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Reporter gene transactivation by human p53 is inhibited in budding yeast lacking

the TRRI gene encoding thioredoxin reductase. Thioredoxn reductase specifically

catalyzes the NADPH-dependent reduction of thioredoxin. Thioredoxin provides a

source of electrons for disuffide reduction in various cellular processes. Reduction of

disuffides within the cell can be accomplished by the separate but partially overlapping

glutathione reductase - glutathione - glutaredoxin pathway. The basis for p53 inhibition

was investigated by measuring the redox state of thioredoxin and glutathione in wild-type

and tUrn yeast lacking the gene encoding thioredoxin reductase. The L%.trrl mutation

caused an increased in oxidation in both molecules. Highcopy expression of the GLRI

gene encoding glutathione reductase in tUrn yeast restored the redox state of glutathione

to wild-type levels, but did not restore p53 activity. Also, p53 activity was unaffected by

be a tglr1 mutation, even though the mutation was known to result in glutathione

oxidation. These results indicate that p53 activity has a specific requirement for an intact
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thioredoxrn system, rather than a general dependence on the intracellular reducing

environment.

In order to test if p53 activity requires an intact thioredoxin system in mammalian

cells, dominant-negative and RNAI approaches designed to suppress thioredoxin

reductase activity were used in a breast adenocarcinoma cell which contains an

endogenous wild-type p53. In cells stably transformed with a plasmid encoding a

dominant-negative form of thioredoxin reductase, thioredoxin reductase activity was

inhibited 4.3-fold and p53 reporter gene expression was inhibited by 2-fold. In cells

stably transformed with a RNAi plasmid designed to target thioredoxin reductase mRNA,

thioredoxin reductase activity was inhibited by 1.7-fold and p53 reporter gene expression

was inhibited by 1.6-fold. A decrease in the protein levels of the p53 endogenous target

genes p21 and Bax was also observed in both dominant-negative and RNAi

transformants. Additionally, thioredoxin was shown to bind p53 in vitro (Kd0.9 tM),

and a LexA-thioredoxin fusion protein was shown to bind p53 in vivo. These results

suggest that p53 activity is regulated by thioredoxin reductase in mammalian cells

through a direct interaction with thioredoxin.



© Copyright by Jason R. Merwin

September 11, 2003

All Rights Reserved



Transactivational Activity of the Tumor Suppressor Protein p53 is Dependent on
Thioredoxin Reductase Activity in Mammalian Cells

by

Jason R. Merwin

A DISSERTATION

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

Presented September 11, 2003
Commencement June 2004



Doctor of Philosophy dissertation of Jason R. Merwin presented on September 11, 2003.

APPROVED:

; representing Molecular and Cellular Biology

and Cellular Biology Program

Dean ofhê Graduate School

I understand that my dissertation will become part of the permanent collection of Oregon
StateUthversity libraries. My signature below authorizes release ofmy dissertation to
any reader upon request.

JasR'Merwin, Author

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy

Redacted for Privacy



ACKNOWLEDGEMENTS

I would like to sincerely thank Chris Stoner and Nathan Lopez for their friendship and

help over the past five years that we have worked together. I would aiso like to thank

George Pearson for his advice and guidance.



CONTRIBUTION OF AUTHORS

Debbie Mustacich and Ed Muller contributed to this thesis by performing glutathione

redox state measurements in yeast.

George Pearson performed p53 reporter gene activity measurements in wild-type and

Airri yeast.

I would also like to thank Don Reed for the use of his laboratory in rnakitgglutathione

measurements, Nathan Lopez and Neil Bersani for help in making thioredoxin redox state

measurements and Chris Grant for supplying the CY4 and CY7 yeast strains.



TABLE OF CONTENTS

Chapter 1. Introduction ........................................................................... 1

The tumor suppressor protein p53 ..................................................... 1

Evidence that p53 is prone to redox regulation ...................................... 10

Thioredoxin and thioredoxin reductase ................................................ 15

Examples of redox control in other systems .......................................... 19

Thioredoxin reductase, thioredoxin and p53 activity ............................... 23

Methods to study the redox state of proteins ......................................... 26

Chapter 2. Materials and Methods ............................................................. 29

Plasmids ................................................................................... 29

SDS-polyacrylamide gel electrophoresis of proteins and immunoblot analysis. 30

Cellculture ................................................................................ 35

Protein electrophoretic mobility shift assay (PEMSA) .............................. 36

Mammalian cell transfection and transformation .................................... 39

Purification of histidine-tagged p53 and thioredoxin ................................ 40

In vitro interaction of thioredoxin and p513 ....................................................... 42

Yeast one-hybrid interaction of LexAlthioredoxin and p53 .............................. 43

Luciferase reporter gene activity measurement in MCF-7 cells ........................ 43

3-galactosidase activity measurement in yeast and MCF-7 cells ...................... 44

Thioredoxin reductase activity measurement in MCF-7 cells ...................... 45



TABLE OF CONTENTS (continued)

Chapter 3. Reporter gene transactivation by human p53 is inhibited in thioredoxin
reductase null yeast by a mechanism associated with thioredoxin oxidation
and independent of changes in the redox state of glutathione.......................... 47

Oxidized thioredoxin and glutathione accumulate in yeast lacking thioredoxin
reductase .........................................................................................................47

Glutathione reductase overexpression in Atrrl yeast restores the GSSG:GSH
ratio but not p53 activity ................................................................................... 59

Deletion of the glutathione reductase gene does not affect p53 activity........... 62

Chapter 4. Inhibition of thioredoxin reductase inhibits p53 reporter gene
transactivation in MCF-7 cells .......................................................... 68

Thioredoxin redox state in MCF-7 cells ............................................... 68

Effect of oxidative stress on thioredoxin redox state in MCF-7 cells .............. 73

Effect of selenium on thioredoxin reductase activity and thioredoxin redox state
inMCF-7 cells................................................................................................... 80

Thioredoxin reductase activity, thioredoxin redox state and p53 reporter gene
transactivation MCF-7 cells stably transformed with a donthant-negative
TRIconstruct ...............................................................................88

Thioredoxin reductase activity, thioredoxin redox state and p53 activity in
MCF-7 cells stably transformed with a RNAi plasmid targeting thioredoxin
reductasemRNA .......................................................................................97

Effect of RNAI in combination with dominant-negative inhibition of
thioredoxin reductase activity on p53 reporter gene transactivation ................ 106

Chapter 5. Thioredoxin and p53 interact in vitro and in vivo ............................... 114

Purification of recombinant human p53 and human thioredoxin .................. 114

Measurement of purified recombinant thioredoxin redox state ..................... 117

In vitro binding of p53 to histidine-tagged thioredoxin.................................. 122



TABLE OF CONTENTS (continued)

gc

Yeast one-hybrid analysis of thioredoxin binding to p53 in vivo ..................... 129

Chapter6. Discussion ............................................................................ 132

Bibliography ....................................................................................... 140



LIST OF FIGURES

figure Page

1. Schematic diagram of p53 functional domains ........................................... 3

2. Schematic diagram ofpSUPER-TR1 -RNAi plasmid used to target thioredoxin
reductasemRNA ..................................................................................................... 31

3. Protein electrophoretic mobility assay of thioredoxin redox state in wild-type
andziVrrl yeast ..................................................................................... 48

4. Glutathione levels, redox state and p53 activity in wild-type and Atrrl yeast ........ 56

5. Effect of GLRJ overexpression on glutathione redox state and on p53 activity
inAtrrl yeast ................................................................................. 60

6. Redox state of thioredoxin in Aglrl yeast .................................................... 64

7. Effect of ectopic expression ofGRLI and TRRJ on thioredoxin redox state
inAtrrl yeast .................................................................................................... 66

8. Protein electrophoretic mobility shill assay for thioredoxin redox state in
mammaliancells ................................................................................................... 70

9. Effect of acute exposure to diamide on thioredoxin redox state in MCF-7 cells ..... 74

10. Effect of acute exposure to hydrogen peroxide on thioredoxin redox state
inMCF-7 cells .......................................................................................... 78

11. Effect of acute exposure to 1-chloro-2,4-dinitrobcnzene (DNCB) on thioredoxin
redox state in MCF-7 cells .................................................................................. 79

12. Effect of selenium on thioredoxin redox state in MCF-7 cells ............................... 84

13. Effect of selenium on thioredoxin redox state in diamide-stressed MCF-7 cells ..... 85

14. Redox state of thioredoxin in MCF-7 cells stably transformed with a dominant-
negative TRI construct ............................................................................................. 90

15. Reporter gene transactivation by p53 in MCF-7 cells stably transformed with a
dominant-negative TRI construct ............................................................................ 93



LIST OF FIGURES (continued)

Figure

16. Immunoblot assay of p21 and Bax protein levels in MCF-7 cells stably
transformed with a dominant-negative TRI construct ..........................................95

17. Immunoblot assay of p53 protein levels in MCF-7 cells stably transformed
with a dominant-negative TRI construct ................................................................ 96

18. Thioredoxin redox state in MCF-7 cells stably transformed with a RNAi plasmid
targetingTR1 mRNA................................................................................................ 99

19. Reporter gene transactivation by p53 in MCF-7 cells stably transformed with
a RNAi plasmid targeting TRI mRNA .................................................................... 102

20. Immunoblot assay of p21 and Bax protein levels in MCF-7 cells stably
transformed with a RNAi plasmid targeting TR1 mRNA .................................... 104

21. Immunoblot assay of p53 protein levels in MCF-7 cells stably transformed with
a RNAi plasmid targeting TRI mRNA ................................................................... 105

22. Effect of selenium on p53 activity in MCF-7 cells stably transformed with a
RNAi plasmid targeting TRI mRNA .................................................................... 107

23. Combined effect of dominant-negative and RNAi inhibition of thioredoxin
reductase activity on p53 reporter gene transactivation in MCF-7cells................. 110

24. Effect of incubation time after transfection on p53 reporter gene activity
in MCF-7 cells experiencing a combinatorial effect of dominant-negative and
RNAi inhibition ofthioredoxin reductase ................................................................111

25. Recombinant human p53 purification.............................................................. 115

26. Recombinant human thioredoxin purification .......................................................... 116

27. Alkylation of purified recombinant human thioredoxin ........................................... 118

28. PEMSA analysis of the redox state of purified recombinant human thioredoxin
before and after DTT treatment ................................................................................. 119

29. Apparent Km of MCF-7 cell thioredoxin reductase for human thioredoxin............ 123



LIST OF FIGURES (continued)

Figure ag

30. In vitro interaction of purified human p53 and thioredoxin ..................................... 126

31. Immunoblot determination of thioredoxin concentration in MCF-7 cells ................ 128

32. A model for thioredoxin-dependent inhibition of p53 .............................................. 134



LIST OF TABLES

Table iEg

I. List of p53 post-translational modifications ............................................... 5

2. Partial list of studies supporting redox regulation of p53 ................................ 11

3. Summary of thioredoxin redox state in wild-type and Atrrl yeast ..................... 52

4. Monitoring ex vivo oxidation of thioredoxin during sample preparation .............. 54

5. Reporter gene transactivation by p53 in Aglrl yeast lacking glutathione reductase 63

6. Densitometric analysis of thioredoxin redox state in diamide-stressed MCF-7
cells .............................................................................................. 76

7. Effect of selenium on thioredoxin reductase activity in MCF-7 cells .................. 82

8. Densitometric analysis of the effect of selenium on thioredoxin redox state in
diamide-stressed MCF-7 cells ............................................................... 87

9. Thioredoxin reductase activity in MCF-7 cells stably transformed with a
dominant-negative TRI construct ........................................................... 89

10. Densitometric analysis of thioredoxin redox state in MCF-7 cells stably
transformed with a dominant-negative TRI construct ................................... 91

11. Thioredoxin reductase activity in MCF-7 cells stably transformed with a RNAi
plasmid targeting TR1 mRNA ............................................................... 98

12. Densitometric analysis of thioredoxin redox state in MCF-7 cells stably
transformed with a RNAi plasmid targeting TRI mRNA ............................... 101

13. Densitometric analysis of human thioredoxin redox state as it is purified from
recombinant bacteria ......................................................................... 121

14. Interaction of thioredoxin and p53 in yeast one-hybrid assay ........................... 131



DEDICATION

I would like to dedicate this thesis to my wife, Amy. Without her constant support, none
of this would be possible. During the long and difficult process of writing of this
dissertation, she has been my partner, editor, therapist and friend. I cannot express how
lucky I feel to be married to such a devoted, selfless and wonderful human being.



Transactivational Activity of the Tumor Suppressor Protein p53 is Dependent on

Thioredoxin Reductase Activity in Mammalian Cells

CHAPTER 1

Introduction

The tumor suppressor protein p53

The tumor suppressor protein p53 is a sequence-specific DNA binding protein

that is activated by a wide range of stimuli. Activating stimuli include ribonucleotide

depletion, mitotic spindle damage, hypoxia, nitric oxide, UV or ionizing radiation, heat

shock and oncogene activation. Activation involves post-translational modifications that

affect the stability and DNA binding activity of the protein. Activated p53 binds to and

stimulates transcription of target genes involved in a variety of cellular processes

(reviewed by Oren, 1999). For example, p53 transcriptionally stimulates the synthesis of

the cydlin-dependent kinase inhibitor p21, which is involved in mediating a G I arrest (El-

Deiry et al., 1993), GADD45, which is involved in DNA repair (Nagasawa et al., 1994)

and Bax protein, which is involved in apoptosis (Zhan etal., 1995). Analysis of p53-

regulated gene expression patterns using oligonucleotide arrays has indicated that the

activation of p53 controls the expression of more than 150 genes (El-Deiry, 1998),

however, analysis of p53 binding sites throughout the genome predicts that p53 may

control the expression of up to 300 genes (Hoh et al., 2002).

The p53 response element (RE) consists of at least two copies of the palindromic

consensus sequence PuPuPuC(A/T)(T/A)GPyPyPy. The two palindromic decamers can
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be separated by a variable spacer region of 0-13 bp (El-Deiry el al., 1992). Most

naturally occurring decamers do not completely match the consensus sequence; however,

the fourth C and sixth G in each decamer are essential for binding.

Much is known about the structure of p53 (Fig. 1). The protein can be divided

into three regions: the N-terminal region (residues 1-100), the central core region

(residues 101-300) and the C-terminal region (residues 301-393). The N-terminal region

contains the activation domain (AD) (residues 1-47), the central core region contains the

DNA binding domain (DBD) (residues 101-300) and the C-terminal region contains the

tetramerization domain (TD) (residues 323-356) and the negative regulatory domain

(NRD) (residues 363-393).

Stabilization and activation of p53 is achieved in large part by post-translational

modifications that affect the phosphorylation, alkylation and sumoylation state of

residues located within 100 amino acids of either the N- or C-terminus. (Stommel et al.,

1999). Most of the known post-translational modifications affecting p53 levels and

activity can be mapped to either the N-terminal activation domain or the C-terminal

negative regulatory domain. A list of known modifications is presented in Table 1.

The N-terminal region contains six serine residues, which are sites of potential

regulatory phosphorylation events (reviewed by Prives and Hall, 1999). Transactivation

of target genes involves the binding to co-activators, such as p300 and CBP (Avantaggiati

et al., 1997; Scolnick et al., 1997), which have histone acetyltransferase activity and may

mediate effects on chromatin structure. The N-terminal domain also interacts with

TAFII3 1 and TAFII7O transcription factors, which are subunits of the TFIID complex

(Thut et al., 1995).
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Figure 1. Schematic diagram of p53 functional domains. Key: AD, activation
domain (residues 1-47); DBD, DNA binding domain (residues 100-300); TD,
tetramerization domain (residues 323-356); NRD, negative regulatory domain
(residues 363-393). Post-translationally modified serine, lysine and threonine
residues are indicated by S, K and T, respectively.





Table 1. List of p53 post-translational modifications

Residue Modification Enzyme(s) Function Reference

Sen 5 Phosphorylation ATM, ATR Enhances binding to p300/CBP Tibbetts et al., 1999

Thri 8 Phosphorylation CDK1 Weakens MDM2 interaction Sakaguchi et al., 2000

Ser2O Phosphorylation Chkl, Chk2 Weakens MDM2 interaction

Ser33 Phosphorylation p38 Stimulates transactivation
of apoptotic target genes

Ser37 Phosphorylation ATR Enhances acetylation of
C-terminal residues

Ser46 Phosphorylation p38 Stimulates transactivation
of apoptosis target genes

Thr55 Phosphorylation TAF11250 Enhances p53 degredation

Thr8 1 Phosphorylation iNK Stimulates transactivation of
growth-inhibition and pro-

apoptotic target genes

Ser3 15 Phosphorylation CDK1 Enhances DNA binding
Dephosphorylation Cdcl4 phosphatase Enhances nuclear localization

Sakaguchi et al., 2000

Ko et al., 1997

Sakaguchi ci' al., 1997

Bulavin et al., 1999

Appella and Anderson, 2001

Bushmann et al., 2001

Wang and Prives, 1999

Li et al., 2000



Lys320 Acetylation PCAF Relieves negative regulatory Sakaguchi et aL, 1998
domain suppression of
DNA binding

Lys373 Acetylation CBP/p300 Relieves negative regulatory Liu et al., 1999
domain suppression of
DNA binding

Ser376 Phosphorylation CAK Enhances DNA binding Lu et al., 1997

Ser378 Phosphorylation PK-C Enhances binding to 14-3-3 Takenaka et aL, 1995
proteins and DNA binding

Lys382 Acetylation CBP/p300 Relieves negative regulatory Sakaguchi et al., 1998
domain suppression of
DNA binding

Lys386 Sumoylation El, hUbc9 Stabilizes p53 Rodriguez et al., 1999

Ser392 Phosphorylation CK2, p38 Enhances tetrarnerization Sakaguchi et al., 1997
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Under normal cell conditions, p53 levels are low, due to the interaction of p53

residues 17-27 with the negative regulatory protein MIDM2 (Kubbutat el al., 1997). This

interaction blocks the recruitment of basal transcription machinery components necessary

for p53 target gene transactivation (Thut et al., 1995) and promotes nuclear export and

degradation of p53 (Roth et al., 1998). MDM2 has also been shown to act as an E3

ubiquitin ligase, targeting p53 for degradation by the proteasome (Honda etal., 1997).

Efficient activation of p53 requires escape from MDM2-mediated negative

control. This is accomplished through the phosphorylation of key serine residues within

the region of p53 that binds MDM2. Phosphorylation of these residues relieves MDM2-

mediated negative control. Although several kinases have been implicated in the

phosphorylation of p53 residues, ATM and ATR appear to be primarily responsible for

countering MDM2-dependent p53 ubiquitination. ATM kinase phosphorylates SeriS in

response to ionizing radiation (Banin et al., 1998) while ATR phosphorylates both Sen 5

and Ser37 in response to IJV radiation (Tibbetts et al., 1999).

In addition to disrupting the interaction between MDM2 and p53, ATM further

stabilizes p53 by phosphorylating MDM2, which targets MDM2 for degradation

(Khosravi et al., 1999). Disruption of MDM2 function is also achieved by a non-

covalent mechanism that involves p1 9, a protein encoded by an alternative reading

frame within the INK4A tumor suppressor gene (Kamijo et al., 1997). ARF binds both

p53 and MDM2 forming a tnimenc complex in vivo (Zhang et al., 1998), resulting in the

inhibition of MDM2-dependent p53 ubiquitination.

The central core region of p53 is required for sequence-specific DNA binding

activity and is the site of nearly all mutations found in human cancers (Pavietich et al.,
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1993). This region is unusually rich in cysteine residues, causing the DNA binding

domain to be potentially vulnerable to oxidation through the formation of disulfide bonds

between vicinal cysteines. If the ability of this region to bind DNA were affected by such

oxidative changes, then p53 would in turn be dependent on a source of reductant within

the cell.

