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ABSTRACT 
Compartmentalization in the cellular organization is essential for the efficient 

working of cellular processes. It is a characteristic feature of eukaryotes but also observed 

in prokaryotes under specific metabolic conditions. In prokaryotes, they are involved in 

concentrating the substrate and enzymes locally, thus enhancing enzyme efficiency and 

turnover number, preventing cross-talk between spatially isolated processes and isolating 

the harmful intermediates. These prokaryotic organelles are referred to as bacterial 

microcompartments and are subcategorized as Carboxysomes and Metabolosomes. They 

are entirely protein bodies made by the assembly of 18000-20000 protein units of 10 to 20 

different types. They have an enzymatic core with a signature enzyme wrapped within a 

peripheral shell protein boundary. These shell proteins are unique as they have evolved by 

horizontal gene transfer and comprises of bacterial microcompartment domain protein and 

bacterial microcompartment vertex protein. Mutational variations in the shell proteins 

followed by growth studies, along with their  X-ray crystallization, have been performed 

for the better knowledge of these vast complex macromolecular assemblies. All these 

studies to date supported complexity because of shape complementarity and similar genetic 

origin. This makes it difficult to understand the functions in vivo for individual components. 

This thesis primarily concentrates on the understanding of the organizational assembly of 

one such MCP, i.e., 1,2-Propanediol bacterial microcompartment and also its components. 

Based on a simple spectroscopic method, the complexity, organizational assembly, and 

composition of Pdu BMC are dissected. Protein compartments are fabricated from these 

self-assembling shell proteins to understand the functional role of individual shell protein 

in vitro. These protein shells are investigated for their stability and their capability to 

transport substrates and co-factors across the conduit channels. The Pdu BMC is also 

explored as a novel substrate for the development of bio-nano hybrids where gold 

nanoparticles are fabricated in 3D on its scaffold with having inorganic catalysis, as well 

as the core enzyme, showed bio-organic catalysis.  
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SYNOPSIS 
Living cells comprises of distinct sub-compartments to facilitate the regulation of various 

biological metabolic pathways. This phenomenon is known as compartmentalization and 

enhances the efficiency of the metabolic processes. The eukaryotic machinery 

preferentially depends on compartmentalization and has been well studied for its 

organization, structure, and function. Similar compartmentalization has been observed in 

prokaryotes, which do have similar functions like encompassing metabolic cycles and 

restricting their cross-talks but differ drastically in their composition and organization. 

These prokaryotic organelles because of the horizontal gene transfer have been observed 

in several bacterial species. Around 20 % of the sequenced bacterial genomes have the 

genes for the MCPs, suggesting the importance of compartmentalizing metabolic pathways 

in a cellular milieu as a competitive advantage towards growth and sustenance. 

 

Bacterial microcompartments (MCPs), as these organelles are referred to as 

encloses within an all protein boundary a metabolic pathway for a specific carbon substrate 

with signature enzymes. These carbon substrates are found in nature, and their metabolism 

is essential for the natural cycling of matter and sustenance of bacteria. Their use provides 

an advantage to the metabolically capable organisms in a variety of unique environments. 

A recent literature search shows these polyhedral structures are found in 19 out of the 29 

established bacterial phyla and are involved in the utilization of different carbon-containing 

compounds. These polyhedral structures are unique as they are made up of proteins only, 

and to date, no lipid components are reported. These compartments across different 

bacterial species are an assembly of 18000-20000 protein units of 10 to 20 different types. 

They carry out the metabolic reactions in few femtoliters and offer advantages such as 

concentrating the substrate and enzymes locally, thus enhancing enzyme efficiency and 

turnover number, preventing cross-talk between spatially isolated processes and isolating 

the harmful intermediates. To date, substantial work has been carried out to understand the 

genetic make of two main subcategories of MCPs, i.e., Carboxysomes and Metabolosomes. 

Mutational variations followed by growth studies, along with their X-ray crystallization, 

have been performed for the better knowledge of these large complex macromolecular 

structures. In the last half a decade, such compartments have received attention from 

bioengineering and biotechnological perspective and are being explored for various bio-

nanotechnology applications. 
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This thesis primarily concentrates on the Understanding of the organizational 

assembly, Simplifying the complexity of such assembly for investigating the properties of 

its components and Exploring it’s potential for being a novel substrate in the field of bio-

nano hybrids. Thus this thesis ‘USE’ a BMC as its paradigm for achieving the goal. Using 

these types of organelles will have a significant contribution towards developing synthetic 

cellular systems and natural polymer-based biomaterials whose properties can be 

manipulated for distinct characteristics. 

 
In Chapter 1, I started with the introduction on compartmentalization in eukaryotes 

and how this phenomenon has established its importance in prokaryotes also. A background 

sketch for the initial discovery and characterization of MCPs in bacteria along with a review 

on the various sub-types of these compartments and their functional diversity is done. The 

organizational pathway involved in the formation of these MCPs has also been highlighted. 

BMCs are all protein bodies and are made up of an outer protein coat with an enzymatic 

core. This outer protein coat is made up of specific Bacterial microcompartment domain 

proteins and bacterial microcompartment vertex proteins, which are called as shell proteins 

(SPs). A detailed inquiry on this unique category of domain proteins and their assembly as 

hexamer or trimer due to tandem repetition has also been included. How the assembly 

brings different features to these SPs such as concave and convex faces, a central pore, or 

other channels of conduits have also been discussed. A detailed sketch of 1,2-Propanediol 

microcompartment (Pdu BMC) has been made in the last part of the chapter. Composition 

of Pdu BMC in terms of shell proteins, the major enzymes bringing the catabolism of 1,2-

propanediol (1,2 PD), are highlighted. The motivation for the thesis is also included where 

I emphasized how the structure and organization of Pdu BMC have only been studied based 

on genetic manipulation supported mainly by X-ray crystallography. The Pdu BMC have 

genetic makeup similar to other reported MCPs but vary in encapsulated metabolic 

pathways and thus must be different in their assembly and organization. Fast spectroscopic 

tools for characterizing the complex assembly of MCP and relatively flat SPs based on 

morphology were missing in the literature. Thus, I tried to dissect the complexity, 

organizational assembly, and composition of Pdu BMC in the solution phase based on 

spectroscopic observations. Along with MCP, the individual components, i.e., SPs and 

enzymes, are also characterized by the newly adopted tool, referred to as Differential 

scanning fluorimetry. To date, this technique has been used to understand the thermal 

stability of globular proteins only. Herein I report for using this method for the first time to 
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understand the complex multimeric protein assembly. To reduce the complexity and to 

understand the properties of the individual components, mainly SPs, I fabricated protein 

compartments similar in morphology to that of MCPs and have called them protein shells 

(PSs). At-last I also scrutinized the potential role of the Pdu BMC or its components, 

especially SPs, as a new platform for developing bio-hybrid systems. 

 

The thesis involves various methods and different tools and techniques. Chapter 

2 summarizes all the methodologies used in the thesis with adequate details of all the 

instruments and techniques. All the new protocols developed for the thesis are detailed in 

this Chapter. 

Chapter 3 provides insights into the morphological makeup of the Pdu BMC 

solution structure. It is for the first time where the structure of the intact MCP has been 

sketched based on the spectroscopic dissection, and to our satisfaction matches the 

predicted model. In MCPs, a biochemical pathway with all the enzyme machinery is 

encapsulated within an all protein coat. The SPs and the enzymes have distinct structural 

features. It is hypothesized that flat SPs align sideways to form extended sheets, and the 

globular enzymes fill up the central core of the organelle. Based on a high throughput 

technique, i.e., differential scanning fluorimetry, the organizational assembly along with 

structure-function correlation of the Pdu BMC are established. Our findings exhibit that 

these intact MCPs as a whole behave similarly to a globular protein with a rich hydrophobic 

core, which gets exposed upon thermal insult. The encapsulated enzymes, in line with the 

hydrophobic-collapse model of protein folding, have a strong hydrophobic core. The SPs, 

on the other hand, do not have a strong hydrophobic core rather a have significant exposed 

hydrophobic patches. This unique exposure of hydrophobic patches might be required for 

anchoring the enzymes leading to better packaging and stabilization of the micro-

compartments. These observations indicate that the hydrophobic interactions between the 

shell and the enzymes are a critical factor in the genesis of these unique bacterial organelles 

and also provide insights for the development of novel encapsulated biomaterials. 

 

Chapter 4 shows how mono-component shells can be developed in vitro form the 

components of the complex Pdu BMC. The complexity of Pdu BMC and the shape 

complementarity of SPs makes it challenging to study their properties in vivo. Thus, this 

study aims to understand the properties of the individual SPs in vitro away from the MCP 

setup. Protein compartments fabricated out of globular proteins that require additional 
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chemical crosslinking for stability are reported in the literature. Here I explore the 

fabrication of all-protein compartment using self-assembled SPs. These SPs have intrinsic 

interacting domains which are ionic, and spontaneously self-assemble into sheets when 

over-expressed. The formation of the protein shells (PSs) from the SPs are achieved without 

any external stimuli or crosslinker. The spontaneous self-assembly of the native protein 

sheets into PSs using the physical emulsification method helped to preserve the inherent 

functional properties of the protein. Assembly in PSs at the same time enhances their 

thermal stability compared to the free SPs. I further demonstrate that these compartments 

can encapsulate enzymes and, more interestingly, allow the free movement of small 

molecules through their intrinsic conduit channels. The porous nature of the shell housing 

active enzymes and allowing movement of substrate make them suitable as active 

bioreactors. Further, three different sheet proteins are used to fabricate the protein 

compartments, and properties such as stability, enzyme encapsulation, and permeability are 

compared to tender the tunability of the method, the SPs, and the PSs. Interestingly I find 

that all three protein shells show similar behavior concerning an encapsulated diol-

dehydratase enzyme and Vit B12, which are native to the Pdu BMC system. Further, for 

the non-native enzyme CytC, small molecule R6G dye, doxorubicin, NR, and curcumin, 

they behave diversely. Insights from these observations will allow us to design and develop 

sheet protein-based synthetic active bioreactors requiring meticulous, 

compartmentalization for optimization of a specific process. 

 

In Chapter 5, I present my investigation on exploring Pdu BMC as a platform for 

the development of a hybrid catalyst system. I expressed and purified the Pdu BMC 

from Salmonella typhimurium and fabricated an array of uniform-sized gold nanoparticles 

(AuNPs) (2.5 ± 0.5 nm) in 3D. The SP surface of the Pdu BMC provided an excellent 

scaffold for the fabrication, with the AuNPs spaced adjacently having an inter-particle 

distance of 5.75 ± 0.5 nm. The fabrication of AuNPs is assisted by the intrinsic nature of 

the amino acids to nucleate the precursor gold molecules, followed by their subsequent 

reduction. The fabrication is carried out in such a way that the macromolecular assembly 

of Pdu BMC is not disrupted. This fabrication resulted in the formation of AuNPs shell 

enclosing an active enzyme cluster. The catalytic role of AuNPs is demonstrated by the 

standard catalysis of p-nitrophenol to p-amino phenol on the AuNPs surface, whereas the 

enzyme core retained its diol-dehydratase activity. The spatial arrangement of AuNPs on 

the 3D scaffold resulted in plasmonic development, which helped in augmenting the 
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inorganic catalysis. At higher precursor concentration, pores involved in the conduit of 

substrates were blocked, and concentration-dependent reduction in the MCP enzymatic 

catalysis is compromised, whereas enhanced inorganic catalysis is observed. This report is 

perhaps the first of its kind, which directly demonstrates that ectopic blocking of the pore 

may lead to impaired microcompartment function with an active enzyme cluster inside. 

Previously, genetic engineering studies have shown that specific blocking of the PduA pore 

results in the compromised 1,2-PD uptake. The Pdu BMC-AuNPs hybrid catalysts inspired 

a new class of resources that can be used in a chemical reaction condition without 

perturbing the core biological (physiological) environment for enzymatic activity. This 

system provides a clue for fabricating uniformly ordered nanoparticles in 3D and the 

development of a new class of orthogonal hybrid catalytic material.  

 

Chapter 6 summarizes the findings obtained by using Pdu BMC. I am successful 

in exploring the solution-phase structure of Pdu BMC using a spectroscopic probe. The 

fluorescent probe assay may be investigated for having a structure-function correlation of 

native complex macromolecular structure or even for protein conjugated macromolecular 

assemblies. I also showed for the first time the thermal unfolding profile of the Pdu BMC 

and BMC domain proteins, associating to its tertiary and quaternary structure. This 

understanding of the organizational assembly of Pdu BMC and its components will aid in 

developing quality control measures for the industrial application of this genre of proteins. 

This is the first time where the SPs of any MCP is used for fabricating protein 

compartments in vitro. The intrinsic self-assembly and substrate channeling features of the 

SPs helped in fabricating functional protein compartments. These PSs showing similar 

behavior towards channeling of the native components and different towards non-native 

extends a physiological relevance as it suggests the survival of Salmonella under stringent 

condition. Though still, this part needs rigorous in vivo genetic engineering studies to 

ensure whether similar behavior will be retained in the BMC or not. However, for the first 

time, our study shows that the three major Pdu SPs are not only structurally similar but also 

functionally concerning Pdu BMC native molecules in vitro. 

At last, I have successfully fabricated a well-arrayed distribution of AuNPs on the 

Pdu BMC scaffold. The controlled fabrication of nanoparticles in 3D is capable of 

inorganic catalysis without disturbing the enzymatic core. The wrapping of AuNPs on the 

MCP surface blocks the conduits of substrate and cofactors, thus compromising the 

enzymatic catalysis. This is the first time where Pdu BMC has been used as a scaffold for 
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the generation of hybrid inorganic−organic system and thus initiated its use as a suitable 

biomaterial. 

 

Appendix 

The appendix of this thesis deals with another natural polymer expresses in bacteria: 

bacterial cellulose. Cellulose is one of the most abundant, inexpensive, and readily 

available carbohydrates. Globally plants are the significant contributors of cellulose, but 

keeping in view, the concern for global warming along with the purity of plant cellulose 

motivated us to look for an alternative sustainable source for cellulose. An alternative 

source is the bacteria, which also produces cellulose and is referred to as Bacterial Cellulose 

(BC). They are chemically equivalent to plant cellulose in terms of structure but are not 

contaminated with hemicellulose and lignin. BC has emerged as an essential industrial 

biomaterial in recent times, due to its purity and properties such as high porosity, water 

retention, and water absorption capacity, biocompatibility, biodegradability, and high 

surface area.  

 

Appendix A;  

In the first part of the Appendix, I have mainly worked to optimize BC yield in the 

Super Optimal Broth with catabolite repression (SOC) medium by using the 

strain Gluconobacter xylinus. Catabolite repression is a phenomenon where “Catabolism 

exceeds Anabolism” and involves inhibition of transcription factors responsible for 

enzymes that are involved in the quest of food. The limited yield in the conventional Hestrin 

Schramm (HS) media required other holistic media, and so we resorted to SOC media. This 

medium is used to revive E. coli cells after electroporation or chemoporation. Within 5 

days of incubation in SOC medium, cellulose pellicles were observed as compared to HS 

media, where thin films can be seen (static culture). This is because of enhanced conversion 

of the carbon source to cellulose as SOC medium helped to maintains the pH close to 7.0 

in static cultures, unlike in HS medium where the pH is acidic. The produced BC is 

characterized by X-ray Diffraction (XRD), Thermo Gravimetric Analysis (TGA), 

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH), and Scanning Electron 

Microscopy (SEM) analyses. In SOC media, 50% of the carbon source gets converted to 

BC as compared to only 7% conversion in the case of traditional HS medium after 7 days 

of interaction. An increase in the hydration capacity of BC produced using SOC as 

compared to HS media is also observed.  
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Appendix B; 

In the second part of the appendix, the BC produced in the lab is used to develop a 

metal-binding matrix. This metal-binding conjugate has been achieved by covalently 

linking physiological metal chelators known as metallothioneins (MT) to the chemically 

modified BC. This involves a two-step procedure, in the first step epoxy ring is introduced 

using the epoxy-amine chemistry followed by covalent conjugation with the amine groups 

of the proteins. 50% mass by mass of the metallothionein could be attached to bacterial 

cellulose. The altered morphology observed in SEM and high thermal stability for the 

conjugate as compared to pristine BC suggested binding of the MT to the epoxidized BC. 

A five-fold enhancement in the metal binding capacity of the matrix is also achieved as 

compared to native BC. No significant toxicity of the conjugate material is observed. This 

bacterial cellulose-metallothionein conjugate can be explored for health care applications 

where the management of metal toxicity is crucial. The epoxy-amine chemistry for covalent 

conjugation of protein can be applied for several other types of proteins to develop specific 

functional biocompatible and biodegradable cellulose matrices. 
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1 Introduction 

1.1 Compartmentalization: Isolation of relevant bioprocesses 

A cell is referred to as the fundamental unit of life and is packed with all the 

required components for effective orchestration of essential energy processes. It 

becomes vital for the cell to carry metabolic processes in confined spaces for better 

control, optimization and regulation. This creates the need for a subcellular 

organization, which in general, is referred to as compartmentalization(1–4). From a 

broader perspective, the cellular compartments facilitate the passage of substrate, 

bring localization of interconnected metabolic pathways, and also help in the 

integrative regulation of various cellular processes (5). It involves physical isolation 

and insulation of heterologous components involved in biological reactions from the 

cellular milieu, thereby controlling their spatial-temporal interactions (6). All these 

factors have a cumulative effect on the energy homeostasis of the cell (5). The 

phenomenon of compartmentalization is well established in eukaryotes, whereas 

prokaryotes are primarily represented as unstructured sacks of cytoplasm(7,8). 

Lately, in prokaryotes, compartment like structures have been identified and are 

referred to as Bacterial Microcompartments (MCPs/BMCs; For abbreviating 

microcompartment in general MCPs is used whereas for specific microcompartment 

BMC is used, For e.g. Pdu BMC, Eut BMC etc) (9–15). MCPs represent a bio-

catalytic core within a semipermeable protein coat and are involved in a specific 

metabolic pathway in bacteria (14–17).  

1.1.1 Discovery and diversity of MCPs 

The first of the MCPs were detected more than seven decades ago in 1950 by 

transmission electron microscopy (TEM) in the cytoplasm of cyanobacteria 

Phormidium uncinatum (18,19). Initially they were considered to be inclusion bodies 

and also mistaken as viruses because of polyhedral appearance and their 

morphological resemblance to phage particles. Subsequent studies in Thiobacillus 

showed that these structures play an important role in CO2 fixation by the Calvin 

cycle. For the first time in 1973, these polyhedral bodies were isolated and purified 

from the chemoautotrophic bacterium Halothiobacillus neapolitanus, by differential 

and sucrose step-gradient centrifugation (20,21). These all protein polyhedral bodies, 

aided carbon fixation by encapsulating the ribulose-1,5-bisphosphate 
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carboxylase/oxygenase (RuBisCo) and carbonic anhydrase (CA) enzymes(20). Due 

to their involvement in CO2 fixation, they were named carboxysomes. Subsequent 

studies of the carboxysomes and similar morphologies in bacteria, and their 

composition lead to the identification of nine such structures, which today are 

collectively known as MCPs. Interestingly in the present time, similar polyhedral 

structures are found in 19 out of the 29 established bacterial phyla (16) and are 

involved in the utilization of diverse carbon sources. These carbon compounds are 

present in nature in one form or other, and their metabolism is essential for the natural 

cycling of matter(14–16). Their use provides a growth advantage to the metabolically 

capable organisms in a variety of compromised environments.  

 

Figure 1.1: Microcompartment genomic signature showing a gene cluster where multiple 
shell genes are interspersed with structural genes encoding enzymes. All MCPs contain 
three or more shell face proteins (FP) and at least one copy of the vertex protein (VP). The 
presence of different signature enzymes functionally distinguishes these gene clusters as 
different types of MCPs. (Adopted from 10.4172/2329-9002.1000118)(22). 

 
The isolation and purification of the polyhedral structures observed in 

carboxysome by density gradient ultracentrifugation showed that these structures are 

made up of entire protein and lack any lipid or genetic material unlike several other 

compartments observed in eukaryotes.  Follow up studies have shown that these 

structures have an enzyme cluster inside a protein shell of 3 to 4 nm in thickness. The 

size of these compartments varies in the range of 100-150 nm. These prokaryotic 

MCPs differ from the mammalian organelles as they lack lipid membrane or genetic 

material. Although initially there were several propositions regarding the function of 

these structures (23), subsequent studies show that these are conditionally expressed 
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bio-reactors in bacteria for some specific functions. The GenBank (24) analysis of 

MCP gene clusters show that these  shell gene homologs are present in 25 % of 

bacterial genomes suggesting their functional diversity(22).  

A microcompartment genomic signature (MGS),  represents a gene cluster 

where multiple shell genes are interspersed with structural genes encoding enzymes 

(Figure 1.1) (22,25). Presently this has become a nomenclature tool, because based 

on the type of the enzyme encoded within an MGS, MCPs are named accordingly. 

 

 
Figure 1.2: Metabolism of certain substrates generates volatile or toxic intermediates. In 
the absence of MCP, the volatile component escapes the cell bringing the loss of valuable 
carbon. On the other hand, toxic intermediates accumulate in the cytoplasm causing 
toxicity to the cell (a); When the metabolic cycle takes place in the MCP, the external shell 
of the MCP act as diffusion barrier and channel the volatile or toxic intermediate to the 
enzyme in the pathway thus preventing the carbon loss and also mitigating the toxicity (b).  
(Adopted from DOI: 10.1021/acsbiomaterials.5b00059(26) 
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1.1.2 Essential Features of the MCPs 

MCPs offer the most unique mode of compartmentalization in the prokaryotes through 

conditional spatial organization of different metabolic processes (Figure 1.2). Till date, 

all the MCPs studied have similar polyhedral morphology in the size range of 100-150 

nm, but differ in the metabolic machinery. In a typical MCP, there are close to 20,000 

polypeptides of 10 to 20 different types (14,19,49,50, 51, 52). Interestingly, no lipid or 

genetic material have ever been found associated with MCPs (16,19,28,30,31).   

Apart from the designated enzymatic reaction, the MCPs in general have some 

common function as listed below, 

• Concentration of metabolic machinery- Compartmentalization increases 

the local concentration of the substrate to the enzymes in MCPs, thereby 

enhancing the turnover number. In fact due to the MCP genesis the essential 

components are concentrated in a few attoliters compared to the 10-15 L 

volume of a cell. This type of subcellular arrangement aids feeding and 

retention of optimized carbon source to the enzymes. Also in a multi-enzyme 

metabolic pathway, assembly of the related enzymes in a confined space leads 

to energy efficient substrate channelling. 

• Restricting the loss of volatile component- MCP through their gated pores 

helps to minimize the diffusion of volatile intermediates. This prevents the 

loss of carbon source thereby maintaining the energy currency of the cell. 

• Mitigating the harmful effect of toxic intermediates- Metabolic pathways 

generate toxic intermediates like aldehydes that restrict growth. MCPs either 

segregate themselves by preventing their escape or detoxify it by proper 

orchestration of the downstream metabolic pathways. 

• Minimizing competing reactions- Compartmentalization within MCPs 

sequester enzymes and substrates so that they cannot engage in parallel or 

spurious reactions, thus enhancing enzyme activity and product yield. 

 

1.1.3 Functional diversity of MCPs 

Based on the variety of associated enzymes in the MGS, MCPs are involved in nine 

different metabolic processes. Broadly these MCPs are categorized into two 

subtypes, carboxysomes and metabolosomes. The carboxysomes, found mainly in  
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Table 1.1: Different types of MCPs and their functional role 

S. 
No 

Type of Micro-
compartment Species involved Enzymes Present Comments 

1 Carboxysomes 
(16,20,21,32) 

Cyanobacteria Carbonic anhydrase; 
Rubisco 

a-carboxysome 
b-carboxysome 

2 Ethanolamine 
(Eut BMC) 
(16,33,34) 

Klebsiella, 
Mycobacterium, 
Pseudomonas, 

Achromobacter, 
Corynebacterium 

EutBC, EutD, EutE, EutG 
Catabolizes Ethanolamine 
as a sole source of carbon 
and nitrogen by a Vitamin 

B12 (Vit B12) dependent 
pathway 

17 genes, 
5 genes codes for 

SPs 
12 genes code for 

enzymes 

3 Ethanol (Etu 
BMC)(35,36)  

Clostridium kluyveri 

 

NAD-dependent ethanol 
dehydrogenase 

NAD(P)-dependent 
acetaldehyde 

dehydrogenase 
Involved in the 
fermentation of 
ethanol/acetate 

Contain only two 
SPs 

4 Propanediol (Pdu 
BMC) 

(14,15,37–44) 

Salmonella 
typhimurium 

PduCDE, PduGH, PduS, 
PduO, PduL, PduQ, PduP, 

PduW, 
Involved in Vit B12 

dependent metabolism of 
1,2-PD 

Contain 8 SPs and 
13 enzymes 

5 Grp BMC 
(15,22,45,46) 

Desulfovibriosalexige
ns 

Desulfovibriodesulfuri
cans 

 

Propanediol dehydratase, 
Propionaldehyde, Alcohol 

dehydrogenase, 
Phosphotransacylase 

Involved in Vitamin B12 
in-dependent metabolism 

of 1,2-PD 

Genes for 
hexameric/ 

pseudohexameric 
BMC domain SPs 

and also a 
pentameric vertex 

protein (VP) 
6 Amino alcohol 

(15,47,48) 
Mycobacterium 

smegmatis 

 

Class III aminotransferase 

Amino acid permease-
associated protein 
aminoglycoside 

phosphotransferase 

Involved in the 
metabolism of 
amino alcohols 

7 Fuculose (49,50) Clostridium 
phytofermentans 

 

Involved in the 
metabolism of fucose and 

rhamnose 

Genes for SPs are 
similar to that of 

1,2 Pdu BMC 

8 Choline (51–53) Proteobacteria, 
Firmicutes, 

Actinobacteria, and 
Fusobacteria 

Involved in choline 
degradation 

Have 5 SP genes 
and enzymes for 
degradation of 

choline 
9 GRM2 (54) Klebsiella 

pneumoniae 
CutC choline Lyase  
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cyanobacteria and some chemoautotrophic bacteria. With low diversity, 

carboxysomes are the only MCPs that enclose an anabolic pathway and referred to 

as anabolosomes. MCPs that are involved in the metabolism of ethanol, fucose, 

rhamnose, amino alcohol, or other carbon substrates are referred to as 

metabolosomes. These metabolosomes are induced in the presence of the specific 

metabolite or substrate suggesting that these MCPs are under strict genetic control 

(37). Figure 1.3  gives a schematic for a typical gene composition encoding a MCP. 

The gene composition shows the presence of a regulator gene apart from the envelope 

proteins and enzyme clusters (39,55). The different types of MCP based on the 

metabolic enzyme encoded within an MGS are listed in  Table 1.1. 

 

Figure 1.3:  Schematic of a typical gene composition in a super locus encoding a BMC. In 
addition to genes encoding shell and core proteins, BMC super loci encode proteins for 
supporting and ancillary functions, such as transporters for the signature substrate.  

 

1.1.3.1 Carboxysomes 

The first microcompartments discovered in bacteria are the carboxysomes(20). These 

anabolic MCPs are involved in enhancing the autotrophic CO2 fixation at low CO2 levels 

by enhancing its local concentration(56–58). Low CO2 concentrations, induce the 

formation of carboxysomes in cyanobacteria and chemoautotrophs and it is reported that 

mutant strains that cannot form fully functional carboxysomes needed a relatively higher 

CO2 concentration for biogenesis (9,20,21). This underscores the importance of the 

carboxysomes in bacteria towards carbon concentration mechanism. RuBisCo is the 

central enzyme within the carboxysome boundary, which is involved in the fixation of 

atmospheric inorganic CO2 through the Calvin Benson Cycle (CBC)(59). RuBisCo is a 

slow fixing enzyme as it fixes only 3 to 10 CO2 molecule per second per molecule of the 

enzyme. It catalyses the carboxylation of Ribulose-1,5-biphosphate (RUBP) by 

facilitating the attack of CO2 at the C2 carbon of  RUBP and subsequent bond cleavage 

between C3 and C2 carbon, resulting in the formation of 2 molecules of glycerate-3-

phosphate (enters into the Kreb Cycle). Being bifunctional in nature RuBisCo also 
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catalyses the fixation of O2. But carboxysomal shell differentially blocks oxygen from 

reaching the enzyme located inside thus enhancing  its carboxylase activity (23,60,61). 

Another enzyme, CA, which has the role towards the conversion of the inorganic HCO-

3 to CO2 is also associated with RuBisCo. Carboxysomes are of two types: α and β-

carboxysomes. The α-carboxysomes (1A RuBisCo) are encoded by cso operon whereas 

β-carboxysomes (1B RuBisCO) by ccm operon. These two carboxysomes differ in the 

packing of the RuBisCo enzyme. In case of α-carboxysomes, interior appears to be less 

ordered or possesses one or more ordered layers bound to the inner surface of the shell 

whereas β-carboxysomes have significant internal structure with RuBisCO 

holoenzymes being scaffolded in three dimensions. Because of this packing differences, 

several lines of evidences indicate α-carboxysomes are more regular and smaller than 

the β-carboxysomes(19,61,62). The shape of carboxysomes, in general, is referred to as 

D6 polyhedra (23,63,64). Unlike viral capsids, the carboxysomes lack regular shape and 

icosahedral geometry.  Figure 1.4 shows a schematic of carboxysome composition and 

in the mechanism of their involvement in CO2 fixation.  

 
Figure 1.4: A carboxysome showing CA and RuBisCo encapsulated within a shell. CA is 
involved in the conversion of HCO-3 to CO2, which is the substrate for RuBisCo. The shell 
protein inhibits the escape of CO2 and thus increases its local concentration, and is fixed 
to useful carbon source by Calvin Benson Cycle.  

1.1.3.2 Metabolosomes 

Metabolosomes, are the MCPs involved in the metabolism of natural carbon sources 

like 1,2-PD, ethanolamine and ethanol etc. in bacteria. These carbon sources are 



Introduction 

   8 

expected to be present in anaerobic environment as they are formed by the breakdown 

of common plant sugars such as rhamnose and fucose in anaerobic conditions. These 

sugars are present in plant cell walls, bacterial capsules, and the glycoconjugates of 

eukaryotic cells and so these metabolosomes are formed in microbes growing in these 

environment such as intestine or anaerobic soil conditions. Different substrates are 

involved with different metabolosomes that get metabolized by the encapsulated 

signature enzyme present in their catabolic pathway (Figure 1.5). What is common 

in all these metabolic pathways, is the presence of reactive and volatile aldehyde 

intermediate. Aldehydes are toxic to the cell and cause irreversible damage to the 

DNA. Certain aldehydes such as the acetaldehyde, an intermediate from Eut BMCs, 

are highly volatile and lipophilic. They tend to escape from the lipoidal cell 

membrane of bacteria resulting in carbon loss and damage to the cellular genetic 

material (26,28,65).  

 
Figure 1.5: Metabolosomes share common biochemistry with the presence of a signature 
enzyme within the shell boundary with a diverse initial substrate. The metabolic pathway 
in the metabolosomes involves an aldehyde dehydrogenase (AldDH), an alcohol 
dehydrogenase (AlcDH), and a phosphotransacetylase (PTAC). The signature enzyme 
converts the substrate to the aldehyde, which is converted to the alcohol product by AlcDH. 
Separately AldDH uses CoA and NAD+ and gives R-CoA, which gets phosphorylated to R-
P product. The phosphorylated product is dephosphorylated by AK to generate ATP. The 
shell prevents the escape of aldehyde, a toxic intermediate.  

 
The shell of metabolosomes not only minimizes the diffusion of intermediates but 

also concentrates the substrate in the vicinity of the enzyme. A recent widely accepted 

theory related to metabolosomes is that their presence in certain class of pathogenic 
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bacteria under specific niche does provide a metabolic advantage to them (66). They 

have structure close to Johnson solid, as the polyhedral structure of metabolosomes 

is tiled by polygons of varying shape rather than one regular one.  Presently two 

metabolosomes that are widely studied are the Pdu BMC and Eut BMC.  

