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Abstract 

Since the inception of recombinant protein expression, this technique has 

revolutionized our everyday lives with the number of protein products we  have at our 

disposal ranging from household products to pharmaceuticals. E. coli was the first host 

used for recombinant protein expression and it has remained a mainstay expression host 

in biotechnology. However, the utility o f E. coli as an expression host is limited by 

challenges that, if addressed, would make it a more suitable host for a wider variety of 

proteins, and thereby catalyze the translation of more protein products. Here, we 

address these challenges with dynamic control of the E. coli metabolism. This approach 

involves decoupling cell growth and protein expression and altering metabolism 

exclusively in the production phase. With this dynamic tool we have been able to: (1) 

engineer E. coli to improve the cytoplasmic solubility of redox sensiti ve proteins that are 

prone to aggregation, (2) improve the growth robustness of these engineered strains 

over the current state the art, (3) simply the bioprocess to purify these redox sensitive 

proteins, (4) identify uncharacterized redox regulation that impacts protein expression. 

Additionally, we provide a historical overview of biotechnological advances associated 

with a class of biopharmaceuticals, enzyme-based therapies, which have underutiliz ed 

potential. Cumulatively, this work analyzes development trends of biologics, recognizes 

gaps in therapeutic and production capabilities, and provides solutions to challenges 

associated with redox sensitive protein expression and purification in  E. coli. 
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1. Introduction  

The introduction of  recombinant protein production changed the landscape of 

therapeutics, diagnostics, and industrial enzy mes. Combined, these categories account 

for a multibillion -dollar  industry with the largest sector being biopharmaceuticals 

valued at $265 billion dollar s in 2021(BCC Publishing n.d.). Biopharmaceuticals are 

primarily expressed recombinantly, and approximately  30% are produced in E. 

coli(Ferrer-Miralles et al. 2009). Additionally,  E. coli is used to produce >70% of research 

proteins (Bill 2014). The widespread use of E. coli as an expression host in both the 

pharmaceutical and research industry can be attributed to several factors (1) the media is 

cheap, (2) they grow quickly and t o high cell densities, (3) they are well characterized 

with  respect to their genome, proteome, and metabolism, and (4) they are easy to 

modif y(Rosano and Ceccarelli 2014a). 

Despite these advantages, both challenges and knowledge gaps remain for 

recombinant protein  expression in E. coli that if addressed would make it a compatible 

host for a wider range of proteins, simplify downstream processing, and allow for better 

characterized, more robust bioprocesses. Specifically, this work addresses three aspects 

of E. coli as a production host: (1) the production of proteins that contain disulfide 

bonds, (2) simplified downstream purification with as little as 1 -2 steps after 

fermentation,  and (3) the discovery of previously uncharacterized phoB promoter 

regulation in  E. coli. However, before diving into the details of engineering  E. coli into a 
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more malleable host we will take a step back and analyze part of the biopharmaceutical 

sector with underdeveloped potential which is enzyme-based therapies. 

In chapter 2 I analyze the past, present, and future enzyme-based therapies. This 

chapter highlights the history of biotechnology, and how for several decades those 

biotechnological advances paralleled the introduction of new enzyme-based 

therapeutics. In addition to the history, this chapter provides clinical and regulatory 

context for the rise and plateau of enzyme-based therapies. Beyond providing a 

comprehensive overview of the state of each class of enzyme-based therapy, this chapter 

addresses the unique challenges faced by enzyme-based therapies and specific examples 

of how enzyme engineering could be used to revitalize the field.  

In Chapter 3 I address the challenge associated with E. coli as an expression host 

for proteins that contain disulfide bon ds. Disulfide bonds present a challenge because 

cytoplasmic reductases reduce disulfide bonds to thiols, leading to misfolding and 

insoluble aggregation in inclusion bodies (Rosano and Ceccarelli 2014a)( . This chapter 

introduces the use of dynamic control as a tool to engineer the redox state of the E. coli 

cytoplasm to improve disulfide bon d formation. Briefly, dynamic co ntrol utilizes two -

stage fermentations to turn on recombinant protein expression after biomass has 

accumulated in the stationary phase. Coincident with the stationary phase, cytoplasmic 

reductases are knocked down to allow for disulfide bonds to remain oxi dized. Lastly, 

the chaperone disulfide bond isomerase (dsbC) is coexpressed during the production 
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phase to assist in disulfide bond formation. This chapter highlights the ability to utilize 

dynamic control to make the E. coli cytoplasm oxidative, without t he toxicity associated 

with constitutive deletions associ ated with current strains on  the market. 

Subsequently in chapter 4 I discover and address a challenge that arose from 

engineering the E. coli cytoplasmic redox state. Specifically, the strain with th e best 

disulfide bond oxidation had limited protein expre ssion with a non-redox sensitive 

protein. Up on further investigation, this response was found to depend on the 

phosphate inducible phoB promoter used to control protein expression, su ggesting that 

the strain modifications were leading to transcriptional re gulation of protein expressi on. 

However, by incorporating two -stage expression of another chaperone, the sulfhydryl 

oxidase (Erv1p) which catalyzes disulfide bond formation, protein e xpression could be 

rescued. Therefore, this work uncovered redox regulati on of phoB promoters which w as 

hindered by d ynamic control of reductases and restored with Erv1p expression.  

After improving protein expression with the Erv1p strain modification, i n 

chapter 5, this strain is vetted for its ability to improve the soluble expression of a class 

of disulfide containin g proteins called nanobodies. This chapter highlights the 

importance of combining dynamic control of reductases with over -expression of Erv1p 

and dsbC to improve the solubility of a panel of nanobodies. This stra in is able to shift 

nanobody expression from almost entirely insoluble expression to >100 mg/L expression 

for 68% of nanobodies from the panel. Additionally, this strain is capable of expressing 
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high  yields of nanobodies without traditional low temperature  production. Therefore, 

the engineered strain requires less optimization of culture conditions for more robust 

nanobody expression.  

Equipped with the capability to produce high leve ls of soluble nanobodies in the 

E. coli cytoplasm, chapter 6 focuses on the second challenge of simplifying the 

downst ream purification for nanobodies. This work demonstrates two options for 

simplified bioprocesses by building upon the dynamic control stra in engineering wi th 

two -stage production of enzymes needed to autolyse the strain after a nanobody is 

expressed in the cytosol. The first option uses mild conditions (Triton X -100 with a 

freeze-thaw) to lyse the cells in a few hours with minimal hands -on time. After lysis a 

single filtration step purifies the nanobody, which rem ains active based on two test 

cases. The second option lyses the cells with a heat incubation step followed by a 

precipitation step to remove native E. coli proteins. Therefore, nanobodies purified w ith 

ÛÏÐÚɯ×ÙÖÊÌÚÚɯÙÌØÜÐÙÌɯÛÏÌÙÔÖÚÛÈÉÐÓÐÛàɯȁƚƔȘ"ȭɯ3ÏÐÚɯÞÖÙÒ demonstrates an all-in-one process 

to purif y a VHH from an E. coli pellet, with both minimal hands -on time and low -cost 

reagents. Both straightforward production and purif ication processes enable rapid 

production of nanobodies needed in research, diagnostics, and therapeutic applications. 

 In chapter 7, I use dynamic control to discover and investigate new regulation of 

phoB promoters. This discovery was made in response to a screen performed to improve 

protein expression with dynamic control of four metabolic enzymes and a GFP repor ter. 
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After screening a library of dynamic reductions in these enzymes, silencing the soluble 

transhydrogenase (udhA) had the greatest improvemen t in GFP expression, and this 

modification increased NADPH pools within the strain. However, this response was 

also determined to be phoB promoter specific, again suggesting transcriptional 

regulation. Since NADPH is a redox cofactor and this response is promoter dependent, 

three redox sensitive transcription factors (ArcA, OxyR, SoxS) were knocked out to 

investigate their involvement. This work demonstrated that E. coli has a regulatory 

function which integrates redox sensing from these three redox sensitive transcription 

factors ArcB, OxyR, and SoxS. Additionally, the yibD promoter, which was used to 

perform these knockout studies is only known to be regulated by phoB an d the sigma-70 

sigma factor, whereas our data supports an uncharacterized form of transcriptional 

regulation (Makino et al. 1993; Yoshida et al. 2011). This work is impactful because, 

despite being a well characterized host, the extreme and stressed intracellular states 

imposed by recombinant protein expression can expose new regulatory functions. 

Characterizing these functions is impactful for process robustness, because by 

understanding how these fun ctions change as levels of aeration and subsequently redox 

state can be altered during scale up. 
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2. The past, present, and future of enzyme-based 
therapies 

This chapter has been reproduced in full with permission from Hennigan, J. N.; 

+àÕÊÏȮɯ,ȭɯ#ȭɯɁ3ÏÌɯ/ÈÚÛɯ/ÙÌÚÌÕÛɯÈÕËɯ%ÜÛÜÙÌɯÖÍɯEnzyme-based TheÙÈ×ÐÌÚɂɯ#ÙÜÎɯ#ÐÚÊÖÝÌÙàɯ

Today. 2022  https://doi.org/10.1016/j.drudis.2021.09.004. Copyright 2021 Elsevier Ltd. 

Author contributions and acknowledgements are detailed at the end of  this chapter. 

2.1 Introduction 

Enzymes have a unique therapeutic potential rooted in their ability not only to 

catalyze chemical reactions, but to perform reactions with environmental sensitivity (i.e. 

catalytic rates that are dependent on environmental variables, temperature, pH, cofactor 

levels, activators, inhibitors, etc). Both of these abilities allow for diverse therapeutic 

functions, as described in Figure 1, ranging from supplementing essential digestion and 

cellular metabolism to targeting infecti ous diseases(Lynch 2021). Their therapeutic 

potential is expansive given the biodiversity of heterologous enzymes that eit her have 

the ability to perform uni que chemistry in the human body, or the ability to perform 

chemistry with different environmental sensitivity (Fornbacke and Clarsund 2013; Parte, 

2ÐÙÐÚÏÈȮɯÈÕËɯ#ɀ2ÖÜáÈɯƖƔƕƛȰɯ3ÈÐ×ÈȮɯ%ÌÙÕÈÕËÌÚȮɯÈÕËɯËÌɯ"Èrvalho 2019).  

As illustrated in F igure 1B, early enzyme-based therapies (EBTs) took advantage 

of this biodiversity. These therapies had promising clinical success in a range of 

applications including woun d debridement, as antiparasitics, and as antitoxins (via 

toxin degradation). Despite this historical success, few early EBTs gained or maintained 

https://doi.org/10.1016/j.drudis.2021.09.004
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FDA approval  (Lynch 2021; Stephens 2005). The lack of FDA approval can be explained 

primarily by safety concerns, and over the years the diversity of therapeutic enzyme 

applications and their origins have dwindled  (Labrou 2019; Sol Sherry and Fleteher 

1960) (Figure1 B,C). These early enzymes often had unwanted promiscuous activity at 

sites other than those targeted resulting in adverse events (Baldo 2015; Dean et al. 2017; 

Sol Sherry and Fleteher 1960). Additionally, enzymes from non -human sources posed a 

greater safety and tolerability risk due to their inherent immunogenici ty  (Baldo 2015; 

Cantor et al. 2012; Labrou 2019). Due to these safety concerns, with the advent of 

recombinant DNA technology, human enzymes replaced their early isozyme 

predecessors whenever possible (Labrou 2019; Lynch 2021). Several heterologous 

enzymes remained therapeutically viable due to their oral or topical routes of 

admini stration (which pose a lower risk for immunogenic ity), or via development of 

immune t olerant enzyme conjugates (such as PEGylated variants)(Lynch 2021; 

Menacho-Melgar et al. 2019; Milton Harris and Chess 2003). While anti -PEG antibodies 

are becoming a problem in the clinic, a similar approach could be used to substitute PEG 

with new conjugates (P. Zhang et al. 2016). Today, enzymes are primarily u sed in 

replacement therapy. Most of the total of 39 unique FDA approved  enzymes are 

recombinant human enzymes (Figure 1C)(Lynch 2021).  In this review, we 1) share a 

historical perspective of these therapies, 2) discuss the current state and potential of 
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enzymes as therapeutics, and 3) highlight key remaining challenges and opportunities in 

advancing this class of therapeutics.  
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Figure 1: Overview of enzyme-based therapies. a) Classes of therapeutic 

enzyme applications and an example from each class. b) Distribution of therapeutic 

enzyme applica tions prior to 1962 when the FDA approval process was established 

(n=32). EBT applications are listed with their corresponding colors and b egin at the 12 

ÖɀÊÓÖÊÒɯposition on the pie chart. Labeling continues in the order listed moving in the 

clockwise direction. c) Dist ribution of therapeutic enzyme applications with FDA 

approval in 2020 (n=39). Color and labeling scheme is consistent with th e previous 

panel. d) Gr owth of novel biologics with FDA approval over time stratifie d as 

antibodies, enzyme s, or other (such as hormones, growth factors, and cytokines).  Data 

used for each panel  is li sted in the linked dataset (Lynch 2021). 

2.2 A historical perspective of enzyme therapeutics 

Historically, the development of enzymatic therapeutics h as paralleled 

biotechnological advances, while over the past decade the rate of EBT development has 

declined (Figure 1D). Briefly, the history of EBTs will be rev iewed to understand the 

diverse applications of early EBTs, and the recent decline in new drugs. 

 One of the earliest protein therapeutics was the enzyme trypsin, which was used 

clinically to treat tumors in the early 1900s (Graves 1907). Localized injections decreased 

tumor size, however trypsin degrades proteins non -specifically and  also digested 

healthy tissue(Graves 1907). When studies in mice confirmed that  trypsin was not 

specific against cancer, it was no longer considered a safe treatment (Rushmore 1909) . In 

the following decades another protease, pepsin, began to have clinical use in treating 

gastriti s (taken orally), however injected EBTs required furth er development (Weinstein 

1911). 

The field of biologics was revolutionized in 1922 with insulin as the first 

injectable protein based therapeutic. The efficacy of insulin and need for large scale 
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production catalyzed a wave of int erest in protein therapeutics, protein purification and 

modern biotechnology, and the clinical potential of EBTs (Rosenfeld 2002). Equipped 

with the se new protein purification techniques there was a wave of enzymes under 

clinical investigatio n in the 1930s. These included the plant proteases ficin and papain, 

which had a history of use in traditional medicine as anthelminti cs(Lamson, Brown, and 

Ward 1932; Robbins 1930). Ficin, which is isolated from Ficus laurifolia latex, degrades 

the mucosa of both hookworm and Ascaris, killing these worms within an hour in vitro 

(Robbins 1930). The therapeutic potential of ficin was short -lived once it was found to 

have unwanted proteolytic activi ty against lesions in the digestive tract, causing erosion 

and hemorrhaging (Lamson, Brown, and Ward 1932; Sol Sherry and Fleteher 1960). 

Papain was evaluated, both in anim als and humans, for its ability to clear peritoneal 

adhesions (Elliot and Mellney 1937). Papain was hypothesized to degrade fibrin deposits 

but studies had conflicting results attributed to variations i n enzyme purity (Stevens 

1968). Once enzyme purification procedu res had been improved, pure formulations 

caused severe hemorrhaging and lethality in rats. Additionally, lab personnel that 

inhaled papain had severe and even lethal anaphylactic reactions which halted attempts 

to develop therapeutic applications that requ ired injection or pulmonary administration 

(Stevens 1968).  

Protein therapeutics and enzymes saw another wave of development in the 1940s 

with the adva ncement of the Cohn process to fractionate human blood (Cohn 1947). 
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Isolation of human blood products was driven by wartime necessity to treat shock 

(treated with albumin), severe bleeding (treated with clotting proteins, zymo gens, and 

thrombin), and bu rns (Warren et al. 1944). Fibrinogen, prothrombin, and thrombin w ere 

also incorporated into medical materials such as surgical instruments, films, an d foams 

which improved outcomes for skin grafts, woun d healing, and  burns (Ferry and 

Morrison 1944). Additionally, the need  for debri dement expanded the utility of topically 

applied enzymes. Streptokinase-streptodornase mixtures, derived from hemolytic 

streptococci, were used to degrade necrotic tissue and hydrolyze DNA released from 

injured cells. The use of these enzymes decreased viscosity and improved permeability 

enhancing the local delivery of antibiotics which l ed to improved clinical outcomes (S. 

Sherry and Goeller 1950).  

Research in the 1950s focused on expanding these applications with heterologous 

enzymes. New enzymes were evaluated for efficacy in wound treatment, including a 

Clostridium collagenase which selectively degrades denatured collagen (Sol Sherry and 

Fleteher 1960). Additionally, enzymes that were successful for debridemen t were used 

to treat bacterial infections in the lungs and sinuses both as an adjuvant to improve the 

delivery of antibiotics, and by decreasing sputum viscosity to improve  clearance (Farber 

1957). However,  administering these enzymes occasionally resulted in anaphylactic 

reactions (Goehring and Grant 1953).  
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Despite these adverse effects, during this time continued research efforts took 

ÈËÝÈÕÛÈÎÌɯÖÍɯÌÕáàÔÌÚɯÞÐÛÏɯÕÖÝÌÓɯÈÊÛÐÝÐÛÐÌÚȭɯ%ÖÙɯÌßÈÔ×ÓÌȮɯϕ-lactamases obtained from 

penicillin resistant bacteria were exploite d to treat penicillin hypersensitivity reactions 

that were unresponsive to antihistamines (Becker 1958)ȭɯ ϕ-lactamase improved 

symptoms (urticaria and angioedema) in the majority of patients init ially studied, and 

removed penicillin from circul ation wi thin an hour (Becker 1958, 1956). Unfortunately, 

cases of anaphylactic reactions halted further investigation (Hyman 1959). Additional 

examples of toxin degradation applications can be found in  the linked dataset(Lynch 

2021). 

In 1962 the Kefauver-Harr is amendment improved regulation and required 

proven safety and efficacy of all therapeuti cs. This influenced ongoing and future 

research and development of enzymes (Gad 2016). This safeguard was necessary, but 

limited approved enzymes to human blood products. Early debride ment agents quickly 

gained approval, but the only injectable bacterial enzyme approved (until the early 

2000s) was L-asparaginase(Lynch 2021). In 1978, insulin became the first protein 

therapeutic produced with recombin ant DNA (Rosenfeld 2002), and equipped wi th the 

technology to produce additional recombinant human enzymes coupled with the 

Orphan drug act of 1983, human derived enzyme replacement therapies and clotting 

factors had the largest growth in approvals.    
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2.3 The therapeutic potential of enzymes by application 

2.3.1 EBT applications 

Enzyme based therapies (EBTs) can address a wide range of diseases as 

illustrated in Figure 1A, and are used as enzyme replacement therapies, in wound 

healing, in clotting (both coagulants and anticoagulants), as antineopl astic agents, as 

adjuvants to improve permeability, in degrading toxins and toxic metabolites, and as 

antibacterials, antiparasitics, and anti-inflammatories. We will discuss the current st ate 

of enzymes in each of these key application areas in turn. A complete summary of 

therapeutic enzymes, their clinical uses and adverse effects can be found in the linked 

dataset(Lynch 2021). 

2.3.2 Metabolism and digestion 

As mentioned above, EBTs which supplement deficiencies in metabolism and/or 

digestion are the largest class of FDA approved enzyme therapies, comprising 40% of 

EBTs. In fact, these enzymes have had the shortest clinical development time of any 

biologics w ith an average of only 5.9 years compared to 7.8 years for monoclonal 

antibodies and 8.3 years for receptor modulators (Kinch 2015) This lower barrier to 

approval and market entry can be attributed to four factor s. First, metabolic enzyme 

replacement therapies are primarily recombinant human enzymes, where there is no 

need to evolve or engineer a novel activity (Figure 2A). Secondly, these therapies tend to 

have a lower risk for hypersensitivity reactions. However , immune tolerance varies 
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within these patient populations. If a patient is altogether missing an enzyme, they have 

a higher likelihood of an immune response. Those with less severe mutations or partial 

activity, tend to tolerate these therapies better than those with more irregular 

phenotypes resulting from insertions, deletions and complex rearrangements of the 

natural genes (Kuriakose, Chirmule, and Nair 2016; J. Wang et al. 2008). Thirdly, many 

of these enzyme therapies are treatments for rare genetic disorders, and are often 

granted orphan drug status (Mechler et al. 2015; Melnikova 2012). Orphan drug status 

offers tax incentives, grant availability, seven years of marketing exclusivity in the 

United States, and on average shorter FDA review timelines (Mechler et al. 2015; 

Melnikova 2012). Lastly, enzymes that supplement digestion, such as Pancrelipase and 

Sacrosidase, do so in the digestive tract, as illustrated in Figure 2B, where there is 

smaller risk for immunogenicity compared to systemically administer ed drugs.  

While there are incentives to decrease the risks associated with the development 

of enzyme therapies for genetic diseases, by their very nature, orphan diseases have a 

limited patient population, offering smaller returns on the investment of dev elopment 

efforts. As a result commercial R&D efforts have focused on more prevalent rare 

diseases. For example, 45 drugs (including biologics and small molecules) have been 

developed to treat lysosomal storage disorders which have a prevalence of  ȁɯƙɯ×ÌÙɯ

1,000,000,  but only   25 drugs have been developed for lysosomal storage diseases where 

there is a prevalence of < 5 per 1,000,000, and there have been no drugs developed for 17 
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lysosomal storage disorders classified as very rare (Mechler et al. 2015). Therefore while 

enzyme replacement therapies work, there is limited incentive for growth in treating 

other very rare metabolic disorders. The development of new drugs for these smaller 

patient populations will likely require additional incentivization such as further 

extensions of marketing exclusivity . 

 

Figure 2: Metabolic and Digestive enzyme therapeutics. a) Metabolic enzyme 

replacement therapies such as Idursulfatase  that treat lysosomal storage disorders 

enter cells through mannose -6-phosphate (M6P) mediated endocytosis (i ). The 

endosome fuses with the lysosome (ii) and Idursulfatase metabolizes the accumulated 

substrate(iii). b) The digestive enzyme therap y sacrosidase improves absorption in 

the small intestine. Sacrosidase hydrolyzes sucrose (i) into its monomers (glucose  and 

fructose) to improve absorption (ii) and limit fermentation by bacteria in the gut.  

2.3.3 Clotting 

EBTs used to manage clotting can be divided into coagulation and thrombolytic 

treatments. Enzyme based coagulation is either administered systemically t o 

supplement missing clotting factors to treat hemophilia (similar to ERTs), or applied 

locally to stop surgical bleeding. For surgical bleeding, thrombin is applied at the site of 

the bleed to activate the clotting cascade (Figure 3A). Thrombin formul ations are 

derived from human plasma, recombinantly produced or extracted from bovine plasma. 
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Recombinantly produced thrombin is often preferred because human blood products 

carry some risk of viral infection (Horowitz and Busch 2008). For this reason, EBTs in the 

linked dataset have been categorized by manufacturing method, with either extraction 

from the native source or recombinant production (Lynch 2021). Additionally, bovine 

thrombin h as a higher incidence of anti -drug antibody forma tion than recombinant 

human thrombin (21.5% vs 1.5%)(Cheng, Meyer-Massetti, and Kayser 2009). The bovine 

antidrug antibodies are cross-reactive against human thrombin and Factor V, which in 

combination  can have lasting unwanted effects such as inhibiting thrombin activity and 

prolonging clotting time (thrombin time) compared to human thrombin (8 fold) 

(Rapaport et al. 1992).  

Thrombolytic EBTs dissolve clots to treat acute myocardial infarction, 

thromboembolism, and ischemic stroke. Enzyme therapies that have been used clinically 

for thrombolysis are streptokinase, staphylokinase, tissue plasminogen activator (tPA), 

and urokinase (Lynch 2021). However only tPA and its variants are FDA approved. Both 

tPA and urokinase are serine proteases that directly cleave/activate plasminogen to 

produce plasmin to degrade fibrin clots (Figure 3B). Whereas streptokinase and 

staphylokinase are microbial enzymes that must first complex with plasminogen before 

they have catalytic activity against plasminogen (Ali et al. 2014). Since streptokinase and 

staphylokinase are microbial enzymes, they have higher rates of immunogenicity, and 

efforts have been made to reduce antigenicity with epitope engineering to disrupt anti -
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drug antibody binding (M. Wang et al. 2020; Y. Xu et al. 2017). Both tPA and urokinase 

are human proteases but tPA has the advantage of a fibrin binding domain. The tPA 

variant Tenecteplase has six amino acid substitutions that improve fibrin binding 

affinity, prolong half -li fe, and improve resistance to plasminogen activator inhibitor -1. 

Combined th ese improved functions allow for bolus administration rather than infusion 

as well as fewer adverse bleeding events relative to recombinant human tPA (Altepla se) 

(Burgos Adrian M. and Saver Jeffrey L. 2019). Additional attempts to improve tPA and 

urokinase specificity with fusions to antibodie s directed against fibrin, platelets, and 

damaged endothelial cells have been reviewed elsewhere (Dean et al. 2017). 

 

Figure 3: Clotting enzyme therapies.  a) Coagulation enzymes catalyze clot 

formation directly such as in the case of Thrombin, which converts soluble fibrinogen 

to insoluble fibrin (i) that polymerizes to form the primary scaffold around red blood 

cells (RBCs) needed for clotting. (ii).  Thrombin also activates clotting factors that are 

zymogen prote ases such as factor XIII (iii). Activated factor XIII (factor XIII a) 

crosslinks fibrin (iv) during coagulation to secure the fibrin network leading to 
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coagulation. b) Ant i -coagulation is performed with the protease tissue plasminogen 

activator (tPa) that converts plasminogen to plasmin (i). Plasmin proteolyzes fibrin to 

fibrin  degradation products (ii) to disassemble the clot resulting in thrombolysis.  

2.3.4 Cancer treatment 

Antineoplastic enzymes are used in four ways. First, enzymes can be used to 

deplete specific amino acids which are essential for the growth of auxotr ophic 

carcinomas (Cantor et al. 2012). Second, enzymatic depletion of metabolites involved in 

cell signaling pathways that  promote tumorigenesis can have antineoplastic effects. 

Third, antibody directed enzyme prodrug therapy (ADEPT) uses enzymes conjugated to 

antibodies along wi th prodrugs to target drug activity to tumors. Last, enzymes such as 

hyaluronidase, can be used to degrade the diseased extracellular matrix of tumors, 

which can act as a barrier to the delivery of chemotherapy. Since these therapies act as 

adjuvants to improve therapeutic delivery they will be discussed below . 

The most notable depletion therapy L -asparaginase, that eliminates asparagine, 

has been used for decades to treat lymphoma and leukemia. These cancers often lack or 

have low expression of L-asparagine synthetase (Figure 4A) (Haskell et al. 1969). 

Treatment with PEGylated L -asparaginase alone can lead to remission rates of 40-60% in 

acute lymphoblastic leukemia  (Ortega et al. 1977; Richards and Kilberg 2006). In 

contrast, treatment with chemotherapeutics  vincristine  and prednisone alone has a 

remission rate of 86%. However when PEGylated L-asparaginase is combined with 

vincrist ine and prednisone, remission rates have improved to 93%. Approved 

formulations are derived from two microbial sources (E. coli or Erwinia chrysanthemi). As 
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a result, asparaginase has been the focus of several deimmunization efforts, but none 

have progressed beyond mouse models (Fonseca et al. 2021) . Additional cancers have 

auxotrophy for other non essential amino acids such as arginine, methionine, glutamine, 

leucine, lysine, tyrosine, and phenylalanine  (Cantor et al. 2012; Dhankhar et al. 2020). 

Similar systemic depletion efforts are under investigation with these amino acids  (Lynch 

2021). These ongoing studies can be grouped into two approaches. 

The first approach parallels L-asparaginase by utilizing the microbial  enzymes 

arginine deaminase, methionine-ϖ-lyase, phenylalanine ammonia lyase, and lysine 

oxidase for depletion(Lynch 2021). Predictably, these microbial enzymes are all limited 

by immunogenicity and   short half-lives in vivo, which range 1.5-7 hours. Improvements 

have been made via PEGylation and encapsulation (J. Yang et al. 2019; Z. Yang et al. 

2004). Since PEGylated phenylalanine ammonia lyase (Palynziq) was recently approved 

for phenylketonuria, and it has demonstrated efficacy again st colorectal cancer, it is a 

likely candidate fo r further clinical evaluation (Lynch 2021; Stith, Hodgins, and Abell 

1973).  

The second approach utilizes human enzymes, which have a reduced risk of 

immunogenicity, but often require engineering to either improve sub strate affinity (by 

decreasing Km), or activity for a new substrate. For example,  human arginase-I has a Km 

of 1-5mM, whereas serum concentration ranges 80-ƕƖƔɯ ϟM (Cantor et al. 2012), 

substitution of the cofactor M n2+ with C o2+ decreases the Km to ~0.2 mM which improves  
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in vitr o cytotoxicity based on ~15 fold decrease in IC50 values(Stone et al. 2010). As 

another example, the closest human homolog to microbial methionine -ϖ-lyase, 

cystathionine-ϖ-lyase, has been successfully engineered to enable methionine 

degradation, decreasing serum methionine concentrations in mouse models (Lu et al. 

2020). 

Circulating amino acid concentrations are also known regulators of the 

mammalian target of raptomycin complex 1 (mTORC1) that regulates cell growth and is 

essential for cancer progression(Shimobayashi and Hall 2016). The metabolite 

kynurenine, a product of upregulated trypto phan catabolism, is elevated in the tumor 

microenvironment. Kynurenine suppresses effector T -cells through transcriptional 

regulation, whic h promotes tumor immune escape (Campesato et al. 2020) Degrading 

extracellular kynurenine with kynureninase is an attractive option to reprogram effector 

T-cells, however the human kynureninase has a low catalytic efficiency   relative to 

microbial enzymes, which have a 500-700 fold increase in Kcat/Km.  As a result, the 

human enzyme had no therapeutic effect on tumor growth in mice, whereas  

Psuedomonas fluorescens kynureninase reduced serum concentration 100 fold,  improved 

median survival by 45% and significantly increased the concentration of CD8+ effector 

T-cells(Triplett et al. 2018). Due to the likelihood of an immune response to microbial 

enzymes, improving the turnover of human kynureninase is a promising next step . 
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The third subclass of enzymes used in cancer therapy are applied in ADEPT 

which is a two step procedure where first an enzyme conjugated to a tumor specific 

antibody is adminis tered. In the second step a prodrug is administered so it is converted 

into a cytotoxic drug w ith a short half -life specifically at the tumor site, as illustrated in 

Figure 4B. Due to the heterologous activity required to convert a pro -drug to a drug, 

microbial enzymes are primarily used  (S. K. Sharma and Bagshawe 2017). The bacterial 

enzyme carboxypeptidase G2 is the most common enzyme used in clinical trials, 

however anti -drug antibodies have been reported in 97% of patients (R. J. Francis et al. 

2002). Options for improving immune to lerance include co-administration with an 

immunosuppressant or epitope engineering  (Bagshawe and Sharma 1996). Mapping B-

cell epitopes of Carboxypeptidase G2 and subsequent mutagenesis has reduced 

immunogenicity by 38.5 -99% in vitr o, and steric hindrance of epitopes with a C-terminal 

tag had the best results (Mayer et al. 2004). This improvement also translated to humans 

in the clinic with only 23% of patients developing anti -drug antibodies after a single 

administration. However, this modification reduced specific enzyme acti vity 45% which 

reduced rates of prodrug activation  (Mayer et al. 2004).  

ADEPT has been also limited by low enzyme affinities fo r the pro-drug relative 

to serum concentrations, or by prodrugs that are cytotoxic without enz yme activation  

(Copp et al. 2017). Both of these limitations have been addressed either by improving the 

ÌÕáàÔÌɀÚɯKm for the substrate, or developing less-toxic pro -drugs (Adiyala e t al. 2018; Di 
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et al. 2017). Improved pro -drug activation has been achieved by engineering enzymes 

(nitroreductases), to have decreased Km s by 1.2-14 fold while maintaining catalytic 

efficiency (Copp et al. 2017; Grove et al. 2003). This reduction in Km is necessary when 

peak pro-drug plasma concentrations are orders of magnitude lower than the Km of the 

wild type enzyme. Since ADEPT and antineoplastic enzymes have advanced, and there 

are tools available to address the challenges, there is room for improvement over the 

two asparaginases approved in the class. A complete list of antineoplastic enzymes and 

their challenges can be found in  the linked dataset (Lynch 2021). 
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Figure 4:  Antineoplastic enzyme therapies.  a) Asparaginase converts 

circulating asp aragine to aspartic acid (i). Asparagine depletion limits cellular uptake 

of asparagine (ii). Auxotrophic tumors lack asparagi ne synthetase needed to convert 

intracellular aspartic acid into asparagine (iii). Decreased intracellular aspara gine 

regulates mTORC1 (iv) to promote autophagy based on starvation signaling (v). 

Decreased asparagine also promotes autophagy by inhibiting p rotein synthesis due to 

limited precursor avai lability (vi). b) ADEPT utilizes antibody specificity for irregular  

or overexpressed tumor antigens (i) to localize the conjugated enzyme such as 

carboxypeptidase G2 at the tumor site. Carboxypeptidase G2 conve rts the non -toxic 

prodrug to the toxic benzoic  acid mustard drug (ii) shown above to increase potency 

and localiz ation of the drug over traditional chemotherapeutic infusion. Uptake of the 

cytotoxic agent (iii) results in DNA alkylation and subsequent cell  death (iv). b) 

Thickened hyaluronan surroundi ng tumors is a physical barrier to chemotherapeutic 

diffusion (i). Increased hyaluronan also elevates interstitial fluid pressure (IFP) to be 

greater than intravascular pressure (IVP) which collapses vasculatur e to limit 

diffusion and delivery(ii). Hyaluro nidase degrades hyaluronan surrounding the 
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tumor (iii). By eliminat ing the physical barrier chemotherapeutics readily diffuse to 

improve tumor uptake (iv). Interstitial fluid pressure decreases below intravascu lar 

pressure for reperfusion and reversal of v ascular collapse (v). The improved 

chemotherapeutic delivery and pe rmeability improves chemotherapeutic uptake at 

the tumor to induce apoptosis (vi).    

2.3.5 Adjuvants 

EBTs are also commonly used as adjuvants to improve the delivery of antibiotics, 

chemotherapeutics, and even antibodies. As noted previously, deoxyribonucl ease has 

been used as an adjuvant for wound treatment to improve antibiotic penetration  (Sol 

Sherry and Fleteher 1960). This technique has also been applied in treatment of  

respiratory infections that are common with cystic fibrosis,  and hyaluronidase has long 

been used to enhance the permeability of injected contrast agents and therapies (Locke, 

Maneval, and LaBarre 2019; Lynch 2021).  

Enzyme adjuvants are also under investigation in cancer to degrade diseased 

irregular extracellular matrix components for improved chemotherapeutic permeability 

(Figure 4C). Specifically, in many tumors hyaluronan and collagen -I levels are elevated. 

This fibrous tissue imposes limitations on perfusion and delivery of therapeutics and 

negatively correlates with survival  (Whatcott et al. 2015). Infusions of PEGylated 

recombinant human hyaluronidase, which degrades the thickened hyaluronan, increase 

tumor perfusion by 16 -547% in clinical trial s(Hingorani et al. 2016). When tumors have 

high concentrations of hyaluronan co-administration of hyaluronidase with Gemcitabine 

improved progression free survival by 2.9 m onths for patients with stage IV metastatic 

pancreatic ductal adenocarcinoma (Hingorani et al . 2016; van Mackelenbergh et al. 
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2019). Additional clinical trials of hyaluronidase in combination with trastuzumab have 

shown improved subcutaneous administration leading to comparable e fficacy with 

infused therapies at decreased treatment costs (Duco, Murdock, and Reeves 2020) In 

addition t o hyaluronan degradation, excess collagen has been targeted with collagenase 

in mouse models(Dolor and Szoka 2018) . Collagenase administration has improved 

monoclonal antibody uptake 1.1 -4 fold in xenograft s(Dolor and Szoka 2018). 

Despite these promising results, anti-neoplastic adjuvants are contentious. 

Constitutive hyaluronan and collagen degradation can promote metastasis because the 

ECM barrier also impedes tumor migration  (M. Liu, Tolg, and Turley 2019).  

Additionally, systemic administration can cause off-target hyaluronan and collagen 

degradation, increasing toxicity  (Dolor and Szoka 2018).  Improvements in biomarker 

characterization are being investigated to determine if a tumor has low or high levels of 

ECM components since only tumors with thickened ECM benefit from the adjuvants  

(Taverna et al. 2019).  Additionally, adjuvant delivery can be localized. Nanoparticles 

and hydrogels have been used to improve tumor specific delivery  (Pan et al. 2018; Zhou 

et al. 2016; Zinger et al. 2019). An interesting next step in the field would be utilizing 

enzyme engineering to improve activity in the pres ence of irregular stimuli in the tumor 

microenvironment such as lower tumor pH or irregular tumor metabolite profiles.   
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2.3.6 Wound healing 

EBTs that are used to promote wound healing focus on enzymatic debridement, 

as illustrated i n Figure 5A, and include proteases and deoxyribonucleases. Proteases 

include bacterial collagenases, serine proteases, and cysteine proteases (Lynch 2021). 

These proteases remove necrotic tissue from the wound bed so there is a healthy scaffold 

for re-epithelialization. This debridement also increases the production of anti -

inflammatory cytokines (IL -10 and TGF-ϕȺɯ ÈÕËɯ ËÌÊÙÌÈÚÌÚɯ ×ÙÖËÜÊÛÐÖÕɯ ÖÍɯ ×ÙÖ-

inflammatory cytokines (TNF -ϔɯ ÈÕËɯ (+-ƕϕȺɯ ÛÖɯ ×ÙÖÔote healing and decrease 

inflammation (Das et al. 2018). Deoxyribonuclease also helps to minimize infection and 

inflammation by degrading DNA released from degenerating cells that can contribute to 

increased viscosity in wounds (Martin, Corrado, and Kay 1996). In combination these 

therapies allow for better penetration of antibiotics and decreases bacterial loads, 

decreasing infection and leading to better clinical outcomes. 
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Figure 5: Approaches of anti -bacterial enzyme therapeutics.  a) Wound beds 

that have excessive denatured collagen prevent epithelial cell migration (i) because of 

the unstable scaffold. Bacteria coloniz e wi thin the denatured collagen (ii). Infected 

tissue accumulates inflammatory cytokines TNF -ϔɯÈÕËɯ(+-ƕϕȭɯȹÐÐÐȺȭɯ#ÌÉÙÐËÌÔÌÕÛɯÞÐÛÏɯ

collagenase specifically cleaves collagen at the sites of denaturation to remove 

necrotic and unsuitable tissue (iv). Debrideme nt decreases bacterial loads and 

improves antibiotic penetration as an adjuvant (v). Collagen in its native 

conformation serves as a healthy scaffold for re -epithelialization. This tissue 

remodeling is associated with an increase in a nti -inflammatory cytok ines. b) Antrax is 

protected from phagocytosis by the  poly glutamic acid (PGA) capsule (i). EnvD 

depolymerizes the protective PGA capsule (ii) leaving anthrax susceptible to 

phagocytosis (iii). c) Endolysins strip the peptidoglycan c ell wall of gram -positi ve 

bacteria through two mechanisms of action. Endolysin hydrolyzes the peptide cross 

linkages within the cell wall (i). b) Endolysin hydrolyzes the glycosidic linkage 

between N -Acetylmuramic acid (MurNAc) and N -acetylglucosamine (Glc NAc). 

Continued depolym eri zation strips the capsule (iii) which causes bacterial lysis (iv). 

d) Bacteria produce the quorum sensing molecule AHL (i). AHL binds to the 

transcription factor LuxR (ii) to activate transcription of genes controlled by the Lux 

operon (iii). These gene s are linked to virulence factors, antibiotic resistance 

genes(iv), and biofilm formation(v) which limits antibiotic penetration. AHL 
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lactonase hydrolyzes the ester bond of the lactone ring (vi). This structural change 

disrupts LuxR binding (vii) to block transcription of genes linked to pathogenicity.  

2.3.7 Antibacterials and antiparasitics 

EBTs have efficacy in both antibacterial and antiparasitic applications, but have 

not been FDA approved (except for desoxyribonuclease as an antibacterial adjuvant). 

However, antibiotic resistance is on the rise (Pärnänen et al. 2019), and enzyme based 

therapies could be used as novel solutions to this growing problem. Current enzymatic 

antiparasitics and antibacterials depolymerize capsular components or disrupt quorum 

sensing signals required for bacterial virulence. These EBTs have shown promise in 

recent in vivo studies (Dams and Briers 2019). As early as the 1930s a depolymerase 

isolated from Bacillus degraded the capsular polysaccharide of type III pneumococci and 

was used as a prophylactic and curative treatment for pneumonia in mice and 

nonhuman primates (Avery and Dubos 1931; T. Francis et al. 1934). While thi s enzyme 

did not undergo further investigation, recently capsule deploymerases have been 

demonstrated to be effective in vivo against Bacillus anthraci and E. coli K1 which cause 

anthrax and neonatal bacterial meningitis, respectively. Th e pathogenesis of these 

bacteria is enhanced by the protective poly-ϖ-D-glutamic acid capsule which suppresses 

ÛÏÌɯÏÜÔÖÙÈÓɯÐÔÔÜÕÌɯÙÌÚ×ÖÕÚÌɯȹ%ÐÎÜÙÌɯƙ!Ⱥȭɯ3ÏÌɯÌÕáàÔÌɯ$ÕÝ#ɯÊÓÌÈÝÌÚɯÛÏÌɯϖɪglutamyl 

bonds between Dɪglutamate residues in the capsule to promote phagocytosis of anthrax. 

EnvD treatment significantly improved survival after exposure to 70% and decreased 

symptoms relative to the control group (Negus et al. 2015; Negus and Taylor 2014). 
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Similarly, enzyme mediated degradation of   the E. coli K1 polysialic acid capsule with 

endosialidase E can effectively treat neonatal bacterial meningitis in rats. Treatment with 

endosialidase E prevented death, and significantly decreased the inflammatory 

response, in nearly all neonatal rats whereas the control group did not survive (Zelmer 

et al. 2010).  

Bacterial lysis, specifically via hydrolysis of the peptidoglycan cell wall, has been 

promising in pre -clinical trials with bacteriophage -encoded endolysins that have 

evolved to lyse bacteria at the end of bacteriophage lytic cycles (Figure 5C) (Dams and 

Briers 2019; Haddad Kashani et al. 2018). Endolysins are fast-acting (within minutes ) 

and incredibly specific for their target because they are composed of both a catalytic 

domain (specific to the peptidoglycan bond cleavage) and a specific cell wall binding 

domain (Dams and Briers 2019; Haddad Kashani et al. 2018). Clinical trials are ongoing 

in the treatment of staphylococcal infections(Dams and Briers 2019; Gerstmans, Criel, 

and Briers 2018). Limitations to endolysin therapies have included: narrow specificity, 

slow permeability through the outer membrane of gram -negative bacteria, and short-

half life. Engineering efforts to add ress these challenges were recently reviewed 

(Gerstmans, Criel, and Briers 2018). Briefly, therapeutic activity has been altered by (1) 

mutating the catalytic or cell binding domain to alter specificity, (2) fusion s of multiple 

catalytic domains and/or multiple cell binding d omains, (3) fusions with membrane 

permeabilizing peptides, and (4) Fc fusions to improve half -life. While some patients in 
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phase 1 clinical trials develop anti-endolysin antibodies, the impact o f anti -drug 

antibodies on efficacy has not been studied (Jun et al. 2017). 

Enzyme degradation of quorum signaling molecules can disrupt communication 

and decrease production of virulence factors (Figure 5D). Enzymatic quorum quenching 

has focused primaril y on the hydrolysis of N -acyl-L homoserine lactones (AHLs), 

signals which enhance the production of virulence factors and enhance 

pathogenicity (Chan, Liu, and Chang 2015). AHLs are quenched, in vitr o,  with either 

AHL acylases that hydrolyzes the amide bond between the lactone ring and acyl side 

chain, or AHL lactonase that hydrolyzes the ester bond of the lactone ring (Chan, Liu, 

and Chang 2015; Murugayah and Gerth 2019). A common challenge for AHL lactonases 

and AH L acylases is low catalytic efficiency, and enzyme engineering efforts to improve 

efficiency were recently reviewed (Murugayah and Gerth 2019). However, further 

characterization is needed to evaluate biocompatibility and potential efficacy in vivo.  

Not only can antibacterial therapies take inspiration from naturally occurring 

enzymes, but several antiparasit ic enzymes are present in the latex of many plants. As 

noted previously, papain and ficin have historical antiparasitic activity in the gut, but 

off -target effects in the presence of digestive tract lesions raised safety concerns (Robbins 

1930; Sol Sherry and Fleteher 1960). Antiparasitic activity has also been demonstrated 

with other plant based proteases including bromelain, chymopapain, and milkweed 

latex(Lynch 2021). In vitro incubations with the H. bakeri nematode have EC50 values 
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rangining 3 -ƕƙƔɯ ϟ,Ȯɯ ÞÐÛÏɯ ÛÏÌɯ ÔÈÑÖÙÐÛàɯ ÖÍɯ ÛÏÌÚÌɯ ÌÕáàÔÌÚɯ ÛÖÓÌÙÈÛÐÕÎɯ ÎÈÚÛÙÐÊɯ ÈÊÐËÐÛàɯ

(Behnke et al. 2008). Better characterization of these enzymes and their consensus 

sequences, in combination with mutagenesis could lead novel and more specific 

vermifuges to combat evolving resistance.   

2.3.8 Toxin degradation 

Drugs and toxins accumulate in the body due to ingestion or impaired  renal 

clearance. Historically, EBTs have been used to treat poisoning due to poison ivy, 

atropine, cyanide, and more recently cocaine (Lynch 2021). Additionally, enzymatic 

digestion of ingested allergens has gained attention as a therapy for celiac disease (Ehren 

et al. 2008; Wolf et al. 2015). Unfortunately, there is only one FDA approved therapy in 

this class, Glucarpidase, which converts methotrexate into less toxic products, as 

illustrated in Figure 6A . 

 Therapies to treat poisoning used to be more common. Cocaine esterase and 

atropine esterase were originally isolated from rabbit serum and used to treat poisoning  

(Shirkey et al. 1962). Similarly, purified rhodanese, a sulfu r transferase, was previously 

used in combination with sodium thiosulfate to expedite cyanide detoxificat ion 

(Frankenberg 1980). These enzymes are not currently used in the clinic and are limited 

by short serum-half lives. Cocaine esterase could have broader utility, but it i s a multi -

domain protein limited by a 15 minute half -life and thermal instability at 37 degrees. 