The C-terminal region contains four serines and two lysines, which have been

shown to be modified by phosphorylation and acetylation, respectively. This region also

contains the nuclear export sequence (residues 340-35 1) and nuclear localization

sequence (residues 305-322) (Stommel et al., 1999). While phosphorylations at the N-

terminal region are required for p53 activation and stabilization, covalent modifications at

the C-terminal region are required for p53 sequence-specific DNA binding. The last 30

amino acids in the C-terminal region of p53 negatively regulate sequence-specific DNA

binding (Prives and Hall, 1999). This region contains Ser376 and Ser378, which are

phosphorylated by protein kinase C (PKC) (Hupp and Lane, 1994); Lys373 and Lys 382,

which are alkylated by the p300 acetyltransferase (Dumaz and Meek, 1999); and Lys386,

which is sumoylated by El and hUbc9 (Kwek etal., 2001). While the exact mechanism

remains unclear, it appears that these post-translational modifications serve to relieve the

inhibitory effect of the negative regulatory domain on sequence-specific DNA binding,

allowing the DNA binding domain of p53 to bind target genes.

Early studies indicated that only C-terminally truncated p53 could constitutively

bind and activate target genes, which is consistent with the C-terminal negative

regulatory domain allosterically inhibiting sequence-specific DNA binding. However,

recent studies using NMR have shown that full length p53 is capable of binding at least



certain p53 response elements in a constitutive manner, calling into question the

previously proposed allosteric regulation imposed by the C-terminus (Ayed el al., 2001).

Further evidence supporting constitutive binding was obtained using DNA footprinting

techniques (Espinosa and Emerson. 2001) and chromatin inimunoprecipitation (Kaeser

and Iggo, 2002). It therefore remains to be determined to what extent the C-terminal

region controls the ability of p53 to bind and activate its target genes.

Induction of p53 can also occur in response to viral or cellular oncogenes through

the overlapping of signaling networks with a second tumor suppressor protein, Rb. The

two pathways are linked through the p1 9 protein. ARF is a p53-stabilizing protein.

Transcription of the p19'41gene is positively regulated by the cell cycle transcription

factor E2F, which is in turn bound by and negatively regulated by Rb. Viral oncogenes

such as EIA or SV4O-T antigen promote a loss of cell cycle control by binding Rb and

freeing E2F to stimulate the expression of genes required for passage through S phase.

The resulting upregulation ofpl 9 by E2F promotes the stabilization of p53 by

countering its previously described interaction with MDM2, leading to a p53-mediated

cell cycle arrest or apoptosis (Pan etal., 1998; Tsai etal., 1998). The pl9"-mediated

link between the Rb and p53 pathways may have evolved as an antiviral mechanism or as

a tumor suppressor mechanism to counter mutations that directly or indirectly inactivate
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Evidence that p53 is prone to redox regulation

Several lines of evidence suggest that p53 may be subject to redox regulation.

For example, binding of p53 to its DNA target sequence in vitro is stimulated by the

presence of a reductant, whereas binding is antagonized by the presence of oxidants

(Parks etal., 1997; Wu and Momand, 1998; Rainwater et aL, 1995). A partial summary

of experiments supporting redox regulation of p53 and their results is presented in

Table 2.

Treatment of cells with the copper chelator pyrrolidine dithiocarbamate (PDTC)

inhibited the p53-dependent expression of MDM2, a target gene of p53 transactivation

(Wu and Momand 1998). Although PDTC is often categorized as an anti-oxidant, it is

hypothesized to also have a pro-oxidant function, perhaps by facilitating accumulation of

metals inside the cell. The transformed rat embryo fibroblast cell line Al-S. which

expresses a temperature-sensitive p53 protein (T5p53) that is sequestered to the

cytoplasm at the non-permissive temperature (39°C), was used to monitor transcription of

the p53 target gene MDM2. Prevention of p53-dependent MDM2 expression by PDTC

correlated with cytoplasmic sequestration of p53, even at the permissive temperature.

Removal of PDTC led to a gradual increase in both p53 nuclear localization and MDM2

expression. Cysteine residues in p53 involved in either intramolecular or intermolecular

disulfide bonds after PDTC treatment were measured indicating a 2- to 3-fold increase in

p513 cysteine oxidation.

DNA footprinting measurements indicated that reduction of p53 with DTT

increases its binding to a p53 response element (Parks et aL, 1997). It is interesting to
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Table 2. Partial list of studies supporting redox regulation of p53

System Observation Reference

Purified murine Loss of DNA binding Deiphin et al., 1994
wild-type p53 activity correlated with

decrease in free sulthydryl
groups

Purified murine DTT enhanced DNA Rainwater et al., 1995
wild-type p53 binding; NEM'

inhibited DNA binding

Purified murine DTT increased DNA Parks et al., 1997
wild-type p53 binding

Cultured murine H202 inhibited reporter Parks etal., 1997
cells gene transactivation

Cultured rat cells PDTC2 increased p53 Cys Wu and Momand, 1998
oxidation and inhibited
p53-mediated MDM2
transactivation

Cultured human Diamide inhibited DNA Buzek et al., 2002
fibroblast cells binding; DTT increased

DNA binding

'N-ethylnialeimide
2Pyrrolidine dithiocarbamate
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note, however, that non-specffic binding of p53 to double-stranded DNA was unaffected

by reduction with DTT. In the same study, cells ectopically expressing murine p53

showed a decrease in reporter gene activity when treated with hydrogen peroxide (H202).

The ability of p53 to transactivate reporter gene expression in H202-treated cells was

partially restored by the simultaneous addition of the reductant N-acetylcysteine.

Biotinylated oligonucleotide binding assays using p53 response elements also

showed a redox influence on p53 sequence-specific DNA binding (Buzek et al., 2002).

Treatment of nuclear extracts with the oxidant dianiide completely inhibited DNA

binding while treatment of nuclear extacts with the reductant DTT enhanced binding

approximately threefold. Site-directed mutagenesis further revealed that Cys277 was

essential for p53 binding to certain response elements, revealing a potential target within

the DNA binding domain for redox control.

Another study investigating the role of p53 cysteines found that alkylation of free

thiols resulted in decreased DNA binding activity (Rainwater et al., 1995). The binding

of purified murine p53 to its consensus sequence was prevented by pretreatment with the

free thiol alkylant N-ethylmalemide, suggesting that one or more cysteine residues were

critical in order for p53 to bind in a sequence-specific manner. The authors also

demonstrated that cysteine-to-serine substitutions at positions 173, 235 or 239 lead to

decreased reporter gene transactivation, decreased DNA binding activity and enhanced

transformation of primary rat embryo fibroblasts by EJA and ras.

The sensitivity of p53 cysteine residues to oxidation was demonstrated by a study

reporting that storage of p53 in the absence of a reductant leads the fonnation of

intramolecular disulfide bonds (Delphin et al., 1994). Purified p53 was incubated in the
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absence, or presence of DTT prior to electrophoresis. The p53 sample not treated with

DTT was characterized by a heterogeneity in its migration pattern when compared to the

p53 sample treated with DTT, suggesting the formation of intermolecular disulfide

bonds. Furthermore, p53 not treated with DTT showed a decrease in ['4C} iodoacetamide

incorporation when compared to p513 treated with DTT, suggesting a loss of free thiols

due to disuffide bond formation.

Ref-I, a ubiquitous nuclear protein capable of activating the transcription factor

AP-1 (a heterodimer of c-Fos and c-Jun) and NFK-B, has been shown to enhance p53

activity. Ref-I enhances Fos/Jun binding to AP-I sites through the reduction of cysteine

residues on Fos and Jun (Xanthoudakis etal., 1992). A similar enhancement of DNA

binding activity is observed when Ref-I is incubated with p53 in vitro (Jayaraman et aL,

1997). Furthermore, transient overexpression of Ref-I in mammalian cells enhanced p53

reporter and endogenous gene transactivation (Ueno et al., 1999).

High levels of p53 expression in the fission yeast Schizosaccharomycespombe

caused an arrest in cell growth (Casso and Beach, 1996). A screen for mutants capable of

circumventing this growth arrest identified the yeast homologue of E. co/i thioredoxin

reductase as being required for p53-mediated growth arrest. Subsequent investigations

revealed that in both fission and budding yeast, efficient reporter gene transactivation by

p53 requires thioredoxin reductase (Casso and Beach, 1996; Merrill et al., 1999; Pearson

and Merrill, 1998). Furthermore, immunoblotting experiments showed that the effect of

thioredoxin reductase deletion on p53 reporter gene activity was not due to an effect on

p53 protein levels (Casso and Beach, 1996; Pearson and Merrill, 1998).
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The observed dependence of p5 3 activity on thioredoxin reductase in yeast

implies that either the reductase itself or the redox-active substrate of thioredoxin

reductase, thioredoxin, may influence the redox state and transcriptional activity of p53 in

vivo. Alternatively, the loss of thioredoxin reductase may be indirectly influencing p53

by causing an overall shift in the redox status of the cell. Reduction of disulfides within

the cell can be accomplished by two separate but partially overlapping NADPH-based

reducing systems. These systems are the thioredoxin reductase - thioredoxin pathway

and the glutathione reductase - glutathione - glutaredoxin pathway. On one hand, the two

pathways appear to operate separately from one another, as glutathione is incapable of

reducing thioredoxin and thioredoxin reductase is incapable of reducing glutathione or

glutaredoxin (Prinz et al., 1997). However, in S. cerevisiae, Ag/ri cells that lack the gene

encoding glutathione reductase are viable, but Aglri cells that also lack the TRXJ and

TRX2 genes (coding both thioredoxins) are not (Muller, 1995). In addition, deletion of

glutathione synthesis enzymes in S. cerevisiae results in a cessation of growth in liquid

medium that can be partially reversed by the overexpression of either yeast thioredoxin

gene (Sharma et al., 2000). Because of this cross-talk between the thioredoxin and

glutathione pathways, it is possible that the inhibition of p53 activity in cells lacking

thioredoxin reductase could be mediated through redox changes in one or both of these

pathways.

In addition to the evidence from the yeast studies, X-ray diffraction and NMR

structures of the core and oligomerization domains of p53 also support a possible

interaction with the thioredoxin system. The overall fold of the p53 DNA binding

domain resembles that of NFK-B (Cho et al., 1994), a protein known to interact with
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thioredoxin (Matthews et al., 1992). Furthermore, like Ref-i, overexpression of

thioredoxin in mammalian cells has been shown to enhance the sequence-specific DNA

binding activity of p53 in vitro and increased p53 reporter and endogenous gene

transactivation (Ueno et al., 1999).

Thioredoxin and thioredoxin reductase

Thioredoxin is a I 2-kD heat-stable protein found in all bacteria, fungi, plants and

animals in which its presence has been investigated. Thioredoxins contain a redox-active

site with the conserved sequence Trp-Cys-GIy-Pro-Cys-Lys in which the cysteine

residues readily participate in disuffide/dithiol exchanges with other proteins.

Thioredoxin provides a source of electrons for disuffide reduction in various cellular

processes. The precise mechanism of disuffide bond reduction by the active-site

cysteines has been well characterized in E. coli. The ability of the two active-site

cysteines (Cys32 and Cys35) to participate in disuffide reduction reactions can be

attributed to the abnormal pKa of 6.7 for Cys32, making it a highly reactive nucleophile

(Kaffis and Holmgren, 1980). Preferential accessibility of Cys32 to alkylating reagents

further identifies this residue as the initiating cysteine in the reaction sequence (Dyson et

al., 1990). The first step involves the attack of Cys32 on one of the sulfur atoms of the

substrate disuffide, resulting in an intermolecular disuffide bond and the generation of

one substrate thiol. The second step involves the "resolving" of the intermolecular

disuffide bond by the attack of the sulfur atom of Cys35 on the cross-linked Cys32. The

resulting proton transfer releases the substrate in a dithiol form and thioredoxin as a
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disuffide (Wynn et al., 1995). Disuffide reductions involving electron transfers from

thioredoxin have been implicated in enzymatic reduction reactions including those

catalyzed by ribonucleotide reductase (Laurent et al., 1964), thioredoxin peroxide

reductase (Chae et al., 1994) and methionine sulfoxide reductase (Vogt, 1995).

Thioredoxin peroxide reductase (TPx) is a 25-kDa enzyme which reduces H202

and alykyl hydroperoxides using reducing equivalents provided by thioredoxin (Trx),

thioredoxin reductase (TR) and NADPH (Chae et al., 1994). The rate of H202 removal

by the TPx is dramatically increased in the presence of an intact thioredoxin system (Trx,

TR and NADPH). During such reactions, a concomitant drop in the levels of NADPH

indicates that the thioredoxin system is actively mediating the flow of electrons from

NADPH to 11202.

Methionine sulloxide reductase (MsrA) is a ubiquitous enzyme involved in

protecting cells against oxidative damage. It reduces free methionine sulfoxide and

protein methione sulfoxide to methionine (Vogt, 1995). The enzymatic activity of MsrA

is dependent upon a source of reducing equivalents from the thioredoxin system (Lowther

et al., 2000). Cysteine-to-serine site-directed mutagenesis of MsrA identified specific

cysteine residues that are required for the shuttling of electrons from thioredoxin to MsrA

for the reduction of oxidized methionine sulfoxide to methionine. Genetic evidence from

S. cerevisiae further demonstrates the necessity of MsrA for the thioredoxin system as

deletion of both yeast thioredoxin genes results in methionine auxotrophy and a limited

ability to use methionine sulfoxide as a source of methionine (Mouaheb et al., 1998).

Thioredoxin activity has been linked to proteins involved in replication, as it has

been shown to function as a subunit of T7 DNA polymerase (Mark and Richardson,
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1976). Thioredoxin has also been linked to transcription through its ability to stimulate

the DNA binding activity of the mammalian transcription factors API and NFic-B in vitro

(Hirota el al., 1997).

The outcome of any redox reaction in which thioredoxin serves as the reductant

will result in the oxidation of the active-site cysteines of thioredoxin. Before thioredoxin

can participate in further cellular redox reactions, the disuffide must be restored to the

dithiol state. The transfer of electrons from NADPIE-1 to the active-site cysteines of

thioredoxin is catalyzed by the enzyme thioredoxin reductase.

Mammalian thioredoxin reductase (TR) is a 55-kDa protein. Three functional

domains have been identified: the FAD binding domain (residues 1-163); the NADPH-

binding domain (residues 164-296); and the interface domain required for the formation

of the homodinier (residues 368-499) (Sandalova et a?., 2001).

The penultimate amino acid in human thioredoxin reductase is selenocysteine

(Gladyshev et aL, 1996). The selenocysteine residue is located on a flexible C-terminal

extension that allows redox communication between the selenocysteine and the active-

site disulfide/dithiol (Arscott et a?., 1997). The mechanism of thioredoxin reduction by

thioredoxin reductase and NADPH occurs in three distinct steps (Gromer et al., 1998).

First, NADPH binds the NADPH-binding domain of thioredoxin reductase, allowing the

shuttling of electrons through FAD to the active-site cysteines, reducing them from the

disulfide to dithiol form. The next step is a thiol-disuffide exchange reaction in which

oxidation of the active-site cysteines leads to reduction of Cys-SeCys residues at the C-

terminus. The reduced selenothiol at the C-terminus then moves away from the active-
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site cysteines and contacts thioredoxin, transferring electrons to the active-site cysteines

(Gromer et aL, 1998).

Selenocysteine incorporation into thioredoxin reductase is encoded by a UGA

codon. UGA is normally read as a stop codon, but is read as a SeCys codon in certain

messages that contain specific secondary structures which form in the 3'untranslated

region known as SECIS (selenocysteine insertion sequence) (Fugiwara et al., 1999). The

specific activity of the reductase can be stimulated more than 30-fold by increased

incorporation of selenium in the form of selenocysteine into the enzyme (Gallegos etal.,

1997). The enzymatic activity of thioredoxin reductase can be completely abolished by

selective alkylation of the selenocysteine residue (Gorlatov and Stadtman, 1998) or

deletion of the terminal SeCys-Gly dipeptide (Zhong and l-Iolmgren, 2000).

Three isoforms of thioredoxin reductase have been identified in humans and mice,

and are designated TRI, TR2 and TR3 (Sun et al., 1999). Whereas TR1 is found in all

tissues, TR2 is testes-specific, and TR3 is believed to be mitochondrial. TR3 is found at

low levels in all tissues and has a 33-amino acid N-terminal extension identified as a

mitochondrial import sequence (Gasdaska et al., 1999). In addition, fusion proteins

consisting of TR3 fused to green fluorescent protein have been localized to the

mitochondria. Localization of TR3-GFP fusion proteins to the mitochondria was

abolished upon removal of the TR3 N-terminal extension (Miranda-Vizuete et al., 1999).
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Examples of redox control in other systems

Examples of other redox-influenced regulatory proteins provide paradigms for

evaluating the emerging evidence for redox control of p53. A wide variety of prokaryotic

and eukaryotic redox-sensitive transcription factors, heat shock proteins and redox-

sensing second messengers has been characterized to date. Examples include OxyR,

SoxRJS, Hsp33, GAPDH, NF-icB, AP-1 and Ref-I.

The first observations of cellular responses specific to oxidative stress were made

in E. coli that were exposed to either 11202 or 02. Under these conditions, activation of

the transcription factors OxyR and SoxR/S was observed (Storz et al., 1990; Demple and

Amabile-Cuevas, 1991). Once activated, these transcription factors stimulate the

expression of specific genes involved in mounting a defense against the oxidative insult.

The genes include GorA (encoding glutathione reductase), KatG (encoding hydrogen

peroxidase 1) and others involved in defending the cell against oxidative stress (Toledano

etal., 1994; Kullik et al., 1995). The mechanism by which OxyR and SoxRJS sense

oxidative stress has been mapped by site-directed mutagenesis to critical cysteine

residues in each protein (Zheng et al., 1998).

In the case of OxyR, two of its six cysteines (CysI 99 and Cys 208) were found to

act as a sulihydryl "redox-switch." Reversible oxidation of the cysteines by hydrogen

peroxide (11202) results in enhanced OxyR binding to DNA and transcription of target

genes (Zheng et aL, 1998). Only oxidized OxyR, containing an intermolecular disuffide

bond between the essential cysteine residues, can activate transcription of its target genes

(Zheng et al., 1998). The proposed model for the formation of the activating disulllde
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bond begins with the oxidation of Cys 199 to a suffenic acid through a direct interaction

with H202. This reactive-intermediate is then stabilized by the formation of a disuffide

bond with Cys208, thus locking the protein into an active conformation.

SoxRIS activation was found to be triggered by the presence of02. Oxidative

stress activates the constitutively-present SoxR protein, which in turn stimulates

expression of the SoxS gene (Demple and Amabile-Cuevas, 1991). The SoxS protein

then binds and activates all of the SoxRIS promoters (Wu et al., 1995). SoxR is a

homodimer in which each monomer contains an [2Fe-2S] iron cluster coordinated by 4

cysteines (Demple et al., 1999). In the absence of oxidative stress, the iron clusters are in

a reduced form and the protein is in an inactive state. Oxidative stress causes oxidation

of the iron clusters, which triggers the transcriptional activity of SoxR. The activity of

SoxR was shown to be sensitive to reversible redox inactivation in the presence of

reductants such as 2-mercaptoethanol or glutathione (Hidalgo et al., 1997).

The heat shock protein 11sp33 also has a transition metal-dependent ability to

become active in the presence of oxidative stress (Jakob et al., 1999). Characterization of

the Hsp33 chaperone revealed that the reduced and inactive form coordinated a zinc ion

between four highly conserved cysteine residues. Oxidation by H202 causes the release

of zinc from these cysteines, disuffide bond formation and activation of the protein

chaperon activity in vitro. Treatment with DTT returned the protein to an inactive, zinc-

coordinating state.

Much like OxyR and SoxRIS, a pair of well-studied transcription factors in

eukaryotic cells is also activated in response to cellular oxidative stress. These factors,
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NF-icB and AP- 1, rapidly accumulate in response to a wide array of stresses and signals

known to alter the redox environment of the cell (Kerppola and Curran, 1995).

