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ABSTRACT OF THE THESIS 

 

Over-expression and Purification of full-length TcdE and Met27 TcdE 

Isoform for Structural Studies by NMR Spectroscopy 

 

by 

 

Mignon Chu 

Master of Science in Chemistry 

University of California, San Diego, 2017 

Professor Stanley J. Opella, Chair 

 

The bacterium Clostridium difficile or C. diff is the cause of Clostridium 

difficile-associated infection (CDI). CDI is a growing health concern in 

hospitals and health clinics. Proteins of pathogenic strains of C. diff have 

the potential of being pharmaceutical drug targets as there are currently 

no effective treatment or drug combination that eliminate infection with 

high efficacy. Incidences of 
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relapse for CDI are as high as 20% for first recurrence and increases with 

subsequent relapses [17, 36, 49, 71].

Though some companies and hospitals have experimented with 

fecal transplant as a treatment, this procedure is still classified as an 

Investigational New Drug and is considered by most insurance companies 

to be an uncovered experimental treatment [17]. While almost all 

transcription factors that lie within the pathogenicity locus as well as the 

proteins they encode have been well-characterized, the TcdE protein 

remains less understood though sequence homology studies suggest it may 

function is a holin-like protein to allow the selective release of toxins TcdA 

and TcdB during pathogenesis [8, 37, 39, 40, 45, 69]. Elucidating the structure of 

the protein may provide clues as to how C. diff pathogenicity progresses 

and may offer a new target for therapeutic drugs. The structure of 

membrane proteins of similar size (21kDa) and transmembrane helices 

have been successfully studied and solved using nuclear magnetic 

spectroscopy (NMR). As with structural studies of membrane proteins by 

NMR, the lipid environment chosen is important in guiding protein folding 

and its local dynamics. Past studies have shown that micellar environments 

can distort membrane protein structures while bicelles and bilayers provide 

environments that more closely recapitulate native environments.
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All proteins behave differently in different lipid environments and not 

all proteins are suitable for studies by NMR as it requires the protein to be 

over-expressed, pure, monomeric and to fold and behave in lipids. Here, a 

proof-of-concept is demonstrated that TcdE can be successfully over-

expressed and reconstituted in bicelles for studies by solution- and solid-

state NMR. 
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Chapter 1: Introduction to structural studies of membrane protein TcdE by 

NMR 

1.1 Introduction to membrane proteins 

Membrane proteins can be classified as either integral membrane 

proteins that are anchored or part of the hydrophobic lipid bilayers of the 

cell membrane or as peripheral membrane proteins that temporarily 

associate with the lipid bilayer or another membrane protein. Although 

membrane proteins make up about one third of prokaryotic and eukaryotic 

genomes and are the targets of approximately 60% of approved drugs [5-7] 

their structure determination is a challenge as efforts to optimize protocols 

to study them continue to be a work-in-progress. They serve a variety of 

different functions in the cell, which includes signal transduction, transport 

of molecules and proteins into and out of cells and for cell-to-cell 

recognition. Mutations leading to the misfolding of membrane proteins 

have been linked to a variety of diseases including Alzheimer’s disease, 

some cancers, heart disease and more. This makes membrane proteins 

highly biologically relevant and of great interest to the medical and 

pharmaceutical fields and demonstrates the need to better understand 

their structure to better design drug treatments. Though there is a great 
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need to understand the structure and dynamics of membrane proteins to 

better design and develop drug therapies [5-7], membrane proteins 

account for less than 1% of known protein structures. Currently over a 

thousand structures of membrane proteins are deposited in the Protein 

Data Bank (PDB), but that is still a small fraction compared to the thousands 

of protein structures submitted every year. Among the reasons for this 

dearth in the structural elucidation of membrane proteins, challenges to 

structure determination of membrane proteins include their inherent 

flexibility, dynamic instability and the fact that they possess both 

hydrophobic and hydrophilic properties [1]. Additional challenges are 

presented during preparation as membrane proteins can be difficult to 

over-express [47, 50] and, in purifying these proteins, difficulties may arise from 

the use of various denaturants and the poor solubility of the proteins which 

leads the proteins to oligomerize instead of refolding properly [9]. 

Currently the two main methods used for structural biology of 

membrane proteins are x-ray crystallography and nuclear magnetic 

resonance. Membrane protein structure determination has proven 

challenging in both [3,4,10,11]. X-ray crystallography uses X-ray diffraction to 

look at the electron density in a crystal [1], and often requires mutations be 

made in the protein of interest to restrict motion and allow for crystallization. 

NMR, on the other hand, observes signals based on nuclear spin 
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interactions in an external magnetic field and allows for proteins to be 

observed while refolded and in native-like environments [3, 51, 55, 60, 74]. While 

there are currently limitations to instrumentation and complexity of data, it 

is hoped that advances in technology, especially in the field of 

computational biology, may soon mitigate or eliminate these barriers. 

1.2 NMR applications to membrane proteins 

There are two types of NMR – solution-state and solid-state NMR. Solution 

NMR is well-established and widely used to study structure and dynamics of 

soluble proteins [12-14]. Membrane proteins, however, have to be 

reconstituted into a lipid environment which increases the size of the protein 

complex. In solution NMR molecules undergo Brownian motion or fast 

isotropic tumbling [3,10,15] which averages out anisotropic interactions on the 

NMR time scale and results in sharp transition peaks. Because of this, solution 

NMR is limited to the study of proteins smaller than 70kDa [10, 15], as larger 

proteins lead to slower tumbling and increased correlation time. This results 

in decreased relaxation time which significantly broadens line widths and 

reduces signal intensity [10,15].  

Unlike solution-state NMR, solid-state NMR (ssNMR) has no size limitations 

[4, 10, 11, 15, 19-21]. Proteins studied by solid-state NMR are reconstituted in 

environments that most closely recapitulate native conditions; they can be 
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folded and incorporated into phospholipid bilayers that can be pelleted 

(by ultra-centrifugation) and packed into rotors. Instead of isotropic 

tumbling, the protein’s mobility is restricted to rotational diffusion about the 

bilayer normal [22]. Hence, the nuclear spin systems in ssNMR depend on the 

anisotropic or directionally dependent interactions. The two main 

anisotropic interactions are chemical shift anisotropy (CSA) and 

internuclear dipolar coupling (DC). Since these interactions are 

directionally dependent they normally result in broad spectral line widths. 

Samples can be spun at the magic angle (54.74° with respect to the 

magnetic field) to average the DC to zero and the CSA to a non-zero value. 

Furthermore, samples in ssNMR can be oriented or aligned either 

mechanically or magnetically so that the DC and CSA can be measured. 

It has been shown that NMR studies of membrane proteins are highly 

dependent on the lipid environment. Micelles, isotropic bicelles and 

nanodiscs are small enough for characterization by solution NMR [23]. But as 

previously mentioned, this technique is limited by protein size and micelles 

and isotropic bicelle environments [24-27] are not the most stable membrane 

mimetics [28] since short-chain lipids can distort membrane protein shape. 

Instead, proteoliposomes which are large bilayer spheres of long-chain 

lipids, come the closest to recapitulating in vivo cell membranes. The only 

technique that can feasibly characterize proteins incorporated into such a 
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large complex is solid-state NMR (ssNMR) [3, 9]. Other membrane mimetics 

that can also be studied by ssNMR include larger bicelles [11, 25, 29], nanodiscs 

[30-33] and macrodiscs [34]. But in order to proceed with any NMR-based 

studies it is first important to develop techniques in over-expressing the 

membrane protein of interest in quantities realistic for NMR experiments 

(usually several milligrams). These proteins need to be either uniformly or 

selectively isotopically labeled, which requires that they be expressed in 

minimal media (M9) with limited nutrients. It is necessary to establish proof-

of-concept that the membrane protein of interest can be successfully 

expressed in quantities large enough for NMR studies and that it be done 

so in a cost-efficient as well as timely manner. Furthermore, successful 

refolding of highly pure (>95%) monomeric protein needs to be 

demonstrated in different lipid environments. For this reason, both solution- 

and solid-state NMR are applied as complementary techniques in 

developing and establishing working protocols for structural studies of 

membrane proteins. 

