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Chapter 1| Introduction

Proteins are molecular machines that participate in various cellular proteés$asy
perform variety of biochemical functions and hence significant for living cells. Bacterial proteins
are of fundamental imporae because they often interact wvittle host cells. They also help the
bacteria to survive in harsh environments like unsuitable temperature, pH changes, presence
antibiotics and denaturing agents. Bacterial resistance towards antibiotics and thgal sur
result in new strains which are threat to public heiRhnctional and structural characterization
of bacterial proteins is thus, essential in order to impair them by understanding the mechanism
infection caused.

Proteins are synthesized in the ribosome as polypeptide éhémsorder to be
biologically active, the polypeptide chain is folded into a specific thieemsional structure.
Native state of protein is reported to be onlyGkcal/mole more stable than the denatured®one.
Different types of interactions present in a protein structure are hydrogen bond, van der Wae
attraction, electrostatiand hydrophobic interactiofistolding of a polypeptide chain into its
compact tertiary structure is often initiated by the hydrophobic residues present in pfotai.
hydrogen bonds between amide and carbonyl grotipeptide backbone are responsible for the
stability of secondary structural elemefit8 Protein structure is often prone to perturbations like
temperature shocks, pH changes, high pressure, denaturing agents such as chaotropes and ;
resulting in unfadling.” *** The transition from native to unfolded state is generally associated
with loss oftertiary as well as secondarystructure. The foldinginfolding process of protein
could either be reversible or irreversible.

Complete genome sequeB@d many organisms are available nowad2y¥. These have
resulted in new protein sequences® Structural genomiciitiative has characterizedhe newly
identified proteins. However, many of them are yet to be characterized either functionally or
structurally. Bioinformaticsstudies have identified proteins present in bacteria without any
functional annotation as domain of unknown function (DUFJhese are reported in Pfam
database witmearly2700 DUFs for bacteris.

yfdX*%2! protein is member of DUF family with Pfam database ID PF10938. They are
known to occur in a number of virulent bacteria likscherichiacadi, SalmonellaTyphi,
SalmonellaTyphimurium SalmonellaParatyphi, Klebsiella pneumoniae,Pantoea ananatis,
Edwardsiellatarda, Hafnia alvei and Plesiomonasshigelloides?>! These proteins in different

bacteria are nearly 19220 amino acids lontf. It was first identified inE. coli!® ?° The
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expression ofyfdX gene was reported to be-vggulatedin E. coli by a multidrug response
regulator EvgA. This EvgA protein also regulates the expressiaranf/other genes likgfdW,
yfdU, yfdV, yfdE, yhiU, yhiV, osmCand ompAencoding the respective protefis> ** These
genes argeported to be involved in ¢ osmolarity®, efflux transport mechanisthand acid
tolerance respons¢ATR)** *°. The expression of genes activated by EvgA were quantified by
DNA microarray® ** analysis and qR'PCR®. Enhancementbtained usingDNA microarray
analysis in the expression of gengsU, yhiV, yfdX, yfdW, yfdU, yfddndyfdEwas 1.8, 4.4,
54.4, 6.8, 1.0, 3.0 and 4.0 folds, respectively® ** In gRT-PCR, enhancement in expression
of genesyfdX, yfdW, yfdU, yfd\and yfdE was 1600, 1300, 890, 500 and 170, respectirely.
These data show thtite expression offdXis highest among all other genes activated by EvgA.
yfdX is the only gene which gets-@xpressed ifk. coli cells when EVgA is expressed.

Structural and functionatharacterizations of yfdX proteins ameadequate till date.
There is only one yfdX protein frorklebseilla pneumoniador which crystal structre is
deposited in PBD (3DZA). However, no functional annotation is reported even for this protein
Occurrence in virulent bacteria, enhanced expression and highest levelregulgtion with
EvgA inE. coli indicates that yfdX proteins may have funcabimportance.

In this thesis, w have characterized a yfdX protein, STY3178 from the multidrug
resistant (MDR) CT1¥ # strain of SalmonellaTyphi. We first clone the gensty3178in
pPET28a expression vector and overexpress k. inoli by isopropytb-D-thiogalactosidelPTG)
induction The affinity tagged overexpressed protein is purified using column chromatography.
We determine the purity of STY3178 using sodium dodecyl sulphate polyacrylamide ge
electrophoresis (SDBAGE)>? We perform mass spectrometry (MALDIOF) and confirm the
molecular mass of theverexpressed proteito be23.1 KDa, which issimilar to thecalculated
mass of construct.

Biophysical characterization of STY3178 protein is performed usingusatechniques
such as circular dichroism (CD), steady state fluorescence, dynamic light scattering (DLS), siz
exclusion chromatography (SEC), nuclear magnetic resonance (NMR) and isothermal titratio
calorimetry (ITC). We have determined the secondtaictire 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 antibiosiash asciprofloxacin
(Cpx), rifampin (Rfp) andampicillin (Amp), to which CT18 strain oSalmonellaTyphi is
resistant®*° Further, based on output results of bioinformatics*fpeve perform chaperone

activity asay for STY3178 and investigate this capabilityitro. 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 t h char act er-i st
helix having two minima around 209 nm and 222 ¥imhe emission peak position of protein
using steady state fluorescence is found around 342 nm for excitation wavelengths 257, 275, 2
and 295 nm. This peakosition indicates emission from exposed tryptophan residues and
occurrence of FRET in proteff.

The mean hydrodynamic diamet@Dy) of STY3178is around 6.5 nnasmeasured using
DLS. This hydrodynamic size is higher for a 23 KDa protein mamed to the reportéd? size
of globular proteins with similar molecular weighi address this size anomaly, we perform
size exclusion chromagrraphy (SEC). STY3178lutes at a volume similar to @ KDa protein
in SEC* This indicates STY3178 to be a trimer (~69 KDa) in solution. We further perform one
dimensional'H->N heteronuclear relaxation measurements to determine theudingil (T.)
and transverse ¢J relaxation time for the protein.; T~1.96 s) and 7 (~0.033 s) values are
obtained from the slope of intensity decay plots for various time deldygsrotation correlation

time (f.) estimated using iTand T is about24.7 ns following the expression reported in

literaturé>*>. We also calculate the. usingthe StokesEinsteirnDebye (SED) equatiofor the
measured hydrodynamradius (~3.25 nm) of protein and obtain a value around 30.5 ns, which

is in good agreement with the experimental Therefore, NMR relaxation @asurements, 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 WeMe perform*H-""N heteronuclear
single quantum coherence (HSQC) experiments at five different temperatures from 25°C t
45°C. The spectrum remains almost unchanged even atcdsifared to HSQC at 25°C. This is
in agreement with our CD and fluorescence resudtgporting protein stability in this
temperature range. Further, we check the reversibility in unfolding of STY3178 by heating it a
different temperatures for 30 minutasd then cooling it back to room temperature. Protein is
able to refold back completely from 8043 monitored by CD. We also monitor the effect of

heating and cooling rates on unfolding and refolding of protein by measggifgfor 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 energie$ about246.9 and58.7 kJ/mo] respetively.**
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We monitor stability of proteirat various pH T h e-helldal secondary structure of
STY3178 is found to be stable in the pH rangeI5However, the tertiary structure is stable
only in 4.510 pH and affected in strong acidic pH of 2.5 arid Brotein becomes more helical
up to 0.6M 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 nmigasure
HSQC spectra of singliabeled STY3178 and find the structure to unfold at 3 M urea. Native
proteintlike 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 i
natue®

In presence of SDS, the secondary structure of protein changes slightly with increase |
ellipticity at 209 nm and decrease at 222 firHowever thesecondary structureods not show
signature of amunfold proteinasobservedn presenceof urea and GndHCI. The near L&D
spectra, however, changes abruptly even at lowest concentration of SDS. This indicates that S
affects protein tertianpr quaternarystructure:althoudn t h eheli¢al nature is retainéd.In
DLS, we observe that the hydrodynamic size of protein de@eagk increase in SDS
concentration andy of about 4.2 nm is obtained for 69.4 mM (%) SDS. This dwering 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
nativelike hydrodynamic size is regained upaecreasingSDS concentrationin solution
indicating formation of trimer from themonomers. This dissociation of trimeric assembly in
presence of SDS is also a reversible phenomenon.

We show the interaction of STY3178 with three antibiotics ciprofloxacin (CpXimpifia
(Rfp) and ampicillin (Amp) using steady state fluorescence and*3Tthe fluorescence
emission is substantially quenched in presence of all the three antibitt?88 nm excitation.

This interaction is quantified by calculating the bimgd parameters using Sterivolmer
equatiorf”*°. Dissociation constast(Kg) estimated for Cpx, Rfp and Anfindingar e 25 ¢
100 €& M an despéctively TheMymber of binding sites i8.99, 1.5 and 1.08r Cpx,

Rfp and Amp, respectivelyWe further verify these antibiotic interactions using ITC. The
isotherms for Cpx and Amp are fitted to sequential bindingehadd Rfp binding data is fitted

to a single site model in order to estimate the binding parameters. The dissociation cdfigtants (
obtained by fitting the i soKheRimand Amp bi@mg i
are 66. 23 &M spoactivelyl Both.fldorescavice anddTC measurements confirm
that Cpx binding with STY3178 i s-helcal secondgrg r
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structure of protein remains intact upon antibiotic binding, measured using f&DJWative
protein hasa bioad shoulder spanning over 2880 nm in near UMCD spectra. This
decomposes in presence of Cpx and Rfp, into two new peaks around 260 nm and 280 nm, wh
commensurate to phenylalanine and tyrosine fine strucfutésrespectively. DLS and NMR
relaxation measurements indicate that STY3178 remains as trimer during interactighewith
antibiotics.

We empby Bioinformatics toolMODexploref for further functional characterization of
STY3178. The results fromithservelincludeabout50 similar proteins, having >50 % structural
similarity with STY3178. Most of these proteins contain helices similar to STY3178rikfaof
these proteins have reported functions as chaperones or assist chaperond“dctivityer to
verify this, we perform chaperone activitgssay by monitoring thermal aggregationtwb
substrate proteinslcohol dehydrogenase and insulin. The assay is carried out at 42°C by
measuring the light scattering {#) at 360 nm in absence and presence of STY3178. We
observe lowering oA3go for acohol dehydrogenasand DTTinduced aggregation of insulin
with increasing concentration of STY317&his demonstrate that STY3178 is capable of
preventing aggregationf both the substrate proteins and hemcting as a chaperone.

Finally, we propose anodel for STY3178 by homology modelffg™ using a template
yfdX protein (PDBID 3DZA) from Klebsiellapneumoniad* Servers Phyre2 and RaptorX>>®

generate maels containingesidues A-Q'®?

Gle4 1199

only. The rest of the @erminal residues from

" are added deovo using Swis®dbViewer®. The final modelhaving residues A*-

H*° is solvated using explickolvent model anchinimizedby NAMD®° with CHARMM27*

force field and TIP3® model of water after maintaining electro neutrality. The monomer model
is simulated for 300 ndtc onsi st-B e bif ¢ ¢ ssheatkbinpriging of two strands. The
simulated 310 K structure is used to perform MD simulation at higher tempsr&bho K and

400 K for determining its thermal stabilit§. The root mean square deviation (RMSD) at all
temperatures is calculated with respect tgat©ms over the trajectories up to 300 ns of MD
simulation.We estimate the root means square fluctuation (RMSE@tomsof each residue

at temperatures 310 K, 350 K and 400 K over the equilibrated trajectorie2005@s. Finally,

the relative changan backbone dihedral angle fluctuation for each residue at 350 K
(r3s= Bsd 490 and 400 K (o= 40d 410 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 wit
increased fluctuatianin backbone dihedral angles. This indicates that the model structure of
STY3178 is thermally stable.



12

Chapter 1

We experimentally find that STY3178 exists as a trimer in soldfidthus, we generate
possible models for the trimerstructure of protein using 300 ns MD simulated monomer
structure in ZDOCK® docking server. Energetically moftvourable structure of oligomeric
assembly is determined by minimizing the possible trimeric assemblies using f{AitD
CHARMM27°%! force field and TIP3® water model. The most stable trimer is jsgbed to MD
simulation. The radius of gyratihof simulated trimer model is calculated todi®ut2.69 nm.

We then estimate the hydrodyn& diameter of around 6.98 nm for this calculated radius of
gyration, using the relation reported in literafdre This is in good agreement with
hydrodynamic éhmeter (~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 ar
electostatic 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
research on yfdX proteinwhich is yet to be dephered and might be relevant to understand the
virulent bacteria. This thesis is organized into the following chapters: Chapter 2 covers th
cloning of genesty3178 its overexpression, protein purification and preliminary biophysical
characterization. Clpder 3 addresses the anomaly in hydrodynamic size of STY3We3
determine the state of protein oligomeric assembly. In Chapter 4, we show thermal stability ar
reversible unfolding of protein. Chapter 5 shows the behaviour of STY3W&@ious chemical
environmentsWe 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 o
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 offdX'*?! family is present inCT18> ?° strain of
SalmonellaTyphi (S. Typhi)*2 This protein is encoded ksty3178gene inS Typhi?®* . Gene
bank ID of sty3178 gene including the signal peptide regiois Qi|16758993:c3049965
3049366.Its ID in the Uniprof® databasés Q8Z3Y9. This gene i00 base pairtong. We
clone ths desired gee without the signal peptide regiohaving 573 base paita E. coliin
order to overexpress and characterize the pr@&¥i3178 We employdifferent techniquéd
of molecular biologyfor protein expression and purificationsing affinity chromatography
Preliminary biophysical dracterization of the protein is done after extraction and purification.
At first we run SDSPAGE to detamine the purity of STY3178. Ounext measurement
includes mass analysis of the overexpressed protein ossg spectrometrfWALDI -TOF).

We then pefform circular dichroism(CD) measurement in far UV (19560 nm) region to
determine the secondary structural elemenésent in STY3178CD measurement in theear
UV (250-330 nm) regionis also performedto getinformation about the fine structure of
aramatic residuegpresent in therotein. We determine the nature ttie fluorophores using
steady state fluorescence measuremdrte hydrodynamic size of the protein is determined
using dynamic light scattering (DLS).

This chapteris organizedas follows: Section 2.2covers the experimental methods
related to cloning, overexpression, extraction, purification and biophysical characterization of
STY3178. In section 2.3,results of cloning, overexpression, purification ampeliminary
characterizatiorof the poteinarestaed Sectiors 2.4 and 2.5would cover thaliscussion and
conclusion respectivelyfrom theexperimental findings

2.2. Materials and methods

2.2.1. Cloning

Genesty3178with 573 base pairgwithout the signal peptide regiom®ncoding our
protein of interest is amplified by polymerase chain reaction (PCR) using genomicoDNA
Salmonellaryphi (CT18 strainps a template. The forwaad revers@rimers used duringhe
PCRare SNEATATGGCCGCAACAAACATGACTG-3Npnd
S5NETCGAGGATATTAATGCGCGGCGTGTG-3NjIntegrated DNA Technologigsespectively
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Both the primers contain restriction sites for enzyidel (CATATG) and Xhol (CTCGAG).

The amplified PCR product is used to run agarose gel (1 %) and the desired product is
extracted by gel purificatiomusing Qiagen kit. The purified pduct is then inserted into
pTZ57R/T(TA) vector (Fermentas) using T4 DNA ligase enzyme. The insert is transformed
into Top 10E. coli cells (Novagen) and incubated overnight at 37ACLuria-agar plate
containing ampiciih (0.286 mM). The E. coli cells with theplasmid containing thelesired

gene are selected by performing blues/ white screening bgingmao4-chloro-3-indolyl-b-D-
galactopyranoside (Xgads a marker. Plasmid tisenisolated from the selected white colonies
using plasmid isolation protocqRiagen) The isolatedplasmid is digested with Ndel and
Xhol. The digested plasmid is run oraagse gel (1 %) and purified by gel purificatioethod
(Qiagen).The expression vector pET28a is also digested with the same restriction enzymes
Ndel and Xhol.The purified digestedproduct is suftloned intothe pET28a expression vector
using T4 DNA ligse. Cloning of the desired gene is confirmed by sequencing using T7
primers specific to pET28a systefApplied Biosystems)The plasmid carrying the desired
gene is then transformed info coli BL21 (DES3) cells (Novagemand incubated in Luria agar

platecontaining0.124 mMkanamycin

2.2.2. Overexpression

E. coliBL21 (DE3)cells withthe plasmid pET28a carrying the gesigy3178are grown
overnight in 10ml Luria-Bertani (LB) mediacontainingkanamycin (0.124 mM at 37°C in a
shaker incubator (Innova &2ew Brunswick Scientific) at 250 rprithis overnight preculture
is used to inoculate 1 liter of fresh LB media dhd cells are grown till 0.9 optical density
(ODsggg). Cells are then induced with 0.2 mM isoproepyD-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 %odium dodecyl sulphate polyacrylamide gel
electrophoresis (SBDBAGE).

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 icebath after resuspersi inalysis buffer containing 50 mM potassium phosphate
(pH 7), 250 mM sodium chloride (NaCl) and 1 mM phenylmethanesulfonyl fluoride (PMSF).
The crude ell lysate isthensubjected to centrifugation at 14000 g for 10 minutes at 4°C. The
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desired proteins obtained in the supernatant after centrifugatiookzerved in SDHPAGE.
Purification of the proteins performed byaffinity chromatography using nickeitrilotriacetic

acid (NENTA) beads (Qaigen). Theupernatants allowedto bind the NiNTA beads Non
specific proteins bound tine NENTA beads are removed by washing wathuffer containing

50 mM potassium phosphate (pH 7), 250 mM NaCl, 1 mM PMSF and 30 mM imidazole.
Finally, the desired protein is eluted usiag elution buffer containing 50 mMbotassium
phosphate (pH 7), 250 mM NaCl, 1 mM PMSF and 250 mM imidazole. Purity of the
recombinant protein idetermine by running SDSPAGE. Amicon spin concentrator (10 KDa
cut off) is usedto remove imidazolérom the purified proteiby exchanging thelution buffer

with that containing 50 mM potassium phosphate (pH 7), 250 mM NaCl and 1 mM PMSF
Concentration of the proteinis determined usingthe absorbance value at 280 nm
(BioSpectrometer, Eppendorf) and applying Beambert law. Extinction coeffieint value

( &b required for concentration determination is estimated from Protfatani of expasy
server using the construct sequence as anifipute o bt ai ngisl84samMemd. of U

2.2.4. Mass determination

Mass analysisof STY3178 is performed in MALDITOF Bruker Ultraflextreme
spectrometerThe matrix usediuring the measuremeist sinapinic acid, dissolved in a mixture
of acetonitrileand trifluoroacetic acid (1:15TY3178is mixed in 1:1 ratio witlthe dissolved

matrix sinapinic acid prior to measurement.

