does not dimerize at all.
The most likely candidates are the M74E and V59E mutants, with M74E perhaps the best
candidate. Met74 is located directly in the center of the dimer interface, and makes a
number of contacts across the dimer interface. Also, the cloning artifact mutant,
Met74—>Thr, used in the NMR studies (Qin et al., 1994), was a monomeric protein, and
this could have been due to the mutation of Met74. However, it may turn out the
thioredoxin is capable of compensating for this point mutation as seen with the A66R
mutant, so it may be necessary to incorporate more than one mutation in order to
completely eliminate binding.
A monomeric mutant of thioredoxin could be used for two additional
experiments. First, the crystal structure of monomeric thioredoxin would be useful to
address mechanistic questions about human thioredoxin. As seen with the A66R protein,
it may prove difficult to crystallize a monomeric form of human thioredoxin; however,
trials with protein expected to be mostly monomeric have yet to yield crystals. The
second set of experiments would be to examine the monomeric mutant to see how it
affects the tumor enhancing properties of thioredoxin, or to search for any other
phenotypes that occur upon transformation with the monomeric protein.

6.2. Growth factor roles of thioredoxin

Using the dimer interface mutants in growth studies will give information about
how thioredoxin interacts with its other partners, and this could possibly uncover some
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novel interactions, or it could show that the contacts that affect growth studies are the
same contacts that affect thioredoxin's interaction with thioredoxin reductase. The
interpretation of these results may prove to be too difficult without a very specialized
system.
A more interesting set of experiments will be to transfect cells with the mutant
forms of thioredoxin to determine whether the mutant proteins retain the other abilities of
thioredoxin, such as secretion and the ability to transform cells. However, it will be
difficult to tell whether a mutant protein's altered dimerization, or its altered interaction
with thioredoxin reductase or some other protein, are the cause of any changes in
behaviour, unless a mutation can be found that changes one property without changing
the other.

6.3. Thioredoxin Co-crystals

Thioredoxin is believed to interact with a number of different proteins, and the cocrystal structures would allow us to define the interactions that stabilize these complexes.
The NMR solution structures of thioredoxin with a small peptide fragment of NF-kB or
Ref-1 are the only two structures of a thioredoxin complex reported so far, and although
these structures confirm the importance of the hydrophobic dimer interface (Qin et al..
1996; Qin et al., 1995), the crystal structure of thioredoxin with the complete NF-kB or
Ref-1 protein will be able to provide additional information about the way in which these
proteins interact. Experiments with the mutant forms of thioredoxin may also be able to
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address these questions. The ability of thioredoxin to form a stable mixed disulfide with
Ref-1 when oxidized by diamide (Hirota et al., 1997) may mean that the complex could
be crystallized quite readily.
The complex between thioredoxin and thioredoxin reductase would be very useful
for design of inhibitors of the thioredoxin system. However, the reductase has yet to be
purified in high concentrations, and until then, this complex will be difficult to acquire.
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APPENDIX A