1.3 The holin-like protein TcdE from Clostridium difficile 

Clostridium difficile (C. diff) is a Gram positive, sporulating bacterium 

found ubiquitously in the environment. Pathogenic strains of C. diff possess 

a region of the genome named the pathogenicity locus (PaLoc) which 

contains transcription factors related to pathogenicity including Toxins A 
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and B encoded for by tcdA and tcdB [36, 39, 40, 41, 45, 49, 69, 72, 73]. Acquisition of 

pathogenic strains of C. diff can lead to Clostridium difficile-associated 

infection (CDI). CDI is normally acquired as a secondary infection in 

hospitals and clinics after treatment with ampicillin-based antibiotics that 

alter the natural gut microbiota. C. diff is then acquired independently, 

usually through ingestion, and pathogenic strains then take advantage of 

patients’ weakened immune systems and altered gut microbiota. The onset 

of CDI begins with the production and release of Toxins A and B which are 

an enterotoxin and cytotoxin respectively. The toxins weaken tight junctions 

between cells of the intestinal lining, disrupt chloride ion channels and 

induce host cell necrosis by disrupting actin filaments of host cells. Overall, 

this leads to symptoms that range from mild diarrhea to toxic megacolon 

and pseudomembranous colitis. As of 2011, CDI has an estimated annual 

burden of 453,000 cases with 29,300 associated deaths in the United States 

alone. Due to the hardiness of its spores even in clinical and hospital 

settings, CDI is a growing health concern and more antibiotic-resistant 

strains of C. diff are emerging, putting it on par with Methicillin-resistant 

Staphylococcus aureus (MRSA) infections. There are currently several 

treatments available for mild to moderate cases of CDI. Metronidazole and 

vancomycin are standard therapies but do not always yield a durable 

cure. A combination of CDA-1 and CDB-1 monoclonal antibodies to target 

and neutralize toxins A and B is in the investigational stages for its potential 
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as an effective add-on to existing therapies. Nitazoxanide is an approved 

antiprotozoal agent currently being studied for its potential to treat CDI, 

and Rifaximin is a nonsystemic antibiotic in the clinical stages of study 

pending FDA approval. Despite the many options available or in the 

investigational stages, CDI has a high incidence of recurrence with a 20% 

chance of a first relapse which increases to a 40% chance of a second 

relapse, then 60%. The most effective treatment for CDI, especially for 

severe cases, remains fecal microbiota transplant (FMT). Currently, FMT is 

classified by the FDA as a regulated investigational new drug (IND) and a 

biologic. The success rate for recurring CDI is estimated to be over 90% 

though no formal studies have been conducted into long-term efficacy as 

well as side effects, which have been reported to include bacterial blood 

infections, fever and exacerbation of irritable bowel syndrome (IBS) [17, 36, 49, 

71]. 

The pathogenicity locus is only found in the genome of pathogenic 

strains of C. diff. It is 19.6kb in size and contains all transcription factors 

associated with infection and pathogenicity. Toxins A and B are encoded 

for by tcdA and tcdB respectively. The anti-sigma factor tcdC is normally 

turned on, suppressing the sigma factor tcdR from activating transcription 

of both toxins. One other gene, tcdE lies between the genes encoding both 

toxins and is also believed to be involved in pathogenicity. While there is 
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only a small number of literature (18 papers in total) on the protein TcdE 

and the role it may play during pathogenicity, sequence homology studies 

and the few available functional studies suggest that TcdE may be involved 

in the release of Toxins A and B during C. diff infection by forming pores in 

a holin-like fashion and is somehow critical in exporting the toxins from C. 

diff cytoplasm into the surrounding environment of the infected host [8, 37, 39, 

45 69].  

 
Figure 1.1. Model of full-length TcdE. Based on hydropathy plots and sequence homology 

studies, full-length TcdE is predicted to have three transmembrane domains with a short 

hydrophilic N-terminus and charged residues at the C-terminus.  

 

Holins, which are proteins of phagic origins, and can be found in all 

bacteria are involved in controlling the formation of homo-oligomeric pores 

at bacterial cytoplasmic membranes in a time- and concentration-

dependent manner for a variety of functions though most often presenting 

a cytocidal phenotype. Bacteriophage holins such as Class I λS protein are 

critical in localizing to and oligomerizing at bacterial cell membranes to 

trigger host cell lysis and enable the release of mature phage. Some holins, 

however, have been re-appropriated for functions that benefit bacterial 
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cell life cycle. Holins, such as CidA and LrgA from S. aureus are implicated 

in biofilm formation by controlling cell lysis [35]. Bax and Bak in E. coli are 

proteins involved in the mitochondrial outer membrane permeabilization 

mechanism which responds to apoptotic stimuli [16]. TcdE from C. difficile is 

believed to be a holin protein with a secretory function, allowing the 

release of TcdA and TcdB into the host environment during infection [8,37,39, 

45, 69]. Previous studies have described the protein as impossible to over-

express as, upon over-expression, it localizes to host cell membranes and 

disrupts membrane integrity leading to cell necrosis. Still, it is necessary to 

understand the structure of the protein to understand its oligomerization 

state and mechanism of action. It is therefore necessary to determine a 

method by which the protein can be over-expressed in milligram quantities 

in labeled minimal media (M9) so it may be studied by NMR spectroscopy. 

Here a protocol that allows for over-expression of full-length TcdE as well as 

a methionine 27 (Met 27) TcdE isoform shows proof-of-concept that TcdE 

can indeed be over-expressed. Furthermore, evidence is provided that 

both isoforms are alpha-helical and that full-length TcdE refolds in bicelles, 

providing some support to previous research studies done by other groups. 

The next step is to further develop reconstitution strategies as well as 

solution- and solid-state NMR studies for structural elucidation of the protein. 
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Chapter 2: Over-Expression and Purification of full-length TcdE 

2.1 Abstract 

TcdE is characterized as a Class I holin-like protein [8, 39, 40, 45 69]. Holins 

are a family of proteins encoded for by double-stranded DNA (dsDNA) 

bacteriophages. Holins localize to and oligomerize at host cell membranes, 

forming pores to allow other proteins such as endolysins to access and 

degrade the cell wall resulting in the release of mature phage [38, 42, 43, 57, 58, 

59, 66, 68]. This process is regulated in a time and concentration dependent 

manner [44, 67]. Holin genes have a single open reading frame that encodes 

two isoforms of the holin protein with opposing functions – one is the active 

form of the holin protein and the other is an antiholin which regulates holin 

activity in a concentration-dependent manner. Primary sequence 

similarities strongly suggest that TcdE is a member of the class I family of 

holins. Based on sequence homology studies and hydropathy plots, the 

21kDa TcdE is believed to have three transmembrane domains and an 

alternate start site at methionine 27 which has a putative ribosomal binding 

site upstream. It also possesses a hydrophilic N-terminal region and charged 

residues at the C-terminus. In addition to sequence homology studies, 

functional studies by other groups have shown that, upon over-expression, 

full-length TcdE localizes to and oligomerizes at host cell membranes and 

that over-expression of full-length TcdE leads to loss of cell membrane 



11 

 

 

 

integrity, resulting in cell lysis. The cytotoxic effect of over-expressing TcdE 

has been mitigated upon expression of the Met 27 isoform [8, 37, 39, 45, 69].  

 
Figure 2.1. Full-length TcdE sequence and KSI vectors. A modified pET-31b(+) vector (#272) 

which was commonly used by the Opella group (A) was used. The vector contains a 

thrombin cleavage site and a KSI fusion protein. EcoRI and SacI were the restriction 

enzymes used for ligating the full-length TcdE sequence into the plasmid (B). After 

successful insert of TcdE was confirmed by sequencing, a 10x Histidine tag was 

incorporated to the C-terminal of the insert. The full-length wildtype TcdE 166-residue 

sequence is given (C). 
 

