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Bacterial proteins do not contain more than one or two of disulfide bonds in their 

native structure. As a result, although E. coli periplasm has the means for oxidizing 

cysteine residues, the cellular folding machinery has not evolved for efficient 

isomerization of misoxidized disulfide bonds. This issue represents the main limitation in 

the synthesis of commercially significant multi disulfide-containing heterologous proteins 

in bacterial cells. In an attempt to engineer E. coli for the expression of recombinant 

proteins containing multiple disulfides, this work seeks to increase our understanding of 

the molecular mechanism of bacterial protein disulfide isomerization. This information 

will in turn facilitate developing protein engineering strategies to tailor the main bacterial 

isomerase, DsbC, for the enhanced expression of desired heterologous proteins for 

pharmaceutical or industrial applications.  
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In order to enhance our understanding of the structure-function relationship of 

DsbC, five putative disulfide isomerases from different bacterial species were identified 

and their activity characterized in vivo and in vitro. These results were combined with 

sequence homology analyses and structural information to obtain structure-based 

interpretation of DsbC function.      

We showed that the catalytic domain of the DsbC enzyme can be substituted with 

structurally similar thioredoxin superfamily proteins such as DsbA, and TrxA. These two 

proteins by themselves catalyze disulfide bond formation and reduction respectively.  

However, when they are fused to DsbC, substituting for its catalytic domain they catalyze 

disulfide bond isomerization in a manner similar to the intact DsbC enzyme.  

Interestingly, some of the DsbC-DsbA protein chimeras were shown to be able to 

catalyze both protein oxidation and isomerization, two reactions that are kinetically 

distinct in the cell, and are normally carried out by two separate enzymes.  The study of 

the DsbC-DsbA chimeras pointed to the functional significance of the α-helical linker 

that serves to join the dimerization domain and the catalytic domain of the protein.  To 

further examine the role of the linker, a series of mutant DsbCs with sequential amino 

acid deletions in the α-helical linker were constructed. In vivo and in vitro 

characterization of these mutant enzymes resulted in a better understanding of the role of 

the linker region in the ability of DsbC to catalyze isomerization while preventing 

misoxidation of its active site.  

The above studies identified the key requirements for a bacterial isomerase 

enzyme as:  (a) the presence of substrate binding domain for the interactions with the 
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substrate, (b) the presence of two catalytic domains with thioredoxin fold, and (c) the 

relative orientation of the active sites in the catalytic domains, determined by the α-

helical linker.  Based on this information we sought to design a molecule capable of 

catalyzing disulfide isomerization activity, but with no amino acid homology to DsbC.   

Such a molecule was designed and constructed. The ability of the “artifical disulfide 

isomerase” to function as DsbC in the periplasm of E. coli, demonstrates that we have in 

fact identified the functional elements necessary for to the catalysis of disulfide bond 

isomerization in bacterial cells.  
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Chapter 1       

Introduction, Background, and State of the Art 

 

1.1 INTRODUCTION 

 
All living systems are characterized by the ability of their molecular constituents 

to self-assemble and interact with each other in a precise way that guarantees the 

specificity and selectivity of biochemical reactions. Understanding how proteins fold into 

their active conformations is one of the most significant challenges of life science. 

Because protein folding is so intimately associated with biological function, any 

perturbation results in protein malfunction that can lead to undesired effects, ranging 

from localized cellular stress to degenerative disease states.  

Along with the continuous development of the biotechnology industry, advances 

have been made in the expression of recombinant proteins for a variety of uses, and in a 

variety of scales, from protein arrays for screening applications, which require small 

amounts of material, to large-scale production of therapeutic molecules. It is still not 

clear whether there is a unique expression system of choice that would ultimately meet all 

the different expression requirements. As a result, a number of expression hosts have 

been evaluated and developed, including mammalian cell cultures, bacterial, yeast, insect, 

and plant cell systems. 

Anfinsen’s dogma states that the three-dimensional folding of proteins is dictated 

by information contained solely in the amino acid sequence, and that it is affected by the 
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environment. This dogma remains unchallenged to this date (1). The folding of proteins 

in vivo is a complex process, tightly regulated to be compatible with the cell physiology. 

As a result, despite being thermodynamically favored, protein folding in vivo is under 

kinetic control. Unassisted folding in the cell occurs only for a few small polypeptides. 

For the majority of proteins, “folding modulators” have evolved to assist larger 

molecules, or to overcome kinetic barriers that might arise in the trajectory to the native 

conformation.  

 Bacteria are prokaryotic cells which have a simple cellular organization and lack 

many of the eukaryotic pathways that mediate the post-synthetic (post-translational) 

modification of complex proteins. Therefore, there is no guarantee that, when a 

recombinant gene is expressed in a bacterium, its polypeptide product will accumulate in 

a soluble, active form.  

During heterologous proteins expression, the abnormal accumulation of a foreign 

protein, for which the host folding modulators might not be necessarily sufficient or even 

suitable, represents an extraordinary challenge for the bacterial cell. Due to the high 

concentration of the expressed protein, amino acid chains that fail to rapidly reach the 

native conformation might escape or saturate the host defensive protein degradation 

machinery.  

In general, newly synthesized proteins that do not fold into their native structure 

can experience different fates: i) incomplete folding to relatively stable intermediate 

states that typically present hydrophobic surfaces that in native proteins are buried from 

the solvent. Such partially folded molecules are prone to non-specific interactions with 

native proteins, which are in general toxic for the cell. In addition, these “sticky patches” 
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tend to interact with each other and promote self association, which results in ii) 

aggregation, and formation of insoluble deposits, known as inclusion bodies. Finally, 

proteins can be recognized by the host defensive system as misfolded, and therefore be 

targeted for iii) degradation.  

Many eukaryotic proteins of commercial interest, particularly for pharmaceutical 

applications, often contain multiple disulfide bonds in their native structure. The 

formation of native disulfide bonds dramatically increases the complexity of the in vivo 

folding process. In particular, the rearrangement of non native disulfide bonds represents 

the limiting step in the expression of multi disulfide-containing proteins in bacterial cells, 

and will be analyzed in details in the next section. 
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1.2 BACKGROUND 

 

1.2.1 Protein disulfide bonds 

 
The formation of covalent bonds between pairs of cysteines is a fundamental step 

during the folding of many extracytoplasmic proteins. With the exception of the peptide 

bond that forms between consecutive amino acids in a linear polypeptide chain, disulfide 

bridges, resulting from the oxidation of cysteine residues, are the only covalent linkages 

in the three dimensional structure of proteins. The correct formation of intramolecular 

(within the same amino acid chain), or intermolecular (within different amino acid 

chains) disulfides is necessary for proteins to fold into their native, and therefore active, 

three dimensional conformation. Disulfide bond formation also contributes to increase 

the complexity of the protein three-dimensional structure, and consequently of the folding 

process.  

Disulfide bonds can be classified as structural (stable) or functional (reversible). 

Structural disulfide bonds usually increase protein stability, may participate in the 

assembly of different molecular subunits, and are stable part of the final structure of the 

proteins; while functional (reversible) disulfide bonds cycle between reduced and 

oxidized form and are responsible for the catalytic activity of enzymes, or its activation 

and deactivation cycle ( e.g. OxyR, (2)). 

Disulfide bond-containing proteins are found in prokaryotic as well as eukaryotic 

cells. They are secreted or located in extracytoplasmic compartments, such as the 

periplasmic space of E. coli, or the endoplasmic reticulum of mammalian cells. The 
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periplasm of bacterial cells is an oxidizing environment, while the cytoplasm is strongly 

reducing. Anfinsen’s discovery that disulfide bonds formation can occur spontaneously, 

in the presence of only molecular oxygen, in vitro (1), at first explained why newly 

synthesized proteins are maintained in reduced state in the cytoplasm, and disulfide 

bonds are formed only in the oxidizing periplasm. Only about thirty years later, genetic 

and biochemical studies revealed the presence of bacterial enzymes responsible for the 

catalysis of disulfide bond formation (3-5), which would otherwise spontaneously occur 

(in the presence of only oxygen) in time scales too slow to be compatible with the cellular 

physiology. Therefore, although proteins can spontaneously fold into their native 

structure, all living organisms have evolved enzymes that accelerate the folding process, 

by altering the kinetics of oxidizing and reducing reactions involved. The absence of 

proteins containing disulfide bonds in the cytoplasm is in fact not exclusively caused by 

the redox potential in that compartment, but also by the presence of enzymatic pathways 

that maintain proteins in a reduced state. 

The native protein state is in general characterized by the highest thermodynamic 

stability among all the possible conformations that can be attained by the polypeptide 

chain. Consequently, as mentioned above, from a thermodynamic point of view, the 

native state is favored. The formation of covalent bridges between cysteines far away 

from each other in the primary sequences decreases the number of accessible 

conformation available to the unfolded polypeptide, therefore reducing the entropic cost 

of the folding process. The native three-dimensional conformation of a protein exists at 

the lowest energy level among the folding intermediates. However, it remains to be 

explained how intrinsic properties of the primary sequence dictate the progression of the 



 6

polypeptide chain between intermediates of folding until the protein reaches its lowest 

energy (native) conformation. The kinetics of disulfide bond formation is also very 

important in protein folding. In this context, efforts have been made to explain how 

folding catalysts operate at a molecular level to promote and accelerate the formation of 

native, stable interactions.  An increased understanding of the molecular mechanism of 

folding catalysis will in fact be fundamental for the engineering of bacterial enzymes for 

the enhanced expression of heterologous proteins.  

E. coli proteins do not contain more that one or two disulfide bonds in their 

structure. As a result, the bacterial cellular machinery has not evolved to assist the folding 

of complex multi disulfide-containing proteins. For this reason when eukaryotic proteins 

containing multiple cysteines in their amino acid sequence are expressed in bacterial 

cells, they often fail to fold properly. Because the formation of native disulfide bonds is 

impaired in fact, the protein does not accumulate in correctly folded, active form. 

Therefore, despite decades of research on the fundamental mechanisms that regulate the 

synthesis of proteins in bacterial cells, and an increased understanding of the stress-

induced response systems that E. coli has evolved to cope with protein misfolding and 

aggregation, the expression of recombinant multi disulfide-containing proteins in 

bacterial cells still remains a case-dependent challenge, often investigated by trial-and-

errors approaches. This study emerges from the need to better understand the catalyzed 

oxidative folding in bacteria, and propose engineering approaches to improve the 

production of multi disulfide-containing heterologous proteins in E. coli. 
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Figure 1.1. Thiol-disulfide exchange reactions. (A) Oxidation and isomerization of 
disulfide bonds. Rearrangement of non native disulfides is catalyzed by mere 
isomerization (B), or cycles of reduction and oxidation (C). 
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1.2.2 Oxidative protein folding in Escherichia coli. 

 
All proteins involved in the catalysis of disulfide bond formation are thiol-

disulfide oxidoreductase enzymes. Catalysis is accomplished by protein domains that 

have a similar overall architecture, the so-called thioredoxin fold. Catalysts of thiol-

disulfide exchange reactions that belong to the thioredoxin superfamily contain an active 

site consensus motif consisting of two cysteines separated by an amino acid couple (C-X-

X-C). As a newly translated protein, containing multiple reduced cysteine residues, is 

translocated from the cytoplasm, to the periplasmic space, it is immediately oxidized by 

the soluble enzyme DsbA (6) (Fig. 1.1 and 1.2). DsbA oxidizes cysteine residues 

extremely rapidly, and in a rather random manner. The formation of disulfide bonds is in 

fact dictated more by the reactivity of the cysteines, than by their correct pairing (7). As a 

result, non native disulfides form and need to be rearranged for the protein to assume its 

active conformation. Rearrangement of disulfide bonds can take place either through 

catalysis of isomerization, where the reduced catalyst transfers a disulfide bridge from a 

cysteine couple to another, leaving the reaction in a reduced state; or reduction of the 

cysteines, which involves oxidation of the catalyst, and allows for the relaxation and 

subsequent reoxidation of the amino acid chain (Fig. 1.1). The extreme oxidizing nature 

of DsbA is due to the very high standard redox potential of its active site (-120 mV) (8), 

and to the unusually low pKa of the active site N-terminal cysteine. As a result the 

oxidized form of DsbA is extremely unstable (9). Along with its strong oxidizing nature, 

DsbA is also characterized by broad substrate specificity. The great flexibility of oxidized 

DsbA allows for the interaction with a number different substrates, whereas the more 



 9

rigid conformation of the reduced form in turn promotes the release of the oxidized 

substrates. For this reason, DsbA is found to catalyze the formation of disulfide bonds in 

a large variety of extracytoplasmic proteins (10). Additionally, DsbA contains a putative 

peptide binding region that is likely to be involved in substrate binding.  This region is 

mostly hydrophobic, suggesting that interactions occur with partially or completely 

unfolded proteins (11). It has been proposed that the propensity of the DsbA binding 

domain to interact with hydrophobic substrate regions partly explains why, despite its 

strong oxidizing character, DsbA does not oxidize other periplasmic oxidoreductases 

such as DsbC (12), which, as explained below, is required to be maintained in a reduced 

state for its activity.  

For DsbA to be maintained in an oxidized state, a recycling mechanism is needed 

in the periplasmic space to re-oxidize the enzyme after the substrate is released (13). 

Electrons are transferred from the cysteine thiol of DsbA to the membrane protein DsbB, 

which in turn transfers electrons to ubiquinone, or menaquinone in anaerobic conditions 

(14). Aerobically, electrons are finally transferred from ubiquinone to molecular oxygen, 

through the membrane cytochrome oxidases bd and bo (Fig. 1.2). 

As demonstrated by Anfinsen’s experiments, mismatched disulfides often form 

during oxidative protein folding, and need to be unscrambled and reformed for the 

protein to ultimately assume its native conformation. Because the spontaneous 

isomerization of non native bonds is an extremely slow process in vitro, Anfinsen and 

coworkers first proposed, and later isolated, a protein that catalyzes the isomerization of 

non native disulfides in the endoplasmic reticulum of eukaryotic cells, called protein 

disulfide isomerase (15). In bacteria, the periplasmic dimeric protein disulfide bond 
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isomerase DsbC catalyzes the rearrangement of incorrectly formed disulfides (Figure 

1.2). A DsbC homologue, DsbG, whose specific function has yet to be completely 

understood, being the apparent only difference between the two isomerases their substrate 

specificity, has also been identified (16). 

The crystal structure of the Escherichia coli protein, DsbC, revealed a 

homodimeric V-shaped molecule, where each arm of the V consists of a monomer. The 

N-terminal domains of the monomers interact with each other forming the interface of the 

dimer. The C-terminal domain, where the catalysis of isomerization takes place, is 

composed of a thioredoxin fold domain containing the consensus motif active site 

(12,17). Similarities in the geometry of the active site motif and of the adjacent residues 

are found with other members of the thioredoxin superfamily. Several proteins containing 

a thioredoxin fold in their structure have evolved short amino acid insertions, typically α-

helical, at characteristic common positions of this folding domain. For instance, a small 

helical subdomain is inserted in the DsbC thioredoxin domain at the same position where 

a helical insertion, although slightly different, is found in DsbA thioredoxin domain. This 

observation leads to the hypothesis that there exists an evolutionary mechanism that must 

have allowed these proteins with different, although related, functionalities to diverge 

from the same structural fold (18).  

It has recently been demonstrated that DsbC displays not only isomerase activity, 

defined as the ability to fold substrates containing disulfide bonds, but also chaperone 

activity, that indicates the enzymes ability to assist the folding of substrates that do not 

contain cysteines in their amino acid sequence (19). In particular, the N-terminal 
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dimerization domain has been show to be structurally independent of the catalytic 

domain, and to be essential for DsbC chaperone activity (20).  

In analogy with the oxidation DsbA/DsbB system, DsbC needs to be recycled to 

its reduced state to maintain its catalytic activity. This is accomplished through the 

cytoplasmic membrane protein DsbD, which transfers electrons from the reducing 

thioredoxin pathway in the cytoplasm to DsbC (Fig. 1.2), (21). 

The bacterial disulfide bond machinery is therefore formed by two distinct and 

opposite pathways, the oxidizing (DsbA/DsbB) and the reducing (DsbC/DsbD) pathways, 

which coexist in the same cellular environment. Cross-talk between the two pathways 

would result in a futile cycle of electrons, energy wasting for the cell. Analysis of the 

kinetic of interactions between enzymes of the Dsb pathway demonstrated that disulfide 

exchange reactions between enzymes within the same pathway are strongly favored over 

non-physiological interactions between the enzymes of the two pathways, by kinetic 

differences of 103-107-fold (22) (Fig. 1.3). For instance, oxidation of DsbC by DsbA is 

possible, but very slow in vitro (23), while the interaction of DsbB with DsbA is highly 

specific, and kinetically favored, over the oxidation of DsbC (24). Moreover, it has been 

suggested that dimerization protects DsbC active site from the interaction with DsbB 

(25). This hypothesis is supported by the recent characterization of the DsbC–DsbDα 

complex crystal structure which revealed that the dimerization domain of DsbC is critical 

for the interaction with DsbD, and is therefore required for reduction to take place (26). 
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Figure 1.2. Oxidation and isomerization in Escherichia coli periplasm (27). 
 

 

 

 

 

 

 

 
 
Figure 1.3. Kinetic of redox interactions between the proteins of the Dsb family (22). 
Kinetic values associated with physiological interactions are shown in red. 
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1.3 STATE OF THE ART 

 

The expression of heterologous secreted proteins in Escherichia coli is widely 

employed for laboratory and preparative purposes. Thanks to advances in expression 

technologies over the last 25 years, many mammalian proteins can be produced routinely 

in secreted form with yields in the gram/L scale. Nonetheless, ensuring efficient secretion 

across the inner membrane, and preventing proteolytic degradation, incorrect disulfide 

bond formation and aggregation into periplasmic inclusion bodies, frequently presents 

significant challenges.  Recent advances in the understanding of the periplasmic folding 

quality control system are now leading to new strategies for facilitating the expression of 

heterologous secreted proteins. In parallel, protein design and directed evolution 

approaches are beginning to be exploited for the engineering of the cellular protein 

folding machinery to achieve further improvements in protein expression.  

 

1.3.1 Overview of high level expression of secreted protein in bacteria. 

In general, the expression of protein in the bacterial periplasm is particularly 

suitable to preparative scale protein production purposes, primarily as a means for 

facilitating correct folding, for simplifying downstream processing, and for correct N-

terminal processing. Despite extensive efforts over the last 20 years, Gram-positive 

bacteria have not achieved widespread acceptance as hosts for the expression of secreted 

proteins mostly because the organisms so far examined (e.g. Bacillus subtilis (28)) and 
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Staphylococcus carnosus (29) excrete high levels of proteolytic enzymes that can cause 

extensive product degradation. In recent years Pseudomonas fluorescens (30,31) and 

Ralstonia eutropha (32) have been used to produce remarkably high yields of 

recombinant proteins. For example, Barnard et al. recently reported a yield of soluble, 

active, organophosphohydrolase of 10 g/L in high cell density fermentations of Ralstonia 

eutropha (32). While these systems hold promise as alternatives to Escherichia coli, at 

present there is little experience regarding the potential for coping with the key problems 

that plague the expression of secreted proteins, namely jamming of the membrane 

translocation machinery, misfolding and proteolytic degradation. More importantly, there 

are still uncertainties regarding regulatory issues at the manufacturing scale, although 

clinical trails, at least with P. fluorescens-expressed proteins, have commenced recently 

(30). Therefore, gram-negative bacteria, and in particular E. coli, are currently the most 

widely used host organisms for the bacterial expression of secreted proteins. A widely 

held misconception is that secretion from E. coli results in lower protein yields relative to 

cytoplasmic expression, due to intrinsic limitations of the translocation machinery. 

However, remarkable yields of secreted proteins, in the 5-10 g/L range, have been 

obtained repeatedly, and are now well documented in the literature. Some of the most 

impressive examples of high expression yields for secreted proteins include: production 

of IGF-I as periplasmic inclusion bodies at 8.5 g/L (a value which represents the highest 

E. coli secreted protein yield reported in the literature (33)); anti-CD18 F(ab’)2 joined to 

a leucine zipper at 2.5 g/L (34); and alkaline phosphatase at 5.2 g/L (35). Such high 

yields are only obtained by high cell density fermentation, using finely tuned expression 

systems. The choice of bacterial strain, medium formulation, and the promoter and 
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expression system are critical in determining protein yields, and whether the polypeptide 

product will be sequestered in the periplasmic space or released into the growth medium.   

 

1.3.2 Expression of proteins as inclusion bodies 

The recovery of recombinant proteins from inclusion bodies has been investigated 

extensively (36). Inclusion bodies consist of dense aggregated polypeptides that associate 

in a predominantly sheet-like manner and are highly resistant to degradation. They can be 

easily solubilized with denaturants or detergents, and the denatured protein can be 

refolded into its soluble active conformation. Refolding of proteins from inclusion bodies 

has been used for the purification of large amounts of protein in industrial scale. In 

general however, it presents several disadvantages. First, the production of proteins as 

inclusion bodies can induce severe stress responses, and interfere with the primary 

cellular metabolism. Second, depending on the protein targeting, inclusion bodies can 

accumulate in the cytoplasmic or periplasmic space, and even though they are populated 

primarily by the overexpressed protein, small amounts of contaminants may be present. 

Molecular chaperones, foldases, or proteases that interact with the substrate proteins, 

along with phospholipids, DNA or ribosomes (37,38), can be in fact trapped in the 

deposits, and are difficult to eliminate in the purification process. Third, the refolding 

process can be expensive and time consuming. Fourth and most important, refolding in 

vitro may not be achievable for some proteins, defeating the purpose of heterologous 

protein expression (36).  

 



 16

1.3.3 Advantages of periplasmic expression 

As mentioned in section 1.3.1, periplasmic expression is usually preferred for 

preparative protein production. There are a number of advantages for the periplasmic 

expression of heterologous, and in particular mammalian, proteins. For instance, the 

periplasmic fraction can be easily released from the bacteria and, as a result, the target 

protein is found in a solution that is free of most host polypeptides, DNA and lipids. 

Furthermore, because proteolytic degradation constitutes the main defense mechanism 

against foreign proteins, bacterial strains with knock-outs in the genes coding for 

different proteases are used. The cytoplasmic space contains many proteases, and strains 

with chromosomal deletions of one or more proteases are often filamentous and grow 

very poorly. Furthermore, proteins for periplasmic expression are fused to an N-terminal 

signal sequence that directs protein secretion and is cleaved by host signal peptidases 

after translocation to the periplasm. The mature protein therefore contains its authentic N-

terminal amino acid. Finally, the periplasm contains specific foldases for the catalysis of 

rate limiting steps, such as the formation of disulfide bonds, which are often contained in 

eukaryotic proteins.   

 The cytoplasm of E. coli is a strongly reducing environment where the sulfydryl 

groups of cysteine residues are maintained in a reduced state, and the formation of 

disulfide bridges is prevented. Mutant strains with oxidizing cytoplasm have been 

engineered for the cytoplasmic expression of multi disulfide containing substrates. 

Despite providing an environment for the efficient formation and rearrangement of 

disulfide bridges, these strains present severe growth defects and poor overall cellular 

fitness (39). 
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1.3.4 Quality control in secreted proteins: engineering secretion and periplasmic 

expression. 

In E. coli more than 90% of secreted proteins are translocated across the inner 

membrane via the SecYEG pore (Fig. 1.4). Proteins are targeted to the Sec pore either via 

the Sec (secretory)-dependent or the SRP (signal recognition particle)-dependent 

pathways.  Protein export through the Sec pathway occurs post-translationally, while 

export through the SRP is co-translational. For Sec-dependent export the mature 

polypeptide must be maintained in an unfolded, or perhaps partially folded, conformation 

prior to inserting into the SecYEG pore. This is typically accomplished through 

interactions with the chaperone SecB. By contrast, premature folding in the cytoplasm is 

not an issue for proteins exported in an SRP-dependent manner, since protein synthesis is 

arrested until the ribosome is in contact with the secretion pore (Fig. 1.4). Because 

membrane as well as soluble proteins can access this route of secretion (40,41), the SRP 

pathway could prove to be a beneficial approach for the secretion of polypeptides which 

are prone to aggregation in the cytoplasm when exported via the post-translational Sec 

pathway.  Inefficient secretion via Sec can also be addressed by engineering the rate of 

protein translation, presumably so as to avoid the accumulation of a high concentration of 

preprotein within the cytoplasm.  

The Twin Arginine Transporter (TAT) pathway is responsible for the export of a 

small subset of proteins that must complete their folding while in the cytoplasm. Tat 

leader peptides are on average 14 amino acids longer than Sec-dependent leader peptides, 

and contain a conserved, distinctive sequence (S/T-R-R-X-F-L-K), and a less 
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hydrophobic central α-helical region (42), (Fig. 1.4). Although not yet completely 

understood, the mechanism for Tat translocation involves recognition of the substrate by 

the TatBC complex that forms a larger pore within the membrane (with a diameter that 

can reach 70 Å or more).  

The Tat pathway has been used for the export of heterologous proteins which 

have to complete their folding entirely within the cytoplasm (43). However the transit 

times for the passage of proteins through the Tat pore appear to be much longer 

compared to Sec translocation.  So far a high protein flux through the Tat pathway, an 

important requirement for its adoption in manufacturing, has not been demonstrated.  

Fusion of the recombinant protein to the appropriate signal sequence is generally 

the first approach to optimize the secretion conditions. The overexpression of 

cytoplasmic modulators, such as SecB, or molecular chaperons that are known to 

facilitate protein secretion by maintaining the substrate in an unfolded, export-competent 

state, is dependent on the particular signal sequence used (44). Artificial signal sequences 

that allow for more efficient translocation have also been investigated (45). In general, 

recombinant preproteins can be optimized for efficient secretion by fusing the appropriate 

signal sequence to the mature protein, but there are no defined general rules for selecting 

an optimized signal sequence.  