2.2.5. Circular Dichroism (CD)

The CD measurement is carried out in Jase&®l3 CD spectrometer at 20i€ the far
UV (195250 nm)and near UV (25@30 nm) regioa The mth lengths ofhecells used in far
UV and near UV measuremsrdare 1 mm and 10 mmespectively.The respective protein
concentrabns used in far UVYand near UMCD are 1@ M a n d TBe@epokMed datarean
average of three scans and background corrected by subtracting the corresgoactingn of
the buffercontaining 50 mM potassium phosphate (pH 7), 250 mM NaCl and 1 mM PMSF
The dlipticity value at 222 nm of the C@ata(far UV-region)is used to determinthe helical

content of the protein following the relatfif®, f,, = (). - 3000 : (1)
(- 36,000- 3,000

where f,, and [q]222 are fractional helicity and mean residue ellipticity at 222wawmelength



16

Chapter 2

2.2.6. Steady state fluorescence measurement

The fluorescence measurements adqmed using Jobin Yvon Horiba Fluorolog with
entrance and ex#lit widths of 2 nm Proteinconcentratiorof 10 uM is used The sampleis
excited at257, 275, 280 and 295 nmavelengths The final spectra fothe protein at each
excitation wavelength arobtained by subtracting the correspondndfer containing50 mM
potassium pbsphate (pH 7), 250 mM NaCl addnM PMSFE Each spectrum is averaged over

two sets of measurements.

2.2.7. Dynamic light scattering (DLS)

DLS measurement is performed in NaBdlal ver n i nstrument at
is subjected to laser scattering with wavelength 632.8 amd measuring angle 173°
Measurement is obtained as a mean of five successive counts. The sample is filtered throug

0.22 um syringe filter (Millipore) por to measurement.

2.3. Results

2.3.1. Cloning, overexpression angburification

We confirm cloning ofthe gene sty3178without the N-terminal signal peptiden
pPET28a expression vector by sequenci#gpplied Biosystems) The clone contains six
histidine (His) tags in the Nterminal regionfor the purpose of purification by affinity
chromatographyOverepression othe recombinant protai STY3178in E. coli BL21 (DE3)
cellsis induced by 0.2 mM IPG and confirmed by running 12 % SDBAGE. In Figure 2.1,
lane 2 shows the uimduced cells before adding IPTGhe overexpressed proteibandis
observedaround25 KDa in SDSPAGE (Figure 2.1 lane 3) However, he estimated molecular
weight of the construcprotein sequence isbout23.11 KDa.Cells with the oerexpressed
protein areresuspended in a buffer with compositeth mM potassium phosphate (pH 7), 250
mM NaCl and 1 mM PMSF. The resuspended cells are then lysed by sonication as mentione
in method sectiorProtein STY3178 iobtained inthe supernatanafter extractionFigure?2.1,
lane 4) The extracted protein is purified by affinity chromatography usin§{ WA beads. The
beads are washed with a buffer having 50 mM potassium phosphate (pH 7), 250 mM NacCl, 1
mM PMSF and 30 mM imidazoleFinally, STY31B 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 STY3178is confirmed bySDSPAGE (Figure2.1, lane 8).
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Figure 2.1. Overexpression extraction and purification of
STY3178 SDSPAGE representing molecular weight marker in lane 1,
urrinduced cells, lane 2; induced cells in lane 3; crude extract of
soluble proteis, lane 4; insoluble cell debris, lane 5; flow through from
Ni-NTA affinity column, lane 6; wash from MNTA affinity column,

lane 7; elute from affinity column, lane 8.

2.3.2. Mass analysis
We perform MALDITOF to determine theexact molecular mass of the purified

protein The mass spectrumontairs two peaks The first peak has/z ratioof 11.5KDa for
thedoublycharged species anide second peak aB8.1KDa for thesingy charged one (Figure
2.2). This confirmsthe molecular weight of STY3178 to 8.1 KDa, althoughprotein
migratesaround25 KDa in SDSPAGE (Figure 2.1)

57 234
3-4- 1+
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Figure 2.2. Mass spectrum of STY318. MALDI -TOF spectrumof
pureprotein with peaks at 23.1 KDa for the singly charged species and

11.5 KDa for the doubly chargese

2.3.3. Secondary structure
The overexpressed and purifis@Y3178 is faind to bewell folded proteinas observed

in far WV (195250 nm)CD (Figure 23). The spectrum contains two minima around 209 nm
and 222 nm, which is eharacteristic ot+helical proteis (Figure2.3). The percentage of helix
is estimatedusi ng the el lipti cy)tfgllowingatheu equatet 2, 2 2 2
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f = ([q]zzz‘ 3’000)
" (- 36,000- 3,000

CD data(200-240 nn) of the protein in Dicroweb servef’? and applyk2D’® method to
estimatetheper cent age of secondary st rhuecltiuxrsadeh de | B

. The helical content obtained for the protein-43.9 %. We usethe

content obtainefom Dichroweb server analysisearound 50 % an80 % respectivelyThe

helix content estimated using both the analysis methods is quite comparable.
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Figure 2.3. Secondarystructure of STY3178.Far UV (195250 nm)
CcD spectrum of phelical @dture with htwowvi n g U

characteristic minima around 209 nm and 222 nm.

2.3.4. Tertiary structure

We use steady state fluorescemeeasuremento study the nature dhe fluorophore
(phenylalanine, tyrosine and tryptophamyironmenin STY3178. STY3178 is excited at four
different wavelengths 257, 275, 280 and 295 nnromim temperature The excitation
wavelengths used will solely excite the aromatic residues ddanine (Phe) tyrosine(Tyr)
and tryptophan(Trp). The emission peak positidior all these four excitations are found
around342 nm (Figure 244d). This corresponddo emission from exposed tryptophan (Trp)
residue(s). The primary sequence of proteiontains two Phefive Tyr and twoTrp residues.
However,the fluorescence emission for excitation at 257 nm and 275 nm are similar to that of
Trp. This suggests a possibility obrister resonance energy transfer (FRET) betweerTRhe
and TyrTrp pairs present inthe protein. The dfference spectra for (27895) nm and (257
295) nm excitation wavelengths show signature of FRET betweeirpy§Figure2.4a, blue)
and PheTrp (Figure2.4a, grey) pais, respectively. The intensity of difference spectrum for
(257-295) nm is less than that of (2285) nm. This might be due to low quantum yield of Phe
compared to Tyr or Trp. Alhethree aromatiamino acidresidues could get excited at 257 nm
andthe emission wavelength (280 nm) of Phe overlaps with excitat@velengths of Trp and

Tyr, which also causes lowering of emission for (Z956) nm difference spectrum.
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We further monitothe protein tertiary structure in near UV (2330 nm) region using

CD measurements. Theear UMCD spectrum of th@ative protein ontains a broad shoulder

spanning from 250 nm to 280 nm (Figurél®). This broadshoulderis a signature of aromatic

residuePhe Tyr andTrp present in the protein
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Figure 24. Tertiary structure of STY3178. (a) Steady state
fluorescence emission spex for excitation wavelengths 257
(black), 275 nm (red), 280 (green) and 295 nm (magenta) are
shown. Thedifference fluorescence spectra for (Z&b) nm and
(257-295) nm arerepresentedn blue and grey, respectivel(b)
Shows the ear UV (256330 nm) M signature of proteinvith
broad shoulder in the region 2280 nm.

2.3.5. Protein hydrodynamic size

The hydrodynamicsize of STY3178is measured using dynamic light scatterimpe

value ofhydrodynamicdiameter obtainedor the proteinin solutionis about6.5 nm (Figure

2.5).

Mean Inensity (%)
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Figure 25. DLS spectrum ofSTY3178 showing hydrodynamic
diameteraround6.5 nm.
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2.4. Discussion

STY3178 is predicted to be a hypothetical protgjriKegg™® and STRING® databases.
On the other hand, i predictechsa putative membrane protein by TopSatatabase whereas
Uniprot®® and NCBmentionit a periplasmicprotein.We find STY3178 in the supernataafter
extraction which confirms it to be a soluble prot€hur observation islsoin agreement with
previous study oft. coliyfdX'® protein where it was found ihe solublecytoplasmic fraction.

The hydrodynamic size of this proteimeasured using DLS is fourtd be higher
compared to proteins of similar molecular weighitst shows an anomalgorsidering the
relation betweemydrodynamic size and molecular weight (MW) of different standard globular
proteins’’ For examplethe reported hydrodynamic radif soyabean trypsine inhibitor (20
KDa) andcarbonic anhydrase (29 KDa) a2e4 nm and that of ovalbumin (45 KDa) is 2.8
nm.”® ° This suggests that a hydrodynamic radifi$.25 nmfor STY3178 would correspond
to molecular weight higher th&® KDa.

25. Conclusion

yfdX protein STY3178 from multidrug resistant CT18strain of S. Typhi is
characterized usindifferentbiophysical technigue§. hi s pr ot e thelicaliirsnatane& j o r
al ong wi tsheet soatemeThe Bluorescence measurements indicate emission from
exposed tryptophan residue (rotein mass and hydrodynamic size determined using
MALDI -TOF andDLS, respectively The tydrodynamic diameter of the proteshowsa 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, weport preliminary characterization gfrotein STY3178
Dynamic light scattering(DLS) indicates an anomalyin hydrodynamic size of STY3178
compared to its molecular masBo address this, size exclusion chromatography (SEC) is
performed for STY3178 SEC canprovide the informationregardingthe monomeric or
oligomerc state of the protein We apply StokesEinsteinDebye (SED) equation,

t. =4p R®/3KT (wheren and R are the viscosity and hydrodynamic radius, respectively)

estimate theotation correlation timel§) of STY3178 for the measured hydrodynamadius
(R). The SED equationcorrelates the hydrodynamic radi(R) with the rotation correlation
time () of the molecule. We further carry outlongitudinal and transverseelaxation
measurementasing nuclear magnetresonance (NMRJ)o determine the rotation correlation
time () of STY3178

The organization of thighapter is as follows: Section 3.2 includbs experimental
detailsemployed fordetermination of protein oligomeric state. section 3.3, results dhe
experiments arstaed Section 3.4 includethe discussiornregardingthe possible oligomeric

assembliesf the protein. Finally, we conclude in section 8t&ting the overall finding.

3.2 Materials and methods

3.2.1. Size exclusion chromatographySEC)

Size exclusion chromatography is performed usigtass column (2.5 45 cm, Sigma)
packed with superdex7media (GE Healthcare)The packed column igquilibrated witha
buffer containing50 mM potassium phospleagpH 7), 250 mM NaCl, 1 mM PMSkrior to
| oadi ng pr ot ei n.subjectedtbhe prékquitibrated eolumnFracsons are
collected for every 3 ml volumasing a peristaltic pump (GE Healthcare) with a flow rate of 1
ml/min. Absorbance at 280 n(A,g0) are measured fall the fractionsin orderto identify the
desired proteinThe ®lumn is calibrated using standard proteins namiglyozyme (14.4
KDa), carbonic anhydrase (29 KDajyalbumin (43 KDa), BSA (66 KDa) anmnalbumin (75
KDa). SEC measurements are performed threestiimreall the proteins and mean of thels¢a

are reported.
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3.2.2 Nuclear magnetic resonanc@\MR) : Relaxation measurements

Uniformly N-labeled STY3178 is prepared by growitng E. coli cells carrying the
plasmid pET28a with the gerséy3178in M9 minimal media supplemented witPtNH,CI as a
source of nitrogenThe other conditions of the cell culture are kept same as reportbdgter
2. The extraction and purification protol followed is sameas mentionedn purification
sectionof chapter 2

The one dimensional (1DJH->N heteronuclear longitudinal {Jand transverse §J
relaxation experiments are carried out using 600 MHz Varian spectrometer equipped with triple
resonance probe at 30°C. The final concentratiorNflabeled protein useduring the
measuremeris 355uM in a buffer havingBB0 mM phosphate (pH 7), 150 mM NaCl and 10%
D,0O. The recycledelays (d) of 8, 9 and 12 seconds aseed for T measuremest The free
induction decay (FID) is collected for the delay points 0.01, 0.05,021,0.3, 0.4, 0.5, 0.6,
0.8,1.0,1.2, 1.5 and 1.8®nddn T; measuremenSimilarly, d; used for T measurement is 4
seconds. The delay poinisedin FID collection forT, are 0.01, 0.03, 0.05, 0.07, 0.09, 0.11,
0.13, 0.15 and 0.1%&sonds All the FIDs are acquired for 256 scaf$e intensity in the range
8.510.5 ppm is obtained bgrocessg the datausing VnmrJ for each set of delay. The
intensities for all the dtime delays for both Tand T, measuremestare first normalized for
each individial data setThe normalized intensities atken averageaver all the datasets
acquired at each delay point. The plot of intensity versus time is fitted to a single exponential
equation,| =a*exp(- Rt) using SigmaPlotwhere | denote the nornieg¢d intensity.R andt
are rate of relaxationand delay time, respectively T; and T, values are calculateds a
reciprocal of respectiv® values The total rotatioal correlation time {.) is calculated using

the relatiof> *3

1 T.
te= 6-L-7
AT, @

whereVyis nitrogen t°N) resonance frequency in Hertz.

given below

3.3. Resuls

3.3.1.0ligomeric State
We performsize exclusion chromatograph8EC)to determinghe oligomeric state of
STY3178. ltis carried out using Superdex7fedia(GE healthcarepacked in alass column

(Sigma) The chromatogram forTY3178 elution from thecolumn is shown irFigure 3.1a
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The elution volume (~120 ml)sicompared with many standard proteins in the molecular
weight range of 14 KDa to 75 KDa (Figure3.1b). These standard proteins elute from the
column at similar volumes for repeatexperimeis as shown by small error bars (Fig®.éb).
STY3178 elution volume matches in the molecular weight regime of 66 KDa pB&in

This suggests that STY3178 exists as a trimer in solutitna molecular mass ~69 KDa

0.6 1 =
é 200 m:Lysuzyme
o 0.4 a g5 4 b
& 3 150 o caonc s
< 0.2 - g anhydracsef‘-""c?‘_’albu;geﬂ78
5125 i
0.0 l T - u—:j 100 : : Colnalbum:n -._.I
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Elution Volume (ml) Log MW

Figure 3.1. Oligomeric state from SEC. (a) The size exclusion
chromatogramof STY3178 showing elution aroundl120 ml in
superdex75 column(b) The elution volume versus logarithm of
molecular weight of proteslysozyme (14.4 KDa, circle); carbonic
anhydrase (29 KDa, inverted triangle yatbumin (43 KDa, square);
BSA (66 KDa, diamond); STY3178 (hexagon) and Conalbumin (75
KDa, triangle). The error barged) are the standard errors estimated

using the average elution volume for the repeated experiments

3.3.2. Rotation correlation time(¢ ) from NMR relaxation measurements

We experimentally estimaté. of STY3178 using NMR spectroscopy by acquiring

data for one dimensional (LOH-N heteronuclear longitudinal {Jf and transverse ¥
relaxation masurements. We performy heasurement for three differeni delays since T
relaxation times are typically longer thag rElaxation times. The normalized peakeimities
are averaged over the repeasetis of measurements. The average peak intensit§10.5
ppm region of the spectra plotted as a function of corresponding delay tinbegHdn and T,
experiments(Figures3.2ab). The T, and T, values are obtained from the integrated peak
intensitiesby fitting it to exponential decay cursieT; and T, values obtained by fitting the

intensity decay curves arabout 1.95 and 0.033 ®conds, respectively. The rotational

correlation time f. calculated using these ;Tand T, values in equatioh °°

te = 1 IGL- 7 isabout24.7 ns.
M T,
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Figure 3.2. NMR relaxation measurement for >N labelled
STY3178. (a)and (b) Show the plot of normalized intensities with
delay times forT; and T, relaxationmeasurementslhe delay times
used for T 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 Theasurements are 0.01, 0.03, 0.05, 0.07,
0.09, 0.11, 0.13, 0.15, 0.17 s. The correspondingnd T, values are

extracted by fitting theurved withsingle exponential decay equation.

3.4. Discussion

We estimate theotational correlation time#() of STY3178using Stokestinstein
Debye (SED) equations. =4p R®/3KT (wheren and R are therespectiveviscosity and

hydrodynamic radiusipr theexperimentally determinedytirodynamic radiu$~3.25 nn). The

t . of about 30.5 ns is obtained using this relatibhis value ismuch higher compared tbe
protein of similar molecal r  we i g h-thyrsotrypsin (28 KDa)ivhere the reportéd .
is 13.4ns The experimentally determined. from NMR relaxation measuremenssin good

agreement with the calculatetl. for the measurechydrodynamic radius using the SED

equation. Thusall these experimental observatiofte the protein STY3178 confirm its
trimeric state of oligomerization in solution.