Engineering efforts have focused on increasing thermal stabili ty by introducing stron ger 
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inter -domain interactions  (Brim et al. 2010; Gao et al. 2009). Another limitation of 

cocaine esterase and toxin degradation in general is substrate affin ity. Cocaine esterase 

has a  Km ranging from 7.3-Ɩƕɯϟ,ȮɯÞÏÌÙÌÈÚɯÊÖÊÈÐÕÌɯÖÝÌÙËÖÚÌɯÍÈÛÈÓÐÛÐÌÚɯÖÊÊÜÙ when blood 

cocaine concentrations reach only 3-9 mg/L (2-ƕƔɯϟ,Ⱥ (Kontak, Vongpatanasin, and 

Victor 2012). Cocaine esterase variants have been engineered with improved affinity, 

making it a good candidate for further investigation  (Brim et al. 2010; Gao et al. 2009).  

 As noted previous ly, an early $!3ɯȹÉÈÊÛÌÙÐÈÓÓàɯËÌÙÐÝÌËɯϕ-Lactamase) was used to 

treat penicillin anaphylaxis  (Becker 1956; Hyman 1959).  Orally de livered therapies have 

a lower likelihood of eliciting an immune response, and current approaches to treat 

allergic reactions rely on enzymes that can degrade ingested allergens. Specifically, 

recent work has been focused on EBTs to treat celiac disease (Sollid et al. 2012). In celiac 

ËÐÚÌÈÚÌȮɯ×ÙÖÓÐÕÌɯÈÕËɯÎÓÜÛÈÔÐÕÌɯÙÐÊÏɯÙÌÚÐËÜÌÚɯÍÖÜÕËɯÐÕɯϔ-gliadin trigger a T -cell based 

immune response. There are over 30 known proline and glutamine rich T -cell epitopes 

that contribute to celiac disease (Sollid et al. 2012; Wolf et al. 2015). To date, prolyl 

endopeptidase isolated from the acidophile  Sphingomonas capsulata, and  Kumamolisin -

As from  Alicyclobacillus sendaiensis have been engineered to digest the immunogenic 

proline and glyci ne rich sequences. Prolyl endopeptidase engineering improved specific 

activity by 20% for proline and glutamine rich sequence s(Ehren et al. 2008). 

Kumamolisin -As has beÌÕɯÌÕÎÐÕÌÌÙÌËɯÍÖÙɯÐÔ×ÙÖÝÌËɯϔ-gliad in selectivity over other 

peptide sequences(Sollid et al. 2012; Wolf et al. 2015). The improved Kumamolisin -As 
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variant has performed well in simulated gastric digests of brea d and wheat beer, where 

peptides degraded to under 20ppm, which meets the FDA requirement for gluten -free 

labeling (Wolf et al. 2015). Based on these results, acidophilic bacterial proteases 

selective for immunogenic gluten  peptides are promising prophylactics or emergency 

ÛÏÌÙÈ×ÐÌÚɯÈÕËɯÈɯÊÖÔÉÐÕÈÛÐÖÕɯÖÍɯÌÕÎÐÕÌÌÙÌËɯ×ÙÖÛÌÈÚÌÚɯÊÖÜÓËɯÌÕÚÜÙÌɯÈÓÓɯϔ-gliadin epitopes 

are degraded. 

  Limited clearance can also cause molecules to accumulate to toxic levels. For 

example, impaired renal  clearance causes methotrexate toxicity in cancer patients. 

Methotrexate toxicity is treated with carboxypeptidase G2 (Glucarpidase), also 

discussed above, which hydrolyzes methotrexate into glutamate and 2,4-diamino -N 10-

methylpteroic acid which are less toxic (Green 2012). Carboxypeptidase G2 elicits an 

immune response with 17% of patients developing anti -drug antibodies and <1% have a 

hypersensitivity  reaction (Ramsey et al. 2018). While Carboxypeptidase G2 has been 

deimmunized for ADEPT therapy, this variant has not yet been broadly used in th e 

clinic  (AlQahtani et al. 2019) . 
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Figure 6: Enzyme based therapies for toxin clearance or accumulated products 

of metabolism (metabolites and proteins).  a) Methotrexate is well  tolerated in cancer 

therapy until renal failure increases serum concentrat ion (i) to toxic levels (ii). 

Glucoparidase hydrolyzes the amide bond in methotrexate to produce DAMPA and 

glutamate. These products can be metabolized in the liver (iv) for clearan ce. b) Organ 

transplants are HLA incompatible when donor cells (DC) have MHCs encoded by a 

dÐÍÍÌÙÌÕÛɯɯ'+ ɯÎÙÖÜ×ɯÛÏÈÕɯÛÏÌɯÙÌÊÐ×ÐÌÕÛɀÚɯÊÌÓÓÚɯȹ1"ȺɯȹÐȺɯȭɯ(ÕɯÙÌÚ×ÖÕÚÌɯÛÏÌɯÙÌÊÐ×ÐÌÕÛɯ

×ÙÖËÜÊÌÚɯ(Î&ɯÈÕÛÐÉÖËÐÌÚɯÈÎÈÐÕÚÛɯÛÏÌɯËÖÕÖÙɀÚɯ'+ ɯÛà×ÌɯȹÐÐȺȭɯ3ÏÌÚÌɯÈÕÛÐÉÖËÐÌÚɯÉÐÕË to 

the donor cells (iii) to facilitate donor cell opsonization (iv) that causes transplant 

rejection. IdeS cleaves the anti -donor IgG at the hinge region (v) separating the Fc 

region from the Fab region to disrupt the humoral immune response. This cleavag e 

leads to transplant acceptance (vi).  

2.3.9 Degradation of accumulated metabolites 

EBTs can also be used to degrade accumulated products of metabolism which 

can either be specific proteins or metabolites. Analogous to toxin accumulation, proteins 

and metabolites accumulate due to increased production or impared clearance. For 

example, prÖÛÌÐÕɯÈÊÊÜÔÜÓÈÛÐÖÕɯÊÈÜÚÌÚɯ#Ü×ÜàÛÙÌÕɀÚɯÊÖÕÛÙÈÊÛÜÙÌɯÈÕËɯ/ÌàÙÖÕÐÌɀÚɯËÐÚÌÈÚÌȮɯ

vitreomacular adhesions, Alzheimer's disease, and transplant rejection. Metabolite 

accumulation is responsible for uric acid crystalization that causes gout. Currently, 
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enzyme based therapies are either used clinically or under investigation as treatments to 

target protein and metabolite accumulation . 

#Ü×ÜàÛÙÌÕɀÚɯÊÖÕÛÙÈÊÛÜÙÌɯÈÕËɯ/ÌàÙÖÕÐÌɀÚɯËÐÚÌÈÚÌɯÈÙÌɯcaused by collagen deposits 

in the hands and penis, respectively. Both of these disorders are treated with  Clostridium 

histolyticum collagenase, which is FDA approved for local injection. Collagenase 

injections have improved joint range of motion by up to 35 degrees and reduced penile 

curvature by 34-37% (Gelbard et al. 2013; Gilpin et al. 2010). Nearly all patients develop 

anti-collagenase antibodies, but there have been no reports of anaphylaxis (Gelbard et al. 

2013; Gilpin et al. 2010). The impact of antibody formation on efficacy has not been 

studied. To date, as collagenase treatment is only used as a non-invasive alternative to 

surgery there have not been deimmunization attempts.   

Similarly, buildup of collagen, fibronectin, and laminin, can cause vitreomacular 

adhesions which can lead to a macular hole and disrupted vision  (Grinton and Steel 

2019). Ocriplasmin is a recombinant tru ncated human plasmin, that is also administered 

as a local injection to facilitate vitreous liquefaction as an alternative to a vitrectomy  

(Stalmans et al. 2012). Since the eye is immune privileged and ocriplasmin is human, it 

has been well tolerated with mostly transient adverse events that are not significantly 

different from a placebo. Ocriplasmin is primarily limited by efficacy with a success rate   

in macular hole closure of only   ~40% (Stalmans et al. 2012). 
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 In addition to FDA approved proteases, an active area of protease research 

involves selectively targeting amyloid beta that aggregates into oligomers that form 

×ÓÈØÜÌÚɯÐÕɯ ÓáÏÌÐÔÌÙɀÚɯËÐÚÌÈÚÌ (Sikanyika et al. 2019). Engineering efforts have focused 

on three priorities in an ideal therapeutic candidate: high specific activity for amyloid 

beta, low activity for off -target sequences, and immune tolerance. Therefore, human 

proteases with a low level of preexisting activity for amyloid beta have been templates 

for most engineering efforts  ȹ&ÜÌÙÙÌÙÖȮɯ.ɀ,ÈÓÓÌàȮɯÈÕËɯ#ÈÜÎÏÌÙÛàɯƖƔƕƚȰɯ6ÌÉÚÛÌÙɯÌÛɯÈÓȭɯ

2014). The two human proteases engineered for amyloid beta selectivity are human 

kallikrein 7 and neprilysin  ȹ&ÜÌÙÙÌÙÖȮɯ.ɀ,ÈÓÓÌàȮɯÈÕd Daugherty 2016; Webster et al. 

2014). Human kallikrein 7 was engineered to increase selectivity by decreasing off -target 

activity, with the most selective variant having 80% of the wild type activity for amyloid 

beta, and at least two fold reduction in activity towards other physiological substrates 

(cell adhesion proteins) (Yu et al. 2015). While this selectivity improves the therapeutic 

potential, neprilysin engineering had success at both improving amyloid beta 

degradation ( ~18 fold) and decreasing activity towards off -target neuropepti de and 

natriuretic substrates ( from 3 to >1000 fold) (Webster et al. 2014). Future work is needed 

to evaluate these potential therapies in vivo. 

 The last EBT for protein accumulation directly targets the long standing 

challenge of immunogenicity. The accumulation of anti -drug ant ibodies are often a 

limitation for many protein therapeutics as well as organ transplants, and gene 
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therapies. Specifically, transplants can be rejected because of the anti-donor HLA IgG 

mediated immune response, and pre-existing anti -AAV vector antibodies  decrease 

transduction efficiency during gene therapy. Higher titers of unwanted antibodies are 

associated with worse outcomes for each (Meadows et al. 2019; Rubin Zhang 2018). To 

mitigate these unwanted immune r esponses, microbial endopeptidase, Imlifidase (IdeS), 

is infused to cleave IgG at the lower hinge between G236 and G237(Jordan et al. 2017), as 

illustrated in Figure 6B. This cleavage separates the Fc region from the Fab region 

disrupting the humoral immune response to allow for im munogenic therapies to evade 

the immune system. IdeS circulates for 24-48 hours. This approach has depleted donor-

specific antibodies in phase I-II clinical trials, and 96% of patients that were HLA -

incompatible had successful initial transplants  (Jordan et al. 2017). Additionally,  recent 

in vitr o and in vivo studies have used IdeS to deplete anti-AAV IgG to improve 

transduction in gene therapy.  In vitr o incubation of IdeS with patient blood significantly 

decreased anti-AAV antibo dies after 24 hours of incubation. This approach has been 

tested in nonhuman primates in  in vivo experiments which resulted in enhanced 

transduction efficiency and transgene expression in the pre-treated primate relative to 

the control(Leborgne et al. 2020). Based on these results, IdeS is a promising EBT for 

applications where improving immune tolerance is needed, such as the administration 

of other biologics,  and could have a broader impact in treatment of autoimmune 

diseases (Collin and Björck 2017). 
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Lastly, there are also two FDA approved enzymes to treat metabolite 

accumulation. Uric acid can accumulate beyond solubility limits and crystallize in joints 

causing gout. Uricase converts uric acid into a less toxic product, allantoin, which has 

improved solubility and clearance, decreasing crystal formation. The two FDA approved 

uricases include a non-PEGylated uricase from Aspergillus flavus and a PEGylated 

chimeric porcine/baboon uricase (Lynch 2021). Predictably, both of these enzymes have 

unwanted immune responses. At least 25% of patients that take the Aspergillus flavus 

uricase develop antidrug  antibodies that decrease efficacy, and the anaphylaxis rate 

ranges from 3.9-7.3% (Burns and Wortmann 2011; Ueng 2005). Similarly, repeated 

administration of PEGylated chimeric porcine/baboon ur icase results in 41-89% of 

patients developing ant idrug antibodies and 6.5% anaphylactic reactions (Lipsky et al. 

2014; Nyborg et al. 2016; Sundy et al. 2011). Higher antibody titers are also  associated 

with infusion reactions and decreased efficacy as measured by uric acid levels 

(Guttmann et al. 2017; Sundy et al. 2011). Preliminary attempts to map antigenic regions  

and deimmunize uricase have been performed in silico, but have not been 

experimentally validated  (Nelapati et al. 2020). A combination of  in silico and in vitr o 

approaches have been used to engineer a variant that is less immuno reactive, however 

this variant also has a 60% decrease in catalytic efficiency(Nyborg et al. 2016). Therefore, 

while these uricase therapies can be effective, better deimmunization algorithms and 

preclinical models are needed to design variants for improved clinical translation.  



 

 40  

2.3.10 Anti-inflammatories 

Anti -inflammatory enzymes primarily target inflammatory cyto kines in three 

ways. First, enzymes that scavenge reactive oxygen species (ROS) interfere with 

cytokine transcription. Second, enzymes can degrade circulating inflammatory cytokines 

directly. Third, enzymes can prevent cytokine release by degrading receptors that are 

required for exocytosis. 

 The first approach targeting ROS is a broadly applicable therapeutic strategy 

because ROS contributes to the pathogenesis of several diseases such as bacterial 

infections, cancer, ischemic injury, and drug induced live r toxicity  (Alfadda and Sallam 

2012). Specifically, the superoxide anion and hydrogen peroxide accumulate causing cell 

damage and death (Alfadda and Sallam 2012). EBTs treat inflammation by 

supplementing innate antioxidant scavenging enzymes converting reactive oxygen 

species into less toxic or harmless products (Figure 7A). Since ROS activate the 

transcription factor NF -kb, which mediates proinflammatory  cytokine expression, these 

scavenging enzymes limit inflammation  (Schieber and Chandel 2014; Schmidt et al. 

1995). 

Superoxide dismutase (SOD), which converts the superoxide anion into 

hydrogen peroxide, has been used therapeutically   (Younus 2018). Subsequently 

hydrogen peroxide is converted into water by the  enzyme catalase, which has also been 

used as an anti-inflammatory  (Lutton et al. 2017). Although humans are equipped with 



 

 41  

superoxide dismu tases, from the late 1970s through the 1990s bovine SOD was used 

clinically as an anti -inflammato ry agent. The bovine SOD was effective as both a 

systemic therapy to decrease ROS mediated side effects of radiation after chemotherapy, 

and as a local injection to decrease osteoarthritis pain due to inflammation  (Gammer and 

Brobäck 1984; McIlwain et al. 1989; Menander-Huber, Edsmyr, and Huber 1978; Sanchiz 

et al. 1996). However, in 1994 it was withdr awn due to severe anaphylactic reactions and 

some deaths (Stephens 2005). Intuitively, recombinant human SOD is likely an immune 

tolerant solution. Recombinant human SOD has demonstrated anti-inflammato ry 

efficacy in vivo by significantly reducing inflammatory cytokin e concentrations along 

with inflammation related s ymptoms, in animal models  (Guillaume et al. 2013; 

Kopincova et al. 2019; Y. Zhang et al. 2002). Efficacy has also been tested in clinical trials 

with recombinant human SOD encapsulated in liposomes for the topical treatment of 

/ÌàÙÖÕÐÌɀÚɯ ËÐÚÌÈÚÌȭɯ /ÈÐÕɯ ÚÐÎÕÐÍÐÊÈÕÛÓàɯ ËÌÊÙÌÈÚÌËɯ ÐÕɯ ƜƝǔɯ ÖÍɯ ×ÈÛÐÌÕÛÚɯ ÈÓÖÕÎɯ ÞÐÛÏɯ

improvements in other symptoms with no adverse events  (Riedl et al. 2005).  

Despite this success, two limitations remain for the broader use of human SOD. 

First, recombinant human SOD has a short serum half-life of only ~7-25 minutes 

(Hallewell et al. 1989; L. Xu et al. 2016). Second, anti-inflammatory activity is more 

effective when SOD is concentrated at the site of ROS production.  Research efforts have 

focused on SOD conjugation or encapsulation to address these two challenges with both 

approaches leading to improved half -life  (Hallewell et al. 1989; L. Xu et al. 2016). Since 
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SOD needs to cross cell membranes for efficacy, alternatives to PEG, which enable 

improve d cellular uptake, have been investigated with ~8 fold improvement in half -life  

(Dean et al. 2017; Hallewell et al. 1989). Targeting moieties (such as antibodies and 

ligands) have also been used to improve site specific delivery leading to improvements 

in cell viability, and inhibition of inflammation and cytokine concentration compared to 

non-targeted controls (Dean et al. 2017; Shuvaev et al. 2018). Lastly, targeting digestive 

tract inflammation with oral SOD has proven challenging due to proteolytic 

degradation, yet recent enzyme engineering has been used to improve resistance to 

pepsin and trypsin for m ore effective management of oxidative stress in the GI tract 

(Yan et al. 2020).  

Recombinant human catalase has also been effective in vitr o and in vivo, but has 

not moved to clinical trials  (Shi et al. 2010; Rui Zhang et al. 2017). Similar to SOD, 

catalase is limited by a short half-life (~23 minutes) and the need for site specific 

targeting (Turrens, Crapo, and Freeman 1984). Similar approaches to those used for SOD 

(conjugation and encapsulation) have been used to enhance ROS inhibition via catalase 

with  in vivo success in treating cancer, ParkinÚÖÕɀÚ disease, and traumatic brain injury  

(Eom et al. 2015; Lutton et al. 2017; Rui Zhang et al. 2017). Since human SOD and 

catalase have high catalytic efficiencies (8*108s-1M -1 and 7.3*106 s-1M -1) , protein 

engineering efforts that improve protease resistance in the serum, while maintaining 
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catalytic efficiency, can significantly improve systemic administ ration  (Hsu et al. 1996; 

Switala and Loewen 2002). 

The second type of anti-inflammatory EBTs lead to direct cytokine degradation 

(Figure 7B). This approach is in the early investigational stages with the tobacco etch 

virus (TEV) protease. Specifically, TEV protease was engineered to cleave solvent 

exposed residues on the pro-inflammatory cytokine IL -23 as a potential therapeutic for 

rheumatoid arthritis and psoriasis  (Packer, Rees, and Liu 2017). Wild type TEV protease 

has no pre-existing activity for this substrate. Over ~2500 generations of phage assisted 

continuous evolution, led to a variant with over 2 0 mutations, and ~15% of the catalytic 

efficiency for the IL -23 substrate, compared to the native substrate, and inactivated IL-23 

in vitro. While this directed evolution approach did not include counter se lection for off -

target activity, a second generation of this method was recently developed with counter 

selection to overcome this limitatio n(Blum et al. 2021). 

The last group of anti -inflammatory EBTs prevents vasoactive amine release 

from mast cells involved in inflammation. Specifically, vasoac tive amine release is 

dependent on the SNARE protein, SNAP-23, which is an attractive therapeutic target 

(Figure 7C) (Frank et al. 2011; Sikorra et al. 2016). Interestingly, SNAP-23 is an isoform of 

SNAP-25 which is the target of the enzymatic light chain of botulinum neurotoxin type 

A (BoNT/A ), also known as Botox, which is used therapeutically to inhibit 

neurotransmitter release at cholinergic nerve terminals. SNAP-25 has >75% sequence 
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similarity to SNAP -23, but BoNT/A has little activity on S NAP-23. Therefore, the 

enzymatic domain of BoNT/A has been engineered for SNAP-23 degradation. A variant 

was identified with improved selectivity for SNAP -23 which has a 2-fold increase in 

SNAP-23 catalytic efficiency and a decrease in activity on SNAP-25 (> 95% relative to the 

wildtype)  (Sikorra et al. 2016). 

 

Figure 7: Anti -inflammatory enzyme therapies.  a) ROS cause cell damage and 

death (i) with the superoxide anion being more reactive than hydrogen peroxide. Both 

ROS activate the transcription factor (TF) NF -kb(ii) which activates pro -inflammatory 

cytokine production . Cytokine release (iii) signals the infla mmatory response. The 

enzyme therapy SOD converts the superoxide anion into oxygen and hydrogen 

peroxide (iv) which is less harmful, and limits cytokin e transcription. Catalase 

converts hydrogen peroxide in to oxygen and water which is non -toxic and does not 

activate inflammatory cytokine transcription. b) Macrophages produce IL -23 (i) that 

contributes to inflammation in rheumatoid arthritis (ii).Engineer ed TEV protease 

degrades IL-23(iii) to disrupt inflamma tion. C) Cytokine release is dependent on 

SNAP-23 located within mast cells(i). Secretion of chemokines and histamine (ii) 
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leads to inflammation and allergic reactions. Engineered BoNT/A degrades SNAP -

23(iii). Without SNAP -23 secretion is blocked (iv).  

2.4 Future Outlook and Remaining Challenges to the 
development of new EBTs 

As highlighted in the discussion above , one of the most critical challenges in the 

development of EBTs is unwanted immune responses, whether these are antidrug 

antibodies that facilita te clearance or activity neutralization, or hypers ensitivity 

responses. As a result of these unwanted immune responses, development of microbial 

EBTs has lagged in favor of human enzymes. As discussed, human enzymes are 

primarily used in replacement therap ies, and two more are in clinical development. One 

new ERT, olipudase alfa, is the only therapy in development to treat sphingomyelinase 

deficiency(Diaz et al. 2021). The second, avalglucosidase alfa, is the next generation of 

alglucosidase alfa with a 15-fold increase in mannose-6-phosphate concentration, aimed 

to improve cellu lar uptake through the mannose-6-phosphate receptor(Kushlaf et al. 

2021). Since many ERTs rely on this method of uptake, it is a likely approach to improve 

the efficacy of other approved ERTs for lysosomal storage disorders. 

Although recombinant production of enzymes led to rapi d growth in EBT 

approvals from the 1980s through 2010 since 2010 new enzyme therapy approvals have 

plateaued relative to antibodies and protein therapeutics as a whole (Figure 1C), which 

can be attributed to new production technologies such as CHO and HEK cell culture 

makiÕÎɯÛÏÌɯÙÌÊÖÔÉÐÕÈÕÛɯ×ÙÖËÜÊÛÐÖÕɯÖÍɯɁÏÜÔÈÕ-ÓÐÒÌɂɯ×ÙÖÛÌÐÕÚɯÔÖÙÌɯÍÌÈÚÐÉÓÌɯ(Almo and 
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Love 2014; Böhm et al. 2015). Therefore, while over the past decade enzyme engineering 

has also made leaps of progress, these capabilities have not translated well to new 

clinical capabilities and approvals for new enzyme based therapies (K. Chen and Arnold 

2020; Renata, Wang, and Arnold 2015; T. Yang, Ye, and Lynch 2021). However, by 

combining recombinan t DNA, new production technologies, and enzyme eng ineering, 

human enzymes have been engineered with either new activity (such as cystathionine-ϖ-

lyase for L-Methionine depletion) or improved kinetics for therapeutic activity (such as 

neprilysin for amyloid  beta proteolysis). Applying these approaches to other human 

enzymes can address the need for both novel, effective, and safe EBTs with low 

immunogenicity.  

New improved technologies for deimmunization or immunoevasion are a critical 

challenge in the development of new EBTs and are of particular importance when 

considering nonhuman enzymes (Parker et al. 2010; Sauna et al. 2018; Zinsli et al. 

2021). In fact, as this review discusses, there are existing numerous examples of enzymes 

with therapeutic activity that may be  of clinical use if deimmunized. Toward this goal, 

deimmu nization has been used on lysostaphin to remove T-cell epitopes which limited 

anti-drug antibody responses and remained effective after repeated doses (even with 

preexisting wild type immunity) in hu man HLA transgenic mice (Zhao et al. 2020). 

While it is recognized that in vitro  assays and mouse models are not perfect predictors of 
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clinical behavior, the engineered lysostaphin variant has performed well with pre -

clinical metrics that support the need for  clinical evaluation.  

Beyond epitope engineering approaches, there are additional approaches to 

prolong half life (Menacho-Melgar et al. 2019; Zaman et al. 2019; P. Zhang et al. 2016). 

PEGylation is routinely deployed to reduce immunogenicity, and decrease clearance to 

prolong half -life, but anti -PEG immunity can develop. Therefore development of 

alternatives to PEGylation is an active area of research that has been reviewed recently 

(P. Zhang et al. 2016). Beyond synthetic conjugates, to address immunogenicity 

specifically, half -life can be prolonged with Fc -fusions. This approach prolongs 

circulation both by decreasing renal clearance due to increased molecular weight, and 

limiting degrada tion with Fc recycling (Zaman et al. 2019). Recently, Palleon 

pharmaceuticals has developed the Fc fusion enzyme E -602 (Bi-Sialidase), which is 

intended to digest dense sialic acid-containing glycans on the surface of T-cells that 

block the CD28 receptor needed for activationȹɁ/ÈÓÓÌÖÕɯ/ÏÈÙÔÈÊÌÜÛÐÊÈÓÚɯ/Ð×ÌÓÐÕÌɂɯÕȭËȭȺ. 

An IND has been filed for   E -602 (Bi-Sialidase) and it is expected to begin phase I 

clinical trials this year.  

Assuming challenges in deimmunization can be overcome, the potential of EBTs 

is almost limitless, far beyond the current 39 FDA approved enzymes (Lynch 2021).  Out 

of these approved enzymes, 66% are produced recombinantly, but as a whole less than 

20% of the FDA approved enzymes have engineered sequences(Lynch 2021).There are 
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millions of non -human enzymes in nature, with an even greater number considering 

advancements in protein engineering and directed evolution which have the potential to 

generate novel enzymes with new or altered functions(Y. Li and Cirino 2014). Therefore 

by coupling recombinant protein expression with advancements in enzyme engineering 

there are known approaches to address the challenges associated with EBTs with 

directed evolution for improved s afety and efficacy, enabling a huge potential growth in 

novel therapeutics.  

Lastly, with topical or oral administration several therapeutic enzymes are viable 

without deimmuniza tion. In fact, there is already a therapy in phase III clinical trials, 

NexoBrid, for topical debr idement ȹ1ÖÚÌÕÉÌÙÎɯÌÛɯÈÓȭɯƖƔƕƙȰɯɁ ɯ2ÛÜËàɯÛÖɯ$ÝÈÓÜÈÛe the 

$ÍÍÐÊÈÊàɯÈÕËɯ2ÈÍÌÛàɯÖÍɯ-ÌßÖ!ÙÐËɯÐÕɯ2ÜÉÑÌÊÛÚɯ6ÐÛÏɯ3ÏÌÙÔÈÓɯ!ÜÙÕÚɂɯÕȭËȭȺ.  Specifically, 

anti-inflammatory and anti -bacterial enzymes have great potential for growth since they 

could be combined with debridement agents for topical administration to pro mote 

wound healing.  
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3. Dynamic control of cytoplasmic redox state in E. coli 
improves growth robustness. 

3.1 Introduction 

E. coli is a workhorse for recombinant protein expression, and beyond the low -

cost benefits part of its appeal is the ease of use and rapid growth to high cell densities. 

Unfortunately, these benefits have not held true when the recombinant pr otein of 

interest contains disulfide bonds.   

The challenge with these proteins is three-fold. Firs t, cytoplasmic reductases 

reduce disulfide bonds to thiols. This reduction is a problem because disulfide bond s 

often serve important roles in stabilizing sec ondary structure, preserving functional 

activity, and reduction can lead to insoluble aggregation in inclusion bodies (Berkmen 

2012). Second, to promote disulfide bond oxidation previous efforts have either relied 

upon periplasmic expression which results in transporter bottle necks  and low 

expression levels, or tried to engineer the cytoplasmic redox state to promote disulfide 

bond oxidation (de Marco 2009; Schlegel et al. 2013). The latter approach leads to the last 

major challenge with expression of proteins that contain disulfide bonds in E. coli. 

Previously the cytoplasm ic redox state has exclusively been engineered with constitutive 

changes, meaning knockouts of cytoplasmic reductases. Current commercial strains 

such as SHufÍÓÌɯÊÖÕÛÈÐÕɯÈɯËÖÜÉÓÌɯÙÌËÜÊÛÈÚÌɯÒÕÖÊÒÖÜÛɯȹͅÎÖÙͅÛÙß!ȺȮɯÉÜÛɯÔÈÐÕÛÈÐÕɯÚÖÔÌɯ

reducing power with mutant peroxidase AhpC*(Lobstein et al. 2012; Ritz et al. 2001). 

While knocking out these reductases has improved cytoplasmic disulfide bond 
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formation it also creates consitutative oxidative stress that slows growth relative to BL21  

controls(Ahmadzadeh et al. 2020; Pulido et al. 2020). Additionally, specialized growth 

conditions including lower incubation temperatures (30°C or lower) as well as lower 

aeration is often required for expression(Eaglesham, Garcia, and Berkmen 2021; Lobstein 

et al. 2012; Ren, Ke, and Berkmen 2016). SHuffle can also can be more sensitive to 

ÔÐÕÐÔÈÓɯÔÌËÐÈɯÍÖÙÔÜÓÈÛÐÖÕÚɯÛÏÈÛɯËÖÕɀÛɯÐÕÊÓÜËÌɯÙÌËÖßɯÈÊÛÐÝÌɯÔÖÓÌÊÜÓÌÚɯÐÕɯÛÏÌɯÉÜÍÍÌÙɯÚÜÊÏɯ

as glutathione and cysteine/cystine found in yeast extract(Ren, Ke, and Berkmen 

2016).Therefore, due to knockout associated toxicity, these growth challenges lead to a 

lack of both growth and recomb inant protein expression robustness, limiting the utility 

of E. coli as an expression host(SECRETERS - $ÜÙÖ×ÌÈÕɯ 4ÕÐÖÕɀÚɯ 'ÖÙÐáÖÕɯ ƖƔƖƔɯ

Programme. Electronic address: l.rettenbacher@kent.ac.uk and SECRETERS - European 

4ÕÐÖÕɀÚɯ'ÖÙÐáÖÕɯƖƔƖƔɯ/ÙÖÎÙÈÔÔÌɯƖƔƖƖȺ.  

To address these challenges, we engineered the cytoplasmic redox state to 

prom ote disulfide bond formation while maintaining growth robustness. Rather than 

relying solely on reductase knockouts, dynamic contr ol was used to alter the 

cytoplasmic redox state wit h two stage fermentations. An overview of this approach is 

illustrated in Figure 8A. Strains with dynamic control separate growth and recombinant 

protein expression into two phases. The recombinant protein of interest is under the 

control of a phoB promoter, which is activated under low phosphate conditions (Gardner 

and McCleary 2019; Moreb et al. 2020). Phosphate concentration in the media is the 
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trigger to induce recombinant protein expres sion. The media is formulated for 

autoinduction coincident with the phosph ate depleted stationary phase(Menacho-

Melgar, Ye, et al. 2020; Ye et al. 2020)ȭɯ-ÖÛɯÖÕÓàɯËÖÌÚɯ×ÏÖÚ×ÏÈÛÌɯËÌ×ÓÌÛÐÖÕɯɁÛÜÙÕ-ÖÕɂɯ

recombinant prÖÛÌÐÕɯ Ìß×ÙÌÚÚÐÖÕȮɯ ÐÛɯ ÐÚɯ ÈÓÚÖɯ Èɯ ÛÙÐÎÎÌÙɯ ÛÖɯ ÚÐÔÜÓÛÈÕÌÖÜÚÓàɯ ɁÛÜÙÕɯ ÖÍÍɂɯ

reductase expression with either silencing or proteolysis which will be detailed later 

on(S. Li et al. 2021; Luo et al. 2015; McGinness, Baker, and Sauer 2006). Specifically, there 

are two reducing pathways in E. coli highlighted i n Figure 8B, the thioredoxin pathway 

and the glutaredoxin pathway (Prinz et al. 1997). The glutaredoxin pathway was altered 

by either knocking out glutathione reductase (gor) or glutamate -cysteine ligase (gshA) 

whereas the thioredoxin pathway was targeted with dynamic control of thioredoxin 

reductase (trxB).  

After making these strain modifications, the cytoplasmic redox state was assayed 

with redox sensitive GFP (roGFP) previously reported Figure 8C(Arias-Barreiro et al. 

2010; Hanson et al. 2004). !ÈÚÌËɯÖÕɯÛÏÐÚɯÈÚÚÈàȮɯÊÖÔÉÐÕÐÕÎɯͅÎÖÙɯÞÐÛÏɯÛÙß!ɯ×ÙÖÛÌÖÓàÚÐÚɯ

resulted in the greatest improvement in cytoplasmic oxidation. This strain was altered 

again to incorporate dynamic overexpression of the chaperone disulfide bond isomerase 

(dsbC) in the cytoplasm, because dsbC is normally expressed in the periplasm. This 

engineered strain was compared to SHuffle E. coli for growth robustn ess with respect to 

temperature, aeration, and roGFP induction to measure cytoplasmic oxidation. The DC 

redox strain had more tigh tly controlled biomass levels and induced under a wider 
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variety of temperature and aeration conditions, including high tempera ture and 

aeration. Therefore, this new strain mitigates the toxicity associated with knocking out 

multiple reductases and improves  disulfide bond oxidation during the production 

phase. 

 

Figure 8: Overview of reducing pathways and engineering cyto plasmic redox 

state in E. coli with dynamic control.  A) E. coli is engineered for 2 -stage fermentations 

and cytoplasmic oxidation specifically during the production phase to improve 

disulfide bond formation. The legend in the upper left c orner indicates color coded 

variables. Upon entry into the stationary phase ( E. coli in black), phosphate depletion 

(blue) induces  recombinant protein expression of roGFP (green). Simultaneously 

phosphate depletion triggers controlled reductions in cytopla smic reductases (red, 

butterf ly valve)  so disulfides redmain oxidized, thereby increasing the excitation 

ratio (grey).B) Disulfid e bonds are reduced to thols in the E. coli cytoplasm by two 

pathways: the glutaredoxin pathway and the thioredoxin pathway. K ey reductases 

altered to cont rol redox state are shown in red. The redox sensitive GFP (labeled 

roGFP) was used to assay cytoplasmic redox state is shown in green. C) Overview of 

roGFP assay. The excitation spectrum of roGFP changes when it is oxidized vs 

reduced. An increase in the E mission ratio with excitation at 400nm over 490nm 

indicates greater roGFP oxidation Hydrogen peroxide  oxidizes roGFP to confirm the 

excitation ratio (400nm/490nm) increases with increasing oxidation.  

3.2 Results and Discussion 

3.2.1 SHuffle and the dynamic control strain 25-S have different 
baseline protein expression levels 

Previously strains have been engineered to improve cytoplasmic expression of 

proteins that contain disulfide bonds in  E. coli. These strains are deficient iÕɯÖÕÌɯȹͅÛrxB) 
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ÖÙɯÛÞÖɯÙÌËÜÊÛÈÚÌÚɯȹͅÎÖÙͅÛÙß!ȺɯÈÕËɯÔÈÐÕÛÈÐÕɯÚÖÔÌɯÙÌËÜÊÐÕÎɯ×ÖÞÌr(Kong and Guo 2014; 

Lobstein et al. 2012) (supplemental Table 1). Double knockout strains require a mutant 

peroxidase for some reducing power because knocking out both pathways severely 

limits growt h(Ritz et al. 2001). 

In this study we sought to engineer the cyt oplasmic redox state for improved 

disulfide bond oxidation, while maintaining robust growth by utilizing two stage 

fermentations and dynamic reductions in trxB levels specifically during the production 

phase. The strain modified in this study was 25-S, which was previously reported to 

deploy dynamic metabolic control, but it has both reducing pathways intac t(S. Li et al. 

2021). Because of the dynamic metabolic control capabilities in 25 -S, the strain is capable 

ÖÍɯ ɁÛÜÙÕÐÕÎɯ ÖÍÍɂɯ Ìß×ÙÌÚÚÐÖÕɯ ÖÍɯÛÏÌɯ ÔÌÛÈÉÖÓÐÊɯ ÌÕáàÔÌÚɯ ÛÈÙÎÌÛÌËɯÞÏÌÕɯ ×ÏÖÚ×ÏÈte is 

depleted. Before altering the redox state of each strain, we compared protein expression 

levels in each strain (SHuffle and 25-S) with a GFP reporter since baseline protein 

expression levels can vary in strains with different backgrounds  (genotypes listed in 

supplemental Table 2). This comparison was performed in AB autoinduction media 

micro fermentations with GFP under the  ÊÖÕÛÙÖÓɯÖÍɯÛÏÌɯ×ÏÖ!ɯ×ÙÖÔÖÛÌÙɯɁàÐÉ#ɂɯÞÏÐÊÏɯ

has previously been characterized as robust to media and scale-up(Moreb et al. 2020). 

SHuffle had the best expression under low temperature (30°C) micro fermentation 

conditions and better expression than the dynami c control strain 25-S (Figure 9A). At  

37°C GFP expression improved in 25-S but there was no significant expression 
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difference compared to SHuffle expression at this temperature (Figure 9B). Therefore, if 

the cytoplasmic redox state can be engineered at 37°C, higher biomass levels can result 

in improved recombinant protein titers . 

 

Figure 9: Comparison of protein expr ession in both E. coli strains quantified 

with a non -redox sensitive GFP.  A) GFP expression quantified after 48 hour micro -

fermentations performed at 30°C in AB autoinduction media with yibDp -GFPuv-

pSMART. SHuffle T7  Express is shown on the left and the strain equipped with 

dynamic control capability (25 -S) is shown on the right. B) GFP express ion was 

quantified after micro -fermentations p erformed at 37°C in AB autoinduction media 

with the yibDp -GFPuv-pSMART plasmid.  

3.2.2 roGFP can be used to assay the cytoplasmic redox state in E. 
coli 

Next we wanted to confirm that redox sensitive GFP (roGFP) could be used to 

assay the cytoplasmic redox state within strain 25-S. This roGFP has a surface-exposed 

pair of cysteines that can form a disulfide bond. Depending on the redox state of these 
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cysteines, the excitation spectrum of roGFP changes. Figure 9C highlights that excitation 

increases at 400nm when roGFP is oxidized and increases at 490nm if it is 

reduced(Hanson et al. 2004). By taking the emission ratio at these two excitation 

conditions the cytoplasmic redox state can be assessed(Arias-Barreiro et al. 2010). 

Therefore, roGFP was also placed under the control of the yibD promoter and micro 

fermentations were performed in AB autoinduction media at 37°C. After 24 hours,  these 

micro fermentations were diluted into a range of hy drogen peroxide concentrations (0-

10mM) at 10 fold dilution incremen ts. Increasing the hydrogen peroxide concentration 

increased the roGFP excitation ratio, which corresponds to increasing the concentration 

of roGFP oxidized in the cytoplasm (Figure 10). This verified  that roGFP is reduced in 

the E. coli cytoplasm and it can be used as a biosensor for cytoplasmic oxidation to 

assess the engineered strains. 
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Figure 10: Valida tion of redox sensitive roGFP acti vity with hydrogen peroxide 

addition.  The excitation ratio is measured after the addition of 0-10mM hydrogen 

peroxide to the E. coli control strain (25 -S). The micro-fermentations were performed 

at 37°C in AB autoinducti on media with the yibDp -roGFP-Psmart plasmid.  

3.2.3 Dynamic control with trxB proteolysis limits trxB expression 
levels 

Strains were constructed to introduce dynamic control of trxB. In this case  

ɁÛÜÙÕÐÕÎɯ ÖÍÍɂɯ ÛÙß!ɯ Ìß×ÙÌÚÚÐÖÕɯ ÐÕɯ ÛÏÌɯ ×ÙÖËÜÊÛÐÖÕɯ ×ÏÈÚÌɯ ÐÚɯ ÈÊÊÖmplished with two 

approaches that link phosphate depletion to expression control: proteolysis and 

silencing. For proteolysis a C-terminal DAS+4 tag was introduced onto trxB. Within the 

parent strain (25-S) the sspB adapter was placed under the control of a phoB promoter(S. 

Li et al. 2021). Therefore, in the phosphate depleted stationary phase sspB is expressed 

and joins the trxB DAS4+ tag to the ClpXP protease for controlled proteolysis (Figure 
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11A)(McGinness, Baker, and Sauer 2006). For silencing, the native E. coli Type I-E 

Cascade/ CRISPR system is used to target trxB expression(Brouns et al. 2008; S. Li et al. 

2021; Luo et al. 2015). Expression of both the Cascade complex and a guide RNA 

(targeting trxB) are placed under the control of a phoB promot er(S. Li et al. 2021). 

Therefore during phosphate deprivation both are expressed and associate to bind before 

the trxB gene to block RNA polymerase recrui tment, thereby blocking trxB transcription  

(Figure 11B)(Brouns et al. 2008; S. Li et al. 2021; Luo et al. 2015). To verify the effect of 

both dynamic  control methods on expression, the trxB expression level in each strain 

was tested. A C-terminal superfolder GFP tag was incorporated onto trxB either alone, 

or right before the DAS4+ tag to quantify expression levels with an ELISA  (Figure 11C). 

While sil encing had no significant impact on trxB expression, trxB was significantly 

reduced with proteolysis. Since the silencing gui de is introduced on a plasmid, the 

impact of trxB expression was also analyzed without the empty vector plasmid control 

with a simi lar result in limiting  expression. 
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Figure 11: Overview and validation of trxB dynamic control .  A) Overview of 

proteolysis. A C -terminal DAS+4 tag (gray) was introduced onto trxB (red). The sspB 

adapter (blue) is controlled by a  phoB promoter for expression under phosphate 

depletion conditions in the stationary phase to join the trxB DAS4+ tag  to the ClpXP 

protease (black) for controlled proteolysis. B) For silencing a guide RNA (gRNA, red 

and gray) specific to the trxB gene was introduced on a plasmid and under the control 

of a phoB promoter. The subunits of the Cascade complex (pink) are also  under p hoB 

promoter control. During the phosphate depleted stationary phase the gRNA was 

expressed and associated with the Cascade complex to block trxB transcription. C) 

The trxB expression level in each dynamic control strain is compared to the control 

strain w i thout proteolysis or silencing. Since the silencing guide was introduced on a 

×ÓÈÚÔÐËȮɯ$5ɯÐÕËÐÊÈÛÌÚɯÌÔ×ÛàɯÝÌÊÛÖÙɯ×ÓÈÚÔÐËɯÈÕËɯɁ-ɂɯÐndicates a control without the 

silencing plasmid.  

3.2.4 Cytoplasmic oxidation improves with trxB proteolysis 

Then strains were constructed to assess the impact of all possible combinations of 

trxB dynamic control with glutaredoxin pathway knockouts (gor or  gshA) on 

cytoplasmic redox state with the roGFP reporter fr om Figure 10. Each strain was grown 

in triplicate AB autoinductio n micro fermentations and the roGFP excitation was 

measured to analyze the impact of each modification  (Figure 12A). Relative to the 

control strain (25-S), single modifications of: trxB proteoÓàÚÐÚȮɯ ͅÎÚÏ Ȯɯ ÖÙɯ ͅÎÖÙɯ

significantly improved cytoplasmic oxidati on. However, the greatest improvement in 
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ÊàÛÖ×ÓÈÚÔÐÊɯÖßÐËÈÛÐÖÕɯÙÌÚÜÓÛÌËɯÍÙÖÔɯÛÏÌɯÊÖÔÉÐÕÈÛÐÖÕɯÖÍɯͅÎÖÙɯÞÐÛÏɯÛÙß!ɯ×ÙÖÛÌÖÓàÚÐÚȭɯ3ÏÌɯ

chaperone dsbC was incorporated into each strain along with a ph oB promoter for 

cytoplasmic expression in the stationary phase. The strains were assayed with roGFP 

again and the additional overexpression of dsbC did not hinder cytoplasmic oxidation in 

ÈÕàɯÖÍɯÛÏÌɯÚÛÙÈÐÕÚȭɯ3ÏÌɯÉÌÚÛɯÌÕÎÐÕÌÌÙÌËɯÚÛÙÈÐÕɯÙÌÔÈÐÕÌËɯͅÎÖÙɯÞÐÛÏɯÛÙxB proteolysis (now 

with dsbC) with a similar level of improveme nt over the control strai n (Figure 12B). 

As a final verification of cytoplasmic oxidation, the hydrogen peroxide addition 

assay was repeated with the control strain 25-S and the best strain from the roGFP assay 

ȹͅÎÖÙɯ Ƕɯ ÛÙß!ɯ ×ÙÖÛÌÖÓàÚÐÚȺɯ ÉÖÛÏɯ ÞÐÛÏɯ ÈÕËɯ ÞÐÛÏÖut dsbC dynamic overexpression 

(Figure12C and supplemental Figure 16). Interestingly, the engineered redox strains 

were more resistant to hydrogen peroxide addition than the control strain, therefore the 

roGFP in the cytoplasm is predominantly oxidized wit hout hydrogen peroxi de. 

Additionally, the engineered strain r oGFP measurements suggest that the cytoplasm of 

ÚÛÙÈÐÕÚɯÞÐÛÏɯͅÎÖÙɯÈÕËɯÛÙß!ɯ×ÙÖÛÌÖÓàÚÐÚɯÈÓÖÕÌɯÈÙÌɯÔÖÙÌɯÖßÐËÈÛÐÝÌɯÛÏÈÕɯƕƔÔ,ɯÏàËÙÖÎÌÕɯ

peroxide added to the control strain with reducing pathways inta ct. 

 

Figure 12: Cytoplasmic oxidati on improves with trxB proteolysis quantified 

with roGFP.  A) The roGFP excitation ratio was used to assess cytoplasmic oxidation 

in each of the E. coli  strains with reductase control. Relati ve to the control strain  
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without reductase control(25-S, leftmost  bar). Both trxB dynamic control and 

glutaredoxin pathway deletions led to significant increases in the excitation ratio with 

p-values indicated as *pǾƔȭƔƙɯÈÕËɯɖɖɯ×ǾƔȭƔƕȭɯ6ÌÓÊÏɀÚɯÛ-test for unequ al variance was 

used to determi ne p-values. B) Incorporating dynamic overexpression of the disulfide 

bond isomerase (dsbC) in the cytoplasm of these strains resulted in similar levels of 

cytoplasmic oxidation re lative to the control strain. All of these st rains had an empty 

vector silencing plasmid. C) Hydrogen pero xide was added to three strains (patterned 

bar) to determine if all of the roGFP was oxidized based on comparison of the 

excitation ratio without hydr ogen peroxide addition (solid bar). From left  to right, the 

strains are the control (25-S), the reductase control strain that had the highest 

ÊàÛÖ×ÓÈÚÔÐÊɯÖßÐËÈÛÐÖÕȹͅÎÖÙȰɯÛÙß!-DAS4+), and strain with combined reductase control 

and dynamic overexpression of ËÚÉ"ɯȹͅÎÖÙȰɯÛÙß!-DAS4+; dsbC). 

