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Many commercially important proteins contain disulfide bonds, i.e. covalent 

linkages joining the thiol groups in cysteine amino acids. The formation of disulfide 

bonds is required in some proteins in order to attain their biologically active three-

dimensional conformation and for stability to temperature extremes or the action of 

protease enzymes. While E. coli is used extensively for recombinant protein 

manufacturing at an industrial scale, its ability to produce proteins containing multiple 

disulfide bonds is limited by biological constraints. This is because the cellular 

machinery that catalyzes the oxidation of protein cysteine residues resulting in the 

formation of disulfide bonds has evolved to cope with the relatively simple proteins of 

this organism which typically contain no more than 2-3 disulfides.   

The objective of this work was to re-engineer the disulfide bond formation 

machinery of the organism and thus synthesize pathways that have no known biological 

equivalent. As the results of this thesis demonstrate, the synthetic approach provided 

important and unanticipated insights into the mechanism of protein disulfide bonds, the 
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evolution of the machinery responsible for oxidative protein folding and the physiology 

of the secretory compartment, the periplasmic space, of gram-negative bacteria. 

Furthermore, the engineered pathways described here may prove useful for protein 

manufacturing purposes.  

Initially, a de novo disulfide bond formation pathway was created through a 

combination of rational design and directed evolution which was mechanistically 

different and independent of the endogenous pathway in E. coli. Additionally, 

development of this pathway resulted in the isolation of mutations that transformed 

thioredoxin 1, which is a monomeric disulfide reductase, into a bridged [Fe2S2] dimer 

capable of catalyzing oxygen dependent sulfhydryl oxidation in vitro. The second 

periplasmic oxidative pathway developed, involved the use of directed evolution to 

improve the disulfide bond formation properties of thioredoxin 1. Specifically, 

thioredoxin 1 was optimized to function as an oxidase when exported to the periplasm of 

strains that lack the soluble component (DsbA) of the endogenous periplasmic disulfide 

bond formation pathway in E. coli. Finally, the last oxidative pathway developed was the 

result of the periplasmic localization of glutaredoxin 3, which surprisingly resulted in the 

promotion of disulfide bond formation even in the absence of the complete periplasmic 

oxidative machinery (DsbA and DsbB). Further characterization of this process suggests 

the presence and active participation of glutathione in the periplasmic space in a novel 

disulfide bond formation mechanism. 

This diverse group of oxidative pathways highlights the plasticity of the different 

components of the disulfide bond exchange pathways in E. coli, which can interact and 

complement each other rather effortlessly. From the transformation of cytoplasmic 

disulfide reductases into periplasmic oxidases to the unexpected role of the cytoplasmic 

redox buffer glutathione in a periplasmic disulfide bond formation processes. 
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Chapter 1: Introduction and Background 

 

 

  

1.1 DISULFIDE BONDS 

 

Disulfide bonds in proteins 

Proteins are linear polypeptides that are the result of linking several amino acids 

together through peptide bonds. Out of the twenty different amino acids that proteins are 

composed of, cysteine is the only one that allows the formation of covalent bonds. Two 

cysteines can react with each other to form a covalent bond commonly known as 

disulfide bond. 

 

R-Cys-SH + R’-Cys-SH � R-Cys-S-S-Cys-R’ + 2 e- + 2 H+ 

 

Disulfide bonds can take place intramolecularly between two cysteines within the 

same polypeptide chain or intermolecularly between two cysteines on two different 

polypeptide chains. There are a few other mechanisms in vivo to form covalent bonds in 

or between linear polypeptides, such as, circularization of small proteins (Trabi & Craik, 

2002) or protein cross linking with transglutaminases (Schittny et al., 1997). 

Nevertheless, all these other mechanisms are rare, specially compared to disulfide bonds, 

which are present in a large number of proteins across a wide variety of living organisms, 



 2 

ranging from simple unicellular prokaryotes to complex multi-cellular organisms like 

mammals.  

Disulfide bonds can be classified in two major subgroups according to their 

function in proteins: structural and non-structural. Structural disulfide bonds are 

important for protein stability; they participate in the assembly of proteins with multiple 

subunits or even assist in the folding pathway of some proteins. Bovine pancreatic 

ribonuclease A (Klink et al., 2000) is a classical example of protein stabilization through 

disulfide bonds. The presence of disulfide bonds in ribonuclease A (RNase A) is 

responsible for its stability to extremely harsh conditions, such as pH = 3 and 

temperatures close to 100°C. There are two views on the subject of protein stabilization 

through disulfide bonds (Saunders et al., 1993). The stabilizing effect of disulfide bonds 

may either be the result of a reduction in the entropy of the unfolded state (Flory, 1956) 

or can be primarily enthalpic (Doig & Williams, 1991). In any case, regardless of the 

actual reason for the higher stability, it is an established fact that proteins with structural 

disulfide bonds are more stable than their non-crosslinked variants (Pace et al., 1988; 

Betz, 1993). Examples of other kinds of structural disulfides can be found in antibodies 

(Porter, 1967; Gall et al., 1968) and in the human insulin receptor (Sparrow et al., 1997), 

where the assembly of these proteins with multiple subunits is achieved through disulfide 

bonds. Additionally, proteins like the P22 tailspike use disulfide bonds to assist their own 

folding process, even though these proteins do not have any disulfides in their native 

folded state (Robinson & King, 1997).  

Non-structural disulfide bonds refer to the disulfides that are created during the 

catalytic cycle of certain enzymes usually involved in electron transfer reactions or the 

conformational change of some regulatory proteins. There is a large number of proteins 

with this kind of disulfide bonds which participate in a wide variety of functions, such as 
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DNA biosynthesis, repair of oxidative damage or regulation of transcription. For 

example, both ribonucleotide reductase (RNR), which reduces ribonucleotides to the 

corresponding deoxyribonucleotides that are the precursors needed for DNA biosynthesis 

(Jordan & Reichard, 1998), and methionine sulfoxide reductase (MsrA), which reverses 

oxidative damage to methionine both in free form and within proteins, utilize catalytic 

cysteines that form a disulfide upon oxidation (Lowther et al., 2000). Other examples 

include proteins that assist the disulfide bond formation process like the protein disulfide 

isomerase (PDI) and regulatory proteins like OxyR. PDI catalyzes disulfide bond 

formation and rearrangement in the endoplasmatic reticulum of eukaryotes (Freedman et 

al., 1994) and OxyR initiates transcription under conditions of oxidative stress through 

the formation of a disulfide bond between Cys199 and Cys208 (Georgiou, 2002). 

 

Disulfide bond chemistry in vivo 

Christian Anfinsen who received the Nobel prize for his work on protein folding 

postulated that all the information required for the proper folding of a protein to its native 

three-dimensional structure in its physiological environment is contained in its amino 

acid sequence (Anfinsen, 1973). In fact, all that is needed for the folding of proteins with 

disulfide bonds is the presence of molecular oxygen to oxidize protein cysteines to the 

corresponding disulfide bonds. With time the native three-dimensional structure, which 

corresponds to the one with the lower Gibbs free energy, will be attained. On the other 

hand, the formation of disulfide bonds in vitro solely through air oxidation can be an 

extremely slow process. For example, the refolding of reduced bovine pancreatic 

ribonuclease (RNase A), which contains six disulfide bonds, requires a few hours to be 

completed (Anfinsen et al., 1961) whereas with the simple addition of some cellular 

extracts the refolding time is reduced to under two minutes (Goldberger et al., 1963). 
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Such large differences in the folding kinetics demonstrated that in vivo disulfide bond 

formation is an assisted process by cellular components.  

Both prokaryotic and eukaryotic cells have evolved specialized pathways and 

compartments that assist the folding of proteins with disulfide bonds (Sevier & Kaiser, 

2002). Such pathways usually include an oxidoreductase protein that forms a mixed 

disulfide with the substrate protein. If another sulfhydryl is available, this mixed disulfide 

can react further, resulting in the formation of a disulfide on the substrate protein. 

Mechanistically, disulfide bond exchange reactions occur by nucleophilic displacement 

of a thiolate anion from a disulfide by another thiolate anion (Gilbert, 1990).  

There are three kinds of reactions that can take place on a substrate protein in 

vivo: oxidation, reduction and isomerization (Figure 1.1). Oxidation refers to the 

introduction of a disulfide bond in the substrate protein, which corresponds to the transfer 

of electrons from the substrate protein to the oxidoreductase that is assisting the process 

(an oxidation reaction). Reduction refers to the reduction of a disulfide bond on the 

substrate protein, which corresponds to the transfer of electrons from the oxidoreductase 

that is assisting the process to the substrate protein (a reduction reaction). Both reactions 

are mechanistically equivalent, the only difference being whether the substrate protein is 

receiving or losing electrons. The isomerization process refers to the reorganization of 

disulfide bonds within a substrate protein. Disulfide bond isomerization can take place 

through two different mechanisms: a two-step process with a reduction reaction followed 

by an oxidation reaction or a single-step process in which the isomerase performs both 

steps. The two-step mechanism involves the presence of two oxidoreductases, an 

isomerase that reduces the disulfide bond (Figure 1.1B) and an oxidase that forms the 

disulfide bond (Figure 1.1A). This mechanism results in the oxidation of the isomerase 

protein. On the other hand, the single step mechanism involves only the isomerase 
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enzyme. In this case, the auxiliary oxidoreductase forms a mixed disulfide by attacking 

an existing disulfide bond; then such mixed disulfide can be resolved with the help of an 

adjacent cysteine residue resulting in the formation of a different disulfide bond (Figure 

1.1C). It still remains to be elucidated whether only one or both of these two mechanisms 

are actually relevant for the isomerization process in vivo (Kadokura et al., 2003; 

(Nakamoto & Bardwell, 2004). 

 

 
Figure 1.1  Dithiol catalyzed oxidation (A), reduction (B) and isomerization (C) of 
proteins by an oxidoreductase. 



 6 

 

The thermodynamic stability of disulfide bonds can be established in terms of 

their reduction potential (also referred to as redox potential), which is a measure of the 

“potential” for receiving electrons:  

Ox + n e- ↔ Red 

The corresponding reduction reaction for a protein with two cysteine residues is 

as follows: 

PS2 + 2 e- + 2 H+ ↔ P(SH)2 

The standard redox potential at neutral pH (E°’) is calculated from the equilibrium 

reached with a redox couple of known redox potential, usually small molecules with well 

characterized properties such as glutathione (GSH, γ-L-glutamyl-L-cysteinyl-glycine) or 

dithiothreitol (Aslund et al., 1997). In general the equilibrium constant of reduction (Kred) 

with glutathione for the corresponding protein is measured. E°’ can then be calculated 

using the Nerst equation and the value for the standard redox potential for glutathione: 

 

PS2 + 2 GSH ↔ P(SH)2 + GSSG 

 

 

 

 

 

where E°’protein and E°’glutathione are the standard redox potentials of the protein and 

glutathione respectively, R is the gas constant, T is the temperature, n is the number of 

electrons exchanged in the reaction and F is the Faraday constant. Redox potentials can 

redeglutathion
o

protein
o K

nF

RT
E ln+Ε= ′′

( )[ ][ ]
[ ][ ]2

2

2

 

 

GSHPS

GSSGSHP
K red =



 7 

be used to calculate the Gibbs free energy change for a redox reaction with the following 

equation: 

∆G°’ = − n·F·∆E°’ 

where ∆G°’ is the difference in free energy, n is the number of electrons exchanged in the 

reaction, F is the Faraday constant and ∆E°’ is the difference in redox potential between 

the reductant and the oxidant. Ultimately, because redox potential is directly correlated to 

the Gibbs free energy, E°’ can be considered as a representation of the energy level that 

are occupied by the electrons that are transferred in the disulfide bond exchange reaction. 

With that concept in mind, it is interesting to compare the redox potential of 

proteins with either structural or non-structural disulfide bonds (Figure 1.2). Structural 

disulfide bonds have very high redox potentials (high negative values) indicating that 

these disulfides are very stable. Reduction of such disulfides requires a reductant with a 

very high redox potential in order to be able to transfer electrons to such high energy 

level. In contrast, non-structural disulfide bonds have intermediate to low redox 

potentials. For example, at the low end of the redox potential “spectrum” there are good 

oxidants (good electron acceptors) that usually assist the formation of disulfide bonds 

with their low redox potentials (from small negative to positive values), such as the E. 

coli protein DsbA which is a periplasmic oxidant (Figure 1.2). From this point of view, 

the formation of disulfide bonds can be seen as an electron cascade from a high energy 

level (from the cysteine residues that will form the structural disulfide bond) to the 

oxidoreductase responsible for actually forming the disulfide bond, which in E. coli will 

ultimately transfer its electrons to oxygen through the respiratory chain with the 

involvement of mediators like ubiquinone.  

Another example of non-structural disulfides is found in proteins that function as 

reductants in the cytoplasm, such as thioredoxins. These proteins have intermediate redox 



 8 

potentials that are higher than the redox potential of oxidases like DsbA or the substrates 

that they reduce (like ribonucleotide reductase in the case of TrxA), but lower than the 

redox potential of structural disulfides.   

As with other chemical processes, thermodynamics are not sufficient to predict 

whether a protein will actually get oxidized or reduced; the kinetics of the disulfide bond 

exchange reactions must be considered. Furthermore, due to the complexity of the 

cellular environment, which contains multiple thiol active proteins and compounds, the 

only way to establish the redox state of a particular protein is experimentally (Kishigami 

et al., 1995; Joly & Swartz, 1997).   

 
Figure 1.2  Redox potential for some representative proteins and compounds. Redox 
potential values from (Gilbert, 1990; Aslund et al., 1997).  
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1.2 BACTERIAL DISULFIDE BOND FORMATION  

 

E . coli cell envelope 

E. coli has two different cellular compartments, the cytoplasm and the periplasm. 

The cytoplasm is enclosed by the inner membrane and is the space where most of the 

cellular processes take place. The periplasm is the compartment between the inner and 

outer membrane and functions as a pre-staging area for the folding and storage of 

enzymes and proteins that are usually required for nutrient uptake. The periplasm is an 

oxidizing environment that allows disulfide bond formation, whereas the cytoplasm is a 

reducing environment where cysteine residues are kept in a reduced state. 

Translocation of proteins across the inner membrane into the periplasmic space 

takes place through two main pathways: the general secretory (Sec) pathway and the twin 

arginine translocation (Tat) pathway (Figure 1.3). The main difference between these 

pathways is the folded state of the translocated protein. In the Sec pathway the protein 

crosses the membrane in an unfolded linear state, whereas with the Tat pathway proteins 

are translocated in a folded state (Holland, 2004). Proteins targeted for translocation 

contain a short amino acid sequence fused to their N-terminus which is called signal 

sequence. The signal sequence targets the protein to the periplasm by interacting 

specifically with the translocation machinery of either the Sec or Tat pathways. Once the 

protein translocation process has taken place, the signal peptidase I enzyme cleaves the 

signal sequence from the mature protein (Wickner et al., 1991).  

Delivery of the polypeptide to the Sec translocation machinery can be co-

translational (SRP targeting) or post-translational which requires the assistance of 

chaperones like SecB that prevent premature folding of the protein before translocation. 

In both cases, translocation across the membrane takes place through the SecYEG pore 
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(Collinson, 2005). The energy for the translocation process in the Sec pathway is 

provided by ATP which is consumed by the SecA protein. Whether SecA participates in 

the co-translational mechanism still remains a controversial subject (Pugsley, 1993; Mori 

& Ito, 2001). Sec export is responsible for the export of the majority of periplasmic 

proteins; it has been estimated that in E. coli about 90% of secreted proteins are 

translocated through this pathway (Georgiou & Segatori, 2005).  

 

 
 
Figure 1.3  Protein translocation across the inner membrane. Schematic diagram 
highlighting the main features of the Sec and the Tat export pathways. 

 

Export through the Tat pathway requires the folding of the targeted protein and 

subsequent interaction with large oligomeric complexes of Tat proteins (TatA/B/C/E) that 

allow passage through the inner membrane. However, it is still not clear how the actual 
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translocation of the folded protein takes place. Natural substrates for the Tat pathway 

usually include proteins that bind cofactors, multimeric proteins that require cytoplasmic 

assembly before export and proteins that are incompatible with Sec export (Berks et al., 

2003; Lee et al., 2006). It is believed that the Tat pathway uses the transmembrane proton 

electrochemical gradient as energy source for the translocation, although the mechanism 

that couples the proton motive force to protein transport is still unknown. 

 

Periplasmic disulfide bond formation 

Two dedicated pathways have been identified in E. coli for the formation and 

isomerization of disulfide bonds in the periplasm (Figure 1.4). First, there is a disulfide 

bond formation pathway that is responsible for introducing disulfide bonds to proteins 

that are translocated through the inner membrane; second, there is a disulfide bond 

isomerization pathway that facilitates the rearrangement of incorrectly formed disulfide 

bonds in periplasmic proteins (Debarbieux & Beckwith, 1999; Kadokura et al., 2003; 

Nakamoto & Bardwell, 2004; Messens & Collet, 2006). 

The oxidizing pathway is composed of two proteins: a soluble one, DsbA, that is 

responsible for introducing disulfide bonds into proteins, and an inner membrane bound 

protein, DsbB, that recycles DsbA from its reduced state (after it has transferred its 

disulfide bond) to its oxidized state. Ultimately, DsbB passes the electrons from reduced 

DsbA to the electron transfer chain of the inner membrane with oxygen being the final 

electron acceptor (Bader et al., 1999; Takahashi et al., 2006). 

DsbA is a very strong and nonspecific oxidant that quickly introduces disulfide 

bonds into unfolded proteins as they are translocated across the inner membrane into the 

periplasmic space. Such behavior may result in the formation of nonnative disulfides in 

proteins containing more than two cysteines, which ultimately may lead to protein 
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misfolding (Wunderlich & Glockshuber, 1993; Sone et al., 1997; Joly & Swartz, 1997; 

Berkmen et al., 1997). The function of the isomerization pathway in E. coli is the 

reshuffling of disulfide bonds in these misfolded proteins in order to allow their proper 

folding into their native state. 

 

 
Figure 1.4  Disulfide bond formation and isomerization pathways in E. coli. (Left) 
Disulfide bond formation pathway. (Right) Disulfide bond isomerization pathway.  

 

The isomerization pathway is basically a disulfide bond reducing pathway where 

disulfide bonds formed between the incorrectly paired cysteines are reduced, and given 

another opportunity to form disulfides between the right set of cysteines that are paired in 

the thermodynamically most stable conformation. This pathway is composed of two 

proteins: DsbC, a homodimeric soluble protein that is responsible for the actual 

isomerization process via the mechanisms described in the previous section, and an inner 

membrane bound protein (DsbD) that recycles DsbC and maintains it in a reduced state. 

DsbD transfers reducing equivalents from the cytoplasm across the inner membrane. 
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Additionally, a second disulfide bond isomerase, DsbG, has been identified (Andersen et 

al., 1997), which shows about 50% sequence similarity with DsbC. These two isomerases 

also share other characteristics: They are both homodimers, must be reduced by DsbD, 

have comparable redox potentials and exhibit chaperone activity (Bessette et al., 1999b). 

So far, and unlike DsbC, no in vivo substrates of DsbG have been identified (Messens & 

Collet, 2006). 

Structurally, all the soluble Dsb proteins (DsbA, DsbC, DsbG) contain a domain 

with the characteristic thioredoxin-like fold, which consists of four-stranded beta sheets 

and three flanking alpha helices (Martin, 1995), and a catalytic site with the CXXC motif, 

typical of many thiol-disulfide oxidoreductases (Chivers et al., 1997). Of the two 

membrane bound proteins, DsbD has two periplasmic domains, one with a thioredoxin-

like fold and one with an immunoglobulin-like fold, whereas DsbB does not have any 

sequence homology with thioredoxin. Both membrane bound proteins have multiple 

cysteines which are mostly grouped in pairs, either through a CXXC motif or by close 

proximity of two protein loops (Porat et al., 2004; (Messens & Collet, 2006). 

It is important to point out that the oxidation and isomerization pathways are 

kinetically isolated, otherwise the cell would be wasting valuable energy resources by 

directly transferring high energy electrons from the cytoplasm to the oxygen reducing 

machinery of the inner membrane. The kinetic separation of the two pathways is evident 

from the apparent rates of disulfide bond exchange measured in vitro for the several pair 

wise combinations of the different components of both pathways (Figure 1.5). As can be 

seen from Figure 1.5, the rate of electron transfer between oxidants (DsbA and DsbB) 

and reductants (DsbC and DsbD) is several orders of magnitude lower than the rate of 

electron transfer between DsbA and DsbB as well as between DsbD and DsbC. 
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Figure 1.5  Kinetic barriers between oxidation and isomerization pathways in E. coli. 
Apparent rate constants of disulfide bond exchange measured at pH 7.0 and 25°C 
(Rozhkova et al., 2004). Arrows indicate the direction of electron transfer. Solid arrows 
denote the physiological relevant reactions.  

 

This is a beautiful example of kinetic control of what otherwise is a clearly 

favorable process from a thermodynamic point of view. In the case of the DsbC-DsbB 

interaction, some of the factors responsible for such kinetic barriers have been elucidated. 

Initially it was shown that disruption of the dimer interface of the DsbC homodimer, thus 

resulting in monomeric DsbC, enabled the oxidation of DsbC by DsbB (Bader et al., 

2001). However, further studies involving deletions in the alpha-helical linker region of 

DsbC suggested that the relative orientation of the catalytic sites of DsbC in the two 

monomers is actually responsible for preventing DsbC oxidation by DsbB (Segatori et 

al., 2006). 
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Cytoplasmic disulfide bond formation 

The cytoplasm of E. coli, and that of almost all living organisms, is a reducing 

environment. Cysteines in proteins are kept in a reduced state and the only disulfide 

bonds formed are in the active site of some enzymes in the course of their catalytic cycle 

(non-structural disulfides). E. coli has two cytoplasmic pathways, the thioredoxin and the 

glutaredoxin pathways, dedicated exclusively to keeping cysteines in a reduced state. The 

main function of these two pathways are: (1) to provide reducing equivalents to 

cytoplasmic enzymes, such as, ribonucleotide reductase (RNR), phosphoadenylyl 

sulphate (PAPS) reductase and methionine sulfoxide reductase (MsrA) (Ritz & Beckwith, 

2001) and (2) to prevent misoxidation that can occur as a consequence of the formation 

of reactive oxygen species in the normal course of oxidative metabolism. Essentially, 

through an enzymatic reaction, nicotinamide adenine dinucleotide phosphate hydrogen 

(NADPH) is used to reduce the different thioredoxins (TrxA and TrxC) and glutaredoxins 

(GrxA, GrxB and GrxC) which in turn reduce different cytoplasmic substrates (Figure 

1.6). In turn, NADPH is produced as part of the cellular metabolism and the oxidation of 

carbohydrates that serve as a source of energy for the cell. 

