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ABSTRACT OF THE DISSERTATION 
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by 
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University of California, Los Angeles, 2016 

Professor Todd O. Yeates, Chair 

 

 

This dissertation is the culmination of my graduate studies in the laboratory of Todd O. 

Yeates at UCLA. The research presented here is a study of 1,2-propanediol utilization (Pdu), a 

scavenger pathway used by common gut bacteria to thrive in the human gut environment. 

Encapsulating the Pdu pathway is a novel non-membrane, proteinaceous shell (approximately 

100-200 nm in diameter) also known as a bacterial microcompartment (BMC) and the focus of 

investigation in the present work. BMCs are a conserved mechanism for housing metabolic 

processes that involve volatile or toxic intermediates. They are found in approximately 20% of 

sequenced bacterial genomes. However, little is known about BMC properties for small molecule 

transport and assembly. My dissertation work revealed important aspects of selective transport 

and shell protein organization for the Pdu BMC and other BMC shell proteins through 

hypothesis-driven research. 
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 As an introduction to this dissertation, chapter 1 summarizes the history of research on 

Pdu BMCs and recent applications in biotechnology. Chapter 2 is a comprehensive review, 

reprinted with permission from Microbiology and Molecular Biology Reviews (see 

Acknowledgments), of diverse bacterial microcompartments of known function and their 

possible applications in bioengineering of fuel and drug biosynthesis. Chapter 3 is an exposition 

on biochemical and structural characterization on selective transport of small molecules in the 

shell protein PduA, testing my first hypothesis about substrate entry and toxic intermediate 

encapsulation. This article is reprinted with permission from Proceedings of the National 

Academy of Sciences (see Acknowledgments). To follow up on the results of Chowdhury, Chun, 

et al. (2015), Chapter 4 presents a molecular dynamics approach to study free energy barriers to 

small molecules through the shell protein PduA, which supported our previous conclusions. This 

manuscript is in submission for journal peer review.   

Another type of BMC shell protein, called EutL, is a promising candidate for pore-

conducting small molecule transport. In Chapter 5, I describe molecular dynamics studies on 

EutL, previously reported by several groups in open and closed pore conformations by X-ray 

crystallography, in order to observe the large structural rearrangements required for 

conformational transition. Chapter 6 reports on the study of homologous shell protein, PduB, that 

I hypothesized can also have an open pore structure. Here, I used Tryptophan emission 

spectroscopy and X-ray crystallography to test this hypothesis. I outline future work for the 

continuation of this project. 

Lastly, the latter part of my dissertation focuses on questions of BMC shell assembly, a 

difficult topic of study due to non-uniform distributions of size and shape among BMCs of a 
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particular system and highly redundant motifs in the BMC shell. Chapter 7 details the structural 

and in vivo studies of the shell protein PduJ that has 80% amino acid sequence identity to PduA. 

However, PduJ is found to not be functionally synonymous with PduA and its genic location in 

the Pdu operon may affect its post-translational assembly. This research was published 

electronically ahead of print in Molecular Microbiology (June 2016) and is reprinted here with 

permission (see Acknowledgments).  

Finally, Chapter 8 chronicles the study of Pdu enzyme N-terminal peptides binding Pdu 

BMC shell proteins for two reasons. First, the literature on this subject contributed by many 

research groups is sometimes inconsistent, which may be attributed to the difficulty of studying 

amphipathic peptides in a biochemical setting. A thorough study of the Pdu enzyme N-terminal 

peptides using biophysical chemistry has not been carried out prior to this work and would 

benefit the research community. Second, a more quantitative analysis could be used to 

mathematically model Pdu BMC assembly and, in combination with data on pore permeability 

(described in chapter 4) and enzyme kinetics, accurately simulate production efficiency of the 

Pdu BMC. This information is highly valuable for the industrial scale use of Pdu BMCs, the 

bioengineering and synthetic biology of which is already an active area of research. I outline the 

future work for the continuation of this project, with notes in the Appendix, and offer advice for 

using different techniques. 

In conclusion, this dissertation work contributes significant findings to the expanding 

knowledge of the Pdu BMC and details further studies of interest for posterity in the BMC 

research community. 
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Chapter 1 

Introduction to 1,2-Propanediol Utilizing Microcompartments 

Anaerobic metabolism of diols by animals, yeast, and bacteria, has been a growing 

research interest since the 1960s.  Particularly, 1,2-propanediol and 1,2-ethanediol are 

fascinating because they are reduced substrates, compared to carbohydrates, and can be used as 

sole carbon and energy sources by certain enterobacteria1.  

The 1,2-propanediol utilization (pdu) operon and the associated cob operon (cobalamin 

biosynthesis) are induced in trans by 1,2-propanediol via the transcriptional activator PocR2,3. 

1,2-propanediol is a fermentation product of common plant sugars, such as L-rhamnose4,5 and L-

fucose6,7. Fucose is also one of the 4 main substituents of intestinal mucins. The catabolism of 

1,2-propanediol produces half-molar equivalents of n-propanol and propionate and only occurs 

under anaerobic conditions4, by the induction of B12-dependent diol dehydratase1. The yield of 

this anaerobic metabolism of 1,2-propanediol is limited to a gain of 1 mol of ATP per 2 mol of 

substrate consumed1.  

In 1999, Bobik et al. completed sequencing of the pdu operon in Salmonella enterica 

serovar Typhimurium LT2 and showed that it includes sequences homologous to bacterial 

microcompartments (BMC) by conserved BMC-fold domains8. This was confirmed by the 

observation of polyhedral bodies in S. enterica during growth only on 1,2-propanediol and by the 

localization of B12-dependent diol dehydratase to the polyhedra. This was a surprising finding 

that demonstrated the complexity of bacterial systems that use this vitamin B12-dependent 

pathway. It gave rise to the obvious question, why would 1,2-propanediol utilization be 

compartmentalized in BMCs?  
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BMCs are proteinaceous organelles of prokaryotic origin. They demonstrate a step 

towards organizational complexity, and thus, evolution to higher orders of life. Approximately 

20% of bacteria carry BMC operons of at least seven metabolic types, including carbon fixation, 

propanediol and ethanolamine utilization9. They act as natural bioreactors by providing 

compartmentalization which results in one or more benefits for the system: (1) a concentrating 

mechanism for enzymes, cofactors, substrates, (2) the ability to channel intermediates to 

subsequent reaction sites, (3) protection for cytoplasmic components against toxic or volatile 

intermediates, (4) increase in enzymatic efficiencies, and (5) release of desired products. 

Following the initial evidence of pdu-associated bacterial microcompartments (Pdu BMCs), 

biochemical and structural characterization of the Pdu BMC has confirmed some of these aspects 

of BMCs.  

The Pdu BMC are proteinaceous polyhedral bodies that are 100 to 150 nm in diameter 

with a shell thickness of 3 to 4 nm8,10 . The major protein contents from purified BMCs were 

determined to be PduABB’CDEGHJKOPTU where PduB’ is a truncation of PduB by 37 N-

terminal amino acids. Isoelectric focusing of dodecyl-maltoside treated BMCs indicated that 

PduJKP may have post-translational modifications. The relative abundances of Pdu BMC shell 

proteins PduABB’JKTU was determined to be J:A:B:B’:U:K:T = 15:10:7:6:2:1:110.  

In the metabolic pathway of 1,2-propanediol utilization, first, 1,2-propanediol is 

converted to propionaldehyde by PduCDE, the Ado-B12-dependent diol dehydratase10. 

Propionaldehyde can then be reduced to propanol by PduQ for the regeneration of NAD or 

oxidized to propionyl-coA by PduP, propionaldehyde dehydrogenase, which is further converted 

to propionyl-phosphate and then to propionic acid for entry in the citric acid cycle, which aids in 
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bacterial Krebs (or tricarboxylic acid) cycle, for the generation of ATP and cell carbon. PduO, 

adenosyltransferase, and PduGH, diol dehydratase reactivating factor, reactivate diol 

dehydratase. Propionaldehyde accumulates to toxic levels in BMC-minus mutants of S. enterica 

grown on 1,2-PD, resulting in 20h growth arrest11. The Ames test showed that propionaldehyde 

is a mutagen11. Thus, the Pdu BMC primarily serves to sequester propionaldehyde and protect 

cells from cytotoxicity by DNA damage. 

Several groups have described the importance of the shell protein PduA to propanediol 

metabolism in the Pdu BMC12. In vivo, deletion of PduA disrupts BMC formation.13 The 

structure of PduA features a pore in the hexamer assembly of radius 2.8Å14. Thus, PduA is 

predicted to be a major route of entry and exit into the Pdu BMC. PduJ is the most abundant 

protein but the function is yet unknown. It shares 77.7% sequence identity to PduA.10 

The Pdu BMC can be categorized as a “metabolosome,” a body housing several related 

metabolic processes of a pathway. A metabolosome can be engineered, for example, for biofuel 

and green chemical production, drug biosynthesis, and a variety of other functional pathways 

that would benefit in improved overall kinetics from compartmentalization and optimized 

substrate channeling via high density enzyme scaffolds (reviewed15,16). To this end, several 

groups have envisioned and demonstrated the first steps of engineering the Pdu BMC. Parsons et 

al. (2008) transformed a laboratory K12 E. coli strain with the 21 gene Pdu operon from 

Citrobacter freundii, which resulted in the expression of fully functional Pdu BMCs in a non-

native host12. Their next proof of concept (2010) was to express the empty BMC shell by the 

induced overexpression of only the shell components PduABJKNTU17. They showed that 

PduAJKN were the essential structural components of fully formed BMCs, where gene order 
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affects proper assembly, and that PduV may be required for axial distribution of BMCs via 

interactions with the bacterial cytoskleton.  

More recently, Sargent et al. (2013) engineered empty BMC shell expression in E. coli 

from Pdu BMC shell components PduABJKNTU from Salmonella enterica. Puncta 

corresponding to GFP-tagged PduD, a Pdu BMC cargo protein, were observed by fluorescence 

confocal microscopy only in the presence of the shell components indicating the formation of 

Pdu BMCs. However, the stoichiometry of shell components did not match that of the wildtype 

system and PduK barely expressed, so the quality of the synthetic BMCs could not be 

guaranteed18.   

To control the uniformity of the sample, a different approach was taken by Lassila et al. 

(2014) taking BMCs from an operon of unknown function in Haliangium ochraceum; the 

purified BMCs were homogenous and small (approximately 80 nm in diameter)19.  The 

uniformity of these BMCs was ideal for engineering a controllable system. Lassila et al. designed 

a synthetic operon from the minimal components of the BMC of unknown function from 

Haliangium ochraceum and demonstrated that they could purify homogenous minimal BMCs. 

In another example of engineering pre-existing BMC genes, Cai et al. (2014) engineered 

hybrid carboxysomes by interchanging pore residues of single-BMC-fold domain proteins, for 

example, CcmK2 and CcmK4, and producing carboxysomes that incorporated both α- and β-type 

BMC shell proteins20.  

Some obstacles to engineering BMCs that have been identified include targeting proteins 

of interest to the BMC lumen; a lack of information on how substrates enter, products leave, and 

intermediates are retained; and the lack of identification of the minimal components of a 
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functional BMC21. Our laboratory’s research explores these aspects of BMCs. The research 

presented here focuses on the elucidation of the route of entry and exit of small molecules 

through the Pdu BMC shell and the investigation of a selective diffusion bias between substrate 

v. intermediate metabolites through the Pdu BMC shell. As a follow-up of the results of this 

research, I also present on-going work and future projects related to the study of binding between 

Pdu enzyme Ntail peptides and Pdu shell proteins.  
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Chapter 2 

Diverse Bacterial Microcompartment Organelles 

Introduction 

 The following article is a comprehensive review on the diversity of BMCs, titled ‘Diverse 

Bacterial Microcompartment Organelles’ and published in Microbiology and Molecular Biology 

Reviews. The high prevalence of BMCs in bacteria in the environment and in the human 

microbiome underscores their importance and significant relationship with global and human 

health. However, our limited knowledge of BMCs and how they function confines our 

understanding of their dynamic role and ability to thrive in unique and highly competitive 

microenvironments. Here, we emphasize the need for further studies on the characterization of 

unknown BMC systems and on the assembly and function of BMC shells, a topic that requires 

structural determination and biochemical investigation.  
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Chapter 3 

The central pore of PduA hexamers serves as conduit for metabolite transport 

Introduction 

The structure of PduA solved by Crowley et al. (2010) revealed a hexamer assembly with 

a central pore of diameter 5.6Å, lined with positively charged residues and peptide backbone 

atoms14. The pore could easily accommodate passage of small three carbon metabolites of the 

Pdu pathway, so it was hypothesized that these pores are the routes that metabolites use to 

traverse the BMC shell. Kerfeld et al. (2005) had also previously suggested in their work on 

carboxysome shell proteins CcmK2 and CcmK4 that the central pores of these hexagonal 

assemblies (7Å and 4Å in diameter, respectively) may serve as conduits of small molecule 

transport22. However, no study to date has investigated these hypotheses. 

In the following article, the PduA pore was studied using site-directed mutagenesis to 

mutate the pore residue Ser40 to change the pore size or the pore polarity. S40 mutants were 

analyzed by in vivo growth assays and X-ray crystallography for structure determination. Our 

results confirmed that the PduA hexamer pore is indeed a route of small molecule transport. We 

also showed that the PduA pore serves to discriminate substrate from toxic intermediate 

molecules via  a mechanism involving the key pore residue S40. Our study highlights the 

importance of biochemical investigation and structural studies with atomic resolution in 

increasing our understanding of how BMCs function.  
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Chapter 4 

The free energy barrier across the PduA pore  

is higher for the toxic aldehyde than for propanediol 

Introduction 

Why would encapsulating a metabolic intermediate be beneficial? The intermediate can 

be highly reactive or toxic to the cell and encapsulating them can prevent unwanted reactions11. 