The accumulation of misfolded, or in some instances slow-folding proteins in the 

periplasm triggers a variety of stress responses which in turn leads to the up-regulation of 

proteases and chaperones to ensure the elimination of non-native and thus, potentially 

toxic, polypeptides (46,47). A primary concern with any expression technology is how to 

avoid proteolytic processing of the recombinant polypeptide. The identities of the 
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components of the proteolytic machinery in the E. coli cell envelope, and the mechanisms 

that target proteins for degradation in that compartment are only partially understood. 

The proteases DegP and DegS utilize similar peptide binding domains for the recognition 

of substrate proteins (48), (Figure 1.1). In the case of DegS (an essential protein), binding 

of misfolded proteins results in the activation of its protease activity. This is in turn 

required for the activation of the envelope stress response. Due to its high specificity 

DegS is unlikely to play a major role in the proteolytic processing of secreted proteins 

(49). In contrast, DegP represents a major component of the protein degradation 

machinery in the periplasm. DegP exhibits protease activity at high temperature (induced 

by the accumulation of misfolded proteins), and chaperone activity at low temperatures 

(48,50). While many heterologous proteins are stabilized in degP mutant strains, the 

recent finding that the production of active soluble penicillin acylase is enhanced by the 

co-expression of DegP, but not in degP null cells, points to the complex nature of the 

processes that control susceptibility to degradation in the periplasm (51). 
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Figure 1.4 Export and periplasmic folding pathways (52) 
Proteins destined to be exported are translocated across the cytoplasmic membrane in 
three different fashions. (a) Preproteins with highly nonpolar signal sequences (green) or 
transmembrane segments of inner membrane proteins are recognized by SRP. SRP-
dependent export involves delivery of the ribosome-nascent chain complex to FtsY and 
subsequent translocation through the SecYEG-SecDFYajC translocon. (b) Most 
preproteins have less hydrophobic signal sequence (lavender) and undergo Sec-dependent 
post-translational export. As the chain grows, the polypeptide is transferred to SecB or 
DnaK chaperones that maintain it in an extended conformation. Delivery to SecA and 
ATP-dependent translocation through SecYEG completes the process. (c) Preproteins 
with signal sequences containing the twin-arginine motif (cyan) are exported via the Tat-
dependent pathway in a folded form. After cleavage of the signal sequence, partially 
folded periplasmic proteins may aggregate (1), undergo proteolysis (2) or reach a native 
conformation, possibly with the assistance of folding modulators (3). Cysteine pairs in 
proteins containing disulfide bonds are oxidized by DsbA (4) whereas incorrect disulfides 
are isomerized by DsbC (5). Black arrows show products obtained after each step, 
whereas blue arrows represent electron flow. 
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Another protease that plays a central role in the degradation of recombinant 

polypeptides is OmpT, and also its homologue OmpP, which however is found only in 

certain E. coli strains. OmpT is a catalytically very efficient and stable outer membrane 

protease that has a strong preference for cleavage between pairs of basic amino acids, i.e. 

Arg-Arg, Arg-Lys etc (53). While it is widely held that dibasic sequences are the only 

likely targets for OmpT, this enzyme also exhibits appreciable catalytic activity at other 

sites (e.g. Ala-Arg (54), Arg-Val(53)). To avoid problems arising from the processing of 

recombinant proteins by OmpT or OmpP it is advisable to use mutant E. coli strains in 

which the genes for these enzymes have been inactivated; ompT ompP strains do not 

exhibit any phenotypes under laboratory conditions. Yet another interesting but poorly 

understood cell envelope protease is Prc (or Tsp). The cleavage substrate specificity of 

this enzyme is not well understood.  The significance of Prc is underscored by its role in 

the cleavage of antibody fragments (34), and by the finding that the prc gene is essential 

under certain conditions. Importantly, the spr mutation that was isolated as a suppressor 

of the growth defect of prc mutants was also found to be critical for high cell density 

cultivation under permissive conditions (34). The use of mutants deficient in all the major 

cell envelope proteases (degP, prc, ptr, ompT) often result in a drastic decrease of 

secreted recombinant polypeptides proteolysis (55). Growth of multiple protease deficient 

strains is somewhat impaired relative to wild type E. coli, but nonetheless such strains 

can be grown to high cell densities under the proper conditions (e.g. (56)). However, even 

in degP, prc, ptr, ompT E. coli strains, degradation of secreted proteins is reduced, but 

not completely eliminated.  Proteolytic degradation is essential for the destruction of 

defective polypeptides which, if left unchecked, would result in cell death.  Thus, the fact 
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that degP, tsp, ptr, ompT mutant strains are viable suggest the existence of additional, but 

yet unknown, proteases in the E. coli cell envelope.    

Proteases perform a critical quality control function within bacterial cell envelope.  

When misfolded proteins escape the cellular degradation system, they typically tend to 

accumulate in large aggregate that can be quit deleterious for the cell. Protein aggregation 

in the periplasm was first reported nearly 20 years ago (57,58), but a more detailed 

understanding of this process had to await the recent studies of Betton and coworkers 

using mutants of the maltose binding protein (47). The aggregation of secreted proteins 

depends on the rate of protein synthesis, the sequence of the leader peptide, the co-

expression of periplasmic chaperones, and finally, the growth conditions. The most 

important determinant that dictates whether a newly exported protein will be degraded or 

accumulate in misfolded form is the nature of the polypeptide chain. Heterologous 

proteins that evolved for folding within the eukaryotic endoplasmic reticulum (ER) 

experience a distinctly different and harsher environment when expressed in the bacterial 

periplasm. The periplasmic space is much more oxidizing that the ER, lacks of a 

glutathione redox buffer to promote the formation of correct disulfide bonds, does not 

contain ATP-regulated chaperones, and finally, unlike the ER, it is rich in proteolytic 

activities. It is should therefore come as no surprise that expression of eukaryotic proteins 

in the periplasm is problematic and easily leads to the induction of the cell envelope 

stress response, and to the up-regulation of the enzymes that participate in the folding 

quality control. In E. coli, with the exception of Skp and the chaperone-usher systems 

that are involved in the biogenesis of extracellular appendages associated with 

pathogenicity, all other proteins that assist folding function both as chaperones and as 
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enzymes (the dual function of DegP, which acts predominantly as a chaperone at low 

temperatures and as a protease at higher temperatures, was discussed above (50). In 

addition to the members of the Dsb family, the periplasm of E. coli contains four proteins 

that exhibit catalytic activity (function as peptidyl-proline cis-trans isomerases (PPIs)) as 

well as having chaperone activity (46): PpiA, PpiD, SurA and FkpA (Figure 1.1). Of 

these, only FkpA has so far been shown to positively effect the expression of correctly 

folded heterologous proteins either upon co-expression or in cis, as a fusion protein 

partner (59). The only periplasmic protein that serves as a general chaperone but does not 

have enzymatic activity is Skp (Figure 1.1). Structural data suggest that Skp contains a 

cavity formed by flexible α-helical tentacles and a β-barrel core that sequesters unfolded 

substrates as they are released by the Sec apparatus (60). Skp was first isolated in a 

genetic screen for periplasmic factors that improved the efficiency of phage displayed 

scFv antibodies. Its overexpression has been shown to improve the yield of numerous 

antibody fragments (61). In addition co-expression of Skp is employed to improve phage 

display (62). 

 

1.3.5 Overexpression of foldases and fusion proteins 

The periplasm of E. coli does not offer a suitable environment for the productive 

folding of a number of heterologous proteins mainly because bacterial folding modulators 

have been optimized by evolutionary pressure to assist the folding of endogenous 

proteins present in small concentrations. Thus, periplasmic chaperone and foldase 

activities need to be enhanced to handle the pressure imposed by the overexpression of 
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heterologous proteins. In an effort to engineer the bacterial periplasm for the expression 

of complex heterologous proteins, a number of strategies have been attempted, including 

the overexpression of foldases and the design of fusion proteins.  

Several studies on the effect of the overexpression of folding modulators in the 

periplasm of E. coli have been reported (63). Being that the translocation across the 

cytoplasmic membrane poses the first potential challenge for periplasmic expression, 

increasing the concentrations of the secretion apparatus components has been attempted 

(64). It is readily apparent though that the rate limiting step for the production of 

heterologous proteins is not the localization, but rather the folding into their native, 

soluble form. This is the case of antibody fragments (65) and T-cell receptor fragments  

(66) whose production was achieved by overexpressing the heat shock factor σ32, an 

activatory subunit of RNA polymerase that regulates the transcription of a number of 

chaperones generally induced by heat shock stimuli. The most successful approach to 

increase the yield of in vivo folding has been the overexpression of the bona fide 

periplasmic chaperone Skp. In particular, single-chain antibodies accumulate in insoluble 

form when overexpressed in E. coli, compromising cell growth, and often causing cell 

lysis. Skp was first selected in a genetic screening for periplasmic factors that improved 

the efficiency of phage display and periplasmic expression of recombinant proteins. Its 

overexpression was reported to improve the phage display and yield of periplasmic 

expression of numerous single-chain antibodies fragments (61), and it is now commonly 

used in multiple phage display platforms (62). 

Thanks to the detailed biochemical characterization of the disulfide bond 

formation pathway (67,68), the overexpression of periplasmic foldases has also been 
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attempted to facilitate the folding of multidisulfide containing proteins. DsbA was 

originally shown to critically influence the folding of the bovine pancreatic trypsin 

inhibitor in E. coli  (69,70). High level expression of DsbA was also found to enhance the 

yield of certain recombinant proteins such as human leptin (71), IGF-I (33), T-cell 

receptor fragments (66). DsbA is the second most potent cysteine oxidizing enzyme 

known (the first being the membrane protein DsbB, which however only oxidizes DsbA 

under physiological conditions (72)). As explained in section 1.2.2, the blind oxidation of 

cysteines often results in the formation of non native bonds which has limited the success 

of this approach. Enhancing the isomerization of non native disulfides, by co-expression 

of DsbC has been shown to improve the yield of numerous eukaryotic proteins including 

human tissue plasminogen activator which contains 17 disulfide bonds (56), human nerve 

growth factor (73), and single chain Fv antibodies (74). Importantly co-expression of 

DsbC can be readily implemented in high cell density fermentations and thus is suitable 

for preparative purposes (56). 

An alternative strategy to enhance the expression of soluble heterologous proteins 

is the engineering of fusion proteins. Hybrid proteins, obtained fusing a host molecule, to 

the protein of interest, have been shown to increase the folding and solubility of 

heterologous proteins thereby facilitating the interaction of the heterologous protein with 

the endogenous folding cellular machinery. For example, the expression of single-chain 

antibody fragments has been improved with downstream fusion of the maltose-binding 

protein, without altering the antigen binding properties of the antibody fragment (75). 

The production of human insulin is limited by proteolysis and disulfide bonds formation. 

The fusion of DsbA at the C-terminal of proinsulin resulted in an increased stability of 
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the molecule, probably due to better solubility and faster disulfide bonds formation (76). 

Depending on the specific application of the recombinant protein produced, cleavage of 

the host molecule may be required. This can add to the cost of the overall process and 

often represents the main disadvantage of this approach. 

Unfortunately, the success of both the overexpression of folding modulators and 

the fusion of solubilizing partners has been so far limited to specific target proteins (77).  
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1.4 RESEARCH OBJECTIVES 

 

  The focus of this research is the folding of proteins into the correct three-

dimensional structure with the proper intramolecular disulfide bridges. In particular, the 

rearrangement of non native disulfide bonds that form during the folding of polypetides 

containing multiple cysteine residues is the main limitation to the expression of 

eukaryotic proteins in bacterial cells. In this study, we seek to identify the key features of 

protein disulfide bond isomerization through a number of complementary protein 

engineering strategies. The ultimate goal is to expand our knowledge of the molecular 

mechanism of isomerization. Such an increased understanding is considered fundamental 

for the successful development of engineering strategies to enhance the bacterial cell for 

the expression of complex multi disulfide-containing proteins. 

In Chapter 2, in order to better interpret the structure-function relationship of the 

main bacterial protein disulfide isomerase, DsbC, we identified five putative disulfide 

isomerases from different bacterial species (Haemophilus influenzae, Pseudomonas 

aeruginosa, Vibrio cholerae, Erwinia chrysanthemi, and Yersinia pestis), with different 

degrees of amino acid identity to E. coli DsbC. We then characterized their in vivo and in 

vitro activities. These results can be combined with sequence homology analyses and 

structural information to obtain structure-based interpretation of DsbC function.      

With the aim to investigate the structural and functional features that contribute to 

DsbC isomerase activity, we substituted the catalytic domain of the enzyme with 

structurally similar thioredoxin superfamily proteins such as DsbA, and TrxA (Chapter 
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3). These two proteins by themselves catalyze disulfide bond formation and reduction 

respectively.  However, the chimera proteins constructed were able to catalyze disulfide 

bond isomerization in a manner similar to the intact DsbC enzyme.  Interestingly, some 

of the DsbC-DsbA protein chimeras were shown to be able to catalyze both protein 

oxidation and isomerization, two reactions that are kinetically distinct in the cell, and are 

normally carried out by two separate enzymes. This has led us to further investigate the 

structural bases for the molecular interactions among the enzymes of the Dsb oxidation 

and reduction pathways.  In Chapter 4, we examined the functional significance of the α-

helical linker that serves to join the dimerization domain and the catalytic domain of the 

protein. A series of mutant DsbCs with sequential amino acid deletions in the α-helical 

linker were constructed. In vivo and in vitro characterization of these mutant enzymes 

resulted in a better understanding of the role of the linker region in the ability of DsbC to 

catalyze isomerization while preventing misoxidation of its active site.  

Armed with an increased understanding of the mechanism for disulfide bond 

isomerization, we sought to design a molecule capable of catalyzing protein disulfide 

bond isomerization, but with no amino acid homology to DsbC (Chapter 5). The ability 

of the de novo engineered molecule to function as DsbC in the periplasm of E. coli 

demonstrates that we have in fact identified the functional elements necessary for to the 

catalysis of disulfide bond isomerization in bacterial cells.  
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Chapter 2 

Natural Diversity of Bacterial Protein Disulfide Isomerases 

 

2.1 INTRODUCTION 

 

Bacterial proteins do not contain more than one or two disulfide bonds.  For this 

reason the E. coli cellular machinery has not evolved to assist the correct folding of 

eukaryotic protein containing multiple disulfide bonds. It is now generally accepted that 

the limiting step in the expression of multi-disulfide heterologous proteins is the 

isomerization of incorrectly formed disulfides (1-5). As mentioned in Chapter 1, 

overexpression of DsbC, the main bacterial disulfide isomerase, results in a dramatic 

increase in the yield of active tPA expressed in the periplasm of E. coli  (6). The 

significance of DsbC in heterologous protein expression suggests that a detailed 

molecular understanding of the DsbC catalytic mechanism may greatly facilitate our 

ability to engineer the catalysis of disulfide bond formation in bacteria.  

When this study was initiated, the only known structure of a bacterial disulfide 

isomerase was that of the E. coli DsbC (7). As shown in figure 2.1, and discussed in the 

Background, DsbC is a homodimeric V-shaped molecule, with each monomer formed by 

an N-terminal dimerization domain, and a C-terminal catalytic domain with thioredoxin 

fold (7,8). A α-helical linker extends nearly normal to the axis of the dimer, from each 
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dimerization domains, and connects them to the catalytic domains. Such a hinged linker 

provides flexibility in the molecule, which may be important for allowing the binding of 

different sizes of protein substrates or folding intermediates. It also keeps the two 

catalytic domains well separated in the dimer, and guarantees minimal interaction 

between the putative peptide binding cleft and the thioredoxin catalytic domain in each 

monomer (7).  

A large part of the surface area of the dimeric DsbC, more specifically 45% of the 

area accessible to the solvent, constitutes a large cleft situated in between the two active 

sites (7). It is composed predominantly of hydrophobic residues, a characteristic 

conserved among many DsbC homologues, and it is supposed to provide binding for the 

substrate. The peptide cleft of DsbC may be important for its chaperone activity, i.e. the 

ability to prevent the aggregation of substrate proteins. The chaperone activity of DsbC is 

independent of its disulfide isomerase activity (5). The bi-functional nature of the enzyme 

seems to suggest that DsbC contemporaneously identifies unfolded or misfolded 

substrates, prevents their aggregation, and promotes unscramble and rearrangement of 

native disulfide bonds. The process of breaking non-native bridges and forming new ones 

may in fact give rise to the exposure of highly hydrophobic surfaces, and cause the 

formation of folding intermediates that require the presence of a chaperone molecule to 

prevent their aggregation. It has been shown that when the molecule is in the reduced 

state, the hydrophobic cleft is more “open”, a feature that is presumed to be important for 

the binding of a variety of substrates. (9). Therefore, it can be hypothesized that the 

presence of a broad uncharged cleft allows for substrate binding, and the loose interaction 

of unfolded proteins with DsbC cleft results in preventing aggregation simultaneously 
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shielding the substrate while the folding into different conformational intermediates takes 

place. 

 

 

 

 

 

 

 

 
Figure 2.1. Three-dimensional structure of E. coli DsbC. (A) Ribbon diagram of the 
homodimer viewed normal to the molecular two-fold axis. (B) Secondary structure and 
functional domains of the DsbC monomer. The active site sulfur atoms are shown in 
yellow. 

 

 

 

 

 

 

 

 
 
 
 
Figure 2.2. The hydrophobic cleft. (A) Surface representation of DsbC viewed down the 
molecular two-fold axis. (B) Ribbon diagram shown in the same orientation. 
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Although the E. coli disulfide bond pathway is relatively well characterized, it is 

still unclear what prevent the misoxidation of DsbC by DsbB, allowing it to be 

maintained in a completely reduced state, and avoiding a counterproductive recycle of 

electrons (10). Interestingly, the catalytic domain of DsbC and DsbA, which has been 

optimized for the interaction with DsbB, are structurally similar and are both thioredoxin 

motif proteins. It has been suggested that the dimerization of the thioredoxin domains in 

DsbC is responsible for preventing oxidation by DsbB (11). Analysis of the in vivo 

properties of DsbC homologues is proposed to further strengthen this hypothesis. 

Comparing the properties of isomerase enzymes that differ to various extents with 

respect to their amino acid sequence could help identifying the important features in the 

catalytic mechanism of DsbC. Proteins homologous to E. coli DsbC have been found in 

numerous gram-negative bacterial species. More than 50 putative dsbC can be found in 

the NBCI database, and exhibit between 6 (Clostridium acetobutilicum) and 100% amino 

acid identity (Shighella flexneri) with the Escherichia coli enzyme. Five homologous 

proteins with different degrees of sequence identity with E. coli DsbC, namely 

Haemophilus influenzae (43.6%), Pseudomonas aeruginosa (39.5%), Vibrio cholerae 

(39.5%), Erwinia chrysanthemi (44.1%), and Yersinia pestis (66.4%), were selected for 

study. The enzymes were cloned, expressed, and purified; and their isomerase, reductase, 

and oxidase activity, as well as chaperone activities are presented in this study.  

As part of this work we attempted to crystallize the DsbC homologues and solve 

their three dimensional structure, in collaboration with the Robertus group.  

Crystallization was successful for the DsbC from Haemophilus influenzae and the 

structure of this enzyme was solved by Maya Zhang, Art Monzingo and Jon Robertus.   
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2.2 MATERIALS AND METHODS 

2.2.1 Strains and plasmids 

The bacterial strains and plasmids used in this study are listed in Table 2.1. The 

putative dsbC from Haemophilus influenzae, Pseudomonas aeruginosa, Vibrio cholerae, 

Erwinia chrysanthemi, and Yersinia pseudotuberculosis were amplified from the 

chromosome of respective bacterial cells, and cloned into pBAD33 (12). All the 

constructs contain a C-terminal hexahistidine tag. For protein purification purposes, the 

putative dsbC genes were digested with XbaI and HindIII, ligated into pET28(a), and 

transformed into E. coli BL21 cells. 
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Table 2.1 Strains and plasmids used in this study  

 

Strains and Plasmids Relevant Genotype Source

DH5α F-(f80dlacZ-M15,) -(lacIZYA-argF)U169 deoR recA1 Laboratory Collection
endA1 hsdR17(rk-,mk+) supE44, thi-1 gyrA96, relA1

DHB4 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Laboratory Collection
rpsL150 relA1 thi phoA (PvuII) phoR malF3 F'[lac+(lacI) pro]

MC1000 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Ref. 20
rpsL150 relA1 thi F'[lac+(lacI) pro]

LM106 MC1000 dsbA::kan5 Laboratory Collection
LM102 MC1000 dsbB::kan5 Ref. 23
PB351 SF100 ∆degP::kan  ∆dsbC Ref. 24
PB401 SF100 ∆degP::kan  ∆dsbA Ref. 24
R1242 R189 dsbD::mini-Tn10 Cm Laboratory Collection
BL21(DE3) F ompT dcm  (DE3) Laboratory Collection

pET-28(a) T7 expression vector, C-terminal 6× histidine tag Novagen
pBADdsbC DsbC from Escherichia coli  in pBAD33 Laboratory Collection
pTrcStIIvtPA tPA(D6-175) with StII leader in pTrc99A Ref. 25
pBADHinfdsbC DsbC from Haemophilus influenzae  in pBAD33 This work
pBADYpsedsbC DsbC from Yersinia pseudotuberculosis  in pBAD33 This work
pBADPaerdsbC DsbC from Pseudomonas aeruginosa  in pBAD33 This work
pBADVchodsbC DsbC from Vibrio cholerae  in pBAD33 This work
pBADEchrdsbC DsbC from Erwinia chrysanthemi  in pBAD33 This work
pET-28EcolidsbC DsbC from Escherichia coli  in pET-28(a) This work
pET-28HinfdsbC DsbC from Haemophilus influenzae  in pET-28(a) This work
pET-28PaerdsbC DsbC from Pseudomonas aeruginosa  in pET-28(a) This work
pET-28VchodsbC DsbC from Vibrio cholerae  in pET-28(a) This work
pET-28EchrdsbC DsbC from Erwinia chrysanthemi  in pET-28(a) This work
pET-28YpsedsbC DsbC from Yersinia pseudotuberculosis  in pET-28(a) This work
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2.2.2 In vivo assays 

To determine the effect of the dsbC homologous gene on the folding yield of a 

truncated version of the human tissue plasminogen containing 9 disulfide bonds (vtPA, 

comprising of the catalytic and kringle 2 domains of the full length protein), E. coli 

PB351 (SF100 ∆dsbC), PB401 (SF100 ∆dsbA), and R1242 (R189 ∆dsbD) were co-

transformed with pBAD33 derivatives encoding the dsbC genes, and with pTrcStIIvtPA, 

a pTrc99A derivative encoding for the vtPA gene fused to the StII signal sequence. Cells 

were diluted 1:100 from overnight cultures. Cultures were grown at 30°C in 15 ml of LB 

medium with 50 µg/ml of ampicillin and 25 µg/ml of chloramphenicol to OD600=0.8, and 

arabinose was added to a final concentration of 0.2%; 30 min later, vtPA synthesis was 

induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Following growth for 

three additional hours, 6 ml aliquots were pelleted by centrifugation, and stored at –20°C. 

The pellets were resuspended in cold PBS as needed to normalize the number of cells per 

sample, and lysed with a French press. The insoluble material was removed by 

centrifugation (12,000 × g, 10 min at 4°C), and the soluble protein concentration was 

determined by the Bio-Rad protein assay. tPA activities were obtained by first diluting 

the samples in 50 mM Tris-HCl (pH 7.4) with 0.01% Tween 80 to a final protein 

concentration of 0.5 µg/µl.  30 µl of the diluted cell lysates were added to 250 µl of the 

same buffer containing 0.04 µg/µl of human Glu-type plasminogen (American 

Diagnostica, Greenwich, CT), and 0.4 mM Spectrozyme PL (American Diagnostica), 

incubated at 37°C, and the change in A405 was monitored. To study the proteins’ in vivo 

oxidase activity, E. coli LM106 (MC1000 dsbA::kan5) and LM102 (MC1000 
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dsbB::kan5) were transformed with the appropriate pBAD33 plasmid derivatives. 

Overnight cultures were grown in LB medium with 50 µg/ml of kanamycin and 25 µg/ml 

of chloramphenicol, and diluted 1:100 in low phosphate minimal medium containing 

MOPS salts, 0.2% glycerol, 0.2% glucose, 0.2% casein amino acids, and 0.5 µg/ml 

thiamine, with 50 µg/ml of kanamycin and 25 µg/ml of chloramphenicol. When the cell 

density reached OD600=0.4, arabinose was added to a final concentration of 0.2% w/v. 

Four hours later, cells were collected and mixed with 0.4 M iodoacetamide and lysis 

buffer (B-PERTM, Pierce) in a 1:2 ratio. The activity of alkaline phosphatase was 

determined as described previously (13). For cell motility assays, overnight cultures of E. 

coli LM106 (MC1000 dsbA::kan5) transformed with appropriate pBAD33 plasmids were 

grown in LB medium and diluted 1:100 in M9 salts, 0.1% casein amino acids, 2 mM 

MgSO4, 5 µg/ml thiamine, 0.2% glycerol, with 50 µg/ml of kanamycin and 25 µg/ml of 

chloramphenicol, as needed. After 4 hours of growth, 3 µl aliquots, normalized to the 

same optical density, were spotted on the center of plates containing the same media with 

0.3% agar, and 0.2% w/v arabinose, and incubated at 37°C for 24 hours. 

