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I. LITERATURE SECTION  

1 Introduction 

 

It is estimated that inner membrane proteins of gram-negative bacteria, Escherichia coli are 

encoded by 25% of approximately 4000 open reading frames in its genome (Poetsch & Wolters, 

2008). Despite this, only small percentages of known proteins structures are of membrane proteins. 

This lag in membrane protein research compared to soluble membrane proteins counterparts is due 

to many factors that include their complex biophysical characteristics on the water/lipid interface 

and the low expression levels. Integral membrane proteins have one or more trans-membrane 

domains that transverse the lipid bilayer. The targeting and integration of these membrane proteins 

require numerous dedicated cellular machineries. However, despite having these cellular 

machineries with conserved features in all domains of life (Dalbey et al., 2014), heterologous 

membrane protein expression still remains challenging. The process is even more challenging upon 

overexpression of foreign membrane proteins i.e. proteins from eukaryotic origin which leads to 

mis-targeting, mis-folding, proteins degradation, inclusion body formation and cell death.   

 

Attainment of the correct orientation is a challenge the bacterial machinery faces when 

confronted with a foreign membrane protein. This is important to the folding pathway of membrane 

proteins since a wrong orientation could be detrimental to normal functioning of the proteins and 

the viability of the host cell. The final overall architecture of the membrane protein including its 

final topology is achieved, at least partially by topogenic signals impeded in the amino acid 

sequence. The signals are long stretches of mostly hydrophobic amino acid sequence that determine 

the portion of the proteins to be localized in the membrane. The positive inside rule is another 

major contributor of the membrane topology. The rule favors the abundance of positively charged 

amino acids on the cytoplasmic loops of the protein compared to periplasmic loops. (Boyd & 

Beckwith, 1990). 

 

Insertases and translocases are needed to insert newly synthesized proteins into the 

membranes. The insertion of proteins in the inner membrane of E. coli is mediated by the YidC 

insertase and SecYEG translocase complex. These two have been characterized in detail and both 
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show their translocation and insertion function in reconstituted systems (Dalbey et al., 2011). YidC 

plays dual function since it’s been shown to interact with the Sec translocon as well as 

independently (Dalbey et al., 2014).  Both of the integration machineries are essential for cell 

viability despite having a few number of substrate proteins solely dependent on YidC for 

integration (Saller et al., 2012). 

 

In this study rat vitamin K epoxide reductase subunit 1 (VKORC1) was used as a model 

protein to study the assembly of indigenous eukaryotic membrane protein in E. coli. VKORC1 is 

a vital enzyme in vitamin K cycle needed to sustain blood coagulation. VKORC1 is also the target 

for blood anticoagulant warfarin. VKORC1 was chosen as a model protein because they exist in 

some bacterial species, a homologue of VKORC1 that is implicated in the formation of structural 

disulfide bonds. This bacterial homologue is the Mycobacterium tuberculosis VKOR (MtbVKOR). 

The enzyme is structurally homologous to DsbB in that it has a transmembrane helical bundle and 

pair of redox active cysteines facing the periplasm (Wang et al., 2011). Given the structural and 

functional homology between MtbVKOR and DsbB, it was reasonable that if VKORC1 were to 

function, it would complement DsbB by restoring the formation of disulfide bonds to a ∆DsbB 

strain. Whereas the bacterial VKOR can functionally replace E. coli disulfide bond catalyst DsbB, 

human or rat VKORC1 cannot.    

 

A bacterial genetic screen was designed to promote the membrane integration of rat 

VKORC1 in the E. coli inner membrane. Such approach would provide insight in the assembly and 

integration of proteins in the inner membrane and the quality control machinery involved. The 

screens were based on the restoration of disulfide bond forming pathway. Previously, chromosomal 

mutations were isolated which mapped to putative substrate binding site in the insertase YidC and 

in essential catalytic residues in the protease HslV. However, these mutations were accompanied 

by a mutant form of the VKORC1 ∆A31AR (deletion of amino acids 31-33 (AAR), denoted rat 

VKORC1ΔAAR hereafter) (Hatahet et al., unpublished data). The expression of VKORC1 wild-type 

(wt) proved challenging. Bacterial genetic screens were done on strains containing previous 

identified mutations in YidC and HslV in separate or combined, and with a plasmid expressing 

wild-type rat VKORC1. The study also targeted YidC hydrophilic groove to comprehend the 

mechanism of protein integration in the inner membrane using rat VKORC1 as the model protein. 
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This rational approach led to identification of new mutations that increase the functional activity 

of VKORC1ΔAAR in a comparable way as the mutations identified during the screening process. 

Based on these findings, we demonstrate that genetic manipulation in the membrane protein 

integration machinery and quality control system can enhance functional expression of other 

membrane proteins.   
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2 Review of the literature 

 

2.1 The role of membrane insertion 

 

All living cells are surrounded by lipid membranes. Gram-negative bacteria have two membranes 

the outer and the inner membranes, unlike gram-positive bacteria which possess only single cell 

membrane. Besides lipids, membranes contain intrinsic proteins that play important roles for the 

cell and make up approximately 25% of the entire proteome in an organism (Poetsch & Wolters, 

2008). They perform a diverse set of functions in the cell including cell signaling, photosynthesis, 

nerve conduction, metabolite exchange and respiration.  

 

The biogenesis of inner membrane proteins requires coordinated targeting, insertion or 

translocation across the membrane and assembly into protein complexes (Facey & Kuhn, 2010). 

Membrane proteins have to reach their nominated destination by correct targeting and folding in 

order to function in the cell. A range of insertion and translocation machineries are needed to 

facilitate all these processes. The two main protein transport systems that exist in bacteria are the 

YidC insertase and the Sec translocase. According to Dalbey et al., (2014), these systems promote 

the translocation of hydrophilic domains across the hydrophobic barrier of the membrane which 

allows the insertion of trans-membrane segments into the lipid bilayer, a phenomena existing in all 

three domains of life. 

 

2.1.1 The Sec translocase complex 

 

Sec translocase catalyzes the insertion of bacterial membrane proteins in the inner membrane. This 

translocase is composed of three complexes; a peripheral membrane component SecA and the two 

membrane embedded complexes SecDFyajC and SecYEG (Driessen & Nouwen, 2008).  SecYEG 

provides the protein conducting channel (Veenendaal et al., 2004) required for insertion and 

translocation of membrane proteins while SecDF makes membrane insertion and translocation 

more efficient. However, SecDF has been shown to be non-essential for invitro protein 

translocation studies (Pogliano & Beckwith, 1994). SecA is a motor ATPase that has been shown 

to be essential in the translocation of certain hydrophilic domains of membrane proteins (Dalbey 
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et al., 2011).  The insertion of polypeptide is achieved by SecA using ATP hydrolysis which pushes 

20 to 30 residues at a time in the Sec channel (Economou & Wickner, 1994).  

 

SecY is a pore forming component of the complex. Its crystal structure from 

Methanococcus jannaschii gave a clear insight of its role in protein translocation. SecY complex 

in E. coli forms an hourglass structure, which consists of ten transmembrane (TM) helices (TM1-

TM10) whereas SecG and SecE have two and three TM helices respectively (Van den Berg et al., 

2004). SecE and SecY are important for cell viability in E. coli, whereas SecG is not required for 

cell viability at 37 °C (Facey & Kuhn, 2010). SecY and SecE form a stable complex which protects 

SecE from degradation by membrane bound protease FtsH (Joly et al., 1994; Kihara et al., 1995).  

Possession of the lateral gate is another key feature of SecY. This gate forms an exit for the 

hydrophobic segments of newly synthesized membrane proteins (Facey & Kuhn, 2010).  

 

2.1.2 The membrane insertase YidC 

 

The E. coli YidC is a 61 kDa protein of the inner membrane composed of 5 transmembrane 

segments and a large periplasmic domain between TM1 and TM2 (Sääf et al., 1998). YidC forms 

a dimer, which in cooperation with a conserved protein conducting channel; the Sec translocon 

(Figure 2.1), contributes to efficient membrane protein insertion (Schulze et al., 2014). Compared 

to SecYEG proteins with 500 copies per cell, YidC is more abundant with an estimated 2500 copies 

per cell.  (Drew et al., 2003; Urbanus et al., 2002). In E. coli it associates with both the SecYEG 

and SecDFYajC complexes to form a hetero-complex composed of single copies of SecYEG, 

SecDFYajC and YidC (Nouwen & Driessen, 2002).  Since YidC is more abundant than SecYEG 

complex, it is likely that the hetero-complex formed comprise of  only  a small portion of the YidC 

protein pool and the rest of the protein pool inserts membrane proteins independently (Figure 2.1) 

(Dalbey et al., 2014).   

 

E. coli YidC is necessary for cell viability and one of the best studied YidC/Oxa1/Alb3 

family members (Saller et al., 2012). It plays a vital role as an insertase catalyzing transmembrane 

insertion of newly synthesized proteins without an energy resource domain such as an ATPase. It 

is unclear how this function of YidC is accomplished. It is proposed that YidC likely uses the 
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hydrophobic force to achieve its role by binding nascent polypeptide chains and facilitating their 

entrance into the lipid bilayer (Dalbey et al., 2014). E. coli YidC possesses an additional TM helix, 

which functions as a signal sequence. In addition to this, it has a large periplasmic domain (P1) 

that protrudes from the N-termini of the core TM helices (Kumazaki et al., 2014). It has been 

observed that the P1 domain might not to be involved in the YidC insertase function considering 

that more than 90% of the domain can be deleted without altering the proteins’ function (Dalbey 

et al., 2014). One possible function of this domain is that it is involved in folding of the periplasmic 

regions of the inserted substrates. (Jiang et al., 2003). Xie and co-workers (2006) proposed that the 

domain facilitates stable complex formation through interaction with multiple components of the 

Sec machinery.  

 

 

Figure 2.1 SecYEG complex and the YidC insertase membrane protein insertion overview 

(a) SecYEG facilitates the insertion of membrane proteins and the lateral positioning of the 

transmembrane segments in the lipid bilayer. (b) SecYEG and YidC work together to insert membrane 

proteins. After insertion to the Sec channel, the TM segments are handed over to YidC which releases 

them one by one to the lipid bilayer. (c) Independent insertion of membrane proteins by YidC. (d) 

SecYEG and YidC work together to realize proteins insertion. In this case, YidC inserts the N-terminal 

region of the protein while the insertion of C-terminal region is promoted by SecYEG. Adopted from 

Dalbey et al., (2011).  

  

2.1.2.1 YidC hydrophilic groove 

 

Recently the crystal structure of E. coli YidC (EcYidC) was solved, where structural similarities 

were observed between the EcYidC and Bacillus halodurans YidC (BhYidC). Analysis of the 

structure revealed that the core TM helices form a hydrophilic groove which  contains many 
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conserved hydrophilic residues as observed for BhYidC (Kumazaki et al., 2014) (Figure 2.2). The 

groove is formed as a result of tight packaging of TM α-helices on the periplasmic side but loose 

interaction of the transmembrane segments (TMs) on the cytoplasmic leaflet. (Kumazaki et al., 

2014). The groove opens toward both the cytoplasmic and membrane sides through a gap between 

TM3 and TM5. Many hydrophilic residues, including threonine 362, arginine 366, threonine 373, 

glutamine 429, threonine 474, serine 520, asparagine 521, and glutamine 527 constitute the groove. 

Among these, arginine 366 is highly conserved as it generates a positively charged surface in the 

groove. However, despite its conserved nature, arginine 366 is not essential but plays a vital role 

in YidC functionality under certain conditions (Kumazaki et al., 2014). See Section 6 for more 

details and discussion.  

 

 

Figure 2.2 Superimposed view if both EcYidC and BhYidC hydrophilic grooves  

EcYidC is colored showing the residues, while BhYidC is grey superimposed on the TM region of 

EcYidC. The side chain of Arg366 in EcYidC corresponds to Arg72 in BhYidC. Adapted from Kumazaki 

et al., (2014).   

 

2.1.2.2 YidC substrate determinants 

 

According to Dalbey et al., (2014), since the discovery of YidC, only a few of YidC specific 

substrates have been identified (Figure 2.3). These substrates include Pf3 coat proteins and the M13 
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procoat (Samuelson et al., 2000), MscL (Facey et al., 2007), the ATP synthase subunit Foc (Van 

der laan et al., 2004), and the C-tailed anchor protein TssL (Aschtgen et al., 2012).  These substrates 

share a common feature in that they all possess short translocated regions. For these short 

translocated regions, YidC has been shown to be sufficient for promoting membrane insertion 

(Serek et al., 2004).  

 

Many, but not all YidC substrates are characterized by negatively charged residues on the 

periplasmic side. The periplasmic loop of MscL has two positively charged residues and three 

negatively charged residues while Pf3 coat protein has two negatively charged residues in the N-

terminal that gets translocated to the periplasm. Membrane insertion is inhibited when uncharged 

residues are used to substitute both negatively charged residues of Pf3 coat protein (Kiefer & Kuhn, 

1999). Additionally, negatively charged residues in the TM segments have been proposed to 

contribute to the YidC substrate determination. Price and Driessen (2010) observed that, unit K of 

NADH: ubiquinone oxidoreductase (Nuok) is inserted in a YidC/Sec dependent manner. Nuok has 

two conserved negatively charged residues in TM2 and TM3. Later, Dalbey et al., (2014) 

established that the substitution of these two residues to positively charged residue, resulted in Sec-

only dependent insertion where YidC was not needed. Hence, suggesting the significance of 

negative charges for the dependence of YidC.  

 

 

Figure 2.3 YidC specific substrates 

The single spanning Pf3 coat protein, the double-spanning M13 coat protein, the ATP synthase subunit 

C, MsCL, and the C-tailed protein TssL are shown. Adapted from Dalbey et al., (2014). 

 

Another possible YidC substrate determinant is unbalanced distribution of charge on a protein. 

Dalbey et al., (2014) observed that by screening a plasmid library encoding protein tagged to a 

GFP reporter, different fluorescence patterns were identified under YidC expressed and YidC 
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depleted conditions. Most of the proteins affected by YidC depletion were proteins that had 

unbalanced charge distribution, which do not follow the positive-inside rule (Dalbey et al., 2014). 

These results were in consistent with Gray et al., (2011). It is probable that the most vital YidC 

substrate determinant is a TM segment with moderate hydrophobicity. Ernst et al., (2011) noted a 

correlation between the degree of YidC dependence for insertion and the overall hydrophobicity 

of the TM segment of Pf3 coat. This was based on Goldman, Engelman and Steitz (GES) 

hydrophobicity scale. The hydrophobicity of the Pf3 TM segments was increased by amino acid 

substitutions which led to increased proportion of the protein being inserted into liposomes lacking 

YidC. (Ernst et al., 2011).   

 

2.2 Membrane protein topology and the positive inside rule 

 

Membrane proteins topology is determined during the insertion step (von Heijne, 2006). Most E. 

coli membrane proteins have the cytoplasmic loop enriched with positively charged residues 

compared to the periplasmic loops (Heijne, 1986). This is referred to as the positive-inside rule. 

The rule states that the orientation of the TM region is determined by positively charged residues 

located in the cytoplasmic loops (Boyd & Beckwith, 1990). In single spanning membrane proteins, 

this rule determines whether a TM segment functions as a type I signal anchor (N-terminus out), 

type II signal anchor (C-terminus out), or a stop transfer (C-terminus in) (Dalbey et al., 2011). In 

all these cases, the membrane is spanned once by the topogenic elements with flanking positive 

charges leaning towards the cytoplasm. Additionally the negatively charged residues are similarly 

important as positively charged residues, in determination of the protein membrane topology. 

Keifer et al., (1997) showed that negatively charged aspartic acid at position 18 of the Sec-

independent Pf3 coat protein plays an active role in topology determination. Upon substitution of 

the residue to asparagine, translocation of the N-tail was hindered showing aspartic acid plays an 

active role in the translocation process.  

 

According to Dalbey et al., (2011), the orientation of each TM segment has to be 

determined in multi-spanning membrane proteins, to ensure the hydrophilic loops connecting the 

TM segments are correctly localized. “Positively charged residues in the cytoplasmic domains can 

function as topological determinants throughout the protein. In some cases, positively charged 
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residues located in the C-terminal can dictate the topology on the N-terminal region” (Gafvelin & 

Von Heijne, 1994). Understanding how proteins adapt dual topologies has remained intriguing. An 

example is the EmrE (component of the multidrug efflux complex) that forms a homodimer with 

each monomer adapting the opposite topology. The X-ray crystal structure of the protein confirms 

the unusual dimer conformation. (Chen et al., 2007). Heijne and coworkers (2006) proposed that 

these proteins with multiple topologies do not have a strong positive inside charge bias.  Different 

constructs of EmrE can be made with different topologies by adding positive charged residues at 

appropriate location. Upon expression of the two constructs together, they bind each other and 

generate a functional dimer.  

 

2.3 Escherichia coli quality control machinery; HslVU complex 

 

The proteome of a cell is in constant flux. Cellular proteins undergo constant modification to adapt 

to changing environmental and developmental challenges. Proteins that are mis-folded or damaged 

are degraded proteolytically, which assists in avoiding potentially catastrophic aggregation in the 

cell while recycling amino acids. An important factor about degradation which in most cases uses 

up energy in form of ATP is that it is irreversible and thus specific recognition is required to avoid 

wasteful destruction (Sauer & Baker, 2011). Additionally, degradation is utilized to remove normal 

functioning proteins for the purpose of regulation when they are no longer needed. AAA+ proteases 

and molecular assembly chaperones work together as quality control machineries to maintain the 

proteome integrity of the cell (Sauer & Baker, 2011). During membrane proteins biogenesis, when 

the inserted membrane protein is mis-folded or mis-assembled, the AAA+ protease quality control 

machinery works to degrade the proteins.   