3.2.5 The engineered dynamic control strain has improved growth 
robustness over SHuffle E. coli 

After confirmation of cyt oplasmic oxidation in the dynamic control strain, we 

wanted to assess the cytoplasmic redox state of SHuffle E. coli as well as its growth 

robustness with respect to temperature (37°C vs 30°C), aeration (300rpm vs 150rpm), 

and induction media (low phosphat e induction vs T7 induction).   

First, we assessed SHuffle growth and redox state under the same high 

temperature and aeration conditions (37°C, 300rpm) that was used in the micro 

fermentations for the dynamic control strains. Again, roGFP was under yibD co ntrol but 

two types of media were tested, AB autoinduction and SM10 media with a wash 

protocol previously describe d(Menacho-Melgar, Ye, et al. 2020; Ye et al. 2020; Moreb et 

al. 2020). An empty vector control was used in both conditions because without roGFP 

induction, the background cytoplasmic emission at each excitation ratio is similar 

resulting in an emission ratio close to 1 (supplemental Figure 17). Interestingly, with an 

empty vector, SHuff le struggled to grow in SM10 media resulting in OD(600nm) <4, but 
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had better growth in AB autoinduction media (Figure 13A). How ever, with yibD -roGFP 

expression, SHuffle struggl ed to grow i n AB autoinduction media and did not induce 

roGFP expression. However, in SM10 media, expression is induced but with a wide 

range of biomass from 4-13OD(600 nm) which is emphasized by the kernel density 

estimate (Figure 13B). Therefore SHuffle did not have  robust growth or roGFP 

expression at these conditions, even though yibD has previously been characterized as a 

promoter with robust expression in both media in strains without altered reducing 

pathways(Moreb et al. 2020). 

 Since SHuffle had a lack of robustness with phosphate depletion, and SHuffle T7 

express includes chromosomal T7 RNA polyme rase, we tried to induce roGFP 

Ìß×ÙÌÚÚÐÖÕɯÞÐÛÏɯÈɯ3ƛɯ×ÙÖÔÖÛÌÙɯÞÐÛÏɯÛÞÖɯÛà×ÌÚɯÖÍɯÔÌËÐÈȯɯ2ÛÜËÐÌÙɀÚɯÓÈÊɯÈÜÛÖÐÕËÜÊÛÐÖÕɯ

media and IPTG induction in LB media. The temperature was decreased to 30°C, which 

is often required for SHuffle expression. H owever, based on the indisti nguishable 

emission ratio of the empty vector and T7-roGFP, neither media induced roGFP 

expression at this set of temperature and aeration conditions  (Figure 13C and D) . Again, 

a wide range of OD (600 nm) was observed ranging at least 10 OD (600 nm)units 

suggesting a lack of both growth and expression robustness with these conditions. 

 Lastly, both temperature and aeration were reduced (30°C, 150rpm) and all four 

types of media were tested with th e appropriate plasmid for the ind uction method. 

However, even under these mild temperature and aeration conditions, only IPTG 
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induction resulted in roGFP expression (Figure 13E and F). Based on the excitation ratio 

with IPTG inductio n there is a wide range of cytoplasmic redox states (0.05-0.3), in 

addit ion to the range in biomass level. Therefore, even at conditions with low oxidative 

stress SHuffle has inconsistent growth, induction, and cytoplasmic oxidation . 
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Figure 13: SHuffle  E. coli  has growth and expressio n challenges wit h respect to 

media, temperature, and aeration in micro -fermentations.  A) As a control SHuffle E. 

coli  with an EV -pSMART plasmid is grown at 37°C with high aeration (300rpm 

shaking speed) in two  types of m edia for low phosphate induction:  SM10 minimal 

media (light b lue) and AB autoinduction media (dark blue). Biomass levels  and the 

excitation ratio are reported for each. Along with the kernel density estimate. B) 

SHuffle E. coli with yibDp -roGFP-pSMART expr ession plasmid is grown in the sa me 

conditions as  panel A to compare the production OD(600 nm) and the excitation ratio.  

C) SHuffle E. coli with an EV -pETM6 plasmid is grown at 30°C with high aeration 

(300rpm shaking speed) in two types of media for T7 ind uction: LB with IPTG 

addition (li ght blue) and StÜËÐÌÙɀÚɯÓÈÊɯautoinduction media (dark blue). D) SHuffle E. 

coli  with th e T7-roGFP-pETM6 expression plasmid is grown in the same media and 

expression conditions as panel C for comparison. E) SHuffle E. coli w ith either EV -

pETM6 and EV -pSMART  are grown at 30°C with low aeration (150rpm shaking 

speed) in their appropriate induct ion media indicated by color in the legend. F)  

SHuffle E. coli with either T7 -roGFP-pETM6 or yibDp -roGFP-pSMART plasmid is 

grown with t he same expression conditions as panel E to compare productio n OD and 

roGFP induction based on the excitation ratio.  

 For direct comparison with SHuffle, the dynamic control strain most similar to 

2'ÜÍÍÓÌɯȹͅÎÖÙɯǶɯÛÙß!ɯ×ÙÖÛÌÖÓàÚÐÚɯǶɯËÚÉ"ȺɯÞÈÚɯÎÙÖÞÕɯÐÕɯÔÐÊÙÖ fermentations with high 

temperature and aeration (37°C, 300rpm) as well as low temperature conditions (30°C, 

300rpm) (Figure 14). At 37°C yibDp -roGFP is consistently induced with oxidative 

cytoplasm, relative to the empty vector control, and achieves high biomass levels with 

fluctuations between 18-30 OD (600nm) (Figure 14A). At  30°C yibDp-roGFP is still 

consistently induced with oxidative c ytoplasm, but with lower biomass levels expected 

with lower temperature gro wth  (Figure 14B). Cumulatively  this data supports that 

dynamically controlling redox state and dsbC cytoplasmic expression improves growth, 

expression, and cytoplasmic redox state robustness compared to SHuffle knockouts. 
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Figure 14: E. coli with combined dynamic control of cytoplasmic reductases 

ÈÕËɯ #ÚÉ"ɯ ÖÝÌÙÌß×ÙÌÚÚÐÖÕɯ ȹͅÎÖÙȰɯ ÛÙß!-DAS4+; dsbC) does not have the same 

robustness challenges as SHuffle in micro -fermentations.  A) The dynamic control 

strain was grown at 37°C with high aeration (300rpm shaking speed) in AB 

autoinduction media for low phosphate induct ion. Color indicates plasmid with EV -

pSMART in light blue and yibDp -roGFP-pSMART in dark blue. B) The dynamic 

control strain was also grown at 30°C with high aeration (300rpm shaking speed) in 

AB autoinduction media with the yibDp -roGFP-pSMART shown in dar k blue.  

For a final comparison, both SHuffle and the strains with dynamic redox control 

were analyzed for growth and expression robustness in AB autoinduction media 

Biolector studies with high and low temperature (37°C vs 30°C) as well as high and low 

aeration basÌËɯÖÕɯÍÐÓÓɯÝÖÓÜÔÌɯȹƜƔƔϟ+ɯÈÕËɯƕƙƔƔϟ+ȮɯÙÌÚ×ÌÊÛÐÝÌÓàȺȭɯ4ÕËÌÙɯÏÐÎÏɯÛÌÔ×ÌÙÈÛÜÙÌɯ

and aeration coÕËÐÛÐÖÕÚɯȹƗƛȘ"ȮɯƜƔƔϟ+Ⱥɯ2'ÜÍÍÓÌɯÏÈËɯÓÐÔÐÛÌËɯÎÙÖÞÛÏȮɯÞÏÐÊÏɯÞÈÚɯÊÖÕÚÐÚÛÌÕÛɯ

with the micro fermentation da ta (Figure 15A). Whereas both the 25-S control strain and 

dynamic  ÊÖÕÛÙÖÓɯÚÛÙÈÐÕɯÞÐÛÏɯËÚÉ"ɯȹͅÎÖÙɯǶɯÛÙß!ɯ×ÙÖÛÌÖÓàÚÐÚɯǶɯËÚÉ"ȺɯÎÙÌÞɯÛÖɯÏÐÎÏɯÊÌÓÓɯ

densities. At the endpoint, the roGFP emission ratio was measured. Both  the 25-S 

control strain and the dynamic control strain with dsbC induced, and the dynamic 



 

 67  

control strain h ad improved cytoplasmic oxidation relative to 25 -S whereas Shuffle did 

not induce (Figure 15B). Aft er this experiment high temperature and low aeration 

conditions were tested, but all  the strains had poor growth and did not induce roGFP 

expression (supplemental Figure 18).  

-ÌßÛɯÛÏÌɯÛÌÔ×ÌÙÈÛÜÙÌɯÞÈÚɯÙÌËÜÊÌËɯÞÐÛÏɯÏÐÎÏɯÈÌÙÈÛÐÖÕɯȹƗƔȘ"ȮɯƜƔƔϟ+Ⱥ (Figure15 C 

and D). SHuffle growth improved at 30°C compared to the 37°C experiment, but there 

was a wide range in biomass levels (~10 OD600nm units). At these conditions all of the 

dynamic control strains grew with a smaller range in biomass levels (~5 OD600nm 

units). Based on the roGFP emission ratio, all strains induced roGFP expression. Both 

SHuffle and the strains with dynamic redox control had oxidative cytoplasm compared 

to the 25-S control strain. Under these conditions, SHuffle had a slight improvemen t in 

cytoplasmic oxidation but less robust growth than the strains with dynamic redox 

control.   

3ÏÌɯÓÈÚÛɯÊÖÕËÐÛÐÖÕɯÛÌÚÛÌËɯÞÈÚɯÓÖÞɯÛÌÔ×ÌÙÈÛÜÙÌɯÈÕËɯÓÖÞɯÈÌÙÈÛÐÖÕɯȹƗƔȘ"ȮɯƕƙƔƔϟ+Ⱥȭɯ

Results are shown in Figure 15E and 15F. SHuffle grew  at these conditions but wit h the 

widest range in biomass levels ranging 20 OD600nm. Strains with dynamic control grew 

and kept consistent growth profiles with a range of 5 OD600nm. All of the strains 

induced at these conditions and both SHuffle and the strains with dynamic redox 

control had oxidative cytoplasm compared to the control strain 25 -S. Therefore, while 

both strains have oxidative cytoplasm, the robust growth of engineered strains with 



 

 68  

dynamic redox control is advantageous for more reliable bioma ss levels with induction 

under a wider variety of incubation conditions . 

 

Figure 15:  Dynamic cont rol of redox state improves strain robustness ov er 

reductase deletions  in SHuffle E. coli  based on Biolector data.  A) Biolector growth 

curves of SHuffle and d ynamic control strains (DC redox) with yibDp -roGFP-

pSMART in AB autoinduction media Strains were  incubated at 37°C under high 

ÈÌÙÈÛÐÖÕɯ ÊÖÕËÐÛÐÖÕÚɯ ȹƜƔƔϟ+ɯ ÍÐÓÓɯ ÝÖÓÜÔÌȺȭɯ "ÖÓÖÙɯ ÐÕËÐÊÈÛÌÚɯ ÚÛrain as labeled in the 

legend. 25-S is the control strain with dynamic control capability but without 
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reductase control. DC redox is the strain previously identified w ith the most oxidative 

ÊàÛÖ×ÓÈÚÔɯȹͅÎÖÙȰɯÛÙß!-DAS4+) and DC redox + dsbC has dynamic overe xpression of 

ËÚÉ"ȹͅÎÖÙȰɯÛÙß!-DAS4+; dsbC). B)  The redox emission ratio  was measured at the end 

of the biolector run from panel A with the cor responding strain modific ations marked 

below each bar. Bars were omitted when roGFP did not induce. C) Biolector g rowth 

curves are shown for these strains incubated at 30°C under low ae ration conditions 

ȹƕƙƔƔϟ+ɯÍÐÓÓɯÝÖÓÜÔÌȺȭɯ#Ⱥɯ3ÏÌɯÙÌËÖßɯÌÔÐÚÚÐÖÕɯÙÈÛÐÖÚɯÞÌÙÌɯÔÌÈÚÜÙÌËɯÈÛɯÛÏÌɯÌÕËɯÖÍ the 

Biolector run from panel C. E) Biolector growth curves for the strains incubated at 

ƗƔȘ"ɯÜÕËÌÙɯÓÖÞɯÈÌÙÈÛÐÖÕɯÊÖÕËÐÛÐÖÕÚɯȹƕƙƔƔϟ+ɯÍÐÓÓɯÝÖÓÜÔÌȺȭɯ%Ⱥɯ3ÏÌɯÌÕË×ÖÐÕt redox 

emission ratio was measured at the end of the Biolector experiment in panel E.  

3.3 Conclusions 

In conclusion we have demonstrated that dynamic control can be leveraged to 

engineer the cytoplasmic redox state of E. coli while maintaining robust grow th and 

protein induction. Our results show that controlled proteolysis of trxB significantly 

reduced trxB expression levels and based on the roGFP assay trxB proteolysis alone can 

significantly impro ve cytoplasmic oxidation. Additionally, combining this tr xB dynamic 

ÊÖÕÛÙÖÓɯÞÐÛÏɯͅÎÖÙɯÏÈËɯÛÏÌɯÎÙÌÈÛÌÚÛɯÐÔ×ÙÖÝÌÔÌÕÛɯÐÕɯÙÖ&%/ɯÖßÐËÈÛÐÖÕɯÐÕɯÛÏÌɯÊàÛÖ×ÓÈÚÔȭɯ

The dynamic overexpression of cytoplasmic dsbC was incorporated into this strain for 

comparison with the  commercial strain SHuffle, that has dsbC constitutively expressed 

in the cytoplasm. 

This engineered strain overcomes the growth and induction challenges seen with 

ÛÏÌɯËÖÜÉÓÌɯÙÌËÜÊÛÈÚÌɯÒÕÖÊÒÖÜÛɯȹͅÎÖÙͅÛÙß!Ⱥɯ2'ÜÍÍÓÌȭɯ!ÈÚÌËɯÖÕɯÔÐÊÙÖɯÍÌÙÔÌÕÛÈÛÐÖÕɯËÈÛÈɯ

and biolector data, SHuffle requires more optimization for roGFP expression and 

temperature, aeration, and media are all impactful variables that need to be tested. 

Additionally, when SHuffle induces there is a large variability in biomass levels 



 

 70  

(ranging 10-20 OD 600nm). The additional work required for optimization co upled with 

specialized growth conditions and unpredictable growth is a limitation of the current 

commercial strain. Whereas, the ease of use and rapid growth to high cell densities is 

usually an advantage of working with E. coli. While SHuffle falls short as an easy to use 

robust expression platform, these traditional advantages of E. coli are restored with our 

new strain with dynamic control of cytoplasmic redox state. Our results demonstrate 

that our stain is easy to use with AB autoinduction media, it gr ows rapidly to high cell 

densities, and induces roGFP expression predominantly in its oxidized state. 

3.4 Materials and Methods 

3.4.1 Reagents and Media 

Unless otherwise stated, all materials and reagents were of the highest grade 

possible and purchased from Sigma (St. Louis, MO) or Bio Basic (Ontario, Canada). 

Luria Broth, lennox formulation with lower salt, was used for strain construction and 

plasmid pr opagation and is referred to as LB media in the text.  Autoinduction Broth 

(AB), SM10++, SM10, and StudÐÌÙɀÚɯ ÓÈÊɯ ÈÜÛÖÐÕËÜÊÛÐÖÕɯ ÔÌËÐÈɯ ÞÌÙÌɯ ×ÙÌ×ÈÙÌËɯ ÈÚɯ

previously reported (Menacho-Melgar, Ye, et al. 2020; Moreb et al. 2020; Studier 2005). 

Working anti biotic concentrations were as follows: kanamycin (35 µg/mL), 

chloramphenicol (35 µg/mL), ampicillin (100 µg/mL), tetracycline (10 µg/mL), a nd 

puromycin (125  µg/mL). Puromycin selection was performed with LB supplemented 
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with 50 mM potassium phosphate buff er (pH = 8.0) to maintain pH for adequate 

selection. 

3.4.2 Strains and strain construction 

Two commercially available strains were used in this study.  E. cloni 10G 

(Lucigen, Middleton WI) was used for cloning and plasmid propagat ion. SHuffle T7 

Express was obtained from New England Biolabs (Ipswich, MA, Cat# C3029J). The strain 

25-S (DLF_Z0025) was constructed as previously described(S. Li et al. 2021). Strain 25-S 

was subsequently modified for glutaredoxin pathway deletions or trxB C -terminal 

DAS4+ tag modifications (with or without superfold er-GFP tags) to alter the cytoplasmic 

redox state. The redox strains constructed in this study, along with the synthetic DNA 

used to make these modifications are listed in supplemental Table 2 and supplemental 

Table 5. Briefly, the linear DNA (gBlocks ,IDT  Coralville, IA) encoding  the indicated 

ÐÕÚÌÙÛÐÖÕɯÖÙɯËÌÓÌÛÐÖÕȮɯÞÐÛÏɯÈɯƗɀɯÈÕÛÐÉÐÖÛÐÊɯÙÌÚÐÚÛÈÕÊÌɯÔÈÙÒÌÙȮɯÞÌÙÌɯÍÓÈÕÒÌËɯÞÐÛÏɯÏÖÔÖÓÖÎàɯ

arms targeting the genomic locus for integration with standard recombineering 

methodologies(X.-T. Li et al. 2013). The recombineering plasmid pSIM5 was a kind gift 

from Donald Court (NCI,  https://redrecombineering.ncifcrf.gov/court -lab.html). After 

genomic modifications were made, single colonies were selected for colony PCR 

followed by gel electrophoresis to confirm the change in product size before sending  the 

PCR product for sequencing. Primers used to confirm each modification and their 

corresponding sequences are listed in supplemental Table 4. 

https://redrecombineering.ncifcrf.gov/court-lab.html
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3.4.3 Cloning and Plasmids 

Plasmids and primers used in this study are listed in supplemental Table 3 and 

supplemental Table 4, respectively . Plasmid pSMART-HCKan-EV was constructed from 

the linear pSMART-HCKan vector supplied in the Lucigen CloneSmart kit (Lucigen, 

Middleton WI, Cat#40708-2) with a single ligation step, as described in the 

manufacturer's protocol.  Plasmid pSMART-HCKan-yibDp-GFPuv was obtained from 

addgene (Addgene Cat#127078) (Menacho-Melgar, Ye, et al. 2020; Ye et al. 2020). 

For yibDp -roGFP expression, plasmid pSMART-HCKan-yibDp -roGFP was 

constructed as follows. The plasmid pSMA RT-HCKan-yibDp -GFPuv was used as a 

template for PCR with Q5 High -Fidelity polymerase (NEB, Ipswich, MA, Cat#M0492S) 

to amplify the plasmid backbone with primers JNH7 and JNH8. After confirming the 

PCR product size with gel electrophoresis, the PCR product was incubated with DpnI 

(NEB, Ipswich, MA, Cat #R0176S) for 1 hour at 37°C to digest the template. After this 

incubation DpnI was heat inactivated at 80°C for 20 minutes. The sequence for roGFP 

was amplified from pQE -60 roGFP2-Orp1-His (addgene Cat#64976) (Gutscher et al., 

2009) with Q5 High-Fidelity polymer ase with PCR primers JNH9 and JNH10 to 

introduce homology arms. Finally,  the products were assembled with NEBuilder HiFi 

DNA Assembly master mix (NEB, Ipswich, MA, Cat# E2621L) according to the 

manufactureÙɀÚɯ ×ÙÖÛÖÊol. After assembly, the reaction was dilut ed (1:20) and 

transformed into electrocompetent E. cloni. The cells were recovered for 1 hour at 37°C 
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and plated on Kanamycin LB agar. Single colonies were selected for colony PCR with 

Taq polymerase (Taq 2X Master Mix, NEB, Ipswich, MA, Cat#M0270L) with S L1 and 

SR2 primers, then sent for sequencing for final confirmation. Sequence confirmed 

plasmids were then purified (Zyppy Plasmid Miniprep Kit, Zymo Research, Irvine, CA, 

Cat#D4019). 

Then for pETM6 vector experiments plasmid pETM6 -HCAmp -EV was obtained 

from addgene (Addgene Cat#49795 )(P. Xu et al., 2012). Then for T7-roGFP expression 

plasmid pETM6 -HCAmp -T7-roGFP was constructed with a similar method that was 

described for pSMART-HCKan-yibDp -GFPuv construction. In this case, pETM6-

HCAmp -EV was used as the PCR template to amplify the vector backbone with primers 

JNH11 and JNH12. Then pSMART-HCKan-yibDp -roGFP was used as the template to 

PCR amplify roGFP with primers JNH13 and JNH1 4 to introduce homology arm s for 

assembly into the pETM6 vector. Again the PCR fragments were assembled with 

NEBuilder HiFi DNA Assembly master mix, and transformed into E. cloni. Individual 

colonies were selected for colony PCR with primers JNH15 and JNH16 then confirmed 

with sequencing.  

Lastly, the silencing plasmid pCASCADE -LCAmp -EV was obtained from 

addgene (Addgene Cat#65821). Plasmid pCASCADE-LCAmp -trxB was constructed by 

using pCASCADE-LCAmp -EV as a template for PCR with Q5 polymerase, 5% DMSO, 

and primers JNH17 and JNH18. After confir ming the PCR product size with gel 
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electrophoresis the PCR product was used in a standard KLD. Reagents for the KLD 

reactions came from NEB: T4 PNK (Cat #M0236S), T4 DNA ligase (Cat#M0202S), and 

DpnI (Cat#R0176S) in the T4 ligase reaction buffer. After inc ubation the KLD was 

diluted (1:20) and transformed into electrocompetent E. coli, recovered for 1 hour at 

37°C and plated on LB agar. Individual colonies were selected for colony PCR with 

primers JNH19 and JNH20 then confirmed with sequencing.  

3.4.4 Micro Fermentations  

Micro Fermentations were perf ormed in 96 well plates (Genesee Scientific, San 

Diego, CA, Cat #25-104) with a method previously reported (Menacho-Melgar, Ye, et al. 

2020; Moreb et al. 2020; Ye et al. 2020). Glycerol stocks of each strain were used to 

ÐÕÖÊÜÓÈÛÌɯ+!ɯÖÝÌÙÕÐÎÏÛɯÊÜÓÛÜÙÌÚɯÐÕɯƝƚɯÞÌÓÓɯ×ÓÈÛÌÚɯȹƖȭƙϟ+ɯÖÍɯÎÓàÊÌÙÖÓɯÚÛÖÊÒɯÐÕɯƕƔƔϟ+ɯÖÍɯ+!ɯ

media per well). Plates were covered with pre -autoclaved sandwich covers (EnzyScreen, 

Haarlem, The Netherlands, Model #CR1596) to ensure minimal evaporative loss during 

ÐÕÊÜÉÈÛÐÖÕȭɯ3ÏÌÚÌɯƝƚɯÞÌÓÓɯ×ÓÈÛÌÚɯÞÌÙÌɯÊÜÓÛÜÙÌËɯÈÛɯƗƛȘ"ȮɯƗƔƔɷÙ×ÔɯÍÖÙɯƕƚɷÏÖÜÙÚȮɯȹÛÏÌɯÚÏÈÒÌÙɯ

ÖÙÉÐÛɯÐÚɯƙƔɷÔÔȺȭɯ ÍÛÌÙɯƕƚɷÏÖÜÙÚɯÖÍɯÎÙÖÞÛÏȮɯƕϟ+ɯÖÍɯÛÏÌɯÖÝÌÙÕÐÎÏÛɯÊÜÓÛÜÙÌɯÞÈÚɯÐÕÖÊÜÓÈÛÌËɯ

ƕƔƔϟ+ɯ ÖÍɯ ÈÜÛÖÐÕËÜÊÛÐÖÕɯ ÔÌËÐÈɯ ȹÌÐÛÏÌÙɯ  !ɯ ÖÙɯ 2ÛÜËÐÌÙɀÚɯ ÓÈÊɯ ÈÚɯ ÐÕËÐÊÈÛÌd) with the 

appropriate antibiotics. Unless otherwise stated, plates were covered with sandwich 

ÊÖÝÌÙÚɯÈÎÈÐÕɯÈÕËɯÎÙÖÞÕɯÈÛɯƗƛȘ"ȮɯƗƔƔɷÙ×ÔɯÍÖÙɯƖƘɷÏÖÜÙÚɯÈÛɯÞÏÐÊÏɯ×ÖÐÕÛɯÚÈÔ×ÓÌÚɯÞÌÙÌɯ

harvested for analysis. For low temperature micro fermentations, plates of inoc ulated 

AB were grown at 30°C for 48 hours. Low temperature micro fermentations with high 
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ÈÌÙÈÛÐÖÕɯÙÌÍÌÙÚɯÛÖɯƗƔƔɷÙ×ÔɯÚÏÈÒÐÕÎɯÚ×ÌÌËɯÞÏÌÙÌÈÚɯÓÖÞɯÈÌÙÈÛÐÖÕɯÙÌÍÌÙÚɯÛÖɯËÌÊÙÌÈÚÐÕÎɯÛÏÌɯ

shaking speed to 150rpm. 

 For IPTG induction the LB overnight starter was used tÖɯÐÕÖÊÜÓÈÛÌɯƕƔƔϟ+ɯ

of fresh LB in 96 well plates. After 8 hours of growth, the plate was centrifuged at 

3500rpm (2900rcf) for 10 minutes in a Thermo Sorvall Legend XTR Refrigerated 

"ÌÕÛÙÐÍÜÎÌȭɯ3ÏÌÕɯƕƔϟ+ɯÖÍɯÔÌËÐÈɯÞÈÚɯÙÌÔÖÝÌËɯÈÕËɯÙÌ×ÓÈÊÌËɯÞÐÛÏɯƕƔϟ+ɯÖÍɯ+!ɯÞÐÛÏ 

concentrated IPTG for a final concentration of 1mM IPTG per well. The cells were 

resuspended and the plate was returned tothe desired temperature and shake speed 

conditions for 16 hours. 

Minimal media micro fermentations were adapted from a previously des cribed 

method(Moreb et al. 2020). &ÓàÊÌÙÖÓɯÚÛÖÊÒÚɯÞÌÙÌɯÜÚÌËɯÛÖɯÐÕÖÊÜÓÈÛÌɯ2,ƕƔǶǶɯÔÌËÐÈɯȹƙɯϟ+ɯ

stock in 1ƙƔɯϟ+ɯ2,ƕƔǶǶɯÔÌËÐÈȺɯÐÕɯƝƚɯÞÌÓÓɯ×ÓÈÛÌÚȮɯÞÏÐÊÏɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÍÖÙɯƕƚɯÏÖÜÙÚɯÈÛɯ

37 °C and 300 rpm. After 16 hours, cells were washed and normalized to OD(600 nm) = 

1. Plates were covered and incubated at the desired temperature and shake speed 

conditions as described above.  

3.4.5 GFPuv expression analysis 

GFPuv expression was quantified based on fluorescence and Oprical density 

(600nm) measurements taken with a Tecan Infinite 200 plate reader with a method 

previously described (Menacho-Melgar, Ye, et al. 2020; Ye et al. 2020). Biomass levels 

were quantified based on the conversion factor 1 OD(600nm) = 0.35gCDW. Total cellular 
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protein was estimated at 500 mg/gDCW or 50% of dry cell weight (Long and 

Antoniewicz 2014). Lastly GFPuv was quantified with the correlation 3.24 e 9 relative 

fluorescent units corresponding to 1 gram of GFPuv(Menacho-Melgar, Ye, et al. 2020; Ye 

et al. 2020). 

3.4.6 roGFP excitation ratio 

The roGFP excitation ratio measurements were taken with a Tecan Infinite 200 

plate reader. Measurements wÌÙÌɯ ×ÌÙÍÖÙÔÌËɯ ÜÚÐÕÎɯ ƖƔƔϟ+ɯ ÐÕɯ ÉÓÈÊÒɯ Ɲƚɯ ÞÌÓÓɯ ×ÓÈÛÌÚɯ

(Greiner Bio-One, Cat#655087). For roGFP fluorescence at 400nm, samples were excited 

at 412 nm (Omega Optical, Cat# 3024970) and emission was read at 530 nm (Omega 

Optical, Cat#3032166) using a gain of 50. For roGFP fluorescence at 490nm, samples 

were excited at 492 nm (Omega Optical, Cat# W2984) and emission was read at 535 nm 

(Omega Optical, Cat#W4803) using a gain of 50. The ratio is taken by dividing the 

relative fluorescence units when exciting at 490nm by the relative fluorescence units 

when exciting at 400nm(Hanson et al. 2004; Arias-Barreiro et al. 2010). 

3.4.7 Hydrogen peroxide addition 

Hydrogen peroxide addition was performed after micro fermentations. The 

indicated hydrogen peroxide concentration was fresh ly prepared in solution by diluting 

3ǔɯÏàËÙÖÎÌÕɯ×ÌÙÖßÐËÌɯÚÖÓÜÛÐÖÕɯȹ6ÈÓÎÙÌÌÕÚȮɯ(ÛÌÔɯ"ÖËÌȯɯƛƕƙƗƕƛȺɯÈÕËɯÜÚÌËɯÛÖɯÍÐÓÓɯƕƝƙɯϟ+ɯ

×ÌÙɯÞÌÓÓɯÐÕɯÉÓÈÊÒɯƝƚɯÞÌÓÓɯ×ÓÈÛÌÚȭɯ3ÏÌÕɯƙɯϟ+ɯÖÍɯÚÈÔ×ÓÌɯÞÈÚɯÈËËÌËɯÛÖɯÛÏÌɯÉÓÈÊÒɯƝƚɯÞÌÓÓɯ

plate and mixed with pipetting and left to sit for  5 minutes based on previous 
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reports(Arias-Barreiro et al. 2010). After 5 minutes the roGFP excitation ratio was 

measured. 

3.4.8 trxB quantification 

Expression levels of trxB were quantified in the strains by incorporating a C -

terminal superfolder G FP tag with standard recombineering methodologies. The 

resulting strains, Redox 9 and Redox 11, listed in supplemental Table 2 were used to 

quantify trxB expression levels with the GFP ELISA kit (Abcam, Cambridge, UK, Cat# 

ab171581) according to the manufaÊÛÜÙÌÙɀÚɯ×ÙÖÛÖÊÖÓȭɯ2ÛÙÈÐÕÚɯÞÌÙÌɯÎÙÖÞÕɯÐÕɯÛÙÐ×ÓÐÊÈÛÌɯÐÕɯ

96 well plate micro fermentations. Cells were harvested by centrifugation at 3500rpm 

(2900rcf) for 10 minutes in a Thermo Sorvall Legend XTR Refrigerated Centrifuge. The 

pellets were resuspended in 50 ϟ+ɯÖÍɯ!ÜÎ!ÜÚÛÌÙɯ/ÙÖÛÌÐÕɯ$ßÛÙÈÊÛÐÖÕɯ1ÌÈÎÌÕÛɯȹ,ÐÓÓÐ×ÖÙÌɯ

Sigma, SKU 70584-4) and vortexed on Benchmark Scientific Incu-Mixer MP at room 

temperature, 500rpm, for 20 minutes.The lysate was clarified by a second round of 

centrifugation for use in the ELISA. The trxB expression level was normalized based on 

total protein concentration in the sample quantified with a standard Bradford assay . 

3.4.9 Biolector studies 

Growth measurements were obtained in a Biolector (m2p labs, 11 Baesweiler, 

Germany) using a high mass transfer FlowerPlate (m2p-labs, CAT#: MTP-48-B). 

Biolector settings were as follows: Biomass gain 25, shaking speed 800 rpm, humidity 

85%. The temperature was either 37°C or 30°C as indicated. Aeration was varied with fill 
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ÝÖÓÜÔÌɯÞÐÛÏɯƜƔƔϟ+ɯÜÚÌËɯÍÖÙɯÏÐÎÏɯÈÌÙÈÛÐÖÕɯÈÕËɯƕƙƔƔϟ+ɯÜÚÌËɯÍÖÙɯÓÖÞɯÈÌÙÈÛÐÖÕȭɯ2ÐÕÎÓÌɯ

colonies of each strain were inoculated into 5 mL LB culture tubes with appropriate 

antibiotics and incub ated at 37 , 150 rpm overnight. The OD600nm of the overnight 

cultures was measured and normalized to OD600nm = 25. The normalized culture was 

used to inoculate individual wells of   the FlowerPlate containing AB media with the 

appropriate antibiotics with a 1 to 100 dilution. Every strain was analyzed in triplicate. 

At the end of the Biolector run, the roGFP excitation ratio was measured as described 

above. 
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3.6 Supplemental 

 

Figure 16: Hydrogen peroxide addition to the en gineered strain  ȹɯͅÎÖÙȰɯÛÙß!-

DAS+4, dsbC) after roGFP micro fermentations.  



 

 79  

 

Figure 17: An example of the roGFP excitation ratio without roGFP induction.  

Hydrogen peroxide addition was performed after micro fermentations with an empty 

vector pla smid in strain 25 -S. 

 

Figure 18: Biolector growth curves for incubation at 37°C wit h low aeration.  

None of the strains induced roGFP expression at the end point.  
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Table 1: Commercial strains of E. coli engineered for cytoplasmic oxidation  

Redox Strain Strain Derivative Redox mutations Additional features Company 

AD494 K-12 ætrxB  Novagen 

BL21 trxB BL21 ætrxB æOmpT æLon Novagen 

Origami/Origami 2 K-12 ætrxBægor  Novagen 

Origami B BL21(Turner) ætrxBægor æOmpT æLon ælacZY Novagen 

Roetta-gami 2 Origami 2 ætrxBægor Expresses 7 rare tRNA Novagen 

Rosetta-gami B Origami B ætrxBægor 
æOmpT æLon 
Expresses 6 rare tRNAS Novagen 

SHuffle K-12 ætrxBægor Cytoplasmic dsbC NEB 

 

Table 2: Strains used in this study  including commercial strains and strains 

constructed with recombineering.  

Strain Genotype Source 

E. coli 10G 
F- mcrA ȹ(mrr-hsdRMS-mcrBC) endA1 recA1 ū80dlacZȹM15 
ȹlacX74 araD139 ȹ(ara,leu)7697galU galK rpsL nupG ɚ- tonA (StrR) 

Lucigen (Cat 
# 40708-2 ) 

SHuffle T7 
Express 

fhuA2 lacZ::T7 gene1 [lon] ompT ahpC gal ɚatt::pNEB3-r1-cDsbC 
(SpecR, lacIq) ȹtrxB sulA11 R(mcr-73::miniTn10--TetS)2 [dcm] R(zgb-
210::Tn10 --TetS) endA1 ȹgor æ(mcrC-mrr)114::IS10 

NEB (Cat# 
C3029J) 

25-S 

F-, ɚ-, ȹ(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1, ȹ(rhaD-
rhaB)568, hsdR514, ȹackA-pta, ȹpoxB, ȹpflB, ȹldhA, ȹadhE, ȹiclR, 
ȹarcA, ȹcas3::tm-ugpb-sspB-pro-casA 

(Li et al, 
2021) 

Redox 1 25-S, ȹgshA-purR This study 

Redox 2 25-S, ȹgor-phoA-dsbC-purR This study 

Redox 3 25-{Σ ɲΥƎƻǊ-purR This study 

Redox 4 25-{Σ ɲƎǎƘ!-phoA-dsbC-purR This study 

Redox 5 25-S, trxB-DAS4-ǘŜǘwΣ ɲƎƻǊ-purR This study 

Redox 6 25-S, trxB-das4-ǘŜǘwΣ ɲƎƻǊ-phoA-dsbC_purR This study 

Redox 7 25-S, trxB-das4-ǘŜǘwΣ ɲƎǎƘ!-phoA-dsbC_purR This study 

Redox 8 25-S, trxB-DAS4-ǘŜǘwΣ ɲƎǎƘ!-purR This study 
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Redox 9 25-S, trxB-sfGFP-tetR This study 

Redox 10 25-S, trxB-das4-tetR This study 

Redox 11 25-S, trxB-sfGFP-DAS4-tetR This study 

 

Table 3: Plasmids used in this study  

Plasmid Insert promoter Resistance ori Addgene Source 

pSMART-
HCKan-EV None None Kanamycin colE1 NA 

Lucigen (Cat # 
40708-2) 

pSMART-
HCKan-yibDp-
GFPuv GFPuv yibDp Kanamycin colE1 127078 

(Menacho-Melgar 
et al. 2020) 

pSMART-
HCKan-yibDp-
roGFP roGFP yibDp Kanamycin colE1 NA This study 

pETM6-HCAmp-
EV None T7 Ampicillin colE1 49795 (Xu et al. 2012) 

pETM6-HCAmp-
T7-roGFP roGFP T7 Ampicillin colE1 NA This study 

pCASCADE-
LCAmp-EV None ugpB Chloramphenicol p15a 65821 

pCASCADE was a 
gift from Michael 
Lynch 

pCASCADE-
LCAmp-trxB 

trxB 
targeting 
gRNA ugpB Chloramphenicol p15a NA This study 

pQE-60 roGFP2-
Orp1-His 

roGFP2-
Orp1-His T5 Ampicillin colE1 64976 

(Gutscher et al. 
2009) 

 

Table 4: Primers used in this study and their respective purpose.  

Primer Sequence (5'-3') Purpose 

SL1 CAGTCCAGTTACGCTGGAGTC Sequence pSMART insert 

SR2 GGTCAGGTATGATTTAAATGGTCAGT Sequence pSMART insert 

JNH1 CAAATTGAACTGGCGGTACTGC Recombineering confirmation 

JNH2 GCCGTTAACTGATGCTCTGG Recombineering confirmation 
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JNH3 GCAGTCACGCTATTATTAAGCTGG Recombineering confirmation 

JNH4 GTTTTCGCCACCCGAACTG Recombineering confirmation 

JNH5 GAAGTGACCGGCGATCAAATG Recombineering confirmation 

JNH6 GCCTGGGCAATGATCAATATGC Recombineering confirmation 

JNH7 TAATGAGGATCCCCGGCTTATCG 
Amplify pSMART backbone 
for cloning 

JNH8 CATAGATTATCCTCCTACACAGAAGTTATCCTGACGTTTTA 
Amplify pSMART backbone 
for cloning 

JNH9 
TTCTGTGTAGGAGGATAATCT_ATGGTGAGCAAGGGC
GAGG 

Amplify roGFP with 
homology arms for pSMART 
cloning 

JNH10 
GCCGGGGATCCTCA_TTAGTGATGGTGATGGTGATGA
GATCTT 

Amplify roGFP with 
homology arms for pSMART 
cloning 

JNH11 TGTATATCTCCTTCTTAAAGTTAAACAAAATTATT 
Amplify pETM6 backbone for 
cloning 

JNH12 CTGAGCAATAACTAGCATAACCCC 
Amplify pETM6 backbone for 
cloning 

JNH13 

aataattttgtttaactttaagaaggagatatacatATGGTGAGCAAGGG
CGAGG 

Amplify roGFP with 
homology arms for pETM6 
cloning 

JNH14 

ccaaggggttatgctagttattgctcagTTAGTGATGGTGATGGTGAT
GAGATCTT 

Amplify roGFP with 
homology arms for pETM6 
cloning 

JNH15 TTGTGAGCGGATAACAATTCCC Sequence pETM6 insert 

JNH16 ACCCCTCAAGACCCGTTTAG Sequence pETM6 insert 

JNH17 

cagacgtaaaaaaagTCGAGTTCCCCGCGCCAGCGGGGATAAAC
CGAAAAAAAAACCCC 

Amplify pCASCADE with a 
trxB gRNA insert 

JNH18 

taaattccctacaatCGGTTTATCCCCGCTGGCGCGGGGAACTCG
AGGTGGTACCAGATC 

Amplify pCASCADE with a 
trxB gRNA insert 

JNH19 GGGAGACCACAACGG 
Sequence pCASCADE 
gRNA insert 

JNH20 CGCAGTCGAACGACCG 
Sequence pCASCADE 
gRNA insert 
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Table 5:  Synthetic DNA (g -blocks) used in this study for strain modifications.  