 

2.2.3 Expression, purification, and biochemical assays 

For the purification of the E. coli and homologous DsbCs, the appropriate genes 

were cloned behind the T7 promoter in pET28(a), and the resulting plasmids were 

transformed into E. coli BL21(DE3). Cells were diluted 1:100 in 500 ml LB with 50 

µg/ml of kanamycin from overnight cultures, grown at 37°C to OD600 of 0.6, and IPTG 
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was added to a final concentration of 0.01 mM. Soluble periplasmic proteins were 

released from the cell pellet by osmotic shock. Cells were harvested by centrifugation 

(500  ml for 15  min at 6500  rev  min-1) and the cell pellet was immediately resuspended 

in 30  mM Tris pH 8.5, 0.5  mM EDTA, 20% sucrose (100  ml) and gently stirred at room 

temperature for 10  min. Cells were spun for 15  min at 8500  rev  min-1, resuspended in 

5  mM Tris pH 8.5, 0.5  mM EDTA and stirred for 20  min at 4°C. The soluble fraction 

was separated by centrifugation (30 min at 10 000 rev min-1) and filtered. His6-DsbC was 

purified by immobilized metal-affinity chromatography (IMAC) using a 10 ml Poly Prep 

Chromatography column (BioRad, Hercules, CA, USA) pre-loaded with nickel and 

following standard protocols (Novagen, Madison, WI, USA). After loading the 

periplasmic fraction, the column was stabilized with binding buffer (5  mM imidazole, 

0.5  M NaCl, 20  mM Tris-HCl pH 7.9) and washed with washing buffer (60  mM 

imidazole, 0.5  M NaCl, 20  mM Tris-HCl pH 7.9). The His-tagged protein was then 

eluted with elution buffer (1 M imidazole, 0.5 M NaCl, 20 mM Tris-HCl pH 7.9). The 

eluted product was further purified by size-exclusion chromatography using a 

Superdex200 column (Amersham Pharmacia, Piscataway, NJ, USA) pre-equilibrated in 

10 mM Tris-HCl pH 7.0. All proteins used in this study were more than 95% pure as 

judged by Coomassie Brilliant Blue-stained SDS-PAGE gels. The purity of H. influenzae 

DsbC used for crystallization purposes was over 98%.  

The rate of insulin reduction in the presence of DTT was determined as previously 

described (14). The change of A650 in the reaction was monitored as a direct measure of 

the aggregation of reduced insulin, and the  activity is expressed as the ratio of the initial 
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slope of the turbidity curve to the lag time (15). The renaturation of reduced, denatured 

RNase A was determined as described by Lyles and Gilbert (16).   

The protection of citrate synthase (0.15 µM) from thermal aggregation and 

inactivation was monitored according to (17). The rates of aggregation are calculated 

from the initial rate plot of aggregation vs time, obtained with a concentration of 

chaperone ranging from 0 to 30µM. The rate of thermal inactivation obtained with or 

without 0.4 µM chaperone was determined at different time of thermal inactivation. The 

decay of activity is obtained assuming first order decay and zero activity at infinite time. 

Citrate synthase half life is an indication of the chaperone activity of the homologous 

DsbCs.  
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2.3 RESULTS 

 

2.3.1 Cloning of the homologous dsbC genes 

Five dsbC genes from the γ−proteobacteria H. influenzae, P. aeruginosa, E. 

chrysanthemi, Y. pseudotuberculosis, and V. cholerae, each sharing with E. coli DsbC an 

amino acid sequence identity from 36  to 66%, were cloned by PCR amplification of 

genomic DNA. The genes encoding the mature proteins, and their respective leader 

peptides, were fused to a C-terminal His6 tag, and expressed from pBAD33. With the 

exception of the Vibrio cholerae protein, the other four DsbCs accumulated in the 

periplasmic space at a level comparable to the E. coli enzyme (data not shown).  

 

2.3.2 Disulfide bond formation and isomerization in vivo 

A number of complex heterologous proteins contain multiple cysteines in their 

amino acid sequence, and are known to require rearrangement of non-native disulfide 

bonds in order to fold into their active conformation. In particular, it has been shown that 

the expression of DsbC from the arabinose promoter in the pBAD33 plasmid results in a 

25-fold increase in the yield of active vtPA, a truncated version of human tissue 

plasminogen activator containing 9 disulfides, relative to cells expressing DsbC from the 

chromosomal gene ((6), Figure 2.3A).  We found that the DsbC homologues were as 

efficient as the E. coli enzyme in supporting the folding of vtPA into its active state, 

suggesting that they are maintained in a reduced state and function as isomerases in vivo. 
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The Vibrio cholerae DsbC gave a 50% lower yield of active vtPA activity, but this effect 

is probably due to the lower expression of this enzyme in the E. coli periplasm.  

Because of the role of DsbA as primary oxidant of extracytoplasmic proteins, 

disulfide bond containing-proteins typically fail to fold properly in dsbA mutant strains, 

which exhibit pleiotropic phenotypes, such as low alkaline phosphatase activity or loss of 

motility (2). The kinetic barriers between the reductive and oxidative pathways, as 

described in Chapter 1, prevent DsbC to work as an oxidant in the periplasmic space. We 

wondered whether the ability of DsbC to be reduced by DsbD, yet avoid oxidation by 

DsbB, is conserved among members of the enzyme family. The homologous DsbCs were 

expressed in a strain lacking dsbA, and their ability to suppress the defects associated 

with lack of disulfide bond formation was tested. In E. coli MC1000 dsbA grown in low 

phosphate media, the PhoA activity was 30-fold lower than that of its isogenic parent. 

Expression of E. coli DsbC from a multicopy plasmid did not result in a significant 

increase in PhoA activity, consistent with the earlier finding that even under conditions of 

overexpression, the enzyme is maintained in a reduced form by DsbD, and thus it cannot 

act as a protein oxidant (18). Likewise, the expression of the homologous DsbC did not 

result in increase in PhoA activity. 

The size of the motility halo produced by cells growing on soft agar plates 

depends on the oxidase activity in the periplasm; MC1000 dsbA cells were completely 

non-motile compared to the isogenic parental strain, and overexpression of DsbC from 

pBAD33 did not restore motility. Consistent with the PhoA activity results, none of the 

five DsbCs could complement the loss of motility in a dsbA strain (Figure 2.3B).  
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Figure 2.3. Analysis of putative DsbC from different bacterial species. (A) Yield of 
active vtPA. PB351 (SF100 ∆dsbC) transformed with pTrcStIIvtPA and pBAD 
derivatives encoding putative dsbC genes from H. influenzae, P. aeruginosa, V. cholerae, 
E. chrysanthemi, and Y. pseudotuberculosis were grown in LB medium, and protein 
synthesis was induced as described in the Materials and Methods. Relative activities 
were obtained by dividing the ∆A405 (absorbance of each strain subtracted of the 
background consisting of a strain not expressing vtPA) by the A405 of a strain expressing 
vtPA alone, represented by the last bar (-) in the graph. (B)  Cell-motility assays. Motility 
of MC1000 dsbA cells transformed with the following: 1 pBADdsbC; 2 pBADHinfdsbC, 
3 pBADPaerdsbC; 4 pBADVchodsbC; 5, pBADYpsedsbC; 6, pBADEchrdsbC; 6 and 7 
represent MC1000 dsbA and MC1000 respectively. Cultures were grown in low-
phosphate media described in the material and methods, diluted to the same cell density, 
and 3-µl aliquots were spotted on the center of each plate. 
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From the in vivo data obtained with the DsbC homologues it is reasonable to 

hypothesize that the ability of DsbC to interact with DsbD, be maintained in a reduced 

state, and yet avoid the interaction and misoxidation by DsbB is a conserved feature of 

the bacterial disulfide isomerase enzyme family. Moreover, the finding that all the DsbCs 

were able to interact with E. coli DsbD in vivo, suggests that the contact residues for the 

interaction with DsbD are conserved among the homologous DsbCs. To further examine 

the DsbC:DsbD interaction, multiple alignment of the amino acid sequences was 

performed using ClustalW and is reported in figure 2.4. The five contact residues 

responsible for the interaction between E. coli DsbC and DsbD are Arg97, Thr125, 

Gln126, Thr182, and Pro198. The sequence alignment reported in figure 2.4 shows that 

these residues are highly conserved among all the putative DsbCs analyzed in this study. 
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Figure 2.4. Multiple alignment and philogenetic tree of DsbC from E. coli, H. influenzae, 
P. aeruginosa, V. cholera, E. chrysanthemi, and Y. pseudotuberculosis obtained with 
ClusatlW. Contact residues involved in the interaction with DsbD are highlighted in 
yellow. Amino acids color: red, (small and hydrophobic), blue (basic), magenta (basic), 
green (hydroxyl, amine, and basic), grey (others).  

WCH                  ----MKKRVVLFSLLTLALSG-----VARADDAAIKQTLNRLG--LQSAE 39 
RPS                  ----MKKSLLLLPMLMAALSG-----VANADDSAIQQTLKKLD--IQQAD 39 
OLI                  ----MKKGFMLFTLL-AAFSG-----FAQADDAAIQQTLAKMG--IKSSD 38 
EIN                  ------MKKIFTALLCVAA------ANAMADDAAIKRKLQSFN--ISNIV 36 
F0|Q9KPF0_VIBCH      MSVLRRLTWLAFPLLSMAFNVQANTAPAQLNKAELEQRFAKLG--LQVEE 48 
EAE                  ----MRVTRFLAAAALGLMST---LALADNADQNIRKTLQALQPDLPIDS 43 
                             .  .              *   .  :.: :  :   :     

WCH                  VKDSPIGGMKTVLTENG-VLYITEDGKHLLQGPLYDVSGKT-PVNVTNH- 86 
RPS                  IQPSPIPGISTVMTESG-VLYISADGKHLLQGPLYDVSGDQ-PINVTNQ- 86 
OLI                  IQPAPVAGMKTVLTNSG-VLYITDDGKHIIQGPMYDVSGTA-PVNVTNK- 85 
EIN                  IKSSPISGIKTAVTDQG-ILYVSEDGKYLFEGKLYELTNNG-PVDVAGK- 83 
F0|Q9KPF0_VIBCH      IKTSDINGLLEVQTSGG-VLFSSPDGEHFIAGTLYALDGNGGYVDVLAKR 97 
EAE                  IASSPLQGLYQVQLKGGRVLYASADGQFVMQGYLYQVKDGK-PVNLTEKA 92 
                    :  : : *:  .  . * :*: : **:..: * :* : .    :::  :  

WCH                  ---ILNERLD-ALKDQMIVYKAP-QEKHVITVFTDITCGYCHKLHEQMKD 131 
RPS                  ---ALLKKLE-ALSSEMIVYKAP-EEKHVITVFTDITCGYCRKLHEQMKD 131 
OLI                  ---MLLKQLN-ALEKEMIVYKAP-QEKHVITVFTDITCGYCHKLHEQMAD 130 
EIN                  ---ILVDKLN-SYKDEMIVYPAK-NEKHVVTVFMDITCHYCHLLHQQLKE 128 
F0|Q9KPF0_VIBCH      QAPLNAKKIA-ALQDSMIEFKAP-NEKYAITVFTDITCGYCVRLHSQIKE 145 
EAE                  ESQAIAKAINGVPASEMVVYPAKGQAKAHITVFTDTTCPYCQKLHAEVPD 142 
                          . :     ..*: : *  : *  :*** * ** **  ** :: : 

WCH                  YNALGITVRYLAYPRQGMNSQAAKDMQSIWCVADRNKAFDAAMKG----- 176 
RPS                  YNALGITVRYLAFPRQGLSSQAEKDMRSIWCMADRNKAFDDAMKN----- 176 
OLI                  YNALGITVRYLAFPRQGLDSDAEKEMKAIWCAKDKNKAFDDVMAG----- 175 
EIN                  YNDLGITVRYLAFPRAGMNNQTAKQMEAIWTAKDPVFALNEAEKG----N 174 
F0|Q9KPF0_VIBCH      YNDLGITVRYLAYPRQGPQGQVADQMAAIWCSNDPKAAMHDAKVNRKTIT 195 
EAE                  LTEQGIEVRYMAFPRQGPQSAGDKQLQAVWCAKEPTKAMDAMMNG----- 187 
                     .  ** ***:*:** * ..   .:: ::*   :   *:.    .      

WCH                  DDVSPATCKTDIGAHYQLGVLFGVQGTPAIVLDDGTVVPGYQPPKEMMAM 226 
RPS                  NDISPATCKTDISKHYQLGVQFGIQGTPAIVLQNGTIVPGYQGPKEMLQM 226 
OLI                  KSVAPASCDVDIADHYALGVQLGVSGTPAVVLSNGTLVPGYQPPKEMKEF 225 
EIN                  LPKEVKT-PNIVKKHYELGIQFGVRGTPSIVTSTGELIGGYLKPADLLRA 223 
F0|Q9KPF0_VIBCH      ADKDIAQCQKTIAQHYMLGHELGISGTPAIFLPNGEMVGGYLPAPQLLQR 245 
EAE                  KEIKSSECKNPVDKQFQMGQMVGVQGTPAIVLANGQLLPGYQPAKQLAKL 237 
                               :  :: :*  .*: ***::.   * :: **  . ::    

WCH                  LDAHKASLKSGG 238 
RPS                  LNAHQASLKAGG 238 
OLI                  LDEHQK-MTSGK 236 
EIN                  LEETAQ------ 229 
F0|Q9KPF0_VIBCH      LQATQ------- 250 
EAE                  ALEAK------- 242 
                                 

DsbC_ERWCH
DsbC_YERPS
DsbC_ECOLI
DsbC_HAEIN
DsbC_VIBCH
DsbC_PSEAE

DsbC_ERWCH
DsbC_YERPS
DsbC_ECOLI
DsbC_HAEIN
DsbC_VIBCH
DsbC_PSEAE

DsbC_ERWCH
DsbC_YERPS
DsbC_ECOLI
DsbC_HAEIN
DsbC_VIBCH
DsbC_PSEAE

DsbC_ERWCH
DsbC_YERPS
DsbC_ECOLI
DsbC_HAEIN
DsbC_VIBCH
DsbC_PSEAE

DsbC_ERWCH
DsbC_YERPS
DsbC_ECOLI
DsbC_HAEIN
DsbC_VIBCH
DsbC_PSEAE

DsbC_ERWCH
DsbC_YERPS
DsbC_ECOLI
DsbC_HAEIN
DsbC_VIBCH
DsbC_PSEAE

E. coli
E. chrysanthemi

Y. pseudotuberculosis

H. influenzae
P. aeruginosa

V. choleae
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2.3.3 Biochemical characterization of the homologous DsbCs 

The recombinant H. influenzae, P. aeruginosa, E. chrysanthemi, Y. 

pseudotuberculosis and V. cholera enzymes were purified to near homogeneity (>95% 

purity as determined by SDS-PAGE) by IMAC and size exclusion chromatography from 

the E. coli osmotic shock fraction. The disulfide isomerase activity of the homologous 

DsbC in the refolding of reduced RNase A was evaluated by monitoring the increase in 

cyclic AMP hydrolysis rate by active RNase A, as a function of time. In this reaction an 

initial lag phase that corresponds to the oxidation of RNase A is observed, followed by an 

increase in the rate of hydrolysis of cyclic AMP, as more native enzyme accumulates 

(16). The Vmax and Km values for the refolding of RNase A were determined. Apart from 

the Vibrio cholerae enzyme, which did not exhibit saturation kinetics even with high 

substrate concentrations, the six enzymes exhibited comparable Vmax values and Kms in 

the range of 20-40 µM. As a result, the enzymes display comparable isomerase activity 

with RNase as substrate (kcat/Km), with only the E. chrysanthemi enzyme exhibiting a 

somewhat higher (2-fold) Vmax /Km relative to the E. coli DsbC. Nonetheless, the rat 

Protein Disulfide Isomerase (PDI) is at least a 5-fold better isomerase even compared to 

the fastest bacterial enzyme, due to a substantially lower Km (6.9±0.8 µM) as shown in 

Table 2.2. The reductase activity of the purified enzymes was determined by monitoring 

insulin reduction in the presence of DTT which results in the aggregation of insulin and a 

concomitant increase in turbidity (14). The Vibrio cholerae DsbC was shown to be an 

exceptional reductase with insulin as the substrate, while the other enzymes exhibited 

similar activities in that assay. The chaperone activity of the homologous DsbCs was 
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evaluated based on the protection of citrate synthase from thermal inactivation and 

aggregation. The citrate synthase half life during thermal inactivation is an indication of 

the chaperone activity of the enzymes. Interestingly, the Vibrio as well as the 

Pseudomonas DsbCs had lower chaperone activities (Table 2.2). 

Table 2.2. In vitro activities of purified DsbC from different bacterial species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RNAse refolding*† Insulin 
reduction*

Citrate Synthase*

Inactivation       Aggregation
Vmax Km Vmax/Km

DsbC µM RNAse/min/µM (µΜ) *10-3 ∆A650nm/min-2 CS t1/2 (min) µ(min-1) Ki (µM)

- - - - 0 0.94 ± 0.01 0.51 ± 0.01 -
E. coli 0.68  ± 0.19 32 ± 16 1.2 6.01 ± 0.11 3.15 ± 0.02 0.22 ± 0.02 9.5 ± 1.4

H. influenzae      0.53  ± 0.09 29 ± 3 1.8 16.87 ± 0.15 5.12 ± 0.03 0.12 ± 0.03 11.0 ± 2.0
P. aeruginosa 0.3  ± 0.05 20 ± 7  1.5 4.02 ± 0.11 4.42 ± 0.03 0.17 ± 0.02 7.5 ± 1.0

V. cholerae         - - 1.3a 88.24 ± 0.84 7.36 ± 0.01 0.09 ± 0.02 nd
E. chrysanthemi 0.98 ±  0.7 42 ± 5 2.5 6.65 ± 0.17 3.12 ± 0.01 0.22 ± 0.02 8.8 ± 1.1

Y. pseudotubercolosis   0.5  ± 0.1 30 ±  11  1.6 5.03 ± 0.14 2.65 ± 0.04 0.23 ± 0.05 7.3 ± 1.2
PDI (rat) 0.76  ± 0.02 6.9 ± 0.8  11 nd nd nd nd

Table 3. In vitro activities of purified DsbCs from different bacterial species

RNAse refolding*†
Citrate Synthase*

nd, not determined

* Saturation kinetics were observed using concentrations up to 40 µM.

† The activities were determined from a plot of isomerization velocity against enzyme concentrations. Vmax/Km is the slope 
of the linear plot of veloity as a function of RNAse concentration.

Inactivation Aggregation

Insulin 
reduction*
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2.3.4 Crystal structure of H. influenzae DsbC  

As part of a collaboration with Dr. Robertus laboratory the crystal structure of 

Haemophilus influenzae DsbC was solved with a 3.3 Å resolution (19). The expression 

and purification of H. influenzae was carried on as described in the Materials and 

Methods, and the crystallization, X-ray data collection, and structure determination were 

performed in Dr. Robertus laboratory. The overall structure of the H. influenzae DsbC 

monomer was found to be very similar to that of E. coli DsbC. It contains an N-terminal 

dimerization domain (residues 2-61), a C-terminal catalytic domain (residues 78-210) and 

a hinge-linker region (residues 62-77). As expected from the primary sequence, the 

thioredoxin fold is conserved in the C-terminal domain of H. influenzae DsbC, with the 

only structural difference being in the loop connecting the α-helices 5 and 6. 

Superposition of the E. coli and H. influenzae DsbC monomers indicates that the CXXC 

active-site residues are virtually identical. In an analogous fashion, the tertiary structures 

of the N-terminal domain and the helical hinge-linker region of the H. influenzae DsbC is 

virtually identical to the E. coli protein, with the only difference being in the orientation 

of the antiparallel loop comprising residues 51-61. Superimposition of the dimerization 

domains of the two molecules shows a difference in the orientation of the thioredoxin 

domain (Figure 2.5).  

In summary, H. influenzae DsbC is a stable V-shaped homodimer, with the N-

terminal domain involved in the formation of the dimer interface. The angle formed by 

the two monomers is larger than the one measured in E. coli DsbC, although the 

dimerization interactions are similar. Analysis of the structure of the DsbC-DsbDα 
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complex suggests that DsbC is characterized by a significant degree of structural 

flexibility that allows it to interact with DsbD as well as with a large range of substrate. 

The “open” conformation of H. influenzae DsbC reaches a 91° angle and it is noted that 

the flexibility of the two arms is larger than in E. coli DsbC (55° to 65°) (19). 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2.5. Superposition of apo H. influenzae DsbC (black) dimer and E. coli DsbC 
mutant (20) dimer from the DsbC-DsbDα complex. The positions of the two active-site 
sulphydryl in each active site are marked by colored spheres (19). 
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2.4 DISCUSSION 

In this study, we examined the in vivo and in vitro properties of five putative 

DsbCs from H. influenzae, P. aeruginosa, V. cholerae, E. chrysanthemi, and Y. 

pseudotuberculosis. In particular, we investigated the ability of the DsbC homologs to act 

as isomerases in vivo and in vitro, resist oxidation by DsbB, and be reduced by DsbD in 

the periplasm of E. coli.  

The ability of the DsbC homologs to catalyze the folding of active tPA was 

analyzed separately in dsbC, dsbA, and dsbD strains. Figure 2.2A shows that the yield of 

active vtPA obtained by co-expressing vtPA and DsbC enzymes from either E. coli, H. 

influenzae, P. aeruginosa, V. cholerae, E. chrysanthemi, or Y. pseudotuberculosis in the 

periplasm of a dsbC strain. Although it has been shown that the overexpression of DsbC 

is necessary for the production of active tPA regardless of the expression of chromosomal 

DsbC, we performed this experiment in a dsbC background to rule out the remote 

possibility of formation of hybrid dimers comprising of one E. coli DsbC monomer and a 

second monomer from the heterologous DsbC. Despite the considerable degree of amino 

acid divergence among these proteins, all five enzymes could be recycled by E. coli 

DsbD, and supported the folding of vtPA to levels essentially indistinguishable from 

those obtained with the E. coli DsbC expressed under identical conditions. The same 

experiment conducted in either dsbA or dsbD strains failed to show any tPA activity, 

confirming respectively that the presence of an oxidizing catalyst is necessary for the 

folding to take place (and excluding the possibility that any of the homologs can assist 

the oxidation and rearrangement of disulfide bonds), and that the recycling of DsbC by 

DsbD is necessary for all of the homologs to catalyze isomerization of disulfide bonds. 
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As observed for the E. coli DsbC, all the homologous DsbC enzymes failed to 

complement the phenotypes conferred by a dsbA mutation, namely alkaline phosphatase 

activity and loss of motility. This confirms that the ability of DsbC to resist oxidation by 

DsbB is conserved among proteins from different bacterial species. In other words, the 

structural features that have evolved to prevent non physiological interactions among the 

enzymes of the Dsb pathway, and the energy wasteful recycle of electrons between the 

oxidation and isomerization pathways are common to other bacterial species.  

The crystal structure of the E. coli DsbC-DsbDα complex revealed that the 

interface between the two molecules involves only residues from the thioredoxin domain 

of DsbC, and appears to have been optimized for rapid disulfide exchange (9).   Arg97, 

Thr125, Gln126, Thr182, and Pro198 are the contact residues responsible for the binding 

interaction between E. coli DsbC and DsbDα (9). Sequence alignment revealed that these 

five residues are highly conserved among all the putative DsbCs, and further supported 

our finding that the five DsbC analyzed in this study could serve as isomerases in the 

periplasm of E. coli. 

In addition, the bacterial disulfide isomerases appear to have employed a similarly 

conserved mechanism for evading aberrant interactions with DsbB. DsbB is shown to 

react specifically with proteins of the thioredoxin family (11,21,22), and as such it can 

readily oxidize the active site of DsbC in the monomeric state (11).  However, the 

dimeric, wild type forms of the enzymes from all six organisms used in this study were 

strongly resistant to oxidation by the E. coli DsbB. 
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The aggregation of reduced insulin in the presence of the DsbCs was monitored, 

and all the enzymes exhibit reductase activity (Table 2.2) with the DsbCs from V. 

cholerae and from H. influenzae displaying noticeably higher insulin reduction rates. The 

renaturation of reduced, denatured RNase A was also measured, and the rate of disulfide 

isomerization was determined. All the enzymes exhibited in vitro isomerase activity; but 

under the conditions of this assay, we were not able to determine the saturation kinetic of 

DsbC from V. cholerae. By comparing the Km values reported, one can easily notice that 

P. aeruginosa DsbC has an affinity constant significantly lower than that of the E. coli 

and the other homologues. It is also important to note that all DsbC homologs exhibited 

about an eight fold lower in vitro isomerase activity compared with the eukaryotic protein 

disulfide isomerase (Table 2.2).  One possibility is that the bacterial disulfide isomerases 

have not been evolved for optimal interactions with RNAse A which is a mammalian 

protein.   

All the DsbC enzymes showed evidence of chaperone activity. Specifically, the 

effect of the DsbCs on the decay of activity of thermally inactivated citrate synthase was 

analyzed. Citrate synthase half-life is an indication of DsbC chaperone activity, the 

activity decay was delayed from three to four fold by the addition of the DsbCs with 

respect to a control experiment conducted without chaperone, and in particular the citrate 

synthase half-life is doubled by the addition of V. cholerae with respect to E. coli DsbC 

(Table 2.2). 
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Chapter 3   

Engineered DsbC Chimeras Catalyze Both Protein Oxidation and 

Disulfide Bond Isomerization in E. coli:                                             

Reconciling Two Competing Pathways 

3.1 INTRODUCTION 

 

In the previous chapter, the natural diversity of bacterial disulfide isomerases was 

analyzed. To further understand the mechanism responsible for the catalysis of disulfide 

isomerization by E. coli DsbC, we constructed chimeras in which the catalytic domain 

was substituted with thioredoxin-fold proteins, namely DsbA or thioredoxin (TrxA).   

These two enzymes catalyze, respectively, protein oxidation and reduction.   

The disulfide bond family of E. coli consists in fact of two distinct pathways, 

DsbA-DsbB, and DsbC/DsbG-DsbD, involved respectively in the formation of disulfides, 

and in the rearrangement of incorrectly formed bonds (1,2). As explained in Chapter 1, 

the extreme oxidizing nature of DsbA mediates rapid oxidation of substrate cysteines, 

which results in the formation of non-native disulfides, in turn rearranged by DsbC. 