 

The hslVU operon in E. coli encodes two proteins; HslU a 50 kDa protein and HslV a 19 

kDa protein (Chuang et al., 1993). Both proteins are expressed in many bacteria in response to cell 

stress. They function together as a complex where HslV acts as a protease while the HlsU is an 

ATpase. The complex formed by the two proteins forms a symmetric assembly of four stacked 

rings consisting of HslV dodecamer bound to HslU hexamer forming a central pore where the 

ATPase and protease active sites reside. HslV acts as a protease when HslU is in ATP bound state. 

(Ramachandran et al., 2002). The basic mechanism by which HslVU complex performs proteolytic 
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degradation is almost similar to that observed in the eukaryotic proteasome. Catalysis in both 

systems is linked to active site threonine residues. (Bogyo et al., 1997). Similar to the proteasome, 

HslU must bind ATP in a magnesium depended manner prior to binding and unfolding of the 

substrate (Burton et al., 2005).  

 

2.4 Vitamin K epoxide reductase subunit 1  

 

2.4.1 Role of vitamin K epoxide reductase subunit 1 in blood coagulation 

 

VKORC1 is an 18 kDa endoplasmic reticulum membrane protein of the putative vitamin K epoxide 

reductase (VKOR) enzyme complex (Rost et al., 2004). VKOR is involved in vitamin K-dependent 

γ-carboxylation system. Vitamin K dependent proteins are modified by the systems through 

conversion of glutamic acid (Glu) residues to γ-carboxyglutamic acid (Gla) residues (Wallin, 

2004). This post-translational modification facilitates the binding of calcium by proteins. Calcium 

binding by Gla residues, is essential for proteins to attain their physiological functions (Furie & 

Furie, 1990; Wallin, 2004). In the blood coagulation system, seven proteins produced by the liver 

are dependent on Gla modification; Prothrombin, protein C, protein S, protein Z and factors VII, 

IX, and X (Furie & Furie, 1988). 

 

Vitamin K cycle (Figure 2.4) comprises of vitamin K dependent γ-carboxylase, which 

requires reduced form of vitamin K; vitamin K1 hydroquinone (vitamin K1H2) as a cofactor, and 

vitamin K1 2,3,epoxide reductase (VKOR), a warfarin sensitive enzyme that produces the co-factor. 

Ross and coworkers (2004) showed VKOR subunit 1, (VKORC1) is responsible for warfarin 

sensitivity. Concurrent with γ-carboxylation, the hydroquinone is converted back to vitamin K1 2, 

3, epoxide (KO) which is reduced back the hydroquinone by VKOR. This interconversion of 

vitamin K metabolites is known as vitamin K cycle. (Suttie, 1978). VKOR reduces the epoxide in 

two steps, first to the quinone (K) and then to the hydroquinone (KH2). Both of the steps are 

inhibited by warfarin. Due to overall scarcity of vitamin K in cells, the inhibition results to impaired 

blood coagulation.(Furie & Furie, 1990). Warfarin toxicity can be treated by a diet with high 

amounts of vitamin K1. It has been observed that vitamin K can be reduced when there is an 

elevation of liver concentrations of vitamin K1 through an alternative pathway catalyzed by DT-
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diaphorases (Wallin, 2004). These enzymes can use both NADPH and NADH for vitamin K1 

reduction (Wallin & Martin, 1987; Wallin, 2004).  

 

 

Figure 2.4 Vitamin K cycle 

Oxygen and carbon dioxide are used as cofactors by γ-carboxylase to reduce vitamin K hydroquinone 

(KH2), by addition of γ-carboxylate moiety to glutamic acid residues in various vitamin K dependent 

proteins. Vitamin K epoxide (KO) is generated as a by-product and has to be promptly recycled to KH2 

to sustain further γ-carboxylation reactions. The recycling of KO is blocked by warfarin and other 

coumarin-derived anticoagulants by inhibiting the steps catalyzed by VKORC1. DT-diaphorase can 

reduce vitamin K quinone (K) to fully reduced KH2 but is not capable of reducing KO. This makes 

VKORC1 the only enzyme that has been shown to catalyze KO reduction.  Adapted from Oldenburg et 

al., (2006). 
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2.4.2 Vitamin K epoxide reductase redox physiognomies 

 

2.4.2.1 Structure of vitamin K epoxide reductase; bacterial homologue  

 

VKOR homologues have been identified in a variety of organisms including, archaea, bacteria and 

plants. All the homologues share a conserved active site CXXC motif, which switches between the 

reduced and disulfide bonded states during the reaction cycle, as well as additional pair of cysteines 

and a conserved serine/threonine residue (Goodstadt & Ponting, 2004). The bacterial VKOR 

homologue catalyzes disulfide bond formation in secreted proteins in cooperation with a periplasm 

thioredoxin-like redox partner (Singh et al., 2008). Recently the crystal structure of Synechococcus 

sp. VKOR was solved where VKOR and its Trx-like partner were caught in an intermediate stage 

of the redox reaction (Li et al., 2010). The structure was vital as it shed light on the redox pathway 

and also made significant implications on the function of the mammalian VKOR. Li et al., (2010) 

reported bacterial VKOR consists of membrane-embedded domain connected to the Trx-like 

domain via a linker segment, with VKOR part containing five transmembrane domains. TMs 1-4 

are homologous to rat VKOR with approximately 17% sequence identity. Both N and C terminals, 

and the loop between TMs 2 and 3 are located in the cytosol (Figure 2.5).  

 

2.4.2.2 Structural implications for mammalian vitamin K epoxide reductase 

 

Conflicting topology models have been proposed for mammalian VKOR with most studies 

speculating either a three or four TM segments model (Goodstadt & Ponting, 2004). Recent studies 

show the mammalian VKOR may consist of four TM segments. This has been revealed by the 

recent crystal structure of the bacterial homologue and multiple sequence alignments. This model 

would favor an ER-luminal redox partner as it places all enzymatically important residues 

including the active site CXXC and conserved serine/threonine residues on or close to the luminal 

side of the membrane (Li et al., 2010). The bacterial homologue structure supports the idea that the 

ER luminal redox partner of the mammalian VKOR is a Trx-like protein. However, there are many 

potential  redox partners as the mammalian ER contains 20 proteins with a Trx-like fold, 12 of 

which have the at least one CXXC motif (Hatahet & Ruddock, 2009). Schulman et al., (2010) 

confirmed that VKOR indeed does have four TM segments indicating an interaction with an ER-
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luminal redox partner. Schulman et al., (2010) with an objective to identify this partner screened a 

panel of ER-luminal Trx-like proteins for their ability to form a key reaction intermediate. The 

intermediate happens when a mixed disulfide bond is formed between cysteine in the CXXC motif 

of the Trx-like protein and a cysteine in the luminal loop of VKOR. Their results identified TMX, 

an ER membrane-anchored Trx-like protein with a unique CPAC active site, as the major VKOR 

interaction partner. TMX4 and ERp18 are other interaction partners identified though they 

displayed lower interaction affinity. TMX4 is also membrane anchored while ERp18 is soluble. 

These results abolished previous speculation that PDI was the major VKOR redox partner (Wajih 

et al., 2007). Since the Trx-like proteins (in this case TMX) ultimately oxidize newly synthesized 

proteins, it is possible that VKOR may contribute indirectly to disulfide bond formation, even when 

uncoupled from its well characterized role in blood coagulation (Li et al., 2010).  

 

 

Figure 2.5 Membrane topology of VKORs 

Transmembrane 1-4 form the core essential four-helix bundle found in all VKORs. TM5 is shown with 

dotted line with a linker to the Trx-like domain found in Synechococcus sp. Red ovals show conserved 

cysteines and Serine/threonine residues. Blue and green ovals show warfarin resistant mutations in 

mammalian VKOR located close or distant to the bound quinone respectively. Adapted from Li et al., 

(2010).  

 



15 

2.4.2.3 Electron transfer pathway   

 

Based on the structure of Synechococcus sp. VKOR, Li and coworkers (2010) proposed an electron 

transfer pathway that would be applicable to all VKORs (Figure 2.6). Starting from the substrate, 

the Trx-like proteins in the periplasm or the ER oxidizes the substrate and in turn gets reduced. The 

electrons are then transferred from the Trx-like protein to the disulfide bridge between Cys50 and 

Cys56 forming a mixed disulfide bond intermediate. The CXXC motif of VKOR oxidizes the loop 

cysteines and finally the disulfides in the CXXC are reformed by reduction of the quinone. The 

resulting effect is the movement of electrons from newly synthesized proteins to the quinone.  Li 

and coworkers (2010) further proposed that a covalent bond is formed between Cys133 of VKOR 

CXXC motif, and the quinone. However, upon full reduction of the quinone, it would no longer be 

covalently bound to Cys133 and would then exit the binding pocket. Each round of redox cycle 

results to quinone exchange.  

 

The proposed electron transfer was verified by employing a reconstituted system of vitamin 

K-dependent oxidative folding. Using a purified Synechococcus sp. VKOR protein including Trx-

like domains, the formation of disulfide bonds in RNAse A was assayed by protection from a 

cysteine modifying reagent. Oxidation of RNAse cysteines only occurred when vitamin K was 

added. Dilution experiments showed that one VKOR molecule can catalyze oxidation of 

approximately 500 cysteines. Other quinones, such as menaquinone (vitamin K2), and ubiquinone 

Q1 were also active. Mutations of any of the cysteines along the electron transfer pathway 

abolished disulfide bond formation. (Li et al., 2010).  

 

2.4.2.4 Disulfide bond formation pathways 

 

Bacterial VKOR disulfide bond formation pathways can be compared to other known systems of 

disulfide bond formation in bacteria. Instead of VKOR many bacteria possess DsbB, a non-

homologue of VKOR that conveys electrons from the DsbA to the quinone (Bardwell et al., 1993). 

Despite having no sequence relationship between the two proteins, many similarities have been 

observed. Both of the proteins contain four TM segments and a quinone (Inaba et al., 2006), a loop 

containing two shuttle cysteines, active site CXXC motif, and an amphipathic helix. (Li et al., 
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2010). Some of the distinct features noted between the two proteins include: Cysteines in DsbB are 

located in loop between TMs 3 and 4 rather than in TMs 1 and 2 in VKOR, and the CXXC is 

present in the periplasmic side of TM2 unlike on TM4 in VKOR,. The quinone is located at about 

the same position in both DsbB and VKOR (Zhou et al., 2008). Li and coworkers (2010) postulated 

that Cys44 in wild-type DsbB, would interact with the quinone similarly as Cys133 in VKOR. 

These structural similarities indicate that electron transfer from the substrate to the quinone by both 

proteins occurs by a common general pathway. However, DsbB does not require major structural 

rearrangements due to the convenient location of the ¾-helix unlike in VKOR where major 

conformational changes are needed (Li et al., 2010).  

 

 

Figure 2.6 Proposed VKOR electron transfer pathway 

Electron flow from reduced cysteines in newly synthesized proteins through a Trx-like protein, in the ER 

lumen, and VKOR, in the IM to either KO to K, or K to KH2. The intermediate (boxed) is shown where 

a mixed disulfide is formed between Cys43 of VKOR and N-terminal cysteine of the CXXC motif of the 

Trx-like protein. When the reaction starts with KO the cycle must be repeated to generate KH2. This is 

because VKOR catalyzes both reactions successively. Adapted from Schulman et al., (2010).  

 

The two bacterial pathways involving either VKOR or DsbB also share similarities with 

those of eukaryotes (Sevier et al., 2005).However, the oxidases ERo1p and Erv2p are present in 

the ER lumen, rather than integrated in the ER membrane. They also contain four helices in 

connotation with a cofactor (FAD), a loop with shuttling cysteines, and an active site CXXC motif. 
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(Gross et al., 2004). Disulfide bond formation appears to generally employ similar core aspects of 

electron transfer, with VKOR representing newest class of sulfhydryl oxidases (Li et al., 2010). 

 

2.4.3 Escherichia coli genetic manipulation 

 

Mutagenesis is a process by which genetic information of an organism is modified in stable manner 

resulting to a mutant organism. Mutations can occur either spontaneously or by induction. 

Experimental laboratory procedures are also being used. The use of mutants is central to genetic 

analysis as they are used in bacterial genetics to understand basic processes. The identification of 

genes in pathways, the elucidation of control circuits, and fine-structure mapping, have all relied 

on ability to create mutations by different techniques (Miller, 1993). Choosing the best method for 

mutagenesis depends on the situation and ultimate goal of the experiment. When mutations in many 

different positions in the genome are sought, chemical mutagenesis is a widely used method. The 

correct use of chemical mutagenesis offers both high frequencies of mutations and in some cases 

considerable specificity. The most powerful chemical mutagens used are 

Methylnitronitrosoguanidine (MNNG) and ethyl methanesulfonate (EMS).   

 

2.4.4 Ethyl methanesulfonate mutagenesis 

 

In this study, mutagenesis was done using EMS. Despite its fidelity, base substitutions in most of 

the mutations are leaky (the gene function still remains but not at the level of the wild-type). In 

addition, a method of selecting and screening for the mutation in the gene of choice must be 

available. EMS is an alkylating agent that adds an ethyl group to numerous positions on bases in 

DNA. The addition to O6 position of guanine and O4 positions of thymine are the most pertinent to 

mutagenesis, since they cause direct mispairing with T and G respectively (Miller, 1993). However, 

EMS has been observed to be specific in causing G:C → A:T transitions almost exclusively among 

base substitutions in E. coli, indicating O6-alkyl guanine as the most relevant biological mutational 

lesion (Eisenstadt, 1987). During DNA replication, DNA polymerases add thymine, instead of 

cytosine as a match to O6-ethylguanine. After several rounds of replication, the original G:C base 

pair converts to an A:T base pair (transition mutation). EMS can induce mutations at a rate of 
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5x10−4 to 5x10−2 per gene without substantial killing (Phillips, 1997). However, despite EMS being 

a powerful mutagen, it’s very toxic and hence dangerous to handle. (Miller, 1993).  

 

2.4.5 Bacterial genetic studies  

 

Recent development of technologies such as large scale genome sequencing, and different types of 

microarrays have added significant information in understanding bacteria. However, this mass 

information provides new challenges on ways to think about biological problems. Genetics still 

remains the best option in problem solving. For example, in most sequenced genomes, including 

that of E. coli, approximately 30-40% of the identified coding genes have no known function. 

Published microarray data is full of entries such as ‘hypothetical gene’ which leaves many of genes 

without assigned functions. (Shuman & Silhavy, 2003). Because gene discovery from the 

biological function (forward genetic analysis), has be so successful, it seems obvious that bacterial 

genetics will be needed now more than ever to fully exploit the -omics derived information. 

(Shuman & Silhavy, 2003). 

 

Designing good genetic screens depends on the understanding and use of basic bacterial 

physiology. Variants in phenotype can be identified due to the progress involved in defining 

pathways and metabolic intermediates in bacteria. The variants range from mutants that are unable 

to catabolize a range of nitrogen and carbon sources to mutants that cannot synthesize specific 

macromolecule precursors. The concept of lethal phenotypes at specific conditions has facilitated 

the isolation of mutants with defects in essential functions such as proteins synthesis and DNA 

replication. (Shuman & Silhavy, 2003). In this study microbial genetics was exploited to select and 

screen for mutants that would allow the complementation of ∆DsbB strain by rat VKORC1. These 

mutants would have restored disulfide bond forming pathway which was the basis for the selection 

and screening assays. Mutations were expected in the membrane insertion and quality control 

machinery.  

 

2.4.5.1 Selection versus Screens 

 

Working with bacteria is advantageous in that rare mutants can be identified among large 

populations (1010 individuals) (Shuman & Silhavy, 2003). The basic requirement is an environment 
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in which only the rare mutants can grow. This provides the basis for selection. A selection is a 

growth condition that allows for the selective propagation of genetically marked cells as the 

mutants of choice. Selections can either be forward or reverse. A forward selection allows the 

growth of mutants in which a particular gene function is lost, while a reverse selection allows the 

growth of revertants in which a particular gene function is restored.  

 

A screen is a growth condition where both the mutant and the wild-type are able to grow 

but can be distinguished phenotypically. In contrast to selections, screens provide the ability to 

detect variants in a population. The main distinguishing feature is that all members of the 

population are examined. Due to this, only a few members can be examined, making screening less 

effective compared to selection. Screens are useful because they facilitate the detection of broad 

dynamic range of gene activity. The detection of increase or decrease in activity can also be 

determined if the screen is well designed. Indicator agars and substrates provide a means to detect 

these changes.  

 

Following mutagenesis of our strain of interest, the first stage involved selection using 

TCEP (Tris (2-carboxyethyl) phosphine), a strong reducing agent. Mutants selected where then 

subjected to a second selection by use of E. coli motile ability. Further screening was done on the 

selected mutants by use of the blue-white screen (solid β-galactosidase assay). Finally the selected 

mutant’s activity was compared using a liquid β-galactosidase assay.  

 

2.4.5.2 TCEP selection 

 

TCEP is a reducing agent; it protects oxidation of sulfhydryl’s and cleaves disulfide bonds (Figure 

2.7). TCEP was preferred for this study as it has several advantages over dithiothreitol (DTT) and 

β-mercaptoethanol which are other common reducing agents. TCEP is generally impermeable to 

cell membranes. This characteristic is significant for this study as it would not reach the cytoplasm, 

which can result to other unexpected complications. This is in contrary to other reducing agents 

that can reach the cytoplasm (Getz at al., 1999). TCEP is resistance to air oxidation (Han & Han, 

1994), it is odorless compared to β-mercaptoethanol, and is more hydrophilic (Getz et al., 1999). 