Also, the rate of diffusion is often greater than rates of reactions so MCPs can hinder diffusion 

across concentration gradients and concentrate the intermediate near enzyme scaffolds, which 

have been shown to increase reaction efficiencies.  

The results from biochemical study showed that the PduA hexamer pore is a route of 

small molecule transport and that a key pore residue S40 may use its hydroxyl side chain to limit 

the efflux of propionaldehyde23. The PduA hexamer pore is relatively thin compared to other 

transemembrane pore channel proteins and has not been observed in other conformations (such 

as with a wider pore). We do not expect a transport mechanism that involves multiple 

conformational changes. Instead, we conjectured that the mechanism of small molecule transport 

is passive but also selective by the presence of the S40 hydroxyl side chains. In this aim, we 

determined to calculate a difference in free energy to penetration of the pore by the substrate 

molecule as compared to the toxic intermediate molecule.  

In order to calculate the free energy barrier to pore penetration by small molecules, we 

employed the molecular dynamics technique metadynamics. In metadynamics, a history-

dependent bias potential 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 accelerates sampling in the form of small Gaussian “hills” 
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composed of height 𝑊𝑊centered at some reaction coordinate 𝜀𝜀𝑖𝑖 for the 𝑖𝑖th of 𝑁𝑁𝐶𝐶𝐶𝐶 collective 

variables, accumulated over time 𝑡𝑡 as shown below24: 

 

The hills accumulate in the energy landscape over the course of the metadynamics simulation, 

enabling a system to overcome local energy barriers and explore other local minima (Figure 4.1). 

Accounting for 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚can recover the underlying free energy profile 𝐴𝐴. 

This method converges more smoothly in the well-tempered version of the program 

where 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 changes based on the bias temperature ∆𝑇𝑇, the hill height 𝜔𝜔, and the normalized 

histogram of collective variables visiting reaction coordinate 𝜀𝜀 at time 𝑡𝑡: 

 

Thus, ΔT limits the exploration of the free energy surface to an energy range of T+ΔT. Tuning 

ΔT to lower values can increase barrier crossing and facilitate efficient exploration of CVs based 

on how 𝑉𝑉changes25,26: 

 

In the PduA hexamer system, the collective variables were chosen to represent the exploration of 

small molecules in the hexamer pore region. The two collective variables were defined as distXY 

or radius of the small molecule from the z-axis through the hexamer pore and distZ or the z-
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coordinate (see Figure 4.2). The results of this study are described in the following article that is 

a version of a manuscript in submission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 
 

Figure 4.1. A schematic of the Metadynamics technique in which a history-dependent bias 

potential , Vmeta(ε), is applied to a collective variable, ε, to facilitate calculate of the underlying 

free energy surface, A(ε). 

  

Figure 4.2. Side view of the PduA hexamer with Z-axis through the pore center marked as a bold 

line and maximum radius away from the Z-axis marked in dashed lines. 
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Figure 4.3. The PduA hexamers are tiled in a hexagonal periodic box and simulated as flat layers 

in explicit TIP3P water solvent (not shown). 
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Chapter 5 

A study of Tandem-BMC domain proteins with ligand-gated pores 

Introduction 

In the Ethanolamine utilization (Eut) MCP, the tandem-BMC domain shell protein EutL 

has been solved in both “open” and “closed” conformations by X-ray crystallography (E. coli, 

PDB IDs: 3I87, 3I82 respectively)27.  By soaking EutL crystals in ethanolamine or various metal 

ion solutions, Takenoya et al. found that Zn2+ bound to EutL in the open conformation28. 

Therefore, they concluded that binding of Zn2+ triggers significant conformational change that 

opens the central pore (12Å in diameter) of the EutL trimer assembly. However, the 

crystallization condition at 1M ZnCl2 is not physiologically relevant. The large pore of EutL can 

be a possible route for passage of small molecules and larger co-factors. A quick APBS (A 

Poisson-Boltzmann Solver) surface electrostatics calculation shows a highly negatively charged 

surface surrounding and continuing through the large pore (Figure 5.1).   

Here, I used two molecular dynamics simulation approaches, targeted MD and 

accelerated MD (reviewed by Schlick29), to understand this conformational shift.  

Results 

Conformational shifts (on the millisecond timescale) in proteins can be observed at 

timescales of hundreds of nanoseconds when using accelerated MD30. Accelerated MD adds a 

boost potential, ∆𝑉𝑉(𝑟𝑟)), to the true energy potential, 𝑉𝑉(𝑟𝑟), giving a modified potential, 𝑉𝑉∗(𝑟𝑟),   

𝑉𝑉∗(𝑟𝑟) = �
𝑉𝑉(𝑟𝑟),𝑉𝑉(𝑟𝑟) ≥ 𝐸𝐸

     𝑉𝑉(𝑟𝑟) + ∆𝑉𝑉(𝑟𝑟),𝑉𝑉(𝑟𝑟) < 𝐸𝐸 
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where 𝐸𝐸 is the boost energy chosen for the system31. The added boost potential preserves the 

energy landscape by smoothly raising minima while keeping barriers constant: 

∆𝑉𝑉(𝑟𝑟) =
(𝐸𝐸 − 𝑉𝑉(𝑟𝑟))2

𝛼𝛼 + (𝐸𝐸 − 𝑉𝑉(𝑟𝑟))
 

where 𝛼𝛼 is a tuning parameter that controls how close the boost potential will approach the limit 

of �𝐸𝐸 − 𝑉𝑉(𝑟𝑟)� (Figure 5.2). This biases the system to sample higher energy states, accelerating 

the sampling speed of the simulation. In addition, a dual boost on dihedral terms can improve the 

sampling in accelerated MD and can be implemented separately: 

∆𝑉𝑉(𝑟𝑟) =
(𝐸𝐸𝑃𝑃 − 𝑉𝑉(𝑟𝑟))2

𝛼𝛼𝑃𝑃 + (𝐸𝐸𝑃𝑃 − 𝑉𝑉(𝑟𝑟))
+

(𝐸𝐸𝐷𝐷 − 𝑉𝑉(𝑟𝑟))2

𝛼𝛼𝐷𝐷 + (𝐸𝐸𝐷𝐷 − 𝑉𝑉(𝑟𝑟))
 

where subscript 𝑃𝑃 stands for Potential energy and subscript 𝐷𝐷 stands for Dihedral energy.  

Starting from either open or closed conformations for EutL, we prepared systems for 

accelerated MD. Protein coordinates were obtained from the RCSB PDB. Missing chains were 

modeled in using homology modeling in Schrodinger’s Maestro program. The protein models 

were then protonated (because the structures were solved using X-ray crystallography) using the 

PDB2PQR server at pH 7.0 and solvated with TIP3P water model in an octahedral box with 12Å 

distance from box edge to protein. Systems were neutralized by adding counterions Na+ or Cl- 

using xleap software. Using the AMBER99SB force field, these periodic systems were first 

energy minimized for solvent, then all atoms, heated from 0K to 300K, equilibrated in NVT 

ensemble (constant molecule numbers, volume, and temperature) for 4ns, and equilibrated in 

NPT ensemble(constant molecule numbers, pressure, and temperature) for 50ns. Parameters for 

accelerated MD were extracted from the NPT simulation production: 
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Open EutL Closed EutL 

Avg Dihedral Energy 6710.90655 6706.2157 

Avg Total Potential Energy -303913.502016667 -159588.5744 

Total Atoms 54102 54102 

Total Residues 648 648 

Energy contribution per 

Degree of Freedom 

(3.5kcal/mol/residue) 2268 

2268 

 

Parameters were calculated as described the Amber12 Reference Manual: 

alphaD= α*Energy contribution per degree of freedom (EC) 

EthreshD= Avg Dihedral + EC 

alphaP= α*total Atoms 

EthreshP= Avg Eptot + alphaP 

 

where α=0.175.  
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Accelerated MD implemented in Amber 12 was produced for 50ns with these parameters 

and with tuning parameters set to α, αx2, αx3, and αx4. No conversion from open to closed or 

closed to open conformations was observed even at the smallest value of tuning parameter, α. 

Results were analyzed with POVME analysis32, which measures the change in volume of a 

pocket in a protein structure in an aligned MD  simulation (Figure 5.3A). POVME analysis 

showed volume fluctuations in the pore region (Figure 5.3B,C). However, it would take a more 

detailed look specific to the EutL pore to see if the pore loops would be able to change. 

True conformational change is defined by and would require the movement of the central 

pore loops in EutL (Figure 5.4A,B). Measuring the triangular area formed by the tyrosine 

residues at the tips of the central pore loops is a better way to gauge movement of the central 

pore loops than measuring the pore region volume. Triangle area analysis showed that the pore 

loops were in a stable conformation throughout all the accelerated MD simulations (Figure 

5.4C,D). 

A structure of EutL from Clostridium perfringens with bound ethanolamine molecules 

revealed that ethanolamine binds in a conserved hydrophobic pocket of the closed EutL structure 

that would normally be occupied by the central loop tyrosines in the open EutL structure (Figure 

5.5A)33.  Interestingly, in the open EutL MD simulations the tyrosines’ preferred orientation is to 

be sandwiched by the other hydrophobic residues in the binding pocket (Figure 5.5B). The 

tyrosines cannot escape the hydrophobic pocket, which may be due to solvation in water, 

representing the natural state (Figure 5.5C).   

From these results, we can conclude that accelerated MD could not overcome the 

favorable hydrophobic interactions of the central loop tyrosines in open or closed EutL 
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conformations. Also, binding of the substrate molecule ethanolamine to EutL in high 

concentrations of substrate obstructs the hydrophobic binding pocket where the central loop 

tyrosines would bind in the open EutL conformation.  

A second and independent approach to the problem of observing the opening and closing 

of the EutL pore was to use a method called Targeted Molecular Dynamics. Targeted MD 

trajectory can evolve a system from one set of coordinates to another, showing the transitional 

states necessary for the change34. The method uses r.m.s.d. as a measure for determining the rate 

of change from the initial to the final states: 

𝜌𝜌 = |𝐱𝐱 − 𝐱𝐱f| = [∑(𝑥𝑥𝑖𝑖 − 𝑥𝑥𝐹𝐹𝑖𝑖)2 ]
1/2

 

Targeted MD was implemented using NAMD 2.9 code with the AMBER99SB force field on 

systems of closed or open EutL, prepared as above. Molecular dynamics were simulated for 50ns 

each and r.m.s.d. trajectory followed the plots in Figure 5.6. Targeted MD pulled the ‘open’ 

conformation to the ‘closed’ conformation in two protocols: (1) by targeting all α-Carbons 

(Figure 6A) and (2) targeting all “heavy” (non-proton) atoms (Figure 5.6B) in the protein.  

However, the converged upon coordinates in either case did not fully exhibit the closed 

conformation in secondary structure or inter-loop contacts found in the crystal structure of the 

closed EutL coordinates (Figure 5.6C).  

Discussion 

In this work, I attempted to perturb the EutL system using accelerated MD and targeted 

MD but was not able to observe the path of conformational changes and loop rearrangements 

leading to closed or open pore structures. Thus, I concluded that the scale of the structural 
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rearrangements was too great for the molecular dynamics methods we used or would require 

much larger time scales for simulation. Further studies may include extending these molecular 

dynamics simulations to the hundreds or thousands of nanoseconds timescale in order to observe 

these events.  
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Figure 5.1. Surface electrostatic representation of EutL from E. coli in (A) closed  (PDB ID: 

3I87) and (B) open conformations (PDB ID: 3I82) generated by APBS calculator  

A       B  

      

Figure 5.2. A schematic diagram of accelerated MD applied to a system with reaction coordinate 

x and energy V(x), re-produced from Hamelberg et al., 200431. 
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Figure 5.3. POVME analysis (A) POVME analysis measures the volume (pink spheres) in a 

pocket of a protein (the EutL pore region) over the course of an MD simulation. (B) POVME 

analysis of open EutL (iamd) at tuning parameters α, αx2, αx3, αx4. (C) POVME analysis of 

closed EutL (clamd) at tuning parameters α, αx2, αx3, αx4. 

A 

 

B 

 



95 
 

C 

 

 

 

 

 

 

 

 



96 
 

Figure 5.4. Triangle area analysis to monitor orientation and conformation of central pore loops 

in EutL in transition from (A) closed to (B) open pore states. Triangle area analysis for aMD of 

(C) open (iamd) and (D) closed EutL (clamd) at tuning parameters α, αx2, αx3, αx4. 

A       B 
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Figure 5.5. (A) Ethanolamine obstructs access to the hydrophobic pocket for central tyrosines in 

Clostridium perfringens EutL. In the open conformation of EutL, (B) central pore loop tyrosines 

remained buried in a hydrophobic pocket and (C) do not escape the hydrophobic pocket during 

the course of MD simulation. 

A  
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B       C 

   

 

Figure 5.6. Targeted MD results from 50ns simulations of targeting EutL in the ‘open’ 

conformation to the ‘closed’ conformation (shown in C) using (A) only alpha-carbons or (B) all 

atoms.  

