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Abstract 

 

Understanding the fundamental principles behind macromolecular structure-function interactions 

requires an understanding of their complexity and dynamics. The complex organization of a 

system entails diverse components interconnected in different ways. Bacterial microcompartments 

(BMCs) are such types of sophisticated nano-machinery that involve unique protein assemblages 

of thousands of protein subunits forming mega Dalton (MDa)-sized icosahedral organelle in 

prokaryotes. They function to provide adaptive growth advantage in special environment 

conditions by segregating segments of metabolic pathways which include toxic intermediates. The 

compartment's structural design contains a catalytic core surrounded by selectively permeable 

shell proteins which belong to the conserved BMC domain family. The canonical domains present 

are either single–domain or tandemly fused dimer domains, oligomerizing as homohexamers or 

pseudohexamers with a comparable conformational topology with the / BMC domain fold. 

Over the evolution, the divergence in amino acid sequences and genetic occurrences in BMC have 

resulted in complicated protein fold variants. The domains are also associated with circular 

permutations emphasizing the structural variety of shell proteins. Thus, much diversity is 

embedded into them which is underexplored. My thesis strained the question of sequence and 

structural diversity in the shell protein domains. In this context, I have used biophysical approaches 

to get insights into this puzzle by exploring one of the most complex metabolosomes, 1,2 

propanediol microcompartment (1,2 Pdu MCP). The outer shell of 1,2 PduMCP is a mosaic of 

eight different shell proteins and is encoded by a single operon. I have used two key shell proteins 

of the 1,2 Pdu MCP, PduA and PduB’ to create synthetic shell protein variants by in vitro domain 

swapping. Two approaches were used, in one instance, synthetic dimer proteins were created by 

fusing two PduA domains to produce a PduA dimer that is circularly permuted and resembles 

PduB'. In this work, the potential role of domain dimerization (pseudohexamer) and therein 

circular permutation is addressed. Next, the PduB’ dimer was broken down into constituent 

domains as single-domain proteins, and a circularly permuted variation of PduA was created to be 

compared to PduA. Apart from in-vitro studies, I have also substituted PduA protein 

chromosomally in-vivo with its circularly permutant variant. My research investigated the 

significant role and effect of structural topology and their exquisite sequence specificities. These 



ix 
 

new protein variants with native sequences shed light on the evolutionary significance of various 

sequences, the structure of shell proteins, and how these factors relate to BMC's overall stability. 
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Synopsis 

 

Evolution takes shape towards the compex organization of living forms. The complex organization 

demands many components to interact and function in a coordinated manner. This makes them 

resilient and offers good benefits towards changing environments. Recent advances have 

demonstrated that bacterial cells like their eukaryotic counterparts have a presence of complex 

organization of organelles known as Bacterial microcompartments (BMCs). These BMCs are 

sophisticated nano-machinery that involve a unique assemblage of thousands of protein subunits 

and form a mega Dalton (MDa)-sized polyhedral organelle. They are conditionally expressed in 

prokaryotes and appear in a 100-200nm size range. Many species of bacteria express these 

organelles which serve the purpose of compartmentalization for enhanced efficiency and 

segregation of metabolic processes which are otherwise detrimental to the cell due to toxic 

intermediates. The structural architecture of BMC contains a catalytically active enzymatic core 

surrounded by selectively permeable shell proteins. These shell proteins belong to the conserved 

family of bacterial microcompartment domain proteins (Pfam00936). The BMC domain forms the 

basis of the shell proteins. Their self-assembly leads to two different types of oligomerization, i.e., 

hexamer and psuedohexamers. Hexamer is formed from the self-assembly of six (single-domain) 

canonical BMC domains and psuedohexamer is formed from two fused BMC domains (dimer-

domain) which self-assembles to form a dimer-trimer. Both types of oligomerization form 

structurally equivalent proteins with a flat hexagonal symmetry that tile together to form the facets 

of the BMC polyhedral structure.  It is exciting and equally challenging to understand such a 

proteinaceous organelles due to its structural complexity. Since their discovery, they have attracted 

a lot of attention and have been a fascinating subject of study due to their nano-biomaterial and 

nano-biotechnological applications.  

 

The present thesis attempts to decipher the structural complexity of shell proteins. Over the 

evolution, the variations at the core of the BMC domain at the level of divergence in amino acid 

sequences and modular rearrangements in the structural domains have resulted in complicated fold 

variants that offer distinct properties and functions. The domains are also associated with circular 

permutations emphasizing the structural variety of shell proteins. This thesis strained the question 

of different oligomerization and, sequence and structural diversity in the shell protein domains. In 
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this context, to get insights into the puzzle, I have explored one of the most complex 

metabolosomes, 1,2 propanediol microcompartment (1,2 Pdu MCP) from Salmonella enterica 

LT2.  The bacteria produce 1,2 Pdu MCP which provides a growth advantage by utilizing 1,2-

propanediol (1,2-PD) as an alternate carbon source in energy dearth conditions. The outer shell of 

1,2 PduMCP is a mosaic of 8 different shell proteins which are encoded by a single operon. The 

operon has 23 genes; pocR, PduF, and PduABCDEGHJKLMNOPQSTUVWX, where 8 genes 

code for the shell proteins i.e. PduA, B/BB’, J, K, M, N, T, U) and other codes for enzymes 

involved in degradation pathway and cofactor recycling. These genes for all the shell proteins and 

enzymes are clustered together in an operon in a sequence-specific manner which determines the 

biogenesis of BMC and makes it difficult to decipher the functional role of individual shell 

proteins. Among the 8 shell proteins, I explored PduA and PduB’ in my thesis which occupy the 

first and the second position in an operon respectively, and make the major composition of the 

outer shell which oligomerize as hexamers (single-domain; PduA) or pseudo-hexamer (dimer-

domain; PduB’) from the conserved BMC domain.  

 

In Chapter 1, I begin by introducing the complexity and diversity of living forms that benefit the 

organism to become more efficient and resilient to changing environments. Subcellular 

compartmentalization is a feature of complex organization of eukaryotes which is characterized 

now in prokaryotes as well. I have described briefly the discovery and evolution of these 

compartments in bacteria which are widely called bacterial microcompartments (BMCs). These 

compartments are different from the organelles present in eukaryotes. Based on their function 

BMCs are broadly categorized into anabolic BMCs and catabolic BMCs. The primitive anabolic 

BMCs are involved in CO2 fixation and are hence called Carboxysomes. Catabolic BMCs are also 

called metabolosomes and are involved in the metabolism of various organic compounds such as 

propanediol and ethanolamine. Metabolosomes provide a growth advantage to bacteria in certain 

energy-dearth conditions by encapsulating the toxic intermediates in the metabolic pathway. The 

semi-permeable protein shell encases the enzymatic core within the lumen and separates from the 

cytoplasm. A description of carboxysomes and metabolosomes is provided. Further, I have 

described the structural architecture and composition of the BMC shell. The intrinsic self-assembly 

property of the shell proteins makes them unique supramolecular protein organelles. The shell 

proteins belong to the conserved bacterial microcompartment domain family which forms the 
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facets of BMC polyhedral structure. A detailed description of the different types of shell proteins 

forming the basic building block of its architecture and different oligomerization states of shell 

proteins in BMCs is given. Here I explain the different oligomerization of BMC domains as cyclic 

hexamers and psuedohexamers. Further describing how BMCs evolved to more complex and 

diverse structures I moved on to the research theme of my thesis.  

A detailed introduction about 1,2 Pdu MCP is given focusing on the structural complexity. The 

1,2 Pdu MCP shell has 8 different proteins. I have given information about them focusing on 

single-domain, dimer-domains, and circularly permuted single and dimer-domain proteins.  

Followed by research questions about the existence of oligomerization in shell proteins as 

hexamers and psuedohexamers, sequence and structure diversity, circular permutations in shell 

proteins, the potential role of domain dimerization in providing stability and flexibility, and its 

implications in the global function of microcompartment.   

 

Chapter 2 provides information on various methods, techniques, and protocols used in this thesis.  

I have used a barrage of molecular biology and biophysical techniques. The new methodology and 

protocols used are mentioned in detail in this chapter. All the materials used, newly generated gene 

constructs in vitro, and newly developed strains in vivo are given in tabulated form.  

 

Chapter 3 addresses the first question of shell protein complexity.  I have compared the existence 

of two domain types and in this chapter potential role of domain dimerization is addressed. It is 

also related to the question of sequence and structure variations. BMC contains single-domain 

proteins or dimer-domain proteins. Specifically, 1,2 Pdu MCP has two types of native dimer-

domain proteins, PduB’ and PduT.  PduB’ has two fused domains and the domains are circularly 

permuted variations of canonical domain fold.  PduT is a result of a direct duplication event where 

two domains are fused in a tandem fashion. Apart from being related through circular 

permutations, they have a variance in sequence. To get insights into this puzzle of variance in 

sequence and structure, the native sequence of PduA single-domain protein is explored, and a 

dimer of PduA and circularly permuted dimer which is structurally similar to PduB’ was generated. 

I have exploited molecular biology techniques to clone designed constructs and overexpress in 

vitro to understand the structure-function relationships in the BMC stability. To understand the 

stability and differences in the newly designed synthetic proteins which carry a sequence from 
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PduA protein and structure similar to native dimer-domain proteins. I have used biophysical 

techniques like circular dichroism. fluorescence spectroscopy to probe the folding of the proteins. 

Dynamic light scattering studies have shown the proteins retain the self-assembly property. 

However, TEM micrographs show that all different protein variants generated self-assembles to 

provide different architectures. Further temperature-dependent stability studies provide insights 

into the important role of sequence in governing biophysical properties. We found native dimer 

proteins' secondary structure elements uncoil at above 800C and regain the structure post-melt from 

circular dichroism spectroscopy. Thus pointing toward the flexible nature of native proteins. In 

contrast to synthetic dimer proteins which don’t show uncoiling of secondary structure elements 

even at 950C. This characteristic is similar to the parent protein PduA. Irrespective of the topology 

attained the properties belong to the original core of the amino acid sequence. Hence, protein 

sequence governs the biophysical properties of BMC domain proteins and consecutively their 

functions as well.  

 

In Chapter 4 another interesting question about the existence of single-domain shell proteins in 

BMC is addressed. In chapter 3 what was found about the relatedness of shell proteins by sequence 

and structure is interesting. Therefore, in this chapter, I intend to get insights into the probable role 

of single-domain proteins in the global stability of BMC. The question here is what if the sequence 

from the dimer domain protein is explored to generate a single-domain protein? The study of their 

properties will be interesting when compared to native single-domain proteins. So, in this line, 

single-domain variants were generated. PduB’ protein was dissected into its individual domains 

from the linker region joining the two domains to get domain1 and domain2 separately. The 

existence and their probable role as individual domains are then compared. I have also explored 

the sequence from PduB’ to generate a circularly permuted single-domain protein having a 

topology similar to PduA. For this purpose, I performed structural alignment of PduA and PduB’. 

The alignment shows PduA aligns to the second domain of PduB’ with an RMSD score of 0.85Å 

than the first domain having an RMSD of 1.49 Å. So, I chose the second domain and circularly 

permuted it to make it like PduA. All three single-domain protein variants were generated and 

purified in vitro using molecular biology techniques.  Protein variants were folded in their native 

conformations after purification as assayed by circular dichroism and fluorescence experiments. 

Further studies by DLS and TEM, evidently proved that they retained the self-assembling property 
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and formed higher-order supramolecular structures except PduB’ domain1. Temperature-

dependent results show that the single-domain protein variants are thermostable similar to PduA. 

CD thermal melt shows that the secondary structure does not unfold to 95ᵒC thermal ramp. The 

individual domains don’t show a flexible nature as observed in native PduB’, thus this study 

suggests that this dynamic behavior is due to the presence of both domains together which governs 

the overall flexible nature and thus, provides resilience at a wide range of external stimuli. 

  

In Chapter 5 of this thesis, I have developed in vivo mutant strains where the first two positions of 

the Pdu operon, PduA and PduB’ have been explored. The new synthetic protein variants generated 

in vitro in chapters 3 and 4 with native sequences have provided insights into the evolutionary role 

of diverse sequences and structure of shell proteins and their implications in the global stability of 

BMC. In this chapter, I incorporated one of the circularly permuted protein variants of PduB’ 

domain2 to be substituted chromosomally in place of its native counterparts i.e., PduA. PduA 

occupies the first and most important position in an operon and serves as a scaffold for interaction 

with other proteins. Furthermore, PduA gene position is switched by the second gene PduBB’. So 

a new mutant strain is generated which has PduBB’ gene at the first position and PduA occupies 

the second position. For developing in vivo strains I explored and standardized a new powerful 

tool, CRISPR Cas9 genome editing. The shell proteins tend to self-assemble as a sheet in 2-D due 

to interaction among domains and shape complementarity which forms the facets of polyhedral 

structure. Due to the structural similarity of shell proteins, deciphering the exact role of individual 

shell proteins is challenging. To determine whether the shell protein replacements have a 

substantial effect on the growth of the bacteria, the growth curve of wild type and modified strains 

in minimal media was evaluated in the presence of an inducer, 0.6% 1,2 propanediol (1,2 PD) 

supplemented with 150 nM CN-B12 cofactor as reported earlier for growth assays. The results 

showed a longer lag phase and delayed growth of the modified strains than wild wild-type variant. 

Further with many attempts, we could not successfully purify the microcompartment from mutant 

strains. This suggests that PduA protein substitutions have a vital impact on the structure and 

function of MCP where it abrogates the proper MCP formation and hence leaky MCP could not 

mitigate the toxicity from volatile intermediate, propionaldehyde. 
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Chapter 6 In this chapter, I have explored PduA shell protein for material science application for 

the development of hybrid nanocatalysts. The most stable and well-studied shell protein PduA and 

its mutant PduA[K26A] exhibit two different architectures. Their reported crystal structures reveal 

the formation of stable well-ordered 2D protein sheets by PduA (PDB ID 3NGK) while its mutant  

PduA[K26A] (PDB ID 4QIF) where lysine was mutated to alanine which is crucial for interactions 

in forming 2D sheets alters its morphology to aberrant 3D supramolecular architecture. I explored 

2D and 3D architect scaffolds for the fabrication of gold nanoparticles. These naturally self-

assembling proteins in 2D and 3D architectures reduced gold salt to gold nanoparticles and result 

in the different spatial organization of gold nanoparticles. It is also seen from TEM images and 

histogram plots that the varying architectures resulted in different sizes of nanoparticles. The 

average particle size distribution of PduA[K26A]_NPs is 4.0 ± 0.07 nm with a narrow distribution 

from 2.5 nm to 5.5 nm whereas PduA_NPs range from 5.5 to 12.5 nm with an average particle size 

distribution of 8.4 ± 0.1 nm. Further protein nanoparticle conjugates when explore for catalytic 

efficiencies it is observed a two-fold increase in catalytic activity for the reduction of 4-

nitrophenol. They have shown to have remarkable peroxidase mimicking catalytic activities. The 

six-fold higher affinity toward TMB (3,3′,5,5′-tetramethylbenzidine) substrate is observed as a 

measure of higher peroxidase activity (nanozymatic) in the case of PduA[K26A] 3D scaffold. This 

approach demonstrates the understanding of scaffold architecture on nanoparticle synthesis and 

properties, thus paving the way toward the design of new nanomaterials.  

 

Chapter 7 summarizes the key findings of the research work presented in this thesis. This work 

brings some insights into the puzzling question of BMC shell protein complexity. Over the course 

of evolution, the conserved BMC domain, a single building block from the Pfm00396 BMC 

domain family has resulted in sequence and structure variations. This diversity is not seen in 

another pentamer family (Pfam03319). Thus these variations have some important implications. 

This thesis sheds light on the implications of single and dimer domains in the global stability of 

BMCs. Single-domain proteins forming hexamers are more rigid and compact in structure in 

comparison to dimer-domain proteins which form pseudohexamer oligomerization. Native dimer 

proteins PduB’ and PduT show the unfolding and uncoiling of secondary structure elements at 

high temperatures which they regain post-melt. Hence, they are dynamic structures that provide 

the BMC with flexibility, and proteins like PduA provides rigidity to the structure.  Further, when 
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accessed for the role of sequence and structure, though, dimers from the PduA sequence resisted 

unfolding like PduA, irrespective of the topology attained the properties belong to the original core 

of the amino acid sequence. Thus, the sequences in native dimer proteins provide the desirable 

characteristics of the proteins for their function.  The dissection of individual domains from PduB’ 

has deciphered their probable role. The single domains of PduB’ protein work in a synergistic 

manner when present together. Dissected domains were found to be more compact whereas 

together they exhibit dynamic structure. It is also evident by in vivo experiments. Studies by 

substituting the PduA shell protein with a structurally similar protein but with a different sequence 

abrogated the proper MCP formation. Overall chapter 3-5 concludes that oligomerization and their 

exquisite sequence specificities play an important role that balances and provides both rigidity and 

flexibility to MCP to function better in a coordinated manner. Also, synthetic protein variants have 

shown remarkably different higher-order structures. PduA single domains when fused as PduA 

dimer, it forms tubes in contrast to PduA which forms 2D sheets. On circularly permuting the 

second domain of PduB’ its ability to form long thin sheets reduces and it instead forms small 

sheets. Thus these protein variants can be approached for biotechnology and material science 

applications. Chapter 6 delivers an approach towards application of shell proteins in material 

science. It provides an insight into precise control of the hierarchical organization of shell protein-

nanoparticle conjugates in 2D and 3D to develop nanoscale materials with tunable properties and 

catalysis. 

 

Appendix 

In the appendix part of this thesis, I have investigated the potential of BMC to be developed as a 

thermoresponsive protein-polymer nanoreactor. Because of their proteinaceous shell, BMC can be 

targeted via extra functionalization using proteins, antibodies, polymers, etc.  They can be used as 

a synthetic metabolic hub for heterologous cargo loading for various applications. In this part of 

the work, I aimed at designing a BMC-polymer nanohybrid by extra-functionalization using 

thermoresponsive polymer (Poly N-isopropyl acrylamide). Thermoresponsive polymers show a 

property of Lower critical solution temperature (LCST), above this critical temperature they tend 

to collapse and aggregates by excluding water molecules where we aimed to block the pores 

present in the center of the hexamer building blocks which are conduits for substrate and cofactor 
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diffusion in and out of BMC. We hypothesized combining of using this property to tune the activity 

of BMC which will be probed by using the CDE (diol dehydratase) enzyme present within the 

BMC lumen. Polymer was characterized by gel permeation chromatography, dynamic light 

scattering, and absorption spectroscopy. This provided us with the LCST temperature of the 

polymer. Further, we used Schiff base reaction to conjugate the aldehyde functionalized polymer 

to the BMC exposed basic lysine amino acid residues. We characterized the conjugate by DLS and 

SDS-PAGE. On assaying the temperature dependent activity, above and below LCST, we found 

that the change in BMC activity corresponding to the concentration of the polymer used  and little 

but significant effect towards temperature. We used different concentrations of polymers and 

explored different conditions to successfully get the thermoresponsive nanoconjugate.  
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1.1 Bacterial microcompartments: nano-machinery in prokaryotes 

 

Prokaryotes have continuously developed ingenious strategies to thrive in challenging and 

unforgiving environments, adapting to their advantage. Over several decades, a multitude of 

discoveries have unveiled the existence of geometric-specific organelles within bacterial cells. The 

existence of compartmentalization as lipid-bound organelles is well established in eukaryotes but 

breaking the old notion, 70 years ago, prokaryotes were discovered with the occurrence of unique 

geometric-specific protein compartments. They are widely called Bacterial microcompartments 

(BMCs). Bacterial microcompartments are tiny polyhedral-shaped protein machinery that houses 

specific biochemical reactions by encapsulating enzymes within a protein shell, providing the 

spatial organization and segregation of metabolic processes within a cell. This 

compartmentalization serves several advantages to the bacteria. It is critical for efficient enzymatic 

reactions by accumulating and concentrating substrates and enzymes and preventing unnecessary 

cross-talk with other undesired molecules or reactions. They also protect the bacterial cells from 

the detrimental effects of toxic intermediates produced in certain metabolic pathways by enclosing 

and segregating that particular portion of a reaction. The selectively permeable protein shell is a 

key feature of BMC physiology which controls the diffusion of specific substrates, cofactors, and 

products in and out of the compartment. It prevents the exit of essential substrate molecules in 

sequestered metabolic reactions, and seized toxic metabolic intermediates are metabolized and 

converted to non-toxic compounds that are subsequently allowed to exit the BMC. They have 

evolved to different environmental conditions and metabolic requirements in different organisms. 

The most interesting characteristic is that despite being involved in different reaction mechanisms 

in different bacteria, it follows the same principles and building blocks to assemble similar outer 

shell architecture to house different enzymes and reactions.   

 

It is seen that there is a lot of diversity among BMC types which captivated my attention. Despite 

being constructed from similar building blocks; BMCs have shown a complex organization of 

outer shell by assembly of thousands of protein subunits to encapsulate enzymes within. The genes 

associated with microcompartment proteins (BMC genes) are typically encoded within a single 

operon, although their length may vary, ranging from 10 to 12 kilobases (kb), or they might be 
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scattered across independent loci within the genome. It is quite demanding to understand how a 

complex and organized system is assembled and functions.  

 

1.2 Microcompartment Types  

 

The micrcocompartments are typically classified into different categories based on the types of 

biochemical reactions they participate in, specifically whether they are anabolic or catabolic in 

nature1–3. Anabolic BMCs have a significant role in global CO2 fixation by encapsulated enzymes, 

RuBisCo, and carbonic anhydrase by carbon concentrating mechanism within a lumen4,5. Hence, 

named Carboxysomes. Catabolic BMCs collectively called metabolosomes, harbor substrate-

specific signature enzymes within the lumen, for example, propanediol dehydratase or 

ethanolamine ammonia-lyase which are involved in the degradation of their corresponding 

substrates, propanediol or ethanolamine6,7 (Figure 1.1). They are named based on the type of 

substrate metabolism they are involved in, propanediol utilization (Pdu) or ethanolamine 

utilization (Eut) micrcompartments (MCPs). Their degradation leads to a toxic aldehyde 

intermediate which is further metabolized to alcohol and carbonic acids8,9. The discovery of these 

microcompartments occurred after the identification of shell protein genes that exhibited 

homology with carboxysomes10. The shell protein genes play a crucial role as markers in the quest 

to identify potential microcompartment loci in prokaryotic organisms. The advent of genome 

sequencing data and advancements in bioinformatics tools have significantly contributed to the 

discovery of new classes of microcompartments, primarily through the identification of these 

distinctive shell proteins. It is reported to have found BMC loci in 45 bacterial phyla and identified 

68 BMC types/subtypes11. The knowledge has expanded in the case of the existing type of 

metabolosomes from propanediol and ethanolamine utilization MCP to other identified that 

involve the metabolism of ethanol, choline, aromatic amino acids, sugar phosphate, and 

aminophenol11–18.   
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Figure 1.1 TEM images of bacterial microcompartments. a) Thin-section micrographs of 

carboxysomes in Halothiobacillus neopolitanus. b) Thin section micrographs of Pdu 

metabolosomes in Salmonella enterica (adapted from Cheng et al.19). Schematics representing 

c) carboxysomes d) metabolosomes (adapted from Yeates et al.20). 

 

 

 

 

 

 



   Chapter 1 

 

4 
 

1.2.1 Carboxysomes 

 

Carboxysomes were first observed in cynobacterium Phormidium uncinatum in 1956, as 

intracellular structures21. They were initially thought to be phages due to their structural 

resemblance to viral capsids. Later, in 1969, similar structures were found in many blue-green 

algae and were seen as polyhedral crystalline bodies with highly ordered arrays through electron 

micrographs22. In 1973, Shively et. al, isolated these polyhedral structures from the 

chemoautotrophic bacterium Halothiobacillus neapolitanus and discovered to contain an enzyme 

ribulose bisphosphate carboxylase (RuBisCO)4,23. They are then known to participate in carbon 

dioxide fixation as part of the Calvin-Bensen-Bassham cycle24. RuBiscCo has an affinity both for 

oxygen and carbon dioxide. It has, however, less affinity towards CO2. The carboxysomes therefore 

combine the carbonic anhydrase enzyme with RuBisCo within a shell which converts then 

bicarbonate into CO2. It concentrates them together in a shell and prevents the CO2 escape to 

increase the catalytic efficiency of RuBisCo enzyme25.  

 

There are two types of carboxysomes depending on the type of RuBisCo and carbonic anhydrase26. 

The alpha-type carboxysomes are associated with Form IA RuBisCo and are found in 

chemoautotrophs and some marine cyanobacteria. The genetic information for alpha 

carboxysomes is organized into discrete operons and termed as cso (car-boxysome) operon27. The 

beta carboxysomes are associated with Form IB RuBisCo, found in freshwater cyanobacteria. 

They are encoded by ccm (carbon concentrating mechanism) operon and are distributed 

throughout the genome28,29.  They are about 100-200 nm in diameter and are found to have more 

regular icosahedron structures.  