TCEP effectively reduces even the stable water-soluble alkyl disulfides over a wide range of pH 
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(1.5-9.0). The strength of the phosphorous-oxygen bound makes the reaction almost irreversible 

unlike DTT (Méry et al., 1993; Han & Han, 1994). 

 

DsbB is required to shuttle electrons to the quinone. Upon its knock out, the disulfide bond 

forming pathway is disrupted. This makes TCEP toxic to ∆DsbB strain as the essential genes that 

require disulfide bridges get reduced and cannot be re-oxidized. This conditional lethality allows 

for selection of TCEP resistant mutants. Among the mutants some were expected to have restored 

disulfide bond forming pathway by complementation of DsbB by rat VKORC1. However, other 

mutants unrelated to disulfide bond forming pathway were expected.  

 

 

Figure 2.7 Reduction of organic disulfide bonds by TCEP 

 

2.4.5.3 Motility test 

 

A flagella is a long whip-like organelle that facilitates the movement of many bacteria as a result 

of its screw-like rotation. The flagella motor converts the transmembrane proton motive force into 

mechanical work which rotates the helical flagella filament and thereby provides thrust to the cell 

body. In many gram-negative bacteria, the flagella motor consists of P, L, and MS ring structures 

located in the peptidoglycan layer, the outer membrane, and the cytoplasmic membrane 

respectively. Both the L and the P rings form a firm cylindrical structure that holds the rotating rod. 

(DePamphilis & Adler, 1971; Akiba et al., 1991). The P ring has been reported to consist of 

approximately 26 copies of a single protein FlgI. Due to this, the P ring fails to assemble in ∆flgI 

mutant, and since flagella biogenesis is a highly ordered process, its assembly is disrupted. (Kubori 

et al., 1992; Sosinsky et al., 1992).  
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Proper folding, function and stability of many proteins require the formation of disulfide 

bonds. In E. coli, the Dsb system catalyze the formation of disulfide bonds as previously discussed 

in Section 2.4.2. Dailey and Berg (1993) reported that flagella assembly is disrupted in mutants 

with defect in the disulfide bond formation pathway. They observed that when ∆dsbB mutant was 

grown on minimal medium, the strain showed a defect in flagellation as observed on a ∆flgI mutant 

strain. When L-cysteine, an oxidative agent, was included in the growth media, the mutant’s 

motility was restored. However, recent studies suggest that disulfide bonds are not essential for 

functional flgI, required for P ring assembly. Hizukuri and coworkers (2006) observed that a variant 

of FlgI with removed cysteines, assembled a P ring that was able to abolish the defect in flagellation 

of a ∆flgI mutant strain. However, cysteine-removed FlgI variants were more susceptible to 

degradation compared to the wild-type FlgI. They also observed that overexpression of the wild-

type FlgI suppressed the motility defect observed in ∆DsbB strain. Considering all the results, they 

proposed that the intramolecular disulfide bond formation in FlgI is not absolutely required for P 

ring assembly but plays a vital role in preventing the degradation of the protein by improving its 

stability (Hizukuri et al., 2006).   

 

The requirement of a functional DsbB for motility of E. coli provided the basis for our 

selection. Selected mutants that were able to resist TCEP where further tested for motility. Motile 

mutants would indicate complementation of DsbB by rat VKORC1 hence restored disulfide bond 

formation which makes FlgI more stable. This technique was also employed for screening mutants 

to categorize complementation level based on the size of the motility halos.  

 

2.4.5.4 Blue-white screen; solid β-galactosidase assay 

 

The selection utilizes a fusion of MalF, an inner membrane protein and β-galactosidase, a 

cytoplasmic protein. MalF is an essential membrane protein involved in maltose transport system 

of E. coli, while β-galactosidase encoded by the lacZ gene of the lac operon is a hydrolase that 

catalyzes the catabolism of its main substrate lactose. The MalF-β-galactosidase is the hybrid 

protein formed, where the insertion of MalF portion to the inner membrane, leads to sequential 

translocation of β-galactosidase to the periplasm. Froshauer and coworkers (1988) observed that 

the hybrid protein with β-galactosidase fused to a periplasmic domain exhibited no β-galactosidase 
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activity. Upon selection for Lac+ mutants of an E. coli mutagenized strain expressing the fusion, 

mutations leading to disruption of disulfide bonds were isolated. This led to the discovery of DsbA 

and DsbB as catalysts in disulfide bond formation (Bardwell et al., 1991). 

 

β-galactosidase contains 16 cysteines which upon oxidation, inactivates the enzyme. This 

occurs in the wild-type background due to formation of disulfide bonds in the exported portion of 

β-galactosidase, by stabilizing its structure and rendering it inactive. ∆DsbA/∆DsbB mutants 

disrupt disulfide bond formation pathway allowing β-galactosidase to fold to its functional form in 

the periplasm (Figure 2.8) (Dwyer et al., 2014). The result was supported by the fact that adding 

DTT, a reducing agent to break the disulfide bonds restored the activity of β-galactosidase 

(Grauschopf et al., 1995). Colonies of the strain used in this study (∆DsbB) appear blue on minimal 

media containing 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal); a substrate dye, due 

to high levels of β-galactosidase activity. X-gal consists of galactose linked to a substituted indole, 

which upon breakdown by β-galactosidase, leads to formation of an insoluble blue compound 

similar to indigo and hence the blue colonies.  During the selection process, the technique was 

aimed at purifying white colonies signifying the restoration of disulfide bond formation by 

complementation of DsbB by rat VKORC1.  

 

2.4.5.5 Liquid β-galactosidase assay 

 

This is a quantification technique that uses the same principle as blue-white screen. The assay was 

used in the study to measure levels of β-galactosidase activity in liquid cultures of selected 

VKORC1 complementing mutants. The standard assay for quantification of β-galactosidase 

activity in cells as originally described by Miller (1972), involves spectrophotometrically 

measuring the formed yellow colored chromophore, o-nitrophenol (ONP). The chromophore is as 

a result of hydrolytic cleavage of the colorless substrate o-nitrophenyl-β-D-galactoside (ONPG) by 

β-galactosidase. The amount of ONP produced is a function of reaction time per volume of the cell 

culture, which generates a value in miller units for specific enzymatic activity. The yellow color 

produced is measured at a wavelength of 420 nm (Miller, 1972). The technique has been modified 

over the years to make it more efficient and more accurate for high-throughput sample analysis in 

96 well plates (Griffith & Wolf, 2002; Thibodeau et al., 2004).  
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In our study, we assayed for levels of decreased β-galactosidase activity. This would imply 

the mutant being assayed facilitates complementation of DsbB by VKORC1 restoring disulfide 

bond formation as earlier discussed in Section 2.4.5.4.   

 

 

Figure 2.8 Oxidation dependent inactivation of β-galactosidase in the periplasm 

The proper folding of periplasm localized β-galactosidase (β-gal) on a ∆DsbB mutant strain, allows 

selection for mutations allowing the complementation of rat VKORC1 restoring the disulfide bond 

forming pathway. (a) Fusing the periplasmic domain of MalF to β-gal protein results in the localization 

of β-gal to the periplasm. On a ∆DsbB mutant, 16 cysteines of β-gal remain reduced hence proper folding 

of the enzyme to its functional form. (b) Upon complementation of DsbB by VKORC1 the oxidation 

pathway is restored and the 16 β-gal cysteines are subject to oxidation by DsbA, resulting to the improper 

folding and inactivation of the enzyme. (Tian & Beckwith, 2002). 

 

2.5 Lambda red recombination System 

 

Lambda red recombination system, derived from the phage lambda has developed to a powerful 

and commonly used tool in molecular biology and genetics. It has facilitated accurate generation 

of point mutations, deletions, and insertions, on the locus determined by flanking homology regions 

of as little as 35 base pairs (Datsenko & Wanner, 2000). Double-stranded DNA (dsDNA) 

recombination has in particular been applied toward a number of different E. coli chromosomal 

manipulation techniques. Some of its applications include:, insertion of heterologous genes  and 
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pathways (Wang & Pfeifer, 2008), facilitation of cloning and subcloning (Zhang et al., 2000), 

replacing endogenous genes (Datsenko & Wanner, 2000), enabling creation of single gene 

knockout library (Baba et al., 2006), and generation of E. coli strain with 15% of its genome deleted 

(Posfai et al., 2006).  

 

The lambda red dsDNA recombination mechanism is based on three proteins; gamma (γ), 

lambda (λ), and beta (β). The first protein gamma, impedes degradation of exogenous dsDNA 

recombination cassettes by inhibiting the endogenous SbcCD and RecBCD nucleases (Kulkarni & 

Stahl, 1989). The second protein lambda, acts as an exonuclease and is involved in the degradation 

of one of the two strands of dsDNA resulting in a full length single stranded DNA (ssDNA) 

(Mosberg at al., 2010). Finally the protein beta, binds and catalysis the annealing of the ssDNA to 

the lagging strand in the replication fork by acting as part of an Okazaki fragment which facilitates 

its in-cooperation into a newly synthesized strand.   (Maresca et al., 2010). These proteins are 

expressed in a low copy plasmid which is easily curable at 37 °C (Datsenko & Wanner, 2000). The 

system has been modified over the years to increase its versatility and efficiency. Joshua and 

coworkers (2012) improved the recombination efficiency by removal of E. coli endogenous 

nucleases. Lambda red recombination system was used in this study to introduce YidC 

chromosomal point mutations for the study of YidC hydrophilic groove described in Section 

2.1.2.1.   

 

The mutagenesis strain used in this study, contained lambda red genes in-cooperated in the 

chromosome instead of the plasmid. The genes were easily induced at 42 °C and inactivated at 30 

°C. The strain was also deficient of both MutS and RecA genes. MutS is involved in DNA mismatch 

repair that forms an integral part of DNA replication. The process is necessary to correct errors that 

occur during DNA replication, as the final step to remove the remaining wrongly in-cooperated 

bases (Budd et al., 2000). The role of MutS in identification and binding to mismatched DNA 

makes the protein highly significant in introduction of mutations in E. coli chromosome. Having a 

∆mutS strain was crucial in our study to facilitate introduction of YidC point mutations by crippling 

the strain correction system. 
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RecA is a 38 kDa protein involved in homologous recombination (HR), which facilitates the 

exchange of genetic material between homologous DNA molecules. Exchange of genetic 

information between almost two identical molecules is crucial for genetic diversity, and proper 

segregation of the chromosomes. (Bianco et al., 1998; Savir & Tlusty, 2010). RecA was significant 

in this study since the introduction of YidC point mutations required an extra copy of YidC to be 

expressed on a plasmid. YidC is an essential gene and hence some of the mutations were expected 

to be lethal. The purpose of the extra YidC copy was to rescue the lethal phenotype in case of lethal 

mutations. However, having an extra copy of YidC on recA+ strain would at high frequency result 

to homologous recombination. This would hamper the attainment of the introduced point mutations 

as the wild-type copy from the plasmid would recombine with chromosomal copy losing the 

mutation. For this reason, a ∆recA strain was used.  

 

2.6 P1vir transduction  

 

P1 is a bacteriophage essential for the genetic practice of transferring selectable mutations of choice 

from one strain to another, termed transduction. Lennox (1955) pioneered the use of P1 

bacteriophage to move genetic elements in E. coli. To date, P1 phage is commonly used as 

generalized transducer. It packages random sections of the host chromosome together with its own 

genome generating transducing particles. A phage lysate is estimated to contain 0.1% transducing 

particles of the total number of phage particles. (Yarmolinsky & Sternberg, 1988). Among these, 

0.1% to 1% contain the particular DNA of interest. The P1 head has the capacity to transduce 

approximately 100 kb of the host DNA to the recipient strain. (Thomason et al., 2007).   

 

P1 is a temperate phage. To avoid making lysogens of the recipient strain, a common 

practice it to use virulent derivatives of P1 (P1vir) which cannot lysogenize infected cells. P1vir 

enters the lytic cycle upon infection insuring replication and lysis of the recipient strain (Miller, 

1993). Once the phage replicates to high population in the host, the lysis of the bacteria is aided by 

use of chloroform to make the phage lysate. Upon infection of the host by the donor lysate, packed 

DNA from the original host is transferred into the new strain. Homologous recombination 

facilitates the new incoming genomic segment to replace the existing original homologous 

segment. The efficiency of transduction is improved by co-transducing the allele of interest with 
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an antibiotic marker to allow selection of successful transductants. The closeness of the gene of 

interest to the selectable marker is crucial in that near alleles co-transduce more frequently. 

(Thomason et al., 2007). To avoid excessive killing of the transductants by reinfection of the phage 

produced into the medium, citrate is used to chelate the calcium ions required for phage adsorption 

(Miller, 1993).  

 

P1 transduction was used in this study to move YidC with point mutations linked to 

chloramphenicol acetyltransferase (CAT) from the original mutator strain (strain with lambda red 

genes, ∆mutS and ∆recA) to the test strain; ∆DsbB. It is also important to note that P1 replicates 

poorly in ∆recA strain (Zabrovitz et al., 1977) Due to this reason low plaque forming units (pfu) 

titers where attained, which resulted to low transducing efficiency. This problem was solved by 

phage concentration and by adjusting the ratio of mixing the phage with the recipient cells.   
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II. EXPERIMENTAL PART 

3 Aim of the project 

 

The lag in membrane protein research compared to soluble proteins remains a distress in protein 

science research field. The use of rat VKORC1 in this study as a model for eukaryotic membrane 

proteins would shed light on the assembly and mis-assembly of the proteins in E. coli. Correct 

assembly of VKORC1 would provide insight on the E. coli proteins involved in correct folding and 

insertion of foreign membrane proteins, while the mis-assembly would provide insight on the 

quality control systems involved.  

 

VKORC1 is a significant protein as a target for the common anticoagulant warfarin. 

Warfarin resistance remains problematic due to lack of clear concise research conclusions based 

on the models previously used. Functional expression of rat VKORC1 in E. coli would offer a new 

study model that is easy to genetically manipulate and offer a new approach for the study of 

warfarin resistance. The efficiency of screening for new anticoagulants would also be improved by 

easy screening of rat VKORC1 inhibitors.  

 

Structural studies of VKORC1 have been painstaking. To date, the VKORC1 crystal 

structure has not yet been solved, and the models currently presented in literature are based on 

predictions by use of the protein sequence and comparisons with closely related bacterial 

homologues whose structures are available. For comprehensive structural and kinetic 

characterization of VKORC1, the protein specific structure is highly significant. Functional 

expression of the protein in E. coli would improve its production and purification which would 

have a high impact in subsequent analysis i.e. crystallization and enzyme kinetic assays.  

 

Functional expression of rat VKORC1 in E. coli would also enable the study of the function 

of the enzyme in isolation to other mammalian vitamin K redox proteins. The complexity of the 

system in E. coli is reduced and the ease of genetic manipulation is provided.  
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This study also targets YidC hydrophilic groove, previously identified as a putative 

substrate binding site with an aim to deduce the mechanism by which YidC improves the 

expression of VKORC1∆AAR in E. coli and identify new mutants that play an active role in 

VKORC1 expression through a rational approach. 
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4 Materials and methods  

 

4.1 Mutagenesis and selection 

 

4.1.1 Strains and plasmids 

 

E. coli strains used in this study were derivatives of HK325 (ΔDsbB), constructed by 

transformation with either plasmid or linear DNA fragment exploiting the λ red recombination 

system (Datsenko & Wanner, 2000). Four strains were provided (Feras Hatahet, Harvard Medical 

School); FSH242 (yidCT362I, pTrc99A empty plasmid), FSH243 (yidCT362I, wild-type rat 

VKORC1), FSH248 (yidCT362I ∆hslV, pTrc99A empty plasmid), and FSH249 (yidCT362I ∆hslV, 

wild-type rat VKORC1). The strains were mutants of either yidC or hlsV, containing mutations in 

either one or both genes and carrying pTrc99A plasmid with or without rat VKORC1 wild-type 

(wt). Strain harboring pTrc99A empty plasmid was used as a control for the mutagenesis 

experiment. 

 

4.1.2 Ethyl methanesulfonate mutagenesis 

 

Strains FSH242, FSH243, FSH248, and FSH249 were streaked from glycerol stocks to LB plates 

containing 100 µg/ml carbenicillin. The plates were incubated overnight at 37 °C.  Single colonies 

from the streaks were inoculated in rich media (NZ-amine) containing the same antibiotics, and 

incubated overnight at 37 °C. The overnight culture was sub-cultured by diluting 1:100 in rich 

media and incubated on a 37 °C rotor wheel. Mid-log phase culture (A600 nm ≈ 0.5) was harvested 

by centrifugation (7000 x g for 20 min at 23 °C) and washed twice with 40 ml minimal buffer A 

(10.5 g/L K2HPO4, 4.5 g/L KH2PO4, 1 g/L (NH4)2SO4, and 0.5 g/L sodium citrate•2H2O). Cells 

were pelleted and resuspended in minimal buffer A to a normalized cell density of A600 nm = 1. 2 

ml aliquots were supplemented with 30 µl of the mutagen ethyl methanesulfonate (EMS) (Sigma, 

99%) and incubated at 37 °C with 225 rpm shaking for 15 to 120 min. A control sample without 

EMS treatment was included. Cells of each aliquot were pelleted, washed twice with 1 ml minimal 

buffer A, resuspended in 4 ml of rich media with 100 µg/ml carbenicillin, and incubated for 4 hours 



30 

at 37 °C. Cells were pelleted and finally resuspended in minimal buffer A to a normalized cell 

density of A600 nm = 1.0.  