Thioredoxins and glutaredoxins differ from each other with respect to their 

specificity towards the different cytoplasmic proteins they reduce and with respect to the 

mechanisms that regulate their synthesis (Potamitou et al., 2002). Although in some 

situations, such as inactivation of some of the components of either pathway, some 

functional overlap between both groups still exists Ritz & Beckwith, 2001; Fernandes & 

Holmgren, 2004).  
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Figure 1.6  Cytoplasmic disulfide bond reducing pathways. Arrows indicate reduction 
and follow the flow of electrons along the reducing pathways. 

 

In 1993 Jon Beckwith lab developed a strain that rendered the cytoplasm 

oxidizing and thus allowed the formation of protein disulfide bonds in that compartment 

(Derman et al., 1993). This strain had the thioredoxin pathway inactivated by deleting the 

thioredoxin reductase (trxB) gene which encodes the enzyme that catalyzes the recycling 

of reduced thioredoxins using NADPH. This mutation resulted in the accumulation of the 

thioredoxins 1 and 3 (TrxA and TrxC) in the oxidized state. Even though thioredoxins 

normally serve as protein reductants, in the mutant strain they are completely oxidized 

and catalyze the reverse reaction, i.e. formation of disulfide bonds in proteins (Stewart et 

al., 1998). A strain with an oxidizing cytoplasm represents a new paradigm for the 

expression of heterologous proteins with disulfide bonds, because it eliminates the need 

to export proteins to the periplasm and allows access to all the cytoplasmic folding 
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machinery, such as the ATP dependent chaperones, that the periplasm lacks (Baneyx & 

Mujacic, 2004). Subsequently, Beckwith and coworkers engineered a strain with an even 

more oxidizing cytoplasm by inactivating both thioredoxin reductase (trxB) and 

glutaredoxin reductase (gorA). The latter enzyme reduces the tripeptide glutathione 

(GSH) which normally serves as the reductant for the recycling of glutaredoxins. In a 

trxB(−) gorA(−) null mutant strain both the thioredoxins and the glutaredoxins are 

oxidized and thus, the two reducing pathways of the cell are no longer functional (Prinz 

et al., 1997). Nevertheless, such double mutant strain needs an exogenous reductant like 

dithiothreitol (DTT) to be able to grow at a reasonable rate, presumably due to the 

requirement of at least one of the two reducing pathways to reduce essential enzymes 

such as ribonucleotide reductase, which is essential for DNA synthesis. When a trxB(−) 

gorA(−) null mutant strain is grown without DTT, fast growing colonies readily appear 

(Bessette et al., 1999a). These colonies contain suppressor mutations in a separate gene. 

The nature of the suppressor mutation in these strains has been identified and consists of 

the expansion of a triplet repeat resulting in the addition of one amino acid in the alkyl 

hydroperoxide reductase (AhpC). While AhpC is a peroxidase, the mutant enzyme is 

presumed to exhibit glutathione reductase activity although only indirect evidence exists 

for this activity and it has not been demonstrated biochemically (Ritz et al., 2001; Masip 

et al., 2006). 

 

Reporters for disulfide bond formation 

In order to study the process of disulfide bond formation in E. coli, it is necessary 

to use an appropriate protein model that requires the formation of correct disulfide bonds 

in order to be catalytically active and produce a signal in an easy to implement 

biochemical assay. In other words the protein must confer a readily measurable 
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phenotype. The two proteins most frequently used to monitor disulfide bond formation in 

E. coli in vivo are alkaline phosphatase (PhoA) and the flagella I protein (FlgI). 

PhoA is one of the most convenient reporters for the formation of disulfide bonds. 

Oxidation of the PhoA polypeptide with concomitant formation of two disulfide bonds is 

required for the enzyme to attain its correct three-dimensional form and thus be able to 

catalyze the cleavage of phosphates, which can easily be quantified with colorimetric 

assays. PhoA is a homodimeric metalloprotein with four cysteines and two disulfide 

bonds per subunit that are required for its enzymatic activity (Akiyama & Ito, 1993; Sone 

et al., 1997). Importantly, PhoA does not require any isomerase activity to achieve its 

native state. Thus the formation of disulfide bonds in PhoA is proportional only to the 

rate of protein oxidation and independent of the protein isomerization pathway (Rietsch 

et al., 1996).  

FlgI is an essential protein for bacterial motility. Bacteria are able to actively 

move to regions with higher nutrient concentration by the screw-like rotation of one or 

more flagella structures (Macnab & Neidhardt, 1996). FlgI contains a single disulfide 

bond and is one of the constituents of the flagella superstructure, a chemical motor that 

uses ATP as an energy source for the rotation of the flagella which performs mechanical 

work leading to cell motion. Approximately 26 copies of FlgI are carefully assembled to 

form the so-called P ring, which is localized in the peptidoglycan layer within the 

periplasmic space. The P ring, together with the L ring (which is attached to the outer 

membrane) form a stiff cylindrical structure that acts as a bushing to hold the rotating 

flagella rod (Macnab, 2003). Inability to form the disulfide bond in FlgI by E. coli cells 

deficient in periplasmic disulfide bond formation, results in lack of motility (Dailey & 

Berg, 1993). Initially it was postulated that the disulfide bond was required for the proper 

assembly of the P ring of the flagella superstructure, but further studies have recently 
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shown that the disulfide is important to prevent the degradation of FlgI before assembly 

(Hizukuri et al., 2006). Cell motility is an easily identifiable phenotype, with motile cells 

spreading readily in semi-solid (highly hydrated hydrogels) growth media, whereas non-

motile cells remain at the point of inoculation (Figure 1.7).  

 

 
Figure 1.7  Example of bacterial cell motility. (A) E. coli cells with a complete 
periplasmic disulfide bond formation machinery, (B) E. coli cells impaired in periplasmic 
disulfide bond formation, dsbB(−) null mutant strain. 

 

 

1.3 PRODUCTION OF HETEROLOGOUS PROTEINS WITH DISULFIDE B ONDS 

 

In 2002, the global sales for the therapeutic protein market were $33 billion (US) 

dollars, which represented a 24% increase from the previous year (Reuters, 2003). Sales 

are predicted to increase to up to $50 billion (US) by 2010 (Pavlou & Reichert, 2004). 

Table 1.1 shows the market share breakdown for the different classes of therapeutic 
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proteins in 2002. Interestingly, all of these classes of proteins are composed mostly or 

exclusively of proteins containing disulfide bonds. Such characteristic is due to the fact 

that these proteins are normally secreted outside the cell, so in most cases they have 

disulfide bonds in order to increase their stability. 

 

Table 1.1  Segmentation of the global therapeutic proteins market by class in 2002 

  Sales1, 2002 Market 
share1, Example of a commercially relevant protein Number of 

  ($ millions) 2002  -S-S- 
 

Erythropoietins 8,426 25.30% Recombinant human erythropoietin (RHuEPO) 2 

Interferons 5,731 17.20% Interferon alpha family 2 

Insulin 4,400 13.20% Insulin 3 

Monoclonal antibodies 4,150 12.40% Antibodies Several 

Blood factors 3,565 10.70% Tissue plasminogen activator (tPA) 17 

Colony stimulating factors 2,739 8.20% Human granulocyte colony-stimulating factor (G-CSF) 2 

Growth hormones 1,703 5.10% Human growth hormone (hGH) 2 

Interleukins 213 0.60% Interleukin 2 1 

Growth factors 123 0.40% Platelet-derived growth factor Several 

Therapeutic vaccines 68 0.20% Hepatitis B surface antigen vaccine Several 

Others (calcitonins, enzymes, TNF) 2,222 6.70% - - 

Total 33,340 100%   

1 - Data from (Reuters, 2003) 

 

The above table highlights the fact that the production of many commercially 

important proteins requires the development of production platforms that allow the 

proper folding of proteins with disulfide bonds. Currently, there is a wide variety of 

genetically engineered cells, or “expression platforms” for the production of heterologous 

proteins. Such expression platforms can be divided in five major groups based on the 

type of organism used for production: bacterial, yeast, filamentous fungi, mammalian 
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cells, and higher organisms such as plants and animals. Each of these groups exhibit 

advantages and disadvantages (Table 1.2). In general, more complex organisms (i.e. 

organisms other than bacteria) are able to produce proteins that have a higher degree of 

complexity (i.e. proteins that require complex post-translational modifications) but 

usually at a much higher cost, due to low yields, complexity of growth media, and 

expression problems like clone instability among other factors (Wurm, 2004). It is 

important to mention that with the advent of transgenic plants and animals, some of the 

problems of cost and scale-up can be addressed but these platforms still require a lot of 

time to develop and face a large number of regulatory issues (Dyck et al., 2003). 

 

Table 1.2  Comparison of the different expression platforms available for production of 
heterologous proteins. Adapted from (Dyck et al., 2003). 

 WORST     BEST 

Speed Animals Plants Mammalian 
cells Yeast Filamentous 

fungi Bacteria 

Cost/g 
Mammalian 

cells 
Yeast Filamentous 

fungi 
Bacteria Animals Plants 

Post-translational 
modifications 

Bacteria Yeast Filamentous 
fungi Plants Animals Mammalian 

cells 

Scale-up 
Mammalian 

cells Yeast Filamentous 
fungi Bacteria Animals Plants 

Regulatory Animals Plants Filamentous 
fungi Yeast Bacteria Mammalian 

cells 

 

On the other hand, simpler organisms are more advantageous from an economic 

point of view because of cheaper growth media, faster cell growth and the ability to 

achieve substantially higher cell densities resulting in very high volumetric productivity. 
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However, they lack the ability to perform some of the complex post-translational 

modifications that higher organisms can carry out, such as folding of proteins with a large 

number of disulfide bonds or glycosylation of proteins (Swartz, 2001). Some of the 

therapeutic proteins with a low number of disulfide bonds, such as insulin or human 

erythropoietin, are already being commercially produced in E. coli. This is not the case 

for proteins with more complex disulfide bond patterns like antibodies or tissue 

plasminogen activator (tPA). For these kinds of proteins, mammalian expression systems, 

primarily immortalized Chinese hamster ovary (CHO) cells, are still preferred because of 

their higher yield of properly folded protein and their glycosylation ability.  

E. coli is the most commonly used bacterial organism for the large scale 

production of therapeutic proteins. It can be cultured inexpensively in high density 

fermentors with yields that can reach up to 10 g/L (Jeong & Lee, 1999; Georgiou & 

Segatori, 2005). Current attempts to fold heterologous proteins with multiple disulfides in 

E. coli in either the periplasm or the cytoplasm usually involves the co-overexpression of 

an oxidoreductase, such as DsbA or DsbC (Joly et al., 1998; Qiu,1998; Bessette et al., 

1999a; Levy et al., 2001) or even some of their eukaryotic counterparts like protein 

disulfide isomerase (PDI) (Ostermeier et al., 1996). Even though co-expression of native 

or heterologous oxidoreductases can result in improved yields, the fraction of molecules 

of the desired protein that are correctly folded is still quite low, of the order of 1-30% of 

the polypeptides that are synthesized by the cell. The present work seeks to address some 

of the current shortcomings in the production of heterologous proteins with disulfide 

bonds in E. coli by developing a better understanding of the pathways that dictate 

oxidative protein folding in the cell and their evolution. 
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1.4 RESEARCH OUTLINE  

 

The main focus of this work has been to design and implement novel pathways 

for the formation of disulfide bonds in bacteria. I focused on the oxidative processes that 

are actually responsible for the formation of disulfide bonds in proteins. The objective 

was to engineer new oxidative pathways for periplasmic disulfide bond formation with 

altered oxidative properties compared to the endogenous oxidation pathway. The design 

and implementation of such pathways can improve our understanding of the oxidative 

processes occurring in the periplasm and also demonstrate the ability to partially or 

completely substitute the natural oxidative pathway with artificial designs that in some 

cases (Chapter 2 and Chapter 4) have no known equivalent in the biological world. 

Furthermore, these pathways could provide E. coli with additional oxidative pathways 

that could be useful for the expression of heterologous proteins with multiple disulfide 

bonds.  

Rational design together with Darwinian evolution under selective pressure were 

used to develop a new pathway for the formation of disulfide bonds in the periplasm that 

does not involve any of the components of E. coli’s endogenous disulfide bond formation 

pathway, as described in Chapter 2. The imposed selection constrains resulted in the 

evolution of a novel homodimeric thioredoxin 1 variant that acquired an iron-sulfur 

cluster critical for the operation of the new pathway. This work revealed how simple it is 

in evolutionary terms to create a protein folding pathway de novo. Also it provided 

insights on the plasticity of the thioredoxin fold and on the ability to create catalytically 

active metal centers with a minimal set of amino acid replacements. 

In chapter 3, a directed evolution approach was used to engineer a thioredoxin 1 

variant with improved periplasmic oxidation properties able to substitute for the strong 



 24 

periplasmic oxidant DsbA. The directed evolution approach hinged on the development 

of a new reporter process for protein oxidation which in turn led to a very high 

throughout selection for cells that exhibit the ability to form disulfide bonds in secreted 

proteins. Biochemical analysis of the isolated mutant thioredoxin 1 provided additional 

information concerning the ability of thioredoxin-motif enzymes to interact with other 

proteins. In particular our results showed how a single amino acid substitution can 

prevent the aberrant reduction of the protein in the periplasm. 

Finally, in chapter 4, the export of glutaredoxin 3 to the periplasm of strains 

lacking the entire periplasmic disulfide bond machinery resulted in the identification of a 

completely different mechanism for periplasmic disulfide bond formation. 

Characterization of this new disulfide bond formation process indicated the presence of 

glutathione in the periplasmic space and its active involvement in this novel disulfide 

bond formation process. 
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Chapter 2: An engineered pathway for the formation of protein 
disulfide bonds  

 

 

 

2.1 INTRODUCTION  

 

The pathways for the formation of disulfide bonds in secreted proteins of 

eukaryotic cells and bacteria are mechanistically very similar: electrons are transferred 

from the protein thiols to soluble catalysts of disulfide bond formation, then to membrane 

associated enzymes and finally to terminal electron acceptors such as oxygen (Sevier & 

Kaiser, 2002; Collet & Bardwell 2002). In Escherichia coli, catalysis of disulfide bond 

formation is mediated by the periplasmic protein DsbA. DsbA is recycled by the 

membrane enzyme DsbB with concomitant reduction of quinones (Figure 1.4). 

Inactivation of either the dsbA or dsbB gene abolishes the oxidation of secreted proteins.  

This chapter describes the design and implementation of a de novo pathway for 

the periplasmic formation of disulfide bonds independent of the action of the disulfide 

catalytic machinery of E. coli. The aim was to create a pathway consisting of a protein 

carrier that acquires a disulfide bond within the cytoplasm, is subsequently translocated 

across the membrane and then donates its disulfide bond stoichiometrically to 

periplasmic proteins, enabling their proper folding. Thus, a single protein would 

substitute for the entire DsbA-DsbB catalytic system including its connection to the 

electron transport chain.  
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The designed pathway hinges upon three steps: (i) the selection of an appropriate 

protein that can form disulfide bonds, (ii) a means for forming a disulfide bond in the 

carrier protein within the normally reducing cytoplasm and (iii) a mechanism for the 

export of the protein carrier, including its disulfide, across the membrane (Figure 2.1). As 

described before, inactivation of the cytoplasmic redox balancing systems by deletion of 

the thioredoxin reductase (trxB) and glutathione reductase (gorA) genes allows the 

formation of disulfide bonds in the cytoplasm (Bessette et al., 1999a). For the membrane 

translocation of a protein containing a disulfide, the twin arginine translocation pathway 

(Tat) was chosen. Tat is responsible for the membrane translocation of proteins that have 

acquired cofactors in the cytoplasm and also for folded proteins including those that 

contain disulfides (Berks et al., 2003; Lee et al., 2006) (Figure 1.3) 

We elected to use Thioredoxin 1 (TrxA) from E. coli as the disulfide exchange 

protein for the designed pathway. Many enzymes with disulfide oxidoreductase activity 

including protein disulfide isomerase and DsbA contain a thioredoxin fold (Sevier & 

Kaiser, 2002; Collet & Bardwell 2002). These enzymes contain the active site CXXC 

motif, where the cysteines reversibly form a disulfide bond and can undergo rapid thiol-

disulfide exchange reactions. Although thioredoxin is normally a reductant, it can serve 

as a catalyst of disulfide bond formation in the cytoplasm under oxidizing conditions and 

can also weakly substitute for DsbA when secreted via the Sec secretory pathway (Jonda 

et al., 1999; Debarbieux & Beckwith, 2000). This ability to serve as a general periplasmic 

oxidant is completely dependent on recycling by DsbB.  
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Figure 2.1  Schematic diagram of the proposed disulfide bond formation pathway. Key 
components of this pathway are: oxidizing cytoplasm, Tat exporter pathway and TrxA as 
carrier protein. 

 

dsbB(−) strains are non motile due to the misfolding of the flagella component 

FlgI which contains an essential disulfide (Dailey & Berg, 1993). The engineering of a 

pathway capable of mediating disulfide bond formation in the absence of DsbB should 

lead to the restoration of cell motility. TrxA was fused to the prototypical Tat-specific 

leader peptide ssTorA of the E. coli trimethylamine N-oxide reductase (TorA) protein 

and expressed in an E. coli strain having an oxidizing cytoplasm and also carrying a 

deletion in dsbB (strain DR473 dsbB::kan5) so that disulfide bond formation in the 

periplasm was abolished. However, E. coli DR473 dsbB::kan5 cells expressing ssTorA-
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TrxA were non-motile indicating that this fusion is unable to mediate the formation of the 

critical disulfide bond in FlgI.  

The central XX residues of the CXXC motif in proteins with a thioredoxin fold 

are critical for determining their redox properties (Mossner et al., 1998). Specifically, 

substitution of the active site CGPC dipeptide in thioredoxin by the sequence CPHC 

found in DsbA generates a thioredoxin mutant with a significantly more oxidizing redox 

potential (Mossner et al., 1998). This mutation was generated, but the ssTorA-

TrxA(CPHC) fusion also failed to restore motility, suggesting that by simply making the 

exported thioredoxin more oxidizing is insufficient to allow it to function independent of 

DsbB. 

By imposing evolutionary pressure, thioredoxin mutants were isolated which in 

the absence of the recycling enzyme, DsbB, can confer motility in cells with an oxidizing 

cytoplasm. Surprisingly, just a small change in two amino acids of the active site resulted 

in a radical change in protein structure and function by incorporating an iron sulfur 

cluster into a thioredoxin variant. This chapter describes the isolation of such thioredoxin 

and its in vivo and in vitro characterization (Masip et al., 2003). 

 

 

2.2 MATERIALS AND METHODS  

 

Strains 

The strains used in this study are listed in Table 2.1. All the LM strains were 

constructed by P1 transduction following standard protocols (Miller, 1992). The mutant 

alleles used to construct these strains are: dsbB::kan5 from E. coli RI317 (Jon Beckwith 
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lab) and trxB30::Tn10dTet (Sardesai & Gowrishankar, 2001). dsbA::cm in LM107 was 

constructed as described in (Datsenko & Wanner, 2000) using primers dsbA-P1 (5’-

ctttgcaattaacacctatgtattaatcggagagagtagatcgtgtaggctggagctgcttcg-3’) and dsbA-P2m (5’-

aagcccgtgaatactcacgggctttatgtaatttacattgaacatatgaatatcctccttagttcctattc-3’) and plasmid 

pKD3 as template. All allele substitutions were confirmed by PCR with primers flanking 

the corresponding gene and comparing the size of the resulting PCR fragments between 

the donor and recipient strains on an agarose gel. When possible, allele substitutions were 

also confirmed phenotypically with assays such as PhoA activity or motility. 

 

Table 2.1  Strains 

Strain Relevant genotype Source 

MC1000 F- araD139 ∆(araA-leu)7679 (codB-lac)X74 galE15 galK16 
rpsL150  relA1 thi 

Lab collection 

RI89 MC1000 phoR  ara-714 leu+ J. Beckwith lab 

DHB4 MC1000 phoA(PvuII) phoR malF3 J. Beckwith lab 

DR473 DHB4 ∆trxB gor552..Tn10Tet ahpC* (araC Para-trxB) J. Beckwith lab 

DR487 DR473 ∆trxC trxA::Km J. Beckwith lab 

RI317 RI89 dsbB::kan5 J. Beckwith lab 

LM107 JCB570 dsbA::cm This study 

LM101 DR473 dsbB::kan5 This work 

LM102 MC1000 dsbB::kan5 This work 

LM103 MC1000 trxB30::Tn10dTet This work 

LM104 MC1000 trxB30::Tn10dTet dsbB::kan5 This work 
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Strain Relevant genotype Source 

LM105 MC1000 trxB30::Tn10dTet dsbB::kan5 dsbA::cm This work 

BL21(DE3)pLysS E. coli B F– dcm ompT hsdS(rB
– mB

–) gal λ(DE3) [pLysS cmr] Stratagene 

 

Cloning and constructs 

The plasmids used in this study are listed in Table 2.2. Standard methods were 

used for all cloning steps (Sambrook et al., 2000). Wild type thioredoxin 1 (trxA) was 

amplified by PCR from plasmid pFA3 (Mossner et al., 1999) with primers Sal1-TrxA-F 

(5’-ctctcgtcgacatgagcgataaaattattcac-3’) and R-TrxA-Hind3 (5’-ctctcaagcttacgccaggtta 

gcgtcgag-3’), cloned at SalI / HindIII sites of plasmid pTG (DeLisa et al., 2002), 

resulting in pBAD33-ssTorA-TrxA where ssTorA is the first 150 base pairs of E. coli’s 

trimethylamine N-oxide reductase gene (TorA). ssTorA is a specific twin arginine 

translocation pathway (Tat) signal sequence. Using this plasmid as a template, ssTorA-

TrxA was amplified by PCR with BspH1-torA-F (5'-gcgatggaattcgagctcttaaag 

aggagaaaggtcatgaacaataacgatctctttcag-3') and R-TrxA-Hind3 (5’-ctctcaagcttacgccagg 

ttagcgtcgag-3’), and cloned into pTrc99a (Amersham Pharmacia) at NcoI / HindIII sites, 

obtaining pTrc99a-ssTorA-TrxA.  

