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Preface 

The study and findings presented in this thesis entitled “Insight into sequence structure and 

bioinformatics study of T3SS’s chaperone and phage shock protein-A from Pseudomonas 

aeruginosa and Yersinia enterocolitica respectively” were started in January 2016. This study 

is focused to further illuminating the pre-existing information regarding the structural and 

functional understanding of proteins inside the cell and their regulation. 

This thesis has been divided into five major chapters. Chapter I contains the review of 

literature on the type three secretion system (T3SS) and phage shock protein (PSP) 

system. Chapter II describes detailed material and methods used to carry out this work. 

Chapter III contains the results and discussion of T3SS’s chaperone protein, PcrG. 

Chapter IV contains the results and discussion of phage shock protein A (PspA). And 

finally, Chapter V contains the results of protein purification, crystallization, 

diffraction, and preliminary data solving for the domain of PspA (i.e., ΔPspA). Chapter 

VI contains the study of proteins’ salt bridge energy, And, Chapter VII contains a 

summary. 

Due acknowledgment has been made for reporting the scientific observations and 

findings made by other scientists. I take all the responsibility for any kind of 

unintentional error or misinformation in this thesis. 

 

 

 

(Chittran Roy) 

Structural Biology & Bioinformatics Division 

CSIR-IICB, Kolkata-700032 
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1. Review of Literature 

 

Bacterial proteins are crucial because they frequently interact with the host cells (Nicod et al., 2017). 

They also assist bacteria in surviving in hostile settings such as extreme temperatures and pH 

fluctuations (Lund et al., 2014). Bacterial resistance to antibiotics and their survival results in the 

emergence of novel strains that pose a public health risk. 

Understanding the pathogenic bacteria-host relationship is crucial nowadays (Casadevall & Pirofski, 

2000). Apart from E. coli, Pseudomonas aeruginosa and Yersinia enterocolitica are useful models for 

studying host-pathogen interactions (Luo et al., 2017). As a result, drugs are used to inhibit bacterial 

cellular activity. P aeruginosa is a major antibiotic-resistant gram-negative organism that causes 

nosocomial infection (Rzhepishevska et al., 2014). Essentially, the bacteria take advantage of a 

person's weakened immune system to generate an infection, making them an opportunist. 

Pseudomonas uses the type three secretion system (T3SS) to inject anti-host effectors into the target 

cell (Halder et al., 2019). P aeruginosa has a Type 3 Secretion System (TTSS) that allows it to transfer 

its pathogenicity to the host membrane; it is a unique type of pathogenicity spreading mechanism that 

is usually seen in gram-negative bacteria. It is made up of 20 different types of different kinds of 

proteins (Yahr et al., 1997). The primary function of TTSS is the creation of injectosomes, which aid 

in the delivery of bacterial harmful effector proteins within host cells (Galle et al., 2012, Cornelis, 

2006). The injectosome is a well-defined model that consists of a basal structure and a needle complex 

(Allmond et al., 2003). A translocon is generated at the tip of the needle by three translocator proteins: 

PcrV, PopB, and PopD. Two of these three translocators are hydrophobic (PopB and PopD), forming 

pores in the host cell membrane. On the other hand, the hydrophilic translocators (PcrV), also known 

as virulence factors or V-antigen, aid in the assembly of the hydrophobic translocators (Galle et al., 

2012a). In the cytosol, the hydrophilic translocator PcrV (or V-antigen) interacts with PcrG, an 

effector chaperone of P. aeruginosa's Type 3 Secretion System (Cornelis et al., 2006). 
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Y. enterocolitica, on the other hand, causes gastroenteritis. The most common yersinia infection in 

humans, Y enterocolitica, causes gastroenteritis and lymphadenitis in the gastrointestinal tract and 

mesenteric lymph nodes (Luo et al., 2017). Yersinia pestis, a newly developed bacterium derived 

from Yersinia pseudotuberculosis, a slightly virulent enteric disease, is an excellent model genus for 

studying active pathogen evolution. In many cases, Yersinia pseudotuberculosis and Y enterocolitica 

serve as handy substitutes for research of Yersinia pathogenicity and infection cycles, as well as their 

interactions with immune and non-immune cells (Rzhepishevska et al., 2014). Phage-shock-protein 

(PSP) systems encode a stress response that is required for viability (Darwin et al., 2007). When the 

secretin component of Yersinia enterocolitica Ysc type III secretion system is formed, the production 

of this protein takes on an important physiological and physiological significance (Flores-Kim & 

Darwin, 2016b). In a mouse model of infection, Y. enterocolitica psp null mutants were found to be 

fully avirulent. Other known stress response systems in bacteria, such as RpoE and Cpx, are not 

activated when the PSP system is activated. This demonstrates the independent regulation of the PSP 

system as well as its unique regulation. The cytoplasmic membrane proteins PspB and PspC, which 

interact and probably work together to perform their regulatory role, are required for the stimulation 

of pspgene expression. However, the regulatory role of PspBC does not fully explain why they are 

required for survival during secretin-stress, implying that they have a second unrelated function 

(Srivastava et al., 2017a). For more information, the crystal structure of structural proteins gives new 

insight into the design of significant drugs against such kinds of a pathogen. 

 
 

1.1 Type three secretion systems (T3SS) 

 

P. aeruginosa chromosomes are involved in the control of the type III secretion mechanism (Zhu et 

al., 2016). At least six additional genes on the chromosome encode effector proteins and associated 

chaperones. The T3SS is made up of more than 20 proteins, many of which form oligomers and are 

membrane-bound (Diaz et al., 2011). During infection, bacteria detect an external cue from the host 
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environment and begin to construct the components of the secretion system, a process that must be 

coordinated in place and time. Assembly can be divided into several stages: 

1.1.1 The needle complexes 

 

The needle complex is the supramolecular structure that transports certain type III proteins from the 

bacterial cytosol to the external environment, passing through the bacterial cytoplasmic membrane, 

the peptidoglycan layer, and the outer membrane. P. aeruginosa's needle complex appears to be 

similar to that of Yersinia spp., Salmonella enterica, and Shigella flexneri, and is made up of two 

parts: a multi-ring base and a needle-like filament. The needle-like filament, which is made up of 

PscF subunits, is hypothesized to operate as a conduit for secreted factors as well as a sensor for host 

cell contact (Bergeron et al., 2016). These structures are 60–120 nm long and 6–10 nm broad, similar 

in size to Shigella flexneri, Salmonella enterica, and Yersinia enterocolitica needle-like filaments. 

Although some functional assignments may be deduced from the closely related Yersinia type III 

needle complex, little work has been done to describe the other components of the P. aeruginosa 

needle complex. PscN, for example, is assumed to be an ATPase that drives the P. aeruginosa 

secretion system and is controlled by PscL. With the aid of the lipoprotein PscW, PscC is a secretin- 

like protein that oligomerizes to form a channel across the bacterial outer membrane. According to 

research on its Yersinia homolog, PscP is most likely a molecular ruler that determines needle length. 

PscJ is thought to be a lipoprotein component of the needle complex's basal substructure. Despite 

modest improvements, more effort will be necessary to completely understand the intricate 

mechanism by which the needle complex plays its part in the secretion process. 

1.1.2 The translocation apparatus 

 
The translocation apparatus consists of a proteinaceous membrane hole that transfers effector proteins 

released by the needle complex across the host cell's plasma membrane. The translocation process is 

extremely efficient, with less than 0.1 percent of released effector proteins escaping into the 
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extracellular environment. P. aeruginosa T3SSs, like Yersinia, Salmonella, and Shigella spp. T3SSs, 

use three proteins for translocation: PopB, PopD, and PcrV (Banerjee et al., 2014). 

1.1.3 Basal Structure: It goes through the inner membrane, periplasmic space, and outer membrane 

of the bacterium, affixing the needle to the bacterial membrane. The inner membrane ring of the basal 

body is formed by Pseudomonas lipoprotein PscD. PscC, a secretin-like protein, forms the outer 

membrane ring with PscI. PscJ forms a ring-like structure under the base. To energize the T3SS needle 

complex, the ATPase PscN is required. PscL is a negative regulator of PscN ATPase. The  docking 

platform is created at the basal body's export gate by PscN/PscN-PscL/PscL.(Galle et al., 2012b). 

 

1.1.4 Export Apparatus: In cooperation with the ATPase, an export apparatus promotes secretion 

via the needle's base by creating a docking platform for the chaperone substrate complex for export 

(Bergeron et al., 2016). Pseudomonas spp. have highly conserved export apparatus components that 

are integral membrane proteins (Aizawa et al., 2001). Pseudomonas has an export apparatus that 

includes PscD, PscS, PscU, PscT, and PcrD. 

 

1.1.5 Chaperones of T3SS: Chaperones may make it easier for their corresponding protein partners 

to be stored in the bacterial cytoplasm and delivered to the secretion system. SpcS (previously known 

as Orf1) acts as a chaperone for both ExoS and ExoT and is essential for their maximum secretion. 

ExoU has a chaperone in the form of SpcU (Takaya et al., 2019). ExoY has yet to be assigned a 

chaperone. 

 

1.1.6 Effectors of T3SS: PopB, PopD, PopK/A, PscF, YopM, PopJ/P, and PopT are some of the 

Pseudomonas outer proteins (Pops) found in Pseudomonas aeruginosa. They go for the cellular 

components that are responsible for the host cell's innate immunity. ExoY, ExsA, ExoU, and ExoS 

effectors are required for total pathogenicity of the bacterium (Khanppnavar & Datta, 2018). 
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Fig 1.1 Type three secretion systems. T3SS is made up of five parts: the needle complex, the translocation machinery, 

regulatory proteins, chaperones, and effectors. Effectors and their chaperones are found throughout the bacterial genome, 

while structural and regulatory genes are found in five operons. The ultimate purpose of the T3SS structure is to inject 

effectors into host cells, destabilizing cell machinery and changing immune responses in order to increase bacterial 

survival rates (doi.org/10.1016/j.micres.2021.126719). 

 

 

 
1.1.7 Pseudomonas chaperone protein PcrG 

 

The needle tip protein chaperone PcrG regulates both the secretion of effectors from the bacterial 

cytoplasm into the host cytoplasm and the secretion activity. These two functions are tightly regulated 

by two distinct PcrG regions. As a result, PcrG is a multifunctional protein that, in addition to its 

export chaperone capabilities, also operates as a switch to break and make regulate effector secretion 

(Nanao et al., 2003). Experiments demonstrated that PcrG and PcrV interact 1:1 affinity complex (P. 

C. Lee et al., 2014), despite the fact that deletion of PcrG's 24 C terminal amino acids has no effect 
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on the formation of the affinity complex (Basu et al., 2014). Apart from the knowledge that it is a 

negative regulator of TTSS, nothing is known about the actual mechanism of PcrG regulation (Sundin 

et al., 2004). It has been shown that deletion of pcrG or pcrV causes partial dysregulation of effector 

secretion, whereas loss of both genes causes a high degree of effector secretion (P. C. Lee et al., 

2010a) Scientists are currently trying to figure out how PcrG, as a tip chaperone, interacts with other 

TTSS regulatory proteins. 40aa of PcrG's N-terminal is enough to export its homologous substrate 

PcrV, which we've already looked at. The N terminal 40aa, on the other hand, plays no part in 

regulation. In experiments, PcrG fusion to the C terminal region of MBP has been shown to aid in the 

stability of the PcrG fragment. Other experimental evidence suggests that when PcrG binds to its 

corresponding protein (PcrV), its stability improves. Otherwise, it would be degraded. 

 

 

 
Fig 1.2 In a T3SS cartoon, the needle equipment is depicted. The needle apparatus consists of a basal body, a needle, 

a tip complex, and a translocon. An OM ring spans the bacterial inner membrane in the basal body, while an IM ring 

spans the bacterial outer membrane. The periplasmic region is reached by the neck, which is an extension of the OM ring. 
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The IM and OM rings are connected via the inner rod. An export apparatus and an ATPase complex are found in the basal 

body. The needle, which traverses the extracellular area, is capped by a tip complex and a translocon. The translocon 

produces a translocation pore within the host cell membrane. The bacterial effectors are delivered directly into the host's 

cytoplasm using the needle device. In the cytoplasm, the chaperone protein (PcrG) is dimeric, but in the presence of PcrV, 

it interacts in a 1:1 ratio (doi.org/10.1186/1472-6807-14-5). 

 

 
 

1.2 Phage Shock Protein System in Yersinia 

 
Yersinia enterocolitica possesses a selectively permeable cell membrane that controls substance 

entrance and exit by creating a proton-motive force (Nikaido, 2003,Wilharm et al., 2004). The Psp 

Response is thought to be centered on the dissipation of this proton-motive force. The Psp stress 

response in Y. enterocolitica is primarily produced by secretin mislocalization (Srivastava et al., 

2017b), among other causes (Flores-Kim & Darwin, 2016, Srivastava et al., 2017b). The Type 3 

Secretion System (T3SS) in Y. enterocolitica is made up of secretins, a class of outer membrane 

proteins that form 12-15 homomeric rings (Korotkov et al., 2011). The Psp operon system is encoded 

by PspF-PspABCDycjXF and PspGin Y.enterocolitica (Srivastava et al., 2017b). PspA is one of the 

most essential regulatory proteins involved in the induction of the PSP response (Joly et al., 2009). 

PspA stays linked to PspF, a transcription activator, in uninduced states (Joly et al., 2010). As a result, 

PspA prevents transcription of the enhancer-binding protein PspF (Heidrich & Brüser, 2018). PspA can 

attach to the changed PspBC complex after induction owing to various stresses such as 

mislocalization of secretins or dissipation of proton motive force. This frees PspF, which 

subsequently triggers the transcription of different ESR genes via activation of the PspA operon and 

the recently discovered PspG via a cascade of downstream signalling (Lloyd et al., 2004). PspB and 

PspC are integral cytoplasmic membrane proteins that operate as stress-relieving regulatory responses 

that are changed by induction and sequester PspA from PspF (Flores-Kim & Darwin, 2015). Many 

tests, such as the two-hybrid studies in E. coli in vivo, have demonstrated the connection between 

PspA 
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and PspF. PspF lacks a negatively regulating N terminal domain, so negative regulation occurs only 

when PspA is bound. This demonstrates that PspF is constitutively active in vivo, which has been 

demonstrated in PspA null mutants. PspA binds to PspF and suppresses its ATPase activity, which is 

required for the creation of an open complex at its target promoter (Joly et al., 2009). 

