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Synopsis

Part A: Structure-Based Drug Design for Carbonic Anhydrases

In humans there are twelve carbonic anhydrase (CA) isozymes that possess catalytic 

activity for the reversible hydration of carbon dioxide (Supuran, & Scozzafava, 2007). 

Carbonic anhydrases (CAs) underpin vital physiological and pathological processes and 

are  so  pharmaceutical  targets  for  a  variety  of  diseases.  The  recent  findings  in  CA 

research were the validation of transmembrane human CA IX and human XII proteins 

as targets for cancer chemotherapy. Studies have shown that the specific targeting of CA 

IX (or XII) can lead to an effective anti-cancer therapy, especially for hypoxic tumours.

Chapter one of this thesis is the introduction to carbonic anhydrases and the catalytic 

and  inhibition  mechanisms  of  different  CA  families.  It  has  appeared  within  the 

literature,  highlighting  the  involvement  of  CAs  in  a  wide  range  of  physiological 

functions,  which  makes  them  notable  as  targets  for  clinical  inhibitors  (Supuran  & 

Scozzafava,  2007; Liljas, Hakansson, Jonson & Xue, 1994; Hilvo  et al,  2008). This 

chapter introduces the classical recognition moiety needed for the inhibitor compounds 

in  order  to  recognise  and  bind  to  the  active  site  of  CA,  which  is  the  aromatic  or 

heteroaromatic sulfonamide moiety (R-SO2NH2). They operate through coordination of 

the sulfonamide anion to the active site zinc cation, replacing the  zinc-bound hydroxyl 

anion, thereby impeding the endogenous reaction. Typically, 'tail' groups are appended to 

the  aromatic  sulfonamide  anchor  with  the  aim  of  improving  potency  and  optimised 

pharmacokinetic properties of CA inhibitors. Varying tail moieties can be appended to the 

aromatic sulfonamide anchor via a triazole linker. 

Chapter two is a brief description of the objectives of this thesis. This chapter tries to 
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convey an idea about the proteins involved in the thesis and reasons as to why these 

enzymes were investigated, with detailed descriptions presented in the relevant chapters.

Chapter three presents a thorough study of the X-ray crystallographic structures of 

different  CA II-  inhibitor  complexes.  The  three-dimensional  structures  of  these  CA 

inhibitor compounds with human CA II enabled us to understand their interactions with 

the  active  site  residues  of  CA II,  and  thus  to  determine  the  structural  features  of  the 

ligands responsible for their weak or strong CA inhibition. The interactions of all of these 

compounds with CA II were compared to the interactions and properties of topiramate 

with CA II active site residues. Topiramate is a low nanomolar inhibitor of human CA II, 

and  a  well-established  anti-epileptic  drug.  This  is  to  compare  the  active  site  binding 

properties of the new CA ligands with those of topiramate when inside the human CA II 

active  site. To  obtain  a  preliminary  idea  on  the  stability  of  different  CA II:  ligand 

complexes,  thermal  denaturation  studies  of  these  complexes  were  performed  using 

circular dichroism (CD) spectroscopy. 

Since  the  recent  findings  in  CA  research  has  shown  the  specific  targeting  of 

transmembrane  CA  IX  (or  XII)  leading  to  an  effective  anti-cancer  therapy,  our 

collaborators started working on the aspect to differentiate the inhibition of cancer-related, 

transmembrane CAs such as CA IX, CA XII from cytosolic CAs like CA I, CA II. The 

strategy was to attach a carbohydrate moiety to the high affinity zinc-binding aromatic 

sulfonamide CA moiety leading to the formation of sulfonamide glycoconjugates with a 

sugar-aromatic-SO2NH2 motif. The -SO2NH2 zinc binding moiety of the glycoconjugates 

plays a key role in CA enzyme recognition and is essential for efficacy. The sugar tail is 

responsible  for  the  high-water  solubility  of  the  compound  and  this  hydrophilic  group 
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impairs the ability of the sulfonamide glycoconjugates to passively diffuse through lipid 

membranes,  and this  facilitates  a  selective  or  preferential  inhibition of  transmembrane 

CAs over cytosolic CAs, which would help in treating cancer. The stereochemical and 

structural variations of the carbohydrate moiety provide the opportunity for exploring the 

differences among different CA active site architecture, thus yielding a neutral and water 

soluble CA inhibitor that has excellent potential as an isozyme selective inhibitor.