1.1.3.2.1 Propanediol Bacterial Microcompartment (Pdu BMC)  

 

Figure 1.6: The pdu operon showing the genes encoding the regulator, shell proteins and 
enzymes. These genes are involved in propanediol degradation, including the one required 
for the formation of shell which encases the metabolic pathway.  

For three decades, the only known MCP was the carboxysomes, involved in 

CO2 fixation by enhancing the specificity and catalytic activity of RuBisCo enzyme. 

However, in 1994, Chen and co-workers carried out the genetic studies and sequence 

analysis of PduA protein in pdu operon (an operon involved in Vit B12-dependent 

1,2-PD degradation by Salmonella) through GenBank(24) and EMBL(67) database. 

They observed that this gene has 60 % sequence similarity to the proteins found in 
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photoautotrophic cyanobacteria (39). Subsequently, Bobik and Co-workers observed 

polyhedral structures similar to carboxysomes in Salmonella when grown only in the 

presence of 1,2-PD under aerobic or anaerobic conditions (42,44). These polyhedral 

bodies are involved in Vit B12 dependent utilization of 1,2-PD (Figure 1.6). Analysis 

of the pdu gene cluster suggests frequent horizontal gene transfer of selected function 

and undergo operon reorganization (22,42). The gene cluster is found in many soil-

dwelling and enteric bacteria and is highly conserved, (68–70). Recent studies also 

suggest that degradation of 1,2-PD plays a significant role in the enteric pathogenesis, 

and its restriction can be an essential drug target to overcome intestinal infection (71). 

A detailed discussion on Pdu BMC is provided in the latter part of this chapter.  

1.1.3.2.2 Ethanolamine Bacterial Microcompartment (Eut BMC) 

 

Figure 1.7: The eut operon having the genes cluster at a single locus. These genes are 
involved in ethanolamine degradation, including the one required for the formation of 
shell which encases the metabolic pathway.    



Chapter 1 

11 
 

Eut BMC is mainly found in enteric bacteria and involved in the metabolism 

of ethanolamine. Ethanol is a by-product of ethanolamine metabolism as shown in 

Figure 1.7 and is mediated by a toxic intermediated i.e. acetaldehyde. The enzyme 

that brings this catalytic conversion is ethanolamine ammonia-lyase (EutBC) the 

signature enzyme of Eut BMC. Both the ethanolamine and 1,2-PD degradation 

occurs by a similar pathway (Figure 1.6 and 1.7) and the genes for Eut and 1,2-PD 

degradation are clustered together in Salmonella (72,73). Shively and co-workers 

showed that when Salmonella grows on ethanolamine, MCPs similar to those 

detected when grown in the presence 1,2-PD are observed (59). Eut BMC shell is 

composed of EutK, EutM, EutS, EutL, and EutN (27,72), and EutBC, EutE, EutG, 

and EutD make the core (28,72,74–77)  (Figure 1.7). Studies have indicated that Eut 

BMC prevents the loss of volatile metabolite (acetaldehyde) through the cell 

membrane and, at the same time, protects the cell from the toxic effect of 

acetaldehyde. Some enterobacteria that cause food poisoning, including Escherichia 

coli and Salmonella typhimurium, uses this MCP for the degradation of ethanolamine 

and have the advantage to compete for the gut flora in survival thus increasing their 

virulence (34,71,78).  

  

1.1.4 Assembly of MCP 

The complexity, structural, and functional diversity of MCPs across 

carboxysomes and metabolosomes raises a general query. Do these architecturally 

similar but functionally distinct prokaryotic organelles assemble the same way? 

Though there are few studies which address the assembly of MCPs, two parallel 

theories have evolved. These theories have been primarily devised based on the study 

of carboxysomes assembly (38,61,79–82). The two theories are detailed below:  

1.1.4.1 Core First assembly Pathway 

Observed in β-carboxysomes, this pathway hypothesizes the initial assembly of the 

enzyme core followed by its encapsulation inside the shell. The encapsulation occurs 

with the aid of targeting peptides reported in several enzymes that interact with 

respective interacting peptides in the shell proteins. These interactions assist in the 

final outfitting of MCPs into the polyhedral geometry (Figure 1.8-a). Studies have 

shown that these targeting peptides remain in the N- or C-terminal of the protein and 
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acquire a helical conformation upon interaction (79,83–86). This pathway studied in 

Synechococcus shows that initially, there is the formation of pro-carboxysome by the 

assembly of enzymes, RuBisCo and CA. This pro-carboxysome is then surrounded 

by a shell that pinches off excess cargo leading to the formation of matured 

carboxysome. The enzyme assembled core is active functionally and acts as the 

nucleus for the biogenesis of other similar structures (79,80).  

 

Figure 1.8: Assembly pathway in MCP mainly driven by two principles a) core first 
assembly b) concomitant assembly (Adopted from 10.1038/nrmicro.2018.10)(48) 
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1.1.4.2 Concomitant Assembly Pathway 

In this pathway, the core and the enzyme co-assemble simultaneously leading the 

the formation of the polyhedral MCPs. This assembly pathway has been observed in 

a-carboxysomes of Halothiobacillus. In a series of experiments performed by cryo-

electron tomography, the authors observe partially assembled shells attached to core 

proteins. These images suggest simultaneous assembly of shell and the enzyme. A 

schematic representation is shown in Figure 1.8-b (61).  

Though the assembly of MCPs other than carboxysomes is not experimentally 

observed in other MCPs, but drawing a link between several lines of studies suggest 

the similarity between the metabolosomes and the β-carboxysomes. For example, in 

GRMs a subset of the enzymes contain domains with homology to their catalytically 

active encapsulated counterparts and is analogous to the small subunits like domain 

of the β-carboxysomes. Besides this,  encapsulation peptides(83,86–88) are now an 

established feature of many different metabolosome enzymes such as CoA-

dependent propionaldehyde dehydrogenase PduP(86) and the phosphotransacylase 

PduL(89) of the Pdu BMC and also in EutG and EutC in Eut BMC(90). All these 

findings bring homology between the metabolosomes and β-carboxysomes and so 

similarity in their assembly pathway. Even direct evidences such as presence of polar 

bodies containing enzymes are observed in the BMC-H protein deletion mutant of 

Pdu BMC.  These polar bodies are probably pro-metabolosomes similar to pro-

carboxysomes. It also suggests the basic principle of core first assembly pathway that 

aggregation of the core is not dependent on shell formation (38,44). A recent work 

by Lehmann et al., shows that a short N-terminal α-helix of the major SP PduB’ is 

required for the BMC assembly as it is crucial for the interaction between core and 

shell (88).  

1.1.5 Structure of Bacterial Microcompartments 

The MCPs, as discussed, are made up of only proteins of more than 20000 units 

of 10 to 20 types in a typical example. MCP purification and their gene sequence 

analysis till date has revealed that the enzymatic and non-enzymatic component have 

equal contribution towards the total protein content (91). Over the years a growing 

body of literature suggest a similarity in the structure of the components of the outer 
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shell. Since 2005, when the first crystal structure of the carboxysome SP was solved, 

more than 40 SPs crystal structures are solved from both carboxysomes and  

 
Table 1.2: Different domain of proteins involved in the formation of MCP 

 BMC domain 

(Pfam00936) 

BMV domain  

(Pfam03319) 

Carboxysomes   

       a-Carboxysomes CsoS1A,B,C,D CsoS4A,B 

       b-Carboxysomes CcmK1,K2,K3,K4,O,P CcmL 

Propanediol PduA,B,J,K,T,U PduN 

Ethanolamine EutK,L,M,S EutN 

Ethanol EtuA,B CKL_0849 

 
metabolosomes (92). Despite the phylogenetic distances found in the microorganism, 

the crystal structures of the SPs are highly conserved.  These SPs belonged to either of 

the members of one of the two protein domains. These two domains are the BMC 

domain (Pfam Pf00936)(93), and the BMC vertex (BMV) domain (Pfam:Pf03319)(94). 

Table 1.2 gives the list of various proteins belonging to either BMC domain or BMV 

domain. 

 
1.1.5.1 Bacterial microcompartment domain protein 

The BMC domain belongs to the conserved family of a small protein, typically 100 

amino acids long. The domain is characterized by four β-strands, flanked by terminal a-

helices (Figure 1.9-a). BMC domain associate in a six-fold rotational symmetry to form a 

cyclic flat hexamer  (BMC-H) (Figure 1.9-b). These hexamers constitute the basic building 

blocks of the microcompartment envelope. The hexamers have a central pore which behaves 

as conduits for the substrates or the metabolites (Figure 1.9-c). The self-associated BMC 

domain giving rise to flat hexamer provides two faces to these shell proteins which differ in 

their amino acid distribution on the two surfaces and also in their shape and curvature. One 

of the faces has a  bowl-like depression is referred to as concave, whereas the other face with 

a bulge is convex (Figure 1.9-d) (12,95). Although it is not clear as to which side 

(concave or convex) of the SPs faces the bacterial cytoplasm, a growing body of 

evidence suggest that the convex side is the one that faces the cytoplasm of the cell 

whereas the concave face is towards the lumen of the compartment. A single BMC 
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has more than one type of SPs, which differ in their sequence but not the general 

structure.  

 

Figure 1.9: The BMC domain protein of family Pf00936 having four β-strands, flanked by 
a-helices (PDB-ID:3NGK) (a); six of the BMC domain arranges sidewise in a hexamer 
(BMC-H) as a disc with the N and C terminal lying on the same side (b); the hexamer at 
the six-fold axis of the symmetry has a pore which behaves as conduit and is highly selective 
for the substrates or the cofactors (c); the hexamer has a two-faced structure with one side 
having a bowl-like depression referred as concave face, and the other side is convex (d). 

 

Figure 1.10: Tandem repeat of BMC domain of family Pfm00936 observed in SP of BMC 
have β-strands, flanked by a-helices on either side (PDB-ID:4FAY) (a and b); the BMC 
domain assembles as a trimer and referred to as BMC-T. They are relatively flat on the 
convex side with bowl-like depression on the concave side. The N terminal lies on the flat 
sides, whereas C-terminal lies at the edges (c).     
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Certain SPs have 2 BMC domain repeats. These tandem repeat of the BMC 

domain, referred to as BMC-T or pseudo-hexameric, form trimers(Figure 1.10-a and 

b). Due to of the tandem repeat, they are identical in structure, and they also look like 

discs with hexagonal shape (Figure 1.10-c). These tandem repeats provide SPs with 

added flexibility by virtue of their additional loop regions. The central pores in these 

trimers also serve as conduits for transport. The crystal structure of EutB, EutL, and 

PduB are few examples of such trimers (33,35,40). Beside selective pore, these trimer 

units also have larger central pore (CcmP), thus allowing larger substrate across it 

(96). They also provide pore of a tendency to bind electron transporters, as observed 

in PduT (97). In BMC-T, a distinct crystal form has is reported, which suggests that 

MCP SPs, in particular, the trimer exist as protein bi-layer shell(98), or feeble 

chances of two-tier trimers, which is absent in hexameric assembly(99). 

 

1.1.5.2 Bacterial microcompartment vertex protein 

The BMC-H and BMC-T proteins can form extended 2D sheets. These sheets 

are closed into polyhedral structure by the pentameric BMV proteins (Figure 1.11-a 

and b) (94,100). The combination of hexamer and pentamer protein helps the BMC 

to attain a closed polyhedral structure as observed by the transmission electron 

microscope (TEM) imaging(37).  

 
Figure 1,11: BMC vertex protein assembles as a pentamer and belongs to family Pfm03319 (PDB 
ID: 2QW7). Pentamer, too, has a relatively flat surface on the convex side, whereas the concave 
side in having depression with a pore for which the role is not known (a and b). 
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The polyhedral structure of BMC relies on BMC-H for the faces of the polyhedra 

while BMC-V for the vertices. The BMC-H and BMC-T further tessellate, forming 

mosaic sheets getting folded in a closed shell-like structure, and the vertices acquired 

by BMC-V protein (Figure 1.12) (101–103). 

The variation in the assembly of BMC domain fold has resulted in the 

formation of more than 40 types of BMC SPs reported to date (48). The variation in 

the domain assembly also leads to different morphology observed in individually 

expressed protein. These SPs have different pore properties in terms of substrate 

conduits across them. Some of the pores also are reported to be redox centres 

indicating presence of electron transport reactions in these genre of organelles. These 

SPs also play a significant role in the encapsulation of enzyme cascade through 

encapsulating peptides. All these properties make the MCP and SPs a new system to 

understand and to explore for various applications, as discussed in this thesis. 

 

Figure 1.12: BMC-H and BMC-T assemble in 2D and form a mosaic sheet that interacts 
with the enzyme cascade. Latter with the help of BMC-V protein, the scaffold closes as a 
closed shell structure which carries out bio-catalysis within the periphery of the shell 
proteins. 
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1.2 Thesis motivation and perspective  

Compartmentalization offers efficient way of performing functions in vitro or 

in vivo. Several of native compartments such as viral capsids(104,105), lumazine 

synthase capsids(106), or in vitro compartments fabricated from globular 

proteins(107), protein-polymer conjugates(108) have been explored for 

encapsulating cargo, delivery vehicle, synthetic nanoreactor and also protocell 

development(104,109–112). Nevertheless, the characteristic features of the SPs such 

as scaffolding enzymes, capacity to sequester toxic intermediates, to enhance the 

local concentration of substrate, channelizing the substrate, and the intermediate to 

minimize carbon loss makes them a perfect candidate to be explored for various 

metabolic engineering processes for the development of complex bioreactors in vitro. 

The investigation on the potential of MCPs for encapsulation of heterologous 

enzymes within the enclosed boundary of SPs is also under exploration (113–116). 

Studies have shown the incorporation of non-native genes in the MCPs operon with 

proper functioning. These studies put forward the potential of exploring these MCP 

for nanobiotechnological applications including bio-reactor development, 

development of catalytic hub or cargo carrier. The anticipated cargo can be small 

drug molecules, enzymes, metal nanoparticles, or even toxic constituents(117,118). 

Also the understanding of the selective permeability(119) across the pores at the 

molecular level will help to explore MCPs as molecular sieves. It will also help to 

modulate the selectivity of the pore to maintain the specific microenvironment within 

the closed periphery of MCPs. All these manipulations to explore MCPs needs an 

understanding of the assembly and also the composition.  

This thesis, “USE” i.e., Understand, Simplify and Explore the Pdu BMC, 

observed in Salmonella enterica typhimurium as its paradigm. An understanding of 

the stability and assembly of Pdu BMC is outlined through studies discussed in this 

thesis. In the last decade, studies such as genetic deletion of individual shells 

from pdu locus, change of gene position of SPs, point mutations in SPs have provided 

information, which has given lead towards an understanding of the assembly of Pdu 

BMC(37,88,101,120). The mutational studies followed by growth assay, 

microscopic, and crystallographic characterization are  meticulous. Also identifying 

the roles of potential amino acids by mutation in a megadalton structure with 
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structural and functional similarity becomes a challenge. The effect of external 

environments such as pH, temperature (103,121), or other stimuli also needs to be 

investigated to understand the stability of these supramolecular structures. On the 

other hand, the scientists are intensely designing and building different 

supramolecular assemblies(104,122) (BMC or assemblies made up of proteins) with 

new functions and diverse cargo, which also need to be characterized. This motivates 

us to look for any simple laboratory technique which can provide information on the 

assembly, stability, and morphological makeup of macromolecular structures. Also, 

a quick literature search provides no evidence for such a study that sought to bring a 

correlation in the structural stability and its function in MCPs like structure through 

Differential scanning fluorimetry (DSF)/Thermal Shift Assay (TSA). This is the first 

report where a macromolecular assembly and morphology are studied using DSF 

in Chapter 3, and the new observations related to the structural organization of Pdu 

BMC are discussed. 

MCP is a macromolecular structure formed by the self-assembly of several 

protein molecules under strict genetic control. The SPs of the MCPs have intrinsic 

nature to self-assemble into a 2D sheet(102). Several reports have shown that the SPs 

attain different nanostructures when over-expressed(63). This intrinsic self-

assembling property opens up a new paradigm of exploring these SPs for various 

applications including development of bioreactor in a suitable micro-environment, a 

cargo carrier that can be tuned to deliver the product at the desired location or an 

enzyme immobilization scaffold for single or cascade enzyme reactions. In Chapter 

4, I explored the self-assembling properties of major SPs, i.e., PduA, PduB, and 

PduB’ for fabricating protein compartments called Protein Shells (PSs). I simplified 

the heterogenous Pdu BMC as homogenous protein compartment and investigated 

the intrinsic properties of the MCPs such as substrate and co-factor channelling, 

active bioreactor and also as cargo carrier. 

From the material perspective, the two-dimensional (2D) SP sheet may have 

diverse potential applications including fabrication of 2D self-standing sheets or 

scaffold for nanoparticle fabrication for application in optoelectronics or sensing. In 

Chapter 5 of this thesis, the self-assembled protein scaffold of the SPs are used for 

nucleation and fabrication of gold nanoparticles(Though the fabrication of gold 



Introduction 

   20 

nanoparticles on the SPs is not shown in the thesis). Subsequently, the intact Pdu 

BMC is investigated as a scaffold for developing bio-hybrids. With bio-catalysis 

inside the shell covering and the fabricated gold nanoparticles on the Pdu BMC 

surface are evaluated for inorganic catalysis. With much interest in these MCPs, this 

approach for the development of bio-hybrid conjugate in native MCP will open the 

door for its exploitation as potential biogenic material in days to come. The thesis 

work indeed opens up a new paradigm for exploring these MCPs for a wide range of 

applications.  
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2 Materials and Methods 

In this section, I have detailed all the reagents and protocols used in this thesis. The entire 

work uses a combination of molecular biology, biochemical, biophysical, chemical, 

spectroscopic, and theoretical approaches. The following sections give the meticulous 

detail of the materials used and the methods employed. The same has been referred 

wherever essential in the later chapters. 

 

2.1 Materials 

Reagent and source Source  Identifier 
Experimental Models: Organisms/Strain 
Salmonella enterica 
serovar Typhimurium 
LT2 

Gift from Dr. TA Bobik, 
Iowa State University 

LT2 

E. coli 
BL21(DE3)/pET41a-
PduA 

Gift from Dr. TA Bobik, 
Iowa State University 

BE1721 

E. coli BL21(DE3)/ 
pET41a -PduB 

Gift from Dr. TA Bobik, 
Iowa State University 

BE1726 

E. coli BL21(DE3)/ 
pET41a -PduB’ 

Gift from Dr. TA Bobik, 
Iowa State University 

BE1724 

E. coli 
BL21(DE3)/pET41a-
PduN 

Sinha Laboratory 
Collection 

SS98 

E. coli BL21(DE3)/ 
pET41a-PduCDE 

Sinha Laboratory 
Collection 

SS78 

   
Chemicals and Reagents 

2-Ethylhexan-1-ol Sigma Aldrich, India, 
India 

Cat #W315109 

3-methyl-2-
benzothiazoline 
hydrazine  

Sigma Aldrich, India Cat # 129739 

Acrylamide Hi-Media, India, India Cat # MB068 
Ado-Cbl Sigma Aldrich, India Cat # C0884 
Ammonium persulphate Sigma Aldrich, India Cat #A3678 
Auric chloride Sigma Aldrich, India Cat # 520918 
B-PER II Thermo Fischer 

Scientific, India 
Cat # 78260 

Bis-acrylamide Sigma Aldrich, India Cat #M7256 
Bradford reagent Sigma Aldrich, India Cat # B6916 
Citric Acid Merck, India Cat # 

1.93011.0521 
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Curcumin Sigma Aldrich, India Cat # C1386 
Cyanocobalamin Sigma Aldrich, India Cat # V2876 
DMSO Sigma Aldrich, India Cat # 276855 
DNase Sigma Aldrich, India Cat #DN25 
Doxorubicin.HCl Cipla, India Oncodox 10 
EDTA disodium salt 
dihydrate 

Hi-Media, India Cat # MB011 

Ethanol Hayman, UK Cat # F203640 
Glycine Hi-Media, India Cat # MB013 
HCl Molychem, Mumbai, 

India 
Cat #14860 

HEPES Hi-Media, India Cat # MB016 
Hydrogen peroxide Merck, India Cat # 

1.93407.0521 
Imidazole Hi-Media, India Cat # MB019 
IPTG Hi-Media, India Cat #MB072 
LB Agar Hi-Media, India Cat #M1151 
Luria Broth Hi-Media, India Cat #M575 
Lysozyme Hi-Media, India Cat #MB098 
Magnesium chloride 
hexahydrate 

Hi-Media, India Cat #MB040 

Magnesium sulphate Hi-Media, India Cat #MB171 
NHS ester-Alexa 488 Tocris Bioscience, UK Cat 6257 
NHS ester-Cy3 Tocris Bioscience, UK Cat # 5435 
NHS ester-Cy5 Tocris Bioscience, UK Cat # 5346 
NHS ester-Texas red Tocris Bioscience, UK Cat # 5442 
Ni-NTA resin Qiagen, Thermo Fischer 

Scientific, India 
Cat # 30230 

Nickel sulphate 
hexahydrate 

Sigma Aldrich, India Cat # 72285 

Nile red Sigma Aldrich, India Cat # N3013 
4-Nitrophenol Hi-Media, India Cat # GRM1182 
PEG4000 Hi-Media, India Cat # RM400 
PMSF Sigma Aldrich, India Cat #P7626 
Potassium Chloride Hi-Media, India Cat # MB043 
Potassium Hydroxide Hi-Media, India Cat #GRM1015 
Potassium phosphate 
monobasic anhydrous 

Hi-Media, India Cat # MB050 
 

Propane-1,2-diol Sigma Aldrich, India Cat # 134368 
Rhodamine 6G Sigma Aldrich, India Cat # 252433 
Sodium Azide Merck, India Cat # 

1.94911.0121 
Sodium Borohydride Supelco, Sigma, India Cat # 1.06371 
Sodium Chloride Hi-Media, India Cat # MB023 
Sodium Do-decyl 
sulphate 

Hi-Media, India Cat # GRM886 

Sodium Hydroxide 
pellets 

Hi-Media, India Cat #MB095 
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Sodium phosphate 
dibasic anhydrous 

Hi-Media, India Cat # MB024 
 

Sodium phosphate 
dibasic dihydrate 

Hi-Media, India Cat # MB126 
 

Sodium phosphate 
monobasic anhydrous 

Hi-Media, India Cat # MB183 
 

Succinic acid disodium 
salt 

Sigma Aldrich, India Cat #224731 

Sypro Orange Sigma Aldrich, India Cat # S5692 
TEMED Sigma Aldrich, India Cat #T9281 
Tris Base Hi-Media, India Cat # MB029 

   
Others 

96-well, 0.2 mL thin-
wall PCR plates 

BIO-RAD, USA Cat # HSS9601 
 

EppendorfâUvetteâ Eppendorf, Sigma 
Aldrich, India 

Cat # Z618683  

Amicon Ultra-0.5 
Centrifugal Filter Unit 
10 kDa MWCO  

Millipore Sigma Aldrich, 
India  
 

Cat # 
UFC5010BK  

3kDa Cut off mini 
dialysis bag 

Thermo Fischer 
Scientific, India 

Cat # 68035 

14 kDa dialysis bag Sigma Aldrich, India Cat # D9527 
PD10-desalting columns Ge-Health care Life 

Science, India 
Cat # GE17-0851-

01 
APS sensor Pall Life Science, USA Cat # 18-5045 
Precision Plus Protein 
Dual colour standards 

BIO-RAD, USA Cat # 1610374 

 
Software’s and Algorithms 
Adobe Illustrator CS6 Adobe System, Inc. USA https://www.adob

e.com/products/ill
ustrator/free-trial-
download.html 

AutoDock Vina 1.1.2 AutoDock Vina, USA http://vina.scripps
.edu 

CFX Manager 3.1 BIO-RAD, USA BIO-RAD, USA 
Forte Bio Octet CFR software, 

USA 
https://www.forte
bio.com/products/
octet-systems-
software 

Jasco software Spectra manager, Japan Jasco, Japan 
Nanoscope Nanoscale world, 

Bruker, USA 
http://nanoscalew
orld.bruker-
axs.com/nanoscal
eworld/forums/t/8
12.aspx 

Origin 8.6 Origin Lab, USA https://www.origi
nlab.com 
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PeakiTC200  Malvern Malvern, UK 
PyMOL PyMOL.org https://pymol.org/

2/ 
Swiss Model University of Basel https://swissmodel

.expasy.org 
VMD 1.9.3 VMD https://www.ks.ui

uc.edu/Research/v
md/ 

 
Instruments 
Atomic Force 
Microscopy 

Bruker Multimode 8 
scanning probe 

Bruker, USA 

Bio-Rad Gel 
electrophoresis 

BIO-RAD BIO-RAD, USA, 

Biolayer Interferometry Octet QK, Forte Bio Menlo Park, Pall 
Life Science, 
USA 

CFX96 real time PCR BIO-RAD BIO-RAD, USA, 
Circular Dichroism 
Spectroscopy 

Jasco-J 1500 JASCO, Japan 

Confocal Laser Scanning 
Microscope 

LSM 880 Confocal 
microscope  

Carl Zeiss AG, 
Germany 

Dynamic light scattering Nano-ZSP Malvern, UK 
Fourier Transform 
Infrared Spectroscopy 

Cary Agilent 660 IR Agilent 
technology 

High speed centrifuge Eppendorf Hamburg, 
Germany 

Incubator Eppendorf Hamburg, 
Germany 

Isothermal Titration 
calorimetry 

MicroCal-iTC 200 Malvern 
Pananalytical 

Microtiter Multimode 
plate reader 

Biotek-EonTM Vermont, USA 

Scanning Electron 
Microscopy 

JSM-IT300 JEOL, Japan 

Steady state fluorescence FS5 Edinburgh 
Instruments 

Table top centrifuge Avanti JXN-26,  Beckman Coulter 
TIRF-M Iexplore Tirf Olympus 
Transmission Electron 
Microscopy 

JEM 2100 JEOL, Japan 

UV Cary 60 UV Double Beam 
Agilent 
technology 

X-ray Diffraction Bruker ECO D8 Bruker, US 
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2.2 Methods 

2.2.1 Experimental study 

2.2.1.1 Expression and Purification 

2.2.1.1.1 Propanediol Bacterial Microcompartment 

Pdu BMC is purified according to a protocol developed(37,123). Briefly, 

Salmonella enterica serovar Typhimurium LT2(124) cultures are grown in 400 ml of 

non-carbon E growth medium (supplemented with 0.6 % Propane-1,2-diol (1,2-PD), 

0.5 % Succinic acid and 1mM of MgSO4). The culture is left overnight (for  12-16 h 

at 37 °C with shaking at 180 rpm) to grow till an OD600 of 1-1.2 is attained. The cells 

are harvested by centrifugation using Avanti JXN-26 centrifuge (Beckman Coulter, 

6000X g for 10 min) and is washed twice with 40 ml of Buffer A (50 mM Tris Base 

pH 8, 500 mM KCl, 25 mM NaCl, 12.5 mM MgCl2, 1.5 % 1,2-PD; 8000X g for 5 

min at 4 °C). The cells are then re-suspended in Buffer A containing 75% bacterial 

protein extraction reagent (BPER-II, Thermo Scientific™), DNase (2 mg, Sigma 

Aldrich, India), 0.4 mM phenylmethane sulfonyl fluoride (PMSF, Sigma Aldrich, 

India), and lysozyme (Hi-Media, India) at a final concentration of 1 mg/ml. The re-

suspended cells are shaken at room temperature for 45 min using Innova 2000 at 45-

50 rpm followed by incubation on ice for 5 min. The cell suspension is centrifuged 

(12,000 X g for 5 min, 4 °C), and the supernatant is collected and centrifuged 

(20000X g for 20 min, 4 °C). A thin glassy film is obtained containing Pdu BMCs 

along with associated debris. The film is re-suspended at 4 °C in a solution of Buffer 

A containing 60% of B-PER II and 0.4 mM PMSF followed by centrifugation at 

20,000X g for 20 min at 4 °C. The thin film obtained is re-suspended in pre-chilled 

0.5 ml of Buffer B (50 mM Tris Base pH 8, 50 mM KCl, 5 mM MgCl2, 1 % 1,2-PD) 

and centrifuged (12,000 X g for 5 min at 4 °C). The supernatant is collected and 

stored at 4 °C. The purified Pdu BMC is analyzed using 12 % SDS-PAGE. 

Concentrations for the Pdu BMC is determined by Bradford reagent (Sigma Aldrich, 

India Aldrich) (125). 

2.2.1.1.2 PduCDE and Pdu shell proteins (PduA/B/B’/N) 

Propane-1,2-diol diol dehydratase complex (PduCDE) construct is cloned in the 

pET41a vector (Novagen, Merck), and the protein is expressed in E. coli 
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BL21CodonPlus (DE3)-cells (Stratagene) cultured in Luria Bertani broth (Hi-Media, 

India). For optimum expression, the cells are grown at 37 °C to an OD600 of 0.5 and 

then induced with 1 mM IPTG (Hi-Media, India) at 37 °C for 4 h. After induction, 

cells are lysed by sonication in column buffer (50 mM Tris-base, 200 mM NaCl, 5 

mM imidazole, pH 7.5, all from Hi-Media, India) and centrifuged at 4 °C for 30 min 

at 10000X g. The supernatant is loaded onto Ni-NTA agarose (Qiagen, Thermo 

Fischer Scientific, India, after equilibrating the Ni-NTA with column buffer). The 

column is washed with wash buffer (50 mM Tris-base, 200 mM NaCl, 50 mM 

imidazole,  pH 7.5, all from Hi-Media, India), and then protein is eluted in 1 ml 

elution buffer (50 mM Tris-base, 200 mM NaCl, 200 mM imidazole,  pH 7.5). The 

elutions are checked for protein concentration using Bradford reagent (Sigma 

Aldrich, India) (125). The protein fractions are pooled and dialyzed in the sodium-

phosphate buffer (10 mM, pH 7.5) with three buffer changes. SPs of 1,2-Pdu BMC 

are expressed and purified using the reported protocol. The clones for SPs, i.e., PduA 

and PduB and PduB’ are a gift from Prof. Thomas A. Bobik, Iowa State University, 

USA. Whereas PduN is cloned in SS Lab, INST, Mohali. PduN, is cloned between 

NdeI and XhoI sites in the pET41a vector (Novagen, Merck). The SPs are expressed 

similar to that of PduCDE, except that OD600 of 0.5 is induced with 0.5 mM IPTG 

(Hi-Media, India) at 28 °C for 10-12 h.  The dialyzed proteins are tested for purity 

by SDS-PAGE and Bradford reagent(125) is used to check the concentration.  

2.2.1.2 Fabricating protein shells (PSs) 

2.2.1.2.1 Hollow PSs 

The SPs mediated PSs are fabricated at the water-oil interface as per the method 

for the fabrication of proteinosomes with modifications(108,110,112,126). The 

purified proteins are used in the concentration range of 0.25 to 1 mg/ml, of which 60 

µl is taken in 1.5 ml microcentrifuge tubes (MCT) and added with 1 ml of oil (2-

ethyl-1-hexanol from Sigma Aldrich, India) (water: oil ratio 0.06). The MCTs are 

gently shaken for 60 sec, which leads to the formation of the water in oil emulsion. 

The PSs formed in the bulk oil phase slowly settled down at the oil-water interface. 

After careful removal of upper oil (oil also wicked off along the surface of the MCTs) 

the PSs formed are transferred to 60 % ethanol to remove any associated oil. The PSs 

are then dialyzed (24 h with change after every 8 h) in Mili-Q to remove associated 
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ethanol. Post dialysis, the PSs are stored at 4 °C for further characterization. The 

scheme for the fabrication of PSs is provided in Figure 2.1. 

 
Figure 2.1: SPs of the Pdu BMC are explored for the fabrication of PSs. The SPs have the 
intrinsic nature to self-assemble as 2D sheet in the aqueous phase. The SPs in the aqueous 
phase is mixed with the oil through gentle shaking.  The PSs separated at the interface are 
transferred to ethanol (10 %)  and subsequently dialyzed in water. Ethanolic transfer and 
aqueous dialysis remove the associated oil and ethanol, respectively. The final dialyzed 
PSs can be stored at 4 °C or can be lyophilized.  