An overlap PCR with a randomized primer was used to construct the TrxA library 

with randomized amino acids at the positions 33 and 34 (–CXXC– motif). Using 

pBAD33-ssTorA-TrxA as template, the N terminal part of TrxA was amplified with 

primers Sal1-TrxA-F (5’-ctctcgtcgacatgagcgataaaattattcac-3’) and N-ovlp-TrxA-R (5’-

ctctgcccagaaatcgacga-3’), whereas the C terminal part was amplified with the random 

primer TrxA-CXXC-F (5’- tcgtcgatttctgggcagagtggtgcNNNN NNtgcaaaatgatcgccccgat-

3') and R-TrxA-Hind3 (5’-ctctcaagcttacgccaggttagcgtcgag-3’). Both PCR amplified 
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fragments were used as a template for an overlap PCR with Sal1-TrxA-F and R-TrxA-

Hind3 primers. The product of this overlap PCR was cloned into pTrc99a-ssTorA-TrxA 

at SalI / HindIII sites after removal of the segment coding for wild type TrxA; this gives 

the pTrc99a-ssTorA-TrxACXXC plasmid library. The pTrc99a-ssTorA-TrxACXXC 

plasmid library was electroporated into DR473 dsbB::kan5 cells and plated on Luria-

Bertani-Miller (LB-Miller) media plates with ampicillin (100 µg/ml). 

TrxA active site mutants were constructed as described for the TrxA(cxxc) library 

by overlap PCR the following primers instead of TrxA-CXXC-F: TrxA-CACA-F (5’- 

tcgtcgatttctgggcagagtggtgcgcgtgcgcgaaaatgatcgccccgat-3') to give pTrc99a-ssTorA-

TrxA(caca); TrxA-AACA-F (5’-tcgtcgatttctgggcagagtgggcggcgtgcgcgaaaatgatcgccccgat-

3') to give pTrc99a-ssTorA-TrxA(aaca) and TrxA-AACC-F (5’-tcgtcgatttctgggcagagtgg 

gcggcgtgctgcaaaatgatcgccccgat-3') to give pTrc99a-ssTorA-TrxA(aaca). 

 

Table 2.2  Plasmids 

Plasmid Relevant features Source 

pTrc99a trc promoter, AmpR, pBR322 ori Amersham 
Pharmacia 

pBAD33 AraBAD promoter, CmR, pACYC ori (Guzman et al., 
1995) 

pET15b T7lac promoter, N-terminal His-tag, thrombin site, 
AmpR, pBR322 ori Novagen 

pBAD33-ssTorA-TrxA TrxA wild type with TorA signal sequence in 
pBAD33 This study 

pTrc99a-ssTorA-TrxA TrxA wild type with TorA signal sequence in pTrc99a This study 

pTrc99a-ssTorA-TrxA(cacc) TrxA with CACC active site and TorA signal 
sequence in pTrc99a This study 

pTrc99a-ssTorA-TrxA(caca) TrxA with CACA active site and TorA signal 
sequence in pTrc99a This study 
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Plasmid Relevant features Source 

pTrc99a-ssTorA-TrxA(aaca) TrxA with AACA active site and TorA signal 
sequence in pTrc99a This study 

pTrc99a-ssTorA-TrxA(aacc) TrxA with AACC active site and TorA signal 
sequence in pTrc99a This study 

pET15b-TrxA TrxA wild type in pET15b JF. Collet 
(Bardwell lab) 

pET15b-TrxA(cacc) TrxA with CACC active site in pET15b JF. Collet 
(Bardwell lab) 

pET15b-TrxA(caca) TrxA with CACA active site in pET15b JF. Collet 
(Bardwell lab) 

pET15b-TrxA(cacc) TrxA with AACC active site in pET15b JF. Collet 
(Bardwell lab) 

 

Motility assay 

Cells from single colonies were grown overnight in M9 casein media [1X M9 

minimal salts (Sigma, M6030), 0.4% (w/v) glycerol, 0.1% (w/v) casein enzymatic 

hydrolysate (Sigma, C0626), 2 mM MgSO4, 0.05 mg/ml thiamine] with the appropriate 

antibiotic at 37°C with shaking. The overnight culture was diluted based on OD600, so 

that approximately 100 cells were platted on a M9 casein motility plate (M9 casein media 

as above with 0.3 % (w/v) agar). Cells were grown at 37°C for 40 hours at which point 

the motility halos were determined. 

 

Library screening 

Approximately 2000 ampicillin-resistant colonies of DR473 dsbB::kan5 with 

pTrc99a-ssTorA-TrxACXXC plasmid library were pooled and grown overnight in M9 

casein media at 37°C with shaking. The overnight culture was diluted and plated on M9 
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casein motility plates with 100 µg/ml ampicillin. After 40 hours of growth at 37°C, 

approximately 4000 ampicillin-resistant colonies were screened based on the size of their 

motility halos. 

 

Alkaline phosphatase activity assay 

Cells harboring the pTrc99a plasmids containing the coding DNA sequence of the 

different thioredoxin mutants with the Tat specific TorA signal sequence fused to the N-

terminus were grown in MOPS minimal media (Sambrook et al., 2000) with 0.4% (w/v) 

glucose, 0.2% (w/v) casein enzymatic hydrolysate (Sigma, C0626), 0.05 mg/ml thiamine 

and a total concentration of inorganic phosphates of 0.1 mM to induce the synthesis of 

alkaline phosphatase (PhoA) from the chromosomal copy of the alkaline phosphatase 

gene (phoA). Cells were inoculated into 6 ml of fresh media and grown for approximately 

14hr at 37°C with shaking. The culture OD600 was then adjusted to 1.0 and 20 µl of cell 

culture were transferred to a 96 well plate and mixed with 30 µl of lysis buffer, a 2:1 

mixture of B-PER Bacterial Protein Extraction Reagent (78248 Pierce Biotechnology, 

Inc.) and a 0.4 M iodoacetamide solution. Cell were lysed for 30 min with shaking and 

then 200 µl of 250 µg/ml p-nitrophenyl phosphate in 0.2 M Tris-HCl pH 8 was added to 

each well. Hydrolysis of p-nitrophenyl phosphate was followed at A405 on a plate reader 

(Beckman). 

 

Cell fractionation 

Cells were fractionated by lysozyme-EDTA treatment performed as described 

(Vazquez-Laslop et al., 2001). Standard western blot analysis protocols were used 

(Ausubel et al., 1995). Proteins were separated in SDS-15% polyacrylamide Tris-Glycine 
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gels (Cambrex). An Immobilon-P polyvinylidene fluoride (PVDF) membrane (Millipore, 

IPVH00010) was used as transfer membrane. Rabbit anti-thioredoxin IgG (Sigma, 

T0803) and rabbit anti-GroEL IgG (Sigma, G6532) were used as primary antibodies. 

Goat anti-rabbit IgG (H+L)-HRP Conjugate (Biorad, 170-6515) was used as secondary 

antibody. The chemiluminescent SuperSignal West Pico substrate (Pierce, 34080) was 

used for detection. 

 

Protein purification 

BL21(DE3) pLysS bacteria harboring the pET15b plasmids containing the coding 

DNA sequence of the different thioredoxin mutants fused to a N-terminal His-tag were 

grown aerobically in 1.0 L of LB-Miller medium at 37 °C until an OD600 of 0.8-1.0 was 

reached. Isopropylthiogalactoside (IPTG) was added to a final concentration of 0.5 mM 

and shaking was continued for 5 hours to allow protein expression. Cultures were then 

centrifuged at 5,000 rpm and 4°C for 15 min. All the following steps were performed at 

4°C. Bacteria were resuspended in 25 ml buffer A (50 mM sodium phosphate, pH 8.0, 

300 mM NaCl) containing 1.0 mM phenylmethylsulfonyl fluoride and a tablet of 

Complete protease inhibitor cocktail (Roche). Cells were disrupted by 2 passes through a 

French Press at 1200 PSI. Bacterial extracts were then centrifuged for 30 min at 20,000 x 

g and 4°C in a Sorvall SS34 rotor. The resulting supernatant (≈ 20 ml) was diluted 3-fold 

with buffer A and applied onto a 5 ml Hi-Trap Ni-affinity column. The column was 

washed with 3 volumes of buffer A and 3 volumes of buffer A containing 20 mM 

imidazole successively. The His-tagged thioredoxin mutants were then eluted with buffer 

A containing 150 mM imidazole. All purified proteins were then concentrated by 

ultrafiltration and desalted by gel filtration on PD-10 columns in 20 mM Hepes, pH 7.5. 
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After gel filtration, 3 ml containing 20 mg of proteins were incubated with 6 

thrombin units in 20 mM TrisHCl, pH8.4, 150 mM NaCl and 2.5 mM CaCl2 in order to 

remove the His-tag sequence. A thrombin unit refers to the amount of enzyme required to 

cleave 1.0 mg of a test protein when incubated in the above conditions at 20°C for 16 

hours. After an overnight incubation at 4°C, the digestion mixture was loaded onto a 5 ml 

Hi-Trap Ni-affinity column. Proteins that retained the His-tag were bound to the column 

whereas the cut thioredoxins eluted in the flow-through. The flow-through was then 

concentrated, desalted as described above and applied onto a Q-Sepharose Hi-trap 

column. The column was washed with 25 ml buffer B (sodium phosphate 25 mM) and 

protein was eluted with a NaCl gradient (0-400 mM in 100 ml buffer B). Thioredoxins 

eluted at a Na+ concentration of ≈ 220 mM. 

 

Metal and sulfide content 

The metal and sulfide content of the thioredoxin variants TrxA(CACC) and 

TrxA(CACA) was initially determined by Helmut Beinert as described (Beinert, 1983; 

Kennedy et al., 1984). Analysis of the metal content of the thioredoxin variants from 

multiple batches of purified proteins was also performed by Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP) following standard protocols. 

 

Extended X-ray Absorption Fine Structure spectroscopy 

EXAFS spectroscopy of the purified thioredoxin variants TrxA(CACC) and 

TrxA(CACA) was performed as follows. Protein (1mM, 40% glycerol) was placed in 2 x 

3 x 25 mM Lucite cuvettes with Kapton windows and quickly frozen in liquid N2. 

Spectra were measured using NSLS beamline X-9B using a sagitally focused Si(111) 
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double-crystal monochromator, a nickel mirror for harmonic rejection and a 13-element 

Ge solid-state fluorescence detector (Canberra). A Displex cryostat kept samples at 13 K. 

Energies were calibrated by assigning the first inflection point of an Fe foil as 7111.2 eV. 

Windowed Fe Kα fluorescence of ~1 kHz/channel was integrated for times ranging from 

1 sec at the edge to 10 sec at k = 13 Å–1 for a total scan time of ~ 35 min, and 5 or 6 scans 

were averaged per sample. A quadratic polynomial was fit to the pre-edge and a three-

region cubic spline to the post-edge. Fourier transforms were calculated using k3-

weighted data (E0=7126 eV) for k = 1.5-11.5 Å–1 and were fitted (G.I.Feffit) using 

parameters calculated (Feff 6.01) for Fe-S and Fe-Fe. 

 

Hirudin refolding assay 

The refolding of hirudin was determined as described in (Hennecke & 

Glockshuber, 1998). Briefly, reduced, unfolded hirudin (28 µM) was incubated with 2.8 

µM of either TrxA(CACC), TrxA(CACA) or TrxA in 100 mM sodium phosphate buffer, 

pH 7 at 25°C. Since native hirudin has 3 disulfide bonds, this represents a 30-fold excess 

of reduced hirudin. Prior to hirudin refolding experiments, TrxA (150 µM) was purified 

from exogenous metals by incubation with 2 mM EDTA and then gel filtrated on a PD10 

column (the column had been equilibrated with H2O depleted of its metals by a 1 h 

incubation with Chelex 100 resin). At different time-points, 100 µl samples were 

withdrawn and the reaction was quenched by the addition of 40 µl of a mix containing 

formic acid and acetonitrile in a 1:1 ratio. The samples were then analyzed using a 

Phenomenex Primesphere C18 column using a gradient from 24 to 29.6 % of 100 % 

acetonitrile/0.1 % TFA. The peak area corresponding to native hirudin was calculated. 
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2.3 RESULTS 

 

Library screening 

The sequence encoding the CXXC dipeptide in ssTorA-TrxA was randomized, 

the resulting library was expressed in DR473 dsbB::kan5 cells and colonies were 

screened for restoration of bacterial motility. A total of 8 motile clones that encoded 3 

different active site sequences CACC, CPCC and CPSC were isolated from 

approximately 4,000 colonies screened. The 3 active site mutants differed in their ability 

to restore motility [TrxA(CACC) ≈ TrxA(CPCC) > TrxA(CPSC)]. The ssTorA-

TrxA(CACC) mutant that conferred greatest motility was examined in detail. 

 

In vivo characterization of TrxA(CACC) 

DR473 dsbB::kan5 cells expressing ssTorA-TrxA(CACC) were first analyzed by 

cell fractionation and western blot (Figure 2.2). The molecular weight of the thioredoxin 

variant in the periplasmic fraction is consistent with cleavage of the TorA signal 

sequence. Even though the spheroplasts fraction contains TrxA(CACC) without the TorA 

signal sequence (Figure 2.2, lane 3), indicating that the fractionation was not complete, 

the total absence of the cytoplasmic controls GroEL and TrxA in the periplasmic fraction 

proves that ssTorA-TrxA(CACC) is being exported to the periplasm.  
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Figure 2.2  Thioredoxin localization. Lanes are as follows: 1, E. coli DR473 [trxB(−) 
gorA(−) dsbB(−)] cells without plasmid (control cells expressing wild type thioredoxin 
which is localized in the cytoplasm); 2, E. coli DR487 (a derivative of DR473 
additionally containing deletions in the trxA and trxC genes); 3, E. coli DR473 dsbB 
pTrc99a-ssTorA-TrxA(CACC). Lanes 1, 2, 3 on the left correspond to spheroplasts, 
while lanes 1, 2, 3 on the right correspond to periplasmic fraction. Western blot was 
carried out with rabbit polyclonal anti-GroEL antibody (top) and rabbit polyclonal anti-
TrxA antibody (bottom) with chemiluminescent detection. 

 

After confirming the localization of the ssTorA-TrxA(CACC) variant in the 

periplasm, cells expressing this variant were tested for their oxidase activity on motility 

plates. As mentioned before, dsbB(−) strains are non motile due to the misfolding of the 

flagella component FlgI which contains an essential disulfide (Dailey & Berg, 1993). 

Restoration of motility was dependent both on the presence of an oxidizing cytoplasm 

(Figure 2.3, compare iii and iv) and on the export of the mutant protein via the Tat 

pathway. Substitution of the RR dipeptide within the ssTorA leader peptide with a KK 

sequence, a mutation that abolishes Tat export (Berks et al., 2003; Lee et al., 2006), 

rendered the cells non-motile (Figure 2.3, v). Additionally, motility was impaired when 

the ssTorA leader peptide was substituted with the Sec-specific leader peptide from PhoA 

(data not shown). 
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Figure 2.3  Motility assay for the TrxA(CACC) variant in different plasmid constructs 
and strain backgrounds. (i) E. coli DR473 [MC1000 trxB(−) gorA(−) ahpC*], positive 
control, (ii) E. coli DR473 dsbB(−), negative control (iii) E. coli DR473 dsbB(−) 
containing the plasmid pTrc99a-ssTorA-TrxA(CACC), (iv) E. coli MC1000 dsbB(−) 
containing the plasmid pTrc99a-ssTorA-TrxA(CACC), (v) as in (iii) except that the RR 
dipeptide in ssTorA is substituted with KK to inhibit its export via the tat pathway. 
Colonies were grown on motility plates for 40 hours at 37ºC. 

 

Alkaline phosphatase is a periplasmic protein that contains two disulfides, both of 

which are required for its activity. The formation of active alkaline phosphatase was 

therefore used to evaluate whether other periplasmic proteins, in addition to FlgI, also 

become oxidized by ssTorA-TrxA(CACC) in vivo (Figure 2.4). These experiments were 

carried out in E. coli MC1000 trxB dsbB::kan5 dsbA::cm cells in order to determine 
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whether the thioredoxin variant can support protein oxidation in the absence of the 

complete DsbA-DsbB machinery. Indeed the designed pathway conferred about 40% of 

the alkaline phosphatase activity level observed in wild type cells (Figure 2.4). Thus, 

ssTorA-TrxA(CACC) exported by the Tat pathway functions as a general periplasmic 

protein oxidant, independent of the DsbA-DsbB recycling machinery. 

 

 
Figure 2.4  Alkaline phosphatase (AP) activity assay of TrxA(AACA), TrxA(CACA) and 
TrxA(CACC) in different strain backgrounds. E. coli MC1000 and derivatives with the 
corresponding pTrc99a-ssTorA-TrxA plasmid as shown were grown in MOPS low 
phosphate minimal media; the alkaline phosphatase activity in cell lysates was 
determined with p-nitrophenyl phosphate (pNPP). Enzymatic activity was normalized on 
a per OD600 basis and relative to the PhoA activity of MC1000 trxB(−). Error bars denote 
standard error. 
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We investigated the mechanism of disulfide bond formation by ssTorA-

TrxA(CACC), by individually substituting the N- and C-terminal Cys residues of the 

active site with alanine. Neither ssTorA-TrxA(AACC) nor ssTorA-TrxA(CACA) were 

capable of restoring motility in vivo (data shown). However, the latter mutant was 

capable of conferring about 25% of the alkaline phosphatase activity of ssTorA-

TrxA(CACC) (Figure 2.4). 

 

In vitro characterization of TrxA(CACC) 

The following experiments were performed by several members of Dr Bardwell’s 

lab at the University of Michigan (Masip et al., 2003).  

In order to biochemically characterize these proteins, the TrxA(CACC), 

TrxA(CACA) and TrxA(AACC) mutant proteins were overexpressed and purified to 

homogeneity. Surprisingly, the purified TrxA(CACC) and TrxA(CACA) proteins had a 

dark brown color, in contrast to wild type thioredoxin, or TrxA(AACC), which were 

colorless. The absorbance spectrum of the TrxA(CACA) and TrxA(CACC) mutants 

showed peaks at 340 nm, 412 nm, 452 nm and a shoulder at 560 nm, very similar to the 

iron-sulfur protein ferredoxin (Figure 2.5A). The metal and sulfide content of these 

proteins was initially determined by Helmut Beinert (Beinert, 1983) and subsequently by 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP). TrxA(CACA) and 

TrxA(CACC) were found to contain one protein molar equivalent of iron and sulfide in a 

1:1 stoichiometry and no other metals were detected in significant levels. In contrast, 

however, the TrxA(AACC) mutant and the wild type TrxA did not contain any 

significant amount of Fe or sulfide or any other metals. UV-Vis spectroscopy revealed 

spectral characteristics of [2Fe-2S] clusters of the ferredoxin type (Figure 2.5A). [4Fe-

4S] clusters show very different spectral features with characteristic absorption peaks at 
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325, 385 and 450 nm in the oxidized state (Lippard & Berg, 1994) or a broad peak 

around 420 in the reduced state (Lazazzera et al., 1996). Similarly, the CD spectroscopic 

characteristics of TrxA(CACC) were consistent with those of [2Fe-2S] containing 

proteins including spinach ferredoxin (Figure 2.5B).  

 

Figure 2.5  Biochemical analysis of the thioredoxin mutants. A, UV/visible absorption 
spectra of TrxA, TrxA(CACC) and spinach ferredoxin. B, Left: Visible CD spectrum of 
TrxA(CACC) and spinach ferredoxin. Right: Visible CD spectrum of TrxA. 

 

 



 43 

Interestingly, TrxA(CACC) and TrxA(CACA) were both EPR (Electron 

Paramagnetic Resonance) silent at high or low temperatures, a feature that is typical of 

oxidized [2Fe-2S] clusters of the ferredoxin type (Lippard & Berg, 1994). This type of 

cluster typically shows a strong EPR signal only upon reduction, unless the cluster 

dissociates. However, upon reduction of the mutant proteins with dithionite, the brown 

color disappeared and the protein remained EPR silent suggesting that the cluster had 

been destroyed. To unambiguously distinguish between different types of iron sulfur 

clusters, we performed EXAFS (Extended X-ray Absorption Fine-structure 

Spectroscopy) analysis on the two potentially iron sulfur containing TrxA(CACC) and 

TrxA(CACA) mutant proteins. The results shown in Table 2.3 and in Appendix A are 

consistent with the presence of a [2Fe-2S] cluster of the ferredoxin-type but not with 

other iron sulfur clusters such as [4Fe-4S] clusters.   

 

Table 2.3  Best-fit parameters for protein EXAFS data (lines 1 and 2) and 
crystallographic parameters for representative Fe/S clusters (lines 3 to 5) 

Fe-S Fe-Fe 

Proteins R 

(Å) 
N 

σ2 × 103 

(Å2) 

R 

(Å) 
N 

σ2 × 103 

(Å2) 

CACC 2.27 4 9.22 2.73 1 5.1 

CACA 2.28 4 10.1 2.76 1 7.0 

[Fe2S2S4]
6– 2.26 4 -- 2.88 1 -- 

[Fe2S2(S2-o-xyl)2]
2– 2.26 4 -- 2.70 1 -- 

[Fe4S4(SPh)4]
2– 2.28 4 -- 2.73 3 -- 

Parameters for representative Fe/S clusters (lines 3 to 5) from (Berg et al., 1982). 
R, absorber-scatterer distance; N, coordination number; σ2, Debye-Waller factor.  
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Four cysteine residues are often used to coordinate [2Fe-2S] clusters. The isolated 

mutants, however, contained a maximum of three cysteines in TrxA(CACC) and two 

cysteines in TrxA(CACA), raising the question of how they coordinate an iron sulfur 

cluster. During purification, we noted that the TrxA(CACC) and TrxA(CACA) mutants 

migrated as dimers in size exclusion chromatography (Figure 2.6). Incubation of the iron-

sulfur containing TrxA(CACC) mutant at 55°C for 12 hours led to a loss of the brown 

color. The protein was shown to be iron free and gel filtration experiments indicated that 

the TrxA(CACC) protein was now monomeric. The fact that TrxA(C32AC34C) is brown, 

iron sulfur containing and dimeric, whereas the TrxA(AACC) is colorless, iron free and 

monomeric strongly suggests that the iron sulfur cluster serves to dimerize thioredoxin 

and that the C32 and C34 residues, but not C35, are involved in iron sulfur coordination. 

In fact, the iron sulfur cluster in the TrxA(CACA) mutant was more stable both during 

and following purification, than the iron sulfur in the TrxA(CACC) mutant protein. 

In addition to the variants of thioredoxin that contain three cysteines 

[TrxA(CACC) and TrxA(CPCC)], the motility screen also yielded TrxA(CPSC). Serine 

is chemically similar to cysteine and has also been observed to coordinate iron sulfur 

clusters, mainly of the [2Fe-2S] type, though with reduced affinity (Moulis et al., 1996). 

This might explain why this mutant protein shows the lowest activity in vivo. Though we 

have not studied the TrxA(CPSC) mutant [or the TrxA(CPCC) mutant] in detail, cells 

overexpressing the CPSC protein showed a brown coloration, indicating that it likely 

contains an iron sulfur center. 
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Figure 2.6  Dimerization of TrxA(CACC). Left: Gel filtration chromatography of 
TrxA(CACC) and TrxA on a Sephadex 200 column. Right: Standard curve generated 
with proteins of known molecular weight. The apparent molecular weights of TrxA and 
TrxA(CACC) (open circles) were calculated according to this curve. 