A modified pET-31b(+) vector [52] was used to over-express full-length 

TcdE. This expression vector includes an N-terminal ketosteroid isomerase 

(KSI) fusion partner which drives TcdE into inclusion bodies upon over-

expression [46]. A thrombin cleavage site (LVPRGS) is also present to allow 

separation of TcdE from its fusion partner in later purification steps and a 

histidine tag promotes purification by nickel affinity chromatography.   
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2.2 Introduction 

There is currently little to no literature on the nature and function of 

TcdE protein and how it may contribute to pathogenicity. No structural 

studies of this protein exist as authors have cited that over-expression of this 

protein is impossible as it leads quickly to cell lysis through compromising 

cell membrane integrity. It is necessary, however, to understand its structure 

in order to understand how TcdE may contribute and aid in Clostridium 

difficile pathogenicity and in understanding its structure it may be possible 

to provide new drug solutions to treating CDI than currently available. Its 

presence in the pathogenicity locus of pathogenic strains of C. diff as well 

as functional studies of full-length TcdE suggests that it plays a vital role in 

the release of toxins A and B during pathogenicity. Furthermore, it is 

suggested, based on sequence homology studies as well as hydropathy 

plots, that TcdE is a hydrophobic protein with three transmembrane 

domains with holin-like properties. Studying its structure by NMR 

spectroscopy may provide further insight into its function and role during 

CDI. Due to the hydrophobic nature of the protein and its cytotoxic effect 

in cells, over-expression of TcdE was targeted into inclusion bodies [18, 50] in 

an effort to optimize growth conditions and maximize yields for NMR studies.  
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2.3 Materials and methods 

2.3.1 Cloning of tcdE into a pET-31b(+) plasmid  

The full-length wild-type Clostridium difficile TcdE protein contains 166 

amino acid residues: MHSSSPFYISNGNKIFFYINLG GVMNMTISFLSEHIFIKLVILTIS 

FDTLLGCLSAIKSRKFNSSFGIDGGIRKVAMIACIFFLSVVDILTKFNFLFMLPQDCINFLR

LKHLGISEFFSILFILYESVSILKNMCLCGLPVPKRLKEKIAILLDAMTDEMNAKDEK. The 

gene was ordered from Integrated DNA Technologies (IDT) as an insert in 

pIDT vector with BamHI and EcoRI restriction enzyme sites. The modified pET-

31b(+) plasmid was previously used in the Opella group and contained the 

first transmembrane helix of the human GPCR CXCR1 protein. Both the 

modified pET-31b(+) vector and the pIDT vector containing TcdE was 

amplified by expression in DH5α Max Efficiency cells (Thermo Fisher 

Scientific) then purified using a plasmid miniprep kit (Qiagen). The Phusion 

high-fidelity DNA polymerase (New England Biolabs) was used to clone full-

length wildtype TcdE into the pET-31b(+) vector. The PCR protocol used was 

based on the recommended protocol available with the Phusion 

polymerase (New England Biolabs (NEB)) and temperatures optimized for 

the Tm of the designed primers. Both pET-31b(+) vector and TcdE were 

excised using BamHI and EcoRI (NEB) restriction enzymes and the products 

were separated on a 1% agarose gel. The DNA fragments were gel purified 

using a gel extraction kit (Qiagen) and the products ligated and 
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transformed into XL10-Gold Ultracompetent cells (Agilent) and sequenced 

by Eton Biosciences using the following primers from IDT: 5’ GGA TCC ATG 

CAT AGC TCT TCC 3’ and 5’ GAA TTC TTT TTC GTC TTT CGC 3’. 

2.3.2 Expression and growth of TcdE 

Full-length TcdE was grown in either Luria Bertani (LB) media (10g/L 

tryptone, 5g/L yeast, 10g/L sodium chloride and 50mg/L carbenicillin) for 

unlabeled protein or minimal media (M9) (1g/L ammonium sulfate (AMS), 

10g/L glucose, 1x MEM vitamin solution (Thermo Fisher Scientific), 1 mM 

MgSO4, 0.1 mM CaCl2, 0.03 mM thiamine, 1x M9 salts (6g/L Na2HPO4, 3g/L 

KH2PO4, and 0.5g/L NaCl), and 50mg/L carbenecillin). For isotopically-

labeled protein [54], 15N AMS (15N2, 99%, Cambridge Isotope Laboratories 

(CIL)) was used. Fresh transformations of TcdE in BL21(DE3) (New England 

Biolabs), C41(DE3) or C43(DE3) competent cells (Lucigen) on LB plates were 

used for each growth. A single, freshly transformed colony from an LB-agar 

plate with carbenicillin was inoculated into 10mL LB media and grown at 

37°C with agitation at 200 rpm for 8 hours. The day growth was used to 

inoculate 100mL LB overnight preculture shaken at 200 rpm and 37°C for 16 

hours. In the following morning, 3% final concentration of the overnight 

preculture was inoculated into 500mL of either LB or M9 media in a 2.5L 

baffled flask. The cells were induced at OD600 0.5-0.6 with 1 mM final 

concentration of isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were 



15 

 

 

 

grown for an additional four hours at 37 °C and 200 rpm post-induction after 

which they were harvested by centrifuging 7000rpm for 30min. Cell pellets 

were then either stored at -80°C or used directly for purification. 

2.3.3 Purification of TcdE 

Cell pellets from 1L growths were re-suspended in 30mL cell lysis buffer 

(20mM Tris-HCl, 500mM NaCl, 15% glycerol, pH 8.0), lysed for 5 minutes using 

a Sonic Dismembrator 550 (Fisher Scientific) for 5 minutes (5 seconds on, 10 

seconds off) and inclusion bodies were isolated by centrifugation at 35k x 

g for 30 min at 4 °C. The supernatant was discarded. Inclusion bodies were 

then re-suspended in 30 mL sodium dodecyl sulfate (SDS) binding buffer (1x 

PBS (from 20x PBS, Teknova), 1% SDS, 0.1% tris(2-carboxyethyl)phosphine 

(TCEP), pH 8.0) and sonicated for 5 minutes (5 seconds on, 10 seconds off) 

and then centrifuged at 43.7k x g for 30min at 15 °C or filtered using Steriflip 

with a 0.22μm filtration system (Millipore). The supernatant was then loaded 

to a column with 15mL bed volume nickelnitrolotriacetic acid (Ni-NTA) resin 

(Ni-NTA Superflow, Qiagen) equilibrated in binding buffer and the protein 

was allowed to bind for 2 hours to overnight at room temperature with 

gentle agitation. The column was then washed with 5x bed volume binding 

buffer (1x PBS, 1% SDS, 0.1% TCEP, pH 8.0). SDS was washed from the column 

with 20x bed volume thrombin cleavage buffer (300mM NaCl, 20mM Tris-

HCl, 0.1% HPC, pH 8.0). The recombinant protein was then allowed to 
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cleave overnight at room temperature with gentle agitation with the 

addition of 20mg thrombin (Sigma Aldrich) in 25mL thrombin cleavage 

buffer. The next day, the column was washed with 10x bed volume of 

washing buffer (20mM imidazole, 50mM NaCl, 20mM HEPES, 0.5% DPC, pH 

7.3) then eluted with 3x bed volume elution buffer (500mM imidazole, 20mM 

HEPES, 0.5% DPC, pH 7.3). Results were then analyzed by 4-12% gradient 

SDS-PAGE (Novex Life Technologies). 

2.4 Results and Discussion  

Full-length wild-type TcdE from Clostridium diffile was ordered from 

IDT and inserted into the pET-31b(+) expression vector with a KSI fusion 

partner using BamHI and EcoRI restriction enzyme sites. Sequencing results 

(Eton Biosciences) confirmed successful incorporation of the insert into the 

plasmid.  
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Figure 2.2 Purification scheme of full-length wild-type TcdE in pET-31b(+) vector. TcdE is 

expressed as a fusion protein with KSI. A 10x Histidine tag is incorporated at the C-terminus 

and a thrombin cleavage site was inserted between KSI and TcdE to allow cleavage of 

the fusion protein during purification by thrombin. Cleaved KSI is washed out post-

cleavage while full-length TcdE with 10x Histidine is then eluted from the Ni-NTA column 

with imidazole. 

Initial attempts to over-express full-length TcdE in both LB and M9 

media were unsuccessful in the pET-31b(+) expression vector with a KSI 

fusion partner. Elution fractions of nickel affinity column purified samples 

were analyzed by 4-12% SDS-PAGE gels and several faint bands were 

observed.  
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Figure 2.3. SDS-PAGE of Ni-NTA purified full-length TcdE. The protein was expressed in LB 

media. Lane 1 is Mark12 Ladder (Novex) while lanes 2 – 5 show different elution fractions. 