Three different aromatic sulfonamides carrying a thio, sulfinyl or sulfonyl glucoside 

triazole  tail  moiety  on  the  benzenesulfonamide  CA pharmacophore  have  been  co-

crystallised  with  human  CA II.  Additional  sugar-containing  derivatives  of  similar 

topology have been co-crystallised with CA II to assess the effects of length variation 

and  acetylation.  Compounds  different  from  the  typical  aromatic  sulfonamide  CA 

inhibitors were also co-crystallised with CA II, where the classic aromatic moiety of the 

zinc-binding sulfonamide CA inhibitors is absent from these compounds, and instead a 

hydrophilic monosaccharide or disaccharide moiety has been introduced directly to the 

primary sulfonamide group to get sugar-SO2NH2 motif.  The fourth set of CA inhibitors 

used  for  co-crystallisation  was  sulfamate  compounds  (R-OSO2NH2).  Sulfamates,  like 

sulfonamides, are a group of strong CA inhibitors. While direct interactions between the 

compounds  and  the  protein  were  identified  only  in  few  cases,  the  current  structures 

provide clues as to where and how to extend the compounds in order to increase direct 

interactions, and thus obtain an isozyme-specific inhibitor with improved pharmacological 

properties.

Chapter four explores two other CA isozymes; human CA IX and carbonic anhydrase 

from  Plasmodium  falciparum.  This  chapter  also  present  the  attempts  to  successfully 
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express and purify these proteins.

Part B: Membrane Interactions of Human Visinin-like Protein-1 (VILIP-1)

VILIPs  are  part  of  the  subfamily of  neuronal  calcium sensor  (NCS)  protein.  All 

members of NCS protein family are EF-hand proteins, and they share the characteristic 

feature of  N-terminal  myristoylation as well  as  the calcium-myristoyl  switch.  When 

calcium levels elevate, NCS proteins undergo the calcium-myristoyl switch which is the 

central mechanism of their involvement in cellular calcium signalling. Previous studies 

have shown that the membrane association of proteins by a myristoyl group alone is 

weak  and  requires  other  interactions  between  the  protein  and  phospholipid  on  the 

membrane for stability. In addition to increasing the strength of the protein-membrane 

association,  protein-phospholipid interactions also help to target  proteins to  different 

subcellullar domains (Braunewell et al, 2010).

Chapter  one  provides  a  background  to  NCS  proteins,  particularly  VILIP-1.  The 

chapter highlights the functional and structural aspects of the proteins in this family.

Chapter  two  presents  the  objectives  of  this  part  of  the  thesis.  The  aims  include 

expression and purification  of  VILIP-1 proteins  (unmyristoylated,  myristoylated and 

VILIP-1 mutant S6A/K7A), protein folding experiments of these proteins in the absence 

and  presence  of  calcium  ions,  and  the  monolayer  adsorption  experiments  using 

Langmuir surface film balance.

Chapter  three explains  the  expression and purification details  of  the  recombinant 

VILIP-1  proteins;  unmyristoylated  VILIP-1,  myristoylated  VILIP-1  and  VILIP-1 
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mutant S6A/K7A. Ser6 and Lys7 are two of the main N-terminal residues found to be 

involved in forming interactions with membrane phospholipids, which in turn, help in 

protein-membrane association. These two residues have been replaced using the neutral-

charged alanine to investigate the importance and the effects on the protein-membrane 

association in their absence. 

Chapter four of this thesis explores the thermal stability of VILIP-1 proteins. Four 

separate  experiments  were  performed;  unmyristoylated  VILIP-1  in  the  absence  of 

calcium, unmyristoylated VILIP-1 in the presence of calcium, myristoylated VILIP-1 in 

the  absence  of  calcium,  and  myristoylated  VILIP-1  in  the  presence  of  calcium. 

Quaternary  structure  of  VILIP-1  mutant  S6A/K7A  protein  in  solution  was  also 

determined using SEC-MALLS. 