G-block g-block sequence Resistance 
Confirmation 
primer (F) 

Confirmation 
primer (R) 

ȹgor-purR 

ATTACGTCTCGCGCTACAATCGCGGTAATCAACGATAAGGAC
ACTTTGTCCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGG
CCTTTCGTTTTATTCCTGACGGATGGCCTTTTTGCGTTTCTAC
AAACTCTTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCC
GCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGA
AAAAGGAAGAGTATGACTGAATACAAGCCCACGGTACGCTTG
GCGACGCGCGACGATGTTCCCCGCGCTGTTCGTACATTAGCT
GCGGCCTTTGCAGATTACCCAGCGACGCGCCATACGGTCGA
TCCGGACCGCCATATCGAGCGTGTCACAGAATTGCAGGAACT
TTTCTTAACTCGCGTGGGCCTTGACATCGGAAAGGTCTGGGT
GGCTGACGATGGCGCTGCAGTGGCTGTTTGGACCACTCCGG
AGAGTGTAGAGGCTGGTGCAGTGTTCGCCGAAATTGGTCCTC
GTATGGCCGAATTAAGTGGAAGTCGTCTGGCAGCCCAACAAC
AAATGGAAGGGTTGCTTGCGCCCCACCGTCCGAAAGAACCC
GCGTGGTTCCTTGCCACCGTTGGAGTAAGCCCAGATCACCAG
GGGAAGGGTTTAGGATCTGCCGTAGTTTTACCAGGTGTGGAG
GCAGCAGAACGTGCGGGAGTTCCGGCCTTCCTTGAGACGTC
GGCGCCGCGCAATTTACCGTTTTACGAACGTCTTGGATTCAC
CGTTACGGCGGACGTGGAGGTGCCGGAGGGACCCCGTACTT
GGTGTATGACTCGTAAACCGGGAGCCTGATAACATTCACCCA
ACGGCGGCAGAAGAGTTCGTGACAATGCGTtaaATGTTAA Puromycin JNH1 JNH2 

ȹgor-phoA-
dsbC-purR 

ATTACGTCTCGCGCTACAATCGCGGTAATCAACGATAAGGAC
ACTTTGTCCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGG
CCTTTCGTTTTATGTTAATCTTTTCAACAGCTGTCATAAAGTTG
TCACGGCCGAGACTTATAGTCGCTTTGTTTTTATTTTTTAATGT
ATTTGTATCTAGAGATTAAAGAGGAGAATACTAGatgGATGACG
CGGCAATTCAACAAACGTTAGCCAAAATGGGCATCAAAAGCA
GCGATATTCAGCCCGCGCCTGTAGCTGGCATGAAGACAGTTC
TGACTAACAGCGGCGTGTTGTACATCACCGATGATGGTAAAC
ATATCATTCAGGGGCCAATGTATGACGTTAGTGGCACGGCTC
CGGTCAATGTCACCAATAAGATGCTGTTAAAGCAGTTGAATGC
GCTTGAAAAAGAGATGATCGTTTATAAAGCGCCGCAGGAAAA
ACACGTCATCACCGTGTTTACTGATATTACCTGTGGTTACTGC
CACAAACTGCATGAGCAAATGGCAGACTACAACGCGCTGGG
GATCACCGTGCGTTATCTTGCTTTCCCGCGCCAGGGGCTGGA
CAGCGATGCAGAGAAAGAAATGAAAGCTATCTGGTGTGCGAA
AGATAAAAACAAAGCGTTTGATGATGTGATGGCAGGTAAAAG
CGTCGCACCAGCCAGTTGCGACGTGGATATTGCCGACCATTA
CGCACTTGGCGTCCAGCTTGGCGTTAGCGGTACTCCGGCAG
TTGTGCTGAGCAATGGCACACTTGTTCCGGGTTACCAGCCGC
CGAAAGAGATGAAAGAATTCCTCGACGAACACCAAAAAATGA
CCAGCGGTAAATAATGAccggcttatcggtcagtttcacctgatttacgtaaaaac
ccgcttcggcgggtttttgcttttggaggggcagaaagatgaatgactgtccacgacgctata
cccaaaagaaaTCCTGACGGATGGCCTTTTTGCGTTTCTACAAAC
TCTTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTC
ATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAA
GGAAGAGTATGACTGAATACAAGCCCACGGTACGCTTGGCGA
CGCGCGACGATGTTCCCCGCGCTGTTCGTACATTAGCTGCG
GCCTTTGCAGATTACCCAGCGACGCGCCATACGGTCGATCCG
GACCGCCATATCGAGCGTGTCACAGAATTGCAGGAACTTTTC
TTAACTCGCGTGGGCCTTGACATCGGAAAGGTCTGGGTGGCT
GACGATGGCGCTGCAGTGGCTGTTTGGACCACTCCGGAGAG
TGTAGAGGCTGGTGCAGTGTTCGCCGAAATTGGTCCTCGTAT
GGCCGAATTAAGTGGAAGTCGTCTGGCAGCCCAACAACAAAT
GGAAGGGTTGCTTGCGCCCCACCGTCCGAAAGAACCCGCGT
GGTTCCTTGCCACCGTTGGAGTAAGCCCAGATCACCAGGGG
AAGGGTTTAGGATCTGCCGTAGTTTTACCAGGTGTGGAGGCA
GCAGAACGTGCGGGAGTTCCGGCCTTCCTTGAGACGTCGGC
GCCGCGCAATTTACCGTTTTACGAACGTCTTGGATTCACCGTT
ACGGCGGACGTGGAGGTGCCGGAGGGACCCCGTACTTGGT
GTATGACTCGTAAACCGGGAGCCTGATAACATTCACCCAACG
GCGGCAGAAGAGTTCGTGACAATGCGTtaaATGTTAA Puromycin JNH1 JNH2 

ȹgshA-purR 

ACCATTACAGTTATGCTAATTAAAACGATTTTGACAGGCGGGA
GGTCAATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGC
CTTTCGTTTTATTCCTGACGGATGGCCTTTTTGCGTTTCTACA Puromycin JNH3 JNH4 



 

 84  

AACTCTTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCCG
CTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAA
AAAGGAAGAGTATGACTGAATACAAGCCCACGGTACGCTTGG
CGACGCGCGACGATGTTCCCCGCGCTGTTCGTACATTAGCTG
CGGCCTTTGCAGATTACCCAGCGACGCGCCATACGGTCGATC
CGGACCGCCATATCGAGCGTGTCACAGAATTGCAGGAACTTT
TCTTAACTCGCGTGGGCCTTGACATCGGAAAGGTCTGGGTGG
CTGACGATGGCGCTGCAGTGGCTGTTTGGACCACTCCGGAG
AGTGTAGAGGCTGGTGCAGTGTTCGCCGAAATTGGTCCTCGT
ATGGCCGAATTAAGTGGAAGTCGTCTGGCAGCCCAACAACAA
ATGGAAGGGTTGCTTGCGCCCCACCGTCCGAAAGAACCCGC
GTGGTTCCTTGCCACCGTTGGAGTAAGCCCAGATCACCAGGG
GAAGGGTTTAGGATCTGCCGTAGTTTTACCAGGTGTGGAGGC
AGCAGAACGTGCGGGAGTTCCGGCCTTCCTTGAGACGTCGG
CGCCGCGCAATTTACCGTTTTACGAACGTCTTGGATTCACCG
TTACGGCGGACGTGGAGGTGCCGGAGGGACCCCGTACTTGG
TGTATGACTCGTAAACCGGGAGCCTGATAACCGCTGATACCG
AACCGTTTGCGGTGTGGCTGGAAAAACACGCCtgaCAG 

ȹgshA-
phoA-dsbC-
purR 

ACCATTACAGTTATGCTAATTAAAACGATTTTGACAGGCGGGA
GGTCAATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGC
CTTTCGTTTTATGTTAATCTTTTCAACAGCTGTCATAAAGTTGT
CACGGCCGAGACTTATAGTCGCTTTGTTTTTATTTTTTAATGTA
TTTGTATCTAGAGATTAAAGAGGAGAATACTAGatgGATGACGC
GGCAATTCAACAAACGTTAGCCAAAATGGGCATCAAAAGCAG
CGATATTCAGCCCGCGCCTGTAGCTGGCATGAAGACAGTTCT
GACTAACAGCGGCGTGTTGTACATCACCGATGATGGTAAACA
TATCATTCAGGGGCCAATGTATGACGTTAGTGGCACGGCTCC
GGTCAATGTCACCAATAAGATGCTGTTAAAGCAGTTGAATGC
GCTTGAAAAAGAGATGATCGTTTATAAAGCGCCGCAGGAAAA
ACACGTCATCACCGTGTTTACTGATATTACCTGTGGTTACTGC
CACAAACTGCATGAGCAAATGGCAGACTACAACGCGCTGGG
GATCACCGTGCGTTATCTTGCTTTCCCGCGCCAGGGGCTGGA
CAGCGATGCAGAGAAAGAAATGAAAGCTATCTGGTGTGCGAA
AGATAAAAACAAAGCGTTTGATGATGTGATGGCAGGTAAAAG
CGTCGCACCAGCCAGTTGCGACGTGGATATTGCCGACCATTA
CGCACTTGGCGTCCAGCTTGGCGTTAGCGGTACTCCGGCAG
TTGTGCTGAGCAATGGCACACTTGTTCCGGGTTACCAGCCGC
CGAAAGAGATGAAAGAATTCCTCGACGAACACCAAAAAATGA
CCAGCGGTAAATAATGAccggcttatcggtcagtttcacctgatttacgtaaaaac
ccgcttcggcgggtttttgcttttggaggggcagaaagatgaatgactgtccacgacgctata
cccaaaagaaaTCCTGACGGATGGCCTTTTTGCGTTTCTACAAAC
TCTTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTC
ATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAA
GGAAGAGTATGACTGAATACAAGCCCACGGTACGCTTGGCGA
CGCGCGACGATGTTCCCCGCGCTGTTCGTACATTAGCTGCG
GCCTTTGCAGATTACCCAGCGACGCGCCATACGGTCGATCCG
GACCGCCATATCGAGCGTGTCACAGAATTGCAGGAACTTTTC
TTAACTCGCGTGGGCCTTGACATCGGAAAGGTCTGGGTGGCT
GACGATGGCGCTGCAGTGGCTGTTTGGACCACTCCGGAGAG
TGTAGAGGCTGGTGCAGTGTTCGCCGAAATTGGTCCTCGTAT
GGCCGAATTAAGTGGAAGTCGTCTGGCAGCCCAACAACAAAT
GGAAGGGTTGCTTGCGCCCCACCGTCCGAAAGAACCCGCGT
GGTTCCTTGCCACCGTTGGAGTAAGCCCAGATCACCAGGGG
AAGGGTTTAGGATCTGCCGTAGTTTTACCAGGTGTGGAGGCA
GCAGAACGTGCGGGAGTTCCGGCCTTCCTTGAGACGTCGGC
GCCGCGCAATTTACCGTTTTACGAACGTCTTGGATTCACCGTT
ACGGCGGACGTGGAGGTGCCGGAGGGACCCCGTACTTGGT
GTATGACTCGTAAACCGGGAGCCTGATAACCGCTGATACCGA
ACCGTTTGCGGTGTGGCTGGAAAAACACGCCtgaCAG Puromycin JNH3 JNH4 

trxB-das4-
tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACA
GGCTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGG
TTTAGCTGACGCAAAAGCGGCCAACGATGAAAACTATTCTGA
AAACTATGCGGATGCGTCTtaaTGATCCTAATTTTTGTTGACAC
TCTATCATTGATAGAGTTATTTTACCACTCCCTATCAGTGATAG
AGAAAAGTGAAATGAATAGTTCGACAAAGATCGCATTGGTAAT
TACGTTACTCGATGCCATGGGGATTGGCCTTATCATGCCAGT
CTTGCCAACGTTATTACGTGAATTTATTGCTTCGGAAGATATC
GCTAACCACTTTGGCGTATTGCTTGCACTTTATGCGTTAATGC
AGGTTATCTTTGCTCCTTGGCTTGGAAAAATGTCTGACCGATT
TGGTCGGCGCCCAGTGCTGTTGTTGTCATTAATAGGCGCATC
GCTGGATTACTTATTGCTGGCTTTTTCAAGTGCGCTTTGGATG
CTGTATTTAGGCCGTTTGCTTTCAGGGATCACAGGAGCTACT
GGGGCTGTCGCGGCATCGGTCATTGCCGATACCACCTCAGC Tetracycline JNH5 JNH6 
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TTCTCAACGCGTGAAGTGGTTCGGTTGGTTAGGGGCAAGTTT
TGGGCTTGGTTTAATAGCGGGGCCTATTATTGGTGGTTTTGC
AGGAGAGATTTCACCGCATAGTCCCTTTTTTATCGCTGCGTTG
CTAAATATTGTCACTTTCCTTGTGGTTATGTTTTGGTTCCGTGA
AACCAAAAATACACGTGATAATACAGATACCGAAGTAGGGGTT
GAGACGCAATCGAATTCGGTATACATCACTTTATTTAAAACGA
TGCCCATTTTGTTGATTATTTATTTTTCAGCGCAATTGATAGGC
CAAATTCCCGCAACGGTGTGGGTGCTATTTACCGAAAATCGT
TTTGGATGGAATAGCATGATGGTTGGCTTTTCATTAGCGGGTC
TTGGTCTTTTACACTCAGTATTCCAAGCCTTTGTGGCAGGAAG
AATAGCCACTAAATGGGGCGAAAAAACGGCAGTACTGCTCGG
ATTTATTGCAGATAGTAGTGCATTTGCCTTTTTAGCGTTTATAT
CTGAAGGTTGGTTAGTTTTCCCTGTTTTAATTTTATTGGCTGGT
GGTGGGATCGCTTTACCTGCATTACAGGGAGTGATGTCTATC
CAAACAAAGAGTCATCAGCAAGGTGCTTTACAGGGATTATTG
GTGAGCCTTACCAATGCAACCGGTGTTATTGGCCCATTACTG
TTTGCTGTTATTTATAATCATTCACTACCAATTTGGGATGGCTG
GATTTGGATTATTGGTTTAGCGTTTTACTGTATTATTATCCTGC
TATCGATGACCTTCATGTTAACCCCTCAAGCTCAGGGGAGTA
AACAGGAGACAAGTGCTTAGTTATTTCGTCACCAAATGATTTT
TACAAATCAGTAACAAAAGTAAAGAAGGCGACACCATGCGAC
TATGG 

trxB-sfGFP-
das4-tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACA
GGCTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGG
TTTAGCTGACGCAAAAGGGGGTTCAGGCGGGTCGGGTGGCgt
gagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggacggcg
acgtaaacggccacaagttcagcgtgcgcggcgagggcgagggcgatgccaccaacg
gcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccc
tcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatgaagc
gccacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcagctt
caaggacgacggcacctacaagacccgcgccgaggtgaagttcgagggcgacaccct
ggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctgggg
cacaagctggagtacaacttcaacagccacaacgtctatatcaccgccgacaagcagaa
gaacggcatcaaggccaacttcaagatccgccacaacgtggaggacggcagcgtgcag
ctcgccgaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccga
caaccactacctgagcacccagtccgtgctgagcaaagaccccaacgagaagcgcgat
cacatggtcctgctggagttcgtgaccgccgccgggatcactcacggcatggacgagctgt
acaagGGTGGGGGTGGGAGCGGCGGCGGTGGCTCCGCGGCC
AACGATGAAAACTATTCTGAAAACTATGCGGATGCGTCTtaatga
TCCTAATTTTTGTTGACACTCTATCATTGATAGAGTTATTTTAC
CACTCCCTATCAGTGATAGAGAAAAGTGAAATGAATAGTTCGA
CAAAGATCGCATTGGTAATTACGTTACTCGATGCCATGGGGA
TTGGCCTTATCATGCCAGTCTTGCCAACGTTATTACGTGAATT
TATTGCTTCGGAAGATATCGCTAACCACTTTGGCGTATTGCTT
GCACTTTATGCGTTAATGCAGGTTATCTTTGCTCCTTGGCTTG
GAAAAATGTCTGACCGATTTGGTCGGCGCCCAGTGCTGTTGT
TGTCATTAATAGGCGCATCGCTGGATTACTTATTGCTGGCTTT
TTCAAGTGCGCTTTGGATGCTGTATTTAGGCCGTTTGCTTTCA
GGGATCACAGGAGCTACTGGGGCTGTCGCGGCATCGGTCAT
TGCCGATACCACCTCAGCTTCTCAACGCGTGAAGTGGTTCGG
TTGGTTAGGGGCAAGTTTTGGGCTTGGTTTAATAGCGGGGCC
TATTATTGGTGGTTTTGCAGGAGAGATTTCACCGCATAGTCCC
TTTTTTATCGCTGCGTTGCTAAATATTGTCACTTTCCTTGTGGT
TATGTTTTGGTTCCGTGAAACCAAAAATACACGTGATAATACA
GATACCGAAGTAGGGGTTGAGACGCAATCGAATTCGGTATAC
ATCACTTTATTTAAAACGATGCCCATTTTGTTGATTATTTATTTT
TCAGCGCAATTGATAGGCCAAATTCCCGCAACGGTGTGGGTG
CTATTTACCGAAAATCGTTTTGGATGGAATAGCATGATGGTTG
GCTTTTCATTAGCGGGTCTTGGTCTTTTACACTCAGTATTCCA
AGCCTTTGTGGCAGGAAGAATAGCCACTAAATGGGGCGAAAA
AACGGCAGTACTGCTCGGATTTATTGCAGATAGTAGTGCATTT

GCCTTTTTAGCGTTTATATCTGAAGGTTGGTTAGTTTTCCCTG
TTTTAATTTTATTGGCTGGTGGTGGGATCGCTTTACCTGCATT
ACAGGGAGTGATGTCTATCCAAACAAAGAGTCATCAGCAAGG
TGCTTTACAGGGATTATTGGTGAGCCTTACCAATGCAACCGG
TGTTATTGGCCCATTACTGTTTGCTGTTATTTATAATCATTCAC
TACCAATTTGGGATGGCTGGATTTGGATTATTGGTTTAGCGTT
TTACTGTATTATTATCCTGCTATCGATGACCTTCATGTTAACCC
CTCAAGCTCAGGGGAGTAAACAGGAGACAAGTGCTTAGTTAT
TTCGTCACCAAATGATTTTTACAAATCAGTAACAAAAGTAAAGA
AGGCGACACCATGCGACTATGG Tetracycline JNH5 JNH6 
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trxB-sfGFP-
tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGC
CGGTACAGGCTGCATGGCAGCACTTGATGCGGAACGCTACC
TCGATGGTTTAGCTGACGCAAAAGGGGGTTCAGGCGGGTCG
GGTGGCgtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgag
ctggacggcgacgtaaacggccacaagttcagcgtgcgcggcgagggcgagggcgat
gccaccaacggcaagctgaccctgaagttcatctgcaccaccggcaagctgcccgtgcc
ctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttcagccgctaccccgac
cacatgaagcgccacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgc
accatcagcttcaaggacgacggcacctacaagacccgcgccgaggtgaagttcgagg
gcgacaccctggtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaa
catcctggggcacaagctggagtacaacttcaacagccacaacgtctatatcaccgccga
caagcagaagaacggcatcaaggccaacttcaagatccgccacaacgtggaggacgg
cagcgtgcagctcgccgaccactaccagcagaacacccccatcggcgacggccccgtg
ctgctgcccgacaaccactacctgagcacccagtccgtgctgagcaaagaccccaacga
gaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactcacggcat
ggacgagctgtacaagtaatgaTCCTAATTTTTGTTGACACTCTATCATT
GATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAAAGT
GAAATGAATAGTTCGACAAAGATCGCATTGGTAATTACGTTAC
TCGATGCCATGGGGATTGGCCTTATCATGCCAGTCTTGCCAA
CGTTATTACGTGAATTTATTGCTTCGGAAGATATCGCTAACCA
CTTTGGCGTATTGCTTGCACTTTATGCGTTAATGCAGGTTATC
TTTGCTCCTTGGCTTGGAAAAATGTCTGACCGATTTGGTCGG
CGCCCAGTGCTGTTGTTGTCATTAATAGGCGCATCGCTGGAT
TACTTATTGCTGGCTTTTTCAAGTGCGCTTTGGATGCTGTATT
TAGGCCGTTTGCTTTCAGGGATCACAGGAGCTACTGGGGCTG
TCGCGGCATCGGTCATTGCCGATACCACCTCAGCTTCTCAAC
GCGTGAAGTGGTTCGGTTGGTTAGGGGCAAGTTTTGGGCTTG
GTTTAATAGCGGGGCCTATTATTGGTGGTTTTGCAGGAGAGA
TTTCACCGCATAGTCCCTTTTTTATCGCTGCGTTGCTAAATATT
GTCACTTTCCTTGTGGTTATGTTTTGGTTCCGTGAAACCAAAA
ATACACGTGATAATACAGATACCGAAGTAGGGGTTGAGACGC
AATCGAATTCGGTATACATCACTTTATTTAAAACGATGCCCATT
TTGTTGATTATTTATTTTTCAGCGCAATTGATAGGCCAAATTCC
CGCAACGGTGTGGGTGCTATTTACCGAAAATCGTTTTGGATG
GAATAGCATGATGGTTGGCTTTTCATTAGCGGGTCTTGGTCTT
TTACACTCAGTATTCCAAGCCTTTGTGGCAGGAAGAATAGCCA
CTAAATGGGGCGAAAAAACGGCAGTACTGCTCGGATTTATTG
CAGATAGTAGTGCATTTGCCTTTTTAGCGTTTATATCTGAAGG
TTGGTTAGTTTTCCCTGTTTTAATTTTATTGGCTGGTGGTGGG
ATCGCTTTACCTGCATTACAGGGAGTGATGTCTATCCAAACAA
AGAGTCATCAGCAAGGTGCTTTACAGGGATTATTGGTGAGCC
TTACCAATGCAACCGGTGTTATTGGCCCATTACTGTTTGCTGT
TATTTATAATCATTCACTACCAATTTGGGATGGCTGGATTTGG
ATTATTGGTTTAGCGTTTTACTGTATTATTATCCTGCTATCGAT
GACCTTCATGTTAACCCCTCAAGCTCAGGGGAGTAAACAGGA
GACAAGTGCTTAGTTATTTCGTCACCAAATGATTTTTACAAATC
AGTAACAAAAGTAAAGAAGGCGACACCATGCGACTATGG Tetracycline JNH5 JNH6 

 

4. Dynamic control of redox state inhibits protein 
expression driven by phoB promoters but expression is 
rescued with Erv1p 

4.1 Introduction 

Stress from environmental factors, strain modifications, and recombinant protein 

toxicity are known to trigger cellular responses in  E. coli that can be detrimental to 

recombinant protein expression(Xinyi Chen, Li, and Liu 2021; Hoffman n and Rinas 
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2004). These regulatory stress responses are difficult to predict, and the biosensors as 

well as the metabolic actuators involved are poorly understood and laborious to 

characterize(Ireland et al. 2020).  

Two experimental approaches are taken to address these regulatory bottlenecks 

in recombinant protein expression. The first appr oach involves combining proteomic, 

metabolomic, or transcriptomic data to mechanistically understand the specific cellular 

reprogramming that drives the stress response(Gill, Valdes, and Bentley 2000; C.-Y. 

Wang et al. 2021). Once the stress response is characterized, down-regulated genes that 

are critical for protein synthesis can be supplemented (Choi et al. 2003; Mahalik, Sharma, 

and Mukherjee 2014; Mahalik et al. 2022; Singh and Mukherjee 2013). Alternatively, 

when several biosynthetic genes are impacted, knocking out or knocking down 

regulatory genes involved in the stress response has effectively improved recombinant 

protein expression(Guleria et al. 2020; A. K. Sharma, Shukla, et al. 2020). The second 

approach involves optimizing cul ture conditions to mitigate or circumvent the stress 

response in E. coli. Specifically, amino acid supplementation, low temperature, and 

hypoxic culture conditions have been used to limit environmental  and metabolic stress 

for improved protein expression  (Xinyi Chen, Li, and Liu 2021; Kumar et al. 2020; A. K. 

Sharma, Phue, et al. 2020). While the latter approach does not provide a detailed 

mechanistic understanding of stress response, it provides a low cost, less labor-int ensive 

solution to the recombinant protein expression challenges.  
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In this study an adaptation of the latter approach led to the discovery of phoB 

promoter regulation. These promoters are important because they have been used for 

recombinant protein expres sion with tw o-stage fermentations triggered by phosphate 

depletion(Menacho-Melgar, Ye, et al. 2020; Menacho-Melgar, Hennigan, and Lynch 

2021; Moreb et al. 2020). In this study we d iscovered that the strain modifications we 

developed for dynamic control of redox state (DC redox) negatively impact several phoB 

promoters used for two -stage production of GFP. This response was first observed with 

the yibD promoter, previously characteri zed as strong and robust, however after 

screening a library of phoB promoters of varying strengths most were found to have 

limited expression in the strains with DC redox . This result supports that there is an 

uncharacterized regulatory response, and expression could be rescued for some phoB 

promoters by decreasing expression temperature from 37°C to 30°C. However, these 

conditions differentially impacted phoB promoter exp ression in the DC redox strains 

depending on the prescient of the dsbC isomerase. Since disulfide bond isomerization 

was impacting protein expression in the promoter screen, this response suggested that a 

disulfide bond within the  E. coli proteome may be involve d in the regulatory response. 

Disulfide involvement was confirmed when the phoB promoter library was re -screened 

with Erv1p expression in the DC redox strains . 

 The the sulfhydryl oxidase (Erv1p) is an FAD -dependent enzyme from 

Saccharomyces cerevisiae that directly oxidizes thiol groups to disulfide bon ds (Figure19). 
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Erv1p uses oxygen as an electron acceptor and it is reduced to hydrogen peroxide 

(Faccio et al. 2011). Additionally, we wanted to incorporate dynamic overexpression of 

Erv1p into the DC redox strains for the long -term goal of improving expression of 

disulfide containing proteins specifically. In terestingly, when  the library was re -

screened in redox strains with Erv1p, expression levels for every impacted phoB 

promoter in the library could be rescued at 37°C. Since E. coli has multiple redox 

sensitive proteins with disulfide switches involved in r egulation includi ng: OxyR, OxyS, 

NemR, RclR, and HypT, our data strongly supports that Erv1p oxidizes a disulfide 

biosensor in E. coli that is either directly or indirectly involv ed in phoB promoter 

activation  (Hillion and Antelmann 2015) .  

 

Figure 19: Overview of  the sulfhydryl o xidase chaperone (Erv1p) that catalyzes 

disulfide bond formation and reduces oxygen to hydrogen peroxide.  

4.2 Results and Discussion 

4.2.1 Dynamic control of redox state reduces protein expression at 
37°C 

Reactive oxygen species resulting from elevated aeration, oxidant supplementation, and 

reductase control creates oxidative stress that can trigger a stress response in E. coli (Ren, 
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Ke, and Berkmen 2016; Baez and Shiloach 2013; Chiang and Schellhorn 2012; Schellmann 

et al. 2010; Konz, King, and Cooney 1998). This oxidative stress response can limit 

recombinant protein expression, either through DNA damage, plasmid loss, growth 

arrest, or regulatory effects (Martínez et al. 2016; Guerrero Montero et al. 2019; Konz, 

King, and Cooney 1998; Dukan and Nyström 1999; Ren, Ke, and Berkmen 2016). 

Previously, we developed a strain of E. coli that utilizes dynamic control of redox state 

(ͅÎÖÙȰɯÛÙß!-DAS+4, +dsbC) for improved thiol oxidation to express proteins that contain 

disulfide bonds. Since this strain utilizes two -stage fermentations and dynamic control 

of redox state, cytoplasm becomes oxidized specifically in the production phase. 

Therefore, by decoupling growth and redox control, growth becomes more robust to 

fermentation conditions such as temperature and aeration compared to SHuffle E. coli 

ÞÐÛÏɯËÖÜÉÓÌɯÙÌËÜÊÛÈÚÌɯÒÕÖÊÒÖÜÛÚɯȹͅÎÖÙͅÛÙß!Ⱥȭ 

 Since our engineered strain has growth advantages over the commercial strain 

SHuffle, we wanted to analyze the impact of dynamic control of redox state on protein 

expression overall with a non -redox sensitive protein (GFPuv). Since this strain has 

signif icant cytoplasmic oxidation in 37°C micro fermentations, and decreasing 

incubation temperature to 30°C is a common approach to reduce aggregation of 

disulfide -containing proteins, w e quantified protein expression under both temperature 

conditions (Bhatwa et al. 2021). We performed micro fermentations with  GFP under the 

control of the yibD promoter which was used in our last study for roGFP expression. 
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Compared to the control strain with reducing pathways i ntact, dynamic control of the 

redox state significantly limited GFP expr ession when micro fermentation s were 

performed at 37°C (Figure 20A). However , reducing the incubation temperature to 30°C 

restored GFP expression to the same level as the control strain  (Figure 20B).  

 

Figure 20: Incorporating dyn amic control of redox state in to strain 25-S 

decreases protein expression at 37°C  with the yibD promoter based on a GFP 

reporter, but expression is restored by decreasing the micro fermentation temperature 

to 30°C.  A) Both strains with dynamic redox con trol have limited protein expr ession 

compared to the control strain 25 -S in micro fermentations performed at 37°C B) 

Protein expression with the yibD promoter is restored in both strains with redox 

control, to levels comparable with the control strain, whe n micro -fermentations are 

perf ormed at 30°C. 

4.2.2 A library of phoB promoters have limited protein expression 
with dynamic control of redox state 

While GFP is a common reporter in E. coli due to its compatibility, we wanted to 

understand the basis of this expression difference and improve protein expression at 

37°C(Lissemore et al. 2000). However, decreasing incubation temperature can imp act 
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protein expression for multiple reasons. Low temperature conditions can alleviate 

energy burden on the cell by slowing protein express ion, slow protein translation rates 

to improve protein folding, and decrease protease activity to limit degradation (Xinyi 

Chen, Li, and Liu 2021; Rosano and Ceccarelli 2009; Siller et al. 2010; Vasina and Baneyx 

1997). These folding improvements also decrease the toxicity associated with inclusion 

body formatio n(González-Montalbán, Villaverde, and Aris 2006; Hunke and Betton 

2003). To deconvolute the factors that contribute to this 30°C expression improvement, 

we screened a library of phoB promoters of varying strengths at both  37°C and 30°C for 

comparison between strains with redox control and the cont rol strain 25-S. The rationale 

behind this screen is that the rate of transcription would be reduced with weaker phoB 

promoters. Therefore, if the reduced expression in the strains with redox control is 

attributed to the energy burden of the high rate of t ranscription, weaker promoters can 

alleviate that burden and restore GFP expression to the same level as the control 

strain(Hoffmann and Rinas 2004). However, if th e expression improvement results from 

slowing the translation rate, all of the phoB promoters should have improved expression 

at 30°C.  

The results of these promoter screens are shown in Figure 21. In both strains with 

DC redox, almost all phoB promoters had limited expression 37°C compared to the 

control strain (Figure 21A and 21B).  Since this reduction in GFP expression occurred 

independently of promoter strength, these expression differences could not be attributed 
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to the energy and metabolic burden of high transcriptional rates. Ne xt, the temperature 

of the screen was decreased to 30°C to analyze the impact of slowed translational rates 

on GFP expression. In both strains with DC redox some, but not all, promoters had 

improved  expression relative to control strain 25-S (Figure 21C and 21D). However,  at 

least 50% of the phoB promoters screened fall below the diagonal line indicating limited 

expression. Interestingly, the pattern of expression improvement also varied depending 

on the presence or absence of cytoplasmic dsbC. Since dsbC isomerizes disulfide bonds, 

this result indicated that the activity of dsbC was impacting GFP expression levels even 

though GFP itself does not contain a disulfide bond. Combined, this pattern difference 

and low temperature imp rovement suggests that a disulfide switch within the E. coli 

proteome may be contributing to expression differences observed in the phoB promoter 

library screens. 
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Figure 21: A phoB promoter library was screened in two strains wit h dynamic 

control of redox sta te and compared to the control strain  with reducing pathways to 

analyze the impact of transcriptional level on expression level in the strains with 

redox control. Expression data above the dividing line is from micro ferment ation 

performed at 37°C wher eas 30°C micro fermentation data is below the dividing line. 

Promoters that fall below the diagonal dashed line had reduced expression in the DC 

redox strain. In each panel GFP expression with the phoB promoter library is 

compared between the control strai n and the following modified strains: A) DC 

1ÌËÖßɯȹͅÎÖÙȰɯÛÙß!-# 2ǶƘȺɯÌß×ÙÌÚÚÐÖÕɯÈÛɯƗƛȘ"ȭɯ!Ⱥɯ#"ɯ1ÌËÖßɯÚÛÙÈÐÕɯÞÐÛÏɯËÚÉ"ɯȹͅÎÖÙȰɯ

trxB-DAS+4, +dsbC) expression at 37°C. C) DC redox strain expression at 30°C. D) DC 

redox strain with d sbC expression at 30°C. 
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4.2.3 Incorporating chromosomal Erv1p into the strains rescues phoB 
promoter driven protein expression 

Since these strains are being developed to improve expression of recombinant 

proteins that contain disulfide bonds, we incorporated dynamic overexpression of  Erv1p 

into the strains with the yibD promoter for another round of phoB promoter screening. 

Erv1p is a chaperone that promotes de novo disulfide bond formation;  therefore it can 

impact recombinant protein expression driven by phoB promoters in two ways. F ir st, if 

the recombinant protein of interest contains disulfide bonds Erv1p can catalyze thiol 

oxidation to improve expression. Second, Erv1p can also oxidize regulatory switches in 

the E. coli proteome that impact recombinant protein expression overall, e ven wh en the 

recombinant protein is not redox sensitive. Since phoB promoters are sensitive to both 

redox state and dsbC it is essential to understand the impact of Erv1p on GFP expression 

before utilizing the platform to produce redox sensitive proteins. To understand this 

effect, the phoB promoter library was re -screened in DC redox strains with Erv1p at both 

37°C and 30°C (Figure22). When expression was performed at 37°C Erv1p rescued GFP 

expression in strains with DC redox and even improved expression l evels over the 

control strain 25-S (Figure 22A and 22B). Since an expression improvement was 

observed for almost all  the phoB promoters of varying strengths this result is consistent 

with an uncharacterized regulatory activity driven by a redox sensitive p rotein in  E. coli. 

Interestingly, this improvement  did not impact all phoB promoters when the screen was 

performed at 30°C (Figure 22C and D). However, the yibD promoter had the most 
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consistent expression in either DC redox strain with Erv1p at both temper atures. 

Considering this data together, the yibD promoter is the most robust phoB promoter 

when dynamic control of redox state is combined with Erv1p expression. Therefore, it is 

the best candidate to control recombinant protein expression in future studie s. 

 

Figure 22: The phoB promoter library was rescreened in both strains with DC 

redox after Erv1p was incorporated into the st rains and compared to the control strain. 

Plots above the dividing line are from micro fermentation per formed at 37°C whereas 

30°C micro fermentation data is below the dividing line . In each panel GFP 

expression with the phoB promoter library is compared between the control strain 
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and the following modified strains: A) DC redox strain with Erv1p expression at 37°C. 

B) DC redox strain with both dsbC and Erv1p expression at 37°C. C) DC  redox strain 

with Erv1p expression at 30°C. D) DC redox strain with both dsbC and Erv1p 

expression at 30°C. 

4.3 Conclusions 

In this study we have confirmed that phoB promoters used in phosphate limited 

dynamic control, are sensitive to cytoplasmic redox state in the engineered strains. 

Specifically, dynamic control of the cytoplasmic redox state limits protein expression 

driven with phoB promoters. While expression can be improved for some phoB 

promoters by decreasing temperature, this improvement is not a function of promoter 

strength and combining dsbC with redox dynamic control alters the pattern of 

improvement with phoB promoters. These results support that regulatory differences are 

responsible for the altered expression levels within the DC redox strains. Specifically, the 

altered expression pattern between DC redox strains with and without dsbC indicates 

that a regulatory disulfide switch within the E. coli proteome is involved. Once Erv1p, 

which catalyzes disulfide bond formation, was incorporated into DC redox strains and 

the phoB promoter library was re-screened, Erv1p improved protein expression levels in 

the strains to be comparable or better than the control strain. Taken together, this data 

strongly supports that Evr1p catalyzes disulfide bond formation of an unknown ñXò within 

the strain which either directly or indirectly activates transcription to improve protein 

expression (Figure 23). Although this activation is temperature dependent for some 

promoters, the yibD promoter was the most robust to temperature differences when DC 

redox was combined with Erv1p. Therefore, we have confirmed that yibD is the best 

phoB promoter to control recombinant protein expression in the engineered strains. 
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Figure 23: Erv1p improves phoB promoter expression based on regulatory 

activity.  Erv1p catalyzes disulfide bond formation of a regulatory protein in E. coli. 

This protein either directly or indirectly acti vates expression of phoB pro moters. 

4.4 Materials and Methods 

4.4.1 Reagents and Media 

Unless otherwise stated, all materials and reagents were of the highest grade 

possible and purchased from Sigma (St. Louis, MO) or Bio Basic (Ontario, Canada). 

Luria Bro th, Lennox formulation with lower salt, was used for strain construction and 

plasmid propagation and is referred to as LB media in the text.  Autoinduction Broth 

(AB) was prepared as previously reported  (Moreb et al. 2020; Menacho-Melgar, 

Hennigan , and Lynch 2021). Working antibiotic concentrations were as follows: 

kanamycin (35 µg/mL), tetracycline (10 µg/mL), and puromycin ( 125 µg/mL). 

Puromycin selection was performed with LB supplemented with 50 mM potassium 

phosphate buffer (pH = 8.0) to maintain pH for adequ ate selection. 

4.4.2 Strains 

In this study. E. cloni 10G (Lucigen, Middleton WI) was used for cloning and 

plasmid propagation. The strain 25-S (DLF_Z0025) was constructed as previously 
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described(S. Li et al. 2021). Strain 25-S was subsequently modified for control of redox 

state, dynamic overexpression of dsbC and/or Erv1p. The strains constructed in this 

study, along with the synthetic DNA used to make the se modifications are listed in 

supplemental  Table 9. Briefly, the linear DNA (gBlocks ,IDT Coralville, IA) encoding the 

ÐÕËÐÊÈÛÌËɯÐÕÚÌÙÛÐÖÕɯÖÙɯËÌÓÌÛÐÖÕȮɯÞÐÛÏɯÈɯƗɀɯÈÕÛÐÉÐÖÛÐÊɯÙÌÚÐÚÛÈÕÊÌɯÔÈÙÒÌÙȮɯÞÌÙÌɯÍÓÈÕÒÌËɯÞÐÛÏɯ

homology arms targeting the genomic locus for  integration with standard 

recombineering methodologies(X.-T. Li et al. 2013). The recombineering plasmid pSIM5 

was a kind gift from Donald Court (NCI, https://redrecombineering.ncifcrf.gov/court -

lab.html ). After genomic modifications were made, single colonies were selected for 

colony PCR followed by gel electrophoresis to confirm the change in product size before 

sending the PCR product for sequencing. Primers used to confirm each modification and 

their corresponding sequences are listed in supplemental Table 8. 

4.4.3 Cloning and Plasmids 

Plasmids and primers used in this study are listed in supplemental  Table 7 and 

supplemental  Table 8, respectively. Plasmid pSMART-HCKan-EV was constructed as 

described in chapter 3. Plasmid pSMART -HCKan-yibDp -GFPuv was obtained from 

addgene (Addgene Cat#127078) (Ye et al. 2020; Menacho-Melgar, Ye, et al. 2020). The 

library of phoB promoter plasmids used to screen GFP expression levels in each strain 

were also obtained from addgene. Corresponding addgene catalog numbers for each 

plasmid are listed in supplemental  Table 7.  

https://redrecombineering.ncifcrf.gov/court-lab.html
https://redrecombineering.ncifcrf.gov/court-lab.html
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4.4.4 Micro Fermentations 

Micro Fermentations were performed in 96 well plates (Genesee Scientific, San 

Diego, CA, Cat #25-104) with a method previously reported and described  in chapter 3 

(Menacho-Melgar, Ye, et al. 2020; Moreb et al. 2020; Ye et al. 2020). Glycerol stocks of 

each strain were used to inoculate LB overnight cultures in 96 well  pÓÈÛÌÚɯȹƖȭƙϟ+ɯÖÍɯ

ÎÓàÊÌÙÖÓɯÚÛÖÊÒɯÐÕɯƕƔƔϟ+ɯÖÍɯ+!ɯÔÌËÐÈɯ×ÌÙɯÞÌÓÓȺȭɯ/ÓÈÛÌÚɯÞÌÙÌɯÊÖÝÌÙÌËɯÞÐÛÏɯ×ÙÌ-autoclaved 

sandwich covers (EnzyScreen, Haarlem, The Netherlands, Model #CR1596) to ensure 

minimal evaporative loss during incubation. These 96 well plates were c ul tured at 37°C, 

ƗƔƔɷÙ×ÔɯÍÖÙɯƕƚɷÏÖÜÙÚȮɯȹÛÏÌɯÚÏÈÒÌÙɯÖÙÉÐÛɯÐÚɯƙƔɷÔÔȺȭɯ ÍÛÌÙɯƕƚɷÏÖÜÙÚɯÖÍɯÎÙÖÞÛÏȮɯƕϟ+ɯÖÍɯÛÏÌɯ

ÖÝÌÙÕÐÎÏÛɯÊÜÓÛÜÙÌɯÞÈÚɯÐÕÖÊÜÓÈÛÌËɯƕƔƔϟ+ɯÖÍɯÈÜÛÖÐÕËÜÊÛÐÖÕɯÔÌËÐÈɯÞÐÛh the appropriate 

antibiotics. The plates were covered with sandwich covers again and returned to the 

ÐÕÊÜÉÈÛÖÙȭɯ%ÖÙɯÔÐÊÙÖɯÍÌÙÔÌÕÛÈÛÐÖÕÚɯÈÛɯƗƛȘ"ȮɯÛÏÌɯ×ÓÈÛÌÚɯÞÌÙÌɯÎÙÖÞÕɯÈÛɯƗƛȘ"ȮɯƗƔƔɷÙ×ÔɯÍÖÙɯ

ƖƘɷÏÖÜÙÚȮɯÉÜÛɯÍÖÙɯƗƔȘ"ɯÔÐÊÙÖɯÍÌÙÔÌÕÛÈÛÐÖÕÚȮɯÛÏÌɯ×ÓÈÛÌÚɯÞÌÙÌɯÐÕÊÜÉÈÛÌËɯÈÛɯƗƔȘ"ȮɯƗƔƔɷÙ×Ôɯ

ÍÖÙɯƘƜɷÏÖÜÙÚȭ  

4.4.5 GFPuv expression analysis 

At the micro fermen tation end point indicated based on incubation temperature 

the GFPuv expression was quantified based on fluorescence and Oprical density 

(600nm) measurements taken with a Tecan Infinite 200 plate reader with the method 

described in chapter 3(Menacho-Melgar, Ye, et al. 2020; Ye et al. 2020). 
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4.6 Supplemental 

Table 6: Strains used in this study  including commercial strains, strains from 

previous studies, and new strains constructe d with recombineering.  

Strain Genotype Source 

E. coli 
10G 

F- mcrA ȹ(mrr-hsdRMS-mcrBC) endA1 recA1 ū80dlacZȹM15 ȹlacX74 
araD139 ȹ(ara,leu)7697galU galK rpsL nupG ɚ- tonA (StrR) 

Lucigen (Cat 
# 40708-2 ) 

25-S 

F-, ɚ-, ȹ(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1, ȹ(rhaD-
rhaB)568, hsdR514, ȹackA-pta, ȹpoxB, ȹpflB, ȹldhA, ȹadhE, ȹiclR, 
ȹarcA, ȹcas3::tm-ugpb-sspB-pro-casA 

(Li et al, 
2021) 

Redox 
5 25-S, trxB-DAS4-tetR, ȹgor-purR This study 

Redox 
6 25-S, trxB-das4-tetR, ȹgor-phoA-dsbC_purR This study 

Redox 
5E 25-S, trxB-das4-phoA_evr1p_tetR, ȹgor-purR This study 

Redox 
6E 25-S, trxB-das4-phoA_evr1p_tetR, ȹgor-phoA-dsbC_purR This study 
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Table 7: Plasmids used in this study.  

Plasmid Insert promoter Resistance ori Addgene Source 

pSMART-HCKan-
EV None None Kanamycin colE1 NA 

Lucigen (Cat # 
40708-2) 

pSMART-HCKan-
yibDp-GFPuv GFPuv yibDp Kanamycin colE1 127078 

(Menacho-Melgar 
et al. 2020) 

pSMART-HCKan-
phoHp1-GFPuv GFPuv phoHp1 Kanamycin colE1 139075 (Moreb et al. 2020) 

pSMART-HCKan-
phoAp-GFPuv GFPuv phoAp Kanamycin colE1 139072 (Moreb et al. 2020) 

pSMART-HCKan-
ugpBp-GFPuv GFPuv ugpBp Kanamycin colE1 139078 (Moreb et al. 2020) 

pSMART-HCKan-
phoBp-GFPuv GFPuv phoBp Kanamycin colE1 139073 (Moreb et al. 2020) 

pSMART-HCKan-
amnp-GFPuv GFPuv amnp Kanamycin colE1 139070 (Moreb et al. 2020) 

pSMART-HCKan-
ydfH-GFPuv GFPuv ydfHp Kanamycin colE1 139079 (Moreb et al. 2020) 

pSMART-HCKan-
phoEp-GFPuv GFPuv phoEp Kanamycin colE1 139074 (Moreb et al. 2020) 

pSMART-HCKan-
mipAp-GFPuv GFPuv mipAp Kanamycin colE1 139071 (Moreb et al. 2020) 

pSMART-HCKan-
pstSp-GFPuv GFPuv pstSp Kanamycin colE1 139077 (Moreb et al. 2020) 
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pSMART-HCKan-
phoUp-GFPuv GFPuv phoUp Kanamycin colE1 139076 (Moreb et al. 2020) 

 

Table 8:  Primers used in this study and their respective purpose  in cloning, 

sequencing, and recombineering.  

Primer Sequence (5'-3') Purpose 

JNH1 CAAATTGAACTGGCGGTACTGC Recombineering confirmation 

JNH2 GCCGTTAACTGATGCTCTGG Recombineering confirmation 

JNH3 GAAGTGACCGGCGATCAAATG Recombineering confirmation 

JNH4 GCCTGGGCAATGATCAATATGC Recombineering confirmation 

 

Table 9: Synthetic DNA (g -blocks) used in this study for strain modifications.  