Consequently, despite the strong oxidizing environment of the periplasmic space, DsbC 

has to be maintained in a reduced state to interact with the substrate oxidized cysteines 

(1,2).      
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DsbA and DsbC are found, respectively, in entirely oxidized and reduced states 

(3). DsbA is recycled by the membrane protein DsbB, whereas DsbC is maintained in the 

reduced state by the membrane protein, DsbD (4). Remarkably, the Dsb machinery has 

evolved to capitalize on a strong thiol oxidant (DsbA) and a strong thiol reductant (DsbC) 

that do not appear to exchange electrons with each other in the periplasmic space, but 

instead act synergistically in oxidative protein folding. A number of studies have revealed 

that the transfer of electrons between the DsbA-DsbB and the DsbC/DsbG-DsbD 

pathways is strongly disfavored kinetically. Oxidation of DsbC by DsbA is very slow in 

vitro (5). Compelling evidence shows that the interaction of DsbB with DsbA is highly 

specific, and kinetically favored, over the oxidation of DsbC (6,7). In addiction, Bader et 

al. (8) suggest that dimerization protects the DsbC active site from the interaction with 

DsbB, thus maintaining the oxidative and reductive pathways segregated. The recent 

characterization of the DsbC–DsbDα complex crystal structure revealed that the 

dimerization domain of DsbC is critical for the interaction with DsbD, and is therefore 

required for reduction to take place (9). Nonetheless, interactions between enzymes 

within the same pathway are strongly favored over non physiological disulfide exchange 

reactions between the two pathways, by kinetic differences of 103-107-fold (10). 

DsbC exhibits significantly higher in vitro isomerase and reductase activity 

compared to DsbA. The catalytic domains of DsbC and DsbA show a considerable 

degree of structural homology, and they both contain a CXXC thioredoxin active site 

motif for the catalysis of disulfide exchange reactions. These similarities in the catalytic 

domains of the two proteins raise the question whether the disulfide isomerization 

activity of DsbC simply stems from the dimerization of a thioredoxin fold active site.  
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The results presented in this study have helped clarifying the mechanisms that 

have evolved in bacteria to catalyze oxidation, reduction, and isomerization reactions in 

the same cellular environment.  
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3.2 MATERIALS AND METHODS 

 

3.2.1 Strains and plasmids 

The bacterial strains and plasmids used in this study are listed in Table 3.1. The 

DsbC chimeras were constructed by overlap extension PCR using the primers listed in 

Table 3.1 and cloned into pBAD33 (11). All the chimeras contain a C-terminal 

hexahistidine tag. For protein purification purposes the gene fusions were digested with 

XbaI and HindIII, ligated into pET28(a) and transformed into E. coli BL21 cells. 
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Table 3.1 Strains, plasmids and primers used in this study. 

  

Strains and Plasmids Relevant Genotype Source

DH5α F-(f80dlacZ-M15,) -(lacIZYA-argF)U169 deoR recA1 Laboratory Collection
endA1 hsdR17(rk-,mk+) supE44, thi-1 gyrA96, relA1

DHB4 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Laboratory Collection
rpsL150 relA1 thi phoA (PvuII) phoR malF3 F'[lac+(lacI) pro]

MC1000 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Ref. 46
rpsL150 relA1 thi F'[lac+(lacI) pro]

LM106 MC1000 dsbA::kan5 Laboratory Collection
LM102 MC1000 dsbB::kan5 Ref. 47
PB351 SF100 ∆degP::kan  ∆dsbC Ref. 48
PB401 SF100 ∆degP::kan  ∆dsbA Ref. 48
R1242 R189 dsbD::mini-Tn10 Cm Laboratory Collection
BL21(DE3) F ompT dcm  (DE3) Laboratory Collection

pET-28(a) T7 expression vector, C-terminal 6× histidine tag Novagen
pBADdsbC DsbC from Escherichia coli  in pBAD33 Laboratory Collection
pTrcStIIvtPA tPA(D6-175) with StII leader in pTrc99A Ref. 14
pBADdsbA DsbA in pBAD33 Laboratory Collection
pBADtrxA"PDI like" TrxA "PDI like" in pBAD33 Laboratory Collection
pBAD-DsbCdαDsbA(2-198) DsbC(1-72) fused to DsbA(2-189) in pBAD33 This work
pBAD-DsbCdαDsbA(3-198) DsbC(1-72) fused to DsbA(3-189) in pBAD34 This work
pBAD-DsbCdαDsbA(5-198) DsbC(1-72) fused to DsbA(5-189) in pBAD35 This work
pBAD-DsbCdDsbA(1-198) DsbC(1-59) fused to DsbA(1-189) in pBAD36 This work
pBAD-DsbCdDsbA(2-198) DsbC(1-59) fused to DsbA(2-189) in pBAD37 This work
pBAD-DsbCdDsbA(3-198) DsbC(1-59) fused to DsbA(3-189) in pBAD38 This work
pBAD-DsbCdαTrxA"PDI like" DsbC(1-87) fused to TrxA"PDI like"(1-108) in pBAD39 This work

Primers

DsbCA.f GAGCTCGAATTCTCTAGATTAAAGAGGAGAAAGGTACCCATGATGAAGAAAGGTTTTAT
DsbCA1.b GTTTACCATCTTCATACTGCGCATTGACCGGAGCCGTGCCACTAACGTC
DsbCA2.b GTTTACCATCTTCATACTGATTGACCGGAGCCGTGCCACTAACGTC
DsbCA3.b GTTTACCATCTTCATAATTGACCGGAGCCGTGCCACTAACGTC
DsbCAalpha2.b GTTTACCATCTTCATACTGATTCAACTGCTTTAACAGCATCTTATTGGTG
DsbCAalpha3.b GTTTACCATCTTCATAATTCAACTGCTTTAACAGCATCTTATTGGTG
DsbCAalpha5.b GTTTACCATCATTCAACTGCTTTAACAGCATCTTATTGGTG
dsbCAhisHindIII.b TTTTTAAGCTTTTAGTGGTGGTGGTGGTGGTGTTTTTTCTCGGACAGATATTTCA
DsbCA1.f GACGTTAGTGGCACGGCTCCGGTCAATGCGCAGTATGAAGATGGTAAAC
DsbCA2.f GACGTTAGTGGCACGGCTCCGGTCAATCAGTATGAAGATGGTAAAC
DsbCA3.f GACGTTAGTGGCACGGCTCCGGTCAATTATGAAGATGGTAAAC
DsbCAalpha2.f CACCAATAAGATGCTGTTAAAGCAGTTGAATCAGTATGAAGATGGTAAAC
DsbCAalpha3.f CACCAATAAGATGCTGTTAAAGCAGTTGAATTATGAAGATGGTAAAC
DsbCAalpha5.f CACCAATAAGATGCTGTTAAAGCAGTTGAATGATGGTAAAC
DsbCTrxA.b GGTGAATAATTTTATCGCTCATTTTTTCCTGCGGCGCTTT
DsbCTrxA.f AAAGCGCCGCAGGAAAAACTGTTATGAGCGATAAAATTATTCACCTG
TrxAhisHindIII.b GAGAGAGAGAGAAAGCTTTTAGTGGTGGTGGTGGTGGTGCGCCAGGTTAGCGTCGAGGAACTC

TTTCAACTGACCTTTAGACAG
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3.2.2 Disulfide bond formation and isomerization in vivo 

To determine alkaline phosphatase activity, overnight cultures were grown in low 

phosphate minimal medium containing MOPS salts, 0.2% glycerol, 0.2% casamino acids, 

and 0.5 µg/ml thiamine and supplemented with 50 µg/ml of kanamycin and 25 µg/ml of 

chloramphenicol, as needed. Cultures were diluted 1:100 in the same media, and 

arabinose at a final concentration of 0.2% w/v was added when the cell density reached 

OD600=0.4. Four hours later the cells were collected and mixed with a buffer containing 

0.4 M iodoacetamide and lysis buffer (B-PERTM bacterial protein extraction reagent, 

Pierce) in a 1:2 ratio. The activity of alkaline phosphatase was determined as described 

previously (12).  

 For cell motility assays, overnight cultures grown in M9 salts, 0.1% casein amino 

acids, 2 mM MgSO4, 5 µg/ml thiamine, 0.2% glycerol and 0.2% arabinose, supplemented 

with 50 µg/ml of kanamycin and 25 µg/ml of cloramphenicol as needed, were diluted 

1:100 in fresh media, and grown for an additional 6 hours; 3 µl aliquots, normalized to 

the same optical density, were spotted in the center of plates containing the same media 

with 0.3% agar, and  incubated at 37°C for 24 hours.  

 To determine the folding yield of vtPA, E. coli PB351 (SF100 ∆degP::kan, 

∆dsbC), or PB401 (SF100 ∆degP::kan, dsbA::kan) were co-transformed with pBAD33 

derivatives encoding the DsbC chimeras, and with pTrcStIIvtPA (13), a pTrc99 

derivative encoding the vtPA gene fused to the stII leader peptide. Cultures were grown 

at 30°C in 96 well plates with LB media containing 50 µg/ml ampicillin and 25 µg/ml 

chloramphenicol, as needed. When the cells reached late stationary phase (OD595 ~ 0.8) 
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the expression of the DsbC chimeras and of vtPA was induced by the addition of 0.2% 

w/v arabinose and 1 mM IPTG, respectively. 3 hours later, the culture absorbance 

(OD595) was recorded, and the cells were lysed by transferring 30 µl aliquots into wells 

containing 20 µl of the lysis reagent BugBuster (Novagen), followed by incubation at 

room temperature for 30 minutes and freezing to -20°C. After thawing to room 

temperature, the amount of catalytically active vtPA was determined using an indirect 

chromogenic assay for plasminogen activation.  Briefly, 50 µl of aliquots of cell lysates 

were mixed with 200 µl of 50 mM Tris·HCl (pH 7.4), 0.01% Tween 80, 0.01 mg/ml 

human glu-plasminogen (American Diagnostica), and 0.1 mM Spectrozyme PL 

(American Diagnostica) in microtiter plate wells. The reaction was allowed to proceed at 

37°C, and the change in absorbance at 405 nm was recorded.  ∆A405 is a direct measure of 

the tPA activity. 

 

3.2.3 In vivo redox state 

The in vivo redox states of the Dsb chimeras was determined by derivatization of 

free thiols by 4-acetamido-4'-maleimidyl-stilbene-2,2'-disulfonic acid (AMS, Molecular 

Probes) in TCA-quenched samples, as described previously (14), followed by the 

detection of the reduced and oxidized protein bands by Western blotting using mouse 

anti-his tag polyclonal serum (Sigma). Oxidized protein standards were generated by 

omitting the alkylation treatment, whereas the reduced standard was generated by 

incubating 1 ml of cells with dithiothreitol (DTT) to a final concentration of 100 mM for 

20 min on ice followed by alkylation, as above. 
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3.2.4 Expression, purification, and biochemical assays 

The DsbC chimeras were expressed in E. coli BL21 transformed with the 

appropriate PET28(a) plasmids, and grown in LB medium with 50 µg/ml kanamycin at 

37°C. 0.01 mM IPTG was added at an OD600 of 0.6-0.8 and 4 hours later, the cells were 

harvested by centrifugation. Periplasmic proteins were isolated by the cold osmotic shock 

procedure (15). The his-tagged DsbC mutant proteins were purified from the osmotic 

shockate by IMAC using a 10 ml Poly-Prep® column (Biorad) according to the 

manufacturer’s instructions. The protein in the eluant was further purified by gel filtration 

FPLC on a Superdex 200 size exclusion column (Amersham Pharmacia) equilibrated in 

PBS with 10% glycerol. The concentration of purified proteins was determined from the 

A280 values using estimated extinction coefficients (16) 

http://www.basic.nwu.edu/biotools/ProteinCalc.html).   

 Insulin reduction in the presence of DTT was determined as described previously 

(17). The rate of change in the A650 due to the aggregation of reduced insulin was also 

measured. The activity is expressed as the ratio of the initial slope of the turbidity curve 

to the lag time (18). The renaturation of reduced, denatured RNase A was monitored 

according to the procedure by Lyles and Gilbert (19).  In this assay the lag in the 

appearance of active RNAse A is proportional to the oxidase activity and the initial rate 

in the RNAse A vs time plot is used to calculate the rate of disulfide isomerization as 

described in ref ((19). Activities are expressed as µM of native RNase A formed/min/µM 

of enzyme. 
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 The protection of citrate synthase from thermal inactivation was monitored 

according to (20). The rate of thermal inactivation obtained with or without 4 µM 

chaperone was determined. Finally, the aggregation of GdnHCl-denatured GAPDH 

following dilution in the presence of chaperone ranging from 0 to 44.8 µM 

concentrations was studied according to Cai et. al (21). 

 

3.2.5 Protein structure modeling 

The secondary structure prediction was performed using PredictProtein. Manual 

model building of the chimeric proteins was done in XFit (22), based on the information 

obtained for the secondary structure of the region linking DsbC dimerization domain to 

DsbA. 
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3.3 RESULTS 

 

3.3.1 Construction of DsbC chimeras 

The dimerization domain of DsbC comprises residues 1-59 and is joined to the C-

terminal catalytic domain by a 12 amino acid long α-helix linker (residues 60-72). We 

constructed a series of fusions encoding the dimerization domain of DsbC with or 

without the α-helix (DsbCdα and, DsbCd respectively).  DsbCd was fused to the 1st, 2nd 

or 3rd residue of mature DbsA (DsbA(1-189), DsbA(2-189) and DsbA(3-189) 

respectively (Figure 3.1A). DsbA(2-189) and DsbA(3-189) were similarly fused to 

DsbCdα. In addition, a fusion to the 5th residue of the mature DsbA (DsbA(5-189)) was 

also constructed. In DsbC the active site cysteine pairs within each catalytic domain are 

oriented facing each other perpendicular to the axis of symmetry along the dimerization 

domain. Molecular modeling indicates a similar orientation of the active site residues in 

DsbCdα−DsbA(2-198) and in DsbCdα−DsbA(5-189) (Figure 3.2), but not for 

DsbCdα−DsbA(3-189), where  the active site is predicted to be titled 170 degrees relative 

to the long axis of symmetry of the molecule. In other words, in DsbCdα−DsbA(3-189) 

the active site cysteines are facing away from each other (Figure 2.1B). Finally, a gene 

fusion encoding a chimera consisting of the DsbC dimerization domain followed by the 

linker α helix (aa 60-72 in DsbC), and the N-terminal residues of the catalytic domain, 

fused to the complete sequence of thioredoxin was also constructed. The redox potential 

of thioredoxin-fold proteins involved in disulfide transfer is modulated by the identity of 
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the two amino acids within the C-X-X-C catalytic motif (23). In DsbCdαN-TrxA  the G-

P dipeptide in the active site of thioredoxin was substituted with the G-H sequence found 

in the active site of PDI. TrxA (CGHC) protein exhibits a higher redox potential (E0=-

235 mV), making it more similar to PDI and conferring higher isomerase activity (24,25).   

 The dsbC fusions were placed downstream from the arabinose promoter in the 

medium copy number plasmid pBAD33 (11). Following induction of protein expression 

with arabinose, the wild type DsbC and all the DsbC-DsbA chimeras accumulated to 

nearly identical levels, as determined by Western blotting with a polyclonal antibody that 

recognizes the C-terminal His tag. In contrast, DsbCdαN-TrxA”PDI like” was expressed 

at a 4-5 fold higher level (Figure 3.3A).   
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Figure 3.1. Schematic representation of the DsbC chimeras. (A) DsbC, DsbA, and TrxA 
"PDI-like" sequences, as well as domain composition of the DsbC fusion chimeras. (B) 
Orientation of the active sites relative to the symmetry axis of the dimerization domain. 1, 
DsbC; 2, DsbCd –DsbA (2–189); 3, DsbCd –DsbA (3–189); 4, DsbCd –DsbA (5–189). 
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Figure 3.2. Modeling of the DsbC–DsbA chimeras. The side and top view of each 
molecule is represented, and the 3D structure of DsbC is shown in gray for comparison. 
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3.3.2 Disulfide bond formation and isomerization in vivo  

In E. coli, the folding yield of eukaryotic proteins with multiple disulfide bonds is 

limited by the isomerization activity afforded by DsbC (1,2,26,27). In particular, the yield 

of proteolytically active vtPA, a truncated version of human tissue plasminogen activator 

consisting of the kringle 2 and protease domains, and containing a total of 9 disulfide 

bonds, depends on the DsbC expression level (28). In cells containing pBADdsbC and 

grown with 2% w/v arabinose, active vtPA accumulates at a 25-fold higher level (13) 

than in the absence of overexpressed DsbC. In contrast, expression of DsbA from a 

similar pBAD vector in cells grown under identical conditions confers essentially no 

increase in the yield of tPA relative to the control (26). However, expression of the 

DsbC-DsbA chimeras afforded vtPA yields comparable to those provided by pBADdsbC, 

irrespective of the nature of the fusion residue in DsbA, or the presence or absence of the 

DsbC linker α-helix. DsbCdαN-TrxA also supported the folding of vtPA, but the yield of 

active vtPA in this case was approximately 50% lower (Figure 3.3A).  For all the 

chimeras only background levels of active vtPA were detected in a dsbD strain 

background (data not shown). The finding that DsbC-DsbA and the DsbCdαN-TrxA 

support the folding of vtPA in a DsbD-dependent manner suggests that these chimeras 

function by facilitating disulfide bond rearrangement.    

 DsbC cannot normally serve as an oxidant to complement the phenotypes of dsbA 

mutants, such as low PhoA activity or loss of cell motility. In contrast to DsbC however, 

the DsbC-DsbA chimeras were all able to support protein oxidation to various degrees. In 

E. coli MC1000 dsbA grown in low phosphate media, the PhoA activity is 30-fold lower 
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than in its isogenic parent. Co-expression of the DsbC-DsbA chimeras restored PhoA 

activity to between 45 and 100% of the values obtained in the parental strain MC1000, 

whereas DsbCdαN-TrxA was a somewhat weaker oxidant (Figure 3.3B).  As expected, 

neither the DsbC-DsbA chimeras nor DsbCdαN-TrxA could restore PhoA activity in 

dsbB cells (Figure 3.3B).    

 The size of the motility halo in dsbA cells plated on soft agar plates represents an 

additional, more stringent measure of the ability of proteins to catalyze periplasmic 

oxidation (43). MC1000 dsbA cells expressing DsbC from pBAD33 were completely non 

motile, whereas the expression of the DsbC-DsbA chimeras restored cell motility to 

various degrees (Figure 3.3C). Proteins containing the DsbC α-helix linker gave larger 

diameter motility halos compared to identical fusions lacking the 12 aa linker region 

(Figure 3.3C; compare DdsbCdα-DsbA(3-189) and DdsbCdα-DsbA(5-189) to DdsbCd-

DsbA(1-189) and DdsbCd-DsbA(3-189)). In contrast, even though the DsbCdαN-TrxA 

fusion was capable of partially oxidizing PhoA, it could not restore cell motility, 

suggesting that it is a weaker catalyst of disulfide bond formation, either in terms of its 

activity or with respect to its substrate specificity.  

The data above reveal that the DsbC chimeras can catalyze disulfide bond 

rearrangement in dsbC cells, and separately, protein oxidation in dsbA mutants. These 

findings raised the possibility that the chimeras may be able to simultaneously satisfy the 

role of a protein thiol oxidant and also of a disulfide isomerization catalyst in dsbA cells. 

The folding of vtPA, in addition to requiring a high level of DsbC activity as discussed 

above, is also critically dependent on the presence of DsbA. For this reason, in strain 
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SF100 dsbA, overexpression of DsbC results in background levels of active vtPA (Figure 

3.3A). In contrast, expression of the DsbC-DsbA chimeras afforded a high yield of active 

vtPA, with the notable exception of the two fusions containing the DsbA(3-189) domain.  

Whereas fusions beginning with the 1st, 2nd or 5th residue of the DsbA domain were fully 

active in terms of their ability to support the formation of active vtPA, fusions beginning 

at the 3rd amino acid in DsbA were completely inactive in this assay.   Thus, DsbA(3-

189) fusions exhibit the following properties:  (a) Support the formation of active vtPA in 

wt cells;  (b) are capable of catalyzing protein oxidation in a dsbA background; but 

nonetheless, (c) fail to allow folding of vtPA in the dsbA mutant.  The surprising inability 

of the DsbA(3-189) fusions to support disulfide rearrangement in a dsbA background is 

analyzed in some detail in the Discussion section.   

In order for the DsbC chimeras to simultaneously catalyze cysteine thiol oxidation 

and disulfide rearrangement, they have to be maintained in the periplasm as a mixture of 

oxidized and reduced species.  The in vivo redox state of the chimeras was determined by 

harvesting cells into TCA to quench disulfide bond rearrangements, alkylation of free 

cysteines with AMS, and detection of the oxidized and reduced forms of the proteins by 

Western blotting (29). All the chimeras were maintained predominantly, but not 

exclusively, in the reduced form (Figure 3.4). The fraction of the protein found in the 

oxidized form ranged from 15% for DsbCdα-DsbA(5-198) to almost 50% for DsbCd-

DsbA(1-198). DsbC was present exclusively in the reduced state, as expected (3). In a 

dsbD strain background the chimeras were present exclusively in the oxidized form (data 

not shown). The redox state of the DsbC-DsbA fusions should be contrasted to that of 

DsbA, which is always oxidized even when it is overexpressed (29).  
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Figure 3.3. Disulfide-bond formation in vivo. (A) Yield of active vtPA in dsbC or dsbA 
cells and relative expression levels of the chimera proteins. PB351 (SF100 dsbC), or 
PB401 (SF100 dsbA) transformed with pTrcStIIvtPA and pBAD derivatives encoding the 
respective fusion proteins were grown in LB media. Protein synthesis was induced as 
described in Materials and Methods, and the yield of active vtPA at 3 h after induction 
was determined. Relative activities were obtained by dividing the A405 (absorbance of 
each strain subtracted of the background consisting of a strain not expressing tPA) by the 

A405 of a strain expressing vtPA alone. Upper shows the fusion protein expression level, 
determined by Western blotting. Each lane in the gel shows the expression of the 
corresponding protein in the bar graph. (B) PhoA activity. Effect of the expression of the 
chimeric proteins on alkaline phosphatase activity in the periplasm of MC1000 dsbA 
(white bars) and MC1000 dsbB (black bar). The alkaline phosphatase activity of the 
parental isogenic strain MC1000 is shown by the gray bar. Cells were induced with 0.2% 
arabinose, harvested in mid-log phase, and lysed, and activity assays were conducted as 
described. (C) Cell-motility assays. Motility of MC1000 dsbA cells transformed with the 
following: pBADdsbCd -dsbA (3–189) (a); pBADdsbCd -dsbA (5–189) (b); 
pBADdsbCd-dsbA (1–189) (c); pBADdsbCd-dsbA (3–189) (d); pBADdsbC (e); 
pBADdsbCd N-TrxA"PDI-like" (f); MC1000 dsbA (g); and MC1000 grown in low-
phosphate media (h). Cultures were diluted with media to the same absorbance, and 3-µl 
aliquots were spotted on the center of each plate. 

 

 

 

 

 

A                    B                  C                    D  

E                    F                   G                    H

C



 73

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4. In vivo redox state of the Dsb chimeras. PB401 (SF100 dsbA) were grown in 
LB media, protein synthesis was induced with 0.2% arabinose, and the redox state of the 
chimeras after AMS treatment was determined by Western blotting by using sera specific 
to the His tag. 1, DsbCd –DsbA (3–189); 2, DsbCd –DsbA (5–189); 3, DsbCd–DsbA 
(1–189); 4, DsbC–DsbA (3–189); 5, DsbC; 6, DsbCd N–TrxA"PDI-like." The first two 
lanes correspond to the reduced (red) and oxidized (ox) standards obtained by incubating 
the cells with DTT before trichloroacetic acid precipitation and by omitting AMS, 
respectively. 
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3.3.3 Biochemical characterization 

Four DsbC-DsbA chimeras, DsbCdαN-TrxA and DsbC as a control were purified 

by IMAC chromatography and their oligomerization status was analyzed by gel filtration 

FPLC. All the proteins eluted exclusively as dimers (Figure 3.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.5. Size-exclusion chromatograms of DsbC and DsbC–DsbA (1–189). 
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The insulin reduction activity (30) of the DsbC-DsbA chimeras was 20-62% of 

that of DsbC (Table 3.2). DsbCdαN-TrxA exhibited a slightly higher reductase activity. 

For comparison, DsbA has only about 10% of the activity of DsbC.  All the chimeras 

exhibited low disulfide isomerase activity in the refolding of reduced RNAse A. DsbCd-

DsbA(1-189), DdsbCdα-DsbA(5-189), DdsbCdα-DsbA(3-189), DdsbCd-DsbA(3-189), 

and DsbCdαN-TrxA displayed from 10 to 22 % of the isomerase activity of DsbC, which 

in turn was 8-fold less active than PDI. The low values of isomerase activity obtained 

were nonetheless higher (p<0.05) relative to the background rate of RNAse A refolding 

in the absence of catalyst, or in the presence of DsbA. 

The chaperone activity of the chimeras was evaluated based on the protection of 

citrate synthase from thermal inactivation, and from the prevention of protein aggregation 

during the refolding of Gdn-HCl denatured GAPDH (20). At a 2.7 fold stoichiometric 

excess, DsbCdαN-TrxA delayed the inactivation of CS to the same extent as DsbC.  On 

the other hand, whereas DsbA did not have any effect on CS inactivation,  dimerization 

by virtue of its fusion to DsbCd or to DdsbCdα gave rise to proteins that were 3-fold 

more efficient relative to DsbC (or, 10−fold better compared to DsbA) in this assay 

(Table 3.2).   Figure 3.6 shows the effect of protein activities on the suppression of 

GAPDH aggregation during refolding. Even when added at a 15-fold stoichiometric 

excess, TrxA had no effect on GAPDH aggregation, whereas a large excess of DsbA 

suppressed aggregation by less than 20%. In contrast, fusion to the DsbC dimerization 

domain markedly enhanced the chaperone activity of both TrxA and DsbA. All the 

chimeras tested could suppress the aggregation of GAPDH to a significant extent. 
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Collectively, the data presented in Table 3.2 and in Figure 3.6 reveal that fusion of DsbA 

or TrxA to the dimerization domain gives rise to proteins with appreciable chaperone 

activity, the exact magnitude of which depends on the substrate and the assay conditions. 