As reportedn chapter 2 tha8TY3178isma j o+ley i @ al pr oiskeetas wi
secondary structural elements. Similar observation is found fondagostructural elements of
an orthologues yfdX protein frorkKlebsella pneumoniagPDB 3DZA). The experiments also
suggest that STY3178 estias an oligomer in solution similar to 3DZA. However, STY3178 is
a trimer, whereassDZA forms a homotetramer. Any possibility of stable tetrameric
aggregation state for STY3178 is ruled out basedownexperimental observationghe
molecular weight (MV) of STY3178 tetramer would be 92 KDa, had it been a stable tetramer.
The hydrodynamic radius (fR of proteins with MW higher than 90 KDa is companed able
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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 volumé&~120 ml)for STY3178 would be a mismatch point frahe
standard protein plot if is a tetramer. Rlese observations suggest that yfdX proteins seem to
have a propensity for the formation of oligomeric states but the degodigaherization may

vary within the family. Similar feature is observed for other oligomeric protiok agamily

of small heat shock proteitts

Table 3.1. Hydrodynamic siZ€Ry) of different proteins in various molecular weights regimes

Protein Molecuar weight (KDa) Ry (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

4reported invww.malvern.co.uk

3.5. Cortlusion

In this chapter, weesolvethe anomalyin hydrodynamic sizend molecular weighdf
STY3178 We reveal its trimeric assembly formation in solution state using size exclusion
chromatography. The SEC results are further supportethéyotatioral correlation time
determinedusing NMR relaxationmethods Our present study indicates that yfdX proteins

have a propensity to form oligomeric assemblies although s$keie of oligomersnay vary
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Chapter 4| Thermal stability of STY3178

4.1. Introduction

The thermal response for different proteins is divefdermal stability ofa protein
could shed light towards understanding its functibmere argroteinswhich can toleratéigh
temperatures andndergo reversible unfoldingshereasothes form irreversble aggregates
upon heating. For example, polymeradié® Tadf? or pfl* from thermophillic bacteria show
very high temperature stabilitProteins showing reversible unfolding includes lysoA/nfe
chymotrypsinogetf, soybean kunitz trypsin inhibitff bovine pancreatic trypsin inhibitr
8 porcine S100A1? (calcium binding protein)HSA’ %% and triosephosphate isomer#se

In this chapter we study the thermalstability of a yfdX protein STY3178 from
SalmonellaTyphi. The primary objective is to shed light on its fuootby characterizing
thermal unfolding profile We show the thermal stabilitgnd reversibility in unfoldingof
STY3178using circular dichroism (CD), steady state fluorescerstgnamic light scattering
(DLS) and nuclear mgnetic resonance (NMR3xperimets. We also monitor thesffect of
various heating and cooling rates on protein folding. The activation energies are estimated by
measuring th&inetics of unfolding and refolding using CD.

The organization of this chapter is as follows: The experiah@emé¢thods for studying
the thermal unfolding are discussed in section 4.2. The results related to thenexperare

given in section 4.3 angbnclusionis covered in sction4.4.

4.2. Materials and methods

4.2.1. Secondary structure adifferent temperatures

All the circular dichroism (CD) measurements are performed in Jafttb JCD
spectrometeattachedwith a peltier unit (Jascofor controling the temperatureQuartz cell of
3 mm path lengtls used during the measuremerhe data are recorded in ther UV-region
(200-250 nm) usingprotein concentration of 10 uM. Protein unfolding is monitorieyg
increasingthe 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, B0™C, and 70°Crior to
measurement. Similarly, protein refolding is achieved by decretds#tgmperature from 70°C
to 20°C with decrements of 10°C (60°C, 50°C, 40°C, 30°C, and 20%&).experiments are
performed in a buffer with composition 50 mM pegaum phosphate (pH 7), 250 mM NacCl
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and 1 mM PMSFAIl the spectraare background corrected by subtracting diag¢afor the
buffer at each temperature.

We monitor the transition from folded to unfolded statenfasuring the ellipticity
valueat 222 nm §,,,) upon gradually heatinpe proteinfrom 20°C to 70°CDifferent 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/mirfC2nin, 3°C/min,
4°C/min and 5°C/min) are used for refolding the protdihe spectra of each sample are
background corrected by subtracting the data of the buffer collected for each rate of heating o
cooling. The fraction ofthe folded protein fy) at e&@h temperature is calculated using the
relatior?”, f, = (a5 - )/ - an), (1)

where g, and g, are the respective measured ellipticity values of folded and unfolded protein.

g, is ellipticity at each temperature.

In another set of experiment, we h&fT Y 3 1 7 8V) &t ¥abioustemperature 50°C,
60°C, 70°C, 80°C, 90°C and 100°C for 30 minutes in a water hatbné). The unfolded
proteinsamples are allowed ool down to room temperature. Far 8D is recorded with
the cooled samples in order to monitor the cfad.

4.2.2. Dynamic Light Scattering (DLS)

DLS measurements are performattemperature20°C, 30°C, 40°C, 50°C and 60°C
using NaneS Malvern instrument attached withthermostat cell holdeAll the samples are
equilibrated at each temperature for minhutesprior to measurementSample preparation,

laserwavelength andneasuring 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 valgg,) at
222 nm wavelengthProteinis heated athe followingtemperatures 53°C, 55°C, 57°C, 59°C,
60°C, 63°Cand65°C for4 hoursand g,,, is recordedBuffer (50 mM potassium phosphate,
pH 7, 250 mM NaCl, 1 mM PMSH}$ equilibrated at eactemperature prior to addition of
STY3178. The dead time of mixing is 15 secodkthe data are background corrected.
Fraction of folded proteinfy) is estimated for each temperature usipg, value and

applying equation (1)iy values are plotted as a function of tin® for each temperature (T)
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and fitted with single exponential decay equatiorfy =y, +ae'', wherek, is rate of

unfolding. Weassume first order kinetics and apply Arrhenius equatipr,e =% to estimate

activation energy . ) of unfolding from the slope dhk, versus 1/Tplot. T and R denote the

absolute temperatuend universal gas constant, respectively

4.2.4. Kinetics of refolding
We follow therefoldingkineticsby measuring thellipticity changeat 222 nm(g,,,) of

the unfolded proteinWe first heat theprotein (10 uM) at 70°C for 10 minutesn order to

unfold it The unfolded protein at 70°C is subjected to sudden cooling begiitayvthe
temperéure of the cell holderThe temperatures at which protein is subsequently refolded by
cooling are30°C, 32°C, 34°C, 36°C, 38°C and 40°heeis a time lag betweethe beginning

of the measurement anthe increase irfy value as a result of refoldingrhe lag time is
controlled by the instrument itself and is different for different tempera{@@®8 see30°C,

99.5 see32°C, 99.5 seB4°C, 101 se86°C, 99.5 se®8°C and 101 se40°C). We finally
averageour data over three sets of measuremdrite.chag e i n f ol ded fyisg ot e

defined asDf, = f, - f;, (fris the folded fraction at whicky increasekin order to account for

the difference between the lag time and initiation of refoldiftge fr valuesare nonrzero,
however, smalfor varioustemperatures.Similarly, the time at whichfy starts increasing is

denoted byDt andgivenby subtractinghe lag timefrom each set of measuremenhe plot of
Dfy versusDt is fitted with sngle exponentiakquation, f, =y, +a(l- e “*) which provided
the rate of refoldingky). The plot of natural logarithm ok (Inkf) with 1/T is fitted linearly.

This Arrheniusplot s utilized to estimatene activation energy of refoldinge( ).

4.2.5. Tertiary structure from ste ady state fluorescence

Fluorescence measurements are carried out in Jobin Yvon Horiba Fluorolog equipped
with a peltier unit (Wavelength Electronicsfhe excitation and emission slits used during
measurement is @m. 10uM proteinis heated gradually atwious 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 at275,280 and 295nm after equilibrationFluorescencemission is collected in the

range 300 nm to 500 nror all the excitation wavelengthSimilarly, the same sample is
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cooled down by gradually lowering the temperature from 70°20t€ in order to monitor its
refolding. The final spectra atarious temperatures are background corrected by subtracting the
spectrum of thduffer containing 50 mM potassium phosphate (pH 7) 250 mM NaCl, 1 mM
PMSF.

4.2.6. Nuclear Magnetic Resonance spectroscopy

E. colicells are grown in M9 minimal media contaigittNH,CI in order to uniformly
label the potein with °N. Potein extraction and purification methods are same as described
earlierin chapter 2'H-""N heteronuclear single quantum coherence (HSQC) experiments are
performed in a 600 MHz Varian spectramre equipped witha room temperature probat
different temperatures 25°C, 30°C, 35°C, 40°C and 45°C. 400 uM pnsteised for the
measurements in a buffer containing 30 mM phosphate buffer (pH 7), 150 mM NaCl and 10 %
D,O. All the HSQC measurements eatacquired as 64 scans and 128 number of points.
NMRPIPE” 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 #a5°CusingNMRVIEW .

4 3. Results

In chapter 2,we have shown thaS TY 3 17 8 -helical graotein Wvith two
characteristic minimaaround 209 and 222 nnits emission maxima isround 342 nm
measured fromtsady state fluorescenc&/e monitorthe effect of heat on secondaaynd
tertiary structure o8TY3178

4.3.1. Unfolding with temperature

T h e-helldal secodary 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 Figi€e4.1a).
Substantial changes are observed in secondary structure of the protein above 50°C. The tw
characeristic minima around 209 and 222 nm diminish completely at 6Bf§Lie4.1a). This
shows melting ofthe protein secondary structure. CD spectrum does not show any further
change at 70°C compared to that at 60Fgure4.1a). Ths indicates complete uritbng of
theproteinoccursat 60°C.

Similarly, we monitor the effect of temperature the environment of thBuorophores
using steady state fluorescendéde emission spectra for 280 nm excitation shgnadual
decrease in intensity as temperature iases from 20°C to 70°@Figure 4.b). Similar



30

Chapter 4

observation is found for 275 and 295 nm excitatiditee emission peak positidor 280 nm
excitationis plotted as a function of temperataned observed to remain unchanged up to 45°C
(Figure 4.T). 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 56te
However, the enssion intensitycontinuego decrease till 70°C.

T 16 56 _ 360
% 2 8 S
25 &1 >4 : 355
Sl a 8 350
¥ 5 82 % 20 | o
=g ] £ Sl c
B -16 T T T T TN 0 f 340 T T T T T
195 210 225 240 255 300 350 400 450 500 20 30 40 50 60 70
Wavelength (nm) Wavelength (nm) Temperature (°C)

Figure 4.1.Secondary and tertiary structure of STY3178 at elevated temperatuee (a)
Shows thefar UV-CD spectra of the proteiat various temperatures 20°C (black)°C
(red),60°C (green) and0°C (blwe). (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) Showsthe plot of peak positiorasa function & temperaturdor excitation at

280 nmduring unfoldingof protein.

We perform NMR measurements to observe the tertiary structural changes in protein
with increasing temperature. ABZ, HSQC spectrum ot°N-labelled protein contains well
dispersed peaks in the regiorl®.5 ppm Figure 4.29. Large number of peaks is found to
cluster around 7-8.5 ppm region in the spectrurfigure4.29. This is indicative of}+helical
protein. It also contains well dispersed peaks other than the clustered region which suggest
pr es enc e -sheét elamentsan the structure. The HSQC spectratsasnonitoredat
four other temperatures 30°C (Figure 4.2b), 35°C (Figure) 44D°C (Figure 4.2d) andis°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 temperatueeoverall
spectraare very similar in théemperature@ange25°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 spEjtae4.2f). Those

peaks showing sensitiyiaremajorly from the well dispersed regions.
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Figure 4.2. ®™N-'H HSQC spectra (610.5 ppm) of STY3178at 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 $fzeaf proteinat all

the temperatures mentioned(a)-(e).

4.3.2. Reversibility in unfolding
We next determinghe possibility of STY3178refolding intoits native structurdrom
an unfolded stateThe thermally unfolded protein is gradually coolednir@0°C to 20°C by
decreasing 10°C at a tinaad CD spectra is recordethe protein remains in unfolded state up
to 50°C Figure4.39. Refolding of the protein is observed upon cooling down further to 40°C
as evident fromthe U-helical secondary structur@igure 4.39. The CD spectrum of the
refolded proteinKigure4.39 is similar to that of the native protein at 20%igure4.3a) prior
to unfolding. This observation establishes reversibility in thermal unfolding of STY3178.
We further monitor the cability of protein to refold back from thermally unfolded
state using steady state fluorescence measurement. Bigbrehows the emission spectra of
the protein after cooling from 70°C to lower temperatufes excitation at 280 nmThe
emission intensytincreases as temperature decreases to @tpared to the unfoldesdateat
70°C. We also observe blue shift ofabout8 nmin emissionmaximaalong with increase in
intensity upon cooling (Figure 4.3c). Similarly results are observed for 275 and 2%%
excitations. This further suggests refolding of the protein which resultsaiblue shift.
However, the final emission maxima is red shifted B/ 2m (Figure4.3c)and its intensity is

less in the refolded proteffrigures 4.3bfompared tdahat ofnatve state (Figure 4.1b,cYhis
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suggests slight rearrangement in the conformation of amino acids side chains. Therefore, bot
steady state fluorescence and CD results are in line indicating reversibility in thermal unfolding

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

after cooling from 70°C to lower temperatures 60°C (green), 50°C (red), 40°C
(magenta) and 20°C (blackp) Shows thesteady statfluorescence spectra of protein

at 280 nm excitation upomooling totemperatures 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)he unfolded protein spectrum &#°Cis shown indark
yellow. (c) Shows the plot of @k positionversustemperaturdor excitation at 280 nm

duringproteinrefolding.

We further determinghe confomational stabilityof STY3178by heatingit for a long
period of time.lt is heated at various high temperatures (5@@C, 70°C, 80°C, 90°@nd
100°C) for 30 minutes using a water bath and allowed to cool down to room temperature after
that. Thefar UV-CD of the proteirsamplesafter cooling are recorded and compared with the
nativespectrumProtein heated in the temperature range 50°C t€ 8fefolds completely into
a nativelike structure Figure 44). There is a slight decrease in ellipticity of the refolded
protein upon heating at 90°C indicatg partial loss of secondary structurBigure 4.4).
Refolding couldnot be achieved for thesample heated at 100°CHgure 4.4). Thus, the

reversibility in protein unfolding is maintained completely up to 80°C and partially for 90°C.
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To determine thetability of the protein trimeric assemblyhe hydrodynamic size of
STY3178 is monitored in the temperature range 20°C to 6Bi§lie 4.5, black using DLS.
The hydrodynamic diameter of thwtive protein at 20°C isaround6.5 nm asreported in
chapter 2The size varies within 1 nm with increase in temperatrieh is not a substantial
change to consider. This suggests that the oligomeric state of the protein is stable and its siz

remains almost unchanged upon heating. Sinmé&ivelike hydrodynamic e (~6.5 nn) is

—
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Figure 4.4. Secondary structure ofthe protein upon cooling from
elevated temperatures Far UV-CD spectra of refded protein
recorded at rom temperature after heatiaty50°C (red), 60°C (green),
70°C (yellow), 80°C (blue), 90°C (magenta) and 100°C (dark green)
for 30 minutesThe native protein spectrum at 20°C is shown in black

for comparison.

observed upon cooling the unfolded protein from 60°C to 2Btgli{e4.5, red.
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Figure 45. Effect of temperature on the hydrodynamic size of
STY3178 The hydrodynamic diameter isplotted as function of
temperatures 20°C, 30°C, 40°C, 80%nd 60°C during unfolding
(black) and refolding (red).
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4.3.3. Dependenceon heating and cooling rates

The thermal unfolding o& protein could beeither kinetically or thermodynamically
controlled. We heat the protein atfbrent heating rateand reord the ellipticity at 222 nm
(d).fni s cal cul akxwate ds desaribed ih methddisdoes not unfold below
50°C for all the heating rate§y remains unchangedpuo 50°C and decreasem further
increasing temperatul&igure4.6a). A difference in half denaturation temperature, &t f\=
0.5, is observed for different heating rateg.ig found to be low for slower heating rates and
increases for higher heating rates shown in Tabld.1l. In other words, rapid unfolding is
achieved upn exposing the protein for long time at elevated temperature. This is a
characteristic of kinetically controlled proc&ss” °® Unfolded potein at 70°Cis cooledat
different cooling rates n do;isdmeasured similarlyfy is plotted as a function of temperature
for various cooling rate (Figure 4.6b). It indicates refolding of the proteiachievedbelow
50°C. There is a hysteresis in unfolding and refolding of the prafgsteresis is caused due to
the insufficient time for the protein to reach equilibrium during faster scan IHa.
renaturation temperature A is found to be lower than half denaturation temperatug &%
shown in Table4.1. Hysteresis is observed to decrease with decreasing rates of heating and

cooling.
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Figure 4.6. Unfolding and refolding of STY3178.(a) The variation of
fu with temperatte 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 (magentajs shown (b) Change irfy upon cooling the protein
from 70°C at different cooling rates 0.5°C/min (black), 1°C/mimd)re
2°C/min (green), 3°C/min (yellow), 4°C/min (blue) and 5°C/min

(magenta)s represented
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Table 1.Half denaturationT,) and renaturation temperature,& of protein STY3178
for different heating and coolimgtes

Rate (°C/min) Tw(°C) T.A°C)
0.5 56.57 46.57
1 58.65 45,73
2 61.15 44.59
3 62.0 43.96
4 63.65 43.24
5 64.59 42.40

4.3.4 Kinetics measurement

The kinetics of unfolding o8TY3178is measuredusingCD. The ellipticity changesat
222 nm (@,,,) is recorded for 4 hourst temperatue53°C, 55°C, 57°C, 59°C, 60°C, 63°C and
65°C. fy values approaching tazeroafter long times indicative of complete unfolding (Figure
4.7a). We find fy decreases below 50 % within 50 minutésheating the protein at the above
mentioned temperaturehe plot offy with time follows single exponential decakhe rate of
unfolding k) is estimatedrom the exponential fit ofy plotted asa function oftime and

shown for few temperatures kigure 47b. The plot of Irk, versus 1/T followghe Arrhenius

behaviorandthe activation energy of unfoldind=() is calculated from the slope ofigtplot

(Figure 47c). E, of about246.9 kJ/mols obtainedor STY3178and iscomparable tahat of

other proteinseported in literatur&'®*, We do not perform kin&ts measurement beloS8°C
temperaturebecause complete unfolding of protein could not be achielespite long

measurement time.