Coimmunoprecipitation studies (Yamaguchi S, Reid DA, Rothenberg E, Darwin AJ., 2013) show that 

as a result, PspB and PspC are required for most inducers to activate the Psp response (Flores-Kim & 

Darwin, 2016a). Because both the N terminal and the C terminal are entrenched in the cytoplasm, it 

has been hypothesized that PspB contains a single transmembrane helix whereas PspC has two (Jones 

et al., 2003). According to mutation studies, PspA binds at the C terminal of PspC (Gueguen et al., 

2009). The ability of PspA to bind to PspC is one of the most important elements affecting the Psp 

response. In addition to connecting to PspA, PspC also binds to PspB's cytoplasmic domain. However, 

other findings have shown that PspA can separate from PspF without the participation of PspB and 

PspC, such as in the heat shock response in E. coli. According to genome analyses, PspA and PspF 

homologs have been discovered in other organisms (Huvet et al., 2011), but not PspB or 

PspC.According to José Flores-Kim and Andrew J. Darwin (2016), PspA may directly detect certain 

IM signals, prompting it to attach to the membrane and release PspF. As a result, another theory for 

the PSP system's operation is that PspB and PspC may not be sensors at all. They might be present in 

E. coli and Y. enterocolitica to allow their psp systems to respond to new signals. PspA clearly plays 

a function in maintaining the PMF of the Inner Membrane (IM) based on the evidence so far, but how 

it does so remain a mystery. A few theories have been derived from the tests thus far, although these 

are not definitive explanations. PspA generates oligomers on induction, and these oligomers cover 

the inner surface of the IM, providing a scaffold and reducing the IM's permeability (Kobayashi et 

al., 2007). Another hypothesis is that PspA oligomer mobility is essential to maintaining the PMF and 

is dependent on the cytoskeletal proteins MreB and RodZ (Engl C. et al., 2009). In PspBC null 

mutants, a mislocalized secretin decreases the PMF of E. coli and Y. enterocolitica and kills the 
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bacterium. When PspA is functioning alone, reduction of PMF cannot kill the cell, but mislocalization 

of secretin does. Other than diminished PMF in secretin mislocalization, catastrophic IM permeability 

and cytoplasmic shrinkage induce cell death. As a result, PspB and PspC can prevent cell death caused 

by secretin mislocalization on their own. As a result, PspB and C, like PspA, have a dual role and aid 

in the bacterial system's stress relief. However, the method through which PspB, PspC, and PspA 

deliver this stress-relieving activity remains unclear. Thus, obtaining the definitive answer to the role 

of these critical regulatory protein crystal structures would provide us with the whole picture and 

reveal the mysteries hidden inside these cryptic bacterial systems. 

 

 
Fig 1.3 Phage Shock Proteins. The transcription factor PspF is required for increased psp gene expression. However, 

under non-inducing conditions, PspF is blocked by contact with another cytoplasmic protein, PspA. PspA relocates to the 

cytoplasmic membrane in response to a Psp-inducing stimulation, allowing PspF to stimulate psp gene expression. The 

integral membrane proteins PspB and PspC, which may sense an inducing trigger and sequester PspA through direct 

contact, are required for PspA translocation. The following rise of psp gene expression raises PspA concentration, 

allowing it to directly contact the membrane, possibly for physiological purposes (DOI:10.1007/s12275-012-1578-7). 
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1.2.1 Phage shock protein A 

 
PspA is a single polypeptide subunit protein with a size of 26 kDa and 221 amino acids. It has one 

tryptophan (W71) and five phenylalanine (F4, F7, F168, F171, F197) side chains, with no disulfide 

bond (one cysteine, i.e., C64). Furthermore, about a quarter of the amino acid residues are acidic or 

basic. Heat shock, osmotic shock, ethanol, a deficiency in protein transport across the cytoplasmic 

membrane, and overproduction of an integral membrane protein, such as secretin, all stimulate the 

expression of pspA (Flores-Kim & Darwin, 2016b, P. C. Lee et al., 2010a, Joly et al., 2010). It's also 

been hypothesized that the psp system prevents the proton motive force from dissipating (Darwin & 

Miller, 2001, Eriksson et al., 2003). The activation of the Y enterocolitica PSP system appears to 

include an alteration in PspA position, as per experimental studies (Beloin et al., 2004). PspA forms 

an inhibitory complex with PspF in the cytoplasm, but during stress, PspA interacts with membrane- 

bound PspBC proteins. PspA, on the other hand, is soluble in non-Psp-inducing circumstances, but 

after induction of the Psp system, the bulk of it is now linked with the membrane (Joly et al., 2010). 

PspA protein has been linked to preventing a variety of physiological defects, including a defect in 

prolonging the stationary phase at highly alkaline pH (Yamaguchi & Darwin, 2012) or reducing 

proton motive force due to proton leakage across the cytoplasmic membrane, sec-dependent protein 

translocation (Heidrich & Brüser, 2018, Lloyd et al., 2004, Flores-Kim & Darwin, 2015), and membrane 

integrity mislocalization. However, the specific mechanism through which PspA performs this 

physiological role is uncertain. 
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CHAPTER 2 

 
2. General Methodologies 
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2.1 Agarose gel electrophoresis of DNA: 

 
Stock solutions: 

 
Ethidium bromide solution: Ethidium bromide was typically prepared as a 10 mg/ml stock solution 

in water and stored in dark bottles at room temperature. After electrophoresis, gels were soaked in 

ethidium bromide solutions (0. 5 g/ml) for 30 minutes before visualization. b) Gel-loading buffer 

composition: 50 percent glycerol, 0.1 M EDTA, and 0.025 percent bromophenol blue were mixed 

together.1 mL Bromophenol Blue (11.5% w/v)87.5% glycerol2.9 mL EDTA (0.5 M)10 liters of glass 

distilled water Gel loading buffer (1.1 mL) was kept at 4°C for up to one month. 34. c) 50X TAE 

running buffer: TAE buffer containing 2M Tris and 50mM EDTA (pH 8.0), with glacial acetic acid 

added to achieve pH 7.6; Tris-base 24.3 g EDTA (0.5M stock) Glacial acetic acid, 10 mL. To make 

a final capacity of 100 ml, 5.6 ml of Milli Q water was added (pH 7.6). 

 
 

2.2 The casting of the gel: 

 

To make a mould, the open ends of the plastic tray that came with the electrophoresis device were 

sealed. On the table, the mold was set horizontally. In an Erlenmeyer flask, the needed amount of 

powdered agarose was mixed with a determined volume of 1x tris acetate-EDTA (TAE) 

electrophoresis buffer (typically to achieve a 1% solution of agarose). The slurry was heated until the 

agarose was completely dissolved, then cooled to 600C. The edges of the mold were sealed with a 

tiny amount of the agarose solution using a Pasteur pipette. The seal was left to dry. When the agarose 

was added, the comb was positioned 0.5 to 1 mm above the plate to ensure that a full well was 

produced. The remaining agarose was poured into the mould, making sure there were no air bubbles 

beneath or between the comb's teeth. The thickness of the gel ranged between 3 and 5 mm. The comb 

and sealing bridges were carefully removed after the gel had been set (30 to 45 minutes at room 

temperature), and the gel was installed in the electrophoresis tank. 
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Electrophoresis of DNA in agarose: 

 

The gel was covered with enough electrophoresis buffer to cover it to a depth of roughly 1 mm. Gel- 

loading buffer was combined with DNA samples. Using a micropipette, the mixture was carefully 

injected into the slots of the submerged gel. At each end of the gel, marker DNAs of known size (e.g., 

Hind III digested DNA) were added. To allow the DNA to migrate toward the anode. The voltage 

was administered at a rate of 1 to 5 V/cm. The gel was run until the bromophenol blue and xylene 

cyanol moved to the proper distances. The gel was withdrawn from the tank, soaked in an ethidium 

bromide solution, and then photographed under ultraviolet light. 

 
 

2.2.1 Purification of DNA using PCR: 

 

The PCR purification Kit (Qiagen Cat. No. 28104) was used for this purpose. 

 

Kit contains PCR clean-up columns with a collection tube. Nucleic acid-binding buffer, Washing 

buffer, and elution buffer. 

Procedure: 

 

1. 5 volumes of nucleic acid binding buffer were added to the PCR process and well mixed by 

vortexing. 

2. In a tabletop centrifuge, the mixture was transferred to a PCR clean-up column placed in a 

collecting tube, and spun for 1 minute at 13,000 rpm. The flow-through was thrown out. 

3. 500 μl of wash buffer was added to the column and centrifuged at the maximum speed for 1 

min. 

4. The flow-through was discarded, and the column was centrifuged again at maximum speed 

for 1 minute to eliminate any remaining wash buffer in the column. 

5. After discarding the collecting tube, the column was put on a sterile microfuge tube and 

allowed to dry for 5 minutes. 6. For DNA elution, 50 l of water (pH 8–8.5) was employed. 

The water was boiled to 37°C before being poured into the column's base. After a 2-minute 
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incubation period at room temperature, the column was spun at maximum speed for 2 minutes 

in a microfuge to extract the pure DNA. The DNA-containing supernatant was kept at -20 

degrees Celsius. 

 

2.2.2 Purification of DNA fragments by agarose gel using Gel Extraction Kit. 

 
 

Qiagen Cat. No. 28704 was used for this purpose. 

 
 

2.2.3 Kit Contents 

 

Elute Binding Column, Gel Solubilization Solution, Column Preparation Solution, Washing buffer, 

and elution buffer. 

 
 

Procedure: 

 

1. To decrease the gel volume, the DNA fragment of interest was removed from the agarose gel 

using a clean, sharp scalpel or razor blade. 

2. The gel slice was weighed after being placed in a clean, sterile microcentrifuge tube. 

 

3. 3 gel volumes of the gel solubilization solution were applied to the gel slice and incubated at 

50- 600C for 10 minutes, or until the gel slice was fully dissolved, with periodic vortexing. 

4. GenElute Binding Column G was placed in one collecting tube to create the binding column. 

 

Each binding column received 500µl of the Column Preparation Solution and was centrifuged 

for 1 minute. The flow-through was discarded. 

5. 1 gel volume of 100 percent isopropanol was added after the gel slice was completely 

dissolved and blended until homogeneous. 

6. After loading the binding column, which was constructed in a 2 ml collection tube, the 

solubilized gel solution combination was put into the column and centrifuged for 1 minute. 

The flowthrough was thrown out. 
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7. The binding column was filled with 700µl of wash solution (diluted from Wash Solution 

Concentrate G according to the manufacturer's instructions), centrifuged for 1 minute, and the 

flowthrough was discarded. To remove any remaining wash solution, the binding column was 

inserted back into the collecting tube and centrifuged for 1 minute. 8. The binding column 

was placed in a sterile microcentrifuge tube for the next step. In the middle of the membrane, 

50 l of sterile water (pH 8.0) was introduced and incubated for 1 minute. 9. To elute DNA 

from the column, it was centrifuged for 1 minute. 

 

2.2.4 Digestion and ligation of vector as well as PCR product 

 
 

The vector and PCR product were digested with the appropriate restriction enzyme (RE) for 

cloning. The digestion was completed after 3–4 hours at 370°C, and the products were purified 

using the above-mentioned purification kit. After that, ligation was performed by mixing digested 

PCR and vector in the proper ratio and leaving it at 220C for 2-3 hours. A DH5 competent cell 

was created from the ligation product (clone). The desired gene's primer and restriction enzyme 

are listed in table 2.1. 

 
 

Table 2.1 primers, restriction enzyme, and vector utilized for cloning of pspA, ΔpspA, and ΔyspK gene. 

 

Gene name primers Restriction 

 

enzyme 

vector 

pspA 

 

(Roy et al.) 

F5’ GATCAGATCTCATGGGTATTTTTTCTCGTTTTG 

 

R5’  TCGACTCGAGTTATTGCGCTGAATTCATTTTTG 

Bgl2 and Xho1 pET Duet1 

ΔpspA F5’GGAATTCCATATGGGTATTTTTTCTCGTTTTGCC 

 

R5’CCGCTCGAGCTGATGACGCAG 

Nde I & Xho I pET 22b 

ΔyspK F5’ ATATACATATGGGTAAGCTAATAGGGGAAGG 

 

R5’  TGTGCTCGAGTAAATATTTCCTGTTTAATAATG 

Nde I & Xho I pET 22b 
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2.2.5 E. coli competent cells preparation 

 

E. coli DH5 (or any other strain) was cultured in Luria broth overnight at 37 degrees Celsius. 100 

mL Luria broth was inoculated with 1% of this culture. At 37 °C, cells were grown to an 

absorbance of 0.5-0.6 at 600 nm. The cells were then placed in an aseptic centrifuge tube and 

harvested at 4 °C for 5 minutes at 4,000 rpm (Sorvall SS-34 rotor). Cells were gently resuspended 

in 20ml of100mM MgCl2 and kept on ice for 10min. centrifuge again at 3500rpm for 15min. 

again resuspend the pellet in 20ml of 100mM CaCl2 and kept the ice for 15min at 3000rpm. 

Furthermore, resuspend the pellet in 2ml of 100mM CaCl2 with 15%v/v glycerol. Aliquot the 

above 2ml of competent cell and kept at -800 C for a long time. 

2.2.6 Transformation of competent E. coli cells: 

 

All procedures were carried out under stringent aseptic conditions. A total of 100 ml of a cooled 

suspension of competent cells were placed in a pre-chilled sterile Falcon tube for each 

transformation (17 mm x 100 mm). By progressively pouring DNA (60-70 ng) into the cell 

suspension at a volume of 5 l, DNA (60-70 ng) was added to each tube. For 30 minutes, the tubes 

were kept on ice. The tubes were heated for 1 minute in a non-circulating water bath at 42 °C. 

