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Abstract

Cholera, an acute diarrheal diseases caused by the intestinal infection of the 

pathogenic bacterium Vibrio cholerae, continues to be a global killer in the 

world  today.  PrtV,  a  secreted  zinc  metalloprotease,  is  a  potent  cytotoxic 

virulence factor of  V. cholerae. The 102 kDa full length multi-domain PrtV 

protein  undergoes  several  N  and  C  terminal  modifications  before  being 

secreted as a 81 kDa pro-protein. The activation of the pro-protein is calcium 

dependent. The removal of calcium triggers auto-proteolysis to give a stable 

active protease with the catalytic zinc binding domain. The aim of the thesis 

was to study the structure and function of the PrtV protein.  The results from 

paper I, identified the end product of the maturation of PrtV as the stable 37 

kDa M6 active domain, and not a 55 kDa complex as reported earlier. Results 

also  showed  the  this  37  kDa  active  M6  domain  alone  was  sufficient  for 

catalytic activity. A revised model for the maturation of PrtV was proposed.  

Individual domains were isolated from the PrtV protein by domain phasing 

methods. This included the N-terminal domain (residues 23-103), the PKD1 

domain (residues 755-839), and a 25 kDa fragment (residues 589-839). The 

isolated domains were recombinantly over expressed as fusion proteins to 

increase  expression  and  solubility.  The  PKD1  domain  was  purified  to 

homogeneity and crystallized. The structure of the PKD1 domain reported in 

paper II, was solved by X-ray crystallography at an atomic resolution of 1.1 Å. 

From  the  structure,  a  previously  unknown  calcium  binding  site  was 

identified at the N-terminal of the PKD1 domain. The structure also revealed 

two  conformations  for  the  PKD1  domain  depending  on  free  or  bound 

calcium. From the structure, a function of the PKD1 domain as a protector of 

the cleavage site in the linker region between the M6 domain and the PKD1 

domain  in  the  presence  of  calcium was elucidated.  A  new  model  for  the 

activation of PrtV was given. In paper III, the structure of the N-terminal  

domain solved by NMR spectroscopy was reported. The structure revealed 

two  well  defined  helices  but  a  third  predicted  helix  was  found  to  be 

unstructured.  
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Introduction

Infectious  diseases  are  caused  by  pathogenic  organisms.  By  evolution, 

such organisms have developed ways to enter the host organisms, counter 

their defenses, and obtain nutrients for their life cycle.  When there is any 

pathological effect on the host during this process it is said to be an infection 

or disease. Pathogens achieve this by expressing proteins that have specific 

roles  in  the  whole  infection  process.  Several  classes  of  proteins  may  be 

involved,  like  adhesins  that  help  in  biofilm  formation,  pili  that  help  in 

movement, transporter systems that help in delivery of proteins into the host 

cells, toxins that block normal functioning of host proteins, and proteases 

that cleave and degrade host proteins (Chen et al. 2005). 

This study deals with one such protease, and therefore a brief overview of 

proteases is given followed by a brief overview of the disease cholera. 

Proteases

Proteases are enzymes that facilitate proteolysis, which is the cleavage of a 

peptide  bond  between  amino  acids  by  hydrolysis.  They  are  ubiquitously 

found in all organisms and are involved in varied roles like in modification 

and  activation  of  other  proteins,  digestion  of  food,  invasion  of  host  by 

pathogens,  defense against  pathogens by host,  disposal  of  mis-folded and 

unwanted  proteins  (Neurath  and  Walsh  1976). Proteases  also  have  been 

extensively used in industrial applications. They are predominately found in 

laundry detergents,  leather,  dairy  and in the food industry. They are also 

used in pharmaceuticals processes like the enzymatic synthesis of aspartame 

(Gupta, Beg, and Lorenz 2002; Rao et al. 1998).

The catalytic site of the protease consists of an acid, a base and a nucleophile. 

Upon activation by binding, the protease exerts a nucleophilic attack on the 
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substrate.  Based on the mechanism of the catalysis,  proteases  are divided 

into two classes. The first class has a single step catalytic process that uses 

acidic functional groups like aspartic acid, glutamic acid, and metal ions to 

polarize a water molecule.  This polarized water molecule in turn causes a 

nucleophilic  attack  and  hydrolyzes  the  target  peptide  bond  (Beynon  and 

Bond 2001; López-Otín and Bond  2008)(fig 1). The second class has a two 

step catalytic process that activates an amino acid like serine, threonine, and 

cystein to cause the nucleophilic attack on the substrate. In the first step, the 

protease forms an intermediate that is bound to one part of  the molecule 

cleaving the rest. In the second step,  a water is used to hydrolyze the bound 

part  of  the molecule  and is  released  (fig  1). According to their  functional 

catalytic site residues, proteases are broadly grouped as aspartic proteases, 

glutamic proteases, metalloproteases, serine proteases, threonine proteases, 

and cysteine proteases. 

Fig 1. The mechanism of protease activity. 

Image adapted from Thomas Shafee under the Creative Commons Attribution-Share 

Alike license.
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Cholera

Cholera is a disease caused by the intestinal infection of the Gram negative 

bacillus  Vibrio  cholerae.  The  disease  causes  severe  watery  diarrhea  that 

leads  to  rapid  dehydration,  hypovolemic  shock  and  fatality.  Cholera  is 

transmitted through contaminated food and water; the mode of transmission 

follows the oral fecal route. Without medical treatment, the mortality toll of 

cholera is about 20 to 50% (Sack et al. 2004). Oral rehydration solutions is 

the current rehydration treatment for cholera, this method has brought down 

the mortality rate substantially (Desjeux, Briend, and Butzner 1997). Each 

year around 300,000 to 500,000 cases are reported each year, although the 

actual  number  may  be  higher  (“WHO  |  Cholera”  2013).  Lack  of  proper 

public infrastructure to maintain sewage systems and clean drinking water in 

certain regions of the world facilitates cholera to remain as a major public  

health problem. 

Vibrio cholerae classification

V.  cholerae strains  are  serologically  classified  based  on  their  antigenic 

oligosaccharide  (O)  side  chain  of  the  outer  membrane  lipopolysaccharide 

(LPS)  of Gram negative bacteria. Out of more than 200 serotypes identified 

only the O1 and O139 serogroups are associated with epidemic or pandemic 

cholera. The O1 serogroup is divided on the basis of biotype specific genes 

into  two  biotypes  namely  classical  and  E1  Tor.  Each  biotype  is  further 

separated on the basis of their ability to produce the A, B, and C antigen. The 

Ogawa  strain  produces  the  A  and  B  antigens,  whereas  the  Inaba  strain 

produces the A and C antigens, and the Hikojima strain which is rare and 

unstable produces  all  three.  (Kaper,  Morris,  and Levine 1995;  Sack  et  al. 