 

1.2.2 Metabolosomes 

 

Metabolosomes are different from carboxysomes in structure and function where they are involved 

in catabolic reactions19. Homologs of carboxysomes shell proteins were found and many types of 

metabolosomes have been discovered and the list is going on30. These microcompartments play a 

fundamental role in the metabolism of organic substrates and are named based on the specific type 

of substrate they handle. For instance, two of the most extensively studied microcompartments are 
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the propanediol utilization microcompartment and the ethanolamine utilization 

microcompartment, which metabolize 1,2-propanediol and ethanolamine as their respective 

substrates. One common trait among these microcompartments is their ability to shield the cell 

from DNA damage caused by volatile and toxic intermediates that arise within the corresponding 

metabolic pathways. Consequently, they not only serve as a means to concentrate enzymes and 

substrates but also act as protective shields for the cell. In terms of structure, metabolosomes 

exhibit a more irregular configuration compared to carboxysomes and are typically found in closer 

proximity to beta carboxysomes. Their size typically falls within the range of 100-150 

nanometers31.  

 

1.3 BMC shell protein domain and oligomerization  

 

The outer covering of the BMC structure is constructed from three types of basic building blocks 

BMC-H, BMC-T, and BMC-P 32–36. Hexamer shell proteins are termed BMC-H, pseudohexamer 

shell proteins are termed BMC-T, and pentamer proteins are termed BMC-P (Figure 1.2). The 

outer shell of BMCs is constructed by these same architectural building blocks and this is a 

common shared structural feature among all BMCs. The shell protein building blocks belong to a 

conserved protein domain fold from the bacterial microcompartment (BMC) domain family 

(Pfam00936) and bacterial microcompartment vertex (BMV) domain family (Pfam03319)1,37 

which is a reason that the shell proteins are highly conserved despite the functional diversity in 

BMCs. The presence of the BMC domain confirms that the protein assembles into a hexameric 

structure, while the presence of the BMV domain forms a pentameric assembly. The variation in 

a BMC domain which can occur either as a single instance or as a tandem repeat within the protein 

sequence, results in the formation of either a hexameric or a pseudo-hexameric protein assembly. 

The hexameric and pseudo hexameric proteins exhibit a comparable overall conformation, 

resembling a flat, hexagonal-shaped protein structure. This structural similarity enables them to 

spontaneously assemble randomly into a two-dimensional molecular layer, forming the facets of 

the BMC shell. Meanwhile, the pentameric proteins take up positions at the vertices, contributing 

to the closure of the icosahedral structure. BMC shell proteins are found to be an adaptation from 

PII signaling protein and OB-fold domain-containing proteins from structural and sequence 

analysis38. It is suggested that these ancient proteins might have coevolved to diverse BMC shell 
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proteins as a result of parallel co-evolution. The widespread occurrence of BMC domain proteins 

across the bacterial kingdom suggests BMC genes have spread by horizontal gene transfer39.  

 

 

 

Figure 1.2 Schematics representing of canonical BMC domain folds forming a hexagonal and 

pentagonal symmetry. Hexagonal symmetry is shared by a hexamer and a pseudohexamer 

shell proteins; pentamer proteins adopts a pentagonal symmetry. (adapted from Yeates et 

al.32 ) 

 

 

1.3.1 BMC-H 

 

BMC-H forms the major structural component of microcompartment architecture. Single domain 

(Pfam00936) make up the BMC-H proteins where six monomer units of a single domain 

oligomerize and give rise to a hexagonal disc shape assembly structure forming a pore at the central 

axis responsible for molecular transport across the shell1. Generally, one side of the hexamer 

assembly appears flat and polar whereas the other side bears a bowl-shaped depression having 

more hydrophobicity which is suggested to face the luminal side of BMC40. Another variation or 

subclass of hexamer proteins exists as circularly permuted hexamers (BMC-HP)11,41. The available 

crystal structures of hexamer shell proteins enriched us with information on their self-assembly 

and interacting residues responsible for it1,42–44.  The shape complementarity of hexamers allows 

the side-by-side association and formation of 2D molecular layer45,46.  



   Chapter 1 

 

7 
 

 

1.3.1 BMC-T  

 

BMC-T forms another type of shell protein which features the presence of tandem repeat of BMC 

domain and oligomerize to give a pseudohexamer (dimer-trimer). BMC-T shares structural 

similarities with BMC-H as both form hexagonal-shaped discs. However, these proteins break the 

strict hexagonal symmetry exhibited by hexamers.  They are also reported to have variations with 

circular permutations and duplications47–50. Like hexamer proteins, they also assemble from side-

by-side and form a molecular layer for facets of an icosahedral shell. Other proposed models by 

crystal and solution studies suggest that double-layer shells are present in BMC where hexamer 

and pseudohexamer are observed to be present as stacks forming double-disc structures 46,51–53. 

 

1.3.1 BMC-P 

 

BMC-P forms a pentamer protein by assembly of five monomer units of another BMV domain 

(Pfam03319). BMC-P shell protein is crucial in attaining the closed polyhedral structure of BMC 

and is believed to be present at the vertices. Crystal structures of CsoS4A and CcmL from the α- 

and β-types of carboxysomes36 showed their pentameric assemblies well-suited to be vertices in 

an icosahedral shell, which earlier remained unidentified due to low abundance. Other homolog 

proteins of the pentamer family are EutN, PduN, and GrpN present in different BMC involved in 

respective metabolic functions36,54.  The genetic experiments confirmed their structural role where 

pentamer proteins were deleted and compartments were reported to lack the ability to form closed 

icosahedral structures 31,51,55,56.  

 

1.4 Protein fold variations 

 

The canonical BMC domain adopts an α/β –fold with a four-stranded antiparallel sheet flanked by 

small helices to about 90 amino acids in length 20. The crystal structure of various BMC proteins 

has revealed remarkable variations (gene fusions and rearrangements) in a canonical type domain 

resulting in conformational and topological variations. Some BMC proteins are related through 
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circular permutations where secondary structure elements occur in different order retaining a 

similar tertiary structure. This rearrangement results in different spatial organization of N and C 

terminals which are suggestive of important implications in the structure and function of BMCs.  

For example, PduU is a circularly permuted variant of PduA canonical fold41. The rearrangement 

and occurrence of a new extended N terminal allowed it to form a six-stranded beta barrel which 

leads to blocking a central pore. Another example of single domain variation is EutS which is 

different in itself as it forms a bent structure at approximately 400 in hexagonal disc rather flat 

disc-shaped protein57. In addition to single-domain protein fold variations, the structural diversity 

is seen in tandem BMC domains as well. For example, a carboxysomes shell protein CsoS1D51, 

EutL47,57, EtuB50. They are reported to have duplications of permuted domain folds resembling 

PduU. PduT is a result of a tandem fusion of two canonical domains42. PduK protein contains an 

extra domain and helix turn helix structure indicative of a potential role in nucleic acid binding. 

Thus all these variations in protein folds and divergence at the level of amino acid sequences have 

made the understanding of BMC difficult.  

 

 

1.5 Research paradigm  

 

1,2-propanediol (Pdu) utilization microcompartment is the most studied metabolosome. After the 

discovery of carboxysomes, genomic analysis and identification of a PduA homolog of 

carboxysomes shell protein led to their discovery. Later polyhedral structures similar to 

carboxysomes were observed in  Salmonella when grown in the presence of 1,2 propanediol39,58–

60 . Genomic analysis of pdu gene cluster is shown to be present in many soil-dwelling and enteric 

bacteria19,62. Bacteria that produce the 1,2 propanediol utilization microcompartment have the 

remarkable ability to metabolize 1,2 propanediol as their sole carbon source. This compound is a 

byproduct stemming from the anaerobic degradation of rhamnose or fucose in the human gut. 

Interestingly, the presence of 1,2 propanediol, generated by the activity of human intestinal 

microbiota, triggers the activation of the pdu operon. This operon contains genes responsible for 

both shell proteins and enzymes. 
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Within the microcompartment, these shell proteins and enzymes come together through self-

assembly, creating a protective microenvironment. In this setup, the shell proteins act as an 

envelope, while the enzymes are enclosed within the compartment. This organized micro 

compartmentalization is critical because the metabolism of 1,2 propanediol involves the 

production of a toxic intermediate called propionaldehyde. To mitigate the harmful effects of 

propionaldehyde, the microcompartment facilitates its conversion into propionyl-CoA and 1-

propanol31. It's worth noting that propionaldehyde has been demonstrated to induce growth arrest 

and DNA damage in the bacterial cell. In addition to its metabolic role, the Pdu microcompartment 

is also associated with pathogenesis and provides a growth advantage to the bacteria by enabling 

the utilization of 1,2 propanediol as a carbon source. This adaptability contributes to the bacteria's 

success and pathogenic potential. 

The pdu operon has 23 genes; pocR, PduF, and PduABCDEGHJKLMNOPQSTUVWX, for the 

shell proteins, enzymes involved in the degradation pathway, and recycling cofactors. The outer 

shell of Pdu MCP is a mosaic of eight different shell proteins i.e. PduA, B/BB’, J, K, M, N, T, U. 

The presence of many types of shell proteins indicates a complex organization and each protein 

certainly has a significant role to play (Figure 1.3). The major shell proteins PduA, PduBB’ are 

reported to form extended sheets and form facets of the Pdu MCP structure. PduN protein belongs 

to the pentamer family and is present at vertices. The major enzyme present in PduMCP is the diol 

dehydratase (PduCDE) which catalyses the conversion of 1,2- PD to propionaldehyde. It is 

subsequently converted to propionyl coenzyme A or 1-propanol by aldehyde 

dehydrogenase(PduP) and alcohol dehydrogenase (PduQ). Propionyl coenzyme A is then 

converted to propionate by propionate kinase (PduW) to generate ATP. There are other enzymes 

present that are involved in the reactivation of diol dehydratase and vitamin B12 recycling such as 

cobalamin reductase (PduS), adenosyltransferase (PduO), diol dehydratase reactivase (PduGH) 

and L‐threonine kinase (PduX). 
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PduA protein is present at the first position in an operon. It has a central role among all shell 

proteins as it forms the maximum interactions with other shell proteins such as PduBB’, PduJ, 

PduN, PduU and is the major shell protein component of Pdu MCP63. The gene sequence is a single 

BMC domain and encodes a small 94-amino-acid protein. Apart from being a scaffold for protein-

protein interactions, its first position in an operon is also crucial. On swapping PduJ with PduA in 

an operon, PduJ is shown to rescue its function64. In another study reversing the operon and placing 

PduA at the end position in an attempt to develop a minimal compartment has failed to from regular 

BMCs55. In deletion studies, PduA single mutant is shown to form enlarged MCPs with an 

appearance similar to that of the wild type61,65. The crystal structure shows that the PduA hexamers 

are packed closely and form a continuous 2-dimensional molecular layer. PduA hexamer forms a 

selectively permeable pore at the central axis which is suggestive of 1,2-PD transport and restricts 

the efflux of propionaldehyde34,66–68. Structural and genetic studies showed serine S40 at the pore 

GSG motif is a major route of 1,2-PD transport and is controlled by the size and electrostatic 

properties. It is also shown by molecular dynamic simulations where diffusion of 1,2-PD is 

allowed by 3folds over propionaldehyde. PduA is demonstrated to be able to self-assemble into 

protein nanotubes when overexpressed in bacterial cells and invitro on purifications at high 

concentration69,70.  

1.5.2 PduBB’- Trimer (Pseudohexamer-Tandem BMC domains) 

PduBB’ is a pseudohexamer protein that is expressed from two overlapping genes in the same 

reading frame. It is present at the second position in an operon. The gene sequence is a duplication 

of the BMC domain in a tandem fashion. On expressing from alternative start sites it expresses a 

longer PduBB’ and a short length PduB’ protein71.  PduB’ and PduBB’ are identical in amino acid 

sequence except that PduBB’ is 37 amino acids longer in N-terminal extension than PduB’. The 

extra 37 amino acids are disorder regions which have established their role in binding to the 

enzymatic core72–74. Deletion studies showed that PduBB’ deletion mutants are unable to form 

BMC s and hence is a critical protein65. It also oligomerizes into an overall similar hexagonal 

symmetry like PduA protein from a trimer of two fused domains. Similarly, PduBB’ forms the 

extended 2-dimensional molecular sheets and participates in forming the facets of BMC. It is 

observed to form nanotubes when overexpressed at high concentrations in vitro69. Homolog 

1.5.1 PduA Homohexamer (Single BMC domain) 
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proteins similar in structure to PduBB’ have been crystallized in two forms, open and closed 

conformation which is suggestive of gated pores for large molecules51,57,75,76. 

Figure 1.3 Protein fold variations making up the Pdu MCP shell.  Eight different shell 

proteins with diverse domain folds adopting different architectures are shown. (adapted 

from Yeates et al.72,77 ) 
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Living forms have evolved towards complexity and diversity, although all organisms are derived 

from the same inimitable molecules that form the basis of life. Simple unicellular organisms 

comprise a single cell only which in itself is a complete organism and can perform all activities 

needed for life.  More complex multicellular organisms comprise many different cells that acquire 

specialized roles, work independently, and all function in an integrated manner. The division of 

labor enables the cells to become more efficient. The diversity of living forms is the most intriguing 

phenomenon. 

BMCs also exhibit a lot of structural and functional diversity. The variation in the overall 

architecture is witnessed between carboxysomes and metabolosomes. The BMCs are built from 

two types of shell protein modules hexagonal and pentagonal occupying the facets and vertices, 

respectively. This diversity is seen only in hexagonal building blocks and not the pentagonal ones. 

Thus they offer unique advantages to the microcompartment structure and function. Though the 

shell proteins encasing the lumen enzymes are phylogenetically related and belong to the 

conserved family of bacterial microcompartment domain proteins. It appears that the Pdu 

metabolosomes among other metabolosomes and carboxysomes are the most diverse and enriched 

with many types of shell proteins78 (Figure 1.4). But one can wonder why a compartment needs 

such many different types of proteins making up the shell. What advantages does it offer with 

respect to structure and function? The current understanding of shell proteins is that during the 

course of evolution, the recombination and rearrangement events at the level of functional subunits 

have given rise to diverse BMC shells. The modularity in the shell proteins allows them to serve 

as bioplatforms for the development of nanoreactors, nanocarriers, or as hybrid scaffolds for 

harboring distinct catalytic reactions. Such applications put forward the potential of BMC to be 

explored for nanobiotechnology and material science applications. It is also easy to modulate 

BMCs because of their all-protein nature.  To have such wide applications it is important to 

understand the fundamental building of BMCs.  

The increasing complexity in the structure of microcompartments from carboxysomes to 

metabolosomes has enthralled my interest towards it. Further, the diversity in the hexagonal 

module in PduMCP is fascinating. Pdu metabolosomes comprise eight different types of shell 

proteins i.e., PduA, B/BB’, J, K, M, N, T, U. The proteins forming the facets of the structure 

1.6 Research focus 
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comprise two types of self-assembled proteins oligomerized as hexamers and pseudohexamers. 

Hexamers self-assemble from single-domain proteins and pseudohexamer proteins self-assemble 

from tandemly fused dimer domains. The question I strained in the first research chapter of my 

thesis is why the microcompartment structure requires two types of oligomerized proteins. It could 

have been only hexamers from single domain proteins or only psuedohexamers from dimer domain 

proteins. What structural role do they serve in microcompartment stability? So, in chapter 3 of my 

thesis, I have addressed the question of the potential role of dimer domain proteins oligomerizing  

 

 

 

 

 

Figure 1.4 Similarity and increased diversity among shell proteins of carboxysomes and 

metabolosomes (adapted from Frank et al.78 ). 

 

As pseudohexamers. Further, the implications of circular permutations and sequence on the 

structural stability of microcompartment is also addressed. For this purpose, I have used two native 

pseudohexamer proteins, PduB’ which is a circularly permuted dimer domain protein, and PduT 

which is a direct tandem fusion of two domains. Another question is the role of hexamers obtained 
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from the self-assembly of single-domain proteins in structural stability.  For this in Chapter 4, I 

have used PduB’ protein and dissected it into its individual domains from it to get domain1 and 

domain2 separately. They were compared to native single-domain protein PduA and a structurally 

similar variant of PduA was developed to get insights into the significance and specificities of a 

structure and sequence. In Chapter 5, I have studied the implications of substituting the PduA 

protein in vivo with a structurally similar protein but harboring a different sequence. Also, the 

positional role of a hexamer and a pseudohexamer was attempted by gene swapping in vivo using 

PduA and PduBB’.  The shell proteins are known to self-assemble naturally and form a molecular 

sheet in 2D. This intrinsic property makes it easy to use them as scaffolds and due to their build 

up from amino acids backbone, they can be used to synthesize gold nanoparticles over their 

surface. In Chapter 6, I utilized this property and used PduA and its mutant PduA[K26A] self-

assembling into 2D and 3D architecture to develop nanocatalysts and study the impact of scaffold 

architecture in tuning the properties of gold nanoparticles.  
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This Chapter comprises detailed information about the materials and methodology used to carry 

out all the research work for this thesis. The entire work includes molecular biology, biophysical, 

biochemical, and spectroscopic techniques.  

 

2.1 Materials 

 

Table 2.1  List of chemicals and reagents  

Name of the chemical/reagent Company/ Source 

3-methyl-2-benzothiazoline hydrazine Sigma Aldrich, India 

3,3′,5,5′-Tetramethylbenzidine Sigma Aldrich, India 

Acrylamide Hi-Media, India 

Ado-Cobalamin Sigma Aldrich, India 

Ammonium persulphate Sigma Aldrich, India 

Auric chloride  Sigma Aldrich, India 

B-PER II, Bacterial protein extraction reagent ThermoFischer Scientific, India 

Bis-acrylamide Sigma Aldrich, India 

Bradford reagent Sigma Aldrich, India 

Citric acid monohydrate Himedia, India 

Cyanocobalamin Sigma Aldrich, India 

DMSO Sigma Aldrich, India 

DNase Sigma Aldrich, India 

EDTA disodium salt dehydrate Hi-Media, India 

Ethanol Hayman, UK 

Glycine Hi-Media, India 

HCl Molychem, India 

HEPES  Hi-Media, India 

Hydrogen peroxide Sigma Aldrich, India 

Imidazole Hi-Media, India 

IPTG Hi-Media, India 

LB Agar Hi-Media, India 

Luria Broth Hi-Media, India 
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Lysozyme Hi-Media, India 

Magnesium chloride hexahydrate Hi-Media, India 

Magnesium sulphate heptahydrate Hi-Media, India 

Ni-NTA resin Qiagen, Thermo Fischer Scientific, 

India 

Nickel sulphate hexahydrate Sigma Aldrich, India 

4-Nitrophenol Hi-Media, India 

PMSF Sigma Aldrich, India 

Potassium Chloride Hi-Media, India 

Potassium Hydroxide Hi-Media, India 

Potassium phosphate monobasic anhydrous Hi-Media, India 

Propane-1,2-diol Sigma Aldrich, India 

Sodium Azide Merck, India 

Sodium Chloride  Hi-Media, India 

Sodium Do-decyl sulphate Hi-Media, India 

Sodium Hydroxide pellets Hi-Media, India 

Sodium phosphate dibasic anhydrous Hi-Media, India 

Sodium phosphate monobasic anhydrous Hi-Media, India 

Succinic acid disodium salt Sigma Aldrich, India 

Sypro Orange Sigma Aldrich, India 

TEMED Sigma Aldrich, India 

Tris Base Hi-Media, India 

 

 

 

Table 2.2 Major  Instruments used  

Name  Company 

Bio-Rad Gel electrophoresis BIO-RAD, USA 

CFX96 real-time PCR BIO-RAD, USA 

Circular Dichroism Spectroscopy JASCO, Japan 

Dynamic light scattering Malvern, UK 

High-speed centrifuge Eppendorf, Hamburg, Germany 
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Incubator Eppendorf, Hamburg, Germany 

Isothermal Titration calorimetry MicroCal-iTC200, Malvern 

Pananalytical 

Microtiter Multimode plate reader Biotek-EonTM, Vermont, USA 

Steady state fluorescence Edinburgh Instruments 

Transmission Electron Microscopy JEOL, Japan 

UV-Vis Spectrophotometer Cary 60 UV , Double Beam Agilent 

Technology 

X-ray Diffraction Bruker ECO D8, Bruker, US 

 

 

 

 Table 2.3  Information about protein variants involved in this study 

 Detailed information Reference 

In vitro dimer protein variants 

PduB’ [WT] 

 

PduB’ wild type gift from Prof. TA Bobik (Iowa State 

University, Ames, USA) 

PduT [WT] 

 

PduT wild type This study (generated in Sinha Lab) 

PduA[D] 

 

PduA dimer This study  (generated in Sinha Lab) 

PduA[CP-D] 

 

Circularly permuted PduA 

dimer 

This study  (generated in Sinha Lab) 

In vitro single-domain protein variants 

PduA [WT] 

 

PduA wild type gift from Prof. TA Bobik (Iowa State 

University, Ames, USA) 

PduA [K26A] 

 

PduA mutant gift from Prof. TA Bobik (Iowa State 

University, Ames, USA) 

PduB’[D1] 

 

Dissected PduB’ doamin1 This study  (generated in Sinha Lab) 

 

PduB’[D2] 

 

Dissected PduB’ doamin2 This study  (generated in Sinha Lab) 

 

PduB’[CP-D2] 

 

Circularly permuted  PduB’ 

doamin2 

This study  (generated in Sinha Lab) 
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2.2 Methodology 

 

2.2.1 MCP Purification 

 

For Pdu MCP purification previously developed protocol was followed1,2. Briefly, wild-type 

Salmonella enterica LT2 and its operon-modified strains were cultured in non-carbon E medium 

(NCE), supplemented with 0.6 % 1,2-PD, 0.5 % succinic acid and 1mM of MgSO4 and incubated 

at 37oC for 16 h so the OD600 ~ 1-1.2 is reached. The cells were harvested, washed twice and 

resuspended in Buffer- A (50 mM Tris Base (pH 8), 500 mM KCl, 25 mM NaCl, 12.5 mM MgCl2, 

1.5 % 1,2-PD) containing 75% bacterial protein extraction reagent (BPER-II) with 2-3mg DNase, 

0.4mM phenylmethane sulfonyl fluoride (PMSF), and 1 mg/ml of lysozyme. The re-suspended 

cells were kept at room temperature for 30 minutes on a shaker at 45-50 rpm, followed by 5min 

on ice. The lysate obtained was separated for supernatant (containing MCP) from debris by 

centrifuging at 12,000 X g for 5 min, 4 oC. MCPs obtained in the supernatant were further 

centrifuged at 20000 X g for 20 min, 4 oC. The pellet now contains the MCP which was re-

suspended in Buffer A containing 60% of B-PER II and 0.4 mM PMSF. It was centrifuged at 

20,000 X g for 20 min at 4 oC and the thin film obtained was further re-suspended in pre-chilled 

Buffer B (50 mM Tris Base pH 8, 50 mM KCl, 5 mM MgCl2, 1 % 1,2-PD). Further, it was 

In vivo modified strains 

Salmonella enterica 

serovar 

Typhimurium LT2 

(BE293)   

With pkD46 plasmid gift from Prof. TA Bobik (Iowa State 

University, Ames, USA) 

SSL1 pkD46 cured  Salmonella 

enterica serovar Typhimurium 

LT2 (BE293)   

This study  (generated in Sinha Lab) 

SSL2 ΔPduA::ARC This study  (generated in Sinha Lab) 

SSL3 ΔPduA: PduB’[CP-D2] This study  (generated in Sinha Lab) 

SSL4 ΔPduA:PduBB’::PduBB’:PduA This study  (generated in Sinha Lab) 
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centrifuged at 12,000 X g for 5 min at 4 oC and the supernatant obtained here contained PduMCP 

which was collected and stored at 4 oC.  

 

2.2.2 Overexpression and purification of proteins 

 

2.2.2.1 Expression and purification of scaffold proteins 

 

 The shell protein PduA cloned into pET-21a vector and its mutant PduA[K26A] into pET-41a 

vector with 6xHis-tag at N-terminal were transformed in BL21-DE3 expression host cells and 

streaked on an antibiotic resistance agar plate. Initially, both constructs were expressed in the pET-

41a vector. PduA protein has less solubility than PduA[K26A] mutant. To increase the yield and 

pursue further studies, PduA construct was cloned in the pET-21a vector. A single colony from 

the streaked plate was inoculated for primary culture in 10mL of LB media with ampicillin 

(100µg/mL) for PduA and kanamycin (50µg/mL) for K26A mutant and incubated at 37 °C, 

180rpm for 12 h. 1% of the overnight grown culture was used for secondary culture in 600ml of 

LB media. The culture was then incubated for 2-2.5 h at 37 oC, 180 rpm till OD600 reached 0.6-0.8 

and induced with 0.5mM IPTG for 6h at 28 °C. The cells are harvested post-induction by 

centrifugation at 6000x g for 10min and lysed in column buffer containing 50mM Tris-HCl, 

200mM NaCl, 5 mM Imidazole (pH 7.5) by subjecting to sonication. The clear supernatant was 

obtained after separating the cell debris by centrifugation at 11000x g for 30 minutes and loaded 

onto a Ni-NTA (Nickel-nitrilotriacetic acid) column pre-equilibrated with column buffer. The 

column was then washed with column buffer containing 50 mM imidazole and the protein was 

eluted with 200 mM imidazole. The purity of fractions was evaluated by SDS-PAGE (Sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis) and protein concentration was determined 

using Bradford reagent.  