A 
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Chapter 6 

Studies on PduB’ to observe putative open pore conformation 

Introduction 

The PduB’ protein from the Pdu MCP is a homolog of CsoS1D and EutL—tandem BMC 

domain proteins from the carboxysome and Eut MCPs, respectively. CsoS1D was solved in the 

open and closed configurations revealing a 15 Å radius pore through the center35.  Similarly, a 

possibly gated pore was observed in EutL, suggesting that gated pore transport could be a shared 

mechanism in BMC shells36.  We hypothesize that PduB’ also has an open conformation though 

it has not yet been observed in crystal structures37. Our collaborators, Bobik et al., tried to 

destabilize the pore region. By making the D79A mutant of PduB’ F188W, they observed a blue 

shift in tryptophan emission peak wavelength in an in vitro  bulk fluorescence assay, which may 

suggest this mutant has an open pore (unpublished). In this chapter, I describe efforts to pursue 

the crystal structure of PduB’ D79A and the stabilization of the PduB’ open pore conformation 

by developing a ligand binding screen. These projects were aided by the contributions of 

undergraduate research fellow Qiaojun Chen and graduate rotation student Jeannette T. Bowler. 

Later, Bobik et al. asserted that the mutants A53F and A53R were better candidates for an open 

pore conformation in PduB’. With improved conditions for expressing PduB’, I was able to solve 

the structure of PduB’ A53F. However, the crystal structure did not exhibit the open pore 

conformation. 

PduB’ expression and purification testing for crystallization trials 
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 The gene of interest, PduB’ D79A, was cloned into an expression strain of E. coli 

bacteria BL21(DE3) (donated by Bobik et al.) with a 6xHistidine tag for pull-down purification 

at the N-terminus of the sequence. The bacteria was cultured with 34 μg/mL kanamycin (KAN) 

to select for the plasmid carrying the gene. The culture was grown in ZYP-5052 media for 36h, 

shaking at 20°C for autoinduction of protein expression, unless otherwise noted. Cells were 

harvested at 5000rpm for 10 minutes. Cell pellets were resuspended in lysis buffer before lysis 

by Emulsiflex or sonication. Lysis buffer was Buffer A (50mM TRIS pH 8.0, 150mM NaCl, 

10mM Imidazole, 10% glycerol, 1mM DTT, plus additives as described below) complemented 

with protease inhibitors, 50 μg/mL DNase I, 50 μg/mL lysozyme, and 1 M MgCl2 for lysis. Cell 

lysate was then pelleted at 17000xg for 30min. Clarified cell lysate was loaded on a pre-

equilibrated HisTrap column and eluted with a step gradient of 10%, 30%, 50% and 100% 

Buffer B (Buffer A with 500mM Imidazole). PduB’ D79A eluted at 30% Buffer B (or 150mM 

Imidazole). Eluted fractions and purified protein were tested by SDS-PAGE. Eluted fractions 

containing pure PduB’ D79A were combined and dialyzed into Buffer C (30mM TRIS pH 8.0, 

50mM NaCl, 5% glycerol, 1mM DTT). Purified protein was concentrated to 16.5mg/mL and set 

up for crystallization screens. 

Initial attempts at purification demonstrated the insolubility of the PduB’ F188W D79A 

and PduB’ D79A mutants. Protein was trapped in the insoluble fraction of the lysate and could 

not be isolated by simple re-suspension of the lysate pellet in Buffer A (Figure 6.1). Once the 

insoluble protein was confirmed, 1L of PduB’ F188W D79A was grown in autoinduction media 

for additive testing to solubilize the protein (Table 6.1). After 36 hours incubation at 20°C, the 

cells were spun down by centrifuging at 5,000 rpm for 10 min, and 0.8 g aliquots of cells were 

resuspended in 5 mL of Buffer A complemented with different additives. After addition of 
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lysozyme, the cells were lysed with rocking for 1.5 hours, and DNase 1 was added to reduce 

viscosity. 1 mL of the cell lysate was transferred to microcentrifuge tubes. The membranes and 

unlysed cells were pelleted by centrifuging at 20,000 xg for 20 min. The supernatants were 

carefully transferred to new tubes; the pellets were resuspended in 1 mL of Buffer A. To analyze 

the improvement of solubility by the additives, the supernatant and resuspended pellet for each 

additive were loaded side by side in SDS-PAGE gel. However no additive improved the 

solubility of the protein of interest. Bands at 25kD in all of the re-suspended pellets were fat 

compared to the extremely weak bands in the supernatants (Figure 6.2). In Figure 6.2, although 

lane 10 (200mM Arginine) and lane 12 (0.5% CHAPS) showed a slight increase in protein 

solubility, the amount of solubilized proteins was not enough to pursue protein purification and 

protein crystallization. 

We carried out a second additive testing (Table 6.2), in which protein expression was 

induced by adding isopropyl β-D-thiogalactopyranoside (IPTG, 0.5mM final concentration) for 2 

L of cells grown in Luria Bertani (LB) media, shaking at 37°C to an optical density at 600nm 

(OD600) of 0.6 . Protein was expressed for at 30°C for 4 hours. The cells were spun down, and 

0.3 g aliquot was suspended in 2 mL Buffer A with additives. The cells were lysed with rocking 

at 4°C for 1.5 hours, then incubated with DNase I, and rocked for 10 more min. 1 mL of cell 

lysate in the non-additive buffer and various additive containing buffers were transferred to 

microcentrifuge tubes. The pellets were collected at 17,000 xg for 20 min, and resuspended in 1 

mL of Buffer A after separation from supernatant. The pellets and supernatants were subjected to 

SDS-PAGE for analysis of protein solubility. The fat bands in resuspended pellets showed the 

protein was still trapped in pellet fractions (Figure 6.3). 



104 
 

Unfortunately, none of the above additives were able to solubilize the protein. Thus, 

PduB’ D79A without F188W mutation was used for analysis of protein expression and 

purification because success had been reported for the wildtype PduB’ structure (Bobik et al., 

unpublished). However, PduB’ D79A had proven insoluble by resuspension of the pellet of 

clarified lysate so the protein was still queued for additive testing (Table 6.3). The protein 

expression was induced by IPTG induction, cells were harvested and resuspended in Buffer A 

with the various additives, and analyzed by SDS-PAGE in the same manner as the second 

additivie testing of PduB’ D79A F188W. We found that the combination of 200mM Arginine 

and 0.5% CHAPS buffer was the best additive to the lysis buffer for solubilization of PduB’ 

D79A (Figure 6.4). 

After the success of additive testing for solubilizing PduB’ D79A, cells were grown up in 

4x1 L of autoinduction media at 20°C for 36 hours. Protein was purified as recorded in the 

Methods section with 200mM Arginine and 0.5% CHAPS buffer complemented to Buffer A. 

The clarified supernatant was passed through 0.45 um filter and loaded on a pre-equilibrated 

HisTrap column. Then, the protein was eluted with a step gradient using 10%, 30%, 50% and 

100% Buffer B (15mL per step for a column volume of 5mL). To resolve the sample, the eluted 

fractions were subjected to SDS-PAGE analysis. This allowed us to estimate the purity of protein 

and to identify the protein at the expected molecular weight. The expected molecular weight of 

the protein of interest is 24.66 kD. Referring to a band of molecular weight of 25 kD in a protein 

ladder, the expressed protein can be localized by comparing the intensity of bands at 25 kD in 

pellet and supernatant fractions. In SDS-PAGE analysis of PduB’ D79A purification, the 

intensive bands in elution fractions showed that the purified proteins were eluted at fractions 13-

19 (Figure 6.5). The identified protein fractions were combined and dialyzed into Buffer C. After 
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the protein was concentrated to 16.5 mg/mL, protein was aliquoted at 50μL aliquots. The 

aliquots were flash-frozen in liquid nitrogen (N2) and stored at -80°C prior to crystallization 

trials. 

For crystallization, 150μL of purified proteins was thawed under running cool water and 

then transferred into one tube. Any debris was pelleted out by centrifugation at 14000xg for 5 

min at 4°C. The supernatant was carefully transferred to a new tube. A method of vapor diffusion 

by hanging drop was applied for crystallization conditions.  Four crystal screens were used: 

Index, PACT, AmSO4, JCSG+. Each screen contains 96 conditions that were further varied by 3 

protein:well solution ratios. Altogether, this gives 1152 crystal conditions that were screened in 

this project.  The trays were checked periodically with no crystal formation observed.   

Insolubility is a major issue and obstacle to structural and functional studies of proteins. 

The observed insoluble protein expression in our project may be due to sequestration of our 

protein of interest within inclusion bodies, a home for misfolded proteins. In the additive tests for 

solubilizing our protein of interest, the highly intense bands in pellet fractions show both proteins 

(PduB’ D79A F188W, PduB’ D79A) are possibly sequestered in inclusion bodies. Soluble 

expression of protein can be achieved by reducing the growth rate and/or the rate of expression, 

such as lowering growth temperature between 20-30°C and expressing protein by autoinduction.  

Additive methods also can efficiently improve soluble recombinant proteins at the cell lysis 

stage38. Our analysis by additive testing show that PduB’ D79A F188W is poorly soluble. 

However, since the mutation of F188W on PduB’ was mainly for fluorescence emission assays 

and does not affect the crystal structure, PduB’ D79A was used for the remaineder of the study. 

We successfully solubilized the mutant (PduB’ D79A) by using additives (0.5% CHAPS, 
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200mM Arginine) for cell lysis. No crystal formation has been observed yet. Future directions 

are to continue checking the crystallization screens for protein crystals and to optimize any 

micro-crystal forming conditions. Optimized crystals can be screened by X-ray diffraction and 

solved by crystallography for the 3-D atomic coordinates. If PduB’ D79A can be captured in the 

pore-open form, we may infer that the Pdu MCP, like other BMCs, has dynamically gated and 

large pores in the BMC shell. Such a finding can give us insight into the mechanisms of small 

molecule and co-factor transport across the BMC shell which is valuable to our understanding of 

BMCs and to engineering smart BMCs for the production of biofuels and drugs.  

Screening ligands for PduB’ open pore conformation 

Several constructs of PduB’ were designed for ligand screening: PduB’ F188W in 

pET22b, PduB’ F188W in DCLIC, full length PduB F225W in pET22b, and full length PduB 

F225 in DCLIC. DCLIC is a custom vector expressing a TEV-protease cleavable MBP GFP 

fusion protein to aid in expression and folding of proteins; vector was obtained from Feigon et al. 

In addition, all constructs also carried K65A and K170A (PduB’), K102A and K202A (full 

length PduB) mutations to disrupt edge binding of PduB trimers and increase protein solubility 

for purification and biochemistry. Constructs were cloned into expression strain of E. coli 

bacteria BL21(DE3) (donated by Bobik et al.) with a 6xHistidine tag for pull-down purification 

at the N-terminus of each construct as well as C-terminus on MBP GFP fusion protein. Protein 

expression was induced by IPTG in 2L cultures.  Cells were harvested at 5000rpm for 10 

minutes. Cell pellets were resuspended in lysis buffer before lysis by Emulsiflex or sonication. 

Lysis buffer was Buffer A (50mM TRIS pH 8.0, 150mM NaCl, 10mM Imidazole, 5% glycerol, 

1mM DTT) complemented with protease inhibitors, 50 μg/mL DNase I, 50 μg/mL lysozyme, 
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and 1 M MgCl2 for lysis. Cell lysate was then pelleted at 17000xg for 30min. Protein was 

purified by Ni2+ affinity chromatography and eluted with a gradient of Buffer B (Buffer A with 

500mM Imidazole). Eluted fractions were analyzed by SDS-PAGE and dialyzed into Buffer C 

(30mM TRIS pH 8.0, 50mM NaCl, 5% glycerol, 1mM DTT). Only PduB’ F188W MBP GFP 

fusion yielded highly soluble protein. MBP and GFP were removed by TEV cleavage and 

subsequent Ni2+ affinity chromatography for MBP and GFP removal. Purified PduB’ F188W 

was isolated in the flow-through, concentrated to 8.5 mg/mL and stored at -80°C. 

The ligand screen for stabilizing the open conformation of the hypothetical PduB’ pore 

was designed by selecting 12 small molecules that were known cofactors or metabolites in the 

Pdu pathway: B12 (cyanocobalamin), NAD, ATP, acetyl-coA, 1,2-propanediol, propionaldehyde, 

1-propanol; and divalent metals ZnCl2, CoCl2, MgCl2, NiCl2, and FeCl3. In addition, 6 buffer 

conditions were included to vary salt (5mM, 50mM, 250mM NaCl), pH (7, 8, 9) and non-

reducing environment (without 1mM DTT). Thus, the resulting ligand screen was comprised of a 

total of 72 conditions set up in a black opaque bottom 96-well plate. Each well contained 100uL 

of condition with 10mM PduB’ F188W. Fluorescence emission of F188W was measured on a 

SpectraMax M5 plate reader with excitation at 295 nm and emission meaured from 320-390 nm 

(10 nm intervals). All measurements reported were measured at room temperature and reference 

subtracted where reference constituted the condition without protein added.  

From our screen, we identified significant changes in the PduB’ F188W emission 

spectrum for cyanocobalamin (1mM), 1,2-propanediol (1mM), FeCl3 (1mM, 10mM), ZnCl2 

(1mM, 10mM), and CoCl2 (1mM, 10mM) (Figure 6.6). The largest effect was observed for 

divalent metals ZnCl2 (1mM, 10mM) and CoCl2 (1mM, 10mM). These metals were further 
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tested in triplicate at 3 timepoints (15 min, 2h, 22h) (Figure 6.7). A marked decrease in 

fluorescence intensity may correspond to a conformational change, thus crystallization screens 

were set up for PduB’ F188W with metals ZnCl2 and CoCl2. Crystal trays were checked 

periodically but no crystals were observed.  