G-block g-block sequence Resistance 
Confirmation 
primer (F) 

Confirmation 
primer (R) 

ȹgor-purR 

ATTACGTCTCGCGCTACAATCGCGGTAATCAACGATAAGGACA
CTTTGTCCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCC
TTTCGTTTTATTCCTGACGGATGGCCTTTTTGCGTTTCTACAAA
CTCTTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTC
ATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAG
GAAGAGTATGACTGAATACAAGCCCACGGTACGCTTGGCGACG
CGCGACGATGTTCCCCGCGCTGTTCGTACATTAGCTGCGGCCT
TTGCAGATTACCCAGCGACGCGCCATACGGTCGATCCGGACC
GCCATATCGAGCGTGTCACAGAATTGCAGGAACTTTTCTTAACT
CGCGTGGGCCTTGACATCGGAAAGGTCTGGGTGGCTGACGAT
GGCGCTGCAGTGGCTGTTTGGACCACTCCGGAGAGTGTAGAG
GCTGGTGCAGTGTTCGCCGAAATTGGTCCTCGTATGGCCGAAT
TAAGTGGAAGTCGTCTGGCAGCCCAACAACAAATGGAAGGGTT
GCTTGCGCCCCACCGTCCGAAAGAACCCGCGTGGTTCCTTGC
CACCGTTGGAGTAAGCCCAGATCACCAGGGGAAGGGTTTAGG
ATCTGCCGTAGTTTTACCAGGTGTGGAGGCAGCAGAACGTGCG
GGAGTTCCGGCCTTCCTTGAGACGTCGGCGCCGCGCAATTTA
CCGTTTTACGAACGTCTTGGATTCACCGTTACGGCGGACGTGG
AGGTGCCGGAGGGACCCCGTACTTGGTGTATGACTCGTAAAC
CGGGAGCCTGATAACATTCACCCAACGGCGGCAGAAGAGTTC
GTGACAATGCGTtaaATGTTAA Puromycin JNH1 JNH2 

ȹgor-phoA-
dsbC-purR 

ATTACGTCTCGCGCTACAATCGCGGTAATCAACGATAAGGACA
CTTTGTCCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCC
TTTCGTTTTATGTTAATCTTTTCAACAGCTGTCATAAAGTTGTCA
CGGCCGAGACTTATAGTCGCTTTGTTTTTATTTTTTAATGTATTT
GTATCTAGAGATTAAAGAGGAGAATACTAGatgGATGACGCGGC
AATTCAACAAACGTTAGCCAAAATGGGCATCAAAAGCAGCGAT
ATTCAGCCCGCGCCTGTAGCTGGCATGAAGACAGTTCTGACTA Puromycin JNH1 JNH2 
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ACAGCGGCGTGTTGTACATCACCGATGATGGTAAACATATCATT
CAGGGGCCAATGTATGACGTTAGTGGCACGGCTCCGGTCAAT
GTCACCAATAAGATGCTGTTAAAGCAGTTGAATGCGCTTGAAAA
AGAGATGATCGTTTATAAAGCGCCGCAGGAAAAACACGTCATC
ACCGTGTTTACTGATATTACCTGTGGTTACTGCCACAAACTGCA
TGAGCAAATGGCAGACTACAACGCGCTGGGGATCACCGTGCG
TTATCTTGCTTTCCCGCGCCAGGGGCTGGACAGCGATGCAGA
GAAAGAAATGAAAGCTATCTGGTGTGCGAAAGATAAAAACAAA
GCGTTTGATGATGTGATGGCAGGTAAAAGCGTCGCACCAGCCA
GTTGCGACGTGGATATTGCCGACCATTACGCACTTGGCGTCCA
GCTTGGCGTTAGCGGTACTCCGGCAGTTGTGCTGAGCAATGG
CACACTTGTTCCGGGTTACCAGCCGCCGAAAGAGATGAAAGAA
TTCCTCGACGAACACCAAAAAATGACCAGCGGTAAATAATGAcc
ggcttatcggtcagtttcacctgatttacgtaaaaacccgcttcggcgggtttttgcttttggaggg
gcagaaagatgaatgactgtccacgacgctatacccaaaagaaaTCCTGACGGAT
GGCCTTTTTGCGTTTCTACAAACTCTTTTTGTTTATTTTTCTAAAT
ACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAA
TGCTTCAATAATATTGAAAAAGGAAGAGTATGACTGAATACAAG
CCCACGGTACGCTTGGCGACGCGCGACGATGTTCCCCGCGCT
GTTCGTACATTAGCTGCGGCCTTTGCAGATTACCCAGCGACGC
GCCATACGGTCGATCCGGACCGCCATATCGAGCGTGTCACAG
AATTGCAGGAACTTTTCTTAACTCGCGTGGGCCTTGACATCGG
AAAGGTCTGGGTGGCTGACGATGGCGCTGCAGTGGCTGTTTG
GACCACTCCGGAGAGTGTAGAGGCTGGTGCAGTGTTCGCCGA
AATTGGTCCTCGTATGGCCGAATTAAGTGGAAGTCGTCTGGCA
GCCCAACAACAAATGGAAGGGTTGCTTGCGCCCCACCGTCCG
AAAGAACCCGCGTGGTTCCTTGCCACCGTTGGAGTAAGCCCAG
ATCACCAGGGGAAGGGTTTAGGATCTGCCGTAGTTTTACCAGG
TGTGGAGGCAGCAGAACGTGCGGGAGTTCCGGCCTTCCTTGA
GACGTCGGCGCCGCGCAATTTACCGTTTTACGAACGTCTTGGA
TTCACCGTTACGGCGGACGTGGAGGTGCCGGAGGGACCCCGT
ACTTGGTGTATGACTCGTAAACCGGGAGCCTGATAACATTCAC
CCAACGGCGGCAGAAGAGTTCGTGACAATGCGTtaaATGTTAA 

trxB-das4-
tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACAG
GCTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGGTTT
AGCTGACGCAAAAGCGGCCAACGATGAAAACTATTCTGAAAAC
TATGCGGATGCGTCTtaaTGATCCTAATTTTTGTTGACACTCTAT
CATTGATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAA
AGTGAAATGAATAGTTCGACAAAGATCGCATTGGTAATTACGTT
ACTCGATGCCATGGGGATTGGCCTTATCATGCCAGTCTTGCCA
ACGTTATTACGTGAATTTATTGCTTCGGAAGATATCGCTAACCA
CTTTGGCGTATTGCTTGCACTTTATGCGTTAATGCAGGTTATCT
TTGCTCCTTGGCTTGGAAAAATGTCTGACCGATTTGGTCGGCG
CCCAGTGCTGTTGTTGTCATTAATAGGCGCATCGCTGGATTACT
TATTGCTGGCTTTTTCAAGTGCGCTTTGGATGCTGTATTTAGGC
CGTTTGCTTTCAGGGATCACAGGAGCTACTGGGGCTGTCGCG
GCATCGGTCATTGCCGATACCACCTCAGCTTCTCAACGCGTGA
AGTGGTTCGGTTGGTTAGGGGCAAGTTTTGGGCTTGGTTTAAT
AGCGGGGCCTATTATTGGTGGTTTTGCAGGAGAGATTTCACCG
CATAGTCCCTTTTTTATCGCTGCGTTGCTAAATATTGTCACTTTC
CTTGTGGTTATGTTTTGGTTCCGTGAAACCAAAAATACACGTGA
TAATACAGATACCGAAGTAGGGGTTGAGACGCAATCGAATTCG
GTATACATCACTTTATTTAAAACGATGCCCATTTTGTTGATTATT
TATTTTTCAGCGCAATTGATAGGCCAAATTCCCGCAACGGTGTG
GGTGCTATTTACCGAAAATCGTTTTGGATGGAATAGCATGATGG
TTGGCTTTTCATTAGCGGGTCTTGGTCTTTTACACTCAGTATTC
CAAGCCTTTGTGGCAGGAAGAATAGCCACTAAATGGGGCGAAA
AAACGGCAGTACTGCTCGGATTTATTGCAGATAGTAGTGCATTT
GCCTTTTTAGCGTTTATATCTGAAGGTTGGTTAGTTTTCCCTGTT
TTAATTTTATTGGCTGGTGGTGGGATCGCTTTACCTGCATTACA
GGGAGTGATGTCTATCCAAACAAAGAGTCATCAGCAAGGTGCT

TTACAGGGATTATTGGTGAGCCTTACCAATGCAACCGGTGTTAT
TGGCCCATTACTGTTTGCTGTTATTTATAATCATTCACTACCAAT
TTGGGATGGCTGGATTTGGATTATTGGTTTAGCGTTTTACTGTA
TTATTATCCTGCTATCGATGACCTTCATGTTAACCCCTCAAGCT
CAGGGGAGTAAACAGGAGACAAGTGCTTAGTTATTTCGTCACC
AAATGATTTTTACAAATCAGTAACAAAAGTAAAGAAGGCGACAC
CATGCGACTATGG Tetracycline JNH3 JNH4 

phoA_evr1p_
tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACAG
GCTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGGTTT
AGCTGACGCAAAAtaaTGACAAATAAAACGAAAGGCTCAGTCGA
AAGACTGGGCCTTTCGTTTTATGTTAATCTTTTCAACAGCTGTC
ATAAAGTTGTCACGGCCGAGACTTATAGTCGCTTTGTTTTTATT Tetracycline JNH3 JNH4 
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TTTTAATGTATTTGTATCTAGAGATTAAAGAGGAGAATACTAGAT
GAAGGCAATTGATAAGATGACCGACAATCCTCCTCAGGAAGGC
TTGTCCGGGCGCAAAATCATCTATGATGAGGACGGGAAGCCGT
GCCGTTCCTGCAATACTTTGCTGGACTTCCAATACGTCACGGG
TAAAATCTCGAATGGATTGAAGAATTTGTCTTCAAATGGAAAAC
TGGCAGGGACTGGGGCTCTTACGGGGGAGGCATCGGAACTTA
TGCCTGGTTCCCGCACTTATCGCAAAGTAGATCCACCTGATGT
TGAGCAGCTTGGCCGTTCTTCGTGGACCTTGTTGCACTCTGTC
GCCGCGTCGTATCCAGCTCAGCCTACGGACCAACAGAAGGGC
GAGATGAAACAGTTCCTGAACATCTTCTCGCACATTTACCCTTG
CAACTGGTGCGCCAAGGACTTCGAGAAGTACATTCGCGAGAAT
GCGCCGCAAGTAGAATCCCGCGAAGAATTGGGACGTTGGATG
TGTGAAGCACATAATAAGGTGAATAAGAAGTTACGCAAACCAAA
GTTCGACTGTAATTTCTGGGAAAAACGCTGGAAAGACGGGTGG
GACGAGTAATGACAAATAAAACGAAAGGCTCAGTCGAAAGACT
GGGCCTTTCGTTTTATTCCTAATTTTTGTTGACACTCTATCATTG
ATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAAAGTGA
AATGAATAGTTCGACAAAGATCGCATTGGTAATTACGTTACTCG
ATGCCATGGGGATTGGCCTTATCATGCCAGTCTTGCCAACGTT
ATTACGTGAATTTATTGCTTCGGAAGATATCGCTAACCACTTTG
GCGTATTGCTTGCACTTTATGCGTTAATGCAGGTTATCTTTGCT
CCTTGGCTTGGAAAAATGTCTGACCGATTTGGTCGGCGCCCAG
TGCTGTTGTTGTCATTAATAGGCGCATCGCTGGATTACTTATTG
CTGGCTTTTTCAAGTGCGCTTTGGATGCTGTATTTAGGCCGTTT
GCTTTCAGGGATCACAGGAGCTACTGGGGCTGTCGCGGCATC
GGTCATTGCCGATACCACCTCAGCTTCTCAACGCGTGAAGTGG
TTCGGTTGGTTAGGGGCAAGTTTTGGGCTTGGTTTAATAGCGG
GGCCTATTATTGGTGGTTTTGCAGGAGAGATTTCACCGCATAG
TCCCTTTTTTATCGCTGCGTTGCTAAATATTGTCACTTTCCTTGT
GGTTATGTTTTGGTTCCGTGAAACCAAAAATACACGTGATAATA
CAGATACCGAAGTAGGGGTTGAGACGCAATCGAATTCGGTATA
CATCACTTTATTTAAAACGATGCCCATTTTGTTGATTATTTATTTT
TCAGCGCAATTGATAGGCCAAATTCCCGCAACGGTGTGGGTGC
TATTTACCGAAAATCGTTTTGGATGGAATAGCATGATGGTTGGC
TTTTCATTAGCGGGTCTTGGTCTTTTACACTCAGTATTCCAAGC
CTTTGTGGCAGGAAGAATAGCCACTAAATGGGGCGAAAAAACG
GCAGTACTGCTCGGATTTATTGCAGATAGTAGTGCATTTGCCTT
TTTAGCGTTTATATCTGAAGGTTGGTTAGTTTTCCCTGTTTTAAT
TTTATTGGCTGGTGGTGGGATCGCTTTACCTGCATTACAGGGA
GTGATGTCTATCCAAACAAAGAGTCATCAGCAAGGTGCTTTACA
GGGATTATTGGTGAGCCTTACCAATGCAACCGGTGTTATTGGC
CCATTACTGTTTGCTGTTATTTATAATCATTCACTACCAATTTGG
GATGGCTGGATTTGGATTATTGGTTTAGCGTTTTACTGTATTATT
ATCCTGCTATCGATGACCTTCATGTTAACCCCTCAAGCTCAGG
GGAGTAAACAGGAGACAAGTGCTTAGTTATTTCGTCACCAAAT
GATTTTTACAAATCAGTAACAAAAGTAAAGAAGGCGACACCATG
CGACTATGG 

trxB-das4-
phoA_evr1p_
tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACAG
GCTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGGTTT
AGCTGACGCAAAAGCGGCCAACGATGAAAACTATTCTGAAAAC
TATGCGGATGCGTCTtaaTGACAAATAAAACGAAAGGCTCAGTC
GAAAGACTGGGCCTTTCGTTTTATGTTAATCTTTTCAACAGCTG
TCATAAAGTTGTCACGGCCGAGACTTATAGTCGCTTTGTTTTTA
TTTTTTAATGTATTTGTATCTAGAGATTAAAGAGGAGAATACTAG
ATGAAGGCAATTGATAAGATGACCGACAATCCTCCTCAGGAAG
GCTTGTCCGGGCGCAAAATCATCTATGATGAGGACGGGAAGC
CGTGCCGTTCCTGCAATACTTTGCTGGACTTCCAATACGTCAC
GGGTAAAATCTCGAATGGATTGAAGAATTTGTCTTCAAATGGAA
AACTGGCAGGGACTGGGGCTCTTACGGGGGAGGCATCGGAAC
TTATGCCTGGTTCCCGCACTTATCGCAAAGTAGATCCACCTGAT
GTTGAGCAGCTTGGCCGTTCTTCGTGGACCTTGTTGCACTCTG

TCGCCGCGTCGTATCCAGCTCAGCCTACGGACCAACAGAAGG
GCGAGATGAAACAGTTCCTGAACATCTTCTCGCACATTTACCCT
TGCAACTGGTGCGCCAAGGACTTCGAGAAGTACATTCGCGAGA
ATGCGCCGCAAGTAGAATCCCGCGAAGAATTGGGACGTTGGAT
GTGTGAAGCACATAATAAGGTGAATAAGAAGTTACGCAAACCA
AAGTTCGACTGTAATTTCTGGGAAAAACGCTGGAAAGACGGGT
GGGACGAGTAATGACAAATAAAACGAAAGGCTCAGTCGAAAGA
CTGGGCCTTTCGTTTTATTCCTAATTTTTGTTGACACTCTATCAT
TGATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAAAGT
GAAATGAATAGTTCGACAAAGATCGCATTGGTAATTACGTTACT
CGATGCCATGGGGATTGGCCTTATCATGCCAGTCTTGCCAACG
TTATTACGTGAATTTATTGCTTCGGAAGATATCGCTAACCACTTT Tetracycline JNH3 JNH4 
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GGCGTATTGCTTGCACTTTATGCGTTAATGCAGGTTATCTTTGC
TCCTTGGCTTGGAAAAATGTCTGACCGATTTGGTCGGCGCCCA
GTGCTGTTGTTGTCATTAATAGGCGCATCGCTGGATTACTTATT
GCTGGCTTTTTCAAGTGCGCTTTGGATGCTGTATTTAGGCCGTT
TGCTTTCAGGGATCACAGGAGCTACTGGGGCTGTCGCGGCAT
CGGTCATTGCCGATACCACCTCAGCTTCTCAACGCGTGAAGTG
GTTCGGTTGGTTAGGGGCAAGTTTTGGGCTTGGTTTAATAGCG
GGGCCTATTATTGGTGGTTTTGCAGGAGAGATTTCACCGCATA
GTCCCTTTTTTATCGCTGCGTTGCTAAATATTGTCACTTTCCTTG
TGGTTATGTTTTGGTTCCGTGAAACCAAAAATACACGTGATAAT
ACAGATACCGAAGTAGGGGTTGAGACGCAATCGAATTCGGTAT
ACATCACTTTATTTAAAACGATGCCCATTTTGTTGATTATTTATTT
TTCAGCGCAATTGATAGGCCAAATTCCCGCAACGGTGTGGGTG
CTATTTACCGAAAATCGTTTTGGATGGAATAGCATGATGGTTGG
CTTTTCATTAGCGGGTCTTGGTCTTTTACACTCAGTATTCCAAG
CCTTTGTGGCAGGAAGAATAGCCACTAAATGGGGCGAAAAAAC
GGCAGTACTGCTCGGATTTATTGCAGATAGTAGTGCATTTGCCT
TTTTAGCGTTTATATCTGAAGGTTGGTTAGTTTTCCCTGTTTTAA
TTTTATTGGCTGGTGGTGGGATCGCTTTACCTGCATTACAGGG
AGTGATGTCTATCCAAACAAAGAGTCATCAGCAAGGTGCTTTAC
AGGGATTATTGGTGAGCCTTACCAATGCAACCGGTGTTATTGG
CCCATTACTGTTTGCTGTTATTTATAATCATTCACTACCAATTTG
GGATGGCTGGATTTGGATTATTGGTTTAGCGTTTTACTGTATTA
TTATCCTGCTATCGATGACCTTCATGTTAACCCCTCAAGCTCAG
GGGAGTAAACAGGAGACAAGTGCTTAGTTATTTCGTCACCAAA
TGATTTTTACAAATCAGTAACAAAAGTAAAGAAGGCGACACCAT
GCGACTATGG 

 

5. Combining dynamic control of redox state with Erv1p 
improves soluble expression of nanobodies in the 
cytoplasm. 

5.1 Introduction 

Nanobodies (VHHs) are derived from the variable domain of heavy chain 

antibodies produced in the Camelidae family. These Camelidae antibodies are unique 

because conventional antibodies contain both a heavy chain and a light chain t hat must 

be associated for antigen recognition whereas, heavy chain antibodies bind to antigens 

with a single domain. Consequently, VHHs have several advantages over conventional 

antibodies and their fragments in terms of diffusivity, epitope binding, and stability. 

Specifically, VHHs (~15kDa) have a size advantage over monoclonal antibodies (mAbs, 

~150kDa). In mouse models, the smaller size has resulted in improved VHH diffusivity 
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and homogeneous intratumoral distribution compared to mAb treatmen t(Debie et al. 

2020). Although mAbs can be fragmented to produce single chain variable fragments 

(scFv) ~30kDa the compact size and structure of VHHs allows them to access epitopes 

along grooves and clefts that are inaccessible to scFvs which prefer flat epitopes(Asaadi 

et al. 2021). Additionally, since scFvs are derived from mAbs by linking the variable 

heavy and light chains together, VHHs have stability advantages. This scFv instability 

stems from its relatively weak interdomain interactions which leads to aggregation 

when they d isassemble(Yamauchi et al. 2019). Since VHHs are composed of a single 

domain they are not prone to the same type of disassembly. 

Cumulatively these advantages have caused VHHs to gain attention for their  

potential as both therapeutic and diagnostic agents(Gonzalez-Sapienza, Rossotti, and 

Tabares-da Rosa 2017; Morrison 2019). One nanobody therapeutic has already been FDA 

approved, and there are 10 more in development(Morri son 2019). Since VHHs are 

gaining traction, improving VHH expression platforms can assist with clinical and 

industrial translation. A range of expression hosts have been used to express VHHs 

including  E. coli. In E. coli, periplasmic expression has consistently resulted in yields in 

the range of tens of milligrams per liter whereas the highest cytoplasmic expression level 

reported is ~200 mg/L which was achieved with both SHuffle and BL 21(DE3) E. coli 

strains(Y. Liu and Huang 2018; Zarschler et al. 2013). Howev er, to date the highest yield 

reported is ~600 mg/L expressed in Saccharomyces cerevisiae with a 10L fed-batch 
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fermentatio n(Y. Liu and Huang 2018; Thomassen et al. 2002). While these are promising 

results, current expression platforms have not been vetted to show consistent high -level 

expression for several VHH sequences. 

Since VHHs contain at least one conserved disulfide bond, and structural 

homology this class of disulfide -containing proteins are an ideal test case to analyze 

solubility improvements with engineered  E. coli(Goldman et al. 2017; Mitchell and 

Colwell 2018). Previously, we developed a strain of E. coli with dynamic control of redox 

state (DC redox) and combined dynamic over expression of the chaperones dsbC and 

Erv1p for disulfid e bond isomerization and oxidation, respectively. This strain is 

referred to as DC Redox 6E. Due to these modifications, this E. coli strain has improved 

thiol oxidation in the producti on phase, growth robustness, and high -level protein 

expression with the phoB promoter yibD. All of these featu res indicate that this strain is 

a promising platform for consistent high-level expression of disulfide containing 

proteins such as nanobodies. 

Separate components of this DC redox strain have been used to improve soluble 

expression of disulfide containing proteins i n E. coli in previous studies. However, 

previous approaches have had three major pitfalls. First, these approaches have relied 

on constitutive changes making it difficult to isolate the impact of modificati ons on 

protein expression versus growth. Second, previous studies often look at the impact of 

strain modifications on a small panel of disulfide containing proteins making it difficul t 
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to discern if the approach is broadly applicable to other protein seque nces, and VHHs 

have not been a popular test case. Lastly, redox control, dsbC and Erv1p have seldom 

been combined and it is unclear if combining these components would improve the 

solubÐÓÐÛàɯ ÖÍɯ 5''Úȭɯ  ËËÐÛÐÖÕÈÓÓàȮɯ ÛÏÌɯ ÐÔ×ÈÊÛɯ ÖÍɯ ÛÏÌɯ ÐÕËÐÝÐËÜÈÓɯ Ɂ×ÈÙÛÚɂȮɯ ÔÌÈÕing 

reductase deletions versus chaperone expression, is not well understood. 

To address these uncertainties, we leveraged dynamic control of these individual 

parts (reductase control, dsbC, and Erv1p), to understand the impact of each chaperone 

on VHH expr ession as well as the combined effect with DC redox. By separating growth 

and VHH expression with dynamic control, the impact of each component on VHH 

solubility could be differentiate d. Finally, to improve the ease of use for this expression 

platform, we integrated dynamic expression of the enzymatic components needed for 

cellular autolysi s(Menacho-Melgar, Moreb, et al. 2020; Moreb et al. 2020). Our results 

showed that the combination of all three components has a synergistic effect to shift 

VHH expression to the solu ble fraction. After this initial confirmation, we tested 

expression of 16 VHHs with 1-2 disulfide bonds at both 37°C and 30°C. DC Redox 6E 

produced the highest VHH yields with the best expression at 37°C. At this temperature 

80% of the VHH panel was soluble in DC Redox 6E, 68% exceeded the upper limit of 

periplasmic yield (<100mg/L), and 50% surpassed the highest reported yield for 

cytoplasmic expression (200mg/L)(Hussack et al. 2011; Y. Liu and Huang 2018; Zarschler 

et al. 2013). In comparison, in the control strain 50% of the panel was soluble and only 
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12% had yields exceeding periplasmic expression. Finally, for the subset of nanobodies 

that were not soluble in the engin eered strain, Erv1p levels were increased by combining 

chromosomal and plasmid -based expression. The additional Erv1p resulted in improved 

solubility of 1 VHH highlighting the potential  of increasing Erv1p expression level for 

difficult -to-solubilize VHH s (Figure 24).  

 

Figure 24: Overview of the direct impact Erv1p has on soluble nanobody 

expression.  Nanobodies contain at least 1 disulfide bond and Erv1p cata lyzes 

disulfide bond oxidation to improve proper folding  and soluble ex pression. 

5.2 Results and Discussion 

5.2.1 Combining DC of redox state with Erv1p and dsbC improves 
VHH solubility 

The sulfhydryl oxidase (Erv1p) has been expressed in E. coli, prior to  induction of 

the recombinant protein of interest, to promote disulfide  bond formation in the 

cytoplasm without reductase contro l(Gaciarz et al. 2016; Hatahet et al. 2010; Nguyen et 

al. 2011). These efforts suggest that Erv1p pre-expression, rather than co-expression, is 



 

 111  

essential for high level expression of disulfide -containing proteins  (Nguyen et al. 2011). 

Initially, we wanted to test if combining dynamic overexpression of Erv1p with DC 

Redox could further improve the cyt oplasmic redox state. However, there was no 

significant difference betw een the cytoplasmic redox state when Erv1p was combined 

with the DC Redox versus DC Redox alone (supplemental Figure 29). 

Next, we wanted to assess the impact of Erv1p expression on nanobody 

expression specifically. This method differs from previous approa ches because Erv1p 

expression coincides with VHH expression in the phosphate depleted stationary phase, 

rather than relying on pre -expression. To analyze the impact of strain modifications on 

VHH s olubility, we used a test case nanobody VHH72 which binds t o the spike protein 

of SARS-CoV-1 and SARS-CoV-2(Huo et al. 2020; Wrapp et al. 2020). VHH72 expression 

level was also analyzed with dynamic chaperone expression (dsbC and Erv1p) alone or 

both combined. Lastly, Erv1p was combined with DC Redox and dsbC expression since 

Erv1p is needed to activate phoB promoter expression in strains with DC  Redox (see 

chapter 4). An overview of the components that were altered to screen VHH72 

expression and solubility are highlighted in gray in  Figure 25A. 

VHH72 expression levels at 37°C were analyzed in each strain with SDS-PAGE 

and stratified by soluble and  insoluble expression (Figure 25B and supplemental Figure 

30). Based on these results, VHH72 expressed primarily in the insoluble fraction in both 

control  strains R04 and 25-S which did not contain cytoplasmic dsbC or Erv1p 
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chaperones or DC redox (Figure 25C). Both strains contained dynamic expression of 

lysozym e and benzonase needed for autolysis, but only 25-S had phoB control of sspB 

ÕÌÌËÌËɯÍÖÙɯÊÖÕÛÙÖÓÓÌËɯ×ÙÖÛÌÖÓàÚÐÚɯÐÕɯÛÏÌɯ#"ɯɁÖÍÍɂɯÝÈÓÝÌÚɯȹÚÌÌɯÊÏÈ×ÛÌÙɯƗȺȭɯ3ÏÌÙÌÍÖÙÌȮɯÖÕÓàɯ

autolysis strain 25-S was modified to analyze the impact of individual chaperones and 

DC redox. Integrating dsbC or Erv1p alone or combined in 25-S did not significantly 

impact VHH72 expression level or solubility relative to the control strain 25 -S. However, 

the combination of DC Redox, Erv1p, and dsbC resulted in both an increase in the 

overall expression level of VHH72 as well as a shift from predominantly insoluble 

expression to soluble expression (Figure 25C). This result confirmed  that combining DC 

redox, Erv1p, and dsbC allows for soluble  nanobody expression with two -stage co-

expression that can be achieved at 37°C. Based on biomass level and protein 

concentration the yield of soluble VHH72 was ~700 mg/L (Supplemental Figure 31).  

 

Figure 25: Erv1p improves soluble nanobody (VHH) expression when it is 

combined with DC Redox.  A) Overview of strain modificat ions used to analyze 

expression and solubility of VHH72. The chaperones that were dynamically 

overexpressed (Erv1p and dsbC) are shown in green, and DC redox modifications are 

shown in red. Cellular autolysis enzymes (benzo nase and lysozyme) are shown in 

blu e. Modifications that were varied to test VHH72 expression and solubility are 

highlighted in grey. B) Representative SDS -PAGE gel used to analyze whole cell, 
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soluble, and insoluble expression of VHH72 (~14.7kDa) in tripli cate. The strain 

shown in triplic ate on this gel combines DC Redox, dsbC, Erv1p, and autolysis 

enzymes, which is referred to as DC Redox 6E. C) VHH72 shake flask expression in 

each of the strains constructed, stratified by the soluble and insoluble fractio n within 

the cells. 

5.2.2 The engineered strain improves soluble expression of a VHH 
panel 

After confirming that the engineered strain improves soluble nanobody 

expression with the VHH72 test case, we wanted to evaluate the applicability of this 

platform t o improve soluble expression of other nanobodies. Using the SDS-PAGE based 

method to quantify VHH expression level and solubility, 15 other nanobodies were 

selected for expression testing(Acharya et al. 2013; Bailon Calderon et al. 2020; W. Chen 

et al. 2014; Ghezzi et al. 2013; Goldman et al. 2008; Güttler et al. 2021; Kirchhofer et al. 

2010; Matz et al. 2013; McCoy et al. 2014; Strokappe et al. 2012; Ta et al. 2015; Weiss and 

Verrips 2019). Each nanobody tested, its corresponding amino acid sequence, disulfide 

bond content, and immunogen are listed in supplemental  Table 10. Expression of each 

VHH was evaluated in two strains:   (1) R04 or (2) DC Redox 6E. Additionally, since 

decreasing the expression temperature to 30°C is routinely used to improve solubility of 

disulfide -containing proteins, we tested expression at both 30°C and 37°C(Ma, Lee, and 

Park 2020). Results are summarized in Figure 26 and SDS-PAGE gels are shown in  

supplemental Figure 32. 

Without redox strain engineering, low temperature cu lture conditions re sulted in 

improved soluble expression of four VHH sequences (Re9F06, mD1.22, C9 BoNT/A, and 
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GFP enhancer) (Figure 26A). When this strain, R04, was cultured at 37°C, 50% of the 

panel had expression in the soluble fraction but primarily at  low levels (Figure 26B). 

Therefore, while  decreasing the incubation temperature can improve VHH solubility, 

this approach was not successful for 75% of the library. Whereas, with DC Redox 6E 80% 

of VHHs in the library was soluble at both 30°C and 37°C (Figure 26C and 26D). 

Add itionally, compared to R04, VHHs that were soluble in DC Redox 6E had a higher 

level of solubility based on the soluble mg/gCDW. Therefore, the engineered dynamic 

control strain improves soluble VHH expression in the cytoplasm, and so luble 

expression requires less temperature optimization making it a robust platform for VHH 

expression. 
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Figure 26: Combining DC redox with DsbC and Erv1p dynamic over 

expression improves VHH  soluble expression  at both 30°C and 37°C compared to the 

control strain R04. Expression of each VHH is stratified into the soluble fraction 

(bottom, green) or the insoluble fraction (top, gray). The three VHHs with error bars 

were tested with replicates at 37°C and the sample size is indicat ed by the number of  

dots (Insoluble fraction) and triangles (insoluble fraction). For VHHs without error 

bars n=1. Panels correspond to VHH library shake -flask expression performed at the 

following conditions: A) Control strain R04 incubated at 30°C. B) Co ntrol strain R04 
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in cubated at 37°C. C) DC Redox 6E incubated at 30°C. D) DC Redox 6E incubated at 

37°C. 

5.2.3 The engineered strain DC Redox 6E has improved soluble VHH 
yields over literature standards 

Next we wanted to compare the soluble VHH yields obtai ned from the contro l 

strain and strain DC Redox 6E as well as benchmarks reported in the literature. This 

comparison accounts for differences in endpoint biomass levels, soluble protein 

concentration, and soluble VHH expression level to quantify the mg of VHH per liter of 

shake flask. The results are summarized in Figure 27. This analysis demonstrated that at 

37°C the control strain R04 primarily yields low levels of soluble VHHs, except for 2 

VHH sequences, which is in line with VHH yields expected of peri plasmic expression(Y. 

Liu and Huang 2018) (Figure 27B). Lowering  the expression temperature to 30°C 

increased the yield of one VHH (Re9F06) above periplasmic expression levels however 

most VHHs did not have high soluble yields at eit her temperature (Figure 27A). 

Interestingly, one VHH (NbVCAM1) had a high level of expression in the control strain 

at both expression temperatures. This expression level exceeded the highest yield 

reported in the literature for cytoplasmic VHH expression w hich is ~200 mg/L(Y. Liu 

and Huang 2018; Zarschler et al. 2013). This particular VHH  has previously been 

expressed in the E. coli periplasm with a yield of ~10.3 mg/L, but it has only been 

expressed in the cytoplasm of SHuffle E. coli as a fusion with yields up to 45 mg/L (Ta et 

al. 2015). Therefore, it is unclear if the increase in cytoplasmic nbVCAM1 yield can be 

attributed to improved stability wit hout the additional fusion protein, or an 
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improvement with the control strain R04 and two stage production alone over the 

growth an d expression challeÕÎÌÚɯ ÈÚÚÖÊÐÈÛÌËɯ ÞÐÛÏɯ 2'ÜÍÍÓÌɀÚɯ ÙÌËÜÊÛÈÚÌɯ ËÌÓÌÛÐÖÕÚɯ

previously discussed in chapter 3. 

 When the same analysis was performed with DC Redox 6E, the majority of 

nanobodies expressed with a high soluble yield at both 37°C and 30°C (Figure 27C and 

27D). In this  strain the highest yields were obtained with 37°C expression (Figure 27D). 

At 37°C, over 50% of the VHH library expressed at a higher yield than the highest 

cytoplasmic expression level in E. coli, and at least 2 nanobodies had a yield greater than 

or equal to than the highest reported VHH yield in the literature (~600mg/L) from a 

Saccharomyces cerevisiae fermentation (Y. Liu and Huang 2018; Thomassen et al. 2002; 

Zarschler et al. 2013). This analysis confirms that combining dynamic control of 

cytoplasmic redox state, dsbC and Erv1p can be used as a robust platform for soluble 

VHH expression  in the cytoplasm. The engineered strain not only improves expression 

over the control strain but  has improved expression over previous reports of periplasmic 

and cytoplasmic expression in E. coli. 
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Figure 27: The engineered strai n has high yields of soluble VHHs with shake 

flask expression  at both 30°C and 37°C. For comparison, the highest yield of soluble 

VHHs, with cytopla smic expression, reported in the literature is shown with the gray 

dotted line (~ 200 mg/L). The upper limit  of periplasmic VHH expression yield (<100 

mg/L) is shown with the blue dashed line ( Zarschler et al. 2013; Hussack et al. 2011; 

Liu and Huang 2018). Panels represent soluble V HH yield in the cytoplasm with the 

following strain and tempe rature conditions. A) Control strain R04 with 30°C 

expression. B) Control strain R04 with 37°C expression. C) Engineered DC redox 

strain with dsbC and Erv1p with 30°C expression. D) Engineered DC  redox strain 

with dsbC and Erv1p with 37°C expression.  
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5.2.4 Increasing Erv1p levels can improve the solubility of Difficult-to-
solubilize VHHs 

Although the engineered strain improved the soluble expression and yield of 

most VHHs in the library, there were 5 VH Hs that did not have high soluble expression 

at 37°C above the threshold for periplasmic expression (Figure 27D). These VHHs (3E3, 

E7 BoNT/A, Re9F06, mD1.22, and J3) express well in this strain, however they are almost 

entirely insoluble (Figure26D). Therefore, we sought to improve the soluble expression 

of these difficult -to-solubilize nanobodies by iterating on the features in this platform. 

Specifically, since Erv1p catalyzes disulfide bond formation we thought that increasing 

the Erv1p expression level could overcome rate limiting folding steps that can tri gger 

aggregation. In DC Redox 6E, Erv1p is integrated into the E. coli chromosome with 

recombineering. Therefore, to increase the level of Erv1p in the DC Redox 6E, 

chromosomal expression was combined with plasmid -based expression. Additionally, 

we wanted to see if this approach could increase the yield of VHHs that were soluble in 

the initial screen to higher levels. To investigate this effect, we selected two VHHs with 

an intermediate yield (GFP enhancer and GFP minimizer) and the VHH with the highest 

expression yield (VCAM 1) for expression testing with plasmid based Erv1p.  

The results of this expression test are summarized in Figure 28 and the SDS-

PAGE gels are shown in supplemental Figure 33. In the control strain,  plasmid based 

Erv1p only resulted in small yield d ifferences at both expression temperatures (Figure 

28A and 28B). Any  yield improvements were smaller than the size of the GFP enhancer 
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and minimizer error bars in  Figure 28D, therefore these yield improvements are likely 

too small to be significant. Simila rly, in  DC Redox 6E plasmid based Erv1p primarily led 

to small differences in VHH expression yields at both 30°C and 37°C. However, one 

VHH (Re9F06), that was only slightly soluble at 30°C and completely insoluble at 37°C 

had a large increase in soluble yield to ~250mg/L and ~600mg/L, respectively (Figure 

28C and 28D). Originally , Re9F06 had improved soluble expression in the control strain 

R04 when the expression temperature was lowered to 30°C (Figure 28A). This result is 

consistent with reports that slo wed translational rates allow for proper folding of 

aggregation prone intermediates to improve solubilit y(Rosano and Ceccarelli 2009; Siller 

et al. 2010). Based on these results, increasing the level of Erv1p is a viable approach to 

improve VHH solubility in the DC Redox 6E strain. While this is not currently a one -

size-fits-all approach for imp roving VHH solubility, the Re9F06 data is a promising step 

towards improving the solubility of aggregation prone VHH sequ ences. 
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Figure 28: Soluble expression yields from each VHH co -expressed with 

plasmid based Erv1p.  Strain and expression conditions are as follows. A) Control 

strain R04 with 30°C expression. B) Control strain R04 with 37 °C expression. C) 

Engineered stain DC Redox 6E AL with 30°C expression. D) Engineered stain DC 

Redox 6E AL with 37°C expression.  

5.3 Conclusions 

 We have demonstrated that combining dynamic control of redox state with 

dynamic over expression of Erv1p and dsbC leads to soluble expression of VHHs in the  
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E. coli cytoplasm. Specifically, the combination of all of these components is more 

effective for high level soluble VHH expression than any one component alone based on 

the VHH72 test case. Therefore, there is a synergistic effect between over-expressing 

chaperones for disulfide bond folding and limiting the pathways that would reduce the 

bonds. By combining these dynamic components, we have successfully utilized Erv1p 

co-expression rather than pre-expression to impro ve disulfide bond fo rmation. Whereas 

previous studies have suggested that Erv1p pre-expression is essential to improve 

disulfide bond formatio n(Hatahet et al. 2010; Nguyen et al. 2011). As a result, our 

approach elimi nates the need for two induction points, used in previous studies with 

Erv1p, thereby simplifyin g expression with the engineered strain DC Redox 6E.  

Beyond the initial test case, DC Redox 6E was able to express 12-13 out of 16 

VHHs in the nanobody panel t ested in the soluble fraction, depending on incubation 

temperature. At both 30°C and 37°C, 11 VHHs had a high level of expression (over 100 

mg/mL) in shake flasks. In contrast, the control strain expressed 8-10 of the 16 VHHs 

and only 2-3 VHHs had yields exceeding 100 mg/mL depending on expression 

temperature. This result supports that DC Redox 6E is a platform capable of expressing 

a larger breadth of VHHs, in the soluble fraction of the cytoplasm, than would be 

possible without the strain engineering impr ovements. This platform allows for more 

robust expression of VHH sequences and high-level expression wi th less temperature 

optimization adding to its ease of use as an expression host. 
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While the majority of VHHs expressed in the soluble fraction of the cyt oplasm, 

some nanobodies were difficult to solubilize. In one of these cases (Re9F06) we showed 

that increasing the level of Erv1p in DC Redox 6E led to increased soluble expression 

from 0-20 mg/L to 250-600 mg/L demonstrating the importance of Erv1p expression level 

for soluble VHH expression. Although this strategy did not improve the solubility of all 

VHH s, it is a promising approach for VHHs prone to aggregation. Future work is 

needed to understand specific features of the VHH sequences prone to aggregation that 

can benefit from higher Erv1p levels. Alternatively, further increasing Erv1p levels wi th 

a higher copy plasmid may be enough to solubilize the remaining VHHs that are 

insoluble and characterize the dose response effect of Erv1p on VHH solubility when 

combined with dynamic control of redox state.   

Regardless of these stragglers, our data cumulative ly shows that the engineered 

DC Redox 6E strain is a robust VHH expression platform. This robustness is two -fold  in 

ÛÌÙÔÚɯÖÍɯÉÖÛÏɯÛÏÌɯÚÛÙÈÐÕɀÚɯÈÉÐÓÐÛàɯÛÖɯÌß×ÙÌÚÚɯÈɯÝÈÙÐÌÛàɯÖÍɯ5''ɯÚÌØÜÌÕÊÌÚɯÐÕɯÛÏÌɯÚÖÓÜÉÓÌɯ

fÙÈÊÛÐÖÕȮɯÈÕËɯÛÏÌɯÚÛÙÈÐÕɀÚɯÈÉÐÓÐÛàɯÛÖɯÌß×ÙÌÚÚ high y ields of VHHs at both 30°C and 37°C. 

Taken together, these features make DC Redox 6E a useful platform for VHH expression 

that can assist with both nanobody research as well as industrial level fermentations 

needed for the translation of emerging VH H therapeutics and diagnostics from research 

efforts.  
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5.4 Materials and Methods 

5.4.1 Reagents and Media 

Unless otherwise stated, all materials and reagents were of the highest grade 

possible and purchased from Sigma (St. Louis, MO) or Bio Basic (Ontario, Canada). 

Luria Broth, lennox formulation with lower salt, was used  for strain construction and 

plasmid propagation and is referred to as LB media in the text.   Autoinduction Broth 

(AB) was prepared as previously reported (Menacho-Melgar, Ye, et al. 2020; Moreb et al. 

2020). Working antibiotic concentrations were as follows: kanamycin (35 µg/mL), 

tetracycline (10 µg/mL), spectinomycin (50 µg/mL), apramycin (50 µg/mL), and 

puromycin ( 125 µg/mL). Puromycin selection was performed with LB supplemented 

with 50 mM p otassium phosphate buffer (pH = 8.0) to maintain pH for adequate 

selection. 

5.4.2 Strains 

In this study. E. cloni 10G (Lucigen, Middleton WI) was used for cloning and 

plasmid propagation. The strain 25-S (DLF_Z0025) was constructed as previously 

described(S. Li et al. 2021). Strain 25-S was subsequently modified for control of redox 

state, dynamic overexpression of dsbC or erv1p, and autolysis. The strains constructed 

in this study, along with the sy nthetic DNA used to make these modifications are  listed 

in supplemental  Table 11 and supplemental Table 14. Briefly, the linear DNA (gBlocks 

Ȯ(#3ɯ"ÖÙÈÓÝÐÓÓÌȮɯ( ȺɯÌÕÊÖËÐÕÎɯÛÏÌɯÐÕËÐÊÈÛÌËɯÐÕÚÌÙÛÐÖÕɯÖÙɯËÌÓÌÛÐÖÕȮɯÞÐÛÏɯÈɯƗɀɯantibiotic 
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resistance marker, were flanked with homology arms targeting the genomic locus for  

integration with st andard recombineering methodologies (X.-T. Li et al. 2013). The 

recombineering plasmid pSIM 5 was a kind gift from Donald Court (NCI, 

https://redrecombineering.ncifcrf.gov/court -lab.html ). Strain R04 was constructed as 

previously described and was used as a control for autolysis(Moreb et al. 2020; 

Menacho-Melgar, Ye, et al. 2020). After genomic modification s were made, single 

colonies were selected for colony PCR followed by gel electrophoresis to confirm the 

change in product size before sending the PCR product for sequencing. Primers used to 

confirm each modification and their corresponding sequences are listed in supplemental  

Table 13. 

5.4.2 Cloning and Plasmids 

Plasmids and primers used in this study are listed in supplemental  Table 12 and 

supplemental  Table 13, respectively. Plasmid pSMART-HCKan-EV was constructed as 

described in chapter 3. Each plasmid used for nanobody expression was constructed as 

follows. The plasmid pSMART -HCKan-yibDp -GFPuv (Addgene Cat#127078) was used 

as a template for PCR with Q5 High -Fidelity polymerase (NEB, Ipswich, MA, 

Cat#M0492S) to amplify the plasmid backbone with primers JNH7 and JNH8(Menacho-

Melgar, Ye, et al. 2020; Ye et al. 2020). After confirming the PCR product size with gel  

electrophoresis the PCR product was incubated with DpnI (NEB, Ipswich, MA, Cat 

#R0176S) for 1 hour at 37°C to digest the template. After this incubation DpnI was heat 

https://redrecombineering.ncifcrf.gov/court-lab.html


 

 126  

inactivated at 80°C for 20 minutes. The amino acid sequence of each nanobody was 

codon optimized for expression in E. coli and homology arms were introduced into each 

linear DNA sequence (gBlocks ,IDT Coralville, IA) for assembly into pSMART. The 

gblocks were assembled into the DpnI digested pSMART backbone with NEBuilder HiFi 

DNA Assembly ma ster mix (NEB, Ipswich, MA, Cat# E2621L) according to the 

ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ ×ÙÖÛÖÊÖÓȭɯ  ÍÛÌÙɯ ÈÚÚÌÔÉÓàȮɯ ÛÏÌ reaction was diluted ( 1:20) and 

transformed into electrocompetent E. cloni. The cells were recovered for 1 hour at 37°C 

and plated on Kanamycin LB agar. Single colonies were selected for colony PCR with 

Taq polymerase (Taq 2X Master Mix, NEB, Ipswich, MA,  Cat#M0270L) with SL1 and 

SR2 primers, then sent for sequencing for final confirmation. Sequence confirmed 

plasmids were then purified (Zyppy Plasmid Mini prep Kit, Zymo Research, Irvine, CA, 

Cat#D4019). 

The pCOLA-Spec-Erv1p plasmid originated from a phosph orylated g-block 

(gBlocks ,IDT Coralville, IA) encoding the sequence for pCOLA -Gent-ppiB 

(supplemental  Table 14). The plasmid was ligated with T4 DNA ligas e (Cat#M0202S) 

overnight at room temperature. The reaction was diluted (1:20), transformed into 

electrocompetent E. cloni, recovered for 1 hour at 37°C and plated on Gentamicin. The 

sequence was confirmed with the same workflow described for the nanobody 

expression plasmids (except with primers JNH9 and JNH10). This plasmid was used for 

the backbone as a template for PCR with Q5  High -Fidelity polymerase to amplify the 
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plasmid backbone for Evr1p assembly with primers JNH11 and JNH12. The strain 

Redox 5 was used as the template for PCR with Q5 High-Fidelity polymerase and 

primers JNH13 and JNH14 to incorporate homology arms onto Evr1p. These fragments 

were used for gibson assembly of plasmid pCOLA -Gent-Evr1p using the same sequence 

confirmation workflow descri bed above. Lastly, since apramycin provides cross 

resistance to gentamicin, the antibiotic selection marker was changed to spectinomycin. 

Gentamicin resistance was amplified out of pCOLA -Gent-Evr1p with primers JNH15 

and JNH16. The plasmid pCDF-yibDp -matB (Addgene Cat#134597) was the template to 

amplify Spectinomycin resistance with homology arms for pCOL A insertion with 

primers  JNH17 and JNH18. The fragments were assembled, cloned, and sequenced as 

described above. 

5.4.3 Micro Fermentations 

Micro Fermentations were performed in 96 well plates (Genesee Scientific, San 

Diego, CA, Cat #25-104) with a method previously reported and described in chapter 3 

(Menacho-Melgar, Ye, et al. 2020; Ye et al. 2020; Moreb et al. 2020). Glycerol stocks of 

each strain were used to inoculate LB overnight cultures in 96  ÞÌÓÓɯ×ÓÈÛÌÚɯȹƖȭƙϟ+ɯÖÍɯ

ÎÓàÊÌÙÖÓɯÚÛÖÊÒɯÐÕɯƕƔƔϟ+ɯÖÍɯ+!ɯÔÌËÐÈɯ×ÌÙɯÞÌÓÓȺȭɯ/ÓÈÛÌÚɯÞÌÙÌɯÊÖÝÌÙÌËɯÞÐÛÏɯ×ÙÌ-autoclaved 

sandwich covers (EnzyScreen, Haarlem, The Netherlands, Model #CR1596) to ensure 

minimal evaporative loss during incubation . These 96 well plates were cultured at 37°C, 

ƗƔƔɷÙ×ÔɯÍÖÙɯƕƚɷÏÖÜÙÚȮɯȹÛÏÌɯÚÏÈÒÌÙɯÖÙÉÐÛɯÐÚɯƙƔɷÔÔȺȭɯ ÍÛÌÙɯƕƚɷÏÖÜÙÚɯÖÍɯÎÙÖÞÛÏȮɯƕϟ+ɯÖÍɯÛÏÌɯ
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ÖÝÌÙÕÐÎÏÛɯÊÜÓÛÜÙÌɯÞÈÚɯÐÕÖÊÜÓÈÛÌËɯƕƔƔϟ+ɯÖÍɯÈÜÛoinduction media with the appropriate 

antibiotics. The plates were covered with sandwich covers again and returned to the 

37°C incubator for (300rpm) 24 hours. 

5.4.4 roGFP ratio 

At the micro fermentation endpoint indicated for 37°C the roGFP excitation ratio 

was recorded with a Tecan Infinite 200 plate reader as described in chapter 3. 

5.4.5 Shake flask expression 

Shake flask expression was performed and adapted from a method previously 

described(Menacho-Melgar, Hennigan, and Lynch 2021). Briefly, an overnight LB 

culture of the indicated strain and expression plasmid was used to inoculate 20 mL of 

AB autoinduction media with the appropriate antibiotics in a vented baffled 250mL 

Erlenmeyer flasks (VWR, cat. no. 89095-270). Flasks were incubated at 37°C and 150 

r.p.m. for 24 hours then harvested for analysis. Flasks that were incubated at 30°C and 

150 r.p.m. were incubated for 48 hours after inoculation.  

5.4.6 Autolysis 

Autolysis was performed as previously described (Menacho-Melgar, Moreb, et al. 

2020). After shake flask expression, cells were harvested by centrifugation (4200 r.p.m., 

10 minutes, 4°C) in a Thermo Sorvall Legend XTR Refrigerated Centrifuge. The pellets 

were resuspended in 1/10th of the original flask vol ume with lysis buffer (1 37mM NaCl, 

2.7mM KCl, 8mM Na 2HPO4, 2mM KH 2PO4, and 0.1% Triton-X100, pH=7.4). To lyse, the 
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cells were frozen at -80°C for at least one hour. Then the cells were thawed and 

incubated at 37°C for two hours. 

5.4.7 SDS-PAGE and densitometry nanobody expression analysis 

After shake flask expression, the OD 600nm was measured to analyze final 

biomass levels. Samples were prepared to analyze the whole cell, soluble, and insoluble 

fractions. For whole cell expression, an aliquot (0.4mL) was saved to analyze from the 

shake flasks. The whole cell aliquot was resuspended in deionized water to OD 

600nm=11 and mixed with an equal volume of 2x Laemmli sample buffer (Biorad , CA). 

Whole cell samples were boiled at 95°C for 20 minutes then centrifuged at 16,000 rpm 

for 10 minutes immediately before loading. The soluble and insoluble fractions were 

prepared after autolysis. Based on the OD 600nm and resuspension volume, an aliquot 

of 0.1gCDW was moved to a fresh microfuge tube. The sample was centrifuged 

(16,000rpm for 20 minutes) to separate the soluble fraction from the insoluble fraction. 