1.0 4
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Figure 4.7. Unfolding kinetics of STY3178. (a)Fraction of blded protein fg) is
plottedas a function of time upon heatiagtemperatures 53°C (grey), 55°C (red),
57°C (green), 59°C (dark yellow), 60°C (blue), 63°C (magenta) and 65°C (cyan).
(b) Representghe exponential fitting offy versustime for temperatures 53°C
(grey), 55°C (red), 57°C (green) and 59°C (dark yellofg). Showsthe linear

dependence of ky over 1/T (Kelvin') following Arrhenius behaviour
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The refolding kinetics 06TY3178 is measuresimilarly usingthe change img,,,. The
thermally unfolded proteiat 70°Cis allowed to cool dowrotlower temperatures (30°C, 32°C,
34°C, 36°C, 38°C and 40°C) in order to folldke refolding kinetics We observe @ime lag
(t.) of about100 seconds after whidy increases rapidlyfn©0.95 within 300 seconds as a
result of refolding[Figure 48a). The reported spectra over the entire time of measurement (0 to
600 seconds) are an average of three sets ohdqgtared atlifferent temperature3he change

in ady is defined abf = f - f;, wherefg representshe folded fraction atimet =t . Thefg
has small and nemero valuesfor various temperaturesSimilarly, the increase irtime is
definedasDt =t - t, . The plot ofDfy as a function obt show single exponential rise sisown

for few temperatures iRigure 4.8b. The rate of refoldingkf) is estimatedrom exponentially

fitted curves. The plot of Ink; versus 1/Tshows Arrhenius behaviomupon refoldingwith
activation energy E,) of about-58.66 kJ/mol(Figure 48c). The quality of linar fit in

refolding kinetics (Figure 4.8c) is poorer compared to that in unfolding (Figurg ds/c
reflected in the Rvalues of the fits (0.97 for unfolding and 0.85 for refolding). This leads us to
determinethe dependences of ky(T) and Ink/T) on IT.**> The plots confirmthe linear
dependences for botlprocesses (Figure 4.8d)This indicates that the activation heat

capacitie®® are negligiblfor both unfolding and refolding.
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Figure 4.8. Refolding kinetics of STY3178. (a)The change irfiy with
time is shownduring refolding for temperatureQ3 (green), 32°C
(black), 34°C (brown), 36°C (magenta), 38°C (blue) and 40°C (red).
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(b) Shows he variationin &y (Df, = f, - fg, wherefg is the folded

fraction from which the rise ify starts)witht i m€¥§ at (vhaehfy starts
increasing It is fitted exponentially and shown for temperatures 30°C
(green), 38°C (blue) and 40°C (redd) Arrhenius plot of Ink; versus
1T (Kelvin®) showng linear dependencegd) Shows the plots of
In(k/T) and Ink/T) as functions of 1/T for unfolding (black) and
refolding (red) kinetics of STY3178.

4 4. Conclusion

The studiesrelated to thermal response of STY3178ing CD, steady state
fluorescence, DLS and NMR shokeversible unfolding and structural stability at elevated
temperature STY3178 can refold back upon cooling from 80°There is hysteresis in
unfolding and refolding of the protein as observed frontithe dependent CD measurements
in the temperature range 20°C 7T®°C. The unfoldingand refoldingkinetics shows the
Arrhenius behavior withthe activation energy barrier246.9 kJ/mol and -58.66 kJ/mol,

respectively
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Chapter 5|Responseof STY3178in various chemical environments

5.1. Introduction

Proteirs unfold due to change isolutionpH or in presence o€hemical agents such as
urea, guanidium chloride (GndHCBpdium dodecyl sulphate (SDS). Among thgse,of the
medium has a significant role indibgical processe$?'®* The protonation state of amino
acids isgoverned bythe pH of solution!®> % As a result, protein structure, stability and
function arealsoinfluenced by pH change8>**! Other chemical agents disrupt the structure of
protein by different mechanisra For exampleurea perturbghe protein structureeither by
altering sdvent environmentaround it or by directly interactingwith the polypeptide
backboné'? ** GndHCI also unfolds proteis in a similar mannét*, although, t is more
potentin unfolding the protein compared to uréaThe anionic sdactant SDS is known for
its denaturing propertgs well ador stabilizingthe U-helicesof protein*®**?

Small proteins often show reversibility in chemical unfoldifigor examplepovine
pancreatic trypsin inhibitor (BPTI) is known to have resistance towards chemical
denaturatiort?® Cytochrome ¢ from yea<t and calcium binding protein, Poreir5100A12°
are capable of showing reversible chemigafiolding Proteinswell studiedfor reversibility in
chemical unfolding includserum albumin from bovine and huntare? %% 122 However, in
literature, only a few multidomain proteins are reported for refolding into nativelike
structure from a unfolded state. These includieleton proteins namely erythroid, Ron
erythroid spectring* and oligomeric heat shock protein, chamémo10 (cpnl0) from
humart®.

There arehelical membrane proteinknown for undergoing reversible chemical
denaturationFor example, &cteriorhodopsitt® 2’ is a membrane protein to be refoldéu
vitro. The integral membrane protein diacylglycerol kin&sdrom E. coli also shows
reversible chemical denaturation. Another membrane protein, '®t&8m potassium channel
superfamilyand disulphide bondeducing protein DsbB® from E. coli, are reportedor
reversible refoldingcapability An Uhelical membrane proteirCopA from Archaeoglobus
fulgidusis alsoreported to regaiits nativelike structure and function up on denaturation by
GndHCL*® Apart from these aforementionguoteins, there are few transporter proteins like

EmrE and GalP from small multidrug resistant transporter (SMR) and major facilitator
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superfamily (MFS) respectively, which show similar reversible unfolding in presence of
chaotropes3% 13

Surfactants, 0 the otler handare more ptent in inducing protein unfolding compared
to urea and GndHCF* They are requirecbnly in millimolar concentratiorwhereas urea and
GndHCI arerequired in molar concentration range for protein unfolding due to weak
interaction with peptide backbon® However, sirfactants can supprepsoteinaggregatioras
well 35 138 For examplesurfactant Hecameg is reported to dissteatgtochromebsf complex
into its monaner*” The most commonly used surfactant SBISo preventsggregation of
proteins such as Emt belonging tasSMR protein family, BRICHO$® domain trimer, multi
oligomeric haemoglobif{® and insulif**’. The other reported properties ®DS are
stabilization ofCthelical protein abovis critical micellar concentration (CMCJ%** On the
other handp-sheeted proteins get stabilized belthe CMC of SDS***%® Apart from these,
the tertiary structure of proteicean getaltered in pesence of SD®vhile secondary structure
remains unchanged as reported for cytochroffé ¢"1*3

We report in previous chapters thawmultidrug and acid response regulat&vgA
activates genes which are involved gither acid tolerance response (ATRigh osmolarityor
efflux transport mechanisin E. coli.”*’* GenesosmCandompAare related tohigh osmolarity
responsed 1518 \whereasyhiU?®® and yhiV?° are efflux transportersThoserelated to acid
tolerance argfdXUWE\V?® * The growth of bacterial cells in acidic medium is reported to be
affected by deletion of these gerfésFunctionalcharacteration ofyfdW°, yfdU*®, yfdE>** and
yfd\#* are performedyfdWis formyl-coenzyme A (CoA) transeferase whergéfJ is oxalyl-

CoA decarboxylas® yfdE and yfdV are suggested to be involved in oxailadeiced ATR
mechanism irE.coli.** However,response of yfdX protein in different chemical environments
is not reported.

In this chapterwe showthe 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 (GndHCI) and sodium dodecyl sulphate (SDS), for perturbing the
native structuref STY3178 We employ techniques likarcular dichroism(CD), steady state
fluorescence, dynami light scattering (DLS), nuclear magnetic resonance (NMR) and
isothermal titration calorimetry (ITCp monitor thechanges 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 monitoringtabdity of STY3178
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in presence of chemicals. Results covering the effect of pH, urea, GndHCI| and SDS are
included in section 5.3. Discussion and conclusion are given in sections &.4.3n

respectively

5.2. Methods

5.2.1. Sample preparation for experiments

pH dependent measurementisie effect ofacidic and alkaline median STY3178 is
monitored for the pH value5, 3, 4, 4.5, 5.2, 6, 6.5, 7, 7.5, 8, 8.5, 9 40dBuffers usedfor
achieving the desired pH are as follogiycine-HCI (pH 2.5 and 3)sodium acetatecetic acid
(pH 4, 4.5 and 5.2)potassium phosphate (pH 6, 6.5 andti¥-HCI (pH 7.5, 8 and 8.5) and
glycine-NaOH (pH 9 and 10)STY3 178 (10 & M) ightsin 50 mkl blfers e d
having the aforesaid pH values.

Urea and guanidine hydrochloride (GndHCH: uM protein is used for all urea and
GndHCI unfolding experiment&uffer contains 50 mM potassium phosphate (pH 7), 250 mM
sodium chloride (NaCl) and 1mMhenylmethanesulfonyl fluoride (PMSF) having urea or
GndHCI The concentrations afrea or GndHCused for unfolding experiments are 0.2 M, 0.4
M,06M,08M,1M,1.2M,14M,1.6M,18M,2M,25M,3M,4Mand6 M. STY3178
in buffers having various encentrations of urear GndHClis equilibratedover night at room
temperature.

For carrying outrefolding measurements, 200 uM proteirfirst unfolded in 8 M of
eitherureaor GndHCI by incubatingovernight at room temperature. i$hinfolded protein ir8
M chaotrope is diluted by various folds to achidewer concentrations of urea @ndHCI.
Protein concentration is kept fixed at 5 pM for all the refolding experiments. In a different
experimental set up, unfolded protein (200 uM STY3178 in 8 M argandHCI solution) is
diluted instantaneousiy buffer with no chaotropt reduceurea or GndHCtoncentration by
40, 30, 20 and 10 foldMeasuremestare performed immediatesfter dilutionwithout any
equilibration

Sodium dodecyl sulphate (SDS): ephMtein is incubated overnight in buffers (50 mM
potassium phosphate, pH 7, 250 mM NaCl and 1RMSH 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%), 8.7 mM (0.25 %), 17.35 mM (0.5 %), 34.7
mM (1 %) and 69.4 mM (2 %)n anotherse2 00 &€ M protein is first
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presence ofl73.5 mM (5 %) SDS. The concentration of SDS is then reduced by different
dilutions keeping protein concentration fi
Samples for background correction are prepared similarlyowithidding protein for

each set of measurement in presesfaespective chemical agents

5.2.2. Circular Dichroism measurements

CD measurement®r protein samplesnientioned above) in various pH buffetsea,
GndHCI and SDS arearried out in Jasco B15 CD spectrometer. All measurements in far
UV-region (200250 nm) and near UXZD region (256330 nm) are performeasing 1 mm and
10 mm path length cellsespectively.Scan speed used during the measuresmisniO0 nm
min™®. All spectra are averaged ovarinimum two sets of measurement8ackground
correction is done by subtractirige datafor correspondinguffer solutions with respective
pH, urea, GndHCI and SDS from that of the sample.

The fraction of folded proteindg|) is estimatd usingthe ellipticity valuegdy,) at 222

nm for various concentrations @hemical agentsising the relationa; =(C/i - %)/(C]N - %),
whered; denote the ellipticity of protein at different concentratiohshemical agentsly and
dy are ellipticity of native and unfolded proteirespectively.Folding constantK) is then

calculated froma, value at a certain concentration afemical agentsising therelation’,

K =Ra,/(nP(1- &))", described by Greenfield, defines monomer protein concenteati

expressed in moles per liter ands the number of subunits. The free epeassociated with

protein folding is estimatedsingK valuein the expressionDG =- RTInK , where R and T

are the universal gas constant (1.98 kcal/mol) and absolute temperature (Kelvin), respectively
The free energy aajsin absence of chemical agemdsestimated from the plot of free energy
of f ol glasma functjoeedd chaotrope concentratior),(Bssuming the process to be two
state and a | ijoveraddraccadrding eoriheé elato®G ad¥ks, +mMD]. &G

definesthe free energy oprotein at agiven concentratiorof chemical agenand mis the

slope®’

5.2.3. Intrinsic fluorescence measurements
The measurementsf steady state fluorescenege recorded inJobin Yvon Horiba
Fluorolog usinga quartz cellof 10 mm path lengthThe excitation wavelengthasel during
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measurement are 275, 280 and 295 @ ncentr ati on of protein

throughout the measurementsd dependent measurements pegformed using 2 nm slit

width and thatin presence of urea, GndHCI and SDS are carried out siingidth of 3 nm.

All spectra are background correctegsubtracting tedataof respective buffers.

5.2.4. Nuclear magnetic resonance measurement
The protocol used for preparationf °N-labelled protein andH-'>N heteronuclear

single quantum coherencel$QC) experimend are same agescriled in chapter 4Dataare
collectedat 35°C in 30 mM phosphate buffer (pH 7), 150 mM NaCl and6lD,O with 64
scans.HSQC spectraof 400 uM proteinare recordedin presence of urea (unlabeledjth
concentration$, 0.5, 1, 2 and 3 MProtein in 3 Mureais buffer exchangedeveral timesvith
that of 0 M ureauffer using a spin concentrator (Amicon, 10 KDa cut off). This resiiit a
lower urea concentration @bout0.013 M. HSQC of proteinafter buffer exchanges then
recorced similar to the native oneAll HSQC spectra are processed in NMRPIPENd
analyzedn NMRVIEW®.

5.2.5. Dynamic Light Scattering

Hydrodynamicdiameterof protein is monitored in presence different pH, urea,
GndHCI and SDS using Naft® Malvern instrument at 20°C. The wavelengfhlaserand
angle of scattering used for all measurement63i2.8 nmand 173; respectively 10
protein is equilibrated overnight irbuffers with various pH, urega GndHCI and SDS
concentrationas described in sample preparation sectiBleasurementsor monitoring
refolding are carried out similariy presence of lower concentration of chemical agétdash

measurement is an average of five successive scans.

5.2.6. Isothermal titration calorimetry (ITC)
ITC measurementare performedor STY3178(497 € M )y titratingit with 500 mM
SDS, loaded in syringat 298 Kin a MicroCal iTC200 calorimeter (GE healthcardhe

e M

measurement is carried out irbaffer containing 30 mM phosphate (pH7), 150 mM NaCl and

1mM PMSFE Reference power usetliringlTC measuement s 10 ecal / s.
el and r est 2 5areinedtedirthei celwith constant tirrisgpf 20 Irpm. Each

injection isdonefor 3 seondswith 200 seondsspacing and an initial delay of &®&conds

Fir
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prior to first injecton. The heat of demicellization upon dilution of SDS is subtracted from that
of SDS titration intdouffer. We plot the mtegrated data using MicroCal origin.

5.2.7. Size exclusion chromatography in presence of SDS

We perform SEC using superdex 75 coluasnper the protocol describedchapter 3
The column is prequilibrated with buffer containing 50 mM phosphate (pH 7), 250 mM
NaCl, 1 mM PMSF an&.47 mM (0.1 %) or 69.4 mM2(%) SDS. STY317§ 400 {ird) i
incubated in the above buffer containidg7 mM (0.1 %) or 69.4 mM (2 %gDS 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 anhydrase9 KDa; ovalbumine, 45 KDa; BSA, 66

KDa and conalbumin75 KD3g are used for column calibration meported in chapter.3

5.3. Results

5.3.1. Effect of pH

Secondary structure of STY3178 is monitoredthe far UV-region (206250 nm)at
different pHusing CD Thespectraof proteinin different buffers in thgpH range 2.510 show
characteristic minimat 222 nm(Figure 5.139. We plot the ellipticity at 222 nmdf,,) as a
function of pH (Figure 5H). This indicates that STY3178 is quite stalden d-helidal
secondary structurés retainedin acidic (pH 2.5)as well as inalkaline (pH 10)media
However, we find an increase in ellipticity fthre protein in buffes with pH 7.510 compared
to the native protein atneutral pH 7. We could not measure the ellipticity at 209 nnthfer
samples due to limitation of the instrument.

Near UV (256350 nm) CD spectra of STY31%8 various pHbetween 2.50 10are
monitored to determinghe stability of tertiary structuréative proteinat neutral pH 7has a
broad shoulder spanning over 2280 nmin near UMCD spectrun{Figure 5.1§. This broad
shoulderdisappears istrongacidic pH 2.5 and 3owever, it is retained gH 4.5 with lower
ellipticity compared to the native protein at pHFigure 5.1c) Forthe pH range6 to 10, broad
shoulder hagllipticity almost same as that tife native protein(Figure 5.1c) This establiskes

the stability of proteinin the pH range4.5-10.
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Figure 5.1. Effect of pH on STY3178 (a) Shows thefar UV-CD spectra ofproteinin
buffers with pH 2.5 dark greeip 4.5 fed), 6 (green), 7 (kack), 8 (blue) and 10 (magenta).
(b) Represerst the plot of ellipticityat 222 nm(d,,,) versus pH in the range 21®. (c) Near
UV-CD spectra of protein in buffers having pH val@es (dark green), 4.5 (red), 6 (green),
7 (back), 8 (blue) and 10 (magenta).

Effect of pH on the nature of fluorophores is monitored using steady statestence.
Protein samples in buffers with various pH (2.5 to 10) are excited at 275, 280 and ZBtenm.
emission pectra upon 280 nm excitation afeown for buffers with pH 2.5, 4.5, 6, 7, 80
(Figure 5.2a)The emission intensity is found to b®M for samples in buffers with pH range
2.5 to 6.5. We observe an increase in emission intensity compared to the native protein fol
buffers having pH 7.5, 8, 8.5, 9 and Ie emission peak positionhdue shifted to 339 nm in
acetate buffers (pH 4, 4dnd 5.2) comared to that of native protein pH 7.1t remains same
as that of the native protein for rest of the yues. Similar observation is mafie 275 and
295 nm excitationgPlots of peak position as a function of pH for excitation wavelengits
280 and 295 nm suppadtiese results (Figure 5.2[@)hese observatios arecomparable to the
far UV-CD results
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Figure 5.2. Fluorescence emission of STY3178 in different pH. ()
Shows the emission spectra of protein in buffers with pH 2.5 (dark
grea), 4.5 (red), 6 (green), 71@xk), 8 (blue) and 10 (magent)280

nm excitation.(b) Peak positionsare plotted as a function of ptdr
excitation at 275 (black), 280 (red) and 295 (green) nm.
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The hydrodynamic size of STY3178 is measu@determinetie effect of pH orthe
oligomeric state oprotein Native STY3178at pH 7 has a hydrodynamic diametéabout6.5
nm, as reported irthapter 2 This corresponds tatrimeric assemblyor STY3178(shown in
chapter 3. Figure 5.3a shows the DLS spectrgpodtein for fewrepresentativeH values 2.5,
4.5, 6, 7, 8 and 10rhe hydrodynamic diameter remains around 6.5 nm at all these pH values.
We plot the hydrodynamic diametagainstpH values in the range 28 (Figure 5.3b).It
shows that protein size e not change in acidic as well as alkaline pH. Howevdecrease in

intensityof the pealaround 6.5 nnis observedor pH 2.5, 3, 4, 4.5 and 5.2 compared to pH 7
(Figure 5.3a)

20 7.0
.- |a . b
%'15 —opH25 E
E)']O . _gngs ;6_5 00 00 O 0000000 O
£ —pH7 N
5 —hh 7
— pl
%0 ||—||6-0|'|'|'|'|
0 5 10 15 20 2 4 6 8 10
Size (nm) pH

Figure 5.3. Hydrodynamic size of STY3178 in various pH media.
(a) DLS spetra of protein for pH 2.5 (dark green), 4.5 (red), 6 (green),
7 (black), 8 (blue) and 10 (magentdh) Shows the hydrodynamic
diameter plotteds a function opH in therange 2.50 10.