In this study, we identified a better approach to expressing and purifying PduB’ F188W 

via an MBP GFP fusion recombinant protein. The MBP GFP fusion increased expression and 

purification of the protein construct by more than 100% (Figure 6.8-10). We also identified 

metals ZnCl2 and CoCl2 in shifting the tryptophan emission spectrum. However, the spectra do 

not resemble the typical tryptophan emission spectrum. A change in tryptophan emission should 

shift the peak of the emission spectrum but this is not observed in our experiments.  

Future experiments toward observing the open pore conformation of PduB’ include 

binding experiments with PduB’ and full length PduB with edge mutations and hits from our 

screen, crystallization of PduB’ and full length PduB with edge mutations with hits from our 

screen.   

Crystal structure of PduB’ A53F 

 The constructs PduB’ A53F/R K65A K170A with or without F188W were pursued for 

crystallization trials upon recommendation from Bobik et al. that these constructs had normal 

growth and MCP formation but pure protein exhibited blue shift in Trp emission spectra. 

Another set of media and expression conditions was found to improve PduB’ expression and 

purification: minimal media with 1mM IPTG for a 2h expression at 30°C.  
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 Proteins were purified as described above with more than 10-fold increased yields per 

liter of culture. Crystallization trials were set up for PduB’ F188W, PduB’ A53R, PduB’ A53F 

(all constructs contain double edge mutations K65A and K170A unless otherwise noted): Index, 

Wizard, AmSO4, JCSG+. Only PduB’ A53F gave crystal hits that were further optimized for 

increased crystal size and improved X-ray diffraction (Figure 6.11).  

Several data sets were collected for PduB’ A53F at the UCLA DOE X-ray facility and 

solved by molecular replacement using the solution of PduB’ K65A K170A from Bobik et al. 

However, all molecular replacement and initial refinements have given closed pore PduB’ 

structures. Mutations are well described by the electron density maps. Difference map peaks do 

not show significant rearrangement in the pore for any solutions. Theoretically, to be consistent 

with the Csos1D and EutL pores, I would expect a triangular pore of 10-15Å per edge which is 

created by the flipping of the central loops containing F188.  

A data set for PduB’ A53F was collected at the Advanced Photon Source Beamline I-24-

C at Argonne National Laboratory. Data were consistent with data collected at UCLA. The 

reflections were indexed and scaled using XDS programs, solved with molecular replacement 

using 3 monomers of PduB’ K65A K170A from Bobik et al. in the asymmetric unit. Data and 

refinement statistics are available in Table 6.4. The structure was solved to 2.3Å resolution in 

spacegroup P1 and was refined to Rwork/Rfree= 0.153/0.204. In the biological assembly of the 

trimer cartoon model of PduB’ A53F, the A53F residues and F188 residues are highlighted in 

sphere representation (Figure 6.12). Like in the case of EutL, we expected that the F188 

containing loops would rearrange by flipping into the large pockets containing A53F upon 
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increasing hydrophobicity, thereby lowering an energy barrier to flipping, through the A53 to F 

mutation. However, no opening of the PduB’ pore was observed in the crystal structure. 

Crystal trays of PduB’ A53F F188W have also been set up and may produce crystal hits 

for X-ray structure determination. Future work on this project include Tryptophan emission 

spectroscopy assays comparing emission wavelength shifts for PduB’ F188W, PduB’ F188W 

A53F/R in the presence or absence of 1,2-propanediol to elucidate whether 1,2-propanediol can 

shift the equilibrium of open pore PduB’ F188W A53F/R constructs toward closed pore 

conformations.  
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Table 6.1. Additives for protein purification test 1 

1M trehalose 

1M betaine 

1M mannitol 

200mM arginine 

0.5% CHAPS 

0.5M trehalose + 0.5M betaine 

0.5M betaine + 0.5M mannitol 

0.5M trehalose + 0.5M mannitol 

0.5M trehalose + 0.5% CHAPS 

0.5M betaine + 0.5% CHAPS 

0.5M mannitol + 0.5% CHAPS 

 

Table 6.2. Additives for protein purification test 2 

1M trehalose 

1M betaine 

1M mannitol 

200mM arginine 

0.5% CHAPS 

0.5M trehalose + 0.5M betaine 

0.5M betaine + 0.5M mannitol 



112 
 

0.5M trehalose + 0.5M mannitol 

0.5M trehalose + 0.5% CHAPS 

0.5M betaine + 0.5% CHAPS 

0.5M mannitol + 0.5% CHAPS 

200mM arginine + 0.5% CHAPS 

1M betaine + 0.6M mannitol 

 

Table 6.3. Additives for protein purification test 3 

1M trehalose 

1M betaine 

1M mannitol 

200mM arginine 

0.5% CHAPS 

0.5M trehalose + 0.5M betaine 

0.5M betaine + 0.5M mannitol 

0.5M trehalose + 0.5M mannitol 

0.5M trehalose + 0.5% CHAPS 

0.5M betaine + 0.5% CHAPS 

0.5M mannitol + 0.5% CHAPS 

200mM arginine + 0.5% CHAPS 

1M mannitol + 0.5% CHAPS 
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Figure 6.1. PduB’ D79A F188W is mainly in the pellet fraction. Lanes: (1) resuspended pellet, 

(2) pellet of the resuspended pellet (3) supernatant of the resuspended pellet. 

 

Figure 6.2.  Additive test #1 for solubilizing PduB’ D79A F188W. Lanes: (1) No additive- 

pellet, (2) No additive- supernatant, (3) 1M trehalose- pellet, (4) 1M trehalose- sup, (5) 1M 

betaine-pellet, (6) 1M betaine- sup, (7) 1M mannitol- pellet, (8) 1M mannitol- sup, (9) 200mM 

arginine- pellet, (10) 200mM arginine-sup, (11) 0.5% CHAPS- pellet, (12) 0.5% CHAPS- sup, 

(13) 0.5M trehalose + 0.5M betaine- pellet, (14) 0.5M trehalose + 0.5M betaine- sup, (15) 0.5M 

betaine + 0.5M mannitol- pellet, (16) 0.5M betaine + 0.5M mannitol- sup, (17) 0.5M trehalose + 

0.5M mannitol – pellet, (18) 0.5M trehalose + 0.5M mannitol- sup, (19) 1M trehalose + 0.5% 

CHAPS- sup, (21) 1M betaine + 0.5% CHAPS- pellet, (22) 1M betaine + 0.5% CHAPS- sup, 

(23) 1M mannitol + 0.5% CHAPS- pellet, (24) 1M mannitol + 0.5% CHAPS- sup
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Figure 6.3.  Additive test #2 for solubilizing PduB’ D79A F188W. Lanes: (1) No additive- 

pellet, (2) No additive- supernatant, (3) 1M trehalose- pellet, (4) 1M trehalose- sup, (5) 1M 

betaine-pellet, (6) 1M betaine- sup, (7) 1M mannitol- pellet, (8) 1M mannitol- sup, (9) 200mM 

arginine- pellet, (10) 200mM arginine-sup, (11) 0.5% CHAPS- pellet, (12) 0.5% CHAPS- sup, 

(13) 0.5M trehalose + 0.5M betaine- pellet, (14) 0.5M trehalose + 0.5M betaine- sup, (15) 0.5M 

betaine + 0.5M mannitol- pellet, (16) 0.5M betaine + 0.5M mannitol- sup, (17) 0.5M trehalose + 

0.5M mannitol – pellet, (18) 0.5M trehalose + 0.5M mannitol- sup, (19) 1M trehalose + 0.5% 

CHAPS- sup, (21) 1M betaine + 0.5% CHAPS- pellet, (22) 1M betaine + 0.5% CHAPS- sup, 

(23) 1M mannitol + 0.5% CHAPS- pellet, (24) 1M mannitol + 0.5% CHAPS- sup, (25) 200mM 

arginine + 0.5% CHAPS- pellet, (26) 200mM arginine + 0.5% CHAPS- sup, (27) 1M betaine + 

0.6M mannitol- pellet, (28) 1M betaine + 0.6M mannitol- sup
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Figure 6.4.  Additive test #3 for solubilizing PduB’ D79A. Lanes: (1) No additive- pellet, (2) No 

additive- supernatant, (3) 1M trehalose- pellet, (4) 1M trehalose- sup, (5) 1M betaine-pellet, (6) 

1M betaine- sup, (7) 1M mannitol- pellet, (8) 1M mannitol- sup, (9) 200mM arginine- pellet, 

(10) 200mM arginine-sup, (11) 0.5% CHAPS- pellet, (12) 0.5% CHAPS- sup, (13) 1M betaine + 

0.6M mannitol- pellet, (14) 1M betaine + 0.6M mannitol- sup, (15) 0.5M trehalose + 0.5M 

mannitol- pellet, (16) 0.5M trehalose + 0.5M mannitol- sup, (17) 0.5M betaine + 0.5M mannitol 

– pellet, (18) 0.5M betaine + 0.5M mannitol- sup, (19) 0.5M trehalose + 0.5M mannitol- pellet, 

(20) 0.5M trehalose + 0.5M mannitol- sup, (21) 1M trehalose + 0.5% CHAPS- pellet, (22) 1M 

trehalose + 0.5% CHAPS- sup, (23) 1M betaine + 0.5% CHAPS- pellet, (24) 1M betaine + 0.5% 

CHAPS- sup, (25) 1M mannitol + 0.5% CHAPS- pellet, (26) 1M mannitol + 0.5% CHAPS- sup, 

(27) 200mM arginine + 0.5% CHAPS- pellet, (28) 200mM arginine + 0.5% CHAPS- sup 
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Figure 6.5. HisTrap purification of PduB’ D79A. Lanes: (1) Pellet fraction, (2) clarified 

supernatant, (3) Flowthrough, (4) Wash, (5) Elution fraction #12, (6) #13, (7) #14, (8) #15, (9) 

#16, (10) #17, (11) #18, (12) #19, (13) #20, (14) #23 

 

Figure 6.6. Tryptophan fluorescence emission profiles for PduB’ F188W in various salt, pH, 

reducing conditions. 

A. 10μM PduB’ F188W 
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B. 10 μM PduB’ F188W with 1mM cyanocobalamin 

 

C. 10 μM PduB’ F188W with 1mM NAD+ 
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D. 10 μM PduB’ F188W with 1mM ATP 

 

E. 10 μM PduB’ F188W with 1mM acetyl-coA 

 

 

 

 



119 
 

F. 10 μM PduB’ F188W with 1mM 1,2-propanediol 

 

G. 10 μM PduB’ F188W with 1mM propionaldehyde 
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H. 10 μM PduB’ F188W with 1mM 1-propanol 

 

I. 10 μM PduB’ F188W with 1mM FeCl3 
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J. 10 μM PduB’ F188W with 10mM FeCl3 

 

K. 10 μM PduB’ F188W with 1mM ZnCl2 
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L. 10 μM PduB’ F188W with 10mM ZnCl2 

 

M. 10 μM PduB’ F188W with 1mM MgCl2 

 

 

 

 

N. 10 μM PduB’ F188W with 10mM MgCl2 
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O. 10 μM PduB’ F188W with 1mM CoCl2 

 

 

 

 

P. 10 μM PduB’ F188W with 10mM CoCl2 
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Figure 6.7. Tryptophan fluorescence emission of PduB’ F188W with 1mM ZnCl2 and 1mM 

CoCl2 changing over time. 

A. 10 μM PduB’ F188W with 1mM ZnCl2 (15 min) 

 

 

B. 10 μM PduB’ F188W with 1mM ZnCl2 (2h) 
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C. 10 μM PduB’ F188W with 1mM ZnCl2 (22h) 
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D. 10 μM PduB’ F188W with 1mM CoCl2 (15 min) 

 

E. 10 μM PduB’ F188W with 1mM CoCl2 (2h) 

 

 

F. 10 μM PduB’ F188W with 1mM CoCl2 (22h) 
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Figure 6.8. HisTrap Ni2+-affinity purification of PduB’ F188W in pET22b vector: Most protein 

remained in the insoluble fraction.
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Figure 6.9. HisTrap Ni2+-affinity purification of PduB’ F188W MBP GFP fusion in DCLIC 

vector: Most protein was soluble. 
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Figure 6.10. Post Ni2+ affinity chromatography, PduB’ F188W MBP GFP fusion protein was 

dialyzed and cleaved with TEV protease. A second Ni2+ affinity chromatography step removed 

the 6xHis-tagged MBP and GFP from the protein sample. 
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Figure 6.11. PduB’ A53F K65A K170A crystals in condition JCSG A12 

 

Table 6.4. Data and Refinement statistics for PduB’ A53F K65A K170A structure  

 PduB’ A53F K65A K170A 

Data collection  

Space group P 1 

Cell dimensions  

a, b, c (Å) 43.6, 62.9, 68.9 

α, β, γ (°) 120.4, 94.1, 102.5 

Wavelength (Å) .97910 

Resolution (Å) 56.5(2.3) * 

Rsym or Rmerge .055(.075) 

I/σI 18.2(13.5) 

Completeness (%) 92.9(89.4) 
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Redundancy 3.6(3.7) 

  

Refinement  

Resolution (Å) 2.3 

No. reflections 26870 

Rwork/ Rfree 0.153/0.204 

No. atoms 5029 

Protein 4993 

Ions 0 

Water 36 

B-factors  

Protein 25.5 

Ions 0 

Water 25.3 

R.m.s deviations  

Bond lengths (Å) .007 

Bond angles (º) 0.9 
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Figure 6.12. PduB’ A53F K65A K170A trimer structure solved to 2.3Å resolution. (Top) Back 

view highlighting central F188 and pocket A53F in spherical representation. (Bottom) front view 

of same representation. 
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Chapter 7 

The function of PduJ is determined by the genomic position of its encoding gene 

Introduction 

 PduJ is the most abundant protein in the Pdu MCP but the function is yet unknown. It 

shares 77.7% sequence homology to PduA (Figure 1) however analogous pore mutants 

(S39L/A/X) introduced by chromosomal mutations do not produce similar phenotypes in 

Salmonella enterica according to Bobik et al. (private discussions). It was suggested that PduJ 

may serve as an edge structural unit in the Pdu MCP by forming a bent hexamer. Thus, we 

pursued the crystal structure of PduJ with the K25A mutation which increases protein solubility. 