NF-id3 is a multisubunit transcription factor. In vertebrates, the NF-icJ3 family

comprises five known DNA binding subunits, referred to as p50, p52, p65 (collectively

known as ReIA), c-Rel, and Rd-B (MUller et al., 1997). Homodimers and heterodimers

of various combinations have been reported (Blank etal., 1992). Dimers that include the

p65 unit play a central role in immune and inflammatory responses to antigens, bacteria

and inflammatory lymphokines (Beg etal., 1992; Sha etal., 1995). NF-id3 is also

involved in cellular processes unrelated to an immune response (Devary et al., 1993;

Henkel et aL, 1993) and can be activated in response to a wide variety of non-

inflammatory agents.

The most common form of NF-id3 exists as an inactive heterodimer composed of

subunits p50 and p65. The p50/p65 dimer is sequestered to the cytoplasm through an

interaction with the NF-icB inhibitor I-id3. Association of I-icB with the p50/p65

heterodimer prevents nuclear translocation by masking the nuclear localization sequence

(Zabel and Baeuer, 1990). Activation of NF-xB is accomplished by the phosphorylation

and subsequent ubiquitination and degradation of I-id3, thus unmasking the nuclear

localization signal leading to nuclear import and NF-icB-mediated upregulation of target

genes.

Two kinases responsible for the phosphorylation of I-kB have been identified and

designated IKKa and IKK (Zandi et al., 1997). The activation of IKKa/I3 kinase

activity was found to be redox-sensitive. Treatment of cells with 11202 resulted in
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increased binding of NF-icB to DNA target sequences and increased reporter gene

activity (Schreck et al., 1991). Treatment with a variety of other oxidants, including

TNF, phorbol esters and UV or ionizing radiation also leads to the activation of NF-xB

and NF-icB-mediated transcription of genes involved in protecting the cell against

oxidative stress (Schuize-Osthoffet al., 1995).

The mechanism of redox sensing in the NFK-B-mediated response was mapped to

multiple critical cysteine residues located in the kinase-active domains of IKKa and

IKK (Zandi etal., 1997). As with E. coli OxyR, the cysteine residues appear to act as a

sulihydryl "redox switch" through a direct interaction with the oxidizing agent. The

introduction of a disulfide bond results in a conformational change of the protein to the

active state.

Another example of redox-mediated transcriptional regulation involves the

nuclear transcription factor AP- 1, which is a heterodimer of c-Fos and c-Jun (Kerppola

and Curran, 1995). Unlike NF-iB, AP- 1 is constitutively present in the nucleus where it

receives secondary signals from a variety of different sources (Karin and Smeal, 1992).

In most cells, c-Fos and c-Jun are expressed at low basal levels but are quickly induced as

a result of a kinase cascade triggered by a variety of extracellular signals. These signals

include those known to affect the overall intracellular oxidation/reduction environment.

As with all of the previous examples, cysteine residue(s) are required for redox regulation

of activity. In the case of AP-1, redox regulation is mediated by a conserved cysteine

residue located in the DNA binding domain of both c-Fos and c-Jun. It has been shown

that the DNA binding activity of c-Fos and c-Jun in vitro is abolished when the critical
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cysteine residues (Cys- 154 and Cys-272, respectively) are oxidized and restored when the

cysteine residues are reduced (Abate et aL, 1991).

In addition to chemical reductants, the redox-active protein Ref-I has been shown

to activate the binding of c-Fos and c-Jun to AP-I sites through the reduction of the

essential cysteine residues on c-Fos and c-Jun (Xanthoudakis et al., 1992). Unlike the

other examples involving redox regulation, the redox change at the essential cysteines is

mediated by the cellular redox-active protein, Ref-I, as part of a signaling pathway,

instead of by a direct oxidation event from an oxidant.

Ref-i is a bi-functional protein. Its N-terminal half possesses its redox active

function and its C-terminal half possesses an apurinic/apyrimidinic endonuclease activity

involved in DNA repair (Xanthoudakis et al., 1992). The redox active domain has been

implicated in the reduction of specific cysteine residues in the DNA binding regions of

several transcription factors, including AP- 1, Erg-i and NF-xB (Xanthoudakis el al.,

1992). Redox modulation of AP-1 by Ref-I was mapped by site-directed mutagenesis to

Cys-65 in the N-terminal domain of Ref-i (Walker et al., 1993). Further evidence of

direct cysteine-cysteine interaction between AP- I and Ref-i was provided by cross-

linking experiments that showed that reduced Cys65 was required for an interaction

between AP-1 and Ref-I in vitro (Xanthoudakis et al., 1992).

Thioredoxin reductase, thioredoxin and p53 activity

It is clear that several transcription factors are capable of sensing redox changes in

the environment through specific cysteine residues that are prone to oxidation. In the
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case of OxyR, oxidation of specific cysteines in response to oxidative stress directly

activated DNA binding and target gene activation. In the case of NF-ici3, the

transcription factor is activated indirectly through the oxidative activation of kinases that

target Ix-B, an inhibitor of NF-icB, for destruction. Conversely, in the case of AP-1,

oxidation of critical cysteines under oxidizing conditions inhibits transcription factor

activity and only upon reduction of the oxidized cysteines to a suiThydryl state, via the

redox protein Ref-i, does AP- I become active.

The evidence regarding p53 redox activation supports a system similar to that of

AP-1. Cysteines in the DNA binding domain of p53 are the likely target of the oxidants

and reductants that have been shown to affect DNA binding and reporter gene

transactivation (see Table 1). If the AP-1 / Ref-I system is an accurate model for p53

redox activity, it is possible that the putative suithydryl "redox switch" in the DNA

binding domain of p53 could be directly influenced by one or more redox active cellular

proteins. Genetic evidence from yeast models clearly indicates the dependence of p53

activity on the enzyme thioredoxin reductase, suggesting that the redox active substrate

of thioredoxin reductase, thioredoxin, might be involved in a direct protein-to-protein

redox regulation of p53 activity.

Alternatively, deletion of thioredoxin reductase may be influencing p53 activity

indirectly by affecting the redox state of glutathione. Deletion of both thioredoxin genes

in yeast leads to an increase in the levels of total glutathione and the percentage of

oxidized glutathione that is in the GSSG form (Muller, 1996). As glutathione levels are

as high as 5 mM in the cell, changes in the oxidation state of glutathione would likely

influence a broad range of protein cysteines. If oxidation of glutathione occurs in Atrrl
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yeast, which lack the gene encoding thioredoxin reductase, as it does in Atrxl Atrx2

yeast, which lack the genes encoding thioredoxin, then it is possible that the inhibition of

p53 observed in txtrrl yeast could be wholly or partially mediated through an effect on

the redox state of glutathione.

It is also possible that redox regulation could be occurring upstream of p53 at the

level of a p53-activating kinase. NF-icB provides an example where activating kinases

are regulated by the redox state of key cysteine residues. If p53-activating kinases

existed and were subject to oxidative inactivation, or were dependent upon reducing

equivalents supplied by the thioredoxin system, then the loss of thioredoxin reductase

could have an indirect effect on p53 activity.

While several lines of evidence support a connection between the tumor

suppressor protein p53 and redox regulation, a direct link between thioredoxin reductase

and p53-mediated transcription has thus far only been established in yeast. While yeast

offer several advantages as a system for studying fundamental aspects of p53 fiunction,

the relevance of results obtained in yeast to endogenous p53 in mammalian cells needs to

be addressed. Does p53 require an intact thioredoxin system in mammalian cells? While

studies in yeast were facilitated by the ability to delete the gene encoding thioredoxin

reductase, no mammalian cell lines lacking thioredoxin reductase exist and previous

studies have shown that deletion of a mouse thioredoxin gene results in early embryonic

lethality (Matsui et aL, 1996). Therefore, the approaches chosen to investigate the

dependency of p53 on thioredoxin reductase in mammalian cells involve the inhibition,

rather than deletion, of thioredoxin reductase. The work presented in this dissertation

demonstrates a direct correlation between the suppression of thioredoxin reductase
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activity and the inhibition of p53 transactivation of both reporter plasmids and

endogenous genes in mammalian cells. In addition, a direct interaction between

thioredoxin and p53 is demonstrated both in vitro and in vivo, measured by histidine-

tagged thioredoxin pull-down experiments and yeast one-hybrid binding assays.

Methods to study the redox state of proteins

Protein oxidation is the covalent modification of protein amino acid residues by

reactive oxygen intermediates or the by-products of oxidative stress. While oxidative

damage can modil' several amino acids, the most susceptible are the sulfur-containing

side chains of cysteine and to a lesser extent, methionine. Unlike oxidation at non-sulfur

amino acids, mechanisms exist within the cell to reverse the oxidation of cysteines

(tbioredoxin or glutathione redox systems) and methionines (methionine suffoxide

reductase). Cysteines, unlike methionines, have the additional property of being able to

participate in disuffide bonds between vicinal residues, making them the most conmionly

used measure of the redox status of a protein. Measurement of the redox status of protein

cysteines is typically accomplished by either chemical modifications to detect free thiols

or measurement of mass changes that result from different bond formations using HPLC

or mass spectroscopy.

The most common thiol-modification methods use a two-step strategy in which an

initial round of chemical treatment blocks free thiols through the formation of a chemical

adduct, thus preventing them from participating in subsequent reactions. Typical
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chemicals used to block free thiols include N-ethylmaleimide (NEM), iodoacetic acid

(IAA) or iodoacetamide (1AM). The sample is then treated with a reductant to reduce

disuffide bonds and the newly generated thiols are alkylated with agents that form

adducts distinguishable from those introduced during the first round of thiol modification.

For example, ['4C]IAM for radiodetection,, 3-N-Maleimidylpropionyl biocytin (MPB)

for detection with HRP-conjugated avidin, or methoxy-polyethylene glycol-malemide

(MAL-PEG) for separations based on molecular weight differences during SDS-PAGE.

Use of denaturing conditions during these chemical modifications allow access to all

available thiols, whereas use of non-denaturing conditions only allows access to thiols on

the protein surface.

An alternative approach to chemical modification of protein thiols is the detection

of mass differences between thiols and disulfides using HPLC. Typically, the first step

involves the prevention of disuffide exchange reactions in a sample by the addition of a

low pH denaturing solution. This decreases the proximity of active-site thiols by

denaturation of the protein and inhibits further disuffide exchanges that are dependent

upon the thiolate anion concentration (Wynn et al., 1995). Samples are then separated by

HPLC with multiple peaks representing the portion of thiols and disulfides in the sample.

While this method provides a highly quantitative redox state measurement, it requires the

use of purified proteins and therefore cannot easily measure the redox state of a specific

protein in a complex lysate.

For the research presented here, a two-step alkylation approach adapted from the

method of Takahashi and Hirose (1990) was used. Using purified proteins, it was

demonstrated that the redox state of protein cysteines could be assessed in vitro by the



28

number of different electrophoretic isoforms obtained after sequential treatment with

IAA, DTT and 1AM. By adding an immunoblot step to the procedure, an assay to

measure the redox state of specific proteins in vivo was developed. This Protein

Electrophoretic Mobility Shift Assay (PEMSA) was used to measure the redox state of

thioredoxin cysteines in vivo, in both yeast and mammalian cells.
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Materials and Methods

Plasmids

29

The bacterial expression vector pET28a-TRX was constructed in two steps. First,

the human Trx coding region was cloned into pBluescript. The plasmid hTrx-pBlue 11

KS+ (obtained from Garth Powis, University of Arizona) was used as a template in a

PCR reaction using the oligonucleotide 5'- CCATATGGTGAAGCAGATCGAGA GC

as forward primer and 5'-GAAAACATGATTAGACTAATTC as reverse primer. The

forward primer introduces an NdeI site at the AUG start codon of the open reading frame.

The PCR product was recovered and cloned into the EcoR V site of pBluescript 11 KS to

produce pBS-hTRX (orientation was such that the hTRX start codon was proximal to the

pBluescript Sad site). In the second step, the bacterial expression plasmid pET28a-

hTRX was constructed by subeloning the open reading frame ofpBS-hTRX as a

NdhJ/NdeJ fragment into NdhJ/NdeJ-digested pET28a (Strategene, La Jolla, CA).

The plasmid pFT28a-p53 was constructed by subeloning the human p53 open

reading frame from 41 4GPD53 (Mumberg et al., 1995) as a NdeI/XhoI fragment into

NdeI/XhoI-digested pET28a. The p53 sequence in pET28a-p53 extends from the AUG

embedded in an engineered NdeI site to an artificial XhoJ site 1181 bp downstream from

the start codon.
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The thioredoxin "bait" plasmid pBTMI I 6mod-TRX was constructed by

subcloning the human thioredoxin open reading frame from pBS-hTRX as a Smal/Sall-

generated fragment into SmaI/Sa1J-digested pBTMII6mod (Vojtek etal., 1993).

The pSUPER-TR 1 -RNAi plasmid used for RNAI contains the HI -RNA promoter,

which is recognized by Pol III and gives strong expression of insert DNA. The inserted

DNA consisted of a 64-bp oligonucleotide containing a 19-nucleotide stretch of the

human thioredoxin reductase (TRI) open reading frame (nucleotide residues 116-135

with respect to start codon A), followed by a 9-nucleotide linker, followed by the reverse

complement of the 116-135 sequence (Fig. 2). The insert was generated by annealing

two 64-bp oligonucleotides. The forward oligo was 5'-GATCCCAAGGTGATGGT

CCTGCACTTTCAAGAGAAGTCCAGGACCATCACCTTTTTTTGGAAA (TR 1

sequence in bold) and the reverse primer was 5'-AGCTTTTCCAAAAAAAGCTGA

TGGTCCTGGACTTCTCTTGAAAGTCCAGGACCATCACCTTGGG. Annealing

of the oligos created a Bg/JI-compatible GATC-overhang at the 5' end and a Hindlil-

compatible AGCT-overhang at the 3' end. The resulting duplex was cloned into

BglJI/HindIJI-digested pSUPER (Oligoengine, Seattle, WA).

SDS-polyacrylamide gel electrophoresis and immunoblot analysis

Polyacrylamide electrophoresis gels were cast in 10x8-cm glass plates using 0.75-

mm spacers sealed with 1% agarose. A 10% resolving gel was poured using a solution of

30% acrylamide and 0.8% bis-aciylamide in 0.75 M Tris, pH 8.8, 0.1% SDS, 0.05%

ammonium persulfate, 0.04% TEMED and raised to a final volume of 5 ml using de-
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Figure 2. Schematic diagram of pSUPER-TR1-RNAi plasmid used to target
thioredoxin reductase mRNA. (A) A 64-bp oligonucleotide encoding the forward
and reverse complement of residues 116-135 of TR1 mRNA was cloned downstream
of the HI -Poll! promoter. Base pairing between the forward and reverse complement
segments is expected to form a double-stranded mRNA hairpin in vivo, which when
cleaved by dicer is expected to lead to RNAi-mediated destruction of TR1 mRNA.
(B) Region of TR1 transcript targeted by pSUPER-TRI-RNA1.



GAUCCCGGUGAGGUCCUGçAçTJ U8 CA
I I

AAAGGIJULTUIIUUCC ACUACCAGGACCUGAA AG

t
Forward Reverse

f'-GATCCCAAGGTGATGGTCCTGGACTTTCAAGAGGAAGTCCAGGACCATCACCCTTTTTTTGGAAA-3
GGTTCCACTACCAGGACCTGAAAGTTCTCCTTCAGGTCCTGGTAGTGGGA4AAAACCTTTTCGA

Figure 2A.
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ionized water. Once poured, the gel layer was allowed to polymerize under a thin layer

of water-saturated butanol until a clear line of polymerization was apparent. The butanol

was then rinsed from the resolving gel and blotted dry with a piece of 3M Whatman

paper. The stacking gel was poured as a 6% acrylamide solution in 0.125 M Tris, pH 6.8,

0.1%SDS, 0.09% ammonium persulfate, 0.01% TEMED and raised to a final volume of 2

ml using de-ionized water. The polymerized gel was clamped into an electrophoresis

apparatus and sealed with 1% agarose. The chambers were filled with IX SDS chamber

buffer prepared from a 5X stock (0.125 M Tris pH 8.5, 0.95 M glycine, 0.5 mlvi EDTA,

0.5% SDS). Samples were adjusted to 1X loading buffer using a 4X loading buffer stock

(0.25 M Tris, p116.8, 4.0% SDS, 2% (vlv) f3-mercaptoethanol, 50% glycerol, 1 mM

EDTA, 0.05% bromophenol blue) and boiled for 5 mm prior to loading. After loading of

the samples, the gel was run at a constant current of 35 mA until the dye front reached the

bottom of the resolving gel. For Coomassie staining, gels were removed from the glass

plates and placed in 50 ml of Coomassie staining solution (0.25% Coomassie blue G-250,

40% methanol, 40% 1120, 10% glacial acetic acid) for 30 miii, followed by de-staining in

a mixture of 40% methanol and 10% acetic acid.

Immunoblot detection of protein samples was accomplished by transferring

proteins to Hybond ECL nitrocellulose (Amersham, Piskataway, NJ) for 50 mm at 60 mA

using a Bio-Rad Transblot SD transfer cell (Bio-Rad, Hercules, CA). A solution of 5%

nonfat dried milk in TBS-T (20 mM Tris base, 137 mM NaC1, 0.1% Tween 20, adjusted

to pH 7.6 with HCI) was used to block the membrane for one hour at room temperature

with gentle shaking. All antibody incubations were similarly carried out in 25-mI

volumes of TBS-T. Between each incubation, two JO-mu washes with 25 ml TBS-T

L
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were performed to rinse the membrane of residual traces of antibodies. ECL detection

reagents (Amershani., Piskataway, NJ) were used for detection of horseradish peroxidase-

conjugated antibody, visualized by chemiluminescence exposure to X-OMAT Blue XB-1

film (Kodak, Rochester, NY) and developed using a RP X-OMAT processor model M6B

(Kodak, Rochester, NY). Densitometry was done using a Molecular Dynamics

densitometer (ABI, Sunnyvale, CA).

Cell culture

MCF-7 cells (human breast carcinoma) and H1299 cells (human lung carcinoma)

were maintained in a 1:1 mixture of Ham's F12:D-MEM (F/D) medium containing 10%

bovine call serum (BCS) (GIBCO-BRL, Gaithersburg, MD), 200 1g/ml streptomycin,

200 tg/ml penicillin and 25 tg/ml ampicillin in I X HEPES adjusted to pH 7.4 by the

addition of 2.4 g sodium bicarbonate per liter. Cells were passaged by aspirating the

growth medium, washing the monolayer twice with 5 ml serum-free medium, and

incubating the monolayer in I ml of trypsinlEDTA (2% trypsin, 10 mM Tris-HC1, pH

7.0, 1 mM EDTA) at 37°C until cells were in suspension (approximately 10 mm).

Trypsmization was quenched by adding three volumes of serum-containing medium,

cells were collected by centrifugation at 1,000 rpm in a table top centrifuge and

resuspended in 10 ml serum-containing medium. Cell counts were done using a

hemocytometer and 1.5 x 106 cells were added to 8-cm culture dishes containing 10 ml

serum-containing F/D. For assays involving selenium, incubation with or without I jiM

sodium selenite (Sigma, St. Louis, MO) was begun 24 hours after plating, either in



medium containing 10% BCS or in serum-free medium containing 50 ng/ml epidermal

growth factor (EGF) (GIBCO-BRL, Gaithersberg, MD) and 10 j.tg/ml insulin (Sigma, St.

Louis, MO).

Protein electrophoretic mobility shift assay (PEMSA)

For mammalian cell studies, 3 x 1 cells were added to 35-mm culture dishes

containing 2 ml serum-containing FID and incubated 24 hours. Monolayers were

washed twice with room-temperature PBS (150 mM NaCI, 2.5 mM KCL, 100 mM

Na2HPO4, 10 mM KH2PO4 pH 7.4) and scraped up in freshly prepared alkylation buffer

(100 mM Tris pH 8.2, 1 mM EDTA, 8 M urea) containing 30 mM iodoacetic acid (IAA).