 

2.2.2.2 Expression and purification of protein fold variants 

 

Protein fold variants were expressed from IPTG inducible pET21-plasmids by transforming in 

BL21 (DE3) PlysS expression host strain using a similar protocol used for wild-type shell proteins 

1,3,4. A single colony was inoculated in 10ml LB broth at 37 oC, 180rpm, 12 h for primary culture 
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with ampicillin (100μg/mL), and chloramphenicol (34 μg/mL) antibiotics for all synthetic dimer 

and single domain variants and PduT [WT]as well, PduA [WT] with ampicillin (100μg/mL), and 

PduB’[WT] with kanamycin (50μg/mL). 1% of primary culture was used to scale up culture 

volume to 800ml LB for overexpression of proteins. The cultures were induced at 0.5mM IPTG at 

28 ᴼC, 180 rpm for 8 h to mid-exponential phase (OD600 of 0.6-0.8). Post induction the cells were 

harvested by centrifugation at 6000g for 10min and lysed by sonication in a column buffer 

containing 50mM Tris, 200mM NaCl, and 5mM Imidazole (pH 7.5). For purification, Ni-NTA 

(Nickel-nitrilotriacetic acid) affinity chromatography methodology was used as previously 

described for wild-type shell proteins. The supernatant obtained after separating the debris from 

lysate was loaded onto pre-equilibrated Ni-NTA resin with column buffer. The column was 

washed with a buffer containing 50 mM Imidazole. The proteins were eluted with 200mM 

Imidazole, dialyzed, in 10mM sodium phosphate buffer (pH 7.4) and the concentration of proteins 

was estimated using the Bradford assay. 

 

2.2.3 Gold nanoparticle fabrication on shell proteins  

 

The shell proteins PduA and PduA[K26A] were used at a concentration of 10µM for the fabrication 

of nanoparticles and incubated with 500µM AuCl3. Here, AuCl3 interacted with the surface 

residues of the shell proteins and was reduced to Au (0) from Au (III). The gold nanoparticle 

fabrication was monitored by measuring the reduction kinetics5,6 by UV-Vis Spectroscopy using 

Carry 5000 UV-Vis Spectrophotometer for 90 min with 1 min time interval while scanning the 

spectra from 250nm to 900nm wavelength.  

 

2.2.4 Catalysis of Shell Protein Gold Nanoparticles 

 

2.2.4.1 Catalytic Activity of Shell Protein Gold Nanoparticles 

 

The stability and catalytic activity of fabricated gold nanoparticles on shell protein surface were 

studied by following a standard reaction where p-nitrophenol is reduced to p-aminophenol in the 

presence of NaBH4 as a reducing agent84,85 using UV-Vis Spectroscopy (Carry 5000 UV-Vis 

Spectrophotometer). 50µl of 1mM p-nitrophenol was diluted in 900µl Milli-Q water and mixed 
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with 10µl of 100mM NaBH4 in a quartz cuvette. 20µl of shell-AuNPs were added before spectral 

reading from 250-600nm wavelength. The reaction was monitored for 30min with a 1-minute time 

interval. 

2.2.4.2 Peroxidase-like catalytic activity of Shell Protein Gold Nanoparticles 

The peroxidase-like catalytic activity of freshly prepared shell protein gold nanoparticles was 

determined by measuring the formation of a blue charge-transfer complex of diamine from TMB 

at 652nm (ԑ=39000M-1cm-1)9. The peroxidase activity measurement was done in 96 well plate in a 

200µl reaction. 20µl shell protein gold nanoparticle composite was mixed with different 

concentrations of TMB. The kinetics reaction was monitored for 30 minutes by measuring 

absorbance at 652nm using a microtiter multimode plate reader (Biotek – EonTM). At the end of 

the reaction, the spectra were recorded from 500-800nm. Similarly, temperature-dependent 

activities were performed where nanocomposites were incubated for 20min at a particular 

temperature (20-80 ᴼC), and respective pH activity was performed in glycine buffer (pH 3-9). 

2.2.5 Design and generation of synthetic protein variants 

Dimer and single-domain synthetic protein fold variants were designed by considering protein 

structures and exploring the domain sequence. Dimer protein variants were generated by using a 

sequence from the PduA[WT] protein. The native linker (GDVYGNEA) from PduB’[WT] was 

used to fuse the single fragments. For single-domain studies, PduB’[WT] dimer was dissected into 

two independent domains from the linker region joining two fragments. For circular permutation, 

respective domain structures from two proteins (PduA, PDB ID-3NGK; PduB’, modeled from 

PDB ID-4FAY) were aligned using PyMol software10, and differences in N and C terminals and 

linker regions were identified. The structures were then modified as per the desired structure by 

fusing old N and C terminals and generating new terminals using domain sequences. 
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Plasmid DNA constructs for all synthetic protein variants and PduT[WT] were cloned in the 

pET21a vector between Nde1 and Xho1 restriction sites. PduA[WT] and PduB’[WT] constructs 

were already present in the lab. For cloning, designed gene fragments were amplified using 

polymerase chain reaction (PCR) and cloned into linearized vector through double digestion using 

the Gibson cloning method11. Positive clones were screened on an ampicillin antibiotic agar plate 

(100 μg/mL) and identified using colony PCR. Further, they were verified using Sanger 

sequencing.  

2.2.7 Structure prediction, structure alignment, and domains flexibility 

All the three-dimensional structures of synthetic dimer and single-domain protein variants were 

generated using AlphaFold2 implemented in ColabFold12,13. Designed sequences involved in the 

present study were given as inputs to generate structures. For visualizing structures, structure 

alignments, and RMSD calculations, the PyMOL software was used. Domain flexibility was 

determined using CABS-flex 2.0 14 and MEDUSA15 web servers. 

2.2.8 Methodology to develop the operon-modified strain using CRISPR-Cas9 gene-editing 

tool 

For the development of operon modified strain, firstly, lab strain Salmonella enterica serovar 

Typhimurium LT2 (BE293) which carries pkD46 plasmid was cured. It was cured by repeatedly 

growing the strain in the absence of the antibiotic, till it gained the sensitivity. This cured mutant 

(SSL1) was employed for genome editing studies using CRISPR Cas9 Technology16. Initially, 

plasmid pCasM was electroporated into Salmonella enteria LT2 (SSL1) which contains both Cas9 

and a λ-Red recombineering system. Electroporation was performed in a 2-mm cuvette at 2.5 kV, 

200 Ω, and immediately 1ml ice-cold SOC media was added to resuspend the cells and incubated 

at 37oC. The cells were allowed to recover for 2 h at 37oC. The transformants were then selected 

on a Kanamycin antibiotic selection plate (50µg/ml) and used to prepare electrocompetent cells 

for the insertion of an antibiotic resistance cassette. The electrocompetent cells were prepared at 

~0.6 OD600. The harvested cells were then washed three times and finally resuspended in ice-

chilled water containing 10% glycerol. The cells were concentrated to 50µl volume and used for 

electroporation. The antibiotic resistance cassette, used here, the ampicillin resistance cassette 

2.2.6 Cloning 
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(ARC) was prepared by Overlap Extension PCR to be inserted at the target site. The ampicillin 

resistance gene (bla) was PCR amplified and fused with upstream and downstream homologous 

arms of the target site. The generated ARC cassette was electroporated into the above prepared 

electrocompetent cells (50µl). Transformants were screened using an agar medium containing 

Kanamycin (50µg/ml) and Ampicillin (100µg/ml) antibiotics. The colonies were screened by PCR 

screening method and sequencing after genomic DNA isolation. Positive clones were then further 

used to prepare electrocompetent cells to transform the desired gene (donor DNA). This mutant 

(SSL2) is referred to as PduA[WT] substituted strain (with ARC).  The desired gene to be inserted 

was also generated by the Overlap Extension PCR method containing the upstream and 

downstream homology arms. Donor DNA and psgRNA were electroporated to the above-prepared 

electrocompetent cells respectively. Transformants were screened on Kanamycin (50µg/ml) and 

spectinomycin (200µg/ml) antibiotics. Further positive modified clones were confirmed using 

PCR screening method and Sanger sequencing. The positive mutant obtained is referred to as 

SSL3. 

2.2.9 Growth assay 

For growth assay studies with wild-type Salmonella enterica LT2 and its operon-modified strain, 

5ml overnight grown culture in LB media was used to inoculate 10ml LB supplemented with 0.6% 

1,2-PD. The culture was allowed to grow for 6 h and then cells were harvested and washed three 

times with 1x NCE medium containing 0.6% 1,2-PD and 1 mM MgS04. The washed cells were 

suspended to an OD600 of 0.15 in 1x NCE medium (supplemented with 0.6% 1,2-PD; 0.3 mM 

each of valine, isoleucine, leucine, and threonine; 150 nM CN-B12) and allowed to grow at 37°C 

with constant shaking. For growth analysis of both strains, 200 µl sample was collected at intervals 

and optical density was measured at 600nm. The growth curves were repeated at least three times 

in duplicate and representative curves are shown. 
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TEM images of fabricated gold nanoparticles on the protein surface and protein variants were 

obtained by negative staining using JEM 2100 TEM (JEOL, USA) operated at a voltage of 120 

kV. The samples were added to fomvar coated grids (300 mesh size). The grids of protein samples 

were prepared by adding 10μl of 10μM sample followed by staining with 1% uranyl acetate 

(freshly prepared and filtered) and washing with Mili-Q (pH 7.3-7.5). For fabricated gold 

nanoparticle-protein conjugates, 10μl of the conjugated sample was added directly to the grid. The 

excess sample was wicked off, followed by washing with Mili-Q (pH 7.3–7.5) and drying before 

visualization. 

2.2.10.2 X-Ray Diffraction Studies 

X-ray diffraction (XRD) was employed to evaluate the crystallinity of the fabricated nanoparticles. 

XRD was recorded using Bruker ECO D8 advance with Cu Kα radiation wavelength of 0.1542nm 

at a voltage of 40 kV and a current of 25 mA. The data was collected from 10 to 80 two theta (2θ). 

2.2.10.3 Isothermal Titration Calorimetry 

ITC experiments were performed on a MicroCal PEAQ ITC200 system (Malvern) and carried out 

at physiological pH 7.4 and room temperature 25 ᴼC by titrating 10µM protein solution into a 

sample cell containing 500µM gold precursor solution. Titration involved 39 injections (1µl per 

injection) of proteins at 150s intervals into a sample cell (volume 280ul) with continuous stirring 

at 750rpm. The heat profile of dilution in the buffer was subtracted from titration data and analyzed 

to determine all binding thermodynamic parameters.  

2.2.10.4 Circular Dichroism Spectroscopy 

To analyze the secondary structure of synthetic protein variants and the effect of fabrication of 

gold nanoparticles on the structure of proteins secondary structure estimation was carried out using 

a CD spectrophotometer (Jasco J-1500, CD spectrophotometer). CD spectra of wild-type, synthetic 

protein variants, and shell protein gold nanoparticle conjugates were recorded by taking 200 μl 

protein sample (12μM) using a quartz cell with a path length of 0.1 cm. The samples with 

2.2.10 Characterization techniques 

2.2.10.1 Transmission electron microscopy (TEM) 
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fabricated nanoparticles were centrifuged at 13000 rpm for 30 min and the pellet was re-suspended 

to record the CD. The CD spectra of the supernatant were also recorded. The spectra were recorded 

from 260 to 195nm with an accumulation of three scans and a scanning speed of 200nm/min. The 

sample temperature was maintained at 25 °C using a mini circulation water bath (Jasco MCB-100) 

connected to the water-jacketed sample holder chamber. To check the effect of temperature on 

secondary structures of protein variants CD spectra were recorded from 25 °C to 95°C at the rate 

of 2.5 °C per min. For post-melt studies that temperature was gradually allowed to cool down to 

25 °C and then the spectra were recorded. 

2.2.10.5 Dynamic Light Scattering 

Dynamic Light Scattering (DLS) studies for the size distribution of protein variants were 

performed using a Zetasizer Nano ZSP (Malvern Instrument, UK). The scattered intensity was 

measured at a backscattered angle of 173°. For all measurements, 200 μl of 12μM protein samples 

were taken in a disposable polystyrene cuvette and the intensity percentage was recorded. All 

measurements were done in triplicates. For temperature-dependent size variation of the protein 

variants glass cuvette with a 1ml protein sample was used and the number percentage was plotted 

with respect to the temperature to get the maximum population and avoid aggregates. All 

measurements were done in triplicates. 

2.2.10.6 Fluorescence Spectroscopy 

A fluorescence spectrofluorometer (FS5, Module SC-5, Standard cuvette holder from Edinburgh 

Instruments, UK) was used to study the formation of gold nanoclusters. The shell protein-gold 

nanoparticle conjugate was excited at 370nm and the emission was collected from 500nm to 

700nm with excitation and emission bandwidth of 5nm each. The emission spectra were recorded 

with a 1-minute interval time. Intrinsic steady-state fluorescence measurements for protein variants 

were carried out using 400 μl of 12μM protein samples and were excited at 285 nm and emission 

spectra were recorded from 300 to 400 nm with a bandwidth of 3 nm. 
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DSF studies were carried out using a CFX96 real-time PCR system (Bio-Rad) equipped with a 96-

well block. Each protein variant at 12 μM concentration was mixed with 20x SYPRO Orange dye 

(Sigma) and was loaded into 96-well thin-wall PCR plates (BioRad). Plated were sealed with 

optical-quality sealing tape (BioRad). The temperature was increased from 20 °C to 95 °C in 1 

°C/min at each cycle increments with an equilibration time of 1:30min at each temperature. The 

change in SO fluorescence is monitored over time (λex = 450−490 nm, λem = 610−650 nm) with 

the help of the CFX96 Touch System, which includes one channel with an LED-filter photodiode 

combination designated for single-color fluorescence resonance energy transfer (FRET). The 

transitions measured on the FRET channel were displayed as relative fluorescence units (RFU) 

with respect to temperature. Tm values were calculated from raw DSF curves after baseline 

subtraction and multiple peak fitting. 

2.2.10.7 Differential scanning fluorimetry 
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3.1 Introduction 

 

The first chapter has introduced bacterial microcompartments (BMCs) with detailed information 

about these unique protein organelles which are conditionally expressed and carry out specialized 

metabolic processes in diverse bacteria3,19,33. Their outer envelope is composed of only proteins 

which encase enzymes within, and are involved in specific cascading reactions. The protein 

envelope is built from a few thousand protein subunits belonging to bacterial microcompartment 

shell proteins domain family (Pfam00936)1,37. Shell proteins are seen as structurally equivalent 

proteins with flat hexagonal symmetry which forms the basis of the assembly of facets of BMC 

icosahedral structure. To date, we have a good understanding of the architectural principles of 

BMC shell proteins1,34,36,45,94–96. However, the complexity of a shell with more than one protein 

type is still a puzzle to solve. The shell proteins attain two different types of oligomerization, viz., 

hexamer and psuedohexamer. Hexamer is formed from self-assembly of six canonical BMC 

domains belonging to the BMC domain family. Another variation as psuedohexamers, is a result 

of gene duplication events where two BMC domains are fused in a tandem manner to form a dimer 

and three units of it assemble to form a trimeric pseudohexamer50,97,98. The overall shape of a 

pseudohexamer resembles a canonical hexamer. Furthermore, increasing the complexity, some 

shell proteins are also structurally correlated through circulation permutations32,99. Circular 

permutations result in reordering of amino acid sequences but retain similar topology during 

evolution and play important role in protein folding and function100–102. Intentional circular 

permutations have been introduced to engineer proteins for altering activity, improving stability, 

reducing proteolytic susceptibility and controlling regulation103–108. The BMC domain fold 

consists of three α helices and four β strands1,99. Permuted BMC fold has a secondary structure 

element occurring in different order than canonical BMC fold but with similar 3D topology 

retained. The secondary structure elements contributing to C-terminal region in canonical fold, 

contributes to the N-terminal region in circular permuted BMC fold. Structural studies have 

revealed circularly permutant variants of a single canonical protein fold forming hexamer and also 

in protein folds existing as tandem repeats forming psuedohexamers41,47,48,95. The role of existence 

of a particular amino acid sequence and a distinct topology is lesser understood in bacterial 

microcompartments. In this chapter, the potential role of domain dimerization and circular 

permutation is addressed by exploring one of the complex metabolosomes known, 1,2 propanediol 
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microcompartment (1,2 MCP) with eight different shell proteins. To get insights into the puzzle 

of structural diversity and sequence variation, native sequence of one of the major and well-studied 

shell protein, PduA42,59,61,65 is explored and generated synthetic dimer-protein fold variants. Two 

naturally occurring dimer-domain proteins were considered for this study. PduBB’ is one dimer-

domain protein oligomerizing as a pseudohexamer, critical in MCP assembly and is expressed 

from overlapping genes61,65. It is expressed from an overlapping gene as two proteins namely, 

PduB and PduB’ with identical sequences except the extended N-terminal region in PduBB’. PduB 

is translated from the first start site comprising N-terminal 37 amino acids and the remaining 233 

amino acids. PduB’ on the other hand is a short-length protein that excludes the initial 37 amino 

acids and is translated from the second start site having 233 amino acids. PduBB’ is a well-studied 

protein  for the role of  N terminal 37 amino acids where it is emphasized that the N-terminal 

segment is a disordered region and involved in binding the outer shell to its enzymatic core72,73. 

PduT is another example of a dimer shell protein which is a pseudohexamer. PduT is not an 

essential protein for bacterial microcompartment formation but it contains a 4Fe-4S cluster at the 

center of the pore and may have significant involvement in an electron transfer process42,71,98. 

However, the understanding and significance of different oligomerization states as 

psuedohexamers and hexamer proteins is not clear. So, two new dimer protein variants were 

generated which are structurally similar to pseudohexamer proteins i.e., PduB’ and PduT using the 

PduA sequence which forms hexamer. One is a circularly permutant dimer which is structurally 

similar to PduB’. Another, a non-permuted dimer whose topology is equivalent to naturally 

existing PduT and hence compared to PduT shell protein. 

 

 

3.2 Generation strategy of synthetic dimer-protein variants 

 
 

This is interesting that the shell proteins belonging to the same domain family undergo duplication   

events during the course of evolution and result in different oligomerizations. The question here 

remains why MCP needs such diversity and complexity? Each specific protein sequence dictates 

a specific conformational topology and functional role. Here, we addressed a question, whether a 

particular sequence from one shell protein (single-domain), generating a different topology  
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equivalent to its native counterparts(dimer-domains), will give rise to the same biophysical 

properties as their native protein sequence and topology. For this purpose, we used PduA sequence 

[Figure 3.1] and the linker region sequence present in PduB’ shell protein to generate a synthetic 

tandem bacterial microcompartment domain proteins. For PduA dimer mentioned further as PduA 

[D], direct two PduA domains were fused by a linker sequence (GDVYGNEA) from PduB’ and a 

circularly permutant dimer of PduA mentioned further as PduA [CP_D] was generated by using a 

circularly permuted PduA domain sequence and fusing two such domains using the same linker 

sequence [Figure 3.2 (c)]. To generate a circularly permutant domain of PduA [WT] adapting 

topology similar to PduB’[WT], the two protein’s monomers were aligned using the PyMOL 

software87. On alignment we observed that PduA[WT] (PDB 3NGK) overlapped with the second 

domain of PduB’[WT] (modelled from PDB 4FAY) with an RMSD score of 0.85Å than domain 

1 having RMSD of 1.49 Å. It was seen that they have a similar topology but have different N and 

C terminals highlighting a circular permutation. So, the existing N and C terminal of PduA[WT] 

sequence were joined by a linker and new termini were created at a site similar to PduB’[WT] 

protein structure (domain 2 fold) [Figure 3.2 (a)]. Once we designed the sequences for both variant 

types, the structures were generated using the AlphaFold289,90 and visualized by PyMOL. The 

multiple sequence alignment of PduA [WT] with PduT [WT] showed 30.8% sequence similarity 

and 18% with PduB’ [WT] [Figure 3.2 (b)]. It suggests that PduA[WT] is more related to 

PduT[WT] than PduB’[WT]. PduT[WT] and PduB’[WT] have only 16% sequence similarity. The 

new protein variant sequences when aligned to PduB’[WT], the similarity percentage increased to 

20% with PduA [CP-D] and remained 17.8% with PduA [D]. On aligning with PduT the similarity 

percentage decreased to 25% with PduA [CP-D] and 27.7% with PduA[D]. Thus, PduA[CP_D] 

generated after circular permutation has increased sequence similarity with PduB’[WT] which has 

undergone sequence rearrangement and now has a similar topology, through circular permutation 

of PduA domain. This points to the evolutionary significance of BMC domain variations. 
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Figure 3.2 Schematics of correlation and generation of synthetic dimer-protein variants from 

WT proteins.  a) AlphaFold2 was used to generate the structure of dimer variants and 

visualized using PyMOL to show the domain fold of protein variants. PduA[WT] structure 

highlights the cutting and pasting sites for circular permutation. b) Multiple sequence 

alignment of protein variants with PduA domain sequence using ClustalW c) Image showing 
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the design of dimer-protein variants from PduA[WT] sequence, PduA[D] (red), PduA [CP-

D] (red and pink to distinguish circular permutation region). For circular permuted variants, 

the permuted site is highlighted with black arrow along with residue numbers. 

 

 

3.3 Cloning overexpression and purification of synthetic dimer-protein variants 

 

We used the Gibson cloning88 methodology to obtain the synthetic dimer-protein variant 

constructs, PduA [D] and PduA [CP-D]  and PduT [WT] construct. The polymerase chain reaction 

(PCR) was used to amplify the designed fragments with overlap regions corresponding to the 

fragments and the vector. The amplified products were then ligated with the linearized vector by 

following the Gibson procedure and transformed in a cloning expression strain DH5-α [Figure 3.3 

(a)]. The positive clones were screened on an antibiotic agar plate and further verified using colony 

PCR and sanger sequencing [Figure 3.3 (b)]. Post verification of the positive clone it was 

transformed in a protein expression strain BL21 (DE3) PlysS cells for protein induction and 

purification. PduT[WT], PduA [D] and PduA [CP-D] proteins were overexpressed and purified 

using the same protocol used for other wild-type shell proteins44,80,109. The overexpression of 

proteins was induced at 0.5mM IPTG at 28ᴼC for 8 hr at an OD600 of 0.6. The cells were harvested 

and lysed post induction and checked for the induction of proteins. We found the proteins to be 

expressed in both soluble fraction and inclusion bodies. Although, the expression in a soluble 

fraction was less and most of the protein was present as inclusion bodies. We proceeded with the 

protein present in a soluble fraction as it was sufficient for our biophysical studies. Interestingly, 

we observed PduA [CP-D] to be more soluble like PduB’[WT] as compared to PduA [WT] and 

PduA [D]. For purification Ni-NTA affinity chromatography methodology was used as previously 

used for WT shell proteins. The N-terminal 6xHis-tag proteins were passed through the pre-

equilibrated with Ni-NTA resin. The beads were equilibrated with column buffer which has a 

composition of 50mM Tris, 200mM NaCl, and 5mM Imidazole, pH 7.5. The proteins were eluted 

with same column buffer but at 200mM Imidazole concentration, pH 7.5. The concentration of 

proteins was estimated using the Bradford assay. 
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Figure 3.3 Schematics of Gibson Assembly protocol and corresponding gel images of PCR 

products. a) Schematic showing Gibson cloning method used to clone synthetic dimer protein 

variants. b) Agarose gel image of colony PCR products screening for positive clones (i) 

PduA[D] and PduA[CP-D]; (ii) PduT[WT]. Highlight bands are specific to PCR product 

respective to the desired insert size. 
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3.4 Biophysical studies to characterize the protein fold variants 

 

To understand the folding, self-assembling, morphology and stability properties of the synthetic 

protein variants and compare them to their WT protein counterparts having similar structural 

topologies, we used an array of biophysical techniques. 

 

3.4.1 Circular dichroism and steady-state fluorescence spectroscopy to estimate the 

secondary structure and folding of synthetic dimer-protein variants 

 

3.4.1.1 Circular dichroism 

The native shell proteins give an α-helix signature when studied for secondary structure using Far-

UV circular dichroism (far-UV CD). In Far-UV CD spectra, an α-helix shows two minima at 

222nm and 208nm. The CD spectra showed a presence of an α-helix secondary structure for new 

protein variants and hence indicated that the proteins are properly folded. PduT [WT] shell protein 

was also verified for secondary structure as it was cloned for these studies and was found to have 

an α- helix signature as evident from the spectrum [Figure 3.4 (a)]. However, closely monitoring 

the spectra it is observed that the spectrum does not exactly overlap for all the protein variants. 

Instead, each respective protein spectrum has its own distinct features. PduB’[WT] and PduT [WT] 

protein’s CD spectra overlap with minima at 208nm and 222nm [Figure 3.4 (a)]. PduA and 

PduA[D] CD spectra show similar spectrum features whereas PduA [CP-D] has a distinct spectrum 

with more negative ellipticity at 208nm. 