 

In order to determine whether TrxA(CACC) could catalytically oxidize proteins, 

catalytic quantities of TrxA(CACC) or TrxA(CACA) were added to a 30-fold 

stoichiometric excess of reduced hirudin. Hirudin is a 65 residue protein isolated from the 

medicinal leech, which has 3 essential disulfide bonds (Hennecke et al., 1999). In the 

presence of catalytic amounts of TrxA(CACC), reduced hirudin is converted to the native 

form (Figure 2.7).  
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Figure 2.7  Refolding of reduced hirudin by catalytic amounts of TrxA, TrxA(CACC), or 
TrxA(CACA). Reduced, denatured hirudin was incubated with catalytic amounts of 
TrxA(CACC) (•), TrxA(CACA) (�) or TrxA supplemented with stoichiometric amounts 
of Fe2+ (�) or Fe3+ (*). The effect of Fe2+ (�) and Fe3+ (�) alone or the addition of 
EDTA (1 mM) to TrxA (x), TrxA(CACC) (�) or TrxA(CACA) (dashed line, ◊) was also 
determined. At different time points, aliquots were taken, the reaction was quenched by 
acidification and samples were analyzed by HPLC. The peak area corresponding to 
native hirudin was determined and the relative amount of folded hirudin was calculated. 
The yield of native hirudin for the TrxA(CACC) mutant at the 10 hours time point was 
set as 100% (corresponding to between 70 and 95% conversion to native hirudin). 

 

This result demonstrates that the TrxA(CACC) protein is indeed capable of 

catalyzing oxidative protein folding in vitro. When EDTA was added to the reaction, only 

15 % of the reduced hirudin was oxidized to the native state (Figure 2.7). Under 

anaerobic conditions the yield of folded hirudin was similar to that obtained by EDTA 

treatment. Iron alone did not catalyze hirudin folding, even at concentrations as high as 

0.3 mM, a 100-fold excess over TrxA(CACC) concentration. TrxA(CACA) used under 

identical conditions resulted in only 23% hirudin refolding which was reduced to 2% in 
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the presence of EDTA. Our results show that: 1) TrxA(CACC) can catalyze the oxidation 

of hirudin and it does so much more effectively than TrxA(CACA); 2) in both cases the 

reaction is metal dependent since the yield and rate are much lower in the presence of 

EDTA (Figure 2.7); 3) the catalyst is regenerated by oxygen, as hirudin is not folded 

efficiently when the reaction is performed anaerobically. It seems therefore that 

TrxA(CACC) is able to catalytically oxidize proteins in an oxygen and metal-dependant 

manner. In that regard, the evolved TrxA(CACC) enzyme resembles the iron-dependent 

sulfhydryl oxidase from bovine milk which catalyzes the oxidation of sulfhydryls in 

proteins with O2 as the electron acceptor (Janolino & Swaisgood, 1975). It should be 

noted that while TrxA(CACC) is able to catalyze oxidative protein folding in vitro, the 

possibility that in vivo stoichiometric transfer of disulfides may be partially responsible 

for its ability to substitute for the DsbA/DsbB pathway cannot be ruled out. 

 

 

2.4 DISCUSSION 

 

We had sought to design a protein disulfide carrier that can be transferred from 

the cytoplasm into the periplasmic space. However, all three independent mutants that 

were selected for their ability to form disulfides in periplasmic proteins appear to 

incorporate a [2Fe-2S] iron sulfur cluster. This surprising result provides genetic 

evidence that the iron sulfur cluster is required for the protein to mediate disulfide bond 

formation. However, the [2Fe-2S] iron sulfur cluster alone is not sufficient for full thiol 

oxidation activity. Cys35 is also important for this function since the ssTorA-

TrxA(CACA) mutant contained a stable iron sulfur cluster, yet conferred lower alkaline 

phosphatase activity and was not functional in the in vivo motility assay. Thus, optimal 
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function of the engineered pathway requires both an iron-sulfur cluster and a CXXC 

motif.   

In general, iron sulfur clusters carry out one-electron redox reactions, whereas 

thiol-disulfide exchange reactions involve the transfer of 2 electrons. However, iron 

sulfur clusters have been shown to be involved in two-electron transfer reactions, 

including thiol-disulfide exchange. Notably, spinach ferredoxin:thioredoxin reductase 

was recently shown to catalyze the two-electron reduction of the active site disulfide of 

thioredoxin f (Staples et al., 1996). Alternatively, in vivo the TrxA(CACC) mutant could 

be serving as the simultaneous exporter of iron and of a disulfide oxidoreductase (Figure 

2.8B). In this model, the incorporation of an [2Fe-2S] cluster into thioredoxin and the 

export of this two-component package could provide the periplasm with two catalysts, a 

redox active metal and a thiol-disulfide oxidoreductase containing a CXXC active site. 

The breakdown of the [2Fe-2S] cluster following export of the TrxA(CACC) dimer 

should provide a significant concentration of free iron in the periplasm, that could oxidize 

the TrxA(CACC) protein, in turn oxidizing substrate polypeptides. Metals are well 

known to be able to oxidize the cysteines in proteins in an air mediated reaction, but this 

reaction is generally slow and furthermore free metal concentrations in vivo are generally 

thought to be exceedingly low (Finney & O'Halloran, 2003). On the other hand, 

thioredoxin is very rapidly oxidized by divalent metals and is capable of thiol-disulfide 

exchange reactions with rate constants about 10,000 times higher than those between 

proteins and DTT (Holmgren, 1979). To test this model we examined the ability of wild 

type TrxA to catalyze disulfide bond formation in the presence or absence of iron. In 

vitro, the folding of hirudin by TrxA in the presence of Fe2+or Fe3+ was significantly less 

efficient compared to that obtained with an equimolar amount of TrxA(CACC) iron-

sulfur dimer. In vivo, export of TrxA via the Sec apparatus (by virtue of the PhoA leader 
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peptide) resulted in no alkaline phosphatase activity even when cells were incubated with 

a large excess of Fe2+ (data not shown). While these results favor the model shown in 

Figure 2.8A, a contribution of dissociated TrxA(CACC) together with released iron 

(Figure 2.8B) to the formation of disulfide bonds in the periplasm cannot be entirely 

ruled out. 

 

Figure 2.8  Engineered pathway for periplasmic disulfide bond formation. Assembly of 
the [2Fe-2S] cluster occurs in strains with oxidizing cytoplasm [trxB(−) or trxB(−) 
gorA(−) ahpC* mutants) and the dimeric form of the protein is subsequently exported 
through the Tat translocator. A, Catalysis by dimeric TrxA(CACC) with the [2Fe-2S] 
center intact. B, Catalysis by a two-part system in which the TrxA(CACC) dimer 
dissociates in the periplasm to release free iron and thioredoxin. Stoichiometric transfer 
of a disulfide from the cytoplasm may also be occurring (not shown).  
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Independent of the precise mechanism, the iron sulfur cluster in thioredoxin is 

critical for the function of the designed pathway either to control the reactivity of 

adjacent cysteines or as a means of transporting iron across the membrane. Iron sulfur 

clusters represent one of the most ancient prosthetic groups, and one of the most 

ubiquitous, being found in over 120 distinct classes of proteins including components of 

the respiratory and photosynthetic electron transfer chains and a plethora of redox 

proteins involved in most areas of metabolism (reviewed in Beinert et al., 1997). The 

thioredoxin fold appears to represent a suitable scaffold for the incorporation of iron 

sulfur clusters. For example, a [2Fe-2S] cluster is naturally found in the thioredoxin-like 

ferredoxin from Aquifex aeolicus (Meyer, 2001), and iron sulfur clusters have been 

inserted into thioredoxin by rational design (Benson et al., 1998) although these did not 

play a functional role. However, whereas in the Aquifex aeolicus thioredoxin-like 

ferredoxin and in the rationally designed proteins the iron sulfur cluster is coordinated 

intramolecularly, in the TrxA(CACC) and TrxA(CACA) mutants, the [2Fe-2S] bridged 

two polypeptide chains.  

Recently, the crystal structure of the TrxA(CACA) variant was solved (Collet et 

al., 2005). The mutant protein crystallized as a dimer in which the iron-sulfur cluster is 

replaced by two intermolecular disulfide bonds. Cysteines 32 and 34 of one of the 

monomers are connected to the corresponding residues of the other monomer that forms 

the dimer, that is, Cys32 of monomer A is linked with Cys32 of monomer B and Cys34 

of monomer A with Cys34 of monomer B. To allow this pairing of cysteines, both 

monomers face each other through their active sites with one of the monomers upside-

down with respect to the other. This is the first time that TrxA has been crystallized as a 

dimer with the active site acting as the dimer interface. Although the crystals of the 

purified protein were brown, no electron density corresponding to an iron-sulfur cluster 
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could be detected. The authors suggest that due to the instability of the dimer, free irons 

from the iron sulfur cluster may be deposited in the solvent channels of the crystal, 

resulting in brown coloration but no X-ray diffraction. Interestingly, while the crystal 

structure of TrxA(CACA) shows that both cysteine residues of the active site (Cys32 and 

Cys34) are solvent exposed, this is not the case for wild type TrxA that has only one 

solvent exposed cysteine residue (Cys32). Presumably, solvent accessibility to these two 

cysteines could facilitate the assembly of the [2Fe-2S] iron-sulfur cluster.  

Laboratory evolution has been employed extensively in studies that include 

altering the substrate specificity and stability of industrial enzymes, for modulating 

protein:protein interactions, enzyme quaternary structure and for exploring evolutionary 

relationships (Arnold, 2001; Taylor et al., 2001). We have in essence, caught evolution in 

the act of adding an iron sulfur cluster to thioredoxin, enabling it to act as a thiol oxidant. 

Our results show that the acquisition of cofactors can be evolutionarily a rather simple 

process and our ability to generate an artificial pathway for oxidative protein folding 

highlights the plasticity of redox metabolism. 
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Chapter 3: Optimization of TrxA as a periplasmic oxidant 

 

 

 

3.1 INTRODUCTION  

 

Earlier studies had shown that thioredoxin 1 (TrxA) exported into the periplasm 

can substitute for the defect in disulfide bond formation that occurs in mutant strains 

lacking DsbA. The ability of thioredoxin to catalyze disulfide bond formation in dsbA(−) 

null strains is manifest by the restoration (complementation) of cell properties or 

phenotypes that require disulfide bond formation, such as alkaline phosphatase activity 

and cell motility (Debarbieux & Beckwith, 1998). Initially, it was thought that TrxA did 

not require the presence of DsbB in order to function as a periplasmic oxidant. However 

further studies firmly established that the catalysis of disulfide bonds by TrxA requires 

the action of DsbB, which was shown to be responsible recycling TrxA, i.e. re-oxidizing 

the enzyme after it had been reduced by transferring its disulfide to substrate proteins 

(Jonda et al., 1999; Debarbieux & Beckwith, 2000) (Figure 3.1). Exported TrxA is a 

weak protein oxidant. As a result the alkaline phosphatase activity is only about 10% of 

the level observed in wild type cells having an active DsbA (Jonda et al., 1999).  

In order to gain insight on which characteristics limit the ability of TrxA to fully 

complement the absence of DsbA, we decided to use an evolutionary approach to identify 

mutations that improve its ability to serve as an oxidant. Specifically, the trxA gene was 

subjected to random mutagenesis and the resulting library of mutants was screened for 

clones that more fully restore disulfide bond formation. As in all evolutionary 
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approaches, isolation of TrxA variants with the desired characteristics depends strongly 

on the choice of a suitable screening method. Such screening process should be closely 

linked with the desired phenotype and should allow the analysis of a large number of 

variants. Therefore an effective, high throughput screen (HTS) for disulfide bond 

formation activity in bacteria had to be devised.  

 

Figure 3.1  Periplasmic disulfide bond formation by TrxA. TrxA localized to the 
periplasm of dsbA(−) strains is reoxidized by the membrane bound oxidase DsbB. 

 

One of the phenotypes associated with dsbA(−) mutant strains is their inability to 

support M13 plaque formation (Bardwell et al., 1991). M13 is a member of the 

filamentous bacteriophage family of single stranded DNA viruses that infect gram-
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negative bacteria (Sambrook et al., 2000). M13 bacteriophages are non-lytic and only 

infect cells that contain the conjugative sex pili encoded by the F factor. The F pili are 

extracellular protein structures that participate in bacterial conjugation (Firth et al., 1996). 

Structurally, M13 particles consist of a circular single stranded DNA of approximately 

6400 base pairs which is surrounded by a protein coat. A wild type M13 particle is about 

930 nm long and 6.5 nm in diameter (Kehoe & Kay, 2005). E. coli infection requires the 

interaction between the F pilus from the cell and the pIII protein of the M13 phage 

(Karlsson et al., 2003). dsbA(−) null mutant strains seem to be unable to support M13 

plaque formation due to their inability to properly assemble the F pilus, and as a 

consequence M13 is unable to infect such cells (Bardwell et al., 1991). This defect is 

presumably due to the presence of a critical disulfide bond in some of the proteins 

required for the F pilus assembly (Harris et al., 2001; Lawley et al., 2003; Kadokura et 

al., 2003; Klimke et al., 2005).  

Based on this information, we exploited the ability of M13 to infect bacteria as a 

screening method for periplasmic disulfide bond formation. The rational behind this 

screen is that defects in disulfide bond formation in the periplasm result in a reduction in 

the number of colonies that can be infected by M13. This in turn required a simple way to 

distinguish between cells that are infected with the M13 phage and those that were not. 

To that end, a selection screen was conceived with the use of M13 phage particles that 

contain a single stranded DNA copy of a plasmid with a resistance marker instead of 

M13’s own DNA, known as “packaged phagemids” (Sambrook et al., 2000). The screen 

works as follows; if a cell allows periplasmic disulfide bond formation, it is infected by 

the M13 packaged phagemids resulting in the introduction of the plasmid into the cell, 

thus providing such cell with an easily identifiable antibiotic resistance marker. 

Conversely, if a cell does not allow periplasmic disulfide bond formation, it would not 
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get infected (no plasmid would enter the cells) resulting in the absence of the antibiotic 

resistance marker (Figure 3.2). With such scheme, identification of cells that allow 

periplasmic disulfide bond formation is as simple as an infection step, with M13 

packaged phagemids, followed by selection on plates containing an antibiotic. 

Figure 3.2  M13 packaged phagemid screen for periplasmic disulfide bond formation. 
Lower left: Cells that allow periplasmic disulfide bond formation get infected by the M13 
phagemid which results in the introduction of a plasmid with an antibiotic resistance 
marker. Lower right: Cells that do not allow periplasmic disulfide bond formation do not 
get infected which results in the inability of these cells to grow in selective media.  

 

This chapter describes the use of such M13 infectivity screen to isolate TrxA 

variants with improved periplasmic disulfide bond formation properties and the 

subsequent in vivo and in vitro characterization of one of these variants. Overall, this 
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study provides new insights on the functional reversal of the cytoplasmic reductant TrxA 

and the plasticity of the periplasmic disulfide bond formation machinery.  

In this chapter, reference to amino acid position in TrxA includes the methionine 

at position 1. This is different from Chapter 2 where the methionine at position 1 was not 

taken into account. 

 

 

3.2 MATERIALS AND METHODS  

 

Strains 

The strains used in this study are listed in Table 3.1. LM strains were constructed 

by P1 transduction following standard protocols (Miller, 1992). The mutant alleles used 

to construct these strains are: dsbB::kan5 from E. coli RI317, dsbA::kan from E. coli RI90 

and dsbD::cm from E. coli RI242 all from Jon Beckwith lab. dsbA::cm in LM107 was 

constructed as described in (Datsenko & Wanner, 2000) using primers dsbA-P1 (5’-

ctttgcaattaacacctatgtattaatcggagagagtagatcgtgtaggctggagctgcttcg-3’), dsbA-P2m (5’-

aagcccgtgaatactcacgggctttatgtaatttacattgaacatatgaatatcctccttagttcctattc-3’) and plasmid 

pKD3 as template. All allele substitutions were confirmed by PCR with primers flanking 

the corresponding gene and comparing the size of the resulting PCR fragments between 

the donor and recipient strains on an agarose gel. When possible, allele substitutions were 

also confirmed phenotypically with assays such as PhoA activity or motility. 
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Table 3.1  Strains 

Strain Relevant genotype Source 

MC1000 F’ F’[proAB lacIQ lacZ ∆M15 Tn10(TetR)] araD139 ∆(araA-
leu)7679 (codB-lac)X74 galE15 galK16 rpsL150  relA1 thi 

Lab collection 

DHB4 MC1000 phoA(PvuII) phoR malF3 J. Beckwith lab 

RI89 MC1000 F(-) phoR  ara-714 leu+ J. Beckwith lab 

RI90 RI89 dsbA::kan J. Beckwith lab 

RI317 RI89 dsbB::kan5 J. Beckwith lab 

RI242 RI89 dsbD::cm J. Beckwith lab 

WP570 DHB4 ∆trxA J. Beckwith lab 

LM106 MC1000 F’ dsbA::kan This study 

LM107 JCB570 dsbA::cm This study 

LM108 MC1000 F’ dsbB::kan5 dsbA::cm This study 

LM109 MC1000 F’ dsbB::kan5 This study 

BL21(DE3) E.coli B F– dcm ompT hsdS(rB
– mB

–) gal λ(DE3) Novagen 

LM110 MC1000 F’ dsbA::kan dsbD::cm This study 

Jude1 DH10B F’[proAB lacIQ lacZ ∆M15 Tn10(TetR)] Lab collection 

 

Cloning and constructs 

The plasmids used in this study are listed in Table 3.2. Standard methods were 

used for all cloning steps (Sambrook et al., 2000). See chapter 2 materials and methods 

for construction of pTrc99a-ssTorA-TrxA. 
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TrxA(CPHC) was PCR amplified from pFA7 (Mossner et al., 1999) with primers 

Sal1-TrxA-F 5’-ctctcgtcgacatgagcgataaaattattcac-3’ and R-trxA-Hind3 5’-

ctctcaagcttacgccaggttagcgtc-3', then digested with SalI and HindIII, and finally ligated 

into SalI and HindIII digested pTrc99a-ssTorA-TrxA resulting in pTrc99a-ssTorA-

TrxA(CPHC). pTrc99a-ssTorA-TrxA(G75S; CPHC) was constructed by overlap PCR as 

follows: the N-terminal part of TrxA(CPHC) with the dsbA like active site was PCR 

amplified from by pTrc99a-ssTorA-TrxA(CPHC) with primers Sal1-TrxA-F 5’-

ctctcgtcgacatgagcgataaaattattcac-3’ and R-Ovlp-TrxA(Aa) 5’-gatgccatatttcggcgcagtg-3’, 

the C-terminal part of TrxA(G75S) that contains the mutation responsible for the G75S 

change was PCR amplified from pTrc99a-ssTorA-TrxA(G75S) with primers F-Ovlp-

TrxA(G75S) 5’-cactgcgccgaaatatggcatc-3’ and R-trxA-Hind3 5’-

ctctcaagcttacgccaggttagcgtc-3'. The two PCR fragments, N-terminal trxA(CPHC) and C-

terminal trxA(G75S), were fused together by overlap PCR with primers Sal1-TrxA-F 5’-

ctctcgtcgacatgagcgataaaattattcac-3’ and R-trxA-Hind3 5’-ctctcaagcttacgccaggttagcgtc-3', 

then digested with SalI and HindIII, and finally ligated into SalI and HindIII digested 

pTrc99a-ssTorA-TrxA.  

pTrc99a-ssDsbA-TrxA was constructed as follows: TrxA was PCR amplified 

with primers Fat-dsbAss-TrxA-F 5’-ctctccatgaaaaagatttggctggcgctggctggtttagttttagcgt 

ttagcgcatcggcggtcgacgcgataaaattattcacctgactg-3’ and R-trxA-Hind3 5’-ctctcaagcttacgcca 

ggttagcgtc-3' from pTrc99a-ssTorA-TrxA, then digested with FatI and HindIII, and 

finally ligated into NcoI and HindIII digested pTrc99a. All other TrxA variants, 

TrxA(G75S), TrxA(CPHC) and TrxA(G75S; CPHC), were PCR amplified from the 

corresponding pTrc99a-ssTorA plasmids with primers Sal1-TrxA-F 5’-

ctctcgtcgacatgagcgataaaattattcac-3’ and R-trxA-Hind3 5’-ctctcaagcttacgccaggttagcgtc-3', 

then digested with SalI and HindIII, and finally ligated into SalI and HindIII digested 
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pTrc99a-ssDsbA-TrxA resulting in the following constructs pTrc99a-ssDsbA-

TrxA(G75S), pTrc99a-ssDdsbA-TrxA(CPHC) and pTrc99a-ssDsbA-TrxA(G75S; 

CPHC). 

The DsbA gene without its signal sequence, that is without the DNA 

corresponding to amino acids 2 to 19, was PCR amplified from purified E. coli 

chromosomal DNA with primers Sal1-c.dsbA-F 5’- ctctcgtcgacatggcgcagtatgaagat 

ggtaaac-3’ and R-dsbA-Hind3 5’-ctctctcaagcttattttttctcggacagata-3’, then digested with 

SalI and HindIII, and finally ligated into SalI and HindIII digested pTrc99a-ssDsbA-

TrxA and pTrc99a-ssTorA-TrxA resulting in pTrc99a-ssDsbA-dsbA and pTrc99a-

ssTorA-dsbA respectively. 

DsbA, TrxA and TrxA(G75S) were PCR amplified from plasmids pTrc99a-

ssDsbA-dsbA, pTrc99a-ssTorA-TxA and pTrc99a-ssTorA-TrxA(G75S) respectively, 

with primers pTrc-Kpn1-SD-F 5’-ctctcggtacccaatttcacacaggaaacagaccatg-3’ and pTrc-

Hind3-R 5’-catccgccaaaacagccaagctt-3’, then digested with KpnI and HindIII, and finally 

ligated into KpnI and HindIII digested pBAD18 resulting in pBAD18-ssDsbA-TrxA, 

pBAD18-ssTorA-TrxA and pBAD18-ssTorA-TrxA(G75S). 

pACYC-P_dsbA-ssDsbA-dsbA was constructed as follows: the DsbA gene with 

its own signal sequence and promoter was PCR amplified from purified E. coli 

chromosomal DNA with primers Hind3-dsbAp-F 5’-ctctctaagcttcgcgttcccgaaaaa-3’ and 

BamH1-dsbA-R 5’-ctctctcggatccttattttttctcggacagata-3’, then digested with HindIII and 

BamHI, and finally ligated into HindIII and BamHI digested pACYC177. 

pET28a-TrxA(G75S) was constructed as follows, TrxA(G75S) was PCR 

amplified with primers Fat1-trxA-F 5’-ctctctcatgagcgataaaattattcacctgac-3’ and R-trxA-

Hind3 5’-ctctcaagcttacgccaggttagcgtc-3' from pTrc99a-ssTorA-TrxA(G75S), then 
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digested with FatI and HindIII, and finally ligated into NcoI and HindIII digested pET28a 

(Novagen).  

