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Chapter 1| Introduction 

Proteins are molecular machines that participate in various cellular processes.
1, 2

 They 

perform variety of biochemical functions and hence significant for living cells. Bacterial proteins 

are of fundamental importance because they often interact with the host cells. They also help the 

bacteria to survive in harsh environments like unsuitable temperature, pH changes, presence of 

antibiotics and denaturing agents. Bacterial resistance towards antibiotics and their survival 

result in new strains which are threat to public health.
3
 Functional and structural characterization 

of bacterial proteins is thus, essential in order to impair them by understanding the mechanism of 

infection caused.  

Proteins are synthesized in the ribosome as polypeptide chains.
4
 In order to be 

biologically active, the polypeptide chain is folded into a specific three dimensional structure.
5
 

Native state of protein is reported to be only 5-10 kcal/mole more stable than the denatured one.
6
 

Different types of interactions present in a protein structure are hydrogen bond, van der Waals 

attraction, electrostatic and hydrophobic interactions.
6
 Folding of a polypeptide chain into its 

compact tertiary structure is often initiated by the hydrophobic residues present in protein.
1, 7

 The 

hydrogen bonds between amide and carbonyl groups of peptide backbone are responsible for the 

stability of secondary structural elements.
6, 8

 Protein structure is often prone to perturbations like 

temperature shocks, pH changes, high pressure, denaturing agents such as chaotropes and acids 

resulting in unfolding.
7, 9-14

 The transition from native to unfolded state is generally associated 

with loss of tertiary as well as secondary structure. The folding-unfolding process of protein 

could either be reversible or irreversible.  

Complete genome sequences of many organisms are available nowadays.
15, 16

 These have 

resulted in new protein sequences.
15, 16

 Structural genomics initiative has characterized the newly 

identified proteins. However, many of them are yet to be characterized either functionally or 

structurally. Bioinformatics studies have identified proteins present in bacteria without any 

functional annotation as domain of unknown function (DUF).
17

 These are reported in Pfam 

database with nearly 2700 DUFs for bacteria.
18

 

yfdX
19-21

 protein is member of DUF family with Pfam database ID PF10938. They are 

known to occur in a number of virulent bacteria like Escherichia coli, Salmonella Typhi, 

Salmonella Typhimurium, Salmonella Paratyphi, Klebsiella pneumoniae, Pantoea ananatis, 

Edwardsiella tarda, Hafnia alvei and Plesiomonas shigelloides.
22-31

 These proteins in different 

bacteria are nearly 190-220 amino acids long.
32

 It was first identified in E. coli.
19, 20

 The 
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expression of yfdX gene was reported to be up-regulated in E. coli by a multidrug response 

regulator EvgA. This EvgA protein also regulates the expression of many other genes like yfdW, 

yfdU, yfdV, yfdE, yhiU, yhiV, osmC and ompA encoding the respective proteins.
19-21, 33

 These 

genes are reported to be involved in high osmolarity
20

, efflux transport mechanism
34

 and acid 

tolerance responses (ATR)
33, 35

. The expression of genes activated by EvgA were quantified by 

DNA microarray
19, 21

 analysis and qRT-PCR
20

. Enhancement obtained using DNA microarray 

analysis in the expression of genes yhiU, yhiV, yfdX, yfdW, yfdU, yfdV and yfdE was 1.8-, 4.4-, 

54.4-, 6.8-, 1.0-, 3.0- and 4.0- folds, respectively.
19, 21

  In qRT-PCR, enhancement in expression 

of genes yfdX, yfdW, yfdU, yfdV and yfdE was 1600, 1300, 890, 500 and 170, respectively.
20

 

These data show that the expression of yfdX is highest among all other genes activated by EvgA. 

yfdX is the only gene which gets co-expressed in E. coli cells when EvgA is expressed.  

Structural and functional characterizations of yfdX proteins are inadequate till date.   

There is only one yfdX protein from Klebseilla pneumoniae for which crystal structure is 

deposited in PBD (3DZA). However, no functional annotation is reported even for this protein. 

Occurrence in virulent bacteria, enhanced expression and highest level of up-regulation with 

EvgA in E. coli indicates that yfdX proteins may have functional importance.  

In this thesis, we have characterized a yfdX protein, STY3178 from the multidrug 

resistant (MDR) CT18
23, 25

 strain of Salmonella Typhi. We first clone the gene sty3178 in 

pET28a expression vector and overexpress it in E. coli by isopropyl-β-D-thiogalactoside (IPTG) 

induction.  The affinity tagged overexpressed protein is purified using column chromatography. 

We determine the purity of STY3178 using sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE).
32

 We perform mass spectrometry (MALDI-TOF) and confirm the 

molecular mass of the overexpressed protein to be 23.1 KDa, which is similar to the calculated 

mass of construct.
32

 

Biophysical characterization of STY3178 protein is performed using various techniques 

such as circular dichroism (CD), steady state fluorescence, dynamic light scattering (DLS), size 

exclusion chromatography (SEC), nuclear magnetic resonance (NMR) and isothermal titration 

calorimetry (ITC). We have determined the secondary structure and oligomeric state of protein in 

solution. We monitor the thermal and chemical stability of STY3178. The functional importance 

of STY3178 is determined by studying its interaction with antibiotics such as ciprofloxacin 

(Cpx), rifampin (Rfp) and ampicillin (Amp), to which CT18 strain of Salmonella Typhi is 

resistant.
36-40

 Further, based on output results of bioinformatics tool
41

, we perform chaperone 

activity assay for STY3178 and investigate this capability in vitro. Finally, a homology model is 
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generated using modeling servers. We perform molecular dynamics (MD) simulation of the 

monomer and oligomer to check the stability.  

CD spectrum of STY3178 confirms a folded protein with characteristic signature of α-

helix having two minima  around 209 nm and 222 nm.
32

 The emission peak position of protein 

using steady state fluorescence is found around 342 nm for excitation wavelengths 257, 275, 280 

and 295 nm. This peak position indicates emission from exposed tryptophan residues and 

occurrence of FRET in protein.
32

  

The mean hydrodynamic diameter (DH) of STY3178 is around 6.5 nm as measured using 

DLS. This hydrodynamic size is higher for a 23 KDa protein compared to the reported
24, 25

 size 

of globular proteins with similar molecular weights. To address this size anomaly, we perform 

size exclusion chromatography (SEC). STY3178 elutes at a volume similar to a  66 KDa protein 

in SEC.
32

 This indicates STY3178 to be a trimer (~69 KDa) in solution. We further perform one 

dimensional 
1
H-

15
N heteronuclear relaxation measurements to determine the longitudinal (T1) 

and transverse (T2) relaxation time for the protein. T1 (~1.96 s) and T2 (~0.033 s) values are 

obtained from the slope of intensity decay plots for various time delays.  The rotation correlation 

time ( C ) estimated using T1 and T2 is about 24.7 ns following the expression reported in 

literature
42, 43

. We also calculate the C   using the Stokes-Einstein-Debye (SED) equation for the 

measured hydrodynamic radius (~3.25 nm) of protein and obtain a value around 30.5 ns, which 

is in good agreement with the experimental C . Therefore, NMR relaxation measurements, DLS 

and SEC data confirm a trimeric assembly for STY3178 in solution. 

The thermal unfolding studies of STY3178 show its stability up to 50°C. It has the 

capability to undergo reversible thermal unfolding as well.
44

  We perform 
1
H-

15
N heteronuclear 

single quantum coherence (HSQC) experiments at five different temperatures from 25°C to 

45°C. The spectrum remains almost unchanged even at 45°C compared to HSQC at 25°C. This is 

in agreement with our CD and fluorescence results, supporting protein stability in this 

temperature range. Further, we check the reversibility in unfolding of STY3178 by heating it at 

different temperatures for 30 minutes and then cooling it back to room temperature. Protein is 

able to refold back completely from 80°C as monitored by CD. We also monitor the effect of 

heating and cooling rates on unfolding and refolding of protein by measuring 222  for six 

different rates 0.5°C/min, 1°C/min, 2°C/min, 3°C/min, 4°C/min and 5°C/min in the temperature 

range 20°C to 70°C. The kinetics of unfolding and refolding of protein follow Arrhenius 

behaviour with activation energies of about 246.9 and -58.7 kJ/mol, respectively.
44
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  We monitor stability of protein at various pH. The α-helical secondary structure of 

STY3178 is found to be stable in the pH range 2.5-10. However, the tertiary structure is stable 

only in 4.5-10 pH and affected in strong acidic pH of 2.5 and 3.
45

 Protein becomes more helical 

up to 0.6 M urea. It unfolds above 2 M urea as observed in CD, fluorescence and NMR. In 

presence of GndCl, unfolding of protein occurs above 0.6 M concentration. We also measure the 

HSQC spectra of singly labeled STY3178 and find the structure to unfold at 3 M urea. Native 

protein-like dispersion of HSQC is observed upon reducing 3 M urea concentration by buffer 

exchange. Overall we find that the chaotrope induced unfolding of STY3178 is reversible in 

nature.
45

   

In presence of SDS, the secondary structure of protein changes slightly with increase in 

ellipticity at 209 nm and decrease at 222 nm.
46

 However, the secondary structure does not show 

signature of an unfold protein as observed in presence of urea and GndHCl. The near UV-CD 

spectra, however, changes abruptly even at lowest concentration of SDS. This indicates that SDS 

affects protein tertiary or quaternary structure; although the α-helical nature is retained.
46

 In 

DLS, we observe that the hydrodynamic size of protein decreases with increase in SDS 

concentration and DH of about 4.2 nm is obtained for 69.4 mM (2 %) SDS. This lowering of 

protein size probably indicates dissociation of trimer into monomeric subunits. We confirm the 

dissociation of trimeric STY3178 into its monomer by performing SEC in presence of SDS. The 

native-like hydrodynamic size is regained upon decreasing SDS concentration in solution, 

indicating formation of trimer from the monomers. This dissociation of trimeric assembly in 

presence of SDS is also a reversible phenomenon.  

We show the interaction of STY3178 with three antibiotics ciprofloxacin (CpX), rifampin 

(Rfp) and ampicillin (Amp) using steady state fluorescence and ITC.
32

 The fluorescence 

emission is substantially quenched in presence of all the three antibiotics at 280 nm excitation. 

This interaction is quantified by calculating the binding parameters using Stern- Volmer 

equation
47-49

. Dissociation constants (Kd) estimated for Cpx, Rfp and Amp binding are 25 μM, 

100 μM and 2.5 mM, respectively. The number of binding sites is 0.99, 1.5 and 1.03 for Cpx, 

Rfp and Amp, respectively. We further verify these antibiotic interactions using ITC. The 

isotherms for Cpx and Amp are fitted to sequential binding model and Rfp binding data is fitted 

to a single site model in order to estimate the binding parameters. The dissociation constants (Kd) 

obtained by fitting the isotherm for Cpx is 1.72 μM and 2.36 μM.  Kd for Rfp and Amp binding 

are 66.23 μM and 134.4 μM, respectively. Both fluorescence and ITC measurements confirm 

that Cpx binding with STY3178 is stronger than Rfp followed by Amp. The α-helical secondary 
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structure of protein remains intact upon antibiotic binding, measured using far UV-CD. Native 

protein has a broad shoulder spanning over 250-280 nm in near UV-CD spectra. This 

decomposes in presence of Cpx and Rfp, into two new peaks around 260 nm and 280 nm, which 

commensurate to phenylalanine and tyrosine fine structures
50, 51

, respectively. DLS and NMR 

relaxation measurements indicate that STY3178 remains as trimer during interaction with the 

antibiotics. 

We employ Bioinformatics tool MODexplorer
41

 for further functional characterization of 

STY3178. The results from this server include about 50 similar proteins, having >50 % structural 

similarity with STY3178. Most of these proteins contain helices similar to STY3178. Majority of 

these proteins have reported functions as chaperones or assist chaperone activity.
44

 In order to 

verify this, we perform chaperone activity assay by monitoring thermal aggregation of two 

substrate proteins, alcohol dehydrogenase and insulin. The assay is carried out at 42°C by 

measuring the light scattering (A360) at 360 nm in absence and presence of STY3178. We 

observe lowering of A360 for alcohol dehydrogenase and DTT-induced aggregation of insulin 

with increasing concentration of STY3178. This demonstrates that STY3178 is capable of 

preventing aggregation of both the substrate proteins and hence, acting as a chaperone. 

Finally, we propose a model for STY3178 by homology modeling
52, 53

 using a template 

yfdX protein (PDB ID 3DZA) from Klebsiella pneumoniae.
44

 Servers Phyre2
54

 and RaptorX
55-58

 

generate models containing residues A
11

-Q
183 

only.   The rest of the C-terminal residues from 

S
184

-H
199

, are added de novo using Swiss-PdbViewer
59

. The final model having residues A
11

-

H
199

,
 
is solvated using explicit solvent model and minimized by NAMD

60
  with CHARMM27

61
 

force field and TIP3P
62

 model of water after maintaining electro neutrality. The monomer model 

is simulated for 300 ns. It consists of ten α-helices and a β-sheet comprising of two strands. The 

simulated 310 K structure is used to perform MD simulation at higher temperatures 350 K and 

400 K for determining its thermal stability.
44

 The root mean square deviation (RMSD) at all 

temperatures is calculated with respect to Cα-atoms over the trajectories up to 300 ns of MD 

simulation. We estimate the root means square fluctuation (RMSF) of Cα-atoms of each residue 

at temperatures 310 K, 350 K and 400 K over the equilibrated trajectories 150-300 ns. Finally, 

the relative change in backbone dihedral angle fluctuation for each residue at 350 K 

(r350=ζ350/ζ310) and 400 K (r400= ζ400/ζ310) is estimated with respect to that at 310 K. The model 

structure at 350 K and 400 K do not show substantial unfolding though there are regions with 

increased fluctuations in backbone dihedral angles. This indicates that the model structure of 

STY3178 is thermally stable. 
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We experimentally find that STY3178 exists as a trimer in solution.
32

 Thus, we generate 

possible models for the trimeric structure of protein using 300 ns MD simulated monomer 

structure in ZDOCK
63

 docking server. Energetically most favourable structure of oligomeric 

assembly  is determined by minimizing  the possible trimeric assemblies using NAMD
60

 with 

CHARMM27
61

 force field and TIP3P
62

 water model. The most stable trimer is subjected to MD 

simulation. The radius of gyration
64

 of simulated trimer model is calculated to be about 2.69 nm. 

We then estimate the hydrodynamic diameter of around 6.98 nm for this calculated radius of 

gyration, using the relation reported in literature
65

.  This is in good agreement with 

hydrodynamic diameter (~6.5 nm) determined using DLS. The proposed model of trimer has 

tryptophan and tyrosine pairs in near vicinity, which can explain the phenomenon of FRET 

observed in steady state fluorescence. The trimer interface consists of hydrophobic and 

electrostatic interactions.   

Our study on protein STY3178 has revealed wide variety of interesting properties along 

with its sturdiness and important binding capabilities. Hence, our work opens up a new area of 

research on yfdX proteins, which is yet to be deciphered and might be relevant to understand the 

virulent bacteria. This thesis is organized into the following chapters: Chapter 2 covers the 

cloning of gene sty3178, its overexpression, protein purification and preliminary biophysical 

characterization. Chapter 3 addresses the anomaly in hydrodynamic size of STY3178. We 

determine the state of protein oligomeric assembly. In Chapter 4, we show thermal stability and 

reversible unfolding of protein. Chapter 5 shows the behaviour of STY3178 in various chemical 

environments. We shed light on the functional relevance of STY3178 using biophysical methods 

in Chapter 6. Finally in Chapter 7, we propose a model of STY3178 monomer based on 

homology modeling and a possible structure for the trimeric assembly. 
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Chapter 2| Cloning and preliminary characterization of STY3178 

2.1. Introduction 

Protein STY3178, a member of yfdX
19-21

 family is present in CT18
23, 25

 strain of 

Salmonella Typhi (S. Typhi)
32

. This protein is encoded by sty3178 gene in S. Typhi
23, 25

. Gene 

bank ID of sty3178 gene including the signal peptide region is gi|16758993:c3049965-

3049366. Its ID in the Uniprot
66

 database is Q8Z3Y9. This gene is 600 base pairs long. We 

clone this desired gene without the signal peptide region having 573 base pairs in E. coli in 

order to overexpress and characterize the protein STY3178. We employ different techniques
67

 

of molecular biology for protein expression and purification using affinity chromatography. 

Preliminary biophysical characterization of the protein is done after extraction and purification.  

At first we run SDS-PAGE to determine the purity of STY3178. Our next measurement 

includes mass analysis of the overexpressed protein using mass spectrometry (MALDI-TOF). 

We then perform circular dichroism (CD) measurement in far UV (195-250 nm) region to 

determine the secondary structural elements present in STY3178. CD measurement in the near 

UV (250-330 nm) region is also performed to get information about the fine structure of 

aromatic residues present in the protein. We determine the nature of the fluorophores using 

steady state fluorescence measurements. The hydrodynamic size of the protein is determined 

using dynamic light scattering (DLS). 

This chapter is organized as follows: Section 2.2 covers the experimental methods 

related to cloning, overexpression, extraction, purification and biophysical characterization of 

STY3178. In section 2.3, results of cloning, overexpression, purification and preliminary 

characterization of the protein are stated. Sections 2.4 and 2.5 would cover the discussion and 

conclusion, respectively, from the experimental findings. 

 

2.2. Materials and methods 

2.2.1. Cloning 

Gene sty3178 with 573 base pairs (without the signal peptide region) encoding our 

protein of interest is amplified by polymerase chain reaction (PCR) using genomic DNA of 

Salmonella Typhi (CT18 strain) as a template. The forward and reverse primers used during the 

PCR are: 5′-CATATGGCCGCAACAAACATGACTG-3′; and  

5′-CTCGAGGATATTAATGCGCGGCGTCGTG-3′ (Integrated DNA Technologies), respectively.  
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Both the primers contain restriction sites for enzymes NdeI (CATATG) and XhoI (CTCGAG). 

The amplified PCR product is used to run agarose gel (1 %) and the desired product is 

extracted by gel purification using Qiagen kit. The purified product is then inserted into 

pTZ57R/T (TA) vector (Fermentas) using T4 DNA ligase enzyme. The insert is transformed 

into Top 10 E. coli cells (Novagen) and incubated overnight at 37°C in Luria-agar plate 

containing ampicillin (0.286 mM). The E. coli cells with the plasmid containing the desired 

gene are selected by performing blues/ white screening using 5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (Xgal) as a marker. Plasmid is then isolated from the selected white colonies 

using plasmid isolation protocol (Qiagen). The isolated plasmid is digested with NdeI and 

XhoI. The digested plasmid is run on agarose gel (1 %) and purified by gel purification method 

(Qiagen). The expression vector pET28a is also digested with the same restriction enzymes 

NdeI and XhoI. The purified digested product is sub-cloned into the pET28a expression vector 

using T4 DNA ligase. Cloning of the desired gene is confirmed by sequencing using T7 

primers specific to pET28a system (Applied Biosystems). The plasmid carrying the desired 

gene is then transformed into E. coli BL21 (DE3) cells (Novagen) and incubated in Luria agar 

plate containing 0.124 mM kanamycin. 

 

2.2.2. Overexpression 

E. coli BL21 (DE3) cells with the plasmid pET28a carrying the gene sty3178 are grown 

overnight in 10 ml Luria-Bertani (LB) media containing kanamycin (0.124 mM) at 37°C in a 

shaker incubator (Innova 42 New Brunswick Scientific) at 250 rpm. This overnight pre-culture 

is used to inoculate 1 liter of fresh LB media and the cells are grown till 0.9 optical density 

(OD600). Cells are then induced with 0.2 mM isopropyl-β-D-thiogalactoside (IPTG) for 4 hrs 

keeping other conditions same. After 4 hrs of induction, cells are harvested by spinning down 

in a centrifuge (Eppendorf) at 5000 g for 10 minutes at 4°C. Overexpression of protein 

STY3178 is confirmed by ruining 12 % sodium dodecyl sulphate polyacrylamide gel 

electrophoresis (SDS-PAGE). 

 

2.2.3. Extraction and purification of the overexpressed protein 

Harvested cells are lysed by sonication (Sartorius LABSONIC) at 30 % amplitude and 

0.7 cycle in ice-bath after resuspension in a lysis buffer containing 50 mM potassium phosphate 

(pH 7), 250 mM sodium chloride (NaCl) and 1 mM phenylmethanesulfonyl fluoride (PMSF). 

The crude cell lysate is then subjected to centrifugation at 14000 g for 10 minutes at 4°C. The 
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desired protein is obtained in the supernatant after centrifugation as observed in SDS-PAGE. 

Purification of the protein is performed by affinity chromatography using nickel-nitrilotriacetic 

acid (Ni-NTA) beads (Qaigen). The supernatant is allowed to bind the Ni-NTA beads. Non-

specific proteins bound to the Ni-NTA beads are removed by washing with a buffer containing 

50 mM potassium phosphate (pH 7), 250 mM NaCl, 1 mM PMSF and 30 mM imidazole. 

Finally, the desired protein is eluted using an elution buffer containing 50 mM potassium 

phosphate (pH 7), 250 mM NaCl, 1 mM PMSF and 250 mM imidazole. Purity of the 

recombinant protein is determined by running SDS-PAGE. Amicon spin concentrator (10 KDa 

cut off) is used to remove imidazole from the purified protein by exchanging the elution buffer 

with that containing 50 mM potassium phosphate (pH 7), 250 mM NaCl and 1 mM PMSF. 

Concentration of the protein is determined using the absorbance value at 280 nm 

(BioSpectrometer, Eppendorf) and applying Beer-Lambert law. Extinction coefficient value 

(ε280) required for concentration determination is estimated from Protparam
68

 tool of expasy 

server using the construct sequence as an input. The obtained value of ε280 is 18450 M
-1

cm
-1

. 

 

2.2.4. Mass determination 

Mass analysis of STY3178 is performed in MALDI-TOF Bruker Ultraflextreme 

spectrometer. The matrix used during the measurement is sinapinic acid, dissolved in a mixture 

of acetonitrile and trifluoroacetic acid (1:1). STY3178 is mixed in 1:1 ratio with the dissolved 

matrix sinapinic acid prior to measurement. 

 

2.2.5. Circular Dichroism (CD) 

The CD measurement is carried out in Jasco J-815 CD spectrometer at 20°C in the far 

UV (195-250 nm) and near UV (250-330 nm) regions. The path lengths of the cells used in far 

UV and near UV measurements are 1 mm and 10 mm, respectively. The respective protein 

concentrations used in far UV- and near UV-CD are 10μM and 30μM. The reported data are an 

average of three scans and background corrected by subtracting the corresponding spectrum of 

the buffer containing 50 mM potassium phosphate (pH 7), 250 mM NaCl and 1 mM PMSF. 

The ellipticity value at 222 nm of the CD data (far UV-region) is used to determine the helical 

content of the protein following the relation
51, 69

, 
  

 000,3000,36

000,3222







Hf ,                (1) 

where Hf and   222  are fractional helicity and mean residue ellipticity at 222 nm wavelength. 
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2.2.6. Steady state fluorescence measurement 

The fluorescence measurements are performed using Jobin Yvon Horiba Fluorolog with 

entrance and exit slit widths of 2 nm. Protein concentration of 10 µM is used. The sample is 

excited at 257, 275, 280 and 295 nm wavelengths. The final spectra for the protein at each 

excitation wavelength are obtained by subtracting the corresponding buffer containing 50 mM 

potassium phosphate (pH 7), 250 mM NaCl and 1 mM PMSF. Each spectrum is averaged over 

two sets of measurements. 

 

2.2.7. Dynamic light scattering (DLS) 

DLS measurement is performed in Nano-S Malvern instrument at 20°C. 10 μM protein 

is subjected to laser scattering with wavelength 632.8 nm and measuring angle 173°. 

Measurement is obtained as a mean of five successive counts. The sample is filtered through 

0.22 µm syringe filter (Millipore) prior to measurement. 