5.32. Effect of urea

We monitor the secondary structure of STY81n presence of different concentragon
of urea using CD. The ellipticity valueg 209 and 222 nrdecrease up to 0.6 M urea (Figure
54a). It startsincreasing above 0.6 M urea (Figureld. The ellipticity change at 222 nm
( ) is plotted as a function afrea concentration (Figue4b). Decrease irnth, up t00.6 M
urea indicagsincrease in helix content protein (Figures.4b) ., irtEreasesbove 0.6 M urea
and reaches a value similar to that of native state atluBea(Figure 54b). The ellipticity
increases further beyond 1.6 M urea concentrgftagure 54b). This suggests that unfolding is
initiated above 1.6 M urea and major secondary structural changes occur in presence of 2.5 N
urea.dh,, does not change uchin the urea concentration range 2.5 M to 6 Mis indicaies
unfolding of STY3178 above 2.5 M ureancentration
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Figure 54. Secondarystructure of STY3178 in presenceof urea.

(a) Representshe CD spectra of protein in native statdatk) and in
presence of different urea concentrations 0.4 M (red), 0.6 M (green),
1M (blue), 2 M (magenta)and 6 M @rey). (b) Shows the plot of

el | i p ity as i functior af different concentration of uckaing
unfolding

Thechanges in tertiary structure of protein in presence of urea@megoredusingnear
UV-CD. There is a broad shouldgwanning fron250 to 280 nmin native proteinspectrundue
to presence of aromatic residugamely tryptophan, tyrosine and phenylalan(ifgure 5.5a)
The ellipticity of thisbroad shoulderdecreasest 0.4 M and 0.6 Murea (Figure 55a). It
reducesfurther at 1 M ureaindicating tertiay structural changes iB8TY3178(Figure 55a).
This broadshoulder diminishefurtherat urea concentration 2 M and abpseggeshg loss of
tertiary structuref protein(Figure 5.5a)

The dfect of ureaon tertiary structure of protein is further méoriedusingsteady state
fluorescencemeasuremest Emission maximum of native protein @round 342 nm for
excitationwavelengths 275, 280 or 295 rasreportedin chapter 22 We show he emision
spectruntfor excitatiors at 275 nm and 295 nmn Figures 5.5b andc, respectivelyThe spectra
remain unchangedat 1 M urea compared to the native proteifor both the excitation
wavelengthgFigure 55b,c). Peak positionshows red shift at 2 M ureand does nothange
further up to6 M urea (Figure 5b,c). However, tlere is a small shoulder arou860 nm in 2
M and 6 M urea for 275 nm excitatiowhich corresponds to tyrosine emissidhe emission
spectrum at 295 nm excitation in presence of 6 M @ateo contains a shoulder around 305 nm
(Figure 5.5c). Thishouldeiis not presenin 1 M and 2 M urea.

We calculate the difference spectra (Z8b nm) of protein in presence of urea and
compare it with that of the native spectruiihe nature of diffeence spectrum in 1 M urea

remains same dbenativeproteinwith a peakaround303 nm(Figure 5.5b)This indicats that
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the phenomenon of FRET still occurs in 1 M urea as reported in chapWe Zind the
intensity of difference spectrum is reduce@ & urea. ltalmostdiminishes in presence of 6 M
urea.This suggests that the FRET between tyrosine and tryptaphess efficienin 2 M and
negligible in6 M urea due to structural alteratiofi$ie observation®f fluorescence emission
at280 nm excution are same as that of 275 e plotthe change in emission peak position
for excitation wavelength275, 280and295 nmas a function of different urea concentrations
(Figure5.5d). The emission maxiemremain same up to 1.2 M uraadarered shifed above
this urea concentratidior all the three excitation wavelengt{iggure 55d). At 2 M urea, huge

red shiftof aboutl1l nmis observedindicating protein unfoldingFigure 5.5d)
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Figure 55. Tertiary structure of STY3178 in presence of urea(a)
Shows the neaUV (250350 nm) CD spectrafor different urea
concentratios 0.4 M (red), 0.6 M (green), 1M (blue), 2 (vhagenta)
and 6 M (grey)(b) and(c) Show thefluorescencemission spectra of
proten in presence afreafor excitation wavelengths 275 and 295,nm
respectively.The difference spectra of 22295 nm are shown using
dotted lines in (b). Concentratios of urea are 1 M (red), 2 M (green)
and 6 M (blue) for botHb) and (c). Spectum of naive protein is
shown in black fo(a), (b) and(c). (d) Showsthe variation inemission
peak positionplotted as a function ofdifferent urea concentratioa
duringunfolding for excitation wavelengsi275 nm(black circle), 280

nm (red triangle) and 295 nfgreen square).
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The hydodynamic size of protein is monitored in presence of increasing urea
concentrationNative protein has a hydrodynamic diamedérabout6.5 nm as reported in
chapter 2.The got of hydrodynamicdiameter versus urea concentratidro\ss that the size
remains same as that of native protein up to 2 M (iFeggure 5.6) It increases by 1 nm
between 2 M to 4 M uregrigure 5.6) Hydrodynamic &e increasesaroundl12 nmfurtherfor
protein above 4 M uregrigure 5.6) Thisindicates formaon of higherorderaggregategss a

result ofunfolding.

71— Unfolding
—©— Refolding

6 T T I I I 1
01 2 3 4 5 6
[Urea] (M)

Figure 56. Protein hydrodynamicdiameter plotted for different

concentration of urea during unfolding (triangle) and refolding (circle).

We further monitor the structural changes in protein byenorming HSQC
measurements in presence of urlative protein'H-">N HSQC consists ofwell dispersed
peaksalong with clustersn 7.5-8.5 ppm(Figure 57a). Presence of clustered peaks shaws
helical nature of the proteirThe dispersion of spectrum iodtes presence & 0 m eshedt
also (Figure5.7a). HSQC in presence of 0.5 M urea resembles with native protein spectrum
(Figure 5.7b) There are few peaks which show chanigechemical shift inpresence ol M
ureaas marked by arrows iRigure 5.7c. Substantial changes are observed in chemical shift
position of NHpeaksat 2 M urea (Figures.7d). More peaksstartshifting towardshe central
region of HSQC, indicating initiation of protein unfolding. HSQC spectrum is collapsed with
cross peaks centeradound 7.83.5 ppm in presence of 3 M urea indicating complete unfolding
of protein (Figures.7€). We then rduce 3 M urea concentration whfolded protein by buffer
exchange and record its HSQ&H-">N HSQC spectim of protein afterreducing urea
concentation to abou®.013 M is shown inFigure 5.7f. Itconsists of welldispergd NH-
cross peaksimilar to that of nativetate(Figure 5.7a)This indicategshat STY3178 camefold
back to nativdike structure
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Native 05Murea _ *

9 8
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Figure 5.7. *H-""N HSQC spectra ofsingly labeled STY3178 in presence of urea.
HSQC of proteirare showrin (a) native state (redndin presence ofb) 0.5 M (black),
(c) 1 M (green, (d) 2 M (magentaand(e) 3 M (blue) urea.(f) Representshe spectrum
(cyan)of refolded protein upon redugjrurea to 0.013 MAIl these spectra are recorded
at 35°C with 64 scans.

In far UV-CD experimers, we equilibrate the unfolded protein (in 8 M ur@ajpuffers
containinglower ureaconcentratios prior to measurementss descrited in method section.
CD spectrum shows nativée signature upon reducing urea concentration to 0.4 M, 0.6 M
and 1 M (Figure Ba). However, no refolding isbservedor 2 M to 6 M urea da, values of
refolded proteirareplotted againstlifferenturea concentratia(Figure5.8b). Thedecrease in
b2 below 2 M urea suggests regainirgf nativelike protein structure(Figure 58b). We
C 0 mp azpVversusiurea concentration pfor unfolding and refolding (inset in Figure8b)
and observéysteresisduring the procesd$n another set of experiment, we record flareUV-

CD signatureafter immediate dilution of unfolded protein in 8 M urea4sy 30, 20 and 10
folds without any equilibratin (Figure 5.8). Upon 40 fold instantaneous dilution of urea
(resulting in concentration of 0.2 Mjefolding of about79.3 % is achieved compared to the
native protein dipticity. We observe refolding of2.6 %for 30 (0.27 M) folds an®5% 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 uponrefolding 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( 4, versus different
concentration of urea during refolding of protein. The isbe®ws a compar gif i ve
versus urea concentration during unfoldimgd( and refolding i§lack). (c) Shows the CD
spectra upon urea dilution by 40 (red), 30 (gje@0 (blue) and 10nfagenta folds. Native
protein spectrum is shown in black tooth (a) and(c).

The changes in tertiary structurponprotein refolding are further monitoreding near
UV-CD andfluorescence emissiolNear UV-CD spectra show nativée conformation upon
reducing urea concentration below 1 M (Figs®a). The broad shoulder is recovered
completely for 0.4 M and 0.6 M uredigure 59a). Protein remains in unfolded statn
presence of 2 Mind 6 M ureaFluorescence emission spectoa 275 and 295 m excitatiors
show blue shift upon reducing urea concentration to 0.4nd 1 M (Figure 59b,c). The
emissionspectraat 6 M remainred shifted as observed duringfolding (Figure 5.9b,c) The
difference spectrum (27295 nm) shows emigs around303 nm in presence of 0.4 &hd 1
M urea, similar to that of the native protéligure 5.9b) This suggests that FRET occurs in
the refolded protein as welExcitation at 280 nmshows observationsimilar to 275 nm
excitation Plots of peak paition versusureaconcentration clearly indicatelue shiftdue to
proten refoldingbelow 3 M uredor all thethreeexcitation wavelengths 275, 280 and 295 nm
(Figure 59d).

We also monitothe hydrodynamicdiameterof STY3178 uporrefolding and findsize
of very high order (~400 nm) upon reducing urea concentrdtmn 8 Mto 4, 5or 6 M
(Figure 5.6).Further dilution of ureaoncentratiorto 3 M and 2 M results in lower siz#
about8 nm for STY3178Figure 5.§. At 1 M and belowurea concentratigra hydrodynamic
size(~6.5 nm)similar tothat ofnative protein is observeéigure 5.§. This demonstratethat

urea unfolding of STY3178 is completely reversible
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Figure 59. Tertiary structure of the refolded protein. (a) Shows the
near UMCD specta in the range 25@55 nm after reducingurea
concentration t®.4 M (red), 0.6 M (green), 1M (blue), 2 vhagenta)
and 6 M (grey). Fluorescence emission spectraadive (black) and
refolded proteinn 0.4 M (red), 1 M (green) and 6 M (blue) ureare
shown upon excitation atb) 275 nm andc) 295 nm The difference
spectra for 27295 nm are shown using dotted lines for urea
concentratioa 0 M (black), 0.4 M (red), 1 M (green) and 6 M (blue) in
(b). (d) The changein emission peak positionpon proteinrefolding
for different concentration of ureat excitation wavelengths 275 nm
(blackcircle), 280 nm (redriangle and 295 nmdreen squale

5.33. Effect of guanidium chloride

The changes in protein secondary structure m@nitored similarly, in pregence of
GndHCI using CD Native protein structureremainsstable up to 0.4 MGndHCI with two
characteristianinima at209 and 222 nn(Figure 510a). The ellipticity startsincreasng at 0.6
M GndHCI (Figure 5.10a).The two minimadiminish completelyin GndHCI concentration
range 1 M to 6 M(Figure 510a). The plot of dxo; versus GndHCI concentration shows
unfolding of protein at 0.8 M and above GndHHigure 5.10b) d;, remains almost

unchangedn 1 M to 6 MGndHCI concentrationange
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Figure 5.10. Secondary of STY3178 in presence GndHC{a) Shows
the CD spectra foprotein in native state (&ck) and in presence of
different GndHCI concentrations 0.4 M (red), 0.6 M (green),(fhMe),

2 M (magenta)and 6 M @rey). (b) Shows the change in ellipticity
( £h) as a function of different concentratsosf GndHCI.

NearUV-CD spectra show that protein retaitssstructure up to 0.4 N6GndHClwith a
broad shoulderin the range 25@80 nm (Figure5.11a). The ellipticity of broadshoulder
decreases at 0.6 BndHClanddisappearsbovethat Fluorescence emission peak shotwatt
the tertiary structure is stablap to 1 M GndHCI concentratiofor both 275 and 295 nm
excitations(Figure 5.11b,c). It shows redshift of about12 nm d@ove 1 MGndHCI (Figure
5.11b,c). We observe a shouldaround303 nm along witlihered shifted pak in presence of
2 M and 6 MGndHCI for 275 nm excitation. This could k#ue toemission from tyrosine
residue (s). There is no such shoulder observed at 295 nm excifaigune 5.11c) The
difference spectrum (27895 nm)in 1 M GndHClis same as thabf the native protein,
indicating occurrence of FRET (Figure 5.11bhe intensity of differece spectra decreases in
2 M and 6 M GndHCI (Figure 5.11b%imilar observation isbtainedfor 280 nm excitation.
We plot he changein peak position as a funonn of GndHCI concentratiofor excitation
wavelengths 275, 280 and 295 firigure 511d). Peak positios areobserved to beed shifted
by 1518 nmabove 1 M GndHCI for all the three excitation wavelengpigicating unfolding
of protein
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Figure 5.11. Tertiary structure of STY3178 in presence of GndHCI.
(a) Near UV-CD (256350 nm) pectraof proteinin presence 00.4 M
(red), 0.6 M (green), M (blue), 2 M (magenta) and 6 M (grey)
concentration of GndHGireshown (b) and(c) Showthefluorescence
emission spectraof protein for excitatiors at 275 and 295 nm,
respectively.The difference spectra for 22295 nm are shown using
dotted lines inb). GndHCI concentrations are 1 M (red), 2 M (green)
and 6 M (blue) foboth (b) and(c). Native protein spectra is shown

in black for(a) to (c). (d) Shows thechangein emission peak position
in presence of different concentration ®hdHCI during unfoldingat
275 nm(black circle), 280 nm (red triangle) and 295 nm (green square)

excitations

The hydrodynamicsize of STY3178is measured similarlyvith increasing GndHCI
concentration (Figurb.12, triangle).Native hydrodynamic siz€-6.5 nn) is retained up to 1 M
GndHCI There is anncreasan size of about. nm inGndHCI concentration rangé M to 3
M. The aggegation size increases furtt@oundl2 nm in presence of 5 M and 6 M GndHCI
This increase in hydrodynamic size indicates formation of higher aggreda¢etmunfolding

similar to that of urea.
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Figure 5.12. Hydrodynamicdiameterof STY3178 in presencef GndHCI. The
change in hydrodynamic size as a function of GndHCI concentriatisimown
for unfolding (triangle) and refolding (circle).

We monitor the efolding of STY3178 from unfolded state induced 8yM GndHCI
similaly. CD spectrum shows natiée protein signature fo40, 30 ad 20 folds of dilution.
Refolding of about 75%s achieved for 40 to 20 folds of dilutimompared tdhat of native
protein (Figureb.13a). However, potein does notrefold back upon 10 folds dilution which
correspondsa 0.8 M GndHCI(Figure 5.Ba). This observation is in agreement withe
unfolding experimend where protein loses its structuaé 0.8 M GndHCI. In equilibrium
refolding measurements,evincubate thaunfolded protein in lower GndHCI concentratifor
longer time We find that the proteinegains nativeike CD signaturaupon lowering GndHCI
concentration t®.4 M (Figure 5.3b). It is partially refolded at 0.6 M and remains unfolf@d
1M, 2 M and 6 MGndHCI (Figure 5.Bb). The g ot »oafainsf GndHCI concentration
showsdecrease irellipticity below 0.8 M GndHCI indicating refoldingof protein (Figure
5.13c). A comparisoro f 5, fbr unfolding and refolding is shown in Figure Bcl(inset).|t
indicates no hysteresis duritige process presence of GridiCl.

s 4 5 0 o o
» © 0 0 N C [e]
9 % a Native ‘9 -5 0 o
X o -4 Native -5 — 04M X 5 ©
—_— X -
we -8 o 10 — " &0 o | ] = urosng
= % 12 I :],_g :O:gs 15 — oM & —6— Refolding
—_— olds  _ — 6M -
T -16 T T T I T T T -15 “— 15| — T T
200 220 240 260 200 220 240 260 012 3 4 5 6
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Figure 5.13. Protein secondarystructure upon refolding from GndHCI unfolded
state. (a)Shows the CBignatureupon dilutionof GndHCIby 40 (red), 30 (green), 20
(blue) and 10rhagentafolds. (b) CD spectra of refoleld protein fordifferent GndHCI
concentrations 0.4 Méd), 0.6 M @reen, 1 M (blue), 2 M (magentaand 6 M (grey) .
Native protein spectrum is shown in black bwth (a) and(b). (c) Representshe plot
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of el | ppds a functioy ofliffedent concentration oBndHCI during refolding
of protein. The inseshowsa ¢ 0 mp ar a tybversusGpdHGItoncertratiah for
unfolding (red) and refolding (black).