 

Table 3.2  Plasmids 

Plasmid Relevant features Source 

pTrc99a trc promoter, AmpR , pBR322 ori Amersham 
Pharmacia 

pBAD18 araBAD promoter, AmpR, pBR322 ori (Guzman et al., 
1995) 

pBAD18-cm araBAD promoter, CmR, pBR322 ori (Guzman et al., 
1995) 

pACYC177 Cloning vector, AmpR, KanR, pACYC ori (p15A) New England 
Biolabs 

pET28a T7lac promoter, KanR, pBR322 ori Novagen 

pTrc99a-ssTorA-TrxA TrxA wild type with TorA signal sequence in pTrc99a This study 

pTrc99a-ssTorA-
TrxA(G75S) 

TrxA with mutation G75S and TorA signal sequence 
in pTrc99a 

This study 

pTrc99a-ssTorA-
TrxA(CPHC) 

TrxA with dsbA CXXC motif (CPHC) and TorA 
signal sequence in pTrc99a This study 

pTrc99a-ssTorA-
TrxA(G75S; CPHC) 

TrxA with dsbA CXXC motif (CPHC), G75S 
mutation and TorA signal sequence in pTrc99a This study 

pTrc99a-ssDsbA-TrxA TrxA wild type with DsbA signal sequence in 
pTrc99a 

This study 

pTrc99a-ssDsbA-
TrxA(G75S) 

TrxA with mutation G75S and DsbA signal sequence 
in pTrc99a This study 

pTrc99a-ssDsbA-
TrxA(CPHC) 

TrxA with dsbA CXXC motif (CPHC) and DsbA 
signal sequence in pTrc99a This study 

pTrc99a-ssDsbA-
TrxA(G75S; CPHC) 

TrxA with dsbA CXXC motif (CPHC), G75S 
mutation and DsbA signal sequence in pTrc99a This study 

pTrc99a-ssDsbA-dsbA DsbA with DsbA signal sequence in pTrc99a This study 
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Plasmid Relevant features Source 

pTrc99a-ssTorA-dsbA DsbA with TorA signal sequence in pTrc99a This study 

pBAD18-ssDsbA-dsbA DsbA with DsbA signal sequence in pBAD18 This study 

pBAD18-ssTorA-TrxA TrxA wild type with TorA signal sequence in 
pBAD18 This study 

pBAD18-ssTorA-
TrxA(G75S) 

TrxA with mutation G75S and TorA signal sequence 
in pBAD18 This study 

pACYC-P_dsbA-ssDsbA-
dsbA 

DsbA with DsbA signal sequence and its own 
promoter in pACYC177 

This study 

pET28a-TrxA(G75S) TrxA with mutation G75S in pET28a This study 

 

TrxA library construction 

Randomization of the trxA gene was performed by error prone PCR (Cadwell & 

Joyce, 1992; Fromant et al., 1995) with primers Sal1-TrxA-F 5’-

ctctcgtcgacatgagcgataaaattattcac-3’ and R-trxA-Hind3 5’-ctctcaagcttacgccaggttagcgtc-3', 

then digested with SalI and HindIII, and finally ligated into SalI and HindIII digested 

pTrc99a-ssTorA-TrxA. Ligated plasmid DNA was first electroporated into E. coli Jude1 

resulting in a library size of 2·106 clones. This library was then was transferred by 

electroporation into MC1000 F’ dsbA::kan resulting in 2·106 transformants. Sequencing 

of eight clones from the library showed an average of 2.4 nucleotide substitutions per 

gene. 

 

M13 phagemid packaging 

A single colony of MC1000 F’ cells harboring the plasmid pBAD18-cm which 

contains the M13 intragenic region was inoculated in 6 ml 2xYT media (Becton 

Dickinson and Company, 244020) with tetracycline (30 µg/ml) and chloramphenicol (30 
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µg/ml) and incubated at 37°C with shacking. At an OD600 of 0.4 – 0.5, 1.0 ml of cells 

were infected with M13 KO7 (Sambrook et al., 2000) at a multiplicity of infection (MOI) 

of 20 and incubated on a water bath at 37°C for 30 min. The cells were then transferred to 

a flask containing 40 ml of 2xYT with 0.2% (w/v) glucose with the antibiotics 

tetracycline (30 µg/ml) and chloramphenicol (30 µg/ml), and incubated at 37°C with 

shacking. After 1 hr, kanamycin (25 µg/ml) was added and cells were grown overnight at 

37°C with shacking. 

The overnight culture was centrifuged for 30 min at 3500 rpm and 4°C on a 

benchtop centrifuge (SX4750 rotor, Beckman). The supernatant was collected (~40 ml) 

and 8 ml of 20% (w/v) PEG-6000 with 2.5 M NaCl were added, then the mixture was 

kept on ice for 2 hr and centrifuged again for 30 min at 3500 rpm and 4°C (SX4750 rotor, 

Beckman). The supernatant was discarded and the packaged M13 phagemid pellet was 

resuspended in 2 ml of PBS and stored at 4°C. 

 

M13 infectivity 

Cells were grown in MOPS minimal media (Sambrook et al., 2000) with 0.4% 

(w/v) glucose, 0.2% (w/v) casein enzymatic hydrolysate (Sigma, C0626), 0.05 mg/ml 

thiamine and a total concentration of inorganic phosphates of 0.1 mM. Cells were 

inoculated into 5.5 ml of fresh media and grown for approximately 14.5 hr at 37°C with 

shaking. Then the culture OD600 was adjusted to 1.0 and 1000 µl of cell culture were 

transferred to 1.5 ml microcentrifuge tubes and mixed with 5 µl of pBAD18-cm 

packaged M13 phagemid (titer of ≈ 3·109 cfu/ml). The microcentrifuge tubes were 

incubated in a 37°C water bath for 30 min and then transferred to a 37°C incubator with 

shaking for 1 hr. Cells were plated in LB-Miller plates with chloramphenicol (30 µg/ml) 

with the corresponding serial dilutions so there would be approximately 100 single 
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colonies per plate. Plates were incubated at 37°C overnight and then the number of single 

colonies was determined. 

  

Infectivity library screening 

75 µl of MC1000 F’ dsbA::kan pTrc99a-ssTorA-TrxA EPPCR library frozen 

stock (~ 4·109 cells) were inoculated in a flask with 400 ml of fresh MOPS minimal 

media (Sambrook et al., 2000) with 0.4% (w/v) glucose, 0.2% (w/v) casein enzymatic 

hydrolysate (Sigma, C0626), 0.05 mg/ml thiamine and a total concentration of inorganic 

phosphates of 0.1 mM. Cells were grown at 37°C with shaking for 7.5 hr (final OD600 = 

1.23) or 9 hr (final OD600 = 1.70), then normalized to OD600 = 1.0 and 1.0 ml was 

transferred to a 1.5 ml microcentrifuge tube and infected with 20 µl of pBAD18-cm 

packaged M13 phagemid (titer of ≈ 3·109 cfu/ml). The microcentrifuge tube was 

incubated in a 37°C water bath for 30 min and then transferred to a 37°C incubator with 

shaking for 1 hr. All cells were plated in four 150x15 mm LB-Miller plates with 

chloramphenicol (30 µg/ml) and ampicillin (100 µg/ml) and grown at 37°C overnight. 

 

Alkaline phosphatase activity assay 

Cells were grown in MOPS minimal media (Sambrook et al., 2000) with 0.4% 

(w/v) glucose, 0.2% (w/v) casein enzymatic hydrolysate (Sigma, C0626), 0.05 mg/ml 

thiamine and a total concentration of inorganic phosphates of 0.1 mM to induce the 

synthesis of alkaline phosphatase (PhoA) from the chromosomal copy of the alkaline 

phosphatase gene (phoA). Cells were inoculated into 5.5 ml of fresh media and grown for 

approximately 14.5 hr at 37°C with shaking. Then the culture OD600 was adjusted to 1.0 

and 20 µl of cell culture were transferred to a 96 well plate and mixed with 30 µl of lysis 
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buffer, a 2:1 mixture of B-PER Bacterial Protein Extraction Reagent (78248 Pierce 

Biotechnology, Inc.) and a 0.4 M iodoacetamide solution. Lysis took place for 30 min 

with shaking; then 200 µl of 250 µg/ml p-nitrophenyl phosphate in 0.2 M Tris-HCl pH 8 

was added to each well. Hydrolysis of p-nitrophenyl phosphate was followed at A405 on 

a plate reader (Beckman). 

 

Motility assay 

Cells from single colonies were grown overnight in M9 casein media [(1X M9 

minimal salts (Sigma, M6030), 0.4% (w/v) glucose, 0.1% (w/v) casein enzymatic 

hydrolysate (Sigma, C0626), 2 mM MgSO4, 0.05 mg/ml thiamine)] with the appropriate 

antibiotic at 37°C with shaking. The amount of cells was normalized to a final OD600 of 

1.0 and 1.5 µl were spotted at the center of M9 casein motility plates (M9 casein media as 

above with 0.3 % (w/v) agar). Cells were grown at 37°C for 29 hours at which point the 

motility halos were determined. 

 

Western blot 

Standard western blot analysis protocols were used (Ausubel et al., 1995). Cells 

were normalized based on OD600. Proteins were separated in SDS-(4-20)% 

polyacrylamide Tris-Glycine gels (Cambrex). An Immobilon-P polyvinylidene fluoride 

(PVDF) membrane (Millipore, IPVH00010) was used as transfer membrane. Rabbit anti-

thioredoxin IgG (Sigma, T0803) was used as primary antibody and goat anti-Rabbit IgG 

(H+L)-HRP Conjugate (Biorad, 170-6515) was used as secondary antibody. The 

chemiluminescent SuperSignal West Pico substrate (Pierce, 34080) was used for 

detection. 
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Purification of TrxA(G75S) 

BL21(DE3) (Stratagene) bacteria harboring the pET28a-TrxA(G75S) plasmid 

were grown aerobically in 2 L of LB-Miller medium with kanamycin (50 µg/ml) at 30°C 

until an A600 of 0.7-0.8 was reached. Isopropyl-b-thiogalactoside (IPTG) was added to a 

final concentration of 0.1 mM and shaking was continued for 5 hours to allow protein 

expression. Cultures were then centrifuged at 8000 rpm and 4°C for 15 min (JA-10 rotor, 

Beckman). Cell pellets (≈10.4 g wet weight) were resuspended and lysed in 35 ml of 

BugBuster Protein Extraction Reagent (70584-4, Novagen) with 35 µl of Benzoase 

(25U/µl) (Novagen) and 1 tablet of Complete EDTA free protease inhibitor cocktail (11-

873-580-001, Roche). Cells were chemically lysed at room temperature with gentle 

shaking for 40 minutes. 

Bacterial extracts were then centrifuged for 40 min at 16000 rpm at 4°C (JA-20 

rotor, Beckman). The resulting supernatant was incubated at 60°C for 10 minutes in a 

water bath and then cool down to 4°C on ice and centrifuged for 40 min at 16000 rpm, 

4°C (JA-20 rotor, Beckman). The resulting supernatant was collected, then filtered with a 

0.22 µm non-pyrogenic sterile syringe filter (GeneMate, ISC BioExpress) and the 

resulting solution was concentrated with an Amicon Ultra 15 centrifugal device with a 

MWCO of 5000 (UFC900524, Millipore) to a final total protein concentration of 20 

mg/ml as determined with BCA Protein Assay Kit (523225, Pierce). 2 ml of this solution 

were loaded into a HiPrep 16/10 DEAE (diethyl aminoethyl) FF ion exchange column 

(17-5090-01, Amersham Biosciences). A total of fourteen 1.5 ml fractions corresponding 

to the highest absorbance peak that eluted at 82 min were collected. The presence of 

TrxA(G75S) on these fractions was confirmed by detecting the protein by SDS-PAGE 

gel electrophoresis and Coomassie Brilliant Blue staining.  
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The buffer of the collected fractions (≈ 21 ml) was exchanged to 25 mM HEPES 

pH 7.5 and the solution was concentrated to a final volume of 1.5 ml with an Amicon 

Ultra 15 with a MWCO of 5000 (UFC900524, Millipore). 0.75 ml of this solution were 

loaded into a Superdex 200 HR 10/30 gel filtration column (17-1088-01, Amersham 

Biosciences). Six 0.5 ml fractions corresponding to the peak with the highest absorbance 

that eluted at 32 min were collected. The buffer of the collected fractions (≈ 3 ml) was 

exchanged to 25 mM HEPES pH 7.5 and the solution was concentrated to a final volume 

of 0.25 ml with an Amicon Ultra 15 with a MWCO of 5000 (UFC900524, Millipore). A 

final protein concentration of 39 mg/ml for the purified TrxA(G75S) was determined 

with the BCA Protein Assay Kit (523225, Pierce). The purity of the preparation was 

examined by SDS-PAGE gel electrophoresis followed by Coomassie Brilliant Blue 

staining and was found to be >99%. 

 

Reduction and oxidation of recombinant proteins 

The corresponding protein was fully reduced or oxidized by incubation with 

dithiothreitol (DTT, Sigma) or oxidized glutathione (Sigma) respectively. Specifically, 

for reduction purified protein was incubated in 14 mM DTT and for oxidation purified 

protein was incubated in 18 mM oxidized glutathione. In both cases the reaction took 

place for one hour at room temperature in 100 mM potassium phosphate, pH 7.0, 1 mM 

EDTA. Oxidized glutathione and DTT were removed by gel filtration with a PD-10 

Sephadex G-25M column (17-0851-01, Amersham Biosciences) and then concentrated 

using a Microcon YM-3 centrifugal filter device (42403, Millipore). Redox state was 

confirmed by reverse-phase HPLC (Waters, 2695 Separations Module) on a C8 column 

(Phenomenex Primesphere).  
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Determination of redox potential 

The redox potential of TrxA(G75S) was measured by redox equilibria of 

TrxA(G75S) with the gamma domain of DsbD (Aslund et al., 1997) after incubation for 

16 and 19 hours at 25°C and posterior analysis by reverse-phase HPLC (Waters, 2695 

Separations Module) on a C8 column (Phenomenex Primesphere) as described (Collet et 

al., 2002). The calculation of the redox potential from the redox equilibria data was 

performed as described (Aslund et al., 1997). 

 

Determination of protein concentrations 

Protein concentrations were determined using their extinction coefficients at 280 

nm and were calculated as described in (Gasteiger et al., 2005). Absorbance at 280 nm 

for the corresponding proteins was measured in 6 M guanidium hydrochloride, 20 mM 

sodium phosphate buffer pH 6.5.  

 

Kinetics of oxidation by DsbB in vitro 

The oxidation of reduced DsbA, TrxA and TrxA(G75S) by purified DsbB was 

followed by the decrease in the specific protein fluorescence (Bader et al., 1998; Jonda et 

al., 1999). DsbA: excitation at 280 nm, emission at 330 nm; TrxA and TrxA(G75S): 

excitation at 280 nm, emission at 345 nm. DsbB and DsbA were kindly provided by Jim 

Bardwell’s lab and were purified as described in (Bader et al., 2000). Purified TrxA wild 

type was purchased from Promega (9PIZ705). Different amounts of reduced DsbA (from 

1 to 7 µM), TrxA and TrxA(G75S) (from 2 to 13 µM) were incubated with 25 nM DsbB, 

62 µM coenzyme Q-1 (ubiquinone-5) at 15°C in 100 mM sodium phosphate pH 6.0 with 
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0.1% (w/v) dodecyl-maltoside. Fluorescence emission was followed with a Hitachi F-

4800 spectrofluorimeter. 

 

 

3.3 RESULTS 

 

M13 infectivity as disulfide bond formation screen 

In order to establish whether M13 infectivity can be used as a high-throughput 

screen (HTS) to monitor protein oxidation in the bacterial periplasm, we determined the 

phage titers for the infection of various strains that are unable to support periplasmic 

disulfide bond formation were established (Table 3.3). As expected, both dsbA(−) and 

dsbA(−) dsbB(−) null mutant strains showed negligible phage titers compared to their 

wild type counterpart, when infected with M13 phagemids packing a pBAD18-cm 

plasmid. These results are in agreement with the previously reported inability to infect 

cells that lack periplasmic disulfide bond formation (Bardwell et al., 1991). Interestingly, 

co-expression of TrxA into the periplasm of dsbA(−) null strains through the twin 

arginine translocation pathway (Tat), by fusing it to the signal sequence of the E. coli 

trimethylamine N-oxide reductase (TorA) protein, also resulted in negligible infection. 

Even though TrxA is able to partially complement some phenotypes that require disulfide 

bond formation in a dsbA(−) strain (Jonda et al., 1999), in this case it was unable to 

complement for M13 infectivity possibly because of the large number of disulfide bonds 

found in proteins involved in F pilus assembly. Altogether, these results demonstrate that 

M13 infectivity with packaged phagemids can be used as a screening method to isolate 

more oxidizing TrxA variants. 
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Table 3.3  M13 infectivity titers 

Strain Plasmid Phage titer* (cfu/ml) 

MC1000 F’ - 1·107 (± 3·106) 

MC1000 F’ dsbA(−) - 50 

MC1000 F’ dsbA(−) dsbB(−) - 0 

MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA 8 (± 5) 

* Average ± Standard Error 

 

Library screening 

dsbA(−) null cells were transformed with a plasmid library encoding random 

mutants of TrxA. The library size consisted of about two million clones with an average 

of 2.4 nucleotide substitutions per gene. The cells were infected at two time different time 

points during growth (7.5 and 9 hours after inoculation) with M13 phagemids packing a 

pBAD18-cm plasmid at with a multiplicity of infection (MOI) of 1/10. MOI refers to the 

ratio of infection particles to cells, thus in this case there were 10 cells for every M13 

packaged phagemid. The reasons to use such low MOI were: (1) to make the screening 

conditions more restrictive, because an excess of infecting particles with respect to cells 

increases the chances of infection for each cell; (2) to avoid the F pilus independent 

infection events that can take place at high MOIs (Russel et al., 1988). After the M13 

infection of the cell library, no difference in the total number of chloramphenicol (cm) 

resistant colonies was observed for the two time points that the infection took place (7.5 

and 9 hours after inoculation). In either case approximately 24000 single colonies were 

obtained. Although the number of single colonies obtained might seem large, a rough 
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calculation could help put this number into context. Assuming that the different members 

of the library were equally distributed, then out of the 109 cells that were infected with 

the M13 packaged phagemid there should be about 500 members for each clone, thus 

24000 colonies should represent about 50 unique clones carrying distinct DNA 

sequences. 

Ten clones from the 7.5 hours plates were selected for sequencing and further 

characterization (Table 3.4). These clones contained a total of 32 nucleotide substitutions, 

which represents an average of 3.2 nucleotide substitutions on each trxA gene. Out of 

those mutations, 6 were silent mutations (nucleotide substitutions that result in no amino 

acid change) and the rest resulted in 14 different amino acid changes. One of this amino 

acid changes was present in all but one of the sequenced clones. Specifically, nine clones 

had a change on Gly75, eight of those had a Gly75Ser change and one had Gly75Glu. 

Only two clones had a mutation that resulted in an amino acid change on the active site 

(CXXC motif), and in both cases the change was Pro35Leu. It has been established that 

changes in the active site of proteins of the thioredoxin family usually result in a change 

in the redox potential (Mossner et al., 1998). Furthermore, TrxA variants with a CXXC 

motif that results in more oxidizing redox potentials are able to complement more 

efficiently dsbA(−) null strains (Jonda et al., 1999). Therefore, we decided to focus our 

efforts on the characterization of the TrxA variant with the Gly75Ser change that lies 

outside the active site and that it also was the most conserved change among the isolated 

clones.  
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Table 3.4  Amino acid changes of selected clones after library screening 

Clone Amino acid changes 

1 Lys53Arg, Gly75Ser, Lys97Asn 

2 Silent, Asp27glu, Pro35Leu, Gly75Ser  

3 Pro35Leu, Lys37Glu 

4 Gly49Lys, Gly75Glu 

5 Gly75Ser, Silent 

6 Thr15Ala, Asp44Asn, Lys53Arg, Gly75Ser, silent, Ala94Thr 

7 Silent, Gly75Ser, Lys97Glu, Glu102Gly 

8 Asp14Gly, Gly75Ser, Lys19Arg 

9 Phe13Tyr, Gly75Ser, Silent 

10 Lys37Glu, Gly75Ser, Silent 

 

In vivo characterization of TrxA(G75S) 

Localization of TrxA(G75S) into the periplasm through the Tat pathway in a 

dsbA(−) null strain resulted in partial complementation of M13 infectivity (Table 3.5). 

Even though the M13 infectivity that resulted from the complementation by ssTorA-

TrxA(G75S) was several orders of magnitude lower than the infectivity capability of a 

dsbA(+) strain, it was still significantly higher than the value observed with the wild type 

(unmutated) thioredoxin. Structural modeling of the Gly75Ser change indicated that it 

resides close to the active site. Changes close to the active site can affect the redox 

potential of the reactive cysteine (Cys33) and in turn may be responsible for the increased 

activity of the mutant thioredoxin. To examine this possibility we constructed a 

thioredoxin mutant having a very oxidizing active site. This was accomplished by 
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substituting the two internal amino acids (XX) in the catalytic CXXC motif with the 

sequence PH found in the active site of DsbA. Earlier studies had shown that the 

TrxA(CPHC) protein exhibits a redox potential (E°’) of −204 mV compared to −270 mV 

for wild type TrxA (Mossner et al., 1998). While TrxA(CPHC) serves as a better 

periplasmic oxidant for some protein substrates such as PhoA (Jonda et al., 1999), it was 

unable to complement M13 infectivity. This finding revealed that the improved oxidative 

properties of TrxA(G75S) are not due to a change to a more oxidizing redox potential. 

 

Table 3.5  M13 infectivity titers for several thioredoxin variants 

Strain Plasmid Phage titer* (cfu/ml) 

MC1000 F’ - 1·107 (± 3·106) 

MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA 8 (± 5) 

MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA(G75S) 4·103 (±1·103) 

MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA(CPHC) 0 

* Average ± Standard Error 

 

ssTorA-TrxA(G75S) was able to promote disulfide bond formation in alkaline 

phosphatase (PhoA) in dsbA(−) null strains, with a PhoA activity level equivalent to that 

of the wild type strain (Figure 3.3). Co-expression of the benchmark ssTorA-

TrxA(CPHC) variant also results in the same level of PhoA activity as wild type, whereas 

ssTorA-TrxA only results in about 40% of PhoA activity of the wild type cells. 

Remarkably, co-expression of ssTorA-DsbA resulted in a higher PhoA activity, about 

50% more, than the wild type strain with a chromosomal copy of DsbA. 

