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Abstract 

 

Disulfide bond formation is an essential post translational modification required for many proteins 

to attain their native, functional structure. The formation of disulfide bonds, otherwise known as 

oxidative protein folding, occurs in the endoplasmic reticulum and mitochondrial inter-membrane 

space in eukaryotes and the periplasm of prokaryotes. While there are differences in the molecular 

mechanisms of oxidative folding in different compartments, it can essentially be broken down into 

two steps, disulfide formation and disulfide isomerization. For both steps, catalysts exist in all 

compartments where native disulfide bond formation occurs. Due to the importance of disulfide 

bonds for a plethora of proteins, considerable effort has been made to generate cell factories which 

can make them more efficiently and cheaper. Recently synthetic biology has been used to transfer 

catalysts of native disulfide bond formation into the cytoplasm of prokaryotes such as Escherichia 

coli. While these engineered systems cannot yet rival natural systems in the range and complexity 

of disulfide bonded proteins that can be made, a growing range of proteins have been made 

successfully and yields of homogenously folded eukaryotic proteins exceeding g/L yields have been 

obtained. This review will briefly give an overview of such systems, the uses reported to date and 

areas of future potential development, including combining with engineered systems for 

cytoplasmic glycosylation. 

 

Abbreviations: 

ER, endoplasmic reticulum; GRAS, generally regarded as safe; IMS, inter-membrane space; PDI, 

protein disulfide isomerase; POI, protein of interest; PTM, post-translational modification 
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Introduction 

 

Disulfide bond formation is one of the most common post-translational modifications (PTM) found 

in proteins. Such oxidative folding as it is also known, occurs mainly in specialized compartments 

such as the endoplasmic reticulum (ER), intermembrane space (IMS) of mitochondria, and bacterial 

periplasm. The primary function of disulfide bonds is to stabilize the native structure of proteins, in 

particular in secreted or outer membrane proteins. Native disulfide bond formation is the rate 

limiting step of protein folding for many proteins and hence proteins that contain disulfide bonds 

may be difficult to obtain in high yields. This can severely inhibit progress in understanding a 

myriad of physiological processes and associated disease states, and can impose major limitations 

on the effective and economic expansion of the use of such proteins – for example in protein based 

therapeutics and analytics. 

 

The mechanisms of disulfide bond formation are complex and vary between the different 

compartments in which native disulfide bond formation occurs (reviewed in [1]). At its simplest 

native disulfide bond formation can be broken down into two steps, dithiol oxidation and disulfide 

isomerization (Fig 1A). Each of these steps is catalyzed in vivo. In the ER of eukaryotes, the first 

step is catalyzed by a sulfhydryl oxidase, while the second step is catalyzed by a protein disulfide 

isomerase (PDI). Humans have three families of sulfhydryl oxidases, the Ero1, ERV/ALR and 

QSOX families, while the human ER contains over 20 PDI family members. 

 

Disulfide bond formation in the cytoplasm is found naturally in some hyperthermophiles, under 

stress conditions and during some viral infections (reviewed in [2]). To our knowledge there have 

been no published applications of such natural systems. Engineered systems for cytoplasmic 

disulfide bond formation have primarily been focused on E.coli. E.coli is a well characterized, 

generally regarded as a safe (GRAS) organism for the production of various pharmaceutical and 

industrial enzymes and proteins, with fast and cheap scalability, making it ideal for biotechnological 

applications. 

 

The first engineered systems for disulfide bond formation in the cytoplasm were based on the 

disruption of the natural reducing pathways present. Two such pathways exist (Fig 1B) and 

disruption of both, for example in gor/trxB strains, allows the production of some disulfide 

bonded proteins [3]. Subsequently a disulfide isomerase, DsbC, was added to this system [4] and 

this variant is commercially available as the SHuffle system from New England Biolabs. In this 

system thioredoxin “reverses” its usual function and transfers disulfide bonds into folding proteins 



[5]. However, there is no active system for the formation of disulfide bond de novo i.e. there is no 

equivalent to a sulfhydryl oxidase. Instead disulfide bonds are introduced into thioredoxin based on 

its ability to reduce disulfide bonds – in effect thioredoxin acts to transfer disulfide bonds between 

proteins (Fig 1C). It is possible that the main route for disulfide bond formation in gor/trxB 

strains is via the action of ribonucleotide reductase, which generates one disulfide bond per catalytic 

cycle (reviewed in [6]) i.e. disulfide bond formation in folding proteins such strains may be directly 

linked to DNA biogenesis. 