TcdE was not detected as a band by SDS-PAGE. Any visible expression was out-

competed by expression of endogenous proteins. 

 

When further analyzed by mass spectrometry, most of the bands 

were found to be endogenously expressed proteins of the competent cells 

used or too lowly expressed for studies by NMR spectroscopy. To 

successfully study the structure of TcdE by NMR spectroscopy it is necessary 

to express and purify sufficient quantities of TcdE in labeled minimal media 

(M9). Several different conditions were tested including different 

competent cells, different points of induction, different concentrations of 

IPTG, different temperatures and different media. It was finally decided that 

the best course of action was to consider using a different expression 

vector. 
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2.5 Conclusion 

The full-length sequence of wild-type TcdE from Clostridium difficile 

was successfully cloned into the modified pET-31b(+) expression vector with 

a KSI fusion partner from the original pIDT vector. The new plasmid 

contained a thrombin cleavage site and a histidine tag between the 

cleavage site and TcdE. The plasmid was transformed into BL21 (DE3), 

C41(DE3), or C43(DE) cells and the fusion protein was over-expressed into 

inclusion bodies with the induction of IPTG. During purification, the fusion 

protein was cleaved by the addition of thrombin to separate TcdE from its 

KSI partner and results were analyzed by SDS-PAGE as well as mass 

spectrometry. 

The expression yield of this TcdE construct was too low. TcdE lacks any 

tryptophan residues which decreases the accuracy of predicting protein 

yield by UV absorbance at 280nm. Additionally, initial SDS-PAGE gels and 

analysis by mass spectroscopy determined that any TcdE protein purified 

by nickel affinity chromatography was too faint to be detectable by SDS-

PAGE and was out-competed by expression of endogenous proteins. Any 

further purification by FPLC or HPLC, which always leads to sample loss, 

would have resulted in yield too low to realistically apply for further NMR 

spectroscopy studies. After testing multiple different conditions in attempts 
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to optimize both the expression and purification protocols, it was decided 

that it would be necessary to also test a different expression vector.  
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Chapter 3: Cloning of Codon-Optimized tcdE gene into pHLV Plasmid for 

Over-Expression Optimization 

3.1 Abstract 

Many different growth, expression and purification conditions were 

tested for the pET31b(+) construct including varying temperature, point of 

induction and buffer conditions however the yield of protein recovered 

after nickel affinity chromatography was negligibly low. As an alternative, 

the sequence was codon-optimized for expression in E. coli and 

incorporated into a pHLV plasmid fused with a TrpΔLE. The trp operon 

contains a leader sequence, TrpL.  

 

Figure 3.1. pHLV vector containing codon-optimized full-length wild-type TcdE. A modified 

pHMMa plasmid, pHLV, is commonly used by the Opella group (A) for successful over-

expression of proteins of similar size compared to TcdE. Codon-optimized full-length TcdE 

(GenScript) was inserted using BamHI and HindIII restriction enzymes (NEB) (B). 

 

A large deletion encompassing part of TrpL and the first protein of the 

operon, TrpE, results in a fusion polypeptide of the remaining TrpL with the 

remaining carboxy-terminal fragment of TrpE. This fusion protein greatly 
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enhances expression of proteins into inclusion bodies in E. coli and has been 

used successfully by the Opella group for membrane proteins of similar size 

to TcdE [75, 76, 77]. Although co-expression with TrpΔLE is also able to drive 

TcdE into inclusions bodies, similar to KSI, the pHLV vector has a high copy 

number compared to the pET vectors for which co-expression is usually a 

low copy number. It was hypothesized that perhaps this difference would 

lead to success in TcdE over-expression. 

3.2 Introduction 

Although conventionally the fusion partner was cleaved by 

cyanogen bromide cleavage, TcdE contains eight methionine residues 

and it remains unknown whether these residues may have any significant 

roles in function and interactions though it is predicted that at least one 

methionine (Met 27) may serve as an alternate start site to express a second 

isoform of TcdE. Given the potential importance of the methionines, a 

thrombin cleavage site (LVPRGS) was incorporated between the TrpΔLE 

and TcdE so the fusion protein could be separated from TcdE by thrombin 

cleavage either before or after eluting from nickel affinity column. A 9x His-

tag is present at the N-terminal of the TrpΔLE, and a 10x His-tag was 

incorporated to the C-terminus of TcdE to determine which method would 

be best for binding and purification. Successful over-expression of TcdE in 
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E. coli in Luria Bertani (LB) media was confirmed by SDS-PAGE and mass 

spectrometry. The alpha-helical nature of its secondary structure was 

confirmed by CD analysis[48]. It is necessary to be able to replicate the yield 

of TcdE with isotopically-labelled minimal media (M9) as well. This was done 

with the first TcdE construct. However, the incorporation of a flexible 11x 

glycine and the successful cleavage of thrombin has led to small decrease 

in yield. Adjustments and optimization will need to take place to improve 

expression of the new construct. 

3.3 Material and Methods 

3.3.1 Cloning of full-length TcdE into a pHLV vector  

The wild-type TcdE insert contains 166 residues and was codon 

optimized (GenScript) for expression by E. coli. A thrombin cleavage site 

(LVPRGS) was also included in the insert. The plasmid pHLV containing p7 

insert as well as TcdE in pUC57 were amplified using competent DH5α Max 

Efficiency cells (Thermo Fisher Scientific) and purified using a plasmid 

miniprep kit (Qiagen). The Phusion high-fidelity DNA polymerase (New 

England Biolabs) was used to clone the TcdE codon-optimized insert into 

pHLV vector. Using BamHI and HindIII (NEB) restriction enzyme sites, the 

following primers from IDT were used: 5’ AAG CTT CTG GTT CCG CGT GGC 

AGC ATG 3’ and 5’ GGA TCC TTA TTA GTG GTG ATG GTG ATG 3’. The PCR 

protocol used was based on the recommended protocol available with 
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the Phusion kit (NEB) with temperatures optimized for the Tm of the 

designed primers. Both pHLV vector and TcdE pUC57 were cut using BamHI 

and HindIII enzymes (NEB) and the products gel purified on a 1% agarose 

gel. The DNA fragments were gel purified using a kit (Qiagen) and the 

products ligated and transformed into XL10-Gold Ultracompetent Cells 

(Agilent) and sequenced by Eton Biosciences. 

When incomplete thrombin cleavage was observed, the addition of 

an 11x glycine chain was incorporated using QuikChange II XL-site-directed 

mutagenesis kit (Agilent) and QuikChange Lighting mutagenesis kit 

(Agilent) using a multi-step mutagenesis PCR protocol with the following 

primers: 5’ GTA CGC GCT AAG CTT GGA GGC GGA CTG GTT CCG CGT 

GGC 3’ and 5’ GCC ACG CGG AAC CAG TCC GCC TCC AAG CTT AGC 

GCG TAC 3’, 5’ GCT TGG AGG CGG AGG GGG TGG AGG ACT GGT TCC 

GCG TGGC 3’and 5’ GCC ACG CGG AAC CAG TCC TCC ACC CCC TCC 

GCC TCC AAG C 3’, 5’ GGG GGT GGA GGA GGT GGT GGT GGA CTG GTT 

CCG CGT G 3’ and 5’ CAC GCG GAA CCA GTC CAC CAC CAC CTC CTC 

CAC CCC C 3’. Two separate constructs were made, one with an N-

terminal 9x Histidine tag and the other with a C-terminal 10x Histidine tag. 

The removal of the C-terminal His-tag was accomplished by changing the 

first histidine residue into a stop codon using the QuikChange II XL-site-

directed mutagenesis kit (Agilent) and the following primers: 5’ GAA ATG 
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AAT GCG AAA GAC GAA AAA TAA CAC CAT CAC CAC CAT CAC 3’ and 

5’ GTG ATG GTG GTG ATG GTG TTA TTT TTC GTC TTT CGC ATT CAT TTC 3’. 

The PCR protocol used was that of the recommended protocol with the 

temperatures optimized for the Tm of the primers used. The removal of the 

N-terminal His-tag was accomplished in the same manner with 

QuikChange II XL-site-directed mutagenesis kit (Agilent) and QuikChange 

Lighting mutagenesis kit (Agilent) using a multi-step PCR protocol to 

change all the histidines into glycines.  