Chapter five experimentally determines the postulated interaction of  VILIP-1 with 

different  PIP  derivatives.  Studies  have  shown  VILIP-1  localises  at  the  plasma 

membrane, Golgi bodies, axonal and dendritic membranes, and clathrin-coated vesicles. 

The  plasma  membrane  and the  Golgi  are  rich  in  PI(4,5)P2,  whereas  clathrin-coated 

vesicles  in  PI(4,5)P2,  as  well  as  PI(3,4,5)P3.  Adsorption  of  VILIP-1  proteins  to 

phospholipid  monolayers  was  tested  using  a  Langmuir  surface  film balance,  which 

showed the preference of the protein for the PI(4,5)P2 over PI(3,4,5)P3.
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                                                        Chapter 1

                                  INTRODUCTION TO CARBONIC ANHYDRASES 

    Carbonic anhydrase isozymes (CAs) are zinc containing metallozymes present in 

prokaryotes  and  eukaryotes,  and  they  are  involved  in  a  variety  of  physiological 

functions. Five evolutionarily unrelated families have been discovered within carbonic 

anhydrases; α-CAs are present in vertebrates, bacteria, algae, and the cytoplasm of green 

plants (Winum, Scozzafava, Montero, & Supuran, 2005); β-CAs are present in bacteria, 

algae,  and  chloroplasts  of  both  monocotyledons  and  dicotyledons  (Smith  &  Ferry, 

1999);  γ-CAs are present in  Archaea and some bacteria (Tripp, Bell, Cruz, Krebs, & 

Ferry,  2004);  δ-CAs are present in some marine diatoms (Lane & Morel,  2000; Xu, 

Feng,  Jeffrey,  Shi,  &  Morel,  2008);  ε-CAs  are  present  in  cyanobacteria  and 

chemolithoautotrophic bacteria (So et al, 2004).

     Of these five families, only α-CAs have been found to be predominantly present in 

the animal kingdom (Temperini, Scozzafava & Supuran, 2008; Hilvo et al, 2008). These 

α-CAs have 16 different isoforms, some of which are cytosolic (CA I, CA II, CA III, CA 

VII, CA XIII) (Lehtonen et al, 2004), and five have been found to be membrane-bound 

(CA IV, CA IX, CA XII, CA XIV, CA XV) (Supuran, & Scozzafava, 2007; Whittington 

et al, 2004). There are also two mitochondrial forms (CA VA & CA VB) (Fujikawa, 

Nishimori, Taguchi, & Onishi, 1999), and one CA that is secreted in saliva and milk 

(CA VI) (Murakami & Sly, 1987). The localisation and some of the properties of these 

α-CA isoforms can be found listed in Table A.1.1 (Supuran, 2008).

   Carbonic  anhydrases  perform as  efficient  catalysts  in  the reversible  hydration  of 

carbon dioxide to bicarbonate and a proton, a basic physiological reaction.
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These  enzymes  are  thus  connected  to  several  key  physiological  processes  such  as 

respiration, transport of carbon dioxide-bicarbonate between metabolising tissues and 

the lungs, pH homeostasis, ion transport, bone resorption, calcification, tumourogenesis, 

and  a  range  of  biosynthetic  reactions  (such  as  gluconeogenesis  and  ureagenesis) 

(Supuran & Scozzafava, 2007;  Liljas, Håkansson, Jonsson, & Xue,  1994; Hilvo  et al, 

2008). The α- and β- families are zinc enzymes, whereas the γ- and δ- forms, include 

alternative metal ions such as Fe2+  , Cd2+  and Co2+  (Tripp  et al, 2004; Lane & Morel, 

2000). Many of these isozymes are used as targets for the design of inhibitors which act 

as  anti-glaucoma,  anti-convulsant,  anti-obesity,  anti-epileptic  and  anti-cancer  agents, 

with various compounds already approved as drugs (Pastorekova, Parkkila, Pastorek, & 

Supuran, 2004; Supuran, Scozzafava, & Conway, 2004). 