 

2.3. Results 

2.3.1. Cloning, overexpression and purification 

We confirm cloning of the gene sty3178 without the N-terminal signal peptide in 

pET28a expression vector by sequencing (Applied Biosystems). The clone contains six 

histidine (His) tags in the N-terminal region for the purpose of purification by affinity 

chromatography. Overexpression of the recombinant protein STY3178 in E. coli BL21 (DE3) 

cells is induced by 0.2 mM IPTG and confirmed by running 12 % SDS-PAGE. In Figure 2.1, 

lane 2 shows the un-induced cells before adding IPTG. The overexpressed protein band is 

observed around 25 KDa in SDS-PAGE (Figure 2.1, lane 3). However, the estimated molecular 

weight of the construct protein sequence is about 23.11 KDa. Cells with the overexpressed 

protein are resuspended in a buffer with composition 50 mM potassium phosphate (pH 7), 250 

mM NaCl and 1 mM PMSF. The resuspended cells are then lysed by sonication as mentioned 

in method section. Protein STY3178 is obtained in the supernatant after extraction (Figure 2.1, 

lane 4). The extracted protein is purified by affinity chromatography using Ni-NTA beads. The 

beads are washed with a buffer having 50 mM potassium phosphate (pH 7), 250 mM NaCl, 1 

mM PMSF and 30 mM imidazole.  Finally, STY3178 is eluted with a buffer with composition 

50 mM potassium phosphate (pH 7), 250 mM NaCl, 1 mM PMSF and 250 mM imidazole. 

Purity of STY3178 is confirmed by SDS-PAGE (Figure 2.1, lane 8).  
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Figure 2.1. Overexpression, extraction and purification of 

STY3178. SDS-PAGE representing molecular weight marker in lane 1; 

un-induced cells, lane 2; induced cells in lane 3; crude extract of 

soluble proteins, lane 4; insoluble cell debris, lane 5; flow through from 

Ni-NTA affinity column, lane 6; wash from Ni-NTA affinity column, 

lane 7; elute from affinity column, lane 8.  

 

2.3.2. Mass analysis 

We perform MALDI-TOF to determine the exact molecular mass of the purified 

protein. The mass spectrum contains two peaks. The first peak has m/z ratio of 11.5 KDa for 

the doubly charged species and the second peak at 23.1 KDa for the singly charged one (Figure 

2.2). This confirms the molecular weight of STY3178 to be 23.1 KDa, although protein 

migrates around 25 KDa in SDS-PAGE (Figure 2.1).  

 

Figure 2.2. Mass spectrum of STY3178. MALDI-TOF spectrum of 

pure protein with peaks at 23.1 KDa for the singly charged species and 

11.5 KDa for the doubly charged one. 

 

2.3.3. Secondary structure  

The overexpressed and purified STY3178 is found to be well folded protein as observed 

in far UV (195-250 nm) CD (Figure 2.3).  The spectrum contains two minima around 209 nm 

and 222 nm, which is a characteristic of α-helical proteins (Figure 2.3). The percentage of helix 

is estimated using the ellipticity value at 222 nm (θ222) following the equation
26, 27

, 
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  
 000,3000,36

000,3222







Hf . The helical content obtained for the protein is ~43.9 %. We use the 

CD data (200-240 nm) of the protein in Dichroweb server
70-72

 and apply K2D
73

 method to 

estimate the percentage of secondary structural elements. The estimated α-helix and β-sheet 

content obtained from Dichroweb server analysis are around 50 % and 20 %, respectively. The 

helix content estimated using both the analysis methods is quite comparable. 

 

Figure 2.3. Secondary structure of STY3178. Far UV (195-250 nm) 

CD spectrum of protein showing α-helical nature with two 

characteristic minima around 209 nm and 222 nm. 

 

2.3.4. Tertiary structure  

We use steady state fluorescence measurement to study the nature of the fluorophore 

(phenylalanine, tyrosine and tryptophan) environment in STY3178. STY3178 is excited at four 

different wavelengths 257, 275, 280 and 295 nm at room temperature.  The excitation 

wavelengths used will solely excite the aromatic residues phenylalanine (Phe), tyrosine (Tyr) 

and tryptophan (Trp).  The emission peak position for all these four excitations are found 

around 342 nm (Figure 2.4a). This corresponds to emission from exposed tryptophan (Trp) 

residue (s). The primary sequence of protein contains two Phe, five Tyr and two Trp residues. 

However, the fluorescence emission for excitation at 257 nm and 275 nm are similar to that of 

Trp. This suggests a possibility of FÖrster resonance energy transfer (FRET) between Phe-Trp 

and Tyr-Trp pairs present in the protein. The difference spectra for (275-295) nm and (257-

295) nm excitation wavelengths show signature of FRET between Tyr-Trp (Figure 2.4a, blue) 

and Phe-Trp (Figure 2.4a, grey) pairs, respectively. The intensity of difference spectrum for 

(257-295) nm is less than that of (257-295) nm. This might be due to low quantum yield of Phe 

compared to Tyr or Trp. All the three aromatic amino acid residues could get excited at 257 nm 

and the emission wavelength (280 nm) of Phe overlaps with excitation wavelengths of Trp and 

Tyr, which also causes lowering of emission for (257-295) nm difference spectrum. 



19 Chapter 2 

 

We further monitor the protein tertiary structure in near UV (250-330 nm) region using 

CD measurements. The near UV-CD spectrum of the native protein contains a broad shoulder 

spanning from 250 nm to 280 nm (Figure 2.4b). This broad shoulder is a signature of aromatic 

residues Phe, Tyr and Trp present in the protein. 

 

Figure 2.4. Tertiary structure of STY3178. (a) Steady state 

fluorescence emission spectra for excitation wavelengths 257 

(black), 275 nm (red), 280 (green) and 295 nm (magenta) are 

shown. The difference fluorescence spectra for (275-295) nm and 

(257-295) nm are represented in blue and grey, respectively. (b) 

Shows the near UV (250-330 nm) CD signature of protein with 

broad shoulder in the region 250-280 nm. 

 

2.3.5. Protein hydrodynamic size 

 The hydrodynamic size of STY3178 is measured using dynamic light scattering. The 

value of hydrodynamic diameter obtained for the protein in solution is about 6.5 nm (Figure 

2.5).  

 

Figure 2.5. DLS spectrum of STY3178 showing hydrodynamic 

diameter around 6.5 nm. 
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2.4. Discussion 

STY3178 is predicted to be a hypothetical protein by Kegg
74

 and STRING
75

 databases. 

On the other hand, it is predicted as a putative membrane protein by Topsan
76

 database whereas  

Uniprot
66

 and NCB mention it a periplasmic protein. We find STY3178 in the supernatant after 

extraction which confirms it to be a soluble protein. Our observation is also in agreement with 

previous study on E. coli yfdX
19

 protein where it was found in the soluble cytoplasmic fraction. 

The hydrodynamic size of this protein measured using DLS is found to be higher 

compared to proteins of similar molecular weights.
32

 It shows an anomaly considering the 

relation between hydrodynamic size and molecular weight (MW) of different standard globular 

proteins.
77

 For example, the reported hydrodynamic radii of soyabean trypsine inhibitor (20 

KDa) and carbonic anhydrase (29 KDa) are 2.4 nm and that of ovalbumin (45 KDa) is 2.8 

nm.
78, 79

 This suggests that a hydrodynamic radius of 3.25 nm for STY3178 would correspond 

to molecular weight higher than 50 KDa. 

 

2.5. Conclusion 

yfdX protein, STY3178 from multidrug resistant CT18 strain of S. Typhi is 

characterized using different biophysical techniques. This protein is majorly α-helical in nature 

along with some β-sheet content. The fluorescence measurements indicate emission from 

exposed tryptophan residue (s). Protein mass and hydrodynamic size is determined using 

MALDI-TOF and DLS, respectively. The hydrodynamic diameter of the protein shows a size 

anomaly, which is addressed in the next chapter. 
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Chapter 3| Determination of oligomeric state 

3.1. Introduction 

 In the previous chapter, we report preliminary characterization of protein STY3178. 

Dynamic light scattering (DLS) indicates an anomaly in hydrodynamic size of STY3178 

compared to its molecular mass. To address this, size exclusion chromatography (SEC) is 

performed for STY3178. SEC can provide the information regarding the monomeric or 

oligomeric state of the protein. We apply Stokes-Einstein-Debye (SED) equation, 

KTRC 3/4 3  (where  and R  are the viscosity and hydrodynamic radius, respectively) to 

estimate the rotation correlation time (τC) of STY3178 for the measured hydrodynamic radius 

(R). The SED equation correlates the hydrodynamic radius (R) with the rotation correlation 

time (τC) of the molecule. We further carry out longitudinal and transverse relaxation 

measurements using nuclear magnetic resonance (NMR) to determine the rotation correlation 

time (τC) of STY3178.  

The organization of this chapter is as follows: Section 3.2 includes the experimental 

details employed for determination of protein oligomeric state. In section 3.3, results of the 

experiments are stated. Section 3.4 includes the discussion regarding the possible oligomeric 

assemblies of the protein. Finally, we conclude in section 3.5 stating the overall finding. 

 

3.2. Materials and methods 

3.2.1. Size exclusion chromatography (SEC) 

Size exclusion chromatography is performed using a glass column (2.5 × 45 cm, Sigma) 

packed with superdex75 media (GE Healthcare). The packed column is equilibrated with a 

buffer containing 50 mM potassium phosphate (pH 7), 250 mM NaCl, 1 mM PMSF prior to 

loading protein.  500 μM protein is subjected to the pre-equilibrated column. Fractions are 

collected for every 3 ml volume using a peristaltic pump (GE Healthcare) with a flow rate of 1 

ml/min. Absorbance at 280 nm (A280) are measured for all the fractions in order to identify the 

desired protein. The column is calibrated using standard proteins namely, lysozyme (14.4 

KDa), carbonic anhydrase (29 KDa), ovalbumin (43 KDa), BSA (66 KDa) and conalbumin (75 

KDa). SEC measurements are performed three times for all the proteins and mean of these data 

are reported. 
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3.2.2. Nuclear magnetic resonance (NMR): Relaxation measurements 

Uniformly 
15

N-labeled STY3178 is prepared by growing the E. coli cells carrying the 

plasmid pET28a with the gene sty3178 in M9 minimal media supplemented with 
15

NH4Cl as a 

source of nitrogen. The other conditions of the cell culture are kept same as reported in chapter 

2. The extraction and purification protocol followed is same as mentioned in purification 

section of chapter 2.  

The one dimensional (1D) 
1
H-

15
N heteronuclear longitudinal (T1) and transverse (T2) 

relaxation experiments are carried out using 600 MHz Varian spectrometer equipped with triple 

resonance probe at 30°C. The final concentration of 
15

N-labeled protein used during the 

measurement is 355 µM in a buffer having 30 mM phosphate (pH 7), 150 mM NaCl and 10% 

D2O. The recycle delays (d1) of 8, 9 and 12 seconds are used for T1 measurements.  The free 

induction decay (FID) is collected for the delay points 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 

0.8, 1.0, 1.2, 1.5 and 1.8 seconds in T1 measurement. Similarly, d1 used for T2 measurement is 4 

seconds.  The delay points used in FID collection for T2 are 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 

0.13, 0.15 and 0.17 seconds. All the FIDs are acquired for 256 scans. The intensity in the range 

8.5-10.5 ppm is obtained by processing the data using VnmrJ for each set of delay. The 

intensities for all the d1 time delays for both T1 and T2 measurements are first normalized for 

each individual data set. The normalized intensities are then averaged over all the data sets 

acquired at each delay point. The plot of intensity versus time is fitted to a single exponential 

equation, )exp(* RtaI   using SigmaPlot, where I denote the normalized intensity. R and t 

are rate of relaxation and delay time, respectively.  T1 and T2 values are calculated as a 

reciprocal of respective R values. The total rotational correlation time ( C ) is calculated using 

the relation
42, 43

 given below- 

76
4

1

2

1 
T

T

VN

C



,      (1) 

where VN is nitrogen (
15

N) resonance frequency in Hertz. 

 

3.3. Results 

3.3.1. Oligomeric State 

We perform size exclusion chromatography (SEC) to determine the oligomeric state of 

STY3178. It is carried out using Superdex75 media (GE healthcare) packed in a glass column 

(Sigma). The chromatogram for STY3178 elution from the column is shown in Figure 3.1a. 
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The elution volume (~120 ml) is compared with many standard proteins in the molecular 

weight range of 14.4 KDa to 75 KDa (Figure 3.1b). These standard proteins elute from the 

column at similar volumes for repeated experiments as shown by small error bars (Figure 3.1b). 

STY3178 elution volume matches in the molecular weight regime of 66 KDa protein BSA. 

This suggests that STY3178 exists as a trimer in solution with a molecular mass ~69 KDa. 

 

Figure 3.1. Oligomeric state from SEC. (a) The size exclusion 

chromatogram of STY3178 showing elution around 120 ml in 

superdex75 column. (b) The elution volume versus logarithm of 

molecular weight of proteins lysozyme (14.4 KDa, circle); carbonic 

anhydrase (29 KDa, inverted triangle ); ovalbumin (43 KDa, square); 

BSA (66 KDa, diamond); STY3178 (hexagon) and Conalbumin (75 

KDa, triangle). The error bars (red) are the standard errors estimated 

using the average elution volume for the repeated experiments. 

 

3.3.2. Rotation correlation time ( C ) from NMR relaxation measurements 

We experimentally estimate C  of STY3178 using NMR spectroscopy by acquiring 

data for one dimensional (1D) 
1
H-

15
N heteronuclear longitudinal (T1) and transverse (T2) 

relaxation measurements. We perform T1 measurement for three different d1 delays since T1 

relaxation times are typically longer than T2 relaxation times. The normalized peak intensities 

are averaged over the repeated sets of measurements. The average peak intensities in 8.5-10.5 

ppm region of the spectra plotted as a function of corresponding delay times for both T1 and T2 

experiments (Figures 3.2a,b). The T1 and T2 values are obtained from the integrated peak 

intensities by fitting it to exponential decay curves. T1 and T2 values obtained by fitting the 

intensity decay curves are about 1.95 and 0.033 seconds, respectively. The rotational 

correlation time C  calculated using these T1 and T2 values in equation
54, 55

, 

76
4

1

2

1 
T

T

VN

C


  is about 24.7 ns.  
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Figure 3.2. NMR relaxation measurement for 
15

N labelled 

STY3178. (a) and (b) Show the plot of normalized intensities with 

delay times for T1 and T2 relaxation measurements. The delay times 

used for T1 measurements are 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 

1.0, 1.2, 1.5, 1.8 s and for T2 measurements are 0.01, 0.03, 0.05, 0.07, 

0.09, 0.11, 0.13, 0.15, 0.17 s. The corresponding T1 and T2 values are 

extracted by fitting the curved with single exponential decay equation. 

 

3.4. Discussion 

We estimate the rotational correlation time ( C ) of STY3178 using Stokes-Einstein-

Debye (SED) equation, KTRC 3/4 3  (where  and R  are the respective viscosity and 

hydrodynamic radius) for the experimentally determined hydrodynamic radius (~3.25 nm). The 

C  of about 30.5 ns is obtained using this relation. This
 
value is much higher compared to the 

protein of similar molecular weight such as α-chymotrypsin (25 KDa),  where the reported
80

 C  

is 13.4 ns. The experimentally determined C  
from NMR relaxation measurements is in good 

agreement with the calculated C for the measured hydrodynamic radius using the SED 

equation. Thus, all these experimental observations for the protein STY3178 confirm its 

trimeric state of oligomerization in solution. 

As reported in chapter 2 that STY3178 is majorly α-helical protein with some β-sheet as 

secondary structural elements. Similar observation is found for secondary structural elements of 

an orthologues yfdX protein from Klebsiella pneumoniae (PDB 3DZA). The experiments also 

suggest that STY3178 exist as an oligomer in solution similar to 3DZA. However, STY3178 is 

a trimer, whereas 3DZA forms a homotetramer.  Any possibility of stable tetrameric 

aggregation state for STY3178 is ruled out based on our experimental observations. The 

molecular weight (MW) of STY3178 tetramer would be 92 KDa, had it been a stable tetramer. 

The hydrodynamic radius (RH) of proteins with MW higher than 90 KDa is compared in Table 
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3.1 and the reported values are found to be larger than 3.25 nm. In SEC calibration curve 

(Figure 3.1b), the elution volume (~120 ml) for STY3178 would be a mismatch point from the 

standard protein plot if it is a tetramer. These observations suggest that yfdX proteins seem to 

have a propensity for the formation of oligomeric states but the degree of oligomerization may 

vary within the family. Similar feature is observed for other oligomeric proteins such as family 

of small heat shock proteins
81

. 

 

Table 3.1. Hydrodynamic size
a
 (RH) of different proteins in various molecular weights regimes 

Protein Molecuar weight (KDa) RH (nm) 

Myoglobin 19.5 2.12 

Chymotrypsinogen 25.0 2.4 

Trypsin inhibitor 28.0 2.47 

Carbonic anhydrase 29.0 2.6 

Haemoglobin 65.0 3.30 

Bovine serum albumin (BSA) 67.0 3.55 

Alcohol dehydrogenase 80.0 3.7 

Transferrin 87.1 4.0 

Amyloglucosidase 99.0 3.9 

Hexokinase 102.0 4.3 

        
a 
reported in www.malvern.co.uk 

 

3.5. Conclusion 

 In this chapter, we resolve the anomaly in hydrodynamic size and molecular weight of 

STY3178. We reveal its trimeric assembly formation in solution state using size exclusion 

chromatography. The SEC results are further supported by the rotational correlation time 

determined using NMR relaxation methods. Our present study indicates that yfdX proteins 

have a propensity to form oligomeric assemblies although their state of oligomers may vary.

http://www.malvern.co.uk/
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Chapter 4| Thermal stability of STY3178 

4.1. Introduction 

The thermal response for different proteins is diverse. Thermal stability of a protein 

could shed light towards understanding its function. There are proteins which can tolerate high 

temperatures and undergo reversible unfolding whereas others form irreversible aggregates 

upon heating. For example, polymerases, like Taq
82

 or pfu
83

 from thermophillic bacteria show 

very high temperature stability. Proteins showing reversible unfolding includes lysozyme
84, 85

, 

chymotrypsinogen
86

, soybean kunitz trypsin inhibitor
87

, bovine pancreatic trypsin inhibitor
88, 

89
,  porcine S100A12

90
 (calcium binding protein), HSA

91, 92
  and triosephosphate isomerase

93
.  

In this chapter, we study the thermal stability of a yfdX protein, STY3178 from 

Salmonella Typhi. The primary objective is to shed light on its function by characterizing 

thermal unfolding profile. We show the thermal stability and reversibility in unfolding of 

STY3178 using circular dichroism (CD), steady state fluorescence, dynamic light scattering 

(DLS) and nuclear magnetic resonance (NMR) experiments. We also monitor the effect of 

various heating and cooling rates on protein folding. The activation energies are estimated by 

measuring the kinetics of unfolding and refolding using CD. 

The organization of this chapter is as follows: The experimental methods for studying 

the thermal unfolding are discussed in section 4.2. The results related to the experiments are 

given in section 4.3 and conclusion is covered in section 4.4. 

 

4.2. Materials and methods 

4.2.1. Secondary structure at different temperatures 

All the circular dichroism (CD) measurements are performed in Jasco J-815 CD 

spectrometer attached with a peltier unit (Jasco) for controlling the temperature. Quartz cell of 

3 mm path length is used during the measurement. The data are recorded in the far UV-region 

(200-250 nm) using protein concentration of 10 µM.  Protein unfolding is monitored by 

increasing the temperature with increments of 10°C in the range of 20°C to 70°C. Sample is 

equilibrated for 10 minutes at each temperature (30°C, 40°C, 50°C, 60°C and 70°C) prior to 

measurement. Similarly, protein refolding is achieved by decreasing the temperature from 70°C 

to 20°C with decrements of 10°C (60°C, 50°C, 40°C, 30°C, and 20°C). The experiments are 

performed in a buffer with composition 50 mM potassium phosphate (pH 7), 250 mM NaCl 
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and 1 mM PMSF. All the spectra are background corrected by subtracting the data for the 

buffer at each temperature. 

We monitor the transition from folded to unfolded state by measuring the ellipticity 

value at 222 nm ( 222 ) upon gradually heating the protein from 20°C to 70°C. Different heating 

rates used for probing the transition are 0.5°C/min, 1°C/min, 2°C/min, 3°C/min, 4°C/min and 

5°C/min. Similarly, six different cooling rates (0.5°C/min, 1°C/min, 2°C/min, 3°C/min, 

4°C/min and 5°C/min) are used for refolding the protein. The spectra of each sample are 

background corrected by subtracting the data of the buffer collected for each rate of heating or 

cooling. The fraction of the folded protein (fN) at each temperature is calculated using the 

relation
94

,    NDTDNf   ,                        (1) 

where 
N and D  are the respective measured ellipticity values of folded and unfolded protein. 

T  is ellipticity at each temperature. 

 In another set of experiment, we heat STY3178 (10 μM) at various temperature 50°C, 

60°C, 70°C, 80°C, 90°C and 100°C for 30 minutes in a water bath (Labnet). The unfolded 

protein samples are allowed to cool down to room temperature. Far UV-CD is recorded with 

the cooled samples in order to monitor the refolding. 

 

4.2.2. Dynamic Light Scattering (DLS) 

DLS measurements are performed at temperatures 20°C, 30°C, 40°C, 50°C and 60°C 

using Nano-S Malvern instrument attached with a thermostat cell holder. All the samples are 

equilibrated at each temperature for 10 minutes prior to measurement. Sample preparation, 

laser wavelength and measuring angle are same as reported in chapter 2. 

 

4.2.3. Kinetics of unfolding  

Kinetics of protein unfolding is monitored by the change in ellipticity value ( 222 ) at 

222 nm wavelength. Protein is heated at the following temperatures 53°C, 55°C, 57°C, 59°C, 

60°C, 63°C and 65°C for 4 hours and  222  is recorded. Buffer (50 mM potassium phosphate, 

pH 7, 250 mM NaCl, 1 mM PMSF) is equilibrated at each temperature prior to addition of 

STY3178. The dead time of mixing is 15 seconds. All the data are background corrected. 

Fraction of folded protein (fN) is estimated for each temperature using 222  value and 

applying equation (1). fN values are plotted as a function of time (t) for each temperature (T) 
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and fitted with single exponential decay equation, 
tk

fN
uaeyf


 , where ku is rate of 

unfolding. We assume first order kinetics and apply Arrhenius equation, 
RTE

u

u
aek

/
~


to estimate 

activation energy ( u

aE ) of unfolding from the slope of lnku versus 1/T plot. T and R denote the 

absolute temperature and universal gas constant, respectively. 

 

4.2.4. Kinetics of refolding  

We follow the refolding kinetics by measuring the ellipticity change at 222 nm ( 222 ) of 

the unfolded protein. We first heat the protein (10 µM) at 70°C for 10 minutes in order to 

unfold it. The unfolded protein at 70°C is subjected to sudden cooling by lowering the 

temperature of the cell holder. The temperatures at which protein is subsequently refolded by 

cooling are 30°C, 32°C, 34°C, 36°C, 38°C and 40°C. There is a time lag between the beginning 

of the measurement and the increase in fN value as a result of refolding. The lag time is 

controlled by the instrument itself and is different for different temperatures (99.5 sec-30°C, 

99.5 sec-32°C, 99.5 sec-34°C, 101 sec-36°C, 99.5 sec-38°C and 101 sec-40°C). We finally 

average our data over three sets of measurements. The change in folded protein fraction, ∆fN is 

defined as RNN fff  , (fR is the folded fraction at which fN increases) in order to account for 

the difference between the lag time and initiation of refolding. The fR values are non-zero, 

however, small for various temperatures.  Similarly, the time at which fN starts increasing is 

denoted by t and given by subtracting the lag time from each set of measurement. The plot of 

fN versus t is fitted with single exponential equation, )1(0

tk

N
feayf


  which provided 

the rate of refolding (kf). The plot of natural logarithm of kf (lnkf) with 1/T is fitted linearly. 

This Arrhenius plot is utilized to estimate the activation energy of refolding ( f

aE ). 

 

4.2.5. Tertiary structure from steady state fluorescence 

Fluorescence measurements are carried out in Jobin Yvon Horiba Fluorolog equipped 

with a peltier unit (Wavelength Electronics). The excitation and emission slits used during 

measurement is 2 nm. 10 µM protein is heated gradually at various temperatures ranging from 

20°C to 70°C with increments of 5°C followed by equilibration of 10 minutes at each 

temperature (25°C, 30°C, 35°C, 40°C, 45°C, 50°C, 55°C, 60°C, 65°C and 70°C). Sample is 

excited at 275, 280 and 295 nm after equilibration. Fluorescence emission is collected in the 

range 300 nm to 500 nm for all the excitation wavelengths. Similarly, the same sample is 
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cooled down by gradually lowering the temperature from 70°C to 20°C in order to monitor its 

refolding. The final spectra at various temperatures are background corrected by subtracting the 

spectrum of the buffer containing 50 mM potassium phosphate (pH 7) 250 mM NaCl, 1 mM 

PMSF. 