 PduJ K25A was crystallized in spacegroup P6 and was solved to 1.5Å resolution (see 

details below).  In the crystal structure, PduJ K25A also forms a hexamer, adopting the canonical 

BMC hexamer conformation that is not bent. Structural alignment with the PduA hexamer gives 

a backbone r.m.s.d. of 1Å.  
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Chapter 8 

N-term tail targeting of enzymes to Pdu MCP lumen 

Introduction 

Fan et al. showed that the first 18 aa of the N-terminal tail of PduP and PduD are 

sufficient for targeting to the Pdu MCP lumen via interaction with short C-terminal regions on 

PduA and PduJ39,40,41. For example, the fragment was successfully used to target GFP, MBP and 

GST to the MCP lumen. In addition, multiple sequence alignment showed that this N-terminal 

targeting fragment was found on other MCP proteins including PduE, and EutCG from the Eut 

MCP. Key residues of the N-terminal tail of PduP were E7, I10, and L14, whereas H81, V84, 

and L88 are key to the C-terminal tail of PduA. This was also the first evidence indicating that 

the Pdu MCP shell may act as a scaffold upon which to organize internalized enzymes and that 

the orientation of the PduA hexamer is concave-side-facing-in due to the orientation of the C-

terminus in solved crystal structures of PduA. In light of solving the hexamer assembly structure 

of PduA and PduJ, we were interested in characterizing their binding modes and binding 

affinities to the N-terminal peptides of PduCDELP which were identified bioinformatically by 

Jorda et al (Figure 8.1)42. This information would shed insight on Pdu MCP biogenesis, lumenal 

protein organization and distinguish functional roles between the highly homologous PduA and 

PduJ (backbone rmsd 1Å). 

Jorda et al. predicted a peptide-binding-protein mode using the program Auto-Dock Vina 

to approximate the binding mode and FlexPepDock to refine the Vina model42.  Coordinate files 

were prepared by combining the coordinates of the biological assembly of hexamer protein, 

PduA (PDB ID: 3NGK) or PduJ (PDB ID: 5D6V), and coordinates of the peptide as short 
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amphipathic α-helices predicted by Pep-Fold. Using this method, shell proteins PduA and PduJ 

were predicted to have similar binding modes for the PduP peptide (Figure 8.2). This binding 

mode suggests that the N-tail peptides bind on the lumenal side of the hexamer protein assembly 

in grooves between adjacent protomers. This supports the model of BMC biogenesis in the Pdu 

MCP as in the carboxysome, where the lumenal core may assemble first and recruit the BMC 

shell proteins via affinity to the lumenal protein N-terminal tail peptides43. 

To reach a more quantitative understanding of Pdu MCP enzyme and shell protein 

binding, I designed experiments for measuring binding affinities by gel electrophoresis mobility 

shift assay (EMSA) and fluorescence anisotropy or polarization. Previous attempts using 

isothermal calorimetry and thermal melting with Sypro Orange did not give interpretable data 

due to protein aggregation and precipitation upon perturbation, despite varying temperature, 

spinning speeds, or protein concentration. Here, I present the results of the Pdu Ntail peptide 

binding studies. 

Results 

For EMSA, I designed N-tail peptides from PduDEP fused to the N-terminus of 

superfolder GFP V206K, a mutation that abrogates the native dimeric interaction and results in 

monomeric protein, with variable linker regions consisting of 0, 2, 5, or 10 glycines (Figure 8.3). 

Constructs were made using Gibson Assembly cloning into pET22b+ vector (Invitrogen) and 

transformed into BL21 Rosetta DE3 E. coli expression strain for expression. Proteins were 

purified by Ni2+-affinity purification using C-terminal 6xHis tag on superfolder GFP V206K (pI 

4.75). Constructs were then mixed with PduA (pI 7.75) or PduJ (pI 7.75) and run on native gels 

(running gel at pH 9.0, stacking gel at pH 8.0) in Tris-glycine buffer pH 6.8. Gels were analyzed 
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by fluorescence scanning using Pharos FX Imager and Coomassie staining. Initial screening to 

optimize linker length showed that longest linker, 10 glycine residues, produced the best 

interpretable result indicating binding between PduA and the peptides (Figure 8.4).  

Titration of PduP1-18-Gly10-sfGFP into PduA (50μM) resulted in upward shift of band 

with increasing peptide concentration, indicating binding to retard migration of the complex 

(Figure 8.5A).  No shift was observed with PduA only (Figure 8.5B). However, a similar pattern 

of shift was observed with increasing concentration of PduP1-18-Gly10-sfGFP (Figure 8.5C). The 

shift in PduP1-18-Gly10-sfGFP alone may be due to aggregation of the amphipathic peptide, 

which is functional in one possible mechanism for the native assembly of the BMC core via N-

terminal peptide aggregation thereby recruiting the BMC shell44. The shift was also observed in 

PduP1-18-Gly2-sfGFP alone (Figure 8.5D). As results from the binding assay would be 

convoluted by the peptide’s self-association, further study by EMSA was not pursued. 

As an independent and alternative approach, I decided to use fluorescence polarization to 

measure binding of fluorophore-conjugated peptides to shell proteins. Fluorescence polarization,  

𝑃𝑃 =
𝐼𝐼|| − 𝐼𝐼⊥
𝐼𝐼|| + 𝐼𝐼⊥

  

can be used to measure binding affinity by reflecting the relative tumbling rates of the 

fluorophore-conjugated peptide upon binding the shell protein, which causes decrease in 

tumbling and increase in 𝑃𝑃 or 𝑟𝑟 (Figure 8.6). PduCDELP peptides and peptides with an appended 

C-terminal sequence KCK for single cysteine fluorophore conjugation were ordered from 

GenScript (Table 8.1). I designed a protocol for labeling peptides with a small molecule 

fluorophore such as cyanine, Alexa Fluor®, or rhodamine. Small reaction screening showed 
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Tetramethylrhodamine-5-maleimide (5-TAMRA; 480 Da, excitation/emission=544nm/570nm) 

was optimal for fluorophore conjugation.  Peptides with KCK were labeled in the reaction: 

100mM HEPES pH 7.5, 1mM TCEP pH 7.5, 3.5mM 5-TAMRA (3-fold excess, 1.1% DMSO 

final), 2.0mg peptide. Reactions were sonicated in a water bath for 3h and allowed to react for 6 

days, monitoring reaction progress per day by matrix-assisted laser desorption/ionization 

(MALDI) time of flight (TOF) mass spectrometry (MS) (Figure 8.7). Only PduP did not label 

well due to insolubility issues despite varying DMSO and acetonitrile conditions.   PduCDEL 

labeled peptides were purified by reverse-phase HPLC (Higgins Analytical, Inc; Proto 300 C18 

column) with a methanol gradient and peak fractions containing the labeled species were 

lyophilized.  

Fluorescence anisotropy was measured on a PTI QuantaMaster Spectrofluorimeter at 

excitation 544nm and emission 572nm. Initial measurements gave 5-TAMRA-PduC N-tail 

peptide (5uM) and PduA (20uM) with P= 0.115 +/- 0.004; 5-TAMRA-PduC N-tail peptide alone 

(5uM) with P= 0.109 +/- 0.006. Titration experiments using the Tecan M1000 plate reader 

equipped with monochromators for both excitation and emission wavelengths allowed a 

thorough investigation of binding by measurement of fluorescence polarization. The Tecan 

M1000 plate reader allowed excitation at 530nm and detected emission at 572nm, bandwidth 

5nm. The emission wavelength and concentration of TAMRA-labeled peptide was selected by 

optimization at 1μM (Figure 8.8).  

By fluorescence polarization (FP), PduD Ntail peptide exhibited binding of high affinity 

to both PduA and PduJ with KD of 170nM and 19nM, respectively (Figure 8.9). To test the 

specificity of binding, PduA and labeled PduD peptide were mixed at saturation of binding and 
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titrated with unlabeled PduD peptide. Contrary to expected decrease in FP, the signal increased 

in a manner characteristic of binding (Figure 8.10). Indeed, labeled PduD peptide titrated with 

unlabeled PduD peptide only results in binding with low affinity (KD = 5μM) (Figure 8.11). 

Instead, specificity of binding was tested using PduA and PduJ mutants in which mutations were 

made to the C-terminal helices to disrupt binding to the Ntail peptides: mutation of residues H81, 

V84, L88, PduA ctm or PduJ ctm; and truncation of the C-termini to the first 80 amino acids of 

PduA, PduA trunc1-80 (or 79 amino acids in PduJ, PduJ trunc1-79)45. The C-terminal mutants of 

PduA and PduJ exhibited decreased affinity in binding to the PduD Ntail peptide (Figure 8.12). 

From these results, I conclude that PduD Ntail peptide binds to PduA and PduJ, and that PduD 

also has affinity for binding itself.  

The Pdu enzyme Ntail binding is not likely to be a coincidence. Early literature on the 

study of the Pdu enzymes describes the amphipathicity of these N-terminal peptides and their 

role in decreasing protein solubility46–48. It is also the basis for one of the popular proposed 

models of bacterial microcompartment assembly in which a pre-core assembles first by the 

aggregation induced by amphipathic N-terminal helices on enzymes and the subsequent 

recruitment of the shell proteins also by interaction with the N-terminal helices44. Although only 

PduD was shown to be necessary and sufficient for PduCDE pulldown in earlier experiments, 

this insight prompted me to also test the self-binding properties of other Pdu enzyme Ntail 

peptides. It appears that PduD and PduEL, to a lesser extent, exhibit self-binding (Figure 8.13). 

However, PduC does not have a self-interaction characteristic of binding. This is in agreement 

with findings that PduC did not need N-terminal truncation in order to facilitate ease of 

biochemical study. The self-interactions of the Pdu enzyme N-terminal peptides lends support to 

the pre-core assembly model in bacterial microcompartment assembly. 
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Unless otherwise noted, all peptide binding fluorescence polarization measurements were 

carried out in triplicate at peptide concentration 1μM, excitation wavelength 530nm, emission 

wavelength 572nm, in 30mM TRIS pH 8.0, 50mM NaCl, on a 96-well black optical bottom plate 

format on a Tecan M1000 plate reader instrument. All Pdu shell proteins were cloned and 

purified as edge mutants (PduA K26A and PduJ K25A) for ease of use. 

Discussion 

From these preliminary results, I conclude that PduD Ntail peptide binds to PduA and 

PduJ, and that PduD has affinity for binding itself but further work must be done to verify these 

results and address the challenges in this scenario. First, the self-interaction of the peptides 

presents a problem to the experimental design of the fluorescence polarization assay approach, 

which in its simplest applications presumes that the fluorescently labeled species is non-

interacting. This also explains why previous attempts by former members of the Yeates 

Laboratory to study binding by isothermal calorimetry had technical difficulties with a non-

uniform baseline, rendering results uninterpretable. Second, the data may be further convoluted 

by the Pdu shell protein’s oligomer formation, whole equilibrium position is expected to be 

concentration-dependent. 

For the fluorescence polarization assay, the total intensity of the fluorescently labeled 

peptides must be monitored and shown to be constant during titration with binding ligand. 

Preliminary measurements of total intensity were uninterpretable, perhaps due to malfunction of 

the photon counter of the Tecan M1000 plate reader instrument (data not shown).  

To address the first issue of peptide self-interaction, future work to characterize shell 

protein and enzyme Ntail peptide binding might focus on using an MBP-fusion based depletion 
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assay. The idea is that MBP-fused peptides bound to dextrin or amylose beads will present the 

peptides to the ligand in a more uniform and accessible manner than if the peptides are subject to 

degrees of aggregation. The MBP-fused peptides on dextrin beads can be added in titrating 

amounts to a constant concentration of the ligand, shell protein of choice. Centrifuging the 

samples at high acceleration (~30,000xg) can pellet the beads and measurement of the depletion 

of the shell protein from solution (not due to shell protein precipitation) can be used to determine 

the binding affinity between peptide and ligand. The N-terminus of MBP (the gene product of 

malE gene in E. coli, PDBID 1ANF) is solvent accessible and ideal for the fusion of N-terminal 

peptides49. Also, MBP increases the solubility of some proteins which would be beneficial in this 

system50.  A Gibson assembly plan and sequences of Gibson assembly blocks for MBP-fused 

peptides, including negative controls, for future studies is included in the Appendix.  