2004). The O139 serogroup is proposed to be a derivative of the O1 serotype 

supposedly caused by the genetic replacement of the 22Kb rfb locus coding 

for the O1 serogroup antigen with the 35 Kb wbf locus coding for the O139 

surface polysaccharides and capsule biosynthesis (Comstock et al. 1996).
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Cholera virulence factors

Virulence  factors  are  pathogenic  or  ‘disease  causing’  agents  released  by 

pathogens. These virulence factors enables the pathogen to obtain nutrition 

from  the  host,  immunosuppression,  immunoevasion,  biofilm  formation, 

breaking tissue barriers,  disrupt host cellular functions and killing of host 

cells. Some of the most potent known virulence factors of V. cholerae are:

Cholera toxin

The cholera toxin (CT) is encoded by the  ctxAB gene which was evidently 

obtained by evolution from the lysogenic CTXФ phage (Karaolis et al. 1999). 

The 84 kDa cholera toxin is a classical  AB5 toxin composed of pentameric 

ring  of  the  11.6  kDa  B  subunit  and  a  29  kDa  A  subunit.  Subunit  A  is 

proteolytically cleaved before entry into the host cell to the procatalytic A1 

subunit, and an A2 subunit that maintains the non-covalent association to 

the B subunit (Zhang et al. 1995; Spangler 1992). When the B subunit binds 

the GM1 ganglioside receptor on the plasma membrane, it  is endocytosed 

and transported on lipid rafts to the Golgi apparatus (Chinnapen et al. 2007; 

Lencer  and  Saslowsky  2005). Here  the  A1  subunit  dissociates  from  the 

cholera  toxin  complex  and  is  recognized  by  the  endoplasmic  reticulum 

chaperon, protein disulfide isomerase, which unfolds and transports it out of 

the ER to  the cytoplasm.  The A1 chain  then refolds  and associates  ADP-

ribosylation  factor  6.  This  constitutively  activates  adenylyl  cyclase  which 

increases the levels of cAMP and results in the increase of cytosolic Protein 

Kinase A in the intestinal epithelial cells (Spangler 1992; Kaper, Morris, and 

Levine 1995). The result is the inflow of Cl- and the outflow of Na+ and H2O 

via the ATP mediated Na+/Cl- channel. The removal of water causes severe 

dehydration and severe watery diarrhea which are the symptoms of cholera. 
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Toxin-coregulated pili

Along with secretion of the Cholera toxin, the colonization of V. cholerae is 

essential  for  virulence.  Toxin-coregulated  pili  (TCP)  is  a  type  IV  pili  

machinery  that  facilitates  diverse  cellular  functions  like  motility,  biofilm 

formation,  cell  signalling,  secretion,  DNA  uptake  and  phage  attachment 

(Tacket  et  al.  1998; Herrington et  al.  1988;  Bieber  et  al.  1998). TCP also 

serves to protect the bacteria from complement mediated cytolysis (Chiang 

et al. 1995). Virulence of many pathogens is severely reduced when the pilus 

assembly is disrupted.

Vibrio cytolysin (VCC/HlyA)

The V. cholerae cytolysin also known as hemolysin A is a pore forming toxin 

that  binds  exclusively  to  the higher  cholesterol  containing  eukaryotic  cell 

membrane and causes host cell cytotoxicity (Alm et al. 1991; Coelho et al. 

2000;  Ikigai  et  al.  1996). The  80  kDa  pro-cytolysin  is  secreted  and  is 

proteolytically activated by proteolysis by different proteases by the removal 

of a 15 kDa N-terminal fragment (Alm et al. 1991; Nagamune et al. 1996). The 

mature VCC forms heptameric oligomers in the presence of cholesterol rich 

membranes and generates membrane pores (Harris et al. 2002; Krasilnikov 

et al. 2007). 

Repeats-in-toxin (RTX)

The RTX gene cluster  sits  directly  downstream of  the CT element  and is 

composed of the  rtxA, rtxB, rtxC, rtxD and rtxE genes.  RtxA codes for the 

RtxA  toxin,  rtxB codes  for  a  putative  secretory  ATPase,  rtxC encodes  a 

putative toxin activator acyltransferase, rtxD encodes a periplasmic linker of 

a putative type I secretion system for the export of RtxA, and finally  rtxE 

encodes  a  second  putative  secretory  ATPase  (Lin  et  al.  1999;  Booth, 
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Boesman-Finkelstein, and Finkelstein 1984). The 485 kDa full length RTX 

toxin  contains  many  glycine  rich  N-  and  C-  terminal  repeats  that  are 

presumed to shield and transport the central portion of the toxin through the 

eukaryotic  plasma  membrane.  The  central  portion  consists  of  the  Rho 

GTPase inactivation domain (RID), the actin cross-linking domain (ACD), 

and the cysteine protease domain (CPD).  Once entering the host  cell,  the 

CPD  binds  to  GTP  from  the  cytoplasm  and  is  activated,  this  causes  the 

autoproteolysis of the RTX toxin and releases the RID and ACD domains. 

The RID domain binds to activated GTP-bound-Rho, Rac and CDC42 and 

converts  them  to  the  GDP-bound  inactive  forms  causing  the 

depolymerisation of actin. The ACD catalyses the cross linking of G-actin and 

inhibits  cytoskeletal  formation  (Sheahan,  Cordero,  and  Satchell  2007; 

Satchell 2007). 

Hemagglutinin protease (HA)

The hemagglutinin protease was one of the early virulence factors identified 

in  V.  cholerae. It  belongs  to  the  M4  family  of  zinc  metalloproteases 

(Rawlings, Morton, and Barrett 2006). The M4 peptidase family contains the 

conserved HEXXH zinc-binding motif  in the catalytic  site (Hooper 1994). 

HA protease is secreted as 47 kDa pro-protein and is further processed to the 

32-kDa active form (Häse and Finkelstein 1991). It was found to hydrolyze 

substrates  like  fibronectin  and  ovomucin  and  cleaves  lactoferrin. 

Additionally, it was found to process and activate A-subunit of cholera toxin 

(Booth, Boesman-Finkelstein, and Finkelstein 1984) and 15 kDa N-terminal 

region of pro-VCC (Nagamune et al. 1996).
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PrtV

PrtV is a potent virulence factor of  Vibrio  cholerae, and is the focus of the 

study reported in this thesis. The PrtV protease is a secreted metalloprotease 

causing   extensive  and  rapid  cytotoxic  effects  even  at  low  amounts 

(Vaitkevicius et al. 2008). It belongs to the M6 peptidase family, sharing 37% 

sequence  identity  with  the  Immune  Inhibitor  A  (InhA)  from  Bacillus 

thurengiensis. PrtV is expressed as an inactive 102 kDa full-length pre-pro-

protein. In addition to a signal peptide, the PrtV protein has four domains:  

the N-terminal  domain  (residues  23–103),  the M6 domain(residues  106–

749), and two Polycystic Kidney Disease domains, PKD1 (residues 755–837) 

and PKD2 (residues 838–918)(Fig. 2). 

Fig 2. Domain organization of the PrtV protease from V. cholerae. Domains included 

in the secreted 81 kDa PrtV pro-protein are indicated. 