 

4.2.6. Nuclear Magnetic Resonance spectroscopy 

E. coli cells are grown in M9 minimal media containing 
15

NH4Cl in order to uniformly 

label the protein with 
15

N. Protein extraction and purification methods are same as described 

earlier in chapter 2. 
1
H-

15
N heteronuclear single quantum coherence (HSQC) experiments are 

performed in a 600 MHz Varian spectrometer equipped with a room temperature probe at 

different temperatures 25°C, 30°C,  35°C, 40°C and 45°C. 400 µM protein is used for the 

measurements in a buffer containing 30 mM phosphate buffer (pH 7), 150 mM NaCl and 10 % 

D2O. All the HSQC measurements are acquired as 64 scans and 128 number of points. 

NMRPIPE
95

 is used for data processing. Referencing of the HSQC spectra at 25°C, 30°C,  

40°C and 45°C are performed with respect to that at 35°C using NMRVIEW
96

. 

 

4.3. Results 

In chapter 2, we have shown that STY3178 is an α-helical protein with two 

characteristic minima around 209 and 222 nm. Its emission maxima is around 342 nm 

measured from steady state fluorescence. We monitor the effect of heat on secondary and 

tertiary structure of STY3178. 

4.3.1. Unfolding with temperature  

The α-helical secondary structure remains stable and almost intact up to 50°C upon 

heating gradually with increment of 10°C in the temperature range 20°C to 70°C (Figure 4.1a). 

Substantial changes are observed in secondary structure of the protein above 50°C. The two 

characteristic minima around 209 and 222 nm diminish completely at 60°C (Figure 4.1a). This 

shows melting of the protein secondary structure. CD spectrum does not show any further 

change at 70°C compared to that at 60°C (Figure 4.1a). This indicates complete unfolding of 

the protein occurs at 60°C. 

Similarly, we monitor the effect of temperature on the environment of the fluorophores 

using steady state fluorescence. The emission spectra for 280 nm excitation shows gradual 

decrease in intensity as temperature increases from 20°C to 70°C (Figure 4.1b). Similar 
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observation is found for 275 and 295 nm excitations. The emission peak position for 280 nm 

excitation is plotted as a function of temperature and observed to remain unchanged up to 45°C 

(Figure 4.1c). It starts shifting towards higher wavelength when heated above 45°C. The 

emission peak position is red shifted by 10 nm between 45°C to 55°C. This indicates protein 

unfolding starts beyond 45°C. The peak position does not change further above 55°C. 

However, the emission intensity continues to decrease till 70°C. 

 

Figure 4.1. Secondary and tertiary structure of STY3178 at elevated temperatures. (a) 

Shows the far UV-CD spectra of the protein at various temperatures 20°C (black), 50°C 

(red), 60°C (green) and 70°C (blue). (b) Shows the fluorescence emission spectra of protein 

at temperatures 20°C (black), 25°C (red), 30°C (green), 35°C (purple), 40°C (blue), 45°C 

(magenta), 50°C (cyan), 55°C (grey), 60°C (brown), 65°C (dark green) and 70°C ( dark 

yellow).  (c) Shows the plot of peak position as a function of temperature for excitation at 

280 nm during unfolding of protein. 

 

We perform NMR measurements to observe the tertiary structural changes in protein 

with increasing temperature. At 25°C, HSQC spectrum of 
15

N-labelled protein contains well 

dispersed peaks in the region 6-10.5 ppm (Figure 4.2a). Large number of peaks is found to 

cluster around 7.5-8.5 ppm region in the spectrum (Figure 4.2a). This is indicative of α-helical 

protein. It also contains well dispersed peaks other than the clustered region which suggests 

presence of some β-sheet elements in the structure. The HSQC spectrum is also monitored at 

four other temperatures 30°C (Figure 4.2b), 35°C (Figure 4.2c), 40°C (Figure 4.2d) and 45°C 

(Figure 4.2e). We find more number of peaks in the HSQC spectra with increase in 

temperature. This is due to increase in molecular tumbling with temperature. The overall 

spectra are very similar in the temperature range 25°C to 45°C (Figure 4.2f). This indicates that 

the tertiary structure is quite stable at 45°C supporting CD and fluorescence results. Only few 

peaks show sensitivity with increasing temperature in the HSQC spectra (Figure 4.2f). Those 

peaks showing sensitivity are majorly from the well dispersed regions. 
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Figure 4.2. 
15

N-
1
H HSQC spectra (6-10.5 ppm) of STY3178 at various 

temperatures (a) 25°C (black), (b) 30°C (blue), (c) 35°C (red), (d) 40°C (green) 

and (e) 45°C (yellow). (f) Represents the superimposed spectra of protein at all 

the temperatures mentioned in (a)-(e). 

 

4.3.2. Reversibility in unfolding 

 We next determine the possibility of STY3178 refolding into its native structure from 

an unfolded state. The thermally unfolded protein is gradually cooled from 70°C to 20°C by 

decreasing 10°C at a time and CD spectra is recorded. The protein remains in unfolded state up 

to 50°C (Figure 4.3a). Refolding of the protein is observed upon cooling down further to 40°C 

as evident from the α-helical secondary structure (Figure 4.3a). The CD spectrum of the 

refolded protein (Figure 4.3a) is similar to that of the native protein at 20°C (Figure 4.3a) prior 

to unfolding. This observation establishes reversibility in thermal unfolding of STY3178.  

We further monitor the capability of protein to refold back from thermally unfolded 

state using steady state fluorescence measurement. Figure 4.3b shows the emission spectra of 

the protein after cooling from 70°C to lower temperatures for excitation at 280 nm. The 

emission intensity increases as temperature decreases to 20°C compared to the unfolded state at 

70°C.  We also observe a blue shift of about 8 nm in emission maxima along with increase in 

intensity upon cooling (Figure 4.3c). Similarly results are observed for 275 and 295 nm 

excitations. This further suggests refolding of the protein which results in a blue shift. 

However, the final emission maxima is red shifted by 2-3 nm (Figure 4.3c) and its intensity is 

less in the refolded protein (Figures 4.3b) compared to that of native state (Figure 4.1b,c). This 
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suggests slight rearrangement in the conformation of amino acids side chains.  Therefore, both 

steady state fluorescence and CD results are in line indicating reversibility in thermal unfolding 

of the protein. 

 

Figure 4.3. Structure of STY3178 upon cooling. (a) Shows the far UV-CD spectra 

after cooling from 70°C to lower temperatures 60°C (green), 50°C (red), 40°C 

(magenta) and 20°C (black). (b) Shows the steady state fluorescence spectra of protein 

at 280 nm excitation upon cooling to temperatures 20°C (black), 25°C (red), 30°C 

(green), 35°C (purple), 40°C (blue), 45°C (magenta), 50°C (cyan), 55°C (grey), 60°C 

(brown), 65°C (dark green). The unfolded protein spectrum at 70°C is shown in dark 

yellow.  (c) Shows the plot of peak position versus temperature for excitation at 280 nm 

during protein refolding. 

 

We further determine the conformational stability of STY3178 by heating it for a long 

period of time. It is heated at various high temperatures (50°C, 60°C, 70°C, 80°C, 90°C and 

100°C) for 30 minutes using a water bath and allowed to cool down to room temperature after 

that. The far UV-CD of the protein samples after cooling are recorded and compared with the 

native spectrum. Protein heated in the temperature range 50°C to 80°C, refolds completely into 

a native-like structure (Figure 4.4). There is a slight decrease in ellipticity of the refolded 

protein upon heating at 90°C indicating partial loss of secondary structure (Figure 4.4). 

Refolding could not be achieved for the sample heated at 100°C (Figure 4.4). Thus, the 

reversibility in protein unfolding is maintained completely up to 80°C and partially for 90°C. 
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Figure 4.4. Secondary structure of the protein upon cooling from 

elevated temperatures. Far UV-CD spectra of refolded protein 

recorded at room temperature after heating at 50°C (red), 60°C (green), 

70°C (yellow), 80°C (blue), 90°C (magenta) and 100°C (dark green) 

for 30 minutes. The native protein spectrum at 20°C is shown in black 

for comparison. 

 

To determine the stability of the protein trimeric assembly, the hydrodynamic size of 

STY3178 is monitored in the temperature range 20°C to 60°C (Figure 4.5, black) using DLS. 

The hydrodynamic diameter of the native protein at 20°C is around 6.5 nm as reported in 

chapter 2. The size varies within 1 nm with increase in temperature which is not a substantial 

change to consider. This suggests that the oligomeric state of the protein is stable and its size 

remains almost unchanged upon heating. Similar native-like hydrodynamic size (~6.5 nm) is 

observed upon cooling the unfolded protein from 60°C to 20°C (Figure 4.5, red). 

 

Figure 4.5. Effect of temperature on the hydrodynamic size of 

STY3178. The hydrodynamic diameter is plotted as function of 

temperatures 20°C, 30°C, 40°C, 50°C and 60°C during unfolding 

(black) and refolding (red).  
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4.3.3. Dependence on heating and cooling rates 

The thermal unfolding of a protein could be either kinetically or thermodynamically 

controlled.  We heat the protein at different heating rates and record the ellipticity at 222 nm 

(θ222). fN is calculated from the θ222 value as described in methods. It does not unfold below 

50°C for all the heating rates. fN remains unchanged up to 50°C and decreases on further 

increasing temperature (Figure 4.6a). A difference in half denaturation temperature (Tm) at fN= 

0.5, is observed for different heating rates. Tm is found to be low for slower heating rates and 

increases for higher heating rates as shown in Table 4.1. In other words, rapid unfolding is 

achieved upon exposing the protein for long time at elevated temperature. This is a 

characteristic of kinetically controlled process
94, 97, 98

. Unfolded protein at 70°C is cooled at 

different cooling rates and θ222 is measured similarly. fN is plotted as a function of temperature 

for various cooling rates (Figure 4.6b). It indicates refolding of the protein achieved below 

50°C. There is a hysteresis in unfolding and refolding of the protein. Hysteresis is caused due to 

the insufficient time for the protein to reach equilibrium during faster scan rate. Half 

renaturation temperature (Tmʾ) is found to be lower than half denaturation temperature (Tm) as 

shown in Table 4.1. Hysteresis is observed to decrease with decreasing rates of heating and 

cooling. 

 

Figure 4.6. Unfolding and refolding of STY3178. (a) The variation of 

fN with temperature for different heating rates 0.5°C/min (black), 

1°C/min (red), 2°C/min (green), 3°C/min (yellow), 4°C/min (blue) and 

5°C/min (magenta) is shown. (b) Change in fN upon cooling the protein 

from 70°C at different cooling rates 0.5°C/min (black), 1°C/min (red), 

2°C/min (green), 3°C/min (yellow), 4°C/min (blue) and 5°C/min 

(magenta) is represented. 
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Table 1. Half denaturation (Tm) and renaturation temperature (Tmʾ) of protein STY3178 

for different heating and cooling rates. 

Rate (°C/min) Tm(°C) Tmʾ(°C) 

0.5 56.57 46.57 

1 58.65 45.73 

2 61.15 44.59 

3 62.40 43.96 

4 63.65 43.24 

5 64.59 42.40 

 

4.3.4. Kinetics measurement 

The kinetics of unfolding of STY3178 is measured using CD.  The ellipticity changes at 

222 nm ( 222 ) is recorded for 4 hours at temperatures 53°C, 55°C, 57°C, 59°C, 60°C, 63°C and 

65°C.  fN values  approaching to zero after long time is indicative of complete unfolding (Figure 

4.7a). We find fN decreases below 50 % within 50 minutes of heating the protein at the above 

mentioned temperatures. The plot of fN with time follows single exponential decay. The rate of 

unfolding (ku) is estimated from the exponential fit of fN plotted as a function of time and 

shown for few temperatures in Figure 4.7b. The plot of lnku versus 1/T follows the Arrhenius 

behavior and the activation energy of unfolding ( u

aE ) is calculated from the slope of this plot 

(Figure 4.7c). u

aE  of about 246.9 kJ/mol is obtained for STY3178 and is comparable to that of 

other proteins reported in literature
99-101

.  We do not perform kinetics measurement below 53°C 

temperature because complete unfolding of protein could not be achieved despite long 

measurement time. 

 

Figure 4.7. Unfolding kinetics of STY3178. (a) Fraction of folded protein (fN) is 

plotted as a function of time upon heating at temperatures 53°C (grey), 55°C (red), 

57°C (green), 59°C (dark yellow), 60°C (blue), 63°C (magenta) and 65°C (cyan). 

(b) Represents the exponential fitting of fN versus time for temperatures 53°C 

(grey), 55°C (red), 57°C (green) and 59°C (dark yellow). (c) Shows the linear 

dependence of lnku over 1/T (Kelvin
-1

) following Arrhenius behaviour. 
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The refolding kinetics of STY3178 is measured similarly using the change in 222 . The 

thermally unfolded protein at 70°C is allowed to cool down to lower temperatures (30°C, 32°C, 

34°C, 36°C, 38°C and 40°C) in order to follow the refolding kinetics. We observe a time lag 

(tL) of about 100 seconds after which fN increases rapidly (fN0.95) within 300 seconds as a 

result of refolding (Figure 4.8a). The reported spectra over the entire time of measurement (0 to 

600 seconds) are an average of three sets of data acquired at different temperatures. The change 

in ∆fN is defined as RNN fff  , where fR represents the folded fraction at time Ltt  . The fR 

has small and non-zero values for various temperatures. Similarly, the increase in time is 

defined as Lttt  . The plot of fN as a function of t show single exponential rise as shown 

for few temperatures in Figure 4.8b. The rate of refolding (kf) is estimated from exponentially 

fitted curves.  The plot of lnkf versus 1/T shows Arrhenius behavior upon refolding with 

activation energy ( f

aE ) of about -58.66 kJ/mol (Figure 4.8c). The quality of linear fit in 

refolding kinetics (Figure 4.8c) is poorer compared to that in unfolding (Figure 4.7c) as 

reflected in the R
2
 values of the fits (0.97 for unfolding and 0.85 for refolding). This leads us to 

determine the dependences of ln(ku/T) and ln(kf/T) on 1/T.
93

 The plots confirm the linear 

dependences for both processes (Figure 4.8d). This indicates that the activation heat 

capacities
93

 are negligible for both unfolding and refolding.  

 

Figure 4.8. Refolding kinetics of STY3178. (a) The change in fN with 

time is shown during refolding for temperatures 30°C (green), 32°C 

(black), 34°C (brown), 36°C (magenta), 38°C (blue) and 40°C (red). 
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(b) Shows the variation in ∆fN ( RNN fff  , where fR is the folded 

fraction from which the rise in fN starts) with time (∆t) at which fN  starts 

increasing. It is fitted exponentially and shown for temperatures 30°C 

(green), 38°C (blue) and 40°C (red). (c) Arrhenius plot of lnkf versus 

1/T (Kelvin
-1

) showing linear dependence. (d) Shows the plots of 

ln(ku/T) and ln(kf/T) as functions of 1/T for unfolding (black) and 

refolding (red) kinetics of STY3178. 

 

4.4. Conclusion 

The studies related to thermal response of STY3178 using CD, steady state 

fluorescence, DLS and NMR show reversible unfolding and structural stability at elevated 

temperatures. STY3178 can refold back upon cooling from 80°C. There is hysteresis in 

unfolding and refolding of the protein as observed from the time dependent CD measurements 

in the temperature range 20°C to 70°C. The unfolding and refolding kinetics shows the 

Arrhenius behavior with the activation energy barriers 246.9 kJ/mol and -58.66 kJ/mol, 

respectively. 
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Chapter 5| Response of STY3178 in various chemical environments 

5.1. Introduction 

Proteins unfold due to change in solution pH or in presence of chemical agents such as 

urea, guanidium chloride (GndHCl), sodium dodecyl sulphate (SDS). Among these, pH of the 

medium has a significant role in biological processes.
102-104

  The protonation state of amino 

acids is governed by the pH of solution.
102, 105

 As a result, protein structure, stability and 

function are also influenced by pH changes.
105-111

 Other chemical agents disrupt the structure of 

protein by different mechanisms. For example, urea perturbs the protein structure either by 

altering solvent environment around it or by directly interacting with the polypeptide 

backbone.
112, 113

  GndHCl also unfolds proteins in a similar manner
114

, although, it is more 

potent in unfolding the protein compared to urea.
115

 The anionic surfactant SDS is known for 

its denaturing property as well as for stabilizing the α-helices of protein.
116-119

  

Small proteins often show reversibility in chemical unfolding.
10

 For example, bovine 

pancreatic trypsin inhibitor (BPTI) is known to have resistance towards chemical 

denaturation.
120

 Cytochrome c from yeast
121

 and calcium binding protein, Porcine S100A12
90

 

are capable of showing reversible chemical unfolding. Proteins well studied for reversibility in 

chemical unfolding include serum albumin from bovine and human.
91, 92, 122, 123

 However, in 

literature, only a few multi-domain proteins are reported for refolding into a native-like 

structure from an unfolded state. These include skeleton proteins namely erythroid, non-

erythroid spectrins
124

 and oligomeric heat shock protein, chaperonin 10 (cpn10)  from 

human
125

. 

There are helical membrane proteins, known for undergoing reversible chemical 

denaturation. For example, bacteriorhodopsin
126, 127

 is a membrane protein to be refolded in 

vitro. The integral membrane protein diacylglycerol kinase
128

 from E. coli also shows 

reversible chemical denaturation. Another membrane protein, KcsA
129

 from potassium channel 

superfamily and disulphide bond reducing protein DsbB
130

  from E. coli, are reported for 

reversible refolding capability. An α-helical membrane protein, CopA from Archaeoglobus 

fulgidus is also reported to regain its native-like structure and function up on denaturation by 

GndHCl.
131

 Apart from these aforementioned proteins, there are few transporter proteins like 

EmrE and GaIP from small multidrug resistant transporter (SMR) and major facilitator 
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superfamily (MFS), respectively, which show similar reversible unfolding in presence of 

chaotropes.
132, 133

 

Surfactants, on the other hand, are more potent in inducing protein unfolding compared 

to urea and GndHCl.
134

 They are required only in millimolar concentration whereas urea and 

GndHCl are required in molar concentration range for protein unfolding due to weak 

interaction with peptide backbone.
134

 However, surfactants can suppress protein aggregation as 

well.
135, 136

 For example, surfactant Hecameg is reported to dissociate cytochrome b6f complex 

into its monomer.
137

 The most commonly used surfactant SDS also prevents aggregation of 

proteins such as EmrE
138

 belonging to SMR protein family, BRICHOS
139

 domain trimer, multi-

oligomeric haemoglobin
140

 and insulin
141

. The other reported properties of SDS are 

stabilization of α-helical protein above its critical micellar concentration (CMC).
142-144

 On the 

other hand, β-sheeted proteins get stabilized below the CMC of SDS.
144-146

 Apart from these, 

the tertiary structure of protein can get altered in presence of SDS while secondary structure 

remains unchanged as reported for cytochrome c.
144, 147-153

 

We report in previous chapters that multidrug and acid response regulator, EvgA 

activates genes which are involved in either acid tolerance response (ATR), high osmolarity or 

efflux transport mechanism in E. coli.
20

 Genes osmC and ompA are related to high osmolarity 

responses
20, 154-156

 whereas yhiU
20

 and yhiV
20

 are efflux transporters. Those related to acid 

tolerance are yfdXUWEV.
33, 35

 The growth of bacterial cells in acidic medium is reported to be 

affected by deletion of these genes.
35

  Functional characterization of yfdW
35

, yfdU
35

, yfdE
34

 and 

yfdV
34

 are performed. yfdW is formyl-coenzyme A (CoA) transeferase whereas yfdU is oxalyl-

CoA decarboxylase.
35

 yfdE and yfdV are suggested to be involved in oxalate-induced ATR 

mechanism in E.coli.
34

 However, response of yfdX protein in different chemical environments 

is not reported.  

In this chapter, we show the effect of various chemical environments on structural 

stability of yfdX protein, STY3178. We have chosen different pH and chemical agents such as 

urea, guanidium chloride (GndHCl) and sodium dodecyl sulphate (SDS), for perturbing the 

native structure of STY3178. We employ techniques like circular dichroism (CD), steady state 

fluorescence, dynamic light scattering (DLS), nuclear magnetic resonance (NMR) and 

isothermal titration calorimetry (ITC) to monitor the changes induced by different perturbing 

agents. 

This chapter is organized as follows: Section 5.2 includes the methods related to sample 

preparation followed by experimental techniques used for monitoring the stability of STY3178 
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in presence of chemicals. Results covering the effect of pH, urea, GndHCl and SDS are 

included in section 5.3. Discussion and conclusion are given in sections 5.4 and 5.5, 

respectively.   

 

5.2. Methods 

5.2.1. Sample preparation for experiments 

pH dependent measurements: The effect of acidic and alkaline media on STY3178  is 

monitored for the pH values 2.5, 3, 4, 4.5, 5.2, 6, 6.5, 7, 7.5, 8, 8.5, 9 and 10. Buffers used for 

achieving the desired pH are as follows: glycine-HCl (pH 2.5 and 3), sodium acetate-acetic acid 

(pH 4, 4.5 and 5.2), potassium phosphate (pH 6, 6.5 and 7), tris-HCl (pH 7.5, 8 and 8.5) and 

glycine-NaOH (pH 9 and 10). STY3178 (10 μM) is incubated overnight in 50 mM buffers 

having the aforesaid pH values. 

Urea and guanidine hydrochloride (GndHCl): 5 µM protein is used for all urea and 

GndHCl unfolding experiments. Buffer contains 50 mM potassium phosphate (pH 7), 250 mM 

sodium chloride (NaCl) and 1mM phenylmethanesulfonyl fluoride (PMSF) having urea or 

GndHCl. The concentrations of urea or GndHCl used for unfolding experiments are 0.2 M, 0.4 

M, 0.6 M, 0.8 M, 1 M, 1.2 M, 1.4 M, 1.6 M, 1.8 M, 2 M, 2.5 M, 3 M, 4 M and 6 M. STY3178 

in buffers having various concentrations of urea or GndHCl is equilibrated over night at room 

temperature.  

For carrying out refolding measurements, 200 µM protein is first unfolded in 8 M of 

either urea or GndHCl by incubating overnight at room temperature. This unfolded protein in 8 

M chaotrope is diluted by various folds to achieve lower concentrations of urea or GndHCl. 

Protein concentration is kept fixed at 5 µM for all the refolding experiments. In a different 

experimental set up, unfolded protein (200 µM STY3178 in 8 M urea or GndHCl solution) is 

diluted instantaneously in buffer with no chaotrope to reduce urea or GndHCl concentration by 

40, 30, 20 and 10 folds. Measurements are performed immediately after dilution without any 

equilibration. 

Sodium dodecyl sulphate (SDS): 5 μM protein is incubated overnight in buffers (50 mM 

potassium phosphate, pH 7, 250 mM NaCl and 1mM PMSF) having SDS.  Various SDS 

concentration used during the experiment are 0.69 mM (0.02 %), 1.39 mM (0.04 %), 2.1 mM 

(0.06 %) , 2.78 mM (0.08 %),  3.47 mM (0.1 %), 8.7 mM (0.25 %),  17.35 mM (0.5 %), 34.7 

mM (1 %) and  69.4 mM (2 %). In another set, 200 μM protein is first equilibrated overnight in 
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presence of 173.5 mM (5 %) SDS.  The concentration of SDS is then reduced by different 

dilutions keeping protein concentration fixed at 10 μM.  

Samples for background correction are prepared similarly without adding protein for 

each set of measurement in presence of respective chemical agents. 

 

5.2.2. Circular Dichroism measurements 

CD measurements for protein samples (mentioned above) in various pH buffers, urea, 

GndHCl and SDS are carried out in Jasco J-815 CD spectrometer. All measurements in far-

UV-region (200-250 nm) and near UV-CD region (250-330 nm) are performed using 1 mm and 

10 mm path length cells, respectively. Scan speed used during the measurements is 100 nm 

min
-1

.
 