Isozyme
Catalytic activity (CO2 

hydration)
Affinity for 

sulfonamides Localisation

CA I Moderate Medium Cytosol

CA II High Very high Cytosol

CA III Very low Very low Cytosol

CA IV High High Membrane-bound

CA VA Low-moderate High Mitochondria

CA VB High High Mitochondria

CA VI Moderate High  Saliva/milk

CA VII High Very high Cytosol

CA IX Moderate-high High Transmembrane

CA XII Low Very high Transmembrane

CA XIII Moderate Medium-high Cytosol

CA XIV Moderate High Transmembrane

CA XV Low Unknown Membrane-bound

Table A.1.1 α-CA isozymes and their properties (Supuran & Scozzafava, 2007).
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This  introductory  chapter  gives  emphasis  to  the  structural,  catalytic  and  inhibition 

mechanisms of α-CA family while introducing the rest of the CA families; β-, γ-, and δ- 

CAs.

1.1 X-ray crystal structure of α-CAs

The  X-ray  crystal  structure  of  carbonic  anhydrase  II  (α-CA)  from  human 

erythrocytes, has been determined and refined to 1.54 Å resolution, which has provided 

a vast insight into structure-function relationships within the active site of this isozyme 

(Eriksson, Jones, & Liljas, 1988; Sly & Hu, 1995). The overall structures of the α-CA 

isozymes are very similar. The approximate dimension of this CA II globular molecule 

is 5 x 4 x 4 nm3. The secondary structure is dominated by a 10-stranded β-sheet at the 

core of the molecule, whereas a few short α-helices are present on the surface of the 

molecule (Lindskog, 1997) (Fig A.1.1). 

Fig A.1.1 Structure of human carbonic anhydrase II. The zinc ion in the catalytic site 

(magenta) is coordinated to three histidine residues (His94, His96, His119) (PDB code: 

1CA2) (Eriksson et al, 1988). The figure was generated using PyMOL (DeLano, 2002).
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The active site of this CA II isozyme is located in a large, cone-shaped cavity and 

the cavity extends to the centre of the molecule, with hydrophobic residues forming one 

side of the cavity, and hydrophilic residues, including Thr199 and Glu106, forming the 

other  side.  The  catalytic  zinc  ion  is  located  near  the  bottom of  the  cavity  and  is 

coordinated in a tetrahedral geometry to the side chains of the three histidine residues; 

Nε of His94, Nε of His96 and Nδ of His119, with H2O or OH- serving as the fourth 

ligand (Fig A.1.1 & Fig A.1.2) (Lindskog, 1997;  Håkansson, Carlsson, Svensson, & 

Liljas, 1992). 

Fig  A.1.2.  Schematic  representation  of  the  zinc  ion  coordinated  in  the  carbonic 

anhydrase II active site with three histidine residues (His94, His96, His119) and the gate 

keeping residues (Thr199 and Glu106).

Lesburg and Christianson (1995), showed that the H2O or OH- ligands form hydrogen 

bonds with the hydroxyl moiety of Thr199, which in turn interacts with the carboxylate 

group of Glu106 (Fig A.1.2). These interactions increase the nucleophilicity of the zinc-

bound  hydroxide  and  lead  the  substrate  (CO2)  into  this  favourable  atmosphere  for 

further nucleophilic reactions. Therefore, Thr199 and Glu106 have been called “gate-

keeping  residues” (Supuran  &  Scozzafava,  2007).  These  residues  are  found  to  be 

conserved in all sequenced α-CAs. 
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1.2 Catalytic mechanism of α-CAs

     CA II (α-CA), is one of the catalytically fastest enzymes known, with a maximum 

turnover rate for the CO2 hydration reaction (106 s-1) (Sly & Hu, 1995). All α-CAs reveal 

the presence of the zinc ion in the catalytic site for catalysis. 

Fig A.1.3. Catalytic mechanism of α-CAs. The figure explains the reversible hydration 

of carbon dioxide to bicarbonate ions and protons (Supuran & Scozzafava, 2007). 

     During the α-CA catalysis, the Zn2+-bound hydroxide form is basic in nature, and 

acts  as  a  strong  nucleophile  (Fig  A.1.3.A),  which  then  reacts  with  the  CO2 in  the 

hydrophobic pocket (Fig A.1.3.B) to form a zinc-coordinated bicarbonate (Fig A.1.3.C). 