The N-terminal  domain  is  found in  many  bacterial  proteins,  however,  its 

specific function has not yet been identified. The M6 domain constitutes the 

catalytic metalloprotease domain with the characteristic HexxHxxgxxD Zn2+ 

binding  motif  (Kurisu  et  al.  1997). PKD  domains  are  found  in  various 

eukaryotic and prokaryotic proteins; they are relatively short domains of 80–

90 amino acids with a characteristic β-sandwich fold (Bycroft et al. 1999). 

They  are  usually  found  in  the  extracellular  parts  of  proteins  involved  in 

protein–protein  or protein–carbohydrate interactions.  The function of  the 

PKD domains in PrtV is not fully understood.
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The  maturation  of  the  full  length  102  kDa  pre-pro-protein  to  the  active 

protease occurs in several steps. The initial modifications and cleavage occur 

within the bacterial cell, where the 102 kDa  pre-pro-protein is cleaved down 

to the 81 kDa pro-protein.  The 81 kDa pro-protein is  secreted  out  of  the 

bacterial  cell,  however  the  exact  mechanism  of  this  secretion  process  is 

unclear. The 81 kDa pro-protein is maintained in the state in the presence of 

calcium ions (Vaitkevicius et al. 2008). Upon removal of calcium ions, the 81 

kDa  pro-protein  undergoes  cleavage  and  results  in  the  formation  of  the 

catalytically  active  protease  (Vaitkevicius  et  al.  2008;  Edwin  et  al.  2013; 

Edwin et al. 2014, Paper 1).

Studies  have  identified  human  blood  plasma  proteins  like   fibrinogen, 

plasminogen and plasma fibronectin as substrates for PrtV  (Vaitkevicius et 

al.  2008). Degradation of substrates would lead to reduced fibrin clotting 

thereby losing the ability to immobilize  foreign antigens (Rooijakkers and 

van Strijp 2007). Plasminogen is also involved in the activation of many of 

the  complementary  system  proteins.  Failure  in  activation  these 

complementary proteins, would result in a reduced immunological response 

by the host (Henderson et al. 2011).
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Importance of the study

Conventional treatment includes the administration of antibiotics to combat 

bacterial  diseases. However,  the  ability  of  pathogenic  bacteria  to  attain 

antibiotic  resistance  is  a  real  and  worrying  danger.  This  has  lead  to  the 

general paradigm shifting from a bactericidal to bacteriostatic approach to 

dealing  with  bacterial  pathogens.  Complementing  this  strategy  is  the 

neutralization of  virulence  agents.  Doing this  would inhibit  or  reduce the 

pathological  condition  and  allow  the  host  immune  system  to  fight  the 

infection.  Structural  knowledge  is  essential  to  understand  the  molecular 

function of a protein. Understanding the structure is also vital for designing 

drugs that can bind and effectively subdue the target virulence agents. This 

knowledge  can  also  be  extended  to  homologous  proteins  in  other  more 

dangerous pathogenic bacteria as well. 

In  case  of  cholera,  several  strains  of  multi-drug  resistant  pathogenic  V. 

cholerae have been recently isolated (Akoachere, Masalla, and Njom 2013; 

Tran  et  al.  2012;  Bhattacharya  et  al.  2011).  Therefore  finding  alternate 

methods for cholera treatment has become an urgent necessity. As described, 

PrtV is a very potent cytotoxic agent that is secreted out and is able to evade 

some of the host immune mechanisms. In this way it is able to do far more 

damage to the host system.  Owing to its highly virulent  nature,  PrtV has 

become an interesting candidate for structural studies as a drug target. 
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General methods

In  this  thesis,  X-ray  crystallography  and  NMR  spectroscopy  were  the 

methods used for structural studies. X-ray crystallography studies were done 

by  the  author,  whereas  NMR  spectroscopy  studies  were  done  by 

collaborators  at  the  Swedish  NMR  center,  University  of  Göteborg.  Both 

methods require large amounts of  pure proteins. In order to achieve this, 

overexpression of proteins becomes a necessity. 

Recombinant protein overexpression

Recombinant  protein  overexpression  is  the  method  in  which  a  gene  of 

interest is taken from an organism (native source), and cloned into another 

organism (recombinant source). The recombinant source is then cultured to 

over  express  the  protein  of  interest  (recombinant  protein).  Currently, 

bacterial  cells,  yeast,  filamentous  fungal  cells,  cultured  insect  and 

mammalian cells and cell-free expression systems are used as recombinant 

sources. Expression of recombinant proteins has been a major advancement 

in the field of molecular biology.  Moreover, several molecular biology tools 

have been developed in concert with recombinant protein expression. One of 

the major advances was the use of carrier protein in fusion with the target 

proteins. These carrier proteins are chosen for their intrinsic properties of  

high solubility and stability. Fused with the target protein, they may help in 

increasing  the  overall  solubility  and  stability  of  the  protein  (Walls  and 

Loughran 2011). They can also be used in purification procedures as affinity 

tags that can be fished out with a suitable substrate. Some carrier proteins 

may even act as surrogate chaperones  (Kyratsous et al. 2009; Zheng et al. 

1997). 
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The carrier proteins can be easily cleaved off from the target proteins during 

purification by using proteases like the tobacco etch virus (TEV) protease 

(Waugh 2011). This is done by introducing a TEV protease recognition site in 

the linker between the carrier and the target protein (fig 3).

Fig 3. The His6-carrier tag is useful for purification and the carrier protein confers 

solubility.  The carrier  protein is cleaved off  at  the TEV site.  Typical  carriers  used 

include maltose binding protein (MBP), Zeta-Zeta (ZZ) tag, thioredoxin (TrxA) (Pryor 

and Leiting 1997; Zhao et al. 2005; Jurado, de Lorenzo, and Fernández 2006).

 The  most  obvious  benefit  of  recombinant  protein  expression  is  that  it 

negates the need for huge amounts of native source material. To obtain high 

amounts  of  proteins  from  higher  eukaryotic  organisms  like  humans  and 

other mammals, would be very difficult and impractical. Other advantages of 

recombinant  protein  expression  include  higher  protein  yields,  substantial 

savings in cost,  time,  space,  and equipment.  Another major gain in using 

recombinant  protein  expression  is  regarding  safety  features.  The 

recombinant source used may be much safer than the native source of the 

protein. This is true in the case of PrtV which is used in this study, where the  

source organism is  pathogenic V. cholerae.
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Structure Biology

The field of structure biology is a multi-disciplinary science used to study the 

three dimensional structure of biological molecules. The major experimental 

techniques used are cryo-electron microscopy (cryo-EM), nuclear magnetic 

resonance spectroscopy, (NMR) and X-ray crystallography.