 

Subsequent systems introduced active catalysts for both of the steps in native disulfide bond 

formation i.e. a sulfhydryl oxidase and a disulfide isomerase [7,8]. There is no need to disrupt the 

reducing pathways (Fig 1D; [7]) and the system can be plasmid based and hence easily transferred 

between different E.coli strains. It works in all genetic backgrounds and all media tested to date, 

though appropriate consideration for the target protein of interest (POI) must be given and 

combining active catalysts with gor/trxB strains can be problematic as the cytoplasm becomes 

over-oxidizing and disulfide isomerases need to be in the reduced state to be active.. 

 

This review will focus only on systems which have active catalysts for both steps. 

 

Initial publications [7,8] used an odd combination of protein folding catalysts, a sulfhydryl oxidase 

(Erv1p) from the intermembrane space of yeast mitochondria and the periplasmic E.coli catalyst of 

disulfide isomerization DsbC. This arose in part by chance, but also by design. Many sulfhydryl 

oxidases e.g. Ero1 family members contain structural disulfide bonds and so these cannot be easily 

used as the primary oxidase as they set up a chicken and egg situation where disulfide bonds are 

needed to generate a system which can make disulfide bonds. Erv1p does not have this issue. In 

addition, Ero1 family members do not act on folding proteins directly but instead oxidize PDI [9], 

while in house in vitro experiments indicated that Erv1p was able to act efficiently on folding 

proteins (unpublished data). While initial reports used DsbC, this was subsequently swapped for 

Human PDI as - with the exception of certain specialist proteins such as marine snail conotoxins 

[10], we are unaware of any disulfide bond containing protein tested in vitro which PDI is not able 

to help fold i.e. it appears to be the most efficient disulfide isomerase reported to date. 

 

Subsequent publications sometimes replaced the oxidase (Erv1p) with either another sulfhydryl 

oxidase (e.g. QSox [11, 12, 13] or inverted the E.coli periplasmic transmembrane disulfide bond 

forming enzyme DsbB [14] such that its active site pointed to the cytoplasm or used a 

transmembrane disulfide bond forming enzyme VKOR from a hyperthermophilic organism that 



naturally makes disulfide bonds in the cytoplasm [14]. However, Erv1p remains the most widely 

used oxidase in engineered systems for cytoplasmic disulfide bond formation. 

 

Proteins made using cytoplasmic disulfide bond formation 

 

The initial publication [7] on catalyzed cytoplasmic disulfide bond formation used two proteins of 

interest (POI), alkaline phosphatase (PhoA) and acid phosphatase (AppA), usually expressed in the 

periplasm of E.coli. These were chosen as they have simple disulfide patterns, have easily analyzed 

biological activity and had been previously used for examining systems for the production of 

disulfide bonded proteins e.g. [3]. PhoA is made in a soluble, but biologically inactive state in the 

absence of systems for disulfide bond formation. Addition of just a sulfhydryl oxidase generated 

high yields of active protein. This is the only protein we are aware of that contains more than one 

disulfide bond which requires no disulfide isomerase for efficient native disulfide production. AppA 

needed catalysts for both steps of native disulfide bond formation to be produced in an active state. 

 

The second publication [8] greatly expanded on the number of protein types examined and looked 

at the expression of eukaryotic proteins. These included vtPA (9 disulfide bonds), BPTI and 

mutants (2 or 3 disulfide bonds), Ero1 (6 or 7 disulfide bonds), BMP (disulfide linked heterodimer, 

with each monomer containing 3 disulfide bonds), resistin (disulfide linked heterodimer, with each 

monomer containing 5 disulfide bonds). All were made in increased yields using a catalyzed 

disulfide forming system. The yields of several proteins were helped by the use of a fusion protein, 

MBP.  