The bicarbonate ion is displaced by a water molecule and thus, zinc-bound water is 

formed,  which is  the catalytically inactive acidic form of the enzyme  (Fig A.1.3.D) 

(Lindskog & Silverman, 2000; Sly & Hu, 1995). To restore the basic form, a proton 

transfer  reaction occurs from the active site to  the environment.  This process is  the 

catalytic turnover, and the transfer of proton from the enzyme to the bulk solvent is 

supported  by the shuttle  group His64 (Zheng,  Avvaru,  Tu,  McKenna,  & Silverman, 
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2008; Supuran & Scozzafava, 2007).

The second part of the reaction in which the zinc-hydroxide form is regenerated is 

the  rate  limiting  step in  this  catalytic  cycle.  As stated above,  the proton transfer  is 

assisted by the His64 residue, present at the entrance of the CA II active site (Zheng et  

al, 2008). A group of other histidine residues, which are also involved in this process, 

are located at the rim of the active site and protrude out to the surface of the enzyme, 

enabling  highly  efficient  proton  transfer  for  CA II,  the  most  efficient  CA isozyme 

(Zheng et al, 2008; Fisher et al, 2007). 

Studies have been performed on the role of hydrophilic residues in proton transfer, 

during catalysis in human carbonic anhydrase II. Zheng et al (2008) focussed on Asn62, 

which is one of the hydrophilic residues that extend into the active site and is located 

adjacent to His64 in CA II. To study the efficiency of catalysis in the active site, Zheng 

and coworkers created site-specific mutants by replacing the Asn in position 62 with 

Ala,  Val,  Leu,  Thr and Asp, and found that these substitutions did not produce any 

changes  to  the  ordered  water  structure  in  the  active  site,  as  observed  by  X-ray 

crystallography. They did, however, establish that the role of Asn62 was to provide two 

conformations of the side-chain of His64; the inward (towards the CA II active site) or 

the outward conformation (away from the CA II active site). These conformations were 

found to be necessary for the maximal efficiency in the process of proton transfer. A 

comparative  study  of  various  site-specific  mutants  strengthened  the  importance  of 

Asn62 among the hydrophilic residues in maintaining efficient catalysis of this enzyme 

(Zheng et al, 2008). 
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Metal  ion  binding: Early  studies  have  shown that  the  catalytic  zinc  ion  can  be 

removed from the carbonic anhydrase by dialysis against chelating agents  (Lindskog, 

1997). Activity can, however, be restored by the addition of zinc. Several other metal 

ions  can  bind  to  the  enzyme's  active  site,  with  Co2+ producing  native-like  catalytic 

properties. Several studies have confirmed that the tetrahedral coordination geometry in 

the active site is similar for both Co2+ and Zn2+ . The firm binding of the zinc ion in the 

catalytic site shows the rigidity of the metal-binding centre (Lindskog, 1997).

1.3 Inhibition mechanisms of α-carbonic anhydrases

Human  CA II  has  been  known  since  the  1930s  and  is  widely  distributed.  The 

presence of CA activity in a wide range of tissues has been demonstrated as an avenue 

for the treatment of different diseases (Supuran, 2008). The high level of the active site 

conservation amongst CA isozymes presents a significant challenge as a drug discovery 

target while synthesising compounds with specificity towards specific isozymes.  Two 

main classes of CA inhibitors are a) the metal complexing anions which are cyanide, 

cyanate,  and  thiocyanate  b)  sulfonamides  and  sulfamates.  Sulfonamide  inhibitors 

possess the general formula R-SO2NH2 and sulfamates possess R-OSO2NH2 (Winum et  

al, 2005; Pastorekova, Parkkila, Pastorek, & Supuran, 2004).

An  aromatic  or  heteroaromatic  sulfonamide  moiety  (R-SO2NH2)  is  the  classical 

recognition moiety needed for inhibitor compounds to recognise and bind to the active site 

of CA (Salmon et al, 2007). They are specific and efficient inhibitors of almost all the α-

CAs. Many sulfonamide compounds are clinically used as anti-glaucoma drugs, anti-

tumour agents, anti-obesity agents, anti-convulsants and anti-microbials or anti-fungals 
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(Supuran  &  Scozzafava,  2007;  Abbate,  Casini,  Scozzafava,  &  Supuran,  2003). 