 

2.2.1.2.2 Cargo loaded PSs 

For fabricating enzyme/small molecules encapsulated PSs, the required 

encapsulant (enzymes, small molecules, etc.)  is added to the SPs in the aqueous 

phase. Molecules with very low hydrophilicity are encapsulated in the PSs 

(techniques such as solid dispersion preparation, complexation in hydrophilic 

molecules are carried out). The physical mixture is incubated for the interaction of 

the two, followed by  PSs fabrication as per the above-discussed method. For enzyme 

encapsulated PSs, to protect the encapsulated enzyme from the denaturing effect of 

ethanol,  after removal of the oil phase, only minimal ethanol (10 % ethanol) is used 

for removal of associated oil. Subsequently they are dialyzed in water for removal of 

associated ethanol. Enzyme activity for the non-dialyzed enzyme encapsulated PSs 

(without being transferred to ethanol phase and aqueous dialysis) are also carried out. 

The scheme for the fabrication of encapsulated PSs from the SPs is provided in 

Figure 2.2. 
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Figure 2.2: Scheme for the fabrication of cargo loaded PSs. The component to be 
encapsulated is incubated along with the SPs in the aqueous phase, and then PSs are 
fabricated. The encapsulated PSs settles at the water: oil interphase similar to hollow PSs 
and are transferred to ethanol (10%) for removal of associated oil and subsequently 
dialyzed in the aqueous medium. 

 
Note: Typically, 10 µl of PduCDE solution (2 mg/ml,10mM PBS buffer pH 7.4) and 

50 µl of PduA/B/BB (1 mg/ml) was mixed and enzyme encapsulated PSs were 

fabricated at the water-oil interface. 

2.2.1.3 Enzyme assay 

2.2.1.3.1 3-methyl-2-benzothiazoline hydrazine assay for Aldehyde    

detection: Diol-dehydratase activity assay 

The diol dehydratase activity of Pdu BMC and PduCDE is estimated by the 3-

methyl-2-benzothiazoline hydrazine (MBTH) method (127,128). 5 μg of Pdu BMC 

or 2.5 μg of PduCDE is added to 900 µl of the assay buffer (0.2 M 1,2-PD, 0.05 M 

KCl, 0.035 M potassium phosphate buffer (pH 8.0)) at 37 °C. The reaction is induced 

by adding 50 μl of adenosylcobalamin (Ado Cbl) (15 μM) and quenched after 10 min 

by adding 1 ml of potassium citrate buffer (pH 3.6). 0.5 ml of 0.1 % MBTH is added, 

and the reaction mixture is incubated at 37 °C for 15 min. After 15 min, 1 ml of 

double-distilled water is added, and absorbance of the product formed is taken at 305 

nm using a UV spectrophotometer. We define specific activity as μmol of product 

formed by one milligram of the enzyme in one min. In the case of enzyme 

encapsulated PSs, a control experiment is carried out where PduCDE without SPs is 

subjected to similar conditions (conditions in which PSs are fabricated), and the dio-

dehydratse activity is measured. The activity (for enzyme encapsulated PSs or free 

enzymes) is measured in triplicate, and the results are presented as Mean ± SD. 
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2.2.1.3.2 Pyrogallol oxidation assay 

For Cyt-C encapsulation, the required amount of enzyme is added (10 mg/ml; 

enzyme protein concentration in the reaction mixture is 50 μg mL-1) to 50 μl of 

PduA/B/B’ (1.0 mg/ml), and PSs are fabricated as per the method discussed in 

2.2.1.2.1 (Figure 2.2). The Cyt-C encapsulated PSs are transferred in a quartz cell 

and added with 5 μL of pyrogallol (3 M stock in water, the substrate for Cyt-C), and 

final volume is made up to 1 ml by Mili-Q. Finally, the required amount of H2O2 

(8.82 M stock) is added to initiate the reaction. The absorbance is monitored 

instantaneously after the addition of H2O2. The progress of the reaction is monitored 

at 420 nm by the formation of purpurogallin, the oxidized product of pyrogallol, for 

the initial 5-30 min (ε420 nm is 2640 M-1cm-1 in water) (129). 

2.2.1.4 Dye labeling of shell and the enzyme proteins 

NHS (N-Hydroxy Succinimide) esters of dyes Alexa 488, Cy3, Cy5, and Texas 

red are used to label the SPs and the enzyme. Free amine groups on the protein surface 

react with the NHS ester-activated dye at physiologic conditions (pH 7.2 to 9) to yield 

stable amide bonds. The dye is added to the protein in a ratio of 2:1(dye:protein; µM) 

and incubated overnight at 4 ˚C with gentle mixing. After overnight incubation, the 

mixture is passed through a PD10 desalting column (GE Healthcare life sciences, 

India) containing Sephadex G-25 resin. The tagged protein is eluted in phosphate 

buffer (pH 7.5). A UV spectrophotometer checked the elutions for the labeling of the 

different proteins. The dye-labeled SPs are used as starting material for fabricating 

the PSs, and observed under a Confocal laser scanning microscope (CLSM) (LSM 

880 Confocal microscope (Carl Zeiss AG, Germany). For fabricating enzyme 

encapsulated PSs, the dye-labeled enzyme (PduCDE/CytC) is added to the dye-

labeled SPs in the aqueous phase, and the PSs are fabricated as per the method and 

observed under the confocal microscope.  

2.2.1.5 Thermal Scanning Fluorimetry for the Pdu BMC, PduCDE, and SPs 

For carrying out the DSF experiments, a working stock of Sypro orange SO 

(200X) is prepared in the final dialyzed buffer from a DMSO stock of 5000X. The 

working stock is mixed with the varying concentration of protein samples in order to 

get a different final concentration of SO in the mixture (5X/10X/20X). The mixture 

is incubated and then loaded onto 96-well, 0.2 mL thin-wall PCR plates (BIO-RAD, 

USA) sealed with optical-quality sealing tape (BIO-RAD, USA). Thermal 
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denaturation is performed using a CFX96 real time-PCR instrument (BIO-RAD, 

USA) where the temperature is increased from 20 to 95 °C at 1°C/cycle with an 

equilibration time of 60 sec 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 fluorescence intensity (I) obtained upon thermal denaturation is fitted 

to a Boltzmann function (130) according to the Eq. 1 where AL is the lower and AU 

the upper limit of the fluorescence intensity, Tm is the temperature at the midpoint of 

the transition (transition temperature), and dT is the slope of the transition.  

𝐼(𝑇) = !!"!"

#$	&
#$#%
&#

                                                                     Eq. 1 

The thermal denaturation curve is fitted to multiple peak fit after base-line 

subtraction. Each of the peaks are assigned to transitions by carrying out the best fit, 

and the peak position is referred to as transition temperatures.  

2.2.1.6 Permeability study of small molecules in PSs  

2.2.1.6.1 Rhodamine 6G 

The permeability of the fabricated PSs is studied by carrying out the uptake and 

release of a water-soluble dye, i.e., Rhodamine 6G (R6G). The dialyzed PSs are taken 

in small dialysis tubing and placed in a beaker containing the dye solution (20 µM). 

At regular time intervals, the PSs are removed and put on an activated glass coverslip. 

The PSs are imaged using an inverted fluorescence microscope at 40X objective. 

Fluorescence images are collected by radiating the sample with a 532 nm laser with 

an exposure time of 100 ms with 30 % laser power. At each time point, fluorescence 

is collected from various regions covering more than hundreds of PSs. The images 

having PSs are analyzed using Olympus cell-sens software. After background 

correction, images are segmented to detect the particles having fluorescence (More 

than 100 PSs). Then the average fluorescence intensity per unit area of each particle 

is calculated. Histogram is plotted for all the averaged intensity of all PSs at each 

time point. Each histogram is fitted using Gaussian distribution, and the peak 

intensity value is calculated. The mean peak fluorescence intensity for uptake and 
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release are plotted against time and best fitted using a single exponential decay model 

as per Eq. 2 to calculate the rate constants.  

𝑦 = 𝑦! + 𝐴𝑒
"#
$

        Eq. 2 
 

2.2.1.6.2 Vitamin B12  

For studying the interaction along with uptake of VitB12 (Cyanocobalamin) by the 

PSs dialysis bag method is adopted.  The dialyzed PSs are taken in dialysis tubing 

(Thermo Fischer Scientific, Cut-off 3kDa, volume 500 ml) and is placed in a beaker 

containing Vit B12 (20 µM). At each time interval (0, 1/2/4/6/12 h), the SPs/ PSs are 

checked for of VitB12 absorption using a UV spectrophotometer. The absorbance is 

plotted against time, and using single exponential decay, the rate of  VitB12  uptake 

inside the PSs is determined. 

2.2.1.7 Encapsulation and release of small molecules from PSs 

2.2.1.7.1 Doxorubicin (Dox) 

Doxorubicin at a concentration of 0.16 mg/ml is mixed with the SPs (1mg/ml) and 

incubated overnight. The mixture is used for the fabrication of Dox loaded PSs by 

the method discussed in section 2.1.2.2. The PSs formed at the junction are 

transferred to ethanol and dispersed in water. The dispersed samples are checked for 

drug loading. The release study is then carried out by dialysis bag method (Small 

dialysis bags from Thermo Fischer Scientific, Cut-off 3kDa, volume 500 µl). At 

regular time intervals (0, 1/2/4/6/12 h), the PSs are removed from the dialysis bag 

and checked by a UV spectrophotometer. As a control, only aqueous drug solution is 

mixed with the oil phase, mixed, followed by separation of two phases. The oil layer 

is removed, and an aqueous drug solution is transferred to the dialysis bag to check 

the release of the free drug molecule. The release rate is determined by fitting the 

curve in single exponential decay (Eq. 2). 

2.2.1.7.2 Nile red  

The pre-incubated mixture of SPs and NR-b-CD is used for fabrication of Nile 

Red (NR) (10 µM) encapsulated PSs (pre-incubated mixture is used to check the 

interaction of the dye with SPs) as per method discussed above. The PSs formed at 

the juncture of oil-water are separated and transferred to ethanol. The PSs are 
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subsequently dispersed in water, and the release study is carried out by the dialysis 

bag method (Small dialysis bags from Thermo Fischer Scientific, Cut-off 3kDa, 

volume 500 µl). At regular time intervals, the PSs are removed from the dialysis bag 

and checked for fluorescence intensity (Excitation – 550 nm; Emission 600 to 750 

nm) using a fluorescence spectrophotometer. The release rate is determined by fitting 

the release curve in single exponential decay (Eq. 2). (Note: NR is a hydrophobic 

dye. Initially, the NR is mixed with SPs, but encapsulation is not achieved. Then the 

dye hydrophilicity is increased by entrapping it in beta-cyclodextrin (b-CD) 

hydrophobic core (For 10 µM of NR 0.3 mM of b-CD is used). 

2.2.1.7.3 Curcumin  

The curcumin (Cur) loaded PSs are fabricated from the physical mixture of Cur-

PEG complex and SPs as per the method discussed above. The PSs formed at the oil-

water junction are transferred to the ethanolic phase before being dispersed in water. 

The aqueous dispersion is transferred to a dialysis bag (Thermo Fischer Scientific, 

Cut-off 3kDa, volume 500 µl) to study the release of Cur from the PSs. At regular 

time intervals, the PSs are removed from the bag and checked for fluorescence 

intensity (Excitation – 480 nm; Emission 500 to 750 nm) using a fluorescence 

spectrophotometer. The release rate is determined by fitting the release curve in 

single exponential decay. (Note: Cur has low aqueous solubility, thus, Cur solid 

dispersion is prepared to enhance its solubility. Cur is mixed with PEG4000 at a ratio 

of 1:8 (2 mg of Cur and 16 mg of PEG 4000) and heated at 75 °C for  1 h. A 

homogeneous solution is obtained, which is cooled to get a solid mass. The prepared 

solid dispersion is weighed, triturated, and dissolved in water such that final cur 

concentration is 100 µM in the physical mixture with the SP. The physical mixture 

is checked for cur interaction with the SPs.) 

2.2.1.7.4 Gold nanoparticles 

Gold nanoparticles (AuNPs) encapsulated PSs are fabricated from the physical 

mixture of AuNPs (18-20 nm (volume %)) and SPs as per the method discussed 

above. The PSs formed at the oil-water junction are transferred to the ethanolic phase 

before being dispersed in water. Both physical mixture and AuNPs encapsulated PSs 

are used to carry out the reduction of p-nitrophenol to p-aminophenol (in the presence 

of NABH4), which is measured by UV spectrophotometer.   
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2.2.1.8 Studying the interaction of auric chloride with Pdu BMC  

The interaction of Pdu BMC with AuCl3 is studied by methods such as measuring 

the AuCl3 peak in the matrix using UV-Vis spectroscopy or the decrease in 

tryptophan fluorescence. An optical method such as Biolayer interferometry (BLI) 

and thermodynamic method such as Isothermal titration calorimetry (ITC) is also 

investigated for studying the interaction.  

2.2.1.8.1 Biolayer interferometry  

Interaction experiments are carried out by Biolayer interferometry (BLI) on a 

FortéBio (Menlo Park, CA) Octet QK biosensor using aminopropyl silane (APS) 

sensors. It is a label-free method extensively used for the analysis and characterization of 

protein interactions, quantitation of proteins, affinity for macromolecules and kinetics of 

interactions. Initially, before loading the proteins the sensors are hydrated for 10 min. 

On the hydrated sensors after a short baseline (60 sec) proteins (Pdu BMC @ 0.1 

mg/ml, whereas SPs at 50-200 µg/ml) are loaded through hydrophobic interactions 

(till saturation is achieved) followed by baseline in water to remove non-specific 

bound protein.  

 

Figure 2.3: Scheme for studying the interaction of Pdu BMC with the Auric chloride 
through BLI. Initially, Pdu BMC is immobilized on APS sensor through hydrophobic 
interaction and then is made to interact with different auric chloride concentration 

 

After a stable baseline (60 sec), the sensor is moved to well containing AuCl3 for 

association (300 sec) and immediately moved to well where an initial baseline before 

the association is carried out for dissociation (300 sec). This step of a stable baseline 

followed by association and dissociation is carried out for minimal 4 AuCl3 

concentration (5 to 250 µM). After each step, the complete conjugate is removed by 
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carrying out a regeneration step. The curves obtained are corrected for control 

(interaction of bare sensor with AuCl3) sensors and are fitted to determine the 

dissociation constant. The scheme for the same is provided in Figure 2.3. 

2.2.1.8.2 Isothermal titration calorimetry  

Interaction experiments in the solution phase between the Pdu BMC or SPs with 

AuCl3 is carried by Isothermal Titration calorimetry (ITC) using MicroCal-iTC200 

instrument (Malvern Panalytical). It is used mainly for studying the interaction of 

small molecules with large macromolecules. AuCl3 in water is used at 30 µM and is 

titrated with Pdu BMC (0.1 mg/ml) or shell proteins (5-10 µM) at different injection 

volume (for Pdu BMC, 39 injections @ 1 µl/injection with an interval of 150 sec 

between two injection; whereas for Pdu shell proteins 19  injections @ 2 µl/injection 

with an interval of 150 sec between two injection). Titration carried out with SPs is 

fitted into a one-site binding model using PeakiTC software. 

 

2.2.1.9 Fabrication of Gold nanoparticles on Pdu BMC 

 

Figure 2.4: Scheme for the reduction of AuCl3 on the Pdu BMC scaffold. Initially, AuCl3 

is adsorbed on the BMC surface, and then the reduction is carried out in the presence of 
HEPES. 
 

Pdu BMC (concentration ranging of 0.1 to 1 mg/ml) is incubated with AuCl3 

solution (5 μM to 500 μM), as shown in Figure 2.4. The excess of AuCl3 is removed 

by centrifugation (20,000 X g), and the matrix at the bottom of MCT is checked for 

BMC-AuCl3 interaction by measuring the AuCl3  peak intensity and also tryptophan 
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fluorescence of Pdu BMC. The matrix is added with equimolar HEPES (ranging from 

5 μM to 500 μM) for fastening the reduction of AuCl3 to AuNP. The reduction (from 

Au(III) to Au(0)) is checked on a multimode plate reader at a fixed wavelength of 

540 nm with a step time of 10 sec. End spectra are also taken for the conjugate from 

250 to 900 nm using a UV-Vis spectrophotometer. 

2.2.1.10 Characterization techniques 

2.2.1.10.1 Size distribution by Dynamic Light Scattering 

The hydrodynamic diameter of the sample is determined using the Nano-ZSP 

(Malvern) instrument (5 mW HeNe laser λ = 632 nm, at a backscattering angle of 

173°). 100 µl of the samples (Pdu BMC, SPs, Pdu BMC-AuNP hybrid) are taken in 

disposable cuvettes (Eppendorf® UVette®, Optical path length- 10 mm). All the 

samples are measured in triplicate.  

For showing the full distribution in the SPs and PSs, all of the population is plotted 

where ‘x’ axis represents the hydrodynamic diameter and y-axis the intensity percent.  

2.2.1.10.2 Circular Dichroism  

Secondary structure and conformational stability of the protein samples (in the 

concentration range of 5-20 µM, Pdu BMC @ 0.1-0.5 mg/ml) are recorded with the 

Circular Dichroism (CD) spectrophotometer (Jasco J-1500). A quartz cell with a path 

length of 0.1 cm is used in a nitrogen atmosphere for measurement in the far-UV 

range (200-250 nm). An accumulation of three scans is carried out (scanning speed 

of 200 nm/min) for each sample. For determining the thermal stability of the proteins, 

peltier based CD measurement is carried out. Samples are scanned from 25 to 100 °C 

(temperature wavelength scan) at a rate of 2.5 °C/min and at the interval of 5 °C in 

the far-UV range (200-250 nm). The a/b content for the same is determined using 

K2D3 software(131). 

2.2.1.10.3 Fourier Transform Infrared spectroscopy 

The secondary structure of Pdu BMC and hybrid are determined by Fourier 

Transform Infrared (FTIR) spectroscopy after depositing it as thin on the ATR cell 

(diamond ATR crystal) in Cary Agilent 660 IR spectrophotometer. Spectrum is 

collected in a range of 400–4000 cm-1 wavenumbers. Each sample is an average of 



Materials & Methods 

   36 

20 scans at 4 cm-1 resolutions. The spectra are analyzed for secondary structure 

components.  

2.2.1.10.4 Atomic Force microscopy  

The morphology of the SP and PSs is carried out using Bruker multimode 8 

scanning probe microscopes. In brief, 20µl of the sample is placed on silicon wafers, 

allowed to settle down for 5 min and then washed with Mili-Q (to ish off any 

associated salts and debris). The samples are then dried and purged with nitrogen. 

The scanning is carried out using tapping mode in the air with a gold-coated 

cantilever. The images obtained by Atomic Force Microscopy (AFM) are processed 

using Nanoscope software (Bruker) to determine the morphology and height profile. 

2.2.1.10.5 Scanning Electron microscope  

The shape and the morphology of the PSs are observed using a scanning electron 

microscope (SEM) (JEOL, JSM-IT300, USA) at 10-15 kV with a probe current of 

30-40 µA. The PSs after dialysis are dropped cast on silicon wafer followed by drying 

at room temperature. The air-dried samples are gold-sputtered for 60 s at 30 µA 

current and scanned at different magnification. The size for the PSs is presented as 

Mean ± Standard error of the mean.  

2.2.1.10.6 X-ray diffraction studies 

The X-ray diffraction (XRD) pattern for the bio-inorganic hybrid is recorded using 

a Bruker ECO D8 advance with Cu Kα radiation wavelength of 0.1542 nm at a 

voltage of 40 kV and a current of 25 mA. The data is collected from 10 to 80 two 

theta (2q) with an increment of 0.02. For carrying out the XRD, the Pdu BMC-hybrid 

is fabricated in the MCT as described above and is drop-casted as thin films on 

specially designed glass sample holders. In situ fabrication of NPs on the BMC 

surface is carried out on sample holder, and XRD pattern is collected. XRD for only 

Pdu BMC is also collected. 

2.2.1.10.7 Transmission electron microscopy  

Transmission electron microscopic (TEM) images of purified BMC and BMC-

AuNP are obtained with a JEM 2100 TEM (JEOL, USA) operated at 120 kV or 200 

kV. The sample for Pdu BMC (1-2 mg/ml) is added on formvar or carbon-coated 

grids (300/ 200 mesh size). The Pdu BMC are stained with uranyl nitrate (0.2-0.5 % 
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w/v, freshly prepared and filtered) followed by Mili-Q (pH 7.3-7.5). For TEM of Pdu 

BMC-AuNP hybrid, the samples are prepared either in situ on grids or in tubes 

followed by transferring to the grids. For the in situ preparation, 10μL of Pdu BMC 

(at 0.1 mg/ml) is added to the surface of the grid and allowed to settle. The excess 

buffer is wicked off, followed by adding 10 μL of AuCl3 (31.5 μM). It is allowed to 

interact with Pdu BMC for 3-5 min. Excess AuCl3 is wicked off, followed by the 

addition of 10 μL of HEPES (31.5 μM, pH 7.4). Post incubation excess of HEPES is 

removed, and the grids are washed twice with Mili-Q, followed by drying.  

2.2.1.10.8 UV-visible spectroscopy 

UV-visible spectra of the dye-labeled SPs for fabrication of PSs, product 

formation in MBTH assay at 305 nm, pyrogallol to purpurogallin formation at 402 

nm, tryptophan absorption at 280 nm in AuCl3 and BMC interaction or Pdu BMC-

AuCl3 hybrid at 540 nm are recorded on an UV−Vis spectrophotometer (Double 

beam Agilent technology, Cary 60 UV-Vis)  at respected wavelength or in a 

particular UV range. Quartz cell with a path length of 1 cm is used in UV−Vis with 

bandwidth 1 nm.  

Kinetics of AuCl3 reduction on Pdu BMC or SPs surface is studied on a microtiter 

multimode plate reader (Biotek – EonTM) at 540 nm in transparent flat 96 well plates. 

2.2.1.10.9 Steady-state fluorescence 

Steady-state fluorescence spectrophotometer from Edinburgh spectrophotometer 

(FS5, Module SC-5, Module SC-25 (liquid sample module for temperature-

dependent study) Standard cuvette holder from Edinburgh Instruments, UK) is used 

to study the initial binding of SO to the BMC proteins, tryptophan fluorescence 

studying the stability of Pdu BMC or PduCDE, FRET study enzyme encapsulated 

PSs, release study of various fluorescent small molecules, interaction of AuCl3 with 

Pdu BMC and to study the mechanism involved in the formation of AuNPs on the 

Pdu BMC surface.  

For the SO binding experiment, protein samples are mixed with increasing SO 

concentration (1X to 5X). The SO-protein mixtures are excited at 490 nm, and 

emission spectra are recorded between 500 to 750 nm at the bandwidth of 3 nm each. 

Three scans are collected, and the spectra shown are the sum of three scans. For 

studying the stability of Pdu BMC and PduCDE as a function of temperature, the 
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sample is ramped from 20 to 100 °C using peltier. The change in the  tryptophan 

fluorescence emission (from 300 to 500 nm) is collected after excitation at 290. FRET 

between Cy3 and Cy5 tagged SPs and enzyme is checked after exciting for Cy3 and 

collecting the emission for Cy5. Release study for small molecules such as Cur, NR, 

and Dox is collected by measuring the emission after exciting at the appropriate 

wavelength.  

The interaction of AuCl3 is studied by assessing the tryptophan fluorescence 

(excitation at 290 nm and emission from 300 to 500 nm) using a fluorescence 

spectrofluorometer. The mechanism involved in the formation of AuNPs on the Pdu 

BMC surface is also studied by steady-state fluorescence. The Pdu BMC:Au hybrid 

is excited at 365 nm, and the emission is collected from 600 to 700 nm with excitation 

and emission bandwidth of 5 nm each (concentration for MCP, AuCl3, and HEPES 

are similar to that of UV experiments). The emission spectra are collected at a one-

minute interval till saturation. After saturation excess, AuCl3 or HEPES is added, and 

the emission is collected under similar conditions. 

2.2.1.10.10 Total Internal Reflection Fluorescence Microscopy 

The mechanism involved in the fabrication of AuNP on the Pdu BMC surface is 

studied by Total Internal Reflection Fluorescence microscopy (TIRF-M). It potential  

 

Figure 2.5: Studying the formation of fluorescent gold nanoparticles on the Pdu BMC 
surface by TIRF-M 
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benefits in any application requiring imaging of minute structures or single molecules 

in specimens having large numbers of fluorophores located outside of the optical 

plane of interest, such as molecules in solution in Brownian motion, vesicles 

undergoing endocytosis or exocytosis, or single protein trafficking in cells. For the 

TIRF-M experiment, 0.1 mg/ml of the Pdu BMC is incubated on ultra-clean glass 

coverslips. The excess of Pdu BMC is removed by gentle washing with Mili-Q. Then 

AuCl3 is added and allowed to interact with the BMC surface, followed by HEPES 

addition. Immediately the sample is excited with 532 nm laser (Cy3), and emission 

is collected from 550 to 630 nm. Imaging is performed using the IX83 P2ZF inverted 

microscope (Olympus) combined with the IX3 TIR MITICO TIRF illuminator. 

Fluorescence is collected using an oil-immersion objective (60X, NA 1.45, Olympus) 

split into two channels by a dichroic beam splitter and recorded by electron-

multiplying charge-coupled device (EMCCD) camera (Q-Imaging Roller Thunder). 

The filters used are Quad-band LF405/488/532/635-A-000 Bright Line Full Multi-

Band Laser Filter set.  Cy3 (532 nm) and the laser is used at 50% power. The samples 

are exposed for a duration of 1 s, and the interval between two exposures is 5s. The 

scheme for the experiment is shown in Figure 2.5. Image acquisition and processing 

are performed using CellSens Dimension (Olympus) software. 

 
2.2.1.11 The catalytic activity of BMC-AuNP hybrid 

The reduction of p-nitrophenol to p-aminophenol is monitored by UV-Vis 

spectroscopy. For the experiments, 100 μL of 0.360 mmol L-1 p-Nitrophenol is 

diluted with 380 μL of Milli-Q and mixed with 20 μL of 25 mmol L-1 sodium 

borohydride in a  quartz cuvette before directly adding the  BMC-AuNPs. UV-Vis 

spectra following the catalytic reaction of p-nitrophenol are subsequently taken with 

1 min intervals for 30 min(132).  

 

2.2.2 Theoretical study 

2.2.2.1 Docking studies of Sypro orange with proteins 

Protein structures are taken from Brookhaven Protein Data Bank(133) (PDB ID: 

Pdu A-3NGK; Diol dehydratase-1IWB). Hydrogen atoms are added to the protein 

and Kollmann charges (Kollamnn charges are template values for each amino acid 
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that are derived from the corresponding electrostatic potential using quantum 

mechanics. If no charges are added, all the electrostatic interactions between protein 

and ligand are absent, and the Van der walls interactions will become dominant) are 

added. Auto dock tools are used to prepare the macromolecule and ligand. 

Lamarckian genetic algorithm(134) implemented by an adaptive local method search 

is utilized by auto dock vina(135) to produce different ligand conformations. A grid 

box of size 20*20*20 Å is prepared for the docking. For hexameric PduA (PDB ID: 

3NGK)(41,136)  unit and diol dehydratase (PDB ID: 1IWB)(137), docking is 

performed separately by creating multiple cubic box covering entire protein surface. 

Docking is performed multiple times (more than 50). We kept the number of ligand 

modes to 20 at a time and an exhaustiveness value of 50. Although there is no 

standard way to set the value of exhaustiveness, which is by default eight but 

increasing this value increases the sampling, which in turn raises the accuracy of the 

auto dock vina program. Analysis of the potential binding site and mapping of surface 

hydrophobicity has been performed using pymol and VMD (135,138–140). 
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3 Understanding the assembly of Pdu BMC 

3.1 Introduction  

In general, MCPs have been an attractive target for functional studies because of 

their assembly and diverse metabolic interactions. Various factors responsible for 

these characteristic features are  intactness, size scale of BMC, geometry, structural 

complementarity of various proteins, inter-play of forces (ionic, hydrophobic) across 

different proteins etc. All these factors bring complexity, and thus a challenge to 

realize BMC in vitro. Various biophysical methods such as X-ray crystallography, 

TEM, AFM and biochemical assays are adopted to study the structure-function 

correlation of these complex supramolecular assemblies,  however, they involve time 

and cost intensive protocols (40,141–143). Most of these studies have attempted to 

characterize the structures of the component proteins individually 

(40,101,120,141,142,144,145). Information from several crystal structures combined 

with the morphological features of the MCP seen in microscopic images led to the 

proposition of the global MCP structure (16,27). There are, however, no direct 

understanding that relates to the forces that keeps all the components together in the 

MCP. Such an understanding will help development of smart bioreactors with novel 

function.  

This chapter highlights the factors that bring all the components of the Pdu BMC 

together to make a functional assembly.  Pdu BMC is a complex protein assembly 

that involves 22 different proteins. pduABB’CDEGHJKLMNOPQSTUVWX, is the 

pdu operon having 22 genes and is involved in the expression and regulation of this 

proteinaceous organelle. The morphological assembly of Pdu BMC is sensitive to 

genetic manipulations, with compromised structures and activity. For example, it has 

been observed that a point mutation in the pduA gene, pduA[K26A] forms poorly 

assembled Pdu BMC whereas deletion of pdu shell gene results in unorganized 

assembly (deletion of pduJ gene generates elongated MCP; deletion of PduB/B’ 

results absence of MCP assembly, etc.) (37,43,101,143,146). All these genetic 

studies including, deletions and mutations, focus on the role of the individual shell 

proteins in MCP structure and function. Here I attempted to analyze the overall 

solution phase structure of the Pdu BMC using an ensemble assay in solution. The 
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assay involves a spectroscopic method where a fluorescent dye that binds to the 

hydrophobic surfaces on proteins is used to probe the Pdu BMCs under different 

conditions, and so have an understanding of its solution phase structure. The probe 

used here is Sypro orange that has high fluorescence in the non-polar environment, 

and its fluorescence gets quenched in polar one. As protein unfolds, the hydrophobic 

surfaces get exposed, and the fluorescent probe gets partitioned from the polar 

environment to these non-polar surfaces, resulting in the fluorescence (Figure 

3.1)(147).  Since 2007, this method has been used for understanding the stability of 

globular proteins, protein unfolding, protein-protein interaction, protein-drug 

interaction, etc. based on hydrophobic assessment (148–151). Recently Kant and co-

workers used this method to study the growth and morphological changes of 

macromolecular viral protein assembly (152). The initial and final Sypro orange 

fluorescence depends respectively on the extent of exposed hydrophobic residues in 

the folded protein and the exposure of the hydrophobic core upon unfolding. 

Depending on these values of relative Sypro orange fluorescence, a qualitative sketch 

of the Pdu BMC is developed. This chapter describes those different observations 

that led to the development of the sketch and its comparison with the existing 

knowledge in the literature.  

 
Figure 3.1: Scheme for studying the morphology of a protein through TSA using a probe, 
which is minimal fluorescent in the polar environment and fluoresces when moves to the 
non-polar environment. With an increase in temperature, the protein unfolds, exposing 
the hydrophobic regions to which the dye binds and fluoresces. Further increase in 
temperature leads to the aggregation of the protein molecule expelling the dye molecule, 
and the fluorescence gets quenched (Blue star symbolizes free SO, whereas Green stars 
symbolize hydrophobic bound SO).  
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The study also brings correlating correlation between the Pdu BMC structure and 

its catalytic role as function of temperature. The signature curve for the SPs 

(PduA[Hexamer]; PduB[Trimer]; PduN[Pentamer] are obtained which provides their 

morphological makeup, corroborating well with the available crystal structures of 

SPs.  The differences between the two categories of proteins, i.e., SPs and the 

enzyme, based on the integrity of the hydrophobic core are also obtained. The study 

shows that the encapsulation of the enzymes by the MCP shell enhances their thermal 

performances. This spectroscopic assay which scans the hydrophobicity of proteins 

can be an efficient technique to highlight the assembly of such macromolecular 

structure. 