 

Table 3.2   In vitro activities of purified proteins.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Citrate Synthase
Inactivationa

Insulin Reduction
Activitya

RNAse
Refoldingab

Enzyme µM/min/µM Enz  *10-3 ∆A650nm/min-2 CS t1/2 (min) µ (min-1)

- - 0 0.94 ± 0.01 0.51 ± 0.01
BSA nd nd 0.42 ± 0.03 1.22 ± 0.02
TrxA nd nd 1.61 ± 0.02 0.28 ± 0.02
DsbA 0.003 ± 0.0003 0.56 ± 0.08 1.14 ± 0.05 0.32 ± 0.04
DsbC 0.067 ± 0.012 6.01 ± 0.11 3.15 ± 0.02 0.22 ± 0.02

DsbCdα-DsbA(3-189) 0.014 ± 0.001 2.44 ± 0.21 9.24 ± 0.01 0.08 ± 0.01
DsbCdα-DsbA(5-189) 0.010 ± 0.001 2.61 ± 0.19 10.13 ± 0.01 0.08 ± 0.01
DsbCd-DsbA(1-189) 0.007 ± 0.002 3.72 ± 0.15 10.61 ± 0.01 0.07 ± 0.01
DsbCd-DsbA(3-189) 0.015 ± 0.003 1.19 ± 0.16 9.84 ± 0.01 0.09 ± 0.02

DsbCdα-TrxA”PDI like” 0.013 ± 0.001 7.13 ± 0.24 3.05 ± 0.08 0.24 ± 0.07
PDI (rat) 0.54 ± 0.06 nd nd nd

a
 Data expressed as mean ± standard deviation (n= 3-6) 

b
 The activities were determined from a plot of isomerization velocity against Enzyme concentration 0-8 µM). The velocity in the 

absence of Enzyme is 0.076 ± 0.008 µM RNAse/min
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Figure 3.6. Effect of foldases on the aggregation of chemically unfolded GAPDH. 
GAPDH (140 µM) was denaturated O/N in 3 M guanidine hydrochloride and 5 mM DTT 
at 4°C. After 1:50 dilution in phosphate buffer, with increasing concentration of catalysts, 
the A488 was recorded continuously. 
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3.4 DISCUSSION 

 

Oxidative protein folding involves two complementary but also competing 

processes: cysteine thiol oxidation, and isomerization of non-native disulfide bonds.  

Throughout nature, enzymes that catalyze thiol:disulfide exchange reactions (with the 

exception of certain enzymes with narrow substrate specificity, such as DsbB)  employ 

structurally homologous thioredoxin domains for catalysis (31). Relatively subtle 

changes, such as the presence of different amino acids within the dipeptide sequence in 

the thioredoxin CXXC active site, the insertion of α-helical domains within the 

thioredoxin fold, and fusion to additional domains (23,32-34), have been employed 

during evolution to modulate the function of thiol:cysteine oxidoreductases. DsbA and 

DsbC provide an illustration of how two thioredoxin fold enzymes have evolved to 

perform different reactions in the cell. DsbA is a powerful oxidant (E0= -130 mV), but 

exhibits marginal reductase, chaperone or disulfide isomerase activity (Table 3.2, (3,30)).  

DsbC has an active site cysteine pair with a redox potential almost as low as that of DsbA 

(35-37). However, DsbC not only catalyzes disulfide bond oxidation in vivo, but, in 

contrast to DsbA, it also displays disulfide isomerase, reductase, and chaperone activities 

(5,35).  

 In principle at least, DsbC should be sufficient to catalyze both disulfide bond 

formation and rearrangement in the cell without the need for a specialized oxidant. PDI, 

the eukaryotic analog of DsbC, catalyzes protein oxidation in the endoplasmic reticulum 

in an Ero1-p dependent process (38), and recent data suggest that it also serves as an 
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isomerase in the ER (Gilbert et al. unpublished). However, this is not the case with DsbC: 

even though it has high oxidation activity per se, in the periplasmic space it is maintained 

exclusively in the reduced state, and therefore it can only catalyze disulfide bond 

rearrangement. The presence of the DsbD-DsbC and the DsbB-DsbA systems enables the 

coexistence of a fully reduced and a fully oxidized catalyst in close proximity to each 

other, without the establishment of an energy consuming futile cycle that would be 

draining, and ultimately detrimental to the cell (8). The kinetic isolation of the cysteine 

thiol oxidation and disulfide rearrangement pathways in prokaryotes partially stems from 

the fact that DsbC is not readily oxidized by either DsbB or DsbA (5,7). Bader et al. 

presented genetic and biochemical evidence indicating that the dimeric nature of DsbC 

represents the main barrier to its oxidation by DsbB (8). In addition, Rozhkova et al. have 

measured the kinetics of disulfide exchange reactions among periplasmic components of 

the DsbA-DsbB and the DsbC-DsbD pathways, and compared them with non-functional 

reactions between redox active sites of periplasmic oxidoreductases.  This analysis 

further highlights how prevention of non-physiological interactions between the proteins 

involved in disulfide bond formation guarantees the separation of the oxidative and 

reductive pathways in the same cellular environment in vivo (10).  

 The DsbC chimeras constructed in this study, which consist of the dimerization 

domain fused to a thioredoxin catalytic module in close analogy to the architecture of the 

authentic DsbC, become oxidized by DsbB, and are able to substitute for the lack of 

DsbA. The ability of the chimeras to interact with DsbB was independent of the presence 

or absence of the α-helix linker joining the two domains. In vitro, gel filtration analysis 

showed that the DsbC chimeras are present exclusively as dimers (Figure 3.5), a 
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conclusion consistent with the recent finding of Zhao et al. (30).  While the possibility 

that the DsbC chimeras exist in equilibrium with a very small amount of monomer which 

interacts with DsbB and serves as an oxidant in vivo cannot be ruled out, we feel that the 

presence of such monomeric species is unlikely. These findings suggest that dimerization 

alone cannot account for the kinetic isolation of DsbC from DsbB, which in turn must be 

dictated by additional structural features that presumably modulate the accessibility of the 

active site cysteines within the catalytic domain. 

 Although the six DsbC-DsbA chimeras and DsbCdαN-TrxA can be oxidized by 

DsbB, in the periplasm these proteins are maintained mostly in the reduced form through 

the action of DsbD.  In vitro DsbD can readily reduce thioredoxin and DsbC but not the 

monomeric DsbA (39). Recent evidence shows that DsbA is reduced by DsbD extremely 

slowly in vitro (10):  it is likely that the reduction of the DsbA chimeras by DsbD is due 

to the increase in the effective concentration of DsbA active sites that results from 

dimerization, or by more favorable steric interactions originated by the fusion of DsbA 

with the DsbC dimerization domain.   

 In the absence of a kinetic barrier between DsbD and DsbB, how does the cell 

avoid the establishment of a draining futile cycle that would require energy to maintain 

and would ultimately be detrimental (8)? Such a futile cycle would ultimately results in 

the consumption of NADPH by TrxB leading to the transfer of electrons from the TrxA-

DsbD relay to DsbB-DsbA, and, ultimately, to the respiratory chain.  The finding that the 

chimeras are predominantly reduced in vivo suggests that oxidation by DsbB must be 

relatively slow, and kinetically disfavored, compared to the transfer of the active site 

disulfide to substrate proteins or to DsbD.  Therefore, it appears that only a small fraction 



 81

of the DsbC-DsbA and DsbC-TrxA chimeras ends up being shuttled between DsbB and 

DsbD, and hence the energy expenditure due to the establishment of a futile cycle may be 

minimal. We also note that, as has been observed in other studies, the establishment of an 

artificial futile cycle affects the yield on the carbon source, but not necessarily the growth 

rate (40).   

 The folding of vtPA in the periplasm normally requires the action of DsbA and 

also a high level of DsbC activity. However, expression of most, but not all, of the 

chimeric DsbC enzymes in a dsbA strain, afforded a high yield of vtPA, revealing that a 

single catalyst is perfectly capable of catalyzing both cysteine thiol oxidation and 

disulfide rearrangement in vivo. The genomes of several bacteria, including H. pylori (41) 

and C. acetobutylicum, encode two DsbC homologues, but have no DsbA homologue, 

indicating that a single catalyst for disulfide bond formation may have been adapted 

during evolution. Interestingly, neither organism has a dsbB gene, which suggests that the 

re-oxidation of DsbC in these organisms is accomplished by a mechanism that has yet to 

be determined.  Why then do E. coli and other γ-proteobacteria employ DsbA-DsbB for 

protein oxidation and a separate system comprising of two (DsbC and DsbG) catalysts of 

disulfide rearrangement? A simple explanation is that the evolution of separate, 

kinetically isolated, catalysts allows the exocytoplasmic environment to be maintained in 

a highly oxidizing state, and, as noted above, may provide an increase in the growth yield 

by avoiding the establishment of a futile cycle.  

 Structural and biochemical data indicate that the cleft formed by the dimerization 

domain is responsible for peptide binding and for the chaperone activity of DsbC 

(30,42,43). It is therefore not surprising that the fusion of thioredoxin domain proteins, 
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such as DsbA and TrxA, that have little or no chaperone activity on their own, gives rise 

to chimeras that are able to prevent protein aggregation and inactivation. The 

dimerization of DsbA also conferred a 2-7 fold increase in the rate of insulin reduction. 

Dimerization of TrxA”PDI like” decreased the reductase activity of the molecule 

compared to TrxA or TrxA”PDI like” (24).   

The isomerase and oxidase activity of the chimeras, were determined using RNase 

A as a substrate (19).  In this assay, the reactivation of reduced, denatured RNAse A is 

monitored as a function of time in the presence of a catalyst.   The lag time for the 

appearance of active RNase A is dependent on the rate of protein oxidation by the 

catalyst whereas the initial slope in the RNase A activity vs time plot is proportional to 

the rate of disulfide isomerization.  Analysis of the lag times in the refolding of RNAse A 

indicated that the chimeras are much more effective in catalyzing disulfide bond 

formation (oxidase activity about 50% of PDI) compared to DsbC which is a very weak 

oxidant (oxidase activity 4% of PDI, data not shown).  On the other hand the chimeras 

displayed very low isomerase activity which was only10-22 % of DsbC’s or 2-3 % 

relative to PDI (Table 3.2).  

 On the basis of the above analysis it is proposed that it is the reduction of 

incorrect disulfide bonds, rather than the isomerization activity per se, that mediates the 

rearrangement of incorrect disulfides. TrxA, and to a much lesser extent DsbA, can 

catalyze the net reduction of disulfides in vitro, but in the periplasmic space both proteins 

become oxidized by DsbB (44) and are therefore unavailable for the reduction of non-

native disulfide bonds. Fusion to the DsbC dimerization domain allows the active site 

cysteines in the chimeras to be partially maintained in the thiol state, as needed for the 
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catalysis of disulfide bond reduction. Recently, Gilbert and coworkers (45) proposed that 

the isomerization of disulfides by PDI proceeds via trial and error cycles of timed 

reduction and re-oxidation. The chimeras may be operating by similar reduction-

oxidation cycles whereby the oxidant is either DsbA or, in dsbA mutant strains, the 

oxidized form of the chimera.   The need for proper timing of the oxidation-reduction 

cycles (45) may be responsible for the inability of DdsbCd-DsbA(3-189) and of 

DdsbCdα-DsbA(3-189) to support the folding of vtPA in the dsbA mutant.  Secondary 

structure prediction reveals that in the chimeras the N-terminal residue of the DsbA 

domain extends a short (for DsbCd) or long (DsbCdα) α-helix. The precise fusion amino 

acid determines the orientation of the catalytic domain with respect to the α-helix, and 

also with respect to the dimerization domain (see Figure 3.1B and 3.2). Fusion to the 3rd 

N-terminal residue of DsbA results in positioning of the catalytic CHPC at the face 

opposite to the V shape cleft. This is in contrast to DsbCdα-DsbA(2-189), DsbCdα-

DsbA(5-189), as well as in DSbCd-DsbA(1-189) and in DsbCd-DsbA (2-189), where the 

catalytic active site of each of the monomer are positioned facing each other. It is 

possible that the localization of the active site on the opposite face to the V, and away 

from the dimerization cleft, incapacitates the ability of the protein to carry out timed 

oxidation and reduction cycles. In other words, while DdsbCd-DsbA(3-189) and 

DdsbCdα-DsbA(3-189) can form a proper redox environment when the oxidant is DsbA,  

when they have to serve simultaneously as both oxidant and reductant,  the timing of the 

reduction and oxidation cycles is non-optimal. Therefore, even though these proteins 

posses both oxidation and reduction activities, and they are present as a mixture of  
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reduced and oxidized form in vivo, they are incapable of assisting the productive 

rearrangement of non-native disulfide bonds in vtPA.  

Zhao et al. (30) recently constructed a DsbC(1-77)-DsbA(1-189) and a DsbC(1-

77)-TrxA(wt) fusion.  Consistent with the findings here reported, both of these proteins 

were found to be dimers and exhibited chaperone activity. However, Zhao et al. reported 

that DsbC(1-77)-DsbA(1-189) had only 10% of the reductase activity but 50% of the 

isomerase activity of DsbC. In contrast, here it is shown that DsbCd-DsbA(1-189), which 

differs from the protein constructed by Zhao in that it has a slightly shorter DsbC domain 

(we used an 1-72  DsbC fragment vs the 1-77 fragment in Zhao et al.) exhibited  much 

higher reductase activity and lower isomerase activity (60% and 11% of the DsbC 

activity, respectively).  Analogous differences were observed in the biochemical 

properties of DsbCdαN-TrxA”PDI like” reported here compared to the DsbC(1-77)-TrxA 

fusion of Zhao et al.  These rather large differences in biochemical properties are either 

due to rather drastic effects of the residues in the fusion junction, or to the slightly 

different assay conditions used in the two studies.    
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Chapter 4   

Conserved Role of the Linker α-helix of the Bacterial Disulfide 

Isomerase DsbC in the Avoidance of Misoxidation by DsbB 

 

4.1 INTRODUCTION 

 

The DsbA-DsbB and DsbC-DsbD systems transfer electrons in opposite 

directions, i.e. from and into the periplasm, respectively.  Cross talk between the 

oxidation and isomerization pathways would be expected to result in a wasteful, futile 

cycle that would be detrimental for the cell. For this reason, large kinetic barriers must 

have evolved to prevent non physiologic interactions between the Dsb enzymes; therefore 

allowing the coexistence of the two pathways in the same cellular environment (1).   

The structural features of DsbC that prevent its misoxidation by DsbB are not 

well understood. The catalytic domain of DsbC and DsbA are structurally similar and are 

both thioredoxin motif proteins (2). However, while DsbA is a monomer, DsbC is a 

homodimer with each subunit comprising the catalytic thioredoxin domain connected via 

a long α-helical linker to a domain responsible for dimerization and substrate binding (3). 

Earlier genetic and biochemical studies by Bardwell and coworkers suggested that the 

dimerization of the thioredoxin domains is responsible for preventing oxidation by DsbB 

(4).  In Chapter 3 we reported the construction of a series of chimeric proteins comprising 
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the DsbC dimerization domain linked to either TrxA or to DsbA. Several of these 

chimeras catalyzed disulfide isomerization and oxidation in vivo, suggesting that 

dimerization of thioredoxin domains is not sufficient to confer protection from the action 

of DsbB (5).    

Comparison of the structure of the E. coli DsbC with that of its homolog DsbG 

suggests that the α-linker that connects the dimerization and the catalytic domains may  

play a role in determining the enzyme’s specificity for substrate proteins (6).  

Interestingly, in DsbG as well as in the DsbCs from both E. coli and H. influenza (7), the 

α-helical linker serves to place the CXXC active sites within the two thioredoxin 

domains directly facing each other, indicating that this is a conserved feature of bacterial 

disulfide isomerase enzymes. These observations, together with our data using DsbC 

chimeras (5), suggested that α-helical linker may play a pivotal role in the function of 

DsbC enzymes.   

 In this chapter we constructed a series of DsbC mutants with deletion in one, two, 

three, or four consecutive amino acid residues in the α-helical linker. The effects of these 

deletions on the enzymes’ ability to resist oxidation by DsbB, and on the catalysis of 

disulfide bond isomerization was investigated in vivo and an in vitro.  
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4.2 MATERIALS AND METHODS 

 

4.2.1 Strains and Plasmids 

The bacterial strains and plasmids used in this study are listed in Table 4.1. The 

α-helix deletion constructs of DsbC from E. coli, H. influenzae, and Y. 

pseudotuberculosis were created by overlap extension PCR and cloned into pBAD33 (8). 

All the constructs contain a C-terminal hexahistidine tag. For protein purification 

purposes, the putative dsbC genes and DsbC deletion constructs were digested with XbaI 

and HindIII, ligated into pET28(a), and transformed into E. coli BL21 cells. 
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Table 4.1 Strains, plasmids, and primers used in this study. 

 

Strains Relevant Genotype Source

DH5α F-(f80dlacZ-M15,) -(lacIZYA-argF)U169 deoR recA1 Laboratory Collection
endA1 hsdR17(rk-,mk+) supE44, thi-1 gyrA96, relA1

DHB4 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Laboratory Collection
rpsL150 relA1 thi phoA (PvuII) phoR malF3 F'[lac+(lacI) pro]

MC1000 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Ref. 29
rpsL150 relA1 thi F'[lac+(lacI) pro]

PB401 SF100 ∆degP::kan  ∆dsbA Ref. 31
LM106 MC1000 dsbA::kan5 Laboratory Collection
LM102 MC1000 dsbB::kan5 Ref. 30
BL21(DE3) F ompT dcm  (DE3) Laboratory Collection

Plasmids Relevant Genotype Source

pET-28(a) T7 expression vector, C-terminal 6× histidine tag Novagen
pBADdsbC DsbC from Escherichia coli  in pBAD33 Laboratory Collection
pTrcStIIvtPA tPA(D6-175) with StII leader in pTrc99A Ref. 32
pBADHinfdsbC DsbC from Haemophilus influenzae  in pBAD33 Chapter 2
pBADYpsedsbC DsbC from Yersinia pseudotuberculosis  in pBAD33 Chapter 2
pET-28EcolidsbC DsbC from Escherichia coli  in pET-28(a) Chapter 2
pBADEcoliα1 DsbC(∆66) from Escherichia coli  in pBAD33 This work
pBADEcoliα2 DsbC(∆66-67) from Escherichia coli  in pBAD33 This work
pBADEcoliα3 DsbC(∆66-68) from Escherichia coli  in pBAD33 This work
pBADEcoliα4 DsbC(∆66-69) from Escherichia coli  in pBAD33 This work
pET-28Ecoliα1 DsbC(∆66) from Escherichia coli  in pET28 This work
pET-28Ecoliα2 DsbC(∆66-67) from Escherichia coli  in pET28 This work
pET-28Ecoliα3 DsbC(∆66-68) from Escherichia coli  in pET28 This work
pET-28Ecoliα4 DsbC(∆66-69) from Escherichia coli  in pET28 This work
pBADYpseα1 DsbC(∆66) from Yersinia pseudotuberculosis  in pBAD33 This work
pBADYpseα2 DsbC(∆66-67) from Yersinia pseudotuberculosis  in pBAD33 This work
pBADYpseα3 DsbC(D66-68) from Yersinia pseudotuberculosis  in pBAD33 This work
pBADYpseα4 DsbC(D66-69) from Yersinia pseudotuberculosis  in pBAD33 This work
pBADHinfα1 DsbC(∆66) from Haemophilus influenzae  in pBAD33 This work
pBADHinfα2 DsbC(∆66-67) from Haemophilus influenzae  in pBAD33 This work
pBADHinfα3 DsbC(∆66-68) from Haemophilus influenzae  in pBAD33 This work
pBADHinfα4 DsbC(∆66-69) from Haemophilus influenzae  in pBAD33 This work
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Table 4.1 (continued) 

 
Primers Sequence

DsbCss.f GAGCTCGAATTCTCTAGATTAAAGAGGAGAAAGGTACCCATGATGAAGAAAGGTTTTAT 
dsbCAhisHindIII.b TTTTTAAGCTTTTAGTGGTGGTGGTGGTGGTGTTTTTTCTCGGACAGATATTTCA
DsbCalpha1.f AATGTCACCAATAAGCTGTTAAAGCAGTTGAATGCGCTT
DsbCalpha1.r AAGCGCATTCAACTGCTTTAACAGCTTATTGGTGACATT
DsbCalpha2.f AATGTCACCAATAAGTTAAAGCAGTTGAATGCGCTT
DsbCalpha2.r AAGCGCATTCAACTGCTTTAACTTATTGGTGACATT
DsbCalpha3.f AATGTCACCAATAAGAAGCAGTTGAATGCGCTT
DsbCalpha3.r AAGCGCATTCAACTGCTTCTTATTGGTGACATT
DsbCalpha4.f AATGTCACCAATAAGCAGTTGAATGCGCTT
DsbCalpha4.r AAGCGCATTCAACTGCTTATTGGTGACATT
Xba1ssHinf.f GAGCTCGAATTCTCTAGATTAAAGAGGAGAAAGGTACCCATGATGAAGAAAGGTTTTATGTTGTTTAC

TTTGTTAGCGGCGTTTTCAGGCTTTG
ssHinf.f GTTTACTTTGTTAGCGGCGTTTTCAGGCTTTGCTCAGGCTGATGATGCGGCAATTAAACGCAAATTACA
Hinf.f GATGATGCGGCAATTAAACGCAAATTACAGTCTTTTAATATATCA 
DsbChinfalpha1.f GATGTCGCAGGTAAATTAGTGGATAAACTTAATTCTTATAAAGACGAG
DsbChinfalpha1.r CTCGTCTTTATAAGAATTAAGTTTATCCACTAATTTACCTGCGACATC
DsbChinfalpha2.f ATGTCGCAGGTAAAGTGGATAAACTTAATTCTTATAAAGACGAG
DsbChinfalpha2.r CTCGTCTTTATAAGAATTAAGTTTATCCACTTTACCTGCGACATC
DsbChinfalpha3.f GATGTCGCAGGTAAAGATAAACTTAATTCTTATAAAGACGAG
DsbChinfalpha3.r CTCGTCTTTATAAGAATTAAGTTTATCTTTACCTGCGACATC
DsbChinfalpha4.f GATGTCGCAGGTAAAAAACTTAATTCTTATAAAGACGAG
DsbChinfalpha4.r CTCGTCTTTATAAGAATTAAGTTTTTTACCTGCGACATC
pEThinfhisHindIII.r TTTTTAAGCTTTTAGTGGTGGTGGTGGTGGTGTTGTGCCGTTTCTTCAAGTGC
Xba1ssYpse.f GAGCTCGAATTCTCTAGATTAAAGAGGAGAAAGGTACCCATGATGAAGAAAGGTTTTATGTTGTTTAC

TTTGTTAGCGGCGTTTTCAG
ssYpse.f GTTGTTTACTTTGTTAGCGGCGTTTTCAGGCTTTGCTCAGGCTGATGATTCTGCTATTCAGCAAACCT
Ypse.f GATGATTCTGCTATTCAGCAAACCTTAAAAAAATTAGATATCCAA 
DsbCypsealpha1.f AATGTGACCAATCAGTTGCTGAAAAAACTGGAAGCATTGAGCAGTGAA
DsbCypsealpha1.r TTCACTGCTCAATGCTTCCAGTTTTTTCAGCAACTGATTGGTCACATT
DsbCypsealpha2.f AATGTGACCAATCAGCTGAAAAAACTGGAAGCATTGAGCAGTGAA
DsbCypsealpha2.r TTCACTGCTCAATGCTTCCAGTTTTTTCAGCTGATTGGTCACATT
DsbCypsealpha3.f AATGTGACCAATCAGAAAAAACTGGAAGCATTGAGCAGTGAA
DsbCypsealpha3.r TTCACTGCTCAATGCTTCCAGTTTTTTCTGATTGGTCACATT
DsbCypsealpha4.f AATGTGACCAATCAGAAACTGGAAGCATTGAGCAGTGAA
DsbCypsealpha4.r TTCACTGCTCAATGCTTCCAGTTTCTGATTGGTCACATT
pETypsehisHindIII.r TTTTTAAGCTTTTAGTGGTGGTGGTGGTGGTGACCACCCGCTTTTAGTGAAGC
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4.2.2 Disulfide bond formation and isomerization in vivo.  

To determine the effect of the DsbC deletion constructs and the dsbC homologous 

gene on the folding yield of a truncated version of the human tissue plasminogen 

containing 9 disulfide bonds (vtPA, comprising of the catalytic and kringle 2 domains of 

the full length protein), E. coli DHB4 (araD139 (araA-leu)7679 (codB-lac)X74 galE15 

galK16 rpsL150 relA1 thi phoA (PvuII) phoR malF3 F'[lac+(lacI) pro]) and were co-

transformed with pBAD33 derivatives encoding the dsbC genes, and with pTrcStIIvtPA. 

Cultures were grown at 30°C in 15 ml of LB medium with 50 µg/ml of ampicillin and 

25 µg/ml of chloramphenicol. Cells were diluted 1:100 from overnight cultures, grown to 

OD600 of 0.8, and arabinose was added to a final concentration of 0.2%; 30 min later, 

vtPA synthesis was induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). 

Following growth for three additional hours, 6 ml aliquots were pelleted by 

centrifugation and stored at –20°C. The pellets were resuspended in cold PBS as needed 

to normalize the number of cells per sample, and lysed with a French press. Following 

the removal of insoluble material by centrifugation (12,000 × g, 10 min at 4°C), the 

soluble protein concentration was determined by the Bio-Rad protein assay. tPA activities 

were obtained by first diluting the samples in 50 mM Tris-HCl (pH 7.4) with 0.01% 

Tween 80 to a final protein concentration of 0.5 µg/µl.  30 µl of the diluted cell lysates 

were added to 250 µl of the same buffer containing 0.04 µg of human Glu-type 

plasminogen (American Diagnostica, Greenwich, CT) per µl, and 0.4 mM Spectrozyme 

PL (American Diagnostica), incubated at 37°C, and the change in A405 was monitored. 