 

4.1.3 Viable cell count  

 

The survival percentage following mutagenesis was determined by tittering the cells in rich media 

agar plates. This was done by plating 10-4 and 10-5 dilutions on rich media plates containing 100 

µg/ml carbenicillin for each mutagenized sample and 10-5 and 10-6 dilution for the controls. The 

plates were incubated overnight at 37 °C. The remaining cells were supplemented with 10% (v/v) 

glycerol and stored at -80 °C.  

 

4.1.4 TCEP selection  

 

The selection by TCEP was carried out by plating the mutagenized cells on TCEP containing 

minimal media plates (1.5% agar, 1 x M63 salts, 0.2% glucose, 1 mM Magnesium (Mg2+), 0.3 mM 

Isopropyl β-D-1-thiogalactopyranoside (IPTG), 10 mM TCEP, 0.1 mM carbenicillin, and 1 µg/ml 

vitamin B1). A 200 µl aliquot of 10-3 dilution of each pool of EMS treated cells (approximately 2 x 

105 cells) was spread on TCEP plates. After 36 hours incubation at 37 °C, the TCEP resistance 

colonies were picked for motility test; the next selection method. Previously 8 mM TCEP was used 

for selection but the concentration for this selection was increased to 10 mM due to increased TCEP 

resistance exhibited by the strains. The timing of incubation was crucial to avoid a background of 

TCEP resistant colonies that appeared after longer incubation period.  

 

4.1.5 Motility test 

 

Isolated TCEP resistant colonies were inoculated into minimal media low agar plates (0.3% agar, 

1 x M63 salts, 0.2% glucose, 1 mM Mg2+, 0.3 mM IPTG, 0.1 mM carbenicillin, and 1 µg/ml vitamin 

B1). Control strains were also inoculated; strain FSH250 (yidCT362I ∆hslV, rat VKORC1∆AAR) as a 

positive control and FSH249 (yidCT362I, ∆hslV with rat VKORC1wt) as negative control. After 2 

days of incubation at 30 °C, all inoculated colonies that showed any sign of motility were isolated 

for blue-white screening (Figure 5.2).  
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4.1.6 Blue-white screening  

 

Motile colonies were streaked on X-gal minimal media plates (1.5% agar, 1 x M63 salts, 0.2% 

glucose, 1 mM Mg2+, 0.3 mM IPTG, 0.1 mM carbenicillin, 1 µg/ml vitamin B1,  and 60 µg/ml X-

gal ). X-gal stock solution was prepared by dissolving X-gal in dimethylformamide (DMF) and 

stored at -20 °C without exposure to light. Control strains, same as those used in motility test were 

also streaked. After 2 days of incubation at 30 ° C, white and light blue streaks were isolated (Figure 

5.3). The result of blue-white screening was compared with the degree of motility of the same 

colony for selection of the best mutants for sequencing. For the principle of screening see Section 

2.4.5.4.  

 

4.1.7 Vitamin K epoxide reductase subunit 1 sequencing 

 

Previously it had been observed that mutations in the VKORC1 gene led to complementation of 

DsbB. Considering the mutagenesis of our strains was done in presence of the plasmid, it was 

necessary to sequence VKORC1 gene of our selected mutants to rule out any mutations that would 

lead to complementation. Colonies were inoculated into 5 ml overnight rich media cultures 

containing 100 µg/ml carbenicillin. Plasmid-DNA was isolated using Qiagens Miniprep Kit 

according to manufacturers’ protocol. The gene was sequenced using the following primers: 

pTrc99A forward primer (5’ ACA ATT AAT CAT CCG GCT CG 3’), and pTrc99A reverse primer 

(5’ AGA CCG CTT CTG CGT TCT G 3’). Both of the primers attach to the vector flanking 

VKORC1 gene. 12 µl of both the template and the primers were used at a concentration of 100 

ng/µl and 1.6 pmol/µl respectively. The sequencing results were analyzed by multiple sequence 

alignment tool (Geneious) (Drummond et al., 2011) using wild-type as the reference.  

 

Mutagenesis, selection, and screening process was repeated on the same strains with an aim 

of screening a bigger library in the case the chromosomal mutations required for VKORC1wt 

complementation were rare. The results of all mutations obtained on VKORC1 from all the screens 

are summarized in Table III. Figure 4.1 shows an overview of the mutagenesis, selection, and 

screening process, including other secondary tests performed.  
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4.1.8 IPTG dependency 

 

This was a secondary screening process, used as a confirmatory test to assay the role of VKORC1 

on motility and inactivation of β-galactosidase activity exhibited during the main screening and 

selection process. Minimal medial plates (1 x M63 salts, 0.2% glucose, 1 mM Mg2+, 0.1 mM 

carbenicillin, 1 µg/ml vitamin B1,) containing 0.3% agar for motility test or 1.5% agar and 60 µg/ml 

X-gal for blue-white screen were prepared with varying concentration of IPTG (50 µM, 100 µM, 

and 300 µM), or without IPTG. Selected mutants were inoculated and the plates were incubated at 

30 °C for two days. Control strains, same as those used in previous test (FSH250 and FHS249) 

were included with an addition of HK295 (DsbB+), which is motile and turns white, independent 

of IPTG (data not shown). 

 

4.1.9 Warfarin Inhibition 

 

Selected mutants were tested for warfarin inhibition as a confirmatory test on the role of VKORC1 

in motility and inactivation of β-galactosidase. Mutants were inoculated in minimal medial plates 

with varying concentration of warfarin (0 mM, 0.1 mM, 0.5 mM, 1 mM, and 5 mM). Controls were 

included; FSH250 (yidCT362I ∆hslV, VKORC1∆AAR) as a positive control whose activity is inhibited 

by warfarin, FSH249 (yidCT362I, ∆hslV with VKORC1wt) as a negative control, and HK295 (DsbB+) 

whose activity is independent of warfarin (data not shown).  

 

Both of the secondary tests; IPTG dependency and warfarin inhibition were combined in one 

experiment to give more concise results. Motility and X-gal minimal plates were supplemented 

with 100 µM or 300 µM IPTG to assay for IPTG dependency and 5 mM warfarin, to test for 

warfarin inhibition. Selected mutants were inoculated and the plates were incubated at 30 °C for 

two days. X-gal plates were kept at 4 °C for extra two days for development of blue color. The 

results from both screens were compared (See Figure 5.5 and Figure 5.6). 
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Figure 4.1 An overview of the selection and screening process 

(a) A flow chart showing the mutagenesis and selection process performed to obtain and identify the 

desired mutants. (b) A depiction of the powerful prowess of genomics of selections from millions of 

mutant colony-forming units (CFUs) to about 30-50 CFUs. This number makes sequencing and other 

secondary tests feasible.  

 

 

 

 



34 

4.2 Study of YidC hydrophilic groove 

 

4.2.1 Introduction of YidC point mutations; Overview and strategy  

 

Previous screening experiments led to identification of YidC as a significant membrane protein 

insertase aiding the complementation of DsbB by VKORC1∆AAR. YidC mutations obtained during 

the screening process included: Ala11Thr, Thr362Ile, Thr373Ile, and Gly512Ser (Hatahet et al., 

unpublished data). Thr362Ile mutant showed the best activity compared to the rest of the mutants. 

In order to study in more detail, the function of YidC in functional assembly of rat VKORC1, it 

became necessary to introduce novel point mutations other than the ones obtained during the 

selection and screening. Considering the essentiality of YidC in E. coli, mutations that could lead 

to functional expression of VKORC1wt might be lethal expounding why they could not be picked 

up during the screening process. Mutations leading to inactivation of hslV were also identified; 

Thr163Ile and Cys160Tyr (Hatahet et al., unpublished data).  

 

The strategy illustrated in Figure 4.2 below was used to introduce YidC novel point 

mutations. The technique was previously used in the project for introducing mutations identified 

from the screens into a clean background. Strains that have undergone EMS mutagenesis have 

many miscellaneous mutations. It is therefore necessary to move the mutations of the gene 

identified, from the screening and selection process to a clean background. The activity of the new 

mutant is then tested. For example, mutant Ala11Thr lost its activity when transformed to a clean 

background expounding its dependency on other mutations for its activity (Hatahet et al., 

unpublished data). The rest of the mutants retained the phenotypes exhibited earlier. YidC 

hydrophilic groove (Figure 2.2), identified as a putative substrate binding site (Kumazaki et al., 

2014), and also where the screening mutations mapped, was the target for this study in determining 

the role it plays in enhancing functional expression of VKORC1∆AAR. 
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Figure 4.2 Flow chart illustrating the strategy used to introduce chromosomal yidC point mutations 

Purple, brown and green rectangles show regions of homology and the red star depicts the point mutation. 

Five primers are used. Two primers each to amplify yidC and chloramphenicol acetyltransferase (CAT) 

and an extra primer (YidC F) to introduce YidC point mutation. Primer 1 YidC and primer 4 CAT 

introduce regions of homology to E. coli genome. Primer 3 CAT provides homology to the genome 

sequence between yidC and start of CAT for invitro fusion of both genes by Gibson assembly. The hybrid 

is amplified by primer 1 YidC and primer 4 CAT (other shorter primers can be used) then transformed 

by electroporation to the desired strain providing necessary conditions for recombination to take place. 

Selection of transformants is based on chloramphenicol resistance. The new strain is used as a template 

to introduce point mutations by use of a variety of YidC forward primers (5-33) and CAT primer 4 reverse 

(see Table II). 
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Table I below shows the selected mutations that were introduced. Stop codons within the yidC gene 

and the knock-out of the yidC mutants were included as controls.  

 

Table I: List of YidC mutations targeted  

Role of Threonine 362 Role of 

positive charge 

Other hydrophilic groove 

targets and controls 

T362V 

T362L 

T362N 

T362A 

T362S 

T362Q 

T362M 

T362F 

T362P 

T362C 

T362W 

T362H 

T362E 

T362D 

T362R 

T362K 

T362G 

T362Y 

R366H 

R366I 

R366D 

R366E 

Q429I 

T474I 

N521I 

Q527I 

S520I 

 

R366 * 

R366** 

∆yidC 

              *Stop codons 

The mutation were categorized into three. The first category was to study the role of threonine 362 where 

all remaining possible mutations were introduced (18 mutations excluding T362I isolated from the screening 

process). Role of the conserved positive charge on the groove was considered by substituting to four amino 

acids indicated. Other significant residues in the hydrophilic groove (see Figure 2.2) were also included.  

Three other unique mutants were included as controls for the experiment.  

 

4.2.2 Primer designs and Gibson assembly fusion  

 

Gene fragments encoding yidC and CAT were amplified from HK325 (ΔDsbB) and pBAD34 

(containing chloramphenicol resistance marker) respectively using primers shown on Table II. 

YidC was amplified by primer 1 (forward) which also provided the region of homology to genome 

yidC, and primer 2 reverse (yidC +85 bps R). The CAT gene was amplified by primer 3 (forward) 

which provided region of homology to the genome between yidC and CAT,  and primer 4 (reverse) 

which contained region of homology to the E. coli genome down stream of yidC. The size and 

success of the amplification was checked by running the PCR sample (with 1x loading dye and 1x 

Sybr Gold for detection) on 1% agarose gel. Products of the right size; yidC 1750 bps and CAT 

1033 bps were excised from the gel and purified using the Qiagen gel purification kit according to 

manufacturers’ instructions. The two fragments were fused using Gibson assembly cloning kit 

according to manufactures protocol (Gibson et al., 2009). The fusion was amplified using primer 
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1 (forward) and primer 4 (reverse) to enhance the yields. The size and success of the amplification 

was checked by running the PCR sample (with 1x loading dye and 1x Sybr Gold for detection) on 

1% agarose gel. Product of the right size (≈ 2800 bps) was excised from the gel and purified using 

the Qiagen gel purification kit according to manufacturers’ instructions. The fused PCR fragment 

was transformed by electroporation to the mutagenesis strain (described in Section 4.2.4). The new 

strain containing yidC wild-type fused to CAT cassette was used as a template for the introduction 

of point mutations.  

 

4.2.3 Chromosomal site-directed PCR mutagenesis   

 

Point mutations were introduced by two sets of primers. A variety of yidC forward primers for each 

mutation (see Table II) which also provided homology to yidC on the genome, and a common CAT 

reverse primer 4 (CAT yidC R) providing homology to the genome after CAT cassette downstream 

of yidC. Colony PCR was performed by dissolving a single colony of strain ELM49 (containing 

yidC wild-type fused to CAT) in 25 µl of sterile water. The mixture was boiled for 5 minutes at 95 

°C to lyse the cells. The lysate was used as a template for the PCR reaction. YidC was amplified 

using forward primers 5-33 (see Table II) and a common reverse primer 4 (CAT yidC R). Primers 

were added to 50 µl platinum PCR Supermix; a ready-to-use mixture of Taq DNA polymerase, 

salts, magnesium, and dNTPs to a final concentration of 0.5 µM per reaction, also containing 1 µl 

of the DNA template. Different PCR programs were used depending on the fragment amplification 

size, and the primer annealing temperatures.  

 

Successful amplification and size of the PCR product was checked by running 50 μl sample 

of the PCR product (with 1x loading dye and 1x Sybr Gold for detection) on a 1% agarose gel. 

Products of the right size (ranging from 1600-1800 bps) according location of the point mutation 

were excised from the gel and purified using the Qiagen gel purification kit according to the 

manufacturers’ instructions. 
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Table II. List of YidC site directed mutagenesis primers used 

No Mutation/ 

Name 

Oligo sequence (5’→ 3’) 

1 Wild-type CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTC

GTGGCATCATGTAC 

2 yidC +85 R TGGCGGATGCGCGGTGCTTATCC 

3 CAT yidC f TTGACCGCCTTTTTTCTTTTCGTAGGGCGGATAAGCACCGCGCATCCGCCAGTGT

AGGCTGGAGCTGCTTCGAAGTTCC 

4 CAT yidC r GAGGCGTGGCCTGGGCTACGATAGTGTCATTATCGCTCATGATGTTCCTGTATG

GGAATTAGCCATGGTCCATATG 

5 T362S CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCAGCTTTATCGTTC

GTGGCATCATGTAC 

6 T362M CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCATGTTTATCGTTC

GTGGCATCATGTAC  

7 T362F CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCTTTTTTATCGTTCG

TGGCATCATGTAC  

8 T362P CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCCCGTTTATCGTTC

GTGGCATCATGTAC  

9 T362G CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCGGCTTTATCGTTC

GTGGCATCATGTAC  

10 T362Y CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCTATTTTATCGTTC

GTGGCATCATGTAC  

11 T362C CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCTGCTTTATCGTTC

GTGGCATCATGTAC  

12 T362W CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCTGGTTTATCGTTC

GTGGCATCATGTAC  

13 T362H CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCCATTTTATCGTTC

GTGGCATCATGTAC  

14 T362E CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCGAATTTATCGTTC

GTGGCATCATGTAC  

15 T362D CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCGATTTTATCGTTC

GTGGCATCATGTAC  

16 T362R CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCCGTTTTATCGTTC

GTGGCATCATGTAC  

17 T362K CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCAAATTTATCGTTC

GTGGCATCATGTAC  

18 T362V CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCGTGTTTATCGTTC

GTGGCATCATGTAC 

19 T362L CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCCTGTTTATCGTTC

GTGGCATCATGTAC 

20 T362N CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCAACTTTATCGTTC

GTGGCATCATGTAC 

21 T362A CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCGCGTTTATCGTTC

GTGGCATCATGTAC 

22 T362Q CATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCCAGTTTATCGTTC

GTGGCATCATGTAC 

23 R366H AGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTCATG

GCATCATGTACCCGCTGACCAAAG 

24 R366I AGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTATTG

GCATCATGTACCCGCTGACCAAAG 
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25 R366D AGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTGATG

GCATCATGTACCCGCTGACCAAAG 

26 R366E AGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTGAAG

GCATCATGTACCCGCTGACCAAAG 

27 Q429I AGGTTAACCCGCTGGGCGGCTGCTTCCCGCTGCTGATCATTATGCCAATCTTCCT

GGCGTTGTACTACATGCTG 

28 T474I TCGGCACAGGACCCGTACTACATCCTGCCGATCCTGATGGGCGTAATTATGTTCT

TCATTCAGAAGATGTCGCCGACCAC 

29 N521I CCTGTGGTTCCCGTCAGGTCTGGTGCTGTACTATATCGTCAGCATTCTGGTAACC

ATTATTCAGCAGCAGCTG 

30 S520I TCCTGTGGTTCCCGTCAGGTCTGGTGCTGTACTATATCGTCATTAACCTGGTAAC

CATTATTCAGCAGCAGCTG 

31 Q527I GGTGCTGTACTATATCGTCAGCAACCTGGTAACCATTATTATTCAGCAGCTGATT

TACCGTGGTCTGGAAAAACG 

32 R366* AGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTTAAG

GCATCATGTACCCGCTGACCAAAG 

33 R366** AGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTTAAT

GAGGCATCATGTACCCGCTGACCAAAG 

*stop codon 

 

Primers used for chromosomal site directed mutagenesis of yidC. Primer 1 – 4 were used to assemble the 

fusion of yidC and chloramphenicol antibiotic resistance gene (CAT) and its subsequent amplification. 

Primer 5 – 33 are all yidC forward primers that introduce the indicated point mutation, and also provide 

homologous sequence for recombination.  