 

3.4.1.2 Steady-state fluorescence spectroscopy 

Steady- state fluorescence spectroscopy measures the intrinsic fluorescence of aromatic amino 

acids present in the proteins. Table 3.1 gives information about the aromatic amino acids that are 

present with respect to the shell proteins and their synthetic protein variants. The WT proteins and 

proteins generated for this study have presence of either of combination of three different aromatic 

amino acids (tyrosine, tryptophan, phenylalanine). PduA[WT] has single tyrosine present and on 

excitation at λex 285nm, it gives emission fluorescence wavelength at λem 312nm. PduB’ [WT] has 

six tyrosine and four phenylalanine intrinsic fluorophores. When excited it gives fluorescence 

emission at λem 300nm. A similar emission λem 300nm was observed in PduA[CP-D] which has a 
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structurally equivalent topology and three tyrosine residues. Another interesting observation is 

with PduT [WT] protein containing all the three intrinsic fluorophores each two in number. It gives 

a fluorescence emission at λem 335nm. PduA [D] which has a topologically similar protein to PduT 

[WT] gave fluorescence emission at λem 328nm. [Figure 3.4 (b)]. The WT and the synthetic dimer 

proteins has their own characteristic fluorescence emission spectra. This further proves that the 

synthesized proteins are properly folded and different packing of protein structure gave different 

emission wavelengths.  

 

Table 3.1 Table with information about the abundance of aromatic amino acid residues 

present in shell proteins and their synthetic dimer-domain protein variants used in this 

chapter.  

 

 

 

 

3.4.2 Dynamic light scattering and TEM analysis to demonstrate the ability of self-

assembling of synthetic dimer-protein variants into higher order structures 

 

Bacterial microcompartment domain proteins has intrinsic property of self-assembly. So, it was 

interesting to know if these protein domain variants have still retained intrinsic property of self-
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assembly to form higher order structures. To address this, we performed dynamic light scattering 

(DLS) experiments and plotted the intensity percentage. We observed the broad size distribution 

of PduA [D] in size range of 50nm-100nm and 200nm-500nm whereas for PduA [CP-D] the size 

lies in the range of 50nm -200nm and another population in 200nm-700nm size range. These broad 

size distributions are in a similar range to WT proteins. PduA [WT] showed bigger size distribution 

of sheets from 200nm to 900nm and PduB’ [WT] 50-200nm, 200-800nm as already reported80,109. 

PduT [WT] protein also showed size distribution from 50-150nm, 300-700nm. This suggests that 

protein variants can form higher order structures. Transmission electron microscopy (TEM) further 

showed that the protein variants retain self-assembling properties to form higher order 

supramolecular structures. PduA [WT] and PduB’ [WT] protein when overexpressed and purified 

form 2D sheets45,79,110. Synthetic protein variants from PduA domain sequence when expressed 

and purified they resulted in interesting self-assembling structures. PduA [D] protein generated by 

fusing two domains of PduA [WT] forms tubes [Figure 4 (d)]. This could be due to the fact that 

on dimerization the angle between the consecutive hexamers is a little bent which resulted in 

tubes30,69,111. On the other hand, PduA [CP-D] forms long thin sheets similar to PduA [WT] [Figure 

3.4 (f)]. PduB’ [WT] as earlier reported forms extended 2D sheets [Figure 3.4 (g)]. PduT [WT] 

protein which has a tandem domain repeats and has a similar topology like PduA [D] is observed 

to form self-assembled extended sheets [Figure 3.4 (e)]. This result was very encouraging where 

we observe that protein variants can self-assemble to from higher order structures.  

 

3.4.3 Native PAGE shows oligomerization and stability  

We performed native page to further investigate the oligomerization state of proteins. Native 

PAGE separate the proteins according to their molecular mass and under native conditions. 

Therefore, the oligomerization state of the proteins remain preserved. However, the proteins were 

separated under three conditions: unboiled (UB), boiled for 10min (B) and in the presence of SDS 

(SDS). Unboiled samples retain the higher order assemblies, whereas boiling the samples will 

allow the disruption of higher order assemblies and denaturation of proteins. Under this treatment 

smallest possible oligomer or monomer state of proteins will also be separated. SDS treated 

samples will assay the stability of proteins towards detergents. 10% native page was used and 

samples were loaded as unboiled (UB), boiled for 10 min (B), and in the presence of SDS (SDS). 
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We observed that all proteins form multiple distinct higher-order assemblies [Figure 3.4 (c)] which 

are heat and SDS-resistant as evident in UB and SDS lanes.   

 

 

 

Figure 3.4 Characterization of WT and synthetic proteins using an array of biophysical 

techniques. a) Overlapped Circular dichroism spectra showing α helix secondary structure 

of PduA [WT] (black), PduA [D] (red), PduA [CP-D] (green), PduB’ [WT] (blue) and PduT 

[WT] (cyan). b) Fluorescence emission spectra overlaid of PduA [WT] (black), PduA[D] 

(red), PduA [CP-D] (green), PduB’ [WT] (blue) and PduT [WT] (cyan). c) Native-PAGE of 

PduA [WT], PduA [D], PduA [CP-D], PduB’ [WT] and PduT [WT] under unboiled, boiled, 

and presence of SDS conditions. Dynamic light scattering (DLS) showing size distribution of 

proteins in the range of 100-800nm and TEM micrographs shows self-assembled structures 

of d) PduA[D] (red) size distribution (left) and TEM image(right). e) PduT [WT] (cyan) size 

distribution (left) and TEM image (right). f) PduA [CP-D] (green) size distribution (left) and 

TEM image (right). g) PduB’ [WT] (blue) size distribution (left) and TEM image (right). All 
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protein variants assemble and form higher order structures. PduA [D] from tubes while 

other proteins self-assemble as extended sheets.  

  

Till now we concluded that synthetic proteins are well folded and retain their self-assembling 

nature similar to WT proteins although the architecture is different. Next, we want to measure and 

compare how stable are these when subjected to high temperatures. We have performed 

temperature dependent stability studies using CD, DLS and DSF. CD gives an information about 

how stable is secondary structure elements w.r.t to temperature. Temperature dependent DLS will 

indicate the stability of higher order structure present in these proteins. Fluorescence based 

temperature ramp using DSF will provide an insightful information about the exposed hydrophobic 

patches on the sheet as well as the hydrophobic surfaces present in the core of the protein. 

 

3.5 Temperature dependent stability studies of the protein fold variants using 

CD 

 

Using circular dichroism, we measured the temperature dependent stability of two major shell 

proteins, PduA[WT] and PduB’[WT]. These shell proteins have different oligomerization state, 

hexamer being exhibited by PduA[WT], oligomerized from a single-domain and pseudohexamer 

by PduB’[WT], oligomerized from a dimer-domain. CD thermal melt studies were performed from 

25 O C to 95 O C with a rate of 2.5/min using 12µM of proteins. We observed that PduA[WT] doesn’t 

show significant uncoiling of secondary structure when subjected to thermal melt while 

temperature ramping from 25 O C to 95 O C. This implies that the secondary structure is retained with 

strong interactions which does not break on heating. Whereas, PduB’ [WT] shows unfolding after 

80 ᴼC where it loses its native conformation. The negative maxima at 208nm shifts to 200nm after 

80 ᴼC indicating uncoiling of secondary structure.  This is contrasting behavior of PduB’[WT] 

pseudohexamer protein compared to PduA[WT]. The post melt spectra for both proteins show 

structures are retained after cooling from 95ᴼC to 25ᴼC as it overlaps with the pre-melt spectra. It 

suggests that PduA[WT] is held with more strong interactions and consecutively more compact as 

compared to PduB’[WT]. Therefore, the structure of PduB’ [WT] is not rigid as PduA[WT] rather 

it shows flexibility. To determine the melting temperature of proteins, CD signal at 222nm was 
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monitored and fraction of unfolded protein was calculated and plotted as a function of temperature 

and fit to Boltzmann distribution (Eq.1).  

 

                                                              -                equation (1) 

 

 

(Where A1 and A2 are the initial and the final values, Tm is the midpoint of the transition, and dT 

is the slope of the transition)   

 

It is seen that, PduA[WT] protein shows the absence of proper S-shaped curve when fraction of 

unfolded protein was plotted. On the other hand, pseudohexamer protein PduB’[WT] Boltzmann 

fit gave Tm of 81.4 ± 2.4 ᴼC [Figure 3.5 (d, e)]. We wondered whether this characteristic is specific 

to pseudohexamer proteins. Therefore, we performed temperature dependent CD studies with other 

dimer protein and compared. PduT [WT] [Figure 3.5 (b)] temperature dependent CD spectra shows 

decrease in negative ellipticity at 80ᴼC, thus indicating loosening its native conformation which is 

retained after cooling to 25ᴼC. The Boltzmann fit gave the Tm of 83.4 ± 1.6 ᴼC. On analyzing other 

synthetic dimer protein variants generated from PduA[WT] sequence i.e, PduA [D] gave a Tm of 

89.01 ± 4.5 ᴼC [Figure 3.5 (a)] where as PduA [CP-D] gave Tm 85.2 ± 9.3 ᴼC [Figure 3.5(c)]. Here, 

the temperature dependent CD spectra of domain protein variants data illustrate that the proteins 

secondary structure elements are stable and more compact in the case of PduA [WT] and 

PduA[WT] sequence variants i.e., PduA [D], PduA [CP-D], with increasing temperatures. BMC 

native dimer proteins PduT[WT] and PduB’[WT] shows a decrease in CD intensity with increasing 

temperature which signifies the change in native conformation.  Interestingly, PduA[WT] protein 

variants on dimerization showed similar temperature-dependent behavior as of PduA [WT] [Figure 

3.5(e)]. This finding is surprising as in circularly permuted variant of PduA[WT], the topology is 

similar to PduB’[WT] and expects to behave similar to PduB’[WT]. The direct dimer protein 

variant of PduA[WT], having similar topology to PduT[WT] also doesn’t unfold significantly as 

observed in CD spectra and behaves similar to PduA[WT]. We hypothesize that this behavior of 

protein variants is specific to amino acid residues present in PduA protein and is not correlated to 

overall topology of the protein.  
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3.6 Temperature dependent size distribution studies of the protein fold variants 

using DLS 

 

Next we proceeded and performed temperature dependent DLS studies to measure the size 

variation of protein higher order assemblies with respect to temperature ramp. For temperature 

dependent studies we measured the number mean percentage to avoid the population due to 

aggregation of large sizes assemblies present in micron size range. The hydrodynamic diameter 

was recorded while subjecting the proteins to higher temperature till 95 ᴼC from 25 ᴼC. We 

compared all the dimer protein variants. PduA [D] protein variant showed a constant size range 

around 300nm [Figure 3.6 (b)]. There is no significant decrease in size observed with temperature 

ramp. This is probable due to the reason that PduA [D] forms tubes as supramolecular assemblies 

which are held with strong interactions and doesn’t break easily into smaller structures. On the 

other hand, PduT [WT] [Figure 3.6 (a)] which is an equivalent protein to PduA [D] in topology 

but assembles as thin sheets shows a significant decrease in size from 250nm to 150nm starting 

from 55 ᴼC. PduB’ [WT] also significantly showed a decrease in size from 600nm to 200nm on 

heating after 55 ᴼC. This suggests a disassembly of protein sheets formed by PduB’ [WT] [Figure 

3.6 (c)] protein into smaller size. Interestingly, PduA [CP-D] protein which is structurally similar 

to PduB’ [WT] showed a decrease in size distribution from 200nm to 150nm [Figure 3.6 (d)] with 

increase in temperature. When compared to PduA [WT] [Figure 3.6 (e)] protein, it showed 

decrease in size from 400nm to 200nm on heating from 25 ᴼC to 90 ᴼC. There is a disassembly of 

sheets formed by all protein variants at and above 55 ᴼC but a significant size shift is observed in 

PduB’[WT] and PduT[WT] pseudohexamer proteins. PduA [D] which assembles as tubes showed 

no change in the size. This temperature, 55 ᴼC, where disassembly is observed for the protein 

variants is significant when the stability of MCP is taken into picture. The MCP is stable till 55 ᴼC 

where it loses its diol dehydratase activity to 50% 112.   
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 Figure 3.6 Temperature dependent size distribution studies of WT and their synthetic 

variants using Dynamic Light Scattering (DLS). Bar graphs showing the temperature 

dependent variation in sizes using Dynamic Light Scattering (DLS). a) Bar graph shows the 

decrease in the size from 250nm to 150nm with increase in temperature for PduT [WT]. b) 

Bar graph shows the constant size distribution in the range of 300nm with increase in 
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temperature for PduA [D]. c) Bar graph shows the exponential decrease in the size 

distributions from 600nm to 200nm with increase in temperature for PduB’ [WT]. d) Bar 

graph shows the size distribution in the range of 200-150nm with increase in temperature 

for PduA [CP-D]. e) Bar graph shows the decrease in the size from 400nm to 200nm with 

increase in temperature for PduA [WT]. Each temperature has three data sets which are 

represented by overlapping bars with slightly difference in color. 

 

3.7 Fluorescence based temperature dependent stability studies of the protein 

fold variants using DSF 

 

Further, to compare the global stability of the protein variants we used differential scanning 

fluorimetry (DSF)113 to capture the unfolding events at tertiary and quaternary level. This 

experiment uses an external fluorescent probe, Sypro orange (SO) which binds to an exposed 

hydrophobic rich patches in a protein and gives fluorescence. Therefore, this will provide 

information on unfolding of proteins due to thermal assault which will result in alterations in 

protein higher order structures and unfolding based on the exposed hydrophobic patches which 

will be probed. Thermal scan of protein domain variants in presence of SO (20x) at 20µM 

concentrations of protein was carried out from 20 ᴼC to 100 ᴼC with 1 ᴼC increment, equilibrated 

for 1:30min. The assay was performed in a solution phase. SYPRO orange dye alone was kept as 

a control in addition to all the protein-dye mixture samples. Obtained DSF curve as Relative 

Fluorescence Unit (RFU) vs temperature are baseline corrected and transition temperatures are 

calculated from Boltzmann fit.  As a unique signature of shell proteins is already reported that 

there is higher initial increase in SO fluorescence due to exposed hydrophobic patches on proteins 

morphology81. PduA [WT] protein shows an initial high fluorescence and later enhancement in the 

fluorescence of SO is observed with an increase in temperature. The transition temperature (Tm) 

calculated from RFU plot (relative fluorescence unit) for PduA [WT] protein is 59.1 ± 0.1 ᴼC  



Chapter 3 

 

44 
 

 

Figure 3.7 Fluorescence based temperature dependent studies of WT and their synthetic 

variants using Differential Scanning Fluorimetry (DSF). DSF plots monitoring the 

fluorescence emitted by Sypro Orange on detecting exposure of hydrophobic patches upon 
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thermal ramping from 20 ᴼC to 90 ᴼC. DSF data is plotted as RFU vs temperature. a) Raw 

RFU curve (top), Boltzmann fit for transition temperature after baseline correction (bottom) 

resulting in Tm 54.9 ± 0.05 ᴼC for PduA [D]; b) Raw RFU curve (top), Boltzmann fit for 

transition temperature after baseline correction (bottom) resulting in Tm 83.8 ± 0.05 ᴼC for 

PduT [WT]; c) Raw RFU curve (top), Boltzmann fit for transition temperature after baseline 

correction (bottom) resulting in Tm 62.9 ± 0.1 ᴼC for PduA [CP-D]; d) Raw RFU curve (top), 

Boltzmann fit for transition temperature after baseline correction (bottom) resulting in two 

different Tm 49.3 ± 0.06 ᴼC and Tm 85.8 ± 0.11ᴼC for PduB’ [WT]; e) Raw RFU curve (top), 

Boltzmann fit for transition temperature after baseline correction (bottom) resulting in Tm 

59.1 ± 0.1 ᴼC for PduA [WT]. Tm values are marked by a red vertical line. DSF curves shown 

here are representation of three independent experiments.    

 

[Figure 3.7 (e)]. Further, DSF curves were also de-convoluted to multiple peak fitting due to broad 

peaks observed, indicating multiple transitions. The broad peak when deconvoluted is best fitted 

to two peaks to 56.2 ±0.2ᴼC and 69.1 ±1.4ᴼC [Figure 3.8 (e)]. The peaks around 50-60ᴼC correlates 

to the destabilization of BMC shell and reduced BMC activity. We expected an increase in Tm for 

dimer protein variants of PduA [WT] but interestingly, similar characteristic was observed with 

PduA [WT] protein variants i.e., PduA [D] at 54.9 ± 0.05 ᴼC [Figure 3.7 (a)] and PduA [CP-D] at 

62.9 ± 0.1 ᴼC [Figure 3.7 (c)]. There is a slight increase in Tm in circularly permuted dimer version 

of PduA [WT]. However, on deconvolution PduA[D] is best fitted to three peaks 53.1 ±2.7ᴼC, 67.7 

±4.1ᴼC, 83.0 ± 3.1ᴼC and PduA[CP-D] fit to two peaks 61.3±0.4ᴼC and 76.6±0.9ᴼC [Figure 3.8 

(a,c)]. PduT [WT] pseudohexmer protein has shown high stability with Tm observed at 83.8 ± 0.05 

ᴼC and multiple peak fit to single peak fit at 82.9±0.05ᴼC [Figure 3.7 (b), 3.8 (b)]. PduB’ [WT] 

pseudohexamer was also observed with high Tm but with another transition at lower temperature. 

The two transitions at 49.3 ±0.06 and 85.8 ±0.1 ᴼC [Figure 3.7 (b)] and on deconvoluting peaks, 

the two transition temperatures were observed at 51.8±1.6ᴼC, 82.3±0.3ᴼC [Figure 3.8 (b)]. This 

behavior of PduB’ [WT] was interesting which was observed earlier as well indicating possibility 

of different population stabilities81.   
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Figure 3.8 Multiple peak fitting of DSF curves for WT and their synthetic protein variants. 

DSF curve is deconvoluted and fitted to multiple peak transitions. a) Transition temperature 

after multiple peak fitting resulting in three peak transitions at 53.1 ±2.7ᴼC, 67.7 ±4.1ᴼC, 83.0 

± 3.1ᴼC for PduA [D]; b) Transition temperature after multiple peak fitting resulting in single 
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peak fit at 82.9±0.05ᴼC for PduT [WT]; c) Transition temperature after multiple peak fitting 

resulting in two peaks at 61.3±0.4ᴼC and 76.6±0.9ᴼC for PduA [CP-D]; d) Transition 

temperature after multiple peak fitting resulting in two peaks at 51.8±1.6ᴼC, 82.3±0.3ᴼC for 

PduB’ [WT]; e) Transition temperature after multiple peak fitting resulting in two peaks to 

56.2 ±0.2ᴼC and 69.1 ±1.4ᴼC for PduA [WT]. Transition temperatures are mentioned at the 

peak positions. DSF curves with multiple peak fitting shown here are representation of three 

independent experiments.   

 

Table 3.2 Transition temperatures for dimer domain protein variants obtained from 

Differential Scanning Fluorimetery, determined by Boltzmann fit and multiple peaks fitting 

and Circular Dichroism determined by Boltzmann fit.  
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3.8 Conclusion 

 

This work sheds light on the significance of existence of two type of oligomerization states of 

proteins present in the microcompartment shell. In an attempt, two synthetic dimer protein variants 

were generated using a sequence of one of the major shell proteins PduA[WT] which is a hexamer. 

We compared a dimer variant of PduA[WT] with its native counterpart PduT[WT] which is 

structurally similar to it, and a circularly permuted dimer variant of PduA[WT] which is 

structurally equivalent to PduB’[WT]. We found interesting results where foremost, the proteins 

after purification were folded in their native conformations with presence of an α-helix secondary 

structure as assayed by circular dichroism and fluorescence experiments. Further, studies by DLS 

and TEM, evidently proven that they retained the self-assembling property and forms higher order 

supramolecular structures. All the shell proteins forms sheets whereas PduA [D] forms tubes, 

probably due to the bent angle formed between the hexamers due to dimerization. Temperature 

dependent results show that the protein variants are thermostable (Table 3.2). However, native 

dimer proteins PduB’ and PduT are found to be stable till 80 ᴼC and DLS data showed the 

disassembly of higher order structures into smaller size at 50 ᴼC at which MCP loses its 50% 

activity. Thus, disassembly at this temperature abrogates the assembly of shell proteins of MCP as 

reported earlier. However, no significant disassembly is observed with protein variants. On 

comparing PduA [WT] and its synthetic variants using thermal melt studies shows that the 

secondary structure elements in PduA sequence protein variants did not unfold till 90 ᴼC and 

indicates they are compact and rigid as native PduA [WT] protein even though they share a 

topology similar to native dimer proteins. From these studies we can infer that the protein sequence 

governs the biophysical properties of BMC domain proteins and consecutively their functions as 

well. Irrespective of the topology attained the properties belong to the original core of the amino 

acid sequence. This defines why BMC has evolved with a particular sequence and adopted a 

specific conformational topology for hexamer and psuedohexamers which defines their 

physiochemical properties. Sequence plays a more important role in BMC domain proteins which 

balances and provides both rigidity and flexibility to BMC to function better in a coordination 

manner. This finding will further aid in studying the functional attributes of the BMC proteins.  



 

 
 

 

CHAPTER – 4 

Understanding the role of 

single-domain proteins by 

dissecting tandem domains in 

MCP



 

   
 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

 

49 
 

4.1 Introduction 
 

Bacterial microcompartment shell proteins are known to oligomerize from single-domain or 

dimer-domain as hexamer and pseudo hexamers respectively. In the previous chapter, PduA [WT] 

protein sequence which is a single domain was explored to form the dimer protein variants. In one 

instance, a dimer protein was generated by directly fusing two monomers in a tandem fashion with 

the help of a linker present in the native PduB’ [WT] sequence. This variant is similar to PduT 

[WT] protein already present in BMC.  In another instance, a circular permutant dimer is generated 

from PduA [WT] similar to PduB’ [WT] in overall topology. The behavior of these dimer variants 

was found to be sequence-specific, not structure-specific. This result was unexpected and seems 

interesting which leads to another question what if all shell proteins present in BMC are only 

single-domain proteins oligomerizing as hexamers? How will the sequence and structure now 

determine the structure and function of overall BMC? A strong correlation between sequence 

specificity and topology is witnessed which forced us to look at another picture of the existence 

and role of single-domain shell proteins in the microcompartment. Single-domain proteins that 

were experimentally verified to be present in the 1,2 Pdu microcompartment which oligomerizes 

as hexamers from six monomer units are PduA, PduJ, PduU 41,42,64. PduJ has an 80% identical 

amino acid sequence to PduA and it is known to play an essential role in MCP assembly in 

coordination with PduA protein64,111. PduU is a circular permutant version of PduA canonical fold 

which is a minor component in the MCP shell. The relatedness of shell proteins by sequence and 

topology has been fascinating. Also, we are aware of the fact that conformation and sequence 

variation in proteins dictate their function114,115. So, we wondered what if the sequence from the 

dimer protein is used to generate a single-domain protein? The study of their properties will shed 

light on the interesting facts when compared to native single-domain proteins. So, we focused on 

generating a few single-domain protein variants from one of the major shell proteins i.e., PduB’ 

[WT]. Therefore, in this chapter, I explored PduB’ [WT] dimer-domain protein to get single-

domain proteins and study their properties and compare them to native single–domain protein 

PduA [WT]. PduB’ [WT] was dissected into two individual single-domain proteins i.e., PduB’ 

[D1] and PduB’ [D2]. Studying these single-domain proteins has resulted in some interesting 

results owing to their independent existence. Further, we thought to get a single domain that has a  
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similar 3D topology like PduA [WT] and sequence from PduB’ [WT]. To obtain this construct we 

used PyMOL software87 and performed structural alignment of monomer units from PduA[WT] 

to PduB’ [WT]. PduA[WT] aligns with the second domain of PduB’ with a better RMSD score of 

0.85 Å than the first domain with a RMSD of 1.49 Å [Figure 4.3 (c)]. So, we, chose the second 

domain of PduB’[WT] and circularly permuted it to get a structure similar to native PduA and 

characterized. It is referred to as PduB’ [CP-D2] in future text. The sequence of proteins used is 

shown in Figure 4.1.  

 

Here we are using PduB’[WT] which is a smaller version of version of PduBB’[WT] protein with 

an extra N-terminal 37 amino acid residues61. These 37 amino acids form intrinsically disordered 

N-terminus region whose role is established in protein-protein interactions72,73. So, in our studies, 

we explored a smaller version of PduBB’ i.e., PduB’ and compared both domains of PduB’ protein 

(domain1 and domain2) for its dynamic and flexible behavior. As mentioned in Chapter 3, 

PduB’[WT] is noticed to carry a less compact structure than PduA[WT] as observed from 

temperature-dependent circular dichroism studies. We speculate this is due to the presence of two 

domains which governs the overall less compact structure and melts at high temperature.  To 

understand the probable behavior from each domain we first used an online web server, 

MEDUSA92 which predicts protein flexibility from amino acid sequence. We fed amino acid 

sequences from single domains of PduB’[WT], PduB’ [D1], and PduB’ [D2] [Figure 4.2(a)] in the 

online server. Along with these slice-up domains, other shell proteins were also analyzed. PduA 

[WT] single-domain hexamer protein and PduN [WT] single-domain pentamer protein were 

compared. The results showed that PduB’ [D1] and PduN [WT], proteins have high flexibility 

percentages of 43 % and 41% respectively. This data was very interesting knowing that the PduB’ 

[D1]  has an equal percentage of flexibility as PduN [WT] protein which is a pentamer protein and 

known to be the most flexible protein55,74. However, PduB’ [D2] has 28% flexibility comparably 

less than PduB’ [D1]; and is similar to the flexibility percentage of PduA [WT] protein (31%). 