Acid phosphatase activities, were determined in E. coli MB69 (DHB4 ∆dsbC) (9) co-
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transformed with pBAD33 derivatives encoding the DsbC deletion constructs, and 

pAppA, a pBAD18 derivative encoding the gene appA (9). Cells were grown in LB 

medium and enzymatic assays were performed as previously described (9). To study the 

proteins’ in vivo oxidase activity, E. coli LM106 (MC1000 dsbA::kan5) and LM102 

(MC1000 dsbB::kan5) were transformed with the appropriate pBAD33 plasmid 

derivatives. Overnight cultures were grown in LB medium with 50 µg/ml of kanamycin 

and 25 µg/ml of chloramphenicol, and diluted 1:100 in low phosphate minimal medium 

containing MOPS salts, 0.2% glycerol, 0.2% glucose, 0.2% casein amino acids, and 0.5 

µg/ml thiamine, with 50 µg/ml of kanamycin and 25 µg/ml of chloramphenicol. When 

the cell density reached OD600=0.4, arabinose was added to a final concentration of 0.2% 

w/v. Four hours later, cells were collected and mixed with 0.4 M iodoacetamide and lysis 

buffer (B-PERTM, Pierce) in a 1:2 ratio. The activity of alkaline phosphatase was 

determined as described previously (10). For cell motility assays, overnight cultures of E. 

coli LM106 transformed with appropriate pBAD33 plasmids were grown in LB medium 

and diluted 1:100 in M9 salts, 0.1% casein amino acids, 2 mM MgSO4, 5 µg/ml thiamine, 

0.2% glycerol, with 50 µg/ml of kanamycin and 25 µg/ml of chloramphenicol, as needed. 

After 4 hours of growth, 3 µl aliquots, normalized to the same optical density, were 

spotted on the center of plates containing the same media with 0.3% agar, and 0.2% w/v 

arabinose, and incubated at 37°C for 24 hours.  
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4.2.3 Expression, purification, and biochemical assays 

For the purification of the E. coli and homologous DsbCs, or the α-helix deletion 

mutants, the appropriate genes were cloned behind the T7 promoter in pET28(a), and the 

resulting plasmids were transformed into E. coli BL21(DE3). Protein expression and 

purification was performed as previously described (5). All proteins used in this study 

were more than 95% pure as judged by Coomassie Brilliant Blue-stained SDS-PAGE 

gels. 

DsbB was purified as previously described (11,12), with the exception that a 

HiTrap Chelating HP column (Amersham Biosciences, Piscataway, NJ) charged with 

nickel was used in place of a Ni-nitrilotriacetic acid agarose column (Qiagen, Valencia, 

CA). The final purity of the DsbB preparation was >95%.  For the purification of DsbA, 

E. coli HK317 (13) carrying pCH3, a pBAD18 derivative encoding dsbA (13), was grown 

in NZ medium with 200µg/ml of ampicillin, induced with 0.2% w/v arabinose when the  

OD600 reached 0.05, and the cells were harvested at OD600=1.3. DsbA was purified from 

the periplasmic extract by a HiTrap Q FF anion exchange column (Amersham), followed 

by hydrophobic chromatography on a HiTrap Phenyl HP column (Amersham) as 

described (14). 

Reduced DsbA, DsbCs, or α-helix deletion mutants were prepared by incubation 

in 20 mM dithiothreitol (DTT) for 20 min at 4 °C. Excess DTT was removed by gel 

filtration on PD-10 Sephadex columns (Amersham) pre-equilibrated with 0.5 mM EDTA 

pH 8.0.  
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To determine the oxidation of DsbC by DsbB in vitro, 10 µM reduced wild type 

DsbC or DsbC mutants in 50 mM sodium phosphate pH 6.0 were incubated at 30 °C with 

20 µM ubiquinone-1 (coenzyme Q1; Sigma) in 300 mM NaCl, 0.5 mM EDTA, 0.1% n-

dodecyl-β-D-maltoside. The reaction was started by the addition of DsbB to a final 

concentration of 1 µM. A control reaction between DsbA and DsbB was carried out using 

10 µM reduced DsbA and 10 nM DsbB.  At time intervals, aliquots were withdrawn and 

the reaction stopped by immediate mixing with trichloroacetic acid (TCA) to a 10% final 

concentration. The denatured proteins were collected by centrifugation, and washed with 

cold acetone. Free thiols in reduced DsbC were modified with 4-acetamido-4'-

maleimidylstilbene-2,2'-disulfonic acid (AMS) in 100 mM Tris-HCl (pH6.8), 1% SDS, 

18 mM AMS as described (15). Reduced and oxidized forms of the proteins were 

separated by 12% SDS-PAGE without any reducing agents, and detected with Coomassie 

Brilliant Blue. 

The rate of insulin reduction in the presence of DTT was determined as previously 

described (16). The change of A650 in the reaction was monitored as a direct measure of 

the aggregation of reduced insulin, and the  activity is expressed as the ratio of the initial 

slope of the turbidity curve to the lag time (17). The renaturation of reduced, denatured 

RNase A was determined as described by Lyles and Gilbert (18).   
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4.3 RESULTS 

 

4.3.1 Construction of DsbC α-helical deletion mutants 

A 12 amino acid long α-helix linker (residues 60-72) joins the dimerization 

domain to the catalytic domain in the E. coli DsbC, maintaining the two protein domains 

structurally and functionally distinct (Fig. 4.1) (3). We constructed a series of mutant 

genes encoding DsbC deleted of one, two, three, or four amino acids within the α-helical 

linker (positions 66, 66-67, 66-68, and 66-69) giving rise to the proteins DsbCα∆1, 

DsbCα∆2, DsbCα∆3, and DsbCα∆4, respectively. Because 3.6 amino acidic residues are 

contained in a α-helical turn, the deletion of each amino acid in the DsbC linker would be 

expected to cause the catalytic domain to be rotated by 100º with respect to the 

dimerization domain. As a result, the active site cysteines, which in wild type DsbC are 

oriented facing each other, in the deletion constructs would be expected to be rotated by 

an angle whose magnitude is determined by the number of amino acid deleted (Fig. 4.1).  

The genes encoding the dsbC deletions were cloned in the medium copy number 

plasmid pBAD33 (8), under the control of the arabinose promoter. Under the conditions 

used in these experiments, the wild type E. coli DsbC and the α-helix deletion mutants all 

accumulated to nearly identical levels, as determined by Western blotting with a 

polyclonal antibody specific for the C-terminal His tag (Fig. 4.2A).   

 

 



 97

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 4.1. Helical wheel plots of the linker helices from DsbC and DsbC deletion 
constructs. The C-terminal amino acid of the linker in each helical wheel plot is 
highlighted in grey.  
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4.3.2 Disulfide bond formation and isomerization in vivo 

The oxidation of protein cysteines by DsbA is very rapid and may favor the 

formation of disulfides between adjacent cysteines in the polypeptide, even though these 

residues may not be necessarily connected in the final conformation of the protein, i.e. 

the native state (9,19). For this reason the folding of multi disulfide proteins is often 

limited by the isomerization of non-native bonds. The folding of three native proteins, the 

periplasmic acid phosphatase AppA or phytase, the peptidoglycan amidase MepA, and 

RNase I have been shown to depend on the action of DsbC. In addition, several complex 

heterologous proteins are known to require isomerization in order to attain their active 

conformation (9). Earlier, we had shown that expression of DsbC from pBAD33 results 

in a 25-fold increase in the yield of active vtPA, a truncated version of human tissue 

plasminogen activator containing 9 disulfides, relative to cells expressing DsbC from the 

chromosomal gene ((20), Fig. 4.2B).  We now found that all of the DsbC mutants 

containing deletions in the α-helix linker support the folding of vtPA. However, 

DsbCα∆2 and DsbCα∆4 result in about 40% of the active vtPA relative to the wild type 

DsbC. On the other hand, deletion of 1 (DsbCα∆1) or 3 (DsbCα∆3) amino acids resulted 

in active vtPA levels comparable and slightly lower, respectively, to those obtained with 

intact DsbC (Fig. 4.2B). Similar results were obtained with the native substrate AppA, 

i.e. DsbCα∆1 and DsbCα∆3 supported a higher level of AppA activity relative to 

DsbCα∆2 and DsbCα∆4 (Fig. 4.2C). 

Because of the role of DsbA as the primary oxidant of extracytoplasmic proteins, 

many proteins fail to fold properly in dsbA mutants. As a result, dsbA mutants exhibit 
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pleiotropic phenotypes such as low alkaline phosphatase activity or loss of motility (2). 

The kinetic barrier between the reductive and oxidative pathways, as we described 

earlier, prevents DsbC to work as an oxidant of the extracytoplasmic proteins. To further 

examine the roles of the α-helical linker of DsbC in the properties of this enzyme, the 

DsbC mutants were expressed in a strain lacking dsbA and their ability to suppress the 

defects associated with lack of disulfide bond formation were tested. In E. coli MC1000 

dsbA::kan grown in low phosphate media, the PhoA activity was 30-fold lower than that 

of its isogenic parent (Fig. 4.2D). Expression of wild type DsbC from a multicopy 

plasmid did not result in a significant increase in PhoA activity, consistent with the 

earlier finding that even under conditions of overexpression, the enzyme is maintained in 

a reduced form by DsbD, and thus it cannot act as a protein oxidant (21). However, 

deletion of one or more amino acids within the α-helical linker of DsbC gave rise to 

enzymes that could support the formation of active PhoA. We noted that the ability of the 

mutants to support the production of alkaline phosphatase, was inversely correlated with 

the disulfide isomerase activity, as determined in the vtPA and AppA assays.  In other 

words, DsbCα∆2 and DsbCα∆4, the mutant proteins that gave a lower yield of active 

vtPA and AppA, could restore PhoA activity in MC1000dsbA to 60% of the level 

obtained from the chromosomally expressed DsbA, whereas DsbCα∆1 and DsbCα∆3 

reproducibly displayed the opposite profile (Fig. 4.2D). The ability of the DsbCα∆2 and 

DsbCα∆4 mutants to support PhoA folding in the absence of DsbA suggests that these 

DsbC mutants are capable of supplying at least some of the oxidase function of DsbA.  

Consistent with this, PhoA activity was not detected in a dsbB mutant background (data 
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not shown), revealing that the oxidase activity of the DsbC deletion mutants is dependent 

on their recycling by DsbB.   

The size of the motility halo produced by cells growing on soft agar plates 

depends on the oxidase activity in the periplasm; MC1000dsbA cells were completely 

non-motile, and overexpression of DsbC from pBAD33 did not restore motility. 

However, consistent with the PhoA activity results, the DsbC α-helix deletion mutants 

restored motility, with about 2-fold larger halos observed with DsbCα∆2 or DsbCα∆4 

compared to DsbCα∆1 and DsbCα∆3 (Fig. 4.2E). 
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Figure 4.2. In vivo activity of E. coli DsbC deletion constructs. (A) Protein expression 
level, determined by Western blotting. 1, DsbC; 2, DsbCα∆1; 3, DsbCα∆2; 4, DsbCα∆3; 
5,DsbCα∆4. (B) Yield of active vtPA. DHB4 transformed with pTrcStIIvtPA and pBAD 
derivatives encoding the respective DsbC deletion proteins were grown in LB medium. 
Protein synthesis was induced as described in Materials and Methods, and the yield of 
active vtPA at 3 h after induction was determined. Relative activities were obtained by 
dividing the ∆A405 (absorbance of each strain subtracted of the background consisting of 
a strain not expressing vtPA) by the A405 of a strain expressing vtPA alone, represented 
by the last bare (-) in the graph (C) AppA activity. MB69 (DHB4 ∆dsbC) transformed 
with pAppA and pBAD derivatives encoding the respective DsbC deletion proteins were 
grown in LB media until mid-log phase. Assays were performed as described in the 
Materials and Methods. The AppA activity was determined by measuring the A410. One 
unit is defined as 1,000× A410 per min/A600 per ml as described (9). (D) Effect of the 
expression of the deletion proteins on alkaline phosphatase activity in the periplasm of 
MC1000 dsbA (grey bars). The alkaline phosphatase activity of the parental isogenic 
strain MC1000 is shown by the black bar. Cells were induced with 0.2% arabinose, 
harvested in mid-log phase, and lysed, and activity assays were conducted as described. 
(E) Cell-motility assays. Motility of MC1000 dsbA cells transformed with the following: 
(1) pBADdsbC; (2) pBADEcoli 1; (3) pBADEcoliα2; (4) pBADEcoliα3; (5) 
pBADEcoliα4; 6 and 7 represent MC1000 dsbA and MC1000 respectively. Cultures were 
grown in low-phosphate media described in the material and methods, diluted to the 
same cell density, and 3-µl aliquots were spotted on the center of each plate. 
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4.3.3 In vitro studies 

Because the in vivo data suggest that the oxidase activity of DsbC deletion 

mutants is dependent on the presence of DsbB, we investigated the ability of DsbCα∆1, 

DsbCα∆2, DsbCα∆3, and DsbCα∆4 to be oxidized by DsbB in vitro. Quinones in the 

respiratory chain act as a direct recipient of electrons from DsbB. Oxidation of the 

reduced form of each DsbC variant by DsbB was performed in the presence of 

ubiquinone-1 as the recycling agent, and initiated by the addition of DsbB (15). 

Following alkylation of free thiols with AMS, the oxidized and reduced proteins were 

resolved by SDS-PAGE (Fig. 4.3).  In this assay DsbA got completely oxidized after 5 

minutes of incubation with 10 nM DsbB. In contrast, DsbC resisted oxidation by DsbB 

almost completely: > 80% of the protein was found in the reduced state even after one 

hour of incubation with 1 µM DsbB. Deletion of one or more amino acids in the α-helix 

greatly increased its susceptibility to oxidation by DsbB. Consistent with the in vivo 

results presented in Figure 4.2, deletions of two or four amino acids resulted in greater 

susceptibility to oxidation. Specifically, after 30 minutes, only 28% and 30% of 

respectively DsbCα∆1 and DsbCα∆3 was found in the oxidized state compared to 58% 

and 65% of DsbCα∆2 and DsbCα∆4, respectively.    
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Figure 4.3. Oxidation of E. coli DsbA, DsbC, and DsbC deletion mutants by DsbB in 
vitro. Purified proteins (5 µM) were reduced and incubated at 30°C with ubiquinone-1 
and purified DsbB as described in Materials and Methods. The reaction was stopped by 
mixing sample aliquots withdrawn at different times with TCA, and DsbB oxidation was 
detected by AMS alkylation and separation of reduced and oxidized protein on a 12 % 
SDS page gel stained with Coomassie Brilliant Blue. Left and right panels represent the 
reaction performed respectively without and with incubation with DsbB for each protein. 
Each lane corresponds to different times of incubation as indicated in the figure. The 
amount of oxidized protein present in the different reactions was quantified using ImageJ 
(28). 
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The disulfide isomerase activity of the DsbC α-helix deletion mutants in the 

refolding of reduced RNase A was evaluated by monitoring the increase in cyclic AMP 

hydrolysis rate by active RNase A, as a function of time. In this reaction an initial lag 

phase that corresponds to the oxidation of RNase A is observed, followed by an increase 

in the rate of hydrolysis of cyclic AMP, as more native enzyme accumulates (18). In this 

assay, DsbC deletion mutants exhibited significantly lower isomerase activity relative to 

the wild type enzyme (Table 4.2). The reductase activity of the purified enzymes was 

determined by monitoring insulin reduction in the presence of DTT which results in the 

aggregation of insulin and a concomitant increase in turbidity (16). The deletion mutants 

exhibited substantial reductase activity, although lower than that of the wild type enzyme 

(Table 4.2). In contrast to the data presented in Figure 4.2, deletions of 1 or 3 amino acids 

for the most part did not result in different disulfide isomerase and reductase activities 

relative to the DsbCα∆2 and DsbCα∆4 mutants. Thus, it appears that the differential 

oxidase and isomerase activities observed in Figure 4.2 do not reflect the intrinsic 

catalytic properties of the enzymes per se, but rather the outcome of modified in vivo 

interactions with DsbB, and possibly DsbD.    
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Table 4.2. In vitro activity of purified DsbC and α-helical deletion mutant. 

 

 

 

 

 

 

 

 

 

 

4.3.4 In vivo characterization of the α-helix deletion mutants of DsbC homologues. 

Among the homologous bacterial oxidoreductases analyzed in Chapter 2, DsbCs 

from H. influenzae and Y. pseudotuberculosis were selected to investigate the effect of 

mutations in the α-helical linker on the biological activity of the molecule. In analogous 

fashion to the E. coli DsbC, a series of mutants carrying deletions of amino acids 66 

(DsbC∆α1), 66-67 (DsbC∆α2), 66-68 (DsbC∆α3), and 66-69 (DsbC∆α4) of the H. 

influenzae and Y. pseudotuberculosis mature proteins was constructed. The genes 

encoding the dsbC deletions were cloned in the medium copy number plasmid pBAD33.  

Enzyme µM/min/µM Enz  *10-3 ∆A650nm/min-2

- - 0
DsbC 0.028 ± 0.003 6.01 ± 0.11

DsbCα∆1 0.0042 ± 0.0004 4.48 ± 0.27
DsbCα∆2 0.0044 ± 0.0003 2.03 ± 0.16
DsbCα∆3 0.0064 ± 0.0006 3.72 ± 0.15
DsbCα∆4 0.0073 ± 0.0001 5.03 ± 0.22

RNAse
Refolding*†

Insulin 
Reduction*

Enzyme µM/min/µM Enz  *10-3 ∆A650nm/min-2

- - 0
DsbC 0.028 ± 0.003 6.01 ± 0.11

DsbCα∆1 0.0042 ± 0.0004 4.48 ± 0.27
DsbCα∆2 0.0044 ± 0.0003 2.03 ± 0.16
DsbCα∆3 0.0064 ± 0.0006 3.72 ± 0.15
DsbCα∆4 0.0073 ± 0.0001 5.03 ± 0.22

RNAse
Refolding*†

Insulin 
Reduction*

†The activities were determined from a plot of isomerization velocity 
against Enzyme concentration 

*Data expressed as mean ± standard deviation (n = 3-8)

†The activities were determined from a plot of isomerization velocity 
against Enzyme concentration 

*Data expressed as mean ± standard deviation (n = 3-8)
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The ability of the H. influenzae and Y. pseudotuberculosis DsbC mutant enzymes 

to assist the folding of vtPA in the periplasm of E. coli was tested. Although all of the 

DsbC mutant enzymes supported the folding of vtPA, the deletion of one or three amino 

acids in the α-helical linker of either disulfide isomerase resulted in the formation of 

DsbC molecules with isomerase activity similar to the wild type, whereas deletions of 

two or four amino acids in the same region of the molecules caused a decrease of more 

than 50% in the yield of active vtPA (Fig. 4.5A). We also investigated the ability of H. 

influenzae and Y. pseudotuberculosis DsbC deletion mutants to complement the 

phenotype of a dsbA- strain. As shown in Figure 4.5B, all of the DsbC mutants restored 

motility upon overexpression in a dsbA strain and, therefore, served as catalysts of 

oxidation in the periplasm of E. coli. For both Haemophilus and Yersinia the deletion of 

two and four amino acids gives rise to motility halos considerably larger than the deletion 

of one or three amino acids. Clearly, the inverse correlation in the isomerase and oxidase 

activities of E. coli DsbC deletion mutants described above is also observed in the 

homologous DsbCs analyzed.  
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Figure 4.4.  In vivo activity of H. influenzae and Y. pseudotuberculosis DsbC deletion 
constructs. (A) Yield of active vtPA. DHB4 transformed with pTrcStIIvtPA and pBAD 
derivatives encoding the respective H. influenzae (grey bars) and Y. pseudotuberculosis 
(black bars) DsbC deletion proteins were grown in LB medium and vtPA activity was 
determined as described in Fig 4.2B. (B) Cell-motility assays. Motility of MC1000 dsbA 
cells transformed with the following: (1) pBADHinfdsbC; (2) pBADHinf 1; (3) 
pBADHinfα2; (4) pBADHinfα3; (5) pBADHinfα4; (6) pBADYpsedsbC; (7) 
pBADYpse 1; (8) pBADYpseα2; (9) pBADYpseα3; (10) pBADYpseα4; (11) MC1000 
dsbA; and (12) MC1000 grown in low-phosphate media. Cultures were diluted and plated 
as described in Fig 4.2E. 
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4.4 DISCUSSION 

 

In this study we examined the effects of deletions in the α-helical linker of the 

DsbC on its ability to resist oxidation by DsbB, and on the catalysis of disulfide bond 

isomerization in vivo and an in vitro. In contrast to the full length enzyme, even a single 

amino acid deletion in the α-helical linker enabled DsbC to complement the loss of 

disulfide bond formation in dsbA cells. The level of PhoA activity and cell motility varied 

depending on the α-helical linker deletion (Fig. 4.2 D and E, see below). This effect was 

completely dependent on recycling by DsbB in vivo. Examination of the kinetics of 

oxidation of DsbCs by DsbB in the presence of a suitable electron acceptor in vitro 

revealed that any deletion in the linker renders DsbC significantly more susceptible to 

oxidation (Fig 4.3).   

This gain of oxidase activity did not abolish the disulfide isomerase activity of the 

mutant DsbC enzymes. All the mutant enzymes catalyzed disulfide isomerization of both 

vtPA and the native E. coli protein AppA, in a DsbD-dependent manner, albeit generally 

with reduced efficiency (Fig. 4.2B and C). As expected, catalysis of disulfide bond 

rearrangement by the mutant DsbCs was completely dependent on reduction by DsbD.  

The enzymes that displayed a higher ability to assist the folding of proteins with multiple 

disulfides in a dsbA+ background were those that exhibited a lower oxidase activity in 

dsbA- cells. A lower oxidase activity indicates that a smaller fraction of the enzyme is 

oxidized by DsbB at steady state, therefore lowering the relative amount of reduced DsbC 

that is able to function as an isomerase.   
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Remarkably, all the α-helical linker truncations examined here were capable of 

serving as the sole catalyst for both protein thiol oxidation in a dsbA background and for 

disulfide bond isomerization. For this to occur, enzyme that has been oxidized by DsbB 

must co-exist at steady state with enzyme that has been reduced by DsbD. In this scenario 

a portion of oxidized DsbC molecules would be expected to be directly reduced by DsbD 

before they can transfer their disulfides into periplasmic protein substrates. Conversely, 

some of the reduced DsbCs may undergo direct oxidation by DsbB without having 

participated in disulfide isomerization. This process should result in an unproductive 

electron relay from NADPH, which is used for the reduction of DsbD by thioredoxin, 

then to the mutant DsbC, to DsbB and finally to the quinones and eventually molecular 

oxygen. This process would be expected to expend energy in an unproductive manner 

that could drain the cell’s resources. However, expression of the mutant DsbCs in a dsbA 

background did not impair cell growth compared to the parental strain (data not shown).  

Perhaps the unproductive electron flux in the NAPDH-DsbD-DsbC-DsbB-O2 cycle is 

small, and therefore does not pose a significant burden on the cell, at least under 

laboratory conditions. 

The in vivo and in vitro function of homologues from H. influenzae, P. 

aeruginosa, V. cholerae, E. chrysanthemi, and Y. pseudotuberculosis are described in 

Chapter 2. From the results obtained it is concluded that these homologous DsbC are in 

fact isomerases, and that the structural features responsible for the interaction of DsbC 

with DsbD are in general conserved among different bacterial species. Moreover, it is 

suggested that bacterial disulfide isomerases employ similar mechanisms to avoid 

oxidation by DsbB. In complete accordance with the findings regarding the E. coli DsbC, 
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deletions in the α-helical linker of the H. influenza and Y. pseudotuberculosis DsbCs 

allowed the mutant enzymes to complement the phenotypes displayed by dsbA cells. 

These results argue that the linker region, and presumably the geometry of the active sites 

in DsbC enzymes (see below), has evolved to evade improper oxidation in the periplasm 

of bacterial cells. 

Interestingly, the effect of sequential deletions in the linker of the E. coli, H. 

influenza and Y. pseudotuberculosis gave the same pattern of in vivo oxidation and 

isomerization activities. Deletion of either 1 or 3 amino acids resulted in higher in vivo 

disulfide isomerase activities and lower oxidase activities. In contrast, truncation of 2 or 4 

amino acids resulted in better complementation of dsbA phenotypes, but lower yields of 

vtPA which folding depends on disulfide isomerization. This dependence of in vivo 

isomerization and oxidation activity on the linker length does not stem from the intrinsic 

catalytic properties of the enzymes per se. Biochemical analysis of the E. coli DsbCα∆1- 

DsbCα∆4 enzymes revealed relatively small differences in isomerization activity, as 

determined in the RNAse A refolding assay. All the DsbC deletion mutants showed 

comparable activity in the RNAse A assay (which however was lower than the wild type 

E. coli enzyme (between 15-26%)) and did not correlate with the ability of the enzymes 

to support disulfide bond isomerization in vivo. For example, DsbC∆1 and DsbC∆2 

showed identical specific activities (Table 4.2), yet the former resulted in a 2-fold higher 

yield of vtPA and AppA in vivo. Similarly, reductase activities, determined from the rate 

of reduction of insulin, could not explain the trends observed in vivo.   
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Given that the dimerization region and the thioredoxin catalytic domain of DsbC 

are able to fold independently, and are stable on their own (22), it is unlikely that a 

truncation in the linker results in any major conformational changes in either of these 

domains.  Rather, deletion of an amino acid in the linker would be expected to (a) slightly 

shorten the α-helix and (b) cause a rotation of the end of the helix and possibly the entire 

catalytic domain, including the CGYC active site  by 100º per amino acid deleted, 

relative to the axis of symmetry of the molecule (Fig. 4.1).  The reduction in the length of 

the α-helix per amino deleted is small (1.5 Å) and would result in an equal shortening of 

the distance between the peptide binding cleft (in the cleft formed by the dimerization 

domain) (3) and the catalytic center.  While it is possible that the shortening of the linker 

by itself may be the main reason for the observed differences in the in vivo and in vitro 

properties of the DsbCα∆s, it should be noted that the two DsbC family enzymes whose 

structures are known (E. coli DsbC and DsbG) have different linker lengths. However, in 

all three enzymes the catalytic sites are oriented parallel to each other and at 90º with 

respect to the long axis of symmetry. Thus we believe that the effect of linker deletions is 

more likely to arise from the rotation of the two active sites with respect to each other.  