3.3.2 Expression and growth of TcdE 

Full-length TcdE in pHLV plasmids were transformed into BL21(DE3) 

(New England Biolabs), C41(DE3) (Lucigen) or C43(DE3) (Lucigen) 

competent cells grown overnight at 37°C on LB plates with carbenicillin. 

Single colonies were freshly inoculated into day growths of 10mL Luria 

Bertani (LB) media with 10uL 1000x carbenicillin and grown for 8 hours at 

37°C with 200 rpm shaking. Day growths were then inoculated into LB media 

to a final volume of 2% and grown overnight at 37°C with 200rpm shaking 

for 14 hours. The next morning, the overnight preculture was inoculated into 

either 0.5L of LB or minimal media (M9) (1g/L ammonium sulfate (AMS), 

10g/L glucose, 1x MEM vitamin solution (Thermo Fisher Scientific), trace 

elements [53], 1mM MgSO4, 0.1mM CaCl2, 0.03mM thiamine, 1x M9 salts 

(6g/L Na2HPO4, 3g/L KH2PO4, and 0.5g/L NaCl), and 50mg/L carbenecillin) 
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to a 1-2% final concentration and grown in a 2.5L baffled flask. Cells were 

grown at 30°C or 37°C with 200rpm shaking and induced at OD600 0.5-0.6 

with 1mM final concentration of Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) then grown for an additional 4 hours with 200 rpm shaking before 

harvesting cell pellets be centrifugation at 6300x g for 30min at 4°C. Cell 

pellets were either stored at -80°C or used directly for purification. 

3.3.3 Purification of TcdE 

Cell pellets from 1L growth were re-suspended in 30mL cell lysis buffer 

(20mM Tris-HCl, 500mM NaCl, 15% glycerol, pH 8.0), lysed for 5 minutes using 

a Sonic Dismembrator 550 (Fisher Scientific) set to 5 seconds on and 10 

seconds off. Inclusion bodies were obtained by centrifugation at 13k rpm 

for 30min at 4°C then solubilized in binding buffer (1x PBS (from 20x PBS, 

Teknova), 1% SDS, 0.1% tris(2-carboxyethyl)phosphine (TCEP), pH 8.0) with a 

second round of sonication for 5 minutes then filtered either with a Steriflip 

with a 0.22μm filtration system (Millipore) or centrifugation for 10 minutes at 

7,000 rpm at 15°C. The supernatant from this was loaded onto columns with 

15 mL bed volume nickelnitrolotriacetic acid (Ni-NTA) resin (Ni-NTA 

Superflow, Qiagen) equilibrated in binding buffer and proteins were 

allowed to bind for 2 hours at room temperature with gentle agitation. The 

column was then washed with 5x bed volume of binding buffer (1x PBS, 1% 

SDS, 0.1% TCEP, pH 8.0). The sodium dodecyl sulfate (SDS) was exchanged 
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out by washing in 20x bed volume thrombin cleavage buffer (300mM NaCl, 

20mM Tris-HCl, 0.1% HPC, pH 8.0). The recombinant protein was allowed to 

cleave overnight at room temperature with gentle agitation with 20mg 

thrombin (Sigma Aldrich) in 25mL thrombin cleavage buffer. The column 

was then washed with 10x bed volume of washing buffer (20mM imidazole, 

50mM NaCl, 20mM HEPES, 0.5% DPC, pH 7.3) and eluted with 3x bed volume 

elution buffer (500mM imidazole, 20mM HEPES, 0.5% DPC, pH 7.3). Results 

were analyzed by 4-12% gradient SDS-PAGE gel (Novex Life Technologies) 

and confirmed by mass spectrometry. 

After nickel affinity purification, elution fractions containing full-length 

TcdE was pooled and DMPC (Anatrace) was added to a ratio of 1:10 w/v 

(protein:lipid). DMPC was prepared by dissolving in 10% SDS in 20mM HEPES 

at pH 7.3. The sample was dialyzed against 20mM HEPES pH 7.3 for 24 hours 

at room temperature followed by dialysis in 20mM HEPES, 20mM KCl pH 7.3 

for an additional 12 hours or until sample turned slightly opaque, indicating 

formation of proteoliposomes. Dialysis in 20mM HEPES, 20mM KCl pH 7.3 was 

done with 2-3 buffer changes to remove remaining SDS from 

proteoliposome. 

Proteoliposomes were spun down using ultra-centrifugation at 60,000 

rpm for 4 hours at 15°C using a Beckman 70.1 Ti rotor in an optima L-90K 

ultracentrifuge (Beckman). The resulting pellet, which was somewhat 
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opaque, was then washed in 20mM HEPES pH 7.3 and spun again by ultra-

centrifugation at 60,000 rpm for 4 hours at 15°C using a Beckman 70.1 Ti 

rotor to remove any remaining soluble impurities or artifacts. The sample 

could then be re-dissolved in 20mM HEPES pH 7.3 and stored at -80°C or 

used directly for the preparation of an NMR sample. 

3.3.4 Preparation of TcdE for studies by solution-NMR 

NMR samples of full-length TcdE was prepared by adding 1,2-

dimyristoyl- sn -glycero-3-phosphocholine (DMPC) (Anatrace) dissolved in 

10% SDS to the elution fractions containing full-length TcdE. Remaining salts 

and SDS were dialyzed out in 20mM HEPES (pH 7.3) and 20mM HEPES, 20mM 

KCl (pH 7.3) over 2 days with 2-3 buffer changes. The proteoliposome was 

pelleted by ultra-centrifugation and the short-chain lipid (1,2-

dihexanoyl- sn -glycero-3-phosphocholine) DHPC (Avanti Polar Lipids) was 

added to the pellet until q = 0.1 DHPC/DMPC, where “q” is the molar ratio 

of long-chain lipid (DMPC) to short-chain lipid (DHPC). The final sample was 

prepared in 20mM HEPES in 10% D2O (pH 4.0) with a final protein 

concentration of about 100μM. The NMR experiments were performed on 

a Bruker Avance 600MHz spectrophotometer and one-dimensional 15N-

edited 1H NMR and 1H-15N HSQC spectra were acquired at 40°C. Solution-

state NMR spectra were processed using TopSpin (Bruker) or NMRPipe (NIH). 
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3.4 Results and Discussion 

The final protein yield from combined and dialyzed elution fractions 

was analyzed by UV/Vis spectrophotometer and averaged around 5-10mg 

per liter in LB media and 2-4mg per liter in M9 media. Mass spectrometry 

analysis using Acquity UPLC Triple TOF 5600 hybrid quadrupole-TOF 

LC/MS/MS (ABSCIEX) of SDS-PAGE bands of both the elution fractions post-

affinity chromatography as well as of the proteoliposome samples 

confirmed that the protein in the samples was indeed full-length TcdE. 

Analysis of the secondary structure of the protein was performed by circular 

dichroism (CD) and showed a largely alpha-helical pattern. This confirmed 

previous literature which speculated that the protein was similar to other 

Class I holins.  

 

 
Figure 3.2. Circular dichroism (CD) spectrum of full-length TcdE. CD spectrum shows the 

characteristic profile of a protein with a largely alpha-helical secondary structure. 
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In optimizing over-expression of TcdE, several competent cell lines 

and growth conditions were tested. TcdE over-expression was tested in 

BL21(DE3) (NEB), C41(DE3) (Lucigen) and C43(DE3) (Lucigen) whereupon it 

was concluded that C41(DE3) and C43(DE3) yielded roughly the same, 

best expression. Different times and concentrations of IPTG induction were 

also tested and it was determined that TcdE over-expression was optimized 

when induced with a final 1mM IPTG concentration at OD600 0.5-0.6. Post-

induction, cells were grown for either an additional 4hrs or overnight at 

25°C, 30°C, 37°C or 42°C with samples taken every hour for the first few 

timepoints and the final timepoint and expression analyzed by SDS-PAGE. 