THYMIDYLATE SYNTHASE PROTEIN/mRNA INTERACTION

A.l. Introduction

The following describes experiments concerning protein-mRNA interactions that
are unrelated to my work of thioredoxin. I have included it here as an appendix in the
hopes that it will form the basis for further studies.
The mechanisms by which translation of mRNAs are regulated are the focus of
much research recently and a growing number of mRNAs have been identified that are
regulated at the level of translation. Much of this control is exerted by the binding of
proteins to mRNAs to either turn off or enhance the synthesis of proteins (Hershey,
1991). Systems that are under translation control include the iron responsive element of
ferritin and transferrin (Kaptain et al., 1991; Leibold and Munro, 1988), MS2 coat protein
(Peabody, 1990), SecA (Schmidt and Oliver, 1989), dihydrofolate reductase (ErcikanAbali et al., 1997) and thymidylate synthase (Chu et al., 1991).
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The best known example of translational regulation by protein-mRNA interaction
is the iron responsive element binding protein (IRE-BP) which binds to the iron
responsive element (ERE) in the ferritin and transferrin receptor mRNAs. The IRE is
found in the 5'-untranslated region of the ferritin mRNA, and the 3'-untranslated region of
the transferrin receptor mRNA, where it forms a highly conserved stem-loop structure.
The IRE-BP, identified as a cytoplasmic version of aconitase, binds to the ERE in the
absence of iron (Constable et al., 1992), and depending on location of the IRE, either
inhibits mRNA translation or stabilizes the message (Aziz and Munro, 1987; Casey et al.,
1988). Translation is inhibited in ferritin mRNA, where the IRE is located in the 5' untranslated region of the ferritin mRNA (Aziz and Munro, 1987), while the IRE is
located in the 3'-untranslated region of the transferrin receptor mRNA, where it stabilizes
the mRNA (Casey et al., 1988). It is thought that the binding of the ERE-BP to the 5'-IRE
represses translation by either blocking access of initiation factors to the mRNA or by
stabilizing the IRE structure, whereas binding to the 3'-IREs protects the mRNA from
degradation by cellular RNases (Yu et al., 1992).
Human thymidylate synthase (hTS) catalyzes the conversion of dUMP to dTMP,
using 5,10-methylene-tetrahydrofolate (THF) as the methyl donor (Friedkin, 1959;
Humphreys and Greenberg, 1958). hTS has been shown to autoregulate its own
expression by binding to its mRNA and turning off expression (Chu et al., 1991).
Addition of exogenous hTS to the in vitro rabbit reticulocyte translation system results in
an inhibition of hTS uranslation. This inhibition can be reversed by addition of the
substrates for hTS, 5,10-methylene-tetrahydrofolate, and dUMP, or the active site
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inhibitor FdUMP (Chu et al., 1991). The relief of inhibition by TS substrates is
consistent with the long-time observation that addition of hTS inhibitors results in an
increase in hTS levels in cells (Spears et al., 1982). Gel shift competition experiments
have been used to estimate that the binding affinity for both of these proteins is between
1-5 nM (Chu et al., 1991; Chu et al., 1993).
The hTS mRNA contains at least 2 binding sites for the hTS interaction. One
binding site corresponds to a 36-nucleotide fragment containing the start codon for
translation. This 36-mer is predicted to form a stem-loop structure, very similar in
character to the stem-loop formed by the IRE (Chu et al., 1993; Hentze et al., 1987). The
second binding site for hTS occurs in the middle of the hTS mRNA, and is potentially the
same size as the first site, though this segment has not been sequenced (Chu et al.. 1993).
Although this is the first identified example of a eukaryotic protein autoregulating
its own translation in vitro, recently dihydrofolate reductase has been shown to be capable
of autoregulating its own translation as well (Ercikan-Abali et al., 1997). The
autoregulation of protein translation plays a critical role in the regulation of a number of
bacteriophage proteins (Andrake et al., 1988; Bemardi and Spahr, 1972) and E. coli
ribosomal proteins (Gold, 1988; Yates et al., 1980). In E.coli, thymidylate synthase (TS)
also regulates its own translation in vitro (Voeller et al., 1995). There are two sites on the
E.coli TS mRNA with apparent specificity for TS, with an affinity of approximately I
nM. Although there is interaction between the hTS and E.coli TS RNA, there has not
been a consensus sequence identified in the RNAs (Voeller et al., 1995). Work with TS
mutants suggests that the nucleotide binding site of TS is important for mRNA binding.
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as mutants that have reduced nucleotide binding affinities, also have reduced EINA
binding affinities (Voeller et al., 1995). Hentze (Hentze, 1994) has suggested there is a
common motif for enzymes that catalyze reactions with mono- or dinucleotides as
substrates or cofactors of an overlapping RNA/(di)nucleotide-binding domain.
The interaction between RNA and protein is as yet a poorly understood
phenomenon, with very little structural information available. As I am interested in
studying the interactions between macromolecules, the E.coli thymidylate synthase (TS)
system was potentially a good system for examining the interactions between proteins and
RNAs. Our lab has dealt extensively with the structure of E.coli TS. We have a large
collection of mutants with apparently altered RNA binding affinities that could allow us
to address the interactions that are playing a role in protein/RNA binding.
The work described in this appendix deals with my initial attempts to determine
the minimum sequence necessary for E.coli TS/RNA interaction. Once this sequence was
identified, the goal was to identify the individual interactions that stabilize the
protein/RNA complex, both through mutational analysis, and crystallographic structure
determination. Unfortunately, I was unable to demonstrate that the observed interaction
was specific, bringing the role of bacterial TS protein/mRNA interactions into question.
My results are described here as an aid for those who may wish to continue with
eukaryotic systems.
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A.2. MATERIALS AND METHODS

A.2.1. TS Protein

The wild-type E.coli protein was provided by Frank Maley (Wadsworth Center.
NY) as an ammonium sulfate precipitate (Maley and Maley, 1988). The protein was
prepared for use by dialysis against 4 L of 20 mM Tris (pH 7.4), 10% Glycerol, 5 mM
DTT over 2 days, and stored at -20 °C.