Cryo-electron Microscopy

Transmission cryo-electron microscopy (cryo-EM) is a relatively new method 

used  to  view  three  dimensional  images  of  sub-cellular  structures  at 

molecular to near atomic resolution.  In this method,  several transmission 

electron  microscope  (TEM)  images  of  very  thin  layer  of  flashed  cooled 

vitrified sample are taken. The molecules in the sample are present in many 

different  orientations.  Each  molecule  in  the  sample  leaves  a  unique 

appearance  in  the  image  corresponding  to  its  orientation.  Similar 

appearances  in  the  image  mean  that  these  molecules  are  in  the  same 

orientation and are pooled together. The pooled appearances are aligned and 

added to give a summed up view of the molecule in a particular orientation.  

This process is done with all the observed different orientations. Once this is 

done,  all  the  views  are  combined computationally  to  reconstitute  a  three 

dimensional structure of the molecule. The advantages of cryo-EM includes 

the study of biological samples in a relatively non altered state as compared 

to  X-ray crystallography.  It  also  allows  the study  of  large  structures  that 

maybe  difficult  to  study  using  other  methods.  Although  cryo-EM  is  a 

powerful tool its main drawback has been that it does not provide atomic 

scale resolution. However, recent advances in cryo-EM has enabled higher 

resolution of structures nearing atomic levels (Bai et al. 2013).
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Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance spectroscopy (NMR) is a powerful method that 

can be used to study the structure of biological molecules and its dynamics. 

Atoms that have an odd number of subatomic particles (protons, neutrons) 

have a half integer spin nuclei. In such atoms there is an innate overall spin 

produced because of the unpaired subatomic particle, which causes a small 

magnetic field. When this nuclei is placed in a stronger magnetic field, there 

is  an energy transfer  from a low level  to  a  high level  energy state at  the 

frequency corresponding to the strength of the magnetic field. As the energy 

level returns to its low level state, energy is emitted in the same resonance 

frequency.  This  is  called  the  nuclear  magnetic  resonance  and  the 

measurement of this energy frequency is done by NMR spectroscopy. The 

specific  resonance  frequency  of  the  nuclei  is  directly  proportional  to  the 

strength of the magnetic field. This method can be applied to measure the 

atoms of biological molecules that have been labeled with half integer spin 

atoms.  Generally,  the  magnetic  resonance  of   1H,  15N  and  13C  atoms  are 

measured in protein samples. The measured NMR spectra is processed and a 

model o the protein molecule is computed from it. Additional advantages of 

NMR spectroscopy  is  the ability  to  study protein  dynamics,  kinetics,  and 

interactions.  The  major  drawback  of  this  method  for  structure  solving 

purposes, is the limitation on the size of the protein molecule that can be 

studied. Typically the upper limit for solving protein structures by NMR is 

around 50 kDa. 
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X-ray Crystallography

The  most  widely  used  method  to  experimentally  determine  protein 

structures is  X-ray crystallography.  It  is  a powerful  method that provides 

atomic level resolution of proteins. It is a very useful to study large molecules 

and complexes. However, it does not allow the study of molecular kinetics in 

real time. The major bottleneck in X-ray crystallography is the need for well 

diffracting crystals.  Earlier,  small  crystals  were  not very useful for X-ray 

diffraction experiments, due to general handling difficulties. However, major 

breakthrough advances  like  the X-ray free  electron laser  (X-FEL) sources 

have overcome this problem and even promise possibility of single molecule 

X-ray  diffraction  in  the  future  (Barty,  Küpper,  and  Chapman  2013; 

Schlichting and Miao 2012; Doerr 2011). The use of ultra fast high sensitive 

complementary  metal  oxide  semiconductor  (CMOS)  detectors  like  the 

Pilatus  (Broennimann  et  al.  2006;  Kraft  et  al.  2009)  have  considerably 

reduced data collection times. 

Since, my work mainly dealt with X-ray crystallography a very brief overview 

of it is given here.

X-rays and crystals

X-rays have a wavelength between 0.01 nm to 10 nm. For crystallographic 

studies  a  typical  range  of  0.05  to  0.250  nm  is  used,  which  is  ideal  for 

studying molecules at an atomic scale resolution. It gives a clear view of bond 

lengths, and angles between atoms. In an X-ray diffraction measurements, a 

crystal  is  required.  Crystals  form  when  fluid  molecules  precipitate  in  an 

ordered  fashion  thereby  forming  regular  arrays  in  all  three  dimensions. 

Molecules  pack  themselves  to  attain  favorable  energy states.  In  a  crystal, 

about  1015 to  1018 molecules  are  packed  in  a  well  defined,  ordered  and 
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repeating  fashion.  The  repeating  periodic  spatial  arrangement  is  held  by 

specific  constraints.  This,  in  actuality  becomes  a  three  dimensional 

diffraction grating. When X-rays are passed through it, they are scattered by 

the electrons of the atoms in the crystal. Diffraction occurs by constructive 

interference of the scattered rays due to the crystal's grated packing. 

X-ray diffraction (XRD) measurement

The crystal mounted on a goniometer is rotated while being passed with X-

rays.  The atoms in the crystal  diffract  the X-rays.  This diffraction can be 

recorded as a two dimensional diffraction image. Each diffraction image is 

the  result  of  the  diffraction  from  all  the  diffracting  Miller  planes  in  the 

crystal. The diffraction image consists of regularly spaced diffraction spots 

called  reflections.  Each  reflection fulfils  Bragg’s  law and is  caused  by the 

constructive  interference  of  the  diffracted  X-rays  from a  single  family  of 

Miller plane at a particular angle. In order to obtain a complete dataset, the 

crystal is rotated to obtain  all the possible diffraction from miller planes in 

the crystal. This process is repeated many times to increase the multiplicity 

of the data in order to obtain better statistical values. 

Data processing and the phase problem

Once the XRD measurement is made, the data is processed. The first step is 

to index each spot in the diffraction image to the reciprocal  space lattice. 

This gives the unit  cell  dimensions,  the space group and symmetry of the 

crystal. The next step is to merge all the image files to a single file and to 

scale  the images  to have a  relative  intensity  scale.  In order  to obtain  the 

structure factor from which the electron density map can be calculated, it is 

necessary to have both the amplitude and phase information. The data from 
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the XRD measurements only provides the amplitude of the reflection that 

can  be  determined  from  the  intensity  of  the  spots,  however,  the  phase 

information  is  unknown.  There  are  a  few  ways  to  obtain  the  phase 

information experimentally. Multiple Isomorphous Replacement (MIR) was 

the first method developed to address the phase problem. Three datasets are 

collected of which one is from the native protein crystal, while the other two 

are from crystal with  different heavy atom bound proteins. The difference 

from the known phase of the heavy atoms' diffraction is used as a reference 

to calculate the phase of the native crystal diffraction. The Anomalous X-ray 

Scattering method was developed as an extension to MIR.  This method used 

to require the incorporation of anomalous scattering atoms in the crystal. 