 

4.2.4 Homologous recombination of PCR products 

 

Mutagenesis Strain EcM2.1 (ΔmutS ΔrecA::toic Ts Δbla::Zeor) provided by Jun Teramoto 

(Harvard Medical School) was employed as the host for transformation of the PCR fragments 

containing the point mutations. The strain harbors λ red recombination genes for homologous 

recombination and is deficient of MutS and RecA genes, crippling the mismatch repair and 

homologous recombination system. However, before transformation of the PCR products, YidCwt 

was transformed in the strain. YidCwt was to ensure the mutations anticipated were obtained despite 

their lethality to the host cell by rescuing the lethal phenotype. The yidC gene was cloned in 

pTrc99A under trc promoter using NcoI and HindIII restriction sites. The choice of pTrc99A was 

due to its high copy number (Ori. pBR322). Previously pBAD43, a low copy number plasmid (Ori. 

pSC101) was used but several point mutations, including T362*(stop codons) could not be 

obtained. This implied YidC was inadequate to rescue the lethal phenotype hence the preference 

for a higher copy number plasmid.  
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Competent cells from the new strain ELM51 (EcM2.1, YidCwt) were made. A single colony 

of ELM51 was inoculated into rich media containing 100 µg/ml carbenicillin, and incubated 

overnight on a 30 °C rotor wheel. The overnight culture was sub-cultured by diluting 1:100 in 300 

ml of the same media containing 100 µg/ml carbenicillin, and incubated under the same conditions. 

Mid-log phase culture (A600 nm ≈ 0.4) was transferred to 42 °C water bath for 15 minutes (220 rpm) 

for activation of λ red recombination genes. Cells were harvested by centrifugation (6000 x g for 

15 min at 4 °C) then washed with 0.5 volumes of sterile cold water. Washing was repeated three 

times with 1 ml sterile cold water by centrifugation (8000 x g for 5 min at 4 °C). Finally the pellet 

was resuspended in 500 µl of cold sterile water (A600 nm ≈ 300).  

 

Approximately 10 ngs of the amplified PCR fragment was electroporated in 50 µl of the 

competent cells prepared. 1 ml of SOB, supplement with 20 mM Mg2+, 0.2% glucose, and 50 µM 

IPTG was added to the cells immediately and incubated on a 30 °C rotor wheel for an hour. Cells 

were harvested by centrifugation (8000 x g for 5 min at 23 °C). The cell pellet was resuspended in 

the remaining 100 µl of the media and spread on rich media plates supplemented with 100 µg/ml 

carbenicillin, 10 µg/ml chloramphenicol, and 50 µM IPTG. The plates were incubated for 2 days 

at 34 °C. Single colonies of the transformants were purified once on rich media plates containing 

the same supplements.   

 

4.2.5 Screening for YidC point mutations by sequencing before transduction 

 

To screen for the presence of the desired point mutation, colony PCR and sequencing of the 

amplified product was executed. Six colonies from each bunch of transformants were screened. 

Colony PCR was executed as previously described in Section 4.2.3. YidC was amplified using 

primer 5’ GCG GCG TAC TCC ACG CCT GAC G 3’ that binds on yidC upstream of the location 

of point mutations, and primer 5’ TGG CGG ATG CGC GGT GCT TAT CC 3’ that binds 

downstream of yidC (+85 bps) on the genome. The following PCR program was used.  

 

 

Temperature (°C) Time cycles 

94 30 sec 1 
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94 30 sec  

 

24 

60 30 sec 

72 1 min 

72 5 min 1 

 

Successful amplification and size of the PCR product was checked by running 10 μl sample 

of the product (with 1x loading dye and 1x Sybr Gold for detection) on a 1% agarose gel. Product 

of the correct size (1100 bps) was purified from the remaining PCR reaction volume (40 µl) using 

Qiagen PCR purification kit according to manufactures protocol and sequenced using sequencing 

primer 5’ GCG GCG TAC TCC ACG CCT GAC G 3’. An average of 3 out of 6 screens per 

mutation contained the wanted point mutation while the rest did not (wild-types), resulting to ≈50 

% success rate. Sequencing was repeated for mutants with correct point mutation using reverse 

primer 5’ TGG CGG ATG CGC GGT GCT TAT CC 3’ to confirm the mutation and also screen 

for other unwanted mutations. Selected mutants from the sequencing results were stored in glycerol 

stocks.  

 

4.2.6 YidC knock-out 

 

Knock-out of yidC was required as a control for growth complementation assays. Disruption of the 

gene by introduction of stop codons within the genes reading frame was an inadequate control as 

the available yidC gene fragment could result to homologous recombination with the wild-type 

yidC gene on the plasmid. Complete knock-out of yidC was to rule out this possibility. Despite the 

strain being ∆recA, homologous recombination could still take place upon activation of λ-red 

recombination genes during homologous recombination of the PCR fragment harboring the point 

mutation. YidC was disrupted through recombination between short homologous DNA regions 

according to the method of Wanner and co-workers (2000). This method involves amplifying the 

chloramphenicol resistant gene (or any other resistance marker) using primers that contain 

homology to the genome sequence upstream and downstream of the gene to be disrupted. Primer 

5' CGA TCC CGT CCC GCC CGG ACC ATT TGA TAC CAG AGA ACA CTA ACG ATG GTG 

TAG GCT GAG CTG CTT CGA AG 3' and 5' GCG GTC AAC TGA CCG CCC TTA TTT TAG 

CGA AAA CTC ACC GAA TTA ATG GGA ATT AGC CAT GGT CCA TAT G 3' were used for 
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yidC disruption. The primers were used to amplify the full length CAT cassette from pBAD34 

using the following PCR program 

 

Temperature (°C) Time cycles 

94 30 sec 1 

94 30 sec  

 

24 

61 30 sec 

72  1.5 min 

72 5 min 1 

 

PCR product was checked by running 50 μl sample (with 1x loading dye and 1x Sybr Gold 

for detection) on a 1% agarose gel. Product of the right size (≈ 1100 bps) was excised from the gel 

and purified using the Qiagen gel purification kit according to the manufacturers’ instructions. The 

purified PCR fragment was electroporated in the mutagenesis strain ELM51 (see Section 4.2.4), 

transformants were selected on chloramphenicol (10 µg/ml) and carbenicillin (100 µg/ml) 

containing plates supplemented with 50 µM IPTG, and purified as described in Section 4.2.4. IPTG 

was supplemented to induce expression of YidCwt under trc promoter to rescue the lethal phenotype 

of knocking-out yidC gene. For this reason, the selection plates contained carbenicillin as indicated.  

 

Knock-out of yidC was confirmed by both PCR and sequencing. Verification of yidC knock-

out by PCR involved using a combination of primers whose gene amplification analysis on an 

agarose gel would give a definite conclusion. Primer 5’ GCC ACC CTT TAC ACC CTG GTG G 

3’ (binds 50 bps upstream of yidC), and primer 5’ TGG CGG ATG CGC GGT GCT TAT CC 3’ 

(binds +85 bps downstream of yidC) were used. For successful knock-out of yidC a PCR product 

of about 1200 bps was expected (size of CAT and the flanking sequence). For unsuccessful knock-

out, a PCR product of about 2000 bps was expected (size of yidC and the flanking sequence). To 

confirm CAT had recombined in the correct position, primer 5’ GCC ACC CTT TAC ACC CTG 

GTG G 3’ (binds upstream of yidC) and primer 5’ GTG TTA CGG TGA AAA CCT GGC CTA 

TTT C 3’ (binds within CAT) were used. For correct positioning of CAT, a PCR product size of 

500 bps was expected. YidC knock-out was further confirmed by sequencing using primers 5’ GCC 

ACC CTT TAC ACC CTG GTG G 3’ (binds upstream of yidC) and 5’ TGG CGG ATG CGC GGT 
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GCT TAT CC 3’ (binds +85 bps downstream of yidC). Both the agarose gel analysis and 

sequencing results confirmed yidC knock-out and correct integration of the CAT cassette  

 

4.3 P1vir transduction 

 

P1 transduction was exploited in this study to move the mutant yidC gene from the original mutator 

strain (ELM51) to the test strains; HK295 (DsbB+) with and without YidCwt on the plasmid for 

growth complementation assays and HK325 (∆DsbB) for functional activity assays of VKORC1.  

 

4.3.1 Plasmid design  

 

An alternative strategy to express YidCwt on a plasmid other than pTrc99A was required before 

transduction. This was necessary as the test protein (VKORC1) was also cloned in pTrc99A.  

pBAD43 could not be used as it had previously failed to rescue the lethal phenotype of YidC 

essential mutations. A new plasmid was designed. The new plasmid (pBAD100) was a fusion of 

pBAD43 and pBAD34.  pBAD34 origin of replication (pAYC184) was preferred due to its high 

copy number. Most of the other plasmid features including the spectinomycin resistant marker were 

cloned from pBAD43, which had yidC gene already cloned via NcoI and HindIII restriction sites. 

The distance between Shine–Dalgarno (SD) sequence and the start of yidC was modified by adding 

extra base pairs for improvement of YidC expression levels.  

 

Both the wild-type yidC and spectinomycin resistant genes were amplified from pBAD43 

using primer 5’ CCA TGG ATT CGC AAC GCA ATC TTT TAG TCA TCG 3’ (binds to NcoI 

site and start of yidC), and primer 5’ AAA CGG ATG AAG GCA CGA ACC CAG T 3’ (binds to 

end of spectinomycin resistant gene). pBAD34 Ori, promoter, and other components were cloned 

from pBAD34 using primer 5’ TTC GTG CCT TCA TCC GTT TTT TAG CTT CCT TAG CTC 

CTG AAA ATC TCG ATA AC 3’ (forward primer providing homologous sequence to end of 

spectinomycin resistant gene), and primer 5’ GAT TGC GTT GCG AAT CCA TGG TGA ATT 

CCT CCT GCT AGC CCA AAA AAA CGG G 3’ (reverse primer providing region of homology 

to NcoI and start of yidC). The two amplified fragments were analyzed using 1% agarose gel to 

confirm amplification and check the correct sizes. Products of the correct size; 2700 bps and 3800 
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bps for pBAD34 and pBAD43 amplifications respectively were excised from the gel and purified 

using the Qiagen gel purification kit according to the manufacturers’ instructions. The two PCR 

fragments were fused using Gibson Assembly cloning kit according to manufactures instructions. 

The fusion and the control (one spectinomycin containing PCR fragment) were transformed into 

Neb-5-alpha cloning cells then plated on spectinomycin (100 µg/ml) selection plates. 

Transformants were screened for correct assembly by sequencing. The plasmid-DNA of the 

selected colonies was isolated using Qiagens Miniprep Kit according to manufacturers’ protocol, 

then sequenced using pBAD sequencing primer 5’ ATG CCA TAG CAT TTT TAT CC 3’ and 5’ 

GAT TTA ATC TGT ATC AGG 3’. The results confirmed correct assembly of the two PCR 

fragments into a new cloning vector; pBAD100, with yidC gene already cloned.  

 

A control; pBAD100 empty plasmid was also designed owing to its requirement in 

subsequent experiments involving pBAD100 harboring yidC. Two primers were used to amplify 

pBAD100 vector excluding yidC; Primer 5’ CCA TGG TAC CCG GGG ATC CTC TAG AGT 

CGA CCT GCA GGC ATG CAA GCT TGG CTG TTT TGG CGG ATG AG AGA AG 3’ (forward 

primer introducing the multiple cloning site (MCS)), and primer 5’ GAT CCC CGG GTA CCA 

TGG TGA ATT CCT CCT GCT AGC CCA AAA AAA CGG 3’ (reverse primer containing 

homology to the MCS). The amplified vector was analyzed using 1% agarose gel electrophoresis. 

Product of the correct size (≈ 4950 bps) was excised from the gel and purified using the Qiagen gel 

purification kit according to the manufacturers’ instructions. The linear fragment was circularized 

by Gibson assembly according to manufacturer’s protocol. Correct assembly of the vector was 

confirmed by sequencing using pBAD primers as described for pBAD100 harboring yidC.  

 

4.3.2 Making P1 phage lysate and phage titering 

 

Cultures for overnight incubation at 30 °C were prepared by inoculating single colonies of strains 

containing yidC point mutations and yidC knock-out (mutagenesis strains) in rich media containing 

carbenicillin (100 µg/ml), chloramphenicol (10 µg/ml), and IPTG (50 µM). The overnight cultures 

were sub-cultured by diluting 1:100 in 5 ml rich media supplemented with 100 µg/ml carbenicillin, 

10 µg/ml chloramphenicol, 5 mM CaCl2, 0.2% glucose, and 50 µM IPTG. The media was then 

incubated on a 30 °C rotor wheel. 100 µl of P1vir phage lysate (prepared in ∆DsbB strain) was 
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added to an early log-phase culture (A600 nm ≈ 0.2). The cultures were further incubated for 4 hours 

on a 30 °C rotor wheel. Chloroform (50 µl) was added and cell debris was removed by 

centrifugation (6000 x g for 15 min at 4 °C). The upper phase was transferred to a clean glass tube, 

a few drops of chloroform added, and the lysate stored at 4 °C.  

 

To determine the phage concentration, plaque forming units/ml (pfu/ml), the phage lysate 

prepared was titered. This was necessary to determine the amount of lysate to mix with host cells 

during transduction by making appropriate dilution or concentrating the phage in case of high or 

low pfu/ml respectively.  HK295 (DsbB+) was used as the test strain (any healthy E. coli strain can 

be used). 200 µl of the strains mid-log phase culture (A600 nm ≈ 0.5) was added to 3 ml of H-top 

agar (10 g/l bacto-tryptone, 8 g/l Difco agar, 8 g/l NaCl) supplemented with 0.2% glucose and 5 

mM CaCl2. The mixture was spread on rich media plates. Phage lysate was titered by making a 

series of dilutions (10-1 – 10-8) using LB media on a 96 well plate. 5 µl of each dilution was 

inoculated onto solid medium excluding a control plate. The plates were incubated overnight at 37 

°C, and the phage titer was determined by counting the number of plaques formed while taking 

into consideration the dilutions.  

 

4.3.3 Transduction 

 

Overnight cultures of recipient strains HK295 (DsbB+) and HK325 (ΔDsbB) were made. Two 

forms of strain HK295 were cultured both harboring pBAD100 with either wild-type yidC gene 

cloned in the plasmid or empty plasmid for growth complementation assays. HK325 was the target 

strain for VKORC1 complementation assays. Cells from overnight cultures were collected by 

centrifugation (8000 x g for 5 min at 23 °C), then resuspended in an equal volume of MC buffer 

(0.1 M MgSO4, 0.005 M CaCl2). The phage lysate and the cells were mixed in a ratio of 2:5. 

Controls were included devoid of either the cells or phage. The samples were incubated on a 37 °C 

water bath for 20 min. 2 volumes of 0.1 M Na-Citrate was added, and cells recovered in SOB media 

supplement with 20 mM Mg2+ and 0.02% arabinose for 45 min at 37 °C with shaking (225 rpm). 

Cells were harvested by centrifugation (8000 x g, 5 min, 23 °C), and finally the pellet was 

resuspended in the remaining 100 µl SOB media.  Plating for transductants was done on LB media 
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plates supplemented with 100 µg/ml spectinomycin, 10 µg/ml chloramphenicol, and 0.02% 

arabinose. The plates were incubated overnight at 37 °C.  

 

4.3.4 Growth complementation assays 

 

To access the effect of the introduced point mutations on the viability of E. coli, growth 

complementation assays were done. Two E. coli strains were used, one harboring pBAD100, a 

rescue plasmid encoding arabinose inducible YidC, while the other had an empty pBAD100. The 

strains were transduced with phage lysate from donor strain that contained the test point mutations 

and controls as described in Section 4.3.3. Upon transduction, more transductants were expected 

on a strain harboring extra copy of yidC on a plasmid, and few or no transductants on a strain 

harboring pBAD100 empty plasmid in case of a lethal mutations. For non-lethal mutations, the 

number of transductants from both strains was expected to be on average the same. (See Table IV 

and Table V for growth complementation assay results).  

 

It was necessary to determine the best induction level of YidCwt copy for complementation 

of a lethal phenotype. This was also to demonstrate the role of the extra copy of YidC in rescuing 

the lethal phenotype. ELM60 (HK295 ΔyidC) was employed for this assay in rich media. A single 

colony of the strain was diluted in 1 ml of LB. 5 µl portions of serially diluted cells from the 1 ml 

mixture were spotted on LB-plates supplemented with 100 µg/ml spectinomycin, 10 µg/ml 

chloramphenicol, and varying concentration of arabinose (0.05 mM, 0.5 mM and 1.3 mM).  Control 

plate without arabinose was included. Plates were incubated overnight at 37 °C (Figure 5.7).  

 

4.3.5 Screening for YidC point mutations by sequencing after transduction 

 

The second screening for the presence of the desired point mutation after transduction was required 

to check whether the point mutation had been successfully transduced. Chances of homologous 

recombination were considered as the host strain was RecA+ unlike the donor.  Screening was 

carried out in the same manner as on the donor strain; colony PCR, and sequencing of the amplified 

product. Mutant yidC was amplified using primer 5’ GCG GCG TAC TCC ACG CCT GAC G 3’, 

and primer 5’ TGG CGG ATG CGC GGT GCT TAT CC 3’. Four colonies from each bunch of 
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transductants were screened where in most cases all the colonies had the mutation successfully 

transduced. The integration of mutant yidC gene linked to the chloramphenicol marker on the 

correct locus in the E. coli genome was also verified.   