IAA was added from a 600 mM stock solution freshly prepared in I M Trispll 8.2. For

yeast studies, exponentially growing yeast (50-mi culture at 0D600 of about 0.4) were

harvested by centrifugation at 1,000 rpm for 5 miii, washed twice with 50 ml water, flash

frozen in liquid nitrogen and either processed immediately or stored at -80°C. Cell pellets

were then pulverized by grinding under liquid nitrogen using a mortar and pestle until

greater then 80% lysis was observed microscopically (intact yeast are birefringent, lysed

yeast are dull gray in color). The resulting frozen yeast fluff was transferred to an

Eppendorf tube using a chilled spatula and thawed in ureaIIAA alkylation buffer. Lysates

were clarified by centrifugation at 14,000 rpm for I miii.

Cleared lysates were incubated 15 mm at 37°C to allow alkylation of protein

thiols. IAA-treated samples were precipitated with 10 volumes ice-cold 98:2 acetone:!

M HCL and centrifuged for 5 miii at 5,000 rpm at 4°C. Unreacted IAA was removed by
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washing the protein pellet three times with 5 volumes of 98:2:10 acetone:1 M HCL:H20.

Protein pellets were resuspended in freshly prepared urea!DTT buffer (100 mM Trispll

8.2, 1 mM EDTA, 8 M urea, 3.5 mM DTT) and incubated 30 mm at 37°C to reduce

protein disullides. DTT-treated samples were adjusted to 10 mM TAM using a freshly

prepared 200 mM stock solution and incubated 15 mm at 37°C to alkylate newly

generated protein thiols. Alkylation with IAA adds a negatively-chargedcarboxymethyl

adduct; alkylation with JAM adds a neutral amidomethyl group. As a result, after the

above sequential treatment with IAA, DTT and lAM, the dithiol form of thioredoxin

migrates faster towards the anode than the disulfide form during urea-PAGE. Protein

concentration was determined (Bradford, 1976) using bovine serum albumin as a

standard and samples were stored at -80°C until electrophoresis.

To prepare electrophoretic mobility markers for the three possible charge

isoforms of yeast thioredoxin or the six possible charge isoforms of human thioredoxin,

cultures were lysed in urea buffer containing 3 mM DTT and incubated 30 mm at 37°C to

reduce all cysteine residues to the sulihydryl form. Reduced lysates were then adjusted

to either 30 mM IAA, 30 mM fAA/I 0 mM 1AM, 10 mM fAA/i 0 mM 1AM, 10 mM

IAA/30 mM lAM or 10 mM lAM incubated 15 mm at 37°C to introduce a full spectrum

of carboxymethyl groups. Protein concentration was determined as described above.

Alkylated proteins were separated by urea-PAGE gels cast in I 0x8-cm glass

plates using 0.75-mm spacers sealed with 1% agarose. Both the stacking gel (2.5%

acrylamide, 0.075% bis-acrylamide, 0.12 M Tris pH 6.8) and the resolving gel (9%

acrylamide, 0.27% bis-acrylamide, 0.037 Tris pH 8.8) contained 8 M urea. The chamber

buffer (0.025 M Tris pH 8.6, 0.192 M glycine) was prepared fresh. Equivalent amounts
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of protein (usually 15 .tg) were adjusted to 18 tl with urea buffer, mixed with 2 ml I Ox

loading buffer (35 mM DTT, 80% glycerol and 0.5% bromophenol blue) and loaded to

wells. Gels were run at a constant current of 5 mA for approximately 2.5 hours, or until

the dye front reached the bottom of the resolving gel. After electrophoresis, urea was

removed from the gel by three sequential 5-mm equilibrations with 50 mM Tris pH 8.3.

Gels were equilibrated twice for 5 mm with Towbin buffer (25 mM Tris-base, 192 mM

glycine. 20% MeOH, 0.1% SDS) (Towbin et al., 1979). Proteins were transferred to

Hybond ECL nitrocellulose (Amersham, Piskataway NJ) for 50 mm at 60 mA using a

Bio-Rad Transblot SD transfer cell. After transfer, membranes were blocked by

incubating them for 12 hours at 4°C in TBS-T (15 mM Tris pH 7.6, 140 mM NaC1, 0.1%

Tween-20). Membranes were probed for thioredoxin by incubating them for 1 hour at

room temperature in 25 ml TBS-T containing a 1:10,000 dilution of goat anti-human

thioredoxin polyclonal antibody (American Diagnostica, Greenwich, CT) or a 1:10,000

dilution of rabbit anti-yeast thioredoxin polyclonal antibody (E. Muller, U. of

Washington, Seattle, WA). Primary antibody was detected by incubating membranes I

hour at 28°C in 25 ml TBS-T containing a 1:10,000 dilution of rabbit anti-goat IgG

antibody (Accurate, Westbury, NY) or a 1:10,000 dilution of donkey anti-rabbit lgG

antibody (Amersham, Piscataway, NJ) that were conjugated to horseradish peroxidase.

Antigen was visualized by chemiluminescence using ECL reagents (Amersham,

Piscataway, NJ) and exposure to BioMax-ML X-ray film (Kodak, New Haven, CT.).

Densitometry was done using a Molecular Dynamics densitometer.
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Mammalian cell transfection and transformation

Cells were transfected using LipofectAmine (Invitrogen, Carlsbad, CA) following

the manufacture? s instructions. Cells were seeded at either I x I 0 per 35-mm dish 24

hours prior to transfection. For stable transformations, 5 jig DNA was prepared by

diluting in 100 jil serum-free medium and sterilized by extraction with I volume

chloroform. A second solution containing Lipofectamine was prepared by diluting 5-jtI

of Lipofectamine reagent in 100 jil of serum-free medium. The DNA and lipofectamine

solutions were then mixed, vortexed for 10 seconds and allowed to incubate 40 mm at

room temperature. Immediately prior to transfection, monolayers were washed twice

with serum-free medium and I ml of serum-free medium was added to each 35-mm dish.

The LipofectAmine-DNA mixture was raised to a fmal volume of I ml by the addition of

800-j.tl serum-free medium and gently mixed. The LipofectAmine-DNA mixture was

then applied drop-wise to the cell monolayer and incubated at 37°C for 24 hours. The

medium was adjusted to 10% BCS by the addition of I ml of medium containing 20%

BCS to each 35-mm culture dish, resulting in a fmal volume of 2 ml medium containing

10% BCS. For transient transfection, the cells were incubated an additional 12 to 48

hours and harvested. For stable transformants, cells were incubated an additional 24

hours after receiving serum containing medium and passaged by washing twice in serum-

free medium and incubating in I ml trypsin/EDTA (2% tiypsin, 10 mM Tris-HC1, pH 7.0,

1 mM EDTA) at 37°C until cells were in suspension (approximately 10 mm).

Trypsinization was quenched by adding three volumes ofserum-containing medium and

cells were collected by centrifugation at 1,000 rpm in a table top centrifuge. The culture
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medium was removed by aspiration and the cell pellet was resuspended in 10 ml serum-

containing medium by briefly vortexing. Two 8-cm culture dishes were prepared by

adding 10 ml serum-containing medium adjusted to a fmal concentration of 400 jig/mi

G41 8 (GIBCO-BRL, Gaithersberg, MD). A 1-mi volume of the resuspended cells was

added to each dish, and incubated at 37°C. The medium was replaced with fresh serum-

containing medium containing 400 mg/mi G4 18 every 3 days for approximately 14 days,

or until stable colonies were visible. Stable transformants were then passaged and

maintained at a working concentration of 100 jig/mi G418.

Purification of histidine-tagged p53 and thioredoxin

Histidine-tagged thioredoxin was isolated from BL2I (DE3) E. coli transformed

with pET28a-TRX. Cultures were grown to 0.8 0D600 at 37°C in LB medium containing

50 jig/mI kanamycin and induced for three hours prior to harvest by the addition of 1 mM

IPTG. Cells were harvested by centrifugation at 6,000 x g for 15 mm and incubated at

room temperature for 20 mm in JO ml TALON extraction buffer (50 mM sodium

phosphate, pH 7.0, 300 mM NaCl) containing 0.75 mg/mi lysozyme. Cells were then

sonicated twice for 15 sec at maximum power. The lysate was clarified by centrifligation

at 12,000 x g for 20 mm and mixed with a 0.5 ml 50% slurry ofTALON Resin

(Clontech, Palo Alto, CA) that had been pre-equilibrated by washing twice in 10 volumes

ofTALON extraction buffer. Binding of histidine-tagged proteins to the resin was

accomplished by slow tumbling of the slurry mixture for 20 mm at 30°C. The slurry was
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transferred to an empty TALON 2-mi gravity column and washed twice with 5 ml

TALON extraction buffer and once with 5 ml TALON wash buffer (TALON extraction

buffer supplemented with 5 mlvi iniidazole). To elute protein, a 5-mi volume of elution

buffer (TALON extraction buffer supplemented with 150 mM imidazole) was added to

the column and eluate was collected in 500-Ill fractions. A 5-tl sample from each elution

was analyzed for protein content by SDS-PAGE and Coomassie staining. Fractions

containing the eluted protein were pooled and protein concentrations were determined

using A280 extinction coefficient of 13,700 (856 ig/ml thioredoxin).

Histidine-tagged p53 was isolated from BL2I (DE3) E. coli transformed with

pET28a-p53. Cultures were grown to 0.8 at 37°C in LB medium containing 50

1g/m1 kanamycin and induced for three hours prior to harvest by the addition of 1 mM

IPTG. Cells were harvested by centrifugation at 6,000 x g for 15 mm and incubated at

room temperature for 20 mm in 10 ml binding buffer (500 mlvi NaC1, 20 mM Tris-HCI,

pH 7.9, 5 mM imidazole) containing 0.75 mg/mi lysozyme. Cells were then sonicated

twice for 15 sec at maximum power. The lysate was clarified by centrifugation at 10,000

x g for 10 mm and the supernatant was transferred to a 2-mi column of Novagen His-

Bind Resin (Novagen, Madison, WI) that had been pre-equilibrated by washing twice in

10 ml of wash buffer (500 mM NaCI, 20mM Tris-HCI, pH 7.9, 60 mlvi imidazole). The

column was allowed to drain and washed twice with 5 ml wash buffer. To elute protein,

a 5-mi volume of elution buffer (500 mlvi NaCl, 20 mM Tris-HCI, pH 7.9, 1 M

imidazole) was added to the column and eluate was collected in 500-Il' fractions. A 5-Il'

sample from each elution was analyzed for protein content by SDS-PAGE and
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Coomassie staining. Fractions containing the eluted protein were pooled and protein

concentrations were determined using A280 extinction coefficient of 38,347 (1 OD=1.14

mg/mI p53). Prior to use in binding assays, recombinant p53 was treated with

biotinylated thrombin to remove the histidine tag. The biotunylated thrombin was

removed with MagPrep streptavidin beads (Novagen, Madison, WI).

In vitro interaction of thioredoxin and p53

In Vitro binding assays were carried out using 400 fmol of p53 and half-log

incremental concentrations of histidine-tagged thioredoxin (ranging from 40 to 4,000

pmol) in 20 tl of binding buffer (0.1 M ITIEPES, pH 7.0, 1 mM EDTA). After Incubating

the mixtures for 30 miii at 37°C, the thioredoxin/p53 complexes were isolated by

TALON affinity chromatography. Eighty microliters of a 50% slurry of TALON Resin

(that had been pre-equilibrated with TALON extraction buffer) was added to the

thioredoxin/p53 mixture and was incubated for 20 miii at 30°C with slow tumbling. The

resin was collected by centriThgation for 30 sec at 14,000 rpm and washed three times by

tumbling for 10 mm in I ml TALON extraction buffer. Bound protein was eluted by

incubation of the resin in 20 tI of TALON elution buffer (50 mM sodium phosphate, pH

7.0, 300 mM NaCI, 150 mlvi EDTA, 150 mlvi imidazol) for 5 miii at room temperature.

After centrifugation for I mm at 14,000 rpm, the supernatant was transfered to a fresh

tube. Samples were mixed with 4X SDS-PAGE sample buffer, boiled 3 miii and

analyzed for the presence of p53 protein by SDS-PAGE and p53 immunoblotting.
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Yeast one-hybrid interaction of LexA/thioredoxin and p53

In vivo interactions between thioredoxin and p53 were measured using a modified

yeast two-hybrid system. The yeast strain W303-1 (mat-a, ade2, leu2, his3, trpl, can],

ura3) was transformed with three plasmids: pSHI 8-35, pBTMI l6mod-TRX and

pRS4I 5GPD53 The plasmid pSHI 8-35 (URA3) contains a LexA-operator (LexOP)

upstream from the basal A 178 CYCJ promoter and LacZ reporter gene. The plasmid

pBTMI l6mod-TRX (TRPI) expresses a LexAlthioredoxin fusion protein to serve as the

"bait" for the interaction with p53. The plasmid pRS4l5Gp53 (LEU2) expresses wild-

type human p53 as the "prey" protein for the interaction. In vivo binding of the

LexA/thioredoxin fusion protein to p53 is expected to stimulate reporter gene expression

by tethering the transactivation domain of p53 to the LexOP. Transformants were

selected on YNB plates lacking uracil, leucine and tryptophan. As a positive control for

maximal p53-stimulated reporter gene activation, a LexA-p53 fusion protein was

expressed from the plasmid pBTMI 16-p53 (TRPI). Colonies were assayed in triplicate

and calculated as a percentage of the maximal reporter gene activity obtained using the

LexAJp53 fusion protein.

Luciferase reporter gene activity measurement in MCF-7 cells

Luciferase reporter gene activity was measured using the Lucifèrase Assay

System (Promega, Madison, WI). Lyophilized luciferase assay reagent was reconstituted

in luciferase assay buffer and stored as 1 ml aliquots at -20°C until use. Samples were

collected by scraping transfected cells from 35-mm plates in 100 tl reporter lysis buffer,
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vortexed 15 seconds, clarified by centrifugation and stored at -80°C until use. Luciferase

activity was measured by placing 20 jil of cell lysate into a scintillation vial, followed by

the addition of 100 jil reconstituted luciferase assay buffer and scintillation counting.

The instrument used was a LS6000 SC (Beckman, Fullerton, CA), in which the

coincidence correction was turned off by selecting the single photon count (SPC) option

as the isotope under the user program review and edit menu. Counts (cpm) were

normalized to the protein concentration of the sample and the data represented as

luciferase activity per microgram protein.

-gaiactosidase activity measurement in yeast and MCF-7 cells

For yeast transformants, 3-gaIactosidase activity was determined by the rapid-

freeze/Sarkosyl method (Kippert, 1995). Colonies were picked in triplicate and grown in

YNB selective medium to an Aj of about 0.4 (10 cells/mi). A 200-jtl aliquot of the

culture was placed in an Eppendorf tube and rapidly frozen in a liquid N2 bath for 10 mm

with the tube cap open. A 400-j.il aliquot of Z buffer (600 mM Na2HPO4, 400 mM

NaH2PO4, 100 mM KC1, 10 mM Mg2SO4, 2% sarkosyl, 20 mM 3-mercaptoethanol) was

added and the tube was thawed for 40 mm at 30°C. The -ga1actosidase reaction was

then initiated by the addition of 150 jil of 4 mg/mi ONPG dissolved in Z buffer.

Incubation at 30°C was continued until samples developed a yellow color. The reaction

was terminated by adding 400 jil of 1.5 M Na2CO3. Samples were clarified by

centriliigation and absorbance at 420 and 600 nm was determined. Enzymatic activity in

rimol ONP min'107 cells1, was calculated by multiplying the ratio of the A420 / Aoo
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values by 421.25 (based on the ONP extinction coefficient of 4,500) and dividing by the

number of minutes elapsed during the reaction.

Thioredoxin reductase activity measurement in MCF-7 cells

Cell monolayers were washed twice with PBS (150 mM NaCJ, 2.5 mM KCL, 100

mM Na2HPO4, 10 mM Kl-12PO4 pH 7.4), using an aspirator to thoroughly remove the

liquid residue after the final wash. Cells were scraped from the dish in 200 jil of PBS and

lysed by sonification twice for 5 seconds at maximal power on ice. Lysates were

dialyzed against 2 liters of sterile PBS pH 7.4 for 24 hours at 4°C, followed by a 10-

minute incubation at 55°C. Denatured proteins were removed by centriThgation at 14,000

rpm for I mm and protein concentration was determined (Bradford, 1976). Samples were

stored at -80°C until use. Thioredoxin reductase activity levels were measured by

monitoring the oxidation of NADPH to NADP at 340 nm using a Beckman

spectrophotometer (extinction coefficient 6,200 M cm'). Two cuvettes were prepared

containing 150 jtM NADPH, 160 .tM insulin (Sigma, St. Louis, MD), 1 mM EDTA, 50

mM phosphate buffer pH 7.0 and 50 jig of lysate protein. One cuvette was adjusted to 10

tM human Trx, while an equal volume of PBS was added to the control cuvette.

Oxidation of NADPH was followed for 5 mm, during which time the oxidation rate was

linear. To calculate thioredoxin reductase activity, the rate of NADPH oxidation in the

absence of thioredoxin was subtracted from the rate of NADPH oxidation in the presence

of thioredoxin.



As human thioredoxin isolated from recombinant bacteria is inactive due to

oxidation of structural cysteines, prior to using it in thioredoxin reductase assays it was

preincubated with a 15-molar excess of DTT for 30 mm at 3 7°C, followed by desalting

using Biogel p6.
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CHAPTER 3

Reporter gene transactivation by human p53 is inhibited in thioredoxin reductase

null yeast by a mechanism associated with thioredoxin oxidation and independent of

changes in the redox state of glutathione

Oxidized thioredoxin and glutathione accumulate in yeast lacking thioredoxin

reductase

Although the Trrl polypeptide has been shown to catalyze thioredoxin-dependent

NADPH oxidation in vitro (Muller, 1994), the relationship between thioredoxin reductase

and the redox state of thioredoxin in vivo has not been determined in eukaryotic cells. To

investigate the effect of deleting the TRRJ gene on the redox state of thioredoxin in vivo,

a recently developed protein electrophoretic mobility shift assay (PEMSA) was used.

The PEMSA scheme is shown in Fig. 3A. Alkylation of thiols with IAA adds a

negatively-charged carboxymethyl adduct; alkylation with JAM adds a neutral

amidomethyl group. As a result, after sequential treatment with IAA, DTT and JAM, the

dithiol form of thioredoxin migrates faster toward the anode than the disulfide form

during urea-PAGE. Mobility standards corresponding to fully reduced and fully oxidized

thioredoxin are prepared by treating samples with DTT prior to IAA or lAM. Unlike

during SDS-PAGE, protein mobility during urea-PAGE is very sensitive to

microheterogeneity in protein charge. Thioredoxin isoforms sometimes migrated as

doublets, formed diffuse bands or had slightly altered mobilities.

Fig. 3B shows data representative of the results obtained when the PEMSA

method was used to determine the redox state of thioredoxin in wild-type and Atrrl yeast.
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Figure 3. Protein electrophoretic mobility assay of thioredoxin redox
state in wild-type and iXtrrl yeast. (A) PEMSA scheme. Thioredoxin inside the cell
is depicted as a mixture of the dithiol and disulfide forms. Mobility standards are
generated by reducing all cysteines with DTT and reacting with either IAA, to
generate a negatively charged carboxymethyl group (A-), or JAM, which adds a
neutral amidomethyl group (M). To measure the in vivo redox state (right side),
lysates are treated sequentially with IAA, DTT and 1AM. Lysate proteins are
separated by urea-PAGE and immunoblotted to visualize the thioredoxin charge
isomers corresponding to the fully reduced (dithiol) or oxidized (disulfide) forms. (B)
PEMSA determination of thioredoxin redox state in wild-type (TRRJ) and Atrrl yeast
(strains W303- 1 a and MY3O 1, respectively). Extracts were sequentially treated with
IAA, DTT and JAM to measure redox state of thioredoxin in wild-type (lane 3) or
Airri (lane 6) cells. Mobility standards corresponding to fully reduced (lanes I and 4)
or fully oxidized (lanes 2 and 5) thioredoxin were prepared from wild-type and zitrrl

yeast as described in panel A.
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Whereas the fast-migrating, dithiol form was the major species in wild-type yeast (lane

3), the slow-migrating, disullide form was the major species in Atrrl yeast (lane 6). The

intermediate-mobility band (labeled "mixed") probably represents an intermolecular

disuffide between a thioredoxin cysteine and another sulfhydryl-containing protein or

compound in the cell. In both wild-type and Atrr] yeast, if lysate was reduced with DTT

prior to alkytation with IAA, all of the thioredoxin in the sample was converted to the

fast-migrating form (lanes I and 4). Conversely, if lysate was reduced with DTT and

then alkylated with lAM, all of the thioredoxin in the sample was converted to the slow-

migrating form (lane 2 and 5). In addition to serving as mobility standards, these control

samples also established that the antibody used to visualize thioredoxin recognizes both

the carboxymethylated and amidomethylated forms. The thioredoxin antibody

recognized both forms of thioredoxin equally well.