A.2.2. Synthesis of mRNAs

The full-length E.coli cDNA cloned into pGEM-7C plasmid vector (Promega) at
the Xhol and BamHl restriction sites, and the protein coding region cDNA, cloned into
pGEM-7C at the Xba and Hindlll sites, were gifts from E. Chu (Voeller et al., 1995).
Full-length E.coli mRNA was prepared by linearizing the cDNA with BamHI, and then
synthesized with T7 RNA polymerase according to the Promega protocol. Three mRNA
sequences were used for negative controls, one was from a Euglena clone called pEZC
(from the Hallick Lab), one was an androgen receptor clone (from the Miesfeld Lab)
called pGig, and the third was the human iron responsive element (HIRE) stem-loop
structure (Hentze et al., 1987) (from the Law Lab). The pEZC, pGig and HIRE mRNAs
were made using T7 RNA polymerase. The pEZC and pGIG cDNAs were linearized
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prior to the T7 synthesis, with 5acl and EcoRI to yield 700 and 900 base mRNAs
respectively.

A.2.3. RNA-protein Binding Assay

RNA electrophoretic gel mobility shift assays (EMSA) were performed following
the method of Leibold (Leibold and Munro, 1988), as modified by Chu (Chu et al., 1993;
Voeller et al., 1995). Briefly, radiolabelled RNA (100 000 cpm) was incubated with
E.coli TA in a reaction mixmre containing 17 mM HEPES (pH 7.4), 0.8 mM MgCl:, 17
mM KCl, 3% (vol/vol) glycerol, and 5 mM DTT (total volume 20 ^1) for 15 minutes at
room temperature. RNase T1 (9 units; Boehringer Mannheim) was then added for 10
minutes, followed by incubation with heparin (5 mg/ml; Sigma) for 10 minutes at room
temperature. The samples were then electrophoresed on a 4% non-denaturing
polyacrylamide gel (acrylamide/N, N'-methylene-bisacrylamide weight ratio, 60/1),
transferred to Whatman filter paper, dried and subjected to autoradiography.
Competition experiments were performed by incubating E.coli TS (10 |iM) and
radiolabelled TS mRNA (50 pmol) in the presence of various unlabeled competitor
RNAs, at concentration in 0-1000-fold molar excess over that of radiolabeled TS mRNA.
The substrates/analogs dUMP and 10-propargyl-5,8-dideazafolate (PDDF) (Jones et al.,
1981) were also used as competitors by incubating TS with the substrates for 10 minutes
prior to addition of labeled mRNA. Quantitation was performed using a phosphorimager
(Molecular Dynamics Model 445).
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A.3. RESULTS

A.3.1. Protein/mRNA Binding

Increasing concentrations of recombinant wild-type E.coli TS were incubated with
either full-length E.coli TS mRNA (Figure A-1), or the protein-coding region TS mRNA
(Figure A-2) and analyzed using the RNA electrophoretic gel shift assay (EMSA). This
assay uses T1 RNase to degrade all RNA not protected by TS protein, leaving only a
small fragment of the RNA bound to the protein. The relative concentrations of the
protein/mRNA complexes were determined by measuring the radioactivity of the
complex using the (3-scope, and plotted relative to the highest concentration of protein
(Figure A-3). By fitting the data to a hyperbolic function using the program SigmaPlot
(Jandel Scientific), I estimated the dissociation constant to be between 58 (iM (fulllength) and 140 |JM (protein-coding region).

A.3.2. Competition Studies

The binding of E.coli TS mRNA to E.coli TS protein was also examined in relation to the
ability of non-radiolabelled (cold) mRNA to compete for the binding site. The
competition experiments were done using full-length wild-type RNA and the