The tubes were placed on ice for 2 minutes after being heat shocked. The tubes were then put on 

a 37 °C shaker for 45min to allow the cells to recover and express the antibiotic resistance marker 

encoded by the plasmid. After that, 40ul of the culture was plated on Luria agar with the necessary 

antibiotics. After that, the plates were inverted and incubated for 14 to 16 hours at 370C. 

2.2.7 Plasmid DNA isolation: 

 

2.2.7.1 Plasmid DNA preparation on a small scale with the Qiagen Spin Plasmid Isolation 

kit: 

1. In a mini centrifuge, 1-3 ml of overnight cell culture were centrifuged at 10,000 x g. To 

remove excess media, the supernatant was drained out and the tube was wiped upside-down 

on a paper towel. 
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2. The cell pellet was resuspended in 25 µl of cell resuspension solution with care. 

 

3. 250 l of cell lysis solution was added, and the tube was inverted four times to mix it. The cell 

suspension was quickly cleaned. 

4. By inverting the tube, 350µl of the neutralizing solution was added and stirred. 

 

5. To obtain a tight pellet, the lysate was centrifuged at 10,000 x g in a microcentrifuge for 15 

minutes or longer. 

6. The column was used for each miniprep. The column was put on a collecting tube, and the 

cleaned lysate was added to it and centrifuged for 1 minute at maximum speed. 

7. After discarding the flow-through, 500 l of wash buffer was added and centrifuged at 10,000 

x g for 1 minute. 

8. To remove any remaining wash buffer, the column was put on the collecting tube and 

centrifuged at 10,000 x g for 1 minute. 

9. The column was put in a sterile microcentrifuge tube and allowed to dry for 5 minutes. 

 

10. To elute DNA, 50 l of sterile water (pH 8.5) was immediately added to the column and 

centrifuged at 10,000 x g for 1 min. 

11. The DNA was eluted and dried in a Savant Speed Vac centrifugal evaporator before being 

reconstituted in 20 l of T buffer and kept at-20 °C. 

 

2.3 Estimation of protein 

 
 

The Lowry and Bradford test technique was used to evaluate the protein content. 

 
 

2.3.1 Lowry’s method: Stock solutions: 

 
 

Solution A: 4.5 gm sodium carbonate, 1 gm sodium dodecyl sulfate in 100 ml of distilled water. 

 
 

Solution B: 2 gm anhydrous copper sulfate in 100 ml distilled water. 
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Solution C: 4.5 g sodium potassium tartarate in 100 mL distilled water (solution C). Within two 

months, all of the remedies had been implemented. 

 

Reagent A was prepared by combining 9.8 ml of solution A, 0.1 ml of solution B, and 0.1 ml of 

solution C to make 10 ml of this reagent. 

 

Reagent B: Dilute 1 volume of Folin-Ciocalteau phenol reagent with 1 volume of distilled water to 

make Reagent B. Reagents A and B were freshly produced immediately before use. The volume of 

the sample proteins and the reference protein, bovine serum albumin (BSA), comprising between 4 

and 20 g of protein, were adjusted to 100 l in each tube. Each tube received 1 mL of reagent A. 

Vortexing was used to fully mix the solutions, which were then incubated at 37°C for 20 minutes. 

Following that, 100 l of reagent B was added to each tube, the contents were well mixed, and the 

tubes were incubated at 370C for another 20 minutes. In an Ultrospec II spectrophotometer, the 

absorbance of each protein solution was measured at 740 nm (Amersham Biosciences). The 

absorbance values of the standard protein solutions were used to create a standard curve, and the 

concentration of the protein was calculated using the standard curve. 

 

2.3.2 Bradford method: 

 
 

Stock solutions 

 

Standard protein solution: 0.5 mg of BSA per mL of distilled water is the standard protein solution. 

Bradford reagent: Commercially available Coomassie Brilliant Blue solution (1 litre contains 100 ml 

of Coomassie Brilliant Blue G250 dissolved in 50 ml of 95 percent ethanol and 100 ml of 85 percent 

phosphoric acid). 

 

Procedure 

The volume of the experimental samples and the reference protein, bovine serum albumin (BSA), 

comprising 1–10 g of protein, were adjusted to 100 l with 0–15 M NaCl in separate tubes. As a 
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control, a tube with no protein was used. Each tube received 1 mL of Bradford reagent. Vortexing 

was used to completely mix the solutions, which were then allowed to stand for 2 minutes at 25°C. 

At 595 nm, the absorbance of each protein solution was measured. Using the absorbance values of 

the standard protein solutions, a standard curve was created, and the concentration of the protein in 

the unknown samples was calculated using the standard curve. 

 

2.3.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE): 

 
 

SDS-PAGE was used to separate protein samples based on their molecular mass using the Laemmli 

technique. 

 

2.3.3.1 Stock solutions: 

 
 

a) Acrylamide solution or solution A: To make a 30% acrylamide solution, 29.2 gm of acrylamide 

and 0.8 gm of N, N/-methylene-bis-acrylamide were dissolved in 30 ml of distilled water. Distilled 

water was used to bring the volume up to 100 ml. The solution was filtered and placed in an amber- 

colored container for safekeeping. 

 

b) Separating gel buffer or solution B: 1.5 M Tris-HCl, pH 8.8 was prepared by dissolving 18.13 

gm of Tris base in 90 ml of distilled water, adding 0.4 gm of SDS, adjusting the pH to 8.8 with 3 M 

HCl, and bringing the final volume of the solution up to 100 ml with glass distilled water. 

 

c) Stacking gel buffer or solution C: 0.5 M Tris-HCl, pH 6.8 was prepared by dissolving 6.0 gm tris 

base in 80 ml distilled water, adding 0.4 gm SDS, adjusting the pH to 6.8 with 3 M HCl, and bringing 

the final volume of the solution to 100 ml with glass-distilled water. 

d) Ammonium persulfate (APS): 20 mg of APS was dissolved in 400 l of glass distilled water to 

make a 5% solution. Glycerol is a 50% glycerol solution. To make a 50 percent solution, combine 50 

mL of glycerol with 50 mL of glass distilled water. 
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e) TEMED – N, N, N/, N/, -tetramethylethylenediamine: APS was made fresh for maximum effects, 

while the other stock solutions were kept in the refrigerator and utilized within a month. 

 

2.3.3.2 Working solutions: 

 
 

f) Separating gel solution: The stock solutions were combined in the following quantities for a 10% 

gel: Solution A 3000μl Solution B 2250μl distilled water 1250μl 50% glycerol 2500μl TEMED 5μl 

5% APS 70μl. 

 

g) Stacking gel solution: The following proportions were used to combine the stock solutions: 

Solution A is 900µl, whereas Solution C is 1500µl. 3600µl of water, distilled just before 

polymerization, TEMED (6 l 5% APS, 35 l APS and TEMED were added to each solution. 

 

h) Electrophoresis buffer: The electrophoresis buffer was prepared by dissolving the following 

ingredients in 25 mM Tris-HCl. TRIS-HCl, 190 mM glycine, and 0.1 percent SDS are the 

following:3.0 gm tris-baseGlycine 14.3 gm SDS1 gm to make a final capacity of 1000 ml, glass 

distilled water was added. 

 

i) Laemmli SDS sample denaturing buffer: 100 mM Tris-HCl, 25 mM dithiothreitol (DTT), 50% 

glycerol, 10% SDS, and 0.025 percent bromophenol blue dissolveIn 1.25 mL Bromophenol blue, 

combine 48 mg Glycerol, 0.5 mL DTT, and 240 mg SDS.0.75 mL (12.5 percent) water5 litres The 

sample denaturing buffer was kept at -20°C for up to one month. 

 

2.3.3.3 Procedure: 

 

Polymerization: For gel electrophoresis, Miniprotean gel equipment was used (BioRad). The glass 

plates were put together according to the instructions provided by the manufacturer. The separating 

gel solution, comprising APS and TEMED, was poured up to three-fourths of the total height between 

the two glass plates. The stacking gel solution was carefully poured on top of the separating gel to 
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avoid disturbing the separating gel's level. In the stacking gel solution, a 0.75 mm thick 10-well teflon 

comb was introduced. The gel solutions were allowed to polymerize for 20–30 minutes at room 

temperature before the comb was carefully removed. The wells were inundated with water, 

extensively cleansed to eliminate unpolymerized acrylamide, and then replaced with water until ready 

to be loaded. The bottom and top chambers of the equipment were filled with electrophoresis buffer. 

The gels were inserted into the chamber without causing any bubbles to form beneath the glass plates. 

 

Sample preparation: For full denaturation, samples were mixed with a fifth of their volume of SDS 

sample denaturing buffer and cooked for 3 minutes in a water bath. 

 

Sample loading and electrophoresis: Individual wells in the stacking gel were filled with different 

samples. To determine the molecular weights of sample proteins, standard marker proteins with 

known molecular masses were loaded. The electrophoresis buffer was then carefully poured into each 

well. The electrophoresis chamber was connected to a power supply, and electrophoresis was 

performed for 45 minutes at a constant voltage of 200 volts, or until the bromophenol blue dye front 

was 0.5 cm above the gel's base. 

 

2.3.3.4 Protein staining and destaining: 0.3 gm of brilliant blue R250 was dissolved in 100 ml of 

the destaining solution to make the staining solution (0.3 percent). The solution was filtered and kept 

in an amber-colored container using Whatman No. 1 filter paper. 

 

To make 50% methanol, 10% acetic acid, and 40% water, 500 mL of methanol, 100 mL of acetic 

acid, and 400 mL of glass distilled water were used.Following electrophoresis, the gels were gently 

mixed in a 0.3 percent Coomassie blue solution for 20 minutes at room temperature.After that, the 

gels were destained in a destaining solution. Destaining was done until the background was 

sufficiently clean and the protein bands could be seen clearly. Finally, the gels were submerged in 

Millipore water. 
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2.4 Purification of protein 

 
 

After successful transformation, a single colony was selected from each plate and inoculated into 5ml 

of antibiotic-laced LB medium and cultivated overnight. Primary cultures were put into 500ml of LB 

medium that had been prepared separately. Protein synthesis was stimulated by 1mMIPTG and 

incubation was prolonged for 4 hours after 4 hours of vigorous shaking, when cell density reached an 

OD600 of 0.6. Bacterial cells were extracted and resuspended in sonication buffer after centrifugation 

at 6000rpm for 10 minutes. Cell debris was removed by centrifugation at 12000 rpm for 45 minutes 

after the resuspended bacterial cells were lysed using a sonicator (Q-Sonica 125). Protein was 

overexpressed and soluble, so the supernatant was treated with Ni-NTA agarose beads for 45 minutes, 

then pre-equilibrated with equilibration solution and passed through a Ni-NTA purification column. 

Proteins (His-tagged) were eluted using elution buffer after a thorough wash in the washing buffer. 

SDS-PAGE was used to verify the purity of all protein samples. A HiLoad 16/60 Superdex 200 pg 

Size Exclusion Chromatography (SEC) column was equilibrated. Throughout the chromatography, a 

flow rate of 0.8 ml/min was maintained and protein (2–5 mg/ml) was introduced into the column. 

Few no-His tagged protein was purified by Ion-exchanged chromatography followed by SEC. SDS- 

PAGE was used to collect and examine fractions corresponding to the SEC peaks (Figure 2II, 2I). 

The following gel filtration markers were employed for SEC column calibrations (molecular weight 

and related elution volumes are identical): ferritin (440 kDa51 ml), aldolase (158 kDa62 ml), albumin 

(66 kDa76 ml), carbonic anhydrase (29 kDa84 ml). 

 

2.5 Crosslink reaction 

 
 

Crosslinking is the best option to understand if a protein has a tendency to form dimers, trimers, or 

higher-order oligomers. The cross-linking procedure was carried out for 5 minutes at 27 °C using 

freshly manufactured 2% glutaraldehyde (Fischer Scientific). Prior to the crosslink experiment, the 

protein sample was dialyzed in phosphate buffer (20 mM Phosphate, pH 8, 120 mM NaCl). When 
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boiling the sample, the reaction was halted by adding Tris SDS-PAGE buffer, followed by SDS- 

PAGE analysis. 

2.6 Native gel electrophoresis 

 

Another good way to figure out if a protein tends to form dimers, trimers, or higher-order oligomers 

is to run it using native-PAGE. Proteins are separated in native PAGE based on the charge, shape, 

and size of their tertiary structure. SDS was not present in the 10% polyacrylamide gel used for native 

gel electrophoresis. The entire procedure took place in a cold room. 

2.7 Biophysical analysis of protein 

 
 

CD (circular dichroism), FTIR (Fourier transform infrared spectroscopy), and fluorescence 

spectroscopy were used to determine the protein's secondary structure. BLI (bio-layer interferometry) 

was used to look for protein-protein interactions, while AFM provides information on protein 

organization. 

 

2.7.1 Far UV CD spectroscopy study 

 
 

Far UV CD spectra were recorded by Jasco J-815 spectrophotometer. Spectra were recorded for 

20µM of proteins from 240 to 190nm with a scan speed of 10mm/min. 1cm path length cuvette was 

used. Buffer Spectrum was subtracted from the protein CD spectra. Experimental data were analyzed 

by the K2D2 web server (Louis-Jeune et al., 2012). 

 

2.7.2 FTIR spectra 

 
 

For the Fourier-transform infrared spectroscopy (FTIR) experiment, protein concentrations of 20 mM 

were utilized. To enable reading, 10 samples were drop-cast onto an FTIR substrate. Before each 

spectrum, baseline subtractions were performed as a buffer. Curve fitting shape was used to 

deconvolve raw spectra in the amide I region (1600 cm-1 to 1700 cm-1) using Prism software. The 
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criteria suggested by Chirgadze&Nevskaya (Nevskaya & Chirgadze, 1976) and Krimm&Bandekar 

 

(Krimm & Bandekar, 1986) were used to assign peck values. 