The soluble fraction was immediately removed and quantified with a standard Bradford 

assay. Soluble samples were normalized to 2 mg/mL and mixed with an equal volume  of 

2x Laemmli sample buffer. The sample was boiled at 95°C for 1 minute and centrifuged 

at 16,000 rpm for 1 minute before loading. The total protein remaining as the insoluble 

fraction was calculated as 0.1gCDW- (grams of soluble protein) based on the soluble 

concentration and volume. The insoluble fraction was resuspended in deionized water 

to 2 mg/mL protein, mixed with 2x Laemmli sample buffer. Insoluble samples were 
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boiled at 95°C for 20 minutes then centrifuged at 16,000 rpm for 10 minutes immediately 

before loading. The cenÛÙÐÍÜÎÌËɯÚÈÔ×ÓÌÚɯÞÌÙÌɯÓÖÈËÌËɯȹƕƔɯϟ+ɯÚÈÔ×ÓÌɯÝÖÓÜÔÌȺɯÐÕÛÖɯÈɯƘ-

15% gradient Mini -Protean TGX precast protein gel (Biorad, CA, Cat # 4561086) and run 

at 140 V. The gels were stained using Coomassie Brilliant Blue R-250.  

Gel images were analyzed with ImageJ (NIH, MD) to determine the percent 

expression in each fraction. The expression level in each fraction was quantified by 

multiplying the total grams of protei n in each fraction by the expression level quantified 

by ImageJ. The total gCDW was quantified based on the biomass level final shake flask 

OD and volume coupled with the conversion factor 1 OD(600nm) = 0.35gCDW. Total 

cellular protein was estimated at 500 mg/gDCW or 50% of dry cell weight (Long and 

Antoniewicz 2014). The amount of total soluble protein was calculated by multiplying 

the soluble protein concentration by the soluble volume after lysis. Lastly , the insoluble 

fraction was quantified by  subtracting the amount of soluble protein from the total 

cellular protein.  
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5.6 Supplemental 

 

Figure 29: Impact of Erv1p on roGFP ratio.  The addition of chromosomal Evr1p 

into the strains with dynamic redox control doe s not alter the cytop lasmic redox state. 

A) Erv1p can oxidize roGFP through both direct catalysis or hydrogen peroxide based 

oxidation. B) The roGFP excitation ratio was used to assess cytoplasmic oxidation. The 

cytoplasmic redox state was compared between  the control strain (25 -S), the strains 

previously constructed with DC redox, and the combination of DC with Evr1p. There 

was no significant difference in the roGFP excit ation ratio between strains with DC 

redox alone vs DC redox combined with Erv1p.  
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Figure 30: SDS-PAGE gels used to analyze VHH72 expression level  (14.7 kDa) 

in the whole cell (WC), soluble (S), and insoluble (I) fractions quantified in figure 2C. 

Each gel shows triplicate VHH72 expression in a different strain. S train modifications 

are indicated above each gel. A) VHH72 expression in control strain R04. B) VHH72 

expression on control strain 25 -S AL ÞÏÐÊÏɯÊÖÕÛÈÐÕÚɯ#"ɯɁÖÍÍɂɯvalves. C) VHH72 

expression in 25 -S AL with DsbC dynamic overexpression. D) VHH72 expression in 

25-S AL with Erv1p dynamic overexpression. E) VHH72 expression in 25 -S AL with 

both DsbC and Erv1p dynamic overexpression. F) VHH72 expression with combined 

DC redox, DsbC, and Erv1p d ynamic overexpression.  
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Figure 31: Shake fl ask strain growth and soluble VHH72 expression yield  for 

each strain from figure 2C. Strain modific ations are indicated on the x -axis below each 

bar plot. A) End point biomass levels quantified by the OD 600nm. B) VHH72 soluble 

mg/L produced in  each shake flask based on biomass level, soluble protein 

concentration, and SDS -PAGE expression level.  
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Figure 32: SDS-PAGE gels used to analyze each VHH expression level  in the 

whole cell (WC), soluble (S), and insoluble (I) fractions qu antified in Figure 26 and 

Figure 27. The VHH expressed in each gel, along with the strain and expression 

temperature are indicated above  the gel. Strain 6E AL combines DC redox with dsbC 

and Erv1p dynamic over expression along with autolysis enzymes. A) VH H GFP-

enhancer, 13.7kDa B) VHH GFP minimizer, 15 KDa C) VHH H6 antivenin, 14.2 kDa 

D) VHH VCAM1, 14.8 kDa E) VHH 1B5, 14.8kDa F) VHH 2E7, 13.8 kDa G) VHH 3E3, 

13.6 kDa H) VHH C9 BoNT/A, 14kDa I) VHH E7 BoNT/A, 13.9 kDa J) VHH JM3, 14 

kDa K) VHH m36.4, 13.6  kDa L) VHH mD1.22, 11 .3 kDa M) VHH Re5D06, 15.4 kDa 

N) VHH Re9F06, 14.8 kDa. O) VHH J3, 14.4 kDa. P) VHH72, 14.7 kDa. Q) VHH GFP -

enhancer (biological replicates n=3), 13.7kDa. R) VHH GFP minimizer (biological 

replicates, n=3), 15 KDa.  
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Figure 33: SDS-PAGE gels used to analyze VHH expression in each strain with 

plasmid -based expression of Erv1p.  Expression is separated by whole cell (WC), 

soluble (S), and insolubl e (I) fractions. A) VHH GFP -enhancer, 13.7kDa B) VHH GFP 

minimizer , 15 KDa C) VHH H6 antivenin, 14.2 kDa D) VHH VCAM1, 14.8 kDa E) 

VHH Re9F06, 14.8 kDa. F) VHH 3E3, 13.6 kDa G) VHH mD1.22, 11.3 kDa. H)  VHH E7 

BoNT/A, 13.9 kDa. I) VHH J3, 14.4 kDa.  
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Table 10:  Nanobodies used in this study  along with information about each 

VHH size and amino acid sequence. Cys corresponds to the number of cysteines in 

the amino acid sequence. 

VHH 
name Amino acid sequence 

Molecular 
weight 
(kDa) Cys Disulfides Immunogen Ref(s) 

VHH72 

MQVQLQESGGGLVQAGG
SLRLSCAASGRTFSEYAM
GWFRQAPGKEREFVATIS
WSGGSTYYTDSVKGRFTI
SRDNAKNTVYLQMNSLKP
DDTAVYYCAAAGLGTVVS
EWDYDYDYWGQGTQVTV
SSGSHHHHHH 14.7 2 1 SARS-CoV-2 

(Huo et al. 
2020; 
Wrapp et 
al. 2020) 

J3 

MEVQLVESGGGLVQAGG
FLRLSCELRGSIFNQYAMA
WFRQAPGKEREFVAGMG
AVPHYGEFVKGRFTISRD
NAKSTVYLQMSSLKPEDT
AIYFCARSKSTYISYNSNG
YDYWGRGTQVTVSSHHH
HHH 14.4 2 1 HIV 

(Weiss 
and 
Verrips 
2019;McC
oy et al. 
2014)  

H6 
antivenin 

MQVQLQESGGGLVQAGG
SLTLACTASGRTFDRYAV
GWFRQTPGKDREFVATIS
WSGGTTRYADSVKGRFT
VS RDNAKN 
TVYLQMNTLKPEDTAVYY
CAADLALSTVDEAVARYW
GQGTQVTVSSHHHHHH 14.2 2 1 

B. atrox 
venom 

(Bailon 
Calderon 
et al. 
2020) 

Re9F06 

MGSQVQLVESGGGLVQA
GGSLRLSCAASGRTFSND
ALGWFRQAPRKEREFVAA
INWNSGTYYADSVKGRFTI
SRDNAKNTVYLQMNSLKP
EDTAVYSCAAASDYGLPR
EDFLYDYWGQGTQVTVS
STS HHHHHH 14.8 2 1 SARS-CoV-2 

(Güttler et 
al. 2021) 

Re5D06  

MGSQVQLVESGGGLVQP
GGSLRLSCAASGITLDYYA
IGWFRQAPGKEREGVSRI
RSSDGSTNYADSVKGRFT
MSRDNAKNTVYLQMNSLK
PEDTAVYYCAYGPLTKYG
SSWYWPYEYDYWGQGT
QVTVSSTS HHHHHH 15.4 2 1 SARS-CoV-2 

(Güttler et 
al. 2021) 
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VCAM1 

MQVQLQESGGGSVQTGG
SLRLSCAASGYTNSIMYM
AWFRQAPGKKREGVAAIR
FPDDSAYYAGSVKGRFTI
SHDNAKNTVYLQMNNLNP
EDTAMYYCAARSSPYSFA
WNDPSNYNYWGQGTQVT
VSSHHHHHH 14.8 2 1 

Human 
VCAM1 

(Ta et al. 
2015; 
Ghezzi et 
al. 2013) 

GFP 
enhance
r 

MAQVQLVESGGALVQPG
GSLRLSCAASGFPVNRYS
MRWYRQAPGKEREWVA
GMSSAGDRSSYEDSVKG
RFTISRDDARNTVYLQMN
SLKPEDTAVYYCNVNVGF
EYWGQGTQVTVSSHHHH
HH 13.7 2 1 GFP 

(Kirchhofer 
et al. 
2010) 

GFP 
minimize
r 

MADVQLQESGGGSVQAG
GSLRLSCAASGDTFSSYS
MAWFRQAPGKECELVSNI
LRDGTTTYAGSVKGRFTIS
RDDAKNTVYLQMVNLKSE
DTARYYCAADSGTQLGYV
GAVGLSCLDYVMDYWGK
GTQVTVSSHHHHHH 15.0 4 2 GFP 

(Kirchhofer 
et al. 
2010) 

E7 anti 
BoNT/A 

MDVQLQASGGGSAQAGG
SLTLSCAASGLIFSNYIMG
WFRQAPGKDREFVAAISR
QG-
TTPYYVNSGNDRFTISRD
NAKNTGTLQMNHLKPEDT
AVYYCAVDSFLSNIRVGKA
DYWGQGTQVT HHHHHH 13.9 2 1 BoNT/A 

(Goldman 
et al. 
2008) 

C9 anti 
BoNT/A 

MEVQLQESGGGVVQPGG
SLKLSCSGSGAIFDTYDVG
WYRQAPGKRRELVASITA
TARGRIDYNYFAQGRFTIS
KDNAANTVYLQMDHLEPG
DTAVYYCKTSVTGWGRG
TQVTVSSAMQGTLPTHHH
HHH 14.0 2 1 BoNT/A 

(Goldman 
et al. 
2008) 

mD1.22 

MKKVVYGKKGDTVELTCT
ASQKKNIQFHWKNSNQIKI
LGNQGSFLTKGPSKLNDR
VDSRRSLWDQGNFPLIIKN
LKPEDSDTYICEVEDKEEV
QLVVVGHHHHHH 11.3 2 1 HIV 

(Chen et 
al. 2014) 
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m36.4 

MQVQLVQSGGGLVQPGG
SLRLSCAASAFDFSDYEM
SWVREAPGKGLEWIGEIN
DSGNTIYNPSLKSRVTISR
DNSKNTLYLQMNTLRAED
TAIYYCAIYGGNSGGEYW
GQGTLVTVSSHHHHHH 13.6 2 1 HIV 

(Chen et 
al. 2014) 

1B5 

MEVQLVESGGGLVQPGG
SLRLSCAASGRATFD 
DYAIG 
WFRQAPGKEREGVSYIGC
NDGATYYAGSVKGRFTIS
CDYAKNTVYLQMNSLKPE
DTAVYYCAAAAQWATIRW
IHEYDYNIWGQGTQVTVS
SHHHHHH 14.8 4 2 HIV 

(Weiss 
and 
Verrips 
2019; 
Strokappe 
et al. 
2012) 

3E3 

MEVQLVESGGGLVQPGG
SLRLSCAASQFTLESYAIG
WFRQAPGKDSEGVACISS
STYYADSVKGRFTISRDN
AKNTVYLQMESLKPEDTA
VYHCATSGAGSYCTLRAF
GSWGQGTQVTVSS 
HHHHHH 13.6 2 1 HIV 

(Weiss 
and 
Verrips 
2019; 
McCoy et 
al. 2014; 
Strokappe 
et al. 
2012)  

2E7 

MEVQLVESGGGLVQPGG
SLRLSCAASGNIVS IDAAG 
WFRQAPGKQREPVATILT
GGATNYADSVKGRFTISR
DNAKNTVYLQMNSLKPED
TAVYYCYAPMIYYGGRYS
DYWGQGTQVTVSS 
HHHHHH 13.8 2 1 HIV 

(Weiss 
and 
Verrips 
2019; 
Strokappe 
et al. 
2012) 

JM3 

MEVQLVESGGGLVQPGG
SLRLSCAASGFTLEDYSIG
WFRQAPGKEREGVSCISD
SDGRTYYADSVKGRFTIS
RDNAKNTVYLQMNSLKPE
DTAVYYCATDCTVVPSLL
YAMDSGKGTQVTVSS 
HHHHHH 14.0 4 2 HIV 

(Weiss 
and 
Verrips 
2019; Matz 
et al. 2013; 
Acharya et 
al. 2013) 
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Table 11: Strains used and constructed in th is study including commercial 

strains, strains from previous studies, and new strains . 

Strain Genotype Source 

E. coli 10G 

F- mcrA ȹ(mrr-hsdRMS-mcrBC) endA1 recA1 ū80dlacZȹM15 
ȹlacX74 araD139 ȹ(ara,leu)7697galU galK rpsL nupG ɚ- tonA 
(StrR) 

Lucigen (Cat # 
40708-2 ) 

25-S 

F-, ɚ-, ȹ(araD-araB)567, lacZ4787(del)(::rrnB-3) , rph-1, ȹ(rhaD-
rhaB)568, hsdR514, ȹackA-pta, ȹpoxB, ȹpflB, ȹldhA, ȹadhE, 
ȹiclR, ȹarcA, ȹcas3::tm-ugpb-sspB-pro-casA (Li et al, 2021) 

Redox 5 25-S, trxB-DAS4-tetR, ȹgor-purR This study 

Redox 6 25-S, trxB-das4-tetR, ȹgor-phoA-dsbC_purR This study 

Redox 5E 25-S, trxB-das4-phoA_evr1p_tetR, ȹgor-purR This study 

Redox 6E 25-S, trxB-das4-phoA_evr1p_tetR, ȹgor-phoA-dsbC_purR This study 

Redox 5E 
AL 

25-S, trxB-das4-phoA_evr1p_tetR, ȹgor-purR, 
Autolysis_apraR This study 

Redox 6E 
AL 

25-S, trxB-das4-phoA_evr1p_tetR, ȹgor-phoA-dsbC_purR, 
Autolysis_apraR This study 

25-S AL 25-S, Autolysis_apraR This study 

25-S AL D 25-S, phoA_dsbC_purR, Autolysis_apraR This study 

25-S AL E 25-S, phoA_evr1p_tetR, Autolysis_apraR This study 

25-S AL 
DE 25-S, phoA_dsbC_purR, phoA_evr1p_tetR, Autolysis_apraR This study 

R04 R02, Autolysis_apraR 

(Menacho-
Melgar et al. 
2020) 

 

 

Table 12: Plasmids used in this VHH expression study and corresponding  

addgene catalog numbers. 

Plasmid Insert promoter Resistance ori Addgene Source 

pSMART-HCKan-
EV None None Kanamycin colE1 NA 

Lucigen (Cat 
# 40708-2) 

pSMART-HCKan- GFPuv yibDp Kanamycin colE1 127078 (Menacho-
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yibDp-GFPuv Melgar et al. 
2020) 

pSMART-HCKan-
yibDp-roGFP roGFP yibDp Kanamycin colE1 NA 

This study 
(see chapter 
3) 

pSMART-HCKan-
yibDp-VHH72 VHH72 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-
GFPenhancer 

VHH GFP 
enhancer yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-
GFPminimizer 

VHH GFP 
minimizer yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-
H6antivenin 

VHH H6 
antivenin yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-VCAM1 

VHH 
VCAM1 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-1B5 VHH 1B5 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-2E7 VHH 2E7 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-3E3 VHH 3E3 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-
C9BoNT-A 

VHH C9 
(BoNT-A) yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-
E7BoNT-A 

VHH E7 
(BoNT-A) yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-JM3 VHH JM3 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-m36.4 VHH m36.4 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-mD1.22 

VHH 
mD1.22 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-Re5D06 

VHH 
Re5D06 yibDp Kanamycin colE1 NA This Study 

pSMART-HCKan-
yibDp-VHH-Re9F06 

VHH 
Re9F06 yibDp Kanamycin colE1 NA This Study 

pCOLA-Gent-ppiB ppiB yibDp Gentamicin colA NA This Study 
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pCOLA-Gent-Evr1p Evr1p yibDp Gentamicin colA NA This Study 

pCOLA-Spec-Evr1p Evr1p yibDp Spectinomycin colA NA This Study 

pCDF-yibDp-matB matB yibDp Spectinomycin CloDF13 134597 

(Menacho-
Melgar et al. 
2020) 

 

Table 13: Primers used in this study to confirm stain modifications made with 

recombineering.  

Primer Sequence (5'-3') Purpose 

SL1 CAGTCCAGTTACGCTGGAGTC Sequence pSMART insert 

SR2 GGTCAGGTATGATTTAAATGGTCAGT Sequence pSMART insert 

JNH1 CAAATTGAACTGGCGGTACTGC Recombineering confirmation 

JNH2 GCCGTTAACTGATGCTCTGG Recombineering confirmation 

JNH3 GAAGTGACCGGCGATCAAATG Recombineering confirmation 

JNH4 GCCTGGGCAATGATCAATATGC Recombineering confirmation 

JNH5 GCATTGCTTTTTACCGTATTGTCTAAC Recombineering confirmation 

JNH6 GATTATTATGGTGTCACGCCATCTC Recombineering confirmation 

JNH7 TAATGAGGATCCCCGGCTTATCG Amplify pSMART backbone for cloning 

JNH8 
CATAGATTATCCTCCTACACAGAAGT
TATCCTGACGTTTTA Amplify pSMART backbone for cloning 

JNH9 GTGCGTAATTGTGCTGATCTCTT Sequence pCOLA insert (Forward) 

JNH10 AAGTTGGAACCTCTTACGTGC Sequence pCOLA insert (Reverse) 

JNH11 GGATCCGAGTCACACTGG 
Amplify pCOLA backbone for Evr1p 
insertion 

JNH12 
AGATTATCCTCCTACACAGAAGTTAT
C 

Amplify pCOLA backbone for Evr1p 
insertion 

JNH13 
AACTTCTGTGTAGGAGGATAATCT_A
TGAAGGCAATTGATAAGATGAC 

Amplify Evr1p with homology arms for 
gibson assembly into pCOLA 

JNH14 
CCAGTGTGACTCGGATCC_TCATTAC
TCGTCCCACCC 

Amplify Evr1p with homology arms for 
gibson assembly into pCOLA 

JNH15 TAGAAGCTTGAAGTGCCAGA 
Amplify Gentamicin resistance out of 
pCOLA 
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JNH16 TTTTACTTCCTTCCAGCTCCT 
Amplify Gentamicin resistance out of 
pCOLA 

JNH17 
CAGGAGCTGGAAGGAAGTAAAA_AT
GAGGGAAGCGGTGATCG 

Amplify Spectinomycin resistance for 
pCOLA gibson assembly 

JNH18 
GTCTGGCACTTCAAGCTTCTA_TTAT
TTGCCGACTACCTTGGTGAT 

Amplify Spectinomycin resistance for 
pCOLA gibson assembly 

JNH19 CGGGCGTATTTTTTGAGTTAT Sequence pCOLA antibiotic resistance 

JNH20 TAGACAGAAGCACGATTCC Sequence pCOLA antibiotic resistance 

 

Table 14: Synthetic DNA (g -blocks) used in this study for both strain 

modifications and cloning.  

G-block G-block sequence Resistance 
Confirmation 
primer (F) 

Confirmation 
primer (R) 

ȹgor-purR 

ATTACGTCTCGCGCTACAATCGCGGTAATCAACGATAAGGACAC
TTTGTCCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTT
TCGTTTTATTCCTGACGGATGGCCTTTTTGCGTTTCTACAAACTC
TTTTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATG
AGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAG
AGTATGACTGAATACAAGCCCACGGTACGCTTGGCGACGCGCG
ACGATGTTCCCCGCGCTGTTCGTACATTAGCTGCGGCCTTTGCA
GATTACCCAGCGACGCGCCATACGGTCGATCCGGACCGCCATA
TCGAGCGTGTCACAGAATTGCAGGAACTTTTCTTAACTCGCGTG
GGCCTTGACATCGGAAAGGTCTGGGTGGCTGACGATGGCGCT
GCAGTGGCTGTTTGGACCACTCCGGAGAGTGTAGAGGCTGGTG
CAGTGTTCGCCGAAATTGGTCCTCGTATGGCCGAATTAAGTGGA
AGTCGTCTGGCAGCCCAACAACAAATGGAAGGGTTGCTTGCGC
CCCACCGTCCGAAAGAACCCGCGTGGTTCCTTGCCACCGTTGG
AGTAAGCCCAGATCACCAGGGGAAGGGTTTAGGATCTGCCGTA
GTTTTACCAGGTGTGGAGGCAGCAGAACGTGCGGGAGTTCCGG
CCTTCCTTGAGACGTCGGCGCCGCGCAATTTACCGTTTTACGAA
CGTCTTGGATTCACCGTTACGGCGGACGTGGAGGTGCCGGAG
GGACCCCGTACTTGGTGTATGACTCGTAAACCGGGAGCCTGAT
AACATTCACCCAACGGCGGCAGAAGAGTTCGTGACAATGCGTta
aATGTTAA Puromycin JNH1 JNH2 

ȹgor-phoA-
dsbC-purR 

ATTACGTCTCGCGCTACAATCGCGGTAATCAACGATAAGGACAC
TTTGTCCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTT
TCGTTTTATGTTAATCTTTTCAACAGCTGTCATAAAGTTGTCACG
GCCGAGACTTATAGTCGCTTTGTTTTTATTTTTTAATGTATTTGTA
TCTAGAGATTAAAGAGGAGAATACTAGatgGATGACGCGGCAATT
CAACAAACGTTAGCCAAAATGGGCATCAAAAGCAGCGATATTCA
GCCCGCGCCTGTAGCTGGCATGAAGACAGTTCTGACTAACAGC
GGCGTGTTGTACATCACCGATGATGGTAAACATATCATTCAGGG
GCCAATGTATGACGTTAGTGGCACGGCTCCGGTCAATGTCACC
AATAAGATGCTGTTAAAGCAGTTGAATGCGCTTGAAAAAGAGAT
GATCGTTTATAAAGCGCCGCAGGAAAAACACGTCATCACCGTGT
TTACTGATATTACCTGTGGTTACTGCCACAAACTGCATGAGCAA
ATGGCAGACTACAACGCGCTGGGGATCACCGTGCGTTATCTTG
CTTTCCCGCGCCAGGGGCTGGACAGCGATGCAGAGAAAGAAAT
GAAAGCTATCTGGTGTGCGAAAGATAAAAACAAAGCGTTTGATG
ATGTGATGGCAGGTAAAAGCGTCGCACCAGCCAGTTGCGACGT
GGATATTGCCGACCATTACGCACTTGGCGTCCAGCTTGGCGTT
AGCGGTACTCCGGCAGTTGTGCTGAGCAATGGCACACTTGTTC
CGGGTTACCAGCCGCCGAAAGAGATGAAAGAATTCCTCGACGA
ACACCAAAAAATGACCAGCGGTAAATAATGAccggcttatcggtcagtttc
acctgatttacgtaaaaacccgcttcggcgggtttttgcttttggaggggcagaaagatgaatga
ctgtccacgacgctatacccaaaagaaaTCCTGACGGATGGCCTTTTTGCGT
TTCTACAAACTCTTTTTGTTTATTTTTCTAAATACATTCAAATATGT Puromycin JNH1 JNH2 
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ATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATT
GAAAAAGGAAGAGTATGACTGAATACAAGCCCACGGTACGCTT
GGCGACGCGCGACGATGTTCCCCGCGCTGTTCGTACATTAGCT
GCGGCCTTTGCAGATTACCCAGCGACGCGCCATACGGTCGATC
CGGACCGCCATATCGAGCGTGTCACAGAATTGCAGGAACTTTT
CTTAACTCGCGTGGGCCTTGACATCGGAAAGGTCTGGGTGGCT
GACGATGGCGCTGCAGTGGCTGTTTGGACCACTCCGGAGAGTG
TAGAGGCTGGTGCAGTGTTCGCCGAAATTGGTCCTCGTATGGC
CGAATTAAGTGGAAGTCGTCTGGCAGCCCAACAACAAATGGAA
GGGTTGCTTGCGCCCCACCGTCCGAAAGAACCCGCGTGGTTCC
TTGCCACCGTTGGAGTAAGCCCAGATCACCAGGGGAAGGGTTT
AGGATCTGCCGTAGTTTTACCAGGTGTGGAGGCAGCAGAACGT
GCGGGAGTTCCGGCCTTCCTTGAGACGTCGGCGCCGCGCAATT
TACCGTTTTACGAACGTCTTGGATTCACCGTTACGGCGGACGTG
GAGGTGCCGGAGGGACCCCGTACTTGGTGTATGACTCGTAAAC
CGGGAGCCTGATAACATTCACCCAACGGCGGCAGAAGAGTTCG
TGACAATGCGTtaaATGTTAA 

trxB-das4-
tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACAGG
CTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGGTTTA
GCTGACGCAAAAGCGGCCAACGATGAAAACTATTCTGAAAACTA
TGCGGATGCGTCTtaaTGATCCTAATTTTTGTTGACACTCTATCAT
TGATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAAAGTG
AAATGAATAGTTCGACAAAGATCGCATTGGTAATTACGTTACTC
GATGCCATGGGGATTGGCCTTATCATGCCAGTCTTGCCAACGTT
ATTACGTGAATTTATTGCTTCGGAAGATATCGCTAACCACTTTGG
CGTATTGCTTGCACTTTATGCGTTAATGCAGGTTATCTTTGCTCC
TTGGCTTGGAAAAATGTCTGACCGATTTGGTCGGCGCCCAGTG
CTGTTGTTGTCATTAATAGGCGCATCGCTGGATTACTTATTGCT
GGCTTTTTCAAGTGCGCTTTGGATGCTGTATTTAGGCCGTTTGC
TTTCAGGGATCACAGGAGCTACTGGGGCTGTCGCGGCATCGGT
CATTGCCGATACCACCTCAGCTTCTCAACGCGTGAAGTGGTTCG
GTTGGTTAGGGGCAAGTTTTGGGCTTGGTTTAATAGCGGGGCC
TATTATTGGTGGTTTTGCAGGAGAGATTTCACCGCATAGTCCCT
TTTTTATCGCTGCGTTGCTAAATATTGTCACTTTCCTTGTGGTTA
TGTTTTGGTTCCGTGAAACCAAAAATACACGTGATAATACAGATA
CCGAAGTAGGGGTTGAGACGCAATCGAATTCGGTATACATCACT
TTATTTAAAACGATGCCCATTTTGTTGATTATTTATTTTTCAGCGC
AATTGATAGGCCAAATTCCCGCAACGGTGTGGGTGCTATTTACC
GAAAATCGTTTTGGATGGAATAGCATGATGGTTGGCTTTTCATTA
GCGGGTCTTGGTCTTTTACACTCAGTATTCCAAGCCTTTGTGGC
AGGAAGAATAGCCACTAAATGGGGCGAAAAAACGGCAGTACTG
CTCGGATTTATTGCAGATAGTAGTGCATTTGCCTTTTTAGCGTTT
ATATCTGAAGGTTGGTTAGTTTTCCCTGTTTTAATTTTATTGGCT
GGTGGTGGGATCGCTTTACCTGCATTACAGGGAGTGATGTCTAT
CCAAACAAAGAGTCATCAGCAAGGTGCTTTACAGGGATTATTGG
TGAGCCTTACCAATGCAACCGGTGTTATTGGCCCATTACTGTTT
GCTGTTATTTATAATCATTCACTACCAATTTGGGATGGCTGGATT
TGGATTATTGGTTTAGCGTTTTACTGTATTATTATCCTGCTATCG
ATGACCTTCATGTTAACCCCTCAAGCTCAGGGGAGTAAACAGGA
GACAAGTGCTTAGTTATTTCGTCACCAAATGATTTTTACAAATCA
GTAACAAAAGTAAAGAAGGCGACACCATGCGACTATGG Tetracycline JNH3 JNH4 

phoA_evr1p
_tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACAGG
CTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGGTTTA
GCTGACGCAAAAtaaTGACAAATAAAACGAAAGGCTCAGTCGAAA
GACTGGGCCTTTCGTTTTATGTTAATCTTTTCAACAGCTGTCATA
AAGTTGTCACGGCCGAGACTTATAGTCGCTTTGTTTTTATTTTTT
AATGTATTTGTATCTAGAGATTAAAGAGGAGAATACTAGATGAAG
GCAATTGATAAGATGACCGACAATCCTCCTCAGGAAGGCTTGTC
CGGGCGCAAAATCATCTATGATGAGGACGGGAAGCCGTGCCGT
TCCTGCAATACTTTGCTGGACTTCCAATACGTCACGGGTAAAAT
CTCGAATGGATTGAAGAATTTGTCTTCAAATGGAAAACTGGCAG
GGACTGGGGCTCTTACGGGGGAGGCATCGGAACTTATGCCTG
GTTCCCGCACTTATCGCAAAGTAGATCCACCTGATGTTGAGCAG
CTTGGCCGTTCTTCGTGGACCTTGTTGCACTCTGTCGCCGCGT
CGTATCCAGCTCAGCCTACGGACCAACAGAAGGGCGAGATGAA
ACAGTTCCTGAACATCTTCTCGCACATTTACCCTTGCAACTGGT
GCGCCAAGGACTTCGAGAAGTACATTCGCGAGAATGCGCCGCA
AGTAGAATCCCGCGAAGAATTGGGACGTTGGATGTGTGAAGCA
CATAATAAGGTGAATAAGAAGTTACGCAAACCAAAGTTCGACTG
TAATTTCTGGGAAAAACGCTGGAAAGACGGGTGGGACGAGTAA
TGACAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCG
TTTTATTCCTAATTTTTGTTGACACTCTATCATTGATAGAGTTATT
TTACCACTCCCTATCAGTGATAGAGAAAAGTGAAATGAATAGTT Tetracycline JNH3 JNH4 
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CGACAAAGATCGCATTGGTAATTACGTTACTCGATGCCATGGGG
ATTGGCCTTATCATGCCAGTCTTGCCAACGTTATTACGTGAATTT
ATTGCTTCGGAAGATATCGCTAACCACTTTGGCGTATTGCTTGC
ACTTTATGCGTTAATGCAGGTTATCTTTGCTCCTTGGCTTGGAAA
AATGTCTGACCGATTTGGTCGGCGCCCAGTGCTGTTGTTGTCAT
TAATAGGCGCATCGCTGGATTACTTATTGCTGGCTTTTTCAAGT
GCGCTTTGGATGCTGTATTTAGGCCGTTTGCTTTCAGGGATCAC
AGGAGCTACTGGGGCTGTCGCGGCATCGGTCATTGCCGATACC
ACCTCAGCTTCTCAACGCGTGAAGTGGTTCGGTTGGTTAGGGG
CAAGTTTTGGGCTTGGTTTAATAGCGGGGCCTATTATTGGTGGT
TTTGCAGGAGAGATTTCACCGCATAGTCCCTTTTTTATCGCTGC
GTTGCTAAATATTGTCACTTTCCTTGTGGTTATGTTTTGGTTCCG
TGAAACCAAAAATACACGTGATAATACAGATACCGAAGTAGGGG
TTGAGACGCAATCGAATTCGGTATACATCACTTTATTTAAAACGA
TGCCCATTTTGTTGATTATTTATTTTTCAGCGCAATTGATAGGCC
AAATTCCCGCAACGGTGTGGGTGCTATTTACCGAAAATCGTTTT
GGATGGAATAGCATGATGGTTGGCTTTTCATTAGCGGGTCTTGG
TCTTTTACACTCAGTATTCCAAGCCTTTGTGGCAGGAAGAATAG
CCACTAAATGGGGCGAAAAAACGGCAGTACTGCTCGGATTTATT
GCAGATAGTAGTGCATTTGCCTTTTTAGCGTTTATATCTGAAGGT
TGGTTAGTTTTCCCTGTTTTAATTTTATTGGCTGGTGGTGGGATC
GCTTTACCTGCATTACAGGGAGTGATGTCTATCCAAACAAAGAG
TCATCAGCAAGGTGCTTTACAGGGATTATTGGTGAGCCTTACCA
ATGCAACCGGTGTTATTGGCCCATTACTGTTTGCTGTTATTTATA
ATCATTCACTACCAATTTGGGATGGCTGGATTTGGATTATTGGTT
TAGCGTTTTACTGTATTATTATCCTGCTATCGATGACCTTCATGT
TAACCCCTCAAGCTCAGGGGAGTAAACAGGAGACAAGTGCTTA
GTTATTTCGTCACCAAATGATTTTTACAAATCAGTAACAAAAGTA
AAGAAGGCGACACCATGCGACTATGG 

trxB-das4-
phoA_evr1p
_tetR 

ATGGATCACATTTATCGCCAGGCCATTACTTCGGCCGGTACAGG
CTGCATGGCAGCACTTGATGCGGAACGCTACCTCGATGGTTTA
GCTGACGCAAAAGCGGCCAACGATGAAAACTATTCTGAAAACTA
TGCGGATGCGTCTtaaTGACAAATAAAACGAAAGGCTCAGTCGAA
AGACTGGGCCTTTCGTTTTATGTTAATCTTTTCAACAGCTGTCAT
AAAGTTGTCACGGCCGAGACTTATAGTCGCTTTGTTTTTATTTTT
TAATGTATTTGTATCTAGAGATTAAAGAGGAGAATACTAGATGAA
GGCAATTGATAAGATGACCGACAATCCTCCTCAGGAAGGCTTGT
CCGGGCGCAAAATCATCTATGATGAGGACGGGAAGCCGTGCCG
TTCCTGCAATACTTTGCTGGACTTCCAATACGTCACGGGTAAAA
TCTCGAATGGATTGAAGAATTTGTCTTCAAATGGAAAACTGGCA
GGGACTGGGGCTCTTACGGGGGAGGCATCGGAACTTATGCCT
GGTTCCCGCACTTATCGCAAAGTAGATCCACCTGATGTTGAGCA
GCTTGGCCGTTCTTCGTGGACCTTGTTGCACTCTGTCGCCGCG
TCGTATCCAGCTCAGCCTACGGACCAACAGAAGGGCGAGATGA
AACAGTTCCTGAACATCTTCTCGCACATTTACCCTTGCAACTGG
TGCGCCAAGGACTTCGAGAAGTACATTCGCGAGAATGCGCCGC
AAGTAGAATCCCGCGAAGAATTGGGACGTTGGATGTGTGAAGC
ACATAATAAGGTGAATAAGAAGTTACGCAAACCAAAGTTCGACT
GTAATTTCTGGGAAAAACGCTGGAAAGACGGGTGGGACGAGTA
ATGACAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTC
GTTTTATTCCTAATTTTTGTTGACACTCTATCATTGATAGAGTTAT
TTTACCACTCCCTATCAGTGATAGAGAAAAGTGAAATGAATAGTT
CGACAAAGATCGCATTGGTAATTACGTTACTCGATGCCATGGGG
ATTGGCCTTATCATGCCAGTCTTGCCAACGTTATTACGTGAATTT
ATTGCTTCGGAAGATATCGCTAACCACTTTGGCGTATTGCTTGC
ACTTTATGCGTTAATGCAGGTTATCTTTGCTCCTTGGCTTGGAAA
AATGTCTGACCGATTTGGTCGGCGCCCAGTGCTGTTGTTGTCAT
TAATAGGCGCATCGCTGGATTACTTATTGCTGGCTTTTTCAAGT
GCGCTTTGGATGCTGTATTTAGGCCGTTTGCTTTCAGGGATCAC
AGGAGCTACTGGGGCTGTCGCGGCATCGGTCATTGCCGATACC
ACCTCAGCTTCTCAACGCGTGAAGTGGTTCGGTTGGTTAGGGG

CAAGTTTTGGGCTTGGTTTAATAGCGGGGCCTATTATTGGTGGT
TTTGCAGGAGAGATTTCACCGCATAGTCCCTTTTTTATCGCTGC
GTTGCTAAATATTGTCACTTTCCTTGTGGTTATGTTTTGGTTCCG
TGAAACCAAAAATACACGTGATAATACAGATACCGAAGTAGGGG
TTGAGACGCAATCGAATTCGGTATACATCACTTTATTTAAAACGA
TGCCCATTTTGTTGATTATTTATTTTTCAGCGCAATTGATAGGCC
AAATTCCCGCAACGGTGTGGGTGCTATTTACCGAAAATCGTTTT
GGATGGAATAGCATGATGGTTGGCTTTTCATTAGCGGGTCTTGG
TCTTTTACACTCAGTATTCCAAGCCTTTGTGGCAGGAAGAATAG
CCACTAAATGGGGCGAAAAAACGGCAGTACTGCTCGGATTTATT
GCAGATAGTAGTGCATTTGCCTTTTTAGCGTTTATATCTGAAGGT
TGGTTAGTTTTCCCTGTTTTAATTTTATTGGCTGGTGGTGGGATC Tetracycline JNH3 JNH4 
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GCTTTACCTGCATTACAGGGAGTGATGTCTATCCAAACAAAGAG
TCATCAGCAAGGTGCTTTACAGGGATTATTGGTGAGCCTTACCA
ATGCAACCGGTGTTATTGGCCCATTACTGTTTGCTGTTATTTATA
ATCATTCACTACCAATTTGGGATGGCTGGATTTGGATTATTGGTT
TAGCGTTTTACTGTATTATTATCCTGCTATCGATGACCTTCATGT
TAACCCCTCAAGCTCAGGGGAGTAAACAGGAGACAAGTGCTTA
GTTATTTCGTCACCAAATGATTTTTACAAATCAGTAACAAAAGTA
AAGAAGGCGACACCATGCGACTATGG 

phoA_dsbC_
purR 

GGGCTTCGCGGTGGCGCTGAAGATGGGGGCAACCAAAAAAGA
CTTCGACAATACCGTCGCCATTCACCCAACGGCGGCAGAAGAG
TTCGTGACAATGCGTtaaCAAATAAAACGAAAGGCTCAGTCGAAA
GACTGGGCCTTTCGTTTTATGTTAATCTTTTCAACAGCTGTCATA
AAGTTGTCACGGCCGAGACTTATAGTCGCTTTGTTTTTATTTTTT
AATGTATTTGTATCTAGAGATTAAAGAGGAGAATACTAGatgGAT
GACGCGGCAATTCAACAAACGTTAGCCAAAATGGGCATCAAAA
GCAGCGATATTCAGCCCGCGCCTGTAGCTGGCATGAAGACAGT
TCTGACTAACAGCGGCGTGTTGTACATCACCGATGATGGTAAAC
ATATCATTCAGGGGCCAATGTATGACGTTAGTGGCACGGCTCC
GGTCAATGTCACCAATAAGATGCTGTTAAAGCAGTTGAATGCGC
TTGAAAAAGAGATGATCGTTTATAAAGCGCCGCAGGAAAAACAC
GTCATCACCGTGTTTACTGATATTACCTGTGGTTACTGCCACAA
ACTGCATGAGCAAATGGCAGACTACAACGCGCTGGGGATCACC
GTGCGTTATCTTGCTTTCCCGCGCCAGGGGCTGGACAGCGATG
CAGAGAAAGAAATGAAAGCTATCTGGTGTGCGAAAGATAAAAAC
AAAGCGTTTGATGATGTGATGGCAGGTAAAAGCGTCGCACCAG
CCAGTTGCGACGTGGATATTGCCGACCATTACGCACTTGGCGT
CCAGCTTGGCGTTAGCGGTACTCCGGCAGTTGTGCTGAGCAAT
GGCACACTTGTTCCGGGTTACCAGCCGCCGAAAGAGATGAAAG
AATTCCTCGACGAACACCAAAAAATGACCAGCGGTAAATAATGA
ccggcttatcggtcagtttcacctgatttacgtaaaaacccgcttcggcgggtttttgcttttggagg
ggcagaaagatgaatgactgtccacgacgctatacccaaaagaaaTCCTGACGGAT
GGCCTTTTTGCGTTTCTACAAACTCTTTTTGTTTATTTTTCTAAAT
ACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAAT
GCTTCAATAATATTGAAAAAGGAAGAGTATGACTGAATACAAGC
CCACGGTACGCTTGGCGACGCGCGACGATGTTCCCCGCGCTG
TTCGTACATTAGCTGCGGCCTTTGCAGATTACCCAGCGACGCG
CCATACGGTCGATCCGGACCGCCATATCGAGCGTGTCACAGAA
TTGCAGGAACTTTTCTTAACTCGCGTGGGCCTTGACATCGGAAA
GGTCTGGGTGGCTGACGATGGCGCTGCAGTGGCTGTTTGGAC
CACTCCGGAGAGTGTAGAGGCTGGTGCAGTGTTCGCCGAAATT
GGTCCTCGTATGGCCGAATTAAGTGGAAGTCGTCTGGCAGCCC
AACAACAAATGGAAGGGTTGCTTGCGCCCCACCGTCCGAAAGA
ACCCGCGTGGTTCCTTGCCACCGTTGGAGTAAGCCCAGATCAC
CAGGGGAAGGGTTTAGGATCTGCCGTAGTTTTACCAGGTGTGG
AGGCAGCAGAACGTGCGGGAGTTCCGGCCTTCCTTGAGACGTC
GGCGCCGCGCAATTTACCGTTTTACGAACGTCTTGGATTCACCG
TTACGGCGGACGTGGAGGTGCCGGAGGGACCCCGTACTTGGT
GTATGACTCGTAAACCGGGAGCCTGATAAATGTTAAAGGGCTAA
GAGTAGTGTGCTCTTAGCCCTTAATTACGTTTCCGCTATCAGTT
CAGAAGCTGAAGCAGAAAGCGGATCAGTTCCAGCAGCGCAA Puromycin JNH1 JNH2 

Autolysis_ap
raR 

AAGAAATTAAAAAACGAAAATACCAGCTATAGCCAGATTGTCAC
AGAGTGTCGTATGCGTTACGCCGTACAGATGTTATTGATGGATA
ACAAAAATATCACTCAGGTGGCGCAATTATGTGGCTATAGCAGC
ACGTCGTACTTTATCTCTGTTTTTAAGGCGTTTTACGGCCTGACA
CCGTTGAATTATCTCGCCAAACAGCGACAAAAAGTGATGTGGtga
AGGGCAAAGCGGAAACGGATAAGACGGGCATAAATGAGGAAGA
AATGGCTCGACCTAGCATAACCCCGCGGGGCCTCTTCGGGGGT
CTCGCGGGGTTTTTTGCTGAAAGAAGCTTCAAATAAAACGAAAG
GCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTC
GCTGCGGCCGGGTCAGGTATGATTTAAATGGTCAGTAACGGGT
CTTGAGGGGTTTTTTGCATATGTGCGTAATTGTGCTGATCTCTTA
TATAGCTGCTCTCATTATCTCTCTACCCTGAAGTGACTCTCTCAC
CTGTAAAAATAATATCTCA Apramycin 

 
JNH5 JNH6 

VHH72 

ATGCAGGTGCAGTTACAGGAATCCGGCGGCGGCCTTGTTCAAG
CTGGTGGATCGCTTCGCTTATCCTGCGCCGCCTCGGGCCGCAC
TTTCTCGGAATACGCAATGGGCTGGTTCCGCCAAGCACCGGGG
AAAGAGCGCGAGTTCGTAGCTACTATTTCATGGTCCGGGGGGT
CCACCTATTATACCGATTCAGTAAAGGGCCGTTTCACTATTTCC
CGCGATAATGCGAAGAATACTGTTTACTTGCAGATGAACTCGCT
TAAGCCCGATGATACCGCAGTATATTACTGTGCAGCAGCAGGC
CTTGGGACGGTCGTATCTGAATGGGACTACGATTATGACTATTG
GGGACAGGGTACTCAAGTTACTGTTTCGAGCGGCTCGCACCAT - SL1 SR2 



 

 146  

CATCATCACCACTAATGAGGATCCCCGGC 

VHH GFP 
enhancer 

TTCTGTGTAGGAGGATAATCTATGATGGCACAAGTTCAGTTGGT
AGAAAGTGGAGGTGCCCTGGTCCAACCCGGGGGTTCTCTTCGC
TTGTCATGTGCTGCAAGCGGGTTTCCGGTGAATCGCTACTCGAT
GCGTTGGTATCGCCAAGCACCCGGCAAGGAGCGCGAATGGGT
CGCAGGCATGTCGTCCGCAGGCGATCGTAGTAGTTACGAGGAT
AGTGTCAAAGGTCGCTTTACGATCAGCCGCGATGACGCTCGCA
ATACCGTTTACTTACAAATGAACAGCCTTAAGCCAGAAGATACC
GCAGTCTACTACTGCAATGTAAACGTGGGCTTTGAATACTGGGG
CCAGGGTACTCAAGTTACGGTTTCCAGTCACCACCACCACCATC
ATTAATGAGGATCCCCGGC - SL1 SR2 

VHH GFP 
minimizer 

TTCTGTGTAGGAGGATAATCTATGGCCGATGTCCAGCTGCAAGA
GTCCGGCGGTGGGAGCGTTCAAGCAGGTGGGAGTCTGCGCCT
TTCGTGCGCAGCCTCAGGAGATACATTTAGTTCATATTCTATGG
CGTGGTTCCGTCAAGCACCGGGGAAGGAATGTGAACTTGTCAG
CAACATTCTGCGCGACGGCACCACAACATACGCCGGTAGCGTA
AAGGGACGTTTCACAATTAGCCGCGACGATGCAAAGAACACGG
TCTACTTACAAATGGTCAATCTGAAATCTGAAGACACCGCCCGT
TACTACTGCGCGGCTGACAGTGGAACTCAGCTGGGCTATGTCG
GGGCTGTAGGATTGTCGTGTTTAGACTACGTTATGGATTATTGG
GGAAAAGGTACACAGGTAACTGTTAGTAGTCATCATCATCACCA
CCACTAATGAGGATCCCCGGC - SL1 SR2 

VHH H6 
antivenin 

TTCTGTGTAGGAGGATAATCTATGCAAGTCCAGCTTCAAGAAAG
TGGGGGCGGATTAGTTCAGGCGGGTGGGTCACTTACACTGGCA
TGCACTGCATCAGGCCGTACCTTCGACCGTTACGCGGTTGGTT
GGTTCCGCCAGACTCCTGGAAAGGATCGTGAGTTTGTCGCAAC
GATCTCGTGGTCAGGAGGAACCACTCGTTACGCGGATAGCGTG
AAGGGTCGCTTCACAGTGTCTCGCGACAACGCTAAGAACACTG
TGTACCTTCAGATGAACACCTTGAAGCCAGAGGACACGGCCGT
TTATTACTGCGCAGCTGACCTGGCGTTGTCCACGGTCGATGAA
GCGGTCGCACGCTATTGGGGGCAGGGGACTCAAGTAACAGTAT
CTTCCCATCACCATCACCACCACTAATGAGGATCCCCGGC - SL1 SR2 