The most commonly used strategy for this is the incorporation of Seleno-

methionine in to the protein itself. More recently, natively present sulphur in 

proteins has been used in this method.  The anomalous scattering from these 

atoms can be used to determine the phase. Anomalous X-ray scattering can 

be used in two ways, this includes Multi wavelength Anomalous Dispersion 

(MAD)  and  Single  wavelength  Anomalous  Dispersion  (SAD).  In  multi 

wavelength  anomalous  dispersion,  complete  datasets  are  recorded  at  the 

peak  of the signal, the inflection point, where the slope of the signal changes 

from positive  to  negative  and  remote  point  where  the  wavelength  is  the 

lowest  in  the  absorption  edge  of  the  anomalous  dispersing  atoms.  The 

advantage of this method is that only a single crystal is required. Whereas in 

single  wavelength  anomalous  dispersion,  one  crystal  was  used  with 

anomalous dispersing  atoms in  it.  Molecular  replacement  is  another  very 

useful technique that can be used to solve the phase problem. In this method 

the phase calculated from a known related structure that has been rotated 

and translated to correct position in the asymmetric unit can be used along 

with the experimental  amplitudes to solve an unknown structure.  Fourier 

transform is used to compute the model of the structure from the calculated 

structure factors. This gives the calculated 3D electron density map of the 

molecule  in  the  crystal.  Modern  programs  performing  molecular 

replacement are very powerful and may compute the structure with some 

model bias. The crystallographer must account for this and verify the model 
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manually.

Model building and structure refinement

In  recent  years,  there  are  many  powerful  programs  that  are  capable  of 

creating very accurate models from X-ray diffraction data. However, there 

will  be  several  instances  where  the  crystallographer  must  build  residues 

manually  into  the  model.  The  model  must  be  refined  to  improve  the 

calculated  structure  factors,  and  to  remove  any  bias  from  the  calculated 

model.  Several  cycles  of  refinement  using Fourier  transform are done for 

every newly calculated model against the experimentally collected diffraction 

dataset.  Constraints in occupancy,  restraints  in  bond lengths,  angles,  and 

energy restraints in flexibility are also applied during refinement. R-work, 

which  is  the  reliability  factor  is  also  determined  during  refinement  by 

calculating  the  difference  of  the  structure  factor  amplitudes  between  the 

calculated model and observed data. R-free, which uses a subset of observed 

structure factor amplitudes not used in refinement is used as a test set to 

avoid bias and validates the refinement. High resolution data below 2.5 Å 

can allow for individual B-factor refinement. This gives information of the 

movement of atoms in the structure.

Protein Crystallization

X-ray crystallography studies cannot be performed without a crystal of the 

molecule  of  interest.  Crystals  of  small  molecules  can  be  easily  made. 

However, in case of macromolecules like proteins, it can be a very difficult 

and daunting task. Most often in this field of structure biology, this is the 

bottleneck.  During expression,  purification and all  steps before the actual 

crystallization  procedure,  all  efforts  are  made  to  maintain  the  protein 

homogeneous and in solution. On the other hand, during crystallization, the 
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protein  is  slowly  pushed towards an insoluble  state.  Although this  seems 

counter  intuitive,  the  real  purpose  of  this  procedure  is  to  precipitate  the 

protein  in  an  ordered  way.  The  protein  is  coaxed  to  a  state  in  between 

solubility and precipitation. In this state the protein molecules would try to 

attain a thermodynamically low energy state. In doing so, they arrange, order 

and pack themselves to form an ordered precipitate or crystalline state. This 

initial  step occurs in a very small  scale and is known as nucleation. Once 

nucleation occurs, it is vital that it grows to form crystals. For this purpose, a 

high concentration of the protein must be available for the crystal growth. 

The proper growth of the crystal is also a key factor in X-ray crystallography.  

Often crystallographers end up with large beautiful crystals that do not or 

poorly diffract. This is because during the growth of the crystal the proteins 

were  not  properly  packed  causing  irregularities  in  the  crystal  lattice.  As 

mentioned earlier, the purpose of crystals is to allow X-ray diffraction and 

amplify  the  signal.  If  the  molecules  are  not  properly  packed,  then  there 

would be no constructive interference of  the diffracted X-ray waves.  This 

would lead to low or no signals in the diffraction.

Several factors affect crystallization. Purity of the protein is a major influence 

in protein crystallization. Impurities may hamper the nucleation process or 

affect  the  crystal  growth.  Another  factor  as  mentioned  above  is  the 

concentration  of  the  protein.  High  concentration  may  also  lead  to 

aggregation of some proteins. This would in turn become an impurity in the 

crystallization process. It is important that the protein is stable and does not 

lose  solubility  before  actual  crystallization.  Insoluble  proteins,  soluble 

aggregates and the presence of more than one conformation of the protein 

may inhibit  nucleation and block crystal growth. It is also essential  that a 

homogeneous  population  of  the  protein  is  maintained  for  crystallization. 

Environmental conditions like temperature and pH also play a major role in 

maintaining  the  thermodynamic  stability  of  the  protein.  Crystallization 

conditions  include  precipitants,  chaotropes,  salts,  metal  ions,  additives, 

variation  in  pH  and  temperature.  The  most  commonly  used  method  for 

crystallization is the vapor diffusion method (McPherson 1990).
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Once crystals are formed it is important to maintain them carefully. Unlike 

small  molecule crystals,  Protein crystals  are  fragile,  pseudo-solid,  and are 

easily damaged. Therefore crystal handling must be done with utmost care.  

Proper cryo-protectants are also necessary to shield the crystals from cold 

shock during  vitrification and data collection. Important considerations for 

crystallization must be made for the protein itself. Flexible ends of protein 

molecules  hamper  nucleation  and  crystal  growth.  The  same  is  true  for 

independent domains that have large movement between them. Therefore, in 

these  cases,  protein  engineering  is  required  for  crystallization.  In  depth 

knowledge  of  the  protein,  be  it  its  biological  role,  function,  biochemical 

characteristics, all help in the crystallization process. Some protein require a 

binding  partner  to  maintain  stability,  therefore  it  maybe  required  to  be 

purified as a complex. Even if all the known criteria are met with, there could 

be other unknown factors intrinsically present that influence crystallization. 

In  many  cases,  the  crystals  may  not  be  reproduced.  As  many 

crystallographers  admit  that  biomacromolecular  crystallization  is  not  an 

exact science, but rather dependent on chance. All the crystallographer does 

is increase the chance of crystallization.
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AIM

The general aim of this thesis was to study the PrtV protein structure and 

function. Furthermore to use this knowledge of the protein to understand its 

biological role in the virulence of V. Cholerae.

The specific aims of this thesis are given here.  

− To develop new procedures to purify the PrtV 81 kDa pro-protein 

and its domains for structural characterization.

− To structurally  investigate the role of  calcium in the activation of 

PrtV 

− To study the maturation process of PrtV and to study its proteolytic 

activity
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Results and discussions

Structural studies of  the entire 81 kDa PrtV pro protein turned out to be 

troublesome. Therefore, other strategies were adopted in parallel  to study 

the  PrtV  protease  structurally.  The  strategy  included  the  structural 

characterization of individual domains.  A divide and conquer approach was 

utilized towards this end, and domain phasing studies were done. 