 
 

2.7.3 Fluorescence spectroscopy study 

 
 

Sample fluorescence spectra were measured at room temperature using a spectrofluorometer by 

excitation at 295 nm. A 10 mm path length quartz cuvette was used in all experiments. For 

fluorescence measurements, both excitation and emission slits were 5 nm and the scan speed was set 

at 200 nm/ min. 

 

2.7.4 Biolayer interferometry 

 
 

In biolayer interferometry (BLI) experiments, the OctetRED96e with Ni-NTA coated biosensor tips 

was used. A sample volume of 200 L was employed on 96 well plates during the experiment, which 

was maintained agitated. The Ni-NTA biosensor tips were hydrated in a buffer containing 60 mM 

Tris pH 8.0, 60 mM NaCl, and 1% glycerol throughout all of the tests. The biosensor tips were dipped 

in buffer solution without any analyte for baseline adjustments. After adjusting the baseline with a 

buffer solution comprising tris-buffer (pH 8), the biosensor tips were incubated for 300 seconds in 

the well containing the ligand (PspF) at a concentration of 40M for ligand binding to the biosensor 

tips. After removing any excess ligand by dipping the ligand-bound biosensor tips in the buffer 

solution for 60 seconds, the biosensor tips were incubated for 120 seconds in wells containing 

escalating concentrations of the untagged analyte (PspA) ranging from 2.5 to 70 M. The tips were 

submerged in the buffer solution for another 180 seconds to explore the dissociation process. His- 

tagged Protein, which bound 40 uM to Ni-NTA biosensor tips, was the analyte in the Biolayer 

interferometry assays. The tips were then immersed in various concentrations of cognate protein-

containing solutions. Despite the fact that His-tag binding affinity to Ni-NTA is pH-dependent, there 

is no discernible dissociation pattern. 
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2.7.5 AFM experiment 

 
 

A 5M pure protein sample was incubated for 1 minute before being diluted at least 100 times in 0.22m 

filtered milliQ, and 2l of this sample was placed in the center of a 20mm diameter MUSCOVITE 

MICA chip (Electron Microscopy Sciences, Hatfield, PA). The sample was left to air dry at an 

ambient temperature. On a Pico Plus 5500 AFM instrument, the acoustic alternative current (AAC) 

mode was evaluated. Microfabricated silicon cantilevers with a nominal spring force constant of 21– 

98 N/m were tested using nanosensors (PPP-NCL). The cantilever scanned the surface at a speed of 

0.8-1.2 m/s with a resonance frequency of 168.4 kHz. Micrographs of the surface topology of the 

protein samples were produced after scanning each sample multiple times, and photos were processed 

using Pico View 1.10.1 software (Agilent Technologies, USA) and Pico Image Advanced software 

for 3D rendering and height profile analysis. All AFM experiments were repeated at least three times, 

with newly pure materials each time. 

 

2.8 Bioinformatic study of protein 

 
 

2.8.1 Sequence retrieval, generation of protein model 

 
 

The protein was predicted using the SOPMA online program and the UniProt public protein database 

(UniProt ID: Q9I326 for PcrG and A0A0E1NET1 for PspA) respectively. The secondary structure 

was predicted using a FASTA file, and the amino acid sequences were obtained from an online 

database. Both protein sequences were fed into I-Tasser as input files in FASTA format (A. Roy et al., 

2010). The top ten threading templates were assigned by I-Tasser's programs. The best model was 

rendered in the VMD molecular graphic system (Humphrey et al., 1996) using the output files. The 

optimal frame with the lowest potential energy was chosen after the minimization. Various 

bioinformatics tools and software are used such as RAMPAGE and ERRAT were used to check the 

structural assessment and stereochemical analysis of both modelled proteins. 
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2.8.2 Docking simulation 

 
 

ClusPro, an online docking service, was used to bind proteins together. By sampling billions of 

conformers, this server conducts rigid-body docking of two proteins. Interface refers to the area where 

two or more proteins interact with one another. 

 

2.8.3 Molecular dynamics 

 
 

GROMACS 4.6.2 was used to run the simulations (van der Spoel et al., 2005). The simulation 

experiments used the docked complex following ClusPro as an input structure. For the protein 

monomer or dimer, the CHARMM27 force field was employed. A TIP3P, where the box size is 1.2 

nm, was used to place the protein-protein complex in a unit cell and fill it with water. Additional ions 

were introduced to neutralize the system, and energy was reduced by using the steepest descent 

approach. For electrostatic, van der Waals interaction, and energy computations, GROMACS uses 

the particle mesh Ewald (PME) approach. The complexes were equilibrated using NVT and NPT for 

500 and 500 ps, respectively, after minimization. The backbone is still subjected to position 

limitations. A Nose-Hoover thermostat has been installed in lieu of the Berendsen thermostat, 

resulting in a more accurate ensemble of kinetic energy. The system was then put through a 40-ns 

MD manufacturing cycle. MGRACE was used to create the C-alpha backbone and RMSF graphs. 

 

2.8.4 Umbrella sampling for binding free energy calculation 

 
 

The dimer model structure was put in a rectangular box with dimensions adequate to fulfill the 

minimal image convention and enable room for pulling simulations to take place along the z-axis in 

order to build an equilibrated final simulated structure for the pulling simulations. The solvent was 

simple point charge (SPC) water31, and 100 mM NaCl was added, along with neutralizing counter 

ions. The model structure was equilibrated in two phases after the steepest descent minimization. 

Simulating for 100 ps under a constant volume (NVT) ensemble was the initial phase. The 
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temperature was maintained at 310 K using the Berendsen weak coupling method (32) and protein 

and nonprotein atoms were connected to separate temperature coupling baths. After NVT 

equilibration, 100 ps of constant pressure (NPT) equilibration was carried out, with weak coupling32 

used to keep pressure isotropically at 1.0 bar. 

 

Restraints were removed from chain A to chain B after equilibration. For the pulling simulation, 

Chain A was employed as an immovable reference. Using a spring constant of 800 kJ mol-1 nm-2 and 

a pull rate of 0.01 nm ps-1, Chain B was drawn away from the core structure along the z-axis (Figure 

1) over 500 ps. Snapshots of these trajectories were used to build the umbrella sampling's beginning 

configurations. The sample windows were distributed asymmetrically, with window spacing of 0.1 

nm up to 2 nm COM separations and 0.2 nm beyond 2 nm COM separations. The use of 30 windows 

and a total of 60 ns of simulated time for umbrella sampling came from this spacing, which allowed 

for more information at a lower COM distance. The weighted histogram approach was used to analyze 

the data (WHAM). 

 

2.8.5 Protein’s salt-bridge and its energy estimation: 

 
 

Non-covalent interactions such as hydrogen bonds, salt bridges, and aromatic-aromatic (AA) contacts 

play a critical role in sustaining biological systems by interacting between two or more proteins and 

within protein structures. The interface is a specific area where two or more proteins interact with one 

another. The inter-atomic SB and A-A distance in inter-chain proteins is determined using the 

equation below by ASBAAC, automatic Salt-Bridge and Aromatic-Aromatic Calculator (C. Roy & 

Datta, 2018), which is a completely automated, user-friendly program (fig 2.1A). 
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Intra-chain salt-bridge energy calculations are also important for better understanding protein folding 

across domains. Salt bridges are electrostatic interactions between groupings of opposing charges that 

have a particular electrostatic interaction. The net interaction energy (ΔΔGnet) of a salt bridge is 

divided into three energy terms: bridge (ΔΔGbrd), desolvation (ΔΔGdsolv), and protein (ΔΔGprot), 

the latter two of which can only be estimated using computational methods. Computation of salt- 

bridge energy terms utilizing the Poison-Boltzmann-Equation (PBE) solver technique is a time- 

consuming procedure that requires determining protein-specific salt bridges, input parameters, and 

hydrophobic isosteres-mutated charge-radius files before computing energy-terms. ADSBET (Nayek 

et al., 2015) uses the "APBS" technique to calculate component and net energy terms for any number 

of salt bridges in any number of structure files and then redirects the result to excel. The output is 

valuable not only for applying these energy terms after the run but also for calculating the net 

energetic contribution of networked salt bridges. It runs in a UNIX-like environment and supports 

CYGWIN. Overall, ADSBET gives precise energetics of salt bridges, from different crystal 

structures, which can also be used in computational structural biology. Using the PDB2PQR 

(Dolinsky et al., 2007) and APBS (Bruce et al., n.d.) programs, the isolated pair approach was 

employed to derive the isolated-pair salt-energy bridge's terms (Nayek et al., 2015, Roy et al., 2020). 

Because NU, unlike IP, has more than two salt-bridge partners, the energy terms for NU salt- bridge 

were derived using the NUM approach (AK et al., 2020). The total of the component energy terms is 

the net energy of a salt bridge. The NACCESS software was used to determine average accessibility 

(Hubbard: NACCESS: Program for Calculating Accessibilities - Google Scholar, n.d.). 
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Fig 2.1. Flowchart of software’s function. A. flowchart illustrating ASBAAC's function the scanning of the pdb file is 

the first function. If the distance between the atomic SBs is less than 4 (YES), ASBAAC calculates all possible chain 

combinations and proceeds to the next step. If the distance between the atomic SBs is greater than four (i.e., NO), it comes 

out and advances to the next level. The program then moves on to the next lap to calculate the pi-pi interaction. If the 

distance is less than 7.5 (YES), it calculates all possible chain combinations until the program ends (doi: 

10.6026/97320630014164). B. N-AS and U-As are acidic side-chains in the folded and unfolded state of protein 

respectively. Additional features in ADSBET2 over its earlier version are shown in green color 

(doi:10.6026/97320630011413). 

 

2.9 Protein crystallization 

 
 

Protein crystallization was discovered by chance around 150 years ago and developed as a potent 

purification tool and a show of strength in chemical purity in the late nineteenth century (Giegé, 

2013). The formation of a solution that is supersaturated in the macromolecule but does not 

significantly perturb its natural state is required for protein crystallization. Supersaturation is achieved 
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by adding mild precipitating agents such as neutral salts or polymers, as well as manipulating various 

parameters such as temperature, ionic strength, and pH (McPherson & Gavira, 2014). Factors that can 

affect the structural state of the macromolecule, such as metal ions, inhibitors, cofactors, or other 

conventional small molecules, are also important in the crystallization process (Weber, 1991). 

 
2.9.1 Stable domain crystallization and data collection of PspA 

 
 

Microcon centrifugation was used to concentrate the sample obtained directly from gel filtration to 

10 mg/mL (Amicon, 10 kDa cutoff). By mixing protein and reservoir solution, the sitting-drop vapor 

diffusion techniques were used to screen for suitable crystallization conditions. Commercial crystal 

screens (Wizard, Jena Bioscience), were used. At 4°C (cold room), purified protein samples were 

incubated. Following the failure of extensive crystallization attempts to produce diffraction-quality 

crystals. All conditions are described in table 2.2. crystallization was further optimized. 500 nl of 

protein solution (10 mg/ml) was mixed with 500μl of reservoir solution containing 28 percent (w/v) 

PEG 400, 200 mM CaCl and 0.1 M HEPES, pH 7.5, at 277 K. After 3 days, rod-shaped crystals 

formed. The crystals were diffracted using in house Bruker machine, equipped with PHOTON III 

CCD detector. A total of 720 frames were acquired with a crystal-to-detector distance of 136 mm. 

Each image was exposed for 30 seconds, and the oscillation range was kept at 0.50C. The Proteum-4 

software was used to index, integrate, and scale data. The crystals were from the P32 space group. 

P3221 was identified as the point group based on systematic absences. Using PspA (PDB-ID: 4whe) 

as the search model, the first attempts to determine phases via molecular replacement in PHASER 

(McCoy et al., 2007a) were unsuccessful. Rosetta model building coupled molecular replacement 

(MR-Rosetta) (Terwilliger et al., 2012a) may provide a partial solution later. After manual model 

creation in Coot (Emsley & Cowtan, 2004) and alternate macro-cycles of iterative refinement using 

PHENIX.refine ( Terwilliger et.al., 2012b) , the entire model was achieved. MolProbity and other 

validation tools in 
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PHENIX were used to perform stereochemical and statistical validation of the model. PyMOL (org & 

2002, n.d.) was used to construct structural figures. 

 
Table 2.2 ΔPspA protein crystals occur under particular conditions. 

 
No. Precipitation Reagent Buffer Salt  

1. 10% w/v PEG6000 100mM HEPES pH 

 

7.5 

 5% v/v MPD 

2. 20% w/v PEG8000 100mM MES pH 6.0 200mM Calcium 

 

acetate 

 

3. 20% v/v PEG550 MME 100mM BICINE pH 

 

9.5 

100mM NaCl  

4. 20%w/v PEG8000 100mM CAPS pH 

 

10.5 

200mM NaCl  

5. 20% v/v PEG400 100mM HEPES pH 

 

7.5 

200mM CaCl2  

 

 

 

2.9.2 Crystallization trial of PcrG and PcrG-PcrV complex 

 
 

Microcon centrifugation was used to concentrate purified proteins (or protein complexes) acquired 

through gel filtering. Sitting-drop vapor diffusion techniques were utilized to screen for optimal 

crystallization conditions by mixing protein and reservoir solution. Crystal screens from Wizard and 

Jena Bioscience as well as systematic grid-screening methods were used. On the crystal screen, some 

tiny-shaped (Fig. 2.2A1, A2), as well as brush-shaped (Fig. 2.2B1, B2) crystals, formed, but these 

were not reproduced following severe optimization. 
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Fig 2.2 Crystals of PcrG and 

PcrG-PcrV complex. After 

one month in the phosphate 

buffer condition, tiny shaped 

crystals of PcrG formed. 