Even a slight deviation of the active sites from the perfect orientation seen in wild type 

DsbC (for example a rotation of the CGYC motif by -60º would be expected to occur in 

the DsbCα∆3 mutant, relative to the wild type enzyme Fig. 4.1) seems to impact the 

interaction of the proteins with DsbB and DsbD. Still, it is not clear why a rotation of the 

active sites by 100º in DsbCα∆1 would give rise to a protein that is more readily reduced 

by DsbD and more resistant to oxidation by DsbB compared to the DsbCα∆4 mutant 
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where the active sites would be expected to be rotated by only 60º. Similarly, it would be 

interesting to determine whether the two misaligned active sites in the DsbCα∆s can both 

interact simultaneously with DsbDα, as is the case with the wt DsbC dimer. Delineation 

of these effects will have to await the high resolution structure of the DsbCα∆-DsbDα 

complex, which is currently in progress.   

In bacteria, large kinetic barriers prevent the flow of electrons between enzymes 

of the Dsb pathway. Non-physiological interactions between DsbA-DsbD, DsbC-DsbA 

and DsbC-DsbB are in fact three to seven orders of magnitude slower than biologically 

relevant interactions (1). Bader et al. showed that mutations that abolish the dimerization 

of DsbC allow the protein to serve as a weak oxidant in a DsbB dependent manner, 

leading to the suggestion that the dimeric structure of the enzyme is responsible for its 

resistance to oxidation by DsbB (4). However, it now appears that it is not the dimeric 

nature of the enzyme per se that prevents the interaction of the DsbC active site with the 

catalytic center of DsbB, but rather more subtle conformational features that probably 

relate to the geometry and orientation of the active sites in the overall structure of the 

molecule. 
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Chapter 5       

De novo Engineering of a Disulfide Bond Isomerase 

 

5.1 INTRODUCTION 

 

As explained in the previous chapters, the limiting step in the folding of multi 

disulfide eukaryotic proteins in the bacterial periplasm is often the isomerization of non-

native disulfides. In an attempt to engineer bacterial cells for the expression of 

recombinant proteins, we have sought out to expand on the molecular mechanism of 

disulfide isomerase function. The findings described in previous chapters suggest that the 

basis of the catalytic activity of DsbC resides in its V-shaped dimeric structure, which 

allows for the formation of a substrate binding cleft with hydrophobic nature and 

chaperone activity, and in the presence of two catalytic thioredoxin domains. 

Furthermore, the results presented in Chapter 4 showed that the relative orientation of the 

active sites in the thioredoxin domains is crucial to the catalytic function of the molecule. 

We sought to determine whether a designed protein that has no amino acid homology 

with DsbC, yet captures the aforementioned features of the enzyme, namely:  (i) a V-

shaped architecture with (ii) a peptide binding cleft (iii) linked via a α-helical linker to 

(iv) two thioredoxin catalytic domains, is capable of catalyzing disulfide bond 

isomerization in bacteria. If this design were to prove functional, then the implication 
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would be that we have identified all the key components that a protein must possess in 

order to be able to catalyze disulfide bond formation.   

The E. coli periplasm contains two classes of enzymes that assist the folding of 

proteins by catalyzing covalent modification: enzymes that catalyze the reduction and 

oxidation of disulfide bonds (the dsb family), and enzymes that catalyze cys/trans 

peptidyl-prolyl isomerization reactions (PPIase) (1). Among the members of the latter, 

FkpA has been recently biochemically characterized, and its crystal structure has been 

solved (2).  FkpA is a homodimeric V-shaped protein which exhibits a similar gross 

topology to DsbC. Each monomer in FkpA is formed by an N-terminal dimerization 

domain and a C-terminal catalytic domain, joined by a long α-helical linker. The two 

domains are structurally and functionally independent. The dimerization domains form a 

binding pocket for the interaction with the substrate, and it has been shown to have 

chaperone activity (2-4). Despite FkpA’s overall structural resemblance to DsbC, the two 

molecules have no amino acid homology.  

We constructed a series of artificial enzymes composed of an N-terminal domain 

derived from FkpA that allows for dimerization and provides a substrate binding region, 

and a C-terminal thioredoxin domain derived from DsbA. The ability of these enzymes to 

function as isomerases in vivo, and their in vitro characterization is described. 
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5.2 MATERIALS AND METHODS 

 

5.2.1 Strains and plasmids 

The bacterial strains and plasmids used in this study are listed in Table 5.1.  The 

FkpA-DsbA chimera genes were constructed by overlap extension PCR using the primers 

listed in Table 5.1, digested with  XbaI and HindIII and cloned into pBAD33 (5). All the 

chimeras contain a C-terminal hexahistidine tag. For protein purification purposes the 

gene fusions were digested with XbaI and HindIII, ligated into pET28(a) and transformed 

into E. coli BL21(DE3) cells. 
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Table 5.1 Strains, plasmids and primers used in this study 

 

Strains and Plasmids Relevant Genotype Source

DH5α F-(f80dlacZ-M15,) -(lacIZYA-argF)U169 deoR recA1 Laboratory Collection
endA1 hsdR17(rk-,mk+) supE44, thi-1 gyrA96, relA1

DHB4 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Laboratory Collection
rpsL150 relA1 thi phoA (PvuII) phoR malF3 F'[lac+(lacI) pro]

MC1000 araD139 (araA-leu)7679  (codB-lac )X74 galE15 galK16 Ref. 21
rpsL150 relA1 thi F'[lac+(lacI) pro]

LM106 MC1000 dsbA::kan5 Laboratory Collection
LM102 MC1000 dsbB::kan5 Ref. 22
PB351 SF100 ∆degP::kan  ∆dsbC Ref. 23
PB401 SF100 ∆degP::kan  ∆dsbA Ref. 23
BL21(DE3) F ompT dcm  (DE3) Laboratory Collection

pET-28(a) T7 expression vector, C-terminal 6× histidine tag Novagen
pBADdsbC DsbC from Escherichia coli  in pBAD33 Laboratory Collection
pBADdsbA DsbA in pBAD33 Laboratory Collection
pTrcStIIvtPA tPA(D6-175) with StII leader in pTrc99A Ref. 24
pBAD-FkpADsbA1 FkpA(1-114) fused to DsbA(1-189) in pBAD33 This work
pBAD-FkpADsbA2 FkpA(1-114) fused to DsbA(2-189) in pBAD33 This work
pBAD-FkpADsbA3 FkpA(1-114) fused to DsbA(3-189) in pBAD33 This work
pBAD-FkpADsbA4 FkpA(1-114) fused to DsbA(4-189) in pBAD33 This work
pBAD-FkpADsbA5 FkpA(1-114) fused to DsbA(5-189) in pBAD33 This work
pET28-FkpA-DsbA1 FkpA(1-114) fused to DsbA(1-189) in pET28 This work
pET28-FkpA-DsbA2 FkpA(1-114) fused to DsbA(2-189) in pET28 This work
pET28-FkpA-DsbA3 FkpA(1-114) fused to DsbA(3-189) in pET28 This work
pET28-FkpA-DsbA4 FkpA(1-114) fused to DsbA(4-189) in pET28 This work
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Table 5.1 (continued) 

 
Primers

XbaIDsbCss.f GAGCTCGAATTCTCTAGATTAAAGAGGAGAAAGGTACCCATGATGAAGAAAGGTTTTAT
1.f ATGAAGAAAGGTTTTATGTTGTTTACTT
2.r AAGCCTGAAAACGCCGCTAACAAAGTAAACAACATAAAACCTT
3.f GTTAGCGGCGTTTTCAGGCTTTGCTCAGGCTGCTGAAGCTGCA
4.r TGTCAGCAGCTGTAGCAGGTTTTGCAGCTTCAGCAGCCTGAGC
5.f AACCTGCTACAGCTGCTGACAGCAAAGCAGCGTTCAAAAATGA
6.r TGCATAAGCTGATTTCTGATCGTCATTTTTGAACGCTGCTTTG
7.f GATCAGAAATCAGCTTATGCACTGGGTGCCTCGCTGGGTCGTT
8.r TCTTTTAGAGAGTTTTCCATGTAACGACCCAGCGAGGCACCCA
9.f CATGGAAAACTCTCTAAAAGAACAAGAAAAACTGGGCATCAAA
10.f CGATCAGCTGATCTTTATCCAGTTTGATGCCCAGTTTTTCTTG
11.f TGGATAAAGATCAGCTGATCGCTGGTGTTCAGGATGCATTTGC
12.r GTCGGAGAGTTTGCTCTTATCAGCAAATGCATCCTGAACACCA
13.f GATAAGAGCAAACTCTCCGACCAAGAGATCGAACAGACTCTAC
14.r TTCACGCGAGCTTCGAATGCTTGTAGAGTCTGTTCGATCTCTT
15.f AGCATTCGAAGCTCGCGTGAAGTCTTCTGCTCAGGCGAAGATG
16.r CGTTATCAGCCGCGTCTTTTTCCATCTTCGCCTGAGCAGAAGA
17.f AAAAAGACGCGGCTGATAACGAAGCAAAAGGTAAAGAGTACCG
18.r TTTCTCTTTGGCAAATTTCTCGCGGTACTCTTTACCTTTTGCT
fkpA11-dsbA1.r CTGTTTACCATCTTCATACTGCGCTTTCTCTTTGGCAAATTTC
fkpA11-dsbA2.r GTAGTGTACTGTTTACCATCTTCATACTGTTTCTCTTTGGCAAATTTC
fkpA11-dsbA3.r CAGGGTAGTGTACTGTTTACCATCTTCATATTTCTCTTTGGCAAATTTC
fkpA11-dsbA4.r CAGGGTAGTGTACTGTTTACCATCTTCTTTCTCTTTGGCAAATTTC
fkpA11-dsbA5.r CAGGGTAGTGTACTGTTTACCATCTTTCTCTTTGGCAAATTTC
fkpAdsbA1.f GAAATTTGCCAAAGAGAAAGCGCAGTATGAAGATGGTAAACAG
fkpAdsbA2.f GAAATTTGCCAAAGAGAAACAGTATGAAGATGGTAAACAGTACACTAC
fkpAdsbA3.f GAAATTTGCCAAAGAGAAATATGAAGATGGTAAACAGTACACTACCCTG
fkpAdsbA4.f GAAATTTGCCAAAGAGAAAGAAGATGGTAAACAGTACACTACCCTG
fkpAdsbA5.f GAAATTTGCCAAAGAGAAAGATGGTAAACAGTACACTACCCTG
DsbAHisHindIII.r TTTTTAAGCTTTTAGTGGTGGTGGTGGTGGTGTTTTTTCTCGGACAGATATTTCA
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5.2.2 In vivo disulfide bond formation and isomerization 

To determine the effect of the FkpA-DsbA chimera constructs on the folding yield 

of a truncated version of the human tissue plasminogen containing 9 disulfide bonds, 

(vtPA, comprising of the catalytic and kringle 2 domains of the full length protein), E. 

coli DHB4 (araD139 (araA-leu)7679 (codB-lac)X74 galE15 galK16 rpsL150 relA1 thi 

phoA (PvuII) phoR malF3 F'[lac+(lacI) pro]) and E. coli PB401 (SF100 ∆degP::kan, 

dsbA::kan) were co-transformed with pBAD33 derivatives encoding the chimera genes, 

and with pTrcStIIvtPA, a pTrc99 derivative encoding the vtPA gene fused to the stII 

leader peptide. Cultures were grown at 30°C in 15 ml of LB medium with 50 µg/ml of 

ampicillin and 25 µg/ml of chloramphenicol. Cells were diluted 1:100 from overnight 

cultures, grown to OD600 of 0.8, and arabinose was added to a final concentration of 

0.2%; 30 min later, vtPA synthesis was induced with 1 mM isopropyl-β-D-

thiogalactopyranoside (IPTG). Following growth for three additional hours, 6 ml aliquots 

were pelleted by centrifugation and stored at –20°C. The pellets were resuspended in cold 

PBS as needed to normalize the number of cells per sample, and lysed with a French 

press. Insoluble material was removed by centrifugation (12,000 × g, 10 min at 4°C), and 

the soluble protein concentration was determined by the Bio-Rad protein assay. tPA 

activities were obtained by first diluting the samples in 50 mM Tris-HCl (pH 7.4) with 

0.01% Tween 80 to a final protein concentration of 0.5 µg/µl.  30 µl of the diluted cell 

lysates were added to 250 µl of the same buffer containing 0.04 µg/µl of human Glu-type 

plasminogen (American Diagnostica, Greenwich, CT), and 0.4 mM Spectrozyme PL 

(American Diagnostica), incubated at 37°C, and the change in A405 was monitored. To 
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study the in vivo oxidase activity of the chimeric proteins, E. coli LM106 (MC1000 

dsbA::kan5) and LM102 (MC1000 dsbB::kan5) were transformed with the appropriate 

pBAD33 plasmid derivatives. Overnight cultures were grown in LB medium with 50 

µg/ml of kanamycin and 25 µg/ml of chloramphenicol, and diluted 1:100 in low 

phosphate minimal medium containing MOPS salts, 0.2% glycerol, 0.2% glucose, 0.2% 

casein amino acids, and 0.5 µg/ml thiamine, with 50 µg/ml of kanamycin and 25 µg/ml of 

chloramphenicol. When the cell density reached OD600=0.4, arabinose was added to a 

final concentration of 0.2% w/v. Four hours later, cells were collected and mixed with 0.4 

M iodoacetamide and lysis buffer (B-PERTM, Pierce) in a 1:2 ratio. The activity of 

alkaline phosphatase was determined as described previously (6). 

 

5.2.3 Expression, purification, and biochemical assays 

For the purification of the FkpA-DsbA chimera proteins, the appropriate genes 

were cloned behind the T7 promoter in pET28(a), and the resulting plasmids were 

transformed into E. coli BL21(DE3). Protein expression and purification was performed 

as previously described (7). All proteins used in this study were more than 95% pure as 

judged by Coomassie Brilliant Blue-stained SDS-PAGE gels. 

The rate of insulin reduction in the presence of DTT was determined as previously 

described (8). The change of A650 in the reaction was monitored as a direct measure of the 

aggregation of reduced insulin, and the  activity is expressed as the ratio of the initial 

slope of the turbidity curve to the lag time (9). The renaturation of reduced, denatured 

RNase A was determined as described by Lyles and Gilbert (10). The protection of citrate 
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synthase from thermal inactivation was monitored according to (11). The rate of thermal 

inactivation obtained with or without 0.4 µM chaperone was determined.  
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5.3 RESULTS 

 

5.3.1 Construction of the FkpA-DsbA chimera enzymes 

The FkpA molecule is a homodimeric V-shaped molecule with overall structural 

architecture similar to DsbC. Each monomer is composed of an N-terminal dimerization 

domain (residues 1-114) and a C-terminal catalytic domain (residues 115-224) (Fig. 5.1). 

Residues 70-114 form a long α-helical linker that joins the two independent domains in 

each monomer. We constructed a series of fusions encoding the dimerization domain of 

FkpA fused to the 1st, 2nd, 3rd, 4th, or 5th residue of mature DsbA (DsbA(1-189), DsbA(2-

189), DsbA(3-189),  DsbA(4-189), and DsbA(5-189) respectively, generating the 

respective molecules FkpA-DsbA1, FkpA-DsbA2, FkpA-DsbA3, FkpA-DsbA4, and 

FkpA-DsbA5 (Fig. 5.1). As explained in Chapters 3 and 4, differences in the nature of the 

amino acid region joining the two structurally independent domains is supposed to result 

in different orientations of the portion of the chimera protein at the C-terminal of the 

helical linker, i.e. the catalytic active sites. The fkpA-dsbA gene fusions were placed 

downstream from the arabinose promoter in the medium copy number plasmid pBAD33 

(5). Following induction of protein expression with arabinose, the wild type DsbC and all 

the FkpA-DsbA chimeras accumulated to nearly identical levels, as determined by 

Western blotting with a polyclonal antibody that recognizes the C-terminal His tag (data 

not shown).   
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Figure 5.1 Schematic representation of DsbC, DsbA, and FkpA, and domain composition 
of the FkpA-DsbAs 
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5.3.2 Disulfide bond formation and isomerization in vivo 

The folding of multi disulfide containing proteins in the periplasm of E. coli 

occurs through the rapid, non-specific and oxidation of cysteines by DsbA, and is limited 

by the need for subsequent isomerization of non-native disulfides (12,13). The folding of 

at least three native proteins, the periplasmic acid phosphatase AppA or phytase, the 

peptidoglycan amidase MepA, and RNase I have been shown to depend on the presence 

of DsbC (12). In addition, the folding of a number of heterologous proteins has been 

shown to require overexpression of DsbC (14-17). We have previously shown that the 

yield of active vtPA, a truncated version of human tissue plasminogen activator 

containing 9 disulfide bonds, depends on the DsbC expression level (18). Overexpression 

of DsbC from pBAD33 results in a 25-fold increase in yield of active vtPA compared to 

the yield obtained in cell expressing DsbC from its chromosomal copy or in cells 

overexpressing DsbA ( (18) and Fig. 5.2A). The results presented in chapter 3 revealed 

that the expression of DsbC-DsbA chimeras, in which the catalytic domain of DsbC had 

been replaced with DsbA, afforded vtPA yields comparable to those obtained when 

overexpressing wild type DsbC under the same conditions (7). Similarly, we found that 

the FkpA-DsbA chimeras resulted in vtPA yields comparable to those provided by wild 

type DsbC. In particular, FkpA-DsbA2, FkpA-DsbA3, and FkpA-DsbA4 supported the 

folding of vtPA with yields 80, 55, and 67% of the yield of active protein obtained with 

wild type DsbC (Fig.5.2A). In addition, only background levels of active vtPA were 

detected in dsbD cells expressing any of the FkpA-DsbA chimeras (data not shown). This 

suggests that the activity of the chimera proteins depends on their recycling by DsbD and 

leads to the rearrangement of non native disulfide bonds.    
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Because the FkpA-DsbAs’ catalytic domain is represented by the DsbA molecule, 

the possibility is raised that these enzymes, in analogy to the DsbC-DsbAs chimeras 

discussed in Chapter 3, could simultaneously catalyze the oxidation and the 

rearrangement of non native disulfides in dsbA cells. The folding of vtPA, in addition to 

requiring the overexpression of DsbC, is also dependent on the presence of a protein 

oxidant, namely DsbA. Therefore, in strain SF100 dsbA only background levels of active 

vtPA are observed. Multicopy expression of DsbC, in this strain background, also failed 

to yield active vtPA, since DsbC cannot serve as an efficient protein oxidant (Fig. 5.2A). 

In contrast, we found that expression of one of the artificial disulfide isomerases, FkpA-

DsbA3, afforded the same yield of active vtPA in cells with or without dsbA. The level of 

vtPA activity in this case was 13-fold higher than in dsbA cells without plasmid. The 

other FkpA-DsbA chimeras however at best showed weak vtPA folding activity in dsbA 

cells (Fig. 5.2A).   

To verify that the ability of the chimeras to assist the folding of vtPA in a dsbA 

background is depends on the molecules’ oxidase activity, we examined whether they 

could complement the phenotypes caused by the absence of DsbA. In particular, dsbA 

mutant strains display very low alkaline phosphatase (PhoA) activity. Similarly to DsbC, 

FkpA-DsbA1 which did not give vtPA activity above background in a dsbA host was also 

not able to catalyze the formation of enzymatically active PhoA in MC4100 dsbA cells 

(Fig. 5.2B). However, the other four FkpA-DsbAs were able to support protein oxidation 

to various degrees. In E. coli MC1000 dsbA grown in low phosphate media, the PhoA 

activity is 30-fold lower than in its isogenic parent. Co-expression of FkpA-DsbA2, 

FkpA-DsbA3, FkpA-DsbA4, and FkpA-DsbA5 restored PhoA activity to respectively 43, 
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67, 35, and 28% of the value obtained in the parental strain MC1000 (Fig. 5.2B).  None 

of the FkpA-DsbA chimeras could restore PhoA activity in dsbB cells (Fig. 5.2B) 

suggesting that the oxidase activity observed in dsbA cells is dependent on the oxidation 

of the FkpA-DsbA chimeras by DsbB.    
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Figure 5.2. Disulfide-bond formation in vivo. (A) Yield of active vtPA in dsbC or dsbA 
cells and relative expression levels of the FkpA-DsbA proteins. PB351 (SF100 dsbC), 
or PB401 (SF100 dsbA) transformed with pTrcStIIvtPA and pBAD derivatives encoding 
the respective fusion proteins were grown in LB media. Protein synthesis was induced as 
described in Materials and Methods, and the yield of active vtPA at 3 h after induction 
was determined. Relative activities were obtained by dividing the A405 (absorbance of 
each strain subtracted of the background consisting of a strain not expressing tPA) by the 

A405 of a strain expressing vtPA alone. (B) PhoA activity. Effect of the expression of the 
chimeric proteins on alkaline phosphatase activity in the periplasm of MC1000 dsbA 
(white bars) and MC1000 dsbB (black bar). The alkaline phosphatase activity of the 
parental isogenic strain MC1000 is shown by the gray bar. Cells were induced with 0.2% 
arabinose, harvested in mid-log phase, and lysed, and activity assays were conducted as 
described in the Materials and Methods section. 
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5.3.3 Biochemical Studies 

The FkpA-DsbA2, FkpA-DsbA3, FkpA-DsbA4, and FkpA-DsbA5 chimeras, and 

DsbC as a control were purified by IMAC chromatography and their oligomerization 

status was analyzed by gel filtration FPLC. All the proteins eluted exclusively as dimers 

(data not shown).  

The insulin reduction activity (19) of the FkpA-DsbA chimeras was 7-10% of that 

of DsbC (Table 5.2). For comparison, DsbA has about 10% of the activity of DsbC in this 

assay (Chapter 3, Table 3.2).  All the chimeras exhibited low disulfide isomerase activity 

in the refolding of reduced RNAse A. FkpA-DsbA2, FkpA-DsbA3, FkpA-DsbA4, and 

FkpA-DsbA5, and DsbCdαN-TrxA displayed from 15 to 21 % of the isomerase activity 

of DsbC, which in turn was 8-fold less active than PDI.  

The chaperone activity of the chimeras was evaluated based on the protection of 

citrate synthase from thermal inactivation. All the artificial disulfide isomerases exhibited 

chaperone activity to similar extent to DsbC. The half-life of denaturated CS is used as an 

indication of the enzyme chaperone activity. At a 2.7 fold stoichiometric excess, the half-

life of CS incubated with FkpA-DsbA2, FkpA-DsbA3, FkpA-DsbA4, and FkpA-DsbA5 

was observed to be respectively 0.8, 0.6, 1.2, and 0.9-fold the value obtained using DsbC 

as a chaperone (Table 5.2). 
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Table 5.2 In vitro activities of purified enzymes 

 

 

 

 

 

 

 

 

 

 

 

Enzyme µM/min/µM Enz  *10-3 ∆A650nm/min-2 CS t1/2 (min) µ (min-1)

- - - 0.94 ± 0.01 0.51 ± 0.01
DsbC 0.067 ± 0.012 5.81 ± 0.21 3.15 ± 0.05 0.22 ± 0.02

FkpA-DsbA2 0.012 ± 0.001 0.45 ± 0.11 2.46 ± 0.04 0.17 ± 0.06
FkpA-DsbA3 0.013 ± 0.001 0.43 ± 0.13 2.01 ± 0.05 0.36 ± 0.06
FkpA-DsbA4 0.014 ± 0.003 055 ± 0.12 3.82 ± 0.06 0.45 ± 0.22
FkpA-DsbA5 0.01 ± 0.001 0.38 ± 0.16 2.71 ± 0.07 0.26 ± 0.09

RNAse
Refolding*†

Insulin 
Reduction*

Citrate Synthase
Inactivation
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5.4 DISCUSSION 

In the previous chapters, we reported a number of complementary strategies for 

elucidating the molecular features of DsbC function. In particular, from the conclusions 

of the studies reported in chapters 3 and 4, we could hypothesize that the molecular 

requirements for a protein that can catalyze isomerization of non-native disulfides in vivo 

are: (i) the presence of a peptide binding cleft with chaperone activity, and (ii) the 

presence of two catalytic domains with thioredoxin fold. In addition, the overall 

molecular topology of disulfide isomerases must depend on (iii) the relative orientation of 

the active sites, which is in turn influenced by the nature of the α-helical linker 

connecting the thioredoxin domain to the rest of molecule (7). The aim of the work in this 

chapter was to examine whether a designed protein that has no amino acid homology 

with DsbC, but is engineered to include the features mentioned above, is able to assist the 

folding of multi disulfide containing proteins when overexpressed in the periplasm of E. 

coli.    

Artificial enzymes were designed to resemble the gross topology of DsbC, i.e. a 

V-shaped homodimeric molecule that contains a region for the binding with the substrate 

between the arms of the V. As mentioned in the introduction, FkpA is a homodimeric V-

shaped protein with cis/trans peptidyl-prolyl isomerase activity in which each monomer 

is formed by an N-terminal dimerization domain and a C-terminal catalytic domain, 

joined by a long α-helical linker. The two structural domains have been demonstrated to 

be stable on their own, and to function independently (2). In particular, the dimerization 

domain exhibits chaperone activity and it has been reported to form a binding pocket for 
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the interaction with the substrate (3). We constructed a series of artificial enzymes 

composed by the minimal FkpA N-terminal domain that has been shown to exhibit 

chaperone activity, which includes a long α-helical liker at the C-terminus (2), fused to 

the DsbA molecule (Fig. 5.1).  