Table 3 shows the range of values obtained when the ratio of fully-oxidized, half-

oxidized and fully-reduced thioredoxin was determined in several independently-grown

yeast cultures. The 70:12:18 ratio obtained for Atrrl yeast differed significantly (P<0.0I)

from the 34:13:53 ratio obtained for wild-type yeast. The Atrrl mutation resulted in a

2.1-fold increase in the fraction of thioredoxin that was in the disuffide form. As an

alternative means of quantitating and summarizing the extent of thioredoxin oxidation

under each condition, the percent of thioredoxin cysteines oxidized in each individual

sample was calculated by multiplying the fraction of thioredoxin in each isoform by the

fraction of oxidized cysteine in that isoform (1 for the disuffide, 0.5 for the intermediate,

0 for the dithiol). Mean values for the percent of thioredoxin cysteines oxidized in wild-

type cells versus Atrr] cells are shown in the right-hand column of
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Table 3. Summary of thioredoxin redox state in wild-type and Atrrl yeast

Percentage of total2

thioredoxin in each isoform Percent of thioredoxin'
Genotype n Disulfide Mixed Dithiol cysteines oxidized

Wild-type 9 33.8±9.3 12.7±6.5 53.3±103 40.2±9.3
L%Jrrl III 70.4±12.5 12.1±14.7 17.5±8.0 76.4±5.4

redox state of thioredoxin in exponentially growing wild-type (W303- 1 a) and &rrl
(MY3OI) yeast was determined by PEMSA method as described in figure 1.
Densitometry was used to quantitate the percentage of total thioredoxin in each isoform
for n number of independently grown cultures. Values represent mean ± SD (P<0.01).
bTo calculate the percent of thioredoxin cysteines oxidized, the fraction of total
thioredoxin in each isoform in each individual sample was multiplied by the fraction of
oxidized cysteines in that isoform (1 for disuffide; 0.5 for mixed; 0 for dithiol) and the
product was summed. The mean ± SD for n individual samples is shown.
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Table 3. The Atrrl mutation resulted in a 1.9-fold increase in the percent of thioredoxin

cysteines oxidized.

An important concern in studies on the dithiol/disulfide status of proteins is ex

vivo oxidation of the sample. For example, if during the initial alkylation reaction a

significant number of thiols underwent oxidation prior to alkylation, it would

artefactually inflate our in vivo estimate of the fraction of thioredoxin cysteines oxidized.

To address this issue, we determined the effect ofdelaying the addition of the initial

alkylation reagent. Pulverized yeast were thawed at 20°C in alkylation buffer lacking

IAA, and IAA was added after a 1-, 3-, or 15-mm delay. When samples were

subsequently analyzed by the PEMSA method, a gradual increase in thioredoxin

oxidation was noted, such that about half of the cysteines had become oxidized by 15 mm

(table 4). Extrapolation of the curve relating cysteine oxidation state to the time of IAA

addition indicated that 38% of thioredoxin cysteines were in the oxidized form in wild-

type cells at time zero. This closely matched the 40% figure for oxidized cysteines

obtained when samples were thawed in alkylation buffer containing IAA (table 3).

We also investigated the effect of storing the harvested cell pellet at 80°C for

several days prior to pulverization and alkylation, or storing the pulverized sample at

80°C for several days prior to alkylation. No oxidation of thioredoxin occurred during

storage of the cell pellet at 80°C, but some oxidation occurred during storage of the

pulverized sample at 80°C. To avoid the latter oxidation, samples were routinely

alkylated immediately after pulverization. We cannot exclude the possibility that some

oxidation of thioredoxin occurred during pulverization of yeast under liquid nitrogen;
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Table 4. Monitoring ex vivo oxidation of thioredoxin during sample preparation

Time of % of thioredoxin
IAA addition cysteines oxidized

mm

0 40.2

1 42.5

3 50.6

15 54.3

Pulverized wild-type (W303- I a) samples were thawed at 20°C in alkylating buffer
lacking IAA. IAA was then added to the sample afler a 1-, 3- or I 5-mm delay. The rate
of ex vivo oxidation resulting from the delay of alkylation was calculated (Y=0.00672x +
0.450) indicating a negligible amount of oxidation occurs when samples are thawed
directly in IAA.
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however, we have not noted any increase in the fraction of thioredoxin oxidized when

samples were ground for longer times than usual. During neither storage, pulverization

nor alkylation have we seen any evidence for greater ex vivo oxidation of thioredoxin in

Atrrl samples. We therefore conclude that the difference in thioredoxin redox states

between wild-type and Atrrl cells shown in table 3 is indicative of the difference in the

redox state of thioredoxin in vivo.

In sumnialy, although some fully reduced thioredoxin persisted in txtrrl cells, the

Airrl mutation resulted in a significant shift of thioredoxin to the disuffide form. The

observation that efficient reduction of thioredoxin in vivo was dependent on the product

of the TRRJ gene confirms the physiological relationship between thioredoxin reductase

and thioredoxin long suggested from in vitro enzyme assays.

It was previously shown that S. cerevisiae lacking thioredoxin have increased

total glutathione levels and a higher GSSG:GSH ratio (Gladyshev et al., 1996). To

determine if deletion of thioredoxin reductase had similar effects, the amounts of GSH

and GSSG in wild-type and LVrr] yeast were determined. As shown in Fig. 4A, the Atrrl

mutation resulted in significantly higher total glutathione levels and a disproportionate

increase in the levels of GSSG. Wild-type yeast contained 51 nmols of glutathione per

mg protein, 18% of which was in the GSSG form. In contrast, Atrrl yeast contained 146

nmols of glutathione per mg protein. 32% of which was in the GSSG form. When A/rn

yeast were transformed with a TRRJ-containing plasmid (pRS316-TRRI), total

glutathione and the percent of total glutathione in the GSSG form dropped to levels near

that of wild-type cells. In contrast, when Airri cells were transformed with an empty

control plasmid (pRS3I6), total glutathione and the percent of total glutathione in the
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Figure 4. Glutathione levels, redox state and p53 activity in wild-type and Atrrl

yeast. (A) GSH and GSSG levels were determined in exponentially growing wild-
type (TRRJ) or zltrrl yeast (strains W303-la and MY3O1, respectively) that contained
the p53 effector plasmid pRS314Kp53 and the p53 reporter plasmid pRS315-p53RE-
Z. In addition, where indicated, the zltrrl yeast were transformed with a plasmid
containing the TRRJ gene (pRS316-TRR1) or an empty vector (pRS316). Glutathione
values represent the mean ± SE for three independently-grown cultures, each of which
was analyzed in triplicate. (B) The effect ofTRR1 gene deletion and restoration on
p53 activity was determined by measuring the 3-galactosidase activity produced by
the p53 reporter plasmid. f3-galactosidase values represent the mean ± SD for at least
four transformants, each of which was analyzed in duplicate.
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GSSG form remained significantly elevated. In our experiments, wild-type and Atrrl

yeast yielded 2.5 and 3.8 micrograms of extract protein per lO7cells, respectively. Thus,

wild-type and Atrrl yeast contained 0.13 nmoles and 0.60 nmoles of total glutathione per

I O cells, respectively. Our values for total glutathione in wild-type yeast agree closely

with previous reports (Gladyshev et al., 1999; Mumberg et al., 1995). Elevated total

glutathione levels in Atrrl yeast may be the result of induced expression of the GSHJ and

GSH2 genes encoding gamma-glutamylcysteine synthetase and glutathione synthetase,

respectively. Oxidative stress in general and deletion of TRRJ in particular has been

shown to induce expression of several genes encoding proteins with antioxidant roles,

including GSHJ and GSH2 (Mustacich and Powis, 2000). The results in Fig. 4A suggest

that, in the absence of thioredoxin reductase, greater demands were put on the glutathione

system, resulting in a higher GSSG:GSH ratio and higher total glutathione levels.

We previously showed that the ability of human p53 to transactivate reporter gene

expression is severely inhibited in Atrrl yeast (Merrill et al., 1999; Pearson and Merrill,

1998). To confirm that similar inhibition of p53 activity was occurring in the cells used

in the above determination of thioredoxin and glutathione redox states, the cells were

assayed for p53 transactivation of a p53-responsive LacZ reporter gene. As shown in

Fig. 4B, p53 activity was 7-fold lower in Atrrl cells, and was restored when TRRJ was

ectopically expressed from a plasmid. Thus, changes in p53 activity accompanied the

observed changes in thioredoxin and glutathione redox state.



Glutathione reductase overexpression in Atrrl yeast restores the GSSG:GSH ratio

but not p53 activity

Given that oxidized glutathione accumulates in Az'rr] yeast, inhibition of p53

activity may be a consequence of glutathione oxidation, rather than thioredoxin

oxidation. Therefore, to distinguish the possible role of glutathione redox status from

that of thioredoxin redox status in p53 inhibition, we introduced a highcopy plasmid

containing the yeast glutathione reductase gene GLR] (orfYPLO9IW) into Atrrl cells,

and determined the effect of GLRJ overexpression on both glutathione redox status and

p53 reporter gene transactivation. As shown in Fig. 5, in Atrrl yeast transformed with

the highcopy GLRJ plasmid (YEp195-GLR1), 15% of total glutathione was in the GSSG

form, which was not significantly different from the 18% level present in wild-type cells

(Fig. 4A) and was significantly less than the 32% level present in Atrrl cells transformed

with an empty highcopy control plasmid (YEpI 95).

Although GLRJ overexpression completely reversed the effect of the Atrrl

mutation on the redox state of glutathione, it only partially reversed the effect of the Atrr]

mutation on total glutathione levels, which remained 2.1-fold higher than wild-type

levels. Apparently, even though the GSSG:GSH ratio was restored to that of wild-type

yeast, the absence of thioredoxin reductase still triggered a compensatory mechanism

resulting in increased total glutathione levels.

Fig. 5 also shows the effect of GLRJ overexpression on p53 activity. If inhibition

of p53 in Atrrl yeast was due to an increased GSSG:GSH ratio, reduction of that ratio,

through overexpression of GLRJ, should alleviate the inhibition of p53 activity. Contrary
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Figure 5. Effect of GLR1 overexpression on glutathione redox state and on p53
activity in Atrrl yeast. GSH (open bars), GSSG (solid bars) and p53 reporter gene
3-ga1actosidase activity (shaded bars) were determined in exponentially growing
Atrrl yeast (strain MY3O1) transformed with the p53 effector plasmid pRS3 141'p53,
p53 reporter plasmid pRS3 1 5-p53RE-Z and either a highcopy GLRJ-containing
plasmid (YEp195-GLR1) or an empty highcopy vector (YEp 195). Glutathione values
represent the mean + SE for three independently grown cultures, each of which was
analyzed in triplicate. -galactosidase values represent the mean ± SD for three
transformants, each of which was analyzed in duplicate.
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to this prediction, overexpression of GLRJ in Atrrl cells had no restorative effect on p53

activity. As it is the GSSG:GSH ratio that governs the equilibrium position of

glutathione-dependent protein disulfide reduction reactions, the failure of highcopy GLRJ

to restore p53 activity, even though it restored the GSSG:GSH ratio to normal levels,

indicates that p53 is not responsive to the glutathione system. The data in Fig. 5 show

that glutathione oxidation is not necessary for p53 inhibition in AlrrJ yeast, and support

the idea that p53 activity is specifically sensitive to the redox state of thioredoxin.

Deletion of the glutathione reductase gene does not affect p53 activity

As an additional approach to test glutathione involvement in controffing p53

activity and to test the specificity of thioredoxin involvement, the effect of deleting the

GLRJ gene on p53-dependent reporter gene expression was determined. The GLRJ gene

is the only glutathione reductase gene present in the yeast genome. Two previous studies

showed that deletion of the yeast GLRJ gene results in more than a four-fold increase in

the GSSG:GSH ratio (Gladyshev et al., 1996;Grant el al., 1996). As shown in Table 5,

deletion of GLRJ did not affect p53 activity. Identical levels of p53-dependent reporter

gene transactivation were observed in congenic yeast strains CY4 and CY7, even though

the laffer strain bears a Aglrl null mutation and has a 4.6-higher GSSG:GSH ratio (Grant

et al., 1996). The data in Table 5 support the conclusion drawn from Fig. 5 that p53

activity is not responsive to the glutathione system.

The Aglrl mutation did not affect the redox state of thioredoxin (Fig. 6). The

redox state of thioredoxin was measured in the Agfr] yeast strain CY7. Cell extracts
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Table 5. Reporter gene transactivation by p53 in AgIrl yeast lacking glutathione
reductasea

Strain Genotype Plasmid -galactosidase activity
(nmol ONP/min)/1 0' cells

CY4 GLRJ pRS4I 6GPD53 62 ± 15
CY4 GLRJ pRS4l6°' o

CY7 Ag/ri pRS4 16p53 62 ± 8
CY7 Ag/ri pRS4l6 0

a All transformants additionally contained the pRS3 I 5-p53RE-Z reporter gene plasmid.
At least six independent transformants were assayed in duplicate for -galactosidase
activity (mean ± SD). The GSSG:GSH ration was previously shown to be 4.6-fold higher
in the Ag/ri strain than the wild-type stain.
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from wild-type (lane 1), Atrrl (lane 2) and Aglrl yeast transformed with the plasmid

YEp 181 -GLR1 (lane 4) or an empty YEp 181 vector (lane 3) were treated sequentially

with IAA, DTT, and lAM to measure the redox state of thioredoxin. Deletion of TRR1

caused the expected shift in thioredoxin from a mostly reduced form in wild-type (lane 1)

to the disuffide form in Atrrl (lane 2). Deletion ofGLR] produced no shift in signal to

the disuffide form (lane 3). Additionally, the redox state of thioredoxin in AglrI yeast

transformed with the YEpI8I -GLR I plasmid containing the GLRJ gene (lane 4) was

ostensibly identical to the redox state of thioredoxin in Aglrl yeast transformed with an

empty YEpI 81 vector (lane 3). Mobility standards corresponding to fully-reduced and

fully oxidized thioredoxin were prepared from Aglrl extracts treated with DTT followed

by either IAA (lane 5) or JAM (lane 6).

Overexpression ofGLRI restored GSSG:GSH ratio but did not restore p53

activity in Atrr] yeast. It was not known whether GLRJ overexpression restored the Trx

disuffide:Trx dithiol ratio in Atrrl yeast. IfGLRJ overexpression restored the Trx

disuffide:Trx dithiol ratio, but did not restore p53 activity, then p53 inhibition is not due

to thioredoxin oxidation and we would have to reject the model that the oxidation state of

thioredoxin governed p53 activity. To test this prediction, we measured the redox state

of thioredoxin in Atrrl cells transformed with the highcopy GLR] plasmid (YEpI 95-

GLRI) or an empty highcopy control plasmid (YEpI95). As a positive control for

restoration of the Trx redox state, we also transformed Atrrl cells with a ARS/CEN

plasmid containing TRRJ (pRS3 I 6-TRR) or with an empty vector (pRS3 16). The results

are shown in Fig. 7. In Atrrl yeast transformed with YEpI95 (lane 5) or YEpI95-GLRI

(lane 6), thioredoxin remained primarily in the oxidized state. In contrast, in LVrrl yeast
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transformed with pRS3 I 6-TRRI (lane 2), thioredoxin was restored to primarily

the reduced state. In Atrrl yeast transformed with the empty vector pRS3I6 (lane I),

thioredoxin remained primarily oxidized. Mobility standards were generated by treating

extracts with DTT followed by either lAM or IAA to generate markers corresponding to

fully-oxidized and fully-reduced isomers from cells transformed with both pR3l 6-TRRI

cells (lanes 3 and 4) or YepI 95- GLRI (lanes 7 and 8). As illustrated by Fig. 7, the

intensity in thioredoxin signal often varied substantially between samples. While the

cause of the variation in thioredoxin levels has not been identified, it does not affect the

accuracy of redox measurements. Differences in signal intensity between samples are

normalized by the conversion of each sample to a ratio between the possible isoforms of

thioredoxin within each lane. The failure of highcopy GLRJ to restore the redox state of

thioredoxin and to restore p53 activity in Atrrl was consistent with the model that p53

activity was dependent on the redox state of thioredoxin.
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CHAPTER 4

Inhibition of thioredoxin reductase inhibits p53 reporter gene transactivation in
MCF-7 cells

Thioredoxin redox state in MCF-7 cells

Reporter gene transactivation by human p53 is compromised in yeast lacking the

TRRJ gene encoding thioredoxin reductase (Pearson and Merrill, 1998). The redox state

of both thioredoxin and glutathione is affected by the Atrrl mutation, however the

oxidation of glutatbione was shown to be neither sufficient nor necessary for p53

inhibition in Nrrl cells (Merwin et al., 2003). Thus, in yeast, p53 specifIcally requires

an intact thioredoxin system in order to function as a sequence-specific transcription

factor. While yeast offers several advantages as a system for studying fundamental

aspects of p53 function, the mammalian cell relevance of yeast results needed to be

addressed.

In order to determine if p53 activity was dependent on an intact thioredoxin

system in mammalian cells, the human breast adenocarcinoma cell line MCF-7 was used.

This cell line was chosen because it contains a wild-type p53 gene and has been shown to

be efficiently transformed and transfected with effector and reporter plasmids. Previous

studies using MCF-7 cells showed that they are capable of inducing endogenous p53

target genes and exogenous p53 reporter genes (Nagasawa et al., 1995; Tang et al., 1998;

Froesch et al., 1999).

A modified version of the PEMSA assay was used to measure the redox state of

thioredoxin in human cells. Human thioredoxin contains five cysteines. Cysteines 32 and
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dithiol and disullide forms during oxidoreduction reactions. Three additional cysteines

are found at positions 61, 68 and 72 and are referred to as structural cysteines. They are

not present in the thioredoxins of prokaryotes and lower eukaryotes. Fig. 8A depicts the

PEMSA strategy for measuring the redox state of human thioredoxin. Thioredoxin in the

cell is depicted as a mixture of the fully reduced and disuffide forms. The structural

cysteines are assumed to be completely reduced. When the cells are lysed in the presence

of urea and iodoacetate (IAA), all free thiols acquire acidic carboxymethyl adducts. The

reaction is carried out under denaturing conditions to insure that all protein thiols are

accessible to alkylation. Sequential treatment with DTT and iodoacetamide (lAM)

results in the addition of a neutral amidomethyl adduct to newly generated thiols that

were involved in disultide bonds during IAA alkylation. When lysates are subsequently

analyzed by urea-PAGE, the fully-reduced form of thioredoxin, with five negatively

charged carboxymethyl adducts, migrates more rapidly toward the anode than the

disulfide form, which has only three negatively charged adducts. Fig. 8A also shows

how electrophoretic markers corresponding to fully reduced (lane 1), fully oxidized (lane

2) or a ladder of all six charge isomers (lane 3) can be prepared by treating lysate with

DTT prior to a]kylation with IAA, JAM or a mixture of IAA and JAM, respectively.