However, after four months in 

the presence of 100 mM 

Imidazole (pH 8), 33%v/v 

MPD and 200mM MgCl2, a 

few brush-shaped crystals of 

the PcrG-PcrV complex crystal 

appeared. 
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CHAPTER 3 

 

3. The binding energy of the dimeric structure of PcrG, a type three 

secretion system's tip chaperon of Pseudomonas aeruginosa, has been 

revealed via umbrella sampling. 
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3.1 Introduction: 

 

The gram-negative bacteria Pseudomonas aeruginosa is an opportunistic and strong pathogen that 

causes acute infections in immunocompromised people (Sadikot et al., 2005). It is mostly responsible 

for nosocomial pneumonia and other infections caused by burns, wounds, urinary tract infections, and 

cystic fibrosis (Bassetti et al., 2018). The Type 3 Secretion System (TTSS) is used by Pseudomonas 

aeruginosa to transmit pathogenicity into the host cell. It's a one-of-a-kind pathogenicity-spreading 

mechanism found predominantly in gram-negative bacteria (Halder et al., 2019). The injectosome, 

which is made up of 20 highly conserved proteins (Yahr et al., 1997) and aids in the transport of 

bacterial toxic effector proteins into host cells, is an unavoidable and necessary component of TTSS 

(Galle et al., 2012b, Cornelis, 2006). The injectosome is a well-defined model that includes a base 

structure and a needle complex (Lombardi et al., 2019). A translocon is generated at the tip of the 

needle by three translocator proteins: PcrV, PopB, and PopD. Two of these translocators (PopB and 

PopD) are hydrophobic, forming holes in the host cell membrane, while the hydrophilic translocators 

(PcrV), also known as virulence factors or V-antigen, aid in the assembly of the hydrophobic 

translocators (Goure et al., 2004). PcrV (or V-antigen) is a hydrophilic translocator that interacts with 

PcrG in the cytosol, an effector chaperone of P. aeruginosa's Type 3 Secretion System (Allmond et 

al., 2003). The needle tip protein chaperone PcrG regulates both the secretion activity of apparatus 

and the secretion of effectors from the bacterial cytoplasm into the host cytoplasm (Lee et al., 2010). 

These two roles are tightly regulated by two distinct areas. In addition to its export chaperone activities, 

PcrG also acts as a break and make switch for regulating effector secretion (Lee et al., 2014). Although 

deletion of the 24 C-terminal amino acids of PcrG does not affect the functional activity through 

complex formation, experimental studies indicate that PcrG and PcrV interact at a 1:1 ratio (Nanao et 

al., 2003; Sundin et al., 2004). Apart from the knowledge that it is a negative regulator of TTSS, 

nothing is known about the actual mechanism of PcrG regulation (Sundin et al., 2004; P. C. Lee et al., 

2010b). The deletion of pcrG or 
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pcrV led to a partial deregulation of effector secretion, but the removal of both genes resulted in a 

high degree of effector secretion (P. C. Lee et al., 2010b). Though PcrG's 40 N-terminal amino acids 

are enough to export its homologous substrate PcrV (11), the N terminal 40aa plays no function in 

regulation (P. C. Lee et al., 2014). In experiments, PcrG fused to the C terminal region of MBP has 

been shown to aid in the stability of PcrG fragments. PcrG is a 98-amino-acid polypeptide chain with 

a single component. It has one tryptophan (W37) side chain, one tyrosine (Y7) side chain, one 

phenylalanine (F51) side chain, and no disulfide bond. Furthermore, charged residues make up 

roughly a third of all amino acids. The NMR structure of PcrG also indicated that there is no tertiary 

structure, but that it does include a secondary structure dominated by two lengthy helices (Chaudhury 

et al., 2015). 

With the aforementioned concerns in mind, we addressed the protein's structure, folding, and 

functions using a multidisciplinary approach. For the first time, the protein's dimeric state in solution, 

its specific and overall interface stability, and the issues of its most flexible region are depicted. We 

believe that this work will have an impact that can be applied to other similar systems. 

 

3.2 Results 
 

3.2.1 In solution, helix-enriched PcrG exists as a dimer. 
 

Pseudomonas aeruginosa PcrG (UniProt ID: Q9I326; Pfam ID: PF07216) is a type-III secretion 

apparatus component that negatively regulates the secretion of the host-infective protein. This 

protein's sequence and composition, which is capable of protein-protein interaction, are very 

distinctive (Fig. 3.1). This small protein (98 residues) is formed by the seventeenth type of residue (Lys, 

His, and Cys are absent). The protein has a helix tendency (Glu, Arg, Gln, Ala, Leu) in 2/3 of its 

residues, followed by a coiled structure (Fig. 1A, B), according to SOPMA (https://npsa-

prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html) analysis. The ProtParam 

analysis of the protein sequence ("The Proteomics Protocols Handbook," 2005) reveals that it has 

many interesting properties. Because two basic residues are missing from the PcrG sequence, the 
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acidic residue takes precedence (Fig. 3.1A), and the protein has a pI of 4.8. Despite the fact that the 

amounts of hydrophilic and hydrophobic residues are equal (50 percent each), the sequence's   GRAVY 

value is -0.58. It is also mentioned here that the amount of charged residue (30.6 percent) is 

significantly higher than that of polar residue (18 percent). Furthermore, Gly is the order structure 

breaker, which is why the 3D structure's flexibility is kept at a high level (9 percent). It is worth noting 

that the protein's sequence contains only one Trp and one Tyr. Furthermore, the protein's instability 

index (i.e., 52.12) is very low. 

 

According to the final purification step of this protein using the gel filtration method, its molecular 

weight is close to 30 kD (Fig. 3.1C & inset). Running an SDS-PAGE in the absence and presence of 

glutaraldehyde, which acts as a cross-linker, reveals that the former corresponds to the monomeric 

form of the protein and the latter to the dimeric form (Fig. 3.1D, E). In this case, the gel filtration and 

cross-linked gel results are comparable. Furthermore, the protein's dimeric form is confirmed in the 

native gel (Fig. 3.1F). 

Fig 3.1 The gel and spectral properties indicate 

that PcrG exists in solution as a dimer. 

Sequence and SOPMA analysis of PcrG (Fig.1 A, 

B). The chromatogram of PcrG gel-filtration 

(elution maxima marked by dotted lines) and the 

log molecular weight vs. elution volume plot for 

standard proteins (inset) are shown (Fig.C). SDS-

PAGE and cross-linked of the gel-filtered protein 

along with standard molecular weight markers 

(Fig.D&E) and Native gel along with alcohol 

dehydrogenase (ADH) as a marker (Fig.F). 
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Tryptophan fluorescence is an effective tool for studying the structure and dynamics of tryptophan's 

local environment in proteins (Vivian & Callis, 2001). In addition, the protein contains only one 

tryptophan (i.e., W37). Figure 3.2B depicts the protein's typical emission spectrum, which shows that 

the value of max is at 340 nm. In our secondary structure prediction, we discovered that the helix 

structure predominates in the protein (Fig. 3.2B). We performed a far-UV CD experiment on the 

purified protein to check the secondary structure in solution conditions. The characteristic double 

minima of ellipticity, one at 222 nm and the other at 210 nm, indicates that the protein has a helix 

structure (Fig. 3.2A). In addition to this helix structure, the protein's coil also predominance and is 

significant. 

 

 

Fig 3.2 CD and fluorescence properties of PcrG. A, Typical fluorescence spectrum of the gel-filtered PcrG (10 μM) 

in 20 mM Tris-Cl buffer pH 8.0. B, Typical far-UV CD spectra of the gel-filtered PcrG (15 μM) in 20 mM Tris-Cl 

buffer, pH 8.0. 

 

However, the protein's dimeric form in the solution is quite surprising. In this case, we want to know 

what the structure of this dimer is and how the interface of this dimer acquires stability in a dynamic 

state. To answer these questions, we used MDS and other methods to characterize the stability and 

other properties of the interface of the proteins in-silico dimer structure. 
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3.2.2 Certain residues and a salt bridge are required for the interface to be stable. 

 
 

The interface is formed by the interaction of the inter-helix and the coil. Surprisingly, the majority of 

these interface residues are hydrophobic (Fig. 3.3B). In this section, we asked which of these residues 

has an interface property. To answer this question, we extracted the propensity of amino acid residues 

in an interface subunit (Fig. 3.3C). We can see that only a few residues have a proclivity to be at the 

interface, where polar (with Tyr having the highest proclivity) and hydrophobic residues predominate.  

 

 

Fig 3.3 The homodimer interface of PcrG is very distinctive in terms of salt-bridge and residue type. A, the residues 

of the interface of the two subunits (red, A-chain and green, B-chain) are shown by different colors (blue, A-chain residue, 

and yellow, B-chain residue). B, The normalized frequency of the residue class of the interface (only for the A-chain of 

the homodimer). C, Interface residue propensity of dimeric PcrG. 

 

However, in order to better understand the significance of salt bridges in interface stability, we 

conducted a salt bridge analysis (Table 3.1). Several points are worth mentioning here. To begin with, 

we can observe that the interface is made up of isolated (IP) and network (NU) salt bridges, with IP 

being the more common. Second, while these salt bridges have lower de-solvation energy, the bridge 

energy term is more favorable (Table 3 .1). Finally, we can see that background 
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energy (ΔΔGbac) is lower in terminal salt bridges but higher in salt bridges created in the mid-region 

of the interface (Table 3.1). Finally, for salt bridges with higher background energy, the net stability, 

which is the sum of the above-mentioned component energy components, is larger. 

 
Table 3.1 The interface forms a stable but limited number of IP and NU-type salt bridges. Salt-bridge (SB) 

component (ΔΔGdslv, ΔΔGbac, and ΔΔGbrd) and net (ΔΔGnet) energy terms are presented along with bond-multiplicity 

(mul), average distance of interaction (av-dist) and average accessibility (avASA). 

 

Unit Component terms Kcal/mol Kcal/mol count Å Å2 

SB ΔΔGdslv ΔΔGbac ΔΔGbrd ΔΔGnet mul av_dist avASA 

D3_R29 5.57 -1.31 -6.83 -2.57 4 3.42 35.4 

R24_D3 1.11 -0.53 -4.95 -4.37 4 4.04 66.2 

R31_E35 5.06 -8.82 -6.31 -10.07 5 4.07 33.5 

E35_R31 4.25 -9.13 -5.18 -10.06 3 3.92 35.4 

R94-E63-R86-E64 14.35 -1.72 -22.32 -9.69 14 3.92 35.08 

 

 

 

 

3.2.3 The stability of the interface of the dynamic state of the PcrG dimer was analyzed. 

 
 

We were able to see the PcrG dimer from the actual solution state using a homology model and 

docking (Fig. 1A). The challenge here is whether this PcrG dimer structure can preserve its integrity in 

a dynamic state. To better understand this, we ran a dynamic for forty nanoseconds and performed 

some basic analysis (see Figure 3.4). The stability of the protein is determined by the RMSD pattern 

of the protein states occupied in the trajectory. After 5 ns, the trajectory pattern of the backbone RMSD 

of the PcrG dimer is nearly unchanged. Furthermore, the RMSD's overall average value (2.7) is 

extremely low. 
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Similarly, the RMSF value indicates the hardness and flexibility of each residue position's main chain 

in the protein states recorded throughout the route. Although the value of this RMSF after five 

nanoseconds is close to that of the normal native state (Sen Gupta et al., 2020), the hardness and 

flexibility of distinct regions of the PcrG dimer should be noted. The residues 15 to 40 ( Fig 3.3A), 

which forms a Helix-bend-Helix-like structure and is involved in the compaction of the dimer 

interface (Fig. 3.3A), is stiffer than the rest of the yellow color. On the other hand, the residue area 

sixty to eighty, which forms a helix structure in connection with some coil structures and is furthest 

from the interface, is the most flexible. The borders of this stiffness and flexibility exist within the 

boundaries of the normal native state, based on the total average value (i.e., 0.30 nm). 

 

As shown in Figure 3.4C, the SASA value is critical for comprehending the average assemblage of 

protein residues in connection to dynamic states. The SASA value of a protein is determined by the 

content of its residues as well as the nature of the residue (hydrophilic or hydrophobic). As previously 

stated, half of the PcrG residues are hydrophilic, while the other half are hydrophobic, with the former's 

side-chain interacting with the bulk solvent. The fact that the average SASA value is smaller (112 

nm2) than that of a typical monomeric protein (Gupta et al., 2020) could be due to PcrG's dimer state, 

which prevents bulk solvent from reaching the interface. 

 

Rg values are used to understand the packing, compaction, and dimension of the dynamic states of a 

protein. The Rg value of PcrG is 1.46, and the variance throughout the trajectory is almost non- 

existent, suggesting that our protein is partially compact. This property means that the changes in 

these dynamic parameters (i.e., RMSD, SASA, and Rg) from the start to the end of the trajectory are 

essentially non-existent. 
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Fig 3.4 RMSD (A), RMSF (B), SASA (C) and Rg (D) 

 

of dimer PcrG. Here, the overall average value of the 

trajectory part of more than five nanoseconds in each 

case (A-D) is shown with the plot. The trajectory pattern 

of the PcrG dimer's backbone RMSD is nearly 

unchanged after 5 ns. The RMSF value indicates the 

rigidity and flexibility of each residue position in the 

protein states acquired along the trajectory. The SASA 

value indicates that half of the PcrG residues are 

hydrophilic and the other half are hydrophobic, where 

the former's side-chain interacts with the bulk solvent. Overall, the Rg value of PcrG is 1.46, with almost no variation 

along the trajectory, indicating that our protein is compact. 

 

We used the umbrella sampling method to determine the overall strength of the interface (Fig. 3.5), 

and the strength of the PcrG interface is 54.07 Kcal/mol, which is fairly high. Because the interface 

contains a large number of hydrophobic residues, hydrophobic interactions, in addition to salt bridges, 

appear to play a role in the overall energetics of the PcrG contact. 