For the second issue, the hexamer assembly of the Pdu shell proteins can be verified by 

SEC-MALS (size exclusion chromatography followed by multi-angle light scattering) 

experiments. However, thus far, all attempts to measure PduA K26A or PduJ K25A by SEC-

MALS have been delayed until repair of the SEC-MALS instrument. In addition, the observance  

of the hexamer assembly in PduA, PduA mutant, and PduJ crystal structures is strong support for 

its assembly in solution.  

I have also tried surface plasmon resonance to measure shell protein binding peptide 

immobilized on a chip. Ligand thiol coupling was used to conjugate peptides with KCK for 

single cysteine conjugation using EDC/NHS activation and PDEA crosslinking on CM5 chip 

(GE Healthcare). The most efficient coupling reaction was observed for PduE N-tail with KCK 

peptide. Injections of PduA mutants led to uninterpretable results. The Biacore software could 
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not fit binding curves to the response curves to model kinetics. To investigate this, I injected 

PduA K26A (25μM, 240s) to measure kON and kOFF manually. Injection produced a binding 

signal of 100 RU (Response Units), but dissociation to the baseline was not achieved. Injection 

of astringent regeneration buffer (10mM glycine pH 3.0, 150mM NaCl, 30s) did not return the 

signal to baseline, even after 1800s at the recommended flow rate 30μL/min. This indicates that 

PduA constructs are binding to the PduE N-tail labeled chip but with slow dissociation, 

disrupting subsequent binding events. At 25 μM PduA K26A, I estimate τ1/2,ON=40s and 

τ1/2,OFF=10,475s, thus kON=0.025s-1 and kOFF=95.5x10-6s-1 (Figure 8.14). Successive washing of 

the chip did not remove all the injected protein, prohibiting collection of further data points using 

the PduE N-tail peptide labeled Biacore chip. Thus, a complete dataset to analyze kinetics of Pdu 

MCP shell protein binding to Pdu enzyme N-tail peptides was unobtainable.  

According to Sutter et al., dynamics of the halophilic myxobacterium Haliangum 

ochraceum BMC hexameric shell protein involves hexamer units assembling into flat sheets51. 

Using high-speed Atomic Force Microscopy and similar experimental conditions at 50mM TRIS 

pH 7.8, 100mM NaCl, 10mM MgCl2, at ambient temperature and pressure, they observe the 

translocation of hexamers in large sheets composed of hexamers. They do not observe the 

translocation of partial hexamers at a protein concentration of approximately 150μM with their 

method. However, they note that polarity of the distinct faces of the hexamer, concave v. convex, 

confers affinity for the polar convex side to the mica substrate. A similar phenomenon in PduA 

may have caused attraction of the PduA hexamer to the CM5 chip surface on the reference 

channel which is composed of a carboxymethylated dextran matrix. 
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I note that the self-interactions of the Pdu enzyme N-terminal peptides lends support to 

the pre-core assembly model in bacterial microcompartment assembly44. Further experiments to 

extend this study could provide additional evidence to support this theory.  
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Figure 8.1. Clustal W2 alignment of PduCDELP N-terminal peptides. 

 

 

Figure 8.2. Peptide docking in silico using FlexPepDock predicts similar binding modes for (A) 

the N-terminal tail of PduP and PduA (courtesy of Jorda et al.) and (B) the N-terminal tail of 

PduP and PduJ. Overlay in (C). 

 

 

 

 

 

A C B 
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Figure 8.3. Schematic of GFP fusion peptide designs for EMSA (A) and schematic of peptide 

(yellow) fused GFP (green) binding shell protein (blue) 

PduP 1-18:  MNTSELETLIRTILSEQL-Gly0-10-sfGFP(V206K) 

PduD 1-18:  MEINEKLLRQIIEDVLRD-Gly0-10-sfGFP(V206K) 

PduE 1-18:  MNTDAIESMVRDVLSRMN-Gly0-10-sfGFP(V206K) 
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Figure 8.4. Native PAGE (8% acrylamide) of PduA and PduP peptide (20mA, 2h). Lanes: (1) 

20μM PduA, (2) 20μM PduP1-18-sfGFP, (3) 20μM PduA and 6.7μM PduP1-18-sfGFP, (4) 20μM 

PduA and 20μM PduP1-18-sfGFP, (5) 20μM PduA and 60μM PduP1-18-sfGFP, (6) 20μM PduP1-

18-Gly2-sfGFP, (7) 20μM PduA and 6.7μM PduP1-18-Gly2-sfGFP, (8) 20μM PduA and 20μM 

PduP1-18-Gly2-sfGFP, (9) 20μM PduA and 60μM PduP1-18-Gly2-sfGFP, (10) 20μM PduP1-18-

Gly5-sfGFP, (11) 20μM PduA and 6.7μM PduP1-18-Gly5-sfGFP, (12) 20μM PduA and 20μM 

PduP1-18-Gly5-sfGFP, (13) 20μM PduA and 60μM PduP1-18-Gly5-sfGFP, (14) 20μM PduP1-18-

Gly10-sfGFP, (15) 20μM PduA and 6.7μM PduP1-18-Gly10-sfGFP, (16) 20μM PduA and 20μM 

PduP1-18-Gly10-sfGFP, (17) 20μM PduA and 60μM PduP1-18-Gly10-sfGFP 

 

 

 

 

 



169 
 

Figure 8.5. Native PAGE (8% acrylamide, 20mA, 1.25h):(A) Titration of PduP1-18-Gly10-sfGFP 

into PduA (50μM), (B) PduA only, (C) PduP1-18-Gly10-sfGFP only, (D) PduP1-18-Gly2-sfGFP 

only. 
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Figure 8.6. Schematic of fluorescence polarization assay where a fluorescently labeled Pdu 

enzyme N-terminal peptide (fast tumbling) would experience an increase in fluorescence 

polarization upon binding to a species of larger molecular weight (slow tumbling). 

 

 

 

 

 

 

 

 

 

 

 



171 
 

Figure 8.7. MALDI-MS spectra of purified labeled Pdu enzyme N-terminal peptides with 

tetramethyl-5-rhodamine maleimide (TMRM). 
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Table 8.1. Peptides used for fluorescence anisotropy studies. 

Peptide Sequence Mass (Da) 

PduC-Ntail MRSKRFEALAKRPVNQDG 2103.42 

PduC-Ntail-KCK MRSKRFEALAKRPVNQDGKCK 2462.91 

PduD-Ntail MEINEKLLRQIIEDVLRDMK 2486.96 

PduD-Ntail-KCK MEINEKLLRQIIEDVLRDMKKCK 2846.45 

PduENtail MNTDAIESMVRDVLSRMN 2082.38 

PduENtail-KCK MNTDAIESMVRDVLSRMNKCK 2441.87 

PduLNtail MDKELLQSTVRKVLDEMR 2191.58 

PduLNtail-KCK MDKELLQSTVRKVLDEMRKCK 2551.07 

PduPNtail MNTSELETLIRTILSEQL 2091.39 

PduPNtail-KCK MNTSELETLIRTILSEQLKCK 2450.88 

 

Table 8.2. Fluorophore conjugation of peptides analyzed by MALDI-TOF MS on reaction day 6 

corresponding to spectra in Figure 7. 

 

Plate No. Sample Calculated (Da) Experimental (Da, 

%Int) 

02 PduC-KCK + TMRM 2462.91 2463.4 (10) 

2942.91 2963.5 (100) 

03 PduD-KCK + TMRM 2846.45 2846.7 (5) 

3326.45 3346.9 (100) 
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04 PduE-KCK + TMRM 2441.87 2442.6 (12.5) 

2921.87 2941.7 (100) 

05 PduL-KCK + TMRM 2551.87 2551.7 (15) 

3031.87 3052.0 (100) 
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Figure 8.8. Optimization of TAMRA emission  
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Figure 8.9. Fluorescence polarization measurements show high binding affinities between PduD 

Ntail peptide and (A) PduA, (B) PduJ. (C) Overlay of the plots in A and B. 

A      B 

 

 

C 
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Figure 8.10. Specificity of binding by unlabeled competition assay 

 

Figure 8.11. PduD Ntail peptide exhibits self-binding properties with low affinity 

 

 

 



180 
 

Figure 8.12. PduAJ c-terminal mutants exhibit reduced binding to PduD Ntail peptide. (A) PduD  

Ntail peptide with PduA trunc1-80. (B) PduD Ntail peptide with PduA ctm. (C) PduD Ntail 

peptide with PduJ trunc1-80 and PduJ ctm. 

A        B 
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Figure 8.13. Self-binding properties of the Pdu enzyme Ntail peptides. (A) PduDEL exhibit self-

binding properties. (B) PduC does not exhibit binding character 

A 

 

B 
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Figure 8.14. Biacore surface plasmon resonance sensogram of PduA K26A injection on PduE 

Ntail peptide labeled CM5 chip: (A) injection and on-rate, (B) wash and off-rate. 

A 

 

 

B  
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Appendix 

Cloning strategy for MBP-fused Pdu enzyme N-tail peptides 

I. Sequences 

a. First 18 amino acids in the PduCDELP 

PduCNtail- MRSKRFEALAKRPVNQDG 

PduDNtail- MEINEKLLRQIIEDVLRDMK 

PduENtail- MNTDAIESMVRDVLSRMN 

PduLNtail- MDKELLQSTVRKVLDEMR 

PduPNtail- MNTSELETLIRTILSEQL 

b. MBP DNA sequence from malE gene in E. coli 

ATG AAAATCGAAG AAGGTAAACT GGTAATCTGG ATTAACGGCG ATAAAGGCTA 

TAACGGTCTC GCTGAAGTCG GTAAGAAATT CGAGAAAGAT ACCGGAATTA 

AAGTCACCGT TGAGCATCCG GATAAACTGG AAGAGAAATT CCCACAGGTT 

GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC ACGACCGCTT 

TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG 

CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC 

GGCAAGCTGA TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA 

TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

CGCTGGATAA AGAACTGAAA GCGAAAGGTA AGAGCGCGCT GATGTTCAAC 

CTGCAAGAAC CGTACTTCAC CTGGCCGCTG ATTGCTGCTG ACGGGGGTTA 
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TGCGTTCAAG TATGAAAACG GCAAGTACGA CATTAAAGAC GTGGGCGTGG 

ATAACGCTGG CGCGAAAGCG GGTCTGACCT TCCTGGTTGA CCTGATTAAA 

AACAAACACA TGAATGCAGA CACCGATTAC TCCATCGCAG AAGCTGCCTT 

TAATAAAGGC GAAACAGCGA TGACCATCAA CGGCCCGTGG GCATGGTCCA 

ACATCGACAC CAGCAAAGTG AATTATGGTG TAACGGTACT GCCGACCTTC 

AAGGGTCAAC CATCCAAACC GTTCGTTGGC GTGCTGAGCG CAGGTATTAA 

CGCCGCCAGT CCGAACAAAG AGCTGGCAAA AGAGTTCCTC GAAAACTATC 

TGCTGACTGA TGAAGGTCTG GAAGCGGTTA ATAAAGACAA ACCGCTGGGT 

GCCGTAGCGC TGAAGTCTTA CGAGGAAGAG TTGGCGAAAG ATCCACGTAT 

TGCCGCCACT ATGGAAAACG CCCAGAAAGG TGAAATCATG CCGAACATCC 

CGCAGATGTC CGCTTTCTGG TATGCCGTGC GTACTGCGGT GATCAACGCC 

GCCAGCGGTC GTCAGACTGT CGATGAAGCC CTGAAAGACG CGCAGACTAA 

TTCGAGCTCG 

c. MBP amino acid sequence 

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGP

DIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIY

NKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGK

YDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAW

SNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEA

VNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINA

ASGRQTVDEALKDAQTNSSS 

II. Gibson assembly plan for total of 17 different constructs 
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a. Triple digest: 2.5ug vector, w/ controls at .25ug vector 

NdeI: 3.75uL, NEB Cutsmart buffer 

XhoI: 3.75uL, NEB Cutsmart buffer 

BamHI cuts original insert: 3.75uL, NEB Cutsmart buffer 

vector = pET24a(+) (Kanamycin resistance) 

+Cutsmart buffer (includes BSA) 

Total volume: 125uL 

PCR purify the triple digested vector (tdVector) 

b. Gibson assembly 

tdVector 

Gblock1 (~500bp)- PduCDELP peptides with or without linker, random peptide, MBP alone  

Gblock2 (~700bp)- the end half of MBP 

Transform into XL2-Blue, plate on KAN plates 

c. Gibson assembly block sequences 

i. PduC 

Construct: NdeI (Start) + PduC 1-18 (RSKRFEALAKRPVNQDG) + MBP + Stop + XhoI  

Shown with pET24a 5’ and 3’ overlaps in bold; 1215bp total 
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GTTTAACTTTAAGAAGGAGATATACATATG cgcagcaaacgctttgaagcgctggcgaaacgcccggtg

aaccaggatggc AAAATCGAAG AAGGTAAACT GGTAATCTGG ATTAACGGCG 

ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT CGAGAAAGAT 

ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG AAGAGAAATT 

CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC 

CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT 

ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT GAAGCGTTAT 

CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA 

GAGATCCCGG CGCTGGATAA AGAACTGAAA GCGAAAGGTA AGAGCGCGCT 

GATGTTCAAC CTGCAAGAAC CGTACTTCAC CTGGCCGCTG ATTGCTGCTG 

ACGGGGGTTA TGCGTTCAAG TATGAAAACG GCAAGTACGA CATTAAAGAC 

GTGGGCGTGG ATAACGCTGG CGCGAAAGCG GGTCTGACCT TCCTGGTTGA 

CCTGATTAAA AACAAACACA TGAATGCAGA CACCGATTAC TCCATCGCAG 

AAGCTGCCTT TAATAAAGGC GAAACAGCGA TGACCATCAA CGGCCCGTGG 

GCATGGTCCA ACATCGACAC CAGCAAAGTG AATTATGGTG TAACGGTACT 

GCCGACCTTC AAGGGTCAAC CATCCAAACC GTTCGTTGGC GTGCTGAGCG 

CAGGTATTAA CGCCGCCAGT CCGAACAAAG AGCTGGCAAA AGAGTTCCTC 

GAAAACTATC TGCTGACTGA TGAAGGTCTG GAAGCGGTTA ATAAAGACAA 

ACCGCTGGGT GCCGTAGCGC TGAAGTCTTA CGAGGAAGAG TTGGCGAAAG 

ATCCACGTAT TGCCGCCACT ATGGAAAACG CCCAGAAAGG TGAAATCATG 

CCGAACATCC CGCAGATGTC CGCTTTCTGG TATGCCGTGC GTACTGCGGT 
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GATCAACGCC GCCAGCGGTC GTCAGACTGT CGATGAAGCC CTGAAAGACG 