All spectra are averaged over minimum two sets of measurements. Background 

correction is done by subtracting the data for corresponding buffer solutions with respective 

pH, urea, GndHCl and SDS from that of the sample. 

The fraction of folded protein ( i ) is estimated using the ellipticity values (θ222) at 222 

nm for various concentrations of chemical agents using the relation,    UNUii   , 

where θi denote the ellipticity of protein at different concentrations of chemical agents. θN and 

θU are ellipticity of native and unfolded protein, respectively. Folding constant (K) is then 

calculated from i  value at a certain concentration of chemical agents using the relation
157

, 

  nitit nPPK   1 , described by Greenfield. Pt defines monomer protein concentration 

expressed in moles per liter and n is the number of subunits. The free energy associated with 

protein folding is estimated using K value in the expression, KRTG ln , where R and T 

are the universal gas constant (1.98 kcal/mol) and absolute temperature (Kelvin), respectively.  

The free energy (∆G0) in absence of chemical agents is estimated from the plot of free energy 

of folding (∆Gi) as a function of chaotrope concentration (Di), assuming the process to be two-

state and a linear dependence ∆Gi over Di according to the relation, ][0 ii DmGG  . ∆Gi 

defines the free energy of protein at a given concentration of chemical agent and m is the 

slope.
157

 

 

5.2.3. Intrinsic fluorescence measurements 

The measurements of steady state fluorescence are recorded in Jobin Yvon Horiba 

Fluorolog using a quartz cell of 10 mm path length. The excitation wavelengths used during 
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measurement are 275, 280 and 295 nm. Concentration of protein is kept fixed at 10 μM 

throughout the measurements. pH dependent measurements are performed using 2 nm slit 

width and that in presence of urea, GndHCl and SDS are carried out using slit width of 3 nm. 

All spectra are background corrected by subtracting the data of respective buffers. 

 

5.2.4. Nuclear magnetic resonance measurement 

The protocol used for preparation of 
15

N-labelled protein and 
1
H-

15
N heteronuclear 

single quantum coherence (HSQC) experiments are same as described in chapter 4. Data are 

collected at 35°C in 30 mM phosphate buffer (pH 7), 150 mM NaCl and 10 % D2O with 64 

scans. HSQC spectra of 400 µM protein are recorded in presence of urea (unlabeled) with 

concentrations 0, 0.5, 1, 2 and 3 M. Protein in 3 M urea is buffer exchanged several times with 

that of 0 M urea buffer using a spin concentrator (Amicon, 10 KDa cut off). This resulted in a 

lower urea concentration of about 0.013 M.  HSQC of protein after buffer exchange is then 

recorded similar to the native one. All HSQC spectra are processed in NMRPIPE
95

 and 

analyzed in NMRVIEW
96

. 

 

5.2.5. Dynamic Light Scattering 

Hydrodynamic diameter of protein is monitored in presence of different pH, urea, 

GndHCl and SDS using Nano-S Malvern instrument at 20°C. The wavelength of laser and 

angle of scattering used for all measurements is 632.8 nm and 173°, respectively. 10 μM 

protein is equilibrated overnight in buffers with various pH, urea, GndHCl and SDS 

concentration as described in sample preparation section. Measurements for monitoring 

refolding are carried out similarly in presence of lower concentration of chemical agents. Each 

measurement is an average of five successive scans. 

 

5.2.6. Isothermal titration calorimetry (ITC) 

ITC measurements are performed for STY3178 (497 μM) by titrating it with 500 mM 

SDS, loaded in syringe at 298 K in a MicroCal iTC200 calorimeter (GE healthcare). The 

measurement is carried out in a buffer containing 30 mM phosphate (pH7), 150 mM NaCl and 

1mM PMSF.  Reference power used during ITC measurement is 10 μcal/s. First injection of 0.4 

μl and rest 25 injections of 1.5 μl are injected in the cell with constant stirring of 50 rpm. Each 

injection is done for 3 seconds with 200 seconds spacing and an initial delay of 60 seconds 
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prior to first injection. The heat of demicellization upon dilution of SDS is subtracted from that 

of SDS titration into buffer. We plot the integrated data using MicroCal origin. 

 

5.2.7. Size exclusion chromatography in presence of SDS 

 We perform SEC using superdex 75 column as per the protocol described in chapter 3. 

The column is pre-equilibrated with buffer containing 50 mM phosphate (pH 7), 250 mM 

NaCl, 1 mM PMSF and 3.47 mM (0.1 %) or 69.4 mM (2 %) SDS. STY3178 (400 μM) is first 

incubated in the above buffer containing 3.47 mM (0.1 %) or 69.4 mM (2 %) SDS. Protein is 

eluted at a flow rate of 1 ml/minute using a peristaltic pump (GE Healthcare). Various standard 

proteins (lysozyme, 14.4 KDa; carbonic anhydrase, 29 KDa; ovalbumine, 45 KDa; BSA, 66 

KDa and conalbumin, 75 KDa) are used for column calibration as reported in chapter 3. 

 

5.3. Results 

5.3.1. Effect of pH 

Secondary structure of STY3178 is monitored in the far UV-region (200-250 nm) at 

different pH using CD. The spectra of protein in different buffers in the pH range 2.5-10 show 

characteristic minima at 222 nm (Figure 5.1a). We plot the ellipticity at 222 nm (θ222) as a 

function of pH (Figure 5.1b). This indicates that STY3178 is quite stable and α-helical 

secondary structure is retained in acidic (pH 2.5) as well as in alkaline (pH 10) media. 

However, we find an increase in ellipticity for the protein in buffers with pH 7.5-10 compared 

to the native protein at neutral pH 7. We could not measure the ellipticity at 209 nm for the 

samples due to limitation of the instrument.  

Near UV (250-350 nm) CD spectra of STY3178 at various pH between 2.5 to 10 are 

monitored to determine the stability of tertiary structure. Native protein at neutral pH 7, has a 

broad shoulder spanning over 250- 280 nm in near UV-CD spectrum (Figure 5.1c). This broad 

shoulder disappears in strong acidic pH 2.5 and 3. However, it is retained at pH 4.5 with lower 

ellipticity compared to the native protein at pH 7 (Figure 5.1c). For the pH range 6 to 10, broad 

shoulder has ellipticity almost same as that of the native protein (Figure 5.1c). This establishes 

the stability of protein in the pH range 4.5-10. 
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Figure 5.1. Effect of pH on STY3178. (a) Shows the far UV-CD spectra of protein in 

buffers with pH 2.5 (dark green), 4.5 (red), 6 (green), 7 (black), 8 (blue) and 10 (magenta). 

(b) Represents the plot of ellipticity at 222 nm (θ222) versus pH in the range 2.5-10. (c) Near 

UV-CD spectra of protein in buffers having pH values 2.5 (dark green), 4.5 (red), 6 (green), 

7 (black), 8 (blue) and 10 (magenta). 

 

 Effect of pH on the nature of fluorophores is monitored using steady state fluorescence. 

Protein samples in buffers with various pH (2.5 to 10) are excited at 275, 280 and 295 nm. The 

emission spectra upon 280 nm excitation are shown for buffers with pH 2.5, 4.5, 6, 7, 8 and 10 

(Figure 5.2a). The emission intensity is found to be low for samples in buffers with pH range 

2.5 to 6.5. We observe an increase in emission intensity compared to the native protein for 

buffers having pH 7.5, 8, 8.5, 9 and 10. The emission peak position is blue shifted to 339 nm in 

acetate buffers (pH 4, 4.5 and 5.2) compared to that of native protein at pH 7. It remains same 

as that of the native protein for rest of the pH values. Similar observation is made for 275 and 

295 nm excitations. Plots of peak position as a function of pH for excitation wavelengths 275, 

280 and 295 nm support these results (Figure 5.2b). These observations are comparable to the 

far UV-CD results. 

 

Figure 5.2. Fluorescence emission of STY3178 in different pH. (a) 

Shows the emission spectra of protein in buffers with pH 2.5 (dark 

green), 4.5 (red), 6 (green), 7 (black), 8 (blue) and 10 (magenta) at 280 

nm excitation. (b) Peak positions are plotted as a function of pH for 

excitation at 275 (black), 280 (red) and 295 (green) nm. 
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The hydrodynamic size of STY3178 is measured to determine the effect of pH on the 

oligomeric state of protein. Native STY3178 at pH 7 has a hydrodynamic diameter of about 6.5 

nm, as reported in chapter 2. This corresponds to a trimeric assembly for STY3178 (shown in 

chapter 3). Figure 5.3a shows the DLS spectra of protein for few representative pH values 2.5, 

4.5, 6, 7, 8 and 10. The hydrodynamic diameter remains around 6.5 nm at all these pH values. 

We plot the hydrodynamic diameter against pH values in the range 2.5-10 (Figure 5.3b). It 

shows that protein size does not change in acidic as well as alkaline pH. However, a decrease in 

intensity of the peak around 6.5 nm is observed for pH 2.5, 3, 4, 4.5 and 5.2 compared to pH 7 

(Figure 5.3a). 

 

Figure 5.3. Hydrodynamic size of STY3178 in various pH media. 

(a) DLS spectra of protein for pH 2.5 (dark green), 4.5 (red), 6 (green), 

7 (black), 8 (blue) and 10 (magenta). (b) Shows the hydrodynamic 

diameter plotted as a function of pH in the range 2.5 to 10. 

 

5.3.2. Effect of urea 

 We monitor the secondary structure of STY3178 in presence of different concentrations 

of urea using CD. The ellipticity values at 209 and 222 nm decrease up to 0.6 M urea (Figure 

5.4a). It starts increasing above 0.6 M urea (Figure 5.4a). The ellipticity change at 222 nm 

(θ222) is plotted as a function of urea concentration (Figure 5.4b). Decrease in θ222 up to 0.6 M 

urea indicates increase in helix content of protein (Figure 5.4b). θ222 increases above 0.6 M urea 

and reaches a value similar to that of native state at 1.6 M urea (Figure 5.4b). The ellipticity 

increases further beyond 1.6 M urea concentration (Figure 5.4b). This suggests that unfolding is 

initiated above 1.6 M urea and major secondary structural changes occur in presence of 2.5 M 

urea. θ222 does not change much in the urea concentration range 2.5 M to 6 M. This indicates 

unfolding of STY3178 above 2.5 M urea concentration. 
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Figure 5.4. Secondary structure of STY3178 in presence of urea. 

(a) Represents the CD spectra of protein in native state (black) and in 

presence of different urea concentrations 0.4 M (red), 0.6 M (green), 

1M (blue), 2 M (magenta) and 6 M (grey). (b) Shows the plot of 

ellipticity (θ222) as a function of different concentration of urea during 

unfolding. 

 

The changes in tertiary structure of protein in presence of urea are monitored using near 

UV-CD. There is a broad shoulder spanning from 250 to 280 nm in native protein spectrum due 

to presence of aromatic residues namely tryptophan, tyrosine and phenylalanine (Figure 5.5a). 

The ellipticity of this broad shoulder decreases at 0.4 M and 0.6 M urea (Figure 5.5a). It 

reduces further at 1 M urea indicating tertiary structural changes in STY3178 (Figure 5.5a). 

This broad shoulder diminishes further at urea concentration 2 M and above, suggesting loss of 

tertiary structure of protein (Figure 5.5a).  

The effect of urea on tertiary structure of protein is further monitored using steady state 

fluorescence measurements. Emission maximum of native protein is around 342 nm for 

excitation wavelengths 275, 280 or 295 nm as reported in chapter 2.
32

 We show the emission 

spectrum for excitations at 275 nm and 295 nm in Figures 5.5b and c, respectively. The spectra 

remain unchanged at 1 M urea compared to the native protein for both the excitation 

wavelengths (Figure 5.5b,c). Peak position shows red shift at 2 M urea and does not change 

further up to 6 M urea (Figure 5.5b,c). However, there is a small shoulder around 300 nm in 2 

M and 6 M urea for 275 nm excitation, which corresponds to tyrosine emission. The emission 

spectrum at 295 nm excitation in presence of 6 M urea also contains a shoulder around 305 nm 

(Figure 5.5c). This shoulder is not present in 1 M and 2 M urea.  

We calculate the difference spectra (275-295 nm) of protein in presence of urea and 

compare it with that of the native spectrum.  The nature of difference spectrum in 1 M urea 

remains same as the native protein with a peak around 303 nm (Figure 5.5b). This indicates that 
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the phenomenon of FRET still occurs in 1 M urea as reported in chapter 2. We find the 

intensity of difference spectrum is reduced at 2 M urea. It almost diminishes in presence of 6 M 

urea. This suggests that the FRET between tyrosine and tryptophan is less efficient in 2 M and 

negligible in 6 M urea due to structural alterations. The observations of fluorescence emission 

at 280 nm excitation are same as that of 275 nm. We plot the change in emission peak position 

for excitation wavelengths 275, 280 and 295 nm as a function of different urea concentrations 

(Figure 5.5d). The emission maxima remain same up to 1.2 M urea and are red shifted above 

this urea concentration for all the three excitation wavelengths (Figure 5.5d). At 2 M urea, huge 

red shift of about 11 nm is observed, indicating protein unfolding (Figure 5.5d).  

 

Figure 5.5. Tertiary structure of STY3178 in presence of urea. (a) 

Shows the near UV (250-350 nm) CD spectra for different urea 

concentrations 0.4 M (red), 0.6 M (green), 1M (blue), 2 M (magenta) 

and 6 M (grey). (b) and (c) Show the fluorescence emission spectra of 

protein in presence of urea for excitation wavelengths 275  and 295 nm, 

respectively. The difference spectra of 275-295 nm are shown using 

dotted lines in (b). Concentrations of urea are 1 M (red), 2 M (green) 

and 6 M (blue) for both (b) and (c). Spectrum of native protein is 

shown in black for (a), (b) and (c). (d) Shows the variation in emission 

peak position plotted as a function of different urea concentrations 

during unfolding for excitation wavelengths 275 nm (black circle), 280 

nm (red triangle) and 295 nm (green square). 
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The hydrodynamic size of protein is monitored in presence of increasing urea 

concentration. Native protein has a hydrodynamic diameter of about 6.5 nm, as reported in 

chapter 2. The plot of hydrodynamic diameter versus urea concentration shows that the size 

remains same as that of native protein up to 2 M urea (Figure 5.6). It increases by 1 nm 

between 2 M to 4 M urea (Figure 5.6). Hydrodynamic size increases around 12 nm further for 

protein above 4 M urea (Figure 5.6). This indicates formation of higher order aggregates as a 

result of unfolding. 

 

Figure 5.6. Protein hydrodynamic diameter plotted for different 

concentration of urea during unfolding (triangle) and refolding (circle). 

 

We further monitor the structural changes in protein by performing HSQC 

measurements in presence of urea. Native protein 
1
H-

15
N HSQC consists of well dispersed 

peaks along with clusters in 7.5-8.5 ppm (Figure 5.7a). Presence of clustered peaks shows α-

helical nature of the protein. The dispersion of spectrum indicates presence of some β-sheet 

also (Figure 5.7a). HSQC in presence of 0.5 M urea resembles with native protein spectrum 

(Figure 5.7b). There are few peaks which show changes in chemical shift in presence of 1 M 

urea as marked by arrows in Figure 5.7c. Substantial changes are observed in chemical shift 

position of NH-peaks at 2 M urea (Figure 5.7d). More peaks start shifting towards the central 

region of HSQC, indicating initiation of protein unfolding. HSQC spectrum is collapsed with 

cross peaks centered around 7.5-8.5 ppm in presence of 3 M urea indicating complete unfolding 

of protein (Figure 5.7e). We then reduce 3 M urea concentration of unfolded protein by buffer 

exchange and record its HSQC. 
1
H-

15
N HSQC spectrum of protein after reducing urea 

concentration to about 0.013 M, is shown in Figure 5.7f.  It consists of well dispersed NH- 

cross peaks similar to that of native state (Figure 5.7a). This indicates that STY3178 can refold 

back to native-like structure. 
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Figure 5.7. 
1
H-

15
N HSQC spectra of singly labeled STY3178 in presence of urea. 

HSQC of protein are shown in (a) native state (red) and in presence of (b) 0.5 M (black), 

(c) 1 M (green), (d) 2 M (magenta) and (e) 3 M (blue) urea. (f) Represents the spectrum 

(cyan) of refolded protein upon reducing urea to 0.013 M. All these spectra are recorded 

at 35°C with 64 scans. 

 

In far UV-CD experiments, we equilibrate the unfolded protein (in 8 M urea) in buffers 

containing lower urea concentrations prior to measurements, as described in method section. 

CD spectrum shows native-like signature upon reducing urea concentration to 0.4 M, 0.6 M 

and 1 M (Figure 5.8a). However, no refolding is observed for 2 M to 6 M urea. θ222 values of 

refolded protein are plotted against different urea concentrations (Figure 5.8b). The decrease in 

θ222 below 2 M urea suggests regaining of native-like protein structure (Figure 5.8b). We 

compare θ222 versus urea concentration plot for unfolding and refolding (inset in Figure 5.8b) 

and observe hysteresis during the process. In another set of experiment, we record the far UV-

CD signature after immediate dilution of unfolded protein in 8 M urea by 40, 30, 20 and 10 

folds without any equilibration (Figure 5.8c). Upon 40 folds instantaneous dilution of urea 

(resulting in concentration of 0.2 M), refolding of about 79.3 % is achieved compared to the 

native protein ellipticity. We observe refolding of 72.6 % for 30 (0.27 M) folds and 65% for 

both 20 (0.4 M) and 10 (0.8 M) folds of urea dilution. Protein with all these folds of urea 

dilution has refolded immediately. However, its ellipticity is slightly less compared to native 

protein spectrum (Figure 5.8a, black). 
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Figure 5.8. Protein secondary upon refolding from urea unfolded state. (a) CD spectra of 

refolded protein upon reducing urea concentration to 0.4 M (red), 0.6 M (green), 1 M (blue), 2 

M (magenta) and 6 M (grey). (b) Plot of ellipticity at 222 nm (θ222) versus different 

concentration of urea during refolding of protein. The inset shows a comparative plot of θ222 

versus urea concentration during unfolding (red) and refolding (black). (c) Shows the CD 

spectra upon urea dilution by 40 (red), 30 (green), 20 (blue) and 10 (magenta) folds. Native 

protein spectrum is shown in black for both (a) and (c). 

 

The changes in tertiary structure upon protein refolding are further monitored using near 

UV-CD and fluorescence emission. Near UV-CD spectra show native-like conformation upon 

reducing urea concentration below 1 M (Figure 5.9a). The broad shoulder is recovered 

completely for 0.4 M and 0.6 M urea (Figure 5.9a). Protein remains in unfolded state in 

presence of 2 M and 6 M urea. Fluorescence emission spectra for 275 and 295 nm excitations 

show blue shift upon reducing urea concentration to 0.4 M and 1 M (Figure 5.9b,c). The 

emission spectra at 6 M remain red shifted as observed during unfolding (Figure 5.9b,c). The 

difference spectrum (275- 295 nm) shows emission around 303 nm in presence of 0.4 M and 1 

M urea, similar to that of the native protein (Figure 5.9b). This suggests that FRET occurs in 

the refolded protein as well. Excitation at 280 nm shows observations similar to 275 nm 

excitation. Plots of peak position versus urea concentration clearly indicate blue shift due to 

protein refolding below 3 M urea for all the three excitation wavelengths 275, 280 and 295 nm 

(Figure 5.9d).  

We also monitor the hydrodynamic diameter of STY3178 upon refolding and find size 

of very high order (~400 nm) upon reducing urea concentration from 8 M to 4, 5 or 6 M 

(Figure 5.6). Further dilution of urea concentration to 3 M and 2 M results in lower size of 

about 8 nm for STY3178 (Figure 5.6). At 1 M and below urea concentration, a hydrodynamic 

size (~6.5 nm) similar to that of native protein is observed (Figure 5.6).  This demonstrates that 

urea unfolding of STY3178 is completely reversible. 
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Figure 5.9. Tertiary structure of the refolded protein. (a) Shows the 

near UV-CD spectra in the range 250-355 nm after reducing urea 

concentration to 0.4 M (red), 0.6 M (green), 1M (blue), 2 M (magenta) 

and 6 M (grey). Fluorescence emission spectra of native (black) and 

refolded protein in 0.4 M (red), 1 M (green) and 6 M (blue) urea are 

shown upon excitation at (b) 275 nm and (c) 295 nm. The difference 

spectra for 275-295 nm are shown using dotted lines for urea 

concentrations 0 M (black), 0.4 M (red), 1 M (green) and 6 M (blue) in 

(b).  (d) The change in emission peak position upon protein refolding 

for different concentration of urea at excitation wavelengths 275 nm 

(black circle), 280 nm (red triangle) and 295 nm (green square). 

 

5.3.3. Effect of guanidium chloride 

The changes in protein secondary structure are monitored similarly, in presence of 

GndHCl using CD. Native protein structure remains stable up to 0.4 M GndHCl with two 

characteristic minima at 209 and 222 nm (Figure 5.10a). The ellipticity starts increasing at 0.6 

M GndHCl (Figure 5.10a). The two minima diminish completely in GndHCl concentration 

range 1 M to 6 M (Figure 5.10a). The plot of θ222 versus GndHCl concentration shows 

unfolding of protein at 0.8 M and above GndHCl (Figure 5.10b). θ222 remains almost 

unchanged in 1 M to 6 M GndHCl concentration range. 
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Figure 5.10. Secondary of STY3178 in presence GndHCl. (a) Shows 

the CD spectra of protein in native state (black) and in presence of 

different GndHCl concentrations 0.4 M (red), 0.6 M (green), 1M (blue), 

2 M (magenta) and 6 M (grey). (b) Shows the change in ellipticity 

(θ222) as a function of different concentrations of GndHCl. 

 

Near UV-CD spectra show that protein retains its structure up to 0.4 M GndHCl with a 

broad shoulder in the range 250-280 nm (Figure 5.11a). The ellipticity of broad shoulder 

decreases at 0.6 M GndHCl and disappears above that. Fluorescence emission peak shows that 

the tertiary structure is stable up to 1 M GndHCl concentration for both 275 and 295 nm 

excitations (Figure 5.11b,c). It shows red shift of about 12 nm above 1 M GndHCl (Figure 

5.11b,c). We observe a shoulder around 303 nm along with the red shifted peak in presence of 

2 M and 6 M GndHCl for 275 nm excitation. This could be due to emission from tyrosine 

residue (s). There is no such shoulder observed at 295 nm excitation (Figure 5.11c). The 

difference spectrum (275-295 nm) in 1 M GndHCl is same as that of the native protein, 

indicating occurrence of FRET (Figure 5.11b). The intensity of difference spectra decreases in 

2 M and 6 M GndHCl (Figure 5.11b). Similar observation is obtained for 280 nm excitation. 

We plot the changes in peak position as a function of GndHCl concentration for excitation 

wavelengths 275, 280 and 295 nm (Figure 5.11d). Peak positions are observed to be red shifted 

by 15-18 nm above 1 M GndHCl for all the three excitation wavelengths indicating unfolding 

of protein.  
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Figure 5.11. Tertiary structure of STY3178 in presence of GndHCl. 

(a) Near UV-CD (250-350 nm) spectra of protein in presence of 0.4 M 

(red), 0.6 M (green), 1 M (blue), 2 M (magenta) and 6 M (grey) 

concentration of GndHCl are shown. (b) and (c) Show the fluorescence 

emission spectra of protein for excitations at 275 and 295 nm, 

respectively. The difference spectra for 275-295 nm are shown using 

dotted lines in (b). GndHCl concentrations are 1 M (red), 2 M (green) 

and 6 M (blue) for both (b) and (c). Native protein spectrum is shown 

in black for (a) to (c). (d) Shows the change in emission peak position 

in presence of different concentration of GndHCl during unfolding at 

275 nm (black circle), 280 nm (red triangle) and 295 nm (green square) 

excitations. 

 

The hydrodynamic size of STY3178 is measured similarly with increasing GndHCl 

concentration (Figure 5.12, triangle). Native hydrodynamic size (~6.5 nm) is retained up to 1 M 

GndHCl. There is an increase in size of about 1 nm in GndHCl concentration range 1 M to 3 

M. The aggregation size increases further around 12 nm in presence of 5 M and 6 M GndHCl. 

This increase in hydrodynamic size indicates formation of higher aggregates due to unfolding 

similar to that of urea. 
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Figure 5.12. Hydrodynamic diameter of STY3178 in presence of GndHCl. The 

change in hydrodynamic size as a function of GndHCl concentration is shown 

for unfolding (triangle) and refolding (circle). 