 
Fig 3.5 umbrella sampling and interface residues. In between are shown the 

initial and final state structures for umbrella sampling, as well as three 

intermediate structures. The potential mean force (PMF) is plotted against 

distance to calculate the overall interaction energy of the interface. The 

propensity of the interface residues in an initial state of dimeric PcrG also 

represents, that Tyr contribution is much higher than others. 
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3.3 Discussion 

 
 

The study of the structure, stability, and interaction of the microorganisms' proteins that mediate the 

host's infection is extremely beneficial. PcrG from P. aruginosa is such a complex protein that many 

of these details remain unknown. We chose the current study with this in mind. Because the protein 

has a low residue count, it should be simple to characterize. As evidenced by the gel run, the protein 

is present in the solution as a dimer. Many chaperones are also present in the solution in dimeric form 

(Birtalan & Ghosh, 2001), according to other research (Birtalan & Ghosh, 2001; Ye et al., 2018). The 

fluorescence spectrum probes the dynamic state of the protein tertiary structure. The spectral 

characteristics in the native state indicate that each subunit's tryptophan exists in an asymmetric 

environment. The relative accessibility of the side-chain of this tryptophan is 162, according to the 

NACCESS study of the homology model of the protein dimer. As a result, we predict a mild intensity 

from this partially exposed form of tryptophan, which, if strong enough, could indicate the dimer's 

condition (i.e., two tryptophan probing). We confirmed that the protein is helix enriched using circular 

dichroism, which was followed by coil structure, as expected (Siddiqui et al., 2017). Several in-silico 

methods were used to get a deeper insight into the properties of the true solution state of PcrG. The 

protein sequence's physicochemical properties reveal a lot about its tertiary structure. The reason for 

the low GRAVY value is that bulky hydrophobic residue like Ile, Val, Phe, and others, which have 

large positive GRAVY values, are toward the bottom of the sequence. The instability index shows 

that the protein sequence's overall expected stability is lower than that of a normal monomeric protein 

(Rumfeldt et al., 2008). This shows that the parts of the interacting residue at the interface may be the 

source of the instability. This type of instability, which is used to achieve contact specificity (in this 

case, dimer formation), is not rare in other proteins. In general, it has been shown that the average 

accessibility of salt-bridge partners influences the results of component energy terms such as 

desolvation and bridge energy terms. The background energy term is mostly indifferent in this case 

(AK et al., 2020; S. Banerjee et al., 2021). In our example, all salt bridges are present in the 
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interface's surface region. As a result, the desolvation energy term should have a smaller value. The 

bridge energy, on the other hand, was predicted to be low (Kumar & Nussinov, 1999), which was not 

the case. The bridge energy, on the other hand, was predicted to be low, which was not the case. The 

recruitment of favored pairs of salt bridges out of all available pairs of salt bridges results in higher-

than-expected bridge energy. It is indicated here that the RD and RE pairs, which are the pairs in our 

situation, have a bridge energy advantage (Blasie & Berg, 2004; Meuzelaar et al., 2016). Furthermore, 

because the partners of these selected pairs have a high helix propensity, they may enrich the helical 

structure at the interface. The presence of interchain helices at the interface is thought to aid in the 

compaction of the interface. Although salt bridges improved the interface's stability (C. Roy & Datta, 

2018), there are only five salt bridges on the interface. Furthermore, hydrophobic residues, which are 

unrelated to salt-bridge mediated stability, have a greater interface. In other words, aside from the salt 

bridge, hydrophobic force is expected to play a considerable role in the stability of the interface due 

to the prevalence of the hydrophobic class of residues. We remark that the energy of the salt bridge 

was recovered using the APBS method, which is a Poisson-Boltzmann-based multiparameter 

numerical solver (AK et al., 2020). It's an ad hoc procedure that can diverge from precision in high 

salt and pH situations. It is also noted that in this calculation, no estimation of hydrophobic force is 

conceivable. During this calculation, we employed mild or default APBS run-time options. 

 
Molecular modeling and docking techniques were used to create the dimer PcrG. We analyzed several 

molecular dynamic parameters over a forty nanosecond MDS trajectory to rule out the static sense of 

the dimer structure and check the variation of the dimer state in a dynamic situation, despite the fact 

that our model structure has been well qualified using several validation procedures. We also used the 

umbrella sampling approach to determine the overall interface stability of the dimer interface. The 

RMSD data not only highlights the MD trajectory's equilibrium and convergence, but they may also 

suggest the dimer PcrG's excellent stability. After 5 ns, the initial and end states of the 

trajectory, including the intermediates, are nearly identical. Surprisingly, the RMSF data variance 
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aids in the identification of the dimer interaction site, which is a helix-bend-helix-like structure. The 

lower RMSF value in this region could be attributed to less fluctuation of interacting side-chains at 

both chains' interfaces. The lack of such inter-helix interactions could explain why the fluctuation for 

the higher RMSF value region is so much larger. It's worth noting that, while there is some variance 

in the RMSF values, it looks to be within the bounds of a typical MD trajectory (Akhilesh et al., 

2021). Similarly, SASA and Rg result back up the idea that the native dimer state is quite stable during 

the MD run, resulting in a very stable structure. 

 

It is quite difficult to comprehend the protein-protein interface ensemble stability. Notably, we only 

acquire the precise electrostatic contribution by estimating the interface salt-bridge net stability. 

Hydrophobic residues are more frequent than other residue types in the PcrG dimer. As a result, 

understanding ensemble stability not only allows us to understand why the PcrG dimer is so stable, 

but also allows us to understand the contributions of other components (hydrophobic, electrostatic, 

and so on). To approach a true ergodic system, we used the umbrella sampling technique, which 

carefully evaluates the sampling of states with similar ranges of variation in potential energy barriers 

(Torrie & Valleau, 1977). We used the same method as Dom et al. (2015) and calculated the total 

strength of the contact to be-54.07 Kcal/mol. It's worth noting that particular electrostatic stability 

alone contributes 30 Kcal/mol to interface stability, implying that hydrophobic and other forms of 

interactions account for the remaining 24 Kcal/mol. Although hydrophobic residues contribute to the 

above-mentioned electrostatic energy, their contribution is minor. We expected hydrophobic 

interactions to outnumber other interactions since they occur more frequently than other kinds. There 

are a couple of things to keep in mind here. First, the number of hydrophobic residues in each chain 

may induce an entropic loss of contact energy in order for the interface to be compactly packed. In 

the case of the salt bridge, such congestion is ruled out because there are only a few people who may 

be in the hotspot on the entire interface. Second, the APBS Poisson-Boltzmann electrostatic energy 

is an approximation that is dependent on the computation model as well as many run-time parameters. 
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3.4 Conclusions 

 
 

Despite the fact that these procedures were obtained independently, they give the impression that the 

contact is quite stable, with contributions from both electrostatic and hydrophobic mechanisms. 
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CHAPTER 4 

 
4. The finding of pH-dependent conformational changes in PspA in 

Yersinia enterocolitica is facilitated by biophysical and computational 

approaches 
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4.1 Introduction 

 
PspA, a member of the PspA/IM30 family of adaptor proteins, regulates pspA-E and pspG 

transcription with the help of RNAP σ54 mediated transcription activator and ATPase partner protein 

of the cytoplasm, PspF (Osadnik et al., 2015). Not only that, but in a cellular stress situation, PapA 

interacts with membrane-bound PspBC proteins (Osadnik et al., 2015; Srivastava et al., 2017b). PapA 

was identified at diverse places of the cell, such as at the inner or peripheral membrane and in the 

cytoskeletal system, depending on the cell's state (normal or stress) and interaction with partner 

proteins. PspA is made up of three to four coiled-coil structures, the N-terminal of which contains 

144 residues and interacts with PspF. Although the psp system has been widely explored in E. coli, 

it is also implicated in the cell defense systems of Y. enterocolitica and Salmonella. There are two 

unlinked loci in the Y. enterocolitica genome, pspF-pspABCDycjXF and pspG. The conserved 

pspFABC gene controls the cell's physiological activity (Flores-Kim & Darwin, 2016a). PspA 

deficiency has been linked to a variety of physiological defects. However, because of the cell's 

physiological state, it's unclear how PspA interacts with distinct partner proteins from various 

subcellular sites. Also relevant is the question of how the change in cell pH caused by proton leakage 

affects the structure of PspA. 

Y. enterocolitica is nearly identical to that of E. coli (78 percent similarity), however, it lacks 

structural information. Leu, Ala (hydrophobic), charged residues (excluding Asp), and Gln (polar) all 

have high helix-propensity. pspA is a suitable system for fluorescence-based characterization since 

there is no Tyr and just a Trp (Hennig et al., 2017). Because PspA has a lot of titratable amino acid 

side chains, it's important to understand how pH variations alter the protein's structure. 

We think that the knowledge gained from our research into the transduction of pH-dependent signals 

will throw light on PspA's unique role. This paper includes a description of the differential structural 
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properties of the end-states, including particular electrostatic strength, derived from pH-dependent 

molecular dynamic simulation. 

4.2 Results 

 
4.2.1. Physicochemical analysis and structure prediction of PspA and PspF 

 

The 3D structure and interaction codes are linked in the protein sequence. To further comprehend the 

differences between the sequences of PspA and PspF, we evaluated their physicochemical 

characteristics. It has a substantially lower average hydrophobicity and a much greater average 

hydrophilicity than the latter (Fig. 4.2A, B). Similarly, to PspF (Fig. 4.2C), the 90-110 region of the 

sequence has a significant hydrophobic character, despite the fact that hydrophobic residues (HB) are 

slightly hampered due to the prevalence of charged residues (CR). A significant area (100 residues) 

in the center of the PspF sequence, on the other hand, displays substantial hydrophobic characteristics. 

Because of its C-terminal end, PspA's sequence includes more (18.6 percent) strong disorder-creating 

residues (S, E, R, P) than PspF's (13 percent). The secondary structure predictions of these two 

proteins provide quite different findings. While helix makes up the majority of PspA's secondary 

structure (95 percent), PspF's secondary structure is much more constant (Fig. 4.2D). 

We used the ab-initio approach to identify the structure of these two proteins because there is none in 

the database for Y.enterocolitica. The structures of PspA and PspF were derived from their complete 

sequences. PspA's structure is predominantly made up of helices, as evidenced by secondary structure 

prediction, which shows that the N-terminal helices (from residue 24 to residue 144) generate two 

distinct coiled-coil domain structures. It's worth mentioning that in the case of E. coli, a similar 

structure may be seen. The sequence from residue 144 to the C-terminal region contains pieces of 

small secondary structures, however, this area is quite disorganized (Fig. 4.3). PspF, on the other hand, 

is an enhancer-binding protein (EBP) that has at least two domains: a C-terminal domain with helix 

and turns, and an N-terminal domain that includes the central domain with helix and beta 

structure (Fig 4.3). The PspA and PspF of Y.enterocolitica contain highly conserved loops of the N- 
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terminal domain, loop-1 and loop-2, that interact with RNAP-σ54. The impact of pH on the structure 

and structural components is shown below. Taken together, we can say that the typical traits observed 

in other species are well displayed in our two model structures. 

 

 

Fig 4.1. The oligomeric and monomeric states of PspA (left). A. Ion-exchange chromatography of PspA shows, that 

maximum elution of PspA came out in flow-through (arrow mark). B. Size exclusion chromatography separates 

oligomeric (peak 1) and monomeric (peak 2) states of PspA. C. Purity checked by SDS-PAGE. 

The oligomeric and monomeric states of PspF (right). A. Size exclusion chromatography separates oligomeric (peak 

1) and monomeric (peak 2) states of PspF. B. Purity checked by SDS-PAGE. 

 

 

 

Fig 4.2 Physicochemical properties and model structure of PspA and 

PspF. Comparison of PspA and PspF's average hydrophobicity (A), 

average hydrophilicity (B), and amino acid class composition (C). 

Comparison between different types of the secondary structure of PspA 

and PspF (D). 
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Fig 4.3. Predicted modelled structure of PspA and PspF. 

 

4.2.2 The conformation of PspA secondary structure depends on the environmental pH 

The secondary structure of a protein may be thought of as the determinant of its topology and 

conformation, and it can be precisely explored using circular dichroism and FTIR 

spectroscopy. We wonder how the shift in pH impacts secondary structures because it is 

followed by a significant change in PspA's conformation. The ellipticity ratio (CD222:CD208) 

graphic clearly shows the difference between this pH form and other pHs, where, θ222: θ208 is 

one that indicates its 100% helix property (Banerjee et al., 2017). The helix-to-coil transition 

may be deduced from the fact that there are slightly negative minima at 210-220 nm at all pHs, 

which might imply a -like conformer. This type of conformation is most noticeable around pH 

7.3. At pH 6.3, a single minimum was recorded at 200 nm, indicating the disorderliness of 

the system. 
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Fig 4.4 The secondary structure of PspA 

changes with pH. A. comparison of PspA 

far-ultraviolet CD spectra at pH 5.3 (red), 

7.3 (cyan), and 9.3 (blue). B. The PspA 

 

222 to 208 ratio varies with pH. C. 

Structure's relative value to pH (218 nm). 

 

 

 

 

 

 

 

FTIR spectroscopy was used to investigate the secondary structure of PspA at various pH 

levels, as shown in Figure 4.5. The CD results are supported by the FTIR results. Figure 4 shows 

the FTIR spectra of PspA at various pH levels in the 1600-1700 cm-1 region, which probes the 

vibrational frequency of distinct amide bonds in the protein's main chain that is associated with 

the secondary structure. PspA's secondary structure is most likely a-helical at pH 5.3 and 9.3 

(wavelengths of 1653 cm-1 and 1651 cm-1, respectively), while intermediate helical 

conformation (1639 cm-1 - 1648 cm-1) was predominant at pH 6.3, 6.7, and 8.3 and was also 

weakly detectable at pH 7.3. However, at pH 7.3, considerable alterations have been detected 

(Fig. 4.5). 
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Fig. 4.5 Comparison of FTIR spectral 

characteristics of PspA at different pH. Spectra 

showing conformation of secondary structure where, 

α-helix, intermediate helix, β-turn, and β-sheet 

conformer denoted as an asterisk (*). Spectra of PspA 

at pH 7.3 (cyan) show β-turn and β-sheet-like 

conformation whereas at the pH of 5.3 (red) and 9.3 

(blue) show α-helix and intermediate helix-like 

conformation. 

 

 

 

 

 
Where the protein usually switches to a mix of extended ß-strand (1624 cm-1, 1660 cm-1, 1696 

cm-1) and ß-turn (1624 cm-1, 1660 cm-1, 1696 cm-1) and ß-turn (1624 cm-1, 1660 cm-1, 1696 cm-

1) (1680 cm-1). We wanted to know how pH affects PspA's oligomeric form, which helps it 

adapt to stress. In effect, we ran an AFM experiment that was pH-dependent. 