Interestingly, PduK [WT] protein also has a comparable flexible score of 43% to PduB’ [D1]and 

PduN [WT]. PduK protein structure and function are not known but it comprises a single BMC 

domain with a long extended C-terminal which is a disordered region that might be responsible 

for high flexibility42,71. PduT [WT] protein which is another pseudohexamer like PduB’, was also 

analyzed as two domains separately. PduT [WT] domain 1 and domain 2 have 26% and 22% 
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flexibility respectively. Other monomer shell proteins PduU [WT] and PduJ [WT] have 33% and 

29% flexibility (Table 4.1). We also verified these results using another online server, CABSflex91 

which predicts the protein flexibility from protein structure. It generates protein dynamics using a 

coarse-grained model. We predicted the protein structures for this simulation using alphafold289,90, 

and visualized and analyzed them using PyMOL87.  

 

 

 

 

Figure 4.2 a) Protein flexibility prediction using MEDUSA web-server for PduA[WT], 

PduB’[WT], PduN[WT], PduB’[D1] and PduB’[D2] b) Residual flexibility plot using CABS-

Flex web-server. CABS-Flex estimated RMSF scores for the flexibility and rigidity of 

PduA[WT], PduN[WT], PduB’[D1] and PduB’[D2]. 

 

 

On comparing proteins, we found a remarkable flexibility in PduB’ [D1] and PduN [WT] shell 

proteins having high mean residual fluctuation (rmsf) values at many stretches along the stretch of 

protein sequence [Figure 4.2(b)]. Encouraging by these results, we wanted to study these proteins 

further using an array of experimental biophysical techniques. We first initiated by generating the 

constructs of PduB’[D1] and PduB’ [D2] as individual single-domain proteins, and a circularly 

permuted PduB’ domain2 named PduB’ [CP-D2] using DNA recombinant approaches. Here, 

PduB’ [CP-D2] will serve as a structurally equivalent protein of PduA [WT] which will share the 
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same 3D topology. Studying domain 1 and domain 2 of PduB’ will answer whether the flexibility 

in a structure as seen by circular dichroism is a cooperative effect of both domains or is a property 

of a single domain present. Also, the existence of a single domain of all three proteins and studying 

their properties will be interesting. This will also put some insights into the question that why a 

particular sequence exists as a dimer protein or as a single-domain protein.  

 

 

Table 4.1 Table showing flexibility percentage values when compared domain flexibility 

using MEDUSA server.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We also performed the multiple sequence alignment of all the single-domain proteins to get 

insights into the relatedness of the protein sequences. PduB’ [D1] and PduB’ [D2] show 19% 

similarity (Figure 4.3 (e)). On comparing the sequence similarity of PduA [WT] with both the 

domains, PduB’[D1] and PduB’ [D2], it is seen to have 16% and 17% sequence similarity. 

Rearranged protein sequence on circular permutation, PduB’ [CP-D2], the similarity score shifts 

to 19%. This suggests that domain 2 is more related and has more sequence similarity to PduA 
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[WT] and on rearrangement, it increased further. When compared to the structures, PduB’ [D1] 

and PduB’ [D2] structures are aligned at RMSD of 5.32Å. PduB’ [D1]   and PduA [WT] aligned 

at RMSD 1.49Å.  PduB’ [D2] and PduA [WT] aligned at RMSD 0.85Å. After circular permutation, 

PduB’ [CP-D2] and PduA [WT] aligned at RMSD 0.93Å. [Figure 4.3 (a-d)].  

 

 

 

 

 

 

Figure 4.3 Structural and sequence alignment of single-domain protein variants. a) PduB’ 

[D1] and PduB’ [D2] aligned at RMSD 5.32Å. b) PduB’ [D1] and PduA [WT] aligned at 

RMSD 1.49Å. c) PduB’ [D2] and PduA [WT] aligned at RMSD 0.85Å. d) PduB’ [CP-D2] and 

PduA [WT] aligned at RMSD 0.93Å. Structure alignments were performed using PyMOL. 

e) Multiple sequence alignment of single–domain protein variants using ClustalW. 
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4.2 Generation of Single-domain protein variants  

 

PduB’ WT protein was dissected into its domains from the linker region joining the two domains. 

The first domain was dissected to the first half till the linker region which corresponds to 350 

residues, PduB’ [D1], and domain 2 was dissected to the second half after the linker region and 

contributes to 300 residues, PduB’ [D2]. These domain residues were then used as inputs to predict 

the structure of proteins from alphafold2 [Figure 4.4 (a-i, iii)]. Further, to generate the circular 

permutant protein of PduB’ [D2], we first aligned it with PduA monomer using the PyMOL 

software. The aligned structures were then used to find the circular permutation. [Figure 4.4 (a-ii)] 

shows the region marked by a scissor which will be cut to create new N and C- terminals and a 

region that will be joined, highlighted by an orange curved line. After having a circular permutant 

variant, the protein structure was predicted by alphafold2 and visualized by using PyMOL software 

[Figure 4.4 (a-iv)]. To generate these single-domain variants, we used the Gibson assembly 

protocol as a DNA recombinant method. The Gibson assembly method is described explicitly in 

Chapter 3 as the same method was used to generate dimer protein variants. The design of the 

circularly permuted variant from PduB’ [D2] to generate a construct is shown in [Figure 4.4 (b)]. 

The amplified DNA fragments corresponding to each protein sequence were ligated to a linearized 

vector using the Gibson assembly88 method and transformed in the DH5α cloning strain. The 

positive clones were screened using the colony PCR methodology [Figure 4.4 (c)]. The positive 

clones were then verified with Sanger sequencing and transformed into expression strain 

BL21(DE3) PlysS cells. The protein expression at 0.5mM IPTG concentration for 8 hr at 28 ᴼC 

was standardized as described in Chapter 3 and protein was obtained in a soluble fraction. Ni-NTA 

affinity chromatography was used for protein purification as previously used for WT shell proteins. 

The lysate of the protein mixture obtained after cell lysis was passed through the pre-equilibrated 

Ni-NTA resin, equilibrated with column buffer (50 mM Tris, 200 mM NaCl, and 5 mM Imidazole, 

pH 7.5). The column was then washed with the same buffer and then increasing the concentration 

of Imidazole to 50 mM. The purified proteins were eluted at 200 mM Imidazole concentration and 

protein concentration was assayed using Bradford assay methodology.  
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Figure 4.4 Schematics for generation of single-domain protein variants.  a) (i) PduB’[WT] 

modelled from PDB 4FAY. Each domain is shown in a different color. PduB’ [D1] (green) 

and PduB’ [D2] (blue). (ii) PduB’ [D2] showing the two ends which will be joined by a linker 

and a scissor marking the region where new N and C terminus will be generated (blue). (iii) 

Dissected individual domain structures PduB’ [D1] and PduB’ [D2] are predicted from 

AlphaFold2 and visualized using PyMOL (iv) Image showing the circularly permuted PduB’ 

[D2] (red) and PduA[WT]. Image of PduB’ [CP-D2] generated using PyMOL which was 

predicted from AlphaFold2. (b) Schematic presentation of the design of single-domain 
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protein variants from PduB’[WT]. For circularly permuted variants, the permuted site is 

highlighted with a black arrow along with residue numbers (c) Agarose gel electrophoresis 

image of cloning of single-domain variant proteins. (i) Colony PCR products screening for 

positive clones of PduB’ [D1]. (ii) Colony PCR products screening for positive clones of 

PduB’[D2] and PduB’ [CP-D2]. 

 

 

 

4.3 Biophysical characterization of natural and synthetic single-domain 

variants 

 

4.3.1 Circular Dichroism and steady-state fluorescence spectroscopy 

 

To characterize the single-domain variants, we first studied the secondary structure and folding of 

the protein variants using Far-UV circular dichroism and steady-state intrinsic fluorescence. Far-

UV circular dichroism data was recorded for PduB’ [D1], PduB’ [D2], and PduB’ [CP-D2] and 

compared to PduA [WT] single-domain protein. The Far-UV CD spectra show that all the single-

domain protein variants are folded properly into the secondary structure elements [Figure 4.5 (a)] 

PduA [WT] has characteristic spectra of the α-helix with a dip in ellipticity at 208nm and 222nm. 

Other single-domain proteins obtained after dissecting PduB’ [WT] i.e., PduB’ [D1], PduB’ [D2], 

and a circularly permuted single-domain from PduB’ [WT] i.e., PduB’ [CP-D2] were also found 

to be correctly folded and gave α-helix spectrum with negative ellipticity at 206nm and 222nm. 

Further, we used steady-state fluorescence spectroscopy to measure the fluorescence emission of 

the folded protein elements [Figure 4.5 (b)]. The intrinsic fluorophores (aromatic amino acids) 

present in the wild-type and the single-domain protein variants are given in Table 4.2. 

Interestingly, the single domain proteins variants of PduB’ [WT] gave fluorescence emission peaks 

at 327nm, 325nm, and 328nm for PduB’ [D1], PduB’ [D2], PduB’ [CP-D2], and 312 nm for PduA 

[WT] respectively, when excited at 285nm wavelength. Here, we found a difference in emission 

peak wavelength in PduA [WT] as compared to other synthetic single-domain variants. This result 
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suggests different packing of protein structure leading to different emission wavelengths despite 

sharing similar topology in PduB’ [CP-D2] and PduA [WT]. 

 

 

Table 4.2: Table with information about the abundance of aromatic amino acid residues 

present in shell proteins and their synthetic single-domain variants used in this chapter.  

 

 

 

 

 

4.3.2 Dynamic light scattering and TEM analysis to demonstrate the ability of self-

assembling of synthetic single- domain protein variants into higher-order structures 

 

Shell proteins own the remarkable property of self-assembling. Also in Chapter 3, we found that 

the dimer-domain protein variants retained this property. So, we were excited to study the same 

for single-domain proteins as they were generated by dissecting the dimer domains.  On studying  
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for the ability to self-assemble and form higher-order structures, single–domain proteins also gave 

interesting results owing to their independent existence. PduB’[D2] showed broad size distribution 

in the range of 400nm-900nm and TEM images showed long thin sheets [Figure 4.5 (g, h)] whereas 

PduB’[D1] didn’t show any higher order assembled structures [Figure 4.5 (e, f)]. PduB’[CP-D2] 

showed smaller sheets in TEM images as compared to PduB’[D2] without circular permutation 

and size ranges from 200-600 nm [Figure 4.5 (i, j)]. It is interesting to note that the second domain 

of PduB’ [WT] with and without circular permutation has resulted in different levels of higher-

order organization as observed through TEM analysis. PduB’[CP-D2] assembles into smaller 

sheets as compared to PduB’[D2]. PduA[WT] has a wide size distribution and thin sheets were 

observed in TEM images [Figure 4.5 (c, d)]. 
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Figure 4.5 Characterization and size-distribution of natural and synthetic single domain 

protein variants a) Overlapped circular dichroism spectra of PduA [WT] (black), PduB’ [D1] 

(red), PduB’ [D2] (blue) PduB’ [CP-D2] (green). b) Fluorescence emission spectra overlaid 

of PduA WT(black), PduB’ [D1] (red), PduB’ [D2] (blue) PduB’ [CP-D2] (green). Dynamic 

light scattering (DLS) showing size distribution of protein variants in d.nm c) PduA [WT], 

e) PduB’ [D1], g) PduB’ [D2], i) PduB’ [CP-D2] and TEM micrographs showing self-

assembled structures d) PduA [WT], f) PduB’ [D1], h) PduB’ [D2], j) PduB’ [CP-D2]. 

 

 

To investigate further the diverse properties of single-domain protein variants, we performed 

temperature-dependent studies for all the synthetic single-domain proteins and compared them to 

natural single-domain variants i.e. PduA [WT]. The temperature-dependent stability studies were 

performed using circular dichroism to mark the change in the secondary structure of proteins on 

thermal assault. Further, dynamic light scattering studies were performed to observe the stability 

and change in the assembly or disassembly of proteins' higher-order structure at high temperatures. 

In the end, we went to perform fluorescence-based differential scanning fluorimetry studies where 

we expected to observe the protein's stability at the global level while probing the hydrophobic 

patches.  

 

4.4 Temperature-dependent stability studies using circular dichroism 

 

We performed temperature-dependent circular dichroism studies with all the single-domain 

protein variants that we generated. This will provide us with information about the unfolding and 

uncoiling of secondary structure elements of the proteins with an increase in temperature. We 

subjected the proteins to a temperature range from 25 ᴼC to 95 ᴼC. On analyzing the thermal melt 

spectra for PduB’[D1], we found no significant change in ellipticity with an increase in 

temperature [Figure 4.6(a)]. We plotted the fraction of unfolded protein with respect to temperature 

at 222 nm and fit to the Boltzmann equation (Eq 1). 

 

-         Equation (1) 
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(A1 and A2 are the initial and the final values, Tm is the midpoint of the transition, and dT is the 

slope of the transition)   

 

But we found the absence of a proper S-shaped curve or sigmoid curve [Figure 4.6(b)]. We further 

found that the second domain with and without CP also doesn’t show unfolding when ramped to 

90ᴼ C as the spectra are overlapping at each temperature and showed the absence of a proper 

sigmoid curve [Figure 4.6 (c-f)]. Here, dissecting the PduB’[WT] domains has resulted in 

surprising stability profiles where single domains proteins do not melt easily and form more 

compact structures with strong interactions similar to PduA[WT] [Figure 4.6 (g, h)].  
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Figure 4.6 Temperature-dependent studies of single domain protein variants using Circular 

dichroism. Circular dichroism spectra of proteins at varying temperatures. Temperature 

dependent overlaid spectra of a) PduB’ [D1] and their b) fraction of folded plot fit to 

Boltzmann equation c) PduB’ [D2] and their d) fraction of folded plot fit to Boltzmann 

equation e) PduB’ [CP-D2] and their fraction f) of folded plot fit to Boltzmann equation g) 

PduA [WT] and their h) fraction of folded plot which did not fit to Boltzmann equation 

Boltzmann fits are in red for visual clarity. The color bar represents the temperature 

gradient from 25 ᴼC (blue) to 95 ᴼC (brown) with an interval of 10 ᴼC.  

 

4.5 Assessing the thermal stability using dynamic light scattering 

 

Here, similarly to what we performed for dimer-domain proteins, we employed the temperature-

dependent DLS experiments for single protein variants with an approach to monitor temperature-

dependent changes in the size distribution of higher-order structures. Dynamic light scattering is a 

great method to estimate the change in the size of a protein with higher-order structures. Any 

assembly or disassembly of proteins high order structures can be measured. As these protein 

variants have also the ability to self-assemble and hence are dynamic, we used the number mean 

as a measure of temperature change.  The proteins were subjected to a temperature ramp from 25 

ᴼC to 95 ᴼC and data was recorded at every 10 ᴼC difference. On exposing these proteins to higher 

temperatures we observed there is no significant change in the size of the proteins for PduB’[D2] 

with and without CP. However, PduB’[D1] protein size shifted from 250nm to 100nm at above 

80ᴼC [Figure 4.7(a)].  PduB’[D2] protein does not show any change in the size [Figure 4.7(b)]. 

PduB’[CP-D2] protein is also stable at higher temperatures so it doesn’t show any significant 

change in size [Figure 4.7(c)]. PduA protein size slightly shifted from 300 to 200 nm at 50C which 

then remained stable till 95C [Figure 4.7(d)]. This suggests that the higher-order self-assembled 

structures made by these single-domain proteins are stable towards high temperatures and do not 

disassemble to a significant extent. However, PduB’[D1] protein transition at 80ᴼC can be related 

to the melting temperature of PduB’[WT] full-length protein. It signifies that the protein 

assemblies break into smaller sizes at high temperatures in PduB’[WT] full length containing both 

the domains and this characteristic is central to domain 1 specifically. No shift in size was observed 
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in domain 2 of PduB’, which implies that it has more stable interactions than that are present in 

domain 1.  

 

 

 

Figure 4.7 Temperature-dependent size distribution studies of single domain synthetic 

variants using Dynamic Light Scattering (DLS). Bar graphs showing the temperature-

dependent variation in sizes using Dynamic Light Scattering (DLS). a) Decrease in the size 

distributions from 250nm to 100nm with an increase in temperature for PduB’[D1]. b) 

Constant size distribution in the range of 300nm with an increase in temperature for 

PduB’[D2]. c) Size distribution in the range of 300-2000 nm with an increase in temperature 

for PduA[CP-D]. d) Decrease in the size from 400nm to 250nm with an increase in 

temperature for PduA [WT]. 
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4.6 Thermal Stability measured using fluorescence-based differential scanning 

fluorimetry 

 

To further assess the temperature-related changes in the protein variants, we used differential 

scanning fluorimetry to probe the stability of single-domain variant proteins. As already discussed, 

and mentioned in the principle of DSF technique in chapter 3, briefly here, SYPRO orange dye 

was used at 20x concentration with 20µM protein concentrations. The temperature was ramped 

from 20C to 95C with 1 C increment, equilibrated for 1:30min. The increase in SYPRO orange 

dye fluorescence was probed with the unfolding and increasing exposure of hydrophobic patches 

in proteins. The RFU vs temperature plots were fit to Boltzmann fit after baseline subtraction to 

determine the melting temperature (Tm).  We have seen in Chapter 3 that PduB’ [WT] protein 

displays two transition temperatures in the DSF experiment at 49.3 ± 0.06 and 85.8 ±0.1 and on 

deconvoluting peaks 51.8±1.6ᴼC, 82.3±0.3ᴼC. On dissecting the domains in this chapter, we found 

the Tm of each domain, folded and self-assembled into tertiary and quaternary architect protein. 

Tm for PduB’[D1] as calculated from Boltzmann fit is 57.6 C ± 0.1ᴼC [Figure 4.8 (a)]. Interestingly, 

it is important to note here is the RFU plot of PduB’[D1] which is similar to PduB’[WT] [inset 

Figure 4.8 (a)]. It implies that this signature plot is a characteristic of domain 1 in PduB’[WT]. 

Deconvoluting this plot fit to two peaks giving transitions at 50.7±0.8ᴼC and 65.8±0.6ᴼC [Figure 

4.8 (b)]. However, PduB’[D2] showed characteristics similar to PduA[WT] [Figure 4.8 (g,h)]. The 

calculated Tm for PduB’[D2] is 64.7 ± 0.07ᴼC from Boltzmann fit [Figure 4.8(c)] which is high in 

comparison to PduB’[D1]. Peak deconvolution fit to two peaks with 58.4 ± 0.8ᴼC and 71.0± 2.8ᴼC 

transition temperatures [Figure 4.8(d)]. Thus, PduB’[D2] is more stable than PduB’[D1]. On 

comparing its structurally equivalent protein generated from domain 2 of PduB’, PduB’[CP-D2], 

it is observed to have comparable Tm to PduA[WT] i.e., 60.2±0.1ᴼC [Figure 4.8(e)]. It has also fit 

to two peaks with transition temperatures at 54.8±0.5ᴼC and 69.7±1.2ᴼC [Figure 4.8(f)].  So, overall 

it is seen that the PduB’[D2] has higher Tm than PduB’[D1] and its circular permutant variant has 

low temperature with an overall 4ᴼC difference. However, Tm of PduB’[CP-D2] and PduA[WT] 

are comparable and they both share the same topology. 
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Figure 4.8 Fluorescence-based temperature-dependent studies of single domain variants 

using Differential Scanning Fluorimetry (DSF). a) Boltzmann fit after baseline correction 

resulting in Tm 57.6 ± 0.1 ᴼC for PduB’[D1]. Raw RFU curve (inset), b) DSF curve fitted to 

multiple transition peaks.  PduB’[D1] fit to two transition Tm 50.7±0.8
 
ᴼC and 65.8±0.6

 
ᴼC; c) 

Boltzmann fit after baseline correction resulting in Tm 64.4 ± 0.07 ᴼC for PduB’[D2]. Raw 

RFU curve (inset), d) DSF curve fitted to multiple transition peaks.  PduB’[D2] fit to two 

transitions Tm 58.4 ± 0.8
 
ᴼC and 71.0± 2.8

 
ᴼC; e) Boltzmann fit after baseline correction 

resulting in Tm 60.2 ± 0.1 ᴼC for PduB’[CP-D2]. Raw RFU curve (inset), f) DSF curve fitted 

to multiple transition peaks.  PduB’[CP-D2] fit to two transitions Tm 54.8 ± 0.5
 
ᴼC and 

69.7±1.2
 
ᴼC; g) Boltzmann fit after baseline correction resulting in Tm 59.1 ± 0.1 ᴼC for 

PduA[WT]. Raw RFU curve (inset). h) DSF curve fitted to multiple transition peaks; 

PduA[WT] fit to two transition peaks at Tm 56.2 ± 0.2 ᴼC and Tm 69.1 ± 0.14 ᴼC.  Tm values 

are marked by a red vertical line in Boltzmann fit. Transition temperatures are mentioned 

at the peak positions in multiple peak fit curves. DSF curves shown here are representations 

of three independent experiments.   
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Table 4.3 Transition temperatures for single domain protein variants obtained from 

Differential Scanning Fluorimetry, determined by Boltzmann fit and multiple peaks fitting 

and Circular Dichroism determined by Boltzmann fit.  

 

 

 

 

 

4.7 Conclusion 

 

The evolution of complex microcompartment structures is a thoughtful and alluring question. The 

protein-based organelle has embedded a lot of diversity into it. The shell proteins are composed of 

single domain and tandem domains, self-assembling to form a compartment. Understanding the 

structure of MCP has become an utmost importance to understand the functional role and open 

more directions towards the generation of nanoreactors, nanostructures, and some targets hitting 

the pathogenicity of MCP. In this chapter, we tried to understand the prevalence of single domains 

in the MCP shell proteins. For this purpose, we dissected the tandem domain of PduB’ [WT] into 

two domains individually, domain1 (PduB’[D1]) and domain2 (PduB’[D2]). PduA [WT] single-

domain protein was observed to be a stable protein with respect to high temperatures (summarized 

in Table 4.3). On the other hand, PduB’[WT] showed low tolerance towards temperature and was 

found to be mobile as compared to highly compact PduA[WT].  So, we begin with generating 

PduB’[D1] and PduB’[D2] single-domain proteins. We also added another synthetic protein by 



Chapter 4 

 

70 
 

considering the 3D topology of proteins. We generated a protein equivalent to PduA[WT] topology 

from domain2 of PduB’[WT] sequence. The key findings from these studies are: We found 

PduB’[D1] to be responsible for a flexible or dynamic nature as indicated by high flexibility scores 

and high rmsf values. When studying temperature-dependent stability, we found single domains 

to be stable similar to PduA[WT]. Thus, the single domain variants are found to be more compact 

in structure and to provide BMC a flexible breathing shell, dimerization is a key. The presence of 

both domains together in PduB’[WT] allows its structure to be flexible and resilient towards a 

wide range of external stimuli. Also, we found that rearrangements in the structure of protein 

PduB’[D2] have important implications which led to reduced ability to self-assemble from 

extended sheets by PduB’[D2] to small sheets PduB’[CP-D2]. This property can be further 

explored to generate new different protein nanostructures.  
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5.1 Introduction 

 

Proteins emerge with distinct properties and functions at the level of divergence in amino acid 

sequences and modular rearrangements in the structural domains116,117. The evolutionary 

mechanisms underlying divergence are duplication, deletion, fission, fusion, and recombination 

events118,119. Even conserved families of proteins have rearrangements and reoccur in different 

orders leading to circularly permuted proteins102. The Pdu microcompartment has a fascinating 

architecture with eight different shell proteins making the covering for the encapsulated enzymes. 

Eight different shell proteins poses different sequence and structures though belonging to a 

conserved family of bacterial microcompartment domain family. This diversity in the shell 

proteins is intriguing.  The answer to the question of role played by two types of oligomerization 

of shell proteins as hexamer and pseudohexamer for making the shell will ease the development 

of nanoreactors or nanocarriers in future. In the previous two chapters, we had attempted to address 

this question using biophysical approaches in vitro, where we strategically developed dimer-

domain and single-domain synthetic protein variants. We found single domains proteins to be 

stable and dimer proteins has a role in providing flexibility to the microcompartment. 