Recombinant protein expression and domain phasing

In order to study the structure and function of individual domains of PrtV 

and  their  combinatorial  variants,  it  was  necessary  to  express  them 

separately.  To  obtain  large  amounts  of  protein  for  structural  studies, 

recombinant overexpression of PrtV fragments was done in E. coli (Paper I). 

Previously  described  domain  borders  by  mass  spectroscopy  gave 

approximate boundaries  for each domain (Vaitkevicius  et  al.  2008). With 

this knowledge, several constructs of varied lengths were designed around 

these approximate domain borders to find their true borders; this technique 

is  known as  domain phasing.  The constructs  were designed with borders 

ending with non-hydrophobic residues. This was done to avoid ending the 

construct inside of  a secondary structure and increase solubility.  Multiple 

constructs were made to ensure that at least one of them would yield soluble 

protein  which  was  in  phase  with  the  true  domain  borders.  Studies  have 

shown  that  a  difference  of  just  a  few  amino  acids  resulted  in  insoluble 

protein (Musco et al. 1996).  

In  total,  118  constructs  were  designed,  and  cloned  into  the  pET24d 

expression vector that expressed a His6 tagged protein. The expression was 

done in  E. coli  Bl21 (DE3) pLysS expression strain (Novagen). A modified 

auto-induction medium was used which greatly increased the efficiency and 
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ease of the screening procedure. The expression screen of these constructs 

resulted in three positive hits, showing the difficulty in obtaining the right 

length of the domains. These included the PrtV 23-103 (N-terminal domain), 

PrtV 581-838 (25 kDa fragment), and the PrV 755-839 (PKD1 domain). The 

reasoning of designing multiple length variants of each domain was justified 

with  these  few  positive  hits.  Although  the  other  constructs  differed  only 

slightly in length, they did not express as well or were insoluble. The positive 

hits were further sub-cloned and introduced to a series of pET 24d vectors. 

These vectors expressed different cleavable carrier protein as fusion to the 

target protein.  The carrier proteins series was designed to further increase 

expression and solubility. The cleavage of the carrier proteins from the target 

proteins  was  possible  due  to  the  presence  of  a  tobacco  etch  virus  (TEV) 

protease recognition site. TEV protease was used during purification and the 

carrier protein was cleaved and separated out. Interestingly, only the PrtV N-

terminal  domain  and  the  PrtV  PKD1  domain  were  cleaved  by  the  TEV 

protease; whereas the PrtV 25 kDa fragment could not be cleaved. This may 

be  due  to  a  steric  hindrance  of  the  TEV  protease  by  the  PrtV  25  kDa 

fragment.  Another,  more  plausible  explaination  is  that  the  PrtV  25  kDa 

fragment  forms  soluble  aggregation  (Waugh  2011).  The  PrtV  N-terminal 

domain and the PrtV PKD1 domain were purified to homogeneity. The PrtV 

PKD1 domain gave well diffracting crystals and its structure has been solved 

using  X-ray  crystallography  (Paper  II).  The PrtV  N-terminal  domain  was 

very soluble and did not give crystals. However its structure in solution has 

been solved by NMR (work in progress, Paper III). 

Native source purification of PrtV

Although recombinant expression of protein has proven to be an invaluable 

tool in molecular biology, it has its limitations. In many cases, the structure 

and function of a protein is dependent on additional biological factors. The 

protein requires them for its proper folding, solubility and stability. These 

factors  include  chaperones,  binding  partners,  and  also  localization 
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machinery that may be available only in the native organism. The lack of 

such essential factors in the recombinant source may lead to low expression, 

degradation  by  the  host  machinery,  inclusion  bodies,  and  even  toxicity 

(Baneyx and Mujacic 2004; Dumon-Seignovert, Cariot, and Vuillard 2004). 

The approaches that yielded positive hits with the PrtV N-terminal domain 

and the PrtV PKD1 domain were not successful for the expression of the 81 

kDa pro-protein,  and the M6 domain constructs.  As discussed above.  the 

most probable reason for this lack of expression may be that it requires some 

factors that is present only in the native source. 

Purification  of  the  PrtV  81  kDa  pro-protein  from  the  native  V.  cholerae 

bacterium has been reported earlier (Vaitkevicius et al. 2008), however this 

purification was not aimed for structural studies. The optimized purification 

procedure  that  was  developed  resulted  in  high  purity.  The  key  changes 

involved a sonication and a high speed centrifugation step. This effectively 

removed cellular and vesicular membrane debris that were not addressed in 

the earlier purification. In spite of the higher purity, no crystals has so far 

been obtained from it. The purified 81 kDa pro-protein was further used as  

the starting material  for the purification of the 37 kDa active M6 domain 

(Paper I).  

Auto-proteolysis and proteolytic activity of PrtV

The  81  kDa PrtV  pro-protein  is  stabilized  by  calcium  (Vaitkevicius  et  al. 

2008). The removal of calcium starts an immediate auto-proteolysis process 

of the PrtV pro-protein. Two hours after the removal of calcium, two auto-

proteolytic products were seen with 37 kDa and 18 kDa molecular weights. 

This concurs with earlier findings in which the two fragments were reported 

to  form  a  55  kDa  complex  (Vaitkevicius  et  al.  2008).  In  this  study,  a 

prolonged incubation of the auto-proteolytic products was performed (Paper 

I). The results showed the degradation of the 18 kDa fragment over 16 hours. 

However, the 37 kDa fragment remained stable over longer periods of time 

and could be purified. The proteolytic activity of the PrtV protein was earlier  
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attributed to the so called 55 kDa complex (Vaitkevicius et al. 2008). With 

these new results, the obvious question to ask was whether the stable 37 kDa 

domain  had  proteolytic  activity  on  its  own.  To  answer  this  question,  a 

proteolytic activity test using domain constructs of PrtV and the purified 37 

kDa fragment of PrtV was done. Commercially available fibrinogen which is 

a known substrate of PrtV was used for this experiment. Additionally,  the 

same experiment was done with auto proteolytic products of the 81 kDa PrtV 

pro-protein taken at different time points. This included 5 minutes, 2 hours, 

and 16 hours after the removal of calcium. The results from these experiment 

showed  that  the  37  kDa  domain  alone  was  sufficient  for  the  proteolytic 

activity (Paper I). The other domains which included only the N terminal 

domain,  the  PKD1  domain  and  the  25  kDa  fragment  did  not  have  any 

proteolytic effect on fibrinogen.

A  new  working  model  of  PrtV  maturation  and  the  active  M6 

domain

The work described in paper I suggests that the earlier described model for 

PrtV activation does  not  hold.  The results  show that  the  auto-proteolysis 

process begins by the removal of calcium from the 81 kDa PrtV pro-protein 

and  it  ends  with  a  stable  37  kDa  product  (residues  106-434).  The  auto-

proteolytic end product includes the the active M6 domain containing the 

catalytic site with the characteristic HexxHxxgxxD Zn2+binding motif (Fig 4).

Fig 4. The maturation of the 81 kDa PrtV pro-protein
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The purification of the 37 kDa active M6 domain proved to be challenging. 