VHH 
VCAM1 

TTCTGTGTAGGAGGATAATCTATGCAAGTCCAACTTCAGGAGTC
AGGAGGAGGCTCAGTGCAGACTGGTGGATCTCTGCGCTTGTCG
TGTGCGGCCAGCGGCTACACAAACAGCATCATGTATATGGCGT
GGTTCCGCCAGGCTCCGGGGAAAAAGCGCGAAGGAGTTGCAG
CGATCCGTTTTCCCGACGATTCAGCCTACTATGCGGGTTCGGTT
AAAGGACGTTTTACTATCTCTCACGACAACGCCAAAAACACGGT
TTACTTGCAGATGAACAACCTTAACCCTGAAGACACAGCAATGT
ATTACTGTGCAGCTCGCTCATCACCTTACAGTTTTGCGTGGAAC
GACCCTAGCAACTATAACTACTGGGGCCAGGGCACGCAGGTCA
CCGTAAGCAGCCATCATCACCACCACCATTAATGAGGATCCCC
GGC - SL1 SR2 

VHH 1B5 

TTCTGTGTAGGAGGATAATCTATGGAGGTTCAACTTGTTGAGAG
CGGGGGTGGGCTGGTACAACCGGGTGGATCACTGCGCCTGAG
CTGCGCCGCGAGTGGCCGTGCTACATTTGATGATTACGCTATT
GGCTGGTTCCGCCAAGCACCGGGAAAGGAGCGTGAGGGCGTA
TCTTATATTGGATGTAATGATGGCGCTACCTATTATGCGGGCAG
CGTCAAAGGCCGCTTTACCATTAGTTGTGATTACGCGAAAAATA
CGGTCTATTTACAGATGAATTCCTTAAAACCTGAGGATACTGCA
GTTTACTATTGTGCAGCGGCAGCTCAATGGGCAACTATCCGCTG
GATTCACGAGTATGACTACAATATCTGGGGCCAGGGGACTCAG
GTCACGGTGTCTAGCCATCACCATCATCACCACTAATGAGGATC
CCCGGC - SL1 SR2 

VHH 2E7 

TTCTGTGTAGGAGGATAATCTATGGAGGTACAATTAGTAGAATC
TGGCGGTGGGTTAGTACAGCCAGGTGGGTCCTTGCGCTTATCA
TGCGCCGCCTCAGGCAATATCGTCTCCATCGACGCTGCTGGCT
GGTTCCGCCAAGCCCCTGGTAAACAACGCGAACCTGTCGCTAC
AATCTTGACGGGTGGGGCTACTAACTACGCTGACTCCGTCAAA
GGTCGCTTCACGATCTCTCGCGACAATGCAAAAAACACTGTTTA
TCTGCAAATGAACTCTCTGAAGCCAGAAGATACCGCGGTGTATT
ATTGTTATGCACCGATGATCTATTATGGCGGCCGTTATAGCGAC
TATTGGGGCCAGGGCACACAAGTCACAGTATCGTCACACCACC
ATCATCACCACTAATGAGGATCCCCGGC - SL1 SR2 

VHH 3E3 

TTCTGTGTAGGAGGATAATCTATGGAGGTGCAACTTGTTGAGAG
TGGCGGGGGATTGGTTCAACCTGGCGGTAGTTTGCGCTTATCG
TGTGCGGCAAGCCAATTTACATTAGAATCATACGCCATTGGTTG
GTTCCGCCAGGCTCCCGGAAAAGATAGTGAGGGTGTAGCTTGC
ATTAGCTCGTCTACTTACTATGCGGACTCTGTGAAGGGACGTTT - SL1 SR2 
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TACAATCTCGCGCGATAACGCGAAAAACACGGTCTATCTTCAGA
TGGAAAGTCTTAAACCCGAAGACACTGCTGTCTACCACTGTGCC
ACAAGCGGGGCTGGCAGTTACTGCACACTTCGCGCCTTCGGGT
CATGGGGTCAGGGCACGCAGGTCACAGTCAGTTCTCATCATCA
CCATCATCACTAATGAGGATCCCCGGC 

VHH C9 
(BoNT-A) 

TTCTGTGTAGGAGGATAATCTATGGAAGTACAACTGCAGGAATC
CGGTGGTGGTGTCGTCCAACCGGGTGGTAGTCTGAAACTGTCT
TGTAGTGGAAGCGGCGCTATTTTTGACACATACGACGTTGGGT
GGTACCGTCAAGCTCCTGGGAAACGCCGTGAATTAGTTGCCTC
AATCACCGCGACTGCCCGTGGTCGTATTGATTACAATTACTTCG
CACAAGGCCGCTTTACGATTTCTAAAGATAATGCTGCAAATACT
GTCTACTTGCAAATGGACCACCTTGAACCGGGCGACACCGCTG
TGTATTACTGTAAGACGTCGGTTACCGGCTGGGGCCGCGGGAC
TCAAGTTACAGTAAGCTCGGCTATGCAGGGCACACTGCCCACA
CATCATCACCATCATCATTAATGAGGATCCCCGGC - SL1 SR2 

VHH E7 
(BoNT-A) 

TTCTGTGTAGGAGGATAATCTATGGATGTTCAGTTACAAGCGAG
TGGTGGCGGTTCTGCGCAGGCTGGAGGTAGCTTAACCTTATCT
TGTGCCGCCAGCGGCTTGATCTTTTCAAATTATATTATGGGCTG
GTTCCGCCAGGCACCGGGTAAAGACCGCGAGTTCGTAGCTGC
GATTAGTCGCCAAGGTACTACACCGTATTACGTCAACTCGGGAA
ATGACCGTTTCACAATTAGTCGTGACAACGCGAAAAACACTGGC
ACGTTACAAATGAATCATCTGAAGCCAGAGGACACCGCTGTATA
CTATTGCGCGGTCGATAGTTTTCTGAGCAACATCCGTGTCGGGA
AGGCGGATTATTGGGGGCAGGGGACGCAGGTCACGCACCATC
ACCATCATCACTAATGAGGATCCCCGGC - SL1 SR2 

VHH JM3 

TTCTGTGTAGGAGGATAATCTATGGAAGTGCAGTTAGTCGAGAG
CGGTGGAGGGCTGGTTCAGCCGGGTGGATCTTTGCGTTTGTCA
TGTGCGGCCAGTGGCTTCACACTTGAGGATTATTCCATCGGCT
GGTTCCGCCAGGCACCGGGTAAAGAGCGCGAAGGCGTGAGTT
GTATTTCTGACTCAGACGGACGTACATACTACGCCGATTCGGTC
AAGGGCCGTTTTACCATTTCCCGCGATAACGCCAAGAACACGG
TGTATCTTCAGATGAACTCTTTAAAGCCTGAAGATACGGCAGTC
TACTATTGTGCGACAGATTGCACTGTAGTGCCAAGTTTGTTGTA
TGCGATGGATAGTGGAAAAGGAACCCAAGTAACAGTTAGTTCG
CATCACCACCATCACCATTAATGAGGATCCCCGGC - SL1 SR2 

VHH m36.4 

TTCTGTGTAGGAGGATAATCTATGCAAGTCCAGTTAGTACAAAG
CGGAGGGGGCTTAGTACAACCGGGGGGCTCCCTGCGTTTGAG
TTGTGCAGCGTCCGCGTTTGACTTTTCAGATTATGAGATGAGTT

GGGTCCGCGAGGCTCCCGGCAAAGGCCTGGAATGGATCGGCG
AGATTAATGATTCGGGTAATACAATCTATAATCCTTCGCTGAAAT
CTCGTGTTACGATCTCCCGTGACAATAGCAAGAACACTTTATAT
CTTCAGATGAATACGTTACGCGCTGAAGACACTGCTATCTATTA
CTGCGCTATTTACGGTGGCAATTCAGGCGGCGAATACTGGGGT
CAAGGGACGTTAGTCACTGTCAGCAGTCACCATCATCACCATCA
CTAATGAGGATCCCCGGC - SL1 SR2 

VHH 
mD1.22 

TTCTGTGTAGGAGGATAATCTATGAAGAAAGTCGTTTATGGTAA
AAAAGGTGATACAGTTGAGCTTACTTGCACCGCTTCTCAAAAAA
AAAATATCCAATTCCACTGGAAAAACTCGAATCAAATTAAAATCC
TTGGAAACCAAGGATCTTTCCTGACTAAAGGACCAAGTAAGCTG
AATGATCGTGTGGATTCACGTCGTAGTTTATGGGATCAGGGCAA
CTTTCCTTTGATCATTAAAAATCTTAAACCGGAGGACTCCGATAC
CTATATCTGCGAAGTTGAAGATAAAGAGGAAGTACAGCTTGTTG
TAGTTGGGCACCATCACCATCATCACTAATGAGGATCCCCGGC - SL1 SR2 

VHH 
Re5D06 

TTCTGTGTAGGAGGATAATCTATGGGCTCTCAGGTACAGCTGGT
TGAATCTGGGGGTGGCCTGGTTCAACCCGGAGGATCGCTTCGT
TTGTCATGCGCAGCCTCCGGCATCACCCTGGATTATTATGCAAT
CGGTTGGTTTCGCCAAGCTCCAGGAAAAGAACGTGAGGGTGTT
AGTCGCATCCGTTCATCAGATGGATCGACAAACTATGCAGACTC
TGTGAAAGGGCGTTTTACGATGAGCCGCGATAACGCGAAGAAC
ACGGTCTACTTGCAGATGAACTCTTTAAAGCCTGAGGACACGGC
AGTATACTATTGTGCTTATGGCCCGTTAACGAAATACGGCTCAA
GTTGGTATTGGCCTTATGAATATGACTACTGGGGACAGGGAACA
CAGGTCACTGTTTCAAGCACGTCCCATCATCATCATCACCACTA
ATGAGGATCCCCGGC - SL1 SR2 

VHH 
Re9F06 

TTCTGTGTAGGAGGATAATCTATGGGATCTCAAGTACAGTTGGT
GGAATCAGGTGGTGGACTTGTTCAGGCGGGCGGGTCACTGCG
CTTGAGCTGTGCTGCTAGTGGACGCACTTTCAGCAATGATGCGT
TAGGATGGTTTCGCCAAGCACCTCGCAAGGAGCGTGAGTTTGT
CGCGGCTATCAATTGGAATAGTGGCACCTATTATGCAGATTCTG
TCAAAGGGCGTTTTACCATTTCGCGTGATAATGCTAAAAATACC - SL1 SR2 
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GTGTACTTGCAAATGAACAGCTTAAAACCTGAAGACACTGCTGT
CTATAGCTGCGCAGCAGCCTCTGATTACGGGCTGCCCCGCGAG
GATTTCTTGTACGATTACTGGGGTCAGGGAACGCAGGTAACTGT
TAGCTCAACATCACACCATCATCATCACCATTAATGAGGATCCC
CGGC 

pCOLA-
Gent-ppiB 

GAAGTGCCAGACGATGGAAGGACGCAATGAAGCTGGAGGATTG
GCGTGGGAATCGTGCTTCTGTCTAAGCAAGAATGCCTAGCGTA
CAGGGTGCACTTTGTAACGATTTGGGAGTCCAGAGACTCGCTG
TTTTCGAAATTctcggtcgctacgctccgggcgtgagactATGCAGCGCAGAA
ACGTCCTAGAAGATGCCAGGAGGATACTTAGCAGAGAGACAAT
AAGGCCGGAGCGAAGCCGTTTTTCCATAGGCTCCGCCCCCCTG
ACGAACATCACGAAATCTGACGCTCAAATCAGTGGTGGCGAAA
CCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGATGGC
TCCCTCTTGCGCTCTCCTGTTCCCGTCCTGCGGCGTCCGTGTT
GTGGTGGAGGCTTTACCCAAATCACCACGTCCCGTTCCGTGTA
GACAGTTCGCTCCAAGCTGGGCTGTGTGCAAGAACCCCCCGTT
CAGCCCGACTGCTGCGCCTTATCCGGTAACTATCATCTTGAGTC
CAACCCGGAAAGACACGACAAAACGCCACTGGCAGCAGCCATT
GGTAACTGAGAATTAGTGGATTTAGATATCGAGAGTCTTGAAGT
GGTGGCCTAACAGAGGCTACACTGAAAGGACAGTATTTGGTAT
CTGCGCTCCACTAAAGCCAGTTACCAGGTTAAGCAGTTCCCCAA
CTGACTTAACCTTCGATCAAACCGCCTCCCCAGGCGGTTTTTTC
GTTTACAGAGCAGGAGATTACGACGATCGTAAAAGGATCTCAAG
AAGATCCTTTACGGATTCCCGACACCATCACTCTAGATTTCAGT
GCAATTTATCTCTTCAAATGTAGCACCTGAAGTCAGCCCCATAC
GATATAAGTTGTAATTCTCATGTTAGTCATGCCCCGCGCCCACC
GGAAGGAGCTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTC
GAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCG
TGTGCGTAATTGTGCTGATCTCTTATATAGCTGCTCTCATTATCT
CTCTACCCTGAAGTGACTCTCTCACCTGTAAAAATAATATCTCAC
AGGCTTAATAGTTTCTTAATACAAAGCCTGTAAAACGTCAGGATA
ACTTCTGTGTAGGAGGATAATCTATGGTAACATTCCACACTAAC
CACGGGGACATCGTTATTAAAACATTCGATGATAAAGCTCCGGA
AACAGTCAAGAACTTTCTGGACTATTGTCGCGAGGGGTTCTACA
ATAATACAATCTTCCACCGTGTTATTAACGGGTTCATGATCCAAG
GCGGAGGGTTCGAGCCGGGCATGAAGCAGAAAGCTACTAAAGA
GCCAATTAAGAACGAAGCAAACAATGGTCTGAAGAACACTCGTG
GTACGCTTGCGATGGCCCGTACCCAAGCGCCACATAGCGCCAC
CGCCCAATTCTTTATTAATGTTGTGGATAATGATTTTCTGAACTT
CTCCGGAGAATCGTTACAGGGTTGGGGCTACTGCGTTTTCGCA
GAAGTCGTCGACGGTATGGATGTCGTGGATAAGATCAAAGGAG
TTGCGACGGGTCGTAGCGGTATGCACCAAGACGTGCCGAAGGA
GGATGTGATTATCGAGTCTGTGACTGTTTCTGAATAAGGATCCga
gtcacactggctcaccttcgggtgggcctttctgcgtttatTGATCGGCACGTAAGAG
GTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTA
TTTTTTGAGTTATCGAGATTTTCAGGAGCTGGAAGGAAGTAAAA
ATGTTGCGTAGCTCTAACGATGTGACGCAACAAGGTTCGCGTC
CAAAGACAAAATTGGGAGGCAGTAGCATGGGGATCATTCGCAC
TTGTCGCCTGGGGCCAGACCAGGTGAAGTCAATGCGTGCGGCT
CTGGACTTATTCGGGCGCGAATTTGGAGATGTAGCCACTTACTC
ACAGCACCAACCGGACAGTGATTACTTGGGGAATTTACTTCGCA
GTAAAACTTTTATCGCTTTGGCCGCTTTCGACCAGGAGGCTGTA
GTAGGTGCGTTGGCAGCCTATGTTCTTCCTAAATTCGAGCAACC
GCGTAGCGAAATTTACATCTATGATCTTGCAGTCTCCGGCGAAC
ATCGCCGTCAGGGGATCGCCACAGCTTTAATCAACCTTTTGAAG
CATGAGGCTAATGCACTTGGAGCGTACGTGATTTATGTGCAGG
CTGACTACGGTGATGATCCTGCAGTCGCTCTGTACACCAAACTG
GGTATCCGCGAGGAGGTCATGCACTTTGATATTGACCCGTCTAC
GGCTACCTAATAGAAGCTT Gentamicin JNH9 JNH10 
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6. Using dynamic control to improve bioprocesses for 
simple nanobody expression and purification 

6.1 Introduction 

Nanobodies are a growing class of therapeutic and diagnostic reagents as 

discussed above(Gonzalez-Sapienza, Rossotti, and Tabares-da Rosa 2017; Morrison 

2019). To meet this growing demand and foster the development of VHHs for new and 

diverse applications, improved bioprocesses are needed to equip both researchers and 

manufacturers with simpler technologies to express and purify VHHs for their desired 

application. To  date, nanobodies (VHHs) have been expressed in E. coli in either the 

cytoplasm of strains engineered with reductase knockouts, or in the periplasm to 

promote disulfide bond formatio n(de Marco 2020; Y. Liu and Huang 2018). Out of these 

two methods, periplasmic expression has been preferred(de Marco 2020; Y. Liu and 

Huang 2018). Once a nanobody has been expressed, purification requires: (1) cellular 

lysis, (2) separation of the VHH from native  E. coli protein s(Oliv eira and Domingues 

2018; Mehta 2019). Challenges are associated with both of these steps.  

During cellular lysis, protein is released by lysing cells with either mechanical 

methods (sonication or homogenization), chemical methods (detergents), or enzymatic 

addition (lysozyme )(Menacho-Melgar, Moreb, et al. 2020; Cai et al. 2008; Islam, 

Aryasomayajula, and Selvaganapathy 2017). The global market for cellular lysi s was 

valued ~3.8 billion dollars in 2021 making it an impactful component of bioprocess 

development fo r innovatio n(Islam, Aryasomayajula, and Selvaganapathy 2017). Physical 
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lysis requir es specialized and expensive equipment, which creates a cost barrier for 

researchers and adds to production costs industrially. Additionally, physical methods 

cannot be used for high throughput screens in research(Lin and Cai 2009). The latter two 

approaches have inconsistent results and  low lysis efficiency which, compounded with 

low expression levels makes it more difficult to recover a substantial VHH quantity even 

before downstream yield loss(Costa-Silva et al. 2018; Falgenhauer et al. 2021; Menacho-

Melgar, Moreb, et al. 2020). After choosing a lysis method, the next challenge is 

associated with traditional purification method ologies. The most widely used 

purification method is expressing a VHH with a hexa -histidine tag and using 

immobilized met al affinity chromatography (IMAC) to bind and elute the VH H(Salema 

and Fernández 2013). Unfortunately, IMAC purification rarely results in high purity 

based on a combination of factors. These factors include: low VHH expression levels, 

native E. coli proteins with high affinity for the divalent cations used in IMAC, and 

unpredictable tag accessibility needed for column bindin g(Bolanos-Garcia and Davies 

2006; Salema and Fernández 2013; Bornhorst and Falke 2000). Therefore, bioprocesses 

often require a second chromatography step to achieve the level of purity required for 

therapeutic (98-99%) or diagnostic (85-95%) applications(Arora et al. 2019; Wilken and 

-ÐÒÖÓÖÝɯƖƔƕƖȰɯɁ1ÌÊÖÔÔÌÕËÌËɯ/Ì×ÛÐËÌɯ/ÜÙÐÛàɂɯÕȭËȭȺ. Efforts have been made to develop 

new purification tags specifically for nanobodies, however these resins can also be 
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expensive, and depend on tag accessibility(Crauwels et al. 2020; Salema and Fernández 

2013; Veggiani et al. 2020).  

Based on all  these factors that complicate bioprocess development for VHHs, we 

wanted to use dynamic control to simplify both VHH expression and purification. 

Previously we developed the strain DC Redox 6E AL for high level solubl e expression of 

VHHs (100-700 mg/L) in the E. coli cytoplasm. This strain also includes dynamic control 

of two autolysis enzymes, under the control of a phoB promoter for low phosphate 

expression(Menacho-Melgar, Ye, et al. 2020). Specifically, the two lysis enzymes 

included: benzonase which is a non-specific DNA/RNA endonuclease and lambda 

phage lysozyme for cell wall digestion. Upon phosphate depletion, benzonase is 

expressed in the periplasm whereas lysozyme is expressed in the cytoplasm, so the 

enzymes remain separate from their respective substrates. As a result, autolysis only 

occurs with disruption of the cell wall. Previously, two methods have been used to 

disrupt the cell wall: (1) the addition of Trito n X-100 with a freeze-thaw cycle or (2) heat 

lysis at 60°C(Menacho-Melgar, Moreb, et al. 2020; Menacho-Melgar, Yang, and Lynch 

2021; Decker, Menacho-Melgar, and Lynch 2022).  

Combined, all of these components make this engineered strain an ideal platform 

to simplify VHH bioprocesses, so we set out to validate this approach. Here we 

demonstrate that the VHHs expressed in DC Redox 6E AL can be purified to up to 99% 

with this 1 -2 step lysis and purification approach. Specifically, dynami c control of each 
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component was induced with autoindu ction (AB) media. This simple autoinduction 

results in high yield soluble VHH expression in the cytoplasm along with expression of 

the two enzymes needed for autolysis. Two divergent methods were used fo r autolysis 

and subsequent purification ( see Figure 34). For the first method autolysis was 

performed with Triton X -100 addition and a freeze-thaw cycle, then VHHs were isolated 

with a single 30kDa MWCO filtration step. For the second approach, autolysis wa s 

performed with a heat incubation step followed by precipitation for a one pot lysis and 

purification procedure . 

The first method was validated with two  nanobodies, VHH GFP enhancer and 

VHH GFP minimizer. These nanobodies were purified to >99% and 81±8%, respectively, 

and both were functional based on an in vitro fluorescence assay. Nanobodies were 

screened for thermostability prior to validating the precipitation. Based on this test, the 

VHH VCAM1 was used in precipitation experiments and this approach resulted in 

87±4% purity. These results indicate that the engineered strain can be used to simplify 

both VHH expression and purification making it a powerful tool for diagnostic and 

potentially therapeutic production . 
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Figure 34: Overview of engineered E. coli and simplified bioproce sses with  

dynamic control  of redox state and lysis enzymes. The engineered E. coli can be lysed 

with one of two methods: Triton X -100 addition and a freeze-thaw cycle (top), or with 

heat (bottom). After lysis, purified VHHs are isolated with either a fil tration step (top) 

or precipitation of contaminants (bottom). The brown background is used to represent 

E. coli contaminants.  

6.2 Results and Discussion 

6.2.1 Nanobodies can be purified with mild autolysis conditions and 
ultrafiltration 

The first bioprocess we tested involved the Triton X -100 addition followed by a 

freeze-thaw step and filtration. We began with this approach based on VHH stability 

since most nanobodies begin to denature between 50°C-80°C, and the lower end of this 

range overlaps with the th ermolysis conditions (Kunz et al. 2018; Goldman et al. 2017). 

Therefore, the mild freeze-thaw conditions did not risk thermal denaturation. Once we 

decided on the lysis method, the next step involved deciding on a filter size for 

ultrafiltration . Since the majority of the E. coli proteome is larger than a VHH (~15kDa), 
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we wanted to choose a filter close to the VHH size(Pieper et al. 2011; Savageau 1986; 

Han and Lee 2006). Our hope was that the VHH  would flow through the filter and 

collect in the permeate whereas E. coli proteins would remain in the retentate, resulting 

in purification.   

For our first attempt, we used the nanobody VHH72 which was expressed ~700 

mg/L in the cytoplasm of DC Redox 6E at 37°C (see chapter 5). This nanobody is 

~14.7kDa  and spin filters with 10 kDa MWCO and 20kDa MWCO were selected for 

testing. Our goal was to determine if a more stringent cutoff (10 kDa) would allow the 

VHH to selectively pass through the membrane while r etaining E. coli host proteins or if 

a 20kDa filter was required for VHH permeability. Results are shown in  supplemental 

Figure 39. While VHH72 could pass through the 10kDa membrane, surprisingly higher 

molecular weight proteins did as well. As a result, a fter filtrati on VHH72 purity was 

26±3% which was not significantly improved from the VHH72 expression level in 

unfiltered lysate (21±1%). We saw a similar result with high molecular weight protein s 

penetrating the 20kDa membrane however samples had an improved purity r anging 

58±17%. Based on this result, increasing the MWCO improved VHH72 purification. 

Additionally, since VHH72 is close to both of these MWCO sizes and VHH72 is a large 

component of the protein mixture, we thought this combination could be ca using 

aggregation and filter fouling (K. J. Kim, Chen, and Fane 1993; Huisman, Prádanos, and 
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Hernández 2000; Reihanian, Robertson, and Michaels 1983). Therefore, we decided to 

increase the size cutoff of our ultrafiltration membrane to 30kDa moving forward.  

Before testing the impact of this new filter size on VHH purification we decided 

to change the VHH candidate tested to 2 candidates, the GFP enhancer (~13.7 kDa) and 

GFP minimizer ( ~15kDa). These nanobodies were also previously expressed in DC 

Redox 6E AL with a high soluble yield ~300 mg/L. Additionally, the GFP enhancer and 

GFP minimizer nanobodies are named for their corresponding effect on GFP emission 

upon binding. Therefore, these nanobodies had a simple functional assay to verify 

activity. Moving forward, these nanobodies were used in an initial test with 30kDa 

filtration. Based on the speculated filter fouling challenge above, we wanted to test if this 

problem could be avoided just with increasing the filter size to 30kDa or if decreasing 

the total protein concentration going into the filter was also needed. Results are shown 

in supplemental Figure 40. Based on this experiment, increasing the MWCO to 30kDa 

helped filter out high molecular w eight proteins, but some appeared in the filtered 

sample. However, the combination of increasing the filter size and diluting the sample 

to 1 mg/mL improved the purity from 60% to 92% and from 79% to 99% for the 

minimizer and enha ncer, respectively. 

To verif y the reproducibility of this process, as well as confirm VHH activity, we 

performed this purification with 5 samples of both VHH GFP enhancer and VHH GFP 

minimizer. Sample dilution to 1 mg/mL followed by 30kDa filtration result ed in >99% 
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purity and 81±8% purity, respectively based on densitometry  (Figure 35A and 35B). 

Since we confirmed VHH purity, next we wanted to confirm that these purified 

nanobodies were active. Therefore, we performed an in vitro binding assay with wild 

type GFP and quantified fluor escence(Kirchhofer et al. 2010). This assay was performed 

with both normalized lysate (total protein concentration = 1 mg/mL) and the five 

puri fied VHH samples. Based on the resulting fluorescence, summarized in  Figure 35C, 

both VHH sequences either enhance or minimize GFP fluorescence as expected. The 

magnitude of the fluorescence enhancement and minimization is in agreement with 

values reported in the literature (Kirchhofer et al. 2010). Together, these results 

confirmed that VHHs expressed in DC Redox 6E AL can undergo freeze-thaw autolysis 

with Triton X -100 addition, and a single 30kDa filtration step result ed in a purity level 

suitable for diagnostic or therap eutic applications. Most importantly, after purification 

the nanobodies remain active making this a viable bioprocess for VHH expression and 

purification . 

 

Figure 35: VHHs can be purified from DC Redox 6E AL cell lysates with a 

single ultrafiltration  step  and remain active. In each SDS -PAGE (A and B) five 

biological replicates of each VHH were tested with filtration (+) and comp ared to the 

unfiltered soluble fraction  (-). A) SDS-PAGE of the VHH GFP enhancer (~13.7 kDa) B) 
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SDS-PAGE of the VHH GFP minimizer (~15 kDa). C) Activity confirmation with an in 

vitro fluorescence binding assay with the samples shown in A and B. Fluorescenc e is 

quantifie d between thr ee sets of conditions separated by thick vertical bars to assess 

GFP minimizer (VHH Min) and GFP enhancer (VHH Enh) activity. Sets of conditions 

include: 100nM GFP control in PBS (left), lysate addition normalized to 1 

mg/mL(midd le) with 100nM  GFP, and 100nM purified VHH addition to 100nM GFP 

(right). As a control in the purification condition the filtered EV samples (EV) were 

added with the average volume of filtered VHH needed for 100nM addition. When 

indicated *p<0.01 based on 6ÌÓÊÏɀÚɯÛ-test for unequal variances relative to the EV 

control.  

6.2.2 Some nanobodies are thermostable for thermal autolysis 

While the above method simplifies bioprocess for VHH purification, Triton X -100 

is not viable for long term use in biopharmaceutic als. This inviability can b e attributed to 

the detrimental effects of Triton X -100 on the environment which has led to it being 

phased out of the pharmaceutical industry where large quantities would be used (Farcet 

et al. 2019; White et al. 1994). Therefore, we wanted to develop a simple bioprocess that 

could also be amenable to pharmaceutical development and potentially their 

manufacture. We turned to 60°C heat lysis as an alternative method since it has 

previously been reported as an effective autolysis technique, with dynamic control of 

autolysis enzymes, for thermostable proteins(Menacho-Melgar, Yang, and Lynch 2021; 

Decker, Menacho-Melgar, and Lynch 2022). Additionally, both reports followed up this 

thermal autolysis with a precip itation step to remove nati ve E. coli proteins. We wanted 

to test both purification methods on the VHHs expressed in DC Redox 6E AL. As 

previously mentioned, nanobodies can begin to denature at 60°C(Kunz et al. 2018). 

Therefore, we first wanted to iden tify VHH candidates that can withstand the 60°C 
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incubation step from our panel of VHHs ex pressed in the soluble fraction of DC Redox 

6E AL in chapter 5.  

To test for stability, we first autolysed DC Redox 6E AL strains expressing each 

VHH with the mild freeze -thaw lysis conditions with Triton X -100. After separating the 

soluble fraction, we in cubated each lysate at 60°C for 1 hour. Then we compared the 

samples before and after heating with SDS-PAGE (Figure 36). Based on this analysis, all 

of the VHHs are visible w ith the mild lysis conditions but after the heat incuba tion step 

only 3 VHHs remai n in the soluble fraction. These VHHs include H6 antivenin, VCAM1, 

and JM3. Based on this stability, we decided to move forward with these 3 VHHs for 

precipitation testing.  

 

Figure 36: Some VHHs are candidates for purification wit h precipitation based 

on thermostability   after heating the soluble fraction at 60°C for 1 hour. The nanobody 

is indicated above each lane and the soluble fraction prior to the heating step ( -) and  

after the heating step (+) are compared to determine stability. VHH sizes from left to 

right are:  Re5D06 (15.4 kDa), Re9F06 (14.8 kDa), H6 antivenin (14.2 kDa), VCAM1 

(14.8 kDa), m36.4 (13.6 kDa), C9 BoNT/A (14kDa), GFP minimizer (15 KDa), GFP -

enhancer (13.7kDa), 1B5 (14.8kDa),  JM3 (14 kDa). 
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6.2.3 VHH VCAM1 purity improves with precipitation and other VHHs 
have room for optimization 

Having confirmed three VHHs are stable a t 60°C, we wanted to test both of the 

established precipitation protocols on these nanobodies(Menacho-Melgar, Yang, and 

Lynch 2021; Decker, Menacho-Melgar, and Lynch 2022). We began with the protocol 

that maintained 60°C througho ut the precipitation (rather than in creasing the 

temperature). This approach was originally developed to purify the protein therapeutic 

Q-Griffithsin by optimizing the heat, ammonium sulfate, and pH conditions needed to 

salt out the native E. coli protein s(Decker, Menacho-Melgar, and Lynch 2022; Duong-Ly 

and Gabelli 2014). After normalizing the biomass levels between the empty vector 

control, VCAM1, H6 antivenin, and JM3 the Q -Griffithsin p recipitation protocol was 

performed, and results are given in Figure 37A. Only VCAM1  maintained stability with 

this protocol, however 59% purity was insufficient for both therapeutic and diagnostic 

purposes. We concluded that each of these VHHs would need further optimization to 

pur ify wi th precipitation.   

Next, we decided to test if these three VHHs had thermostability past 60°C. The 

rationale for this approach was twofold . One reason is that the second precipitation 

protocol requires increasing the temperature of the precipitation step to 80°C. The 

second reason is that each of these precipitation protocols were optimized with a design 

of experiments using temperature, ammonium sulfate concentration, and pH as 

variables. Therefore, we wanted to determine if these VHHs had stability at higher 
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temperatures for individual precipitation optimization. Stability was tested by 

performing the initial lysis step at 60°C as a control and  increasing the lysis temperature 

to 65°C and 70°C and samples were analyzed with SDS-PAGE (Figure 37B). Both 

VCA M1 and JM3 were stable at 70°C but H6 antivenin was not stable past 65°C. We 

concluded that the temperature could be increased for each VHH in future optimization 

experiments to develop tailored precipitation protocols . 

 

Figure 37: Thermolysis and precipitation improves VHH VCAM1 purity  but 

requires more optimization. A) SDS -PAGE analysis from the Q-Griffithsin  (GRFT) 

precipitation protocol. The nanobody is indicated above each lane and the soluble 

fraction immediately follow ing thermolysis at 60°C ( -) is compared to the samples 

after a second 60°C heating step with ammonium sulfate addition and pH adjustment 

to precipitate E. coli contaminants (+). B) SDS -PAGE analysis of 1-hour  thermolysis of 

the three nanobodies at in creasing temperature (indicated above each lane) to 

determine if harsher heat precipitation conditions are viable.  

 Since VHH VCAM1 had the largest band after the second round of stability 

testing, we decided to test the final precipit ation protocol with this na nobody in 

triplicate. This protocol was originally developed to purify Taq polymerase, and it uses 

harsher conditions than the Q-Griffithsin protocol with respect to the elevated 
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temperature and ammonium sulfate concentration . However, since the thermostability 

of VCAM1 was only confirmed up to 70°C whereas the Taq polymerase precipitation 

occurs at 80°C the precipitation was performed under both temperatures and analyzed 

with SDS-PAGE (Figure 38). Based on these results, VCAM1 is stable at 80°C and this 

precipitation resulted in 87±4% purity. While further optimization is needed for 

therapeutic applications, this purity could be used for diagnostics. Together, this result 

supports the use of DC redox 6E AL as a strain as a simple platform for simple and 

cheap VHH expression and purification.  

 

Figure 38: Thermolysis and precipitation with an established method to purify 

Taq polymerase can purify VHH VCAM1.  Samples were compared right after 60°C 

lysis ( -) and after the precipitation  step performed under one of two harsh heating 

conditions:  70°C or 80°C as indicated above the lane. 
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6.3 Conclusions 

We have engineered the strain DC Redox 6E AL which contains inducible 

dynamic control cytoplasmic reductases, over-expression of the chaperones dsbC and 

Erv1p, and overexpression of two enzymes needed for autolysis. Together, these 

components simplify the expression and purification of VHHs which are traditionally 

difficult to express in the E. coli cytoplasm, suffer from low yields, and requ ire multiple 

purification steps before use. Our results show that once a VHH is expressed in DC 

Redox 6E AL there are two options for simple purification depending on VHH stability.   

The first option offers mild lysis conditions with the addition of Triton  X-100 and 

a freeze-thaw step to disrupt the cell membrane. Once this step is complete VHHs can be 

isolated in a simple ultrafiltration step with a 30kDa MWCO filter. Based on our test case 

VHHs the GFP enhancer and GFP minimizer these VHHs remain active after these 

steps. Spin filters offer an easy, cost-effective method for researchers to quickly purify a 

protein of interest for their desired application. At an industrial scale, a similar result can 

likely be achieved with a 30kDa membrane with tangential  flow filtration that is more 

adept to handle large volumes(Saraswat et al. 2013; Lebreton, Brown, and van Reis 

2008). However, since Triton X-100 is being phased out, until there is a sufficient 

replacement this approach is likely more useful for research purposes and small scale 

production (Farcet et al. 2019; White et al. 1994). Regardless, our data supports the use of 
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this approach for rapid and simple expression of na nobodies, especially nanobodies that 

lack thermostability n eeded for precipitation.  

 ÚɯÚÛÈÛÌËɯ×ÙÌÝÐÖÜÚÓàȮɯ5''ÚɯÛÏÈÛɯÏÈÝÌɯÛÏÌÙÔÖÚÛÈÉÐÓÐÛàɯȁƚƔȘ"ɯÈÙÌɯÊÈÕËÐËÈÛÌÚɯÍÖÙɯ

thermolysis and precipitation for a one pot approach to go from pellet to purified 

product. Th is approach will likely req uire optimization to determine t he proper 

temperature, ammonium sulfate concentration, and pH required to salt out the E. coli 

proteome for therapeutic applications or less stable VHHs. However, our results 

demonstrated that this  approach can be used to purify one nanobody, VHH VCAM1 to 

87±4% which can be used for diagnostic grade proteins(Wilken and Nikolov 2012; 

Ɂ1ÌÊÖÔÔÌÕËÌËɯ /Ì×ÛÐËÌɯ /ÜÙÐÛàɂɯ ÕȭËȭȺ. Therefore, this bioprocess can be useful for 

diagnostic VHH manufacturing, and shows promis e for therapeutic production with 

future studies. Lastly, although VHH stab ility has been a limitation  for this process, 

studies have shown that VHH stability can be engineered to increase melting 

temperatures up to 20°C(Goldman et al. 2017). Therefore, there is even greater potential 

to apply this process to other VHH candidates initially lacking stability. Taken together, 

this strain of E. coli simplifi es both the upstream process robustness for VHH expression 

as well as the downstream purification making it a powerful tool for both research and 

industrial applications.  
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6.5 Materials and Methods 

6.5.1 Reagents and Media 

All materials and  reagents were of the highest grade possible and purchased 

from Sigma (St. Louis, MO) or Bio Basic (Ontario, Canada) unless otherwise stated. Luria 

Broth, lennox formulation with lower salt, was used for strain construction and plasmid 

propagation and is r eferred to as LB media in the text.  Autoinduction Broth (AB) was 

prepared as previously reported (Menacho-Melgar, Ye, et al. 2020; Moreb et al. 2020). 

Working antibiotic concentrations were as follows: ka namycin (35 µg/mL), tetracycline 

(10 µg/mL) , apramycin (50 µg/mL), and puromycin (125   µg/mL). Puromycin selection 

was performed with LB supplemen ted with 50 mM potassium ph osphate buffer (pH = 

8.0) to maintain pH for adequate selection. 
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6.5.2 Strains 

In this study,  E. cloni 10G (Lucigen, Middleton WI) was used for cloning and 

plasmid propagation. Strain DC Redox 6E AL was used for all nanobody expr ession 

experiments and it w as constructed with standard recombineering met hodology and 

synthetic linear DNA fragments described above in chapter 5 (X.-T. Li et al. 2013). The 

recombineering plasmid pSIM5 was a gift from Donald Court (NCI, 

https://redrecombineering.ncifcrf.gov/court -lab.html) . 

6.5.3 Plasmids 

Plasmid pSMART-HCKan-EV was constructed as described above in chapter 3. 

Each nanobody expression plasmid was assembled with the exact same protocol 

detailed in chapter 5. See chapter 5 supplemental Table 12 for the list of VHH plasmids . 

6.5.4 Shake flask VHH expression 

Shake flask expression was performed with an established metho d(Menacho-

Melgar, Hennigan, and Lynch 2021). An LB overnight culture of DC Redox 6E carrying 

the nanobody expression plasmid was used to inoculate 20 mL of AB autoinduction 

media (1% v/v) with the appropriate antibioti cs in a vented baffled 250mL Erlenmeyer 

flasks (VWR, cat. no. 89095-270). Flasks were incubated at 37°C and 150 r.p.m. for 24 

hours then harvested. After shake flask expression, each flask OD(600nm) was measured 

to quantify biomass levels and cells were harvested by centrifugation (4200 r.p.m., 10 

minutes, 4°C) in a Thermo Sorvall Legend XTR Refrigerated Centrifuge. 
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6.5.5 Autolysis with Triton X-100 or heat 

 Autolysis was performed with one of two established methods: Triton X -100 

addition with a freeze/tha w cycle or heat lysis(Menacho-Melgar, Moreb, et al. 2020; 

Menacho-Melgar, Yang, and Lynch 2021; Decker, Menacho-Melgar, and Lynch 2022). 

For freeze/thaw autolysis with 0.1% Triton X -100, the pellets were resuspended in 1/10th 

of the original flask volume with lysis buffer (137mM NaCl, 2.7mM KCl, 8mM Na 2HPO4, 

2mM KH 2PO4, and 0.1% Triton X -100, pH=7.4)(Menacho-Melgar, Moreb, et al. 2020). The 

cells were frozen at -80°C for at least one hour. Then the cells were thawed and 

incubated at 37°C for two hours. After lysis samples were centrifuged  (16,000rpm, 20 

minutes, 4°C)to isolate the clarified cell lysate. Heat lysis was performed by 

resuspending the cell pellet in PBS buffer and heating at 60°C for 1 hour(Menacho-

Melgar, Yang, and Lynch 2021; Decker, Menacho-Melgar, and Lynch 2022). The 

concentration of biomass in the resuspension varied based on the subsequent 

precipitation protocol indicated below. SDS -PAGE and densitometry were used forVHH 

expression analysis 

 The protein concentration of  each sample was quantified with a standard 

Bradford assay. Unpurified samples of the soluble fraction were normalized to 2 mg/mL 

and mixed with an equal volume of 2x Laemmli sample buffer (Biorad, CA). Protein 

concentrations of the purified samples were normalized to 2 mg/mL when  applicable, 

but low concentration samples (<2mg/mL) were mixed with an equal volume of 2x 
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Laemmli sample buffer without normalization.  Each sample was boiled at 95°C for 1 

minute and centrifuged at 16,000 rpm for 1 minute before l oading. The centrifuged 

samples were lÖÈËÌËɯȹƕƔɯϟ+ɯÚÈÔ×ÓÌɯÝÖÓÜÔÌȺɯÐÕÛÖɯÈɯƘ-15% gradient Mini -Protean TGX 

precast protein gel (Biorad, CA, Cat # 4561086) and run at 140 V. The gels were stained 

using Coomassie Brilliant Blue R-250. Gel images were analyzed with ImageJ (NIH, MD) 

to determine the nanobody percentage. Nanobody purity was calculated as the area 

under the VHH peak divided by the total area and expressed as a percent.  

6.5.6 Ultrafiltration 

After freeze-thaw autolysis with 0.1% Triton X -100 lysates were centrifuged 

(16,000rpm, 20 minutes, 4°C) to isolate the soluble fraction. Filtrations were performed 

according to each manufacturer's protocol, and in each case the permeate was analyzed 

with SDS-PAGE. Prior to filtration, each membrane was pre-soaked for at least 10 

minutes with autoly sis buffer without Triton X -100 (137mM NaCl, 2.7mM KCl, 8mM 

Na2HPO4, 2mM KH2PO4, pH=7.4). This buffer was removed immediately before 

adding the sample. Clarified lysates that were filtered with centrisart centrifugal 

ultrafiltration unit, 20kDa MWCO (Milli pore Sigma, SKU 13249E) were centrifuged for 

20 minutes (4200 r.p.m., 4°C) in a Thermo Sorvall Legend XTR. Samples filtered with 

either: 10kDa MWCO Amicon Ultra -0.5 Centrifugal Filter Unit (Millipore Sigma, SKU 

UFC501024) or 30kDa MWCO Amicon Ultra -0.5 Centrifug al Filter (Millipore Sigma, 

SKU UFC503024) were centrifuged in a tabletop centrifuge for 30 minutes (14,000 rcf, 
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4°C). As indicated above, samples were either filtered directly after lysis or diluted to 1 

mg/mL o f total protein content prior to filtr ation to prevent filter fouling . 

6.5.7 VHH fluorometric functional assay 

VHH GFP enhancer and VHH GFP minimizer activity were validated with a 

fluorescence assay(Kirchhofe r et al. 2010). Fluorescence measurements were taken with 

a Tecan Infinite 200 plate reader in black 96 well plates (Greiner Bio-One, Cat#655087). 

Assay components (wtGFP, VHH, PBS buffer) were added to a final volume ÖÍɯƖƔƔϟ+ɯ

per well. Pure wtGF P (Millipore Sigma, SKU 14-392) diluted in PBS to a final 

concentration of 100mM in the assay. Purified VHH concentrations quantified after 

30kDa MWCO filtration with a Bradford assay and the slope was corrected for the 

percent of reactive residues relative to BSA to determine sample concentrations. 

Equimolar   VHH GFP enhancer or VHH GFP minimizer (100mM final concentration) 

were added to their respective assay well and left for 5 minutes. As a control in the 

purification condit ion, the EV samples (EV) were added with the average volume of 

filtered VHH needed for 100nM addition. Fluorescence measurements were taken with 

sample excitation at 492 nm (Omega Optical, Cat# DF234) and emission was read at 530 

nm (Omega Optical, Cat#3032166) using a gain of 80. 

6.5.8 VHH thermostability testing 

VHH candidates for precipitation purification were identified with 

thermostability testing. After freeze/thaw lysis with 0.1% Triton X -100, clarified lysates 
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were heated at 60°C for 1 hour. Samples were centrifuged again (16,000rpm, 20 minutes, 

4°C) and analyzed with SDS-PAGE. 

6.5.9 VHH Precipitations 

 Two established precipitation protocols were tested on thermostable 

VHHs (Menacho-Melgar, Yang, and Lynch 2021; Decker, Menacho-Melgar, and Lynch 

2022). The total gCDW of the cell pellets was quantified based on the biomass level final 

shake flask OD and volume coupled with the conversion factor 1 OD (600nm) = 

0.35gCDW. For the first protocol, pellets (VCAM1, H6 antivenein, JM3 or empty vector) 

were resuspended in PBS to a concentration of 35gCDW/L(Decker, Menacho-Melgar, 

and Lynch 2022). The normalized samples were heated at 60°C for autolysis and an 

aliquot was saved for analysis. Then ammonium sulfate was added to each sample to a 

final concentration of 850mM. The pH of the sample was adjusted to 3.4 with 1M HCl 

and it was heated again at 60°C for 1 hour. 

 The second protocol was tested on VHH VCAM1 and the empty vector control. 

Pellets were resuspended to 20gCDW/L(Menacho-Melgar, Yang, and Lynch 2021). 

Samples were heated at 60°C for 1 hour for lysis and an aliquot was saved for analysis. 

Ammonium sulfate wa s added to a final concentration of 1M and the pH was adjusted 

to 9 with 10M NaOH. At this point each sample was split in half and heated at 70°C or 

80°C for an hour. All samples were analyzed with SDS-PAGE. 
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6.6 Supplemental 

 

Figure 39: VHH72 ultra filtration with 20kDa and 10kDa MWCO filters  

performed in triplicate. The percent of VHH calculated from densitometry is 

indicated as the VHH72%.  
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Figure 40: Initial  purification experiments with the GFP minimiz er and GFP 

enhancer nanobodies. Purification conditions correspond with the following 

numbers: 1) Soluble fraction after freeze/thaw lysis with 0.1% Triton X -100. 2) Soluble 

fraction after heating for 1  hour at 60°C. 3) Undiluted soluble fraction (concent ration 

~10 mg/mL) filtered with a 30kDa MWCO spin filter. 4) Diluted soluble fraction (~1 

mg/mL) filtered with a 30kDa MWCO spin filter.  