 

 In this chapter, we explored one of the major shell proteins that exist as a single-domain to be 

substituted with its structurally equivalent synthetic protein variant in an operon in vivo.  Some of 

the bacterial microcompartment shell proteins reveal rearrangements as circular permutations 

where a similar 3D structure is built from secondary structure elements containing new N and C 

terminal regions.  BMC shell proteins derived from the conserved domain family of BMC, 

oligomerizing into a higher-order similar structures, have diverse functions. Interestingly, these 

shell proteins are clustered together and transcribed from a single operon39 indicating a highly 

regulated system. About 50% of the prokaryote genes exist in operons120 and it is well established 

that co-expression of genes involved in the same metabolic pathway are often encoded on an 

operon and arranged in a particular order121. In one of the reports, the importance of gene location 

in an operon was explored by focusing on PduJ and PduA which are major shell proteins of Pdu 

MCP and have 80% identical amino acid sequences64. On chromosomally replacing the PduA gene 

with PduJ, the protein could mediate the function of PduA of 1,2 propanediol transport into the 

MCP. This suggests that protein interactions with adjacent proteins in MCP higher-order assembly 
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are governed by gene position or gene order. PduA is a major shell protein and occupies the first 

gene position on operon and has been reported to mediate maximum interactions with other 

proteins55,63. This interesting data encouraged us to study the significance of gene positioning in 

Pdu MCP operon mediating protein-protein interactions. The new circularly permuted single-

domain variant generated in Chapter 4 with native sequence when replaced with their native 

counterpart in an operon will provide insights into the evolutionary role of diverse sequences and 

structure of shell proteins and its implications in the global stability of BMC. Therefore, in this 

chapter, we have developed in vivo mutant strains where the first two positions of the Pdu operon 

have been explored. First, we developed a strain where we incorporated the protein variant in place 

of PduA invivo. PduA is a well-studied protein that has its solved crystal structure42. Replacing 

PduA with its circular permutant variant in vivo which is similar in topology will be an interesting 

study. We have developed this variant by choosing the sequence of the second domain of PduB’ 

which was circularly permuted to obtain a structurally similar protein like native PduA (ΔPduA: 

PduB’[CP-D2]). Furthermore, the strain was developed where PduA gene position is switched by 

the second gene PduB’. So a new variant is generated which has PduB’ gene in first position and 

PduA occupies the second position. This new operon will give insight into the positional role of 

genes and may result in varying protein-protein interactions while biogenesis of MCP. Schematics 

to generate the new strains is given in [Figure 5.1].  

 

Previously, to understand the role of a particular protein in microcompartment assembly and 

function, many studies have been conducted where individual genes were deleted and their impact 

was studied31,65,71,73,111.  Understanding the microcompartment architecture and assembly 

principles is valuable which will help in designing new structures or compartments to be developed 

as nanoreactors or delivery cargos.  A report has shown where a circularly permutant protein was 

generated from PduA protein and a 13 nm dodecahedral cage was obtained122. In another study, a 

circularly permuted PduA was developed to explore the localization of proteins towards the surface 

or lumen of the BMCs123. BMC-H protein from Haliangium ochraceum (HO)shell was also 

explored for precise control over quantitative cargo incorporation by its circularly permutant 

version124. However, circular permutations in the context of understanding the microcompartment 

structure and function relationship were still elusive.  
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Figure 5.1 Schematics showing the theme of invivo Pdu operon alteration. Pdu operon 

showing only first two genes PduA, PduBB’ (I) Pdu operon is altered at the first gene for 

PduA, where it is replaced by a circular permutant PduB’domain2 protein sequence 

[ΔPduA: PduB’ [CP-D2]]. (II) The first and second gene positions are swapped from PduA 

at first place and PduBB’ at second place to PduBB’ being at first gene position followed by 

PduA at second position in an altered swapped operon [PduA:PduBB’::PduBB’:PduA].  

 

 

 

5.2 Methodology to develop the operon-modified strains using CRISPR-Cas9 

gene-editing tool 

 

For the development of operon-modified strains, firstly, lab strain Salmonella enterica serovar 

Typhimurium LT2 (BE293) which carries pkD46 plasmid was cured. This plasmid carries the 

ampicillin resistance gene. It was cured by repeatedly growing the strain in the absence of the 

antibiotic, till it gained the sensitivity towards antibiotic. This cured mutant (SSL1) was employed 

for genome editing studies using CRISPR Cas9 Technology. Initially, plasmid pCasM was 
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electroporated into Salmonella enteria LT2 (SSL1) which contains both Cas9 and a λ-Red 

recombineering system93. Electroporation was performed in a 2-mm cuvette at 2.5 kV, 200 Ω, and 

immediately 1ml ice-cold SOC media was added to resuspend the cells and incubated at 37 0C. 

The cells were allowed to recover for 2 hr at 37 0C. The transformants were then selected on a 

Kanamycin antibiotic selection plate and used to prepare electrocompetent cells for the insertion 

of an antibiotic resistance cassette. The electrocompetent cells were prepared at ~0.6 OD600. The 

harvested cells were then washed three times and finally resuspended in ice-chilled water 

containing 10% glycerol. The cells were concentrated to 50 µl volume and used for 

electroporation. 

The antibiotic resistance cassette, used here is ampicillin (bla) resistance cassette (ARC) and was 

prepared by overlap extension PCR to be inserted at the target site, PduA gene is taken as an 

example. The ampicillin resistance gene (bla) was PCR amplified and fused with upstream and 

downstream homologous arms of the target site. The generated ARC cassette was electroporated 

into the above-prepared electrocompetent cells (50 µl) at a concentration of 300 ng. Transformants 

were screened using an agar medium containing Kanamycin (50 µg/ml) and Ampicillin (100 

µg/ml) antibiotics. The colonies were screened by PCR screening method and sequencing after 

genomic DNA isolation. Positive clones were then further used to prepare electrocompetent cells 

to transform the desired gene (donor DNA). The desired gene to be inserted was also generated by 

the overlap extension PCR method containing the upstream and downstream homology arms. 

Donor DNA and psgRNA were electroporated at 300 ng and 200 ng concentrations to the above 

prepared electrocompetent cells respectively. Transformants were screened on Kanamycin (50 

µg/ml) and spectinomycin (200 µg/ml) antibiotics. Further positive modified clones were 

confirmed using the PCR screening method and Sanger sequencing. The general scheme of the 

methodology is described in [Figure 5.2].  
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Figure 5.2 Methodology for the development of operon-modified strains. PduA gene (yellow) 

was taken as an example.  Step 1 includes the electroporation of an antibiotic resistance 

cassette (red) with homology arms (ARC-bla) into the pcasM harboring cells where the 

target gene, PduA will be replaced by ARC. Positive transformants are guided by ampicillin 

selection. Step 2 then employs the electroporation of psgRNA and the donor template (green) 

with homology arms. Here sgRNA coupled with Cas9 will target and create a dsDNA break 

at bla gene and a donor template will be inserted as a result of homologous recombination. 

Positive transformants are selected on spectinomycin and kanamycin selection. They are 

further verified using sequencing.  
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5.3 Development of strain containing modified pdu operon, ΔPduA:PduB’[CP-

D2] 

 PduA gene deletion studies conducted earlier have shown that strains form enlarged MCPs as 

compared to wild type and growth studies have been shown to induce a growth arrest period for 

15-20h at saturating B12 concentration. Thus, suggesting that PduA is an essential component for 

MCP formation and alleviating propionaldehyde toxicity. We have developed a strain that has 

been modified to carry circularly permuted PduB’ domain2 in place of PduA. The second domain 

of PduB’ was chosen based on alignment scores, where it is better aligned with PduA with RMSD 

0.85Å than domain 1 with RMSD 1.49Å (mentioned in Chapter 4). A circular permutant was 

generated by identifying the linker and terminal ends of both proteins and subsequently modifying 

the PduB’ domain2 according to the PduA structure. Schematics of the operon is shown in [Figure 

5.3] where PduA gene is highlighted with upstream and downstream homology arms and a 

modified operon with the CP variant in place of PduA. As explained in the general scheme [Figure 

5.2] for the development of modified strains, an antibiotic resistance cassette (bla) was first 

generated using overlap extension PCR with the upstream and downstream homology arms of 

PduA i.e., PduF and PduBB’ respectively.  This ARC was used to electroporate in BE293 cured 

strain, SSL1, containing pCasM plasmid.  The positive transformants harboring ARC replacing 

PduA gene were then selected on kanamycin and ampicillin selection agar plates followed by PCR 

screening methodology and Sanger sequencing. The confirmed strain was then used to make 

electrocompetent cells for the transformation of the donor template and psgRNA. The donor 

template was generated by the overlap extension PCR method where the desired gene sequence 

(PduB’[CP-D2]) to be replaced at PduA is amplified and the template for this PCR is used from 

the constructs generated in Chapter 4. The donor amplicon was fused with upstream and 

downstream homology arms. psgRNA and donor template were co-transformed into the strain 

harboring ARC (SSL2). Cas9 coupled with sgRNA will create a dsDNA break at bla gene and the 

presence of a donor template will allow homologous recombination to occur at a specific site and 

a modified strain is produced. The screening for the desired positive strain is done on LB agar 

plates containing Spectinomycin and kanamycin antibiotics, followed by colony PCR screening 

using the primers for upstream and downstream homology arms. The agarose gel image shows the 

presence of the desired size of the amplicon that was inserted [Figure 5.3 (b)].  Further, the samples 



Chapter 5 

 

 77   
 

were confirmed by the Sanger sequencing methodology for the presence of the ΔPduA: PduB’[CP-

D2] gene as highlighted in blue [Figure 5.3 (c)]. The modified strain PduB’[CP-D2] substituted 

for PduA (SSL3) might result in different structure and functional properties of the 

microcompartment. However, comparing the biophysical properties of CP PduB’dom2 has shown 

it has similar temperature-dependent stability and self-assembles to form sheets, although smaller 

than PduA.  
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Figure 5.3 Development of modified Pdu operon ΔPduA: PduB’[CP-D2] a) Schematics 

showing the pdu operon with highlighted PduA gene (yellow) to be replaced along with 

upstream (PduF, orange) and downstream (PduBB’, blue) homology arms as a WT operon 

(top). Modified pdu operon with replaced circularly permuted PduB’domain 2(green), 

mentioned as CP (bottom). Sequence of PduB’ [CP-D2] is shown in red. b) Agarose gel 

showing the screening of positive strains. Lanes 1-6 are different colonies obtained and 

screened. Screening was done using the primers for upstream and downstream homology 

arms. C) Sequencing of the positive strain showing successful replacement of PduA gene with 

PduB’ [CP-D2] (highlighted in blue). 

 

5.4 Development of strain containing modified pdu operon 

PduA:PduBB’::PduBB’:PduA 

We have developed one strain where we substituted PduA at the first position to its structurally 

similar variant generated from PduB’ domain2. Now we are further interested in elucidating the 

role of gene position. PduA being the first protein in an operon is believed to act as an initial and 

important support pillar for the interaction and assembly of the microcompartment. It has been 

seen previously that the gene order is important for the biogenesis in MCP. Previously, the role of 

PduJ which is 80% identical to PduA, and both oligomerizing as hexamers was studied by 

repositioning both the genes. Here, we are exploring the first two positions in pdu operon to 

reposition and swap the genes. The first position is occupied by PduA which oligomerizes as a 

hexamer and the second position is occupied by PduBB’ which is a pseudohexamer. The gene 

swapping of a hexamer and a pseudohexamer will provide insights into the structural and 

positional role of these proteins. So, to generate a strain having PduA and PduBB’ swapped genes, 

we first amplified the ARC cassette (bla) containing upstream and downstream homology arms 

i.e., PduF and PduC using overlap extension PCR. This ARC was then inserted into pCasM 

harboring strain as done for the previous strain. The positive strains are selected on LB agar plates 

containing ampicillin antibiotics and verified using PCR screening and Sanger sequencing 

methodology. The confirmed strain was then used to prepare electrocompetent cells. Donor 
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template containing PduBB’ fused to PduA in 5’to 3’ direction was PCR amplified keeping 

PduBB’ upstream to PduA using overlap extension PCR with the same homology arms. The donor 

template was electroporated into prepared electrocompetent cells and screened on spectinomycin 

and kanamycin antibiotic plates. Further, obtained colonies are screened by PCR amplification 

using the combination of primers as shown in the agarose gel image [Figure 5.4]. The positive 

colonies containing the modified operon [PduA:PduBB’::PduBB’:PduA]  strain (SSL4) were 

verified by Sanger sequencing. 
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Figure 5.4 Development of modified pdu operon PduA:PduBB’::PduBB’:PduA a) 

Schematics showing the pdu operon with highlighted PduA gene (yellow) and PduBB’ (blue)  

to be swapped along with upstream (PduF, orange) and downstream (PduC, pink) homology 

arms as a WT operon (top). Modified pdu operon with swapped PduA and PduBB’. PduBB’ 

acquired the first position and PduA second position in an operon (bottom). b) Agarose gel 

showing the screening of positive strains. C1-C4 are four different colonies obtained. 

Screening was done using different primer combinations of gene-specific and upstream and 

downstream homology arms. C) Sequencing of the positive strain showing successful gene 

swapping [PduA:PduBB’::PduBB’:PduA]. 

 

5.5 Growth curve analysis of modified strains. 

After the sequence of modified strains was confirmed, further, to determine whether the shell 

protein replacements have a substantial effect on the growth of the bacteria, we evaluated the 

growth curve of wild-type and modified strains in minimal media in the presence of an inducer, 

0.6% 1,2 propanediol (1,2 PD) supplemented with 150 nM CN-B12 cofactor as reported earlier for 

growth assays. We found a longer lag phase and delayed growth of strains than wild type. The 

modified strain, ΔPduA: PduB’[CP-D2] grew slower than the wild-type strain. We observed a long 

lag phase which persisted till 30 30-hour period before the onset of growth [Figure 5.5 (a)].   The 

delayed lag phase and slow growth suggest toxicity due to the intermediate propionaldehyde on 

metabolizing 1,2 propanediol for its growth when PduA is substituted to its structurally equivalent 

variant PduB’ [CP-D2] having a different sequence. This further implies improper MCP formation. 

This result is different from previous studies where deletion of PduA resulted in growth arrest for 

a shorter period of time and enlarged MCP. On analyzing strain another strain 

PduA:PduBB’::PduBB’:PduA, where the first two proteins with different oligomerization are 

swapped, we found a growth arrest period for 10-12 hr initiated from 8h which persisted till 20hr 

[Figure 5.5 (b)]. This strain later reached a similar growth density as a wild-type strain rescuing 

the growth of the bacteria. These results are similar to previous results where PduA is deleted and 

growth arrest happens initially and later growth is supported. A slow growth initially indicates 
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leaky or defective MCP leading to propanaldehyde toxicity.  This result indicates that even after 

swapping the first two important proteins the bacteria can mitigate propanediol toxicity. 

 

Further, to assess the impact of substituting and swapping genes in MCP operon we tried to purify 

the microcompartment from the modified strains. To our surprise and after many attempts, we 

could not purify the microcompartment. Thus, the substitution of PduA[WT] with its structurally 

similar protein variant could not replace it. This can be defined by the fact that the PduB’[CP-D2] 

when purified and studied in vitro could not form long extended sheets as PduA. This suggests the 

important role of PduA sequence in forming the extended sheets as facets of MCP and in keeping 

the necessary interactions with other proteins 

 

 

 

 

Figure 5.5 Growth curve of an operon modified strain. a) ΔPduA: PduB’ [CP-D2] b) PduA: 

PduBB’:PduBB’: PduA. Growth curves were generated by allowing modified strains to grow 

on a minimal media with 0.6% 1,2 propanediol and 150 nM CN-B12. 
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5.6 Conclusion 

 

The present work focuses our attention and allows us to have some insights into the importance of 

shell protein sequence and structure in the microcompartment architecture. MCP architecture is 

designed by nature in a way to protect the cell from toxic and volatile intermediates in the 

metabolic pathways of certain substrates. The presence of different shell proteins with different 

oligomerizations has important structural and functional implications. In an attempt to understand 

the structural role and sequence effect on MCP architecture and stability, we substituted PduA 

with PduB’ [CP-D2]. The positional role of a hexamer and a pseudohexamer was explored by 

substituting their positions and a mutant strain, PduA: PduBB’:PduBB’: PduA was developed.  It 

is worth noticing and one can wonder why a hexamer is placed in the first position in an operon. 

What are the implications of substituting that protein with a protein of different oligomerization in 

the first place in an operon? Does the oligomerization state or the sequence of the protein plays an 

important role? In this work, we observed delayed growth rates and could not purify the 

microcompartment from the modified strains. Further, more insights can be delivered from more 

experiments and critical analysis in addition to these preliminary studies presented in this thesis chapter. 

In the future, we can explore more of the protein variants by chromosomal substitutions in an 

operon with their native counterparts. This will aid in further understanding the structural roles of 

shell protein paralogs as a dimer or single domains and their exquisite sequence specificities. 
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6.1 Introduction 

 

In the previous chapters, we have explored two major shell proteins to understand the implications 

of the modularity of shell proteins focusing on the sequence and structure of shell proteins. In that 

search, we designed a few protein variants (Chapters 3 and 4) and also attempted to study them 

invivo while considering one of the variants (Chapter 5). Further, we also studied the structural 

and positional role of the two essential shell proteins, PduA (hexamer) and PduBB’ 

(pseudohexamer) occupying the first and second positions in an operon respectively (Chapter 5). 

From the above studies, we found native shell proteins and synthetic protein variants to be 

thermostable and PduA shell protein is found to be a more rigid and compact protein as compared 

to other shell proteins. So, we believe this protein can be explored as a stable scaffold for 

decorating nanoparticles, enzymes, etc for catalytic applications.  One advantage of using this 

shell protein is that it has a solved crystal structure and it is a naturally self-assembling protein 

synthesized as 2D sheet. So, we attempted to fabricate nanoparticles on the 2D sheet and study 

their catalytic function. The function of nanoparticles not only depends on the properties of the 

nanoparticles but also their spatial orientations. Varying architectural designs for scaffolds can be 

used to develop different orientations of nanoparticles in three dimensions. Keeping that in mind, 

we employed a single-point mutant of PduA, (PduA[K26A]) for the fabrication of gold 

nanoparticles in 3D architectures125. This approach will demonstrate the hierarchical organization 

of the scaffold can assist in the fine-tuning of nanoparticle properties, thus paving the way for the 

design of new nanoscale materials.  

 

Metal nanoparticle synthesis has attracted substantial interest and acceptance in the area of bio-

diagnostics, sensing, bio-imaging, and catalysis126–132. The versatility of nanoparticles lies largely 

in their different shapes and sizes133–136. In comparison to their bulk counterparts, nanoparticles 

offer a much higher surface-to-volume ratio and therefore exhibit an excellent catalytic activity. 

Heterogeneous catalysis which occurs at the interface between a solid catalyst nanoparticle and 

liquid/gaseous reactants is dependent on nanoparticle shape and size. It determines the availability 

of active sites on the nanoparticle surface, affecting the binding strength of reactants and 

intermediates137,138. There have been many reports of nanoparticle synthesis using various physio-

chemical methods139–146. Biomolecule-assisted synthesis and fabrication of catalytic metal 
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nanoparticles have of late attracted a lot of attention in the field owing to the availability of 

versatile substrates, mild reaction conditions, and ease of manipulation. Proteins serve as a 

potential scaffold for reducing metal ions and nanoparticle fabrication and also prevent 

agglomeration by restraining particle size growth147–154. Further, proteins may be made into 

various 2-dimensional or 3-dimensional scaffolds by simple genetic engineering procedures 

making them very attractive materials for the development of organic–inorganic hybrids129,155. 

Specific arrangements of the nanoparticles also can be attained by meticulous protein design and 

smart positioning of specific amino acids that bind to the nanoparticles. Various reports have 

shown that certain amino acids, such as lysine, aspartic acid, glutamic acid, tyrosine, tryptophan, 

and cysteine in proteins, are involved in the reduction of gold precursors to gold nanoparticles156–

158. Hence, the use of proteins that can form different scaffolds in two or three dimensions can be 

used to fabricate different arrangements of nanoparticles leading to altered properties. To date, the 

literature has mostly explored the globular proteins or small peptides in fabricating 

nanoparticles148,149,159–163, and proteins forming supra-molecular assemblies in other architectures 

remain underexplored.  

 

For this study, two proteins are used which form supramolecular assemblies naturally on 

expression and purification and are variants of PduA protein. Reports have shown that a point 

mutation in PduA leads to the loss of the polyhedral structure of MCP, along with the abolishment 

of its sheet structure, and leads to the formation of an aberrant 3D non-sheet morphology125,164. 

The crystal structure of PduA reveals the formation of stable well-ordered 2D protein sheets where 

hexamers are involved in edge-to-edge interactions [Figure 6.1(a–c)]. Earlier reports by Sinha et 

al. (2014), have shown that the lysine at the 26th position is crucial for the interactions in forming 

extended 2D sheets and mutating the lysine residue to alanine (K26A) in PduA alters the edge–

edge interaction to edge–face interactions, here shown in [Figure 6.1(d, e)] giving rise to an 

aberrant 3D architecture to a mutant protein, PduA[K26A] [Figure 6.1(f)]. Its solved crystal 

structure revealed two crystal forms that assemble to form supramolecular 3D architecture. Crystal 

form 1 reveals the three hexamers contact edge to face and crystal form 2 reveals the two 

interacting edges form extended one-dimensional strips where edges interact with faces of other 

hexamers. Earlier, the shell protein surface of intact MCP has been shown to reduce gold salt 

precursor to gold nanoparticles and developed an organic–inorganic hybrid catalyst165. Here, we 
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have used the major shell protein, PduA (PDB ID 3NGK)166 of  Pdu MCP, and its mutant 

PduA[K26A] (PDB ID 4QIF)125 as a natural biological scaffold for nanoparticle fabrication where 

both self-assembles into different architectures. Since it is the same protein with just a single 

mutation, the study is best suited for comparing the effects of shape and dimensions of 

supramolecular organic assemblies in fabricating metal nanoparticles and studying their 

properties. We explored the effect of 2D and 3D scaffolds on the synthesis and catalytic properties 

of gold nanoparticles. 

 

 

 

 

Figure 6.1 Crystal structure of protein scaffolds a) hexameric PduA scaffold protein (PDB-

3NGK) b) which tiles edge-to-edge to form c) extended protein sheets in 2D; d) PduA protein 

showing lysine involved in edge-to-edge interactions which on mutation to alanine (K26A) 

disrupt the edge-to-edge interaction and e) hexamers contacts edge-to-face (PDB-4QIF) to 

form f) non-sheet 3D higher-order supramolecular structure molecular structure. Each 

alternative monomer unit is shown in different colors for better visual interpretation. 
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6.2 Gold nanoparticle fabrication on the 2D and 3D shell protein architecture 

 

The effect of 2D and 3D scaffolds on the fabrication of gold nanoparticles is explored by using 

PduA and PduA[K26A] shell proteins. In vitro overexpression of PduA protein self-assembles as 

an extended 2D sheet and PduA[K26A] protein as an aberrant 3D architecture due to its disrupted 

edge interaction, (PDB 3NGK, 4QIF respectively). The overexpressed proteins’ purity is 

confirmed on SDS-PAGE [Figure 6.2]. Unlike globular proteins, which require chemical agents 

or genetic engineering methods to crosslink monomer units to form 2D scaffolds, these proteins 

naturally self-assemble to form different spatial nanostructures. The uniform repetitive building 

blocks will allow precise and uniform arrangement of nanoparticles on their surface. Moreover, 

surface-exposed residues with wide charge distribution facilitate the interaction of metal salt 

precursors and their subsequent reduction into nanoparticles. To fabricate gold nanoparticles on 

these protein scaffolds, both proteins with two different architectures are incubated with gold 

chloride ( AuCl3) salt to allow the interaction with surface residues. This interaction results in the 

reduction of metal oxidation state ( Au3+ to  Au0) by transfer of electrons from amino acids, such 

as lysine, arginine, tyrosine152,156. The reduced gold here acts as a nucleation site for the further 

growth of nanoparticles. Transmission Electron Microscope (TEM) images are analyzed after 12 

h incubation along with the protein controls where we did not add  AuCl3 salt [Figure 6.3(a, d)]. 

PduA is seen as a sheet in control and PduA[K26A] as an aberrant structure. Uniformly distributed 

gold nanoparticles are seen where AuCl3 salt is added [Fig. 6.3(b,c,e,f)]. TEM micrographs 

confirm the formation of gold nanoparticles on both the scaffolds. These results show that the 

shell surface residues facilitate the reduction of  AuCl3 to gold nanoparticles. 

 

6.3 Spectroscopic studies of fabricated gold NPs on different shell protein 

scaffolds 

 

Gold nanoparticles exhibit a strong absorption spectrum in the visible region that corresponds to 

the excitation of surface plasmon vibrations (surface plasmon resonance) of the conduction 

electrons on the metal surface167,168. The SPR peak for the gold nanoparticles is observed in the 

500–600 nm wavelength range. In our experiments, we monitored the emergence of this peak for 
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                                   Figure 6.2 SDS PAGE of purified proteins. 