 

4.4 Vitamin K epoxide reductase subunit 1 complementation assays 

 

To test the complementation of DsbB by VKORC1 on the new mutants, VKORC1 (both wild-type 

and ∆AAR mutant) expressed on pTrc99A under IPTG inducible promoter, were transformed to 

all the strains (YidC mutants) using transformation and storage solution (TSS) method. This 

method was developed by Chung and coworkers (1989), where cells are made competent by mixing 

with an equal volume of ice-cold 2 x TSS (1 x TSS is LB broth containing 10% (w/v) polyethylene 

glycol, 5% (v/v) dimethyl sulfoxide, and 50 mM Mg2+ at pH 6.5), and are immediately ready for 

use. 100 pg plasmid DNA is added, and the mixture is incubated on ice for 30 min; no heat shock 

required. Cells were recovered in SOB media supplement with 20 mM Mg2+, and 0.2% glucose for 

non-lethal YidC mutants (0.2% glucose was replaced with 0.02% arabinose for lethal YidC 

mutants), and incubated for 1 hour at 37 °C while shaking (225 rpm).  

 

Based on previous results, the YidC mutant strains were divided into two; lethal and non-

lethal mutants. Non-lethal YidC mutants had no extra copy of yidC, and the VKORC1 

transformants were selected on LB-plates containing only 100 µg/ml carbenicillin. Lethal YidC 

mutants contained an extra wild-type yidC copy on pBAD100 and the VKORC1 transformants 

were selected on LB-plates supplemented with 100 µg/ml of both carbenicillin and spectinomycin, 

and 0.02% arabinose. Several assays were performed to screen for functional expression of 

VKORC1. The screen principles were based on the restoration of disulfide bonds as previously 

described in Section 4.1.  

 

4.4.1 Non-lethal YidC mutants  

 

4.4.1.1 TCEP screening for functional expression of VKORC1 

 



48 

TCEP resistance ability of active mutants was exploited for analysis of functional expression of 

VKORC1 by non-lethal YidC mutants. Screening on TCEP was carried out by inoculation of 

serially diluted cells on minimal media plates (1.5% agar, 1 x M63 salts, 0.2% glucose, 1 mM 

Mg2+, 0.1 mM IPTG, 0.1 mM carbenicillin, and 1 µg/ml vitamin B1), with a varying concentration 

of TCEP (8 mM TCEP,  10 mM TCEP, and 12 mM TCEP). Control plate without TCEP was 

included. A single colony was diluted in 1 ml of LB media, from which a series of five-fold 

dilutions were made. 5 µl portions of the serially diluted cells were spotted on the plates.  After 36 

hours incubation at 37 °C the mutants’ cfus’ was calculated based on the dilution and compared 

between the plates. Complete growth inhibition was observed at 12 mM TCEP concentration for 

all the samples and controls, and hence the plates were excluded from the result analysis.  

 

4.4.1.2 Blue-white screening for VKORC1 complementation 

 

Inoculation on TCEP minimal media plates (described in Section 4.4.1.1) was replicated on X-gal 

minimal media plates (1.5% agar, 1 x M63 salts, 0.2% glucose, 1 mM Mg2+, 0.1 mM IPTG, 100 

µg/ml carbenicillin, 1 µg/ml vitamin B1,  and 60 µg/ml X-gal ). This was useful as it facilitated the 

comparison of each mutant’s phenotype from both screens to reach a concrete conclusion. YidC 

mutants from previous screens were included a controls; Thr362Ile, Thr373Ile, and Gly512Ser. 

Double mutant (yidCT362I, ΔhslV) was also included as the best positive control expressing 

VKORC1∆AAR. After 30 hour incubation at 37 ° C, white and light blue colonies were compared to 

the degree of TCEP resistance of the same colony for the selection of the best complementing 

mutants (Figure 5.9). 

 

4.4.1.3 β-galactosidase liquid assay 

 

The assay principle is described in Section 2.4.5.5. The aim of the assay was to verify the results 

obtained by use of TCEP resistance and blue-white color screens, as an additional replicate assay. 

TCEP resistant mutants that exhibited white or light blue phenotype on X-gal plates, were expected 

to show consistency of VKORC1 functionality by exhibiting low β-galactosidase levels. Overnight 

cultures containing 100 µg/ml carbenicillin were prepared in 96 well plates. Non-lethal YidC 

mutants were inoculated in triplicate including all the necessary controls. The cultures were 
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incubated overnight at 37 °C on a 900 rpm shaker (90% humidity). The overnight cultures were 

sub-cultured in the same conditions after 1:100 dilution in rich media supplemented with 0.3 mM 

IPTG, 0.2 % maltose, and 100 µg/ml carbenicillin. 180 µl of late-log phase culture (A600 nm ≈ 1.0) 

was transferred to ice for assay. DNase and lysozyme were added to 2 ml PopCulture reagent 

(Novagen Inc.) to a final concentration of 20 µg/ml and 4 U/µl respectively. The mixture was added 

to cells in a ratio of 1:10 and lysis was allowed to take place for 10 min. 4 mg/ml of ONPG 

(substrate) dissolved in buffer Z (16.1 g/liter Na2HPO4•7H2O, 5.5 g/liter NaH2PO4•H2O, and 0.75 

g/liter KCl, 0.246 g/liter MgSO4•7H2O; pH 7.0) was prepared. The substrate was further diluted to 

0.8 mg/ml using buffer Z supplemented with β-mercaptoethanol (2.7 µl/ml buffer Z). Lysed cells 

and the substrate were mixed in a 1:1 ratio in duplicates. The absorbance (A420 nm) of the yellow 

color formed was recorded at 1-min intervals for 1 hour. See Figure 4.3 and Figure 5.10 for the 

assay overview and results respectively.  

 

4.4.2 Lethal YidC mutants  

 

4.4.2.1 YidC Wild-type dominance assay 

 

YidC forms a dimer and since the strains contained two different copies of yidC, it was essential 

to determine the phenotype of the dimer formed before any VKORC1 functionality assays were 

done. First an assay to test for YidCwt dominance was done. X-gal minimal media plates (1.5% 

agar, 1 x M63 salts, 0.2% maltose, 1 mM Mg2+, 0.1 mM IPTG, 1 µg/ml vitamin B1, 60 µg/ml X-

gal, and 100 µg/ml of both carbenicillin and spectinomycin) were prepared. Maltose was used as a 

carbon source instead of glucose to avoid catabolic repression of arabinose induced promoter that 

would lower the expression levels of YidC. Maltose is also an inducer of MalF protein fused to β-

galactosidase. This results to increased intensity of the blue color formed. YidCT362I mutant 

(positive control) and the wild-type (negative control), containing either yidCwt or pBAD100 empty 

plasmid were compared in this assay. All four strains harbored mutant VKORC1∆AAR. A single 

colony was diluted in 1 ml of LB media, further five-fold dilutions were made, and 5 µl portions 

of serially diluted cells were spotted on the plates. After 30 hour incubation at 37 °C, the color of 

the colonies was compared between the four strains (Figure 5.11). 
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4.4.2.2 Overexpression of Wild-type YidC 

 

YidC has been shown to be extremely toxic upon overexpression (Wagner et al., 2007). 

Considering the strain in use was ΔAra, this test was significant to determine the appropriate 

induction levels that would facilitate complementation, and at the same time avoid toxicity. From 

previous tests (Section 4.3.4), YidC overexpression in rich media plates did not display toxicity 

upon induction with 0.02% arabinose (Figure 5.7). However, since TCEP and blue-white screens 

employ use of minimal media, it was necessary to replicate the test in minimal media. The same 

strains used in YidCwt dominance assay (Section 4.4.2.1) were used for this assay but in this case 

without VKORC1∆AAR. Minimal media plates (1.5% agar, 1 x M63 salts, 0.4% glycerol, 1 mM 

Mg2+, 1 µg/ml vitamin B1, and 100 µg/ml of both carbenicillin and spectinomycin) were used at 

varying concentration of arabinose (0.1 µM and 0.5 µM). Glycerol was the preferred carbon source 

based on previous subsidiary experiments involving the use of other carbon sources (amino acids, 

glucose, maltose, succinate, and glycerol supplemented with 0.1% NZ-amine). Dilution, 

inoculation, and incubation of test strains was executed in a similar manner as in YidCwt dominance 

assay (Section 4.4.2.1). Results of the assay are presented in Figure 5.12. 

 

4.4.2.3 β-galactosidase liquid assay  

 

To test for VKORC1 functional expression in lethal YidC mutants, β-galactosidase liquid assay 

was preferred. TCEP resistance and blue-white screens were not ideal due to toxicity of YidC 

observed on minimal media. The assay was reproduced as described in Section 4.4.1.3 with minor 

modification and more controls for the extra copy of yidC. The miller equation used for the 

calculation of β-galactosidase activity is shown below (Thibodeau et al., 2004). Figure 4.3 shows 

the diagrammatic representation of the assay  

 

V = Velocity of the enzyme reaction reported in A420 nm/min 

Conversion factor (CF) 1= 1.86 (Converts A420 nm values measured on a plate reader into A420 nm 

values as measured in a spectrophotometer. 
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CF2= 1.56 (applied when Na2CO3 is not used to stop the reaction as in this case).  

CF3= 1.91 (converts A600 nm plate reader values to A600 nm spectrophotometer values)  

 

 

Figure 4.3 Overview of 96-well β-galactosidase assay 

For kinetic assays, absorbance at 420 nm was measured at 1-min interval for no more than 60 min to 

ensure the substrate (ONPG) remained in excess and to minimize the effects of reaction evaporation. For 

each assay well, velocity (A420 nm/time) was calculated by plotting time against A420 nm measurements 

between 0.1 and 1.0 (y-axis). Velocity and A420 nm measurements made on the plate reader were exported 

directly to Microsoft excel ® spreadsheet for β-galactosidase activity calculation using equation shown 

above. Adapted from Thibodeau et al., (2004). 
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5 Results 

 

5.1 Mutagenesis and selection  

 

5.1.1 Viable cell count  

 

The purpose of EMS mutagenesis, was to generate random mutations in E. coli genome for direct 

evolution of desired mutants by selection. However, EMS is a powerful mutagen that kills cells 

relative to the time of exposure. To determine the extent of killing by exposure of cells to the 

mutagen, a viable cell count was done. This allowed optimization of the experiment, to provide 

enough time for mutagenesis to occur without massive killing. The number of viable cells subjected 

to selection by plating was determined and readjusted to ensure adequate library of mutants was 

screened. Figure 5.1 depicts the survival percentage of mutagenized cells upon comparison to cells 

without exposure to EMS.  

 

 

Figure 5.1 Viable cell count 

Cells were subjected to EMS treatment for a varied range of time (0-120 min) and plated non-

selectively to determine the rate of EMS killing. EMS untreated cells (0 min) were included as 

control for determining the percentage viability. This was achieved by plating 10-4/10-5 dilutions 

for mutagenized samples and 10-5/10-6 dilution for the controls 
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As depicted from Figure 5.1 above the percentage of viable cell count is inversely proportional to 

the time of EMS exposure. Exposure of cells to EMS for more than an hour showed a decline in 

cell viability to less than 50%. To determine the best time for EMS exposure, further investigation 

was done to determine the frequency of mutagenesis. This was done by scoring the mutants to the 

viable cells. The best time was between 45-60 min, where the frequency of mutagenesis was 

observed to be at its peak (data not shown). Based on these results, 45th and 60th minute time points 

were used for EMS exposure in subsequent mutagenesis experiments.  

 

5.1.2 TCEP and motility selection results  

 

Upon screening for TCEP resistant, no colonies resistant to 10 mM TCEP were observed in absence 

of mutagenesis. Control plates with pTrc99A empty plasmid showed a 10 fold reduction in number 

of colonies compared to strains containing VKORC1 on pTrc99A.   Following TCEP selection, 

isolated mutants were inoculated on low agar minimal media plates to evaluate their motile 

capabilities as a second screening technique. Approximate 930 TCEP resistant mutants were 

screened. Figure 5.2 shows a portion of motility test results. Mutants showing any signs of motility 

were isolated for blue-white screening, where approximately 130 mutants were isolated from 

several independent motility screens.  

 

5.1.3 Blue-white screening  

 

Motile mutants were further subjected to blue-white screening (β-galactosidase assay) to confirm 

the restoration of disulfide bonds. Figure 5.3 shows a portion of the screening result. White colonies 

indicate inactive β-galactosidase illustrating the restoration of disulfide bonds. Blue colonies 

signify active β-galactosidase signifying no complementation. The result was confirmed by the 

controls FSH250 and FSH249, which are white and blue respectively. FSH250 contains rat 

VKORC1∆AAR on pTrc99a which has been shown to complement, while strain FSH249 contains 

non complementing rat VKORC1wt hence blue. Both strain are of the same genotype.  
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Figure 5.2 E. coli motility test for restoration of disulfide bonds formation pathway on a ΔDsbB 

strain 

Plate A and B displays complementation assay of ΔDsbB strains for selection purposes. FSH250, pTrc99a 

containing rat VKORC1ΔAAR and yidCT362I, ΔhslV chromosomal mutations as positive control; FSH249, 

pTrc99a containing rat VKORC1wt and yidCT362I, ΔhslV chromosomal mutations as negative control. M1-

M28; mutagenized test mutants isolated from TCEP screening. Green and black labelling illustrate 

presence and absence of motility respectively in comparison to the controls. The mutants and controls 

were stubbed at multiple locations on M63 medium containing 0.3% agar and 0.2% glucose as the carbon 

source. The spots represent different mutants after 48 hours of incubation at 30 °C. Motility halos (motile 

mutants) indicate successful complementation of DsbB, which were isolated for additional tests. 

 

5.1.4 Rat vitamin K epoxide reductase subunit 1 sequencing  

 

Bearing in mind the phenotypes observed for the motility and blue-white screening could have 

been as a result of mutations in the VKORC1 gene, the gene was sequenced to exclude this 

possibility as the main intention at this point was to isolate E. coli chromosomal mutations that 

would facilitate functional expression of VKORC1wt. All motile mutants that displayed white 

colony phenotype on X-gal media were selected for sequencing. This was done for all the selection 

and screening rounds. Sequencing results are displayed in Table III. Only 5 of the total mutants 

sequenced (122) contained the rat VKORC1wt gene. The rest of the mutants contained mutations 

at different loci of the VKORC1 gene. Most of the mutations obtained involved the introduction of 

a negative charge (G60D, G62D and G64D), or removal of a positive charge (ΔAAR) from the 
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putative soluble loop between transmembrane 1 and 2. Figure 5.4 shows a schematic representation 

of the VKORC1 mutations on the VKORC1 gene that rendered functionality to rat VKORC1.  

 

 

Figure 5.3 β-galactosidase screening assay 

Plate A-D shows the results of β-galactosidase assay of ΔDsbB mutants for screening of restoration of 

disulfide bond formation. FSH250, pTrc99a containing rat VKORC1ΔAAR and yidCT362I, ΔhslV 

chromosomal double mutant as positive control; FSH249, pTrc99a containing rat VKORC1wt and 

yidCT362I, ΔhslV chromosomal double mutant as negative control. M1-M8; mutagenized ΔDsbB test 

mutants isolated from motility plates. E. coli mutants were streaked on M63 minimal medium (1.5% 

agarose, 60 µg/ml X-gal, and 0.3 mM IPTG), and incubated at 30 °C for 48 hours. Strains with restored 

of disulfide bond formation turned white, while mutants with defective disulfide bond formation turned 

blue. 
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Table III. Rat VKORC1 Sequencing results 

Rat VKORC1 mutations  Number of mutants 

G62D  61 

ΔA31AR  21 

S57F  14 

G60D  10 

Wild-type  5 

S81F  3 

G64D  2 

A32V  1 

T137P  1 

F55S  1 

D44N  1 

G60D, G62D  1 

S52N, G60D  1 

Total mutants Sequenced  122 

 

VKORC1 gene was sequenced using pTrc99a forward and reverse primers. The primers bind on the plasmid 

sequence flanking the VKORC1 gene, where the reverse primer sequencing confirmed the results of the 

forward primer. The result identified different mutations on the VKORC1 gene. Most of the mutations were 

single point substitutions but also double mutations were obtained as shown. Only 5 mutants were identified 

as wild-type.  

 

5.1.5 Secondary screening; IPTG dependency and Warfarin inhibition 

 

Further tests were done on the isolated mutants containing VKORC1wt, to investigate whether 

VKORC1 was involved in the displayed complementation phenotypes. IPTG dependency test, 

involving the use of IPTG at varying concentrations, and warfarin inhibition test, involving use of 

warfarin to inhibit VKORC1 functional activity were employed. The test results are shown on 

Figure 5.5 and Figure 5.6 respectively. Motile halos were absent for all the mutants and controls 

without induction (∆IPTG). Upon induction, both the positive control and mutant 3 exhibited 

motility which directly correlated to the amount of IPTG used signifying VKORC1 dependency 

and functionality (Figure 5.5). The rest of the mutants remained non-motile. Upon replication of 

the experiment on blue-white screening plates, both mutant 3 and positive control colonies turned 

blue in present of warfarin and remained white in absence of warfarin. Mutant 1 and 2 in this case, 
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retained white color in presence of warfarin (Figure 5.6). Comparing the results from both screens, 

only one mutant (M3) showed VKORC1 dependency and functionality for the displayed positive 

complementation results.  

 

Further analysis was done on the mutant by replacement of the original plasmid with a clean 

pTrc99a containing VKORC1wt that had not undergone mutagenesis. The functional phenotypes 

(motility and β-galactosidase inactivation) were lost. Sequencing of the original plasmid was 

repeated in quest for an explanation which disappointingly revealed VKORC1 D44N mutation. 