The expression was lower when grown at lower temperatures with 

expression negligible 4 hours post-induction. Although yield was higher at 

42°C, so was the expression of endogenous proteins, therefore it was 

concluded that expression at 37°C was optimal for maximizing expression 

of TcdE while mitigating expression of unwanted endogenous proteins. The 

yield post-nickel affinity chromatography was around 8-10mg in LB and 2-

4mg in M9.  
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Figure 3.3. Purification scheme for full-length codon-optimized TcdE. Full-length TcdE was 

expressed as a fusion with TrpΔLE. The incorporation of a flexible 11x Glycine linker (A) into 

the construct led to enhanced thrombin activity. The previous construct resulted in TrpΔLE-

TcdE fusion eluting together in LB tests (B), whereas the new construct expressed in 15N 

isotopically-labeled M9 media contained only TcdE (C).  

 

Nickel affinity chromatography was used to separate TrpΔLE -TcdE 

from other proteins. The expression of TrpΔLE-TcdE fusion into inclusion 

bodies was easily solubilized in SDS buffers such as the binding buffer used. 

The SDS was later exchanged out for milder detergents, first HPC in the 

thrombin cleavage step when the TrpΔLE was also separated from TcdE, 
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then DPC during the washing and elution steps. The removal of any 

remaining salts and detergents before preparing the final NMR sample was 

accomplished by a multi-day dialysis step. Polyhistidine-tag columns such 

as nickel affinity columns may retain several well-known impurities such as 

endogenous FKBP-type peptidyl prolyl isomerase which was also detected 

in the elution fractions by SDS-PAGE and mass spectrometry.  

Unfortunately, further purification by FPLC led to the loss of TcdE either 

due to TcdE sticking to the FPLC column or precipitating within the column. 

Moving the His-tag in an effort to elute the protein at a different stage also 

led to lowered expression or purification possibly due to partial folding of 

the protein interfering with His-tag binding to the Ni-affinity column. It was 

therefore necessary to minimize expression of endogenous proteins by 

optimizing the expression step and incorporating an addition washing step 

during the preparation of the final proteoliposome. Mass spectrometry 

analysis of the final proteoliposome sample did not detect any TrpΔLE 

fusion partner or endogenous proteins. From transformation of competent 

cells to the preparation of the final proteoliposome, the time to obtain the 

final ready sample was approximately two weeks. Despite the relatively 

long time in sample preparation, this is the first time that TcdE was reported 

to be successfully over-expressed and purified in quantities sufficient for 

structural studies by NMR spectroscopy.  
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Figure 3.4. Preliminary 2D HSQC of full-length codon-optimized TcdE in q = 0.1 bicelles. 

Spectrum shows distinct well-dispersed peaks throughout the spectrum. Characteristic 

doublets in upper right corner for the side chains of Asparagine and Glutamine can be 

clearly seen. Overall, this is indicative of a folded protein in bicelle q = 0.1 DMPC/DHPC. 

  

The heteronuclear single quantum correlation (HSQC) experiment is 

the most logical and standard first 2D solution-state NMR experiment 

carried out in protein NMR. A basic 2D HSQC consists of 4 steps – the initial 

insensitive nuclei enhanced polarization transfer (INEPT) pulse which 

transfers magnetization from 1H to 15N via J-coupling, followed by the 

variable evolution t1 period where the 15N magnetization evolves under the 

effects of 15N chemical shifts. The retro-INEPT pulse converts 15N 

magnetization back to in-phase 1H magnetization and finally during proton 

acquisition, 15N is decoupled and the 1H signal is detected in the directly 
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measured dimension while the chemical shift of 15N is recorded in the 

indirect dimension formed from the series of experiments. The HSQC 

experiment provides the H-N correlation of each amide and as every 

amino acid of a protein with the exception of Proline has an amide 1H 

attached to a nitrogen, an observable peak is produced for each residue. 

Additionally, signals from NH2 groups of Asparagine and Glutamine side 

chains and the aromatic HN of Tryptophan and Histidine can also be 

detected. The sidechains of Asparagine and Glutamine characteristically 

appear as doublets on the top right corner while the sidechain amine peak 

of Tryptophan normally appears shifted towards the bottom left corner and 

the backbone amide peaks of Glycine appear towards the top of the 

spectrum. Thus, an HSQC spectrum can be likened to a unique fingerprint 

of a protein where each peak may be assigned to a specific amino acid 

residue of the protein of interest and the experiment may be combined 

with other experiments for structure determination. 

The quality of preliminary HSQC spectra can provide insight into 

sample quality and protein stability. If the protein is folded then peaks are 

mostly distinct and well-dispersed. If the spectrum contained a large cluster 

of indistinguishably overlapped peaks in the center it would indicate a 

significant amount of unstructured elements in the protein, suggesting it 

was unfolded or disordered. 2D HSQC is therefore, the most standard first 
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experiment performed as it is a relatively inexpensive but sensitive 

experiment which can be used to screen proteins for their suitability for 

structural determination by NMR and allows for optimization of sample 

conditions and the sample quality. Protein stability can be assessed by 

HSQC before investing in longer or more expensive experiments such as 

carbon labelling or specific isotopic labelling. 

3.5 Conclusion  

Full-length TcdE was demonstrated to be successfully over-expressed 

in milligram quantities in both Luria Bertani (LB) media (5-10mg/L) as well as 

minimal media (M9) (2-4mg/L). Results were confirmed by SDS-PAGE gel as 

well as mass spectrometry. Mass spectrometry data for the final iteration of 

the plasmid construct and protocol showed that overexpressed bands of 

protein purified by nickel affinity chromatography in elution fractions from 

SDS-PAGE gels were full-length TcdE without the presence of the TrpΔLE 

fusion partner. The protein was further studied by circular dichroism (CD) 

and the secondary structure of the protein was confirmed to be 

predominantly alpha-helical in nature. The preliminary 15N HSQC spectra 

obtained at 600MHz of full-length TcdE at pH 4.0 and 40°C shows good 

resolution with around 100+ resonances in a well-dispersed pattern with 

some resonances overlapping. Overall, this suggests that the protein is 

refolded in DMPC/DHPC bicelles (q = 0.1), however optimization of sample 
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stability must continue as precipitate forms in the NMR sample within 12 

hours of preparation, suggesting that the protein is aggregating. This is 

supported by SDS-PAGE gel which shows large smears in the higher 

molecular weight region indicating the formation of oligomers.
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Chapter 4: Studying alternative the alternative Met27 TcdE isoform 

4.1 Abstract 

Class I holins from dsDNA bacteriophages have two isoforms which 

are encoded for from the same open reading frame (ORF). One isoform 

encodes for the active holin protein which localizes to and oligomerizes at 

host cell membranes, forming pores in a time- and concentration-

dependent manner to allow endolysins access to the peptidoglycan wall 

for the subsequence release of mature phage. The other isoform encodes 

an antiholin which opposes and inhibits pore formation in a concentration-

dependent manner. The interactions between holin and antiholin are 

tightly regulated during the lytic cycle of viral replication to ensure host cells 

do not lyse until the appropriate time when mature phage are ready for 

release. Similar to other previously characterized Class I holins such as 

phage λS protein, full-length TcdE has also been shown to localize to and 

oligomerize at the cell membranes in a concentration-dependent manner 

upon over-expression. Based on sequence homology studies and 

functional studies, full-length TcdE has also been shown to have holin-like 

properties and is able to compromise cell membrane integrity upon 

overexpression both in E. coli as well as native C. difficile cells. Functional 

studies of different constructs suggests that TcdE has an alternate isoform, 

encoded for by methionine 27, which serves as an antiholin-like protein. This 
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has been supported by the presence of a ribosomal binding site as well as 

observations that over-expression of the Met27 TcdE isoform has a 

mitigating effect on the membrane integrity-compromising effects of full-

length TcdE. Understanding how Met27 TcdE isoform may interfere with 

pore formation and holin activity of full-length TcdE would provide possible 

insights into future drug targets. 