 

measuring the kinetics of gold nanoparticle formation on the protein surface using a UV–vis 

spectrophotometer. As a control, bare protein and buffer are also monitored in this range where 

we did not observe any reduction in absorption spectra. UV–vis spectra observed on the reduction 

of gold nanoparticles with PduA 2D scaffold, showed an absorption peak at a wavelength of 575 

nm, while in the case of the PduA[K26A] 3D scaffold, the absorption peak is observed at 555 nm 

wavelength. [Figure 6.4(a)]. This 20 nm shift in the wavelength corresponds to the differences in 

the size of nanoparticles formed169,170. When gold nanoparticles are reduced on the PduA scaffold, 

a redshift in wavelength indicates gold nanoparticles formed by PduA are large as compared to 

PduA[K26A] nanoparticles. We also observed a shorter lag time with PduA than the PduA[K26A] 

scaffold [Figure 6.4(b)]. This is probably due to the scaffold provided by PduA 2D sheets having 

easily accessible surface residues on both sides of the sheet which facilitate the rapid interaction 

of ionic gold precursor in solution to form nucleating sites, then subsequent reduction followed by  



Chapter 6 

 

88 
 

 

 

Figure 6.3 Transmission electron microscopy (TEM) images of protein scaffolds alone and 

with fabricated gold nanoparticles. (a) PduA 2D sheet (b) fabricated gold NPs on protein 

surface PduA 2D. Scale bar 100 nm, (c) 50 nm; (d) PduA[K26A] non-sheet morphology (e) 

fabricated gold nanoparticles on PduA[K26A] 3D. Scale bar 500 nm, (f) 50 nm. 
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growth of gold nanoparticles. On the other side, PduA[K26A] mutant with a large surface area 

due to 3D architecture has more interacting residues and thus forms more nucleating sites with 

gold precursors which results in a delayed reduction and small size of gold nanoparticles. This 

correlates with the theoretical solvent accessible surface area (SASA) calculated by Pymol171 

which predicts a higher surface area 74,207 Å2 for PduA[K26A], structure generated at 54mer 

assembly (minimum self-assembled supramolecular structure) than PduA, with the surface area 

of 60,071.445 Å2 at the same 54-mer self-assembled structure. The reduction of  AuCl3 to gold 

nanoparticles is attained via an intermediate state of gold nanocluster which is followed by their 

assembly and growth into polycrystalline gold nanoparticles142,172. Gold nanoclusters (AuNCs) 

with a dimension less than 2 nm exhibit fluorescence properties. Within such dimensions of a few 

atoms, the band structure breaks into discrete energy levels which leads to fluorescence in 

AuNCs173. To understand this mechanism, we measured the fluorescence of gold nanoclusters 

(AuNCs) formation before the nanoparticle stage by exciting at a wavelength of 370 nm. The 

increase in fluorescence intensity with time is observed with the maximum emission wavelength 

at 658 nm. [Figure. 6.4(c, d)]. Both the scaffold nanoparticles go through a similar nanocluster 

intermediate stage and interestingly result in different-sized nanoparticles. This suggests that the 

desired different properties of nanoparticles can be attained using the different structures of 

protein scaffolds.  
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Figure 6.4 Synthesis of protein–gold nanoparticle conjugates. a) UV–Visible spectra showing 

a characteristic peak of fabricated gold nanoparticles in PduA [K26A]_NP (red) and a 

redshift in PduA_NP corresponding to large-size particles (black) b) Kinetics of reduction of 

gold nanoparticles on protein scaffolds PduA (black) and PduA [K26A] (red) with delayed 

initial absorbance. Fluorescence Spectra of gold nanoclusters (NCs) in the presence of c) 

PduA 2D and d) PduA[K26A] 3D protein scaffold showing nanocluster stage before 

nanoparticle formation (λexc 370 nm, λem 658 nm). 
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To probe the binding strength of interaction between gold ions and scaffold proteins, we 

performed Isothermal Titration Calorimetry (ITC). ITC titration is carried out at physiological pH 

7.4 and room temperature 25 °C wherein 40 µl of 10 µM PduA and PduA[K26A] are injected in 

a constant volume (1 µl/injection) into 280 µl of 500 µM gold precursor solution in the reaction 

cell. Negative peaks in heat signal curves [Figure 6.5(a, b)] represent the exothermic process and 

integrated plots obtained from heat signal curves correspond to binding isotherms of gold to the 

protein surface. [Figure 6.5(c, d)] As seen from the binding isotherm plots, there is an interaction 

between the gold and scaffold proteins in a micro-molar range which signifies moderate binding 

without disturbing the protein scaffold native structure. The heat changes are analyzed after buffer 

subtraction to quantify the corresponding thermodynamic parameters of protein–gold ion 

interactions. Interaction of gold ions with PduA can fit at a mode of one site with N sites 2 

suggesting gold ions bind to concave and convex faces with dissociation constant 45.0 µM. This 

complexation features favorable enthalpy change (ΔH = − 250 ± 17.7) with ΔG = − 24.8 kJ/mol. 

In contrast, PduA [K26A] are fit at a mode of one site at binding affinity 6.6 µM with N site 1 

which may be due to the inaccessible interacting sites resulting from 3D architecture [Figure. 

6.5(e)]. This interaction is associated with lower enthalpy change ΔH = − 105 ± 4.4 compared to 

the interaction with native PduA. This is also evident from our reduction experiments where PduA 

facilitates a faster reduction of gold nanoparticles. 

 

6.4 Characterization of fabricated protein–nanoparticle conjugates 

 

The native structure of the scaffold is an important parameter for the catalyst to function for 

efficient catalysis. Interaction of gold with proteins may affect their structure but some proteins 

can keep their native structures. PduA and PduA[K26A] self-assembling MCP shell protein 

scaffolds have a characteristic α-helix secondary structure as observed in circular dichroism (CD) 

spectra. The characteristic peak minima of α-helix are detected at wavelength 208 nm and 222 nm. 

Overlay of CD spectra of proteins alone and fabricated gold nanoparticles on the protein surface 

shows that the secondary structure is retained even after the fabrication of gold nanoparticles 

[Figure 6.6(a, b)]. There is a slight change in ellipticity values in both cases indicating the 

interaction of the nanoparticles with the protein surface. However, the overall conformation of 
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Figure 6.5 Isothermal titration calorimetry showing the interaction of AuCl4− with PduA 

and PduA [K26A] protein scaffolds. Raw heat change measured upon calorimetric titration 

of AuCl4 − with protein scaffolds a) PduA b) PduA[K26A] showing saturating interaction. 

Buffer control is shown in red. Binding isotherm along with the fit (red) to raw data (black) 

using one site model for c) PduA d) PduA[K26A] to calculate the associated parameters after 

buffer subtraction. 
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the protein is not altered upon the fabrication of the nanoparticles. We observed that there is no  

detectable amount of free protein left in the solution post-fabrication of the nanoparticles [Figure 

6.6 (a, b)]. The interaction of the gold ions with the protein surface as observed by ITC studies 

with micro-molar dissociation constants i.e., 45.0 µM for PduA and 6.64 µM for PduA[K26A] 

suggests moderate affinity which might not disrupt the protein structure and hence provides a 

stable protein–nanoparticle conjugate system [Figure 6.5]. 
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Figure 6.6 Characterization of protein–gold nanoparticle conjugates. CD spectra of proteins 

before and after fabrication of gold nanoparticles. The conjugated system was centrifuged 

and spectra recorded for supernatant and pellet re-dispersed a PduA b PduA[K26A]. 

Spectra show the retained secondary structure indicating the stability of the protein's 

structure post fabrication c XRD of crystalline gold nanoparticles PduA_NP (black) and 

PduA[K26A]_NP (red) d Zeta potential of protein scaffold alone and composite after 

fabrication of gold nanoparticles showing the stability of the colloidal system. 

 

 

The hydrodynamic diameters of PduA and PduA[K26A] scaffold proteins without fabrication of 

gold as observed by dynamic light scattering (DLS) are in the range of 150–900 nm with (PDI < 

0.5) for PduA and distribution for PduA[K26A] in the range 40–700 nm, respectively [Figure 

6.7(a, b)]. This size distribution owes to the self-assembling tendency of proteins which has been 

observed earlier as well174. For protein–nanoparticle conjugates, it is difficult to measure the exact 

size of nanoparticles by DLS, so their size distribution is evaluated statistically by measuring the 

size diameter of approximately 150 nanoparticles from TEM images shown as a histogram plot 

[Figure 6.8(a, b)]. TEM images show that particles are spherical. The average particle size 

distribution of PduA[K26A]_NPs is 4.0 ± 0.07 nm with a narrow distribution from 2.5 nm to 5.5 

nm whereas PduA_NPs range from 5.5 to 12.5 nm with an average particle size distribution of 8.4 

± 0.1 nm. The crystallinity of formed nanoparticles is determined by Powder X-ray diffraction. 2θ 

values of 38.1, 44.3, 64.5, and 77.7 indexed to (1 1 1), (2 0 0), (2 2 0), (3 1 1) reflection planes of 

face-centered cubic (fcc) structure of metallic gold [Figure 6.6(c)]. We also determined the zeta 

potential values of synthesized nanoparticles which is a measure of the stability of the colloidal 

solution. The zeta potential values near zero indicate no net charge and the least stable system. 

Here, the negative values of − 24 and − 26 for PduA and PduA[K26A] scaffold NP respectively, 

show the colloidal system is stable against aggregation. [Figure 6.6(d)]. 
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Figure 6.7 DLS showing size distribution for protein scaffolds a) PduA(black) b) 

PduA[K26A] (red). Protein scaffold alone in absence of gold fabrication showed size 

distribution in range from 150-900nm for PduA 2D sheets and distribution in PduA[K26A] 

in the range 40-700nm. This size distribution owes to the self-assembling tendency of 

proteins. 

 

Figure 6.8 Histogram plots showing particle size distribution of protein-gold nanoparticles 

conjugates a) PduA NPs b) PduA[K26A] _NPs determined by their respective TEM images 

and fitted to Gaussian distribution. The average particle size distribution of PduA[K26A] 
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_NPs is 4.0±0.07nm with a narrow distribution from 2.5nm to 5.5nm whereas PduA NPs 

range from 5.5nm to 12.5nm with average particle size distribution of 8.4±0.1nm 

 

6.5 Role of scaffold on the catalytic activity of protein– nanoparticle conjugates 

 

6.5.1 Catalytic activity for reduction of 4‑nitrophenol 

 

We next, analyzed the catalytic efficiency of fabricated gold nanoparticles from 2D and 3D 

scaffolds using the catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). This 

heterogeneous catalytic reaction is a well-known and generally selected model reaction for 

evaluating the catalytic activity of metal nanoparticles as catalysts175–177. Here, the reduction of 4-

nitrophenol into 4-aminophenol by N aBH4 is investigated. It has been suggested that gold 

nanoparticles catalyze this reaction by facilitating electron transfer from  BH4
− to 4-NP by 

adsorbing  NaBH4 on their surface. [Scheme 6.1] The characteristic absorption peak of 4-

nitrophenol (4-NP) is observed at a wavelength of 317 nm. On the addition of  NaBH4, this peak 

is shifted to 400 nm due to the formation of 4-nitrophenolate anions. In the presence of catalytic 

AuNPs, 400 nm peak starts to decrease and a new peak at 300 nm simultaneously starts to appear 

which corresponds to the formation of 4-aminophenol.  

 

 

Scheme 6.1 Mechanism of reduction of para-Nitrophenol by NaBH4 to para-Aminophenol 

in the presence of the PduA_NPs and the PduA[K26A]_NPs. 
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In our experiment, we monitor the decrease in the absorption spectra at 400 nm and track the 

reaction for 20 min with a spectral reading from 250 to 600 nm wavelength [Figure 6.9(a, b)]. The 

decrease in the (4-NP) absorption peak and generation of (4-AP) absorption peak confirms the 

catalytic activity of as-synthesized gold nanoparticles. We found two-fold enhanced catalytic 

activity in the 3D scaffold. PduA[K26A] 3D scaffold nanoparticles deliver a higher catalytic rate 

with a rate constant (k) 3.0*10–1 min −1 than the PduA 2D sheet scaffold (k) 1.7*10–1 min −1 [Figure 

6.10(a)], [Table 6.1]. This two-fold difference can be attributed to the spatial arrangement of 

small-size nanoparticles obtained from a 3D scaffold for the enhanced catalytic reaction.  

 

Figure 6.9 UV-Vis absorption spectra for conversion of 4-nitrophenol to 4-aminophenol. 

Reduction of 4-nitrophenolate ions by protein-gold nanoparticle conjugates a) PduA_NPs b) 

PduA[K26A] recorded at 1min interval for 20min. 

 

 

Table 6.1 Catalytic rate constant for conversion of p-nitro-phenol to p-aminophenol with 

PduA_NPs and PduA[K26A]_NPs. 



Chapter 6 

 

98 
 

 

 

6.5.2 The peroxidase mimicking the catalytic activity of gold nanoparticle–protein 

conjugates 

There has been an increasing interest in artificial enzymes due to many shortcomings of natural 

enzymes, such as long-term stability and storage, easy denaturation, and highcost preparation and 

purification. Nanomaterials have proven to be attractive and highly efficient catalysts due to their 

large surface-to-volume ratio137,138. Gold nanoparticles have been demonstrated to behave like 

effective peroxidase enzyme mimetics (nanozymes)178–181. However, the catalytic efficiency is 

limited to acidic medium, high-temperature, surface coating to prevent aggregation of 

nanoparticles which is time-consuming and costly. Therefore, there is a need to explore and 

develop more stable nanoparticle systems with highly efficient catalytic activity. 

 

 

Scheme 6.2 Oxidation of TMB substrate in the presence of 2D and 3D scaffolded biomimetic 

nanoenzymes to diamine product which absorbs at a wavelength of 652nm. 

 

 

In this work, peroxidase mimicking catalytic activities of 2D scaffold and 3D scaffold gold 

nanoparticles have been explored and compared. To investigate the peroxidase-like activity of 

gold nanoparticles, we performed the steady-state kinetic assay at room temperature, under neutral 

2D and 3D 

Scaffold

biomimetic

nanoenzyme

TMB ox-TMB 

λ652nm
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pH conditions. TMB (3,3′,5,5′-Tetramethylbenzidine) is used as a chromogenic substrate that has 

high sensitivity and easy colorimetric detection. TMB is oxidized by  H2O2 and gives a diamine 

blue-colored product which absorbs at 652 nm wavelength182 [Scheme 6.2]. We recorded the 

absorbance of the product formed in the presence of fabricated gold nanoparticles. However, we 

observed no color change in the absence of gold nanoparticles which served as a negative control. 

The kinetic parameters are obtained by varying the concentration of TMB and keeping the H 2O2 

concentration constant. Peroxidase catalysis by as-synthesized nanoparticles follows the 

Michaelis–Menten kinetics. The absorbance of the product formed at 652 nm is recorded and 

back-calculated to concentration using the Beer–Lambert Law and molar absorption coefficient 

of 39000  M−1  cm−1. All reaction parameters are calculated using the Lineweaver–Burk equation 

to obtain Vmax and Km. 

1 K 

V0 = Vmaxm[s] + Vmax1 (1) 

 

 here, V0 is the initial rate of reaction, Vmax is the maximum conversion rate, [S] is the substrate 

concentration, and Km is Michaelis constant which denotes the affinity of the enzyme. 

The Km and Vmax values for PduA scaffold nanoparticles are 1.3 mM and 70.4*10–5 mM  min−1 

and for PduA[K26A] scaffold nanoparticles are 0.23 mM and 50.3*10–5 mM  min−1 [Table 6.2]. 

Here, the small Km (0.23 mM) for PduA[K26A] scaffold nanoparticles suggests a stronger affinity 

toward the substrate TMB than PduA (1.3 mM) scaffold nanoparticles.[Figure 6.10(b)]. This six-

fold increased affinity would be a reason for the higher peroxidase activity of PduA[K26A] 

scaffold nanoparticles. The stronger affinity of PduA[K26A] is probably due to the high surface 

area of nanoparticles provided by this scaffold which in turn provides more active sites for TMB 

substrate to react as compared to its other analog. These results suggest that as-synthesized 

nanoparticles are potential enzyme mimetics for peroxidases. However, the effect of the 3D 

scaffold on the enhanced activity of synthesized nanoparticles is worth noticing with a six-fold 

increased affinity toward the substrate. 
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Table 6.2 Kinetic parameters for peroxidase mimicking activity of PduA_NPs and 

PduA[K26A]_NPs using TMB substrate. 

 

 

 

Figure 6.10 Protein–gold nanoparticle conjugates as efficient catalysis. a) Catalytic activity 

showing a two-fold increase in the presence of PduA[K26A] 3D scaffold (red) than PduA 2D 

sheet (black) for paranitro-phenol reduction. b) Lineweaver–Burk double reciprocal plot for 
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TMB enzyme kinetics with PduA (black) and PduA[K26A] (red) gold nanoparticles. The 

calculated Vmax and Km parameters show sixfold increase in affinity of PduA[K26A]_NP 

toward substrate due to small-size nanoparticles c) Temperature-dependant peroxidase 

activity of PduA_NP (black) and PduA[K26A]_NP (red) in comparison with native HRP 

enzyme (blue). d) pH-dependant peroxidase activity of PduA_NP (black) and 

PduA[K26A]_NP (red) in comparison with native HRP enzyme (blue). The highest enzyme 

activity is represented as 100% and relative activity values are calculated accordingly. 

Proteins due to their intrinsic thermal and pH stability retain more than 50% activity than 

native HRP enzyme at extreme temperature and pH conditions. Error bars shown represent 

the standard error of the mean from 3 experimental repeats. 

 

6.5.3 Stability of biomimetic nanozymes 

 

We also studied the robustness of as-synthesized nanoenzymes at a broader range of temperature 

and pH conditions. The peroxidase activity of nano-enzymes is performed and compared with the 

HRP (Horse Radish Peroxidase) enzyme by varying the temperature range from 20 to 80 °C and 

spectroscopically monitoring the change in absorbance at a wavelength of 652 nm. At every 

temperature, the nanoenzymes are incubated for 20 min and spectra are recorded to plot the 

relative product formation. There is a drastic decrease in catalytic activity after 40 °C in HRP 

control. However, nano-enzymes showed a wide range of catalytic activity, in the temperature 

range of 30–70 °C with the highest activity at 40 °C. The highest enzyme activity is represented 

as 100% and relative activity values are calculated accordingly. PduA [K26A]_NP retains 60% of 

maximum activity till 60 °C and drops to 40% at 70 °C, whereas PduA_ NP showed 20% less 

activity than PduA [K26A] in a similar temperature range [Figure 6.10(c)]. Similarly, we 

performed pH-dependent peroxidase activity in a pH range of 4–9 in glycine buffer and monitored 

spectroscopically. Both scaffold-derived nanoparticles are stable and retain more than 50% 

activity in a wide pH range of 4–7, whereas we found that PduA-derived nanoparticles showed 

less than 20% activity at pH 4. This observation correlates with the stability of the scaffold where 

proteins are found to be stable at these pH and temperature conditions174. On the other hand, HRP 

control lost its activity to 50% at pH 7 and completely loses at pH 8 [Figure 6.10(d)]. This suggests 
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that PduA and PduA[K26A] templated nanoparticles are more stable than native HRP at the wide 

distribution of pH and temperature. It is seen that these nanozymes have better stability and 

activity near physiological temperature and pH conditions. However, PduA[K26A] NP has better 

activity due to the large surface area of small-sized nanoparticles and its 3D architecture with the 

spatial distribution of nanoparticles is likely less prone to aggregation. 

6.6 Conclusion 

 

In the present study, we explored the intrinsic self-assembling nature of two shell proteins of MCP 

as a protein scaffold for the fabrication of gold nanoparticles. The hexameric shell protein, PduA 

forms stable 2D sheets and its mutant PduA[K26A] forms the 3D structure. These proteins have 

the same amino acid composition but are self-assembled into different hierarchical architectures 

due to only one amino acid change which makes them interesting and suitable to conduct these 

studies. PduA[K26A] 3D scaffold protein has a high surface area which resulted in the formation  

of more nucleation sites during the initial phase of the reduction process as reflected by the slow 

reduction rate and formation of small-size gold nanoparticles in comparison to the 2D scaffold. 

We observed that PduA scaffold interaction with gold ions is enthalpically favorable with two 

interacting sites compared to PduA[K26A] with one site as shown in ITC experiments. Further 

analysis of kinetic data of reduction of para-nitro-phenol catalytic activity of as-synthesized gold 

nanoparticles reveals a two-fold higher catalytic rate with 3D-scaffolded gold nanoparticles. This 

result is in accordance with the fact that PduA[K26A] nanoparticles are small in size and have a 

high spatial distribution which provides a high surface area for heterogeneous catalysis. Here we 

also report as-synthesized gold nanoparticles are potential nanoenzymes with peroxidase-like 

activity. In peroxidase activity, we observed that PduA[K26A] nanoparticles have a lower km value 

which is suggestive of high affinity toward the substrate. PduA[K26A]_NPs have six times higher 

affinity than PduA_NPs. Their comparison with standard HRP enzyme at wide pH and 

temperature range showed NP derived from protein scaffolds are more robust at extreme 

temperature and pH conditions. PduA[K26A] scaffold nanoparticles, however, have shown more 

than 50% activity at pH 4 and retain 60% activity at 60 °C and 70 °C whereas PduA nanoparticles 

retain only 20% and 40% at similar conditions respectively. Hence, we conclude that two different 

protein architect scaffolds built from the same building blocks result in different sizes and catalytic 
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efficiency of gold nanoparticles. From all these ensemble studies, it is quite evident that protein 

with a 3D scaffold serves as a better scaffold for fabrication and enhanced catalytic properties of 

gold nanoparticles. This is due to the spatial arrangement of gold nanoparticles on a high surface 

area of protein. This also highlights the fact that the choice of scaffold is an important measure to 

tune and tailor the properties of nanoparticles. Finally, the ease of genetically directing the scaffold 

structure and properties will allow further tunability of the shape, size, and overall structure 

characteristics of nanoparticles. Here, we explored these two self-assembling proteins in their 

different quaternary association as 2D and 3D scaffolds naturally to underlay the understanding 

of scaffold architecture on nanoparticle synthesis and properties. This paradigm will open room 

to develop new nanomaterial designs with desirable properties and answer questions in catalysis. 
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Bacterial microcompartments (BMCs) are discovered as a unique nanomachinery fabricated from 

the self-assembly of proteins into a polyhedral architecture. The structure and the function of 

BMCs are both fascinating which has gathered a lot of attention towards it. Due to its all-protein 

nature, it is easily amendable and has entered the world of synthetic biology where protein-based 

nanoreactors and synthetic metabolic hubs can be designed. Studying and understanding 

microcompartments for such applications is essential. The complexity of the structure and function 

makes it difficult to solve its puzzle completely. Many studies during the past years have unfolded 

many curious aspects related to microcompartment structure and function. In this thesis, I have 

studied the sequence and structural diversity in the shell protein domains of the 1,2 propanediol 

bacterial microcompartment as a model system. Understanding the complex organization and 

architecture of BMC in this line will aid in understanding the evolutionary significance of diverse 

sequences and structures of shell proteins. Further, it will open a new paradigm for BMC proteins 

and can be explored for biomaterial and biotechnological applications. 

 

To carry out the research work for this thesis I have explored molecular biology, biochemical and 

biophysical techniques. To decipher the structural complexity of shell proteins I choose two major 

shell proteins present in the Pdu operon (1,2 Pdu MCP) of Salmonella enterica serovar 

typhimurium which has different oligomerization states. These two shell proteins are present at the 

first two positions in an operon. PduA is present at the first position which oligomerizes as a 

hexamer from a single-domain monomer. Six such monomers self-assemble to form a hexamer. 

PduB’ is another protein that occupies the second position in an operon and oligomerizes as a 

pseudohexamer from a dimer domain. Three such domains self-assemble to form a pseudohexamer 

(dimer-trimer). But interestingly, both proteins share similar hexagonal symmetry which is 

responsible for forming a 2D molecular sheet and hence the facets of microcompartment 

polyhedral structure. The shell proteins belong to the conserved family of bacterial 

microcompartment domain proteins (Pfam00936) and the variations at the core of the BMC 

domain have resulted in complicated fold variants that offer distinct properties and functions. The 

divergence in amino acid sequences, modular rearrangements in the structural domains, and 

circular permutations have increased the complexity of microcompartment structure.  In Chapter 

3, I have developed synthetic dimer domain protein variants to understand the potential role of 

domain dimerization in MCP shell proteins. It is also related to the question of sequence and 
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structure variations. PduB’ and PduT are two native dimer proteins present in MCP which have 

two fused circularly permuted domains and directly fused two domains of canonical domain fold 

respectively.  Here I have used a native sequence of PduA single-domain protein and generated a 

dimer of PduA and circularly permuted dimer which is structurally similar to PduT and PduB’ 

respectively. On characterization of proteins using circular dichroism and fluorescence 

spectroscopy, it was found proteins are correctly folded. Using dynamic light scattering and TEM 

micrographs, synthetic protein variants have shown remarkably different higher-order structures. 

PduA single domains when fused as PduA dimer, form tubes in contrast to PduA [WT] which 

forms 2D sheets. On circularly permuting and generating a dimer, it formed long thin sheets unlike 

PduB’[WT] which formed small sheets. In an approach to get insights into the important role of 

sequence in governing biophysical properties. Temperature-dependent studies showed the flexible 

nature of native dimer domain proteins where secondary structure elements uncoil at above 800C 

and regain the structure post-melt from circular dichroism spectroscopy.  In contrast, synthetic 

dimer proteins don’t show the uncoiling of secondary structure elements even at 950C. This 

characteristic is similar to the parent protein PduA. Hence, protein sequence governs the 

biophysical properties of BMC domain proteins and consecutively their functions as well.  