 

We monitor the refolding of STY3178 from unfolded state induced by 8 M GndHCl 

similarly. CD spectrum shows native-like protein signature for 40, 30 and 20 folds of dilution. 

Refolding of about 75% is achieved for 40 to 20 folds of dilution compared to that of native 

protein (Figure 5.13a). However, protein does not refold back upon 10 folds dilution which 

corresponds to 0.8 M GndHCl (Figure 5.13a). This observation is in agreement with the 

unfolding experiments where protein loses its structure at 0.8 M GndHCl. In equilibrium 

refolding measurements, we incubate the unfolded protein in lower GndHCl concentration for 

longer time.  We find that the protein regains native-like CD signature upon lowering GndHCl 

concentration to 0.4 M (Figure 5.13b). It is partially refolded at 0.6 M and remains unfolded for 

1 M, 2 M and 6 M GndHCl (Figure 5.13b). The plot of θ222 against GndHCl concentration 

shows decrease in ellipticity below 0.8 M GndHCl, indicating refolding of protein (Figure 

5.13c). A comparison of θ222 for unfolding and refolding is shown in Figure 5.13c (inset). It 

indicates no hysteresis during the process in presence of GndHCl.  

 

Figure 5.13. Protein secondary structure upon refolding from GndHCl unfolded 

state. (a) Shows the CD signature upon dilution of GndHCl by 40 (red), 30 (green), 20 

(blue) and 10 (magenta) folds. (b) CD spectra of refolded protein for different GndHCl 

concentrations 0.4 M (red), 0.6 M (green), 1 M (blue), 2 M (magenta) and 6 M (grey) . 

Native protein spectrum is shown in black for both (a) and (b). (c) Represents the plot 
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of ellipticity (θ222) as a function of different concentration of GndHCl during refolding 

of protein. The inset shows a comparative plot of θ222 versus GndHCl concentration for 

unfolding (red) and refolding (black). 

 

Near UV-CD spectra of protein upon reducing GndHCl to 0.4 M and 0.6 M indicate a 

native-like structure as a result of refolding (Figure 5.14a). It remains unfolded in presence of 1 

M, 2 M and 6 M GndHCl (Figure 5.14a). We find a blue shift in fluorescence spectra of protein 

upon lowering GndHCl concentration to 0.4 M for 275 and 295 nm excitations (Figure 

5.14b,c). Spectra remain red shifted in presence of both 1 M and 6 M GndHCl (Figure 5.14b,c). 

The difference spectrum (275-295 nm) upon lowering GndHCl concentration to 0.4 M, has a 

shoulder around 303 nm, similar to the native protein (Figure 5.14b). This shows that FRET 

occurs in the refolded protein similar to native state. In presence of 1 M GndHCl, similar 

shoulder is observed around 303 nm. However, its intensity is less compared to that of protein 

in 0 M and 0.4 M GndHCl (Figure 5.14b). The fluorescence emission results for 280 nm 

excitation are similar to that of 275 nm excitation.  The plot of peak position as a function of 

GndHCl concentration clearly shows that refolding starts below 1 M GndHCl for all three 

excitation wavelengths 275, 280 and 295 nm (Figure 5.14d). We also monitor the 

hydrodynamic diameter of STY3178 upon reducing GndHCl concentration (Figure 5.12). The 

size reduces from 12 nm in presence of 6 M GndHCl to around 10 nm in 5 M and 4 M GndHCl 

(Figure 5.12). This decreases further in 4 M GndHCl.  Native-like hydrodynamic size is finally 

observed in 1 M and below GndHCl (Figure 5.12). Thus, unfolding of STY3178 in presence of 

GndHCl is also completely reversible. 
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Figure 5.14. Tertiary structure upon protein refolding from GndHCl 

unfolded state. (a) Shows the near UV-CD signature of STY3178 upon 

decreasing GndHCl concentration to 0.4 M (red), 0.6 M (green), 1 M 

(blue), 2 M (magenta) and 6 M (grey) from 8 M. (b) Fluorescence emission 

spectra upon refolding for GndHCl concentrations 1 M (red), 2 M (green) 

and 6 M (blue). Native protein spectrum is shown in black for both (a) and 

(b). (c) Shows the plot of emission peak position upon excitation at 275 nm 

(black circle), 280 nm (red triangle) and 295 nm (green square) during 

refolding. 

 

5.3.4. Effect of SDS 

The secondary structure of STY3178 in far UV (200-250 nm) region is monitored in 

presence of SDS using CD. The spectrum of protein in SDS is compared with that of native 

state (Figure 5.15a). There are changes in the ellipticity values of two minima at 209 and 222 

nm in presence of 69.4 mM (2 %) SDS (Figure 5.15a). The spectrum is not similar to that of an 

unfolded protein. However, helix content decreases to 34.7 % in presence of SDS compared to 

that (44 %) of native protein.  

The plots of ellipticity values at 209 and 222 nm as a function of increasing SDS 

concentration are shown in Figure 5.15b. Ellipticity at 222 nm decreases slightly and that at 

209 nm increases in presence of 3.5 mM (0.1 %) SDS.  These ellipticity values remain almost 

unchanged up to 173 mM SDS concentration.  
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Near UV-CD spectra of protein in presence of SDS are found to be different from that 

of native protein (Figure 5.15c). STY3178 has a broad shoulder in near UV-CD as reported in 

chapter 2. Ellipticity of this broad shoulder decreases even at lowest concentration of 0.69 mM 

(0.02 %) SDS (Figure 5.15c). This remains unchanged for other higher concentrations of 3.5 

mM (0.1%) and 17.4 mM (0.5%) SDS. This lowering of signal could be due to interaction of 

SDS with the aromatic residues of protein, which contribute to the near-UV CD spectral 

signature. 

 

Figure 5.15. Effect of SDS on secondary and tertiary structure of STY3178. (a) 

CD spectra of protein are shown in absence (black) and presence (red) of 69.4 mM 

SDS.  (b) The plots of ellipticity at 209 nm (circle) and 222 nm (triangle) versus 

concentration of SDS are shown. (c) Shows the near UV (250-355 nm) CD signature 

of STY3178 in presence of SDS with concentrations 0.69 mM (green), 3.5 mM 

(magenta) and 17.4 mM (blue). The native protein spectrum is shown in black. 

 

Steady state fluorescence emission in presence of SDS indicates no substantial change 

in peak position for excitations at 275, 280 and 295 nm. Figure 5.16a shows the emission 

spectra of protein in SDS for excitation wavelength 280 nm. The emission intensity decreases 

with increase in SDS concentration for all the excitation wavelengths (Figure 5.16b). This 

suggests that the tertiary structure of the protein may be affected in presence of SDS, however, 

the α-helical nature is retained as observed in far UV-CD.  

The hydrodynamic diameter of protein in presence of SDS remains same as that (~6.5 

nm) of the native protein up to 8.7 mM (0.25 %) SDS (Figure 5.16c). It decreases to about 5.6 

nm in 17.4 mM SDS.  In presence of 69.4 mM (2%) SDS, it further decreases to about 4.2 nm 

(Figure 5.16c). We reduce SDS in protein and observe that the hydrodynamic size increases 

with decrease in SDS concentration (Figure 5.16c). The native-like size (~6.5 nm) is found 

upon reducing SDS to 8.7 mM (0.25 %). The reduced hydrodynamic diameter (~4.2 nm) at 

69.4 mM SDS is similar to that of smaller proteins such as soyabean trypsine inhibitor and 
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carbonic anhydrase with molecular weights 20 KDa and 29 KDa, respectively.
32

 This suggests 

possible dissociation of STY3178 trimer into monomer above a certain SDS concentration.  

 

Figure 5.16. Fluorescence emission and hydrodynamic size in presence of SDS. 

(a) Shows the fluorescence emission spectra of STY3178 in presence of SDS with 

concentrations 3.47 mM (red), 17.4 mM (green), 52.1 mM (magenta) and 69.4 mM 

(blue). The spectrum of native STY3178 is shown in black. (b) The changes in 

fluorescence emission intensity as a function of SDS concentration are shown for 

excitation wavelengths 275 (black), 280 (red) and 295 nm (green). (c) The 

hydrodynamics size of protein shown for increasing (triangle) and decreasing (circle) 

concentration of SDS. 

 

We next perform size exclusion chromatography (SEC) to confirm the dissociation of 

STY3178 trimer in presence of SDS. DLS measurement shows that STY3178 remains as trimer 

in 3.47 mM SDS and dissociates into monomer in presence of 69.4 mM SDS. Thus, we 

perform SEC for STY3178 in presence of 3.47 mM (0.1 %) and 69.4 mM (2 %) SDS.  Figure 

5.17a shows the chromatogram of protein elution from the column in presence of 3.47 mM and 

69.4 mM SDS. The elution volume of protein in 3.47 mM SDS is around 120 ml and matches 

with that of native STY3178, reported in chapter 3. This confirms that STY3178 remains in 

trimeric state in 3.47 mM SDS. However, protein in 69.4 mM SDS elutes at a volume of 160 

ml (Figure 5.17a, solid). We compare this elution volume with that of several other standard 

proteins eluted from the same superdex 75 column and find elution at 160 ml corresponds to a 

protein with molecular weight ~23 KDa (Figure 5.17b). This confirms SDS-induced 

dissociation of trimeric STY3178 into its monomers. 

ITC measurements are performed to determine the interaction of STY3178 with SDS. 

The thermogram of SDS titration into STY3178 solution at 298 K is shown in Figure 5.17c. 

The corresponding isotherm is represented in Figure 5.17d. ITC isotherm shows two regions 

during the titration (Figure 5.17d). In the first region, up to 100 molar ratio at 14
th

 injection, the 
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final SDS concentration is 33.2 mM (0.95 %). In this SDS concentration range, the 

hydrodynamic diameter decreases from native size (~6.5 nm) to around 5.6 nm, as observed in 

DLS (Figure 5.16c). The second region in ITC isotherm corresponds to SDS concentration of 

about 63.2 mM (1.8 %) at the final injection (Figure 5.17d). DLS shows further reduction in 

hydrodynamic diameter from 5.6 nm to 4.2 nm for this second region of SDS concentration 

(Figure 5.16c). The change in enthalpy upon SDS binding is comparatively low which probably 

indicates predominance of hydrophobic interaction of SDS with STY3178.  

 

Figure 5.17. SEC and ITC in presence of SDS. (a) Shows the size 

exclusion chromatogram of STY3178 elution in presence of 3.47 

mM (dotted) and 69.4 mM (solid) SDS. (b) The calibration curve of 

superdex75 column (also reported in chapter 3) showing the plot of 

elution volume versus logarithm of molecular weight of different 

standard proteins lysozyme (14.4 KDa, circle); carbonic anhydrase 

(29 KDa, inverted triangle); ovalbumin (43 KDa, square); BSA (66 

KDa, diamond) and conalbumin (75 KDa, triangle). STY3178 in 

absence and presence of SDS are shown using hexagon and filled 

circle, respectively. The thermogram and corresponding isotherm of 

titration of 500 mM SDS into STY3178 solution are shown in (c) 

and (d), respectively. 
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5.4. Discussion 

Our experimental results show that STY3178 can refold back to its native-like structure 

from an unfolded state induced by urea and GndHCl. This reversibility in unfolding can be 

utilized to calculate the free energy changes associated with protein folding.
158

 We estimate the 

free energy change (Gi) in presence of urea and GndHCl as described in method section. 

Protein unfolding in presence of urea suggests existence of some state at 0.6 M urea 

concentration, which is more α-helical, compared to the native state (Figure 5.4a,b). A two-

state model (Native  Denatured) is assumed to calculate the free energy change. Folding 

constant (K) is estimated using the fraction of folded protein (αi) at a given concentration of any 

chemical agent. Gi is then calculated using K values in equation, KRTG ln .  A linear 

dependence of Gi over urea concentration is observed (Figure 5.18a). The change in free 

energy (G0) at zero concentration of urea is estimated about -24.3 kcal/mol. Similarly, Gi as 

a function of different concentrations of GndHCl is estimated and value of G0 obtained upon 

extrapolation of the plot to zero molar concentration of GndHCl is about -21 kcal/mol (Figure 

5.18a). We observe a different phenomenon in presence of SDS. It does not unfold STY3178 

unlike urea and GndHCl. The two characteristic minima are observed even in presence of 69.4 

mM (2 %) SDS (Figure 5.15a). We find only ~9 % decrease in helix content of protein in SDS. 

However, a reversible dissociation of trimer into monomer occurs in presence of 69.4 mM (2 

%) SDS (Figure 5.16c).  This transition of trimer into monomer could be define by N3  3N, 

where N is the folded protein monomer. We calculate the corresponding G0 associated with 

this transition using the ellipticity value at 222 nm as described in methods and obtained a 

value of about -13.35 kcal/mol in presence of SDS (Figure 5.18b). 

 
Figure 5.18. The change in free energy (∆Gi) of STY3178 as a function 

of concentration of chemical agents is shown for  (a) urea (triangle) and 

GndHCl (circle); (b) SDS (square). 
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5.5. Conclusion 

The prime finding of this study is the reversible chemical unfolding capability of 

STY3178 in presence of urea and GndHCl. In presence of SDS, the trimeric protein dissociates 

into monomer. This dissociation is reversibly such that upon reducing SDS concentration, 

trimer is reformed. We report the changes in free energy associated with chemical unfolding in 

presence of urea and GndHCl as well as trimer dissociation into monomer in SDS. 
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Chapter 6| Function of STY3178 

6.1. Introduction 

 We have studied the protein, STY3178 from CT18
3, 5

 strain of Salmonella Typhi 

(S.Typhi). This strain is reported to be multidrug resistant.
3, 5

 STY3178 is a member of yfdX 

protein family.  yfdX protein occurs in a number of multidrug resistant bacteria. This protein is 

encoded by yfdX gene. Expression of this gene is reported to be up-regulated by a multidrug 

response regulator EvgA in E.coli.
19, 20, 33

 This EvgA regulator also modulates the expression of 

other genes involved in acid tolerance response
35

 (ATR), high osmolarity
137-139

 and efflux 

transport mechanism
20

 along with yfdX. It is the only gene which also gets co-expressed when 

EvgA is over produced in E.coli.
19

 This enhanced expression and ubiquitous presence of yfdX 

in drug resistant bacteria suggest that they might not be completely non-functional. It raises a 

question whether yfdX protein has got any relation with drug resistance of bacteria.  

We have shown in chapter 4 that STY3178 undergoes reversible thermal unfolding. It 

has the ability to completely refold back to native-like state even after heating at 80°C keeping 

the trimeric assembly unchanged. Proteins with high thermal stability and reversibility in 

unfolding can act as chaperones. For example, heat shock proteins (Hsps) such as IbpB
159

 and 

GroES
160

 show reversible thermal unfolding. Other types of proteins capable of undergoing 

reversible unfolding are periplasmic Skp
161

 and cytoplasmic  SlyD
162

 and SecB
163

 from E. coli. 

All these proteins act as chaperones in the cell. This leads us to investigate if STY3178 possess 

chaperone-like property since it shows reversibility in thermal unfolding along with stability. 

In this chapter, we determine the interaction of STY3178 with antibiotics. We have 

chosen three antibiotics to which CT18
3, 5

 strain of S. Typhi is resistant.
30, 32-34

 These are 

ciprofloxacin, rifampin and ampicillin. We monitor the interaction of STY3178 with these three 

antibiotics using biophysical techniques such as steady state fluorescence and isothermal 

titration calorimetry (ITC). The effect of antibiotics on protein structure is determined using 

circular dichroism (CD), steady state fluorescence, dynamic light scattering (DLS) and nuclear 

magnetic resonance (NMR) experiments. We further predict the function of STY3178 using 

bioinformatics tool and perform chaperone activity assay using two different substrate proteins 

insulin and alcohol dehydrogenase. Our finding indicates that STY3178 has relevance in 

bacterial survival.  



63 Chapter 6 

 

The organization of the chapter is as follows: section 6.2 covers materials and methods 

employed for functional characterization of STY3178. This section is further classified into two 

sub-sections namely interaction with antibiotics and chaperone activity assay. In section 6.3, 

results related to interaction of STY3178 with antibiotics and chaperone activity assay are 

reported. Section 6.4 covers the discussion on antibiotic binding residues and possible cellular 

localization of the protein. In section 6.5, conclusion of the overall finding is given. 

 

6.2. Materials and methods 

6.2.1. Interaction with antibiotics 

6.2.1.1. Circular dichroism measurement in presence of antibiotics  

CD measurements are carried out in Jasco J-815 CD spectrometer at 20°C. Far UV 

(200-250 nm) and near UV (250-330 nm) CD spectra of protein are collected  using 1 mm and 

10 mm path-length quartz cells, respectively. Protein concentration used for far UV and near 

UV-CD is 10 μM and 30 μM respectively. Data are collected in absence and presence of 

antibiotics. Concentration of antibiotics used for these measurements are: i) 5, 10, 20, 30 and 

50 μM for ciprofloxacin (Cpx); ii) 10, 20, 50, 100 and 200 μM for rifampin (Rfp); iii) 60, 200 

and 300 μM for ampicillin (Amp). CD spectra of isolated amino acids are recorded in the near 

UV region (250-330 nm) for 400 μM tyrosine (Tyr), 1000 μM phenylalanine (Phe) and 400 μM 

tryptophan (Trp) in presence of antibiotics. The concentration of antibiotics used with isolated 

amino acids is 50 μM Cpx, 100 μM Rfp and 200 μM Amp. All reported spectra are an average 

of three scans and background corrected by subtracting the data of buffer. We calculate the 

percentage of helix for protein in presence of these three antibiotics similarly (described in 

chapter 2) using the relation
51, 69

, 
  

 000,3000,36

000,3222







Hf . 

In another set of CD measurement, we determine the thermal stability of the protein 

bound to antibiotics. STY3178 (5 μM) is heated at a rate of 4°C/min in presence of 25 μM Cpx, 

100 μM Rfp and 100 μM Amp. The ellipticity values at 222 nm ( 222 ) is measured in the 

temperature range 20°C to 70°C using a 3 mm path length cell. We calculate the fraction of the 

folded protein (fN) at each temperature using the 222  value in the equation
94

, 

   NDTDNf   , as described in chapters 4. N and D  denote the respective 

ellipticity values of folded and unfolded protein. T  is the ellipticity at each temperature. We 
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determine the enthalpy of unfolding by calculating the folding constant (K) using the folded 

protein as stated in chapter 5.
164

 We consider the linear portion of the data with maximum slope 

and fit it with equation of straight line, cmxy  , where m denote the slope.
164

 The enthalpy 

is calculated by multiplying the slope of linear fit with universal gas constant (R=1.98 cal mol
-

1
). 

 

6.2.1.2. Dynamic Light Scattering (DLS) 

DLS measurement of STY3178 is performed in presence of antibiotics using Nano-S 

Malvern instrument at 20°C. Laser of wavelength 632.8 nm with measuring angle 173° is used 

during the measurement (as reported in chapter 2). Hydrodynamic diameter of protein-

antibiotic complex is measured in presence of 50 μM Cpx, 200 μM Rfp and 200 μM Amp. 

Each reported measurement is a mean of five successive counts. All samples are filtered 

through 0.22 µm syringe filter (Millipore) prior to each measurement. 

 

6.2.1.3. Steady state fluorescence measurement  

Steady state fluorescence experiments are carried out in Jobin Yvon Horiba Fluorolog 

with 2 mm slit width. 10 µM protein is excited at wavelengths 257, 275, 280 and 295 nm with 

increasing concentrations of all three antibiotics Cpx, Rfp and Amp. The concentration of 

antibiotics used are as follows: (i) 2, 5, 10, 20, 30, 40 and 50 μM for Cpx , (ii) 10, 20, 50, 100 

and 150 μM for Rfp and (iii) 60, 100, 150, 200, 250, 300, 400, 500 and 1000 μM for Amp. 

Each data is averaged over two sets of measurements. 

We analyze the data of protein fluorescence quenching in presence of antibiotics using 

Stern-Volmer equation
47-49

, ][)( 0 QKFFF SV , where F0 and F are the respective 

fluorescence intensities in absence and presence of antibiotics  at concentration Q. KSV denotes 

the Stern-Volmer quenching constant. The modified form of Stern-Volmer equation
47-

49
, ]log[log])log[( 0 QnKFFF 

’ 
is used to estimate the binding constant (K) and number 

of binding sites (n). Dissociation constant (Kd) is calculated as a reciprocal of K. ∆G is obtained 

using the equation, KRTG ln303.2 .
49

 

 

6.2.1.4. Isothermal Titration Calorimetry (ITC) 

We perform the ITC measurements using MicroCal iTC200 calorimeter (GE healthcare) 

for confirming the interaction of STY3178 with antibiotics Cpx, Rfp and Amp. Dialysis of 
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protein is performed against the buffer containing 30 mM phosphate (pH7), 150 mM NaCl and 

1mM PMSF. Concentration of protein used in the cell during all titration measurements is 300 

μM. Concentrations of Cpx, Rfp and Amp loaded in the syringe are 20 mM, 10 mM and 100 

mM, respectively. All titrations of protein-antibiotics and buffer-antibiotics are performed in 

buffer having composition 30 mM phosphate (pH7), 150 mM NaCl and 1mM PMSF at 298 K 

temperature. Reference power used in ITC is 10 μcal/s. Each antibiotic titration is performed 

for total 30 injections with an initial delay of 60 seconds and constant stirring at 50 rpm. First 

injection of 0.4 μl is carried out for a time period of 0.8 seconds. Rest of the 29 injections of 0.6 

μl each are added over a time period of 1.2 seconds. Spacing between each injection is 200 

seconds. We subtract the heat of dilution of respective antibiotics from that of the protein-

antibiotics and plot the integrated data after subtraction using MicroCal origin. Cpx and Amp 

isotherms are fitted with sequential binding models whereas Rfp data is fitted with single site 

binding model for estimation of binding constant (K), enthalpy (∆H) and entropy (∆S) changes.  

Dissociation constant (Kd) is calculated as a reciprocal of K. The change in free energy (∆G) 

associated with each antibiotic binding is calculated using the experimental ∆H and ∆S values 

in Gibbs equation, STHG  . 

 

6.2.1.5. NMR relaxation measurement of protein-antibiotic complex 

The measurements of longitudinal (T1) and transverse (T2) relaxation time of STY3178 

bound to antibiotics are performed similarly as that of native protein (in chapter 3) at 30°C in 

600 MHz Varian spectrometer. 400 μM STY3178 is used for each relaxation measurement. 

Concentration of Cpx and Rfp used are 1600 μM and that of Amp is 3200 μM. Recycle delay 

(d1) of 8 seconds is used for T1 measurement in presence of Rfp and Amp. Free induction decay 

(FID) is collected for Rfp and Amp bound protein with time delay points 0.01, 0.05, 0.1, 0.2, 

0.3, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 and 1.8 seconds during T1 measurement. In presence of Cpx, T1 

measurement is performed using d1 of 9 seconds and FID is collected for delay points 0.01, 

0.05, 0.1, 0.2, 0.3, 0.6, 0.8, 1.0, 1.2, 1.5 and 1.8 seconds. In case of T2 measurements, 4 seconds 

d1 delay is used for Rfp and Amp bound protein and that of Cpx bound state is 6 seconds. The 

delay points during FID collection are 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13, 0.15 and 0.17 

seconds for T2 measurements in presence of all three antibiotics. All data are collected as 256 

scans. Data processing and analysis for estimation of T1 and T2 are performed similarly as 
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described in chapter 3. The total rotational correlation time ( C ) is calculated using T1 and T2 

values in the equation
42, 43

, 76
4

1

2

1 
T

T

VN

C


 . 

 

6.2.1.6. HSQC measurements in presence of antibiotics 

15
N-labelled STY3178 is prepared following the protocol given in chapter 4. We 

perform 
1
H-

15
N heteronuclear single quantum coherence (HSQC) measurements in absence and 

presence of antibiotics using 600 MHz Varian spectrometer at 35°C. 400 µM singly labeled 

protein in a buffer (30 mM phosphate buffer, pH 7, 150 mM NaCl and 10 % D2O), is titrated 

with Cpx, Rfp and Amp. Antibiotic concentrations used during titration are the following: (i) 

10, 50, 100, 200, 400, 800 and 1600 μM for both Cpx and Rfp; (ii) 200, 400, 1100, 1600, 3200 

and 6400 μM for Amp.  All HSQC data are acquired as 64 scans, processed in NMRPIPE
95

 and 

analyzed using NMRVIEW
96

. 