The ability of an enzyme to serve as an oxidant depends not only on its redox 

potential and its interaction with substrates but also on whether it can resist reduction by 
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the membrane enzyme DsbD. For example the periplasmic disulfide isomerase DsbC is a 

powerful oxidant in vitro but in the periplasm it is readily reduced by DsbD and 

simultaneously it cannot be oxidized by DsbB. As a result in the cell DsbC is maintained 

in a reduced state and therefore it functions as a reductant rather than an oxidant. We 

therefore examined whether the function of TrxA(Gly75Ser) is affected by the presence 

or absence of DsbD. Specifically, the different TrxA variants were co-expressed in both 

dsbA(−) and dsbA(−) dsbD(−) null mutant strains. As shown in Figure 3.3, there was no 

increase in PhoA activity for ssTorA-TrxA(G75S), ssTorA-TrxA(CPHC) and ssTorA-

DsbA. However co-expression of ssTorA-TrxA resulted in an approximately two-fold 

increase of PhoA activity in the absence of DsbD. This indicates that one of the reason 

that wild type TrxA does not perform as efficiently as a periplasmic oxidant is because it 

becomes easily reduced by the DsbD/DsbC isomerization pathway. 

Altogether, both infectivity and PhoA activity results confirm that the ssTorA-

TrxA(G75S) variant is a better periplasmic oxidant than wild type TrxA in strains that 

contain DsbB. In addition, the PhoA activity data suggests the avoidance of DsbD/DsbC 

reduction as a possible explanation for such improved oxidative properties. It should be 

pointed out though, that these results cannot rule out the possibility that the G75S change 

improves the rate of oxidation of TrxA(G75S) by DsbB, and that the rate of reduction by 

the DsbD/DsbC pathway remains unchanged. 
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Figure 3.3  Effect of different TrxA variants in different strain backgrounds on PhoA 
activity. E. coli MC1000 and derivatives with the corresponding pTrc99a plasmid as 
shown were grown in MOPS low phosphate minimal media; the alkaline phosphatase 
activity in cell lysates was determined with p-nitrophenyl phosphate (pNPP). Enzymatic 
activity was normalized on a per OD600 basis and relative to the PhoA activity of E. coli 
MC1000. Error bars denote standard error. 
 

 

The next step was to determine whether the combination of the G75S change with 

a thioredoxin with a more oxidizing potential could further improve the oxidative 

properties of the oxidoreductase variant. For this purpose, a plasmid expressing a 

thioredoxin 1 variant with both the G75S change and the catalytic site of DsbA was 

constructed. Co-expression of ssTorA-TrxA(G75S; CPHC) in a dsbA(−) null strain 

resulted in a five fold increase of M13 infectivity (Table 3.6, row 4).   
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Table 3.6  M13 infectivity titers for TrxA(G75S; CPHC) and related variants 

 Strain Plasmid Phage titer* 
(cfu/ml) 

1 MC1000 F’ - 1·107 (± 3·106) 

2 MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA(G75S) 4·103 (±1·103) 

3 MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA(CPHC) 0 

4 MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA(G75S; CPHC) 2·104 (± 4·103) 

* Average ± Standard Error 

 

Additionally, the PhoA activity levels were determined for the same constructs 

(Figure 3.4). ssTorA-TrxA(G75S; CPHC) displayed similar (albeit slightly lower) PhoA 

activity compared to the two single variants individually [ssTorA-TrxA(G75S) and 

ssTorA-TrxA(CPHC)]. The presence of DsbD had no effect on the PhoA activity levels 

when ssTorA-TrxA(G75S; CPHC) was expressed. 
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Figure 3.4  Effect of TrxA(G75S; CPHC) in different strain backgrounds on PhoA 
activity. E. coli MC1000 and derivatives with the corresponding pTrc99a-ssTorA plasmid 
as shown were grown in MOPS low phosphate minimal media; the alkaline phosphatase 
activity in cell lysates was determined with p-nitrophenyl phosphate (pNPP). Enzymatic 
activity was normalized on a per OD600 basis and relative to the PhoA activity of E. coli 
MC1000. Error bars denote standard error. 
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which did not allow infectivity with at Tat signal sequence, was able to promote M13 

infection to a higher level than ssTorA-TrxA(G75S).  

 

Table 3.7  M13 infectivity titers for TrxA variants with different signal sequences 

 Strain Plasmid Phage titer* 
(cfu/ml) 

1 MC1000 F’ - 1·107 (± 3·106) 

2 MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA 8 (± 5) 

3 MC1000 F’ dsbA(−) pTrc99a-ssDsbA-TrxA 0 

4 MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA(G75S) 4·103 (±1·103) 

5 MC1000 F’ dsbA(−) pTrc99a-ssDsbA-TrxA(G75S) 0 

6 MC1000 F’ dsbA(−) pTrc99a-ssTorA-TrxA(CPHC) 0 

7 MC1000 F’ dsbA(−) pTrc99a-ssDsbA-TrxA(CPHC) 1·104 (± 4·103) 

* Average ± Standard Error 

 

In addition, the PhoA activities for the same thioredoxin constructs were also 

determined in a dsbA(−) strain background (Figure 3.5). Following the same trend with 

the M13 infectivity results, both SEC-exported ssDsbA-TrxA and ssDsbA-TrxA(G75S) 

showed reduced PhoA activity, about half the activity level than the corresponding 

constructs with a Tat signal sequence. In a similar manner, ssDsbA-TrxA(CPHC) co-

expression resulted in an increase in PhoA activity of about 50% more than the 

equivalent construct with a Tat specific signal sequence; up to the same PhoA activity 

level that was displayed by ssDsbA-DsbA and ssTorA-DsbA.  
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Figure 3.5  Effect of the export pathway for several TrxA variants on PhoA activity. E. 
coli MC1000 and derivatives with the corresponding plasmid with either a Tat specific 
signal sequence (pTrc99a-ssTorA) or a Sec specific signal sequence (pTrc99a-ssDsbA-) 
as shown were grown in MOPS low phosphate minimal media; the alkaline phosphatase 
activity in cell lysates was determined with p-nitrophenyl phosphate (pNPP). Enzymatic 
activity was normalized on a per OD600 basis and relative to the PhoA activity of E. coli 
MC1000. Error bars denote standard error. 
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Appendix B). Additionally, M13 infectivity and PhoA activity data resulting from the 

expression of different dsbA constructs with various copy numbers and promoters support 

the notion that the periplasmic level of the oxidase can affect periplasmic disulfide bond 

formation (see Appendix B). Taken as a whole, these results strengthen the view that the 

periplasmic protein level of the oxidase responsible for introducing disulfide bonds is 

critical for M13 infectivity. Either too high or too low periplasmic protein level of the 

oxidase can result in a drastic decrease in infectivity. On the other hand, alkaline 

phosphatase is not as sensitive to the expression level of the corresponding oxidase. 

Cell motility was used to further characterize the different TrxA variants in 

dsbA(−) and dsbA(−) dsbD(−) null mutant strains (Figure 3.6). Neither ssTorA-TrxA or 

ssTorA-TrxA(G75S) allowed motility when DsbD was present (Figure 3.6, 5 and 9), 

whereas a dsbA(−) dsbD(−) null strain resulted in partial motility restoration (Figure 3.6, 

6 and 10). Co-expression of ssTorA-TrxA(CPHC) and ssTorA-TrxA(G75S; CPHC) both 

in the presence and in the absence of DsbD resulted in a very interesting effect (Figure 

3.6, compare 7 with 11; and 8 with 12). In both cases, addition of the G75S change 

resulted in decreased motility. Therefore, these results suggest that G75S is affecting 

ssTorA-TrxA(CPHC) specificity with regards to cell motility (oxidation of FlgI). This is 

the opposite effect than what was observed for M13 infectivity (Table 3.6), which 

strongly suggests that the G75S change is altering thioredoxin specificity and how it 

interacts with different periplasmic substrates.  
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Figure 3.6  Motility assay for several thioredoxin variants and strain backgrounds. Strain 
genotype and expressed oxidoreductase as shown on each panel. Cells were grown 
overnight in liquid M9 minimal media, normalized to OD600 = 1 and 1.5 µl were spotted 
at the center of M9 (glucose, casein) soft agar plates. Cells were grown on motility plates 
for 29 hours at 37ºC. 

 

Interestingly, co-expression of ssTorA-DsbA results in full complementation 

(Figure 3.6, 3 and 4), which implies that bacterial motility is not as sensitive to DsbA 

expression level as M13 infectivity. 
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In vitro characterization of TrxA(G75S)  

The TrxA(G75S) variant was expressed in a preparative scale, purified to 

homogeneity and its biochemical properties were studied in some detail. Specifically, the 

redox potential of TrxA(G75S) was determined by equilibration experiments with the 

gamma domain of DsbD and posterior analysis of the oxidized and reduced species by 

reverse-phase HPLC (Aslund et al., 1997; Collet et al., 2002) . As expected, there is no 

significant difference between the redox potential of wild type thioredoxin 1 and the 

G75S variant (Table 3.8). This result was anticipated since the amino change was outside 

the CXXC catalytic site, and it has been shown that the redox potential of members of the 

thioredoxin family is mostly influenced by the two amino acids between the two cysteine 

residues in the CXXC motif (Chivers et al., 1997; Mossner et al., 1998).  

 

Table 3.8  Redox potential of wild type thioredoxin and G75S variant 

 E°’ (mV) * 

TrxA1 –270 

TrxA(G75S) –269 (± 1) 

* – Average ± Standard Deviation 
1 – (Aslund et al., 1997) 

 

The in vivo PhoA activity results in the absence of DsbD showed that 

TrxA(G75S) is not affected by the presence of the periplasmic isomerization pathway 

(DsbC/DsbD). Unfortunately, these results cannot establish if this is a consequence of 

better oxidation of TrxA(G75S) by DsbB or less reduction of TrxA(G75S) by 

DsbC/DsbD. In order to address this issue, the kinetic parameters for the interaction of 

TrxA(G75S) with DsbB were determine in vitro (Table 3.9). TrxA(G75S) shows a 
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slightly higher catalytic efficiency (Vmax / Km) than wild type TrxA, although the 

difference is small. The two thioredoxins differ greatly in the Km values, with 

TrxA(G75S) having a lower value. As expected, the kinetic efficiency of DsbA, which is 

the natural substrate of DsbB, is much higher than either one of the thioredoxins. 

 

Table 3.9  In vitro kinetic interaction of different oxidoreductases with DsbB 

 Vmax 

(AU FL/s) 

Km 

(µµµµM) 

Vmax / Km 

(AU FL / s µµµµM) 

DsbA 13 (± 4) 1.7 (± 0.8) 8 (± 1) 

TrxA 1.4 (± 0.3) 5.5 (± 0.9) 0.25 (± 0.02) 

TrxA(G75S) 1.0 (± 0.3) 3.3 (± 2) 0.34 (± 0.1) 

Shown: Average ± Standard Deviation 

 

The next logical step would be to establish the kinetic interaction of TrxA(G75S) 

with DsbD in vitro. Unfortunately, our results were inconclusive (data not shown), due to 

the difficulty of establishing a reliable DsbD in vitro system.  

 

 

3.4 DISCUSSION 

 

This chapter describes the optimization of thioredoxin 1 (TrxA) as a periplasmic 

oxidase by using a directed evolution approach. The initial step in this study was the 

development of a high throughput screening method for periplasmic disulfide bond 

formation based on M13 infectivity. In this work we demonstrated that only cells that 
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allow periplasmic disulfide bond formation can be infected by M13 packaged phagemids. 

Thus, a simple selection based on the antibiotic resistance marker of the packaged 

plasmid allows the discrimination between cells that permit periplasmic disulfide bond 

formation and cells that do not. This screening method was used to isolate TrxA variants 

from a trxA error prone PCR library which conferred increased infectivity. 

Substitution of glycine at position 75 by serine was the most conserved amino 

acid change among all the isolated TrxA variants. One clone contained only the Gly75Ser 

mutation whereas other clones contained additional mutations. The isolation of a clone 

containing only Gly75Ser and its prevalence in the clones that contained additional 

mutations suggest that the improved oxidase activity was due to this mutation. The 

ssTorA-TrxA(G75S) variant is more efficient as a periplasmic disulfide bond oxidase as 

it conferred higher PhoA activity levels than its wild type counterpart (TrxA) and also 

allowed partial complementation of M13 infectivity. Even though ssTorA-TrxA(G75S) 

was able to partially complement the M13 infectivity phenotype, the number of infected 

cells was several orders of magnitude lower than the wild type strain. One way to 

rationalize such low infectivity [only a small number of cells expressing ssTorA-

TrxA(G75S) seemed to get infected] is that the proper assembly of the F’ pilus is a 

complex process that requires the formation of disulfide bonds in a large number of 

subunits. Thus, the complete and proper assembly of the F’ pilus that allows successful 

infection only occurs every so often. Another way to look at this data, is that only a 

fraction of all the cells expressing ssTorA-TrxA(G75S) can successfully assemble the 

complete F’ pilus and permit infection. 

From a chemical point of view, the Gly75Ser substitution restricts the flexibility 

of the polypeptide chain as the side chain of serine is much bulkier than the hydrogen 

atom in glycine. Additionally, the serine hydroxyl confers increased polarity and can 
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potentially serve as a hydrogen bonding partner. Glycine 75 is located at the loop 

between the end of the third alpha-helix (α3) and the beginning of the fourth beta-sheet 

(β4) of the thioredoxin structure, just in front of the CXXC motif of the active site of 

TrxA that is positioned at the beginning of the second alpha-helix (α2) (Figure 3.7). 

Thus, this amino acid change is in close proximity to the suggested substrate binding 

surface of TrxA that encompasses residues 34-35, 76-77 and 92-94 (Eklund et al., 1984).  

 

 
 
Figure 3.7  Location of G75 in the TrxA 3D structure. Glycine75 shown as a “fill space” 
display and both cysteines of the CXXC motif shown as “ball and stick display”. TrxA 
3D structure from (Jeng et al., 1994).   

 

Initially, due to the close proximity of G75S to the active site, we considered the 

possibility that a change in the redox potential could be responsible for the improved 

oxidase activity. However, both in vivo and in vitro data ruled out this option. 

Specifically, expression of ssTorA-TrxA(CPHC), a thioredoxin variant with a more 

oxidizing redox potential due to the presence of DsbA’s active site and that has been 

shown to posses better oxidative properties than wild type TrxA (Jonda et al., 1999), was 

unable to complement M13 infectivity. Furthermore, the in vitro measurement of the 
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redox potential of TrxA(G75S) is essentially identical to that of the wild type TrxA 

(E°’=−270 mV). 

Another possibility is that the TrxA(G75S) mutant is a better oxidant because it 

has lower sensitivity to reduction by the DsbD/DsbC pathway. Periplasmic localization of 

TrxA promotes higher PhoA activity levels in cells in which the reduction isomerization 

pathway has been impaired [dsbA(−) dsbC(−) dsbD(−) null mutant strains] compared to 

strains deficient in dsbA(−) alone (Debarbieux & Beckwith, 1998). In agreement with 

these results, PhoA activity measurements in dsbA(−) null mutant cells clearly showed 

that expression of wild type thioredoxin, ssTorA-TrxA, was affected by the presence of 

the DsbD/DsbC isomerization pathway, as the absence of DsbD resulted in an increase of 

more than two fold in PhoA activity. In contrast, the PhoA activity levels conferred by 

ssTorA-TrxA(G75S) were independent of the presence of DsbD. This data supports the 

notion that the G75S change affects the balance between oxidation and reduction of 

thioredoxin by the oxidative protein DsbB and the reducing DsbD/DsbC isomerization 

pathway, respectively. Interestingly, dsbA(−) null mutant cells expressing ssTorA-

TrxA(G75S) did not show a higher degree of motility compared to the corresponding 

strain expressing ssTorA-TrxA. In addition, both ssTorA-TrxA and ssTorA-TrxA(G75S) 

showed higher motility when DsbD was absent. These results seem to disagree with the 

notion that TrxA(G75S) is a better oxidant with a lower sensitivity to DsbD/DsbC 

reduction. These seemingly contradictory results can be explained when taking into 

account the specificity of TrxA(G75S) towards the substrates that require the formation 

of disulfide bonds. The results with the thioredoxin variant that includes both the G75S 

change and DsbA’s active site [TrxA(G75S, CPHC)] clearly highlight this point. 

Specifically, ssTorA-TrxA(G75S, CPHC) results in a five fold increase in infectivity with 

respect to ssTorA-TrxA(G75S), but at the same time the addition of the G75S 
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substitution to ssTorA-TrxA(CPHC) causes a decrease in cell motility with respect to 

ssTorA-TrxA(CPHC). These results show that the G75S change is affecting the substrate 

specificity of thioredoxin, in particular it seems to be improving the interaction with the 

substrates required for M13 infectivity while at the same time decreasing interaction with 

the flagella I protein required for cell motility. One of the principles of protein 

engineering by directed evolution is that “you get what you select (screen) for” (Zhao & 

Arnold, 1997). Thus, in this case, we obtained a thioredoxin variant with improved ability 

to form disulfide bonds in the substrates that allow M13 infectivity but reduced activity in 

the oxidation of FlgI which in turn results in reduced cell motility.  

As mentioned before, G75S is positioned very close to the substrate binding 

surface of thioredoxin. This surface is highly hydrophobic as it is composed mostly of 

hydrophobic amino acids. Thus it seems reasonable that the presence of a polar amino 

acid could substantially affect the substrate binding properties of thioredoxin. In fact, 

studies with the thioredoxin Y from Rhodobacter sphaeroides, which exhibits a 47% 

amino acid identity with E. coli’s thioredoxin, support the notion that the G75S change 

alters the substrate specificity of thioredoxin. The characterization of a thioredoxin 

variant that contains the same G75S amino acid change shows changes in substrate 

specificity in several in vitro activity assays that require thioredoxin. In particular, the 

G75S change results in a 95% decrease in the stimulation of the DNA polymerase 

activity of the g5 protein from phage T7 and a 23% decrease in the catalytic efficiency of 

the reduction reaction by thioredoxin reductase from E. coli (Pille et al., 1996). 

Overall, our data seems to indicate that TrxA(G75S) is a better periplasmic 

oxidant with respect to alkaline phosphatase and M13 infectivity due to a change in 

substrate specificity. Such change in substrate specificity results in: (1) a presumably 
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lower sensitivity to reduction by the DsbD/DsbC isomerization pathway and (2) a 

presumably better interaction with the substrates required for M13 infectivity. 

 

Finally, this study highlights the critical role that the oxidant protein level in the 

periplasmic space plays on some disulfide bond formation processes. Preliminary data 

suggests that increased levels of DsbA exhibits a dominant negative effect resulting in 

complete abolition of M13 infectivity. Similarly, decreased expression of the protein 

oxidant due to a change in the signal sequence (which presumably results in different 

periplasmic protein levels) shows opposite effects for TrxA(G75S) and TrxA(CPHC). 

While the presumably lower periplasmic levels of TrxA(CPHC) lead to an increase of 

PhoA activity and M13 infectivity, the opposite effect is observed for TrxA(G75S). Such 

dependence on the protein level has also been observed for other members of the 

thioredoxin family, like DsbC, which is able to partially complement for disulfide bond 

formation in a dsbA(-) null mutant strain when it is over-expressed (Rietsch et al., 1996). 
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Chapter 4: Periplasmic disulfide bond formation by exported 
glutaredoxins 

 

 

 

4.1 INTRODUCTION  

 

The pathway for the formation of disulfide bonds in the periplasm of E. coli is 

well established Kadokura et al., 2003; and see Chapter 1. Briefly, catalysis of disulfide 

bond formation is mediated by the periplasmic protein DsbA. DsbA is recycled from the 

reduced to the oxidized state by the membrane enzyme DsbB with the associated 

reduction of quinones (Figure 1.4). The absence of either one of these two proteins results 

in the abolition of periplasmic disulfide bond formation (Bardwell et al., 1991; Bardwell 

et al., 1993). Even though the absence of either DsbA or DsbB is phenotypically 

equivalent, complementation of a dsbA(−) strain is less demanding than complementation 

of a dsbB(−) strain. There are several examples in the literature on the restoration of 

disulfide bond formation in dsbA(−) strains by co-expression of different 

oxidoreductases, such as, thioredoxin 1 (Jonda et al., 1999; Debarbieux & Beckwith, 

2000), monomeric DsbC (Bader et al., 2001), eukaryotic oxidoreductases like protein 

disulfide isomerase from rat (Ostermeier et al., 1996) and engineered proteins with both 

oxidation and isomerization properties (Segatori et al., 2004). However, in all these 

cases, the proteins still require the presence of DsbB in order to allow disulfide bond 

formation. On the other hand, complementation of a dsbB(−) strain requires the 

replacement of the whole pathway (see Chapter 2). 
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Analogous to these dsbA(−) complementation studies, we decided to study the 

export of some members of E. coli’s glutaredoxin family to the periplasm and evaluate 

their ability to promote disulfide bond formation. Glutaredoxins are small redox proteins 

(9 to 16 kDa), that are present in most living organisms, ranging from simple prokaryotes 

to humans. Because of their thioredoxin-like fold, which consists of four-stranded beta 

sheets and three flanking alpha helices, glutaredoxins are part of the thioredoxin 

superfamily (Martin, 1995). Like thioredoxins, glutaredoxins normally function as 

reductants and have a redox active site with the characteristic C-X-X-C motif (where X is 

any amino acid). The characteristic sequence of the active site of glutaredoxins is C-P-Y-

C, although this sequence is fairly conserved other sequences are possible, including 

monothiol glutaredoxins (Fladvad et al., 2005). In E. coli, glutaredoxins are localized in 

the cytoplasm and they are kept in a reduced state by the tripeptide glutathione (GSH), γ-

L-glutamyl-L-cysteinyl-glycine, the major redox buffer in the cytoplasm. Glutathione is 

in turn maintained in a reduced state by the enzyme glutathione reductase (GorA) and 

NADPH. Even though glutaredoxins have some overlapping functions with thioredoxins, 

they seem to have a different set of substrate specificities. For example, compared to 

thioredoxin, glutaredoxins are not very efficient in reducing intramolecular protein 

disulfides, but on the other hand, they are considerably more efficient in reducing mixed 

disulfides between protein cysteines and glutathione (Ritz & Beckwith, 2001). Even 

among glutaredoxins there are differences in their substrate specificity. For example, 

while glutaredoxin 1 (GrxA) can complement for thioredoxin 1 in the reduction of 

ribonucleotide reductase (RNR), which is responsible for the conversion of 

ribonucleotides to the corresponding deoxyribonucleotides (Kolberg et al., 2004), 

glutaredoxin 2 (GrxB) is not able to do so and glutaredoxin 3 (GrxC) has been shown to 

complement only in vitro (Aslund et al., 1994; Stewart et al., 1998).  
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The initial goal of this study was to characterize the possible complementation of 

dsbA(−) strains by periplasmic expression of different glutaredoxins from E. coli. 