 

In Chapter 4 I have developed single-domain proteins as dimer-domain proteins have shown 

remarkable relatedness of shell proteins by sequence and structure. Here, the sequence from the 

native dimer domain protein was explored to generate a single-domain protein. PduB’[WT] was 

dissected into individual domains i.e., domain1 and domain2, and the second domain sequence 

was also explored to generate a PduA[WT] like single domain protein. Structural alignment of 

both domains (domain2 and PduA[WT] ) showed circular permutation and accordingly, PduB’ 

second domain was modified which has a similar topology to PduA[WT]. Protein variants were 

found to be correctly folded as assayed by circular dichroism and fluorescence experiments. DLS 

and TEM, evidently proved that they retained the self-assembling property but except PduB’ 

domain1. Domain 2 has been shown to self-assemble to form long sheets whereas domain 2 with 

circular permutation (PduA[WT] like topology) could form small size sheets. Temperature-

dependent results showed that the single-domain protein variants are thermostable and the 

secondary structure does not unfold to 95ᵒC. Thus individual domains don’t show a flexible nature 

as observed in native PduB’[WT]. This study suggests the presence of both domains together 
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governs the overall flexible structure and thus, provides resilience at a wide range of external 

stimuli. 

 

In Chapter 5 of this thesis, I have developed in vivo mutant strains where I have substituted the 

PduA [WT] protein with a structurally similar single domain protein obtained from PduB’ domain2 

after circular permutation. Also, PduA[WT] and PduBB’[WT] were swapped to develop a new 

mutant strain which has now PduBB’ [WT] gene at the first position and PduA[WT]  at the second 

position. For developing these in vivo strains I have explored and standardized a new powerful 

tool, CRISPR Cas9 genome editing. It was found that the shell protein replacements have a 

substantial effect on the growth of the bacteria determined by the growth curve of wild-type and 

modified strains in the presence of an inducer, 0.6% 1,2 propanediol (1,2 PD) supplemented with 

150 nM CN-B12.  A longer lag phase and delayed growth in the mutant strain where PduA[WT]  

was substituted with its structurally similar variant indicated the toxicity produced from an 

intermediate, propanaldehyde. This could be because of the reason that the substituted variant 

could only form small sheets unlike PduA necessary for proper MCP formation. The other mutant 

where PduA: PduBB’ was swapped also showed a long lag phase and delayed growth where later 

OD reaches similar to wild type but after 40h. However, despite many attempts, we could not 

purify MCP from both mutants. More insights can be delivered from more experiments and critical 

analysis in addition to these preliminary studies present in this thesis.  

 

In Chapter 6, I explored PduA shell protein for the development of hybrid nanocatalysts. The most 

stable and well-studied shell protein PduA and its mutant PduA[K26A] exhibit two different 

architectures. These naturally self-assembling proteins in 2D and 3D architectures reduce gold salt 

to gold nanoparticles and result in the different spatial organization of gold nanoparticles. TEM 

images and histogram plots showed different sizes of nanoparticles. The average particle size 

distribution of PduA[K26A]_NPs is 4.0 ± 0.07 nm with a narrow distribution from 2.5 nm to 5.5 

nm whereas PduA_NPs range from 5.5 to 12.5 nm with an average particle size distribution of 8.4 

± 0.1 nm. Further protein nanoparticle conjugates when explored for catalytic efficiencies it is 

observed a two-fold increase in catalytic activity for the reduction of 4-nitrophenol. They have 

been shown to have remarkable peroxidase-mimicking catalytic activities. This approach 

demonstrates different architect scaffolds for the fabrication of gold nanoparticles can be explored 
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for tuning their properties and catalysis. It opens new paradigms toward the design of new 

nanomaterials and material science applications.  

 

The key findings of the research work conducted in this thesis can be summarized in the following 

points. Native dimer proteins PduB’[WT]  and PduT[WT]  are dynamic structures that provide the 

BMC with a flexible structure. Single-domain proteins forming hexamers are more rigid and 

compact in structure in comparison to dimer-domain proteins which form pseudohexamer 

oligomerization. The single domains of PduB’[WT]  protein work in a synergistic manner when 

present together. Dissected domains were found to be more compact whereas together they exhibit 

a dynamic structure. When synthetic proteins were accessed for the role of sequence and structure, 

dimers from the PduA[WT] sequence, irrespective of the topology attained, the properties belong 

to the original core of the amino acid sequence. These protein fold variants exhibited the 

evolutionary significant role of structural topology and their exquisite sequence specificities. The 

occurrences of various sequences in specific single and dimer domains provide BMC with global 

rigidity and flexibility to function in a better-coordinated manner. Lastly, the potential application 

of shell proteins has been shown, that were explored as scaffolds and development of 

nanocatalysts.  
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Introduction 

 

Bacterial microcompartments are all-proteinaceous self-assembling organelles which are in 100-

150nm in size. Because of their proteinaceous shell, they can be targeted via extra functionalization 

using proteins, antibodies, polymers, etc.  They can be used as a synthetic metabolic hub for 

heterologous cargo loading for various applications like toxic intermediate containment, fast 

processing of unstable molecules, enhancing catalytic efficiency of slow enzymes by close 

vicinity, therapeutics, protein stability by preventing proteolytic degradation, and enzymatic 

activity tuning. Further smart materials can be developed that are actively responsive towards 

changes in pH, temperature, light, and magnetic field1–4. We aimed to design a BMC-polymer 

nanohybrid by extra functionalization of BMC using a thermoresponsive polymer, PNIPAm (poly-

N-isopropyl acrylamide)5. PNIPAm is a commonly used thermoresponsive polymer because of its 

non-toxic nature and is environment friendly6. Thermoresponsive polymers exhibit a property of 

Lower critical solution temperature (LCST) from 30 to 45 ᴼC7–9. LCST is the temperature where 

the phase transition from hydrophilic to hydrophobic structure occurs. PNIPAm easily dissolves 

in cold water resulting in a transparent solution, but collapses and aggregates to a globule structure 

beyond the LCST by excluding water molecules, resulting in a turbid solution. We intended to use 

this property of thermoresponsive polymer, PNIPAm to tune the catalytic activity of BMC 

(Scheme 1). Thermoresponsive polymer on attaining LCST temperature will block the pores 

present in the center of the hexamer and pseudohexamer shell proteins of BMC which are the 

conduits for substrate channeling and cofactor diffusion. Polymers have been earlier explored to 

induce the thermal sensitivity to nanoparticles10–12, enzymes13–15, proteins16–20. BMC architecture 

is made up of proteins and this provides the advantage of easily conjugating it with polymer.  We 

strategically used aldehyde end-functionalized PNIPAm polymer to conjugate to the amine groups 

on lysine amino acid present on the shell proteins of BMC using Schiff base reaction. Here, the 

reaction of an aldehyde with primary amines will form a dynamic covalent imine bond formation 

(C=N) by elimination of water [Scheme Figure 2(a)] which can be further stabilized by reduction 

to secondary amines. This approach has been used earlier21–23. 
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Scheme 1 Scheme illustrates the hypothesis of bacterial microcompartment being conjugated 

to the thermoresponsive and aldehyde functionalized polymer PNIPAm. The nanoconjugate 

formed after conjugation of PNIPAm is shown before and after LCST of PNIPAm in a 

soluble and collapsed form respectively.  

 

Experimental section 

 

Materials 

All materials are procured from Sigma (India). Aldehyde end-functionalized PNIPAm polymers 

were obtained from Dr. Raj Kumar Roy lab, IISER Mohali.  

 

Methods 

 

LCST determination of PNIPAm 

The required concentration of PNIPAm was prepared by dissolving the powder PNIPAm in double 

distilled water. It was then filtered through Amicon Ultra 0.5ml centrifugal filters with 3kDa 

MWCO. The characterization of LCST of PNIPAm was performed by measuring the absorbance 

in circular dichroism (Jasco J-1500, CD spectrophotometer, Jasco, Japan) and size distribution by 

dynamic light scattering (ZetaSizer Nano ZSP, Malvern Instruments, UK). LCSTs at different 

concentrations (0.25 mg/ml, 1 mg/ml, 4 mg/ml) of PNIPam were determined by measuring 

absorbance at 540nm using circular dichroism spectroscopy at 1 °C/min heating from 30 ᴼC to 42 

ᴼC. The LCST was also determined by size distribution analysis from 30 ᴼC to 41 ᴼC by using 
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dynamic light scattering. The same variation in concentrations was used as used for measuring 

absorbance.     

 

Differential scanning fluorimetry 

 

To determine the LCST by using Sypro orange (SO) as a probe, the PNIPAm and PNIPam 

conjugated BMC were incubated with 20x SO concentrations. The incubated mixture was loaded 

onto 0.2ml thin-96 well PCR plates (BIO-RAD, USA) and sealed with optical quality sealing tape 

(BIO-RAD, USA). LCST was determined using a CFX96 real-time-PCR instrument (BIO-RAD, 

USA), and the temperature was ramped from 4 °C to 50 °C at 1°C/cycle with an equilibration time 

of 60 secs at each temperature. The increase in fluorescence intensity (λex = 450−490 nm, λem = 

610−650 nm) was measured by using a CFX96 Touch System, which includes one channel with 

an LED-filter photodiode combination designated for single-color fluorescence resonance energy 

transfer (FRET). To study the reversibility of system reaction mixtures were cooled down to 4 °C 

from 50 °C gradually after the first scan. It was then rescanned to 70 °C under the same 

experimental conditions. The 1st derivative of the RFU vs temperature plot gave the LCST 

temperatures.  

 

 

Purification of BMC (1,2-propanediol utilization microcompartment) 

 

To culture Salmonella enterica LT2, 1% of an overnight grown culture was inoculated in 400 ml 

of 1X NCE (non-carbon E) medium. The medium was supplemented with 0.6% 1,2-Propanediol, 

0.5% succinic acid, and 1 mM of MgSO4. The culture was incubated at 37C  for 16 h and then 

cells were harvested and washed with buffer A at 8000 X g for 5 minutes (4°C). Buffer A contained 

50 mM Tris Base pH 8, 500 mM KCl, 25 mM NaCl, 12.5 mM MgCl2, and 1.5% 1,2-Propanediol. 

Following this, the cells were re-suspended in Buffer A containing 75% bacterial protein extraction 

reagent (BPER-II), 2 mg DNase, 0.4 mM phenylmethane sulfonyl fluoride (PMSF), and 1 mg/ml 

of lysozyme, and shaken for 30 minutes at room temperature. Then incubated on ice for 5 minutes. 

The lysed cells were removed by centrifugation at 12,000 x g for 5 minutes at 4°C. BMCs in the 

supernatant were further pelleted by centrifugation at 20000 x g for 20 min at 4°C. The pellet was 
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re-suspended in Buffer A (60% of B-PER II and 0.4 mM PMSF) and then centrifuged at 20,000 X 

g for 20 min at 4 C. The thin film obtained after discarding the supernatant was re-suspended in 

pre-chilled Buffer B (containing 50 mM Tris Base pH 8, 50 mM KCl, 5 mM MgCl2, 1 % 1,2-

Propanediol). It was centrifuged at 12,000 X g for 5 min at 4 C . The supernatant containing 

PduMCP was stored at 4C and concentration was estimated using Bradford reagent. 

 

Conjugation of PNIPAm with BMC 

 

For conjugation of aldehyde end-functionalized PNIPAm, the PNIPAm solution was prepared at 

high concentration and subsequently, the desired concentration was added to a final 500 µl reaction 

volume (HEPES buffer, pH 5.7). After adding PNIPAm, the BMC at a concentration of 0.25mg/ml 

was added and incubated at 4 °C for 30 min. Thereafter, sodium cyanoborohydride at 1mM was 

added and incubated overnight. For removing unconjugated BMC, the mixture was heated to 40°C 

and centrifuged at 12,000g on an Eppendorf centrifuge for 10 min and the pellet was re-suspended 

in a buffer. This was repeated twice. Free PNIPam was removed by using centrifugal filters of 

MWCO 3 kDa.   

 

Characterization and stability of conjugated PNIPAm-BMC 

 

The size analysis of conjugated and non-conjugated BMC was performed by using dynamic light 

scattering (ZetaSizer Nano ZSP, Malvern Instruments, UK). Conjugation of PNIPAm to BMC was 

assayed by 12% SDS PAGE (denaturing PAGE) by determining the shifts in protein bands due to 

conjugation. The stability of conjugated PNIPAm -BMC was analyzed by Fluorescence 

spectroscopy (FS5 Spectrofluorimeter, Edinburgh Instruments, UK). Temperature-dependent 

intrinsic fluorescence assay for the enzymatic core (containing aromatic amino acids tyrosine, 

tryptophan, and phenylalanine) of BMC was performed from 25 °C to 90 °C. 200 μl of conjugated 

reaction mixture was excited at 280 nm and emission spectra were recorded from 300 to 500 nm. 

(bandwidth 2nm). Fluorescence intensity at 325 nm was plotted at each temperature for all test 

conditions. 

 

PNIPAm-BMC Enzymatic Activity assay 
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The temperature-responsive enzymatic activity of control BMC and PNIPAm conjugated BMC 

was measured by exploiting the diol dehydratase activity (PduCDE enzyme) present in BMC. Diol 

dehydratase activity was performed by standard 3-methyl-2-benzothiazoline hydrazine (MBTH) 

method at different temperatures above and below LCST of PNIPAm.  For enzyme assay 5μl BMC 

and PNIPAm conjugated BMC (0.25mg/ml BMC) were added to 900 l of the assay buffer (0.2 

M 1,2-propanediol, 0.05 M KCl, 0.035 M potassium phosphate buffer (pH 8.0). It was incubated 

for 3 min at a particular temperature condition. 50 μl of 15 μM AdoCbl (adenosylcobalamin) was 

then added to initiate the reaction and after 10min, 1 ml of citrate buffer (pH 3.6) was added to 

quench the reaction. 500 μl MBTH of 0.1 % (w/v) was added for 15 min, followed by 1 ml water, 

and incubated for 10 min. Absorbance was measured at 305 nm using a UV spectrophotometer. 

To calculate specific activity (product formed in μmol by 1 mg of PduCDE/ min), absorbance was 

converted to concentration using a molar extinction coefficient 13000 cm-1.  

 

Results and discussion 

 

Characterization of PNIPAm (Poly N-isopropyl acrylamide) 

 

LCST determination of PNIPAm polymer 

 

We initiated the characterization of aldehyde-functionalized PNIPAm (from Dr. Rajkumar Roy, 

IISER Mohali). We obtained two PNIPAm polymers of different molecular weights, 9kDa and 

22kDa, characterized by gel permeation chromatography [Figure 1(a)]. Our next step was to 

characterize the lower critical solution temperature (LCST) of these polymers. We characterized 

the LCST temperature using circular dichroism and dynamic light scattering. As thermoresponsive 

polymers undergo phase transition on heating the polymer chains become insoluble and turn the 

solution turbid. This phenomenon is exploited while measuring the absorbance of 9kDa and 22kDa 

PNIPAm from 30 ᴼC to 42 ᴼC and absorbance as a function of temperature is plotted [Figure 1(b)]. 

From the data plots, LCST was found to be dependent on the concentration of the PNIPAm. 

Different concentrations at 0.25mg/ml, 1mg/ml, 4mg/ml were used and LCST was found to be 40 

ᴼC, 39 ᴼC, 37 ᴼC respectively.  It is seen that as the concentration of PNIPAm is increased, the 

LCST is found to be decreasing probably due to a crowded environment24,25.  It is an essential 
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property as the conjugation and temperature-dependent tuning of activity of BMC-polymer 

nanoconjugate requires knowledge about the (LCST) of the polymer.  

 

The LCST was also measured using dynamic light scattering which also provides information 

about the particle size distribution over a whole temperature range. The size of PNIPAm at 25 ᴼC 

was found to be 3.4nm and 5.4 nm as determined from the number mean [Figure 2(c)]. As the 

PNIPAm collapses from straight conformation with an increase in temperature, its size starts 

increasing and later it decreases due to the aggregation [Figure 1(c)]. We also analyzed the LCST 

by using a relatively sensitive and new method, not explored much earlier, where we used a Sypro 

orange as a probe which is known to bind hydrophobic patches in a protein, and on thermal ramp, 

the increase in fluorescence allows the determination of their melting temperature.  We explored 

this property to determine the LCST where on incubation of PNIPAm to Sypro orange dye, it 

increases fluorescence when heated from 4 ᴼC to 50 ᴼC [Figure 1(d)]. As expected we found the 

LCST temperatures obtained from all the methods were comparable. [Table 1]. 

 

 

Preparation of BMC-PNIPAm polymer conjugate 

 

Once we have characterized the LSCT of PNIPAm we moved on to conjugating BMC to PNIPAm 

polymer. To develop a nanoconjugate using a BMC and a PNIPAm polymer, we conjugated the 

aldehyde end-functionalized PNIPAm using Schiff base reaction [Figure 2(a)] to the basic amino 

acids present on the shell protein containing primary amine at pH 5.726. BMC was found to be 

stable at this low pH condition as determined by the secondary structure which gave a 

characteristic α-helix spectrum with no significant change [Figure 2(b)]. BMC was used at a 

concentration of 0.25mg/ml and PNIPAm polymer was used at different concentrations at 

0.25mg/ml, 1mg/ml, and 4mg/ml concentration. The reaction mixture of BMC and aldehyde 

functionalized PNIPAm was prepared in HEPES buffer and incubated at 4 °C on a rocker. HEPES 

buffer was found to be the most suitable buffer where BMC and PNIPAm were stable and 

prevented the aggregation of PNIPAm. After 30 min of ongoing reaction, sodium 

cyanoborohydride was added to reduce unstable imine to a stable amine and kept overnight. The 

unconjugated BMC was then separated by centrifugation at 40°C and at 12,000g for 10 min and 
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the unconjugated polymer was separated by using centrifugal filters (MWCO 3 kDa) before 

proceeding for enzymatic activity 

 

 

 

 

Figure 1 a) Molecular weight determination of PNIPAm polymer using gel permeation 

chromatography b) Determination of Lower Critical Solution Temperature (LCST) of 

PNIPAm of different sizes by measuring absorbance from 30 ᴼC to 42 ᴼC using circular 

dichroism c) Temperature-dependent size distribution of PNIPAm from 30 ᴼC to 41 ᴼC for 

LCST determination using dynamic light scattering d) LCST measurement using sypro 

orange as a probe from 4 ᴼC to 50 ᴼC and rescan to 70 ᴼC. 
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Characterization of BMC-PNIPAm polymer conjugate 

 

The prepared BMC-PNIPAm nanoconjugates were characterized by studying the differences in 

the size of the modified BMC. The hydrodynamic diameter changed after conjugation with 

PNIPAm measured at 25 °C. The hydrodynamic diameter of BMC alone is measured as 119.7 ± 

4.4. After conjugation, it is found to increase to 121.8 ± 1.3 and 127.2 ± 2.9 with 9kDa and 22kDa 

respectively. The increase in size corresponds to the size of PNIPAm alone [Figure 2 (c,d)]. Next, 

we performed SDS-PAGE with PNIPAm conjugated and non-conjugated BMC. In denaturing  

Table 1 LCST determination of PNIPAm by measuring absorbance in circular dichroism, 

size distribution by dynamic light scattering, and by using Sypro orange probe by differential 

scanning fluorimetry.  
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PAGE analysis, we expected to observe some high molecular weight band shift. [Figure 2 (e)] 

shows the presence of high molecular weight bands and the absence of a few low molecular weight 

bands of 9kDa PNIPAm conjugation at 1mg/ml and 4mg/ml concentration. These results suggest 

that the PNIPAm has been conjugated to the BMC surface. Further, to understand the stability of 

the nanoconjugates, we performed an intrinsic fluorescence assay of BMC alone and the 

conjugated BMC. BMC has an enzymatic core where enzymes possess the aromatic amino acids 

(tryptophan, tyrosine, phenylalanine) which are responsible for fluorescence when excited. When 

the BMC shell is intact it gives an emission fluorescence at 325nm. We measured the emission 

fluorescence at a temperature range from 25 ᴼC to 45 ᴼC and plotted for different 9kDa PNIPAm 

concentrations conjugated to BMC [Figure 3 (a)]. We found a concentration-dependent (PNIPA) 

decrease in fluorescence intensity of nanoconjugates when compared to BMC alone which 

suggests the polymer at high concentration destabilizes the BMC, disrupts the shell, and might 

have diffused into the BMC and denatured the core. There is also a significant decrease in 

fluorescence at high temperatures above 35 ᴼC and the effect was enhanced on conjugating the 

high PNIPAm concentration which points towards the destabilization of the system.   
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Figure 2 a) Scheme for representing Schiff base reaction for conjugating aldehyde end-

functionalized PNIPAm to BMC shell surface b) circular dichroism spectra showing stability 

of BMC at low pH 5.7 c) Dynamic light scattering showing the size distribution of PNIPAm 

from number mean data d) Dynamic light scattering showing the difference in size of BMC 

after conjugation to PNIPAm e) SDS PAGE showing the presence of high molecular weight 

bands after conjugation and absent in BMC alone.  
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Enzymatic activity of BMC-PNIPAm polymer conjugate 

 

To investigate whether conjugation of a thermoresponsive PNIPAm can regulate the activity of 

BMC, we proceeded with the diol dehydratase activity of PduCDE, the major enzyme presents in 

the BMC [Figure 3 (b)]. PduCDE activity is dependent on cofactor vitamin B12 

(adenosylcobalamin) and is active against 1,2 propanediol substrate which is suggested to diffuse 

into the microcompartment through pores present in shell proteins. While performing the activity 

assay the cofactor and substrate are added into the reaction buffer. Here, depending on the 

PNIPAm state they are allowed or restricted to diffuse into the BMC. Once the catalysis occurs 

the product propionaldehyde is detected and measured spectroscopically at 305nm. The BMC is 

catalytically active till 50 C and the LCST of 9kDa and 22kDa PNIPAm at different concentrations 

were found to be in the range of 34 ᴼC to 42 ᴼC. So we performed the activity assay at 16 ᴼC, 30 

ᴼC, 37 ᴼC, and 42 ᴼC [Figure 3 (c,d)]. According to our hypothesis, we expected a decrease in 

BMC activity below LCST of the PNIPAm because the elongated and hydrophilic state of 

PNIPAm will sterically create a layer where the substrate and cofactor were not able to diffuse 

into the BMC through covered shell protein pores. However, above LCST when PNIPAm chains 

collapse and open access to the pores to increase the activity again or can block the pores to block 

the activity. We could not, however, correlate the temperature-dependent change in activity around 

PNIPAm LCST significantly. Our observation was that the BMC activity was decreased at high 

molecular weight PNIPAm concentrations significantly after 1mg/ml which can be correlated to 

the stability data from fluorescence where decreased fluorescence intensity indicates the 

destabilization of the system.  
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Figure 3 a) Temperature-dependent fluorescence of PNIPAm-BMC conjugate to study the 

effect of conjugation on BMC stability b) Schematic representation of Pdu BMC c) 

Temperature dependant activity of PNIPAm-BMC conjugate with 9kDa PNIPAm and d) 

22kDa PNIPAm    

 

Conclusions 

 

In this study, we have successfully conjugated the aldehyde functionalized PNIPAm polymer to 

BMC shell to develop a thermoresponsive nanocontainer using a Schiff base reaction. 

Interestingly, we observed a concentration-dependent decrease in activity and a small but 

significant effect was observed on temperature-dependent activity. To increase the yield of the 

conjugated product and obtain an active temperature-responsive activity of the nanoconjugate, we 
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have explored two different molecular weight of the polymer (PNIPAm) at different 

concentrations. Although it is difficult to determine the exact number and location of polymer 

attachment sites onto the BMC shell but the decrease in activity is quite significant for higher 

molecular weight polymer. In summary, we used thermoresponsive PNIPAm polymer to develop 

a tunable nanoreactor out of bacterial microcompartment. We consider that results generated here 

might help in further standardization, and analysis, and open up new avenues for producing a 

minimalistic nanoreactor with great potential in various applications. 
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Abstract 

Fabrication and development of nanoscale materials with tunable structural and functional 

properties require a dynamic arrangement of nanoparticles on architectural templates. The function 

of nanoparticles not only depends on the property of the nanoparticles but also on their spatial 

orientations. Proteins with self-assembling properties which can be genetically engineered to 

varying architectural designs for scaffolds can be used to develop different orientations of 

nanoparticles in three dimensions. Here, we report the use of naturally self-assembling bacterial 

micro-compartment shell protein (PduA) assemblies in 2D and its single-point mutant variant 

(PduA[K26A]) in 3D architectures for the reduction and fabrication of gold nanoparticles. 

Interestingly, the different spatial organization of gold nanoparticles resulted in a smaller size in 

the 3D architect scaffold. Here, we observed a two-fold increase in catalytic activity and six-fold 

higher affinity toward TMB (3,3',5,5'-tetramethylbenzidine) substrate as a measure of higher 

peroxidase activity (nanozymatic) in the case of PduA[K26A] 3D scaffold. This approach 

demonstrates that the hierarchical organization of scaffold enables the fine-tuning of nanoparticle 

properties, thus paving the way toward the design of new nanoscale materials. 
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