 

3.2 Results and discussion 

3.2.1 Thermal unfolding of Pdu BMC 

The Pdu BMC is purified to mono-dispersity (Size = 110 ± 3 nm; PDI< 0.1 by DLS). 

The structural integrity and component analysis is assessed by TEM and SDS-PAGE 

(Figure 3.2-a, 3.2-b, 3.2-c). The CD spectra of the Pdu BMC mainly consist of a-

helix with peaks at 208 and 222 nm (Figure 3.2-d). This indicates that the component 

proteins are mainly a-helical as observed in crystal structures also.  SDS-PAGE 

(Figure 3.2-c) for the same show the presence of major proteins from both categories, 

i.e., SPs and the enzyme(37,38,44). The thermal shift assay of the Pdu BMCs are 

carried out in the presence of SO.  SO is a dye, which has higher fluorescence when 

present in the non-polar environment(153–155). Figure 3.2-e shows a weak 

fluorescence for SO in aqueous solution (orange curve), however, when mixed with 

Pdu BMC at a ratio of 1:5 (protein:dye), a 20-fold increase in fluorescence along with 

a blue shift in  lmax (from 640 nm to 590 nm) is observed. This suggests the 

partitioning of the dye from the polar to the non-polar environment, indicating 

presence of hydrophobic patches on the surface of the BMC. Next, the thermal 

unfolding of Pdu BMC in the presence of SO is carried out from 15 to 95 °C. The 

signature curve for Pdu BMC is broad comprising of several transitions that 

corresponds to various protein components. This curve (Figure 3.2-f) initially shows 

a decrease in fluorescence with an increase in temperature from 15 to 40 oC, followed 

by a sharp rise, which continues till 55 oC. With the further increase in temperature,  
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Figure 3.2: DLS of the purified Pdu BMC showing a size distribution of 110 ± 3 nm with 
PDI< 0.1 (a); TEM image for the Pdu BMC showing intact polyhedral structures (b); 12 % 
SDS-PAGE for Pdu BMC shows all the proteins as discussed in the pdu operon (c); CD 
spectra for Pdu BMC mainly contains a-helix (d); Enhanced steady-state fluorescence of 
Pdu BMC and SO mixture as compared to SO aqueous solution (e); Thermal unfolding of 
Pdu BMC  by DSF shows a signature curve. More than one transition (regions with 
increased fluorescence, red circled) are observed, which represents the protein heterogeneity 
of Pdu BMC (f); The DSF curve for Pdu BMC is baseline corrected, and transition 
temperatures are determined after fitting it to Boltzmann equation. These transitions 
correspond to initial destabilization of intact BMC followed by unfolding of its component, 
i.e., enzyme cascade and shell proteins (g, h, and i) and finally their aggregation. 

there is a gradual decrease in fluorescence, which continues till 95 oC. At around ~50, 

~60 and ~80 oC slight enhancement in the SO fluorescence is observed. These regions 

are indicated by red circles in Figure 3.2-f . The curves for each of the transition are 

fitted as per the Eq. 1 (Boltzmann Fit) post baseline correction (Figure 3.2-g,h,i). 

From each of the fit, three indicative temperatures are determined:  the onset of 

transition temperature (To), transition temperature (Tm), and aggregation temperature 
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(Tagg) (Table 3.1). To is the temperature at which the protein begins to unfold;   Tm is 

the temperature where 50 % of the protein is unfolded. The Tm of a protein is related 

to its thermodynamic equilibrium between the folded and the unfolded state. Tagg is 

the temperature where aggregation begins to dominate over unfolding and 

denaturation, as indicated by a monotonous decrease in the SO fluorescence 

(hydrophobic patches get buried because of aggregation).  

 
Table 3.1: Temperature for initiation of unfolding, unfolding temperature, and 

aggregation temperature in Pdu BMC and PduCDE 

 
Tm1 (°C) Tm2 (°C) 

Tm3 

(°C) 

Tm@PduCDE 

(°C) 

To 40 °C 60 °C 71 °C 34 °C 

Tm  49.7 ± 0.1 62.5 ± 0.1 
76.8 ± 

0.1 
42.8 ± 0.3 

Tagg 54 ± 2 66 ± 2 82 ± 2 50 ± 1 

 

The first melting of the Pdu BMC, Tm1, is observed at 49.7 ± 0.1 °C (Figure 3.2-g). 

Interestingly, the catalytic activity of the Pdu BMC is significantly compromised 

beyond after this temperature (Table 3.2). It shows that the transition at this 

temperature results in the structural destabilization of the catalytic complex, which 

underscores the importance of this temperature in the structure-activity balance of the 

Pdu BMC(83,84,87). The structural destabilization is a result of the compromised 

interactions between the SPs and the enzyme clusters. For bare PduCDE, loss in 

enzyme activity is observed above 45 °C (Table 3.2) as compared to 55 °C in Pdu 

BMC. It shows the importance of the shell in rendering higher thermal stability to the 

encapsulated enzyme. This is probably because of the packaging and interaction of 

enzyme to that the SPs on the lumen side of the BMCs. Besides Tm1 (49.7 ± 0.1 °C, 

two transitions in Pdu BMC at Tm2 (62.5 ± 0.1 °C) (Figure 3.2-h)  and Tm3 (76.9 ± 

0.1 °C) (Figure 3.2-i) are observed.  These transitions correspond to the unfolding of 

Pdu BMC SPs, which is discussed in the later part of the chapter. It is important to 

note that the Tm value depends on the assembly of the protein, and thus, it is possible 

to obtain overlapping unfolding transitions in case of a multi-protein complex, which 
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are often difficult to analyze. Further each transition is associated with an aggregation 

that may overlap with the following transitions. This apparently leads to less exposure 

in the hydrophobic surfaces.  Whether it is because of reduced exposure of 

hydrophobicity or because of the nature of the SPs present in Pdu BMC is not clear 

at this stage and can be understood better when individual SPs are studied. 

Table 3.2: Diol-dehydratase activity for the Pdu BMC and PduCDE carried out by MBTH 
assay 

S. 

No 

Temperature 

(°C ) 

Pdu BMC Diol-

dehydratase 

activity 

mol mg-1 min-1 

PduCDE Diol-

dehydratase 

activity 

mol mg-1 min-1 

1 25 24.8 ± 0.3 23.1 ± 2.4 

2 37 27.5 ± 1.3 24.1 ± 2.6 

3 45 26.9 ± 1.0 12.9 ± 1.6 

4 50 25.9 ± 1.5 1.5 ± 0.1 

5 55 15.7 ± 0.3 ND 

 
 

3.2.2 Thermal unfolding of PduCDE 

Next, the thermal shift assay of the enzyme PduCDE is carried out. It is the main 

enzyme of the Pdu BMC and is involved in the oxidation of propane-1,2-diol to 

propionaldehyde. This trimer dimer complex (Figure 3.3-a) is mainly a-helical as 

observed by CD (Figure 3.3-b). Similar to our observations in the case of Pdu BMC, 

the interaction of PduCDE with SO also caused an enhanced fluorescence associated 

with a blue shift (Figure 3.3-c) indicating the presence of exposed hydrophobic 

patches on the protein surface (Observed in the crystal structure of the related diol-

dehydratase (PDB ID: 1IWB) shown in inset of Figure 3.3-c). From the crystal 

structure, the exposed hydrophobic surface area is estimated at around ~24 % (Table 

3.3). The DSF curve obtained for PduCDE (Figure 3.3-d) is similar to another 

globular protein (Lysozyme, Figure 3.3-e) and is narrow and sharp (broadens post 

initialization of aggregation because of simultaneous unfolding and aggregation  
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Figure 3.3: SDS PAGE for PduCDE showing the bands for PduC, PduD and PduE at 50, 
30 and 20 kDa band positions (a); CD spectra for Pdu CDE having the signature alpha-
helical structure with characteristic peaks at 208 and 222 nm (b); Binding of SO to the 
hydrophobic surface of the PduCDE results in enhanced SO fluorescence. The inset shows 
the crystal structure for the globular protein Pdu CDE(PDB ID- 1IWB), along with the 
distribution of hydrophobic and hydrophilic residues (Blue- Hydrophobic; Red- 
Hydrophilic) (c);  DSF for PduCDE shows a very sharp signature curve (red curve) 
suggesting a homogeneous composition. It also shows that all the sub-units unfolds 
together (d); The thermal unfolding of lysozyme carried out by DSF (e); Multiple peak fit 
of PduCDE shows unfolding of native protein followed by unfolding of aggregates (f); 
Boltzmann Fit for the single transitions observed in PduCDE showing Tm around 42.8 ± 
0.3 °C (g); DSF curve for PduCDE at three different concentration after baseline 
correction shows no shift in transition temperature. The dimer-trimer complex does not 
show any co-operative unfolding; instead, a single unfolding curve is observed, suggesting 
no self-assembly (h); Peltier based circular dichroism for PduCDE shows the change in 
the conformation of the protein as a function of temperature. The change in conformation 
shows one iso-dichroic point, which suggests that the unfolding is a two-state process with 
no intermediate (i). 
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observed by curve fitting, Figure 3.3-f), which supports the homogeneous assembly. 

The DSF curve also confirms that despite being a trimer-dimer complex, all the sub-

units of PduCDE unfold together. When the PduCDE DSF curve is fitted to Eq. 1 

(Figure 3.3-g), the To, Tm and Tagg are observed at 33 ± 1 °C, 42.8 ± 0.3 °C and 50 ± 

0.5 ºC respectively. As shown in Table 3.2, the diol-dehydratase activity of the free 

enzyme is compromised above  45 °C. This observation is of importance because, in 

Pdu BMC, the diol-dehydratase activity is observed until 55 °C; thus,  a 10 °C higher 

thermal stability as compared to the bare enzyme. It shows the importance of the Pdu 

BMC shell and the role of confined crowding towards rendering thermal stability to 

the encapsulated enzyme. A comparison of the  DSF curve of the intact Pdu BMC 

and PduCDE also suggests that the Tm1 observed in the Pdu BMC curve mainly 

corresponds to the destabilization and denaturation of the encapsulated enzyme. A 

concentration-dependent DSF study is also carried out to check if the stability is 

affected by the cooperativity of the oligomeric nature of PduCDE.  

A ten-fold increase in the concentration does not shift the Tm from 42.8 ± 0.5 °C 

(Figure 3.3-h), nor does a four-fold increase in the SO concentration alters it. 

Thermal denaturation of the PduCDE probed by circular dichroism show  an iso-

dichroic point (black circle, Figure 3.3-i) suggesting that the thermal unfolding of 

the enzyme is indeed  a two-state process without any intermediate. The Tm calculated 

by this method is 47.8 ± 1.1 ºC, which is higher than the Tm observed in DSF. The 

main reason for this anomaly is that the two methods probe different aspect: while 

CD probes the secondary structure, the signal from DSF probes the disposition of the 

amino acids. The main aim for conducting the CD studies is to show the two-state 

nature of the unfolding process. 

 

3.2.3 Unfolding signature of Pdu SPs 

3.2.3.1 PduA and PduB: BMC domain protein 

The SPs are the essential component of the Pdu BMC. They belong to the BMC 

domain protein family (Pfam00936)(93,156). These BMC domain proteins are flat, 

as observed in their crystal structures (hexamer and trimer, from various origins). In 

this study, two SPs are taken: hexamer (PduA) and trimer (PduB). The PduA and 

PduB SPs, when overexpressed (Figure 3.4-a) and purified, exhibit sheet in TEM 
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and show majorly a-helical structure in CD (Figure 3.4-b). Similar to Pdu BMC and 

PduCDE upon addition of SO to the SPs (PduA; (Figure 3.4-d.i) and PduB; (Figure 

3.4-e.)) enhancement in the SO fluorescence is observed. An estimate of the exposed 

hydrophobic surface area for the proteins show around 25-30% of exposure (Table 

3.3). Hence for all the proteins, the initial fluorescence should be similar. However, 

4-5 times enhancement in SO fluorescence is observed for SPs compared to enzyme 

PduCDE or the intact Pdu BMC. The extended sheet of the SPs in the solution phase 

favors higher hydrophobic patches resulting in enhanced SO fluorescence. 

Generation of the electrostatic potential map by Pymol for the enzyme PduCDE and 

SP PduA shows that the SP has more hydrophobic patches as compared to the 

enzyme. This is because of the extended 2-dimensional sheets formed by PduA in 

contrast to the globular form of PduCDE (102,103,136). Next, the thermal scan of 

the SPs is carried out where the PduA (Figure 3.4-d.ii) and PduB (Figure 3.4-e.ii) 

are heated from 15 ºC to 95 ºC. Similar to the decrease in SO fluorescence for other 

proteins, SPs also show an initial decrease.  It has been attributed to the quenching of 

the SO fluorescence due to solvent fluctuations.  Following this decrease, there is a 

monotonous increase in the SO fluorescence, but this increase is relatively small 

compared to the increase in the enzyme PduCDE or the intact Pdu BMC. As the SO 

fluorescence correlates to the presence of hydrophobic surfaces, it can be inferred 

from the DSF curve of SPs that the hydrophobicity exposure for it is comparatively 

less as compared to the globular proteins or the Pdu BMC. It suggests that the 

hydrophobic core for the folded SPs is much weaker compared to the folded globular 

enzyme, which corroborates well with the available crystal structure of the SPs across 

different BMC.  

These unique DSF curves for SPs post-baseline subtraction are observed with 

broad peaks (PduA and Pdu B)  with multiple transitions (PduB)(151,157). The broad 

peak in the case of PduA (Figure 3.4-d.iii)  is best fitted to two deconvoluted peaks 

(56.6 ± 3.6 °C and 69.6 ± 2.2 °C) whereas to four deconvoluted peaks in PduB 

(Figure 3.4-e.iii)  (41.4 ± 0.8 °C; 53.6 ± 0.4 °C; 66.7 ± 1.5 °C; 76.1 ± 1.7 °C).  For 

PduA, the peak at 56.6 ± 3.6 °C corresponds to an exposure of the buried hydrophobic 

core (major contribution), whereas the peak at 69.6 ± 2.2 °C is assigned to 

disassembly of formed aggregates. In the case of PduB, four different peaks are 

observed, the first one at 41.4 ± 0.8 °C, which has a minimal contribution and is due  
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Figure 3.4: SDS PAGE for three different shell proteins of Pdu BMC which differ 
structurally (PduA (Hexamer) PduB(Trimer) and PduN (Pentamer) (a); CD spectra for 
the BMC domain protein (PduA and PduB) (b) and BMC vertex protein (PduN) (c). PduA 
and PduB are rich in a-helix, whereas PduN is mainly random coil;  Binding of the dye 
to the hydrophobic surface of the folded and assembled sheet protein results in enhanced 
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fluorescence for SO as observed by steady-state fluorescence. It shows that in the solution 
phase, the shell proteins have hydrophobic regions (inset). Crystal structure for the 
proteins along with the distribution of hydrophobic and hydrophilic residues (Blue- 
Hydrophobic; Red- Hydrophilic)  (Hexamer-PduA, (PDB ID- 3NGK) (inset of d-i), 
Trimer-PduB, (Modelled from PDB ID- 4FAY (inset of e-i), and Pentamer-PduN 
(Modelled from PDB ID-2RCF (inset of f-i)) DSF curve for different shell proteins present 
in the Pdu BMC shows that with increase in temperature there is decrease in the 
fluorescence probably because of the disassembly of the extended sheet (PduA, d-ii) 
(PduB, e-ii) and PduN, f-ii). DSF curve for PduA, PduB, and PduN are baseline corrected 
and fitted to multiple peak fit (PduA, d.iii) (PduB, e-iii) (PduN, f-ii. The peak positions are 
reported in Table 3.4; the DSF curve for PduA (d-iv), PduB (e-iv), and PduN (f-iv)  at 
three different concentrations are baseline corrected, and transition temperatures are 
determined from the Boltzmann fit as per Eq. 1 and reported in Table 3.4.  

to the higher-order assemblies. The major peak is derived at 53.6 ± 0.4 °C and 

76.1 ± 1.7 °C, which can be due to exposure of the buried hydrophobic core. A small 

peak at 66.7 ± 1.5 °C is similar to the second peak of PduA (69.6 ± 2.2 °C) and also 

PduCDE and is assigned to the unfolding of formed aggregates. The peak at 76.1 ± 

1.7 °C in Pdu B is due to higher-order assemblies or unfolding of formed aggregates. 

When the DSF curve is best fitted using Eq. 1 after baseline subtraction, the Tm for 

PduA (Figure 3.4-d.iv)  is observed at 44.2 ± 0.2 °C, whereas for PduB (Figure 3.4-

e.iv)  three different Tm corresponding to 39.9 ± 0.2 °C, 67.1 ± 0.5 °C and 79.9 ± 0.2 

°C are observed. 

 

3.2.3.2 PduN: BMC vertex protein 

Another important structural element of a BMC is the vertex protein that finally 

outfits the polyhedral structure. In the Pdu BMC, the vertex protein is PduN, which 

is a pentamer(94). The pentamer form of the protein at the vertex fits well in the 

folded hexamer/trimer conjugated extended mosaic sheet, thus lowering the rigidity 

and providing junctions of flexibility. The CD spectra for the PduN (Figure 3.4-c) in 

solution does not show any proper secondary structure, which is unlikely for any 

BMC domain protein. It can, however, be well correlated with the role it has to play. 

For maintaining a proper strain-free polyhedral structure, the vertex must be flexible 

and can only be achieved by conformationally flexible proteins. So PduN having 

conformational flexibility fits well with the BMC vertex protein. Report for the vertex 

protein EutN from Eut BMC, having a hexamer geometry is present in literature, 

which suggests the dynamic nature of vertex protein, i.e., switching from pentamer 
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to hexamer and vice versa. Similar to other SPs, PduN also has exposed 

hydrophobicity, as demonstrated by enhanced SO fluorescence upon interaction 

(Figure 3.4-f.i).  The thermal scan for PduN (Figure 3.4-f.ii) from 15 to 95 oC upon 

deconvolution provides two peaks (51.2 ± 0.5 °C, 67.9 ± 2.6 °C) (Figure 3.4-f.iii) 

and when fitted to Eq. 1, the observed Tm = 42.5 ± 0.1 °C (Figure 3.4-f.iv) is recorded.  

Table 3.3: Solvent accessible surface area (SASA) for the Pdu BMC domain protein (PduA 
and PduB), vertex protein (PduN), and Pdu BMC signature enzyme. Diol dehydratase 

(PduCDE) 

 Hydrophobic 

SASA (Å2) 

Hydrophilic 

SASA (Å2) 

Total SASA 

(Å2) 

PduCDE 13074 39424 52498 

PduA (Hexamer) 5709 15411 21110 

PduB (Trimer) 5784 18071 23855 

PduN (Pentamer) 5548 17824 23372 

 
Table 3.4: Transition temperature for various SPs as determined by Boltzmann Fit. 
Various peak positions corresponding to various transitions in broad DSF curve are 
determined by multiple peak fit in origin 8.6 

 PduA PduB PduN 

Tm 44.2 ± 0.2 °C 

39.9 ± 0.2 °C 

67.1 ± 0.5 °C 

79.9 ± 0.2 °C 

42.5 ± 0.1 °C 

Peak 

Fit 

56.6 ± 3.6 °C 

69.6 ± 2.2 °C 

41.4 ± 0.8 °C 

53.6 ± 0.4 °C 

66.7 ± 1.5 °C 

76.1 ± 1.7 °C 

51.2 ± 0.5 °C 

67.9 ± 2.6 °C 

 

 
Interestingly, the transitions observed in SPs are also observed in the deconvoluted 

curves of the Pdu BMC, indicating that the SPs retain their structure in the Pdu BMC. 

The broad and multiple transitions in the SPs (PduA, PduB, and PduN) are indicative 
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of the different protein assemblies present and the aggregation events during 

unfolding.  Earlier reports and light scattering experiments indicate very high poly-

dispersity and suggest that these SPs exist in the dynamic oligomeric state. Like 

globular proteins, the SPs (PduA and PduN) did not show a change in the Tm with a 

ten-fold increase in the concentration. However, due to a higher propensity of self -

assembly in PduB, SP results in increased Tm (77.9 ± 0.6 °C to 81.2 ± 0.1 °C) with a 

ten-fold increase in the concentration. 

 

3.2.4 SPs differ from globular protein in morphology 

An interesting finding of this assay is morphological difference between the SPs and 

the enzymes(11,14). First, the SPs have a very high initial fluorescence as compared 

to PduCDE because of the exposed hydrophobic surface (Figure 3.5-a). Second, in 

the case of PduCDE, a more significant enhancement in the SO fluorescence upon 

thermal denaturation is observed as compared to the Pdu BMC or individual SPs. In 

the case of Pdu BMC, a relatively higher increase in fluorescence during the first 

transition as compared to second and third transition suggest that the first transition 

is related to the destabilization of the compact hydrophobic core which is 

significantly contributed by the packing of the enzyme protein (as reported by BMC 

models). The transition for PduCDE is due to the hydrophobic collapse model 

required for a stable protein.  

Though transition in Pdu BMC and PduCDE represent the exposed 

hydrophobicity but in case of Pdu BMC it arises because of unpacking of the enzyme 

cascade whereas for PduCDE it is due to protein unfolding.  Thus hydrophobicity in 

the two cases arises through a different mechanism and are serving different 

purposes.  Because of the assembly of the enzyme cascade inside the closed shell of 

Pdu BMC, a hydrophobic core is formed (Figure 3.5-b) and so it behaves like a 

globular protein.  The hydrophobic burial in the case of SPs is less in comparison to 

Pdu BMC (Figure 3.5-c) because the latter comprises of the enzyme -cluster whose 

destabilization exposes hydrophobic surfaces. For SPs, the hydrophobic exposure on 

destabilization is small as they are flat (observed in crystal structures) in nature. This 

is further validated by increasing the SO concentration during an unfolding event 

where a four-fold increase of SO from 5X to 20X lead to two-fold enhancement in 

the fluorescence intensity for the enzyme PduCDE (Figure 3.5-d), however, in case  
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Figure 3.5: Normalized initial fluorescence (at 15 °C) for the proteins shows that shell 
proteins have relatively higher hydrophobic patches. The higher hydrophobicity is because 
of the flat SPs sheet with exposed surface (a); Buried hydrophobicity for Pdu BMC and 
PduCDE measured by relative change in the fluorescence intensity of SO as a function of 
temperature (b); Buried hydrophobicity for Pdu BMC as compared to shell proteins shows 
the efficient packing of the globular proteins inside the relatively flat sheet nature of shell 
proteins (c); Relative change in fluorescence intensity is higher for PduCDE as compared 
to shell proteins with increase in dye concentration from 5X to 20 X which suggest the rich 
hydrophobicity of PduCDE and relatively flat sheet nature of shell proteins(d); Best peak 
fit for Pdu BMC DSF curve in Origin 8.6 shows three different transition temperature at 
(53.9 ± 0.1 °C;  61.6 ± 0.8 °C; 80.6 ± 0.2 °C) (e); Over-layed DSF curve for Pdu BMC and 
PduCDE showing a shift in the temperature where hydrophobicity of the two is exposed 
(from 43 ˚C to 50 ˚ C) suggesting that the shell proteins do provide stability to the 
encapsulated components (f). 
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of the SPs the signal is saturated. This suggests that the hydrophobic core for the 

SPs is small as compared to that of the enzyme PduCDE. The high initial fluorescence 

and minimal buried hydrophobicity observed in the case of SPs establish the 

morphology of the SPs as an extended flat sheet tending to self-assemble. The high 

hydrophobic burial in the case of PduCDE categorizes it as a globular protein. 

  

3.2.5 SPs provide thermal stability to encapsulated enzyme 

Analyzing the DSF curve suggests that the Pdu BMC destabilizes around 55 °C 

(Figure 3.5-e), resulting in loss of activity, as discussed earlier. The bare diol-

dehydratase enzyme loses its activity around 43 °C. The higher stability of the BMC 

encapsulated enzyme is due to the robust nature of the SPs (Figure 3.5-f). The major 

destabilization peak for bare SPs (PduA- 56.6 ± 3.6 °C,  PduB- 53.6 ± 0.4 °C, and 

PduN- 51.2 ± 0.5 °C) are observed in between 50-60 °C, the temperature around 

which Pdu BMC activity get compromised. It suggests that the loss in activity is due 

to the destabilization of BMC domain protein, which provides stability to the 

encapsulated enzyme. The flat sheet SP is also suitable for scaffolding and can 

thermally insulate the enzyme on its surface, which makes these SPs a novel bio-

materials for varied applications. 

3.2.6 Fate and structural stability of SPs in intact Pdu BMCs 

The DSF findings on the intact Pdu BMC and its components are summarized to 

provide an insight into its intact assembled structure. SPs show a completely different 

signature curve compared to globular proteins. This kind of DSF signature is perhaps 

one of the earliest reports in the literature for this genre of BMC domain proteins. 

The high initial fluorescence of SPs immediately after interaction with SO indicates 

that there are exposed hydrophobic patches on the surface of the SPs (Figure 3.6-a). 

Interestingly, the percentage of exposed hydrophobic residues in both PduA and diol 

dehydratase enzyme are the same. However, the disposition of the exposed surfaces 

in both the proteins is such that in the case of the SPs, enhanced SO binding is 

observed compared to the enzyme. This kind of surface disposition has interesting 

physiological consequences.  The exposed hydrophobic surface in diol dehydratase 

is probably involved in the interaction of enzyme units with the shell surface in the 

luminal side of the compartment for better packing.  To have further insights, SO is 
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docked on to the SP PduA (PDB ID: 3NGK)(158,159)(Crystal structure is known for 

PduA and literature is available for the interaction of PduCDE with shell protein 

PduA)(160). In the docking studies, it is observed that per hexamer, there are 13 

binding sites. Six SO bind to the concave side; one binds to the pore region whereas 

remaining bind at the edges. Interestingly, there are no SO docked on the convex side 

of the PduA protein. It indicates a greater extent of hydrophobic patches on the 

concave side of PduA compared to the convex side (Figure 3.6-b). As we see higher 

SO fluorescence in the protein alone compared to the intact Pdu BMC, our results 

indicate that the concave side faces towards the lumen of the Pdu BMC. If this is the 

case, then the concave side should be interacting with the enzyme cluster. Next, the 

PduCDE protein is docked on to the hexameric PduA using the ClusPro online server 

(158).  It was observed that the enzyme docks onto the concave face of PduA (Figure 

3.6-c.i and ii), which further suggests that concave side must be on the luminal side 

of the intact MCP. 

The question arises if the SPs have exposed hydrophobic patches, what happens when 

the microcompartment is formed? In the native microcompartment structure, we see 

initial low SO fluorescence compared to the SPs alone, indicating that the presence 

of hydrophobic patches on the cytoplasmic side. With increase in concentration from 

0.05 mg/ml to 0.8 mg/ml, there is a linear increase in the initial SO fluorescence 

indicating equal hydrophobic contribution from each of the Pdu BMC (Figure 3.6-

d.i and ii). Earlier it has been observed that with destabilization of Pdu BMC there is 

increase in exposed hydrophobicity which suggest that during the genesis of 

microcompartment more of the hydrophobic surface of SPs faces the lumen side. To 

have an experimental verification, we heated the microcompartments to different 

temperatures ranging from 25oC to 90oC followed by cooling them to 15 oC. Post 

cooling, the thermal scan assay in the presence of SO (Figure 3.6-e.i) is carried out. 

It can be seen that the samples which are preheated below 50 oC, show an unfolding 

profile similar to that of untreated samples. However, post 50 oC, preheating results 

in very high initial SO fluorescence. These results indicate that the thermal insult of 

the Pdu BMC is not reversible once the luminal side of the microcompartment is 

exposed. The exposure of the luminal side is associated with high SO fluorescence 

(Figure 3.6-e.ii) as a non-linear curve is observed indicating that the hydrophobic 
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region of the SPs get buried during microcompartment formation with less of the 

hydrophobic surface towards the cytoplasmic side.  

 
Figure 3.6: Electrostatic potential map of the shell protein PduA (PDB ID – 3NGK) and 
enzyme PduCDE (PDB ID – 1IWB) and generated by the Pymol software (a); (c); Docking 
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of hexameric unit of PduA and PduCDE with SO. Protein has been color-coded according 
to the hydrophobicity index. Blue is hydrophilic, and red is most hydrophobic with a 
transition colour of grey. In surface representation and SO represented as the ball and 
stick model with coloring the heteroatoms. Docking of hexameric PduA reveals around 13 
potential SO binding sites, whereas PduCDE reveals around 12 potential SO binding sites. 
As the SPs further self-assemble as a sheet, thus creating a more SO binding site. Shown 
in the figure, both concave and convex surface SO binding sites. SO also binds at the 
junction of two monomeric units in the hexameric conformation (b); Docking studies of a 
hexamer of PduA and PduCDE using the ClusPro server. The images are generated using 
the Pymol software (c); Pdu BMC in its intact form behave as globular protein with 
exposed hydrophobicity on its shell surface which interacts at higher concentration 
resulting in the formation of pockets where SO binds and fluoresces (i). As the contribution 
from each of the compartment is equal there is a linear correlation (ii) (d);  Thermal insults 
affect the stability of the BMC, and the buried hydrophobicity gets exposed. This shows 
that the though involved in the assembly of the intact compartment, but the individuality 
of the shell proteins is not lost with its genesis. With increase in temperature the enzyme 
cascade destabilizes and the shell proteins facing the luminal side having higher 
hydrophobicity is accessed by the SO resulting in enhanced fluorescence (i) which is 
having a non-linear correlation (ii) (e). 

 

3.3  Conclusions 

Inside a cell, there are several associations of macromolecules that work towards a 

particular metabolic goal. A proper balance of intra and intermolecular interactions is very 

crucial towards the proper functioning of these associations. Pdu BMC is one such complex 

multigene encoded prokaryotic organelle. The entire architecture of the BMCs are formed 

of two different genres of proteins: the enzymes residing in the central core and the exterior 

SPs that act as a semipermeable barrier to the essential metabolism of the BMCs. The 

solved crystal structures indicate the globular and flat nature of the enzymes and SPs, 

respectively. However, the factors that contribute to the stability of these proteins in the 

BMCs are not well understood. This work highlights the role of DSF for understanding the 

structure or functional alteration of BMC involving tertiary or quaternary structures. It is 

observed that the secondary structures in Pdu BMC are disrupted at higher temperatures. 