 

The use of fusion proteins can have three separate effects. Firstly, some, including MBP, can be 

used for purification of the protein. Secondly, the fusion protein may increase the solubility of the 

final product. Thirdly, and most importantly connected with disulfide bond containing proteins, the 

fusion protein may increase the solubility of folding intermediates. This can be a major issue with 

cytoplasmic disulfide bond formation due to differences in how disulfide bonds are made in this 

system compared with how they are made in the ER, IMS and periplasm. In natural systems the 

protein is translocated across a membrane in an unfolded state and disulfide bonds are made co-

translocationally e.g. by the action of Ero1/PDI [15]. Most likely sequential disulfide bonds are 

formed first and these are subsequently isomerized to the native state. Proteins have probably 

evolved such that folding intermediates formed by this route are less prone to aggregation, though 

there is no evidence we are aware of for this. In catalyzed cytoplasmic disulfide bond formation 

there is no translocation across a membrane, hence no co-translocational disulfide bond formation 



and hence the folding pathway may be different. It is impossible to predict which proteins will have 

issues with the solubility of folding intermediates and hence may benefit from the use of a fusion 

protein approach. However, we have used the system to produce >500 proteins and two rules of 

thumb have arisen. The first is that for POI with N-glycans in their natural state, a N-glycan density 

of > 1 per 100 amino acids generally implies that the POI cannot be made without the use of a 

solubilizing fusion partner. The second is that increasing density of disulfide bonds, e.g. >4 

disulfide bonds per 100 amino acids, often causes solubility of folding intermediate issues. The use 

of fusion proteins has two downsides. Firstly, often the fusion protein must be removed at the end – 

usually via the action of proteases – adding to downstream processing and the (in)accessibility of 

the cleavage site may cause inefficient release of the mature POI. Secondly, the use of fusion 

proteins may generate false positive results i.e. they may allow the solubilization of incompletely 

folded or incorrectly folded proteins (Fig 2). MBP is an excellent choice for solubilization of 

folding intermediates, but it is prone to false positive results. Other proteins have also been used as 

fusion partners in this system, including Halo, SUMO and ubiquitin [16, 17], but there has to our 

knowledge been no systematic comparison of their efficiency and their propensity to generate false 

positive results. 

 

There is now a rapidly growing body of literature using catalyzed cytoplasmic disulfide bond 

formation for the production of a wide range of proteins (Table 1). These proteins range in size 

from a 6 kDa monomer to a 107 kDa heterodimer and contain between 1 and 11 disulfide bonds. 

The highest published yield we are aware of for production is 240mg/L from shake flasks and 

1.1g/L purified product from fed-batch fermentation in chemically defined media [18, 19]. 

Unpublished results both increase yields obtained and greatly widen the breadth of proteins made 

from 5 to 135 kDa in size for monomeric proteins and with up to 44 disulfide bonds – though 

typically proteins with more than 10 disulfide bonds need extensive optimization of the system. 

Proteins produced in the system have been successfully used for protein crystallization e.g. [20] 

demonstrating homogeneity of the material produced. 

 

Other post-translational modifications in the cytoplasm of E.coli 

 

Disulfides are often found in proteins with other PTM, some of which are essential for the function 

and/or stability of the protein. The most common PTM linked with disulfides is N-glycosylation of 

the side chain of asparagine residues. N-glycosylation of POI has been reported in both the 

periplasm [21, 22] and cytoplasm [23] of E.coli using engineered cell factories. Neither system uses 

eukaryotic N-glycosylation machinery as the oligosaccharide transfer machinery is a large complex 



of multiple transmembrane proteins (reviewed in [24]). Instead bacterial N-glycosylation systems 

are used. In the periplasm the pgl system from Cambylobacter jejuni is used, while in the cytoplasm 

N-glycosyltransferase (NGT) from Actinobacillus pleuropneumoniae is used. To our knowledge 

nobody has reported combining catalyzed disulfide bond formation and N-glycosylation in the 

cytoplasm of E.coli. This possibly arises as NGT is inefficient at glycosylating heterologous POI.  