The modified PEMSA assay was used to determine the redox state of thioredoxin

in human MCF-7 cells (Fig. 8B). Lysates treated sequentially with IAA, DTT and lAM

revealed that about 90% of total thioredoxin migrated with the 5 mobility expected for

the fully-reduced protein and about 6% of total thioredoxin migrated with the 3 mobility

expected for the disuffide form (lane 4). A small fraction of total thioredoxin migrated
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Figure 8. Protein electrophoretic mobility shift assay for thioredoxin redox state
in mammalian cells (A) Assay scheme. Human thioredoxin contains five cysteines
which results in six charge isomers in the PEMSA assay. To generate an alkylation
ladder representing all six thioredoxin charge isomers, cells were lysed in alkylation
buffer containing DTT to reduce any disulfides present. Electrophoretic mobility
markers corresponding to fully reduced (lane 1), fully oxidized (lane 2) or a ladder of
all six thioredoxin charge isomers (lane 3) were prepared by treating the reduced
lysate with JAA, JAM or a mixture of JAA and 1AM, respectively. To determine the
redox state of thioredoxin in vivo (lane 4), cells were lysed in alkylation buffer
containing IAA to carboxymethylate thiols, then treated with DTT and JAM to reduce
and amidomethylate disulfides. Urea is present during all steps of the procedure to
ensure that all thiols are accessible to alkylating and reducing agents. To visualize
thioredoxin, the electrophoretically separated proteins were transferred to
nitrocellulose and immunostained. (B) Thioredoxin redox state in MCF-7 cells.
Mobility standards (lanes 1-3) were prepared as described in panel A. To determined
the redox state of thioredoxin in vivo, cell lysates were treated sequentially with JAA,
DTT and JAIVI (lane 4). The bars on the left represent the expected mob ilities for the
six potential charge isomers of thioredoxin. Trx and Trx represent the mobilities
expected for the disulfide and fully reduced forms, respectively.
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with a -4 mobility, which is likely the result of an intermolecular disuffide between a

thioredoxin cysteine and another sulihydryl-containing protein or compound in the cell.

Effect of oxidative stress on thioredoxin redox state in MCF-7 cells

The use of chemical oxidants offers one approach to altering the redox state of

thioredoxin in MCF-7 cells. The effect ofoxidants on the redox state of thioredoxin can

also be used to validate the PEMSA assay as a means of measuring changes in the redox

state of thioredoxin under different oxidative conditions. If, at a certain concentration, a

chemical oxidant were to shift thioredoxin to the disulfide form and yet not induce a

pervasive oxidation of global proteins, then a pharmacological regime could be used to

test the relationship between thioredoxin redox state and p53 activity in mammalian cells.

Accordingly, the effect of the oxidants diamide, hydrogen peroxide (11202) and I -chloro-

2,4-dinitrobenzene (DNCB) on the redox state ofthioredoxin in MCF-7 cells was

determined.

The effect of acute exposure of the thiol-specific oxidant diamide on the redox

state of thioredoxin in MCF-7 cells is shown in Fig. 9. A 30-mm treatment caused

measurable thioredoxin oxidation at all diamide concentrations tested. In non-treated

cells (lane 2), most of the thioredoxin was in the fully reduced form. in cells exposed to

0.3 mM diamide (lane 3), most of the thioredoxin was shifted to the disullide form, but

some thioredoxin had more than two oxidized cysteines, which suggested that structural

as well as active-site cysteines were becoming oxidized. In cells exposed to 1.0 mM

diamide (lane 4), only trace amounts of the disullide form remained and virtually all of
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the thioredoxm had been shifted to higher oxidation states.

Table 6 shows densitometric quantification of the relative level of each

thioredoxin isomer in each sample. In non-treated cells, 94% of thioredoxin was in the -

5, fully reduced form. In cells exposed to 0.3 mM diamide, only 20% of thioredoxin was

in the fully reduced form and 34% was in the -3, disuffide form. In cells exposed to I

mM diamide, no thioredoxin was in the fully-reduced form, only trace amounts were in

the disuffide form, and 98% was in more highly oxidized forms. The shift from the fully-

reduced to disullide form in cells treated with the lower diamide concentration suggested

that the active-site cysteines of thioredoxin were involved in either reducing diamide

directly or reducing disulfides generated elsewhere in the cell in response to the diamide.

However, even at 0.3 mM diamide, 30% of thioredoxin was more oxidized than the

disulfide form, suggesting that structural cysteines were being oxidized.

Because thioredoxin molecules more oxidized than the disuffide form were

present in some samples, an alternative way of summarizing and comparing the redox

state of thioredoxin under various conditions was developed. The percentage of total

thioredoxin cysteines that were oxidized in each sample was calculated by multiplying

the fraction of thioredoxin in each isoform by the fraction of oxidized cysteines in that

isoform. For example, in the slowest migrating, zero-charge isomer, all five cysteines are

oxidized and therefore the fraction of total signal in the slowest migrating isomer was

multiplied by 1. In the next slowest migrating isomer, four out of five cysteines are

oxidized, and therefore the fraction of total signal in the -4 isomer was multiplied by 0.8.

The values for oxidized cysteines in each isomer were then summed to determine the

total fraction of thioredoxin cysteines oxidized under each experimental condition.



76

Table 6. Densitometric analysis of thioredoxin redox state in diamide-
stressed MCF-7 cells2

Diamide Charge Fraction of Fraction of Oxidized Cys in isomer!
(mlvi) Isomer thioredoxin in oxidized Cys total thioredoxin Cys

isomer in isomer in sample

0 0 0.00 1.0 0.00
-1 0.00 0.8 0.00
-2 0.00 0.6 0.00
-3 0.00 0.4 0.00
-4 0.06 0.2 0.01
-5 0.94 0.0 0.00

sum 1.00 0.01

0.3 0 0.03 1.0 0.03
-1 0.15 0.8 0.12
-2 0.12 0.6 0.07
-3 0.34 0.4 0.14
-4 0.16 0.2 0.03
-5 0.20 0.0 0.00

sum 1.00 0.39

1.0 0 0.48 1.0 0.48
-1 0.35 0.8 0.28
-2 0.15 0.6 0.09
-3 0.02 0.4 0.01
-4 0.00 0.2 0.00
-5 0.00 0.0 0.00

sum 1.00 0.86

aThe density of each band in Fig. 9 was normalized to the total density of all bands in
each lane in order to obtain the fraction of total thioredoxin in each isomer. The fraction
of thioredoxin in each isomer was multiplied by the fraction of oxidized cysteine in the
isomer to determine the amount of oxidized cysteine in the isomer(s) as a fraction of the
total thioredoxin cysleines in the sample.
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As shown in the right hand column ofTable 6, in non-treated cells, only 1% of total

thioredoxin cysteines were oxidized. In contrast, in cells exposed to 0.3 mM diamide,

39% of total thioredoxin cysteines were oxidized and in cells exposed to 1.0 mM

diamide, 86% of total thioredoxin cysteines were oxidized. The high percentage of

cysteines becoming oxidized in response to diamide treatment suggested that both active-

site and structural cysteines in thioredoxin were prone to oxidation in diamide-treated

cells.

The effect of acute exposure to hydrogen peroxide (H202) on the redox state of

thioredoxin in MCF-7 cells is shown in Fig. 10. In non-treated cells (lane 2), most of the

thioredoxin was in the fully reduced form. In cells exposed to 1 mM 11202 (lane 3), most

of the thioredoxin remained in the fully reduced form, but a significant amount of

thioredoxin shifted to the disulfide form. In cells exposed to 3 mM 11202 (lane 4),

approximately equal amounts of thioredoxin were in the fully reduced arid disullide

forms. In cells exposed to 10 mM 11202 (lane 4), all of the thioredoxin had been shifted

to higher oxidation states. The presence of charge isomers at the -2 and -1 positions at all

H202 concentrations tested (lanes 3-5) indicated that some thioredoxin had more than two

oxidized cysteines, which suggested that structural cysteines, as well as active-site

cysteines, were becoming oxidized.

The effect of acute exposure to l-chloro-2,4-dinitrobenzene (DNCB) on the redox

state of thioredoxin in MCF-7 cells is shown in Fig. II. DNCB has been described as a

specific inhibitor of thioredoxin reductase based on in vitro assays using purified

thioredoxin and thioredoxin reductase (Nordberg et aL, 1998). If DNCB specifically

inhibits thioredoxin reductase activity in vivo, the disuffide form of thioredoxin should
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accumulate in DNCB-treated cells. Instead, treatment of cells with increasing

concentrations of DNCB caused a gradual shift in thioredoxin from the fully-reduced

state to more oxidized forms (lanes 3-6). Furthermore, at no DNCB concentration did the

disuffide form of thioredoxin predominate, which indicated that both the active-site and

structural cysteines in thioredoxin were equally prone to oxidation by DNCB. These

results suggested that the DNCB-dependent inhibition of thioredoxin reductase

previously reported is a result of non-specific oxidation of thiol-containing enzymes.

Although treatment of MCF-7 cells with oxidants resulted in thioredoxin

oxidation, highly oxidized forms of thioredoxin that accumulated in oxidant-treated cells

indicated that these pharmacological approaches could not be used to study the

relationship between thioredoxin redox state and p53 activity. The oxidation of structural

cysteines in thioredoxin suggests that non-specific cysteine oxidation was likely

occurring on multiple cellular proteins. Therefore, it would be difficult to determine if

measured effects on p53 activity in response to oxidant treatment were due to oxidation

of thioredoxin, or to a direct effect of the oxidant on p53 or other cellular proteins.

Effect of selenium on thioredoxin reductase activity and thioredoxin redox state in

MCF-7 cells

As an alternative approach to the use of pharmacological thiol oxidants, the

relationship between thioredoxin reductase, thioredoxin redox state and p53

transcriptional activity can be investigated by the inhibition of thioredoxin reductase.

One strategy to achieve inhibition of thioredoxin reductase involves the micronutrient

selenium. Thioredoxin reductase is a selenocysteine-containing enzyme and exposure to
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selenium has been shown to boost thioredoxin reductase activity up to 30-fold in MCF-7

cells (Gallego el aL, 1997). Thus, it is possible that selenium depletion could be used to

alter the redox state of thioredoxin by affecting thioredoxin reductase levels. If so,

selenium depletion and supplementation could be used to investigate the relationship

between the thioredoxin system and p53 activity in human cells.

Initial experiments focused on the effect of selenium addition on thioredoxin

reductase activity in MCF-7 cells. Serum contains trace amounts of selenium; therefore,

to achieve lower levels of selenium, cells were incubated under serum-free conditions.

Table 7 shows thioredoxin reductase activity levels in MCF-7 cells incubated under

serum-containing and serum-free medium with or without the addition of I tM selenium.

In cells switched from 10% serum-containing medium to serum-free medium,

thioredoxin reductase activity did not significantly decrease on any of the dates tested. In

cells switched from 10% serum-containing medium to serum-free medium containing 1

tM selenium, thioredoxin reductase activity increased by 9-fold on day 3, 3-fold on day

5 and 4-fold on day 7. In cells incubated under 10% serum-containing medium

containing I tM selenium, thioredoxin reductase activity increased by 15-fold. These

results indicated that thioredoxin reductase activity could be induced in MCF-7 cells by

the addition of I M selenium to the culture medium, however, thioredoxin reductase

activity could not be significantly decreased by depletion of selenium from the culture

medium.



Table 7. Effect of selenium on thioredoxin reductase activity in MCF-7 cells

Experimenta Day Thioredoxin Reductase Activity
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no addition + selenium

nmol NADPH mini pgprotein'

I (serum-free) 0 2.0 ± 1.6
3 1.3±1.3 11.9±0.9
5 1.7±0.9 5.7±1.9
7 4.8 ± 3.8 18.9± 6.6

2(10%FCS) 3 0.8±0.7 12.2±3.6
2 Experiment 1. Cells were plated in serum-containing medium and 24 hours later were
switched to serum-free medium ± I jiM sodium selenite. Thioredoxin reductase levels
were determined at the indicated time afier the switch. Experiment 2. Cells were plated
in serum-containing medium and 24 hours later were switched to fresh serum-containing
medium ± I jiM sodium selenite and thioredoxin reductase levels were determined at the
indicated time after the switch (mean ± SD, n4).
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The redox state of thioredoxin was measured by the PEMSA method in MCF-7

cells incubated under serum-free conditions in both the presence and absence of I tM

selenium (Fig. 12). The absence of selenium in the culture medium did not correlate with

an increase in thioredoxin oxidation on any of the days monitored (lanes 5, 7, and 9).

Although removal of selenium had no effect on the redox state ofthioredoxin, it is

possible that the 9-fold induction of thioredoxin reductase activity by the addition of 1

jiM selenium could affect the redox state of thioredoxin. The presence of I jiM selenium

in the culture medium did not correlate with more highly reduced forms of thioredoxin

(lanes 4, 6 and 8). These results indicated that depletion of selenium from the culture

medium did not result in an increase in thioredoxin oxidation in MCF-7 cells. Thus,

depletion of selenium could not be used to study the relationship between thioredoxin

redox state and p53 activity.

The ability to induce thioredoxin reductase activity in MCF-7 cells by incubation

in medium containing selenium provided a means to investigate the link between

thioredoxin reductase activity and the redox state of thioredoxin in mammalian cells.

Treatment of MCF-7 cells with diamide resulted in the accumulation of the disuffide

form of thioredoxin, which indicated that exposure to diamide resulted in the oxidation of

the active-site cysteines. We therefore investigated if selenium-treated cells, expressing

high levels of thioredoxin reductase activity, were more resistant to the diamide-induced

shill in thioredoxin to the disulfide form.

The PEMSA method was used to measure the redox state of thioredoxin in MCF-

7 cells exposed to increasing concentrations of diamide during incubation under medium

with and without I jiM selenium (Fig. 13). In cells incubated under medium containing
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I tM selenium (lane 2), and in cells incubated under medium lacking selenium (lane 6),

most of the thioredoxin was in the fully reduced form. In cells incubated under medium

lacking selenium, increasing concentrations of diamide resulted in increasing thioredoxin

oxidation (lanes 7-9). In cells incubated under medium containing 1 tM selenium,

increasing concentrations of diamide resulted in a similar increase in thioredoxin

oxidation (lanes 3-5). Although the difference in thioredoxin oxidation was not

significantly lower in cells incubated under medium with I j.tM selenium compared to

cells incubated under medium without selenium, a slight trend towards lower amounts of

thioredoxin oxidation was observed in cells incubated under medium containing selenium

during diamide treatment.

Table 8 shows densitometric quantification of the relative signal of each

thioredoxin isomer in each sample. The percentage of total thioredoxin cysteines that

were oxidized in each sample was calculated by multiplying the fraction of thioredoxin in

each isoform by the fraction of oxidized cysteines in that isoform. In cells challenged

with 0.1 mM diamide, the percentage of oxidized cysteines in thioredoxin increased from

19% in selenium-treated cells to 23% in non-treated cells. A slightly larger effect was

observed at in cells challenged with 0.3 mM diamide with a shift in the percentage of

oxidized cysteines in thioredoxin from 44% in selenium-treated cells to 67% in non-

treated cells. These results are consistent with the idea that diamide-induced oxidative

stress results in oxidation of the active-site cysteines in thioredoxin, and that a greater

percentage of oxidized thioredoxin can be regenerated to the reduced form in cells

expressing high levels of thioredoxin reductase.



Table 8. Densitometric analysis of the effect of selenium on thioredoxin redox
state in diamide-stressed MCF-7 cells

Thioredoxin charge isomer
Diamide Se1enium
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0 -1 -2 -3 -4 -5 all

(mM) fraction ofthioredoxin in isomerb
(oxidized cys in isomer/total cys in samplef

0 0.00 0.00 0.00 0.04 0.09 0.87 1.00
(0.00) (0.00) (0.00) (0.02) (0.02) (0.00) (0.04)

+ 0.00 0.00 0.03 0.09 0.09 0.79 1.00
(0.00) (0.00) (0.02) (0.04) (0.02) (0.00) (0.06)

0.1 0.00 0.07 0.06 0.30 0.10 0.48 1.00
(0.00) (0.06) (0.03) (0.12) (0.02) (0.00) (0.23)

+ 0.01 0.06 0.05 0.22 0.11 0.56 1.00
(0.01) (0.04) (0.03) (0.09) (0.02) (0.00) (0.19)

0.3 0.25 0.29 0.14 0.25 0.03 0.06 1.00
(0.25) (0.23) (0.08) (0.10) (0.01) (0.00) (0.67)

+ 0.11 0.16 0.14 0.29 0.09 0.21 1.00
(0.11) (0.12) (0.09) (0.12) (0.02) (0.00) (0.44)

1.0 0.55 0.29 0.13 0.03 0.00 0.00 1.00
(0.55) (0.23) (0.08) (0.01) (0.00) (0.00) (0.87)

+ 0.40 0.33 0.15 0.10 0.01 0.02 1.00
(0.40) (0.26) (0.09) (0.04) (0.00) (0.00) (0.79)

2Cells were incubated three days ± 1 mM Na-selenite and were then exposed to diamide
for 30 minutes.
b The density of each band in Fig. 13 was normalized to the total density of all bands in
each lane in order to obtain the fraction of total thioredoxin in each charge isomer.

The fraction of total thioredoxin in each isomer was multiplied by the fraction of
oxidized cysteine in each isomer to determine the amount of oxidized cysteine in the
isomer(s) as a fraction of the total thioredoxin cysteines in the sample.
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Thioredoxin reductase activity, thioredoxin redox state and p53 reporter gene
transactivation in MCF-7 cells stably transformed with a dominant-negative TR1
construct

Previous investigators have shown that expression of truncated forms of

thioredoxin reductase act as dominant-negative suppressors of endogenous thioredoxin

reductase activity in transfected cells (Hofmann et al., 1998). The plasmid pCXN2-TR1 -

ID (obtained from Dr. Flofihian, University of Maryland) encodes the 171-amino acid C-

terminal interface domain required for the formation of the functional homodimeric

enzyme. In cells transformed with pCXN2-TRI-ID, thioredoxin reductase activity was

inhibited 7-fold (Hofmann et al., 1998). We stably transformed MCF-7 cells with

pCXN2-TR I-ID or an empty vector (pCXN2) using G4 18 selection. The levels of

thioredoxin reductase activity in the transformants are shown in Table 9. Thioredoxin

reductase activity was measured in triplicate for each value reported in the table.

Thioredoxin reductase activity in cells transformed with the dominant-negative construct

(0.8 nmol NADPH oxidized min'mg') was 4.3-fold less than in cells transformed with

the empty vector (3.2 nmol NADPH oxidized min'mg5.

Fig. 14 shows the redox state of thioredoxin in MCF-7 cells stably transfonned

with the dominant-negative TRI construct or with the empty vector. Slightly more of the

disuffide form of thioredoxin was observed in cells transformed with the dominant-

negative TRI construct (lanes 5-7) than in cells transformed with the empty vector (lanes

2-4). Table 10 shows densitometric quantification of the relative signal of each

thioredoxin isomer in each sample. In cells transformed with the dominant-negative TRI
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Table 9. Thioredoxin reductase activity in MCF-7 cells stably transformed with a
dominant-negative TR1 construct

Plasmid Thioredoxin reductase activitya

ii iii Mean

nmol NADPHmin' pgprotein'

pCXN2 5.3 1.3 3.1 3.2±1.6

pCXN2-TRI-ID 0.4 0.9 0.8 0.8 ± 0.2

a Thioredoxin reductase was assayed in three independently-grown polyclonal cultures of
MCF-7 cells (i, ii and iii) that were transformed with a plasmid encoding the interaction
domain of thioredoxin (pCXN2-TRI-ID) or an empty vector (pCXN2). The mean ± SD
is shown at right (P=0.02). Previous work showed that a polypeptide containing only the
interaction domain acts as a dominant-negative inhibitor of thioredoxin reductase.
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Table 10. Densitometric analysis of thioredoxin redox state in MCF-7 cells stably
transformed with a dominant-negative TR1 construct

Fraction of Fraction of Oxidized Cys in isomer!
Transformant Charge thioredoxin in oxidized Cys total thioredoxin Cys

Isomer isomer in isomer in sample

1. ii. iii. i. ii. iii.

pCXN2 0 0.00 0.00 0.00 1.0 0.00 0.00 0.00
-1 0.00 0.00 0.00 0.8 0.00 0.00 0.00
-2 0.00 0.00 0.00 0.6 0.00 0.00 0.00
-3 0.10 0.09 0.10 0.4 0.04 0.04 0.04
-4 0.03 0.04 0.02 0.2 0.01 0.01 0.00
-5 0.87 0.87 0.88 0.0 0.00 0.00 0.00
all 1.00 1.00 1.00 0.05 0.05 0.04

pCXN2-TRI-ID 0 0.00 0.00 0.00 1.0 0.00 0.00 0.00
-1 0.00 0.00 0.00 0.8 0.00 0.00 0.00
-2 0.00 0.00 0.00 0.6 0.00 0.00 0.00
-3 0.18 0.19 0.19 0.4 0.07 0.08 0.07
-4 0.04 0.03 0.02 0.2 0.01 0.01 0.01
-5 0.78 0.78 0.79 0.0 0.00 0.00 0.00
all 1.00 1.00 1.00 0.08 0.09 0.08

The density of each band in Fig. 14 was normalized to the total density of all bands in
each lane in order to obtain the fraction of total thioredoxin in each isomer. The fraction
of total thioredoxin in each isomer was multiplied by the fraction of oxidized cysteine in
the isomer to determine the amount of oxidized cysteine in the isomer(s) as a fraction of
the total thioredoxin cysteines in the sample.
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vector, 10% of thioredoxin was in the -3 disuffide from.