However, the activity of the enzyme is lost post disruption of the tertiary structure, 

indicating the importance of balanced interactions at the tertiary structure level to maintain 

the structure-activity relationships in these metabolosomes. For the first time, using a 

spectroscopic probe we have explored the solution-phase structure of any 

microcompartment. The thermal unfolding profile of the BMC domain proteins, are 

observed which differ from the enzyme proteins because of the morphological differences 

between them. These observations will also aid in developing quality control measures for 

the industrial application of this genre of proteins. The scaffolding nature of SPs, and their 
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capability to thermally shield the enzyme on its surface, makes them a novel material to be 

genetically engineered to produce a smart self-assembled natural polymer. Insights from 

this work will aid in the genetic and biochemical engineering of thermostable efficient 

enzymatic biomaterials can also be applied for assemblies created out of protein-polymer 

conjugates. 
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4 Simplifying Pdu BMC as protein shells 

4.1 Introduction 

The previous chapter is focussed on understanding the forces that aid the assembly 

of Pdu BMC. The result suggests that the SPs have hydrophobic surface disposed 

towards the lumen of the MCP while, the more hydrophilic surface, face towards the 

cytoplasm. It is observed that the MCPs as a whole behave like a globular protein 

with a rich hydrophobic core contributed by the encapsulated enzymes. The surface 

facing the cytoplasm has more hydrophilic residues. The studies also show that the 

encapsulation imparts greater thermal stability to the enzymes beyond physiological 

range. The crystal structure of the SPs shows the hexamer or trimer units interacting 

along the edges to form 2D sheets (102,103,136). Further, the presence of channels 

promotes the movement of substrate, co-factors, and products in and out of the MCPs 

(37,43,119,161). Attempts to understand the functional role of individual SPs (Table 

4.1 gives an account of various SPs of Pdu BMC and its functional role) either 

through gene deletion or through point mutations had been made. For example,  

a DpduA mutant forms porous enlarged MCPs, whereas  in 

DpduAB  or DpduB’ mutant no MCPs are formed. Both the PduA and PduB proteins 

are known to form faces of the MCP. The deletion of the PduJ protein (Dpduj) which 

is known to form the edge of the MCPs results in highly elongated structures. When 

the vertex protein, PduN is deleted, (DpduN) MCPs with variety of morphology 

(elongated, enlarged, aggregated, rounded) are observed. The deletion of the PduM 

gene leads to the formation of unstable MCPs (37). The location of the gene also 

influences the interactions among the BMC proteins and is critical for the higher-

order structure and assembly and also dictates their function in the BMC as 

demonstrated for pduA and pduJ genes in the operon (120). The mutation of 

individual amino acids also had a profound physiological consequence. For example, 

in PduA, the residues K26, N29, and R79 are found crucial for the stability of the 

Pdu BMC.  PduA[K26A] variant did not yield any MCP suggesting its role in 

stabilizing the protein sheet forming the shell of the Pdu BMC(101). Point mutations 

in N terminal of PduB’ leads to MCP shell depleted of core enzymes suggesting the 

role of SPs towards interaction and packing of the enzymes. Point mutation not only 
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alters the morphological of Pdu BMC but also its physiology such as transport of 

substrates, factors, and co-factors. E.g., a point mutation in central pore region of 

PduA SPs i.e., PduA[S40L] and PduA[S40GSG] results in reduced movement of the 

substrate, 1,2-PD because of an energy barrier for its diffusion (119) across pore. The 

altered growth is also observed in PduA[K37A] and PduA[K55A] because of the 

altered permeability of 1,2-PD. However, large substrates are capable of moving 

through these mutant MCPs, suggesting either other conduit channels or having 

specialized SPs with pores that can open or close under the specific trigger. In Eut 

BMC, the SPs EutL and EutM are similar in structure but differ in their pore 

properties under specific stimulus such as exposure to zinc ions promote opening of 

EutL pore (162). However, in none of these genetic engineering studies it is observed 

that a morphologically complete/incomplete MCP is functionally inactive. This 

indicates that whenever a native or mutant MCP is formed in vivo, the structure adapts 

itself in such a way that it is functional. This means the existing structural components 

adjust themselves in a way to allow the passage of the essential substrates and 

cofactors to maintain minimal MCP activity. This makes very challenging to study 

the properties of the individual SPs in vivo. Hence, it becomes important to devise a 

protocol in vitro that studies the properties of the SPs. This is the main focus of the 

present chapter.    

Table 4.1: SPs of Pdu BMC and their percentage distribution 
 

 % protein 
content  Pdu 

BMC 

% protein 
among SPs Role 

PduA 7.5 15.6 Face protein 
PduB 12.8 26.6 Face protein 
PduB’ 12.1 25.1 Face protein 
PduJ 11 22.8 Edge Protein 
PduK 1.6 3.3 Edge Protein 
PduT 1.6 3.3 Transporter protein 
PduU 1.5 3.1 Transporter protein 
PduN ND ND Vertex protein 
PduM ND ND ND 
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Figure 4.1: The hexamer or the trimer units of SPs (PduA/PduB/PduB’) interact along 
the edges through ionic interaction and form an extended 2D sheet as observed in TEM 
images and also modelled. Using Pickering emulsification, these 2D sheets are folded to 
fabricate PSs.  

 

It is well established in reports that the SPs form extended sheets when expressed 

in bacterial overexpression systems. In this chapter, I have attempted to fold these 

sheets in closed shell like structures with the hypothesis that these closed shells would 

behave like a microcompartment with a single component. These single component 

simplistic model of the MCP are next tested for the exploration of the properties 

related to stability, diffusion and encapsulation. The protein compartments are 

fabricated based on principle of Pickering emulsification and are referred as Protein 

shells (PSs). Chemical treatment or harsh fabrication step is avoided to retain native 

conformation of the SPs in these PSs. These PSs proved to be suitable in vitro model 

for studying SP features. The conduit channels present in the SPs provide an added 

advantage for exploiting these PSs as active cargo carriers and bioreactors. Once 

fabricated, these protein compartments, besides being explored for studying their 

inherent properties, may also be explored for various applications as discussed. This 

chapter, through experiments such as native and non-native enzyme encapsulation 

and permeability of small molecules across SPs conduit, provides lead towards the 

development of active bioreactors, which needs precise compartmentalization.  
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4.2 Results and discussion 

4.2.1 Fabrication and characterization of in vitro protein 

compartments  

Pdu BMC SPs (PduA/B/B’) under in vitro expression form 2D sheet as 

observed by AFM (Figure 4.2-a). With slight changes in pickering emulsification 

method which had been instrumental for fabricating proteinosomes, the PS formation 

by three different sheet forming proteins is carried out as per the scheme provided 

in Figure 2.1. The individual SPs in the aqueous phase are mixed with the oil phase 

(2-ethyl-hexan-1-ol) by gentle mixing for 1 min and allowed to stand for 45 min at 

room temperature.  The oil and aqueous phase separate with a distinct layer of protein 

structure at their interface. The oil phase is removed and the protein layer at the 

interface is carefully collected and transferred to ethanol (dialyzed) to remove any 

associated residual oil followed by aqueous dialysis to remove ethanol. The PSs are 

fabricated at varying SPs concentration (0.25 to 1 mg/ml) and also changing water: 

oil ratio (0.02 to 0.08). It is observed that with varying SP concentration, the yield of 

PSs changes, whereas the water:oil ratio is optimized at 0.06 as a higher ratio leads 

to unambiguous separation of two phases. SPs concentrations beyond 1 mg/ml are 

not explored as they tend to form various nanostructures beyond this concentration. 

The optimized water:oil ratio  (0.06) had also been observed by others while 

fabricating protein compartments with BSA. Initially the fabricated PSs are 

characterized by DLS, and the intensity % is plotted against the hydrodynamic 

diameter (Figure 4.2-b). When SPs distribution is assessed by DLS and compared to 

PSs, it is observed that for SPs two (PduA, 100-200 nm and 400-700 nm) or more 

than two (PduB, 10-50, 100- 200 and 400-700 nm) distribution is observed whereas 

in case of PSs only one size distribution (1-2 µm) is observed. The broad size 

distribution in SPs is due to their self-assembling  nature in the solution phase, which, 

when fabricated assembles to form PSs in micron range as observed above.  

      Next, to observe the morphology of the PSs,  imaging techniques such as 

Fluorescence Microscopy (FM), SEM and AFM are employed. For observing under 

FM, Texas Red NHS ester tagged SPs are used for the fabrication of PSs.  Under FM, 

the PSs are observed as spherical bodies (Figure 4.2-c); in contrast, the SPs can be 

seen as non-spherical extended assemblies. The SEM images, as shown in Figure  
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Figure 4.2 : Self-assembly of adjacent hexamer/trimeric units of the Pdu BMC 
SPs(PduA/B/B’) as a 2D sheet (a); The SPs are dynamic in nature and self-assemble as 
an extended sheet in solution phase which can be well observed in DLS with a broad size 
distribution. PSs fabricated from the SPs mainly contains higher size distribution with 
missing smaller size fraction suggesting their assembly during fabrication (b); CLSM 
images of the PSs fabricated from Texas Red NHS ester tagged SPs as polydisperse 
spherical bodies (observed in red channel) (c); Spherical PSs for the SPs of PduA (i), PduB 
and PduB’(iii) observed in SEM (d); The average size distribution for the PSs as assessed 
by SEM are around 1000-1500 nm (e); SEM image for the PS fabricated from the K26A 
protein, mutated form of PduA (f).  
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4.2-d, are  spherical as compared to the extended protein sheet of SPs, suggesting that 

fabrication brings assembly and folding of sheets as spherical bodies. From the SEM 

images, the overall distribution and average size of the different PSs are estimated 

and are shown in Figure 4.2-e and reported in Table 4.2 (100 PSs from the 5 different 

frames of SEM micrographs of three different set of samples are measured for 

determining the average size distribution). The method for fabrication of PSs avoided 

any chemical crosslinker and is expected to be mainly driven by the self-assembling 

property of the SPs. To justify this, a mutated variety of PduA, PduA[K26A] that 

does not form extended sheet, is checked for fabricating PSs. As expected this mutant 

does not form shell like structures (Figure 4.2-f). 
Table 4.2: The average size distribution of the PSs fabricated from three different SPs as 

observed by SEM  

Shell Protein 
Size of protein shells 

(Mean ± SE) nm 

PduA 1086 ±184 

PduB 1127 ± 195 

PduB’ 950 ± 130 

 

4.2.2 Stability studies of the PSs 

Post-fabrication, the secondary structure estimation of the PSs is carried out through 

CD and compared with the native SPs. The secondary structure components viz. α-

helix and β-sheet are similar in both PS and SPs indicating that the in vitro fabrication 

process does not denature the SPs (Figure 4.3-a.i to iii) (Table 4.3 and 4.4). By 

monitoring the change in the ellipticity with an increase in temperature using CD, the 

thermal stability of the SPs and PSs are compared.  For all the SPs and their respective 

PSs, a gradual decrease in ellipticity is observed with increasing temperature, except 

for PduB’ PS. The temperature versus molar ellipticity (at 222 nm) plot is fitted to a 

Boltzmann fit (Equation 1). All the PSs show a higher Tm compared to the respective 

SPs (Figure 4.3-b to e; Table 4.5). A shift of +8 °C and +17 °C in the Tm of the PduA 

and PduB PSs is observed as compared to the Tm of their respective SPs. For PduB’ 

SP as there is no decrease in ellipticity with temperature, the Tm could not be 
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determined (Figure 4.3-b to e). The higher stability of PduB’ PSs can be due to the 

presence of extra 37 amino acid at the N terminal (but this need to be investigated).  

 
Figure 4.3: CD for the fabricated PSs does not show any change in their secondary 
structure as the two spectra overlay. No change in the characteristic a-peak at 222 or 208 
nm is observed after PSs formation. When estimated by K2D3 for the secondary structure 
content, the SPs and the PSs have the similar a -helical content. (a); Temperature-
dependent CD for the SPs (b) and the PSs (c) shows the conformational stability of the 
proteins. Secondary structure conformation is not lost during the fabrication of PSs from 
SPs. The PSs formed due to self-assembly of SPs further add on to the thermal stability of 
the protein compartments.  
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Table 4.3: % Distribution for the secondary structure component (a-helix and b-sheet) of 
major SPs of Pdu BMC and their derived PSs as determined by K2D3. 

 PduA PduB PduB’ 

 SP PSs SP PSs SP PSs 

a-

Helix 
93.2 93.1 86.2 86.12 83.9 83.9 

b- 

sheet 
0.11 0.11 0.74 0.71 1 1.04 

 
 

Table 4.4:  % Distribution for the secondary structure component (a-helix and b-sheet) of pre-
melt PSs and post melt PSs determined by K2D3. 

 PduA PduB PduB’ 

 
Pre 

melt 

PSs 

Post 

Melt 

PSs 

Pre 

melt 

PSs 

Post 

Melt 

PSs 

Pre 

melt 

PSs 

Post 

Melt 

PSs 

a-

Helix 
93.2 93.1 86.12 86.1 83.9 83.2 

b- 

sheet 
0.11 0.11 0.71 0.65 1.04 0.85 

 
 

Table 4.5: The thermal stability of PSs is higher as compared to individual SPs 

Proteins SP Tm PS Tm ΔT 

PduA 58 ±1 °C 66 ± 2°C 8°C 

PduB 76 ± 2 °C 93 ± 3°C 17°C 

PduB’ 70 ± 1 °C ND ND 

 

Besides thermal stability, conformational reversibility is also observed in the SPs, 

which are used for the fabrication of PSs. The higher stability and conformational 

stability imply that the PSs fabrication have no damaging effect on the SP's native 

secondary structure. The higher stability of the PSs derived from SPs also suggests 
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the role of assembly and scaffolding behaviour in imparting stability(122,163–165). 

The structural stability observed in all the PSs, assures the conservation of the 

intrinsic properties such as enzyme immobilization, encapsulation, channelling of the 

substrate, cofactors, and products, etc. of the SPs in the in vitro PSs.  

 

4.2.3 PSs behave as an active bioreactor 

4.2.3.1 Encapsulation of the enzyme cargo 

The objective of this work aims to fabricate single protein component closed 

shells that would behave like a microcompartment. Thus after fabrication of hollow 

PSs from the SPs of Pdu BMC in vitro, to warranty that these single protein 

component PSs behave as broad range microcompartment both native (PduCDE) and 

non-native enzyme (CytC) are encapsulated and are checked for their enzyme 

activity. Before proceeding for encapsulation, the physical mixture (PM) of dye 

labelled SPs {PduA/B/B’ are labelled with Texas red (red channel)} and the enzyme 

PduCDE {labelled with Alexa488 (green channel)} are observed under CLSM for 

interaction and co-localization. Figure 4.4-a shows PduCDE distributed all along the 

SPs surface indicating interaction of the duo. The PM for the same is made to 

fabricate enzyme encapsulated PS as per scheme provided in Figure 2.2. Post 

fabrication the enzyme encapsulation within the PSs is confirmed by confocal 

microscopy and FRET studies. The CLSM images in Figure 4.4-b shows that the 

SPs (red channel) makes a rigid boundary around the enzyme  (green channel). The 

inherent scaffolding nature of the Pdu BMC SPs can be observed in these in vitro 

enzyme encapsulated PSs, as dye tagged SPs are making the external periphery. The 

edges seem to be more rigid as compared to the core, which is fluidic. The stable SPs 

plays a significant role in imparting closed environment to the enzyme encapsulated 

in the PSs. For the FRET studies, the SPs and enzymes are labelled with Cy3  and 

Cy5 dyes using NHS ester chemistry. The FRET profile for the physical mixture of 

the SPs with the enzyme PduCDE shown in Figure 4.4-c. A weak emission at around 

660 nm is observed for Cy5 in the physical mixture.  In the enzyme encapsulated PSs 

four times higher emission for Cy5 is observed when excited for Cy3 indicating a  
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Figure 4.4:  A physical mixture of dye-labeled PduCDE (Alexa 488) and SPs(PduA/B/B’) 
(Texas Red) shown as fluorescent images proves the interaction of the enzyme with the 
SPs. As these SPs tend to self-assemble, they can be seen as an extended sheet in the 
microscopic images (a); CLSM images for the enzyme encapsulated PSs. SPs are labeled 
with Texas red NHS ester (Excitation laser 594, red channel), whereas the enzyme is 
labeled with Alexa 488 NHS ester (Excitation laser 594, green channel) observed in red 
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and green channel. The merged channel shows the co-localization of the two. In b, the 
lowermost panel shows a small section zoomed in where a rigid shell boundary can be 
observed (b);  Co-localization of enzyme and the SPs in the PS is confirmed by FRET 
study. For FRET-based co-localization, shell protein is tagged with Cy3 NHS ester, 
whereas enzyme is tagged with Cy5 NHS ester. Upon excitation of SP at 550 nm because 
of the co-localization of enzymes within the periphery, we observed an emission for the cy5 
labeled enzyme at 670 nm. For the PM, the FRET signal obtained (dotted lines) is less as 
compared to the encapsulated system (c); Scale bar in all the images is 5 µm.  
stronger FRET in PSs compared to the PM. It reinforces that fabrication and 

encapsulation in a closed compartment bring better packing of cargo. 

Following the studies with the  native enzyme, a non-native enzyme (Cyt-C) is 

encapsulated inside the PSs.  Figure 4.5-a shows co-localization and encapsulation 

of Cyt-C within the PSs by confocal microscopy. The enzyme encapsulation within 

PSs  in vitro suggests that the encapsulation is more of a stochastic process and is not 

driven by any specific protein-protein interaction. It also shows that characteristic 

feature of these unique category of SPs to act as scaffold for enzyme immobilization 

and encapsulation. In general high thermal stability of the SPs (as observed in earlier 

section) along with their scaffolding nature makes them an important category of 

biomaterial for encapsulating thermolabile encapsulant.  

 

4.2.3.2 The activity of the enzyme cargo 

CLSM and FRET studies show that the enzymes are encapsulated within the 

PSs. Next, the activity of the encapsulated enzyme is carried out using standard 

enzyme assay. Initially, the enzyme activity of the PduCDE is checked in the PM by 

using the MBTH assay (Figure 4.5-b). Both the PM and the pure enzyme show 

similar activity. It is important to note here that the fabrication methodology does not 

alter the conformation of the enzyme as seen in CD spectra of the pure enzyme in 

buffer and in oil phase (Figure 4.5-c). We also checked the enzyme activity of  the 

enzyme PduCDE in the oil phase by the MBTH assay where propionaldehyde formed 

is measured as a function of time (enzyme assay is performed as per the method 

discussed in chapter 2 ). It is observed that the catalytic activity of PduCDE in native 

form or when mixed with oil phase (Figure 4.5-d) (the enzyme protein makes a thin 

film at the oil-water junction which is separated and evaluated for enzyme activity) 

saturate at 20 min. A decrease in absorbance at 305 nm corresponding to product 

formation is observed for PduCDE in the oil phase, that can be due to loss of enzyme 

during fabrication. The catalytic performance of the encapsulated enzyme is 
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measured and is compared to the free enzyme under different conditions (Figure 4.5-

e).  

 

Figure 4.5: CLSM images for the non-native enzyme (CytC; labeled with Alexa 488 NHS 
ester) encapsulated PSs (a); MBTH assay of the enzyme PduCDE present in the PM with 
SPs PduA/B/B’ (b); CD spectra for the PduCDE in phosphate buffer, oil and 10 % ethanol 
shows no change in the conformation (c); The MBTH assay for the PduCDE in oil phase 
is similar to the native one (d); PSs behave as active bioreactor and convert the 1,2-PD to 
propionaldehyde which is estimated by MBTH assay (e). Conversion of pyrogallol to 
phloroglucinol carried out by CytC is measured at 420 nm in the enzyme encapsulated PSs 
of PduA/B/B’(f). Scale bar for the confocal images is 5 µm. 
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The catalysis performed by the encapsulated enzyme it is better than that of the bare 

enzyme emphasizing the importance of compartmentalization towards enhancing the 

catalytic efficiency of enzymes. These results also indicate that the substrate (1,2-

PD), and co-factor, i.e., Vit B12 can transfer freely across the PS barrier. A higher or 

similar activity of the encapsulated enzyme in PSs (PduA[PduCDE]; 

PduB[PduCDE]; PduB’[PduCDE is observed. PSs provide a suitable environment to 

the encapsulated enzymes as higher product formation is observed. 

The CytC encapsulated in the PSs is also assessed for its activity by a standard 

assay as discussed in chapter 2. The formation of phloroglucinol from pyrogallol is 

measured in the presence of H2O2 at 420 nm. A higher phloroglucinol formation is 

observed in the case of PduA[CytC]  as compared to PduB[CytC] and PduB’[CytC] 

PSs (Figure 4.5-f). It is probably because of the higher permeability of pyrogallol to 

the PduA PSs as compared to PduB and PduB’ SPs. The higher permeability can be 

because of the structural complementarity of pyrogallol to propanediol (having 3 and 

2 hydroxyl groups, respectively). Affinity of hydroxyl for the PduA central pore 

might be facilitating higher transport resulting in the higher conversion rate to 

phloroglucinol from pyrogallol for the PduA[CytC] PSs (12.7 ± 0.1 *106  M/min) as 

compared to PduB[CytC] (4.3 ± 0.8 *106  M/min) and PduB’[CytC] (2.1 ± 0.1 *106  

M/min ) PSs.  The similar catalytic activity for PduA[CytC] PSs (12.7 ± 0.1 *106  

M/min) as compared to the native CytC (10.9 ± 0.2 *106  M/min) suggest that SPs 

do not impede the activity of non-native enzyme also. The SPs are capable of 

encapsulating both native and non-native enzymes, but once encapsulated, the 

selectivity of the conduit towards substrate governs the catalytic activity of the 

encapsulant. It also suggests that the though SPs have similar geometrical structures 

or the tendency to self-assemble, but they differ among themselves at the molecular 

level interactions with the substrates, factors, and cofactors.   

 

4.2.4 Permeability of the PSs 

The PSs are behaving as an active bioreactor, and that is possible only if they allow 

the movement of both substrate and co-factors. In this regard, permeability of PSs is 

assessed across the known conduit channels for a native cofactor, i.e., Vit B12. It is 

important cofactor for the activity of the diol-dehydratase enzyme. Based on the 

dialysis method, saturation in the uptake of VitB12 is observed for the PSs whereas 
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the uptake rate is prolonged (13.1 ± 6 h-1 for PduA, 25.1 ± 14 h-1 for PduB, 11.9 ± 4 

h-1 for the PduB’) (Figure 4.6-a) for the SPs in their native form. The PSs in all the 

cases show a similar uptake rate of 2.4 ± 0.2 h-1 for PduA, 2.2 ± 0.1 h-1 for PduB, and 

2.9 ± 0.6 h-1 for PduB’ (Figure 4.6-b). A 6-10 times faster uptake in the PSs as 

compared to SPs suggests the role of compartmentalization of the SPs in channelizing 

the cofactor and thus supporting better catalytic efficiency observed in the 

encapsulated system as compared to free enzymes. Interestingly no major difference 

in the uptake across PduA, PduB or PduB’ PSs is observed, and this can be the reason 

earlier researchers in the field of BMC had observed  that even a mutant MCP with 

compromised morphology are functionally active. It is because the mutated structure 

adapts to get a functional form in vivo so that it allows the passage of the essential 

substrates and cofactors to maintain minimal MCP activity.  

For establishing that PSs are permeable to both native and non-native molecules, 

a small hydrophilic dye R6G (non-native) uptake and release is monitored and 

quantified with the help of total internal reflection fluorescence (TIRF) microscopy. 

The uptake and release of R6G is quantified by measuring the fluorescence intensity 

of the same as a function of time. For PduA and PduB PSs, the uptake is monophasic, 

whereas for PduB’ a biphasic uptake is observed. An absence of lag phase in all the 

PSs suggested immediate uptake, probably because of the hydrophilic core. The 

extent of R6G incorporation is minimum in the case of PduB PSs, while apparently 

similar incorporation is observed for both PduA and PduB’ PSs. However, 

meticulous observation of the curves suggests that the extent of initial incorporation 

in both PduB and PduB’ is the same with almost similar time constant (t) (t = 0.97 ± 

0.1 h-1 for PduB) and (t = 0.42 ± 0.1 h-1  for PduB’). After this initial phase, there is 

a second uptake for PduB’ with a rate similar to PduA (t = 2.7 ± 0.2 h-1), leading to 

enhanced incorporation of R6G dye in PduB’ PSs (Figure 4.6-c). This apparent 

higher uptake in PduB’ PSs can be due to the interaction of the N-terminal extension 

of PduB’ with R6G, but it needs further investigation in near future.  

  When the release rate is assessed, all the PSs behaved differently.  The PduB’ (t 

= 0.73 ± 0.1 h-1) PSs show the fastest release followed by PduA (t = 2.5 ± 0.4 h-1), 

while PduB (t = 4.9 ± 1.2 h-1) shows the maximum retention of the dye. It suggests 

that in the case of PduB shells, the dye interacts with the shell, thereby slowing the  
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Figure 4.6: Vit B12 interaction and uptake to the SPs and the PSs of Pdu BMC studied by 
the dialysis method. A non-saturating interaction with VitB12 is observed with the SPs (a); 
A saturating interaction with VitB12 is observed with PSs where an equilibrium state 
follows an initial uptake (Open square box – for SPs; Filled square box- PSs) (b); The 
uptake and release of R6G in and out of the PSs are plotted as fluorescence intensity of 
encapsulated R6G concerning time for PduA (blue line), PduB (dark yellow line) and 
PduB’ protein shell (violet line) Solid squares depicts the uptake of R6G whereas lined 
square is its release from the PSs. The data presented here is a mean of more than 100 PSs 
at each time point and is Mean ± Standard error of the mean (c); Uptake and release of 
R6G inside the aqueous dialyzed PSs. Uptake is studied for 12 h (0-12 h), followed by its 
release for the next 12 h (13 -24 h). At each time point, images are captured for the PSs of 
PduA (i), PduB (ii), and PduB’ (iii) with TIRF microscopy after excitation with 540 nm 
laser (d). 

 



Simplifying Pdu BMC as protein shells 

 
 

76 

 

release. At this point, it further needs molecular level understanding to have an insight 

into differential uptake and release. 

These differences in the permeability quantified by uptake and release rates 

suggest that although these SPs bear resemblance in their geometry or originate from 

the same BMC domain proteins, they differ markedly among themselves. Besides 

this, it also shows that these PSs are functional and dynamic, and the intrinsic features 

are not compromised or lost in vitro.   

4.2.5 PSs as broad range functional structures and as a cargo carrier  

The protein compartments reported to date had been used for various 

applications, such as active reactors, synthetic cellularity, protocell development, etc. 

which shows the functional diversity of such macromolecular assemblies. Like 

others, these PSs are also explored as a vehicle for small molecules, which include 

hydrophobic, hydrophilic, and also inorganic nanoparticles (NPs). Dox is selected as 

a hydrophilic molecule, which is a commonly used anticancer drug. In the Dox loaded 

PSs, a quenching in the doxorubicin fluorescence is observed, which confirms  it’s 

interaction with SPs. Around 40% of dox loading is obtained through encapsulation 

and interaction with SPs (Figure 4.7-a.i). When release study of encapsulated dox is 

carried out by the dialysis method, the free drug shows fastest release with more than 

60 % of the encapsulated drug is released with a rate of 1.36 ± 0.29 h-1 whereas in 

the PSs slower release is observed (5.8 ± 1.2 h-1 @ PduA PSs; 3.1 ± 0.6 h-1 @ PduB 

PSs; 3.1 ± 0.5 h-1 @ PduB’ PSs (Figure 4.7-a.ii). Next, a hydrophobic molecule (Nile 

Red, NR) is encapsulated inside the PSs. Owing to its low hydrophilicity, NR is first 

made hydrophilic by encapsulating inside the b-cyclodextrin (b-CD). A blue shift is 

observed in the emission maxima (NR emission) of the NR-b-CD loaded PSs as 

compared to free  NR-b-CD, thus showing  interaction of the two (Figure 4.7-b.i). 

The NR-b-CD loaded PSs, is further used for carrying out the release study. Different 

release rate is observed for the three PSs, 2.88 ± 0.3 h-1 @ PduA PSs; 1.52 ± 0.5 h-1 

@ PduB PSs; 1.73 ± 0.2 h-1 @ PduB’ PSs (Figure 4.7-b.ii).  

Another hydrophobic molecule, Curcumin is loaded in the PSs by developing its 

solid dispersion in PEG4000 (Curcumin has low aqueous solubility and thus is made 
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hydrophilic by developing its solid dispersion). Blue shift in the emission maxima of 

curcumin is observed in the PSs loaded with Curcumin-solid dispersion (Figure 4.7-  

 
Figure 4.7: Loading of Doxorubicin in the PSs of PduA/B/B’ SPs. (a.i). Doxorubicin 
release from the PSs as a function of time. For the free drug, the release is the fastest as 
there is no SPs whereas different release rates observed in Dox encapsulated in PSs 
indicate its interaction within the PSs (a.ii); Interaction of SPs with NR encapsulated in 
cyclodextrin as shown for the  SPs[NR:bCD] which are used for fabrication of PSs (b.i) 
These PSs[NR:bCD] are employed for studying the release of NR through dialysis method 
(b.ii); Interaction of SPs with Curcumin as shown for the SPs[Cur] which are used for 
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fabrication of PSs (c.i) These PSs[Cur] are employed for studying the release of curcumin 
through dialysis method (c.ii); Conversion of p-nitrophenol to p-aminophenol by the GNP 
in the PM and in the PSs. 

c.i). The curcumin loaded PSs are subsequently checked for release studies by 

dialysis method. The release rates observed are 1.74 ± 0.1 h-1 @ PduA PSs; 2.2 ± 0.4 

h-1 @ PduB PSs and 3.14 ± 0.4 h-1 @ PduB’ PSs (Figure 4.7-c.ii).  

Finally, inorganic AuNPs of 18-20 nm in size are encapsulated in the PSs, and 

their catalytic role is assessed. Compared to PM (Figure 4.7-d.i), the encapsulated 

AuNPs shows a higher lag time before the start of inorganic catalysis. This is 

probably due to the restricted movement of the substrate or cofactor, p-aminophenol 

or sodium borohydride respectively across the SPs conduits in the PSs (Figure 4.7-

d.ii). The loading of wide range of molecules inside the PSs and their release or their 

functional activity inside the PSs suggest the functional diversity of these protein 

compartments and they can be exploited as wide range functional cargo carrier. In 

summary, these small molecule encapsulation and release seems to be a strategic tool 

towards differentiating between the different types of the SPs observed across the 

different BMC. Further meticulous studies of these PSs could help to optimize the 

various in vitro metabolic process, which needs compartmentalization.  

 

4.3 Conclusions 

PSs are fabricated from the self-assembled 2D sheets of the SPs of Pdu BMC. The 

intrinsic self-assembling nature of these SPs is exploited, and thus no external stimuli 

or crosslinkers are employed for the fabrication of PSs. The pickering emulsion based 

fabrication strategy helped to retain the secondary structure of the SPs in the PSs. 

The macromolecular assembly of the SPs in the PSs also imparted thermal stability. 

These PSs are also explored for encapsulating both native and non-native enzyme, 

thus generating a active bioreactor in vitro.  The substrate channelling in the active 

bioreactor is also explored through the movement of Vit B12 (a native cofactor for 

Pdu BMC). It is observed that the diol-dehydratase activity is higher for the 

encapsulated enzymes as compared to the free enzyme. This is because of the 

encapsulation and crowding effect in PSs as compared to the free one. This justifies 

the importance of compartmentalization in the optimization of biochemical 

pathways. Though the differences between the SPs properties are not observed when 
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the native components are explored. Differences in encapsulation, channelling of 

substrate and co-factors can only be observed when the SPs are interacted with some 

non-native components such as CytC, R6G, and Doxorubicin. This extends a 

physiological relevance as it reinforces Salmonella survival under the stringent 

condition of 1,2-PD metabolism within Pdu BMC. Although the behaviour of the 

individual SPs under in vitro condition is examined here, but whether the same will 

be retained in vivo or not is not clear at this stage. Such a realization certainly needs 

rigorous in vivo genetic engineering studies. However, for the first time, this work 

showed that the three major Pdu BMC SPs are not only similar structurally but also 

functionally concerning Pdu BMC native molecules in vitro. 
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5 Pdu BMC as template for bio-inorganic hybrid development 

5.1 Introduction 

This chapter explores the potential of MCPs for the development of a hybrid catalyst 

combining a natural and a synthetic component. Pdu BMC, one of the most explored 

MCP, represents a natural bio-nano reactor involved in optimizing the metabolism of 

1,2-PD. The unique feature of this prokaryotic organelle is the spatial organization 

and assembly of SPs and enzymes. The SP coat encloses the enzyme cascade and 

provides stability, as discussed in Chapter 3. In nature, there are enough examples 

where the protein interacts with metals, form hybrids that have excellent functional 

properties(166–170). The in-organic components introduce novel properties 

including catalysis, sensing, targeting and so on (168,171–175). The SPs represent a 

natural scaffold that can be manipulated at the molecular level to achieve a specific 

assembly. The nanoscopic structural features of the protein and their manipulation at 

the molecular scale make protein a suitable scaffold (176–181). The proteins or 

peptide-based structures represent three-dimensional crystalline materials, in which 

amino acids provide a defined environment with open functional groups such as 

amines, alcohols, or thiols. Motivated by nature and SPs in vitro assembly as a 2D 

sheet along with their stability, encouraged us to explore the scaffold for developing 

bio-inorganic hybrid materials (63,102,136). The potential of metals to interact with 

amino acid and getting reduced largely depends on the reduction potential of the 

metals, i.e., the tendency to gain electrons(174,182–185). Gold a noble metal is less 

reactive due to a filled 5d valence shell which results in higher ionization potential 

bulk gold with poor catalytic properties. On the other-hand, AuNPs have 

demonstrated substantial catalytic activity due to the alteration of the electron 

structure resulting from Au-Au bond contraction in Au-NPs (186,187). Charged 

amino acids in proteins are known to mediate interaction, reduction, and fabrication 

of the gold precursors to AuNPs.  