The  optimized  purification  procedure  developed  in  this  study  efficiently 

removed contaminants. However, size exclusion chromatography showed it 

to be of a very high molecular weight. As the purified 37 kDa M6 domain 

showed proteolytic activity, it was not considered as soluble aggregates but 

rather a large multimer. Crystallization of such large multimers can be very 

difficult. So far, crystallization of the 37 kDa active M6 domain has not been 

successful.  Several  attempts  using  additives  were  unsuccessful  in  the 

dissociation of the large multimer.

The sequence of the active 37 kDa M6 domain has been identified by mass 

spectroscopy (Vaitkevicius et al. 2008). This was used to search the protein 

data bank (PDB) for any homologous structures. Two structures were fished 

out; namely the human ADAM-8 metalloproteinase (pdb code 4dd8, Hall et 

al.  2012)  and the zinc  endoprotease  from  Streptomyces  caespitosus (pdb 

code 1c7k, (Kurisu et al. 1997). The ADAM-8 protein gave a higher sequence 

similarity than the  S. caespitosus protein. A sequence identity of 28% for 67 

aligned residues between the PrtV protease and the ADAM-8 protein is seen. 

These  67 residues  include the Zn2+-binding  motif  within  the M6 domain. 

Therefore, it is plausible that PrtV and ADAM-8 have similar structures for 

these residues. 

Purification and crystallization of the PKD1 domain

Positive hit from the domain phasing experiment included the PKD1 domain. 

From the fusion series, the best expressing and soluble fusion was chosen for 

further study. The fusion protein with the smallest carrier protein tag would 

yield that highest percentage of the target protein (Bogomolovas et al. 2009; 

Hammarstrom  et  al.  2002). Although  the  His6 and  the  His6-GB1  fusion 

protein were expressed in high amounts, a large fraction of the proteins was 

also insoluble. However, this was not seen with the His6-ZZ tagged fusion 

protein and it was selected. The TEV protease was used to completely cleave 

off  the  His6-ZZ  tag  from  the  PrtV  PKD1  domain  that  was  subsequently 
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removed  during  purification.  The  PrtV  PKD1  domain  was  purified  to 

homogeneity.  The purified protein was used in crystallization trial screens 

and resulted in  positive  crystal  conditions.  These  conditions were further 

optimized using the hanging drop vapor diffusion method. 

Structure determination

Once crystals were obtained, they were flash frozen in liquid nitrogen and 

tested  for  diffraction  in  the  in-house  X-ray  facility  at  the  Chemistry 

Department, KBC, Umeå University.  The condition for the best diffracting 

crystal  was  used  to  grow more  crystals.  A  complete  dataset  from a  flash 

frozen single crystal  was collected at the European Synchrotron Radiation 

Facility (ESRF), Grenoble, France.  The collected dataset was processed with 

XDS (Kabsch 1993) and scaled using SCALA (Collaborative Computational 

Project,  Number  4  1994). The  phase  problem  was  solved  by  molecular 

replacement  using  AUTO-RICKSHAW:  the  EMBL  -  Hamburg  automated 

crystal structure determination platform (Panjikar et al. 2009; Panjikar et al.  

2005). The  model  produced  by  the  program  correctly  gave  81  of  the  87 

residues  in  the  protein.  The  model  was  built  upon  by  adding  missing 

residues using COOT (Emsley and Cowtan 2004; Emsley et al. 2010) and 

further  refined  using  REFMAC  (Collaborative  Computational  Project, 

Number 4 1994). Metal ions were identified on the basis of their geometry, 

ligand distances, and B-factors.  The final structure was solved at an atomic 

resolution of 1.1 Å with final R-values of R-work = 0.109 and R-free = 0.140.  

The solved structure of the PKD1 domain showed two molecules (chain A 

and B) in the asymmetric unit. This means that molecule A and molecule B 

were  refined  independently  of  each  other.  The  coordinates  and  structure 

factors are deposited in the Protein Data Bank (PDB) (accession code 4L9D). 
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Structure of the PKD1 domain

The PKD1 domain is made of  two anti-parallel β-sheets of three (A, B, E) 

and four (D, C, F, G) strands. The two β-sheets are packed face-to-face that  

form a β-sandwich similar to other known PKD homology structures (Fig 6) 

(Bycroft et al. 1999).

Fig 6. Ribbon representation of the PKD1 domain structure from PrtV. This figure 

shows both A and B molecules seen in the crystal.

The PISA tool for exploration of protein interfaces (Krissinel  and Henrick 

2007) calculated the energy of the interface between these two molecules.  

The  estimated  stable  interface  from  PISA  along  with  size  exclusion 

chromatography analysis, clearly shows the PKD1 domain to form a dimer. 

From the high resolution structure, a calcium binding site was identified at 

the  N-terminal  of  the  PKD1  domain.  Interestingly  the  crystal  structure 
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showed that only monomer B had the bound calcium ion, while this was not 

seen in monomer A (Fig 7). 

Fig  7.  Calcium binding  site  in  the  PKD1 domain.  Monomer  A does  not  have  the 

calcium bound, whereas  the  calcium is seen in monomer B.

Also  only  50%  occupancy  was  seen  for  the  calcium.  Another  interesting 

finding was that  there  were two conformations for  the N-terminal  of  the 

monomer B. In one conformation the main chain of the N-terminal is seen 

with the bound calcium. The calcium binding residues hold the N-terminal 

main chain as an extension of the first β-strand of the PKD1 domain. In the 

other conformation which is  free from calcium, the main chain of the N-

terminal is seen with an approximate 90° change in direction in comparison 

to the calcium bound form (Fig 8). Monomer A is seen only in the calcium 

free conformation.

Fig  8.  The  Calcium  free  and  bound  states  of  the  PKD1  domain.  The  N-terminal 
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change in monomer B main shows the two conformations.

Function  of  the  PKD1  domain  and  role  in  PrtV  activation  and 

virulence

So far, the exact role of the PKD1 domain in PrtV was not clearly understood. 

The PKD1 domain along with the M6 domain forms the 81 kDa pro-protein. 

During maturation the PKD1 domain along with a part of the M6 domain is 

cleaved  off  to  give  the  37  kDa  active  M6  domain.  The  initiation  of  the 

maturation  process  is  dependent  on  calcium.  From  the  solved  structure 

reported  in  this  work,  it  is  clear  that  the  PKD1  domain  has  two 

conformations dependent on calcium binding. Earlier studies have identified 

one of the proteolytic cleavage site on the 81 kDa pro-protein (Vaitkevicius et  

al.  2008). The site  is  part  of  a  short  5  residue  linker  connecting  the M6 

domain and the PKD1 domain. It is situated only 3 residues upstream from 

the calcium-binding site in PKD1 (Vaitkevicius et al. 2008) (fig 9). 