7. Silencing udhA increases NADPH concentration and 
regulates phoB promoters 

7.1 Introduction 

Recombinant protein expression is critical in many aspects of basic and applied 

research in biotechnology(Baeshen et al. 2015; Jozala et al. 2016; Puetz and Wurm 2019; 

Sanchez-Garcia et al. 2016). Beyond research applications, recombinant proteins in 

industrial and clinical applications comprise a growing multi -billion -dollar  annual 

global market(BCC Publishing n.d.; Puetz and Wurm 2019; Trono 2019). To support this 
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growing demand, numerous efforts over the past several decades have focused on 

engineering production hosts to impr ove production of both specific proteins a s well as 

proteins in general(M. Liu, Tolg, and Turley 2019; Mahalik, Sharma, and Mukherjee 

2014). E. coli a common host of choice to express non-glycosylated protei ns because the 

culture media is cheap, it is well characterized, and it is easy to modify the 

genome(Baeshen et al. 2015; Mahalik, Sharma, and Mukherjee 2014; Rosano and 

Ceccarelli 2009, 2014b). 

Previous strain engineering efforts in  E. coli have focused on modify ing the 

innate host metabolism to overcome bottlenecks for improved protein 

biosynthesis(Ahmad et al. 2018). Areas of intervention in these studies include  

transcription, translation, metabolism, protein stability, and regulation. Specifically, at 

the transcriptional level protein expression has been improved by increasing promoter 

strength and RNA polymer ase speed(Jaishankar and Srivastava 2020; Shilling et al. 2020; 

Sørensen and Mortensen 2005). Translational efficiency has been improved by 

enhancing ribosome binding sit e access or overcoming codon bias which have led to 20-

121 and 0-20 fold improvement in recombinant protein reporters, respectivel y(Berg et al. 

2009; Lipinszki et al. 2018; Shilling et al. 2020). Additionally,  E. coli metabolism has been 

optimized to improving precursor availability by either co -expressing down regulated 

biosynthetic genes or deleting genes that repress biosynthesis(Choi et al. 2003; Ghosh, 

Gupta, and Mukherjee 2012; Waegeman et al. 2013). Lastly, once a protein has been 
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expressed, improving pro tein stability by limiting degradation with protease deletions 

has led to modest fold improvement s(Waegeman et al. 2013). More recently, efforts have 

been made to improve protein expression by managing the regulatory effects of the 

cellular stress response(Choi et al. 2003; Ghosh, Gupta, and Mukherjee 2012; Guleria et 

al. 2020; A. K. Sharma, Shukla, et al. 2020). Based on these studies, less intuitive 

modifications can have a significant impact on protein yiel d(Ghosh, Gupta, and 

Mukherjee 2012; Guleria et al. 2020; A. K. Sharma, Shukla, et al. 2020). 

Most of the previous studies that have engineered the E. coli metabolism for 

either improved precur sor availability or regulatory effects have relied on constitutive 

changes (deletions)(Guleria et al. 2020; H.-J. Kim et al. 2012; A. K. Sharma, Shukla, et al. 

2020; Waegeman et al. 2013). While this traditional methodology would seem to leverage 

a highly productive cellular state for protein synthesis  it leads to competition between 

cellular growth and hete rologous production as well as potentially to cellular toxicity 

and decreased growth rate(Neubauer et al. 1992; C. P. Chou 2007). Therefore, the exact 

impact of deletions on recombinant protein production  is complicated by the 

competition for cellular growth. Alternatively, modifying the  E. coli metabolism with 

dynamic control of metabolic enzymes is a particularly useful approach to dissect the 

impact of modifications on specifically protein expression. A ËËÐÛÐÖÕÈÓÓàȮɯ ɁÙÌÝÌÙÚÌɯ

ÌÕÎÐÕÌÌÙÐÕÎɂɯ È××ÙÖÈÊÏÌÚɯ ÞÏÌÙÌÐÕɯ Ìß×ÙÌÚÚÐÖÕɯ ÖÍɯ ÕÖÕ-intuitive enzymes have been 

altered in high -throughput screens to improve the yield of a product of interest such as 
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small molecules, amino acids, and protein have all led to interesting insights into  E. coli 

metabolism(Ghosh, Gupta, and Mukherjee 2012; S. Li et al. 2021; Ye et al. 2021).  

 Based on this rationale, we set out to improve recombinant protein  

expression with dynamic control of key metabolic enzymes. An overview of this 

approach is given in Figure 41. Dynamic control utilizes two -stage fermentations where 

the recombinant protein, a GFP reporter, is only expressed in the phosphate depleted 

stationary phase(Gardner and McCleary 2019; Moreb et al. 2020). Phosphate depletion is 

also the trigger to limit the expression of key meta bolic enzymes targeted with either 

controlled proteoly sis, silencing, or a combination of the two (S. Li et al. 2021; Ye et al. 

2021). As the expression level of the targeted enzymes decreases, the concentration of 

metabolites fluctuates leading to changes in GFP expression (Figure 41A). Four enzymes 

were selected for screening based on their involvement in key metabolic pathways 

including glycolysis, the TCA cycle, the pentose phosphate pathway, and redox cofactor 

balance. These enzymes included lipoamide dehydrogenase (lpd), citrate synthase (glta), 

glucose-6-phosphate dehydrogenase (zwf), and the soluble transhydrogenase (udhA). We 

screened a library of 168 combinations and silencing udhA led to the greatest level of 

GFP expression improvement (~1.4 fold).  

 We wanted to understand why si lencing the soluble transhydrogenase 

improved GFP expression. Since udhA transfers the hydride between NADPH and 

NA D+, the concentration of NADPH was quantifie d(Boonstra et al. 1999). Relative to the 
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control strain, the strain with  udhA silencing had a significant increase in NADPH 

concentration. After investigating 3 hypotheses about the udhA  silencing based 

improv ement on protein biosynthesis we concluded that this response is dependent on 

the phoB promoter used to drive GFP expression (Figure 41B). Lastly, since NADPH  is a 

redox cofactor, three known redox sensitive transcription factors were knocked out in 

the dynamic control strain and GFP expression was re-screened with udhA  silencing. 

Interestingly, knocking out each redox sensitive transcription factor (OxyR, ArcB, and 

SoxR) diminished GFP expression relative to the control. Our results indicate that 

dynamic control of  udhA both alters the redox state within the strain, based on NADPH 

concentration, and leads to previously uncharacterized transcriptional transactivation of 

three redox sensitive transcription factors. 

 

Figure 41: Overview of the dynamic control screen for improved expression of 

GFP. A) 2 stage fermentations are used to induce GFP expression (green) i n the 

production phase once phosphate ( blue) is depleted. Phosphate is also used to limit 

the expression of the four metabolic enzymes (red, butterfly valve) selected in the 

screen in the production phase. Once enzyme expression is limited the  concentration 

of central metabolites (light red) fl uctuates to enhance GFP expression. B) Dynamic 

control alters E. coli metabolism to improve GFP expression. Dynamic control of 

metabolic enzymes (red) alters the concentration of central metabolites. The 



 

 176  

downstream effec t leads to improved GFP expression, which is dependent on the low 

phosphate inducible phoB promoter (blue) used to drive GFP expression.  

7.2 Results and Discussion 

7.2.1 Dynamic control of metabolic enzymes improves GFP 
expression 

The original goal of this study was to improve recombinant pr otein expression in 

general with dynamic control of key metabolic enzyme s using GFP as a reporter. Rather 

than a rational design approach to improve protein biosynthesis we selected four 

enzymes with crit ical roles in central metabolism. These enzymes included lipoamide 

dehydrogenase (lpd), citrate synthase (glta), glucose-6-phosphate dehydrogenase (zwf), 

and the soluble transhydrogenase (udhA). Each enzyme is shown in red in Figure 42 A 

and Figure 42B to highlight its role in metabolism.   

The rationale of this screen was that dynamic metabolic control could be a 

particularly useful tool  to improve protein biosynthesis based on its ability to decouple 

growth and production. As a result, the  E. coli metabolism would only be rewired after 

reaching a healthy biomass level in the stationary phase and the impact of metabolic 

changes would be specific to protein production rather than competing with growth for 

resources. Consequently, altering expression of one or multiple metabolic pathways 

with dynamic control co uld alter metabolism to redirect resources and improve 

precursor availability for protein biosynthesis, possibly in counter intuitive ways  (Figure 

42B). The impact of these dynamic changes on protein expression was quantified with 

GFP, as a general reporter, under the control of the yibD promote r (Figure 42C). This 
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phoB promoter was used for GFP induction because it has previously been characterized 

as a strong phosphate inducible promoter that is robust t o both media composition and 

scale-up(Moreb et al. 2020). 

Coincident with GFP expression, the expression level of the four metabolic 

enzymes screened were limited in the production phase by linking phosphate depletion 

with methods to diminish expression. Enzyme expression was depleted with two 

approaches: proteolysis or silencing. An overview of proteolysi s and silencing is shown 

in Figure 42D and Figure 42E, respectively. Briefly, each enzyme of interest in the screen 

was modified with a C -terminal DAS+4 tag. This tag leads to proteolysis because the 

sspB adapter is under the control of a phoB promoter in the parent strain(Ye et al. 2021). 

As a result, under low phosphate conditions expression of the sspB adapter is induced 

which associates the DAS+4 tagged metabolic enzyme of interest with the ClpXP 

protease for controlled degradation(S. Li et al. 2021; McGinness, Baker, and Sauer 2006; 

Ye et al. 2021). Alternatively, with silencing, the native  E. coli Type I-E Cascade/ CRISPR 

system is utilized to target the enzyme of interest(Luo et al. 2015). With this approach 

expression of a guide RNA is placed under the control of a phoB promoter. This contro l 

is necessary to induce gRNA expression, again when phosphate is depleted in the 

production phase. Therefore, simultaneously while GFP is expressed, the Cascade 

complex associates with the guide RNA targeting the metabolic enzyme of interest to 
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block RNA polymerase recruitment needed for transcriptio n(Brouns et al. 2008; S. Li et 

al. 2021; Luo et al. 2015).  

A library of 168 combinations, targeting the four genes previously discussed, 

with silencin g, proteolysis, or a combination was screened to analyze the impact of these 

modifications on GFP expression level in each strain. In this screen strains were grown 

in minimal media (SM10++) which contains phosphate, and phosphate was depleted 

with a wash step to induce production of GFP coincident with proteolysis and silencing. 

The results of this screen are shown in Figure 42F. Five combinations of dynamic control 

had a significant improvement in GFP expression level over the control strain. The 

greatest improvement in GFP expression, ~1.4-fold  increase, occurred from silencing the 

soluble transhydrogenase (udhA). To confirm this effect, this screen was repeated in rich 

autoinduction media with the control strain,  udhA silencing, udhA proteolysis, or the 

combination of the two. This secondary experiment confirmed that  udhA silencing led 

to GFP expression improvement in both minimal  and rich media (supplemental Figure 

48).  
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Figure 42: A dynamic control screen of metabolic enzymes was used to 

improve GFP expression. A) The four enzymes s elected for dynami c control are 

shown in red and their roles in central  metabolism a re illustrated. B) Dynamic control 

was used with the intention of improving precursor availability for general protein 

biosynthesis such as central metabolites or the cofactors NADPH and ATP . Improving 

precursor availability would all ow for ex pedited trans cription or translation based on 

an enhanced pool of nucleotides and/or amino acids. C) Improvements in protein 

biosynthesis were assayed based on GFP expression. GFP was placed under the 

control of the phoB promoter (blue) yibD for 2  stage expression whic h was only 

induced after phosphate depletion. D) Overview of controlled proteolysis with 

phosphate depletion. The gene of interest (GOI, a metabolic enzyme) is shown in red 

and modified with  a DAS4+ tag (grey). Under phosphate limited  conditio ns the phoB 

transcription factor (blue) is activated to induce expression of the sspB adapter (light 

blue). The sspB adapter joins the DAS+4 tagged enzyme of interest (EOI) with the 

ClpXP protease (black ) for controlled degradation. E) Overview of  silencin g with 

phosph ate depletion. A guide RNA (gRNA, red) targeting the gene of interest is 

under the control of a phoB promoter. When the phoB transcription factor (blue) is 

activated the gRNA associates with  the cascade complex to block transcription of the 

GOI. F) Heatmap of the GFP dynamic control screen. The control strain is shown in 

the upper left corner (parent strain, 25 without proteolysis and EV silencing). The 
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shade of green represents the percent of expression improvement (RFUs/OD600nm) 

relative to t he control st rain. Strains with a * have a significant improvement over the 

ÊÖÕÛÙÖÓɯȹ×ǾƔȭƔƙȺɯÉÈÚÌËɯÖÕɯ6ÌÓÊÏɀÚɯÛ-test for unequal variances.  

7.2.2 Silencing decreases udhA activity and increases NADPH 
concentration 

Having confirmed that  udhA silencing significantly impr oves GFP expression in 

both minimal media and rich media, we wanted to determine how silencing  udhA 

impacted metabolite levels within the strain. The soluble transhydrogenase is an energy 

independent transhydrogenase that has a critical role in maintaining  the balance in 

NADP(H) and NAD(H) pools by transferring the hydride between the tw o(Sauer et al. 

2004). However, NADPH primarily transfers the hydride from NADPH to NA D+ to 

prevent excess accumulation of NADP H(Spaans et al. 2015; J.-Z. Xu, Yang, and Zhang 

2018) (Figure 43A).  

Based on this functionality, we wanted to first determine the exact impact of each 

dynamic control method on udhA activity then analyze metabolite changes in the 

strains. To begin, we assayed udhA activity  in the clarified strain lysates by following 

the rate of NADPH con sumptio n(H.-H. Chou, Marx, and  Sauer 2015; S. Li et al. 2021; 

Sauer et al. 2004). The results from both autoinduction media and minimal media are 

shown in  Figure 43B and supplemental Figure 48C, respectively. All methods of 

dynamic control significantly decreased udhA specific activit y relative to the control 

strain. Both silencing and proteolysis had ~30% reduction in udhA activity  and 

combining the two decreased activity the most activity reduction ~85%. This result 
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supports that d ynamic control decreases udhA specific activity and w e wanted to 

understand how  this change impacts metabolite levels in the strain. Since udhA oxidizes 

NADPH, intuitively a reduction in udhA activity would likely lead to an accumulation 

of NADPH. We assayed the NADPH concentration in each strain and confirm ed that 

udhA silencing alo ne, or in combination with proteolysis led to a significant incre ase in 

NADPH pools over the control strain  (Figure 43C). This result confirmed that silencing 

decreases udhA activity in the strain which impacts metabolite levels b y increasing 

NADPH concent ration. Based on our initial screen a downstream effect of this metabolic 

shift is an increase in GFP expression. 

 

Figure 43: An overview of the solubl e transhydrogenase activity and the 

impact of dynamic  control on both udhA exp ression level and NADPH concentration. 

All t -ÛÌÚÛÚɯ ÞÌÙÌɯ ×ÌÙÍÖÙÔÌËɯ ÞÐÛÏɯ 6ÌÓÊÏɀÚɯ Û-test for unequal variance (*p< 0.05, 

**p<0.01). A) The solu ble transhydrogenase (udhA, red) cata lyzes the hydride transfer 

between NADPH and NAD+. Th is reaction is reversible but primarily proceeds in the 



 

 182  

forward direction. B) Results of the udhA activity assay used to quantify the impact of 

each method of dynamic  control on udhA. This assay was perf ormed by following the 

consumption of NADPH, based on  absorbance, overtime in c larified cell lysates. 

Samples were prepared in autoinduction media to induce dynamic control. C) 

Concentration of NADPH in each of the dyna mic control strains quantified from 

clarified lysates. Samples were prepared in autoinduct ion media prior to the ass ay.
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7.2.3 The udhA silencing impact on GFP expression was 
hypothesized to impact biosynthesis at the transcriptional, 
translational, or metabolic level. 

Since silencing udhA increases NADPH pools in the strain relative to the cont rol, 

we wanted to further  inv estigate how this change leads to an improvement in GFP 

expression. We began by considering the role of NADPH in metabolism to formulate 

hypotheses on the specific mode of action. NADPH is an essential cofactor that 

maintains the redox balance in E. coli(Xiulai Chen, Li, and Liu 2014). Consequently, 

NADPH is involved in hundreds of biochemical reactions, wherein NAD P+ is reduced to 

NADPH in catabolic reactions and NADPH is a driver of a nabolic reduction 

reactions(Lindner et al. 2018; Sauer et al. 2004; J.-Z. Xu, Yang, and Zhang 2018). 

However, because of these essential roles in metabolism, E. coli has also evolved 

regulatory mechanisms to use the balance of redox cofactors as a form of regulation to 

rewire metabolism based on redox state(Ying 2008).  

Based on these metabolic functions we proposed 3 hypotheses for the role of 

NADPH in improving GFP expr ession illustrated in  Figure 44. The first hypothesis is 

based on an NADPH dependent improvement in GFP biosynthesis at the translational 

level. Specifically, we hypothesized that the increase in protein expression is due to 

NADPH binding to ribosomes that  activates them for mRNA binding and protein 

biosynthesis (Figure 44A). This hypothesis is based on the report from Demott et al. that 

ribosomes can directly bind to NADPH, and this hypothesis aligns wi th the role of 
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NADPH in both anabolic metabolism and r egulation based on redox state(DeMott et al. 

2017). The second hypothesis is based on improving translation with improved 

precursor availability  (Figure 44B). Based on the role of NADPH in anabolism, we 

hypothesized that increasing the NADPH pool could help meet the demands of amino 

acid biosynthesis because it is an important precursor. Lastly, we considered that 

NADPH could be impac ting GFP expression at the transcriptional level. We 

hypothesized NADPH may directly activate expression from the phoB regulated yibD 

gene promoter that was used in the initial screen and confirmatory studies  (Figure 44C). 

This hypothesis again aligns with NADPH as an importa nt regulator with diverse 

functions. Each of these hypotheses will be investigated herein. 

 

Figure 44: Overview of hypothesis testin g used to investigate the impact of 

udhA silencing on GFP expression level. Silencing udhA increases NADPH levels 

within the strain. This increase was hypothesized to increase protein expression in 
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one of the following 3 ways, labeled with each gray arrow . A) NADPH binds to 

ribosomes which can activate ribo somes to improve binding to mRNA to increase 

protein translation. B) NADPH is an important precursor for prote in biosynthesis. 

Increasing NADPH concentration can increase GFP expression based on improved  

precursor availability to increase translation. C) N ADPH is impacting an 

uncharacterized regulatory mechanism (represented with X) that either directly or 

indirec tly impacts GFP transcription under phoB promoter control.  

7.2.4 NADPH does not activate Ribosomal Synthesis in vitro 

As mentioned previously, rib osomes can directly bind to NADPH, and we 

wanted to determine if this binding activates ribosomal synthesi s(DeMott et al. 2017). To 

test this hypothesis we turned to in vitro translation (Asahara and Chong 2010; Kigawa 

et al. 2004). Specifically, we performed in vitro transcription and translation using T7 

RNA polymerase and  E. coli ribosomes and measured the direct impact of NADPH on 

rates of transcription and protein synthesis using an eGFP reporter(Kigawa et al. 2004; 

 ÚÈÏÈÙÈɯÈÕËɯ"ÏÖÕÎɯƖƔƕƔȰɯ$ÏÙÐÎȮɯ.ɀ*ÈÕÌ, and Prendergast 1995). Results are given in 

Figure 45 below. The addition of NADPH  to the in vitro synthesi s did not have any 

significant impact on protein synthesis in vitro with the addition of NADPH  in the 

physiological level tested (100µM)(Goldbeck, Eck, and Seibold 2018; Bennett et al. 2009). 

Therefore, we concluded that NADPH dependent ribosomal activation was not 

responsible for the increase in GFP expression that resulted from udhA silencing . 
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Figure 45: Hypothesis testing of the role of NADPH binding to ribosomes  for 

increased GFP translation. A) Hypothesis tested with in -vitro translation. Ribosomes 

bind to NADPH which may activate the ribosomes to  in crease the rate of protein 

synthesis. B) Fluorescence readings from in -vitr o translation with an eGFP reporter. 

Control (no NADPH addition) is shown in blue. The addition of 100µM NADPH is 

shown in orange.  

7.2.5 NADPH is not improving protein biosynthesis due to a precursor 
availability based on promoter strength. 

The above results pointed to a different mechanism to exp lain the impact of 

NADPH levels on protein synthesis. We moved on to our second hypothesis that the 

increase in NADPH supply was improvi ng GFP translation based on its role as a 

precursor in amino acid biosynthesis (Figure 46A) (J.-Z. Xu, Yang, and Zhang 2018). To 

further vet this hypothesis we calculated the NADPH requirement for the biosynthesis 

of each amino acid from glucose and ammonium. As can be seen in Figure 46B, when 

considering only amino acid biosynthesis from glycolytic end products, NADPH 

demand is quite extensive as 13 out of 20 amino acids require NADPH for biosynthesis 

and this demand ranges from 1-10 moles of NADPH per mole of amino acid. Since this 



 

 187  

analysis supports that NADPH  is critical for  E. coli to produce most amino acids we 

wanted to experimentally test this hypothesis.   

To do so, we used a library of 12 promoters driven by phoB regulation, inc luding 

the original yibD promoter, to express GFP wit h phosphate depletion(Moreb et al. 2020). 

These plasmids for GFP expression were co-transformed with t he plasmid that contains 

the guide RNA for udhA silencing or an empty vector control plasmid. Then this library 

was screened in autoinduction media to induce GFP expression(Menacho-Melgar, Ye, et 

al. 2020). The rationale of this approach is that as promoter strength increases the 

metabolic burden of protein biosynthesis also increases(Pasini et al. 2016; Bienick et al. 

2014). If our hypothesis is correct, improving the availability of NADPH with udhA 

silencing should be impactful for strong phoB promoters which have an increased 

demand ÍÖÙɯÈÔÐÕÖɯÈÊÐËɯ×ÙÌÊÜÙÚÖÙÚȭɯ(ÛɀÚɯ×ÖÚÚÐÉÓÌɯÛÏÈÛɯÈÓÓɯ×ÏoB promoters would have a 

similar improvement with udhA silencing, but alternatively it should be possible to 

increase metabolic burden to a threshold where an increased NADPH supply is needed 

to see improvements over the control. The results from this pro moter experiment are 

summarized in  Figure 46C. Interestingly, 6 promoters had a significant increase in GFP 

expression with udhA silencing, 4 promoters had a significant decrease, and 2 

promoters had robust expression. This result was surprising because most phoB 

promoters were sensitive to udhA silencing, but there were two subsets with divergent 

sensitivities. Additionally, promoters that were sensitive to udhA silencing did not 
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follow a trend in s ensitivity based on promoter strength. For example, the ph oH 

promoter had a signifi cant decrease in GFP expression with udhA silencing even though 

it is as strong as the yibD promoter (from the original screen) that has a significant 

improvement. Since the results from this promoter screen did not follow a trend in 

udhA silencing improvi ng GFP expression that corresponded with metabolic burden, 

we concluded that udhA silencing was not improving GFP expression with the yibD 

promoter based on precursor availabilit y. 

 

Figure 46: Testing the hypothesis that increasin g the NADPH s upply improves 

GFP expression based on improved precursor availability for amino acid 

biosynthesis. A) Overview of the hypothesis that NADPH improves GFP translatio n 

due to precursor availability. B) Calculated NADPH requirement for the biosy nthesis 

of each amino acid in E. coli (represented  by single letter code). C) Resulting GFP 

expression level from each phoB promoter screened with and without udhA silencing. 

Data shown in green represents a significant difference with udhA silencing relat ive 

ÛÖɯÛÏÌɯÊÖÕÛÙÖÓɯÚÛÙÈÐÕɯȹ×ǾƔȭƔƙȺɯÉÈÚÌËɯÖÕɯ6ÌÓÊÏɀs t-test for unequal variance. The dashed 

diagonal line is a visual aid that represents equivalent values in both the udhA 

silen cing and control conditions.  
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7.2.6 Soluble transhydrogenase silencing leads to transactivation of 
three redox sensitive transcription factors 

Although the promoter screen results did not support our precursor hypothesis, 

the udhA silencing impact d epended on the phoB promoter used to drive GFP 

expression. This result was interesting because it suggested that NADPH dependent 

transcriptional regulation may explain the data. This result was also consistent with our 

final hypothesis that NADPH is activa ting expression from the yibD promoter that was 

used in the initial screen and confirm atory studies based on a regulatory mechanism 

(Figure 47A). Since NADPH is a redox-cofactor, and E. coli has known redox sensitive 

transcriptional regulators we wanted to determine if one of these transcription factors 

was involved  in the GFP expression improvement resulting from udhA silencing. 

Specifically, ArcA/ArcB, OxyS/OxyR, and SoxS/SoxR are two component transcriptional 

regulatory systems in E. coli that are sensitive to redox state and activate genes that 

counteract oxidati ve and reductive stress (Nizam et al. 2009; Dubbs and Mongkolsuk 

2012; Sevilla et al. 2019).  

Based on this known redox sensitivity, we wanted to test if one of these 

transcription factors were involved in the reg ulatory effects resulting from increased 

NADPH in the  strain (Figure 47B). Since these transcription factors are two component 

systems, we knocked out one of each in two strains: the control strain without DAS+4 

tagged enzymes, and the strain with DAS+4 tagged udhA for proteolysis. Specifically, 

we knocked out ArcB, OxyR, and SoxR in each strain. Then we rescreened GFP 



 

 190  

expression driven by th e original yibD promoter in both strains with and without udhA 

silencing. Lastly, since aeration impacts dissolved oxygen concentration, which impacts 

redox state we altered aeration in this screen(Matsuoka and Kurata 2017; Rolfe et al. 

2011; Levanon, San, and Bennett 2005). Aeration was altered by varying the fill volume 

of the micro fermentations  ÍÙÖÔɯƙƔϟ+ɯȹÏÐÎÏɯÈÌÙÈÛÐÖÕȺɯÛÖɯƕƙƔϟ+ɯȹÓÖÞɯÈÌÙÈÛÐÖÕȺȭɯ1ÌÚÜÓÛÚɯ

are shown below in  Figure 47C-J.  

In this  transcriptio n factor knockout experiment, both control strains without 

transcription factor knockouts had a similar response observed in the initial scree n when 

ÛÏÌɯÍÐÓÓɯÝÖÓÜÔÌɯÞÈÚɯƕƔƔϟ+ɯÖÙɯÓÌÚÚȭɯ(ÕɯÛÏÌɯÊÖÕÛÙÖÓɯÚÛÙÈÐÕɯÞÐÛÏÖÜÛɯÜËÏ ɯ×ÙÖÛÌÖÓàÚÐÚȮɯÜËÏ ɯ

silencing improved  GFP expression (Figure 47C) whereas udhA proteolysis coupled 

with udhA silencing limited GFP expression  (Figure 47G). The aeration dependence of 

this response was consistent with a redox sensitive regulation. When ArcB, OxyR, and 

SoxR were knocked out, we expected that if a transcription factor was not involved, the 

control response at that volume would be observed. However, in the control strai n 

(without udhA proteolysis), udhA silencing limited GFP expression in all three 

transcription  factor knockout strains Figure 47D-F. Additionally , knocking out these 

transcription factors in the strain with udhA proteolysis led to surprising GFP 

expression changes. For example, knocking  out OxyR led to a much larger decrease in 

GFP expression with udhA si lencing compared to the same strain without knockouts  
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(Figure 47H). In contrast, knocking out SoxR and OxyR in this strain improved GFP 

expression with udh A silencing.   

Cumulatively, these results suggest that all three transcription factors have a 

regulatory effect on GFP expression driven by yibD promoter with udhA silencing. 

Based on these results we concluded that NADPH is activating GFP expression through 

a previously uncharacterized regulatory mechanism. Additionally, the involvement of 

all three transcription factors suggests transcriptional transactivation of the yibD 

promoter. This result is interesting because the yibD promoter is known to be regula ted 

by phoB and the sigma-factor sigma 70(Makino et al. 1993; Yoshida et al. 2011). 

Therefore, this result supports that there is a previously uncharacterized form of 

regulation of the yibD promoter and potentially other phoB promote rs, based on the 

phoB promoter dependence of the udhA silencing response shown in  Figure 46C. 

Similarly, the other phoB promoters from the previous screen are only known to be 

regulated by phoB and the sigma-factors sigma 70 and sigma S, therefore this 

transcriptional regulation is uncharacterize d(Taschner, Yagil, and Spira 2004; Makino et 

al. 1993; Yoshida et al. 2011).  

A final interesting outcome from this experiment came from the altered GFP 

expression levels with the ArcB knock out. Upon further investigation, we determ ined 

that Arc A was already knocked out in the parent strain (Strain 25) used in the original 

screen. Since ArcB is only known to activate ArcA to trigger r egulatory effects, it is 
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surprising that an ArcB knock out had an altered GFP expression in either strain with 

udhA silencing since this knockout should have been silent(Bekker et al. 2010; Nizam et 

al. 2009; Loui, Chang, and Lu 2009). Therefore, this result suggests that ArcB is able to 

interact with another targ et within the  E. coli proteome. Combined, both the unexpected 

function o f ArcB as well as the impact of all 3 transcription factors knockouts on GFP 

expression strongly support the existence of unidentified redox regulatory fun ction 

within  E. coli. 

 

Figure 47: Testing the hypothesis that udhA silencin g activates GFP expression 

through a regulatory mechanism . A) Overview of the hypothesis tested. Silencing 

udhA increases NADPH concentration leading to a n unknown regulatory mechanism 

that  causes phoB promoter transcriptional activation to increase GFP e xpression. B) 

Known redox sensitive transcription factors that were candidates for involvement in 

transcriptional activation of the yibD promoter. Panels C -J quantify GFP expression 
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from the transcription factor knockout screens with varied aeration based on the 

micro fermentation fill volume indicated. Transcription factors were knocked out in 

two strains: the control strain without udhA proteolysis (Strain  25, shown in C -D), 

and the strain with udhA proteolysis (Strain 763, shown in G -J). Blue bars represent 

results from an empty vector silencing plasmid (pCASCADE) and orange bars 

represent results with the udhA silencing plasmid. Knockouts in each strain a re 

indicated in the panel and as follows: C) Strain 25 (control), no transcription factor 

knockout. D ) Strain 25, OxyR knockout. E) Strain 25, ArcB knockout. F) Strain 25, 

SoxR knockout. G) Strain 763 (udhA proteolysis), no transcription factor knockout. H ) 

Strain 763, OxyR knockout. I) Strain 763, ArcB knockout. J) Strain 763, SoxR 

knockout.  

7.3 Conclusions 

We have shown that dynamic control of metabolic enzymes can be used as a tool 

for an improvement in protein expression, with a GFP reporter, as well as  a tool for the 

discovery of novel insights into uncharacterized regulation in  E. coli. Towards the first 

point, out of 168 combinations of dynamic control screened, 5 of these conditions had a 

significant level of improvement in expression of GFP  (Figure 42F). With follow  up 

studies on the strain with the greatest level of GFP expression improvement we have 

demonstrated that silencing the soluble transhydrogenase significantly limits udhA 

specific activity and leads to an accumulation of NADPH. After vetti ng 3 hypotheses on 

the mechanism of this improvement, we have concluded that udhA silencing leads to 

downstream transcriptional regulation of phoB promoters, since this response is 

promoter specific  (Figure 46C).  

The promoter dependence of udhA silencing improvement in GFP  expression 

highlights the second impact of dynamic control as a tool for discovery  of regulation in  
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E. coli. Dynamic control is particularly well suited for this application because separating 

growth from production and altering metaboli sm during the prod uction phase means 

that altered metabolite levels are specifically impacting recomb inant protein expression, 

rather than growth. With this approach we determined the promoter specificity was a 

downstream effect of redox regulation based on both the increase in NADPH pools and 

the involvement of three redox sensitive transcription factors . Specifically, knocking out 

OxyR, ArcB, or SoxR lead to the opposite effect on GFP expression with udhA silencing. 

This result is consistent with transcri ptional transactiv ation of the yibD promoter, which 

is only known to be regulated by phoB and the sig ma factor sigma 70. Future studies are 

needed to confirm the exact mechanism of regulation such as locus specific 

proteomics(Tsui et al. 2018). Regardless, this is an exciting result because it demonstrates 

that while  E. coli is well characterized, the stress associated with rewiring metabolism for 

improved protein expression can lead to irregular metabolic states that exert 

uncharacterized regulatory effects.  

7.4 Materials and Methods 

7.4.1 Reagents and Media 

All materials and r eagents were of the highest grade possible and purchased 

from Sigma (St. Louis, MO) or Bio Basic (Ontario, Canada) unless otherwise stated. Luria 

Broth, lennox formulation with lower salt (LB), was used for strain construction and 

plasmid propagation. Auto induction Broth (AB), SM10++, and SM10 were prepared as 
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previously reported (Moreb et al. 2020; Menacho-Melgar, Ye, et al. 2020). Working 

antibiotic concentrations were as follows: Kanamycin (35 µg/mL), Chloramphenicol (35 

µg/mL), Zeocin (50 µg/mL), Blasticidin (100 µg/mL), Gentamicin (50 µg/mL) and 

Tetracycline (50 µg/mL). Tetracycline and chloramphenicol were prepared as a 1000x 

stock in 70% ethanol. 

7.4.2 Strains and Strain construction 

E. cloni 10G (Lucigen, Middleton WI) was used for cloning and plasmid 

propagation. The strain 25 (DLF_Z0025) was constructed as previously described(S. Li et 

al., 2021). Strain 25 was subsequently modified to incorporate proteolysis of the 

metabolic enzymes, with a C-terminal DAS+4 tag for proteolysis. Linear DNA (gBlocks 

,IDT Coralville, IA ) encoding the enzyme modified with a C -terminal DAS+4 tag, with a 

ƗɀɯÈÕÛibiotic resistance marker, were flanked with homology arms targeting the genomic 

locus for integratio n with standard recombineering methodologies (X.-T. Li et al. 

2013)(X.-T. Li et al., 2013). These linear DNA sequences used to modify gltA, zwf, udhA, 

and lpd with DAS+4 tags, and the primers used to check for these modifications, came 

from previous stud ies(S. Li et al. 2021, 2020). The recombineering plasmid pSIM5 was a 

kind gift from Donald Court (NCI, https://redrecombineering.ncifcrf.gov/ court-

lab.html). The strains constructed in this study, along with the synthetic DNA used to 

make these modifications are listed in supplemental  Table 15 and supplement al Table 

16, ÙÌÚ×ÌÊÛÐÝÌÓàȭɯ2ÛÙÈÐÕÚɯÞÐÛÏɯÛÙÈÕÚÊÙÐ×ÛÐÖÕɯÍÈÊÛÖÙɯÒÕÖÊÒÖÜÛÚɯȹͅ.ßà1Ȯɯͅ ÙÊ!ȮɯÈÕËɯͅ2Öß1Ⱥɯ
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were constructed from strains DLF_Z0025 and DLF_Z0763 with a similar 

recombineering method. Linear DNA fragments targeting each transcription fact or for 

deletion were generated with PCR of the TetR gene from the tetA-SacB cassette with Q5 

High -Fidelity polymerase (NEB, Ipswich, MA, Cat#M0492S)(X.-T. Li et al. 2013). The 

PCR primers incorporated homology arms targeting the genom ic locus. These primers, 

as well as the primers used to confirm each modification and their corresponding 

sequences are listed in  supplemental Table 17.  

7.4.3 Plasmids 

All plasmids used in this study, their sources, and corresponding addgene 

catalog numbers (when applicable) are listed in supplemental Table 18. Plasmid 

pSMART-HCKan-EV was constructed from the linear pSMART -HCKan vector supplied 

in the Lucigen CloneSmart kit (Lucigen, Middleton WI, Cat#40708 -2) with a single 

ligation step, as described in the manufacturer's protocol. All plasmids used for GFP 

expression with phoB promoters were obtained from addgene (Moreb et al. 2020; 

Menacho-Melgar, Ye, et al. 2020). Most pCASCADE plasmids used to introduce gene 

silencing guides were also obtained from addgene(Ye et al. 2020; S. Li et al. 2021, 2020). 

The four remaining guide arrays were constructed by sequentia lly amplifying 

complementary halves of smaller guide RNA plasmid with the same method previously 

described(S. Li et al. 2020; Ye et al. 2020). Plasmids were assembled NEBuilder HiFi 

DNA Assembly master mix (NEB, Ipswich, MA, Cat #E2621L) according to the 
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ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ ÐÕÚÛÙÜÊÛÐÖÕÚȭɯ  ÍÛÌÙɯ ÈÚÚÌÔÉÓàȮɯ ÛÏÌɯ ÙÌÈÊÛÐÖÕɯ ÞÈÚɯ ËÐÓÜÛÌËɯ ȹƕȯƖƔȺ and 

transformed into el ectrocompetent E. cloni. The cells were recovered for 1 hour at 37°C 

and plated on Chloramphenicol LB agar. Single colonies were selected for colony PCR 

with Taq polymerase (Taq 2X Master Mix, NEB, Ipswich, MA, Cat#M0270L) with 

Seq_pCASCADE_F and Seq_pCASCADE_R primers to check for the appropri ate size 

change with gel electrophoresis, then sent for sequencing for final confirmation. 

Sequence confirmed plasmids were then purified (Zyppy Plasmid Miniprep Kit, Zymo 

Research, Irvine, CA, Cat#D4019). Primers used to construct the guide RNA plasmids 

are listed in  supplemental Table 17.  

7.4.4 Micro Fermentations 

Micro Fermentations were performed in 96 well plates (Genesee Scientific, San 

Diego, CA, Cat #25-104) and minimal media micro ferm entations were performed w ith 

an established method (Moreb et al. 2020). Glycerol stocks were used to inoculate 

SM10++ media (5 ϟ+ɯÚÛÖÊÒɯÐÕɯƕƙƔɯϟ+ɯ2,ƕƔǶǶɯÔÌËÐÈȺɯÐÕɯƝƚɯÞÌÓÓɯ×ÓÈÛÌÚȮɯÞÏÐÊÏɯÞÌÙÌɯ

covered with  pre-autoclaved sandwich covers (EnzyScreen, Haarlem, The Netherlands, 

Model #CR1596) to ensure minimal evaporative loss during incubation. Plates were 

incubated for 16 hours at 37 Ș"ɯÈÕËɯƗƔƔɯÙ×ÔɯȹÛÏÌɯÚÏÈÒÌÙɯÖÙÉÐÛɯÐÚɯƙƔɷÔÔȺȭɯ ÍÛÌÙɯƕƚɯÏÖÜÙÚȮɯ

cells were washed and normalized to OD(600 nm) = 1. Plates were covered with new 

sterile sandwich covers and returned to the incubator for 24 hours. At 24 hours the GFP 

expression was quantified. 
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Rich autoinduction (AB) media micro fermentations were also performed with a 

method previously reported (Menacho-Melgar, Ye, et al. 2020; Ye et al. 2021; Moreb et al. 

2020). Glycerol stocks of each strain were used to inoculate LB overnight cultures in 96 

ÞÌÓÓɯ×ÓÈÛÌÚɯȹƖȭƙϟ+ɯÖÍɯÎÓàÊÌÙÖÓɯÚÛÖÊÒɯÐÕɯƕƔƔϟ+ɯÖÍɯ+!ɯÔÌËÐÈɯper well). These 96 well plates 

ÞÌÙÌɯÊÖÝÌÙÌËɯÞÐÛÏɯÚÛÌÙÐÓÌɯÚÈÕËÞÐÊÏɯÊÖÝÌÙÚɯÈÕËɯÊÜÓÛÜÙÌËɯÈÛɯƗƛȘ"ȮɯƗƔƔɷÙ×ÔɯÍÖÙɯƕƚɷÏÖÜÙÚȭɯ

4ÕÓÌÚÚɯÖÛÏÌÙÞÐÚÌɯÚÛÈÛÌËȮɯÈÍÛÌÙɯƕƚɷÏÖÜÙÚɯÖÍɯÎÙÖÞÛÏȮɯƕϟ+ɯÖÍɯÛÏÌɯÖÝÌÙÕÐÎÏÛɯÊÜÓÛÜÙÌɯÞÈÚɯ

ÐÕÖÊÜÓÈÛÌËɯƕƔƔϟ+ɯÖÍɯ !ɯÔÌËÐÈɯÞÐÛÏɯÛÏÌɯÈ××ÙÖ×ÙÐÈÛÌɯÈÕÛÐÉÐÖÛÐÊÚȭɯ"ÖÕÚÐÚÛÌÕÛÓàɯƕǔɯȹÝɤÝȺɯÖÍɯ

the LB overnight culture was used to inoculate the AB fill volume if another volume is 

indicated. Plates were covered with new sterile sandwich covers and grown at 37°C, 

ƗƔƔɷÙ×Ôɯ ÍÖÙɯ ƖƘɷÏÖÜÙÚɯ ÈÛɯ ÞÏÐÊÏɯ ×ÖÐÕÛɯ ÚÈÔ×ÓÌÚɯ ÞÌÙÌɯ ÏÈÙÝÌÚÛÌËɯ ÍÖÙɯ &%/ɯ Ìß×ÙÌÚÚÐÖÕɯ

analysis.  

7.4.5 GFPuv Expression 

GFPuv expression was quantified based on fluorescence and Oprical density 

(600nm) measurements taken with a Tecan Infinite 200 plate reader with a method 

previously described (Menacho-Melgar, Ye, et al. 2020; Ye et al. 2021). Samples were 

ËÐÓÜÛÌËɯÐÕɯ×ÐÊÖ×ÜÙÌɯÞÈÛÌÙɯÐÕɯÈɯÍÐÕÈÓɯÝÖÓÜÔÌɯÖÍɯƖƔƔϟ+ɯÐÕɯÉÓÈÊÒɯƝƚɯÞÌÓÓɯ×ÓÈÛÌÚɯȹ&ÙÌÐÕÌÙɯ!ÐÖ-

One, Cat#655087).  Fluorescence measurements were taken with sample excitation at 412 

nm (Omega Optical, Cat# 3024970) and emission was read at 530 nm (Omega Optical, 

Cat#3032166) using a gain of 60. 
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7.4.6 Shake flask studies 

Samples were prepared in shake flasks for udhA activity assays and NADPH 

quantification. Shake flask studies were performed in minimal media and AB media as 

previously described (Menacho-Melgar, Hennigan, and Lynch 2021; S. Li et al. 2020). An 

overnight LB culture of the indicated strain and expression plasmi d was used to 

inoculate 20 mL of either SM10++ media or AB autoinduction media with the 

appropriate antibiotics in a vented baffled 250mL Erl enmeyer flasks (VWR, cat. no. 

89095-270). When AB media was used flasks were incubated at 37°C and 150 r.p.m. for 

24 hours then harvested for analysis. When SM10++ media was used flasks were 

incubated at 37°C and 150 r.p.m and samples were harvested in mid exponential phase, 

washed and resuspended in SM10 No phosphate media with the appropriate antibiotics, 

and after 24 hours the samples were harvested for analysis. 

7.4.7 udhA activity assay 

The udhA activity assay was performed with established method s(S. Li et al. 

2021; Sauer et al. 2004; H.-H. Chou, Marx, and Sauer 2015). Briefly, the shake flask 

lysates were centrifuged twice (15 minutes (4200 RPM, 4°C) and 30 minutes (14000 RPM, 

4°C)) to separate the soluble and insoluble fractions. The soluble fraction was diluted 1:5 

with the assay reaction buffer (50mM Tris -HCl, 2mM MgCl, pH 7.6) and and filtered to 

remove metabolites with a Amicon Ultra centrifugal filte r (10kDa MWCO, Millipore 

Sigma, Cat#UFC901024). This step was repeated 3 times to remove metabolites and 
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exchange the lysis buffer for the assay buffer. Protein concentrations were quantified 

with a standard Bradford assay and the soluble transhydrogenase activit y was assayed 

in in black 96 well plates (Greiner Bio-One, Cat#655087) by following the changes in 

absorbance at 400 nm and 310 nm due to the reduction of APAD+ and the oxidation of 

NADPH, respectivel y(S. Li et al. 2021). The molar absorptivity of NADPH at 310 nm 

(3.04*103 M-1 cm-1).was used to convert the measured slope of the linear region to the 

change in concentration per minute. The udhA specific activ ity was calculated by 

dividing the change in N ADPH concentration per minute by the protein concentration . 

7.4.8 NADPH pool quantification 

NADPH pools were quantified with a NADPH Assay Kit (AbCam, Cambridge, 

UK, Cat # ab186031) according to the manufacturer's instructions. The assay was 

performed with each indicated dynamic control combination;  however, strains had an 

empty vector pSMART plasmid rather than a plasmid for GFP expression. Cells were 

lysed using the lysis buffer in the assay kit after shake flask expression. Each sample was 

expressed in triplicate. 

7.4.9 In vitro translation 

In vitro translation was performed with the NEB PURExpress In Vitro Protein 

2àÕÛÏÌÚÐÚɯ *ÐÛɯ ȹ-$!Ȯɯ (×ÚÞÐÊÏȮɯ , Ȯɯ "ÈÛɯ ș$ƚƜƔƔ2Ⱥɯ ÈÊÊÖÙËÐÕÎɯ ÛÖɯ ÛÏÌɯ ÔÈÕÜÍÈÊÛÜÙÌÙɀÚɯ

protocol. The reporter plasmid for eGFP expression with in vitro translation, pCMV -T7-

EGFP (BPK1098) was a gift from Benjamin Kleinstiver (Addgene plasmid # 133962 ; 
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http://n2t.net/addgene:133962 ; RRID:Addgene_133962). A 10mM solution of NADPH 

was prepared in PBS and diluted to 100ϟM in the final reactio n. Each condition was 

performed in triplicate and fluorescence measurements were recorded in a Chai Open 

qPCR machine. 
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7.6 Supplemental 

 

Figure 48: Soluble transhydrogenase (udhA) sile ncing improves GFP 

expression in both minimal and rich media. Silencing udhA also significantly 

decreases udhA expression level in the  strain. All t -ÛÌÚÛÚɯÞÌÙÌɯ×ÌÙÍÖÙÔÌËɯÞÐÛÏɯ6ÌÓÊÏɀÚɯ


































































