In this chapter, I used this property of the proteins to fabricate AuNPs on the surface 

of Pdu BMC. This study has two main focuses. The first one is the development of a 

hybrid catalyst. The next focus is to demonstrate global substrate channelling through 

the pores on the MCP surface.  
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5.2 Results and discussion 

5.2.1 Interaction of Au on the BMC surface and its templating 

To test if the Pdu BMC interacts with gold precursor I studied their interactions using 

ITC and BLI. Pdu BMCs are purified and tested for their composition, morphology 

and structure using SDS-PAGE, DLS,  and TEM as described in Chapter 3 (Figure 

3.1-a to d). The interaction studies carried out using BLI and ITC are shown 

in Figure 5.1-a and  5.1-b. It is observed that with increasing concentration of AuCl3, 

an enhanced association is achieved by interferometry. The global dissociation-

constant (Kd) for the interaction of AuCl3 with BMCs is 16 ± 0.2 ´ 10-6. Similar 

dissociation constants are observed in BLI  as shown in Table 5.1 when interaction 

of AuCl3 with the SPs (PduA and PduB) is carried out. In the ITC isotherms for the 

binding of the AuCl3 with the Pdu BMC a saturation is observed. This data is only 

qualitative as lack of information on the exact molecular weight of Pdu BMCs did 

not allow the calculation of the thermodynamics parameters for interactions. The Pdu 

BMC and the SPs have negative zeta potential (Table 5.2), which helped in the 

interaction of gold precursor (Au3+) to the shell coat in intact Pdu BMC or the 

SPs. These interactions are further verified by absorption and fluorescence 

spectroscopy. A pool-down assay is conducted, where AuCl3 is allowed to interact 

with the Pdu BMC for 10 min.  Next, the entire mass is centrifuged to separate the 

un-associated AuCl3 with the AuCl3 interacting with Pdu BMC. The supernatant of 

the centrifuged solution show a decreased absorption compared to the absorption of 

the AuCl3  pre-incubation with the Pdu BMCs (Figure 5.1-c). The interaction is 

further checked by studying the tryptophan-fluorescence at 323 nm upon addition of 

AuCl3 to the Pdu BMC (Figure 5.1-d). The interaction of gold precursor to the Pdu 

BMC and the SPs indicates the presence of charged amino acids on the surface of 

Pdu BMC that can capture the Au precursor (Figure 5.1-e). 

The above interaction studies of AuCl3 with Pdu BMC and SPs show moderate 

binding to the shell surface. The gold precursor is then reduced to AuNPs by the 

charged amino acids on the surface of the Pdu BMC. In order to quicken the 

reduction, the equimolar concentration of HEPES is used after the interaction of Au3+ 

to the shell surface. Post reduction on the Pdu BMC surface an absorbance peak is 

observed at 540 nm, which is typical to that of AuNPs (Figure 5.1-f). The kinetics  
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Figure 5.1: Interaction of increasing auric chloride concentration with Pdu BMC by BLI 
(a); Interaction auric chloride with Pdu BMC by ITC showed complete saturation (b); UV 
spectra are showing the interaction of auric chloride with the Pdu BMC. Supernatant 
shows decreased auric chloride concentration due to protein-assisted pull-down (c); 
Tryptophan fluorescence quenching of the Pdu BMC in the presence of AuCl3 (d); Amino 
acid composition of the shell proteins (PduA, PduB, PduJ, PduK, PduN, PduK, PduU, 
PduV) of Pdu-BMC shell (e); In situ formation of AuNPs on BMC scaffold as observed 
from the characteristic peak of AuNPs with UV spectroscopy; Kinetics of AuNPs 
formation on the Pdu BMC surface (Inset) (f). 
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for AuNPs formation,  i.e. reduction of Au3+ to Au0 on the BMC surface is measured 

by monitoring the development of the absorption peak at 540 nm. This peak saturates  

after 10 min indicating the completion of the reduction process(inset of Figure 5.1-

f). My experiments so far suggest that the gold precursor instantaneously interacts 

with the Pdu BMC surface, get scaffolded and then is slowly reduced by the charged 

amino acids present on the surface or fast reduction is carried out in the presence of 

external reducing agent (HEPES), and better signals are obtained. For fabricating a 

stable Pdu BMC-AuNP hybrid, Pdu BMC and AuCl3 are titrated against each other 

in the concentration range of 0.1−0.5 mg/mL and from 2.5−250 μM for Pdu BMC 

and AuCl3, respectively. It is observed that Pdu BMC concentration beyond 0.1 

mg/ml leads to aggregate formation. Though AuCl3 is used till 250 μM, the acidic 

nature of the AuCl3 solution (pH 3-4) lead to compromised enzyme activity and hence 

low concentration in the range  of  5−50 μM are used. 

Table 5.1: Dissociation constant(Kd) for the protein:AuCl3 interactions determined by 
BLI (global fit) 

S.No Protein Kd (10-6 M) 

1 Pdu BMC 16 ± 0.2 

2 PduA 7.8 ± 1.8 

3 PduB 4.3 ± 2.2 

4 PduB’ 3.2 ±1.3 

 
Table 5.2: Zeta potential for the Pdu BMC and its shell proteins 

S.No Protein Zeta potential (mV) 

1 Pdu BMC -9 ± 2 

2 PduA -19 ± 3 

3 PduB -24 ± 4 

4 PduB’ -29 ± 3 

 

5.2.2 Characterizing the fabricated AuNPs  

After the initial proof for the formation of the AuNPs on the BMC surface by 

spectroscopic studies a series of characterization studies are carried out. In the X-ray 

diffraction pattern, AuNPs fabricated on the Pdu BMC show peaks at 2θ values of 
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38.1, 44.3, 64.5, and 77.7, which are indexed to (1 1 1), (2 0 0), (2 2 0), (3 1 1) which 

are reflections of face-centred cubic structure of metallic gold (Figure 5.2-a). The 

highest intensity is for the 111 plane (closed plane) at 2θ value of 38.1, which 

indicates a catalytic role for the AuNPs as discussed in the latter part. After this we 

analysed the TEM micrographs of the bare Pdu BMCs with the Pdu BMCs having 

AuNPs fabricated on them. The bare Pdu BMCs show polyhedral protein bodies in 

the size range of 100-150 nm with the negative staining (0.5 % uranyl acetate). In the 

Pdu BMC fabricated with AuNP the entire BMC surface is decorated with spherical  

NPs in the size range 2-3 nm. These images are obtained without any staining. The 

images indicate that the NPs are majorly present within the periphery of the MCPs. 

At certain places, however, it is observed that there are some peeling off of a section 

of the SPs with the NPs along the boundary of the MCPs (Figure 5.2-b).  This is 

because of the drying effect during the TEM sample preparation.  

Next we studied the electron micrograph images of the Pdu BMC fabricated with 

AuNPs to analyse the size and the morphology of the fabricated NPs. An estimation 

by the Image J software show that these NPs have a size of 2.5 ± 0.5 nm. The average 

distance between two adjacent NPs is 5.7 ± 0.5 nm. (Figure 5.2-c). This is an 

interesting observation because the centres of the two adjacent hexamer/trimer units 

of the BMC domain protein in their crystal structure are 5.0−6.5 nm apart. As the SPs 

act as a scaffold on which AuNPs get fabricated, the particles are arrayed at an 

interval of 5 to 6.5 nm. The development of the regular AuNPs array on the Pdu BMC 

surface is a unique observation. Since this is observed by TEM next set of 

experiments are aimed to understand if this arraying is due to a drying effect of the 

NPs on the TEM grid or due to precision scaffolding by the SPs on the BMC. In the 

absorbance spectra, a peak at 750 nm is observed which corresponds to a plasmonic 

development due to patterned arraying (Figure 5.2-d) on the self-assembled SPs 

surface which reinforces the meticulous scaffolding by the SPs (Figure 5.2-e). In 

another control experiment, non-assembling globular protein BSA is used for 

fabrication of AuNPs. In this case neither there is any array development  in TEM 

images nor there is any plasmonics development in absorbance. Further no uniform 

size distribution of the fabricated NPs are observed with BSA. These studies 

combined indicate the uniqueness of the SPs on the BMC surface towards the 

development of new class of hybrid material (Figure 5.2-f).  
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Figure 5.2: X-ray diffraction for in situ Pdu BMC:AuNPs (a); TEM micrograph for the 
negatively stained Pdu BMC(1), AuNPs on the scaffold of Pdu BMC shell proteins (2,3,4) 
(b); Size distribution of the AuNPs on the BMC scaffold  (red bars),  distribution of the 
distance between the adjacent NPs on the BMC scaffold  (blue bars)(c); Absorption spectra 
of AuNPs observed on the scaffold of BMC after 0.5 h, and 12 h showed development of 
spatial interaction between NPs resulting in plasmonics around 750 nm. This development of 
plasmonics is a result of fabrication of nanoparticles in 3D on the mat like structure of the 
shell proteins which makes the external shell of the BMC (d); Pdu BMC SPs scaffold act as 
template because of arrayed hexameric or trimeric unit (e); BSA lacks self-assembly thus no 
arrayed templating (f). 
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5.2.3 Stability of Hybrid catalyst 

The conformation stability of the native Pdu BMC and  Pdu BMC-AuNPs hybrid are 

examined with CD and FTIR spectroscopy.  It is observed that the conformation of 

Pdu BMC remained intact and is retained post the formation of AuNPs on its surface. 

The characteristic CD signals corresponding to a-helix at 222 and 208 nm in native 

Pdu BMC is not disturbed and is observed in the hybrid CD spectra(Figure 5.3-a). 

In the FTIR spectra, the amide-I vibrations are smoother for the hybrid than that of 

native Pdu BMC, suggesting the interaction of the Pdu BMC shell surface with gold 

precursor and its reduction on the BMC scaffold. Also when individual SPs are 

fabricated with AuNPs, their conformation remains unaltered, as observed by CD and 

FTIR. A slight contraction in the size of BMC:AuNPs (90 ± 10 nm) compared with 

the size of the BMC (110 ± 30 nm) alone, however is observed (Figure 5.3-b). The 

decrease in size is observed only at higher concentrations (50−100 μM) of the gold 

precursor is used. At lower concentrations (5−10 μM), no significant size variations 

in size are observed. When Pdu BMC is absent as scaffold two size distributions 30 

± 4 nm and 160 ± 25 nm are observed whereas, in the presence of the BMC as a 

scaffold, only one size distribution is observed (90 ± 10 nm). The unimodal size 

distribution in the presence of BMC and the precise size of the AuNPs obtained in 

the electron micrograph, as discussed earlier, suggests that the BMC shell precisely 

confines the size of the NPs to less than 3 nm on the Pdu BMC surface. The structural 

stability of the Pdu BMC at lower auric chloride concentration is further confirmed 

by carrying out the thermal unfolding studies by DSF and steady-state fluorescence. 

The fabrication of AuNPs on the BMC surface does show quenching of fluorescence, 

but no shift in the transition temperature, suggesting the presence of intact Pdu BMC-

Au conjugate in solution phase (Figure 5.3-c). When stability of hybrid conjugate 

and native Pdu BMC is compared by DSF studies, no shift in transition temperature 

is observed as the the signature curve observed for both are same. These studies 

indicate no disruption in the intact polyhedral structure of Pdu BMC upon NPs 

fabrication.  However, the presence of AuNP on the shell surface does bring change 

in transition curve correlating to the SPs (as studied in chapter 3) present in the DSF 

curve of Pdu BMC-Au hybrid (smoothening of curve at around 60 ºC) (Figure 5.3-

d). 
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Figure 5.3: CD spectra for Pdu BMC as compared to hybrid Pdu BMC:AuNPs showed 
no effect on the conformation of the Pdu BMC (a); Size distribution for the Pdu BMC, 
Pdu BMC:AuNPs conjugates. At low concentration of AuCl3 there is no effect on the size 
on Pdu BMC (b); Steady-state fluorescence based determination of the thermal stability 
of the hybrid in comparison to native Pdu BMC (tryptophan fluorescence) (c); Thermal 
Shift Assay for Pdu BMC and Pdu BMC:AuNPs hybrid. The conjugate material does not 
show any downward shift in melting temperature, which suggests that the 
macromolecular assembly is not disturbed with the nanoparticle fabrication in 3D under 
optimal condition(d). 
 

5.2.4 Characterizing the hybrid catalysis 

Next, the catalytic role of the hybrid conjugate is tested where both inorganic 

catalysis on the Pdu BMC scaffold and organic catalysis of the encapsulated enzyme 

is carried out. AuNPs are known to show heterogeneous catalysis because of their 

particle size and change in the electronic distribution. The BMC-AuNPs hybrid show 

efficient inorganic catalysis for the model reaction i.e., reduction of p-nitrophenol to 

p-aminophenol in the presence of NaBH4 (Figure 5.4-a). The spatial disposition of  
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Figure 5.4: The catalytic activity of Pdu BMC:AuNPs conjugate showing the conversion p-
nitrophenol to p-amino phenol (a); Increased catalytic activity of 10 µM HAuCl4 fabricated 
nanoparticles in comparison to 5 µM HauCl4 (b); NaBH4 act as a donor for hydride ions 
on the fabricated gold nanoparticles. AuNPs provides the surface to carry out the reduction 
(c); Pdu BMC model showing the channelling of 1,2-PD and Vit B12 across the conduits for 
the organic catalysis (d); Enzyme catalysis for Pdu BMC:AuNPs and PduCDE:AuNPs 
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Table 5.3: Specific enzyme activity for the diol dehydratase enzyme 

AuCl3 

concentration 

Specific enzyme activity of 

Pdu BMC (µmol mg-1 ml-1) 

Specific enzyme activity of 

PduCDE (µmol mg-1 ml-1) 

0 25.8 ± 1.06 24.7 ± 1.17 

5 25.6 ± 0.49 25.4 ± 1.17 

10 22.8 ± 1.29 24.9 ± 0.83 

15 12.6 ± 1.11 21.0 ± 1.31 

20 6.6 ± 1.34 16.8 ± 1.31 

30 3.5 ± 1.38 12.7 ± 1.13 

 

the AuNPs in 3D on the BMC surface showed an increase in inorganic catalysis with 

increasing the AuCl3 concentration from 5 to 30 μM. With doubling of AuCl3 

concentration from 5 to 10 μM, a 5−6-fold enhancement in the catalytic activity is 

observed (Figure 5.4-b). This corresponds to a large surface area of a typical 

icosahedral BMC (3.04 × 104 nm2) being provided for NPs fabrication (Figure 5.4-

c) (although the Pdu-BMC do not have the regular icosahedral structure, an 

approximation of the size is made taking the TEM images in consideration). The 

enhanced inorganic catalysis is also contributed due to the spatial arrangement of NPs 

in 3D on the Pdu BMC surface, resulting in plasmonics development. Although an 

increase in inorganic catalysis due to AuNP fabrication is observed by increasing the 

precursor concentration beyond 10 μM, organic catalysis by the encapsulated 

PduCDE enzyme inside the Pdu BMC is compromised (Figure 5.4-d). Though the 

diol dehydratase activity of the encapsulated enzyme is compromised beyond 10 μM, 

the activity is not compromised to that extent for the free enzyme as observed (Red 

curve, Figure 5.4-e). This has exciting implications because the compromise in the 

enzyme catalysis above 10 μM of AuCl3 in the Pdu BMC can be due to two reasons: 

either the BMC catalytic components are getting deformed upon Au-NPs fabrication 

or AuNPs on the surface are blocking the transport of substrates and cofactors inside 

the lumen of the BMC. To confirm the above hypothesis, the specific activity of the 

bare enzyme PduCDE is evaluated as per MBTH assay, in the presence and absence 

of AuNPs (PduCDE:AuNPs hybrid are fabricated in vitro as per the method 

discussed). The diol dehydratase activity for the free or the encapsulated PduCDE 

enzyme (Figure 5.4-e) is not compromised till 10µM AuCl3. But beyond this 
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concentration, there is a gradual decrease in activity of the encapsulated enzymes. 

The decrease in enzyme activity of the Pdu BMC-AuNPs is, however, more 

pronounced compared to the PduCDE-AuNPs. This observation, along with the 

conformational studies, supported our other speculation that the AuNPs block the 

passage of substrates and cofactors from the surface of the BMC to the central lumen. 

The role of the pores in the SPs as conduits for substrate and cofactor is known in the 

literature. As the AuNPs are formed on the surface of the BMC and considering their 

size (2.5−3 nm), they likely block the conducting pores of the shell proteins, thus 

retarding the BMC activity (Table 5.3). Previously, genetic engineering studies have 

shown that specific blocking of the PduA pore results in the compromised uptake of 

1,2-PD uptake, which has also been shown theoretically through molecular dynamics 

simulations by Park and co-workers.  

 

5.2.5 Understanding the mechanism of AuNPs fabrication 

As discussed earlier that the charged amino acids on the Pdu BMC surface assisted 

the interaction of gold precursor followed by reduction. The BMC-AuNPs hybrid 

conjugate exhibited a sharp, stable fluorescence that peaks at 660 nm at a wide range 

of excitation in solution by steady-state fluorescence and total internal reflection 

fluorescence microscopy (TIRF-M). As per the TIRF-M images (Figure 5.5-a), the 

fluorescence evolves 5−6 min after the addition of AuCl3 to the BMC. After this, 

there is a continuous increase in fluorescence intensity, which saturates after 15 min 

(Figure 5.5-b), because of interaction with charged amino acids and its reduction 

from Au3+ to Au0. Control experiments performed with AuCl3 and HEPES showed 

no visible fluorescence in TIRF-M (Pdu BMC is not used as template) (Figure 5.5-

c). No detectable signals are observed in TIRF-M for Pdu BMC alone in the absence 

of AuCl3 (Figure 5.5-d). These observations lead us to conclude that  that fluorescent 

clusters are formed on the Pdu BMC surface. The fluorescence of the gold 

nanoclusters disappears upon the addition of an excess amount of the gold precursor 

or external reducing agent (Figure 5.5-e and f), suggesting the formation of 

nonfluorescent AuNPs. Typically, AuNPs with size <3 nm are reported to be 

fluorescent, whereas size ≥3 nm are nonfluorescent(188). The formation of 

nonfluorescent particles in the absence of BMC as template suggests that the BMCs 

scaffold the AuNPs and confine their size below 3 nm. This precise size distribution  
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Figure 5.5: Microscopic images for the formation of AuNPs on the Pdu BMC scaffold 
observed by TIRF-M at a different time point (a); Time-dependent increase in the 
fluorescence due to the formation of fluorescent AuNPs. Excitation scan of Pdu BMC-
AuNPs (Inset) (b); Only Pdu BMC (c) or absence of Pdu BMC as scaffold (Auric chloride 
+ HEPES) shows no fluorescence as captured by TIRF-M (d);   Formation of AuNPs on 
Pdu BMC studied with steady-state fluorescence and showing the transition from 
fluorescent AuNPs to non- fluorescent in excess of precursor (e) and reducing agent (f). 

 

can be obtained by a careful manipulation of the scaffold (BMC) and the precursor 

(AuCl3). In general we conclude that in the course of fabrication of AuNPs on the 3D 

scaffold there is the formation of gold clusters initially followed by AuNPs.    
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5.3 Conclusion 

The robust shell surface of Pdu BMC made up of self-assembled hexameric and trimeric 

protein units act as a scaffold and helped in the fabrication of AuNPs in 3D. The 

fabrication is assisted by the charged amino acids, which assist the nucleation of the 

precursor molecules, followed by its reduction. The surface scaffolded AuNPs 

demonstrated standard catalysis, while the internal enzyme cluster of the BMC 

demonstrated organic catalysis. Under ambient conditions for in vitro inorganic 

reaction, the SPs sturdily maintain the barrier between the luminal enzyme and the 

surface fabricated inorganic catalysts and preserve the functionality of the encapsulated 

enzyme.  Though Pdu BMC has been explored for various biotechnological applications 

as synthetic bioreactors, this is the first report where any prokaryotic bacterial organelle 

has been explored as a template for the development of the bio-inorganic hybrid. The 

Pdu BMC-AuNPs hybrid inspire a pristine class of resources that can be used in a 

chemical reaction condition without perturbing the core biological (physiological) 

environment for enzymatic activity. This system provides insight for fabricating 

uniformly ordered nanoparticles in 3D towards the development of orthogonal hybrid 

catalytic material.  This study also opens the door to explore these self-assembling SPs 

in the field of material science for wide range of applications. 
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6 Summary and Conclusion 

This thesis is an attempt to understand the structure-function relationship of Pdu 

BMC and exploring its component as new class of biomaterial. In this chapter, I have 

summarized the main findings of this thesis. The unique way by which these MCPs 

manage specific metabolism in bacteria combined with the special morphological 

features of the SPs motivated me to have a meticulous understanding of the 

interactions that outfit these structures and also to look for the means to explore them 

for other biotechnological uses. I hope to the reader, this thesis work opens up a new 

paradigm for exploring these MCPs for a wide range of applications. The MCPs and 

their SPs can be an excellent scaffold for integrating different fields of science at the 

interface of nanotechnology. 

In Chapter 1, I have provided a background on the basic understanding of the 

MCP in general and Pdu BMC in particular. The characteristic features of the 

components of the MCP, i.e., SP and the enzyme cascade, are discussed. The 

motivation and perspective for the thesis are also highlighted based on earlier studies. 

This thesis “USE” i.e., Understand, Simplify, and Explore the Pdu BMC, observed 

in Salmonella enterica typhimurium.  

In Chapter 2, I have discussed the various techniques used in this study. I have 

used an integrated methodology using molecular biology, spectroscopy, microscopy, 

and computational approaches for carrying out the thesis work.  

Chapter 3, mainly focusses on understanding the packing of the Pdu BMC. 

Using a spectroscopic technique, and the concept of differential scanning fluorimetry, 

I explored how the SPs and enzymes behave individually and in the assembled MCP. 

The findings of this chapter exhibit that these intact BMCs as a whole behave similar 

to a globular protein having a rich hydrophobic core, which is exposed upon thermal 

insult. The encapsulated enzymes being globular in nature had a strong hydrophobic 

core, which is in line with the hydrophobic-collapse model of protein folding. For the 

first time, the thermal unfolding profile of the BMC domain proteins is investigated, 

and it is observed that unlike globualar protein, they  lack a strong buried hydrophobic 

core and significant portion of hydrophobic patches are exposed. These unique 

exposed hydrophobic patches might be required for anchoring the enzymes inside the 

compartment resulting in better packaging of the microcompartments. It is observed 

that the secondary structures are disrupted at higher temperatures. However, the 
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activity of the enzymes is lost post disruption of the tertiary structure, indicating the 

importance of balanced interactions at the tertiary structure level to maintain the 

structure-activity relationships in these metabolosomes.  

Chapter 4 attempts to understand the properties of individual SPs in vitro. Mono-

component protein compartments are fabricated from individual SP sheets using a 

self-assembling approach at the interface of oil and water. The mild fabrication 

technique adopted here does not involve any crosslinker, and the resultant protein 

compartments demonstrate higher stability compared to the SP sheets without any 

loss of the conformation of the component proteins. These protein compartments are 

capable encapsulating macromolecular enzymes and permit the free exchange of 

small molecules and substrates through their intrinsic conduits channels making these 

PSs suitable as active bioreactors in vitro. It is observed that the three major Pdu SPs 

(Pdu A/B/B’) have functional similarity when it comes to native functions such as 

substrate channelling for VitB12 and DDH enzyme activity. However, in the presence 

of non-native molecules, the PSs show varied responses indicating that they can be 

explored for different applications in vitro. The present study suggests that for having 

a molecular-level understanding of the properties of the SPs rigorous in vivo, genetic 

engineering studies are needed.  

In Chapter 5, I explored the Pdu BMC as a scaffold for the fabrication of 

inorganic nanoparticles. Though Pdu BMC has been explored for applications in 

synthetic bioreactors, their surface has yet not been explored for any ectopic function. 

This is the first report where a prokaryotic organelle is explored as a template for the 

development of the bio-inorganic hybrid system. The development of this bio-

inorganic hybrid system, helped to achieve a protein scaffolded AuNPs shell 

enclosing an active enzyme cluster. The protein templated AuNPs demonstrated 

standard inorganic catalysis, without any activity loss for the internal enzyme cluster. 

The SPs owing to its sturdy and robust nature, maintained a barrier between the 

luminal enzyme and surface fabricated inorganic catalysts. This system provides 

insight for fabricating uniform size AuNPs in 3D for the development of orthogonal 

hybrid catalytic material. The Pdu BMC-AuNPs hybrid catalysts inspire a pristine 

class of resources that can be used in a chemical reaction condition without perturbing 

the core biological (physiological) environment for enzymatic activity.   

The work presented in this thesis opens up a new paradigm of research by 

bringing the assimilation of molecular biology, biochemistry, nanotechnology, and 
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material science. DSF based understanding of the thermal stability will aid in 

developing quality control measures for the industrial application of this genre of 

proteins. It can also be applied for an understanding of the assemblies created out of 

protein-polymer conjugates and also various genetically engineered protein 

compartments in vitro. Coupled to microscopy, physiological growth assays, and 

structural techniques like NMR and crystallography, DSF can be explored to 

understand the assembly and stability at the residue level of such complex 

macromolecular assembly. Fabrication of PSs provides insight into the development 

of the protein compartment from such self-assembling proteins without any chemical 

modification. These PSs also motivate to engineer stable protein compartments 

through genetic modulation for various biochemical applications and other critical 

biosynthetic pathways in vitro. At last, development of the Pdu BMC-AuNPs hybrid 

opens up a new class of bacterial biomaterials that can be integrated with inorganic 

nanoparticles for the development of hybrid functional materials. This system 

provides insight for fabricating uniformly ordered nanoparticles in 3D with angstrom 

level precision. The ease of encapsulation in the PSs ex vivo and fabrication strategy 

on these self-assembled protein templates, which are robust and sturdy, pave the way 

for the generation of a pristine class of hybrid inorganic-organic materials. In general  

this thesis highlights the potential of  BMC  for application  in field of bio-engineering 

(to produce natural self-assembled  polymer), biomaterial science (designing efficient 

thermostable natural polymer)   and hybrid functional materials 
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Abstract The bacterial cellulose (BC) produced by

Gluconobacter xylinus due to its versatile properties,

is used in healthcare and industrial applications.
However, its use is restricted owing to the limited yield

from the existing culture protocols. In the current study,

BC production is studied in the presence of Super
Optimal Broth with catabolite repression (SOC)

medium which is used to revive Escherichia coli cells

after electroporation or chemoporation. In SOC med-
ium, Gluconobacter xylinus produces cellulose pelli-

cles within 5 days of incubation with an enhanced

conversion of the carbon source to cellulose compared
to traditional Hestrin–Schramm (HS) medium. SOC

medium also maintains the pH close to 7.0 in static

cultures unlike in HS medium where the pH is acidic.
The physico-chemical and morphological characteris-

tics of the BC produced in SOC are determined using

powder X-ray diffraction (pXRD), thermo gravimetric
analysis (TGA), Brunauer–Emmett–Teller (BET) and

Barrett–Joyner–Halenda (BJH), and scanning electron

microscopy (SEM) analyses. Our results indicate that

SOC enhance the yield of bacterial cellulose and allows

conversion of 50% of the carbon source to bacterial

cellulose, compared to only 7% conversion in the case
of traditional HS medium after 7 days of interaction.

We also observe an increase in hydration capacity of

BC produced using SOC as compared to HS media.

Keywords Gluconobacter xylinus ! Bacterial
cellulose (BC) ! Super optimal broth ! Static cultures !
Brunauer–Emmett–Teller (BET) ! Barrett–Joyner–
Halenda (BJH)

Introduction

Bacterial cellulose is an important biomaterial with
diverse industrial applications owing to its versatile

properties including high biocompatibility, bio-

degradability, high surface area, high flexibility,
transparency and mechanical strength, high porosity,

water retention and water absorption capacity. It has

demonstrated remarkable applications in health care,
sensor substrate development, food, textiles, compos-

ite membranes, electronic paper, acoustic diaphragms,

to name a few (Shah et al. 2005; Klemm et al. 2006;
Hong and Qiu 2008; Kurosumi et al. 2009; Zeng et al.

2011). Among the various species, Gluconobacter

xylinus is one of the most commonly studied bacteria
for producing commercial quantities of cellulose for

various applications (Nguyen et al. 2008). One of the

common and traditional media used for the optimized
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production of cellulose from bacteria is Hestrin and
Schramm medium (Lin et al. 2013; Hestrin and

Schramm 1954; Ruka et al. 2012). However, low

yield and prolonged fermentation conditions are major
drawbacks limiting its scale up and use in the

industrial scale for cellulose production (Esa et al.

2014; Lin et al. 2014). Hence, it is imperative to devise
strategies to enhance the yield of cellulose with a

shorter fermentation time thereby enabling its com-

mercialization. To this end researchers in the field
have explored the use of media containing high

glucose content such as fruit juices, maple syrup,

various agricultural and industrial waste products such
as molasses, thin stillage from rice wine distilleries,

waste water from candied jujube processing industries

with the aim to enhance cellulose production (Kuro-
sumi et al. 2009; Zeng et al. 2011; Wu and Liu 2012;

Li et al. 2015; Tyagi and Suresh 2016). However, the

use of non-defined media leads to the generation of
unknown by-products such as water soluble oligosac-

charides and unknown metabolic intermediates which

eventually lead to low bacterial cellulose yield and
inconsistent quality (Khan et al. 2008; Ul-Islam et al.

2013; Tyagi and Suresh 2016). Few strains of

Gluconobacter contain the enzyme invertase to
metabolize sucrose (Embuscado et al. 1994) and few

studies have indicated that certain strains of Glu-

conobacter produce levan and other polysaccharides
from HS medium containing sucrose and this inter-

feres with cellulose yield (Bae and Shoda 2004).

Another major drawback in using agro industrial waste
and other biomaterials as substrates for cellulose

production is the difficulty in standardizing the

process as the percent composition of the substrate
may vary from time to time and place to place.

In the current study, the use of a modified medium,

namely Super Optimal Broth with catabolite repres-
sion (SOC) for the production of cellulose from

Gluconobacter xylinus has been reported. The mod-

ified medium is commonly used for revival of
Escherichia coli post plasmid transformation (Hana-

han 1983; Fierro et al. 2004; Maeda et al. 2004; Sun
et al. 2009). Catabolite repression is a regulatory

mechanism by which an organism preferentially uses

carbon sources that are more readily accessible
thereby limiting the expression of functions for use

of secondary carbon sources and activities of corre-

sponding enzymes. This mechanism ensures rapid
growth of the organism (Gorke and Stulke 2008).

Apart from enhanced amount of glucose, SOC media
is enriched with sodium, potassium and magnesium

metal ions. The major objective of the present study is

to determine the effect of SOC medium in influencing
the cellulose production and if super optimal broth for

catabolite repression could be used to enhance cellu-

lose production inGluconobacter xylinuswhich is also
a gram negative bacteria like E. coli.

To the best of our knowledge, there are no available

reports on the use of the SOC medium for cellulose
production in Gluconobacter xylinus. Since studies

have indicated the influence of medium composition

and cultivation conditions in enhancing cellulose
production (Shezad et al. 2010; Mohite and Patil

2014), the influence of various process variables like

incubation time, surface area, presence of additives on
cellulose production is investigated in detail in the

SOC medium and compared with HS medium.

Materials and methods

Bacterial strain

Gluconobacter xylinus is obtained from the Microbial
Type Culture Collection, India (MTCC 7795/ATCC

11142). The strain is cultured on Luria–Bertani

medium and glycerol stocks are preserved at
-80 !C. Working cultures are routinely prepared for

the studies from the stock.