 

 

 

 

Figure 5.4 Schematics of rat VKORC1 mutations obtained 

The alphabetic letters represent rat VKORC1 amino acid sequence, which is codon optimized for E. coli 

expression. Strips in blue depict putative transmembrane segments, green and purple strips illustrate 

cytoplasmic and periplasmic/luminal loops respectively. Red rectangles show the obtained mutations that 

render functionality to rat VKORC1. Mutations obtained from previous screens are also included. The 

mutations appear to cluster in two main regions. I) immediately after the first transmembrane helix, II) in 

the proceeding predicted water soluble periplasmic/luminal loop.  
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Figure 5.5 IPTG dependency and warfarin inhibition tests using E. coli motility 

Plate A-D display motility complementation assay of ΔDsbB strains, for testing the dependency of IPTG 

induction and inhibition if VKORC1 activity by warfarin, for secondary screening of VKORC1’s role in 

restoration of disulfide bond formation. FSH250, pTrc99a containing rat VKORC1ΔAAR and yidCT362I, 

ΔhslV chromosomal double mutant as positive control; FSH249, pTrc99a containing rat VKORC1wt and 

yidCT362I, ΔhslV chromosomal double mutant as negative control. M1-M5; selected ΔDsbB test mutants 

with pTrc99a containing rat VKORC1wt. The mutants and controls were stubbed at multiple locations on 

M63 medium containing increasing concentration of IPTG as shown. An extra plate (D) was included 

containing 0.3 mM IPTG and 5 mM Warfarin. The spots represent motility halos observed after 48 hours 

of incubation at 30 °C. Mutant 3 (M3) was dependent on IPTG and its motility was inhibited by warfarin. 
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Figure 5.6 Warfarin inhibition test using blue-white screening 

Both plates A and B, show results of β-galactosidase assay of ΔDsbB mutants exploiting VKORC1 

warfarin sensitivity as a secondary screen to determine the role of VKORC1 in restoration of disulfide 

bond formation. FSH250, pTrc99a containing rat VKORC1ΔAAR and yidCT362I, ΔhslV chromosomal 

double mutant as positive control; FSH249, pTrc99a containing rat VKORC1wt and yidCT362I, ΔhslV 

chromosomal double mutant as negative control. M1-M3; selected ΔDsbB test mutants isolated from 

IPTG dependency test (Figure 5.5). The mutants and controls were streaked on M63 minimal medium 

containing 60 µg/ml X-gal and 0.3 µM IPTG, with (plate A) and without (plate B) warfarin, and incubated 

at 30 °C for 48 hours. Both mutants 1 and 2 activity was retained while mutant 3 activity was lost in 

presence of warfarin (colonies turn blue) indicating VKORC1 involvement in the β-galactosidase 

inactivation. 

 

5.2 Study of YidC hydrophilic groove 

 

5.2.1 Chromosomal site directed mutagenesis  

 

The setback of not obtaining E. coli mutants facilitating functional expression of rat VKORC1wt 

from the screens, meant a different approach was desirable. Rational design experiments targeting 

YidC were considered where point mutations were introduced on the YidC hydrophilic groove as 

described in Section 4.2. For this approach, the aim was to identify new YidC mutations other than 

the ones obtained from previous screens, which would either facilitate the functional expression of 

VKORC1wt, or improve functional expression of VKORC1ΔAAR. YidC point mutations were 
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introduced in its chromosomal loci to avoid potential complications that would arise from 

overexpression of a membrane protein on a plasmid, especially YidC which has been shown to be 

extremely toxic (Wagner et al., 2007).  

 

5.2.1.1 Screening for YidC chromosomal mutations  

 

As described in Section 4, screening for the introduced yidC mutations was done twice; before 

transduction on the mutator strain, that is genetically modified for efficient mutagenesis and 

recombination, and after transduction on the test strains for both growth and VKORC1 

complementation assays. Table IV summarizes all the sequencing results obtained. From the 

results, all the desired mutations including the controls were obtained on the mutator strain. This 

was possible upon expression of YidCwt on a high copy plasmid (pTrc99a).  

 

5.2.1.2 Growth complementation assays  

 

Transduction of the obtained mutations to either HK295 (DsbB+) or HK325 (ΔDsbB) strains 

carrying yidCwt gene on either pTrc99a was positive for all the mutations (Table IV). However, 

transduction to the same strains with either pTrc99a empty plasmid or without plasmid led to 

varying results. For some of the mutants the number of transductants obtained was 20 fold lower 

compared to the same strain carrying yidCwt, while for other mutants the number of transductants 

was approximately the same for a strain with or without plasmid containing yidCwt. This growth 

complementation test led to identification of lethal and non-lethal YidC mutations. Mutants that 

resulted to approximately equal number of colonies upon transduction to a strain with or without 

yidCwt were noted as non-lethal as they did not required an extra copy of yidCwt to rescue the lethal 

phenotype, while mutants that showed a significant decrease in number or absence of transductants 

without extra copy of yidCwt were noted as lethal.  

 

To confirm these results, the few colonies obtained on strains without yidCwt for lethal YidC 

mutants were sequenced. The sequencing results confirmed the lethality of the point mutations as 

all the colonies sequenced had lost the mutation. The sequencing results are summarized on Table 

IV. Transduction of ΔyidC mutant to a strains lacking rescue YidCwt, did not yield any 
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transductants, indicating homologous recombination for the rest of the lethal mutants i.e. the stop 

codon mutants.  Table V shows a summary of yidC mutations identified as either lethal or non-

lethal from the growth complementation test based on Table IV sequencing results.  

 

Table IV. Summary of YidC hydrophilic groove mutagenesis result before and after transduction 

Mutation  Mutator strain  

carrying YidCwt 

on pBAD43 or 

pTrc99a 

P1 transduction to 

HK295 or HK325 

carrying YidCwt 

in pTrc99a 

P1 transduction to 

HK295 carrying 

empty plasmid or 

HK325 without 

plasmid 

Role of hydrophilic 

groove 

   

Q429I + + + 

T474I + + + 

N521I + + + 

S520I + + + 

Q527I + + + 

Role of Threonine 

362 

   

T362I,V, L, A, S, F, E, 

K 

+ + + 

T362 M, C, W, H, D 

R, G, Y, N Q, P and G 

+ + _ 

Role of positive 

charge  

   

R366I, K, H + + + 

R366D, E  + + _ 

R366* (control) + + _ 

 

YidC knockout 

(control) 

            

             + 

              

             + 

             

             _ 

*Stop codon  

The table shows sequencing results upon introduction of yidC mutations on a mutator strain and transduction 

of the mutations to test strains; HK295 (DsbB+) and HK325 (ΔDsbB). Column 2 shows the sequencing 

results of the mutator strain carrying YidCwt on either pBAD43 or pTrc99a. Plus (+) and minus (-) signs 

indicate presence and absence of the desired mutation respectively. Column 3 shows sequencing screening 

results obtained after transducing the mutations to a strains carrying yidCwt on pTrc99a, while the last 

column shows results obtained after transducing the mutations to the same strains carrying an empty plasmid 

(pTrc99a) or without a plasmid.  
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Table V. List of identified non-lethal and lethal YidC mutations 

Non-lethal mutations Lethal mutations 

Role of 

Hydrophilic 

groove 

Role of 

Threonine 

362 

Role of 

positive 

charge 

Role of 

Threonine 362 

Role of 

positive charge 

Q429I, 

T474I, 

N521I, 

S520I, 

Q527I 

T362I, V, 

L, A, S, F, 

E, K 

R366I, K, H T362M, C, W, 

H, D, R, Y, N, 

Q, P, G 

R366D, E 

 

Growth complementation test results attained by comparing the number of transductants on strain carrying 

yidCwt gene on pTrc99a to the same strain carrying empty pTrc99a or without plasmid. Approximately equal 

number of colonies were obtained in both strains for non-lethal YidC mutants, while for lethal YidC mutants 

20 fold less/no transductants were obtained on a strain without plasmid YidCwt. 

 

Newly designed pBAD100 meant for replacement of pTrc99a for expression of YidC (see Section 

4.3.4) was tested before use for its ability to rescue the lethal phenotypes exhibited by YidC 

mutants. ΔYidC mutant carrying the plasmid was used as the test strain. Figure 5.7 shows the test 

results using different levels of induction. Growth complementation was present in presence of 

arabinose and absent in absence of arabinose, signifying the active role played by the plasmid in 

expressing YidC at adequate amounts required for growth complementation. Result on 

overexpression of YidC on the plasmid in rich media was also noted, where no toxicity was 

observed at the highest arabinose concentration (Figure 5.7; plate D); the colony forming units 

(1.4*107 cfu/ml) and the size remained the same. 

 

5.2.2 Screens for VKORC1 complementation; Non-lethal YidC mutant strains 

 

5.2.2.1 TCEP resistance and blue-white screening assays 

 

For ease of analysis, non-lethal and lethal YidC mutant strain assays were analyzed separately. In 

this section, VKORC1 complementation assays for non-lethal YidC mutant strains are presented.  
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Figure 5.7 pBAD100 YidC growth complementation test 

Plate A-D shows growth complementation test of a ΔyidC strain using plasmid (pBAD100) expressed 

YidC. 10-fold serially diluted cells of the mutant were inoculated in triplicates/quadruplicates on LB 

media containing increasing concentration of arabinose (0.05 mM, 0.5 mM, and 1.3 mM), and a control 

plate without arabinose. The plates were incubated overnight at 37 °C.  

 

As described in Section 4.4.1, three complementation assays were performed; TCEP resistance, 

blue-white screening (solid β-galactosidase assay), and liquid β-galactosidase assay. The tests were 

done in a manner such that each mutants test result was comparable from one complementation 

assay to the other. Figure 5.8 shows the results of the assay for four control mutants which 

illustrates the principle of the assays used in the main screen. The double mutant (yidCT362I, 

hslVC160Y) carrying VKORC1ΔAAR showed the best complementing results, where the colonies 

turned white on X-gal and resisted 10 mM TCEP concentration. Similar results were observed for 

the single mutant (yidCT362I) on TCEP resistance. However, a difference was observed on X-gal 

minimal media, where the single mutant showed lower activity of β-galactosidase inactivation. No 

complementation was observed for VKORC1wt as the result resembled that of a wild-type strain 

carrying pTrc99a empty plasmid. VKORC1ΔAAR mutant was able to functionally support disulfide 
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bond formation on its own. However, the activity was enhanced in presence of yidCT362I mutation 

or a combination of hslV and yidC mutations. Cys160Tyr mutation renders HslV inactive. 

 

 

Figure 5.8 A control experiment for TCEP resistance and blue-white screening assays for 

VKORC1ΔAAR complementation 

The figure illustrates the blue-white and TCEP resistance assay for screening the restoration of disulfide 

bond formation on ΔDsbB mutants by VKORC1wt/VKORC1ΔAAR complementation. The chromosomal 

mutations and the plasmids contained in the strains are described on the left, where plus (+) and (-) signs 

show the presence and absence of the mutation/plasmid respectively. The top strain carries an empty 

plasmid (pTrc99a). The four strains were inoculated in 5-fold dilutions on M63 minimal medium 

containing 1.5% agar and 0.2% glucose as the carbon source. 60 µg/ml X-gal for blue-white screening 

and increasing TCEP concentration for TCEP resistance assay. VKORC1 expression was induced with 

0.1 mM IPTG, and the plates were incubated at 37 °C for 30 hours. Strains with restored disulfide bond 

formation turned white while those with defective disulfide bond formation turned blue in color. TCEP 

resistant mutants grew in presence of TCEP where both the colony size and the cfu’s were sensitive on 

increasing concentration of TCEP.  

 

The screen shown in Figure 5.8 was replicated to test the rest of the non-lethal YidC mutant strains 

carrying VKORC1ΔAAR (Figure 5.9). New chromosomal yidC mutations enhancing the functional 

activity of VKORC1ΔAAR were identified by comparing both the blue-white screening and TCEP 

resistance phenotypes. The mutations were; T362S (2), T362A (6), Q429I (12), and S520I (15).  
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Figure 5.9 TCEP resistance and blue-white screening assays for VKORC1ΔAAR complementation 

A combined screen for both TCEP resistance and β-galactosidase activity for the newly developed ΔDsbB, 

non-lethal YidC mutant strains. Mutant number one (YidCwt), is a control that is sensitive to TCEP and has 

active β-galactosidase. Mutants isolated previously from the selection and screening process were also 

included as positive controls (Mutant number 9, 11, and 14); they are resistant to TCEP and form white 

colonies. The strains were inoculated in 5-fold dilutions on M63 minimal medium containing 1.5% agar and 

0.2% glucose as the carbon source. 60 µg/ml X-gal for blue-white screening and increasing TCEP 

concentration for TCEP resistance assay. VKORC1 expression was induced with 0.1 mM IPTG, and the 

plates were incubated at 37 °C for 30 hours.  

 

The experiment shown in Figure 5.9 was replicated to test the same YidC mutants 

containing VKORC1wt instead. None of the mutants successfully facilitated the complementation 

of VKORC1wt (data not shown). 

 

5.2.2.2 β-galactosidase activity of non-lethal YidC mutant strains  

 

To support both the blue-white screening and TCEP resistance results (Figure 5.9), it was necessary 

to replicate the screens in a different assay (liquid β-galactosidase assay). This assay gives a more 

quantitative aspect of β-galactosidase activity, and hence was preferred to facilitate identification 

of the best mutants among the newly identified. Figure 5.10 shows the results of liquid β-

galactosidase assay for non-lethal YidC mutant strains carrying pTrc99a with VKORC1ΔAAR. 

Mutants 2 (yidCT362S), 6 (yidCT362A), 12 (yidCQ429I) and 15 (yidCS520I) results showed consistency 

for enhanced functional expression of VKORC1ΔAAR by displaying low β-galactosidase activity 

compared to the rest of the mutants and the controls. Among the four, mutant number 6 (yidCT362A) 

was the best. However, the new mutants’ activity did not surpass the original mutants (mutant 9, 

11 and 14) identified via the screening process.   

 

5.2.3 Screens for VKORC1 complementation; Lethal YidC mutant strains 

 

Different approaches were used for assaying the complementation of VKORC1 by the lethal YidC 

mutant containing strains. This was due to the presence of an extra yidCwt gene copy expressed in 

pBAD100 to rescue the lethal phenotype exhibited by the mutant chromosomal YidC. The 

existence of the two different yidC copies in the same strain introduced new aspects that needed to 

be addressed before the assays. These aspects included, the possibility of having YidCwt dominate  
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Figure 5.10 β-galactosidase activity of newly developed non-lethal YidC mutants    

β-galactosidase activities (Miller units) expressed from ∆DsbB strains containing non-lethal YidC 

mutations. Strains contain; pTrc99a carrying either VKORC1wt or VKORC1ΔAAR. A control strain 

carrying pTrc99a empty plasmid was included. Strains numbered 1 to 17 are identical to the same 

numbered strains in blue-white and TCEP resistance screens (Figure 5.9), for ease of comparison. 1:100 

dilution was made from overnight cultures of the strains in rich media containing 0.3 mM IPTG and 0.2% 

maltose. Cultures were grown to OD600 nm = 1 before lysis. The values (Miller units) given are the means 

of duplicate determinations from at least two independent cultures. The error bars indicate the standard 

deviation from the mean. Strains with restored disulfide bond formation have low β-galactosidase 

activities while those with defective disulfide bond formation have high β-galactosidase activities.  

 

the activity of mutant YidC or toxicity of YidCwt upon its expression on pBAD100 (high copy 

number plasmid). To investigate these unknowns, two tests were done; YidCwt dominance test and 

overexpression of YidC in minimal media as described in Section 4.4.2. 

 

5.2.3.1 YidC wild-type dominance and toxicity tests 

 

YidCwt dominance by the restoration β-galactosidase activity (blue colonies) on a yidCT362I mutant, 

known to enhance functional expression of VKORC1ΔAAR is illustrated in Figure 5.11. Strain 
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number 3; yidCT362I carrying pBAD100 containing yidCwt, displays light blue colony phenotype 

signifying partial restoration of disulfide bond formation pathway. In this case YidCwt exhibits 

partial negative dominance phenotype, by partially abolishing the activity of yidCT362I. This 

phenotype was only visible when maltose was used as a carbon source, as it induces MalF (fused 

to β-galactosidase), leading to increased intensity of the blue color formed.  

 

 

Figure 5.11 YidC wild-type dominance test 

Plate A and B (duplicates) display the result of β-galactosidase assay of ΔDsbB mutants for screening of 

plasmid YidCwt dominance over chromosomal YidC mutant (T362I). The strains contain pTrc99a 

carrying VKORC1ΔAAR whose expression was induced by 0.1 mM IPTG. Strains were inoculated in 5-

fold dilutions on M63 minimal medium containing 1.5% agar, 0.2% maltose as the carbon source, and 

60 µg/ml X-gal. The plates were incubated at 37 °C for 30 hours. Mutant number 3 displays partial 

restoration of disulfide bond formation.  

 

Test for YidC toxicity by overexpression in minimal media was done to determine the correct 

arabinose induction level for TCEP and blue-white minimal media screening assays. Previous tests 

(Figure 5.7) showed YidC overexpression in rich media does not lead to toxicity. This is due to 

catabolic repression by glucose which is the preferred carbon source. The results displayed in 

Figure 5.12, show YidC toxicity upon expression on pBAD100 using glycerol as the carbon source. 

This was not surprising as no catabolic repression occurs, and also the E. coli strain in use was Ara- 

(arabinose nonassimilator). Mutant 1 and 3, both of which carry pBAD100 containing yidC, 
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showed toxicity (plate B) by displaying a severe growth defect at very low arabinose concentration 

(0.5 µM). Previously, other carbon sources had been tested (see Section 4.4.2.2) which also 

displayed YidC toxicity at varying concentration of arabinose. Chromosomal YidC mutant 

(T362I), did not display any reduced toxicity, and hence no reasonable conclusion on its role in 

alleviating toxicity could be made. From this result, TCEP resistance, and blue-white screens which 

employ use of minimal media were ruled out as potential screens for assaying lethal YidC mutant 

strains. Liquid β-galactosidase activity was used as the only screening assay.  