Surprisingly, during the course of these experiments, we discovered that glutaredoxin 3 

was able to complement not only dsbA(−) strains, but also strains that lack the complete 

pathway for periplasmic disulfide bond formation (dsbA and dsbB double mutants).  

 

 

4.2 MATERIALS AND METHODS  

 

Strains 

The strains used in this study are listed in Table 4.1. LM strains were constructed 

by P1 transduction following standard protocols (Miller, 1992). The mutant alleles used 

to construct these strains are: dsbB::kan5 from E. coli RI317, dsbA::kan from E. coli RI90 

and ∆gshA::cm from E. coli MJF140, all from Jon Beckwith lab. dsbA::cm in LM107 was 

constructed as described in (Datsenko & Wanner, 2000) using primers dsbA-P1 (5’-

ctttgcaattaacacctatgtattaatcggagagagtagatcgtgtaggctggagctgcttcg-3’) dsbA-P2m (5’-

aagcccgtgaatactcacgggctttatgtaatttacattgaacatatgaatatcctccttagttcctattc-3’) and plasmid 

pKD3 as template. In the strain LM111, the chloramphenicol resistance gene was deleted 

as described in (Datsenko & Wanner, 2000). All allele substitutions were confirmed by 

PCR using primers flanking the corresponding gene and comparing the size of the 

resulting PCR fragments between the donor and recipient strains on an agarose gel. When 

possible, allele substitutions were also confirmed phenotypically with assays such as 

PhoA activity or motility. 
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Table 4.1  Strains 

Strain Relevant genotype Source 

MC1000 F’ F’[proAB lacIQ lacZ ∆M15 Tn10(TetR)] araD139 ∆(araA-
leu)7679 (codB-lac)X74 galE15 galK16 rpsL150  relA1 thi 

Lab collection 

RI89 MC1000 F(-) phoR  ara-714 leu+ J. Beckwith lab 

RI90 RI89 dsbA::kan J. Beckwith lab 

RI317 RI89 dsbB::kan5 J. Beckwith lab 

MJF140 DHB4 ∆gshA::cm [pBAD24-gshA AmpR] J. Beckwith lab 

LM106 MC1000 F’ dsbA::kan This study 

LM107 JCB570 dsbA::cm This study 

LM108 MC1000 F’ dsbB::kan5 dsbA::cm This study 

LM109 MC1000 F’ dsbB::kan5 This study 

LM111 MC1000 F’ dsbB::kan5 ∆dsbA This study 

LM112 MC1000 F’ dsbB::kan5 ∆dsbA ∆gshA::cm This study 

 

Cloning and constructs 

The plasmids used in this study are listed in Table 4.2. Standard methods were 

used for all cloning steps (Sambrook et al., 2000). The construction of pTrc99a-ssTorA-

TrxA is described in Chapter 2 materials and methods. 

The glutaredoxin 3 gene grxC was PCR amplified from purified E. coli 

chromosomal DNA with primers Sal-grxC-F (5’-ctctcgtcgacatggccaatgttgaaatctatacca-3') 

and R-grxC-Hind (5’-ctctcaagcttatttcagcaggggatccagt-3'). The PCR product was digested 

with SalI and HindIII, and then ligated into SalI and HindIII digested pTrc99a-ssTorA-
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TrxA resulting in pTrc99a-ssTorA-grxC. Similarly, grxA was also PCR amplified from 

purified E. coli chromosomal DNA with primers Sal-grxA-F (5’-ctctcgtcgacatg 

caaaccgttatttttggt-3') and R-grxA-Hind (5’-ctctcaagcttaggcgtccagattttctttcac-3'), then 

digested with SalI and HindIII, and finally ligated into SalI and HindIII digested 

pTrc99a-ssTorA-TrxA resulting in pTrc99a-ssTorA-grxA. 

pTrc99a-ssDsbA-grxC was constructed as follows: grxC was PCR amplified with 

primers Fat-dsbAss-grxC-F (5’-ctctccatgaaaaagatttggctggcgctggctggtttagttttagcgtttagcg 

catcggcggtcgacgccaatgttgaaatctataccaaagaaacctgc-3’) and R-grxC-Hind (5’- ctctcaagctt 

atttcagcaggggatccagt-3') from pTrc99a-ssTorA-grxC, then digested with FatI and 

HindIII, and finally ligated into NcoI and HindIII digested pTrc99a. 

GrxC active site mutants were constructed as follows: grxC was amplified from 

plasmid pTrc99a-ssTorA-grxC with forward primers Sal-grxC_APYA (5’-ctctcgtcgacatg 

gccaatgttgaaatctataccaaagaaaccgcgccgtatgcgcatcgtgcaaaagcactgctg-3') for GrxC(APYA), 

Sal-grxC_CPYA (5’-ctctcgtcgacatggccaatgttgaaatctataccaaagaaacctgcccgtatgcgcatcgtgca 

aaagcactgctg-3') for GrxC(CPYA), Sal-grxC_APYC (5’-ctctcgtcgacatggccaatgttgaaatctat 

accaaagaaaccgcgccgtattgccatcgtgcaaaagcactgctg-3') for GrxC(APYC) and with R-grxC-

Hind (5’- ctctcaagcttatttcagcaggggatccagt-3') as the reverse primer for all three 

constructs. Each of the PCR products was digested with SalI and HindIII, and then 

ligated into SalI and HindIII digested pTrc99a-ssTorA-TrxA resulting in pTrc99a-

ssTorA-grxC(APYA), pTrc99a-ssTorA-grxC(CPYA) and pTrc99a-ssTorA-grxC(APYC). 
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Table 4.2  Plasmids 

Plasmid Relevant features Source 

pTrc99a trc promoter, AmpR, pBR322 ori Amersham 
Pharmacia 

pTrc99a-ssTorA-grxC GrxC wild type with TorA signal sequence in pTrc99a This study 

pTrc99a-ssTorA-grxA GrxA wild type with TorA signal sequence in 
pTrc99a This study 

pTrc99a-ssDsbA-grxC GrxC wild type with DsbA signal sequence in 
pTrc99a This study 

pTrc99a-ssTorA-
grxC(APYA) 

GrxC with APYA active site and TorA signal 
sequence in pTrc99a This study 

pTrc99a-ssTorA-
grxC(CPYA) 

GrxC with CPYA active site and TorA signal 
sequence in pTrc99a This study 

pTrc99a-ssTorA-
grxC(APYC) 

GrxC with APYC active site and TorA signal 
sequence in pTrc99a This study 

 

Alkaline phosphatase activity assay 

Cells were grown in MOPS minimal media (Sambrook et al., 2000) with 0.4% 

(w/v) glucose, 0.2% (w/v) casein enzymatic hydrolysate (Sigma, C0626), 0.05 mg/ml 

thiamine and a total concentration of inorganic phosphates of 0.1 mM to induce the 

synthesis of alkaline phosphatase (PhoA) from the chromosomal copy of the alkaline 

phosphatase gene (phoA). Cells were inoculated into 5.5 ml of fresh media and grown for 

approximately 14.5 hr at 37°C with shaking. Then the culture OD600 was adjusted to 1.0 

and 20 µl of cell culture were transferred to a 96 well plate and mixed with 30 µl of lysis 

buffer, a 2:1 mixture of B-PER Bacterial Protein Extraction Reagent (78248 Pierce 

Biotechnology, Inc.) and a 0.4 M iodoacetamide solution. Lysis took place for 30 min 

with shaking; then 200 µl of 250 µg/ml p-nitrophenyl phosphate in 0.2 M Tris-HCl pH 8 
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was added to each well. Hydrolysis of p-nitrophenyl phosphate was followed at A405 on 

a plate reader (Beckman). 

 

Motility assay 

Cells from single colonies were grown overnight in M9 casein media [1X M9 

minimal salts (Sigma, M6030), 0.4% (w/v) glucose, 0.1% (w/v) casein enzymatic 

hydrolysate (Sigma, C0626), 2 mM MgSO4, 0.05 mg/ml thiamine] with the appropriate 

antibiotic at 37°C with shaking. The amount of cells was normalized to a final OD600 of 

1 and 1.5 µl were spotted at the center of M9 casein motility plates (M9 casein media as 

described above with 0.3 % (w/v) agar). Cells were grown at 37°C for 29 hours at which 

point the motility halos were determined. 

 

 

4.3 RESULTS 

 

Glutaredoxin 3 (grxC) from E. coli was exported to the periplasm through the 

twin arginine translocation pathway (Tat) by fusing it to the signal sequence of the E. coli 

trimethylamine N-oxide reductase (TorA) protein. Expression of ssTorA-GrxC in a strain 

lacking the periplasmic disulfide bond formation machinery [a dsbA(−) dsbB(−) null 

strain] resulted in a level of cell motility similar, albeit lower, to the wild type strain that 

has the complete pathway for periplasmic disulfide bond formation intact (Figure 4.1). 

Interestingly, glutaredoxin 1 (grxA) did not show the same effect, since its expression 

from a similar construct (grxA fused to the TorA signal sequence, ssTorA-GrxA) resulted 

in a level of motility only slightly above background. Therefore, our studies were focused 
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on the characterization of exported glutaredoxin 3. In fact, ssTorA-GrxC was able to 

complement a dsbA(−) dsbB(−) null strain more efficiently than the engineered pathway 

with the TrxA(CACC) variant described in Chapter 2. 

 

Figure 4.1  Motility assay for glutaredoxins A and C in a strain impaired in periplasmic 
disulfide bond formation. Strain genotype and expressed oxidoreductase as shown on 
each panel. Cells were grown overnight in liquid M9 minimal media, normalized to 
OD600 = 1 and 1.5 µl were spotted at the center of M9 (glucose, casein) soft agar plates. 
Cells were grown on motility plates for 29 hours at 37ºC. 

 

Additionally, ssTorA-GrxC was also able to promote disulfide bond formation in 

alkaline phosphatase (PhoA) when co-expressed in strains which lack either DsbA, DsbB 

or both (Figure 4.2). Interestingly, the dsbA(−) dsbB(−) double mutant exhibited higher 

PhoA activity compared to any of the single mutants. The finding that the dsbA(−) single 

mutant strain, which still expresses DsbB, exhibited a lower PhoA activity than the 

dsbB(−) strain was specially puzzling. DsbB would be expected to be able to reoxidize 

glutaredoxin 3 in a manner similar to the reoxidation of wild type thioredoxin 1, a process 

that takes place when this protein is localized in the periplasm (Jonda et al., 1999). One 

possible explanation is that the different set of substrate specificities that glutaredoxins 

have compared to thioredoxins, prevent glutaredoxin 3 from interacting efficiently with 
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DsbB. Another possibility is that a dsbB(−) null mutation results in some regulatory 

changes that somehow affect the disulfide bond formation process promoted by 

glutaredoxin 3. 

As an additional control we examined the effect of exporting the thioredoxin 

Gly75Ser mutant, TrxA(G75S) via the Tat pathway (see Chapter 3). The dsbA(−) dsbB(−) 

null mutant strain was transformed with pTrc99a-ssTorA-TrxA(G75S) and protein 

oxidation in the periplasm was monitored by assaying the level of active PhoA. As 

expected   no   alkaline   phosphatase   activity   was   detected  (Figure 4.2).  This   result 
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Figure 4.2  Effect of glutaredoxin C export on PhoA activity in different strain 
backgrounds. E. coli MC1000 and derivatives with the corresponding pTrc99a-ssTorA 
plasmid containing grxC or trxA(G75S) plasmid as shown were grown in MOPS low 
phosphate minimal media; the alkaline phosphatase activity in cell lysates was 
determined with p-nitrophenyl phosphate (pNPP). Enzymatic activity was normalized on 
a per OD600 basis and relative to the PhoA activity of E. coli MC1000. Error bars denote 
standard error. 
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corroborates the fact that the complementation phenotype is specific to the expression of 

ssTorA-GrxC and that the export of other cysteine oxidoreductase enzymes with a 

thioredoxin-l fold is not sufficient to substitute for the DsbA-DsbB machinery. 

To further characterize the involvement of ssTorA-grxC in the disulfide bond 

formation process, we decided to investigate whether the active site of GrxC is required 

for protein oxidation in the periplasm. Three different active site mutants were 

constructed by replacing one or more cysteines in the active site with alanine. 

Replacement of both cysteines, the C-terminal cysteine and the N-terminal cysteine in the 

active site resulted in ssTorA-GrxC(APYA), ssTorA-GrxC(CPYA) and ssTorA-

GrxC(APYC), respectively. These constructs were then tested for alkaline phosphatase 

activity in a dsbA(−) dsbB(−) double mutant strain (Figure 4.3). Both the ssTorA-

GrxC(APYA) and ssTorA-GrxC(APYC) constructs showed no alkaline phosphatase 

activity, whereas ssTorA-GrxC(CPYA) conferred about 50% of the activity of ssTorA-

GrxC(CPYC). The fact that the variant without cysteines in the active site, ssTorA-

GrxC(APYA), showed no alkaline phosphatase activity proves that the active site of 

glutaredoxin 3 is indeed required for disulfide bond formation. Also, the finding that only 

one of the single cysteine variants, ssTorA-GrxC(CPYA), showed alkaline phosphatase 

activity is in agreement with the fact the N-terminal cysteine of the active site is solvent 

exposed and reactive, as opposed to the C-terminal one, which is not solvent exposed. A 

solvent exposed, reactive N-terminal cysteine is characteristic for the thioredoxin 

superfamily and has been observed in several of its members, like glutaredoxin 1 

(Bushweller et al., 1992), thioredoxin (Kallis & Holmgren, 1980; Brandes et al., 1993), 

DsbA (Zapun et al., 1993; Zapun et al., 1994) and DsbC (Zapun et al., 1995).  
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Figure 4.3  Effect of different glutaredoxin C active site mutants on PhoA activity. E. coli 
MC1000 and derivatives with the corresponding pTrc99a-ssTorA-grxC plasmid as shown 
were grown in MOPS low phosphate minimal media; the alkaline phosphatase activity in 
cell lysates was determined with p-nitrophenyl phosphate (pNPP). Enzymatic activity 
was normalized on a per OD600 basis and relative to the PhoA activity of E. coli MC1000. 
Error bars denote standard error. 

 

Additionally, cell motility results for the different ssTorA-GrxC active site 

variants were consistent with the alkaline phosphatase data. As before, only the ssTorA-

GrxC(CPYA) showed partial complementation, whereas both ssTorA-GrxC(APYA) and 

ssTorA-GrxC(APYC) were unable to restore motility in a dsbA(−) dsbB(−) strain 

background (Figure 4.4, i - iv). 
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Figure 4.4  Effect of glutaredoxin C active site mutants and export pathway on cell 
motility. Strain genotype and expressed oxidoreductase as shown on each panel. Cells 
were grown overnight in liquid M9 minimal media, normalized to OD600 = 1 and 1.5 µl 
were spotted at the center of M9 (glucose, casein) soft agar plates. Cells were grown on 
motility plates for 29 hours at 37ºC. 

 

We examined whether Tat export is required for glutaredoxin 3 to catalyze protein 

oxidation in the periplasm in the absence of DsbA and DsbB. GrxC was fused to the co-

translational General Secretory (Sec) pathway signal sequence of DsbA, resulting in 

ssDsbA-GrxC. This protein is exported from the cytoplasm via the co-translational 

secretion pathway of E. coli (Figure 1.3). 

The alkaline phosphatase activity levels of cells expressing ssDsbA-GrxC was 

about 50% of the activity level conferred by ssTorA-GrxC expression (Figure 4.5). In 

addition, cell motility results were also consistent with the alkaline phosphatase activity 

levels, with ssDsbA-GrxC showing reduced motility but still higher than background 

(Figure 4.4, v). These results indicate that the ability of periplasmic GrxC to serve as a 

DsbA-DsbB independent oxidant is not related to its pathway of export. However, the 

export pathway does affect the catalytic activity of the protein as manifested in the 

differences in PhoA activity and cell motility. One possible explanation for the lower 

level of alkaline phosphatase activity and motility when GrxC was exported to the 

periplasm with a DsbA signal sequence is that it results in lower efficiency of export into 
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the periplasm. A similar phenomenon, whereby fusion of ssDsbA results in a lower 

amount of secreted protein is described in Chapter 3 with ssDsbA-TrxA(G75S). 
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Figure 4.5  Effect of the export pathway for glutaredoxin C on PhoA activity. E. coli 
MC1000 and derivatives with either a plasmid with grxC with a Tat specific signal 
sequence (pTrc99a-ssTorA-grxC) or a plasmid with grxC with a Sec specific signal 
sequence (pTrc99a-ssDsbA-grxC) as shown were grown in MOPS low phosphate 
minimal media; the alkaline phosphatase activity in cell lysates was determined with p-
nitrophenyl phosphate (pNPP). Enzymatic activity was normalized on a per OD600 basis 
and relative to the PhoA activity of E. coli MC1000. Error bars denote standard error.  

 

Even though glutaredoxins normally catalyze the reduction of disulfide bonds 

with glutathione as the electron donor, the reaction is reversible. Thus, in the presence of 

oxidized glutathione the reverse reaction is favored and glutaredoxins catalyze disulfide 
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bond formation on protein substrates. However, it is not clear whether the periplasmic 

space contains any glutathione either in its oxidized or its reduced state. This is because 

glutathione is a low molecular weight compound and can easily diffuse from the cell 

during cell fractionation procedures. Earlier, glutathione was shown to be excreted in the 

culture medium of E. coli but as mentioned above its presence in the periplasmic space 

has not been established (Owens & Hartman, 1986; Suzuki et al., 1987).  

To test whether glutathione is required for the action of exported GrxC in the 

periplasm, we constructed a strain that is both unable to produce glutathione (a gshA(−) 

mutant) and unable to form disulfide bonds in the periplasm (a dsbA(−) dsbB(−) double 

mutant). In E. coli, glutathione is synthesized in two steps by the products of the gshA 

and gshB genes (Penninckx & Elskens, 1993; Masip et al., 2006). The gshA gene encodes 

the cytosolic ATP dependent enzyme γ-glutamylcysteine synthetase (GCS) that catalyzes 

the addition of glutamic acid to cysteine to form γ-glutamylcysteine; the product of the 

gshB gene is the cytosolic ATP dependent enzyme, glutathione synthetase (GS), which 

catalyzes the addition of glycine to γ-glutamylcysteine to form glutathione. Thus, cells 

lacking gshA are unable to produce glutathione.  

The expression of ssTorA-GrxC in a dsbA(−) dsbB(−) gshA(−) null mutant strain 

resulted only in background levels of alkaline phosphatase activity (Figure 4.6). The 

experiment was repeated by adding oxidized glutathione (GSSG) to the media a final 

concentration of 0.5 mM. Under these conditions, expression of ssTorA-GrxC in the 

same strain background, resulted in the restoration of alkaline phosphatase activity, at 

levels comparable to those observed in a dsbA(−) dsbB(−) gshA(+) strain (Figure 4.6). It 

is worth noting that dsbA(−) dsbB(−) gshA(−) cells supplemented with the same 

concentration of oxidized glutathione exhibited higher PhoA activity than background, 

but to a much lower extent compared to when ssTorA-GrxC was present. 
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The inability to complement a dsbA(−) dsbB(−) background when co-expressing 

ssTorA-GrxC in a gshA(−) strain, and the restoration of the complementation phenotype 

when oxidized glutathione is added to the media, strongly suggests an active participation 

of glutathione in the complementation mechanism by glutaredoxin 3. Furthermore, it 

supports the notion that glutathione is not only exported outside the cell, but that it may 

actually be present in the periplasmic space under physiological conditions.  

 

Figure 4.6  Effect of glutaredoxin C expression on PhoA activity on strains without 
glutathione production. E. coli MC1000 and derivatives with the corresponding pTrc99a-
ssTorA-grxC plasmid as shown were grown in MOPS low phosphate minimal media or 
the same growth media with the addition of oxidized glutathione (GSSG) to a final 
concentration of 0.5 mM; the alkaline phosphatase activity in cell lysates was determined 
with p-nitrophenyl phosphate (pNPP). Enzymatic activity was normalized on a per OD600 
basis and relative to the PhoA activity of E. coli MC1000. Error bars denote standard 
error. 
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4.4 DISCUSSION 

 

We have found that export of glutaredoxin 3 to the periplasmic space restores 

protein oxidation in strains with impaired periplasmic disulfide bond formation 

machinery [dsbA(−) dsbB(−) null mutant strain]. This result was completely unexpected, 

since no additional pathways for disulfide bond formation have been identified in the 

periplasmic space of E. coli (Kadokura et al., 2003; Messens & Collet, 2006).  

Interestingly, glutaredoxin 1 seems to be unable to complement dsbA(−) dsbB(−) 

null strains to the same extent that glutaredoxin 3 does. One possible explanation for the 

difference between these two glutaredoxins is the difference in their redox potential. 

Even though both proteins have the same active site (CPYC), they have a fairly big 

difference in redox potential. Glutaredoxin 1 has a redox potential of E°’ = −233 mV 

whereas glutaredoxin 3 has a more oxidizing redox potential, E°’ = −198 mV (Aslund et 

al., 1997). In fact, glutaredoxin 3 is the cytoplasmic reductant in E. coli with the lowest 

redox potential. It is possible that the redox potential of glutaredoxin 1 is not oxidizing 

enough to participate in the same mechanism that allows complementation by 

glutaredoxin 3. In addition, glutaredoxin 1 and 3 have different specificities towards 

substrates. For example, while glutaredoxin 1 is able to reduce ribonucleotide reductase 

(RNR), glutaredoxin 3 displays only about 5% of glutaredoxin 1’s catalytic activity in 

vitro (Aslund et al., 1994) and is unable to complement for RNR reduction in vivo in a 

trxA(−) trxC(−) grxA(−) strain (Stewart et al., 1998). 

The oxidase activity of secreted glutaredoxin 3 is independent of the export 

pathway as glutaredoxin 3 is able promote disulfide bond formation when fused to both 

Tat and Sec signal sequences. Translocation through the Tat pathway allows the export of 

proteins in a folded state, thus allowing proteins to be exported with cofactors bound. 
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Such characteristic of the Tat translocation pathway raises the question whether 

glutaredoxin 3 could be binding a cofactor, such as a metal atom or even glutathione, and 

exporting it to the periplasm. In Chapter 2 we showed that ssTorA-TrxA(CACC) dimer 

forms an iron-sulfur cluster in the cytoplasm and which is exported, together with the 

protein into the periplasmic space. The data from the co-expression of glutaredoxin 3 

with a Sec signal sequence strongly argues against this possibility, because export 

through the SecYEG pore requires the protein to be in a linear unfolded state (Pugsley, 

1993; Mori & Ito, 2001). Thus it seems very unlikely that such cofactor binding could 

take place. 