Methods

Media

The medium used in this study is modified SOC

medium at pH 5.5 (Super Optimal Broth with
Catabolite Repression) (Lessard 2013) hereafter

denoted as SOC5.5. The medium is constituted by

adding 2 g Luria–Bertani Broth, 0.36 g glucose,
0.05 g sodium chloride, 0.018 g potassium chloride,

0.095 g magnesium chloride, 0.25 g magnesium sul-
phate per 100 ml of medium. The pH of the medium is

adjusted to 5.5 using 0.1 g of citric acid. Hestrin–

Schrammmedium which has previously been reported
to be an optimal medium for the cultivation of

Gluconobacter xylinus is used as a control (Hestrin

and Schramm 1954).

4368 Cellulose (2017) 24:4367–4381
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Synthesis and purification of bacterial cellulose

10% (v/v) of 12 h overnight cultures ofGluconobacter
xylinus are inoculated into fresh medium and incu-

bated at 30 !C under static conditions. To enhance the

reproducibility of the results, the factorial design of
experiments is employed in the study wherein one

factor at a time is varied keeping the others constant.

In one variation of the synthesis process, the culture
is incubated for different time points (for 3, 5 and

7 days) keeping the other factors like incubation

conditions (static), ionic concentration, medium vol-
ume and surface area constant.

The effect of sub-culturing is also studied by

replacing the spent medium with fresh medium and
culture after 2 days of inoculation and further incu-

bated for additional 5 days. The influence of ionic

concentrations is also determined by carrying out
cellulose synthesis in the presence of increased

concentration of ions in SOC5.5 (0.1 g sodium chlo-

ride, 0.036 g potassium chloride, 0.19 g magnesium
chloride, 0.50 g magnesium sulphate).

In another variation of the synthesis process, the

culture is incubated under agitated conditions keeping
the other factors like ionic concentration, medium

volume, incubation time and surface area constant. The

flasks aremaintained at 30 !Cwith agitation at 150 rpm.
The effect of surface area to volume ratio of the

medium on cellulose production is also studied by

incubating the culture in different culture vessels (petri
plates and beakers) while maintaining the other

parameters such as medium volume, incubation time,

incubation conditions (static/agitated) and ionic com-
position constant.

After incubation, the pellicles produced are har-

vested and washed with distilled water followed by
boiling at 60 !Cwith 0.1%NaOH for 1 h to remove the

cell debris and medium components (Mohite and Patil

2014). This process of washing is repeated until the pH
of the water is neutral. The resulting bacterial cellulose

is freeze-dried using a lyophilizer (BenchTop Pro with

Omnitronics, VirTis SP Scientific, Pennsylvania) and
stored at room temperature till further use.

Determination of dry weight and yield of bacterial
cellulose

Dry weight of bacterial cellulose is calculated in
terms of weight of cellulose obtained per liter of

medium used as described in Mohammadkazemi
et al. (2015).

Dry weight ¼ weight of cellulose ðgÞ
volume of media ðlÞ

ð1Þ

% yield is calculated from the dry weight of cellulose

according to a protocol developed in Erbas Kiziltas

et al. (2015).

Yield ¼ dry weight of cellulose ðgÞ
weight of carbon source ðgÞ $ 100 ð2Þ

Hydration studies on bacterial cellulose

Hydration capacity

The hydration capacity of bacterial cellulose is

calculated as described in Lin et al. (2013), Oliveira
Barud et al. (2015), Bakre and Jaiyeaoba (2009), and

Mohamad et al. (2014). Briefly, weighed quantities of

freeze dried bacterial cellulose are added to distilled
water followed by vortexing of the resulting solution.

The solution is then allowed to stand for 3–5 min
followed by centrifugation at 10,000 rpm for 10 min.

The supernatant is discarded and the pellet is subjected

to drying at 37 !C and weighed at different time points
to determine the hydration capacity, swelling ratio,

moisture content as per the equations below.

Hydration capacity ¼Weight of hydrated sample ðgÞ
dry weight ðgÞ

ð3Þ

Swelling ratio %ð Þ ¼ Hs % Hd

Hd
$ 100 ð4Þ

Moisture content ratio %ð Þ ¼ Hs % Hd

Hs
$ 100 ð5Þ

where Hs and Hd are the weights of swollen and dry
weights of bacterial cellulose respectively.

Physico-chemical characterization

Scanning electron microscopy (SEM)

The morphology and the surface topography of the

freeze dried bacterial cellulose samples under freeze-

dried condition and air dried conditions are deter-
mined using Scanning Electron Microscope (JEOL

Cellulose (2017) 24:4367–4381 4369
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JSM-IT300, USA) at 15 kV with a probe current of
40 lA with different magnification in various areas.

The freeze dried samples are obtained as mentioned in

the purification protocol above. The freeze dried
samples are mounted on carbon tapes followed by gold

sputtering for 60 s. For the air dried samples

(0.4 wt%), bacterial cellulose is suspended in Mili-Q
water and left at room temperature for 2 h. The

resultant sample is drop-casted on silicon wafers and

then subjected to air drying at 37 !C for 12 h. The
samples are then stored at room temperature till

imaging. Prior to imaging the samples are gold

sputtered for 60 s.

Brunauer–Emmett–Teller (BET) and Barrett–Joyner–

Halenda (BJH) surface area analysis

The pore size and surface area of the lyophilized

bacterial cellulose are determined with a Nova Quan-
tachrome, BET surface area analyzer. To remove

moisture from the samples, the samples were placed in

sample cells, which were then heated up to 75 !C for
5 h and cooled down to room temperature before the

BET and BJH analysis. The pore size and surface area

are determined with N2 adsorption at-196.15 !C. The
pore volume and average pore size (pore size distri-

bution) is calculated based on summing through the

pore size distribution which is subjected to BJH
model. This method is based on the assumption that

the initial relative pressure is close to unity and all

pores are filled with liquid. The following equation is
employed to calculate the pore dimensions.

Vpn ¼
rpn

rknþDtn=2

! "2

DVn # Dtn
Xn#1

j¼1

Acj

 !

ð6Þ

where rpn: pore radius; Vpn: pore volume; rKn: inner

capillary radius; Dt: thickness of adsorbed layer of

nitrogen; Ac: area exposed by the pore from which the
physically adsorbed gas is desorbed.

Powder X ray diffraction (pXRD)

pXRD patterns of cellulose were obtained using a

diffractometer (D8 Advance Eco, Bruker, Germany)
using nickel filtered Cu Ka radiation (k = 1.54060

Å) with a scanning range between 2h = 10!–50! at

room temperature. The freeze dried samples were
placed on a clean glass slide for analysis. The

crystallinity index (CrI) was determined using the
following equation:

CrI ¼ I110 # Iam
I110

& 100 ð7Þ

where I110 is the maximum intensity of diffraction of

the (110) lattice peak and Iam is the minimum intensity

of the amorphous material between 2h of 18!–19!
(Segal et al. 1959; French and Santiago Cintrón 2013;

French 2014).

Fourier transform infra-red (FT-IR) spectroscopy

FT-IR analysis is performed to determine the chemical
structure of BC. The samples were oven dried at

105 !C for 4–5 h, mixed with KBr in a ratio of 1:200
(w/w) and pressed under vacuum to form pellets. The

FT-IR spectra were examined in the mid IR range

(4000–500 cm-1) using a FT-IR spectrophotometer
(Cary 600 series, FTIR Spectrophotometer, Agilent

Technologies).

Thermogravimetric analysis (TGA)

TGA analysis is performed to determine the thermal
stability of the material. TGA measurements were

carried out using a Simultaneous Thermal Analyzer

(STA 8000, Perkin Elmer, USA). 10 mg of the
samples were used for the analysis and were scanned

over a temperature range of 50–800 !C at a heating

rate of 10 !C/min with N2 gas flow rate of 20 ml/min.
The analysis was performed under inert N2 atmo-

sphere to avoid sample oxidation (Amin et al. 2014;

Mohite and Patil 2014).

Results and discussion

In this article we report biosynthesis of bacterial

cellulose in super optimal growth medium with
catabolite repression. SOC is used to regenerate E.coli

cells after introduction of foreign genetic material by

electroporation or chemoporation. Using a combina-
tion of microbiological, biochemical and biophysical

techniques, we attempted to determine if SOCmedium

is an efficient growth medium for Gluconobacter
xylinus which leads to an increased production of

bacterial cellulose in a shorter time compared to

traditional HS medium. It has been previously

4370 Cellulose (2017) 24:4367–4381

123



Appendix A 

 119 

 
 
 

reported that process parameters like time, tempera-
ture, pH as well as the media compositions play crucial

roles in the form and structure of bacterial cellulose

(Ruka et al. 2012). As it has already been reported that
the optimal pH for cellulose production in Glu-

conobacter is 5.5, we have modified the initial pH of

SOC medium (hereafter mentioned as SOC5.5 in the
manuscript) to the same. We observe that in SOC5.5

medium, the growth of Gluconobacter xylinus pro-

gresses with a very small lag phase of 8 h compared to
24 h in the traditional HS medium in static cultures

(Fig. 1a). Also, at the end of 168 h or 7 days, the

OD600 for SOC5.5 is *2 times more compared to the
HS medium suggesting a much faster metabolism or

growth rate in SOC5.5 compared to HS medium. In

shaking cultures also similar trend is observed (Sup-
plementary Fig. S1a). This is interesting considering

the amount of glucose in the SOC5.5 medium which is

nearly one-fifth compared to that used in HS medium.
We also monitored the change in pH of the medium

during the course of cellulose production in both static

and shaking cultures in both media (Fig. 1b and
Supplementary Fig. S1b). In static cultures, for both

SOC5.5 and HS media, the pH immediately after the

commencement of the interaction is 5.5. In the case of
SOC5.5, immediately after the lag phase there is a

monotonous increase in the pH value which stabilizes

around * 7.0. Conversely in the case of HS medium,
after an initial increase in the pH till 24 h, there is a

drop in the pH value with time. This suggest that in the

case of HS medium there is an accumulation of acidic
metabolites (viz. gluconic acid) as is observed in the

case of bacterial cellulose production (Yang et al.

2014; Huang et al. 2015a, b; Park et al. 2015). Previous
studies have also reported the inhibition of bacterial

cellulose production due to the accumulation of

gluconic acid in HS medium (Kuo et al. 2016). In
SOC5.5 medium the acidic metabolites are produced in

minimal quantities and they are utilized immediately

to be reflected in the pH change of the medium;
simultaneously, the presence of metal ions in the

media might lead to the increase in the pH from
5.5–7.0. Likewise, in the shaking cultures, the growth

rates are higher in SOC5.5 compared to HS cultures

(Supplementary Fig. S1a). Interestingly, in the case of
shaking cultures, the pH monotonously rises in both

the cases and stabilizes*8 for HS medium and*8.5

for SOC5.5 medium. Decrease in gluconic acid
production in shaking cultures could be due to

decrease in cell concentration possibly due to the
instability of the bacteria, resulting in Cel- mutants

thereby interfering with the metabolism of glucose

utilization to gluconic acid (Huang et al. 2015a, b;
Park et al. 2015; Yang et al. 2016).

The next part of the study is designed to determine

the effect of incubation time on bacterial cellulose
production. We observe that the formation of cellulose

film at the aqueous-air interface is dependent on the

bacteria aging time in both HS and SOC5.5 media. For
HSmedium, at the end of 3 days a thin cellulose film is

observed which increases in thickness on further

incubation till 5 days. A consistently thicker pellicle is
observed in SOC5.5 medium under similar conditions.

At the end of 5 days, the % yield of cellulose using HS

medium is 6.7 ± 0.2 whereas it is 40.5 ± 2.1 in case
of SOC5.5 medium (Fig. 1c). In a related study,

(Mohammadkazemi et al. 2015) determined the effect

of various media on cellulose production and report
that the yield % of cellulose in HS medium at the end

of 7 days to be*7%. In our experiments at the end of

7 days the yield in HS medium is *7% while that in
SOC5.5 is *50%. The plot of dry weight versus

incubation time is shown in Fig. 1d. The dry weight of

bacterial cellulose synthesized using SOC5.5 medium
is higher than that of bacterial cellulose synthesized

using HS medium in accordance to the yield %. The

yield of bacterial cellulose is*1 g/l from HSmedium
and *1.8 g/l from SOC5.5 medium at the end of

7 days of interaction. SOC5.5 medium is more effec-

tive in terms of its cellulose production considering its
low concentration of carbon source used (3.6 g/l) as

compared to HS medium (20 g/l). From SOC5.5 the

yield of the bacterial cellulose is *0.5 g/g of glucose
after 7 days, while that using HS medium is*0.05 g/

g of glucose. This makes SOC5.5 an interesting

medium for cultivation of Gluconobacter xylinus for
the industrial production of bacterial cellulose. Earlier

studies have indicated that excess concentration of

glucose in the medium led to the formation of gluconic
acid extracellularly by the organism thereby interfer-

ing with cellulose biosynthesis (Kuo et al. 2016).
Considering only the cost of glucose and the corre-

sponding yield of bacterial cellulose, SOC5.5 medium

is *30 times cost effective compared to HS medium.
The surface area to volume ratio of growth medium

is an important parameter for the production of

bacterial cellulose in static cultures (Çakar et al.
2014). Using SOC5.5 the yield% of cellulose using
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petri plates with surface area of 1432 cm2 is 58 ± 2

while in beakers with surface area of 1068 cm2 it is

35 ± 1.0. In both cases, the volume of the medium is
kept constant at 40 ml. An increase in the dry weight

of cellulose from 1.3 ± 0.1 to 2.1 ± 0.1 is observed

when the surface area of culture vessel to volume of
medium ratio increased from 2.7 cm-1 (beaker) to

5.3 cm-1 (petri plate) respectively. Previous studies

have also indicated that increasing the surface area to
volume ratio sustained bacterial cellulose production

by enhancing oxygen transport across the bacterial

cellulose layer to the microorganisms (Çakar et al.

2014). Sub-culturing of the medium after 2 days of
inoculation into the petri dishes, however, did not lead

to increase in the yield % of cellulose (50 ± 1)

compared to (49 ± 3) in non-sub-cultured media.
Biosynthesis of cellulose is catalyzed by cellulose

synthase and takes place in two steps. In the first step,

polymerization of glucose units into b-1, 4-glucan
units occurs while the next step follows the assembly

Fig. 1 a Growth curve of Gluconobacter xylinus in HS and
SOC5.5 media under static conditions. Overnight cultures of
Gluconobacter xylinus grown in Luria broth medium is
inoculated in HS and SOC5.5 media and the OD600 is measured
time to time in a UV–VIS spectrophotometer. bChange of pH of
HS and SOC5.5 growth media during the interaction with
Gluconobacter xylinus. c Bacterial cellulose yield obtained by

incubation of Gluconobacter xylinus HS and SOC5.5 media for
different time intervals. d Dry weight of bacterial cellulose
obtained upon incubation in HS and SOC5.5. The incubation
time ofGluconobacter xylinus in HS and SOC5.5 media is varied
from 3 to 7 days and the yield and dry weight of bacterial
cellulose produced is determined

4372 Cellulose (2017) 24:4367–4381
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and crystallization of the cellulose chain. Optimiza-
tion of the medium and process parameters is essential

for the growth of the microorganism thereby also

stimulating the formation of products and changes in
the medium composition may affect product forma-

tion directly or indirectly (Chawla et al. 2009). Hence,

in the next set of experiments, we varied the ionic
concentration. The ions varied in this study are Na?,

Mg2?, PO4
3-, K? and SO4

2-. Increasing the ionic

concentration of the optimized SOC5.5 medium results
in a decrease in the yield% and dry weight of cellulose

produced. In a particular instance, the dry weight

decreased from 1.47 ± 0.08 to 0.71 ± 0.025 on
increasing the ionic concentration from 0.12 to

0.24 M. Metal ions are often required by a cell in

trace amounts for biochemical reactions while at
higher concentrations they may be toxic (Nies 1999).

In a related study, (Son et al. 2001) studied the effect

of concentration of PO4
3- on cellulose production and

observed that increasing concentration above 0.8% led

to a decrease in the cellulose production. Biosynthesis

of cellulose is catalyzed by cellulose synthase and
takes place in two steps. In the first step, polymeriza-

tion of glucose units into b-1, 4-glucan units occurs

while the next step follows the assembly and crystal-
lization of the cellulose chain. Recent studies have

indicated that the cellulose synthase complex (con-

sisting of a number of subunits) preferentially utilizes
divalent cations (mostly magnesium or manganese)

for the formation of cellulose micro fibrils (Basu et al.

2016; Omadjela et al. 2013).
Bacterial cellulose is known for its significant water

absorbing and retention capacity as compared to plant

cellulose (Wei et al. 2011; Amin et al. 2014; Zhao
et al. 2014). The hydration property of the cellulose

ultimately affects its usability as a biomaterial in

varied applications. Swelling brings about a change in
the fiber dimension and results in lowering the

crystallinity as well as increases its accessibility

(Ehrhardt et al. 2007). In our studies the hydration
capacity of cellulose synthesized using HS and SOC5.5

media is determined according to a protocol described
in (Mohamad et al. 2014). The maximum hydration

capacity is observed in bacterial cellulose from SOC5.5

medium as compared to bacterial cellulose from HS
medium respectively. The 0 h reading of the hydration

capacity of bacterial cellulose from HS medium is

3.7 ± 0.1 while that from the SOC5.5 medium equiv-
alent is 8.6 ± 1.0. At the end of 5 h of drying, the

hydration capacity decreased to 3.85 ± 0.63 in bac-
terial cellulose from SOC5.5 medium while it is

1.08 ± 0.03 in the same from HS medium (Fig. 2a).

The results thus indicate that changes in the medium
composition lead to differences in the porous structure

of the cellulose synthesized. As a control for our

experiments we did similar hydration experiments
with MCC and the hydration capacity of MCC

obtained in our laboratory at the end of 5 h is in

accordance with results obtained by Bakre and
Jaiyeoba (2009), validating our protocol (unpublished

results).

Swelling of a biomaterial is induced by the
electrostatic repulsion of the ionic charges in the

network (Karada and Saraydin 2002). The swelling %

of bacterial cellulose in SOC5.5 medium is *800%
while that from HS medium is *260% (Fig. 2b).

Swelling and water retention are important properties

of hydrogels which enable their use in applications
such as moist wound healing (Mohamad et al. 2014).

Increase in drying periods at room temperature led to

decrease in swelling % and moisture content ratio. The
moisture content ratio % is *90% for bacterial

cellulose in SOC5.5 medium while it is *72% for

bacterial cellulose in HS medium at 0 h (Fig. 2c).
Increased water penetration and retention for bacterial

cellulose in SOC5.5 medium as compared to bacterial

cellulose from HSmedium could possibly be due to its
high porosity which led to increased water penetration

(Halib et al. 2010). In order to have an idea on the

porosity of the bacterial cellulose grown in the two
different media we next conducted BET surface area

analysis and BJH pore size and volume analysis. The

increase in the number and size of the pore surface
results in the increase in the total surface area (Gao

et al. 2011; Guo and Catchmark 2012), which is

observed by the pore size of bacterial cellulose
obtained from SOC5.5 and HS medium in the present

study. In BET and BJH analysis we observed that the

change of growth medium from HS to SOC5.5 changes
the average pore size for bacterial cellulose grown in

HS medium is 4.5 nm while that in SOC5.5 is 11.9 nm.
Similarly, the average pore volume in HS medium and

SOC5.5 medium are 0.0129–0.184 cc/g respectively.

This results in an increase in the total surface area from
5.66 m2/g in bacterial cellulose from HS media to

8.95 m2/g in bacterial cellulose from SOC5.5 medium.

The total pore volume in the bacterial cellulose
produced in SOC5.5 medium is 14.2 times higher than
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that produced in HS media. (Table 1). The adsorp-

tion–desorption isotherms of the same are shown in
Fig. 3.

Based on these observations the cellulose derived

from both SOC5.5 and HS medium fall under the
category of mesoporous materials (Schlesinger et al.

2015). The packing of the cellulose fibrils determines

the surface area and the porosity and the closely
arranged fibrils have lower porosity, which also

decreases the total surface area (Ul-Islam et al.

2012). The water holding capacity (WHC) of bacterial
cellulose samples can be attributed to their respective

porosity and surface areas. The water molecules are

trapped physically on the surface and inside the

bacterial cellulose matrix consisting of reticulated

Fig. 2 a Hydration capacity and b Swelling % of bacterial
cellulose. Freeze dried bacterial cellulose is hydrated with water
and the hydrated pellet is weighed at different time points to
determine the hydration capacity and swelling ratio as per the

equations described in the ‘‘Methods’’ section. c Moisture
content % of bacterial cellulose. The moisture content % of the
hydrated bacterial cellulose is determined using equation
described in the ‘‘Material’’ section

Table 1 Surface area and porosity of bacterial cellulose

HS media SOC5.5 media

Surface area 5.66 m2/g 8.95 m2/g

Average pore size 4.57 nm 11.9 nm

Total pore volume 0.0129 cc/g 0.184 cc/g
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fibrils (Watanabe et al. 1998). With more empty

spaces among the bacterial cellulose fibrils, more

water can penetrate and adsorb onto the material.
Thus, the greater the surface area and the larger the

pore size, the greater will be the WHC of the bacterial

cellulose sample. Bacterial cellulose obtained from
SOC5.5 medium has 1.6 times higher surface area, 2.7

times higher average pore size and 14.2 times higher

pore volume than HS derived bacterial cellulose. This
1.6 times higher surface area and 2.7 times larger pore

size leads to higher hydration capacity and swelling

ratio while the 14.2 times higher pore volume leads to
enhanced water retention as shown (Fig. 2; Table 1).

The enhanced total pore volume along with the

swelling capacity makes the SOC5.5 derived bacterial
cellulose a good candidate for moist wound dressing

materials.

Next we analyzed the morphology of bacterial
cellulose synthesized using both the media using

SEM under different processing conditions. Figure 4

shows the SEM micrographs of cellulose synthesized
using HS and SOC5.5 media respectively with different

processing protocols as described in the materials

section. The freeze dried samples from HS medium
appears more granular (panel A) and discrete while that

obtained from the SOC5.5 medium offers a porous

structure (panel C). One potential factor in the observed
differences for freeze-dried samples is the ratio of

particles to water before freezing. As the yield from the

SOC5.5 media is close to 8 times the yield from the HS
media the SOC5.5 derived samples has a higher particle

towater ratio compared to theHSderived samples. This

leads to the observed difference in morphology of the
two samples (Fig. 4). On the other hand in the air dried

samples (0.4 wt%) from both the forms display a

swollen morphology. There is a dramatic amount of
decrease in the number of pores in the air dried samples

of SOC5.5 compared to the freeze dried samples

suggesting that hydration alters the morphology of the
samples to a great extent. The difference inmorphology

of the final cellulose synthesized using both media may

also be due to the difference in the initial carbon
content, the interaction of the cellulose with metabolic

intermediates during the interaction with the twomedia

and in growth mechanism during bacterial activity
(Rambo et al. 2008).

Both the forms of bacterial cellulose reported here

show similar physico-chemical properties. The pXRD
patterns of bacterial cellulose in HS medium and

SOC5.5 medium are shown in Fig. 5. The presence of

three major peaks at 14!, 16! and 22! in both forms of
cellulose reported here which that are indexed to (100),

(010) and (110) reflections respectively corresponds to

those of cellulose I (French 2014). The three major
characteristic peaks indexed to (100), (010) and (110)

confirmed the Ia structure of bacterial cellulose

synthesized using both the media (French 2014). In
theHSmedia the (100) peak is not very prominent. This

can be attributed to the preferred orientation of bacterial
cellulose causing the (100) peak to be vague in Ia form

(French 2014). This preferred orientation explains the

changes in peak heights in the HS and SOC5.5 derived
cellulose. Equation 7 is used to calculate the CrI of the

two forms of cellulose as described in Segal et al.

(1959), French and Santiago Cintrón (2013), French
(2014). For each analyses, machine blank samples were

Fig. 3 Adsorption and Desorption isotherms for bacterial
cellulose grown in a HS and b SOC5.5 media
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subtracted from raw data. In the present study, the CrI

of cellulose synthesized using HS and SOC5.5 are 79.4

and 77.2% respectively (Fig. 5) which is in accordance
to the reported crystallinity of the bacterial cellulose

samples obtained from Gluconobacter strains using

glucose in the growth media (Keshk 2014; Fang and
Catchmark 2015). During the initial stages of cellulose

formation, bacteria extrude the cellulose fibrils from the

enzyme complexes into the culture medium (Römling
and Galperin 2015). This nascent cellulose is amor-

phous and is gradually crystallized upon the production

of more cellulose (Norouzian et al. 2011). The crystal-
lization of bacterial cellulose is affected by several

physical and physiological stimuli (Saxena et al. 1994;

Hirai et al. 1998). The pXRDspectra of SOC5.5medium
also showed the presence of an extra peak at 28! and this
could be assigned to (200) plane ofKCl (Dai et al. 2014;

Samavat et al. 2012). Since Ia is a very dense structure

with no room for added ions, it is likely that the ions

were not incorporated into the cellulose lattice, but

present as crystals of foreign substances present.
We also analyzed the chemical structure of both

forms of cellulose by comparing the FT-IR spectra of

both the forms (Fig. 6). The dominant broad band in
the region in between 3400 and 3000 cm-1 corre-

sponds to O–H stretch of cellulose while the bands at

2900–2800 cm-1 are due to C–H stretching (Tabarsa
et al. 2017). The bands in the region 1640–1650 cm-1

are due to the bending vibrations of the adsorbed water

molecules, while the bands 1450–1250 cm-1 are due
to different modes of C–H vibrations. The bands in the

region 1050–1070 cm-1 correspond to C–O–C pyra-

nose ring stretching vibration in cellulose (Shezad
et al. 2010). The cellulosic b-glycosidic linkages are

observed in the region 870–900 cm-1. The FT-IR

spectra of the BC produced by both media were nearly

Fig. 4 SEM micrographs of bacterial cellulose synthesized
using a HS b SOC5.5 media under different processing
conditions (Freeze dried and air dried). Bacterial cellulose

samples were sputter coated with gold before analysis.
Magnification A1-D1 at 2000X, A2-D2 at 4500X and A3-D3
at 7500X
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similar suggesting no major structural alteration due to

the altered media.
We further performed gravimetric analyses of both

the forms of cellulose. The wt% versus temperature

thermo gravimetric curves for the dried bacterial
cellulose pellicles in HS and SOC5.5 media are shown

in the Fig. 7. Three distinct stages of weight loss

associated with HS and SOC5.5 cellulose with increase
in temperature are observed. A 10–15% weight loss is

observed around 100 !C which can be assigned to loss

of trapped moisture (Erbas Kiziltas et al. 2015). The
next event is observed between 250 and 350 !C where

*55 to 65%weight loss occurred in both media and is

characterized by cellulose degradation involving
decomposition, and de-polymerization of the gly-

coside units (Cheng et al. 2009; Vazquez et al. 2013;

Vasconcelos et al. 2017). The final 20% weight loss
event occurred between 400 and 500 !C which could

be attributed to the volatilization and oxidation of char

followed by the formation of carbonaceous residue
(Cheng et al. 2009; Tyagi and Suresh 2016; Vascon-

celos et al. 2017). There were no significant differ-

ences between cellulose synthesized using the two
media.

The thermal stability of any material is intrinsically

dependent of the parameters like crystallinity and fiber
orientation (Barud et al. 2007). In the present study,

the thermal stability of cellulose synthesized using

both media are similar which is supported by the
similar crystallinity percentage obtained from pXRD

analysis. Similar studies done with HS media

Fig. 5 pXRD of bacterial cellulose. Freeze dried bacterial cellulose is scanned over a range of 2h = 10!–50! using Cu Ka radiation
(k = 1.54060 Å)

Fig. 6 FT-IR spectra of bacterial cellulose. Freeze dried
bacterial cellulose is scanned between a range of
4000–500 cm-1
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supplemented with different carbon sources show that

supplementation with mannitol show the highest

thermal stability and highest crystallinity (Moham-
madkazemi et al. 2015).

We also tested the cyto-compatibility of both

forms of BC. MTT assay revealed that the Vero cells
showed normal metabolism and growth in the pres-

ence of varying concentrations of BC (0.005–50 lg/
ml). Increase in the BC concentration from 5 to
50 lg/ml led to a slight decrease in the % cell

viability from 115 to 90% at the end of 15 h

(Supplementary Fig. S2a). Similarly, membrane per-
meability assay was performed to understand the

cytotoxic activity of BC towards Vero cells at

concentrations ranging from 0.005 to 50 lg/ml.
Comparing the LDH release at different concentra-

tions of BC, the differences were observed to be

insignificant (Supplementary Fig. S2b) which further
strengthens the fact the bacterial cellulose is non-

toxic as LDH release is directly correlated to ruptur-

ing of the cell membranes. The cytotoxicity studies
revealed that the produced BC did not affect the cell

viability and could be effectively applied in biological

implants and applications.

Conclusion

The present study demonstrates that the modified

SOC5.5 medium enhances the growth rate of Glu-
conobacter xylinus and increases bacterial cellulose

yield. The modified medium is more effective than the

traditionally used HS medium with a *8 fold

increase in yield at the end of 7 days of interaction.

The purified bacterial cellulose pellicle from SOC5.5

demonstrates enhanced hydration properties com-
pared to the pellicle obtained using HS medium.

Differences in the pore structural arrangement are

observed based on the medium used, although the
overall property of the developed material is at par

with the properties of the bacterial cellulose reported

in the literature. The main essence of this study is the
enhanced yield in the cellulose production with much

lower use of carbon nutrient. The process developed

here allows conversion of 50% of the carbon source
used to bacterial cellulose, compared to only 7%

conversion in the case of traditional HS medium after

7 days of interaction. This study is the first report to
the authors’ knowledge on the use of SOC5.5 growth

medium in enhancing the yield of bacterial cellulose.

This formulation will lead to novel avenues for the
industrial scale production of bacterial cellulose using

low glucose content media.
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A B S T R A C T

In this report, we have modified bacterial cellulose to a metal binding matrix by covalently conjugating phy-
siological metal chelators known as metallothioneins. The hydroxyl groups of the native bacterial cellulose from
Gluconobacter xylinus are epoxidized, followed by the covalent conjugation with the amine groups of the pro-
teins. For the first time, a covalent conjugation of protein with bacterial cellulose is achieved using the epoxy-
amine conjugation chemistry. Using this protocol, 50% mass by mass of the metallothionein could be attached to
bacterial cellulose. The morphological features and porosity of the modified cellulose are different compared to
pristine bacterial cellulose. Also, the conjugated material has better thermal stability. A five-fold enhancement in
the metal binding capacity of the metallothionein conjugated bacterial cellulose is achieved as compared to
pristine bacterial cellulose. Cellular metabolic assay and membrane integrity assay on MCF and HeLa cell lines
showed no significant toxicity of the conjugate material. This bacterial cellulose-metallothionein conjugate can
be explored for health care applications where management of metal toxicity is crucial. Further, the epoxy-amine
chemistry for covalent conjugation of protein can be applied for several other types of proteins to develop
specific functional biocompatible and biodegradable cellulose matrices.