CGCAGACTAA TTCGAGCTCG TAA TAG CTC GAGCAC CAC CAC CAC 

Gblock1 (CMBPfor, 481bp): pET24a vector(30nt) + NdeI (Start) + Peptide + MBP 

GTTTAACTTTAAGAAGGAGATATACATATG 

cgcagcaaacgctttgaagcgctggcgaaacgcccggtgaaccaggatggc AAAATCGAAG AAGGTAAACT 

GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG 

GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG 

GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC 

TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG 

GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT 

CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC 

GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

Construct 2: NdeI (Start) + PduC 1-18 + GGS + MBP + Stop + XhoI 

Gblock1 (CggsMBPfor):  Same as EMBPfor with ggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATG 

cgcagcaaacgctttgaagcgctggcgaaacgcccggtgaaccaggatggc ggcggcagc AAAATCGAAG 

AAGGTAAACT GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC 

GCTGAAGTCG GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT 

TGAGCATCCG GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG 

GCGATGGCCC TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC 
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GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA 

CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 

TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA 

TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

Construct 3: NdeI (Start) + PduC 1-18 + 2xGGS + MBP + Stop + XhoI 

Gblock1 (C2ggsMBPfor): Same as CMBPfor with ggcggcagcggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATG 

cgcagcaaacgctttgaagcgctggcgaaacgcccggtgaaccaggatggc ggcggcagcggcggcagc AAAATCGAAG 

AAGGTAAACT GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC 

GCTGAAGTCG GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT 

TGAGCATCCG GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG 

GCGATGGCCC TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC 

GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA 

CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 

TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA 

TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

ii. PduD 

Construct: NdeI (Start) + PduD 1-18 (EINEKLLRQIIEDVLRDMK) + MBP + Stop + XhoI  

Shown with pET24a 5’ and 3’ overlaps in bold; 1215bp total 

GTTTAACTTTAAGAAGGAGATATACATATG 

gaaattaacgaaaaactgctgcgccagattattgaagatgtgctgcgcgatatgaaa AAAATCGAAG AAGGTAAACT 
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GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG 

GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG 

GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC 

TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG 

GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT 

CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC 

GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG CGCTGGATAA AGAACTGAAA 

GCGAAAGGTA AGAGCGCGCT GATGTTCAAC CTGCAAGAAC CGTACTTCAC 

CTGGCCGCTG ATTGCTGCTG ACGGGGGTTA TGCGTTCAAG TATGAAAACG 

GCAAGTACGA CATTAAAGAC GTGGGCGTGG ATAACGCTGG CGCGAAAGCG 

GGTCTGACCT TCCTGGTTGA CCTGATTAAA AACAAACACA TGAATGCAGA 

CACCGATTAC TCCATCGCAG AAGCTGCCTT TAATAAAGGC GAAACAGCGA 

TGACCATCAA CGGCCCGTGG GCATGGTCCA ACATCGACAC CAGCAAAGTG 

AATTATGGTG TAACGGTACT GCCGACCTTC AAGGGTCAAC CATCCAAACC 

GTTCGTTGGC GTGCTGAGCG CAGGTATTAA CGCCGCCAGT CCGAACAAAG 

AGCTGGCAAA AGAGTTCCTC GAAAACTATC TGCTGACTGA TGAAGGTCTG 

GAAGCGGTTA ATAAAGACAA ACCGCTGGGT GCCGTAGCGC TGAAGTCTTA 

CGAGGAAGAG TTGGCGAAAG ATCCACGTAT TGCCGCCACT ATGGAAAACG 

CCCAGAAAGG TGAAATCATG CCGAACATCC CGCAGATGTC CGCTTTCTGG 

TATGCCGTGC GTACTGCGGT GATCAACGCC GCCAGCGGTC GTCAGACTGT 

CGATGAAGCC CTGAAAGACG CGCAGACTAA TTCGAGCTCG TAA TAG CTC 

GAGCAC CAC CAC CAC 
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Gblock1 (DMBPfor, 481bp): pET24a vector(30nt) + NdeI (Start) + Peptide + MBP 

GTTTAACTTTAAGAAGGAGATATACATATG gaaattaacgaaaaactgctgcgccagattattgaagatgt

gctgcgcgatatgaaa AAAATCGAAG AAGGTAAACT GGTAATCTGG ATTAACGGCG 

ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT CGAGAAAGAT 

ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG AAGAGAAATT 

CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC 

CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT 

ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT GAAGCGTTAT 

CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA 

GAGATCCCGG 

Construct 2: NdeI (Start) + PduD 1-18 + GGS + MBP + Stop + XhoI 

Gblock1 (DggsMBPfor):  Same as EMBPfor with ggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATG gaaattaacgaaaaactgctgcgccagattattgaagatgt

gctgcgcgatatgaaa ggcggcagc AAAATCGAAG AAGGTAAACT GGTAATCTGG 

ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC 

TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC 

TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT 

GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT 
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GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA 

AACCTGGGAA GAGATCCCGG 

Construct 3: NdeI (Start) + PduD 1-18 + 2xGGS + MBP + Stop + XhoI 

Gblock1 (D2ggsMBPfor): Same as CMBPfor with ggcggcagcggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATG gaaattaacgaaaaactgctgcgccagattattgaagatgt

gctgcgcgatatgaaa ggcggcagcggcggcagc AAAATCGAAG AAGGTAAACT GGTAATCTGG 

ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC 

TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC 

TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT 

GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT 

GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA 

AACCTGGGAA GAGATCCCGG 

iii. PduE 

Construct: NdeI (Start) + PduE 1-18 (NTDAIESMVRDVLSRMN) + MBP + Stop + XhoI  

Shown with pET24a 5’ and 3’ overlaps in bold; 1215bp total 

GTTTAACTTTAAGAAGGAGATATACATATGAACACCGATGCGATTGAAAGCATGGTGCGC

GATGTGCTGAGCCGCATGAACAAAATCGAAG AAGGTAAACT GGTAATCTGG 

ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 
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ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG 

CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 

TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG CGCTGGATAA AGAACTGAAA 

GCGAAAGGTA AGAGCGCGCT GATGTTCAAC CTGCAAGAAC CGTACTTCAC CTGGCCGCTG 

ATTGCTGCTG ACGGGGGTTA TGCGTTCAAG TATGAAAACG GCAAGTACGA CATTAAAGAC 

GTGGGCGTGG ATAACGCTGG CGCGAAAGCG GGTCTGACCT TCCTGGTTGA CCTGATTAAA 

AACAAACACA TGAATGCAGA CACCGATTAC TCCATCGCAG AAGCTGCCTT TAATAAAGGC 

GAAACAGCGA TGACCATCAA CGGCCCGTGG GCATGGTCCA ACATCGACAC 

CAGCAAAGTG AATTATGGTG TAACGGTACT GCCGACCTTC AAGGGTCAAC CATCCAAACC 

GTTCGTTGGC GTGCTGAGCG CAGGTATTAA CGCCGCCAGT CCGAACAAAG AGCTGGCAAA 

AGAGTTCCTC GAAAACTATC TGCTGACTGA TGAAGGTCTG GAAGCGGTTA ATAAAGACAA 

ACCGCTGGGT GCCGTAGCGC TGAAGTCTTA CGAGGAAGAG TTGGCGAAAG ATCCACGTAT 

TGCCGCCACT ATGGAAAACG CCCAGAAAGG TGAAATCATG CCGAACATCC 

CGCAGATGTC CGCTTTCTGG TATGCCGTGC GTACTGCGGT GATCAACGCC GCCAGCGGTC 

GTCAGACTGT CGATGAAGCC CTGAAAGACG CGCAGACTAA TTCGAGCTCG TAA TAG CTC 

GAGCAC CAC CAC CAC 

Gblock1 (EMBPfor, 481bp): pET24a vector(30nt) + NdeI (Start) + Peptide + MBP 

GTTTAACTTTAAGAAGGAGATATACATATGAACACCGATGCGATTGAAAGCATGGTGCGC

GATGTGCTGAGCCGCATGAACAAAATCGAAG AAGGTAAACT GGTAATCTGG 

ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG 
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CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 

TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

Construct 2: NdeI (Start) + PduE 1-18 (NTDAIESMVRDVLSRMN)+ GGS + MBP + Stop + XhoI 

Gblock1 (EggsMBPfor):  Same as EMBPfor with ggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATGAACACCGATGCGATTGAAAGCATGGTGCGC

GATGTGCTGAGCCGCATGAAC ggcggcagc AAAATCGAAG AAGGTAAACT GGTAATCTGG 

ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG 

CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 

TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

Construct 3: NdeI (Start) + PduE 1-18 (NTDAIESMVRDVLSRMN)+ 2xGGS + MBP + Stop + XhoI 

Gblock1 (E2ggsMBPfor): Same as EMBPfor with ggcggcagcggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATGAACACCGATGCGATTGAAAGCATGGTGCGC

GATGTGCTGAGCCGCATGAAC ggcggcagcggcggcagc AAAATCGAAG AAGGTAAACT 

GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG 

CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 
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TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

iv. PduL 

Construct: NdeI (Start) + PduL 1-18 (DKELLQSTVRKVLDEMR) + MBP + Stop + XhoI  

Shown with pET24a 5’ and 3’ overlaps in bold; 1215bp total 

GTTTAACTTTAAGAAGGAGATATACATATG 

gataaagaactgctgcagagcaccgtgcgcaaagtgctggatgaaatgcgc AAAATCGAAG AAGGTAAACT 

GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG 

GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG 

GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC 

TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG 

GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT 

CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC 

GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG CGCTGGATAA AGAACTGAAA 

GCGAAAGGTA AGAGCGCGCT GATGTTCAAC CTGCAAGAAC CGTACTTCAC 

CTGGCCGCTG ATTGCTGCTG ACGGGGGTTA TGCGTTCAAG TATGAAAACG 

GCAAGTACGA CATTAAAGAC GTGGGCGTGG ATAACGCTGG CGCGAAAGCG 

GGTCTGACCT TCCTGGTTGA CCTGATTAAA AACAAACACA TGAATGCAGA 

CACCGATTAC TCCATCGCAG AAGCTGCCTT TAATAAAGGC GAAACAGCGA 

TGACCATCAA CGGCCCGTGG GCATGGTCCA ACATCGACAC CAGCAAAGTG 

AATTATGGTG TAACGGTACT GCCGACCTTC AAGGGTCAAC CATCCAAACC 



196 
 

GTTCGTTGGC GTGCTGAGCG CAGGTATTAA CGCCGCCAGT CCGAACAAAG 

AGCTGGCAAA AGAGTTCCTC GAAAACTATC TGCTGACTGA TGAAGGTCTG 

GAAGCGGTTA ATAAAGACAA ACCGCTGGGT GCCGTAGCGC TGAAGTCTTA 

CGAGGAAGAG TTGGCGAAAG ATCCACGTAT TGCCGCCACT ATGGAAAACG 

CCCAGAAAGG TGAAATCATG CCGAACATCC CGCAGATGTC CGCTTTCTGG 

TATGCCGTGC GTACTGCGGT GATCAACGCC GCCAGCGGTC GTCAGACTGT 

CGATGAAGCC CTGAAAGACG CGCAGACTAA TTCGAGCTCG TAA TAG CTC 

GAGCAC CAC CAC CAC 

Gblock1 (LMBPfor, 481bp): pET24a vector(30nt) + NdeI (Start) + Peptide + MBP 

GTTTAACTTTAAGAAGGAGATATACATATG gataaagaactgctgcagagcaccgtgcgcaaagtgctg

gatgaaatgcgc AAAATCGAAG AAGGTAAACT GGTAATCTGG ATTAACGGCG 

ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT CGAGAAAGAT 

ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG AAGAGAAATT 

CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC 

CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT 

ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT GAAGCGTTAT 

CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA 

GAGATCCCGG 

Construct 2: NdeI (Start) + PduL 1-18 + GGS + MBP + Stop + XhoI 

Gblock1 (LggsMBPfor):  Same as LMBPfor with ggcggcagc insertion 
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GTTTAACTTTAAGAAGGAGATATACATATG 

gataaagaactgctgcagagcaccgtgcgcaaagtgctggatgaaatgcgc ggcggcagc AAAATCGAAG 

AAGGTAAACT GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC 

GCTGAAGTCG GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT 

TGAGCATCCG GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG 

GCGATGGCCC TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC 

GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA 

CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 

TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA 

TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

Construct 3: NdeI (Start) + PduL 1-18 + 2xGGS + MBP + Stop + XhoI 

Gblock1 (L2ggsMBPfor): Same as LMBPfor with ggcggcagcggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATG gataaagaactgctgcagagcaccgtgcgcaaagtgctg

gatgaaatgcgc ggcggcagcggcggcagc AAAATCGAAG AAGGTAAACT GGTAATCTGG 

ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC 

TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC 

TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT 

GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT 

GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA 

AACCTGGGAA GAGATCCCGG 
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v. PduP 