Near UMV-CD spectraof proteinupan reducing GndHCI to 0.4 M and 0.6 ikdicate a
nativelike structureas a result of refoldin{fFigure5.14a). It remains unfoldeéh presence of
M, 2 M and 6 M GndHCI (Figure 54&). We find a blue shift in fluorescence spectra of protein
upon loweringGndHCI concentration to 0.4 Mor 275 and 295 nm excitationgigure
5.14b,c). Spectra remaimed shiftedn presence aboth 1 M and 6 M GndHCI (Figure 4,c).
The differere spectum (275295 nm) upon lowering GndHCI concentration to 0.4Hdsa
shouter around 303 nm, similar to the native protein (Figure 5.14b). This shows that FRET
occurs in the refolded protesimilar to native state. In presence of 1 M GndHE6imilar
shoulder is observearound 303 nmHowever, its intensity isssscompared tdhatof protein
in 0 M and 0.4 M GndHCI (Figure 5.14bJhe fluorescenceemission results for 280 nm
excitation are similar to that of 275 nm excitatiohhe got of peak position as a function of
GndHCI concentratiortlearly shows that refoldingtartsbelow 1 M GndHCI for all three
excitation wavelengths275, 280 and 295 nn(Figure 5.8d). We also monitor the
hydrodynamicdiameterof STY3178upon reducingsndHCl concentrationKigure 5.12. The
sizereducedrom 12 nmin presence 06 M GndHClto around10 nmin 5 M and 4 MGndHCI
(Figure 5.12. Thisdecreases furthen 4 M GndHCI Nativelike hydrodynamicsizeis finally
observed il M and belowGndHCI (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 GndHCI
unfolded state (a) Shows the near UNCD signature ofSTY3178upon
decreasing GndHCI concentration @4 M (red), 0.6 M (green), M
(blue), 2 M(magenta) and 6 M (grey) from 8 Nh) Fluoregence emission
spectraupon refolding for GndHCI concentratiodsM (red), 2 M (green)
and 6 M (blue)Native protein spectrum is shown in black for bahand
(b). (c) Shows theplot of emission peak positiompon excitation a275 nm
(black circle), 28 nm (red triangle) and 295 nm (green squatajing
refolding

5.34. Effect of SDS

The secondary structure of STY31lir8far UV (200250 nm) regioris monitored in
presence of SDS using CDhe spectrum oprotein in S is compared with that afative
state(Figure 5.15a). There are changes in the ellipticity values of two minimaDatrizD222
nm in presence of 69.4 mi2 %) SDS (Figure 5.15a) he spectrums notsimilar tothat of an

unfolded protein. Howevehelix content decreases to 34.7 % insgrece of SDS compared to

that (44 %) of native protein.
The plots of ellipticity values at 209 and 222 nas a function ofincreagng SDS

concentratiorare shown in Figure 5.15kEllipticity at 222 nm decreasedightly and that at

209 nm increasem presence of3.5 mM (0.1 %) SDS Theseellipticity valuesremain almost

unchanged up toZ/BmM SDS concentration.
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Near U\-CD spectraof proteinin presence of SD8refound to bedifferent from that
of native protein(Figure 5.15¢ STY3178 has a broad shdat in near UYCD as reportedh
chapter 2Ellipticity of this broad shouldedecreasesvenat lowestconcentration 00.69 mM
(0.02 %)SDS (Figure 5.15% This remains unchanged for other higher concentratair3.5
mM (0.1%)and 17.4 mM(0.5%) SDS. This lowering of signal could bdue to interaction of
SDS with the aromatic residues of protewhich contribute to the nedsV CD spectral

signature.
:T: 10 a —— Native 0 b —e— 209 nm ’&J;)
%5 g 8 —— 69.4mM SDS 5 ——22m g
~ 'c E
X0 -10 . >
x5 T3
= o 8 -15 g
3—16 T T T T T -20 o [T
195 210 225 240 255 00 150 300 69.4 250 275 300 325 380

Wavelength (nm) [SDS] (mM) Wavelength (nm)

Figure 5.15. Effect of SDS on secondary and tertiary structure of STY3178a)
CD spectraof proteinare shownin absence (black) amatesence (red) of 69.4 mM
SDS (b) The plos of ellipticity at 209 nm (circle) an®22 nm (triangle) versus
concentration of SD&reshown.(c) Shows the near UV (25855 nm) CD signature
of STY3178 in presence of SD&ith 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 ofiSi&ates no substantial change
in peak position for excitatianat 275, 280 and 295mm Figure 5.16ashows the emission
spectra of protein in SDS for excitatisravelength280 nm The emission intensity decreases
with increase in SDS concentratidor all the excitation wavelengths (Figure 5.16Bbhis
suggest that the tertiary structudd the proteirmay beaffected in presence of SDBowever,

t h ehelithlnatureis retained as observed in far LGBD.

The hydrodynamic diameter of protam presence of SD&mains same as th@t6.5
nm) of the native protein up to 8.7 mM (0.25 %) SDS (Figure 5.16c). It decreagbsutb.6
nm in 17.4 mMSDS In presence 069.4 mM (2%) SDS, iturtherdecreaset about4.2 nm
(Figure 5.16c)We reduce SD$n proteinand observe that the hydrodynamic sirereases
with decrease iIr8DS concentration (Figure 5.16c). The natike size (~6.5 nn) is found
upan reducing SDS to 8.7 mM (0.25 %lhe reduced hydrodynamidiameter(~4.2 nn) at

69.4 mM SDSis similar to that ofsmallerproteins such as soyabean trypsine inhibitor and
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carbonic anhydrase with molecular weights 20 KDa and 29, Ké&pectively** This suggests
possibledissociation of STY3178 trimer into mononayovea certain SDS concentration

’525 A —— Native 25 7
s — 347 mM —aA— Unfoldin
5&20 = 17.4 mm 20 3 2;3 S 5 - Refolding
— 521 mM

=15 1 —eoamm 18 5 8 oL
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Figure 5.16. Fluorescence emissiomand hydrodynamic size in presence of SDS.
(a) Shows the fluorescence emission spectra of STY3178 in preskftaSowith
concentration 3.47 mM (red), 17.4 mM (green), 52.1 mM (magenta) and 69.4 mM
(blue). The spectrum of native STY3178 shown in black(b) The changgin
fluorescence emission intensity as a function of SDS concentm@tioshown for
excitation wavelengths 275 (black), 280 (red) and 295 nm (greés)).The
hydrodynamics size of protegihown forincreasing (triangle) and decreasing (circle)
concentratiorof SDS

We next performige exclusion chromatography (SE®) ¢onfirm the dissociation of
STY3178 trimer in presence of SDSLS measurement shows that STY3178 remais trimer
in 3.47 mM SDS and igsociates into monomer in presence of 69.4 mM SDS. Thus, we
perform SECfor STY3178in presence of 3.47 mM (0.1 %) and 69.4 mM (2 %) SDS. Figure
5.17a shows tle chromatogram of protein elutidrom the column in presence of 3.47 mM and
69.4 mM SDS. The elution volume of protein in 3.47 mM SD&@ind120 ml and matches
with that of native STY3178eported in chapter.3rhis confirms that STY3178mains in
trimeric state in 3.47 mM SDS. However, protein in 69.4 mM SDS elutes at a volume of 160
ml (Figure 5.13, solid. We compare this elution volume with that of several other standard
proteins eluted from the same superdex 75 column and findre&ttl60 ml corresponds to a
protein with molecular weight ~23 KDa (Figure 5Shl7 This confirms SDSnduced
dissociation of trimeric STY3178 into its monomers.

ITC measurements are performed to determine the interaction of STY3178 with SDS.
The thermogna of SDS titration into STY3178 solution at 298 K is shown in Figurecs.17
The corresponding isotherm is represented in Figured5ITT isotherm shows two regions

during the titration (Figure 5.4J. In the first region, up to 100 molar ratio af"igjection, 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 namptmd5.6 nm as observed in

DLS (Figure 5.16c). The second region in ITC isotherm correspon8B®concentratioof
about63.2 mM (1.8 %) at the final injection (Figure 5.17d). DLS shows further reduction in
hydrodynamic diameter fror.6 nm to 4.2 nm for this second region of SDS concentration
(Figure 5.16¢)The change in enthalpy upon SDS bindmgomparatively low which probably
indicates predominance of hydrophobic interaction of SDS with STY3178.
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Figure 5.17.SEC and ITC in presence of SDS.d) Shows the size
exclusion chromatograrof STY3178 elution in presence &47

mM (dotted and694 mM (solid) SDS.(b) The calibration curve of
superdex75 colum(also reported in chapter 8howingthe plot of
elution volume versus logarithm of molecular weight of different
standard proteins lysozyme (14.4 KDa, circle); carbonic anhydrase
(29 KDa, irverted triangle); ovalbumin (43 KDaguare); BSA (66
KDa, diamond) andconalbumin (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(d

and(d), respectively.
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5.4. Discussion

Our experimeral resultsshowthat STY3178 can refold back to its nathilee structure
from anunfolded statenducedby urea and GndHCIThis reversibility in urolding can be
utilized to calculate the free energy changes associated with protein fofthNg estimatehe
free energy changeDG;) in presence of urea arf@ndHCI asdescribed in method section.
Protein unfolding in presence of ureauggests existence of som&ats at 0.6 M urea
concentration, which is more-helical compared tdhe native statg(Figure 5.4p). A two-
state model (Nativdd Denatured)is assumedo calculae the free energy chang€olding
constant) is estimatedisingthe fraction of folded tein (J) at a given concentratiasf any

chemical agentDG; is then calculatedusingK valuesin equationDG =- RTInK . A linear

dependencef DG; over urea concentration is observ@gdgure 5.18a The change in free
energy DGo) at zero cacentrationof ureais estimatedabout-24.3kcal/mol. Similarly,DG; as
a function of different concentrations of GndHE€kstimated andalue of DG, obtained upon
extrapolation othe plot to zeranolar concentration aBndHCI isabout-21 kcal/mol(Figure
5.18a) We observe a different phenomenon in presence of SDS. It does not 8mivB178
unlike urea and GndHCI. The two characteristic minima are obsewex in presence of 69.4
mM (2 %) SDS (Figur®.159. We find only ~9 % decrease in helix corttef protein inSDS.
However,a reversibledissociationof trimer into monomeroccursin presence of 69.4 mM (2
%) SDS(Figure 5.16c) This transitionof trimer into monomercould be define by ND 3N,
where Nis the folded proteinmonomer.We calculate e correspondindpGy associated with
this transitionusing the ellipticity value at 222 nm as described in methodsobhtaineda
value ofabout-13.35 kcal/molin presence of SD@igure 5.18).
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Figure 5.18.The change in free energyag)®f STY3178as a function
of concentration of chemical agemsshownfor (a) urea (triangle) and
GndHCI (circle);(b) SDS (square).
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5.5. Conclusion

The prime finding ofthis study isthe reversible chemical unfoldingapability of
STY3178 in presnce of urea and GndHCI. In presence of SDS, the trimeric paissiociates
into monomer.This dissociation igeversibly such thatupon reducing SDS concentratjon
trimer is reformed Wereportthechangsin free energy associated withemical unfoldag in
presence of urea and GndHCI as wellraser dissociationnto monomein SDS
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Chapter 6| Function of STY3178

6.1. Introduction

We have studied the protein, STY3178 from CTf8strain of SalmonellaTyphi
(STyphi). This strain is reported to be multidrug resisfahSTY3178 is a member of yfdX
proteinfamily. yfdX protein occurs in a number of multidrug resistant bacteria. This protein is
encoded byfdX gene. Expression of this gene is reported to beegplated by a multidrug
response regulator EvgA HBcoli.**** * This EvgA regulator also modulates the expression of
other genes involved imcid tolerance respon3e(ATR), high osmolarity’”**° and efflux
transport mechanisthalong withyfdX It is the only gene which also gets-expresse when
EvgA is over produced i&.coli'® This enhanced expression anbiquitous presence of yfdX
in drug resistant bacteria suggest that they might not beletetyononrfunctional. It raises a
guestion 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 natilke 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 exaniy@at shock proteins (Hsps) such as tbpBnd
GroES® show reversible thermal unfolding. Other types of proteins capable of undergoing
reversible unfolding are periplasmic S&kpand cytoplasmic Slyt% and Sec&® from E. coli.

All these proteins act as chaperones in the cell. This leads us to investigate if STY3178 posses
chgperonelike property since it shows reversibility in thermal unfolding along with stability.

In this chapter, we determine the interaction of STY3178 with antibiotics. We have
chosenthree antibiotics to which CT18° strain of S. Typhi is resistant® 3*** These are
ciprofloxacin, rifampin and ampiciti. We monitor the interaction of STY3178 with these three
antibiotics using biophysical techniques such as steady state fluorescence and isotherm:
titration calorimetry (ITC). The effect of antibiotics on protein structure is determined using
circular didiroism (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 sulpsoteias
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 nmagerthinethods
employed for functional characterization of STY81This section is further classified into two
subsections 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.dovers 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 dichroismmeasurement in presence of antibiotics

CD measurements are carried out in Jas8d5) CD spectrometer at 20°C. Far UV
(200-250 nm) and near UV (25830 nm) CD spectra of protein are collected using 1 mm and
10 mm patHength quartz cells, respectivelyrd®in concentration used for far UV and near
UV-CDis10 €M and 30 &M respectively. Data a
antibiotics. Concentration of antibiotics used for these measurements are: i) 5, 10, 20, 30 an
50 €M for ciprofloxacin (Cpx); i i) i)600200 2 0,
and 300 €M for ampicillin (Amp). CD spectr
UVregion (2563 30 nm) for 400 eM tyrosine (Tyr), .
tryptophan (Trp) in presence of antibiotics. The concentratfantibiotics used with isolated
amino acids is 50 &M Cpx, 100 €M Rfp and 2
of three scans and background corrected by subtracting the data of buffer. We calculate th

percentage of helix for protein in presenof these three antibiotics similarly (described in

chapter 2) using the relatirt®, f,, = ( ([g?(]szééosg%cgo)

In another set of CD measurement, we determine the thermal stability of the protein
bound to antibiotics. STY3178¢6M) i s heated at a rate of 4/
100 €M Rfp and 100 &M Amp. Theis neebslredpirt thec i t
temperature range 20°C to 70°C using a 3 mm path length cell. We calculate the fraitteon of
folded protein fy) at each temperature using thg,,, value in the equatiofy

fo=(a - ¢)/(g - gy), as described irchaptes 4. g,and g, denote the respective

ellipticity values of folded and unfolded proteig, is the ellipticity at each temperature. We
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detemine the enthalpy of unfolding by calculating the folding constEhtusingthe folded
proteinas stated in chapter'8'We consider the linear portion of the data with maximum slope

and fit it with equation of straight liney = mx+c, where m denote the slop¥.The enthalpy

is calculated by multiplying the slope of linear fit with universal gas constant (R=1.98 ¢al mol

1).

6.2.12. Dynamic Light Scattering (DLS)

DLS measurement of STY3178 is performed in @neg of antibiotics using Naf®
Malvern instrument at 20°C. Laser of wavelength 632.8witim measuring angle 173° is used
during the measurement (as reported in chapter 2). Hydrodynamic diameter of-protein
antibiotic complex is measured in presence ofe5Pl Cp x , 200 €M Rfp ar
Each reported measurement is a mean of five successive counts. All samples are filtere

through 0.22 pm syringe filter (Millipore) prior to each measurement.

6.2.1.3. Steady state fluorescence measurement

Steady statéluorescence experiments are carried out in Jobin Yvon Horiba Fluorolog
with 2 mm slit width. 2QuM protein isexcited at wavelengths 257, 275, 280 and 295 nm with
increasing concentrations of all three antibiotics Cpx, Rfp and Amp. The concentration of
artibiotics used are as follows: (i) 2, 5, 10, 20,3046 d 50 &M for Cpx ,
and 150 €M for Rfp and (iii) 60, 100, 150
Each data is averaged over two sets of measurements.

We analyze the data of protein fluorescence quenching in presencebajtmstiusing

SternVolmer equatiof™®, (F, - F)/F =K. [Q], where k and F are the respective

fluorescence intensities in absence and presence of aiegbiatt concentration Q.d¢ denotes
the SterAVolmer quenching constant. The modified form of Steoimer equatiof”

*9 log[( F, - F)/F]=logK +n|og[Q]6is used to d@8nate the binding constank) and number

of binding sites (n). Dissociation constal)is calculated as a reciprocalkfeeG i s obt a
using the equatiorDG = - 2.303RTIn K .*°

6.2.1.4. Isothermal Titration Calorimetry (ITC)
We perform the ITC measurements using MicroCal iTC200 calorimeter (GE daalth
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 NacCl and
1mM PMSF. Concentration of protein used in the cell during all timatieasurements 906

e M. Concentrations of Cpx, Rf p and Amp | oa
mM, respectively. All titrations of proteiantibiotics and buffeantibiotics are performed in
buffer having composition 30 mM phosphate (pH7), 150 mM NaCl and 1mI@RPat 298 K
temperatur e. Reference power used in | TC i
for total 30 injections with an initial delay of 60 seconds and constant stirring at 50 rpm. First
injection of 0.4 ¢l doff.8secmnds. Restdf thee 2% injettions of 8.6 t
e | each are added over a time period of 1
seconds. We subtract the heat of dilution of respective antibiotics from that of the-protein
antibiotics and plothe 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 constakj (, ent hal py ( eHangea.nd
Dissociation constanKg) is calculated as a reciprocalifThe change in fre
associated with each antibiotic binding is
in Gibbs equationDG =DH - TDS.

6.2.1.5. NMR rebhxation measurement of proteirantibiotic complex

The measurements of longitudinak &nd transverse () 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 spectronter. 400e M STY3 178 is used for weac
Concentration of Cpx and Rfp used are 1600
(d1) of 8 seconds is used fof Measurement in presence of Rfp and Amp. Free induction decay
(FID) is collected forRfp 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 dutinge@dsurement. In presence of Cpx, T
measurement is performed usinga 9 seconds and FID is collected for delay points 0.0
0.05,0.1,0.2,0.3,0.6, 0.8, 1.0, 1.2, 1.5 and 1.8 seconds. In casaedsSurementd, seconds
di 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, 0.057,00009, 0.11, 0.13, 0.15 and 0.17
seconds for Tmeasurements in presence of all three antibiotics. All data are collected as 256

scans. Data processing and analysis for estimatiom @nd T, are performed similarly as
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described in chapter 3. The totatational correlation timef(.) is calculated usingifandT-

ool 7.
My VT

values in the equatiéh® ¢ =

6.2.1.6. HSQC measurements in presence of antibiotics

>N-labelled STY3178 is prepared following the protocol given in chapter 4. We
perform'H-'°N heteronuclear single quantum coherence (HSQC) measurements in absence an
presene of antibiotics using 600 MHz Varian spectrometer at 35°C. 400 uM singly labeled
protein in a buffer (30 mM phosphate buffer, pH 7, 150 mM NaCl and 1G®9, s titrated
with Cpx, Rfp and Amp. Antibiotic concentrations used during titration are thawiolg: (i)
10, 50, 100, 200, 400, 800 and 1600 &M for
and 6400 €M for Amp. Al | HSQC data &and ac
analyzed using NMRVIEW,

6.2.2. Chaperone activity assay

Chaperone activity assay is performed usiwg different substrate proteins namely
human insulin and yeast al cohol dehydroge
presence of 20 mM DTT is monitored by measuring the absorbance value at 36@s5)rm (A
absence and presence of STY31%78 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. Dierent molar ratios of STY3178 and insulin used during the assay are
0.1:1, 0.25:1 and 0.5:1. Similarly, we monitor thgvalue of STY3178 with time in presence
of 20 mM DTT. The dead time of the reaction is ~12 seconds.