Fig 9. The linker and the cleavage site present upstream of the PKD1 domain 

With this  knowledge,  a model  for  the activation of  the PrtV 81 kDa pro-

protein was proposed (Paper II)(fig 10). The current suggested mechanism is 

that upon the removal of calcium, there is a conformational change which 

occurs in the N-terminal of the PKD1 domain. This exposes the linker region 

with the cleavage recognition site. Then the auto-proteolysis of the 81 kDa 

pro-protein  occurs  to  give  the  final  37  kDa active  M6  domain  (Paper  I). 
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Whether the cleavage is intra-molecular or inter-molecular is still unclear. In 

vivo studies show that low concentrations of calcium (20 μM) in solution can 

lead  to  the  activation  of  the  PrtV  pro-protein.  The  physiological 

concentration of calcium outside the cell is in the the mM range, whereas the 

concentration of calcium inside the cell is much lower, at the range of 10 – 

100  nM (Clapham 2007). Thus it can be presumed that if the PrtV 81 kDa 

pro-protein enters the cell then it can be activated from within. 

Fig  10.  The  proposed  model  of  PrtV  activation.  Removal  of  calcium  causes 

conformational change in the PKD1 domain exposing the cleavage site in the linker 

region. In the calcium bound state the PKD1 domain protects the cleavage site
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The PKD2 domain

The domain  phasing  experiments  failed  to  yield  any  positive  hits  for  the 

PKD2 domain. Although low amounts of protein expression was seen for the 

fusion proteins holding the PKD2 domain constructs. It lost solubility when 

the carrier protein was cleaved off. Sequence alignment between PKD1 and 

PKD2 shows a 39% sequence identity. However, there are some predicted 

structural differences between them (fig 11).  The prediction made from the 

secondary structure prediction program Jpred3 (Cole,  Barber,  and Barton 

2008)  shows  differences  in  the  secondary  structure.  The  dimer  interface 

residues present in the PKD1 domain are also lacking in the PKD2 domain. 

These factors may contribute to the insolubility of the PKD2 domain. The 

PKD2 domain does not poses the conserved WDFGDG seen in PKD domains 

(Bycroft et al. 1999). From the alignment of the calcium binding residues of 

PKD1 to PKD2 domains, it may be possible that there is a calcium binding 

site in the PKD2 domain as well. The PKD2 domain does not form a part of 

the  81  kDa  PrtV  pro-protein  and  is  not  secreted  from  V.  cholerae 

(Vaitkevicius et al. 2008). The role of the PKD2 domain in the PrtV protease 

remains unknown.

Fig 11. The sequence alignment between PKD1 and PKD2 domains of PrtV. 
Residues for calcium binding in seen in PKD2. The conserved sequence for 
PKD domains, marked in yellow, seen in PKD1  is absent in PKD2. The green 
colored rsidues form the Calcium binding site and the cyan colored residues 
form the dimer interface seen in PKD1 
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The PrtV N-terminal domain

The PrtV N-terminal domain was fished out using the domain phasing. It 

was  screened for expression and solubility in the fusion protein series (Paper 

I).  The  His6-TrxA  tagged  fusion  protein  was  selected  from  the  series 

following the same criteria as previously described for the PKD1 domain, and 

was used in the study. The carrier protein was completely cleaved by the TEV 

protease and the PrtV N-terminal domain was purified to homogeneity. The 

domain was highly soluble and could be concentrated to greater than 100 

mg/ml, however, it failed to yield any crystals so far. Therefore, structural 

characterization studies  were done using NMR spectroscopy.  The PrtV N-

terminal domain was double labeled with 15N and 13C isotopes and purified to 

homogeneity  as  described  earlier  for  unlabeled  protein.  The  solution 

structure  of  the  PrtV  N-terminal  domain  was  solved  using  NMR  by 

collaborators at the Swedish NMR center at Göteborg University. The three 

dimensional structure showed two well defined helices in a helix-turn-helix 

fold. However, the C-terminal part of the domain connecting with the M6 

domain was found to be disordered (fig 12). 

Fig 12. NMR derived structure ensemble of PrtV N-terminal domain showing two 

helices and  disordered C-terminal region
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Secondary structure prediction indicated a third helix structure element for 

this  region  of  the  domain.  Interestingly,  this  region  also  contained  more 

conserved residues when aligned with other N-terminal domains of Vibrio. 

The disordered C-terminal would explain why the PrtV N-terminal domain 

failed to crystallize.  Till  date,  the function of the PrtV N-terminal domain 

remains  unclear.  The  structure  revealed  a  hydrophobic  groove  that  may 

possibly be involved in domain-domain interactions with the M6 domain. 

This interaction may help in maintaining the stability of the 102 kDa PrtV 

pre-pro-protein before secretion. 
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Conclusion

In conclusion of the work reported in the thesis, the key findings are given 

here.

A new purification procedure of the 81 kDa PrtV pro-protein was developed. 

The auto-proteolysis experiments showed that the stable 37 kDa M6 active 

domain was the final product in the maturation of PrtV. Moreover, the 37 

kDa M6 active domain alone was found to be responsible for the proteolytic 

activity of PrtV. From these results, a new maturation model for PrtV was 

proposed. The domain phasing experiments resulted in the isolation of the 

PKD1 and the N-terminal domain from the PrtV protein. 

The PKD1 domain was purified and crystallized. X-ray diffraction analysis 

from a single crystal was used to solve the structure of the PKD1 domain at 

1.1 Å resolution. The PKD1 domain has a  a β-sandwich fold. The structure 

revealed a  calcium binding site at the N-terminal of the PKD1 domain. The 

structure also revealed that the PKD1 domain  The structure also revealed 

two  conformations  for  the  PKD1  domain  dependent  on  calcium  binding. 

Using this knowledge a new activation mechanism for PrtV was proposed.

The N-terminal  domain  of  PrtV was also isolated by the domain  phasing 

experiments and was purified.  The structure of the N-terminal  domain of 

PrtV was solved by NMR spectroscopy. It revealed a helix-turn-helix fold. It 

also showed that the C-terminal part of the domain was  unstructured. 
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Future work

The  structure  of  the  active  37  kDa  M6  domain  is  remains  unsolved  as 

crystallization of the same has not been successful. One possibility for the 

lack of crystals may be due to the high molecular weight oligomer it forms.  

Therefore  further  studies  are  planned  to  focus  on  dissociating  the  large 

oligomer.  Another  strategy  would  be  to  prevent  its  formation  during  the 

maturation process.  Detergent screening would be a plausible approach to 

achieve this (Shukolyukov 2009). Carrier protein driven crystallization is a 

well  established  method  and  has  been  used  for  crystallization  of  many 

difficult target proteins (Moon et al. 2010). The same approach can be used 

here, however the fusion protein would be expressed in the native source. 

Studies are planned to create mutants that lack the calcium binding residues 

of the PKD1 domain and check its effect on PrtV. N-terminal domain deletion 

mutants of PrtV are also planned to study its effect on PrtV secretion and 

activation.  Preliminary  NMR  results  from  temperature  gradient  studies 

showed  conformational  changes  in  the  N-terminal  domain.  Further 

structural studies are planned at different temperatures.
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