1. Introduction

Bacterial cellulose (BC), a linear polymer of glucose (Brown &
Montezinos, 1976; Brown, Willison, & Richardson, 1976; Jang, Hwang,
Kim, Ryu, & Lee, 2017; Morgan et al., 2016) secreted from certain
bacteria as a fibrous matrix is an important healthcare commodity with
references to wound management and tissue engineering (Ashjaran,
Yazdanshenas, Rashidi, Khajavi, & Rezaee, 2013; Jang et al., 2017;
Petersen & Gatenholm, 2011). In this regard, BC has gained a wide scale
applications because of its high moisture content (Lopes, Riegel-Vidotti,
Grein, Tischer, & de Sousa Faria-Tischer, 2014) high porosity (Yin et al.,
2012) biocompatibility and biodegradability (Fernandes et al., 2013;
Torres, Commeaux, & Troncoso, 2012) non-immunogenicity, hydro-
philicity, high surface area and exceptional mechanical strength (Barud
et al., 2015; Czaja, Young, Kawecki, & Brown, 2007; Moniri et al., 2017;
Nainggolan, Gea, Bilotti, Peijs, & Hutagalung, 2013; Sai et al., 2015;
Yao et al., 2017). BC mimics the fibrous component of the extracellular
matrix (e.g. collagen) (Lee et al., 2015; Lopes et al., 2014) and hence
can act as a suitable substrate for a tissue regeneration/wound healing
matrix (Babu, Doble, & Raichur, 2018; Basmaji, de Olyveira, Manzine
Costa, Francozo, & da Costa, 2015; Dhas, Anbarasan, Mukherjee, &

Chandrasekaran, 2015; Habibi, 2014). Current wound dressing mate-
rials comprise of the traditional dressings, including gauze, lint, plas-
ters, bandages and cotton wool or the modern dressing which includes
semipermeable membrane, hydrogel, hydrocolloid, film and foam
dressings (Anjum, Arora, Alam, & Gupta, 2016; Basmaji et al., 2015;
Dhivya, Padma, & Santhini, 2015; El-Hoseny et al., 2015). In contrast to
the traditional dressings, the modern dressing materials prevent dehy-
dration of the wound and support the healing process. Modern wound
dressings can be made of synthetic or natural polymers and interact
with the wound for a quick restoration. Most of these materials have the
capability of protecting the wound against microbial invasion by acting
as a barrier against microbial penetration, however, protection of
wounds from inorganic toxins (viz. metals, chemical compounds) has
not been addressed in detail.

Metal induced toxicity is observed maximum in gunshot wounds
(Centeno et al., 2014; Rentfrow, Vaidya, Elia, & Sethi, 2013; Ryu, Han,
Jung, Bae, & Nam, 2007; Skaik et al., 2010). Toxicity due to environ-
mental exposure to metals is also not uncommon and have shown de-
lays in wound healing (Lansdown, Sampson, & Rowe, 2001). Metal
toxicity from environmental sources through wounds is serious health
concerns and is associated with oxidative stress, carcinogenicity,
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hepatotoxicity, neurotoxicity, genotoxicity, nephrotoxicity and muta-
genecity. Heavy metals have been reported to impact signalling cascade
and associated factors leading to apoptosis and cell death (Bush, 2000;
Galanis, Karapetsas, & Sandaltzopoulos, 2009; Glei et al., 2002;
Leonard, Bower, & Shi, 2004; Menon, Chang, & Kim, 2016; Urani et al.,
2014). Hence, wound dressing materials that can simultaneously
manage wound healing and metal toxicity will be an interesting
healthcare merchandise. To achieve this, we proposed to conjugate BC
with a biocompatible metal chelator. Metallothioneins (MTs) are a
group of metal binding proteins characterized by their small size, high
cysteine content, and lack in aromatic amino acids. Owing to high cy-
steine content and their presence in all organisms, MT is implicated in a
number of physiological processes. The most commonly cited processes
are metal ion homeostasis, toxic metal detoxification, and protection
against oxidative stress (Carpenè, Andreani, & Isani, 2007; Coyle,
Philcox, Carey, & Rofe, 2002; Davis & Cousins, 2000; Moffatt &
Denizeau, 1997; Sutherland & Stillman, 2011).

In terms of surface physico-chemical feature, each of the cellulose
monomers bears three hydroxyl groups. The ability of these hydroxyl
groups to form hydrogen bonds plays a major role in the formation of
fibrillar and semicrystalline packing which governs the important
physical properties of these highly cohesive material (Habibi, 2014).
These hydroxyl groups can be chemically modified to introduce specific
characteristic features to the BC (Fernandes et al., 2013). In this aspect,
conjugating MTs to the BC through these hydroxyl functionalities will
provide a new paradigm for developing BC-protein conjugate.

Efforts have been made to synthesize cellulose-macromolecule
conjugates through non-covalent interactions (Fritz et al., 2015;
Holstein et al., 2016; Lee, Rho, & Messersmith, 2009). Orelma et al.
studied the physical adsorption of chitosan from aqueous solution ir-
reversibly on cellulose, most likely by virtue of their opposite charges
(chitosan) and molecular/structural affinity (chitosan and CMC)
(Orelma, Filpponen, Johansson, Laine, & Rojas, 2011; Orelma,
Teerinen, Johansson, Holappa, & Laine, 2012). Some other groups re-
port for the introduction of carboxylate groups to cellulose by TEMPO
oxidation, which provide a high surface density of negative charges
able to drive the adsorption of biomolecules (Orelma, Johansson,
Filpponen, Rojas, & Laine, 2012; Weishaupt et al., 2015). The adsorp-
tion of biomolecules onto tempo oxidized cellulose is strongly depen-
dent on the isoelectric point (IEP), indicating that interfacial electro-
static forces between the protein surface charges and the carboxylate
groups of tempo oxidized cellulose were the main driving force
(Weishaupt et al., 2015). TEMPO based oxidation introduces carboxyl
group which is further functionalized with EDC-NHS coupling and can
be conjugated with amine groups. Kontturi and coworkers carried out
the non-covalent surface modification of cellulose nano-papers by
physiorption of polymers from aprotic solvents (Kontturi et al., 2017).
These conjugates suffer from a severe disadvantage of polymer leaching
due to weak non-covalent interactions, which reduces their efficiency
and reproducibility.

This problem could be eased by introducing a stronger bond be-
tween cellulose and protein. Although there are few reports on covalent
conjugation of proteins with biopolymers (Cao, Guan, Li, Tian, & Shen,
2015; Holstein et al., 2016; Orelma, Johansson et al., 2012; Orelma,
Teerinen et al., 2012; Weishaupt et al., 2015), yet to the best of our
knowledge, there are no available reports on covalent conjugation of
cellulose with a protein for metal chelation. The other added advantage
of this covalent conjugation protocol is that the amount of modification
and conjugation can be quantified which is challenging in cases where
the polymer is prone to leaching.

Epoxy-amine chemistry (Miao, Liu, Wang, Su, & Zhang, 2015) has
been used for several applications including curing of epoxy resins in
paints and adhesives industries (Li, Yang, Zhang, & Tang, 2017;
Pradhan, Pandey, Mohanty, & Nayak, 2016). Further bio-based amine
hardeners derived from long chain fatty acids and crosslinking epoxy
resins with amino carboxylic acids have also been reported (De, Gupta,

Mandal, & Karak, 2013; Mustata, Tudorachi, & Bicu, 2015). On similar
lines tryptophan is shown to be a good curing agent for epoxy resins in
presence of imidazole catalyst (Li, Xiao, & Wong, 2007). Thus, there
triggered the idea of using epoxidized cellulose for covalent conjugation
of protein in the present investigation. Most of the reported cellulose-
protein conjugates reported are based either on physical adsorption or
on non-covalent interactive forces (Diftis & Kiosseoglou, 2003; Fang
et al., 2016; Orelma, Teerinen et al., 2012). Kubler-Kielb and Pozsgay
developed an elegant approach for covalent conjugation of saccharide
and protein by using an aminooxy-thiol hetero bifunctional linker
(Kubler-Kielb & Pozsgay, 2005) which requires several reaction steps to
yield the precursors. Holeistein et al. have reported the epoxide-thiol
attachment for the immobilization of proteins which have affinity for
thiol groups (Holstein et al., 2016).

In our present study, we have developed a metal binding matrix by
conjugating BC with MT through covalent interactions. MTs are chosen
for their high metal binding property. The hydroxyl groups of cellulose
are epoxidized (Dai et al., 2015) with epichlorohydrin and free amine
groups of MTs are covalently linked to the epoxidized cellulose matrix.
This conjugate showed a significant binding affinity for di-valent me-
tals. The conjugate material may find an application in management of
wounds associated with metal induced toxicity. The proposed material
can be tailored as per requirement by regulating the chemistry of the
conjugation. This conjugation chemistry can be utilized to develop
several cellulose-protein conjugates for different uses.

2. Materials and methods

2.1. Materials

Gluconobacter xylinus (MTCC 7795/ATCC 11142) and TB1 (MTCC
1719) cells are obtained from the Microbial Type Culture Collection,
India. pMAL-c2x-MT2 is a gift from David DeRosier & Chris
Mercogliano & Cristina Risco Ortiz (Addgene plasmid # 32102)
(Mercogliano & DeRosier, 2007). MBP strain (pMAL-c2x, expressed in
BL21-DE3) is a gift from Dr. Mahak Sharma, IISER Mohali, India. All
chemicals unless specified are procured from Sigma, India.

2.2. Methods

2.2.1. Extraction of bacterial cellulose
Gluconobacter xylinus is cultured and the cellulose produced is

purified using a protocol developed by (Chandrasekaran, Bari, & Sinha,
2017). The static cultures are grown at 28 °C for 7 days. After 7 days,
the pellicles are harvested at 5000 rpm and processed by repeatedly
washing with de-ionized water to get rid of media components. The
pellicles are then treated with 0.1% NaOH (w/v) solution and kept at
60 °C for 2 h to get rid of the cellular debris. Subsequently, the pellicles
are washed with distilled water until neutral pH is observed. The wa-
shed BC is re-suspended in Mili-Q and is freeze dried using a lyophilizer
(BenchTop Pro with Omnitronics, VirTis SP Scientific, Pennsylvania).

2.2.2. Expression and purification of metallothionein
Metallothionein protein is expressed and purified as described by

Mercogliano and DeRosier (2007). pMAL-c2x-MT2 plasmids are trans-
formed into TB1 E.coli cells for overproduction of the metallothionein.
The construct has a maltose binding domain tagged for purification.
From overnight culture, secondary culture is inoculated in volume of
400mL with 1% glucose. The cells are grown till an OD600 reaches 0.5.
The cultures are then induced with 0.2 mM IPTG to initiate protein
expression.

After 3 h of induction, cells are pelleted at 6000 rpm and stored at
−20 °C till further use. For purification, the cells are re-suspended in
20mL of wash buffer (20mM Trizma Base pH 7.5 containing 150mM
sodium chloride and 0.1 mM EDTA). Post lysis the cell suspensions are
pelleted at 11000 rpm for 30min. The resulting supernatants are
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diluted in wash buffer and loaded onto a pre-equilibrated amylose
column. Post loading, the column is washed with 10 column volumes of
wash buffer. Bound protein is eluted in wash buffer supplemented with
10mM maltose. Protein concentrations of eluted fractions are quanti-
fied using Bradford reagent and aliquots are stored at −80 °C till fur-
ther use.

2.2.3. Epoxidation of bacterial cellulose (eBC)
BC is epoxidized using epichlorohydrin in presence of NaOH. In a

typical reaction, 0.5 g of BC and 5 g of epichlorohydrin are reacted in
1:10 ratio (w/w) in a 100mL round bottom flask fitted with a con-
denser and a pressure equalizing funnel. The reaction temperature is
elevated and maintained at 110 °C. A 5 N aqueous solution of NaOH
(equivalent to the molar ratio of epichlorohydrin) is added to the re-
action mixture through the pressure equalizing funnel very slowly and
is allowed to stir for 3 h. The epoxidized bacterial cellulose (eBC) in the
organic layer is repeatedly washed with brine solution (Scheme 1).
Finally, the product is collected and lyophilized. To determine the ex-
tent of epoxidation of BC moieties, epoxy equivalent and hydroxyl va-
lues were calculated as per the reported procedures(Barua, Dutta, &
Karak, 2013; Evtushenko, Zaitsev, Ivanov, Khalturinskii, & Evtushenko,
2001; He, Wang, Zhao, Ye, & Huang, 2014). Methods for determining
the epoxy equivalent and hydroxyl values are detailed in the Supple-
mentary information.

2.2.4. Conjugation of metallothionein with eBC
eBC is cross-linked with the extracted MT by using the basic epoxy-

amine chemistry. Required amount of eBC is dispersed in water (1 mg/
mL) followed by addition of MT. The mixture is allowed to stir for 8 h at
room temperature. Different concentrations of MT are loaded onto eBC.
Amount of protein loading and conjugation capacity are validated with
the help of UV visible and FTIR spectroscopy. The conjugated system
(MT-BC) has been used for further studies.

2.2.5. Properties of the conjugate material
2.2.5.1. Spectroscopic characterization

2.2.5.1.1. Ultraviolet visible spectroscopy. UV spectroscopy is carried
out to determine the conjugation of metallothionein to the eBC using a
UV-2600, Shimadzu, Japan (Fig. 1). The samples are scanned from 200
to 900 nm with medium scanning speed. Quartz cuvettes with path
length of 10mm is used.

2.2.5.1.2. Fourier transform infra-red (FT-IR) spectroscopy. FT-IR
analysis is performed to determine the chemical structure of BC, eBC
and MT-BC. The lyophilized samples are mixed with oven dried (70 °C)
KBr in a ratio of 1:200 (w/w) to form pellets. The FT-IR spectra are
examined in the mid IR range (400–4000 cm−1) using a FT-IR
spectrophotometer (Fig. 1) (Cary 600 series, FTIR Spectrophotometer,
Agilent Technologies).

2.2.5.2. Hydration properties. The hydration capacity of BC and its
derivatives is determined as described by (Chandrasekaran et al.,
2017) Briefly, weighed quantities of dried BC and MT-BC are added
with distilled water followed by vortexing. The solution is then allowed
to stand for 3–5min followed by centrifugation at 10000 rpm for
10min. The supernatant is discarded and the pellet is subjected to
drying at 37 °C and weighed at different time points to determine the
hydration capacity, as per the equations below (Fig. 1).=Hydration Capacity Weight of hydrated sample g Dry weight g( ( ))/ ( )

(1)

2.2.5.3. Morphological features. The morphology of freeze dried BC,
eBC, and MT-BC are observed using Scanning Electron Microscope
(JEOL JSM-IT300, USA) at 15 KV. Freeze dried samples are mounted on
carbon tapes followed by gold sputtering for 60 s (Fig. 2). Energy
Dispersive X-Ray mapping is carried out to assess the elemental
composition.

2.2.5.4. Thermal stability. Thermogravimetric analysis (TGA) is
performed to determine the thermal stability of the BC and MT-BC.
TGA measurements are carried out using a Simultaneous Thermal
Analyzer (STA 8000, Perkin Elmer, USA). Weighed amount of the
samples are scanned over a temperature range of 50–800 °C at a heating
rate of 10 °C/min under N2 atmosphere.

2.2.5.5. Metal binding by the conjugate material
2.2.5.5.1. Ultraviolet visible spectroscopy. Binding of various

divalent metals to the conjugate materials is studied by UV
spectroscopy (UV-2600, Shimadzu, Japan). BC, eBC and MT-BC are
aliquoted in and interacted with the divalent metal salts. The mixture is
left at room temperature under mild shaking conditions. After 4 h the
samples are centrifuged at 10000 rpm for 15min and supernatant is
checked by UV (scanned between 200–900 nm) to determine the
unbound metals (Peak position for metals used in study; Iron −
248 nm. Lead and Cadmium- 305 nm, Cobalt- 506 nm and Copper −
850 nm). (Huang et al., 2016) The amount of bound metals per mg of
the material is determined for different divalent metals.

2.2.5.5.2. Mapping for metal by SEM. For carrying out the elemental
mapping, the MT-BC samples following interaction with metals are
drop-casted on silicon wafers. The samples are subjected to higher
probe current at 15–30 kV to generate secondary electrons more than
1kcps. The secondary electrons generated are captured and the
elemental distribution in the composite matrix is qualitatively
observed.

2.2.5.5.3. ICP-MS analysis. BC or MT-BC (1mg/mL) dispersion in
water are interacted with metal salts and incubated on shaker at room
temperature. Post incubation the samples are centrifuged at 13000 rpm

Scheme 1. BC is mixed with epichlorhydrin in a ratio of 1:10 and heated at 110 °C with NaOH added dropwise. Reaction carried out for 3 h and washed with brine solution. Lyophilized
eBC is mixed with metallothionein and stirred for 8 h, washed, lyophilized and then stored at 4 °C.
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Fig. 1. UV–vis spectra of BC, eBC, MT and MT-BC; Peak broadening in MT-BC showing the interaction of eBC with the protein (a); Tryptophan fluorescence quenching post conjugation
with eBC (b); Conjugation of protein on the eBC(c); FTIR spectra of BC, eBC, and MT-BC (d) & (e); Hydration capacity of BC and MT-BC (f).

Fig. 2. Scanning electron micrographs for BC, eBC, MT-BC at various magnifications (200× and 1000×) after freeze-drying.
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for 15min and the supernatant is aliquoted and the amount of unbound
metals is determined.

2.2.5.6. Toxicity of the conjugate material
2.2.5.6.1. Preparation of BC and MT-BC for cell culture assays. The

BC and conjugated material are extensively dialyzed in sterile Mili-Q.
Post dialysis the materials are lyophilized in autoclaved micro-
centrifuge tubes and subjected to UV radiation for 15min in
biological hoods. The materials are dissolved in sterile DMEM media
(100 μg/mL) for interaction with the cells.

2.2.5.6.2. MTT assay. Relative cell viability is determined using
MTT assay. HeLa and MCF7 cells (104 cells/well) are seeded in a 96-
well plate. After 12 h incubation, the cells are exposed to varying

concentrations of BC and MT-BC (0.01, 0.1, 1, 10 and 100mg/mL) for
48 h. Cells treated with medium only served as a negative control
group. After 48 h, 10 μL of MTT solution (5mg/mL in PBS) is added to
each well. After incubation for another 4 h, the resultant formazan
crystals are dissolved in DMSO (100 μL) and the absorbance intensity is
measured by a microplate reader (Bio-RAD 680, USA) at 580 nm with a
reference wavelength of 630 nm. All experiments are performed in
triplicates, and the relative cell viability (%) is expressed as a
percentage relative to the untreated control cells.

2.2.5.6.3. Membrane integrity test using lactate dehydrogenase assay
(LDH). Cell lines (HeLa, MCF-7) are seeded at 5000 cells/ml in 6 well
plate for 12 h. Then the cells are incubated with fresh media containing
DMSO (100 μL/mL), BC and MT-BC (100 ng/μL) for 24 h. After this the
medium is refreshed and cells are cultured for an additional 48 h.
Culture supernatant is collected for LDH assessment. LDH activity is
measured using an LDH cytotoxicity assay (CytoTox 96® Non-
Radioactive Cytotoxicity Assay, Promega, Cat No-G1780, Madison,
WI), per the manufacturers' protocol. Briefly, 50 μL of each
supernatant are transferred to a 96-well flat-bottom plate in
triplicates and supplemented with 50 μL reconstituted substrate mix.
The plate is incubated in the dark at room temperature for 30min. To
stop the reaction a volume of 50 μL of stop solution (provided in the kit)
is added to each well and mixed properly. The absorbance is recorded at
490 nm within 20min after adding stop solution with a microplate
reader (Eon Biotek, USA). Lysed cells with cell lysis buffer is used as a
positive control for total LDH release and fresh media is used as
negative control (NC). LDH release is calculated using the following
formula: = − − ×Total LDH released BC NC PC NC(%) (( )/( )) 100abs abs abs abs (2)

3. Results and discussion

3.1. Purification of bacterial cellulose, epoxidation and conjugation with
MT

Bacterial cellulose forms a thin film on the surface of the culture
media post 7 days of interaction with the super optimal broth. The yield
of the BC obtained by this way is 0.5 g/g of glucose similar to one re-
ported by (Chandrasekaran et al., 2017). The BC is lyophilized and kept
refrigerated till further use. The lyophilized BC is used for epoxidation
following which it is conjugated to the MT. MT is purified as per the
standard protocol and the concentration of the MT is determined using
Bradford regent (Bradford, 1976). The purified MT is characterized by
circular dichroism at different pH for it stability check and they are
stable even at high basic pH (pH 11) (Supplementary Fig. S1) at which
the BC is soluble. We also checked the thermal stability of MT (Sup-
plementary Fig. S2a and b) and observed that they start denaturing
after 50 °C. This is of significance because we are conjugating the
protein at room temperature and conjugation temperature will not af-
fect the conformation of protein.

The conjugation of MT to BC is achieved by using an epoxidized
cellulose precursor. Epoxidation of cellulose has not been explored to a
considerable extent though it confers a vital platform for many biolo-
gical applications. The epoxidation is carried out as shown in Scheme 1.
In cellulose, there are three possible hydroxyl ions that can be epox-
idized. In this report we aimed to epoxidize the cellulose partially so
that the fibrous structure of the bacterial cellulose held by hydrogen
bonding of the hydroxyl groups is not lost completely. The extent of
epoxidation has been determined by calculating the epoxy equivalent as
per standard procedure (Barua et al., 2013). Epoxy value is found to be
445 ± 27, which is quite comparable to that of a diglycidyl ether
epoxy (De et al., 2013). It is quite obvious that all of OH groups have
not taken part in covalent bonding. To address this, we have compared
the hydroxyl values of both BC and eBC, which showed that
40.1 ± 6.8% of the hydroxyl groups have taken part in the epoxidation

Fig. 3. TGA for BC and MT-BC.

Fig. 4. Metal binding capacity of material, through UV spectroscopy (a); through steady
state tryptophan fluorescence (b).
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reaction. The epoxidation% is checked for three different batches to
check for the variation and is shown in Supplementary Table T1. The
present method in contrast may be regarded as one of the facile and
novel approach for the covalent conjugation of cellulose and protein.
The highly strained oxirane ring of eBC opens up and instantaneously
forms crosslinked network when reacted with MT. Room temperature
crosslinking of epoxy by MT is a major achievement of the present in-
vestigation. The overall scheme is presented in Scheme 1.

3.2. Characterization of conjugate material

The final conjugated product MT-BC, is confirmed by the presence
of the tryptophan-peak at 279 nm (Fig. 1a). Tryptophan is present in the
maltose binding protein (MBP) domain of the used protein, thus it is
very interesting to note that the band broadens in MT-BC as compared
to bare MBP-MT. This also suggests that it is the MBP domain that in-
teracts with the eBC matrix leaving the MT available for the targeted
metal binding purpose. UV–vis spectra of BC, and eBC did not exhibit
any significant tryptophan absorption peak.

We also checked the fluorescence quenching of MBP-MT with in-
teraction with eBC as shown in Fig. 1b. With increasing eBC con-
centration for a fixed concentration of MBP-MT we observed a complete
quenching in tryptophan fluorescence which suggest and support the
conjugation of eBC with MBP-MT and formation of MT-BC. We also
studied the conformational change in the MBP-MT post conjugation
with eBC with circular dichroism (Supplementary Fig. S3) and FTIR
(Supplementary Fig. S4). Conjugation of MBP-MT with eBC doesn’t
have any effect on the conformation of the MBP-MT, whereas alone eBC
doesn’t have any conformation of its own.

We did a quantification of the amount of protein that can be loaded
onto the eBC matrix. The conjugation of the MT to the eBC matrix is
quantified by UV–vis spectroscopy, by plotting against a standard curve
of bare protein concentrations. Fig. 1c shows the conjugation of protein
onto the eBC matrix. The curve demonstrated saturation in conjugation
capacity at a protein loading of 0.9 mg/mg of the MT-BC.

Epoxidation is investigated by FTIR spectroscopy. Appearance of the
bands at around 889 and 930 cm−1 in EC indicated the successful

epoxidation of BC (Fig. 1d and e). Again, disappearance of the same
bands in MT-BC shows the efficient crosslinking between eBC and MBP-
MT. The band at around 1047 cm−1 confirms the formation of a
covalent ether linkage between the cellulose and the epi-chlorohydrin
moieties(De et al., 2013). The allied bands at around 2934 and
3244 cm−1 indicated the presence of eCeH and eOH bands of the
cellulosic units. It is quite clear from Fig. 1d that the breadth of the
eOH band decreases from BC to MT-BC, which indicated the decrease
in the bound water content during the epoxidation and protein con-
jugation reactions. Roman and Winter reported that during the pro-
cessing of bacterial cellulose, at elevated temperature in presence of
acid or alkali, some reactions lead to formation of C]O and C]C
bonds, which is reflected by the presence of the bands at around
1660 cm−1. Thus, FTIR study ascertained the successful epoxidation
and subsequent conjugation (Roman & Winter, 2004). The bands cor-
responding to the amide vibrations of the protein are present in the
range 1700–1600 cm−1 (Supplementary Fig. S4). These bands are,
however, of very low intensity due to their involvement in the cross-
linking reaction with the oxirane moiety (Barua et al., 2013; Roman &
Winter, 2004). SEM elemental mapping of pristine BC and MT-BC is
carried out for Carbon(C), Oxygen(O), Nitrogen(N) and Sulphur(S). MT-
BC showed higher nitrogen and sulphur content because of covalent
conjugation of MT to eBC as shown in Supplementary Fig. S5. Next, we
compared the hydration capacity of MT-BC with BC. It has been earlier
reported by our group that the hydration capacity of SOC5.5 derived
cellulose is ∼8 (Prathna et al., 2017). In the MT-BC we observe a hy-
dration capacity of ∼6. The high hydration capacity of cellulosic ma-
terials is due to the presence of hydroxyl groups (Habibi, 2014). In the
MT-BC conjugate, the hydroxyl groups are compromised and hence a
decrease in the hydration capacity of the conjugate material in com-
parison to pristine BC as shown in Fig. 1f.

We further studied the alterations in the morphology of BC upon
conjugation with MTs. Freeze dried samples of BC, eBC, and MT-BC are
analyzed using SEM. Pristine BC shows a porous morphology while the
eBC offer a more fibrous morphology. In MT-BC dense fibers compared
to the eBC are observed (Fig. 2). We also observed charging of the
samples in the case of MT-BC compared to pristine/epoxidized BC. This

Fig. 5. Elemental mapping for iron in MT-BC.
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is often observed for protein samples in SEM. The same samples of BC,
eBC and MT-BC are next subjected to complete hydration followed by
vacuum drying offered altered morphology. In this case, BC showed
swollen morphology with less pores while eBC and MT-BC displayed
less swelling and greater number of pores (Supplementary Fig. S6). The
less porous hydrated BC is due to the inter sheet connections resulting
from the hydrogen bonds between entrapped water molecule and the
hydroxyl groups of individual sugar units. Following epoxidation and
protein conjugation, the hydrogen bonding network is altered leading
to breaking of the sheets as seen in the SEM micrographs of the hy-
drated eBC and MT-BC. The pore volume of the pristine BC and MT-BC
are also analyzed using BET/BJH method (Supplementary Information
Table T2). The pore volume in BC is almost 1.55 times that of the MT-
BC while the pore surface area of BC is 1.52 times that of MT-BC. The
SEM images also show qualitatively that the pore size of BC are larger
than that of MT-BC.

In order to compare the thermal stability of MT-BC with BC we
performed TGA. MT-BC showed altered thermal properties and changed
the profile of the second step of mass loss of the carbohydrate, in-
dicating association of the metallothionein with cellulose (Fig. 3). From
the thermograms, it can be seen that for the pure BC there is a specific
loss of mass of∼10–15% at around 100 °C followed by a stable no mass
loss range up to 250 °C. Above this temperature, the BC start to de-
compose till 400 °C. This event may also be associated with a de-
gradation of cellulose, including depolymerization, dehydration and
decomposition of glucose units, followed by the formation of a carbon

residue (Mohammadkazemi, Azin, & Ashori, 2015; Vazquez, Foresti,
Cerrutti, & Galvagno, 2013;Barud et al., 2007). Thermal transition of
MT-BC is associated with an initial water loss close to 100 °C followed
by gradual mass loss starting at 150 °C and continuing till 400 °C. Initial
water loss is less as compared to BC. As discussed in FTIR result that the
breadth of the eOH band decreases from BC to MT-BC, which indicated
the decrease in the bound water content during the epoxidation and
protein conjugation reactions. The gradual mass loss starting from
150 °C can be due to degradation of proteins associated with eBC. An-
other mass loss event is seen in both pristine BC and MT-BC in the range
of 400–600 °C. The final weight loss event could be attributed to the
volatilization and oxidation of char followed by the formation of car-
bonaceous residue. (Cheng, Catchmark, & Demirci, 2009; Tyagi &
Suresh, 2016; Vasconcelos et al., 2017). The char residue of MT-BC is
much higher than that of pristine BC. This could be due to the enhanced
carbon content due to the protein conjugation. The presence of the
aliphatic and aromatic side chains of the amino acids lead to a greater
residue compared to the cellulose alone.

3.3. Metal binding by conjugate material

Metal binding assays are done with the developed conjugate using
four different approaches including UV–vis, fluorescence, SEM ele-
mental mapping and atomic absorption spectroscopy. Salts of divalent
metal ions are interacted with BC or MT-BC and incubated for 4 h.
Following this the samples are centrifuged and the metal ion

Fig. 6. Cell line toxicity assay for BC, MT and MT-BC on MCF-7 (a) and HeLa (b) cells. Lactate dehydrogenase assay for BC, MT and MT-BC on MCF-7 (c) and HeLa (d) cells.
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concentration in the supernatant are analyzed using UV–vis spectro-
scopy or atomic absorption spectroscopy. We observed that upon con-
jugation with MT, the metal binding capacity of BC is enhanced by
almost 5/6 folds (Fig. 4a). We also used the quenching of tryptophan
fluorescence to measure the interaction of the metal ions with the
covalently conjugated matrix. In this assay we made a saturated solu-
tion of the conjugate in water (0.5 mg/mL). The solution is equivalent
to 3 μM of the MT.

This solution was titrated with different divalent metal ions under
consideration. All the metal ions showed a quenching and the dis-
sociation constant is in the low μM range [Co: 28.7 μM; Fe: 4.7 μM;
Cu:12.07 μM; Cd: 7.70 μM; Pb: 38.3 μM] (Fig. 4b). SEM provided an
estimate of semi-quantitative elemental mapping in MT-BC (Fig. 5 and
Supplementary Fig. S7). Elemental mapping of MT-BC showed the
presence of metal ions in the matrix along with carbon, oxygen, ni-
trogen and sulphur. Bacterial cellulose due to its fibrous morphology
and presence of huge number of hydroxyl groups can serve to entrap
metal. However, the presence of the sulphur rich MT enhances the
metal entrapment by close to 5 times for all the divalent metal ions
under consideration. We also confirmed the higher metal binding
capability of conjugate material as compared to pristine BC with ICP-
MS. MT-BC showed 3–5 fold higher binding to metal ions as shown in
Supplementary Information Table T3.

3.4. Toxicity of conjugate material

The proliferation potential of MCF7 and HeLa cells are analyzed in
presence BC and conjugated material using MTT assay. No effect on cell
growth is observed as none of the treated cells showed any significant
decrease in cell viability compared to the non-treated ones (Fig. 6a, b).
Further, cytotoxic effects of BC and conjugated material is assessed by
microscopically analyzing the cell shape and integrity of the cell-
membrane using LDH assay (Chan, Moriwaki, & De Rosa, 2013). Nei-
ther any significant change in cell shape, nor, any significant LDH re-
lease is observed in treated cells suggesting the BC and conjugated
material have no cytotoxic effect on the cells (Fig. 6c, d)

4. Conclusion

The work embodied in this article has two important highlights.
First, we have developed a protocol for conjugating proteins covalently
to cellulosic matrix at ambient conditions. The present method puts
forward a facile two-step novel approach for the covalent conjugation
of cellulose and protein. This is in contrast to the existing protocols
where covalent conjugation involves higher number of steps and use of
harsh conditions that may lead to protein denaturation. This conjuga-
tion approach opens up interesting possibilities of fabricating cellulose-
protein conjugates with diverse functionalities, where enzymes or other
structural proteins can be scaffolded on cellulose matrix and can be
used for suitable application. The applications may include fabrication
of matrices for biocatalysis, bio-storage or biofuel generation. This
material may also find its use in the development of 3D cell culture
matrices by the impregnation of extracellular matrix proteins onto BC.
The essence of this work lies in the fabrication technique that uses no
toxic chemicals, high temperature or pressure. This ensures that the
protein molecule to be attached to the cellulosic material suffers no loss
of property during material development. The other aspect of the work
is an application of the above where we have made a cellulose-me-
tallothionein complex (MT-BC) for metal binding. The conjugated ma-
trix has 3–6 times more metal binding capacity compared to pristine
BC. The conjugate material doesn’t show any significant decrease in cell
viability neither have any cytotoxic effect. This kind of matrix will be
very important in the management of wounds associated with metal
induced insults.
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