Aggregation of e M ADH i s moni t orz®dluebiry absaerca and r |
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, 1:0.5a@m: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 ampitlin (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 agiliQx
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 consideratde Amp binding (Figure 6.1c). Similar
results are obtained for 275 nm excitatibtuorescence quenching const&gy, is estimated

usingthe SternVolmer equatio™®, (F, - F)/F =K [Q] as described in method section. The
value of Ksy obtained from linear fitting of(F, - F)/F versus[Q] for Cpx, Rfp and Amp
binding are 0.05 (+2 X I¥), 0.26 (+0.034) and 0.0003 (+2 X 1OM™, respectively (Table

6.1). The binding constanK]) for each antibiotic is calculated using the modified form of
SternVolmer equatiof™®, log[(F, - F)/F]=logK +nlog[Q] as reported in methods.h&
respective plots ofog[(F, - F)/F] versuslog[Q] for Cpx, Rfp and Amp are shown kigures

6.1df. K values and number of binding sites (n) are obtained from the respective intercept and
slopes 6the curves fitted linearly (Table 6.1.for Cpx, Rfp and Amp binding to protein are
0.04 (+0.0023), 0.01 (+0.004) and 0.0004 (+4 X°NMMM™, respectively (Table 6.1).
Dissociation constantsKf) are estimated from the reciprocal kf (Table 6.1).Ky values
obtained for binding of Cpx, Rfp and Amp with STY3178 are 25.0 (+ 1.2), 100.0 (£ 20.5) and
2500.0 (N370.5) &M, respect i veDG) assodvided with | ¢ U
each of these proteintibiotic interactions usingK values in the relation,

DG = - 2.303RTIn K . The respectiv®G values are26.5-22.8-14.6 kJ mol 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 mdhan one site with t1.5. 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 ST83in 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),
forORf pred),

e M

20

300

(magent a)

and

(green),

40 rdbBa (biw)

e M
400

spectrum of native protein is shown in black colour(&¢(c). (e), (f) and(g) Show

the plot of log[(F,- F)/F] against log[Q] for Cpx (nverted triangle), Rfp

(square) and Amp (circle), respectively.

f o

(magent a

Table 6.1STY3178antibiotic interaction data from steady state fluorescence measurement

Antibiotic Ksv( € K( e Ke( € M) n &G
bound (kJ mol™)
Cpx 0.05 (£0.002) | 0.04(x0.0023) |25.0 (+x1.2) | 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(+x370.5) | 1.03 -14.6

We substantiate the interaction of STY3178 with antibiotics using ITC measurements.
The thermognas for STY3178 interaction with Cpx, Rfp and Amp at 298 K are shown in
Figures 6.2a&. The corresponding binding isotherms are represented in Figure§ Gl2e

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 conskgnt, (
(2S)

and

entropy

chan

ges

ar e

ent hal py

0 kbinchng mcalels. ey
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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 significahtvalues for binding of Cpx ar@.58 (+0.04)
and0.423 {0 . 0 0 7'9wjth respéctiveKy values of 1.72 and 2.36 M(Table 6.2) The
values ofK for Rfp and Amp binding ar€.0151(+0.00911) and).00744(+0.0037)e M,
respectively(Table 6.2) The values oKy calculated as a reciprocal &ffor Rfp and Amp
binding are 66.23 and 134.41M, pectwvedy(Table 6.2) eH T &S
antibiotics are tabulated in Table 6.2. These values are used to calculate the free energy chan
(eG) foll owiDGgDH-HTBS. r glhat ican cul at ed &G
along with other binding parameters. The binding parameters obtained from ITC confirm the
interaction of STY3178 with Cpx, Rfp and Amp wikyv al ues | ying in
range for all antibiotics. Cpx binding is found to be stronger than Rfp and &f}p. o f
et
from ITC are similar to those obtained from steady state fluorescence measurements, althoug

and val ues

val u

mi
Cp
bound protein is more favourable followed by Rfp and Amp. This treritaf n d v al
ITC data indicates much stronger binding of antibiotics with&II78.
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Figure 6.2. STY3178 interaction with antibioticsusing ITC. The thermogram of
STY3178 binding with (a) ciprofloxacin (Cpx), (b) rifampin (Rfp) and (c)

Ampicillin (Amp). The respectiveitted isotherms arghown in(d)-(f).
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Table 6.2STY3178antibiotic binding parameters from ITC

Antibiotic | K ( € T Ke( € M) | aH (kJ mol™) T &8(kd mol™) | &G (kJ mol™)

bound

Cpx K;=0.58 K= 1.72 aH,=-6.49(x0.55) | T &,=26.53 a5,=-33.02
(+0.04)
K,=0.423 Kgp=2.36 aH,=-4.03(x1.13) | T &,=28.16 aG,=-32.19
(+0.0079)

Rfp K;=0.0151 | K4=66.23 | aH;=6.00(x1.62) Tas5= 29.91 aG,=-23.91
(+0.00911)

Amp K:=0.00744| Ky= 134.41 | aH,=-6.54(x1.07) | TaS,= 15.65 a5,=-22.19
(+0.0037)

The binding parameterk, andKg for interaction of several proteitf&'’?with different
antibiotics and small molecules are tabulated in AppendW@ observel, values to be in the
range 31 00 &M for more than ~80% cases-206neMh
and lessthan 5% intheran2@03 00 e M. The data from | TC me
Kq 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 STY3178si confirmed from ITC and fluorescence. The
structural changes in protein upon this binding is determined using CD, steady state
fluorescence, DLS and NMRThe near UVCD spectra of protein in antibiotic free and bound
states are measured (Figures &BaNative protein spectrum shows a broad shoulder in the
range 25280 nm as mentioned in chapter 2 as well. This broad shoulder indicates presence o
aromatic residues in proteif. 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 ean~asd
~280 nm as Cpx concentration increases (Figure 6.3a). These peaks are similar to Phe and T
fine structures reported earfier’. 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 changéihding 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 UED region.
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Figure 6.3. The near UVCD spectra of antibiotic bound STY3178. (a)(b) and(c)

Show the CD spectra of protein in presence of antibiotics in the neaan$)é 25830

nm. Different concentrations ofa) ci pr of |l oxacin used are 5 ¢
(brown) (bR0Oe) M 30 M (magdntiaf) ammidn 50r e ML (
(red), 20 M (green), 50 ( br ¢prampicilindr® 0 ( bl u
60 M (red), 200 €M (green) and 300 &M (bl
in black for(a)-(c).

The secondary structure of protein in far UX0@250 nn) 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 andn2ZBigure
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.cdfapare 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 helica
content almost same as the natiiey3178 (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 ticac(f\) versus temperature in the
range 2070°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. /determine the enthalpy of unfolding by plotting the natural
logarithm of folding constant (K) 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

universé gas constant (R= 1.98 cal rifpl The value of enthalpy for native proteinli31.19
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cal/mol and that of Cpx, Rfp and Amp bound states1d@78, 104.75 and 133.52al/mol,
respectively.

£ 20 9 — Native 1.0 “nemmmg: 28 C
5 —— 50 uM Cpx )
c?g g 10 200 uM Rfp o 26
X oq 0 <\ — 200 M Amp > 0.6 o Natvie 3 Loy 2
g5 \&//_ ““ 044 v /uMex 4 £ o Native
> _ 100 uM Rf g v STY+Cpx
=P 10 0.2 o 100iMAn':p sa. 22 o 2%:?%
T .20 A . . 004+ %m0 : —
200 220 240 20 30 40 50 60 70 3.00 3.04 3.08 3.12
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Figure 6.4. Secondary structure of STY3178 in antibiotic free athbound states. (a)

CD spectra is shown in presence 6f5¢e M Cpx (red), 200 &M Rf p
Amp (blue) in the far UV region (26@50 nm). The native protein spectrum is shown

in black colour.(b) Shows the plot of folded fractionyfas a function of temperature

in the range 270°C in absence (i) and presence of antibiotidg) Shows the plot

of InK versus 1/T (Kelvifl) fitted linearly. The concentration of antibiotics (in) and

(ccare 25 €M Cpx (red), 100 M Rfp (green) a

Table 6.3.Percentagef 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 timetf of STY3178 in presence of antibiotics is
estimated usg NMR relaxation measurements similar to that of native protein (reported in
chapter 2). T values for Cpx, Rfp and Amp bound protein are 1.98, 2.11 and 1.92 seconds,
respectively. The respective Falues are 0.036, 0.033 and 0.034 secands.calculted using

1

the equationf . = /6%- 7 and the obtained values are 23.8, 25.9 and 24.2 ns for Cpx,
2

N
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 observeursgastial change ity of protein
in its antibiotic bound states. This suggests that the oligomeric state of protein is not perturbec

upon antibiotic binding. The hydrodynamic radiigjRof these bound states of protein are
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measured using DLS. The;is found to bearound3.25 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 (Ty), transvers€T,) relaxation tims, rotation corredtion

time (tc) and hydrodynamic radius {frRof native and antibiotic bound STY3178.

State Ti(s) | T2(s) |tc(ns) | Ru(nm)
Native protein | 1.95 0.033 | 24.7 3.25
Cpxbound 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~f labeled STY3178 in presence of Cpx,
Rfp and Amp. Native protein HSQC contains clustered peaks in the regi@&b7ppm along
with well dispersed peaks (reported in chapter 4). The concentration of both CRfpansed
during titration arel O , 50, 100, 200, 400, 800 and 16
1100, 1600, 3200 and 6400 M. We find HSQC
the native protein. There are only few regions in the HSQC which show either change in
intensityor chemical shift value compared to the native protein spectrum. The enlarged view of
these regions is shown in Figure 6.5. In region 1 (8.88 ppm), there is an appearance of
new peak in presence of 1600 ¢ MI1)CIhig egiam d 3
shows no change in presencelldppm)lcér@spondsb Rf
tryptophan chemical shift value (Figure 6.5@2). There are two peaks in this region which are
affected in presence of antibiotics. There is broadening of one [d€aR in presence of Cpx
whereas the second peak disappears in Rfp and Amp bound states. There are two peaks
region 3 (8.18.35 ppm) which disappears in presence of Cpx and Rfp compared to the native
protein (Figure 6.5a83). In presence of Amp, therg a lowering of peak intensity in region 3
(Figure 6.5d3). Region 4 (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 regiorFigure 6.5c4,d4). Overall, NMR measurements confirm that the
structure of protein does not change in presence of antibiotics, although few peaks are affecte

during the interaction.
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Figure 6.5. Enlarged view of HSQC regions for native and antibiotic boad STY3178.
Panels adl1 in region 1 has 8.58.85 ppmrange Similarly, a2d2, a3d3 and a4l4 represent
regions 2(9.97-10.2 ppm) 3 (8.1-8.35 ppm)and 4(7.757.92 ppm) respectively. Native
protein region is shown in a4 (red). HSQC regions in presenof Cpx, Rfp and Amp are
represented in b4 (green), ct4 (blue) and dt4 (black), respectively.

6.3.4. Chaperone activity assay of STY3178

Protein showing stability at elevated temperature and reversibility in unfolding can act
as a chaperong® % 173 Therefore, we first predict the fummh of STY3178 using the
Bioinformatics tool MODexploréf. 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 dfese proteins are helical similar to
STY3178. Majority of these proteins are either chaperones or assist chaperone activity wherea
some others have no reported function besides having similar structural folds. Other proteins
are involved in cell cycleyansport, 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 insulker&in and alcohol dehydrogenase
(ADH) as substrates in presence of STY3178 at 4Rf@itro. We find a steep rise in
absorbance at 360 nm 4#) due to formation of insulin aggregates in presence of DTT at
42°C, which saturates with time (Figure 6.6a) as reported in litef&tuifdere is a lowering of

Aseoin presence of STY3178. Figure 6.6a shows the plotsgfas 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 decreasgoiasASTY3178
concentration increases in the reactionxture. 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 plotsei/érsus time is shown
for STY3178 molar ratios 0.25 (red), 0.5 (green) and 1 (blue) to ABHilarly, we record
Asgo for STY3178 in presence of DTT only and find no aggregation at 42°C (Figure 6.6a, dark
cyan). A gradual lowering of #o for both insulin and ADH with increasing STY3178
concentration shows its capability to prevent the aggmmgaiihus, STY3178 is capable of
acting as a chaperomnevitro.

0.3

IR nsulin (1) ADH (A)

0.2

S04 -
8 0 & W“ E((l E;;)
2 (1029 () 4 Pt
2]? 0.2 I+P (10.5) / A+P (1:0.5)
0 0 STY3178 —
| ot © A+P (1:1
s ()0 )

0 10 20 30 40 0 5 10 15 20 25 30
Time (minute) Time (minute)

Figure 6.6. Chaperone activity assayPlots of Asg with time are
shown for thermal aggregation @¢&) Insulin (I) induced by DTT
(black) and(b) ADH (black) at 42°C. The assay is performtmx
insulin to STY3178 (P) molar ratios 1:0.1 (magenta), 1:0.25 (red) and
1:0.5 (green) irfa) whereas that for ADH to STY3178 are 1:0.25 (red),
1:0.5 (green) and 1:1 (blue) {h). The plot of STY3178 in presence of
DTT is shown using dark cyan colour(i).

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. Kqvalues 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 bindig,value is similar in both #n
measurements. The stoichiometries of binding events in ITC and fluorescence results alsc
differ. These discrepancies may be due to the fact that fluorescence measurements depend
the binding of antibiotics near the fluorophores, while ITC is independerfluorophore
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 digomeric state of protein also remains unaltered as observed in DLS and NMR
measurements. However, they show tertiary structural changes as observed in f@ar UV
(Figures 6.3&) indicating involvement of aromatic residues of protein in antibiotic intEna
Near UV-CD spectra of isolated aromatic residues in presence of these antibiotic molecules are
also monitored. Spectra of all three isolated amino acids Phen@yfrp are recorded in near
UV-CD region (Figure 6.7a). Isolated Tyr has a shouldeurad 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 the
of Phe has minimal changes (Figure®.7These 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 observad STY3178 (Figure 6.3).

37 a b
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\ .. e ==== Y+50 uM Cpx
~— . / \‘ Tyr (Y) ‘: W+50l“M Cpx
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L 1 | I I
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N

Figure 6.7. Near UV (250330 nm) CD spectra of isolated amino
acids in presence of antibiotics(a) Shows near UMCD spectra of
isolated Phe (F, solid), Tyr (Y, dash) and Trp (W, dotted). CD spectra
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inpresenceofb) 50 €M Cpx(c)lBbObowM) Rf p(d( bl ue) and
200 &M Amp skown ferePme (F, aalid, Tyr (Y, dash) and
Trp (W, dotted) .

In chapter 2, we reposignature of FRET between fluorophores or aromatic residues of
STY3178. This signature of FREGhanges 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 diffegnce spectrum (27895 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  with a peak ~330 nm are observed in the difference spectra é2¥HAm
(Figure 6.8b). The difference spectrum of 285 nm for Cpx bound case is significantly
guenched. These observations suggest involvement of aromatic residues, responsible for FRE’

in antibiotic binding.
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Figure 6.8. Fluorescence difference spectra of STY3178 in native
and antibiotic bound states. The difference emission spectra are
shown for(a) 275295 nm andb) 257295 nm. The native protein is
shown in black, CpX 50 & M) bound protein in red,
bound in green and Amp (200 (ag M) bound s

and(b).

In literaturé®® *17® we have observed similar binding sites, containing aromatic
amino acids for proteins involvedh imultidrug efflux process. For instance, in BriR
structure bound to kanamycin or tetracycline, antibiotic is stacked near Tyr and Phe residues. I
antibiotic bound structure of Acr8’, Phe is found in the vicinity of Rfp. Amp bound structure

of OmpFE’® containsboth 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*®®

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 o
STY3178 with antibiotic in presence of uresing nar UV-CD and steady state fluorescence
measurements. In presenceloD 0 € M Rf p, the broad-28mmmnl|l de
near UMCD, decomposes into two peaks ~260 and ~280 nm (Figure 6.3b). This decompaosition
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 UACD spectrum in 2 M urea differs from that in
presence of both 2 ™M urea and 100 &M Rfp
decomposed peaks are not observed. This indicates that 2 M urea affects the tertiary o
guaernary structure of STY3178.

We also monitor the emission of tryptophan upon 280 nm excitation in presence of both
urea and Rfp. Quenching of fluorescence e
presence of 0.6 M and 1 M urea as found in cdseatve protein (Figure 6.9b). This is in
agreement with near W€D 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 t
more polar environment. Haver, 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.

Native

—~ _ 8 - PYTTrYe 20 HM pr
8) : b f 0.6 M urea
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Figure 6.9. Interaction of STY3178 with rifampin (Rfp) in presence
of urea. (a) Near UV (250355 nm) CD andb) Fluorescence emission
spectra of protein for 280 nm excitatiareshown in presence of 0.6 M
(green), 1 M (red) and 6 M (blue) urea. Spectra in presence of
antibiotisar e reported fapand 0D0 ga\).RRfpp i n
Presence of both urea and rifampin are shown using dotted lines.