4.2.3 Tendency of oligomerization of PspA at different pH conditions 

 
The oligomeric state of PspA is determined by the location, contact, and function of the cell. 

In neutral pH, the lower oligo-form predominates over acidic and alkaline pHs. The findings 

of the pH-dependent AFM experiment have been used to demonstrate this. The shapes of acidic 

and basic pHs may also be compared to a bead in a chain when contrasted to neutral pH (Fig 

4.6). That indicates PspA's neutral pH foam structure is most likely the best for interacting with 

PspF. PspA's pH-dependent secondary structure and oligomeric state, on the other hand, were 

detected. 
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Fig. 4.6 Levels of oligomerization 

of PspA at different pHs. Compared 

to pH 7.3 (B), the level of 

oligomerization in pH 5.3 (A) and 

9.3 (C) is visible. In pH 5.3 and 9.3 

PspA looks like a higher-order chain 

like oligomers whereas less/scattered oligomeric nature is observed in pH 7.3. 

 

 

4.2.4. Salt-bridge helps to maintain the overall tertiary structure of various structural 

conformers at different pH conditions 

We used pH-dependent MDS to determine the influence of PspA confirmation on pH, and the 

results are shown in Fig. 4.7. There are a few aspects worth mentioning. The coiled-coil of the 

N-terminal interacts with PspF first. In pH 7.3, the bending of this coiled-coil structure of 24 

to 144 residues is pH-dependent, extending from rough residue 58 to 110 (Fig 4.7AII). Despite 

the fact that this distinctive bending is present at all pH levels, the residue expansion of the 

bend zone and the bend curvature vary greatly. Based on these parameters, it can be concluded 

that the bending of pH 7.3 is more flexible than that of other pHs (Fig. 4.7AII). Although the 

helix structure is present in 61%, 65%, and 68% of the time in pH 5.3, pH 7.3, and pH 9.3, 

respectively. The Stride web server (Heinig & Frishman, 2004) was used for these 

investigations. Another feature that distinguishes Neutral pH from other pHs is the existence of 

an anti-parallel-like structure (Fig. 4.7BI). 
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Fig. 4.7 Superimposition of 

different pH forms of PspA. 

A. Combined superimposition 

of pspA's pH 5.3 (red), pH 7.3 

(cyan), and pH 9.3 (blue) 

models with an enlarged view 

of part of c-terminal (AI) and 

bend junction (AII) regions. 

B. Similar   presentation   of 
 

 

 

 
highlight of specific C-terminal regions. 

superposition of pH-models 

after 180o rotation with the 

 
 

Second, we can see how the conformation changes as the pH changes. What effect does this 

conformational shift have on the salt bridge and its energetics? Salt bridges are divided into 

two categories: IP and NU. Table 4.1 demonstrates a large difference in the frequency of IP 

and NU salt-bridge types as pH changes. Because of the shift in the pH-dependent 

conformation, the specificity of the salt bridge is altered, and the overall frequency of the salt 

bridge in pHs 5.3, 7.3, and 9.3 is 19, 16, and 18, respectively. In other words, the variation of 

conformation with pH is supported by the change of salt bridge. The change in specificity is 

accompanied by a shift in the salt's position (core or surface). 
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Table 4.1 pH-dependent IP and NU salt-bridge frequency, overall and per-salt-bridge energetic (IP = isolated 

pair; NU = network unit). 

 
protein IP pair NU pair total pair IP Energy NU 

Energy 

Total 

Energy 

Energy/SB 

pH5.3 6 13 19 -24.9 -57.91 -82.81 -4.35842 

pH7.3 10 6 16 -53.79 -32.21 -86 -5.375 

pH9.3 13 5 18 -68.42 -15.79 -84.21 -4.67833 
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Although the salt-bridge frequency at pH 7.3 is low, the per-salt-bridge stability point is the 

greatest (Table 4.1). The study of structures at pH 7.3 and pH 5.3 shows that the conformation 

of acidic and alkaline structures differs greatly from that of neutral pH. The challenge now is 

which of these structures binds PspF the most firmly. We've published the results of a binding 

experiment to help you understand (see below). 

 

4.2.5 The binding stability of PspA with PspF is regulated by pH 

 
The optical analytical approach of bio-layer interferometry was used to study the real-time 

interaction between PspA and PspF at varied pH settings (Fig. 4.8). PspA and PspF have an 

extremely high dissociation constant in pH 5.3, indicating quick dissociation. In this case, 

increasing the pH to neutral, 7.3 (also pH 6.7), results in the lowest average dissociation 

constant, implying the maximum contact affinity between PspA and PspF (1.55 M). 

Surprisingly, the interaction effects of these two proteins decrease at alkaline pH (pH=9.3). 

Taken together, the affinity of the interaction between PspA and PspF is strongest at near- 

neutral pH, whereas the largest and moderate deviations occur in acidic and alkaline 

circumstances, respectively. The best fit model of the interaction data between PspA and pspF 

indicates that their binding stoichiometry is 2: 1, meaning that one mole of PspF interacts with 

two moles of PspA. 
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Fig. 4.8 An overview of the 

interaction between PspF and 

PspA at various pH levels. The 

binding affinity of PspF with PspA at 

different pH levels was determined 

using a binding kinetics assay using 

bio-layer interferometry. The 

interaction between PspA and PspF 

has the greatest affinity at pH 7.3 

(cyan) and pH 6.7 (green), with the 

strongest and moderate deviation in 

acidic (pH 5.3) and alkaline (pH 9.3) conditions, respectively. The best fit model of pspA and pspF interaction 

data reveals that their binding stoichiometry is 2: 1, which means that one mole of pspF interacts with two moles 

of pspA. 

4.3 Discussion 

 

When a cell is exposed to stress, it may alter its normal metabolic state to defend itself. To 

transport protein and other biological components through the cell membrane in gram-negative 

bacteria, a multimeric secretin complex is required (Yamaguchi et al., 2010). Mis-localization 

of secretin occurs during extracellular stress or even under normal physiological conditions in 

the human pathogen Y. enterocolitica. Y. enterocolitica is a pathogen that causes many illnesses 

and deaths each year. Understanding the psp system appears to be relevant for both 

fundamental and applied considerations. For these reasons, we investigated the pH-dependent 

conformation change of PspA and the strength of its binding to PspF. Protrusion of cell protons 

occurs in response to extracellular stress, and this can be particularly sensitive to PaspA's 

structure and conformation. 

We used the ab initio approach to create the structure since the structure codes are contained in 

the protein sequence and the structure database does not have the structure of the two proteins 
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(PspA and PspF). A coiled-coil motif appears to be beneficial in protein-protein interaction and 

oligomerization. Again, as with the C-terminal section of PspA, the disordered region can 

operate as a determinant of specificity in this interaction. pi-pi is abundant in the center of most 

proteins, but it lacks here demonstrate the relevance of the weak forces mentioned earlier. This 

is due to the fact that a disordered protein can interact with a partner protein to obtain the desired 

shape and orientation (Widłak, 2013). Apart from specific-electrostatic (salt-bridge or ion-pairs) 

interaction, determinants of specificity appear to be pi-cation, pi-anion, pi-alkyl, etc., whose 

frequency is low or negligible. At pH 7.3, the bending and type of flexibility at the bend-junction 

of PspA's coiled-coil differ from other pHs. This type of bending is ideal for docking a partner 

protein and indicates that this pH form's interaction with PspF is higher than other pH forms. 

PspA and PspF interact to promote the lower oligomeric form of the former, while PspBC 

interacts to favor the higher form. This shift in conformation with pH, as seen in molecular 

dynamic data, circular dichroism, and FTIR spectroscopy, appears to be linked to the 

backbone's orientation and geometry. The specific explanation for this difference is unknown, 

although PspA's solution state suggests its interactivity has changed. The near-neutral pH has 

higher interaction than the others because of an anti-parallel ß-like structure in the C-terminal 

region, which is absent in the other pHs. The emergence of this structure at neutral pH appears 

to be the outcome of the coil to ß transition. 

PspA is thought to be a cell stress-protective protein that may modify its shape in response to 

diverse forms of stress. If PspA attaches to PspF in the cytosol, the cell is in a normal metabolic 

condition; if it does not, it has a low oligomeric state, which changes when the cell membrane 

is subjected to extracellular stress. This can alter the conformation of RNAP-σ54 and act as a 

binary switch in terms of its transactivation. Acid and alkaline pHs may act as stress signals for 

PspA, which releases PspF from PspBC in the membrane during translocation. The titration 
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state of the side chain of these residues is affected by pH fluctuation because the prevalence of 

a charged residue is naturally greater in the sequence of PSpA. This difference affects salt 

bridges that are in stable conditions with a pH of near neutral (pH 7.3). 

4.4 Conclusions 

 
As a result, the overall stability of the protein fluctuates with changes in pH, potentially 

affecting the protein's global shape. We hypothesize that this PspA is a negative regulator of 

PspF at neutral pH and a helpful type of interaction with PspBC on the membrane at acidic or 

alkaline pH. Furthermore, it's possible that the pH shift in the in vitro condition can replicate 

the status of PspA in the cell's cytosol and membrane in the in vivo situation. We believe that 

by studying PspA's pH-dependent conformational shift, we will be able to learn more about 

how it transmits stress signals. 
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CHAPTER 5 

 
5. Domain crystallization and diffraction of PspA, a phage shock protein A 

of 

 

Yersinia enterocolitica 
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5.1 Introduction: 

 
The phage shock protein (PSP) system is an adaptive response system in many bacteria to 

subvert various cellular stresses which may affect their cellular integrity. Phage shock protein 

A (PspA) is a critical player in the PSP system and was first reported in the case of filamentous 

phage-infected Escherichia coli. PspA belongs to the conserved PspA/IM30 protein family that 

includes proteins across bacteria (Jordan et al., 2006), archaea, and plant chloroplasts. PspA 

interacts with two sensor membrane proteins namely PspB and PspC, as well as with PspF 

(Dworkin et al., 2000), a transcriptional regulator. Similar to the pIV protein, which induces 

the E. coli pspA operon, activation of the PSP system in Y. enterocolitica results from the 

overproduction of YscC (a secretin family protein). Conclusively, the PSP response is an 

important envelope stress response (ESR) that has been associated with various significant 

phenotypes, including virulence in many pathogenic bacteria. 

Although Y. enterocolitica is ~77 percent identical to E. coli, structural information is lacking. 

Helix-propensity is high in Leu, Ala (hydrophobic), charged residues (except Asp), and Gln 

(polar). As, PspA was discovered to connect with two tiny membrane proteins and putative 

sensors, PspB and PspC, as well as with PspF (Dworkin et al., 2000), the transcriptional 

activator of the system, resulting in a negative feedback loop as part of a stress-inducible 

system. So, crystallization and structure determination of PspA is very crucial for a better 

understanding of the mechanism of PSP system. Though the C-terminal part of PspA is very 

much flexible and disordered (through ProDOS server analysis, Fig 5.1C), so stable domain of 

PspA is also important for understanding the structural point of view. Coiled-coil domain is 

important for self assembles, which may help to support the membrane during stress conditions 

of the bacterial cell (mainly leakage of membrane). 
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One of the most common structural motifs in proteins is coiled coils, which are supercoiled 

bundles of a-helices (Hernandez Alvarez et al., 2008). According to conservative estimations, 

a-helical coiled coils include around 5% of all residues in proteins (Lupas et al., 1991). Protein 

symmetry, particularly homo-oligomerization, appears to facilitate protein crystallization. 

Crystallization trials have even utilized artificial symmetrization, which forces proteins into a 

dimeric state via disulfide bonds (Banatao et al., 2006). Though ΔPspA has no cysteine in 

protein sequence, however, in gel filtration data and from the final refinement model, we may 

suggest that ΔPspA exists in solution as a dimeric form. 

5.2 Results: 

 
5.2.1 In solution, ΔPspA exists as a dimer 

 
The molecular weight of this protein is close to 18 kD, according to the final purification step 

by the gel filtration process (Fig. 5.1C & inset). Running an SDS-PAGE in the absence and 

presence of glutaraldehyde, a cross-linker reveals that the former belongs to the monomeric 

form of the protein and the latter relates to the dimeric form (Fig. 5.1C, D). The gel filtration 

and cross-linked gel outcomes are identical in this case. 
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Fig 5.1 The SEC and standard plot. SEC indicates that ΔPspA exists in solution as a dimer. The chromatogram 

of ΔPspA gel-filtration (A) and the log molecular weight vs. elution volume plot for standard proteins are shown 

(B). purity checked by SDS-PAGE (C). Glutaraldehyde cross-linked of ΔPspA (D).
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5.2 Crystal morphology and diffraction of ΔPspA crystal 

 
Protein crystallization is a major bottleneck in the entire process of protein crystallography, and 

obtaining diffraction-quality crystals can be unpredictable and challenging at times, 

necessitating multiple rounds of high-throughput screening (M. J. Y. Lee et al., 2014). 

Researchers have been exploring the relationship between crystal structure and morphology for 

over a century. According to geometrical considerations and growth rates, the larger the 

interplanar distance dhkl, the lower the face's growth rate (hkl) (Plomp et al., 2002). 

We arere aiming to make some diffract quality crystals here. A large number of crystals 

appeared on the crystal screen under various conditions. However, not all beautiful crystals 

(fig. 5.2) are diffracted; some are (fig. 5.3A, B, and C). Diffracted crystal has a rod-shaped 

form. In the sitting drop vapor diffusion method, the crystal emerged after 4 days. Cryo-

solutions containing 10% glycerol were employed to increase diffraction quality (fig. 5.3D, E, 

F). However, diffraction quality did not improve. 
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Fig 5.2 Protein crystals shape of ΔPspA. Crystals of various shapes (rod, hexagonal, spick, and brush-shaped) 

emerged during sitting drop vapor diffusion but were not diffracted. Conditions are described in the 

methodology section (Table 2.2). 
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Fig 5.3 Crystals and diffractions pattern of ΔPspA. rod shape crystal appeared to appropriate buffer condition 

(PEG400, HEPES, and CaCl2, Table 2.2). D, E, F, showing the diffraction pattern of crystal. 