 

The formation of other PTMs in the cytoplasm of E.coli are potentially possible, including where 

the enzymes forming the PTM themselves contain disulfide bonds (Fig 3). A recently published 

example of this is mucin-like O-glycosylation [25]. Initiation of mucin-like O-glycosylation is 

catalyzed by GalNAc transferases, with 20 family members reported in humans [reviewed in 26]. 

All are Golgi located transmembrane proteins and all contain structure stabilizing disulfide bonds. 

Several Golgi located glycosyltransferases have been expressed in the cytoplasm of E.coli using 

active mechanisms of disulfide bond formation to facilitate functional expression. These include 

B4GalT1 [27], ST3Gal1 [28], ST6Gal1 [28] and, of relevance to mucin-like O-glycosylation, 

GalNacT2 [25, 29, 30]. 

 

Given the relative simplicity of the evaluating the use of the system, it is likely that other PTMs 

combined with disulfide bond formation in the cytoplasm will be reported over the next few years. 

 

Completing the loop 

 

Catalyzed systems for disulfide bond formation in the cytoplasm arose from the application of 

knowledge about how natural systems catalyze such processes, but what about completing the loop? 

What we can learn about the mechanisms of protein folding using cytoplasmic disulfide bond 

formation? 

 

To date there have been relatively few reports on this, but since many proteins involved in protein 

folding contain disulfide bonds themselves, there is considerable potential. In addition, the ability to 

make late stage folding intermediate mimics e.g.  BPTI lacking one disulfide bond [8] in high yields 

opens up interesting possibilities. 

 

Two studies have been published to date that give new insights into the mechanisms of protein 

folding and quality control using catalyzed cytoplasmic disulfide bond formation. The first 

publication from Riemer and co-workers used it to produce domains of ERp90, as part of a study 

identifying ERp90 as an interaction partner of ERFAD, a flavoprotein involved in ER-associated 



degradation [31]. The second detailed a molecular analysis of the ER sulfhydryl oxidase Ero1 and 

identified two novel regulatory mechanisms: i) high cooperativity of oxygen binding – allowing 

disulfide bond formation to occur efficiently under hypoxic conditions but to be rapidly switched 

off under hyper-hypoxic conditions; ii) The formation of a dynamic regulatory mixed disulfide 

complex with PDI that involves cysteines in Ero1 that had previously been regarded as non-

functional [32]. 

 

Given the potential in this area it is likely that more publications will come out over the next few 

years. This could set up a feedback system where cytoplasmic disulfide bond formation is used to 

make proteins which are used to identify novel mechanisms involved in protein folding, which in 

turn feeds into the generation of new, more efficient, protein cell factories. 

 

Conclusions 

Catalyzed, engineered systems for disulfide bond formation in the cytoplasm are still in their 

infancy, but they have potential for several areas of research, including functional and structural 

studies of secreted and outer membrane proteins, enzyme design, diagnostic production and even 

industrial scale production of disulfide bond containing proteins. 
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Perspectives 

 Disulfide bonds are found in a large number of proteins and hence having cell factories 

which can efficiently produce such proteins could have a significant impact in understanding 

disease and in disease intervention. 

 Recently synthetic biology has been used to generate systems for disulfide bond formation 

in the cytoplasm of bacteria such as E.coli. 

 More efficient systems for cytoplasmic disulfide bond formation will arise through 

understanding the natural mechanisms of oxidative folding and these will be combined with 

other enzymes to generate proteins which contain both disulfide bonds and other post 

translational modifications. 
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Figure legends 

 

Figure 1: Mechanisms related to disulfide bond formation in the cytoplasm. 

(A) Native disulfide bond formation in proteins occurs through two broad mechanisms, oxidation of 

a dithiol to a disulfide and isomerization of disulfide bonds, where the net number of thiols and 

disulfides in the protein does not change, but which cysteines are linked by disulfides does. In 

engineered systems Erv1p is usually the catalyst of oxidation and PDI the catalyst of isomerization. 