The percentage of total thioredoxin cysteines that were oxidized in each sample

was determined by multiplying the fraction of thioredoxin in each isoform by the fraction

of oxidized cysteines in that isoform. As shown in the right hand columns of Table 10, in

cells transformed with the dominant-negative TRI construct, 8% of total thioredoxin

cysteines were oxidized. In cells transformed with the empty vector, 5% of the total

thioredoxin cysteines were oxidized. These results suggested that in cells expressing less

than 25% of normal thioredoxin reductase activity, the redox state of thioredoxin was not

significantly affected. Either the residual thioredoxin reductase was sufficient to

maintain a flow of electrons from NADPH to thioredoxin, or thioredoxin was able to

accept electrons from an alternative electron donor.

The ability of p53 to transactivate a p53 reporter gene was determined in MCF-7

cells transformed with the dominant-negative TRI construct or with the empty vector.

Stable pCXN2-TR i-iD and pCXN2 transformants were transfected with a p53-

responsive luciferase reporter gene (pLuc-p53, Strategene, La Jolla, CA). Reporter gene

activity was measured 48 hours after transfection. The levels of lucifèrase activity in the

transformants are shown in Fig 15. The p53 reporter gene activity in cells transformed

with the dominant-negative TRI construct was 2-fold lower than in cells transformed

with the empty vector. These results supported the conclusion, inferred previously only

from yeast studies, that p53 activity was dependent on an intact thioredoxin system in

mammalian cells.

In order to test ii p53 transcription ofendogenous target genes is also inhibited in

MCF-7 cells stably transformed with the dominant-negative TRI construct, the product
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of two well characterized p53 target genes, p21 and Bax, were measured. lfp2l and Bax

levels are also inhibited by the dominant-negative TR1 construct, it would further support

the conclusion drawn from the results obtained with the p53-responsive luciferase

reporter gene, that p53 requires thioredoxin reductase activity to stimulate transcription.

As shown in Fig. 16, p21 protein levels in cells transformed with the dominant-negative

TRI construct were 3-fold lower than in cells transformed with the empty vector.

Similarly, Bax protein levels in cells transformed with the dominant-negative TRI

construct were 2.5-fold lower than in cells transformed with the empty vector (Fig 15).

The inhibition of endogenous target gene expression in cells transformed with the

dominant-negative TRI construct indicated that efficient target gene transactivation by

p53 was dependent on an intact thioredoxin system.

The effect of the dominant-negative TR1 construct on p53 target gene proteins

could be a result of differences in p53 protein levels. If the levels of p53 protein are not

affected by the dominant-negative TR1 construct, it would indicate that p53 activity,

rather than p53 protein levels, is dependent on thioredoxin reductase activity. As shown

in Fig. 17, the levels of p53 protein in cells transformed with the dominant-negative TRI

construct were equal to the levels of p53 protein in cells transformed with empty vector.

These results indicated that the inhibition of p53 transactivation of reporter genes and

endogenous target genes in cells transformed with the dominant-negative TRI construct

was not due to an effect on the levels of p53 protein.







Thioredoxin reductase activity, thioredoxin redox state and p53 activity in MCF-7

cells stably transformed with a RNAi plasmid targeting thioredoxin reductase

mRNA

As a second means ofsuppressing thioredoxin reductase, RNA interference

(RNAi) was used to target thioredoxin reductase transcripts for destruction. RNAi is

believed to occur as a multi-step process. Double-stranded RNA is recognized and

cleaved into siRNA fragments (2 1-23) by the ribonuclease Dicer. These siRNAs

subsequently assemble with protein components into a RNA-induced silencing complex

(RISC) that tags and destroys mRNAs containing the target sequence (Elbashir ci al.,

2001).

We stably transformed MCF-7 cells with an RNAI construct designed to target
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thioredoxin reductase mRNA (pSUPER-TRI -RNAi) or an empty vector (pSUPER) using

G41 8 selection. The levels of thioredoxin reductase activity in the transformants are

shown in Table ii. Thioredoxin reductase activity was measured in triplicate for each

value reported in the table. Thioredoxin reductase activity in cells transformed with the

RNAi TR1 construct (2.1 ± 0.4 nmol NADPH oxidized min'mg') was 1.7-fold lower

than in cells transformed with the empty vector (3.6 ± 0.2 nmol NADPH oxidized min

'mg5.

Fig. IX shows the redox state ofthioredoxin in MCF-7 cells stably transformed

with the RNAI construct or with the empty vector. The redox state of thioredoxin in cells

transformed with the RNAi construct (lanes 5-7) was ostensibly identical to that in cells

transformed with the empty vector (lanes 2-4). Failure to observe thioredoxin oxidation

was not surprising, as only a 3% increase in thioredoxin oxidation resulted from a
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Table 11. Thioredoxin reductase activity in MCF-7 cells stably transformed with a
RNAI plasmid targeting TRI mRNA

Plasmid Thioredoxin reductase activitya

ii iii Mean

nmol NADPH ox min1 pgprolein'

pSUPER 3.2 3.8 3.7 3.6 ± 0.2

pSUPER-TRI-RNAi 2.6 1.8 1.8 2.1 ± 0.4

Thioredoxin reductase was assayed in three independently-grown polyclonal cultures of
MCF-7 cells (i, ii and iii) that were transformed with either a plasmid that targeted TRI
mRNA for destruction by RNAi (pSUPER-TRI -RNA1) or an empty vector (pSIJPER).
The mean ± SD is shown at right.
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4-fold inhibition of thioredoxin reductase activity in the MCF-7 cells transformed with

the dominant-negative TR I construct (pCXN2-TR I-ID).

Table 12 shows densitometric quantification of the relative signal of each

thioredoxin isomer in each sample. In cells transformed with the RNAi construct and in

cells transformed with the empty vector, approximately 10% ofthioredoxin was in the -3

disuffide form. The percentage of total thioredoxin cysteines that were oxidized in each

sample was determined by multiplying the fraction of thioredoxin in each isoform by the

fraction of oxidized cysteines in that isoform. As shown in the right hand columns of

Table 12, in cells transformed with the RNAi construct, 5% of total thioredoxin cysteines

were oxidized. In cells transformed with the empty vector, 4% of the total thioredoxin

cysteines were oxidized.

The ability of p53 to transactivate a p53 reporter gene was determined in MCF-7

cells transformed with the RNAi construct or empty vector. Stable pSUPER-TRI -RNAi

and pSUPER transformants were transfected with a p53-responsive luciferase reporter

gene (pLuc-p53, Strategene, La Jolla, CA). Reporter gene activity was measured 48

hours after transfection. The levels of luciferase activity in the transformants is shown in

Fig. 19. The p53 reporter gene activity in cells transformed with the RNAi construct was

1.6-fold lower than in cells transformed with the empty vector. These results supported

the conclusion drawn from MCF-7 cells transformed with the dominant-negative TRI

construct, that p53 activity was dependent on an intact thioredoxin system in mammalian

cells.
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Table 12. Densitometric analysis of thioredoxin redox state in MCF-7 cells stably
transformed with a RNA1 plasmid targeting TR1 mRNAa

Fraction of
Transformant Charge thioredoxin in

Isomer isomer

pSUPER

1. ii. iii.

Fraction of Oxidized Cys in isomer!
oxidized Cys total thioredoxin Cys

in isomer in sample

i. ii. iii.

0 0.00 0.00 0.00 1.0 0.00 0.00 0.00
-1 0.00 0.00 0.00 0.8 0.00 0.00 0.00
-2 0.00 0.00 0.00 0.6 0.00 0.00 0.00
-3 0.08 0.09 0.10 0.4 0.03 0.03 0.04
-4 0.05 0.04 0.05 0.2 0.01 0.01 0.01
-5 0.87 0.87 0.85 0.0 0.00 0.00 0.00
all 1.00 1.00 1.00 0.04 0.04 0.05

pSUPER-TRI -RNAi
0 0.00 0.00 0.00 1.0 0.00 0.00 0.00

-1 0.00 0.00 0.00 0.8 0.00 0.00 0.00
-2 0.00 0.00 0.00 0.6 0.00 0.00 0.00
-3 0.08 0.10 0.13 0.4 0.03 0.04 0.06
-4 0.05 0.02 0.04 0.2 0.01 0.01 0.01
-5 0.87 0.88 0.82 0.0 0.00 0.00 0.00

1.00 1.00 1.00 0.04 0.05 0.07

a The density of each band in Fig. 18 was normalized to the total density of all bands in
each lane in order to obtain the fraction of total thioredoxin in each isomer. The fraction
of total thioredoxin in each isomer was multiplied by the fraction of oxidized cysteine in
the isomer to determine the amount of oxidized cysteine in the isomer(s) as a fraction of
the total thioredoxin cysteines in the sample.
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In order to test if p53 transcription of endogenous target genes is also inhibited in

MCF-7 cells stably transformed with the RNAi construct, the product of two well

characterized p53 target genes, p21 and Bax, were measured. If p21 and Bax levels are

also inhibited by the RNAi construct, it would further support the results obtained with

reporter genes that p53 requires thioredoxin reductase activity to stimulate transcription.

As shown in Fig. 20, p21 protein levels in cells transformed with the RNAi construct

were 5-fold lower than in cells transformed with the empty vector. Similarly, Bax protein

levels in cells transformed with the RNAi construct were 3-fold lower than in cells

transformed with empty vector (Fig 20). The inhibition ofendogenous target gene

expression indicated that efficient target gene transactivation by p53 was dependent on

thioredoxin reductase.

The effect of the RNAi construct on p53 target gene proteins could be a result of

differences in p53 protein levels. If the level of p53 protein is not affected by RNAi-

targeting of thioredoxin reductase, it would indicate that p53 activity, rather than p53

protein levels, is dependent on thioredoxin reductase activity. As shown in Fig. 21, the

levels of p53 protein in cells transformed with the RNAi construct were equal to the

levels of p53 protein in cells transformed with empty vector. These results indicated that

the inhibition of p53 transactivation of reporter genes and endogenous target genes in

cells transformed with the RNAi construct was not due to an effect on the levels of p53

protein.

If reduced p53 reporter gene expression in cells stably transformed with the RNAi

construct is a result of thioredoxin reductase inhibition, then restoration of thioredoxin

reductase activity in these cells should restore p513 activity. Previous results indicated
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that the addition of 1 tM selenium to the culture medium resulted in a 15-fold increase in

thioredoxin reductase activity levels in MCF-7 cells. Fig. 22 shows the effect of

selenium on p53 reporter gene transactivation in MCF-7 cells stably transformed with the

RNAi construct. Incubation of cells stably transformed with the RNAi construct

(pSUPER-TRI -RNAi) in medium containing I M selenium completely reversed the

inhibition of p53 reporter gene activity in these cells. Incubation of cells stably

transformed with an empty vector (pSUPER) in medium containing 1 jiM selenium had

no effect on reporter gene activity. Reversal of the inhibition of RNAi by selenium, an

agent that induces thioredoxin reductase activity several fold, supports the conclusion that

reduced p53 activity in cells stably transformed with the RNAi construct was due to

RNA1-mediated inhibition of thioredoxin reductase activity.

In summary, the inhibition of p53 target gene activation in MCF-7 cells in which

thioredoxin reductase activity was suppressed by RNAi or by dominant-negative

inhibition, and the reversal of p53 inhibition by selenium, a potent inducer of thioredoxrn

reductase activity, strongly supports the model that p53 is dependent on thioredoxin

reductase in human cells.

Effect of RNA1 in combination with dominant-negative inhibition of thioredoxin
reductase activity on p53 reporter gene transactivation

Inhibition of thioredoxin reductase activity using RNAI or dominant-negative

constructs inhibited the ability of p53 to transactivate target genes. However, the effect

was small. In an effort to achieve stronger inhibition of p53 activity, the effect of
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Figure 22. Effect of selenium on p53 activity in MCF-7 cells stably transformed
with a RNAi plasmid targeting TR1 mRNA. The ability of endogenous p53 to
transactivate a p53-responsive luciferase reporter gene was determined in three
independently-grown polyclonal cultures of MCF-7 cells that were stably transformed
with either a plasmid that targeted TR1 mRNA for destruction by RNAi (pSUPER-
TR1-RNAi) or an empty vector (pSUPER). Cells were incubated in serum-free
medium ± 1 M sodium selenite for 24 hours after plating. Luciferase activity is
shown relative to the level in empty vector transformants. Histogram and error bars
represent mean ± standard deviation.





combining the RNAi and dominant-negative approaches was used. The RNAi construct

should reduce the level of thioredoxin reductase mRNA, and the dominant-negative TRI

construct should inhibit the activity of the residual TRI protein.

MCF-7 cells that had been stably transformed with the RNAi construct (pSUPER-

TRI -RNAi) or an empty vector (pSUPER) were transfected with a dominant-negative

TRI construct (pCXN2-TR1-NBD) or an empty vector (pCXN2). The pCXN2-TRI-

NBD plasmid is a dominant-negative construct that encodes the NADPI-I-binding domain

of thioredoxin reductase (1-lofinann et al., 1998). At the time of transfection, cells also

received a p53 reporter gene. The results are shown in Fig 23. In cells containing both

the RNAi construct pSUPER-TRI-RNAi and the dominant-negative plasmid pCXN2-

TRI-NBD, p53 reporter gene expression was 4-fold lower than in cells containing only

the pSUPER and pCXN2 vectors.

In using the above combinatorial approach to inhibit thioredoxin reductase

activity, we noticed that the extent of p53 inhibition was affected by the amount of time

cells were incubated after transfection with the dominant-negative TRI construct. After a

24-hour transfection period in serum-free medium required for the delivery of

Iipofectamine-DNA complexes into the cells, the medium was adjusted to 10% serum

and cells were incubated an additional 12, 24 or 48 hours before luciferase measurements

were made. As shown in Fig 24, at 12 hours after serum restoration (36 hours after

transfection), p53 reporter gene expression was 13.6-fold lower in pSUPER-TRI-RNAi

transformants transfected with the dominant-negative TRI construct pCXN2-TR 1-ID

than in pSUPER-TRI -RNAi transformants transfected with the empty pCXN2 vector. At
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Figure 24. Effect of incubation time after transfection on p53 reporter gene
activity in MCF-7 cells experiencing a combinatorial effect of dominant-negative
and RNAi inhibition of thioredoxin reductase. The ability of endogenous p53 to
transactivate a p53-responsive luciferase reporter gene was determined in three
independently-grown polyclonal cultures of MCF-7 cells that were transformed with
the RNAi plasmid targeting TR1 mRNA for destruction (pSUPER-TR1-RNAi)
(RNAi), or an empty vector (pSUPER) (Vi). Cells were transfected with the
dominant-negative TR1 construct (pCXN2-TR1 -ID) (ID) or an empty vector
(pCNX2) (V2). After a 24-hours transfection period in serum-free medium, cells were
switched to serum-containing medium and incubated for the indicated number of
hours before luciferase measurement. Luciferase levels are shown relative to the level
in pSUPER transformants (Vi) transfected with pCXN2 (V2). Histogram and enor
bars represent mean ± SD.
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24 hours after serum restoration (48 hours after transfection), p53 reporter gene

expression was only 1.5-fold lower in pSUPER-TRI -RNAi transformants transfected

with the dominant-negative TRI construct pCXN2-TRI-ID than in pSUPER-TR1 .-RNAi

transformants transfected with the empty pCXN2 vector. At 48 hours after serum

restoration (72 hours after transfection), p53 reporter gene activity was the same in

pSUPER-TRI -RNAi transformants transfected with the dominant-negative TR1

construct pCXN2-TRI -ID as in pSUPER-TRI -RNAi transformants transfected with the

empty pCXN2 vector. At all time points, p53 reporter gene expression was, on average,

1.7 fold lower in pSUPER-TRI-RNAi transformants transfected with the empty pCXN2

vector than in pSUPER transformants transfected with the empty pCXN2 vector.

In the above experiments, only a subset of transformants that received the

dominant-negative TRI construct or empty vector were subjected to the combinatorial

inhibition of thioredoxin reductase activity. As the luciferase reporter geneand

dominant-negative plasmid were co-introduced at the time of transfection, Iucifèrase

activity was derived exclusively from cells that were experiencing the combinatorial

inhibition of thioredoxin reductase activity. Although p53 reporter gene transactivation

can be measured under these conditions, thioredoxin reductase levels, the redox state of

thioredoxin, and endogenous p53 target gene activity could not be assayed because only a

small fraction of the total cells in the population were experiencing combinatorial

inhibition of Thioredoxin reductase activity.
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CHAPTER 5

Thioredoxm and p53 interact in vifro and in vivo

Purification of recombinant human p53 and human thioredoxin

Histidine-tagged human p53 was isolated from E. co/i transformed with the

pET28a-p53 plasmid and purified by metal-affinity chromatography on His-Bind Resin

(Novagen, Madison, Wi). Samples from each step of the purification were monitored by

SDS-PAGE (Fig. 25). The N-tenninal Histidine tag was predicted to add 2.5-kiloDaltons

to the molecular weight of p53, thus a peptide with a molecular weight of approximately

55.5-kiloDaltons was expected. A single band matching the 55.5-kiloDalton molecular

weight expected for histidine-tagged p53 was present in eluate fractions E2 and E3.

Fractions containing bistidine-tagged p53 were pooled, adjusted to 50 mM DTT and

stored at -80°C for use in binding assays. Protein concentration was calculated using an

extinction coefficient of 38,347(1 OD= 1.14 mg/mI).

Histidine-tagged human thioredoxin was isolated from E. co/i transformed with

the pET28a-TRX plasmid and purified by metal-affinity chromatography on TALON

Resin (Clontech, Palo Alto, CA). Samples from each step of the purification were

monitored by SDS-PAGE (Fig. 26). A major band matching the 15.5 kiloDalton

molecular weight expected for histidine-tagged thioredoxin was present in eluate

fractions E4 and E5. These fractions were pooled and stored at -80°C for use in binding

assays. Protein concentration was calculated using an extinction coefficient of 13,700 (1

OD= 856 tg/m1).A second band, migrating at 37.5 kiloDaltons, was observed in fractions
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E4 and E5. The identity of this band is unclear, as a dimerized form of histidine-tagged

tbioredoxrn would be expected to have a molecular weight of approximately 31

kioDaltons.