Construct: NdeI (Start) + PduP 1-18 (NTSELETLIRTILSEQL) + MBP + Stop + XhoI  

Shown with pET24a 5’ and 3’ overlaps in bold; 1215bp total 

GTTTAACTTTAAGAAGGAGATATACATATG 

aacaccagcgaactggaaaccctgattcgcaccattctgagcgaacagctg AAAATCGAAG AAGGTAAACT 

GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG 

GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG 

GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC 

TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG 

GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT 

CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC 

GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG CGCTGGATAA AGAACTGAAA 

GCGAAAGGTA AGAGCGCGCT GATGTTCAAC CTGCAAGAAC CGTACTTCAC 

CTGGCCGCTG ATTGCTGCTG ACGGGGGTTA TGCGTTCAAG TATGAAAACG 

GCAAGTACGA CATTAAAGAC GTGGGCGTGG ATAACGCTGG CGCGAAAGCG 

GGTCTGACCT TCCTGGTTGA CCTGATTAAA AACAAACACA TGAATGCAGA 

CACCGATTAC TCCATCGCAG AAGCTGCCTT TAATAAAGGC GAAACAGCGA 

TGACCATCAA CGGCCCGTGG GCATGGTCCA ACATCGACAC CAGCAAAGTG 

AATTATGGTG TAACGGTACT GCCGACCTTC AAGGGTCAAC CATCCAAACC 

GTTCGTTGGC GTGCTGAGCG CAGGTATTAA CGCCGCCAGT CCGAACAAAG 

AGCTGGCAAA AGAGTTCCTC GAAAACTATC TGCTGACTGA TGAAGGTCTG 
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GAAGCGGTTA ATAAAGACAA ACCGCTGGGT GCCGTAGCGC TGAAGTCTTA 

CGAGGAAGAG TTGGCGAAAG ATCCACGTAT TGCCGCCACT ATGGAAAACG 

CCCAGAAAGG TGAAATCATG CCGAACATCC CGCAGATGTC CGCTTTCTGG 

TATGCCGTGC GTACTGCGGT GATCAACGCC GCCAGCGGTC GTCAGACTGT 

CGATGAAGCC CTGAAAGACG CGCAGACTAA TTCGAGCTCG TAA TAG CTC 

GAGCAC CAC CAC CAC 

Gblock1 (PMBPfor, 481bp): pET24a vector(30nt) + NdeI (Start) + Peptide + MBP 

GTTTAACTTTAAGAAGGAGATATACATATG aacaccagcgaactggaaaccctgattcgcaccattctga

gcgaacagctg AAAATCGAAG AAGGTAAACT GGTAATCTGG ATTAACGGCG 

ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT CGAGAAAGAT 

ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG AAGAGAAATT 

CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC 

CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT 

ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT GAAGCGTTAT 

CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA 

GAGATCCCGG 

Construct 2: NdeI (Start) + PduP 1-18 + GGS + MBP + Stop + XhoI 

Gblock1 (PggsMBPfor):  Same as PMBPfor with ggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATG 

aacaccagcgaactggaaaccctgattcgcaccattctgagcgaacagctg ggcggcagc AAAATCGAAG 
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AAGGTAAACT GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC 

GCTGAAGTCG GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT 

TGAGCATCCG GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG 

GCGATGGCCC TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC 

GCTCAATCTG GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA 

CAAGCTGTAT CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA 

TTGCTTACCC GATCGCTGTT GAAGCGTTAT CGCTGATTTA 

TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

Construct 3: NdeI (Start) + PduP 1-18 + 2xGGS + MBP + Stop + XhoI 

Gblock1 (P2ggsMBPfor): Same as PMBPfor with ggcggcagcggcggcagc insertion 

GTTTAACTTTAAGAAGGAGATATACATATG aacaccagcgaactggaaaccctgattcgcaccattctga

gcgaacagctg ggcggcagcggcggcagc AAAATCGAAG AAGGTAAACT GGTAATCTGG 

ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT 

CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG 

AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC 

TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC 

TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT 

GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT 

GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA 

AACCTGGGAA GAGATCCCGG 

vi. Random peptide (negative control) 
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Construct: NdeI (Start) + random peptide (YDEIKSRAV QAPGNFLT) + MBP + Stop + XhoI  

Shown with pET24a 5’ and 3’ overlaps in bold; 1215bp total; http://web.expasy.org/randseq/ 

GTTTAACTTTAAGAAGGAGATATACATATG 

tatgatgaaattaaaagccgcgcggtgcaggcgccgggcaactttctgacc AAAATCGAAG AAGGTAAACT 

GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG 

GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG 

GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC 

TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG 

GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT 

CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC 

GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG CGCTGGATAA AGAACTGAAA 

GCGAAAGGTA AGAGCGCGCT GATGTTCAAC CTGCAAGAAC CGTACTTCAC 

CTGGCCGCTG ATTGCTGCTG ACGGGGGTTA TGCGTTCAAG TATGAAAACG 

GCAAGTACGA CATTAAAGAC GTGGGCGTGG ATAACGCTGG CGCGAAAGCG 

GGTCTGACCT TCCTGGTTGA CCTGATTAAA AACAAACACA TGAATGCAGA 

CACCGATTAC TCCATCGCAG AAGCTGCCTT TAATAAAGGC GAAACAGCGA 

TGACCATCAA CGGCCCGTGG GCATGGTCCA ACATCGACAC CAGCAAAGTG 

AATTATGGTG TAACGGTACT GCCGACCTTC AAGGGTCAAC CATCCAAACC 

GTTCGTTGGC GTGCTGAGCG CAGGTATTAA CGCCGCCAGT CCGAACAAAG 

AGCTGGCAAA AGAGTTCCTC GAAAACTATC TGCTGACTGA TGAAGGTCTG 

GAAGCGGTTA ATAAAGACAA ACCGCTGGGT GCCGTAGCGC TGAAGTCTTA 

CGAGGAAGAG TTGGCGAAAG ATCCACGTAT TGCCGCCACT ATGGAAAACG 
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CCCAGAAAGG TGAAATCATG CCGAACATCC CGCAGATGTC CGCTTTCTGG 

TATGCCGTGC GTACTGCGGT GATCAACGCC GCCAGCGGTC GTCAGACTGT 

CGATGAAGCC CTGAAAGACG CGCAGACTAA TTCGAGCTCG TAA TAG CTC 

GAGCAC CAC CAC CAC 

Gblock1 (randpMBPfor, 481bp): pET24a vector(30nt) + NdeI (Start) + Peptide + MBP 

GTTTAACTTTAAGAAGGAGATATACATATG tatgatgaaattaaaagccgcgcggtgcaggcgccgggc

aactttctgacc AAAATCGAAG AAGGTAAACT GGTAATCTGG ATTAACGGCG 

ATAAAGGCTA TAACGGTCTC GCTGAAGTCG GTAAGAAATT CGAGAAAGAT 

ACCGGAATTA AAGTCACCGT TGAGCATCCG GATAAACTGG AAGAGAAATT 

CCCACAGGTT GCGGCAACTG GCGATGGCCC TGACATTATC TTCTGGGCAC 

ACGACCGCTT TGGTGGCTAC GCTCAATCTG GCCTGTTGGC TGAAATCACC 

CCGGACAAAG CGTTCCAGGA CAAGCTGTAT CCGTTTACCT GGGATGCCGT 

ACGTTACAAC GGCAAGCTGA TTGCTTACCC GATCGCTGTT GAAGCGTTAT 

CGCTGATTTA TAACAAAGAT CTGCTGCCGA ACCCGCCAAA AACCTGGGAA 

GAGATCCCGG 

vii. MBP alone (negative control) 

Construct: NdeI (Start) + MBP + Stop + XhoI  

Shown with pET24a 5’ and 3’ overlaps in bold; 1164bp total 

GTTTAACTTTAAGAAGGAGATATACATATG AAAATCGAAG AAGGTAAACT 

GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG 

GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG 
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GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC 

TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG 

GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT 

CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC 

GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG CGCTGGATAA AGAACTGAAA 

GCGAAAGGTA AGAGCGCGCT GATGTTCAAC CTGCAAGAAC CGTACTTCAC 

CTGGCCGCTG ATTGCTGCTG ACGGGGGTTA TGCGTTCAAG TATGAAAACG 

GCAAGTACGA CATTAAAGAC GTGGGCGTGG ATAACGCTGG CGCGAAAGCG 

GGTCTGACCT TCCTGGTTGA CCTGATTAAA AACAAACACA TGAATGCAGA 

CACCGATTAC TCCATCGCAG AAGCTGCCTT TAATAAAGGC GAAACAGCGA 

TGACCATCAA CGGCCCGTGG GCATGGTCCA ACATCGACAC CAGCAAAGTG 

AATTATGGTG TAACGGTACT GCCGACCTTC AAGGGTCAAC CATCCAAACC 

GTTCGTTGGC GTGCTGAGCG CAGGTATTAA CGCCGCCAGT CCGAACAAAG 

AGCTGGCAAA AGAGTTCCTC GAAAACTATC TGCTGACTGA TGAAGGTCTG 

GAAGCGGTTA ATAAAGACAA ACCGCTGGGT GCCGTAGCGC TGAAGTCTTA 

CGAGGAAGAG TTGGCGAAAG ATCCACGTAT TGCCGCCACT ATGGAAAACG 

CCCAGAAAGG TGAAATCATG CCGAACATCC CGCAGATGTC CGCTTTCTGG 

TATGCCGTGC GTACTGCGGT GATCAACGCC GCCAGCGGTC GTCAGACTGT 

CGATGAAGCC CTGAAAGACG CGCAGACTAA TTCGAGCTCG TAA TAG CTC 

GAGCAC CAC CAC CAC 

Gblock1 (MBPfor, 430bp): pET24a vector(30nt) + NdeI (Start) + MBP 
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GTTTAACTTTAAGAAGGAGATATACATATG AAAATCGAAG AAGGTAAACT 

GGTAATCTGG ATTAACGGCG ATAAAGGCTA TAACGGTCTC GCTGAAGTCG 

GTAAGAAATT CGAGAAAGAT ACCGGAATTA AAGTCACCGT TGAGCATCCG 

GATAAACTGG AAGAGAAATT CCCACAGGTT GCGGCAACTG GCGATGGCCC 

TGACATTATC TTCTGGGCAC ACGACCGCTT TGGTGGCTAC GCTCAATCTG 

GCCTGTTGGC TGAAATCACC CCGGACAAAG CGTTCCAGGA CAAGCTGTAT 

CCGTTTACCT GGGATGCCGT ACGTTACAAC GGCAAGCTGA TTGCTTACCC 

GATCGCTGTT GAAGCGTTAT CGCTGATTTA TAACAAAGAT CTGCTGCCGA 

ACCCGCCAAA AACCTGGGAA GAGATCCCGG 

viii. MBP (also known as Gblock2 for the end half of MBP sequence) 

Gblock2 (MBPend, 774bp): MBP + Stop + XhoI + pET24a vector (24nt)  

Overlaps with Gblock1 by 40nt, shown underlined. 

CTGCTGCCGA ACCCGCCAAA AACCTGGGAA GAGATCCCGG CGCTGGATAA 

AGAACTGAAA GCGAAAGGTA AGAGCGCGCT GATGTTCAAC CTGCAAGAAC 

CGTACTTCAC CTGGCCGCTG ATTGCTGCTG ACGGGGGTTA TGCGTTCAAG 

TATGAAAACG GCAAGTACGA CATTAAAGAC GTGGGCGTGG ATAACGCTGG 

CGCGAAAGCG GGTCTGACCT TCCTGGTTGA CCTGATTAAA AACAAACACA 

TGAATGCAGA CACCGATTAC TCCATCGCAG AAGCTGCCTT TAATAAAGGC 

GAAACAGCGA TGACCATCAA CGGCCCGTGG GCATGGTCCA ACATCGACAC 

CAGCAAAGTG AATTATGGTG TAACGGTACT GCCGACCTTC AAGGGTCAAC 

CATCCAAACC GTTCGTTGGC GTGCTGAGCG CAGGTATTAA CGCCGCCAGT 

CCGAACAAAG AGCTGGCAAA AGAGTTCCTC GAAAACTATC TGCTGACTGA 
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TGAAGGTCTG GAAGCGGTTA ATAAAGACAA ACCGCTGGGT GCCGTAGCGC 

TGAAGTCTTA CGAGGAAGAG TTGGCGAAAG ATCCACGTAT TGCCGCCACT 

ATGGAAAACG CCCAGAAAGG TGAAATCATG CCGAACATCC CGCAGATGTC 

CGCTTTCTGG TATGCCGTGC GTACTGCGGT GATCAACGCC GCCAGCGGTC 

GTCAGACTGT CGATGAAGCC CTGAAAGACG CGCAGACTAA TTCGAGCTCGTAA 

TAG CTC GAGCAC CAC CAC CAC 
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