4.2 Introduction 

TcdE is classified as a Class I holin-like protein and has been shown to 

be able to complement the lytic function of λS in mutants [37, 39]. Similar to 

other Class I holins, TcdE is predicted to have a dual-start motif with two 

isoforms of the protein expressed from alternative start sites of the same 

open reading frame. Functional studies of both isoforms supports the 

hypothesis that the full-length isoform encodes an active holin protein 

which promotes cell lysis in E. coli by localizing to and oligomerizing at the 

cell membrane to form pores, while the second isoform, encoded from 

methionine 27, encodes an antiholin protein which opposes holin activity 

by binding to the active holin form. Antiholin interaction does not 

completely abolish holin activity and pore formation. Instead, it has been 

shown to retard pore formation and is considered to be an added level of 

fine-tuning [79, 80]. While the process has not been fully characterized, a 

model for full-length TcdE holin and Met27 antiholin interactions may be 
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proposed based on the similarities of TcdE to other Class I holin proteins such 

as λS.  

 

Figure 4.1. Predicted topology of TcdE holin and antiholin transmembrane domains. 

Predicted orientation of the three transmembrane helices in respect to the lipid bilayer for 

both active holin (A) and antiholin (B) TcdE isoforms based on the properties N- and C-

terminal residues. Predictions were made using Protter, an interactive protein feature 

visualization and integration program which incorporates experimental proteomic data 
[78]. 

 

The dual-start motif of holin and antiholin isoforms to be 

characterized was that of Class I λS [ 80]. Since then, this dual-start motif has 

since been described for several other Class I and Class II holin proteins. 

While currently no structural studies have been published, genetic and 

functional studies of λS support a model for holin and antiholin activity and 
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interaction proposed based on differences in N-terminus topology as well 

as the requirement for the energized membrane. Functional studies by 

several groups (cite) suggest that the topology of the first transmembrane 

domain of Class I λS protein differentiates holin versus antiholin activity. The 

positively charged residues of the N-terminus of the antiholin isoform retards 

entry of the first transmembrane into the lipid bilayer, while the active holin 

isoform is predicted to have all three transmembrane domains sequestered 

within the bilayer. The location and orientation of the first transmembrane 

is predicted to have effects on transmembrane-transmembrane 

interactions between holin and antiholin isoforms for the purposes of 

regulating pore formation during cell lysis. A model similar to λS is proposed 

for TcdE in which full-length holin TcdE is hypothesized to have all three 

transmembranes sequestered within the lipid bilayer while the positively 

charged residues at the N-terminus of the first transmembrane of the 

antiholin isoform is predicted to prevent the first transmembrane from 

entering the membrane. 

In studying how TcdE aids in the selective release of TcdA and TcdB 

during Clostridium difficile pathogenesis it is also important to study and 

understand the structure and dynamics of the second Met27 TcdE isoform 

as understanding its structure and dynamics could provide insight and 

understanding into how its interactions with full-length TcdE holin-like protein 

may mediate, control or possibly inhibit pore formation. It may also provide 
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possible clues and insights towards drug design. It is therefore necessary to 

develop a similarly efficacious protocol for the over-expression, purification 

and reconstitution of Met27 TcdE isoform for structural and interactions 

studies. 

4.3 Materials and Methods 

4.3.1 Cloning of Met27 TcdE isoform into pHLV plasmid 

The Met27 TcdE isoform was derived from the parent full-length TcdE 

in pHLV plasmid with an N-terminal 9x Histidine tag. This was accomplished 

using the Phusion High Fidelity kit (New England Biolabs) and a one-step 

PCR protocol in which the first 26 amino acid residues are deleted. The 

following primers were ordered from IDT: Primer A 5’ GCT GCC ACG CGG 

AAC CAG TCC ACC AC 3’ and Primer B 5’ ATG ACC ATC AGC TTT CTG 

AGC GAG CAC ATC TTC ATT AAA CTGG 3’. The protocol used for the PCR 

reaction was as described by the Phusion High Fidelity kit and optimized for 

the melting temperature of the primers. The PCR product ligated using T4 

ligase (New England Biolabs) according to the product’s protocol then 

purified using 1% agarose gel and a DNA gel extraction kit (Qiagen). The 

plasmid was transformed into DH5α Max Efficiency cells and a miniprep 

(Qiagen) performed on a dozen selected single colonies. Successful 

deletion of the first 26 amino acid residues in at least one plasmid 

preparation was confirmed by sequencing (ETON Biosciences).  
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4.3.2 Over-expression of Met27 TcdE Isoform  

Met 27 TcdE isoforms in pHLV plasmids miniprepped and sequenced 

(ETON Biosciences) were transformed into either C41(DE3) (Lucigen) or 

C43(DE3) (Lucigen) competent cells and plated on Luria Bertani (LB) plates 

with carbenicillin (1mL/L of 1000x stock) selection overnight at 37°C. The 

next day, singly-picked colonies were inoculated and grown in a day 

growth of 10mL LB media and 10μL 1000x carbenicillin for 8 hours at 37°C 

with 200rpm shaking. Day growths were inoculated into LB media to a final 

volume of 2% and grown overnight at 37°C for 14 hours with shaking at 

200rpm. The next day, a 1-2% final concentration of overnight preculture 

was inoculated into 0.5L of either LB or M9 media (1g/L ammonium sulfate 

(AMS), 10g/L glucose, 1x MEM vitamin solution (Thermo Fisher Scientific), 

trace elements [53], 1mM MgSO4, 0.1mM CaCl2, 0.03mM thiamine, 1x M9 

salts (6g/L Na2HPO4, 3g/L KH2PO4, and 0.5g/L NaCl), and 50mg/L 

carbenecillin) and grown in a 2.5L baffled flask. Cells were induced at OD600 

0.5-0.6 with 1mM final concentration of Isopropyl β-D-1-

thiogalactopyranoside (IPTG) and then grown for an additional 4 hours at 

37°C with 200rpm shaking before harvesting cell pellets by centrifugation at 

7000rpm for 30min at 4°C. Cell pellets were either stored at -80°C or used 

directly for purification. 

4.3.3 Purification of Met27 TcdE Isoform 
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Cell pellets from 1L growth were re-suspended in 30mL cell lysis buffer 

(20mM Tris-HCl, 500mM NaCl, 15% glycerol, pH 8.0), lysed for 5 minutes using 

a Sonic Dismembrator 550 (Fisher Scientific) set to 5 seconds on and 10 

seconds off. Inclusion bodies were obtained by centrifugation at 13k rpm 

for 30min at 4°C then solubilized in binding buffer (1x PBS, 1% SDS, 0.1% TCEP, 

pH 8.0) with a second round of sonication for 5 minutes then filtered either 

with a Steriflip with a 0.22μm filtration system (Millipore) or centrifugation for 

10 minutes at 7,000 rpm at 15°C. The supernatant from this was loaded onto 

columns with 15 mL bed volume nickelnitrolotriacetic acid (Ni-NTA) resin (Ni-

NTA Superflow, Qiagen) and proteins were allowed to bind for 2 hours at 

room temperature with gentle agitation. The column was then washed with 

5x bed volume of binding buffer (1x PBS, 1% SDS, 0.1% TCEP, pH 8.0). The 

sodium dodecyl sulfate (SDS) was exchanged out by washing in 20x bed 

volume thrombin cleavage buffer (300mM NaCl, 20mM Tris-HCl, 0.1% HPC, 

pH 8.0). The recombinant protein was allowed to cleave overnight at room 

temperature with gentle agitation with 20mg thrombin (MP Biomedicals) in 

25mL thrombin cleavage buffer. Met27 TcdE isoform was collected in the 

thrombin cleavage buffer along with unlabeled soluble thrombin and 

results were analyzed by 4-12% gradient SDS-PAGE gel (Novex Life 

Technologies). 
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After nickel affinity purification DMPC (Anatrace) was added to 

Met27 TcdE to a ratio 1:10 w/v (protein:lipid). The DMPC was dissolved in 

10% SDS in 20mM HEPES at pH 7.3. The sample was allowed to agitate 

overnight at 25°C until the solution became slightly opaque, indicating 

formation of proteoliposomes. Remaining HPC and SDS were removed from 

proteoliposome samples with Bio-Beads SM-2 resin (Bio-Rad) for 1 hour at 

25°C. 

Proteoliposomes were spun down using ultra-centrifugation at 60,000 

rpm for 4 hours at 15°C using a Beckman 70.1 Ti rotor in an optima L-90K 

ultracentrifuge (Beckman). The resulting pellet, which was somewhat 

opaque, was then washed in 20mM HEPES pH 7.3 and spun again by ultra-

centrifugation at 60,000 rpm for 4 hours at 15°C using a Beckman 70.1 Ti 

rotor to remove any remaining soluble impurities or artifacts. The sample 

could then be re-dissolved in 20mM HEPES pH 7.3 and stored at -80°C or 

used directly for the preparation of an NMR sample.   