 

 

Figure 5.12 YidC toxicity test 

Overexpression of YidC on pBAD100 displays toxicity in minimal media. The strains contain either 

pBAD100 empty plasmid or pBAD100 containing YidCwt. Chromosomal YidC mutant (T362I) was 

included to investigate whether the mutant could alleviate the toxicity observed. Strains were inoculated 

in 5-fold dilutions on M63 minimal medium containing 1.5% agar, and 0.4% glycerol as a carbon source. 

YidC expression was induced with either 0.1 µM (plate A), and 0.5 µM (plate B) arabinose. The plates 

were incubated at 37 °C for 2 days. YidC toxicity was displayed by severe growth defect (plate B).   

 

5.2.3.2 β-galactosidase assay for lethal YidC mutant strains 

 

The assay was reproduced as described in Section 5.2.2.2 for non-lethal YidC mutants with minor 

modification and more controls for the extra copy of yidC expressed on pBAD100. The results 

were divided into two: β-galactosidase activity for all the extra pBAD100 controls ( 5.13), and the 

β-galactosidase activities of the lethal YidC mutant strains carrying pTrc99a with either 
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VKORC1wt or VKORC1ΔAAR (Figure 5.14). The assay was done as a single experiment but the 

results were split for ease of analysis.  

 

 

Figure 5.13 β-galactosidase activity for extra pBAD100 YidC copy controls 

β-galactosidase activities (Miller units) expressed from ∆DsbB strains containing pTrc99a which was 

either empty or carrying either VKORC1wt or VKORC1ΔAAR. The strains also contained pBAD100 YidCwt 

or pBAD100 empty plasmid (EP). The chromosome yidC for the strains numbered 1 – 6 is wild-type 

while the rest of the strains have a mutant yidCT362I. Dilutions were made from overnight cultures of the 

strains in rich media containing 1.3 mM arabinose (0.02%), 0.3 mM IPTG, and 0.2% maltose. The values 

(Miller units) given are the means of duplicate determinations from at least two independent cultures. 

The error bars indicate the standard deviation from the mean. Strains with restored disulfide bond 

formation have low β-galactosidase activities.  

 

Figure 5.14 shows no significant difference in β-galactosidase activity between yidCT362I 

mutant strain containing pBAD100 empty plasmid and pBAD100 yidCwt for improved functional 

expression of VKORC1ΔAAR. This signifies the activity of YidCT362I mutant was retained despite 

the presence of YidCwt, which was previously observed to be partially dominant in minimal media 

(Figure 5.11). From this result it was concluded the assay could be used to screen the rest of the 

0

20

40

60

80

100

120

140

160

180

M
IL

LE
R

 U
N

IT
S/

M
IN

STRAINS

β-galactosidase activity (pBAD100 YidC wild-type controls)

Chromosomal yidCwt Chromosomal yidCT362I



71 

lethal YidC mutant strains for functional expression of VKORC1wt or improved functional 

expression of VKORC1ΔAAR.   

 

Results of some of the lethal YidC mutant strains are shown in Figure 5.14, none of the strains 

displayed significant reduction in β-galactosidase activity, indicating unsuccessful 

complementation of both VKORC1wt and VKORC1ΔAAR. This result was consistent for all the other 

lethal YidC mutant strains.  

 

 

Figure 5.14 β-galactosidase activities of lethal YidC mutant strains 

β-galactosidase activities expressed from ∆DsbB strains containing pTrc99a carrying either VKORC1wt 

or VKORC1ΔAAR. All the strains contained pBAD100 carrying yidCwt gene.  1:100 dilution was made 

from overnight cultures of the strains in rich media containing 1.3 mM arabinose (0.02%), 0.3 mM IPTG, 

and 0.2% maltose. The values (Miller units) given are the means of duplicate determinations from at least 

two independent cultures. The error bars indicate the standard deviation from the mean.   
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6 Discussion   

 

Bacterial proteins DsbB, VKOR, and the mammalian protein VKORC1 are polytopic membrane 

proteins that share similar functions involving electron transfer processes. They all receive 

electrons from thioredoxin-like proteins; in bacteria, the DsbA, and in eukaryotic cells, ER-

membrane anchored thioredoxin-like proteins (Schulman et al., 2010). The electrons are shuttled 

to a membrane localized quinone. While DsbB is not homologous to the bacterial and mammalian 

VKOR proteins, the two proteins share overall structural features (Li et al., 2010), and use similar 

mechanism for maintaining disulfide bond formations (Wang et al., 2011). The key structural and 

functional similarity among the three proteins, is the presence and use of two pairs of redox active 

cysteines localized in similarly arranged domains.  

 

  Based on the similarities between the three proteins and the finding that MtbVKOR can 

replace DsbB in E. coli, we considered the possibility of rat VKORC1 displaying similar 

functionality as MtbVKOR. The two proteins share 17% sequence identity (Figure 6.1).  

 

 

Figure 6.1 MtbVKOR and rat VKORC1 sequence alignment 

Amino acid sequences of the two proteins; MtbVKOR and rat VKORC1, were aligned using 

CLUSTALW pairwise alignment tool, generating 17% sequence identity. 
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  Upon mutagenesis and screening for E. coli mutants that would allow complementation of 

VKORC1wt, mutations in VKORC1 gene were isolated (see Table III) instead of the expected E. 

coli chromosomal mutations, as the wild-type VKORC1 functional expression proved challenging. 

The mutations obtained cluster in two main regions of the VKORC1 gene; immediately after the 

first transmembrane helix, and in the proceeding predicted water soluble periplasmic/luminal loop. 

Notably, the best motility was displayed by VKORC1∆AAR mutant. This particular mutation was 

obtained previously before this screen by mutagenizing a plasmid carrying VKORC1wt by several 

cycles of transformation in a mutator strain (XL1-Red). The mutagenized plasmid libraries were 

then transformed into a ΔDsbB strain selecting for functional VKORC1 clones as indicated by 

restoration of bacterial motility. The mutant had also appeared spontaneously as motile flare from 

an unmutagenized ∆DsbB strain carrying rat VKORC1 that had been sitting at room temperature 

for several days. (Hatahet et al., unpublished data). Upon analysis of VKORC1 mutants obtained, 

most of the substitutions involved the introduction of negatively charged amino acid (G60D, G62D, 

and G64D), or the removal of positively charged amino acid (∆AAR) on the second loop 

connecting the first and second TMs. The loop also contains one of the redox active cysteine pairs, 

which when compared with redox active cysteines of both DsbB and MtbVKOR, would have to be 

facing the periplasm for the protein to functionally replace DsbB (Figure 2.5). We thus propose 

that due to charge imbalance, the native protein (VKORC1wt) violates the positive-inside rule 

hindering its ability to substitute DsbB. This elucidates the removal of positive charge and 

introduction of a negative charge as the proteins tries to restore the charge balance across the 

membrane, to facilitate the proper assembly, stability, and functional expression of the protein.  

 

  We also prospect that the deletion of the three amino acids (∆AAR) reduces the dexterity 

of the second loop. It is possible that this can result to decreased affinity for protease degradation 

during the protein insertion and folding process in the inner membrane. This concept made more 

logic when we observed that the complementation of the VKORC1 mutants was enhanced upon 

knockout, or inactivation of HslV by mutations Cys160Tyr or Thr162Ile. This mutations alter two 

residues that are essential for protease activity of HslV (lose-of-function mutations). Cys160 is 

important for the peptidase activity as well as the interaction with HslU, while Thr162 is involved 

in the essential Zn2+ coordination. We hypothesize that the inactive protease gives the protein more 

time to properly fold and attain the functional topology in the cytoplasmic membrane. These 
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findings suggest that the native VKORC1wt may not assemble properly is the E. coli inner 

membrane, and is degraded by proteases as quality control mechanism.  

 

  In an attempt to lower the frequency of VKORC1 gene mutations on the plasmid, we 

theorized expressing the gene in the chromosome would be a reasonable solution. A probable 

reason why the VKORC1 gene mutations on the plasmid persisted could have been due to the 

presence of the gene in high copy number. VKORC1 had been cloned on a high copy plasmid 

(pTrc99a), and the EMS mutagenesis was done in presence of the plasmid. To test this, VKORC1 

double mutant (∆AAR, G60D), the most active mutant, was cloned in the chromosome of ELM32 

(∆dsbB, yidCT362I, ∆hslV) in place of rhaB involved in rhamnose metabolism. This was done as a 

control for testing the ability of the mutant to complement ∆DsbB before proceeding to the main 

experiment (cloning VKORC1wt in chromosome, mutagenesis and selection). However, upon 

testing the mutants’ ability to complement ∆DsbB, the strain was immotile (data not shown). The 

result strongly suggested that the gene copy number was inadequate to give a positive phenotype, 

since only one copy of VKORC1 gene is available when cloned in the chromosome compared to 

approximately 20 copies when cloned in pTrc99a.  We decided not to exploit this approach any 

further.  

 

  It should be noted that this study exploited use of EMS as the only mutagenesis technique. 

EMS mutagenesis has a disadvantage in that it is specific in causing only G:C → A:T transitions, 

unlike ultraviolet (UV) radiation mutagenesis that leads to all base substitutions, deletions, and 

rearrangements, which is advantageous in that rare mutations are produced. Analysis of the 

VKORC1 mutations revealed that the most common mutations, G62D and G60D were G → A 

transitions. This indicated that the mutations were probably more EMS dependent rather than 

functional mutations. Other point mutations i.e. S57F, and S81F were also transitions (C → A). 

UV radiation was not used in this experiment as it had previously been shown to be highly potent; 

the strains were too sensitive to the mutagen resulting in high amounts of killing. Adjustment of 

the UV radiation mutagenesis may probably be the most favorable solution in generating a high 

quality library of mutants. We also noticed the first selection process using TCEP was not very 

efficient. Many of the TCEP resistance mutants were immotile, and the high number of the mutants 

made it difficult to transfer the colonies to the second selection step (motility test). To avert this 
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problem, TCEP concentration was increased to 10 mM, and the time of incubation was reduced 

from 48 to 36 hours, which showed much improvement but still did not result to a clean selection. 

Future work on developing an E. coli strain that would express functional rat VKORC1wt should 

accommodate these factors.  

 

  Previous screening experiments led to identification of YidC as a significant membrane 

protein insertase aiding the complementation of ∆DsbB by VKORC1∆AAR. YidC mutations 

obtained during the screening process include: Ala11Thr, Thr362Ile, Thr373Ile, and Gly512Ser, 

with Thr362Ile mutant showing the best activity compared to the rest of the mutants (Hatahet et 

al., unpublished data). New novel YidC point mutations other than the ones obtained from the 

screens were introduced and tested for functional assembly of either VKORC1wt or VKORC1∆AAR. 

This was necessary in order to study in more detail the function of YidC in assembly of VKORC1. 

YidC hydrophilic groove was the target of the study based on the selection mutations obtained.  

 

  Translocation of hydrophilic regions of newly synthesized proteins across the hydrophobic 

lipid bilayer is an energetically challenging process in the membrane protein insertion process. 

SecYEG translocon overcomes this problem by forming a polypeptide conducting channel that 

sequesters a translocating polypeptide (Dalbey et al., 2011). In the case of YidC, several lines 

evidence including the most recent crystal structure of B. halodurans YidC (Kumazaki et al., 2014) 

suggest that YidC uses a channel-independent mechanism. Using Bacillus subtilis YidC 

homologue SpoIIIJ, Shimokawa-Chiba and coworkers (2015) showed this is possible due to the 

ability of YidC to form a water-accessible cavity and that the cavity’s overall hydrophilicity, as 

well as the presence of a positive charge within the cavity are functionally important. The new 

YidC mutations targeted the same water filled cavity and the Arg366 positive charge to elucidate 

the role of both the hydrophilic groove and the positive charge. The mutations were categorized 

into three according to the study being done; role of the hydrophilic groove, role of threonine 362, 

and the role of the positive charge (arginine 366).  

 

  Growth complementation tests were first done to distinguish lethal YidC mutants that 

would require an extra copy of YidC from the non-lethal mutants. The results unexpectedly 

uncovered mutation T362A as non-lethal. This result differs from that reported by Kumazaki and 
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coworkers (2014). Their growth complementation assay involved the use of YidC depletable strain, 

in which YidCwt expression was under control of an arabinose promoter in the chromosome. The 

mutants were expressed under control of the lac promoter on a plasmid while glucose was used to 

suppress the expression of the chromosomal YidCwt through catabolic repression of the arabinose 

promoter. This technique has a shortcoming in that limited amounts of YidCwt can still be expressed 

as the promoter in not tightly regulated. Compared to our assay, only one copy of yidC gene is 

present, and hence the observed phenotype is more certain. The data also shows the positive charge 

(arginine 366) is not functionally important for YidC, as R366I mutation was observed to be non-

lethal despite the colonies appearing sick in rich media. These results are consisted with those 

previously reported by Kumazaki and coworkers (2014), where R366 is reported as non-essential 

but plays an important role for YidC function under certain conditions. This was after they observed 

R366A and R366M mutants exhibited a cold sensitive phenotype at 20 °C. In general the results 

seems to clarify why R366 is evolutionary conserved in all YidC family members despite being 

non-essential.  

 

  New YidC mutations (T362S, T362A, Q429I, and S520I) that led to improved functional 

expression of VKORC1∆AAR were identified from this study. Overall the results confirm the 

concept that YidC is involved in facilitating insertion and folding of the mutant VKORC1∆AAR. 

Upon analysis of the specific mutations obtained, we observed introduction of either polar 

(G512S/T362S) or nonpolar (Q429I) residues can display positive results. This indicates neither 

making the hydrophilic groove less or more hydrophilic is specific to improved membrane insertase 

properties of YidC. Positive results by mutation T362A and T362S established that isoleucine 

residue from the original mutation T362I was not unique for the improved VKORC1∆AAR 

phenotype observed as both alanine and serine displayed similar phenotype. Targeting several 

hydrophilic residues also enabled us to study the specific role of yidC position 362. No specific 

conclusion can be made about this position as mutations on other positions within the hydrophilic 

groove displayed comparable activity (Q429I, S520I, and G512S). We also noted that some of the 

YidC mutations abolished the weak activity of VKORC1∆AAR i.e. T362K, T362F, T362V, T362L, 

and R366I. It is highly likely that these mutations are involved in functional expression of 

VKORC1∆AAR.   
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  After a detailed study of YidC hydrophilic groove in respect to the functional mutations 

obtained, we observed that the mutations are localized on the same axis (Figure 6.2) (upper right 

section, across the middle of the groove). This led us to speculate VKORC1∆AAR was precisely 

interacting with residues in this specific site of the groove. Taken together, these data demonstrates 

that YidC hydrophilic groove is functionally important for its membrane insertase functions using 

VKORC1∆AAR as the model protein. These results are in agreement with those reported by 

Shimokawa-Chiba and coworkers (2015), who showed the overall hydrophilicity was functionally 

important for channel-independent membrane insertion properties of YidC. The significance of the 

conserved YidC positive charge (R366) is portrayed by diminished complementation activity of 

VKORC1∆AAR on R366I YidC mutant. The results indicate, on the whole, that no specific 

classification of amino acids can be directly or indirectly linked to improved functional expression 

of VKORC1∆AAR, as even closely related amino acids such as leucine and isoleucine showed 

significance differences on improved VKORC1∆AAR functionality. 

 

 

Figure 6.2 View of EcYidC hydrophilic groove showing site of attained functional YidC residues 

YidC mutations enhancing the functional expression of VKORC1∆AAR are shown; section A, (upper right 

section from the green diagonal line) within the hydrophilic groove. Adapted from Kumazaki et al., 

(2014). 
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  Further investigations are necessary to determine whether the YidC mutations obtained 

from this study would have synergistic effects on improving functional expression of 

VKORC1∆AAR when combined. Lambda red recombination system can be utilized to introduce the 

double point chromosomal mutations as described in this study. Based on the current knowledge 

on the role of protease HslV, hslVC160Y mutation can be combined with the new YidC mutations 

obtained to further improve functional expression of VKORC1∆AAR.  
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7 Conclusion 

 

The results presented in this study are expected to contribute positively to membrane protein 

research. The use of rat VKORC1 as a study model for eukaryotic membrane proteins has shed 

light on the assembly and mis-assembly of eukaryotic membrane proteins in E. coli. The correct 

assembly of VKORC1∆AAR has provided insight on the involvement E. coli YidC in correct folding 

and insertion of foreign membrane proteins, while the improved functional expression of 

VKORC1∆AAR upon HslV inactivation has provided insight on the mis-assembly of foreign 

membrane proteins as a quality control system.   

 

The results are also expected to contribute immensely on the structural studies of VKORC1. 

By exploiting YidC and HslV mutations discovered, an E. coli strain exhibiting the best expression 

levels of VKORC1 mutants can be developed for the sole purpose of protein production. This will 

have a high impact on subsequent analysis i.e. purification, crystallization and enzyme kinetic 

assays. Crystallization being the most intricate, many trials on the different functional VKORC1 

mutants obtained can be exploited. 

 

E. coli mutants developed can also be exploited for enhancing expression or functionality 

of other membrane proteins with similar effects expected as those observed for rat VKORC1. This 

is expected to contribute immensely on the lagging membrane protein research area.  
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