Native protein spectrum is shown in black for b@jhand(b).
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6.4.2. Sequence conservation of STY3178 with other yfdX proteins

STY3178 sequence is used as an inpublast’’ to search similar yfdX protein
sequences present in different organisms. The results show high sequence identity of >92 9
among all theSalmonellaspecies and 40 % identity with other reported yfdX proteins from
various bateria. The sequence alignment of yfdX proteins obtained from'Blassults is
shown in Appendix C for MDR strains of different bact&fa 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 fr&mpneumoniadas a
homotetramer. Howevewe find trimeric state of oligomerization for STY3178. This suggests
that he 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 vhich 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 likel38Y3
Interestingly, these proximal Phe and consecutive Tyr residues are conserved among the famil
of yfdX proteins, indicating a possibility of their involvement in similar antibiotic interactions
as observed for STY3178

6.4.3. Possible cellular local&tion of STY3178

A possible signal peptide for STY3178 is identified in signalP 4.1 séfuesing its
amino acid sequence from Gene bank (gene ID gi|16758993:c303096366) as an input.
SignalP server predicts first twelve residues of Nkgerminal 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 éérminus. We observe experimentally that STY3178 is a soluble
protein. This suggests that it istramembrane embedded protein probably. Thus, presence of
predicted signal peptide in thetdrminal region indicates a possibility of its localization in the
periplasm. Its exact cellular localization is not yet establisHesvever, servers like Ceft6*
180 and LocTree®" predicts its suizellular localization in the periplasm. There are many
identified proteins like peptidyprolyl isomerases, disulphide bond isomerases, to name only a
few, located in bacterial periplasm which acts as chapef8#i€s These chaperones from
periplasm are capable of performing their activity without ATP assistance since ATP is absent
in periplasnt® The predicted subellular 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 riagtional importance of a yfdX protein, STY3178 from
SalmonellaTyphi. 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 thesproperties indicate that yfdX proteins are not4fmnctional and possibly
perform important cellular functions. Our steslon functionalcharacterization of yfdX protein

could be relevant for understanding their role in bacterial virulence and survival.

Appendices

A. Antibiotic or small moleculdinding parameters for proteinsported in literature

S.No. | Protein Antibiotic / small molecule Ke( € M) Ref.
1 Hemocyanin Ciprofloxacin 18.76 185
2 NorM Ciprofloxacin 121.3+15.7 | '°
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 145+1.1 186
9 AcrB Ciprofloxacin 74.1+26 186
10 HSA Mitoxantrone 20.41 187
11 HSA Mitoxantrone 34.48 187
12 HSA Mitoxantrone 0.476 187
13 HSA Maslinic acid 7.042X 10 | ®
14 HSA Quercetin 43.48 189
15 HSA Oxaliplatin 268.82 190
16 HSA Doxorubicin 90.91 1o
17 HSA Tetracyline 20.24 192
18 HSA Cy t o sD amakinofuranosidel 416.7 193
19 HSA Scutellarin 12.02 104
20 HSA Betulinic acid 0.59 1%
21 HSA Catechin 82.64 19
22 HSA cisfac- 3.03 107
[RullCI2(DMS0)3(KTZ)]
23 HSA cis-[RullCI2(bipy)(DM 2.63 X 10° 197
SO)(KTZ)]
24 HSA [ Ru I-p-dyrde@e)CI2(KTZ)] | 0.526 197
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S.No. | Protein Antibiotic/ small molecule Ka( € M) Ref.
25 HSA [ Rul-1 (d6 6.67 107
pcymene)(en)(KTZ)][BF4]2
26 HSA [ Ru |-p-dyrde@e)(bipy)(KT |2.27 X 10° 17
2)][BF4]2
27 HSA [ Rul-p-( d6 1.299 X100 |
cymene)(acac)(KTZ)][BF4]
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 12820 1ol
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 e
44 BSA 2-hydroxy-NN3- 10.95 205
hydroxybenzylidene)
benzohydrazide (HHB)
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 Olmesaran 10.96 208
49 BSA Olmesartan medoxuoil 1.155 208
50 BSA Diclofenac sodium 10 209
51 Cephalosporin | Cephalosporin 1250 210
binding protein
from Citrobacter
freundii
52 HSA Ciprofloxacin 512.82 201
53 EmrE (in SUV) | Proflavin 10.76 + 2.8 |
54 EmrE (in SDS) | Proflavin 456+ 0.8 169
55 EmrE (in DM) Proflavin 5.26 +0.9 169
56 BmrR Puromycin 17 4
57 BmrR Tetracycline 51 4
58 BmrR Kanamycin 28 17
59 BmrR 4-aminoqualdine 210 17
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S.No. | Protein Antibiotic/ small molecule Ka( € M) Ref.
60 Intestinal  fatty| R-lbuprofen 51+ 11 21

acid-binding

proteins (¢

FABP)
61 Intestinal  fatty| S-lbuprofen 157 + 33 2

acid-binding

proteins (#

FABP)
62 Intestinal  fatty| Bezafibrate 26+ 4 21

acid-binding

proteins (#

FABP)
63 Intestinal  fatty| Nitrazepam 1200 + 80 2

acid-binding

proteins (¢

FABP)
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| Ceftazidime 164.74 17

DPhPC)
70 Trypsin Oxytetracycline (OTC) 13.69 24
71 PBP2 Nitrocefin 192 + 24 s
72 PBP2 Cefepime 1618 + 145 | %P
73 | PBP2 Ceftazidime 671+ 116 s
74 PBP2 Ampicillin 668 + 124 215
75 | PBP2 Oxacillin 180+ 25 1
76 PBP2 Imipenem 603 + 93 s
77 PBP 2a Cefepime 1620+ 145 | *1°
78 | PBP2a Ceftazidime 670 + 115 218
79 | PBP2a Nitrocefin 190 + 25 218
80 PBP 2a Ceftaroline 20+ 4 27
81 Apotransferrin | cisfac- 25 107

[RullCI2(DMSO)3(KTZ)]
82 Apotransferrin | cis[RullCI2(bipy)(DM 1.89 X 10° 197
SO)(KTZ)]

83 Apotransferrin | [ R u | -p-dyrde@e)CI2(KTZ)] | 30.30 197
84 | Apotransferrin  [[ Ru l-p-( d 6 66.67 197
cymene)(en)(KTZ)][BF4]2
85 Apotransferrin = | [ R u | -p-dyrde@e)(bipy)(KT | 1.69 X 10° 197

2)][BF4]2
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S.No. | Protein Antibiotic/ small molecule Ka( € M) Ref.
86 Apotransferrin - [[ Ru I-p-( d 6 2.63 X 10° 107
cymene)(acac)(KTZ)][BF4]
87 EhpR Griseoluteic acid 244 + 45 218
88 albus G Cephalothin 9.5 X10 219
89 albus G Cephalosporin C 1.6 X10 219
90 R61 Cephaloglycine 0.4 X10 29
91 R61 Ampicillin 7.2 X10 219
92 R61 Carbenicillin 0.11 X16 219
93 R61 Cephalosporin C >1 X10° 19
94 R61 Phenoxymethylpenicillin >1 X10° 219
95 R61 Benzylpenicillin 13 X1G 219
96 R39 Cephalosporin C 0.19 X1G 29
97 FmtA Bocillin 60 220
98 Plasma protein | Isometamidium 2.4 221
99 phospholipase | Minocycline (minoTc) 1.8X 10° 22
A, (PLA))
100 | YndB Flavanone 32 +3 223
101 | YndB Flavone 62+ 9 223
102 | YndB Flavonol 86 +16 23
103 | OprD™™ Piperacillin 7.60 +0.13 =
104 | OprD™® Ceftazidime 9.08+0.93 224
105 | CG2496 Methiothepin 54+ 19 2
106 | FPPS Bisphosphonate 1 (pH7.4) 0.0763 220
107 | FPPS Bisphosphonate 1 (pH8.5) 0.4329 226
108 | FPPS Bisphosphonat 2 (pH7.4) 0.1972 228
109 | FPPS Bisphosphonate 2 (pH8.5) 0.6993 228
110 | FPPS Bisphosphonate 3 (pH7.4) 0.0490 226
111 | FPPS Bisphosphonate 3 (pH8.5) 0.2174 220
112 | FPPS Bisphosphonate 4 (pH7.4) 3.1949 228
113 | FPPS Bisphosphonate ¢H8.5) 3.1250 226
114 | FPPS Bisphosphonate 5 (pH7.4) 0.1661 226
115 | FPPS Bisphosphonate 5 (pH8.5) 0.2907 228
116 | FPPS Bisphosphonate 6 (pH7.4) 0.3205 220
117 | TtgR Phloretin 0.0476 =2




84 | Chapter 6

B. Results of MODexplorer server for STY3178are tabulated. Proteins present in different
organisms uth various function and structure, having similarity with STY3178 are shown.

S.No. | Protein (PDB) Organism Structure Function Hit
coverage
(%)

1 yfdX (3DZA) Klebsiella Uhelical Unknown 80

pneumoniae (tetrameric)

2 N-terminal domain | Encephalitozoon U-helical Targets specifig (80
of Cdc27(3KAE) | cuniculi (dimeric) cell cycle

regulatory
proteins for
ubiquitin-
dependent
degradation

3 Protein Rattus Uh el i c| Dephosphe 80
phosphatase 5 norvegicus sheet rylation
(PP5} conserved
serine/threonine
phosphataset(A7)

4 putative kinesin Podospora Uhelical Unknown 080
(4YBW) anserina (tetrameric)

5 Ybgf Xanthomonas | Uhelical Metal binding [ 08 0
(2XEV) campestris (trimeric)

6 coatomer cage Bos taurus Uhelical Transport 080
proteins (trimeric) protein
(BMKR)

7 Adaptor protein Homo sapiens | U-helical Chaperone 70-80
Hop (LELR)

8 TRIP8b Mus musculus | Uhelical Transport 70-80
(tetratricopetide protein
repeatcontaining
Rab8binteracting
protein) AEQF)

9 C-terminal part of | Cytophaga Uhelical Unknown 70-80
the TPR repeat hutchinsonii
containing protein
Q11TI6_CYTH3
(3U4T)



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 Uhelical Interacts with | 70-80
Arabidopsis FLU | thaliana glutamyHRNA
(FLU-TPR) reductase
(4YVO) (GIUTR), in the

for mat-
aminolevulinic
acid (ALA)

11 Magnetosome Magnetospirillu | U-helical Protein binding| 70-80
associated protein,| m magneticum
MamA (3AS5)

12 MalT family of Escherichia coli | U-helical Regulates the | 70-80
ATP-dependent genes for
transcriptional malto-
activator (HzZ4) oligosaccharide

utilization

13 P58(IPK) TPR Mus musculus | Uhelical Chaperone 70-80
Domain
(BIEG)

14 tetratricpeptide Parabacteroides| U-helical Unknown 70-80
repeat protein merdae
(PARMER_03812)

(4R7S)

15 Stil/Hopmodular | Saccharomyces| U-helical Chaperone 70-80
protein(3UQ3) cerevisiae

16 CHIP-dimeric U | Mus Uhelical Chaperone 70-80
box E3 ubiquitin musculug Hom facilitates
ligase that binds | o sapiens ubiquitylation
Hsp90 and/or of chaperone
Hsp70 via its TPR bound client
domain RC2L) proteins

17 N-terminal Domain| Homo sapiens | U-helical Cellcycle 70-80
of Anaphase
Promoting
Complex Subunit 7
(3FFL)

18 yclophilin or Bos taurus Uhelical Isomerase 70-80
FK506 binding
protein LIHG)

19 Type IV pili (T4P) | Pseudomonas | U-helical Contribute to | 70-80
(2HO1) aeruginosa the virulence of

bacterial
pathogens



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 Homo sapiens | U-helical Controls 70-80
promoting complex chromosome
(APC/C) segregation ang
multimeric RING mitotic exit
E3 ubiquitin ligase
(4U19)

21 Co-Chaperone Homo sapiens | U-helical Chaperone 70-80
P58Ipk
- endoplasmic
reticulum (ER-)
localised DnaJ
(ERd)) protein
(2Y4T)

22 Cardiac specific Mus musculus | Uhelical Methylates 70-80
histone histone H3 at
methyltransferase lysine 4 and
SmyD1 (3N71) regulates gene

transcription in
early heart
development

23 Domain of protein | Vibrio Uhelical Unknown 70-80
VP0806(2R5S) parahaemolyticu

S

24 FKBP-like Protein, | Homo sapiens | U-helical Isomerase 70-80
FKBP51 associates with
(1KTO) Hsp90 and

appearsn
functionally
mature steroid
receptor
complexes

25 Active N-terminal | Homo sapiens | U-helical Cellcycle 70-80
fragment of p67
(1HHS)

26 Vesiculr transport | Saccharomyces| U-helical Membrane 60-70
protein SEC17 cerevisiae trafficking in
(1QQE) eukaryotic cells

27 Motor protein Homo sapiens | U-helical - 60-70
(3EDT)

28 Ton1535, a Thermococcus | U-helical Unknown 60-70
hypothetical onnurineus
protein BZPJ)



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) Schizosacciro | Uhelical Cellcycle 60-70
myces pombe
30 TPR DOMAIN OF | Homo sapiens | U-helical Chaperone 60-70
HUMAN SGT
(2VvYI)
31 Uncharacterized | Deinococcus Uhelical Unknown 60-70
protein radiodurans
(3GW4)
32 Tahl (4CGU) Saccharomyces| U-helical Chaperone 60-70
cerevsiae/ Hom
0 sapiens
33 TTC0263 Thermus Uhelical Protein 60-70
(2PL2) thermophilus binding-Forms
multi-subunit
complexes by
interacting with
each other or
with other
subunit
proteins
34 Peptidesubstrate | Homo sapiens | U-helical Hydrolase 60-70
binding domain of
human type |
collagen prolyl 4
hydroxylase
(ATJC)
35 Stressinduced Homo sapiens | U-helical Chaperone 60-70
phosphoprotein 1
STIl
(2LNI)
36 Tetratricopeptide | Arabidopsis Uhelical Oxidoreductase 60-70
Repeat (TPR) thaliana
Domain of
Fluorescent (FLU)
negative regulator
of chlorophyll
biosynthesis in
plants 4YVQ)
37 Multi-domain Arabidopsis U-helical Signalirg 60-70
immunophilin thaliana protein
(2IF4)
38 LapB cytoplasmic | Escherichia coli | Uhelical Metal binding | 60-70
domain(4ZLH)



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
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S.No. | Protein (PDB) Organism Structure Function Hit
coverage
(%)
39 AIP TPR domain in Homo sapiens | U-helical Signalirg 60-70
complex with protein
human Tomm20
peptide
(4APO)
40 YbbN Escherichia coli | Uhelical Proposed to acl 60-70
(3Q0U) as a chaperone
or co
chaperone
41 Stressinduced Caenorhabditis | U-helical Proteinbinding | 60-70
proteinl (STk1) elegans
(4GCN)
42 O-linked GLCNAC | Homo sapiens | U-helical Transferase 60-70
transferase
(AW3B)
43 SYCD (2VGX) Yersinia Uhelical Chaperone 60-70
enterocolitica
44 EccAl Mycobacterium | Uhelical Responsible forf 60-70
(4F3V) tuberculosis transport of
virulence
factors in
pathogenic
mycobacteria
45 TPR1 domain of | Homo sapiens | U-helical Chaperone 60-70
HOP in complex
with a HSC70
peptide
(LELW)
46 Peroxisomal Homo sapiens | Uhelical Signaling 60-70
targeting signal protein
(PTS1) (1FCH)
47 MamA Desulfovibrio U-helical Proteinbinding | 60-70
(4XI10) magneticus
48 Serine Escherichia coli | Uhelical Signaling 60-70
chemoreceptor Tsr protein
(2D4V)
49 Hsp7G@interacting | Homo U-helical Chaperone 50-60
protein, Hip 4J8F) | sapiend Rattus
norvegicus



http://www.rcsb.org/pdb/search/smartSubquery.do?smartSearchSubtype=TreeEntityQuery&t=1&n=9606
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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
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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 QGIcNAc | Homo sapiens | U-helical Transferase 50-60
Transferase
(4GYW)
51 APC3APC16 Homo sapiens | U-helical E3 ligase that | 50-60
complex controls mitosis
(4RGY9) by catalyzing
ubiquitination
of key cell
cycle
regulatory
proteins
52 O-GIcNAc Thermobaclum | U-helical Transferase 50-60
(5DJS) terrenum

C. Sequence alignment of yfdX family proteins.The sequence alignment of STY3178
protein from CT18 strain o Typhi with yfdX proteins from other virulent bacteria like
pneumoniae, S. enteritidiS, Typhimurium S.Paratyphi, S. Heidelberg,S. Monteviodeo, P.
ananatis, E. tarda, H. alvek. coli, andP. Shigelloidess shown The secondary structural
el ememelsi XJ ( c vy istramdd @mro)v) am indicatéd on the top with respect to the
crystal structure of yfdX protein (PDB® 3DZA) from K. pneumoniaeThe conservedyr and

Pheresidues are marked by the rectangulacks.

H1 H1 H2
o — T e
sTY3i78 mmmm——————— MVILFSGNLMAATNMTDNVTLNN---—-——=—=——————— DKISGQAWQAM 34
K.pneumoniae (3DZR) ~MKKVILASLLATMMSTSPVWATDSATARPAARATTOVQ--—-KEAADVLQVAVQGANAM 55
S.Enteritidis PT4 = ——————————- MVILFSGNIMAATNMTDNVTLNN-==-=——==——————— DKISGQAWQAM 34
S.Typhimurium LT2 = —==—=—————- MVILFSGNIMAATNMTDNVTLNN----——==——————— DKISGQAWQAM 34
S.Typhimurium 798 = ——————————- MVILFSGNIMAATNMTDNVTLNN---—-—-———=——————- DKISGQAWQAM 34
S.Typhimurium SL1344 ———--—————- MVILFSGNIMAATNMTDNVTLNN---—-——————————— DKISGQAWQAM 34
S.Paratyphi 2  —————————— MVILFSGNIMAATNMTDNVTLNN-—--—-——————————— DKISGOAWQAM 34
S.Heidelberg 41579 = ——==——mm——- MVILFSGNIMAATNMTDNVTLNN---=-=—==——————~ DKISGQAWQAM 34
S.Heidelberg SL476 ——————————- MVILFSGNIMAATNMTDNVTLNN----—-——=——————— DKISGQAWQAM 34
S.Monteviodeo = 0006——————————= MVILFSGNVMAATNMTDNVTLNN---—-——————————— DKISGQAWQAM 34
P,ananatis MKKMIVSSMIVAVLVFTGGAAAAESFKDSHTLNN-—--—-——————————— EVVSRQARQRM 45
E.tarda -MKRILTATALSLAMFSTFTWAADAAPAAPASATSTAAG-LSAQQVODVAKVAQQGFTAM 58
H.alvei = —mmmmm—m—————— MMSTFTWAADSAATVPAATTTVSTNVLTAQQAKEVAKVAQQGFNAM 46
E.coli ~MKRLIMATMVTAILASSTVWAADNAPVARQQOTQOVQOO--TQKTAAAARERISEQGLYAM 57
P.shigelloides -MKHLLSAVALSVALISGGAVAREQPATATVAATQQOOK-—-————-—— DLLOVRAQQOGYNAM 51
. . B

ek * %
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