(B) Pathways for reduction in the cytoplasm of E.coli. Disruption of both pathways, for example 

trxB / gor strains, allows disulfide bond formation in POI, by the “reverse” of the usual function 

of thioredoxin. (C) Upper panel, the physiological function of thioredoxin (Trx) is to reduce 

disulfide bonds. In trxB strains thioredoxin can still reduce physiological substrates e.g. 

ribonucleotide reductase, but needs to be re-reduced by transferring a disulfide bond to another 

protein e.g. a folding POI. Thioredoxin is not a sulfhydryl oxidase i.e. it cannot directly introduce 

disulfide bonds into folding proteins using molecular oxygen. (D) While reducing pathways 

(thioredoxin and reduced glutathione) can act in competition with oxidation for early stage folding 

intermediates, native proteins cannot be reduced by them. Hence catalyzed disulfide bond formation 

is possible even in wild-type E.coli strains with both reducing pathways intact, so long as the 

system for oxidation has sufficient activity. The reducing pathways can also aid native disulfide 

bond formation by reducing non-native disulfide bonds.  

 

Figure 2: The mechanism of fusion proteins helping oxidative folding 

Oxidative protein folding is in competition with aggregation of folding intermediates i.e. non-native 

proteins. At its simplest, this can be thought of as a kinetic competition. Anything which increases 

the rate of folding e.g. the introduction of protein folding catalysts such as Erv1p and PDI, will 

increase the yield of folded protein. Similarly, anything which decreases the rate of aggregation will 

increase the yield of folded protein. This is the net effect of most fusion partners e.g. MBP. When a 

folding catalyst e.g. DsbC is used as the fusion partner, both effects may occur. The use of a fusion 

partner is a balance. Too little solubilization of folding intermediates and the fusion partner will not 

help obtain folded protein. However, too much solubilization of folding intermediates will result not 

only in folded protein being obtained, but also non-native folding intermediates i.e. false positives. 

Separation of different folded states of a soluble protein can be timely, complex and costly. The 

ideal fusion partner would give the maximum number of positives, while minimizing false positives 

 

Figure 3 Combining PTMs in the cytoplasm of E.coli 



Many other PTMs are found in proteins that contain disulfide bonds. Often these are formed by 

enzymes that themselves contain disulfide bonds. By co-expressing the POI and PTM forming 

enzymes with catalysts of disulfide bond formation, it is possible to obtain folded POI which 

contain both disulfide bonds and other PTMs. 

  



Table 1: Proteins successfully expressed with adding catalysts of disulfide bond formation 

including a sulfhydryl oxidase into the cytoplasm of E.coli. Proteins marked (I) have an inter-

molecular disulfide linking a homodimer, while those marked (I*) have an inter-molecular disulfide 

linking a heterodimer 

 

Protein Disulfides Reference 

Antibody fragments   

VHH 1 [16, 33-36] 

scFv 2 [18, 19, 37-39]  

Fab 5 or 6 (I*) [18] 

   

Antigens / Vaccine development   

CD93 CTLD 4 [40] 

CRM197 2 [41] 

H-Vc7.2 (conotoxin) 3 [17] 

SAG1 5 [42] 

   

Cytokine / Growth Factor / Hormone   

BMP4 7 (I) [8] 

CSF3 2 [8] 

HGH 2 [19] 

IL6 2 [19] 

IL17 2 [8] 

Interferon alpha 2 2 [8] 

Resistin 11 (I) [8] 

   

Enzymes   

AppA 4 [7, 38] 

B4GalT1 2 [27] 

Enterokinase fragment 4 [8] 

Ero1α / Ero1β 6 or 7 (I*) [8, 32]  

GalNAcT2 5 [25, 29, 30] 

Luciferase 5 [13] 

PhoA 2 [7, 38] 

ST3Gal1 3 [28] 

ST6Gal1 3 [28] 

vtPA 9 [8, 13] 

   

Miscellaneous   

Angptl3/Angptl4 fragment 2 [20] 

Avidin 1 [19, 43] 

BPTI (and mutants) 2 or 3 [8] 

CBM1 2 [44, 45] 

ERp90 domain 1 [31] 

Prion proteins 1 [11, 12] 

Tricellulin 1 or 2 [46] 
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