In vivo studies revealed that the FkpA-DsbA chimeras constructed are able to 

catalyze the rearrangement of non-native disulfide bonds. Three of the enzymes, namely 

FkpA fused to the DsbA molecule starting from the 2nd, 3rd, and 4th amino acid residues, 

were able to assist the folding of vtPA in the periplasm of E. coli to degrees comparable 

to the yield of active vtPA obtained overexpressing wild type DsbC (Fig. 5.2A). We 

therefore believe that the artificial enzymes constructed are disulfide isomerases in vivo. 

Moreover, the ability of these artificial enzymes to act as isomerases was dependent on 

the presence of DsbD, demonstrating that their catalytic domains are able to interact with 

DsbD and depend on it for their recycling (data not shown). Therefore, in strict analogy 

to what concluded from the in vivo studies of the DsbC-DsbA chimeras (Chapter 3), we 

present here additional evidence that, although DsbD is able to reduce the monomeric 

DsbA extremely slowly in vitro (20), the steric interactions created by dimerization of 

DsbA allow for the reduction of the artificial disulfide isomerases by DsbD in vivo. From 

gel filtration analysis of the purified proteins, we observed that all the artificial disulfide 

isomerases are present exclusively as dimers (data not shown). Because the in vivo 

folding of active vtPA was analyzed in an E. coli strain where DsbC is expressed in the 

periplasm from the chromosomal gene, the possibility that heterodimeric molecules 

generated by interaction between the dimerization domains of a wild type DsbC 

monomer and of an FkpA-DsbA monomer has not been ruled out. However, we feel that 
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the probability of this scenario is quit unlikely, and that the formation of such 

heterodimers would not significantly increase the yield of active vtPA with respect to the 

yield obtained in the background strain, in which the amount of periplasmic DsbC derives 

only from the chromosomal copy of the gene. In addition, the same study was performed 

overexpressing mutant of the FkpA-DsbA3 enzyme (and DsbC as a control), where the 

N-terminal cysteine in the CXXC active site was substituted with an alanine, to inactivate 

the oxidoreductase activity of the molecule. This substitution completely impaired the 

enzymes’ ability to assist the in vivo folding of vtPA (data not shown), thus we can rule 

out the possibility that the high chaperone activity of FkpA is responsible for the folding 

of vtPA.    

The ability of the artificial disulfide isomerases to simultaneously catalyze 

oxidase activity and rearrangement of non native disulfides in vivo (i.e. assist the folding 

of vtPA in a dsbA- background) was observed to be strictly correlated with their ability to 

complement for the lack of DsbA, and restore alkaline phosphatase activity. In other 

words, we showed that the catalysis of disulfide bond formation during the folding of 

vtPA in dsbA- cells overexpressing the FkpA-DsbA chimeras could be attributed to their 

in vivo oxidase activity, in a DsbB-dependent fashion. For instance the artificial disulfide 

isomerase that displays the highest oxidase activity, FkpA-DsbA3, was also shown to 

assist the folding of vtPA in a dsbA background strain (Fig. 5.2A). This suggests that the 

particular nature of the linker joining the two domains in each monomer influences the 

orientation of the active sites allowing for the reduction by DsbD and oxidation by DsbB 

in the periplasm of the same cell. Likewise, we propose that the moderate degree of 

isomerase activity exhibited by FkpA-DsbA2 and FkpA-DsbA4 in a dsbA- background 
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(Fig. 5.2A) is due to the limited ability of these enzymes to be oxidized by DsbB (Fig 

5.2B). We suggest that the nature of the α-helical linker affects the orientation of the 

catalytic domains, and the propensity of the molecule to be oxidized by DsbB. As a 

result, since the degree of in vivo oxidation is correlated to the amount of protein found in 

the oxidized state in the periplasmic space, the ability of the enzymes to catalyze the 

folding of vtPA in a dsbA- strain is dependent on their oxidase activity. 

The intrinsic isomerase activity of the artificial disulfide isomerases was 

determined using RNase A as a substrate (10). Interestingly, the artificial enzymes 

displayed very low isomerase activity which was only 15-21 % of DsbC’s (Table 5.2). 

This suggests that the artificial disulfide isomerases, similarly to the DsbC-DsbA 

chimeras, might catalyze the rearrangement of non native disulfides by cycles of 

reduction and oxidation of the substrate, rather than by mere catalysis of isomerization. 

As shown in figure x, FkpA-DsbA1 completely resists the oxidation by DsbB, and is 

therefore most likely present in the periplasm in a completely reduced state. In agreement 

with the conclusion suggested above, the yield of active vtPA observed when FkpA-

DsbA1 is overexpressed in the periplasm of a dsbA+ bacterial strain is only slightly 

higher than the value obtained for the background strain. Likewise, FkpA-DsbA5 

moderate oxidase activity is consistent with its limited isomerase activity in vivo. And 

finally, the higher propensity of FkpA-DsbA2, FkpA-DsbA3, and FkpA-DsbA4 to be 

oxidized by DsbB suggests that the fraction of these enzymes present in the oxidized state 

is sufficient to catalyze the folding of vtPA in a dsbA+ strain through cycles of reduction 

and oxidation. However, in dsbA- cells, the artificial disulfide isomerases need to catalyze 

both oxidation and rearrangement of disulfides. In this setting, the timing of oxidation 
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and reduction cycles becomes more stringent, and it is proposed that the steric hindrance 

generated by the specific orientation of the catalytic domains in the FkpA-DsbA2 and 

FkpA-DsbA4 molecules (as opposed to FkpA-DsbA3) delays the interaction with the 

substrate, or the recycling by DsbB and DsbD, resulting in sub-optimal timing of in vivo 

folding.  

The intrinsic reductase activity of the artificial disulfide isomerases was measured 

using insulin as a substrate. The values of reductase activity obtained were only 7 to 10 % 

of the DsbC activity (Table 5.2), which is very similar to the reductase activity displayed 

by DsbA under the same assay conditions. A possible explanation is that because the α-

helical linker in the FkpA-DsbA molecules is considerably longer than that of DsbC, the 

two catalytic domains are kept more separated in the overall three-dimensional structure 

of the artificial enzymes, and, as a result, in vitro, they act on the substrate, insulin, as 

two monomeric DsbA. We also suggest that the reduction of insulin may not be an 

accurate measure of the reductase activity on the periplasm. Similarly to what observed in 

the refolding of RNAse A, the reduction of insulin is a measurement of the enzymes 

reductase activity per se, which therefore does not consider the outcome of possible in 

vivo interactions. 

 Analysis of the artificial molecules in vitro chaperone activity was performed 

using citrate synthase as a substrate, and monitoring the ability of the artificial enzymes 

to prevent the inactivation of thermally denaturated citrate synthase. The chaperone 

activity of the artificial disulfide bond isomerases was found to be comparable to that of 

DsbC.  
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In conclusion, our ability to de novo design a disulfide isomerase reveals that we 

now understand the salient features of these enzymes, and we believe that the results 

obtained from this study will open the way for the engineering of improved catalysts for 

protein expression, metabolic engineering, and medical applications.  
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Chapter 6   

Conclusions and Recommendations 

 

In this work, a number of protein engineering strategies were employed to expand 

our understanding of the molecular mechanism of disulfide bond isomerization. Five 

putative protein disulfide isomerases, DsbCs, from different bacterial species were 

identified and characterized in vitro and in vivo. The structural and functional modularity 

of the main E. coli isomerase, DsbC, was investigated through the design of chimeric 

molecules in which the catalytic domain of DsbC was swapped with thioredoxin domains 

from other oxidoreductases with different activity. The role of the α-helical linker that 

joins the dimerization domain to the thioredoxin domain of DsbC was analyzed.  Finally, 

artificial enzymes with no amino acid homology with DsbC were engineered, and their 

ability to function as isomerases in vivo was demonstrated. 

Five putative dsbC from different gram-positive bacterial strains, with various 

degree of amino acid identity to E. coli DsbC, (Haemophilus influenzae (43.6%), 

Pseudomonas aeruginosa (39.5%), Vibrio cholerae (39.5%), Erwinia chrysanthemi 

(44.1%), and Yersinia pestis (66.4%)), were identified by a BLAST search. Their 

sequences were cloned and the enzymes characterized in vivo and in vitro. Despite the 

considerable degree of amino acid divergence among these proteins, all five enzymes 

were able to assist the folding of vtPA in the periplasm of E. coli to levels essentially 

indistinguishable from those obtained with the E. coli DsbC expressed under identical 
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conditions. This implies that the homologous enzymes could be recycled by E. coli DsbD 

and that they are catalysts of isomerization in vivo.  Moreover, the presence of both DsbA 

and DsbD expressed from the chromosome was shown to be necessary for the enzymes 

isomerase activity, indicating that the enzymes’ isomerase activity is dependent 

respectively, on the oxidation of the substrate protein by DsbA to form disulfide bonds, 

and on the recycling by DsbD. In an analogous fashion to E. coli DsbC, all the 

homologues were unable to complement phenotypes caused by dsbA mutations, 

suggesting that they have employed a similarly conserved mechanism to resist oxidation 

by DsbB. In vitro studies revealed that the five homologous DsbCs display intrinsic 

isomerase, reductase and chaperone activities to an extent comparable with that observed 

for E. coli DsbC. Structural data (obtained in Dr. Robertus laboratory) showed that H. 

influenzae DsbC, which among the five homologues DsbCs has an intermediate degree of 

amino acid identity to E. coli DsbC, has general topology indistinguishable to the E. coli 

protein (1).  

Oxidative protein folding involves two complementary but also competing 

processes: cysteine thiol oxidation, and isomerization of non-native disulfide bonds, 

catalyzed respectively by the DsbA-DsbB and the DsbC-DsbD systems. As a result a 

fully oxidized (DsbA) and a fully reduced (DsbC) catalyst coexist in the same cellular 

environment, but their abnormal interaction, which would cause the establishment of an 

energy consuming futile cycle, is prevented. However, DsbC and DsbA employ the same 

structural domain, based on a thioredoxin-like fold, for catalysis. I have constructed a 

series of DsbC-DsbA chimeras, which consist of the DsbC dimerization domain fused to 

the DsbA thioredoxin catalytic module, in close analogy to the architecture of the 
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authentic DsbC. These enzymes are able to assist the folding of vtPA in vivo in a DsbD-

dependent fashion, and can simultaneously be oxidized by DsbB, substituting for the lack 

of DsbA. The chimeras are maintained in a mixture of reduced and oxidized state in vivo. 

They display in vitro reductase and chaperone activity, but not isomerase activity (2). 

These findings suggest that (i) cycles of reduction of incorrect disulfide bonds, and 

oxidation, rather than the isomerization activity per se, mediate the rearrangement of non 

native disulfides during the folding of vtPA; (ii) dimerization alone cannot account for 

the kinetic isolation of DsbC from DsbB, which in turn must be dictated by additional 

structural features that presumably modulate the accessibility of the active site cysteines 

within the catalytic domain. In addition we hypothesized that the key elements required 

for an enzyme to assist the folding of a multi disulfide containing protein are (a) the 

presence of a substrate binding domain, (b) the presence of two thioredoxin domains in 

close proximity to each other, and (c) the relative orientation of the active sites in the 

final molecule (2). 

To further investigate the features of DsbC that prevent its misoxidation by DsbB 

we constructed a series of DsbC mutants with deletion of one, two, three, or four 

consecutive amino acid residues in the α-helical linker that joins the dimerization domain 

to the catalytic domain of DsbC. Even a single amino acid mutation was shown to 

compromise the ability of DsbC to resist oxidation by DsbB, and remarkably, these 

mutants also retain in vivo isomerase activity. In other words, all the α-helical linker 

truncations examined were capable of serving as the sole catalyst for both protein thiol 

oxidation in a dsbA background (in a DsbB-dependent manner), and for disulfide bond 



 142

isomerization (in a DsbD-dependent manner). This implies that these deletion mutants are 

able to interact with DsbB, as well as recycled by DsbD. Moreover, a clear periodicity 

was observed in the level of isomerase and oxidase activity. The enzymes with 1 and 3 

amino acid deletions assist the folding of vtPA to yields comparable to the yield obtained 

with wild type DsbC, whereas the enzymes with 2 and 4 amino acid deletions display 

isomerase activity of about 50% of that of the wild type enzyme. In an opposite fashion, 

high alkaline phosphatase activity values are obtained in cells overexpressing the 

enzymes with 2 and 4 amino acid deletions, while only half of these values at most are 

afforded by the enzymes with 1 and 3 amino acid deletions. Interestingly, the same 

pattern of in vivo oxidation and isomerization activities was observed for deletion 

mutants of the H. influenzae and Y. pseudotuberculosis proteins. Since the deletion 

mutants failed to catalyze rearrangement of non native disulfides in vitro, we concluded 

that the dependence of in vivo isomerization and oxidation activity on the linker length 

does not stem from the intrinsic catalytic properties of the enzymes per se. Rather, we 

believe that because the deletion of each residue in a α-helix results in the rotation of the 

residues at the C-terminal of the deletion by a 100 degree-angle, deletions in the DsbC 

linker cause the catalytic domain active sites to be rotated of an angle whose magnitude 

depends on the number of amino acids deleted. Therefore, it appears that the relative 

orientation of the active sites in the catalytic domains affects the ability of the deletion 

mutants to be recycled by DsbD, and to resist oxidation by DsbB.    

Finally, in an attempt to conclusively verify that the above mentioned molecular 

features of protein disulfide isomerization are in fact the key requirements for a molecule    

to catalyze the rearrangement of non native disulfides in vivo, we rationally designed a 
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series of artificial enzymes based on the hypothesis implied by the previous studies. 

These molecules were constructed by fusing an N-terminal domain derived from FkpA, 

that allows for dimerization and provides a substrate binding region, and a C-terminal 

catalytic domain with a thioredoxin fold derived from DsbA. Despite having no amino 

acid homology to DsbC, these artificial enzymes are able to assist the folding of vtPA at 

levels essentially indistinguishable from the endogenous bacterial enzymes. In a similar 

fashion to what was described in the previous work, the differences among the 

constructed artificial disulfide isomerases consisted solely in the length of the linker 

region between the two functional domains. Analyses of their in vivo oxidase and 

isomerase activities revealed that, as expected, the nature of the α-helical linker affects 

the ability of the overall molecule to interact with DsbD, and resist oxidation by DsbB. 

Most importantly, the ability of the artificial disulfide isomerases to function as DsbC in 

the periplasm of E. coli revealed that we have in fact identified the key molecular features 

of the mechanism for disulfide bond isomerization in bacterial cells.  
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6.1 RECOMMENDATIONS FOR FURTHER STUDIES 

 

In this work, we reported the discovery of the essential molecular features of 

bacterial protein disulfide bond isomerization. Our ability to de novo design enzymes that 

facilitate the folding process of complex and disulfide bond-containing proteins opens the 

way for the design of more efficient strategies to tailor catalyst for the enhanced 

expression of complex recombinant proteins from higher organisms. In other words, we 

suggest that the key features for disulfide bond isomerization identified in this study be 

used for the development of protein engineering approaches for the evolution of bacterial 

isomerases. 

One of the conclusions repeatedly reported in this work is that for a protein to act 

as catalyst of disulfide bond isomerization, it needs to contain a binding domain for the 

interaction with the substrate. Analysis of DsbC crystal structure points to the presence of 

a number of residues that make up a putative hydrophobic peptide binding clef (3). The 

design of artificial disulfide bond isomerases presented in Chapter 5 was based on the 

presence of a substrate binding region derived from the chaperone protein FkpA. Both 

DsbC and FkpA are bacterial proteins, and they have evolved for the optimized 

interaction with endogenous substrates. It is possible that the ability of DsbC, as well as 

the artificial disulfide isomerases, to assist the folding of the human tissue plasminogen 

activator is limited by their low affinity for eukaryotic substrates. It is therefore suggested 

that random mutagenesis techniques be applied to tailor the specificity of the binding 
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region of these molecules for the improved interaction with specific eukaryotic proteins 

of interest.   

On this topic, I have screened a library of random peptides for interaction with 

DsbC. The aim of this study was to gain information on the substrate specificity of the 

molecule. The peptide library displayed on the surface of filamentous phages was 

incubated with purified DsbC in solution. Eight peptides were isolated after five rounds 

of panning followed by sequencing of a representative number of clones. We suggest a 

number of strategies to characterize the isolated peptides, and gain information on their 

consensus sequence. The affinity of the peptides for FkpA-DsbA and FkpA-DsbC could 

be compared to their affinity for DsbC to identify the specific domain involved in the 

interaction. In addition, the affinity of the peptides for DsbG could be useful to better 

understand the different substrate specificities of DsbC and DsbG. Finally, one or more 

consensus peptides could be generated, and alanine scanning mutagenesis experiments 

performed. Altogether the results of this study could be used to identify critical amino 

acid residues in DsbC that are involved in the interaction with the substrate. This 

information could in turn be used for the design and evolution of bacterial disulfide 

isomerases for the expression of desired recombinant proteins. 
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Appendix  

Model Substrate Proteins Used in This Study 

 

DsbC provides reducing power in the periplasmic space for the rearrangement of 

incorrectly formed disulfides; furthermore, it has been shown to exhibit chaperone 

activity, or in other words to help the folding, or prevent the unfolding and aggregation of 

substrate protein that do not contain cysteines in their amino acid sequence. A number of 

substrates are commonly used by enzymologists and biochemists to characterize the in 

vivo and in vitro properties of protein enzymes. In vivo assays are utilized to test the 

activity of enzymes in the context of their cellular milieu, considering therefore possible 

interactions with other proteins, or the effect of the surrounding environment. In contrast, 

in vitro assays are used to characterize the intrinsic properties of proteins – in other words 

their activity per se, rather than their role in the cell. The rationale of the experiments 

used in this study is explained below. 

 

A.1 IN VIVO STUDIES: ISOMERASE ACTIVITY 

 

A number of multi disulfide-containing proteins have been shown to be dependent 

on the presence of DsbC for their expression, and are therefore used as substrates for in 

vivo isomerase activity assays (1,2). The yield of active substrate obtained overexpressing 
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the enzyme in analysis in the periplasm of E. coli is used as a measure of the enzyme 

isomerase activity. 

 

A.1.1 Human tissue plasminogen activator 

The in vivo isomerase activity of DsbC, or other oxidoreductases, is determined 

by monitoring the yield of correctly folded human tissue plasminogen activator in the 

periplasm of E. coli, (1). Human tPA is a 527 amino acid serine protease with 35 

cysteines that form 17 disulfide bonds (Fig. A.1). It is a thrombolytic agent of 

pharmaceutical relevance; it functions by converting the zymogene plasminogen to 

plasmin, which is a serine protease of broad specificity involved in the degradation of 

fibrin networks in the formation of thrombi (3). What makes its pharmaceutical 

application exceedingly interesting is that the binding of fibrin causes the up-regulation 

of tPA activity, resulting in a more specific plasmin activation, and therefore less chance 

of accidental internal bleeding (4). When tPA is expressed in the periplasm of E. coli, it 

cannot fold correctly, and therefore the active protein is not produced. As mentioned 

earlier, in an effort to engineer bacterial cells for the expression of active tPA, Qiu et al. 

have demonstrated that the production of active tPA is possible by overexpressing DsbC 

in E. coli periplasm. A truncated form of tPA is also available (vtPA), and it has been 

used for most of the experiments in this study. It is proteolytically active, consists of the 

kringle 2 and protease domains, and contain a total of 9 disulfide bonds. VtPA was used 

as substrate model to test the isomerase activity of enzymes in vivo. The amount of active 

tPA in cells expressing different foldases can be compared and used as an indication of 
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the enzymes’ isomerase activity. The same experiment can be performed in a dsbD strain 

(cells where the chromosomal dsbD gene has been knocked out) to investigate whether 

the overexpressed oxidoreductase is maintained in a reduced state in a DsbD-dependent 

manner. In analogous fashion, the folding of active tPA can be analyzed in a dsbA- strain 

to test whether both the oxidation and rearrangement of disulfide bonds can be afforded 

by a unique catalyst.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1. Human tissue plasminogen activator. The polypeptide chain contains 35 
cysteine residues; the correct formation of 17 disulfide bonds is required for the protein to 
assume its native three-dimensional conformation. Disulfide bonds are shown in red. 
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A.1.2 Bacterial acid phosphatase, phytase (AppA) 

Another substrate for in vivo isomerase activity is the native E. coli periplasmic 

acid phosphatase, phytase (Appa), which contain three consecutive and one non 

consecutive disulfide bonds. Appa folding has been shown to depend on the presence of 

DsbC in the periplasm. Therefore, the yield of active Appa in the cell reflects the 

disulfide isomerization activity in the periplasmic space (2).  

 

A.2 IN VIVO STUDIES: OXIDASE ACTIVITY 

 

The in vivo oxidase activity of oxidoreductases is tested by studying their ability 

to complement the phenotypes of dsbA mutant strains, such as low alkaline phosphatase 

(PhoA) activity or loss of cell motility. When DsbA is knocked-out of the chromosomal 

DNA in fact, cells are viable, but oxidation of disulfide bonds in the periplasm is not 

catalyzed. It has been shown that DsbC resists misoxidation by DsbB and it is present in 

the periplasm in a completely reduced state. As a result it is unable to complement the 

phenotypes caused by dsbA mutations. A number of enzymes engineered in this study 

were shown to be able to assist both the formation and isomerization of disulfide bonds 

when overexpressed in the periplasm of dsbA- strains. To investigate whether the 

formation of disulfide bonds was in fact due to their ability to oxidize cysteine residues, 

the enzymes oxidase activity was investigated in vivo.  
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A.2.1 Alkaline Phosphatase 

Alkaline phosphatase contains two disulfide bonds and its correct folding depends 

on the presence of DsbA in the periplasmic space. Alkaline phosphatase activity of a 

dsbA- strain is nearly undetectable compared to the activity measure in the isogenic 

parental strain. Oxidoreductases can be overexpressed in the periplasm of dsbA- cells, and 

the alkaline phosphatase activity can be used as a measure of their oxidase activity. (5). 

Because DsbA oxidase activity depends on DsbB oxidation for its recycling, the same 

experiment can be performed in a dsbB strain to investigate whether the oxidase activity 

of the enzymes in analysis is dependent on the presence of DsbB. 

 

A.2.2 Cell motility 

The motility of E. coli cells depends on the presence of the correctly folded, 

active form of the protein flagellin at the base of the flagellum. This protein contains two 

cysteines that need to be oxidized and form a disulfide bond in the three-dimensional 

structure. Similarly to what described for alkaline phosphatase, dsbA- are completely non 

motile compared to the isogenic parental strain. In this study, the enzymes in analysis are 

overexpressed in the periplasm of a dsbA- strain and the cells motility is tested.  
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A.3. IN VITRO STUDIES 

 

A.3.1. Isomerase Activity: RNAse A  

RNAse A is a protein containing multiple disulfide bonds in its three-dimensional 

structure. Because misoxidized disulfides can form during the folding process, 

isomerization of non native disulfide bond has to occur for the protein to reach it native 

conformation. The intrinsic protein disulfide bonds isomerase activity of enzymes can be 

measured as their ability to assist the folding of reduced scrambled RNAse in vitro. 

The assay is performed adding reduced RNAse to a redox buffer containing a 

catalyst and the RNAse substrate cyclic CMP; the hydrolysis of cCMP can be monitored 

and corresponds to the reactivation, and therefore folding, of RNAse (6).  

 

A.3.2. Reductase Activity: Insulin 

The in vitro reductase activity can be assessed by testing the ability of a catalyst 

to reduce insulin. Reduction of insulin in fact causes the inter-chain disulfide bonds to 

break, and the insoluble β-chain to aggregate, giving rise to a measurable increase of the 

solution turbidity (7).  
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A.3.2. Chaperone Activity 

Molecular chaperones are in general characterized by their ability to selectively 

recognize and bind non native proteins, to inhibit their inactivation, and promote their 

reactivation, while preventing the formations of unwanted aggregates. In the context of 

this study, chaperone activity is defined as the ability of an enzyme to assist the native 

folding of substrates that do not contain cysteines in their amino acid sequence. DsbC, as 

well as other periplasmic foldases, has been shown to exhibit chaperone ability 

independent of its catalytic activity. A number of substrates whose unfolding and 

refolding process under non-permissive condition is known in some details are 

commonly used by enzymologists to measure the chaperone activity of enzymes. 

Typically the substrate is denaturated chemically or thermally in the presence of a 

chaperone enzyme. Following incubation of the substrate-enzyme mixture for different 

time intervals, rate of aggregation, inactivation, or reactivation of the substrate is 

measured as an indication of the enzyme chaperone activity. Citrate synthase (CS) or D-

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are used in this study as substrate 

proteins. 

CS catalyzes the first step of the citric acid cycle, more specifically the 

condensation of oxaloacetic acid and acetyl-CoA to citrate and coenzyme A. This 

reaction can be measured in vitro, and it is considered an indication of the catalyst 

chaperone activity. In this study, citrate synthase is thermally denatured, and the relative 

activity and aggregation upon addition of chaperone enzymes are tested (8).  

Guanidine HCl-denatured GAPDH is only partially refolded and reactivated upon 

dilution, and is particularly prone to aggregation during the dilution process. With 
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increasing GAPDH concentration, reactivation decreases and aggregation increases. The 

presence of a chaperone protein in the dilution mixture markedly increases reactivation, 

and prevents the aggregation of GAPDH as observed by measuring the solution turbidity. 

It has in fact been suggested that upon dilution, denatured GAPDH is faced with two 

competing processes, the correct folding and assembly that yields to the native enzyme 

and the non-productive association of the partially refolded species that results in the 

formation of aggregates. Therefore, the enzymes’ ability to assist the refolding of 

GAPDH to its active state by suppressing its aggregation is taken in this study as a 

measure of in vitro chaperone activity (9). 
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