 

6.2.2. Chaperone activity assay 

Chaperone activity assay is performed using two different substrate proteins namely 

human insulin and yeast alcohol dehydrogenase (ADH). Aggregation of 50 μM insulin in 

presence of 20 mM DTT is monitored by measuring the absorbance value at 360 nm (A360) in 

absence and presence of STY3178.
165

 A 10 mm path length cell is used for the measurement in 

BioSpectrometer (Eppendorf). STY3178 and insulin are equilibrated for 10 minutes at 42°C 

before adding DTT. Different molar ratios of STY3178 and insulin used during the assay are 

0.1:1, 0.25:1 and 0.5:1. Similarly, we monitor the A360 value of STY3178 with time in presence 

of 20 mM DTT. The dead time of the reaction is ~12 seconds. 

Aggregation of 1 μM ADH is monitored by measuring A360 value in absence and 

presence of STY3178 at 42°C in Shimadzu spectrophotometer. Both the proteins are 

equilibrated on ice for 5 minutes prior to measurement. The molar ratios of ADH to STY3178 

used are 1:0.25, 1:0.5 and 1:1. Buffer used during the experiments contains 50 mM phosphate 

(pH 7), 250 mM NaCl and 1 mM PMSF. 
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6.3. Results 

6.3.1. Antibiotic binding to STY3178 

Interaction of STY3178 with three antibiotics, namely, ciprofloxacin (Cpx), rifampin 

(Rfp) and ampicillin (Amp) is probed using steady state fluorescence spectroscopy, isothermal 

titration calorimetry (ITC) and circular dichroism measurements. Fluorescence emission of 

protein is measured for 280 nm excitation with increasing concentration of the antibiotics (Q). 

The emission is quenched substantially in presence of all the antibiotics compared to that of the 

native protein (Figure 6.1). A slight shift in emission peak position is observed for Cpx and Rfp 

binding (Figures 6.1a,b) which is not considerable for Amp binding (Figure 6.1c). Similar 

results are obtained for 275 nm excitation. Fluorescence quenching constant KSV is estimated 

using the Stern-Volmer equation
47-49

, ][)( 0 QKFFF SV  as described in method section. The 

value of KSV obtained from linear fitting of FFF )( 0  versus ][Q  for Cpx, Rfp and Amp 

binding are 0.05 (±2 X 10
-3

), 0.26 (±0.034) and 0.0003 (±2 X 10
-5

) M
-1

, respectively (Table 

6.1). The binding constant (K) for each antibiotic is calculated using the modified form of 

Stern-Volmer equation
47-49

, ]log[log])log[( 0 QnKFFF 
 

as reported in methods. The 

respective plots of ]/)log[( 0 FFF   versus ]log[Q
 
for Cpx, Rfp and Amp are shown in Figures 

6.1d-f.  K values and number of binding sites (n) are obtained from the respective intercept and 

slopes of the curves fitted linearly (Table 6.1). K for Cpx, Rfp and Amp binding to protein are 

0.04 (±0.0023), 0.01 (±0.004) and 0.0004 (±4 X 10
-5

) M
-1

, respectively (Table 6.1). 

Dissociation constants (Kd) are estimated from the reciprocal of K (Table 6.1). Kd values 

obtained for binding of Cpx, Rfp and Amp with STY3178 are 25.0 (± 1.2), 100.0 (± 20.5) and 

2500.0 (±370.5) μM, respectively. We calculate the free energy change (G) associated with 

each of these protein-antibiotic interactions using K values in the relation, 

KRTG ln303.2 . The respective G values are -26.5 -22.8 -14.6 kJ mol
-1 

for Cpx, Rfp and 

Amp interactions (Table 6.1). Fluorescence data indicate Cpx and Amp bind to a single site 

with n1. However, Rfp has a possibility of binding in more than one site with n 1.5. Overall, 

we find that Cpx interaction with the protein is strong followed by Rfp and Amp. 
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Figure 6.1. Interaction of STY3178 with antibiotics from fluorescence. (a), (b) 

and (c) Show the fluorescence emission spectra of STY3178 in presence of 

ciprofloxacin (Cpx), rifampin (Rfp) and ampicillin (Amp), respectively, for 280 nm 

excitation wavelength. The concentrations of antibiotics are as follows: 5 (red), 10 

(green), 20 (magenta) and 40 (blue) μM for Cpx; 10 (red), 20 (green) and 50 (blue) 

μM for Rfp; 200 (red), 300 (green), 400 (magenta) and 500 (blue) μM for Amp. The 

spectrum of native protein is shown in black colour for (a)-(c). (e), (f) and (g) Show 

the plot of ]/)log[( 0 FFF   against ]log[Q  for Cpx (inverted triangle), Rfp 

(square) and Amp (circle), respectively. 

 

Table 6.1 STY3178-antibiotic interaction data from steady state fluorescence measurement 

Antibiotic 

bound 

KSV (μM
-1

) K (μM
-1

) Kd (μM) n ∆G 

(kJ mol
-1

) 

Cpx 0.05    (± 0.002) 0.04  (±0.0023) 25.0    (± 1.2) 0.99 -26.5 

Rfp 0.26   (±0.034) 0.01  (±0.004) 100.0  (± 20.5) 1.54 -22.8 

Amp 0.0003 (±0.00002) 0.0004 (±0.00004) 2500.0 (±370.5) 1.03 -14.6 

 

We substantiate the interaction of STY3178 with antibiotics using ITC measurements. 

The thermograms for STY3178 interaction with Cpx, Rfp and Amp at 298 K are shown in 

Figures 6.2a-c. The corresponding binding isotherms are represented in Figures 6.2d-f. The 

isotherms are fitted with a sequential binding model for Cpx and Amp whereas Rfp data is 

fitted to a single site binding model. The number of binding sites chosen for fitting Cpx and 

Amp isotherms is six and two, respectively. The binding constant (K), enthalpy changes (∆H) 

and entropy changes (∆S) are obtained by fitting the data with above stated binding models. We 
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consider the first two binding constant values for Cpx to be relevant. Similarly, first binding 

constant of Amp is considered to be significant. K values for binding of Cpx are 0.58 (±0.04) 

and 0.423 (±0.0079) μM
-1

 with respective Kd values of 1.72 and 2.36 μM (Table 6.2).  The 

values of K for Rfp and Amp binding are 0.0151 (±0.00911) and 0.00744 (±0.0037) μM
-1

,
 

respectively (Table 6.2). The values of Kd calculated as a reciprocal of K for Rfp and Amp 

binding are 66.23 and 134.41 μM, respectively (Table 6.2). ∆H and T∆S values for binding of 

antibiotics are tabulated in Table 6.2. These values are used to calculate the free energy change 

(∆G) following the relation, STHG  . The calculated ∆G values are shown in Table 6.2 

along with other binding parameters.  The binding parameters obtained from ITC confirm the 

interaction of STY3178 with Cpx, Rfp and Amp with Kd values lying in micro molar (μM) 

range for all antibiotics. Cpx binding is found to be stronger than Rfp and Amp. ∆G of Cpx 

bound protein is more favourable followed by Rfp and Amp. This trend of Kd and ∆G values 

from ITC are similar to those obtained from steady state fluorescence measurements, although 

ITC data indicates much stronger binding of antibiotics with STY3178. 

 

Figure 6.2. STY3178 interaction with antibiotics using ITC. The thermogram of 

STY3178 binding with (a) ciprofloxacin (Cpx), (b) rifampin (Rfp) and (c) 

Ampicillin (Amp). The respective fitted isotherms are shown in (d)-(f). 
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Table 6.2 STY3178-antibiotic binding parameters from ITC 

Antibiotic 

bound  

K (μM
-1

) Kd (μM) ∆H (kJ mol
-1

) T∆S (kJ mol
-1

) ∆G (kJ mol
-1

) 

Cpx K1= 0.58 

 (±0.04) 

Kd1= 1.72 ∆H1= -6.49 (±0.55) T∆S1= 26.53 ∆G1= -33.02 

K2=0.423 

(±0.0079) 

Kd2= 2.36 ∆H2= -4.03 (±1.13) T∆S2= 28.16 ∆G2= -32.19 

 

Rfp K1=0.0151 

(±0.00911) 

Kd1= 66.23 ∆H1= 6.00 (±1.62) T∆S1= 29.91 ∆G1= -23.91 

Amp K1=0.00744 

(±0.0037) 

Kd1= 134.41 ∆H1= -6.54 (±1.07) T∆S1= 15.65 ∆G1= -22.19 

 

The binding parameters, K and Kd for interaction of several proteins
166-172

 with different 

antibiotics and small molecules are tabulated in Appendix A. We observe Kd values to be in the 

range 1-100 μM for more than ~80% cases. Another ~15% belong to the range 100-200 μM 

and less than 5 % in the range 200-300 μM. The data from ITC measurements lie in the lowest 

Kd range which indicates stronger binding of STY3178 with antibiotics in the biologically 

relevant regime. 

 

6.3.2. Structural changes upon antibiotic binding 

Binding of antibiotics with STY3178 is confirmed from ITC and fluorescence. The 

structural changes in protein upon this binding is determined using CD, steady state 

fluorescence, DLS and NMR.  The near UV-CD spectra of protein in antibiotic free and bound 

states are measured (Figures 6.3a-c). Native protein spectrum shows a broad shoulder in the 

range 250-280 nm as mentioned in chapter 2 as well. This broad shoulder indicates presence of 

aromatic residues in protein.
50

  The changes in this broad shoulder are observed in presence of 

Cpx, Rfp and Amp. We find the extent of changes are different for different antibiotics and 

depends on their concentrations. For instance, two peaks start appearing near ~260 nm and 

~280 nm as Cpx concentration increases (Figure 6.3a). These peaks are similar to Phe and Tyr 

fine structures reported earlier
50, 51

. This suggests that Cpx interaction with protein occurs near 

Phe and Tyr residues. The perturbation of aromatic residues upon addition of Rfp to protein 

shows a similar trend like Cpx binding. The ellipticity values change for binding with different 

concentrations of Cpx (Figure 6.3a) and Rfp (Figure 6.3b) with similar peak positions. On the 

other hand, Amp binding to protein (Figure 6.3c) results in negligible change compared to 

native spectrum in near UV-CD region. 
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Figure 6.3. The near UV-CD spectra of antibiotic bound STY3178.  (a), (b) and (c) 

Show the CD spectra of protein in presence of antibiotics in the near UV-range 250-330 

nm. Different concentrations of (a) ciprofloxacin used are 5 μM (green), 10 μM 

(brown), 20 μM (blue), 30 μM (magenta) and 50 μM (grey); (b) rifampin are 10 μM 

(red), 20 μM (green), 50 (brown), 100 (blue), 200 μM (magenta) and (c) ampicillin are 

60 μM (red), 200 μM (green) and 300 μM (blue). Spectrum of native protein is shown 

in black for (a)-(c). 

 

The secondary structure of protein in far UV (200-250 nm) CD region is observed in 

presence of antibiotics. The CD spectra of STY3178 in presence of Cpx, Rfp and Amp remain 

similar to the native spectrum with two characteristic minima around 209 and 222 nm (Figure 

6.4a). A slight decrease in ellipticity for Rfp and Amp bound protein is observed whereas Cpx 

bound protein shows almost no change. Overall helix content of the protein in presence of Cpx, 

Rfp and Amp are 44.5, 40.1 and 40.6 %, respectively. We compare the helical content of 

antibiotic bound protein with that of the native state (Table 6.3) and find only 3 % decrease in 

percentage of helix for Rfp and Amp bound structures. Protein in Cpx bound state has helical 

content almost same as the native STY3178 (Table 6.3).  Thus, secondary structure of protein 

remains unaffected in presence of antibiotics.  

 Effect of antibiotics on the thermal stability of STY3178 is determined by heating it at a 

rate of 4°C/min. Figure 6.4b shows the plot of folded fraction (fN) versus temperature in the 

range 20-70°C for native state as well as protein bound to Cpx, Rfp and Amp. All four sigmoid 

plots are overlapping, which indicates no substantial change in the thermal stability of protein 

in presence of antibiotics. We determine the enthalpy of unfolding by plotting the natural 

logarithm of folding constant (lnK) with 1/T, where T is the absolute temperature (Figure 6.4c). 

The enthalpy values are obtained by multiplying the slopes of linearly fitted plots with 

universal gas constant (R= 1.98 cal mol
-1

). The value of enthalpy for native protein is 131.19 
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cal/mol and that of Cpx, Rfp and Amp bound states are 110.78, 104.75 and 133.52 cal/mol, 

respectively. 

 

Figure 6.4. Secondary structure of STY3178 in antibiotic free and bound states. (a) 

CD spectra is shown in presence of 50 μM Cpx (red), 200 μM  Rfp (green) and 200 μM 

Amp (blue) in the far UV region (200- 250 nm). The native protein spectrum is shown 

in black colour. (b) Shows the plot of folded fraction (fN) as a function of temperature 

in the range 20-70°C in absence (black) and presence of antibiotics. (c) Shows the plot 

of lnK versus 1/T (Kelvin
-1

) fitted linearly. The concentration of antibiotics in (b) and 

(c) are 25 μM Cpx (red), 100 μM Rfp (green) and 100 μM Amp (magenta). 

 

Table 6.3. Percentage of helix for native and antibiotic bound STY3178. 

State Helix (%) 

Native  43.9  

Cpx bound 44.5 

Rfp bound 40.1 

Amp bound 40.6 

 

6.3.3. Oligomeric state of antibiotic bound protein 

The total rotation correlation time (c) of STY3178 in presence of antibiotics is 

estimated using NMR relaxation measurements similar to that of native protein (reported in 

chapter 2). T1 values for Cpx, Rfp and Amp bound protein are 1.98, 2.11 and 1.92 seconds, 

respectively. The respective T2 values are 0.036, 0.033 and 0.034 seconds. c is calculated using 

the equation, 76
4

1

2

1 
T

T

VN

C


 and the obtained values are 23.8, 25.9 and 24.2 ns for Cpx, 

Rfp and Amp bound states, respectively.  These values are comparable with that of native 

protein as shown in Table 6.4. Thus, we do not observe any substantial change in c of protein 

in its antibiotic bound states. This suggests that the oligomeric state of protein is not perturbed 

upon antibiotic binding. The hydrodynamic radii (RH) of these bound states of protein are 
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measured using DLS. The RH is found to be around 3.25 nm for all the antibiotic bound protein 

(Table 6.4). This indicates the STY3178 interacts with the antibiotics in its trimeric state of 

oligomerization. 

 

Table 6.4. Longitudinal (T1), transverse (T2) relaxation times, rotation correlation 

time (c) and hydrodynamic radius (RH) of native and antibiotic bound STY3178. 

State T1 (s) T2 (s) c  (ns) RH (nm) 

Native protein 1.95 0.033 24.7 3.25 

Cpx bound 1.98 0.036 23.8 3.25 

Rfp bound 2.11 0.033 25.9 3.25 

Amp bound 1.92 0.034 24.2 3.25 

 

We further perform HSQC measurements of 
15

N labeled STY3178 in presence of Cpx, 

Rfp and Amp. Native protein HSQC contains clustered peaks in the region 7.5-8.5 ppm along 

with well dispersed peaks (reported in chapter 4). The concentration of both Cpx and Rfp used 

during titration are 10, 50, 100, 200, 400, 800 and 1600 μM and that of Amp are 200, 400, 

1100, 1600, 3200 and 6400 μM. We find HSQC spectra of bound states remain same as that of 

the native protein. There are only few regions in the HSQC which show either change in 

intensity or chemical shift value compared to the native protein spectrum. The enlarged view of 

these regions is shown in Figure 6.5. In region 1 (8.58-8.85 ppm), there is an appearance of 

new peak in presence of 1600 μM Cpx and 3200 μM Amp (Figure 6.5a1-d1). This region 

shows no change in presence of 1600 μM Rfp. Region 2 (9.97-10.2 ppm) corresponds to 

tryptophan chemical shift value (Figure 6.5a2-d2). There are two peaks in this region which are 

affected in presence of antibiotics. There is broadening of one peak ~10.2 in presence of Cpx 

whereas the second peak disappears in Rfp and Amp bound states. There are two peaks in 

region 3 (8.1-8.35 ppm) which disappears in presence of Cpx and Rfp compared to the native 

protein (Figure 6.5a3-c3). In presence of Amp, there is a lowering of peak intensity in region 3 

(Figure 6.5d3). Region 4 (6.75-6.92 ppm) remains unaffected in presence of Cpx compared to 

that of native state (Figure 6.5a4,b4). Similarly, we find that peaks disappear for Rfp and Amp 

bound states this region (Figure 6.5c4,d4). Overall, NMR measurements confirm that the 

structure of protein does not change in presence of antibiotics, although few peaks are affected 

during the interaction. 
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Figure 6.5. Enlarged view of HSQC regions for native and antibiotic bound STY3178. 

Panels a1-d1 in region 1 has 8.58-8.85 ppm range. Similarly, a2-d2, a3-d3 and a4-d4 represent 

regions 2 (9.97-10.2 ppm), 3 (8.1-8.35 ppm) and 4 (7.75-7.92 ppm), respectively. Native 

protein region is shown in a1-a4 (red). HSQC regions in presence of Cpx, Rfp and Amp are 

represented in b1-b4 (green), c1-c4 (blue) and d1-d4 (black), respectively. 

 

6.3.4. Chaperone activity assay of STY3178 

Protein showing stability at elevated temperature and reversibility in unfolding can act 

as a chaperone.
159, 160, 173

 Therefore, we first predict the function of STY3178 using the 

Bioinformatics tool MODexplorer
41

. This server relates the sequence, structure and functions of 

proteins with the query sequence.  The output results show ~50 proteins having >50% 

structural similarity with STY3178 (Appendix B). Most of these proteins are helical similar to 

STY3178.  Majority of these proteins are either chaperones or assist chaperone activity whereas 

some others have no reported function besides having similar structural folds. Other proteins 

are involved in cell cycle, transport, oxidoreductase activity, to name only a few (Appendix B). 

Our experimental observations suggest that STY3178 may perform chaperone activity.  

We perform chaperone activity assay using insulin B-chain and alcohol dehydrogenase 

(ADH) as substrates in presence of STY3178 at 42°C in vitro. We find a steep rise in 

absorbance at 360 nm (A360) due to formation of insulin aggregates in presence of DTT at 

42°C, which saturates with time (Figure 6.6a) as reported in literature
165

. There is a lowering of 

A360 in presence of STY3178. Figure 6.6a shows the plot of A360 as a function of reaction time 
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in absence (black) and presence of various STY3178 molar concentration ratios 0.1 (magenta), 

0.25 (red) and 0.5 (green) to insulin concentration. There is decrease in A360 as STY3178 

concentration increases in the reaction mixture. This indicates that STY3178 inhibits 

aggregation of insulin induced by DTT.  

Similarly, we perform chaperone activity assay using ADH and observe an increase in 

its aggregation at 42°C (Figure 6.6b). Aggregation of ADH decreases with increases in 

concentration of STY3178 (Figure 6.6b). This indicates that prevention of aggregate formation 

is dependent on the amount of STY3178. In Figure 6.6b, the plot of A360 versus time is shown 

for STY3178 molar ratios 0.25 (red), 0.5 (green) and 1 (blue) to ADH. Similarly, we record 

A360 for STY3178 in presence of DTT only and find no aggregation at 42°C (Figure 6.6a, dark 

cyan). A gradual lowering of A360 for both insulin and ADH with increasing STY3178 

concentration shows its capability to prevent the aggregation. Thus, STY3178 is capable of 

acting as a chaperone in vitro.  

 

Figure 6.6. Chaperone activity assay. Plots of A360 with time are 

shown for thermal aggregation of (a) Insulin (I) induced by DTT 

(black) and (b) ADH (black) at 42°C. The assay is performed for 

insulin to STY3178 (P) molar ratios 1:0.1 (magenta), 1:0.25 (red) and 

1:0.5 (green) in (a) whereas that for ADH to STY3178 are 1:0.25 (red), 

1:0.5 (green) and 1:1 (blue) in (b). The plot of STY3178 in presence of 

DTT is shown using dark cyan colour in (a). 

 

6.4. Discussion 

6.4.1. Interaction of STY3178 with antibiotics  

We demonstrate that STY3178 binds three different small antibiotic molecules. Both 

steady state fluorescence and ITC results indicate strong binding for Cpx, followed by Rfp and 

Amp. Kd values for Cpx binding measured from ITC indicate stronger binding compared to that 
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obtained using fluorescence. Amp binding is well captured using ITC, which is weaker in 

fluorescence measurements. However, for Rfp binding, Kd value is similar in both the 

measurements. The stoichiometries of binding events in ITC and fluorescence results also 

differ. These discrepancies may be due to the fact that fluorescence measurements depend on 

the binding of antibiotics near the fluorophores, while ITC is independent of fluorophore 

environment. The binding modes for all these three antibiotics are different as indicated by 

different models used for fitting the isotherms.  

Antibiotic binding do not affect the secondary structure of STY3178 as found in far 

UV-CD. The oligomeric state of protein also remains unaltered as observed in DLS and NMR 

measurements. However, they show tertiary structural changes as observed in near UV-CD 

(Figures 6.3a-c) indicating involvement of aromatic residues of protein in antibiotic interaction. 

Near UV-CD spectra of isolated aromatic residues in presence of these antibiotic molecules are 

also monitored. Spectra of all three isolated amino acids Phe, Tyr and Trp are recorded in near 

UV-CD region (Figure 6.7a). Isolated Tyr has a shoulder around 270 nm whereas Phe and Trp 

have low ellipticity in near UV region. However, all these spectra changes in presence of Cpx 

(Figure 6.7b). Isolated Tyr and Trp show pronounced changes in presence of Rfp whereas that 

of Phe has minimal changes (Figure 6.7c). These changes are qualitatively similar to that 

observed for the protein. The nature of perturbation in presence of Amp is very small for 

isolated Phe and Trp (Figure 6.7d) but for isolated Tyr, it is again qualitatively similar to the 

change observed in STY3178 (Figure 6.3). 

 

Figure 6.7. Near UV (250-330 nm) CD spectra of isolated amino 

acids in presence of antibiotics. (a) Shows near UV-CD spectra of 

isolated Phe (F, solid), Tyr (Y, dash) and Trp (W, dotted). CD spectra 
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in presence of (b) 50 μM Cpx (brown), (c) 100 μM Rfp (blue) and (d) 

200 μM Amp (green) are shown for  Phe (F, solid), Tyr (Y, dash) and 

Trp (W, dotted)  . 

 

In chapter 2, we report signature of FRET between fluorophores or aromatic residues of 

STY3178. This signature of FRET changes in presence of antibiotics (Figures 6.8a,b). Amp 

binding results in enhancement in intensity of difference spectrum whereas Cpx binding 

reduces that intensity (Figure 6.8a,b). Rfp bound protein does not show change in FRET 

intensity but the difference spectrum (275-295 nm) shows appearance of another peak around 

~318 nm with same intensity which is not present in case of native protein. A decrease in 

intensity of FRET upon Amp binding and a qualitative change in the entire spectrum in 

presence of Rfp with a peak ~330 nm are observed in the difference spectra of 257-295 nm 

(Figure 6.8b). The difference spectrum of 257-295 nm for Cpx bound case is significantly 

quenched. These observations suggest involvement of aromatic residues, responsible for FRET, 

in antibiotic binding.  

 

Figure 6.8. Fluorescence difference spectra of STY3178 in native 

and antibiotic bound states. The difference emission spectra are 

shown for (a) 275-295 nm and (b) 257-295 nm. The native protein is 

shown in black, Cpx (50 μM) bound protein in red, Rfp (200 μM) 

bound in green and Amp (200 μM) bound state in blue for panels (a) 

and (b). 

 

In literature
168, 174-176

, we have observed similar binding sites, containing aromatic 

amino acids for proteins involved in multidrug efflux process. For instance, in BmrR
174

 

structure bound to kanamycin or tetracycline, antibiotic is stacked near Tyr and Phe residues. In 

antibiotic bound structure of AcrB
175

, Phe is found in the vicinity of Rfp. Amp bound structure 

of OmpF
176

 contains both Phe and Tyr in the vicinity of antibiotic. Similar observation is also 
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seen for participation of Phe during binding of other small molecule like rhodamine 6G to 

RamR
168

. 