Measurement of purified recombinant thioredoxin redox state

Our previous measurements of thioredoxin redox state were done by alkylating all

proteins in crude cell lysates and then immunoblotting to visualize the electrophoretic

mobility of thioredoxin in a complex mixture of cellular proteins. To establish whether

Coomasie-staining can be used to visualize electrophoretic thioredoxin charge isomers of

purified thioredoxin, an alkylation ladder corresponding to isomers at all oxidation states

was prepared. Purified recombinant thioredoxin was incubated in urea buffer containing

DTT to reduce all disulfide present. The reduced proteins were then alkylated with IAA

to generate the -5 charge isomer (Fig 27, lane 2), 1AM to generate the zero-charge isomer

(lane 6) or a mixture of IAA and JAM to generate all of the intermediate charge isomers

(Fig 27, lanes 3-5). Equal amounts of the above reactions were mixed and run in a single

lane (Fig 27, Lane 1) to generate an alkylation ladder corresponding to all six expected

charge isomers. A minor band migrating ahead of the 5 charge isomer (Fig 27, lanes 1

and 2) was observed in some alkylation reactions and may be due to weak reactivity of

histidines with IAA.

The PEMSA method was used to measure the redox state of human thioredoxin as

it is purified from recombinant bacteria (Fig. 28). Purified thioredoxin was DTT-treated

or mock-treated and desalted. In DTT-treated samples (lane 5), nearly all thioredoxin
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was in the fully reduced form. In mock-treated samples (lane 3), no thioredoxin was in

the filly reduced form, only a minor amount was in the disuffide form, and almost all of

the thioredoxin was more highly oxidized than the disulfide form. These observations

indicated that human thioredoxin, as it is isolated from recombinant bacteria, was highly

oxidized and that treatment with DTT was necessary to convert it to the fully reduced

forni

Table 13 shows densitometric quantification of the relative level of thioredoxin

charge isomers in purified preparations of the recombinant protein. No thioredoxin was

present in the -5, fully reduced form, only 19% was in the -3 disuhlde form and 81% was

in more highly oxidized forms. The percentage of total thioredoxin cysteines that were

oxidized was determined by multiplying the fraction of thioredoxin in each isoform by

the fraction of oxidized cysteines in that isoform. The values for oxidized cysteines in

each isomer were then summed to determine the total fraction of thioredoxin cysteines

oxidized in the sample. As shown in the right hand column of Table 13, 72% of the

cysteines in preparations of purified recombinant human thioredoxin were oxidized.

In order to determine if purified recombinant thioredoxin functioned as a

thioredoxrn reductase substrate, the rate of NADPH oxidation by MCF-7 cell extracts in

the presence or absence of recombinant thioredoxin was determined. When recombinant

thioredoxin was initially tested, it did not augment the rate of NADPH oxidation. We

speculated the thioredoxin was non-functional because, as shown in Fig. 28 and table 13,

thioredoxin, as it is purified from E. coli, contains oxidized structural cysteines. To test

this, recombinant thioredoxin that had been pre-treated with DTT and desalted was tested

for its ability to augment the rate of NADPH oxidation. DTT-treated recombinant
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Table 13. Densitometric analysis of human thioredoxin redox state as it is purified
from recombinant bacteria'

Charge Fraction of Fraction of oxidized Oxidized Cys in isomer!
isomer Thioredoxin Cys in isomer Total thioredoxin Cys

in each isomer in sample

0 0.22 1.0 0.23

-1 0.33 0.8 0.26
-2 0.26 0.6 0.15
-3 0.19 0.4 0.08
-4 0.00 0.2 0.00
-5 0.00 0.1 0.00
sum 1.00 0.72

The density of each band in Fig. 28 was normalized to the total density of all bands in
the lane, to obtain the fraction of thioredoxin in each isomer. This value was then
multiplied by the fraction of oxidized cysteine in the isomer to determine the amount of
oxidized cysteine in the isomer(s) as a fraction of the total thioredoxin cysteines in the
sample. The value shown in bold indicates that about 72% of the cysteines were oxidized
in preparations of human thioredoxin purified from recombinant thioredoxin.
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thioredoxin strongly augmented NADPH oxidation. Thus, when reduced with DTT,

recombinant thioredoxin was a functional substrate for mammalian thioredoxin reductase.

Fig. 29 shows the rate of NADPH oxidation as a function of the concentration of

recombinant thioredoxin added to the reaction. MCF-7 cell lysate was used as a source

of thioredoxin reductase. Reactions were prepared by mixing NADPH, MCF-7 cell

lysate and insulin in a cuvette, and determining the rate of NADPI-1 oxidation, before and

after the addition of recombinant thioredoxin. The rate of NADPH oxidation in the

absence of thioredoxin was subtracted from the indicated values. Fig. 29A shows that the

rate of NADPH oxidation increased in a saturable manner as the substrate concentration

was increased. A double-reciprocal Michealis-Menton plot was used to transform the

data obtained in Fig. 29A into a linear set of values for which a regression was calculated.

The Km. or concentration of thioredoxin at which a half-maximal rate of NADPH

oxidation occurred, was calculated at 1.0 .tM with a Vmax of 14.6 nmol NADPH mm1

tg protein1 (Fig. 29B). This value agrees with previously reported Km values for

thioredoxrn reductase using thioredoxin purified from mammalian tissue (Ren et al.,

1993; Luthman and Holmgren, 1982). Thus, human thioredoxin purified from

recombinant bacteria was fully functional as a substrate for mammalian thioredoxin

reductase.

in vitro binding of p53 to histidine-tagged thioredoxin

In order to investigate a direct interaction between thioredoxin and p53,

increasing amounts of purified histidine-tagged human thioredoxin which had been pre-
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Figure 29. Apparent Km of MCF-7 cell thioredoxin reductase for human
thioredoxin. Thioredoxin reductase preparations from MCF-7 cells were mixed with
NADPH, insulin and the indicated concentration of purified recombinant human
thioredoxin. The stock of thioredoxin used in the assay was in the fully reduced form,
which was prepared by reducing recombinant thioredoxin with DTT, removing excess
DTT by gel filtration, and storing the reduced protein at -80°C until use. The rate of
oxidation of NADPH was determined spectrophotometrically at 340 nm. (A) Rate of
NADPH oxidation as a function of thioredoxin concentration. A logarithmic
regression was used to draw the indicated best-fit curve. (B) Michaelis Menton
double reciprocal plot of data from panel A.
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Based on the data shown in Fig. 31, the concentration of thioredoxin in MCF-7 cells was

calculated to be about 11 tM. Thus, the binding of p53 to thioredoxin we measured in

vitro (Kd=O.9 jtM) occurred at physiological thioredoxin concentrations

Yeast one-hybrid analysis of thioredoxin binding to p53 in vivo

Using purified proteins, we demonstrated a direct interaction between thioredoxin

and p53 in vitro; however, the question of whether thioredoxin and p53 interacted in vivo

needed to be addressed. The yeast two-hybrid assay is a common method used to study

interactions between proteins in vivo. The assay is based on the fact that transcription

factors are typically comprised of two domains, a DNA binding domain (DBD) and an

activation domain (AD). Two separate hybrid proteins are constructed by fusing one

protein of interest to a DBD and a second protein of interest to an AD. The hybrid

proteins are expressed in yeast containing a reporter gene with a regulatory region

containing the operator sequence recognized by the DBD. Interaction between the

hybrid proteins tethers the AD-hybrid to the operator sequence on the reporter gene

where it can transactivate reporter gene expression.

To test if an interaction between thioredoxin and p53 occurs in vivo, a

modification of the two-hybrid assay was used. Wild-type p53 and a LexA-thioredoxin

hybrid were expressed in yeast that contained a plasmid with a LacZ reporter gene fused

downstream from a Lex operator. In this "one-hybrid assay", an interaction between

LexA-thioredoxin and p53 would be expected to transactivate the LacZ reporter gene via

the N-terminal activation domain ofp53.
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The results of the yeast "one-hybrid assay" are shown in Table 14. In yeast

transformed with a plasmid encoding a LexA-thioredoxin fusion protein (pBTMI 16-

TRX) and a wild-type p53 expression vector (pRS4I5-p53), a 3-ga1actosidase activity

level of 6.56 ± 0.42 nmol ONP mm' ceils' was observed. In yeast transformed with

a plasmid encoding unfused LexA (pBTMI 16) and a wild-type p53 expression vector

(pRS4 15-p53) and in yeast transformed with a plasmid encoding LexA-thioredoxin and

an empty p53 expression vector (pRS4I 5), significantly lower -galactosidase activity

levels of 0.72 ± 0.14 and 0.65 ± 0.22 nmol ONP min' iø cells were observed,

respectively. The results of the yeast one-hybrid assay were consistent with the in vitro

observations (see Fig. 28) and supported the conclusion that thioredoxin and p53 interact

in vivo.

To determine the maximal level oftransactivation of a LexOP-equipped reporter

gene by the activation domain of p53, a plasmid encoding a protein (LexA-p53) in which

p53 was covalently coupled to LexA was tested. The level of reporter gene

transactivation by LexA-p53 (64.0 ± 4.16 nmol ONP mind cells1) was tenfold

greater than that achieved by co-expressing LexA-thioredoxin and p53 as seperate

polypeptide.
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Table 14. Interaction of thioretloxin and p53 in yeast one-hybrid assay

Transformation Plasmids -Ga1actosidase activity

(nmol ONP mii1 JO cells)

pRS4I5-p53 (p53) 6.56 ± 0.42
pBTh4l 16-TRX (LexA-Trx)

2 pRS4I5-p53(p53) 0.72±0.14
pBTMI 16 (LexA)

3 pRS4I5 (none) 0.65 ± 0.22
pBTMI 16-TRX (LexA-Trx)

4 pBTMI I6-p53 (LexA-p53) 64.0 ± 4.16

Yeast were transformed with a LexA-operator/-ga1actosidase reporter gene plasmid
(pSHI 8-35) and the indicated effector plasmids. The protein expressed from the effector
plasmids is shown in parenthesis. Three independent transformants were assayed for -
galactosidase activity (mean ± SD).
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CHAPTER 6

Discussion

Recent studies have investigated the relationship between thioredoxin reductase

and p53 transcriptional activity in mammalian cells. Moos et al. (2003) reported that

treatment of cells with electrophilic cyclopentone prostaglandins known to inhibit p53

transcription also resulted in the covalent modification of both thioredoxin and

thioredoxin reductase. In the same study, auranofin, a compound unrelated to

prostaglandins and reported to be a specific inhibitor of thioredoxin reductase, was shown

to inactivate p53 reporter gene activity. While these results are consistent with the idea

that p53 activity is dependent upon an intact thioredoxin system in mammalian cells,

chemical approaches to thioredoxin reductase inactivation may non-specifically oxidize

other cellular proteins. For example, the recovery of proteins cross-linked to

prostaglandin A-amidopentyl biotin (PGA I -ABP) revealed 13 proteins in addition to

thioredoxin and thioredoxin reductase (Moos et al., 2003). Still other proteins covalently

modified by PGAI -ABP may have been below the limits of detection. In our own

studies, treatment of MCF-7 cells with increasing amounts of the reportedly specific

inhibitor of thioredoxin reductase, DNCB, resulted in a gradual oxidation of both active-

site and structural thioredoxin cysteines. The fact that the active-site cysteines were as

susceptible to oxidation by DCNB as the structural cysteines suggested that the oxidation

of thioredoxin was not due to inhibition of tliioredoxin reductase as proposed, but rather

from a general oxidizing effect of DCNB on all protein thiols.
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A link between thioredoxin and p53 activity in mammalian cells is also suggested

by the studies of Ueno et al. (1999), who demonstrated that p53-mediated activation of

p21 transcription could be regulated by thioredoxin. In these studies, p53 DNA binding

activity in nuclear extracts, p53 reporter gene transactivation and endogenous p53 target

gene transactivation were enhanced by the transient overexpression of thioredoxin and a

second redox protein Refi. Additionally, the active-site cysteines of thioredoxin were

critical to its ability to enhance p53 activity, as cotransfect ion of a TRX gene in which the

active site cysteine codons were mutated (C32S/C35S) suppressed the enhancement of

p53 reporter gene transactivation.

A common cancer treatment involving a combination of interferons (IFNs) with

retinoids, a class of vitamin A derivatives, has been shown to be effective at inducing

apoptosis in several tumor cell lines (Moore et al., 1994). Interferons are known to exert

antitumor effects by inducing the expression of multiple cellular genes involved in

growth control. For example, treatment of human cells with IFNs results in the down-

regulation of c-myc expression, activation of the tumor suppressor pRb and inhibition of

the transcription factor E2F (Resnitzky et al., I 992;Tiefenbrun el al., 1996). Thioredoxin

and thioredoxin reductase were identified in a screen of an antisense expression library

for sequences that interfered with retinoid-IFN-induced mortality (Hoflnann et al., 1998).

Another study indicated that an intact thioredoxin system is needed for cell death in

response to retinoid-IFN treatment and that thioredoxin modulates the activity of p53 and

caspase-8 (Ma et al., 2002).

A model for thioredoxin regulation of p53 is presented in Fig. 32. In this model, a

pair of vicinal cysteines in p53 is in direct redox equilibrium with the active-site
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Figure 32. A model of thioredoxin-dependent inhibition of p53. (A) Under
normal conditions, oxidized thioredoxin [TrxSS] is regenerated to the reduced state
[Trx(SH)2 by thioredoxin reductase, using NADPH as a source of electrons.
Reduced thioredoxin in turn maintains p53 in a reduced state [p53(SH)2] capable of
transactivating target genes. (B) Inhibition of thioredoxin reductase leads to an
increase in the oxidized form of thioredoxin, thus enhancing the flow of electrons
from p53 to thioredoxin. The resulting oxidation of p53 leads to diminished
transcription-inducing activity.
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cysteines of thioredoxin. The direction of electron flow from thioredoxin to p53 would

be facilitated by the active site of thioredoxin having a greater reduction potential than

that of the redox active target cysteines in p53 (Fig. 32A). As redox reactions between

cysteines reach an equilibrium based on the concentrations and reduction potentials of

both the oxidant and reductant, under certain conditions, the flow of electrons that

typically travel from thioredoxin to p53 could be reversed. Inhibition of thioredoxin

reductase and an increase in thioredoxin oxidation would reverse the direction of electron

transfer resulting in the oxidation and inactivation of p53 (Fig. 32B).

Yeast studies investigating the role of thioredoxin in controlling p53 activity in

yeast are consistent with the model shown in Fig. 32. Reporter gene transactivation is

inhibited in yeast lacking thioredoxin reductase (Pearson and Merrill, 1998). To

investigate the role of thioredoxin in mediating the inhibition of p53 in Atrrl yeast, the

level of p53 reporter gene transactivation was determined in itrxl t%trx2 yeast lacking the

genes encoding yeast thioredoxins. Deletion of the thioredoxin genes had little effect on

p53 activity. It was surprising that deletion of thioredoxin did not recapitulate the effect

of deleting thioredoxin reductase. It is possible that deletion of thioredoxin reductase

may affect p53 activity independently of thioredoxin. Alternatively, it is possible that the

accumulation of oxidized thioredoxin in Atrrl cells was necessary for p53 inhibition. If

the accumulation of oxidized thioredoxin was necessary for p53 inhibition in Lirr] cells,

then deletion of the thioredoxin genes should reverse the inhibitory effect of deleting the

TRR] gene. To test this, p53 activity was determined in yeast lacking thioredoxin

reductase and both thioredoxins. In Atrr2 &rxl Lttrx2 yeast, p53 transactivated reporter
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gene activity as well as ini wild-type cells. Thus, deleting thioredoxin suppressed the

inhibitory effect of deleting thioredoxin reductase. This observation suggests that the

inhibition of p53 activity in Airri null cells was due to the accumulation of oxidized

thioredoxin. The results obtained from yeast suggest that thioredoxin and p53 are in

direct redox communication.

It is possible that other proteins are involved in redox modulation of p53 activity,

either as part of a complex with thioredoxin or as an intermediate redox signaling protein.

The redox active protein Refi has been shown to enhance the DNA binding activity of

p53 in vitro and the reporter gene transactivation of p53 in transfected cells (Jayaraman et

al., 1997). Furthermore, the Refi -dependent enhancement of p53 activity was

suppressed in cells that were cotransfected with a dominant-negative allele of the ref]

gene (Seo el al., 2002). However, thioredoxin has also been shown to enhance p53 DNA

binding activity in vitro in the absence of Refi (Uneo et at, 1999). Additionally, yeast

do not contain a homolog of Refi and yet thioredoxin reductase mutations affect the

ability of p53 to transactivate reporter genes in yeast. While the exact role of thioredoxin

and Refi in the regulation of p53 has yet to be identified, it is clear that thioredoxin is

capable of affecting p53 activity independently of Refi.

it is possible that a thioredoxin-mediated oxidation of p53 could be part of a

redox-signaling mechanism capable of temporarily inactivating p53 in response to certain

cellular signals. Gitler et al. (2002) reported that the release of intracellular calcium in

response to the growth factors EGF and bradykinin resuhed in a transient oxidation of

thioredoxin. The mechanism for thioredoxin oxidation is believed to be the calcium-

dependent inhibition of thioredoxin reductase. In the same study, 10 mM Ca2 was
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shown to completely inhibit the ability of thioredoxin reductase to reduce thioredoxin in

vitro. Other sources have reported a Ca2tdependent inhibition of thioredoxin reductase

(Schalireuler et al., 1985; Lenardowitz et al., 1992), while conflicting reports indicated

that purified placental thioredoxin reductase is not affected by millimolar amounts of

Ca2 (Oblong et al., 1990).

Nothing is known about the effect of thioredoxin reductase inhibition on the

oxidation state of cellular proteins in general. Once cut off from NADPH as an electron

source, as occurs when thioredoxin reductase is depleted, thioredoxin would likely begin

redistributing electrons between proteins it normally reduces. Under these conditions,

thioredoxin would mediate the flow of electrons from proteins with moderate reduction

potentials to proteins with more positive reduction potentials. Inhibition of thioredoxin

reductase could potentially influence the redox state and activity of multiple thio1

containing cellular proteins.

Inhibition of thioredoxin reductase resulted in the inhibition of p53 transactivation

of reporter and endogenous genes in MCF-7 cells without a significant increase in

thioredoxin oxidation. This observation suggested that the reduction potentials of the

redox active cysteines in p53 and thioredoxin only slightly favored the flow from

thioredoxin to p53. The ability of thioredoxin to act as an oxidant under certain

conditions and accept electrons from cellular thiols that it normally reduces is illustrated

by the observation that thioredoxin does not become completely oxidized in turn yeast.

This would allow minor shills in the relative concentrations of oxidized and reduced

thioredoxin to affect the oxidation state of key cysteine residues in p53.
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In order to further investigate the link between thioredoxin oxidation and p53

activity in mammalian cells, deletion of the gene encoding thioredoxin reductase may be

required. A knockout mouse approach could be used to study the thioredoxin redox state

and p53 activity in fri mice tissues and mouse-derived cell lines. As tn gene disruption

might result in early embryonic lethality, a conditional knockout strategy that allows the

gene to be excised at later stages of development may be used.

The research described in this dissertation adds to the growing body of evidence

linking the thioredoxin system and p53 activity. Reporter gene transactivation by

endogenous p53 was inhibited in MCF-7 cells in response to inhibition of thioredoxin

reductase activity. The results obtained from expression of the dominant-negative TRI

construct and the RNAi construct in MCF-7 cells showed a correlation between the

amount of thioredoxin reductase activity and the level of p53 inhibition. Expression of

the dominant-negative construct resulted in a 4.3-fold decrease in thioredoxin reductase

activity and a 2-fold inhibition of p53 reporter gene activity, while expression of the

RNAi construct resulted in a 1.7 decrease in thioredoxin reductase activity and only a 1.6

fold inhibition of p53. A direct interaction between thioredoxin and p53 was also

established both in vitro and in vivo. Pull-down assays showed that human thioredoxin

interacted with purified p53 in vitro and yeast one-hybrid assays showed that a LexA-

thioredoxin hybrid interacted with p53 in vivo. The interaction between thioredoxin and

p53 suggested that the inhibition of p53 activity in response to thioredoxin reductase

inhibition was likely mediated through thioredoxin.
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