Another characteristic of the complementation mechanism is the requirement for 

glutaredoxin 3 active site. Glutaredoxins have two mechanisms by which they reduce 

disulfide bonds, commonly referred as the dithiol and monothiol mechanisms (Fernandes 

& Holmgren, 2004). The dithiol mechanism is involved in the reduction of protein 

disulfide bonds and requires the presence of both cysteines in the CPYC active site 

(Figure 4.7A). The solvent exposed N-terminal cysteine forms a mixed disulfide through 

a nucleophilic attack on one of the sulfur atoms of the target protein. Then the C-terminal 

cysteine of the active site becomes deprotonated and reacts with the N-terminal cysteine, 

resulting in the formation of a disulfide bond in the glutaredoxin active site (Grx-S2) and 

two reduced cysteines in the target protein [Prot-(SH)2]. Glutathione is not directly 

involved in this mechanism and only plays a role in recycling glutaredoxin from its 

disulfide bonded oxidized state (Grx-S2) to the reduced state [Grx-(SH)2]. An example of 

the dithiol mechanism is the reduction of ribonucleotide reductase (RNR) by GrxA (Ritz 

& Beckwith, 2001).  

The monothiol mechanism is involved in the reduction of mixed disulfides 

between glutathione and protein cysteines (Prot-S-SG), also known as glutathionylated 
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proteins (Figure 4.7B). As its name implies, this mechanism only requires the presence 

the N-terminal cysteine of the active site. One key feature of the monothiol mechanism is 

that the glutaredoxin interacts only with the GSH moiety of the mixed disulfide and not 

the protein substrate. The N-terminal cysteine from the glutaredoxin active site forms a 

disulfide bond with the cysteine from the glutathione molecule through a nucleophilic 

attack, resulting in a glutaredoxin glutathione mix disulfide (Grx-S-SG) and the release of 

the protein substrate with a reduced cysteine (Prot-SH). The glutaredoxin-glutathione mix 

disulfide can subsequently be reduced by reduced glutathione resulting in reduced 

glutaredoxin (Grx-SH) and oxidized glutathione (GSSG). In the cytoplasmic 

compartment oxidized glutathione is then reduced to GSH by glutaredoxin reductase 

(GorA). An example of the monothiol mechanism is the reduction of glutathionylated 3’-

phosphoadenylsulfate (PAPS) reductase, which is part of the sulfur assimilation pathway 

and is required for growth with sulfate (SO4
2−) as the only source of sulfur (Ritz & 

Beckwith, 2001). Glutathionylated PAPS reductase is inactive and it has been observed in 

vivo in a gorA(−) grxA(−) grxB(−) grxC(−) strain background expressing glutaredoxin 2 

without cysteines in the active site, that is Grx2(SPYS). On the other hand, when the 

monothiol glutaredoxin Grx2(CPYS) is expressed in the same strain, all PAPS reductase 

is found in the active non-glutathionylated from (Lillig et al., 2003).   
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Figure 4.7  The glutaredoxin dithiol and monothiol oxidoreductase mechanisms. A) 
Dithiol mechanism. B) Monothiol mechanism. GSH, glutathione; GSSG, oxidized 
glutathione. Mechanisms as described in (Fernandes & Holmgren, 2004). 

 

The fact that the glutaredoxin variant with only the N-terminal cysteine in the 

active site, GrxC(CPYA), was still able to promote disulfide bond formation strongly 

suggests a monothiol mechanism for protein oxidation in the periplasm. Furthermore, it 

also strengthens the notion that glutathione is involved in such process, because of the 

pivotal role of glutathione in the monothiol mechanism. Although complementation by 

GrxC(CPYA) results in lower PhoA activity (about 50% less) than the dithiol variant 

GrxC(CPYC), a similar reduction in activity has been observed when substituting 

glutaredoxin 1 with its monothiol variant. GrxA(CPYA), retains about 40% of its original 

reductase activity and, as expected, loses its ability to reduce RNR due to the absence of 
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the C-terminal cysteine that is needed for the dithiol mechanism (Bushweller et al., 

1992). 

The absence of periplasmic protein oxidation in strains without synthesis of 

glutathione (gshA(−) null mutant strains), and the restoration of oxidation when 

glutathione is supplemented to the growth media strongly suggest a direct participation of 

glutathione. Recent evidence suggests that glutathione is indeed exported to the periplasm 

through CydCD, a transporter previously though to be specific only for the export of 

cysteine (Pittman et al., 2005). Interestingly, both gshA(−) and cysD(−) null mutant 

strains exhibit phenotypes such as hypersensitivity to benzylpenicillin or reduced motility 

that can be reversed by the addition of glutathione. Collectively, our results together with 

the findings of Poole and coworkers (Pittman et al., 2005) confirm the presence of 

glutathione in the periplasmic space and further strengthen the view of glutathione being 

a key element in the complementation mechanism. 

Overall, we have identified some of the major components of this “alternative” 

disulfide bond pathway, which consists of the periplasmic localization of glutaredoxin 3 

and presumably glutathione (Figure 4.8). Some important questions though still remain 

unanswered: For instance, what is the precise mechanism by which glutaredoxin 3 and 

glutathione (either oxidized or reduced) are able to form disulfide bonds in periplasmic 

proteins. It is interesting to point out that in the cytoplasm, up to 2% of glutathione (10 to 

20 µM) is in the form of mixed disulfides with protein cysteines, and that in strains with a 

more oxidizing cytoplasm, such as a trxA(−) grxA(−) null mutant strain, that percentage 

can be even higher (5 to 7%) (Miranda-Vizuete et al., 1996). Perhaps one could speculate 

that glutathionylation of periplasmic proteins may be involved in the disulfide bond 

formation mechanism. 
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Figure 4.8  Key components for the developed periplasmic disulfide bond formation 
pathway. Key components include: glutaredoxin 3, glutathione and the different proteins 
that are responsible to their localization to the periplasm. 

 

Another unanswered question is where the electrons ultimately go. It seems that 

both glutaredoxin 3 and glutathione are exported in their reduced forms, so the ultimate 

electron acceptor still remains to be identified. It is possible that more than one factors 

may function as electron acceptors, such as ubiquinone, molecular oxygen or some other 

unknown factor.  

Nonetheless, the finding that glutaredoxin 3 exported to the periplasm can 

function as an oxidant and complement for dsbA(−) dsbB(−) null strains is important 

since it has different disulfide bond formation properties than the strong periplasmic 

oxidant DsbA, due to its different substrate specificity, less oxidative properties and 
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probably a different disulfide bond formation patterns. Such properties could lead to the 

development of E. coli strains with improved periplasmic disulfide bond formation 

machinery facilitating the folding of complex heterologous proteins with multiple 

disulfide bonds. 
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Chapter 5: Conclusions and Recommendations 

 

 

 

This work described the design and characterization of three novel periplasmic 

disulfide bond formation pathways in E. coli. Development of these de novo pathways 

provided new insights into the mechanism of protein disulfide bond formation, the 

machinery responsible for oxidative folding and the physiology of the periplasmic space 

of gram-negative bacteria. 

The first engineered pathway for periplasmic disulfide bond formation was 

developed through a combination of rational design and directed evolution. By imposing 

evolutionary pressure we isolated mutations that changed thioredoxin from a monomeric 

disulfide reductase into a [2Fe-2S] bridged homodimer which is capable of promoting O2 

dependent disulfide bond formation in vitro. Expression of this thioredoxin variant in E. 

coli cells with an oxidizing cytoplasm [trxB(−) gorA(−) ahpC* strains] and the subsequent 

localization to the periplasm via the Tat pathway resulted in the partial restoration of 

disulfide bond formation in strains that lacked the entire periplasmic oxidative machinery 

(DsbA and DsbB). This work revealed how simple it is in evolutionary terms to create a 

protein oxidation pathway de novo. The evolution of the [2Fe-2S] thioredoxin dimer 

exemplifies how mutations within an existing scaffold can result in the addition of a 

cofactor which can dramatically change protein structure and function.  

The development of the second de novo periplasmic disulfide bond formation 

pathway involved the optimization of the oxidative properties of thioredoxin 1 when 

localized to the periplasm of E. coli cells that lack DsbA. Under these conditions, 
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thioredoxin 1 is directly reoxidized by the membrane-bound protein oxidase DsbB. In 

order to improve the oxidative properties of TrxA, a high throughput screen for 

periplasmic disulfide bond formation was developed. This screen was based on the 

inability of M13 packaged phagemids to infect cells which lack periplasmic disulfide 

bond formation. A trxA error-prone PCR library composed of approximately two million 

clones was screened with this infectivity selection method resulting in the isolation of a 

thioredoxin 1 variant with a substitution of glycine 75 by a serine. TrxA(G75S) exhibits 

improved periplasmic disulfide bond formation properties, such as higher PhoA activity 

levels and M13 infectivity compared to wild type TrxA. In vivo and in vitro 

characterization of the TrxA(G75S) variant pointed to a change in substrate specificity as 

the most probable cause for the improved oxidative qualities. Such change in substrate 

specificity resulted in: (1) a presumably lower sensitivity to reduction by the DsbD/DsbC 

isomerization pathway and (2) a presumably better interaction with the substrates 

required for M13 infectivity.  

The third periplasmic disulfide bond formation pathway developed involved the 

localization of glutaredoxin 3 to the periplasm of E. coli strains that lack the complete 

periplasmic oxidative pathway [dsbA(−) dsbB(−) null mutant strains]. Surprisingly, the 

mere localization of GrxC to the periplasmic space of such strains was sufficient to 

restore disulfide bond formation. Additional characterization of this unexpected finding 

showed that the action of glutaredoxin in the periplasm is dependent on glutathione 

synthesis. Since GrxC is exported and functions in the periplasm, the above finding 

reveals that oxidized glutathione must be present in that compartment. Furthermore, the 

disulfide bond formation process promoted by glutaredoxin 3 is consistent with a 

monothiol mechanism, which implies a direct involvement of glutathione in the oxidative 

process. 
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On the whole, these de novo engineered pathways highlight the plasticity of the 

thiol redox machinery in E. coli, as several members of the cytoplasmic reductive 

machinery are able to completely reverse their physiological role when subjected to an 

appropriate cellular context. In the case of thioredoxin 1, the change of context involved 

an oxidative cytoplasm and export through a pathway that allows translocation of 

proteins with cofactors or the localization to the periplasm in the presence of the 

membrane bound oxidase DsbB. In the case of the third pathway developed, the presence 

of both glutaredoxin 3 and glutathione in the periplasmic space is sufficient for such role 

reversal. 

In addition, this study illustrates the differences in the disulfide bond formation 

requirements for the several phenotypes (PhoA activity, motility and M13 infectivity) 

used to asses disulfide bond formation. Alkaline phosphatase is the most sensitive of the 

three, as it allows detection of the lowest levels of disulfide bond formation, but after a 

certain threshold PhoA activity is unable to differentiate among the more efficient 

oxidases. On the other hand, complex phenotypes such as motility and M13 infectivity 

are more demanding from a disulfide bond formation point of view. The results presented 

in Chapter 3 clearly highlight these points. For example, the periplasmic expression of 

TrxA(G75S) results in full complementation of the PhoA activity level, higher than 

background levels of M13 infectivity (but still much lower that the wild type strain), 

while at the same time there is no improvement in cell motility. These results suggest that 

it could be beneficial to purposely tailor the substrate specificity of an oxidase towards a 

particular protein substrate. One can envision the optimization of the substrate specificity 

of an oxidase such as DsbA or TrxA(CPHC) towards a commercially important 

heterologous protein that contains disulfide bonds. For example, antibodies would be a 
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good candidate, as there are several high throughput screens that allow the identification 

of their properly folded state. 

Another interesting result from this work is the critical dependence of some 

disulfide bond formation processes on the oxidase protein level in the periplasm. For 

example, as shown in Chapter 3, the protein level of TrxA(G75S) in the periplasm can 

result in dramatic changes in PhoA activity and M13 infectivity. This is a factor that is 

often overlooked in the different co-expression studies for the folding of heterologous 

proteins with multiple disulfide bonds. Usually, modification of the redox properties of 

the co-expressed oxidoreductase takes precedence over the careful study of the effects of 

protein level. It would be interesting to use a periplasmic disulfide bond formation screen 

such as the M13 selection screen presented in Chapter 3 or the cell motility screen from 

Chapter 2 to fine tune the optimum level of expression for an oxidase such as ssTorA-

TrxA(CPHC). For example, a plasmid library with a randomized promoter region [with 

the aim of having plasmids with different expression levels (Alper et al., 2005)] could be 

used to express ssTorA-TrxA(CPHC) in a dsbA(−) dsbB(+) strain in order to establish the 

optimal periplasmic protein level.  

Finally, the disulfide bond formation properties of the developed pathways could 

be assessed with regards to the oxidation and subsequent folding of different 

heterologous proteins that contain disulfide bonds. For example, proteins such as Fab 

(fragment antigen binding) antibody fragments that contain 5 disulfides or the human 

tissue plasminogen activator (tPA) which contains 17 disulfide bonds could be used as 

models in order to establish whether the distinct oxidative properties of the developed 

pathways could be superior to the endogenous oxidative pathway of E. coli.  
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Appendices 

 

 

 

APPENDIX A:  EXAFS SPECTROSCOPY OF TRXA(CACC)  AND TRXA(CACA) 

 

The edge energy (Figure A.1) is consistent with Fe(III), and shows an intense 1s-

3d transition characteristic of tetrahedral Fe. The Fourier transform (FT) of the EXAFS 

data for both mutants (Figure A.1) are very similar, indicating that there is no significant 

differences in Fe environments for the two samples. The data are dominated by two 

frequencies, giving rise to peaks at R+α ∼ 1.8 and 2.4 Å. This is typical of the FTs seen 

for binuclear Fe-S clusters. The data can be fit (Figure A.2) with an Fe-S shell at 2.28 Å 

and an Fe-Fe shell at 2.75 Å as summarized in Table 1. The best fit parameters are typical 

of binuclear Fe-S clusters.  

The edge energy demonstrates that most of the Fe is present as Fe(III). This, 

together with the absence of an EPR signal, demonstrates that the majority of the Fe must 

be present in a multinuclear complex, since mononuclear Fe(III) would be expected to 

have a strong EPR signal. A variety of Fe/S clusters with Fe-Fe interactions at ~2.7 Å are 

known. The EXAFS data are most consistent with a binuclear cluster (Fe-Fe coordination 

number = 1) EXAFS alone cannot rule out the possibility of a higher nuclearity cluster, 

since disorder in the Fe-Fe interaction could mask a higher coordination number. 

However, attempts to model the 2.7 Å feature as a shell of 3 irons give much worse fits 

and extremely high Debye-Waller factors. In addition, the observed stoichiometry of 1 

Fe/protein and the apparent molecular weight both point to binuclear clusters. The first 
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shell EXAFS is dominated by high Z (S or Cl) scatterers. It is possible that one or more 

Fe ions is coordinated to O or N-containing ligands, and this could account for the 

relatively large Debye-Waller factor that is seen for the first shell. However, the 

conserved CAC sequence is most consistent with the ligation of two cysteine sulfurs to 

each Fe. The irons could, in principle, be bridged by sulfide, thiolate or chloride bridges. 

Thiolate bridges can be ruled out by the observation that CACA and CACC have 

identical EXAFS spectra. Chloride is similarly unlikely because chloride was not added 

in high concentration and sulfide was found in a 1:1 ratio with Fe. Taken together, the 

edge and EXAFS data point to the presence of an [2Fe-2S] cluster, presumably as a 

bridge between two thioredoxin molecules. 

 

 
 
Figure A.1  Fourier transform for the two thioredoxin variants. The solid line corresponds 
to TrxA(CACA) and the dashed lines corresponds to TrxA(CACC). Insert shows the 
edge energy for one of the thioredoxin variants (solid line) and Fe(III) phthalate 
dioxygenase (dashed line). 
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Figure A.2  k3 weighted EXAFS spectra for the two thioredoxin variants. The top solid 
line corresponds to TrxA(CACA) and the bottom solid line corresponds to TrxA(CACC). 
The dashed lines correspond to the fitted data and were calculated using the parameters in 
Table 2.3 
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APPENDIX B: EFFECT OF PERIPLASMIC PROTEIN LEVELS  

 

In order to evaluate whether the change from a Tat signal sequence to a Sec signal 

sequence results in differences in expression level, whole cell lysates of dsbA(−) null 

strains co-expressing the different thioredoxin variants were analyzed by western blot 

(Figure B.1). Overall, all the proteins containing a DsbA signal sequence accumulate at a 

much lower level than the corresponding constructs with a TorA signal sequence. This 

results support the notion that changes in the expression level may be responsible for the 

differences in M13 infectivity and PhoA activity when switching from a Tat to a Sec 

signal sequence.  

 
 Figure B.1  Expression level for several thioredoxin variants with different signal 
sequences. Western blot analysis of whole cell lysates. (A) 20 second film exposure; (B) 
60 second film exposure (longer exposure times allow the detection of fainter bands). All 
constructs were expressed in the E. coli MC1000 derivative DHB4 trxA(−). Lanes are as 
follows: 1, no plasmid (bands on this lane denote non-specific binding by the antibody); 
2, pTrc99a-ssTorA-TrxA; 3, pTrc99a-ssDsbA-TrxA; 4, pTrc99a-ssTorA-TrxA(G75S); 5, 
pTrc99a-ssDsbA-TrxA(G75S); 6, pTrc99a-ssTorA-TrxA(CPHC); 7, pTrc99a-ssDsbA-
TrxA(CPHC). Western blot was carried out with rabbit polyclonal anti-TrxA antibody 
with chemiluminescent detection. 



 118 

With the aim to study the effect of expression level on periplasmic disulfide bond 

formation, several plasmids with the dsbA gene were constructed and co-expressed in 

dsbA(−) null mutant strains (see Table B.1, rows 3 to 6). These plasmids differ in their 

expression level due to differences in promoters and copy numbers. The pTrc99a 

constructs (pTrc99a-ssTorA-dsbA and pTrc99a-ssDsbA-dsbA) are expected to show the 

highest expression due to the strong and leaky trc promoter; the pACYC construct 

(pACYC-PdsbA-ssDsbA-dsbA), which includes DsbA’s own promoter, should also show 

higher expression than the chromosomal copy of dsbA due the multiple plasmid copies; 

finally, under the conditions of these assays (which include glucose in the growth media) 

the pBAD18 construct (pBAD18-ssDsbA-dsbA) should show the lowest expression level 

of all these plasmids due to the catabolite repression of its arabinose promoter.  
  

Table B.1  M13 infectivity titers for several dsbA constructs 

 Strain Plasmid Phage titer* 
(cfu/ml) 

1 MC1000 F’ - 1·107 (± 3·106) 

2 MC1000 F’ pTrc99a 8·105 (± 3·105) 

3 MC1000 F’ dsbA(−) pBAD18-ssDsbA-dsbA 8·104 (± 2·104) 

4 MC1000 F’ dsbA(−) pACYC-PdsbA-ssDsbA-dsbA 1 (± 1) 

5 MC1000 F’ dsbA(−) pTrc99a-ssDsbA-dsbA 0 

6 MC1000 F’ dsbA(−) pTrc99a-ssTorA-dsbA 1 (± 1) 

7 MC1000 F’ pBAD18-ssDsbA-dsbA 3·106 (± 1·105) 

* Average ± Standard Error 

 

As can be seen from the M13 infectivity results (Table B.1, rows 3 to 6), only the 

plasmid with the lowest expression (row 3) displayed significant complementation of 
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M13 infectivity, whereas all the other higher expression constructs (rows 4 to 6) resulted 

in total absence of M13 infectivity. As an additional control to ascertain the effect of 

DsbA expression level on periplasmic disulfide bond formation, plasmid pBAD18-

ssDsbA-dsbA was transformed into a dsbA(+) strain and assayed for M13 infectivity 

(Table B.1, row 7). In agreement with the previous results, there was a decrease in M13 

infection.  

Alkaline phosphate was not as sensitive to the different expression levels of 

DsbA, as all the DsbA constructs showed high levels of PhoA activity (Figure B.2).  
 

 

0.0

0.5

1.0

1.5

2.0

N
o

rm
al

iz
ed

 P
h

o
A

ac
ti

vi
ty

dsbA (strain) + – – – – –
Plasmid – – pBAD18 pACYC-PdsbA pTrc99a pTrc99a

Signal sequence – – dsbA dsbA dsbA torA

0.0

0.5

1.0

1.5

2.0

N
o

rm
al

iz
ed

 P
h

o
A

ac
ti

vi
ty

dsbA (strain) + – – – – –
Plasmid – – pBAD18 pACYC-PdsbA pTrc99a pTrc99a

Signal sequence – – dsbA dsbA dsbA torA  
 
Figure B.2  Effect of expression of DsbA from different plasmid constructs on PhoA 
activity. E. coli MC1000 and derivatives with different plasmid constructs as shown were 
grown in MOPS low phosphate minimal media; the alkaline phosphatase activity in cell 
lysates was determined with p-nitrophenyl phosphate (pNPP). Enzymatic activity was 
normalized on a per OD600 basis and relative to the PhoA activity of E. coli MC1000. 
Error bars denote standard error. 
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Glossary 

 

 

 

AP – Alkaline phosphatase, equivalent to PhoA 

ATP - Adenosine 5'-triphosphate 

BCA – Bicinchoninic acid assay 

cfu – Colony forming unit 

DNA – Deoxyribonucleic acid 

DTT – Dithiothreitol 

E°’ – Standard redox potential at neutral pH 

EDTA – Ethylenediaminetetraacetic acid 

EPPCR – Error prone PCR 

EPR – Electron paramagnetic resonance 

EXAFS – Extended X-ray absorption fine structure spectroscopy 

GSH – Glutathione, γ-L-glutamyl-L-cysteinyl-glycine 

GSSG – Oxidized glutathione  

HEPES – 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HRP – Horseradish peroxidase 

ICP – Inductively coupled plasma atomic emission spectroscopy 

IgG – Immunoglobulin G 

IPTG – Isopropyl β-D-1-thiogalactopyranoside 

LB – Luria-Bertani  

M13 – Filamentous bacteriophage 
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M9 – Specific kind of minimal growth media 

MOI – Multiplicity of infection 

MOPS – 3-(N-morpholino)propane sulfonic acid 

MWCO – Molecular weight cut off 

NADPH – Nicotinamide adenine dinucleotide phosphate hydrogen 

PAGE – Polyacrylamide gel electrophoresis 

PBS – Phosphate buffered saline 

PCR – Polymerase chain reaction 

PDI – Protein disulfide isomerase 

pNPP – p-nitrophenyl phosphate 

RNR – Ribonucleotide reductase 

SDS – Sodium dodecyl sulfate 

Sec – The general secretory pathway  

SRP – Signal recognition particle  

Tat – Twin arginine translocation pathway 

UV-Vis – Ultraviolet-Visible 

RNA – Ribonucleic acid 
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