In chapter 5, we report that, helical content of STY3178 increases in presence of 0.6 M 

urea and protein structure is quite stable up to 2 M urea. Therefore, we determine interaction of 

STY3178 with antibiotic in presence of urea using near UV-CD and steady state fluorescence 

measurements. In presence of 100 μM Rfp, the broad shoulder spanning over 250-280 nm in 

near UV-CD, decomposes into two peaks ~260 and ~280 nm (Figure 6.3b). This decomposition 

of shoulder after addition of Rfp is also observed in presence of 0.6 and 1 M urea (Figure 6.9a) 

indicating antibiotic interaction. Near UV-CD spectrum in 2 M urea differs from that in 

presence of both 2 M urea and 100 μM Rfp (Figure 6.9a). However, the broad shoulder or 

decomposed peaks are not observed. This indicates that 2 M urea affects the tertiary or 

quaternary structure of STY3178. 

We also monitor the emission of tryptophan upon 280 nm excitation in presence of both 

urea and Rfp.  Quenching of fluorescence emission is observed upon addition of 20 μM Rfp in 

presence of 0.6 M and 1 M urea as found in case of native protein (Figure 6.9b). This is in 

agreement with near UV-CD measurements in presence of urea. We find a red shift in emission 

peak position in presence of 2 M urea (Figure 6.9b) due to exposure of tryptophan residues to 

more polar environment. However, quenching of tryptophan emission is observed after adding 

Rfp to protein in 2 M urea (Figure 6.9b). Thus, STY3178 interacts with the antibiotic up to 2 M 

urea concentration. 

 

Figure 6.9. Interaction of STY3178 with rifampin (Rfp) in presence 

of urea. (a) Near UV (250-355 nm) CD and (b) Fluorescence emission 

spectra of protein for 280 nm excitation are shown in presence of 0.6 M 

(green), 1 M (red) and 6 M (blue) urea. Spectra in presence of 

antibiotics are reported for 100 μM Rfp in (a) and 20 μM Rfp in (b). 

Presence of both urea and rifampin are shown using dotted lines. 

Native protein spectrum is shown in black for both (a) and (b).  
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6.4.2. Sequence conservation of STY3178 with other yfdX proteins  

STY3178 sequence is used as an input in blast
177

 to search similar yfdX protein 

sequences present in different organisms. The results show high sequence identity of >92 % 

among all the Salmonella species and 40 % identity with other reported yfdX proteins from 

various bacteria. The sequence alignment of yfdX proteins  obtained from blast
177

 results is 

shown in Appendix C for MDR strains of different bacteria
22-31

. Sequence similarity and 

conservation in these bacteria are indicative of similar structural fold among yfdX proteins. The 

only reported crystal structure (PDB ID 3DZA) of a yfdX protein from K. pneumoniae is a 

homotetramer. However, we find trimeric state of oligomerization for STY3178. This suggests 

that the primary sequence and size of protein may drive the formation of different 

oligomerization states in various yfdX proteins. There are several locations in the sequence 

alignment which have conserved Tyr and Phe residues. For instance, 3DZA structure has one 

Phe and two consecutive Tyr residues in close proximity. These residues are found to be 

conserved.  This suggests that 3DZA could be involved in antibiotic interaction like STY3178. 

Interestingly, these proximal Phe and consecutive Tyr residues are conserved among the family 

of yfdX proteins, indicating a possibility of their involvement in similar antibiotic interactions 

as observed for STY3178. 

 

6.4.3. Possible cellular localization of STY3178 

A possible signal peptide for STY3178 is identified in signalP 4.1 server
178

 using its 

amino acid sequence from Gene bank (gene ID gi|16758993:c3049965-3049366) as an input. 

SignalP server predicts first twelve residues of the N-terminal region of this protein to be a 

signal peptide. Our construct of STY3178 used for experiments does not contain nine out of 

twelve residues of the N-terminus. We observe experimentally that STY3178 is a soluble 

protein. This suggests that it is not a membrane embedded protein probably.  Thus, presence of 

predicted signal peptide in the N-terminal region indicates a possibility of its localization in the 

periplasm. Its exact cellular localization is not yet established. However, servers like Cello
179, 

180
 and LocTree3

181
 predicts its sub-cellular localization in the periplasm. There are many 

identified proteins like peptidyl-prolyl isomerases, disulphide bond isomerases, to name only a 

few, located in bacterial periplasm which acts as chaperones.
182-184

 These chaperones from 

periplasm are capable of performing their activity without ATP assistance since ATP is absent 

in periplasm.
182

 The predicted sub-cellular localization as well as chaperone activity of 

STY3178 without ATP suggests its possible localization in the periplasm. 
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6.5. Conclusion 

 We have reported the functional importance of a yfdX protein, STY3178 from 

Salmonella Typhi. It can interact with antibiotics ciprofloxacin, rifampin and ampicillin. We 

also report its ability to prevent thermal aggregation of insulin and ADH by acting as a 

chaperone. All these properties indicate that yfdX proteins are not non-functional and possibly 

perform important cellular functions. Our studies on functional characterization of yfdX protein 

could be relevant for understanding their role in bacterial virulence and survival.  

 

 

Appendices 

A. Antibiotic or small molecule binding parameters for proteins reported in literature. 

S.No. Protein Antibiotic/ small molecule Kd (μM) Ref. 

1 Hemocyanin  Ciprofloxacin 18.76 
185

 

2 NorM Ciprofloxacin 121.3±15.7 
170

 

3 NorM Proflavin 33.6±1.9 
170

 

4 NorM Norfloxacin 105.6±9.8 
170

 

5 YdhE Ciprofloxacin 90.9±12.4 
170

 

6 YdhE  Norfloxacin 98.4 ±16.2 
170

 

7 YdhE Proflavin 22.1 ±0.9 
170

 

8 AcrB Proflavin 14.5 ± 1.1 
186

 

9 AcrB Ciprofloxacin 74.1 ± 2.6 
186

 

10 HSA Mitoxantrone 20.41 
187

 

11 HSA Mitoxantrone 34.48 
187

 

12 HSA Mitoxantrone 0.476 
187

 

13 HSA Maslinic acid 7.042 X 10
-3

 
188

 

14 HSA Quercetin 43.48 
189

 

15 HSA Oxaliplatin 268.82 
190

 

16 HSA Doxorubicin 90.91 
191

 

17 HSA Tetracycline 20.24 
192

 

18 HSA Cytosine β-D arabinofuranoside 416.7 
193

 

19 HSA Scutellarin 12.02 
194

 

20 HSA Betulinic acid 0.59 
195

 

21 HSA Catechin 82.64 
196

 

22 HSA cis-fac-

[RuIICl2(DMSO)3(KTZ)] 

3.03 
197

 

23 HSA cis-[RuIICl2(bipy)(DM 

SO)(KTZ)] 

2.63 X 10
-3

 
197

 

24 HSA [RuII(η6-p-cymene)Cl2(KTZ)] 0.526 
197
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S.No. Protein Antibiotic/ small molecule Kd (μM) Ref. 

25 HSA [RuII(η6-

pcymene)(en)(KTZ)][BF4]2 

6.67 
197

 

26 HSA [RuII(η6-p-cymene)(bipy)(KT 

Z)][BF4]2 

2.27 X 10
-3

 
197

 

27 HSA [RuII(η6-p-

cymene)(acac)(KTZ)][BF4] 

1.299 X 10
-3

 
197

 

28 HSA Hippuric acid 146.2 
198

 

29 HSA Camptothecin (CPT) 462.96 
199

 

30 HSA Virstatin 1.64 
200

 

31 HSA Warfarin 3.14 
200

 

32 HSA Ciprofloxacin 512.82 
201

 

33 BSA Quercetin 2.062 
189

 

34 BSA Streptomycin 160.51 
202

 

35 BSA Streptomycin 574.71 
202

 

36 BSA Carbenicillin 200.80 
203

 

37 BSA Tetracycline 16.13 
192

 

38 BSA Doxorubicin 128.20 
191

 

39 BSA Levofloxacin  11.27 
204

 

40 BSA Sparfloxacin  13.89 
204

 

41 BSA Enrofloxacin  53.76 
204

 

42 BSA Cefdinir  6.95 
204

 

43 BSA Vincristine sulphate 31.55 
171

 

44 BSA 2-hydroxy-N′-(3-

hydroxybenzylidene) 

benzohydrazide (HHB) 

10.95 
205

 

45 BSA Warfarin 32.05 
205

 

46 BSA Ibuprofen 15.95 
205

 

47 BSA Olanzapine 9.73 
206

 

 BSA Ferulic acid 1.02 
207

 

48 BSA Olmesartan 10.96 
208

 

49  BSA Olmesartan medoxomil 1.155 
208

 

50 BSA Diclofenac sodium 10 
209

 

51 Cephalosporin-

binding protein 

from  Citrobacter 

freundii 

Cephalosporin 1250 
210

 

52 HSA Ciprofloxacin 512.82 
201

 

53 EmrE (in SUV) Proflavin 10.76 ± 2.8 
169

 

54 EmrE (in SDS) Proflavin 4.56 ±  0.8 
169

 

55 EmrE (in DM) Proflavin 5.26 ± 0.9 
169

 

56 BmrR Puromycin 17 
174

 

57 BmrR Tetracycline 51 
174

 

58 BmrR Kanamycin 28 
174

 

59 BmrR 4-aminoqualdine 210 
174
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S.No. Protein Antibiotic/ small molecule Kd (μM) Ref. 

60 Intestinal fatty 

acid-binding 

proteins (I-

FABP) 

R-Ibuprofen 51 ± 11 
211

 

61 Intestinal fatty 

acid-binding 

proteins (I-

FABP) 

S-Ibuprofen 157 ±  33 
211

 

62 Intestinal fatty 

acid-binding 

proteins (I-

FABP) 

 

Bezafibrate 26 ±  4 
211

 

63 Intestinal fatty 

acid-binding 

proteins (I-

FABP) 

Nitrazepam 1200 ±  80 
211

 

64 OmpF Nalidixic acid 95.51 
212

 

65 OmpF Ciprofloxacin 42.66 
212

 

66 OmpF Grepafloxacin 26.92 
212

 

67 OmpF Moxifloxacin 22.39 
212

 

68 OmpF Ciprofloxacin 67.61 
213

 

69 OmpF (in 

DPhPC) 

Ceftazidime 164.74 
172

 

70 Trypsin Oxytetracycline (OTC) 13.69 
214

 

71 PBP2 Nitrocefin 192 ±  24 
215

 

72 PBP2 Cefepime 1618 ± 145 
215

 

73 PBP2 Ceftazidime 671 ±  116 
215

 

74 PBP2 Ampicillin 668 ± 124 
215

 

75 PBP2 Oxacillin 180 ±  25 
215

 

76 PBP2 Imipenem 603 ±  93 
215

 

77 PBP 2a Cefepime 1620 ± 145 
216

 

78 PBP 2a Ceftazidime 670 ± 115 
216

 

79 PBP 2a Nitrocefin 190 ± 25 
216

 

80 PBP 2a Ceftaroline 20 ± 4 
217

 

81 Apotransferrin cis-fac-

[RuIICl2(DMSO)3(KTZ)] 

25 
197

 

82 Apotransferrin cis-[RuIICl2(bipy)(DM 

SO)(KTZ)] 

1.89 X 10
-3

 
197

 

83 Apotransferrin [RuII(η6-p-cymene)Cl2(KTZ)] 30.30 
197

 

84 Apotransferrin [RuII(η6-p-

cymene)(en)(KTZ)][BF4]2 

66.67 
197

 

85 Apotransferrin [RuII(η6-p-cymene)(bipy)(KT 

Z)][BF4]2 

1.69 X 10
-3

 
197
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S.No. Protein Antibiotic/ small molecule Kd (μM) Ref. 

86 Apotransferrin [RuII(η6-p-

cymene)(acac)(KTZ)][BF4] 

2.63 X 10
-3

 
197

 

87 EhpR Griseoluteic acid 244 ± 45 
218

 

88 albus G Cephalothin 9.5  X10
3
 

219
 

89 albus G Cephalosporin C 1.6  X10
3
 

219
 

90 R61 Cephaloglycine 0.4  X10
3
 

219
 

91 R61 Ampicillin 7.2  X10
3
 

219
 

92 R61 Carbenicillin 0.11 X10
3
 

219
 

93 R61 Cephalosporin C >1  X10
3
 

219
 

94 R61 Phenoxymethylpenicillin >1  X10
3
 

219
 

95 R61 Benzylpenicillin 13  X10
3
 

219
 

96 R39 Cephalosporin C 0.19  X10
3
 

219
 

97 FmtA Bocillin 60 
220

 

98 Plasma protein 

 

Isometamidium 2.04 
221

 

99 phospholipase 

A2 (PLA2) 

Minocycline (minoTc) 1.8 X 10
2
 

222
 

100 YndB Flavanone 32 ±3 
223

 

101 YndB Flavone 62± 9 
223

 

102 YndB Flavonol 86 ±16 
223

 

103 OprD
+Sias

 Piperacillin 7.60 ±0.13 
224

 

104 OprD
+Sias

 Ceftazidime 9.08±0.93 
224

 

105 CG2496 Methiothepin 54± 19 
225

 

106 FPPS Bisphosphonate 1 (pH7.4) 0.0763 
226

 

107 FPPS Bisphosphonate 1 (pH8.5) 0.4329 
226

 

108 FPPS Bisphosphonate 2 (pH7.4) 0.1972 
226

 

109 FPPS Bisphosphonate 2 (pH8.5) 0.6993 
226

 

110 FPPS Bisphosphonate 3 (pH7.4) 0.0490 
226

 

111 FPPS Bisphosphonate 3 (pH8.5) 0.2174 
226

 

112 FPPS Bisphosphonate 4 (pH7.4) 3.1949 
226

 

113 FPPS Bisphosphonate 4 (pH8.5) 3.1250 
226

 

114 FPPS Bisphosphonate 5 (pH7.4) 0.1661 
226

 

115 FPPS Bisphosphonate 5 (pH8.5) 0.2907 
226

 

116 FPPS Bisphosphonate 6 (pH7.4) 0.3205 
226

 

117 TtgR Phloretin 0.0476 
227
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B. Results of MODexplorer server for STY3178 are tabulated. Proteins present in different 

organisms with various function and structure, having similarity with STY3178 are shown. 

S.No. Protein (PDB) Organism Structure Function Hit 

coverage 

(%) 

1 yfdX (3DZA) 

 

 

Klebsiella 

pneumoniae 
 α-helical 

(tetrameric) 

Unknown ≥80 

2 N-terminal domain 

of Cdc27 (3KAE) 

Encephalitozoon 

cuniculi  

α-helical 

(dimeric) 

Targets specific 

cell cycle 

regulatory 

proteins for 

ubiquitin-

dependent 

degradation 

≥80 

3 Protein 

phosphatase 5 

(PP5)- conserved 

serine/threonine 

phosphatase (4JA7) 

 

Rattus 

norvegicus 

α-helical+β 

sheet 

Dephospho-

rylation  

≥80 

4 putative kinesin 

(4Y6W) 

 

Podospora 

anserina 

α-helical 

(tetrameric) 

Unknown ≥80 

5 Ybgf 

(2XEV) 

 

Xanthomonas 

campestris 

α-helical 

(trimeric) 

 Metal binding ≥80 

6 coatomer cage 

proteins 

(3MKR) 

Bos taurus α-helical 

(trimeric) 

Transport 

protein 

≥80 

7 Adaptor protein 

Hop (1ELR) 

 

Homo sapiens α-helical Chaperone 70-80 

8 TRIP8b 

(tetratricopetide 

repeat-containing 

Rab8b-interacting 

protein) (4EQF) 

 

Mus musculus α-helical Transport 

protein 

70-80 

9 C-terminal part of 

the TPR repeat-

containing protein 

Q11TI6_CYTH3  

(3U4T) 

 

Cytophaga 

hutchinsonii 

α-helical Unknown 70-80 

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=5145
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=5145
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=339
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=339
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=METAL%20BINDING&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9913
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=TRANSPORT%20PROTEIN&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10090
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=TRANSPORT%20PROTEIN&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=985
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=985
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S.No. Protein (PDB) Organism Structure Function Hit 

coverage 

(%) 

10 TPR Domain of 

Arabidopsis FLU 

(FLU-TPR) 

(4YVO) 

Arabidopsis 

thaliana 

α-helical Interacts with 

glutamyl-tRNA 

reductase 

(GluTR), in the 

formation of δ-

aminolevulinic 

acid (ALA) 

70-80 

11 Magnetosome-

associated protein, 

MamA (3AS5) 

Magnetospirillu

m magneticum 

α-helical Protein binding 70-80 

12 MalT family of 

ATP-dependent 

transcriptional 

activator (1HZ4) 

Escherichia coli α-helical  Regulates the 

genes for 

malto-

oligosaccharide 

utilization 

70-80 

13 P58(IPK) TPR 

Domain 

(3IEG) 

Mus musculus α-helical Chaperone 70-80 

14 tetratricopeptide 

repeat protein 

(PARMER_03812) 

(4R7S) 

Parabacteroides 

merdae 

α-helical Unknown 70-80 

15 Sti1/Hop-modular 

protein (3UQ3) 

Saccharomyces 

cerevisiae 

α-helical Chaperone 70-80 

16 CHIP- dimeric U 

box E3 ubiquitin 

ligase that binds 

Hsp90 and/or 

Hsp70 via its TPR-

domain (2C2L) 

Mus 

musculus / Hom

o sapiens 

α-helical Chaperone -

facilitates 

ubiquitylation 

of chaperone 

bound client 

proteins 

70-80 

17 N-terminal Domain 

of Anaphase-

Promoting 

Complex Subunit 7 

(3FFL) 

Homo sapiens α-helical Cell cycle 70-80 

18 yclophilin or 

FK506 binding 

protein (1IHG) 

Bos taurus α-helical Isomerase 70-80 

19 Type IV pili (T4P) 

(2HO1) 

Pseudomonas 

aeruginosa 

α-helical Contribute to 

the virulence of 

bacterial 

pathogens 

 

70-80 

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=3702
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=3702
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=84159
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=84159
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=562
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10090
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CHAPERONE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=46503
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=46503
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=%20%20UNKNOWN%20FUNCTION&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4932
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4932
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10090
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10090
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CHAPERONE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CELL%20CYCLE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9913
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=ISOMERASE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=287
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=287
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S.No. Protein (PDB) Organism Structure Function Hit 

coverage 

(%) 

20  Anaphase-

promoting complex 

(APC/C)- 

multimeric RING 

E3 ubiquitin ligase 

(4UI9) 

Homo sapiens α-helical Controls 

chromosome 

segregation and 

mitotic exit 

70-80 

21 Co-Chaperone 

P58Ipk 

- endoplasmic 

reticulum- (ER-) 

localised DnaJ 

(ERdj) protein 

(2Y4T) 

 

Homo sapiens α-helical Chaperone 70-80 

22 Cardiac specific 

histone 

methyltransferase 

SmyD1 (3N71) 

 

Mus musculus α-helical Methylates 

histone H3 at 

lysine 4 and 

regulates gene 

transcription in 

early heart 

development 

70-80 

23 Domain of protein 

VP0806 (2R5S) 

 

Vibrio 

parahaemolyticu

s 

α-helical Unknown 70-80 

24 FKBP-like Protein, 

FKBP51 

(1KT0) 

Homo sapiens α-helical Isomerase-

associates with 

Hsp90 and 

appears in 

functionally 

mature steroid 

receptor 

complexes 

70-80 

25 Active N-terminal 

fragment of p67 

(1HH8) 

Homo sapiens α-helical Cell cycle 70-80 

26 Vesicular transport 

protein SEC17 

 (1QQE) 

Saccharomyces 

cerevisiae 

α-helical Membrane 

trafficking in 

eukaryotic cells 

60-70 

27 Motor protein 

(3EDT) 

Homo sapiens α-helical - 60-70 

28 Ton1535, a 

hypothetical 

protein (3ZPJ) 

Thermococcus 

onnurineus 

α-helical Unknown 60-70 

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10090
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=670
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=670
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=670
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=%20UNKNOWN%20FUNCTION&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=ISOMERASE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CELL%20CYCLE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4932
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4932
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=342948
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=342948
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=UNKNOWN%20FUNCTION&struct_keywords.pdbx_keywords.comparator=contains
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S.No. Protein (PDB) Organism Structure Function Hit 

coverage 

(%) 

29 APC/C (2XPI) 

 

Schizosaccharo

myces pombe 

α-helical Cell cycle 60-70 

30 TPR DOMAIN OF 

HUMAN SGT 

(2VYI) 

Homo sapiens α-helical Chaperone 60-70 

31  Uncharacterized 

protein 

(3GW4) 

Deinococcus 

radiodurans 

α-helical Unknown 60-70 

32 Tah1 (4CGU) 

 

Saccharomyces 

cerevisiae / Hom

o sapiens 

α-helical  Chaperone 60-70 

33 TTC0263 

(2PL2) 

Thermus 

thermophilus 

α-helical Protein 

binding-Forms 

multi-subunit 

complexes by 

interacting with 

each other or 

with other 

subunit 

proteins 

60-70 

34 Peptide-substrate-

binding domain of 

human type I 

collagen prolyl 4-

hydroxylase 

(1TJC) 

Homo sapiens α-helical Hydrolase 60-70 

35 Stress-induced-

phosphoprotein 1 

STI1 

(2LNI) 

Homo sapiens α-helical Chaperone 60-70 

36 Tetratricopeptide 

Repeat (TPR) 

Domain of 

Fluorescent (FLU)- 

negative regulator 

of chlorophyll 

biosynthesis in 

plants (4YVQ) 

Arabidopsis 

thaliana 

α-helical Oxidoreductase 60-70 

37 Multi-domain 

immunophilin 

(2IF4) 

Arabidopsis 

thaliana 

α-helical Signaling 

protein 

60-70 

38 LapB cytoplasmic 

domain (4ZLH) 

Escherichia coli α-helical Metal binding 60-70 

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4896
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4896
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CELL%20CYCLE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1299
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1299
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4932
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=4932
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CHAPERONE%20/%20PEPTIDE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=274
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=274
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=HYDROLASE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CHAPERONE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=3702
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=3702
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=OXIDOREDUCTASE%20/%20FLUORESCENT%20PROTEIN&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=3702
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=3702
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=SIGNALING%20PROTEIN&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=562
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=METAL%20BINDING%20PROTEIN&struct_keywords.pdbx_keywords.comparator=contains
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S.No. Protein (PDB) Organism Structure Function Hit 

coverage 

(%) 

39 AIP TPR domain in 

complex with 

human Tomm20 

peptide 

(4APO) 

Homo sapiens α-helical Signaling 

protein 

60-70 

40 YbbN 

(3QOU) 

Escherichia coli α-helical Proposed to act 

as a chaperone 

or co-

chaperone 

60-70 

41 Stress-induced 

protein-1 (STI-1) 

(4GCN) 

Caenorhabditis 

elegans 

α-helical Protein binding 60-70 

42 O-linked GLCNAC 

transferase 

(1W3B) 

Homo sapiens α-helical Transferase 60-70 

43 SYCD (2VGX) Yersinia 

enterocolitica 

 

 

 

α-helical Chaperone 60-70 

44  EccA1 

(4F3V) 

 Mycobacterium 

tuberculosis 

α-helical Responsible for 

transport of 

virulence 

factors in 

pathogenic 

mycobacteria 

60-70 

45 TPR1 domain of 

HOP in complex 

with a HSC70 

peptide 

(1ELW) 

Homo sapiens α-helical Chaperone 60-70 

46  Peroxisomal 

targeting signal-1 

(PTS1) (1FCH) 

Homo sapiens α-helical Signaling 

protein 

60-70 

47 MamA 

(4XI0) 

Desulfovibrio 

magneticus 

α-helical Protein binding 60-70 

48 Serine 

chemoreceptor Tsr 

(2D4U) 

Escherichia coli α-helical Signaling 

protein 

60-70 

49 Hsp70-interacting 

protein, Hip (4J8F) 

Homo 

sapiens / Rattus 

norvegicus 

 

α-helical Chaperone 50-60 

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=SIGNALING%20PROTEIN%20/%20PEPTIDE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=SIGNALING%20PROTEIN%20/%20PEPTIDE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=562
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=6239
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=6239
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=PROTEIN%20BINDING&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=TRANSFERASE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=630
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=630
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=CHAPERONE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1773
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=1773
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=SIGNALING%20PROTEIN%20/%20PEPTIDE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=SIGNALING%20PROTEIN%20/%20PEPTIDE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=184917
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=184917
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=PROTEIN%20BINDING&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=562
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=SIGNALING%20PROTEIN%20/%20PEPTIDE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=SIGNALING%20PROTEIN%20/%20PEPTIDE&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=10116
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=Chaperone&struct_keywords.pdbx_keywords.comparator=contains
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S.No. Protein (PDB) Organism Structure Function Hit 

coverage 

(%) 

50 Human O-GlcNAc 

Transferase 

(4GYW) 

Homo sapiens α-helical Transferase 50-60 

51 APC3-APC16 

complex 

(4RG9) 

Homo sapiens α-helical E3 ligase that 

controls mitosis 

by catalyzing 

ubiquitination 

of key cell 

cycle 

regulatory 

proteins 

50-60 

52 O-GlcNAc 

(5DJS) 

Thermobaculum 

terrenum 

α-helical Transferase 50-60 

 

 

C. Sequence alignment of yfdX family proteins. The sequence alignment of STY3178 

protein from CT18 strain of S. Typhi with yfdX proteins from other virulent bacteria like K. 

pneumoniae, S. enteritidis, S. Typhimurium, S. Paratyphi,  S. Heidelberg, S. Monteviodeo,  P. 

ananatis, E. tarda, H. alvei, E. coli,  and P. Shigelloides is shown. The secondary structural 

elements α-helix (cylinder) and β-strands (arrow) are indicated on the top with respect to the 

crystal structure of yfdX protein (PDB ID 3DZA) from K. pneumoniae. The conserved Tyr and 

Phe residues are marked by the rectangular blocks. 