5.3 Structure determination from diffraction data 

 
Rosetta model building coupled molecular replacement (MR-Rosetta) (Terwilliger et al., 

2012b) provides a partial solution of ΔPspA. After manual model creation in Coot (Emsley 
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& Cowtan, 2004) and alternate macro-cycles of iterative refinement using PHENIX.refine 

(McCoy et al., 2007b), the entire model was achieved. The structure was primarily solved at 

4.38Å resolution in the P3221 space group (Table 5.1). MolProbity and other validation tools 

were used to perform stereochemical and statistical validation of the model (fig 5.4). PyMOL 

was used to construct structural figures. 

Table 5.1: Data and refinement statistic from preliminary full wwPDB X-ray structure validation report 

 
 

Space Group P 32 2 1 

Unit Cell 97.22 97.22 128.32 

 

90.000 90.000 120.000 

Resolution Range (Å) 23.47 – 4.38 

Completeness (%) 97.5 

Mean I/sigma(I) 10.47 

Wilson B-factor (Å2) 91.2 

R-work 0.395 

R-free 0.399 

Macromolecule atoms 1949 

Protein residues 243 

Ramachandran outlier 0 

Sidechain outliers 1.8% 

Classcore 11 

RSRZ outliers 0 
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Fig 5.4 Structure of ΔPspA. There is 4 ASU content in the unit cell (A) 2F0-FC electron density map contoured 

at 2σ (B). the region displays probable interacting residues (B1, B2). The backbone is properly fitted in the electron 

density map (C). Loop and highly flexible portions are deleted (D). model of ΔPspA (C). the complete model was 

built by coot and pymol software (E). 
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Table 5.2 Interaction of inter-chain residues: 

 
5.2.1 Hydrophobic Interactions within 5 Angstroms 

 

Position Residue Chain Position Residue Chain 

 

 
79 LEU A 134 ALA B 

 
 

134 ALA A 79 LEU B 

 

 

 

 

 
5.2.2 Side Chain-Side Chain Hydrogen Bonds 

 

 
DONOR ACCEPTOR 

 
 

POS 

 

CHAIN 

 

RES 

 

ATOM 

 

POS 

 

CHAIN 

 

RES 

 

ATOM 

 

MO 

 

Dd-a 

 

Dh-a 

A(d-H- 

 

N) 

A(a- 

 

O=C) 

16 A ASN ND2 84 B GLU OE2 2 3.23 3.26 79.43 999.99 

72 A GLN OE1 131 B GLU OE2 2 3.46 4.24 37.00 999.99 

84 A GLU OE2 16 B ASN OD1 2 3.24 3.57 63.43 999.99 

94 A LYS NZ 131 B GLU OE2 - 3.09 9.99 999.99 999.99 

130 A THR OG1 76 B GLU OE2 - 2.31 9.99 999.99 999.99 

131 A GLU OE2 72 B GLN NE2 2 3.15 2.11 166.23 999.99 

135 B ARG NH2 84 A GLU OE2 2 2.96 2.60 100.07 999.99 

142 B ARG NH2 82 A ASP OD1 2 3.49 3.01 109.49 999.99 

 

 

 

 
5.2.3 Ionic Interactions within 4 Angstroms 

 

 
Position Residue Chain Position Residue Chain 

 

 
 

82 ASP A 142 ARG B 

 
84 GLU A 135 ARG B 
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94 LYS A 131 GLU B 

 
135 ARG A 84 GLU B 

 

 

 
 

5.4 Discussions and conclusions: 

 
ΔPspA crystallizes as a dimer, with each asymmetric unit cell containing four ΔPspA 

monomers (144aa in length). A loopy area exists in monomeric ΔPspA, which contains only 

the two predicted coiled-coil domains, CC1 and CC2, as well as the native N-terminal region. 

The backbone of the protein is properly fitted in the 2F0-FC electron density map, but the N- 

terminal and turn-region (75–85) are not. Therefore, with the help of Coot and Pymol, a 

complete model can be constructed. It has a pointed gourd-like form and is dimeric. 

Two monomers are linked in opposite directions in Figure 5.4E. The hydrogen bond, salt 

bridge, and hydrophobic interaction all contribute to the structure's stability (Table 5.2). 

However, we may deduce that the benefit of such a coiled-coil structure is that it can be 

organized into a shape that supports the bacterial inner membrane during stressful conditions 

(e.g., mislocalization of secretin protein in Y enterocolitica). 
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CHAPTER 6 

 
6. Proteins’ salt bridge energy study among three domains of life 
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6.1 Introduction: 

 
The majority of charged residues of the protein are present on the protein's surface in the tertiary 

structure, which helps to smooth out excess protein hydration, making it less hydrophobic and 

more flexible. As a reason, it promotes non-specific electrostatic interaction with salts in 

solution, which helps to offset the negative effects of salt (Tadeo et al., 2009). As a result, the 

ion-pair or salt bridge is a substantial contributor to protein stability (Dill, 1990). When proteins 

adapt to harsh environments, such as high salt or high temperature, it becomes much more 

obvious. Other labs' experiments have shown that adding a single salt-bridge into a single 

mutation in the protein surface boosts protein stability in the tertiary structure (Hendsch & Tidor, 

1994). As a result, a designed salt bridge on the protein's surface provides additional stability. 

The energy of a salt bridge may be divided into three main parts: columbic attraction of 

opposing charges, desolvation of opposite charges, and background interactions. Columbic 

attraction is always present in the tertiary structure of proteins, and the other two words may or 

may not play a role. The unfavorable desolvation of charges inside a salt bridge opposes the 

favorable charge-charge attraction, which is further controlled by charge-dipole interaction and 

the ionization behaviour of related charge groups. As a result, net ion-pair energy distributions 

may be stabilising (Horovitz & Fersht, 1992), destabilising (Dao-pin et al., 1991), or 

inconsequential. Using a dataset of 24 high resolution (1.5A) crystal structures from three 

domains of life, we examine the distribution of salt-bridge, its energy term, and their 

contribution to overall stability in the natural state of proteins (eukaryote, bacteria, and 

archaea). The frequency of five acidic and basic residues (such as Asp, Glu, Arg, His, Lys) 

creating salt bridges is estimated. We also use APBS techniques to determine the net 

contribution of the salt bridge, the tendency of arginine, histidine, and lysine to interact with 

acidic residues in proteins, and the average accessibility of the salt-bridge energy term. 
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6.2 Results: 

 
6.2.1 Salt-bridge frequency versus intervening residues and potential pair 

 
We constructed 10 intermediate residue group frequency distribution plots to investigate the 

position distribution of salt bridging partners in the protein sequence throughout the life of three 

domains. We've presented 8 servings of protein from each domain in this map, with the first 

100 amino acids interval residue representing the Salt Bridge distribution. The frequency of salt 

bridges reduces as the number of intervening residues increases, as demonstrated above. Despite 

the fact that the frequency of salt bridges has decreased as the intermediate residue has increased, 

archaea proteins have a tendency to build salt bridges in distant (40-50 & 50-60) intervening 

residues (C. Roy et al., 2020). 

Figure 1 depicts the salts-bridge of all three domains. Arg-Glu, Lys-Glu, Arg-Asp, His-Glu, 

Lys-Asp, and His-Asp are the six salt-bridge potential pairs. In archaea, Arg-Glu and Lys-Glu 

have a greater potential to build salt bridges (fig 6.1). Arg-Asp and Lys-Asp generate greater 

frequency salt bridges in eubacterial proteins (fig 6.1), but His-Asp frequency contributes 

significantly to the eukaryote domain. 

 
 

Fig 6.1: Across three domains of life, the frequency of salt bridges formed by each of six possible pairs 
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6.2.2 The average energy term in three domains of life 

 

Salt-bridge interactions, like other non-covalent interactions, play an important role in protein 

stability. In this paper, we utilized the ADSBET2 (in section 2.8.9) to calculate the net salt 

bridge energy (ΔΔGnet/tot: sum of the above three-component terms) using all three related 

energy terms (ΔΔGdslv: desolvation; ΔΔGprt: backdrop; and ΔΔGbrd: bridge). ΔΔGdslv and 

ΔΔGprt are both indirect energy terms, with ΔΔGdslv being unfavorable due to charge 

desolvation during folding and Gprt being favourable or unfavourable. Because of the 

interaction of charges in the folded state of the protein, Gbrd is always advantageous. In three 

domains, we chose a homogenous data set. Archaea, as opposed to eubacteria and eukaryotes, 

appear to use more specialized electrostatic interactions. Overall total (ΔΔGnet) average 

network energy is higher than isolated in three domains, as shown in fig 3, while overall total 

(ΔΔGnet) salt-bridge energy is higher in archaea and eubacteria than in eukaryota core (buried). 

According to Roy et al., the overall stability of the salt-bridge in archaea (ΔΔGnet= -5.063.8) 

is substantially greater than in eubacteria (ΔΔGnet= -3.72.9) and eukaryotes (ΔΔGnet= - 

3.543.1). We have demonstrated that the ΔΔGtot term has an approximately symmetric 

distribution, encompassing both stable and unstable salt bridges, with the bulk of them lying in 

the stabilizing zone (ΔΔGtot). Quantitative analysis reveals that over 90% of salt bridges 

provide stability in archaea, compared to 78 percent in eubacteria and 71 percent in eukaryotes 

(Table 6.1). The distribution of bridging energy term and desolvation energy term occupies 

stabilizing and destabilizing zones, respectively, whereas background term has both stabilizing 

and destabilizing salt-bridge population. 
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Table 6.1: Calculation of percentiles for various salt bridges over three domains 
 

Salt bridge type Archaea Eubacteria Eukaryota 

Stable 89 (88%) 82 (78%) 50 (67%) 

Unstable 12 (12%) 23 (22%) 24 (33%) 

Network 57 (56%) 35(33%) 31 (41%) 

Isolated 44 (44%) 70 (67%) 43 (59%) 

Buried/Core 42 (42%) 31 (30%) 34 (46%) 

Exposed 59 (58%) 74 (70%) 40 (54%) 

 

 
 

6.3 Discussions and Conclusions 

 
Salt-bridge interactions, like other non-covalent interactions, play an important function in the 

stability of folded proteins. Because secondary structure, which controls protein topology, has 

remained more conserved throughout evolution, our findings in this context suggest that salt- 

bridging acidic and basic residues that are closer in sequence tend to generate more salt-bridges. 

However, a distant intervening remnant salt bridge may be seen in Archaea. Now the question 

is whether it is just preserved in archaea. It is warranted due to its protein adaptability in harsh 

environments. 

We can show that 88 percent of the salt bridges extract from three domains are extremely stable 

in the archaea Salt-Bridge. Where the salt bridge in eubacteria is 78 percent and the salt bridge 

from eubacteria is 67 percent. The rest of the salt bridge is of the destabilizing kind. Because 

of the lower contribution of background and bridge energy, this salt-bridge population is 

becoming unstable. The bridge energy is nearly the same among salt-bridge categories, while 

the background energy varies substantially. Among all component terms, it (background 

energy) is the most sensitive in the protein microenvironment. Excessive charges and dipoles 

create a local environment surrounding each salt-bridge partner, determining the amount of 

their contribution to net stability. However, not all buried salt bridges are stable, according to 

our observations. In comparison to the other three domains, archaea have a 90 percent buried 

salt bridge that is stable, but eubacteria and eukaryotes have 75 percent and 59 percent burial 

stability, respectively. The difficulty now is how to overcome the desolvation penalty and 
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achieve net stability with a buried salt bridge. The buried salt bridge suffers greatly as a result 

of the significant desolvation penalty, whereas the entropic cost is minimal in the local salt- 

bridge interaction, resulting in an enthalpically favourable situation. Out of 42 buried salt 

bridges in our data set, 28 have developed a network. In eubacteria and eukaryotes, 

respectively, 18 out of 29 and 17 out of 34 buried salt-bridges form a network. In archaea, 

rather than eubacteria and eukaryotes, excess network salt-bridge is produced in protein to 

overcome desolvation penalty and acquire average net stability with hidden salt-bridge. As a 

result, the excess network salt-bridge performs an expected function in maintaining protein 

structural stability in a hostile environment, such as that seen in archaea. 
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CHAPTER 7 
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7.1 Summary 

 
Nowadays, it is critical to comprehend the pathogenic bacteria-host connection (Casadevall & 

Pirofski, 2000). In addition to E. coli, Pseudomonas aeruginosa and Yersinia enterocolitica are 

effective models for researching host-pathogen interactions (Luo et al., 2017). As a result, 

medicines are used to stop bacteria from dividing. Bacteria, in essence, take advantage of a 

person's weaker immune system to cause an illness, making them an opportunist. Pseudomonas 

and Yersinia use the type three secretion system (T3SS) to inject anti-host effectors into the 

target cell (Halder et al., 2019). Both bacteria have a Type Three Secretion System (TTSS), 

which allows them to transfer disease to the host membrane; this is a unique pathogenicity 

spreading mechanism seen only in gram-negative bacteria. 

PcrG (in Pseudomonas) and LcrG (in Yersinia) are needle tip protein chaperones that control 

the secretion of effectors from the bacterial cytoplasm into the host cytoplasm as well as the 

secretion activity of the apparatus. Export of effectors via the T3SS is energized primarily by 

the pmf. As, Y. enterocolitica also possesses T3SS (Ysc-Yop) which is known to spread 

pathogenicity into the host cell. Ysc-Yop T3SS production induces the Psp (pspA-F & pspG) 

system, which then mitigates T3SS-induced envelope stress. The PspA (PA3731, in 

Pseudomonas) protein assists in the maintenance of the membrane when a secretin component 

(YscC) is mislocalized. However, it is becoming increasingly obvious that they are intertwined 

with the function of systems used during host infection in particular, as well as bacterial 

survival in this setting. So, understanding such proteins’ structure, and how the salt bridge is 

important for maintaining their stability during pathogenesis or stress conditions, is crucial for 

better evaluation of bacterial behavior. 
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