9
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Figure A-1; EMSA of E.coU TS and full-length TS mRNA.
Electrophoretic gel mobility shift assay (EMSA) of E.coli TS binding to fulllength E.coli mRNA, with increasing concentrations of protein. The mRNA
concentration was 110 pM. Concentrations of TS : Lane 1 - 0 ; Lane 2 - 9.4
Lane 3 - 18.8 |iM ; Lane 4-28.1 [iM; Lane 5 - 37.5 |iM ; Lane 6 - 46.9 ^.M ;
Lane 7 - 56.2 fiM ; Lane 8 - 65.6 |iM ; Lane 9 - 74.9 ^M. The arrow indicates
the position of the TS-RNA complex.
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Figure A-2 : EMSA of E.coli TS and protein-coding region mRNA.
EMSA of E.coli TS binding to the protein-coding region of E.coli
mRNA, with increasing protein concentration. The mRNA
concentration was 88 pM. Concentration of TS ; Lane 1 - 0 |iM : Lane 2
- 14.4 p.M ; Lane 3 - 28.6 |lM ; Lane 4 - 42.9 |iM ; Lane 5 - 57.3 )J.M ;
Lane 6 - 71.6 |iM ; Lane 7 - 85.9
; Lane 8 - 100.2 [iM ; Lane 9 114.5 [iM. The arrow indicates the position of the TS-RNA complex.
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Figure A-3 : Binding curves for TS and TS mRNA.
Concentration curve for the binding of wild-type TS to wild-type mRNA (circles) and
the protein-coding region mRNA (squares). 0 = (bound RNA)/(total RNA), where the
total RNA is determined to be the maximum amount bound. Points were determined
from EMSA concentration curves, and averaged. The error bars represent the standard
error between the replicates: for wild-type mRNA, n=3; and for the protein-coding
region mRNA, n=2. The data were fit to a hyperbolic function using SigmaPlot.
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Euglena mRNA, pEZC. The wild-type cold mRNA was a good competitor for binding
(Figure A-4), showing a concentration dependent reduction in the binding of a labeled
RNA (Figure A-5), with an IC50 of 80 nM, estimated from the point where 50% of the
total inhibition was occurring. I was unable to completely eliminate all binding, as the
use of high concentrations of RNA resulted in saturation of the RNase T1 and heparin,
which masked the protein/RNA complex with a mixture of different sized products (data
not shown). The pEZC RNA also showed the ability to reduce the complex signal
(Figure A-5), though the reduction appeared to level off at about 50% reduction.
The work of Chu et al (1991) shows that in the human system, the addition of the
subsurates for hTS, dUMP and folate results in a relief of the translational inhibition seen
in this system. This is thought to occur because the interaction between TS and the
mRNA is occurring at or near the active site, as is seen in the human iron responsive
element (HIRE) system (Yu et al., 1992). Addition of the substrate dUMP and the folate
analog PDDF to the TS solution for a 10 minute period prior to the addition of the
labeled RNA shows that this inhibition is apparently not occurring in the E.coli system
(Figure A-6).

A.3.3. Binding to Diflerent mRNAs

To investigate the possibility that other RNAs can interact with TS, I performed the gel
shift assay (EMSA) using non-E.coli ElNAs. The pEZC, pGig and HIRE mRNAs were
incubated with wild-type E.coli TS protein and the results are shown in Figure A-7.
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Figure A-4 : EMSA of competition binding study.
EMAS of competition between labelled and cold wild-type RNAs. TS
concentration = 50 |i.M, Labelled RNA = 44 pM. The cold RNA was added in
increasing concentrations. Lane 1 : control (no protein);
Lane I : TS + labelled RNA ; Lane 3 : 1.64 nM cold RNA ; Lane 4 : 3.28 nM
Lane 5 : 16.4 nM; Lane 6 : 32.8 nM ; Lane 7 : 49.2 nM ; Lane 8 : 164 nM.
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Figure A-5 : Competition binding curves.
Competition curves for binding to TS protein. Competition is between labelled
wild-type TS mRNA and wild-type TS mRNA (circles), and pEZC mRNA (squares).
0 = (bound)/(total RNA), where total RNA is taken from the point with no competitior
RNA. Protein concentration = 50 |iM, and labelled mRNA concentration = 50 pM.
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Figure A-6 : EMSA of competition witii PDDF/dUMP.
Competition between labelled fill length mRNA and PDDF/dUMP.
E»rotein concentration = 37.5 |iM; Labelled RNA concentration = 100 pM.
Lane 0 - control (no protein); Lane 1 - TS + RNA ; Lane 2 - 0.5 |J.M PDDF & dUMP;
Lane 3 - 1 jiM PDDF & dUMP ; Lane 4-5 nM ; Lane 5-10 |iM ; Lane 8 - 100 |iM ;
Lane 9 - 500 |iM.

Figure A-7 : EMSA of binding to various mRNAs.
EMS A of TS bound wi± various ElNAs. Protein concentration =100 nM.
Lane 1 - control (no protein/150 pM TS RNA); Lane 2 - TS + wt TSmRNA (150 pM);
Lane 3-5 - TS + pEZC mRNA (100 pM); Lane 6 & 7 - TS + HIRE mRNA (80 pM);
Lane 8 - TS + pGIG mRNA (90 pM).
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While none of the other RNAs bound as well as wild type (Figure A-7. lane 2). both the
pEZC and HIRE RNAs displayed binding to E.coli thioredoxin.