 

http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=transferase%20/%20peptide&struct_keywords.pdbx_keywords.comparator=contains
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=166501
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=166501
http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=StructureKeywordsQuery&display=true&struct_keywords.pdbx_keywords.value=transferase%20/%20peptide&struct_keywords.pdbx_keywords.comparator=contains
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Chapter 7| Homology modeling and molecular dynamics 

simulation of STY3178 

 

7.1. Introduction 

 In previous chapters, we have biophysically characterized the yfdX protein, STY3178 

from Salmonella Typhi. We find it to be capable of undergoing reversible thermal unfolding 

reported in chapter 4.  In order to understand these results, we generate a homology model for 

STY3178. There is only one crystal structure of yfdX protein from Klebsiella pneumoniae, 

deposited in PDB with an ID 3DZA.  The deposited structure has four identical chains A, B, C 

and D forming a homotetramer.  We observe metal ion coordination between these chains. 

 Homology modeling is  a tool to generate the three dimensional model of proteins, 

which lack experimentally determined structure.
53

 We build the three dimensional model of 

STY3178 using different modeling servers with respect to the only available crystal structure 

(PBD ID 3DZA) of yfdX protein from Klebsiella pneumoniae. Energy minimization is 

performed using NAMD followed by molecular dynamics (MD) simulation at 310 K. The 

equilibrated model structure at 310 K is used to perform MD simulations at elevated 

temperatures.  We report in chapter 3 that STY3178 is a trimer in solution. Thus, we generate 

the model for the trimeric assembly of the protein by docking three chains of STY3178 

monomer structure. 

 This chapter is organized as follows: Methods and results related to model building and 

molecular dynamics simulation are discussed in sections 7.2 and 7.3, respectively. Finally, we 

conclude in section 7.4 stating the overall finding of this work. 

 

7.2. Methodology 

7.2.1. Molecular model of STY3178 

We perform homology modeling of STY3178 using various servers namely Swiss 

model workspace
228

, Phyre2
54

 and RaptorX
55-58

. All these servers generate a tertiary structure 

for STY3178 with respect to the same template yfdX protein (PDB ID 3DZA) from 

Klebsiella pneumoniae. Swiss model workspace and RaptorX use chain A of the template 

protein whereas Phyre2 build the model using the chain B. Model structures obtained using 
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RaptorX and Phyre2 have 173 amino acid (A
11

-Q
183

) residues. Swiss model workspace 

generated structure contains only 165 residues (L
21

-Q
186

). This shows 10 residues (A
11

-T
20

) are 

missing in the N-terminus of the model obtained from Swiss model workspace. We therefore, 

work further with the model structure generated using RaptorX and Phyre2 servers having 173 

residues (A
11

-Q
183

).   

Amino acid sequence of the STY3178 protein construct used for the experiments 

contains total number of 210 residues. We compare the construct amino acid sequence with that 

of the model. There are 21 residues at the N-terminus of the construct including the 6 histidine 

(His) tags and few others inserted for the purpose of cloning. The model structure (A
11

-Q
183

) 

lacks these 21 residues in the N-terminus. Similarly, it does not contain 16 residues at the C-

terminus compared to the construct protein sequence. Therefore, we include only the C-

terminal residues (S
184

-H
199

) of the construct in our model leaving N-terminal ones. We add 

these 16 C-terminal residues De-novo one by one followed by energy minimization of 100 

steepest decent steps after addition of each amino acid in Swiss-PdbViewer
59

. The final model 

has 189 amino acid (A
11

-H
199

) residues. Hydrogen atoms are added to this model structure 

having 189 residues followed by solvation using explicit solvent water model in a rectangular 

parallelepiped box with dimension 69.4 X 62.2 X 73 Å
3
. The solvated system is neutralized 

with counter ions and minimized using NAMD
60

. 

 

7.2.2. Molecular dynamics simulation of the model 

All atom molecular dynamics (MD) simulation of the minimized monomer structure is 

performed using NAMD
60

. The force field and water model used are CHARMM27
61

 and 

TIP3P
62

, respectively. MD is performed at 1 atm pressure in isothermal-isobaric (NPT) 

ensemble with periodic boundary condition and 1 femtosecond (fs) time-step. Electrostatic 

interactions are treated using particle-mesh Ewald method. Energy minimization of 10,000 

steps is carried out with total number of 29848 atoms prior to 300 nanosecond (ns) MD 

simulation at 310 K temperature. MD simulations at elevated temperatures 350 K and 400 K 

are performed using an equilibrated structure from the 310 K ensemble. The root mean square 

deviation (RMSD) is calculated with respect to the Cα-atoms over all the trajectories up to 300 

ns for each of the temperatures. The root means square fluctuation (RMSF) of Cα-atoms of each 

residue is also estimated over the equilibrated trajectories from 150 to 300 ns at temperatures 

310 K, 350 K and 400 K. The histogram distribution, Ramachandran plot and standard 

deviation (ζ) of backbone dihedral angles ϕ and ψ is calculated over 150-300 ns trajectories for 
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each residue. The relative change in ζ at 350 K (r350=ζ350/ζ310) and 400 K (r400= ζ400/ζ310) is 

then estimated with respect to that at 310 K for each residue. The propensity (percentage) of 

residues forming α-helix and β-strands are calculated over 150-300 nm trajectories from the 

distribution of backbone dihedral angles ϕ and ψ. 

Similarly, MD simulation is performed for the protein lysozyme (PDB ID 193L) for 100 

ns using the total number of 21002 atoms at 310 K and 400 K following the aforementioned 

protocol. 

 

7.2.3. Molecular model of trimeric assembly 

Different structures for the trimeric assemblies of STY3178 are generated using 100 ns 

equilibrated monomer structure at 310 K ensemble in ZDOCK
63

 docking server. The 

energetically most favourable  trimeric assembly among the best possible five structures is 

determined by energy minimization using NAMD
60

 with CHARMM27 force field
61

  and 

TIP3P
62

 model of water. We then perform MD simulation with the energetically favourable 

trimer assembly at 310 K following the similar protocol used for the monomer. The total 

number of atoms during MD simulation of the trimer is 61860. 

The interface residues of the STY3178 trimeric structure are identified by measuring the 

distance within 5 Å cut off between the C atoms of each residue belonging to different chains 

of the trimer.   

The radius of gyration ( gR ) of the simulated trimeric assembly of STY3178 is 

calculated as the square of the distance of Cα-atoms from the centre of mass ( CMR


) defined by 





i

i

i

iiCM mrmR / , where im and 


ir are the respective mass and position vectors of the i
th

 

Cα-atom. gR  is calculated using the expression
64

,  











i

i

i

CMiig mRrmR /

2

2
. The 

hydrodynamic radius (RH) of the trimer model is then estimated from the gR value, following 

the relation
65

, 77.0
H

g

R

R
. 
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7.3. Results 

7.3.1. Molecular modeling 

A homology model of STY3178 is proposed based on the template yfdX protein 

structure (3DZA) from Klebsiella pneumoniae. The chains A and B of 3DZA have residues 

A
28

-V
207

whereas chains C and D contain residues A
33

-V
207

. STY3178 has a sequence similarity 

of 40 % with the entire sequence of 3DZA. Figure 7.1 shows the sequence alignment of 

STY3178 with the template protein 3DZA. The model structure of STY3178 obtained using 

RaptorX and Phyre2 contains 173 residues (A
11

-Q
183

)
 
whereas that of Swiss model workspace 

has 165 residues (L
21

-Q
186

). We proceed further with the model having A
11

-Q
183 

amino acid 

residues. This homology model lacks 21 N-terminal and 16 C-terminal residues compared to 

the construct sequence of STY3178. There is no sequence similarity found for residues S
184

-

H
199

 with that of 3DZA (Figure 7.1). The 16 C-terminal residues are included in the model but 

not the 21 residues at the N-terminus. This is because the N-terminal residues are present in the 

construct for cloning purposes only. We perform De-novo addition of the 16 C-terminal 

residues using Swiss-PdbViewer. Energy minimization is done after addition of each residue to 

the model for refinement. The final model structure has 189 residues (A
11

-H
199

). 

 

Figure 7.1. Sequence alignment of STY3178 with yfdX protein form Klebsiella pneumoniae 

(PDB ID 3DZA). 

 

We perform MD simulation of the minimized STY3178 homology structure having 

residues A
11

-H
199

 at 310 K for 300 ns. The simulated monomer structure contains total ten 

helices (H) along with two antiparallel β-strands (E) forming a β-sheet (Figure 7.2). The 

template protein (3DZA) monomer chains have eight α-helices and three β-strands. Our model 

structure has two extra helices at the C-terminal end compared to the template 3DZA. The α-
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helical secondary structural elements of STY3178 model are H1 (A12-D24), H2 (G28-N46), 

H3 (T49-N64), H4 (S67-Y73), H5 (A103-E119), H6 (K122-A132), H7 (L145-E161), H8 

(K163-G177), H9 (S182-T190) and H10 (Q194-A198). The β-sheet comprises of two β-strands 

E1 (Y87-P102) and E2 (V136-P144). The structure is composed of two helical bundles. One 

bundle comprising of helices H2, H3, H7 and H8 and the other with helices H5, H6 and H10. 

These two helical bundles are separated by the single β-sheet. The α-helix and β-sheet contents 

of the model are 68.25 % and 13.23 %, respectively. We report that STY3178 has 44 % α-helix 

content from CD measurement (in chapter 2). Dichroweb server provided 50 % α-helix and 20 

% β-sheet content for the CD data. This discrepancy in the percentage of secondary structural 

elements might be due to the difference in the total number of amino acid residues of the 

construct and that of the model structure. 

 

Figure 7.2. Cartoon representation of homology model of STY3178. 

Ten α-helices are H1, H2, H3, H4, H5, H6, H7, H8, H9 and H10. Two 

β-strands are marked as E1 and E2 along with the N- and C-terminals. 

The α-helices and β-strands are shown in cyan and magenta colours, 

respectively. Loop residues are shown in pink colour. 

 

7.3.2. Molecular dynamic simulations at elevated temperatures 

We report in chapter 4 that STY3178 is thermally stable without change in its trimeric 

state of oligomer upon heating. It also refolds back from thermally unfolded state when cooled. 

This leads us to determine the thermal stability of monomeric protein structure. We perform 

MD simulations with the monomer structure at elevated temperatures 350 K and 400 K. A 

simulated structure from the ensemble of 310 K is used to perform MD at 350 K and 400 K. 

The root means square deviation (RMSD) plot show saturation for the time scale 150-300 ns at 

all the three temperatures (Figure 7.3a). The root means square fluctuation (RMSF) is found to 

increase with temperature (Figure 7.3b). There are two regions showing enhanced RMSF with 
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increase in temperature. The first region forms the part of H3 and H4 with the adjacent loop 

residues and the other region composed of E1, H7 and adjacent loops.  

 

Figure 7.3. Molecular dynamics simulation of STY3178 monomer 

model. (a) RMSD and (b) RMSF plots of the molecular model, 

simulated for 300 ns at temperatures 310 K (black), 350 K (red) and 

400 K (green). 

 

The backbone dihedral angle (ϕ and ψ) distribution for majority of residues does not 

change with increase in temperature. For example, the ϕ and ψ distribution of residues N91, 

R41 and K112 at temperature 310 K, 350 K and 400 K is shown in Figures 7.4a-f. The 

histogram plots are overlapping with each other for all the three temperatures indicating no 

major change in the structural parts to which these three residues belong.  

 

Figure 7.4. Backbone dihedral angle distribution of residues 

belonging to STY3178 model. The respective ϕ and ψ distributions are 

shown for N91 in (a) and (b); R41 in (c) and (d); K112 in (e) and (f). 

The temperatures are 310 K (black), 350 K (red) and 400 K (green) for 

(a) to (f). 
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There are few residues which show sensitivity in the distribution of backbone dihedral 

angles ϕ and ψ at elevated temperatures. These residues are N14, D17, N18 of H1; D69, W70 

and N71 belonging to H4; A132 from H6; S182, Q183, S184 and V185 of H9; V193, H195, 

A197 and A198 of H10. An example of such change is shown for residue W70 (Figures 7.5a,b) 

and S184 (Figures 7.5c,d). The distribution for W70 and S184 shows deviation at 350 K and 

400 K compared to that at 310 K. This indicates structural changes for these residues at 

elevated temperatures. These structural changes are clearly reflected in the Ramachandran plots 

of these residues which show transition from helix to loop and β-sheet (Figures 7.6a-f). 

 

Figure 7.5. Backbone dihedral angle distribution of residues 

showing sensitivity. The respective ϕ and ψ distributions are 

represented for W70 in (a) and (b); S184 in (c) and (d) at temperatures 

310 K (black), 350 K (red) and 400 K (green). 
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Figure 7.6. Ramachandran plot of affected residues. (a), (b) and (c) 

Show the Ramachandran plot of W70 at 310 K (circle), 350 K (inverted 

triangle) and 400K (square), respectively. The plots for S184 at 310 K 

(circle), 350 K (inverted triangle) and 400 K (square) are shown in (d), 

(e) and (f), respectively. 

 

We further calculate the propensity of different residues forming various secondary 

structural elements (helices and strands) of the model to get a better understanding of the effect 

of elevated temperatures on STY3178 monomer structure. Figure 7.7 shows the propensity of 

various residues being a part of α-helix or β-strand for three temperatures 310 K, 350 K and 

400 K.  The N-terminal residues of H1 shows change in α-helical propensity with increase in 

temperature. We find that the propensity of residues forming helices H2, H3, H5, H6, H7 and 

H8 does not change even at 400 K. Residues of H4 are affected at 400 K. The C-terminal 

residues forming H9 and H10 shows change in their α-helical percentage at 350 K and 400 K 

compared to that at 310 K (Figure 7.7). The helical nature of H9 and H10 reduces substantially 

at elevated temperatures 350 K and 400 K. We find the propensity of residues belonging to β-

strands also remains unchanged during simulation at 350 K and 400 K (Figure 7.7). This shows 

that the model structure is quite stable at elevated temperature except for the N- and C-terminal 

secondary structural elements.  
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310 K                       350 K                                400 K 

Helix 1 (H1) 

   

Helix 2 (H2) 

  

Helix 3 (H3) 

         

Helix 4 (H4) 

        

Helix 5 (H5) 
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310 K                                 350 K                              400 K 

Helix 6 (H6) 

  

Helix 7 (H7) 

  

Helix 8 (H8) 

  

Helix 9 (H9) 

      

Helix 10 (H10) 
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310 K                          350 K                                 400 K 

Strand 1 (E1) 

     

Strand 2 (E2) 

 

Figure 7.7. The propensity of different residues belonging to various secondary 

structural elements (α-helices and β-strands) is shown for 310 K, 350 K and 400 K 

over 150 ns to 300 ns simulation trajectories. The bar chart includes ten helices 

(H1-H10) and two strands (E1 and E2) of the STY3178 model. The propensity of 

being in helix, strand and loop are represented in black, red and green, respectively. 

 

 We find the RMSF increases at 350 K and 400 K compared to that at 310 K (Figure 

7.3b) which indicates enhanced thermal fluctuations at elevated temperatures. Therefore, we 

calculate the change in backbone dihedral angle fluctuations of all the residues of the model at 

350 K and 400 K with respect to that at 310 K. This fluctuation in ϕ and ψ is represented by 

calculating the relative standard deviations (r350 and r400) in backbone dihedral angles of various 

residues at 350 K and 400 K compared to those at 310 K. We define the relative standard 

deviations at 350 K (r350) and 400 K (r400) as 310350350 /r  and 310400400 /r , respectively, 

where ζ denotes the standard deviation at a particular temperature. The 300 ns simulated 

structure at 310 K are coloured according to the r350 and r400 values at 350 K and 400 K, 

respectively. Residues with r350, r400 ≤1 for both ϕ and ψ are coloured green (Figures 7.8a,b). 

Maximum residues belong to the region 1 ˂ r350, r400 ˂ 4 having moderate fluctuations in either 

ϕ or ψ or both at 350 K and 400 K are shown in orange (Figures 7.8a,b). Residues with 

maximum fluctuation has r350, r400 >4 and marked in red. These residues belong to the terminal 

helices H1, H9 and H10. This is in agreement with the changes observed in the propensity of 
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the terminal residues (Figure 7.7). The overall structure of STY3178 remains stable besides 

enhancement in fluctuations in some region of the model. Figures 7.8c,d show the average 

structure at temperatures 350 K and 400 K over the equilibrated trajectories 150-300 ns. Both 

the average structures contain a third β-strand (E3) comprising of residues V179-D181, which 

is not present in structure at 310 K (Figure 7.2). Helices H9 and H10 are affected at both the 

temperatures whereas H1 and H4 unwind at 400 K only. These structural changes 

commensurate with that of propensity changes of theses residues shown in Figure 7.7. Rest of 

the structural elements does not show substantial change. 

 

Figure 7.8. Cartoon representation of the molecular model (at 310 K) 

with residues coloured according to their degree of fluctuations at (a) 

350 K (r350) and (b) 400 K (r400). Green indicates residues with r350, r400 

≤1, orange shows residues with r350 and r400 in the range 1-4 and the 

residues with r350, r400 ˃4 are shown in red. The average structures over 

the trajectories 150-300 ns are shown for 350 K in (c) and 400 K in (d). 

The α-helices (cyan) and β-strands (magenta) are marked by H and E, 

respectively. Loops are shown in pink. 

 

We compare our simulation results at elevated temperature with that of a standard 

protein lysozyme. We perform MD simulation using the crystal structure of lysozyme (PDB ID 

193L) at 310 K and 400 K. We observe enhanced RMSF for lysozyme structure simulated at 

400 K compared to 310 K within 100 ns using the same force field (Figure 7.9a). There is 

melting of secondary structural element at 400 K (Figure 7.9b). This loss of secondary structure 
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of lysozyme at elevated temperature is in agreement with earlier report
229

. This further supports 

that our model of STY3178 structure is thermally stable. 

 

Figure 7.9. MD simulation of lysozyme structure (PDB ID 193L). 

(a) Represents the root mean square fluctuation (RMSF) of lysozyme 

residues over 50 ns to 100 ns at temperatures 310 K (black) and 400 K 

(green). (b) Superimposed cartoon representation of 100 ns simulated 

lysozyme structure at 310 K (black) and 400 (green). The structural 

elements showing changes at 400 K with respect to 310 K are circled in 

red. 

 

7.3.3. Trimer model 

We report in chapter 3 that STY3178 forms trimer in solution. Thus, we generate the 

trimer structures of the protein using ZDOCK
63

  docking server. Three identical STY3178 

structures of the 100 ns equilibrated monomer at 310 K, are docked to obtain the trimeric 

arrangement. The best five possible trimer structures obtained from the server are minimized 

using NAMD
60

 with CHARMM27 force field
61

  and TIP3P
62

 water model to determine the 

energetically most favourable  assembly. Figure 7.10a shows the energetically stable trimeric 

assembly after minimization among the best five structures. It consists of three monomer chains 

(A, B and C) arranged symmetrically. There is a central pore composed of H2 and H8 (Figure 

7.10a). The interface residues of the trimer are tabulated in Table 7.1. The trimer interface has 

hydrophobic, acidic, basic as well as polar residues of both the adjacent chains. These residues 

are shown in Figure 7.10b. The interaction at the interface would be both hydrophobic and 

electrostatic. There are three salt bridge pairs existing in the interface of trimer. These are 

K118-D85, K163-D24 and K122-E161. Along with this, there are intra-chain and inter-chain 

FRET pairs. The intra-chain pair is W70 and Y73, Y87 whereas W71 and Y165, Y164 forms 

the inter-chain FRET pairs (Figure 7.10c) of the trimer assembly. The presence of these pairs 

can explain the observed phenomenon of FRET in steady state fluorescence of STY3178 
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reported in chapter 2. The electrostatic surface diagram of STY3178 trimer is represented in 

Figure 7.10d. It shows presence of large number of exposed basic as well as acidic residues on 

the surface of assembly (Figure 7.10d). We report in chapter 5 that the secondary, tertiary 

structure and hydrodynamic size of STY3178 is stable over a pH range of 4.5 to 10. The pH 

stability could be due to the uniform distribution of both acidic and basic residues on the 

surface of the protein. Our proposed trimer model has evenly distributed acidic and basic 

residue which can explain the pH stability of STY3178 reasonably.  

We next determine the radius of gyration ( gR ) of the trimeric assembly following the 

relation
64

,  











i

i

i

CMiig mRrmR /

2

2
, described in method section. CMR



is the distance of  

Cα-atoms from the centre of mass and can be estimated by using the relation, 





i

i

i

iiCM mrmR / . The respective mass and position vectors of the i
th

 Cα-atom are im and 



ir . The value of gR obtained for the trimeric assembly is 2.69 nm. We further calculate the 

hydrodynamic radius ( HR ) for this gR
 
value of the trimeric assembly

 
using the relation

65
, 

77.0
H

g

R

R
. The HR  obtained for the trimer model is 3.49 nm and the corresponding 

hydrodynamic diameter is 6.98 nm. This is in good agreement with hydrodynamic diameter 

~6.5 nm measured from DLS in chapter 2. All these suggest that the trimer model can explain 

the experimental observations quite well and is a reasonable structure. 
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Figure 7.10. Trimeric assembly of STY3178. (a) Three monomer 

chains (green, blue and pink) are arranged in symmetrical manner. 

Tyrosine (Y) and tryptophan (W) are coloured black and red, 

respectively and shown in stick representation. (b) Shows the residues 

at the interface of monomer chains of trimer. Hydrophobic, acidic, 

basic and polar residues are shown in green, red, blue and orange, 

respectively. (c) Inter and intra chain tryptophan (red)-tyrosine (black) 

FRET pairs present in the trimer model are shown. (d) Represents the 

front and rear view of electrostatic surface of STY3178 trimer. The 

basic, acidic and neutral surfaces are coloured blue, red and white, 

respectively. 
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Table 7.1. Interface residues of STY3178 trimeric assembly 

Residue 

Type 

Hydrophobic Acidic  Basic Polar 

Chain 1 F42, F45, G162, 

L169 

D85, 

E161 

R41, R149, 

K150, K163 

N46, Q146, Q147, 

T153, T154, 

S157, Y164, 

Y165, Q166 

Chain 2 W31, G38, F42, 

I90, I178, V180, 

V185, P189 

E187 R35, K122 M39, N91, S92, 

S93, N114, M117, 

Q175, S184, S188 

 

7.4. Conclusion 

 We report a MD simulated structure of STY3178 monomer. MD simulations of the 

model at elevated temperature show its thermal stability. Finally, we propose a simulated 

structure for the trimeric assembly of STY3178 using the equilibrated monomer structure. The 

proposed trimer structure can explain our experimental observations reasonably well. 
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