4.3.4 Preparation of Met27 TcdE Isoform for studies by solution-NMR 

NMR samples of the Met27 TcdE isoform were prepared by adding 

1,2-dimyristoyl- sn -glycero-3-phosphocholine (DMPC) (Anatrace) dissolved 

in 10% SDS to the thrombin cleavage wash fraction containing Met27 TcdE 

isoform and allowed to incubate at 25°C overnight to incorporate the 

protein into lipid micelles. Remaining salts and SDS were removed by 
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incubating the sample at 25°C in BioBeads (COMPANY) for 1-3 hours and 

separating the sample from the BioBeads by filtering the sample out. 

Successful incorporation of Met27 TcdE isoform into DMPC and the removal 

of SDS could be confirmed visually as the sample would turn slightly cloudy 

and opaque. The proteoliposome was pelleted by ultra-centrifugation and 

the short-chain lipid (1,2-dihexanoyl- sn -glycero-3-phosphocholine) DHPC 

(Avanti Polar Lipids) was added to the pellet until q = 0.1 DHPC/DMPC, 

where “q” is the molar ratio of long-chain lipid (DMPC) to short-chain lipid 

(DHPC). The final sample was prepared in 20mM HEPES in 10% D2O (pH 4.0) 

with a final protein concentration of about 100μM. The NMR experiments 

were run on a Bruker Avance 600MHz spectrophotometer and one-

dimensional 15N-edited 1H NMR and 1H-15N HSQC spectra were acquired at 

40°C. Solution-state NMR spectra were processed using TopSpin (Bruker) or 

NMRPipe (NIH). 

4.4 Results and Discussion  

The final protein yield from the thrombin cleavage wash was 

analyzed by the GelAnalyzer program and averaged around 5-10mg per 

liter in minimal media (M9). Results of mass spectrometry analysis of SDS-

PAGE bands from the thrombin cleavage fraction of the nickel affinity 

column as well as from the proteoliposome samples confirmed that the 

protein bands were from the Met27 TcdE isoform. Analysis of the secondary 
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structure of the protein was also done by circular dichroism (CD) and 

showed a predominantly alpha-helical pattern.  

 
Figure 4.2. Circular dichroism (CD) spectrum of Met27 TcdE isoform. Spectrum shows the 

characteristic profile of a protein with a largely alpha-helical secondary structure. 

 

This confirmed previous reports that speculated that the protein 

shared the three transmembrane alpha-helical structure of other Class I 

holins. SDS-PAGE gel of proteoliposomes prepared after incubation with 

Bio-Beads and washing of pellet by 20mM HEPES (pH 7.3) also confirmed 

that soluble proteins present post affinity chromatography were 

successfully separated from the final bicelle sample before NMR sample 

preparation.  

Following the optimized protocol for full-length TcdE over-expression, 

Met27 TcdE isoform was over-expressed in C41(DE3) and C43(DE3) which 

yielded roughly the same, high expression of protein. Similarly, the protein 
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was induced with a final 1mM IPTG concentration at OD600 0.5-0.6 and 

grown for an additional 4 hours before harvesting by centrifugation. 

 
Figure 4.3. Purification scheme for codon-optimized Met27 TcdE isoform. A one-step PCR 

deletion of full-length TcdE and incorporation of N-terminal 9x Histidine tag (A) resulted in 

Met27 TcdE isoform washing off Ni-NTA column post-thrombin cleavage while TrpΔLE-9xHis 

remained bound to the column. Any residual thrombin was washed out during NMR 

sample preparation (B) along with other soluble proteins and removed from the final pure 

proteoliposome. 

 

Nickel affinity chromatography was used to separate TcdE from 

endogenous proteins as well as its TrpΔLE fusion partner. The expression of 

TrpΔLE-TcdE fusion into inclusion bodies was easily solubilized in SDS buffers 

such as the binding buffer used. The SDS was later exchanged out for a 

milder detergent, first HPC in the thrombin cleavage step when the TrpΔLE 

was also separated from TcdE. This was critical in ensuring that the thrombin 

remained active and also allowed Met27 TcdE isoform to begin partially 
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refolding into micelles. Similar to full-length TcdE, the use of an additional 

FPLC purification step led to the loss of protein sample either by the protein 

precipitating or sticking to the FPLC column. Instead, the removal of any 

remaining salts and detergents before preparing the final NMR sample was 

accomplished using BioBeads (Bio-Rad) and incorporating an additional 

wash of the proteoliposome pellet with 20Mm HEPES (pH 7.3) and spinning 

the proteoliposome down by ultra-centrifugation to separate it from soluble 

endogenous proteins. Mass spectrometry analysis of the final 

proteoliposome sample did not detect any TrpΔLE fusion partner or 

endogenous proteins. From transformation of competent cells to the 

preparation of the final proteoliposome, the time to obtain the final ready 

sample was approximately two weeks. Despite the relatively long time in 

sample preparation, this is the first time that Met27 TcdE isoform was 

reported to be successfully over-expressed and purified in quantities 

sufficient for structural studies by NMR spectroscopy. 

The preliminary 15N HSQC spectrum obtained at 600MHz of Met27 

TcdE isoform at pH 4.0 and 40°C shows many fewer resonances than 

expected despite incorporating the same protein concentration into the 

sample.  
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Figure 4.4. Preliminary 2D HSQC spectrum of codon-optimized Met27 TcdE isoform in q = 

0.1 bicelles. Spectrum shows distinct well-dispersed peaks throughout the spectrum. 

Characteristic doublets in upper right corner for the side chains of Asparagine and 

Glutamine can be clearly seen. There is significant loss of total number of observed peaks 

as compared to expected peaks. This suggests that, although the protein is folded in 

bicelle q = 0.1 DMPC/DHPC, there remains sample stability issues that require further 

optimization. 

 

In contrast to the HSQC spectra of full-length TcdE, there are only 

around 35 residues detected, as opposed to the 140 residues expected. 

Although the detected signal was not clustered in the center, which would 

suggest that the protein is misfolded or oligomerized, the lack of signals and 

the appearance of white precipitate soon after sample preparation 

suggests that the Met27 TcdE isoform is not stable in DMPC/DHPC bicelles 

and is precipitating out of the solution. This was further confirmed when an 

SDS-PAGE gel was run of the NMR sample 24hrs after its initial preparation 

where large molecular weight smears were detected, suggesting that 
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Met27 TcdE isoform had oligomerized during NMR experiments. Further 

optimization of sample condition, including optimizing pH and running 

temperature will need to be tested.  

4.5 Conclusion  

Met27 TcdE isoform was demonstrated to be successfully over-

expressed in milligram quantities in minimal media (M9) (5-10mg/L). Results 

were confirmed by SDS-PAGE gel as well as mass spectroscopy analysis. 

Mass spectroscopy data for the final iteration of the protocol showed that 

over-expressed bands of protein purified by nickel affinity chromatography 

contained the isoform without its fusion partner, supporting successful 

cleavage and separation of the target protein from its 9x His-tagged fusion 

partner. The protein was further studied by CD analysis and the secondary 

structure of Met27 TcdE isoform was confirmed to be predominantly alpha-

helical in nature. The preliminary 15N HSQC spectra obtained from the 

600MHz of Met27 TcdE isoform at pH 4.0 and 40°C shows a well-dispersed 

pattern with roughly half the number of peaks observed as compared to 

the spectrum for full-length TcdE, though the peaks that are present do 

overlap well with the exception of one or two peaks. This suggests that 

although the protein may be refolded in DMPC/DHPC bicelles (q = 0.1), the 

sample is not stable. This is confirmed by the formation of white precipitate 

in the NMR sample within 2 hours after preparation, most likely due to the 
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protein precipitating. Further optimization into sample conditions can be 

made, including optimizing pH, buffer conditions, as well as the ratio and 

type of lipids and detergents incorporated into the bicelle. Further 

optimization of the conditions of the sample run may also greatly improve 

the resolution and detection of additional individual peaks in future HSQC 

spectra. 
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