A.4. DISCUSSION

The investigation of the binding of recombinant E.coli protein to E.coli mRNA
reached a point where I was unwilling to pursue it any fiarther, as there appeared to be a
number of results that were in conflict with the literature. Both of the E.coli mRNA's used
in my experiment are binding to TS with about the same affinity (50-150 |JM), and this is
consistent with the results reported previously that indicate that the binding site for TS
lies within the protein coding region (Voeller et al., 1995). The IC50, or concentration of
unlabelled mRNA required to remove 50% of the binding, was estimated at I-10 nM
(Chu et al., 1993; Voeller et al., 1995), whereas the value that I have calculated is about
80 nM. The difference between the two values is likely to be due to the increased levels
of nonspecific binding that I have seen.
The previous studies used femtomolar and picomolar concentrations for the RNA
and protein, respectively. However, I was unable to see any binding in my experiments
at these concentrations. This concentration difference could account for the noted
differences in values. An additional possible reason why the values may differ is that
there may be a significant amount of non-specific RNA binding occurring. Non-specific
binding would greatly increase the value for the maximum binding, which would alter the
calculated FQ. To reduce the effect of non-specific binding, heparin, which has a weak
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affinity for RNA is added. However, it is still possible that TS is binding to small RNA
fragments in additional, saturable sites, as some of my other experiments suggest.
The competition study with the pEZC RNA, which apparently competes for 50%
of the binding, is an indication that there is non-specific RNA binding occurring. This
suggests that there are at least two sites on TS that are capable of binding to RNA, one
site that is possibly specific for a TS sequence, and the other that is non-specific. The
ability of the non-specific RNAs to bind to TS is added evidence that a non-specific site
exists. Additionally, the binding of the HIRE to TS suggests that TS may be binding to
any stem-loop sequences of roughly the right size.
The failure of dUMP and PDDF to inhibit the RNA binding ability of TS (Figure
A-6) is another piece of evidence to suggest that the interaction between TS and its
mRNA is non-specific. In the human system, the ligands of TS reverse the inhibition that
is seen the in vitro translation system. This reversal is thought to be due to the
importance of the active site in the binding of the RNA. This is also seen in the HIRE
system, where the binding of the IRE-BP to the ERE mRNA is inhibited by iron binding
to IRE-BP (Constable et al., 1992).

In the E.coli system, the inhibition of mRNA

binding is not seen, even at very high concentrations of PDDF and dUMP (500 |iM), far
above the ATd's for binding to TS, which are 10 nM and 1.2 jiM for PDDF and dUMP,
respectively (Jones et al., 1981; Maley and Maley. 1988). The binding of labeled mRNA
to TS even in the presence of high concentrations of ligands suggests that either the active
site is not critical to binding mRNA or there is a high degree of non-specific binding
occurring. Mutants of E.coli TS that are deficient in the binding to the nucleotide ligand.
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dUMP, are was also reported to be deficient in RNA binding, wliich suggests that this
assay somehow differs between my experiments and those reported (Voeller et al., 1995).
Immuno-precipitation of human TS/mRNA complexes shows that TS protein can
interact with a number of different RNAs, including c-myc (Chu et al., 1994). These
additional RNAs seem to belong to proteins involved in transcription of new DNA, and
the proposal is that TS protein/RNA interactions are involved in regulating the
transcription machinery of the cell (Chu and Allegra, 1996; Chu et al.. 1996).
There is no evidence that there is a conserved RNA sequence that allows hTS to
bind to the different RNAs (Chu et al.. 1993; Chu et al., 1994; Voeller et al., 1995).
Coupled with the results I have presented for the E.coli TS protein, I believe that TS may
have the ability to bind to a wide range of mRNAs that share only a very general
secondary structural element. The identification of a 36-nucIeotide sequence in the hTS
mRNA that act as a binding site for hTS protein may allow for more structural work to be
done using a mammalian based system. Since I have left the project, the investigation of
the rat TS protein structure has become prominent in our lab, and may offer a good
system for investigating the TS/mRNA interaction more thoroughly.
Because I was unable to adequately separate specific binding from the non
specific binding, I was unable to determine the minimum mRNA sequence necessary for
the binding of TS protein. At this point I decided that the project was not a feasible one,
and it was abandoned.
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