Clinically  used  sulfonamide  CA  inhibitors  include  acetazolamide,  methazolamide, 

ethoxazolamide, dichlorophenamide, brinzolamide and dorzolamide (Lopez  et al,  2009; 

Marquis  & Whitson,  2005;  Surgrue,  2000)  (Fig  A.1.4).  The  side  effects  of  the  above 

mentioned CA inhibitors include the nonspecific inhibition of multiple CA isozymes that 

are present throughout the body (Supuran, Scozzafava, & Conway, 2004; Abbate, Casini, 

Scozzafava, & Supuran, 2003).

Fig  A.1.4. Examples  of  systemically  administered  and  also  topically  administered CA 

inhibitors.

While the sulfonamide groups act like the CA ‘anchor’ moieties, the ‘tail’ groups (R-

part) have been demonstrated to optimise physicochemical properties of inhibitors. The R-

part (aromatic or heterocyclic) of the sulfonamide inhibitor interacts with the hydrophilic 

and hydrophobic residues in the active site (Fig A.1.5.A)  (Stams & Christianson, 2000; 

Supuran & Scozzafava, 2007). The mode of binding of the sulfonamide group in all of 

these complexes is the same. The nitrogen atom of the deprotonated sulfonamide moiety 

(R-SO2NH) helps in coordinating the zinc ion in a tetrahedral geometry, in the CA active 

site. This blocks access to the substrate water  molecule, thus blocking the hydration of 
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CO2. Thus sulfonamides inhibit the carbonic anhydrase enzyme by blocking the normal 

catalytic cycle.  The NH moiety of the sulfonamide CA inhibitor forms a hydrogen bond 

with  Thr199.  This,  in turn,  forms another  hydrogen  bond to  the  carboxylate  group  of 

Glu106 as depicted in Fig A.1.5.A. One of the oxygen molecules of the SO2NH moiety is 

also  involved  in  forming  a  hydrogen  bond  with  the  backbone  of  Thr199  (Supuran  & 

Scozzafava, 2007). 

Anions may bind to the metal ion either in a tetrahedral or a trigonal-bipyramidal 

geometry. During the latter, the anion binds to the fifth coordination site of the catalytic 

zinc  ion,  whereas  in  the  tetrahedral  geometry  the  inhibitor  binds  to  the  fourth 

coordination site of the catalytic zinc ion (Solà, Lledós, Duran, & Betrán, 1991; Stams, 

2000) as depicted in Figure A.1.5.B.

Fig A.1.5. Representation of α-CA inhibition by A) sulfonamides (forming tetrahedral 

coordination geometry with the catalytic zinc ion) and B) anionic inhibitors (forming 

trigonal-bipyramidal geometry) (Supuran & Scozzafava, 2007).
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Crystallographic  studies  of  various  human  CA II-sulfonamide/sulfamate  inhibitor 

complexes have been performed (Supuran et al, 2004).  Figure A.1.6 shows the crystal 

structure of human carbonic anhydrase II complexed with a sulfonamide CA inhibitor, 

acetazolamide (AZM) (Sippel et al, 2009). AZM is the first non-mercurial diuretic to be 

used  clinically,  and  is  also used  as  an  anti-glaucoma drug,  which  helps  reduce  the 

increased intraocular pressure. This drug is also used as an anti-convulsant to control 

seizures in the treatment of epilepsy. In addition, AZM is used to prevent or minimize 

acute mountain sickness in mountain climbers who climb to high altitudes (Sippel et al, 

2009).

Fig  A.1.6. Structure  of  azetazolamide  (AZM)  complexed  with  human  carbonic 

anhydrase II. Direct and indirect interactions between the compound (shown as yellow 

sticks) and the active site residues are shown with red dotted lines (PDB code: 3HS4) 

(Sippel et al, 2009). Figure generated using PyMOL (DeLano, 2002). 

AZM binds directly to the catalytic zinc and makes several significant interactions 

with active-site residues. The compound forms hydrophobic interactions with Phe130, 
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Val121, Leu198, and also forms four direct hydrogen bonds and two indirect hydrogen 

bonds  via  water  molecules,  with  the  active  site  residues  such  as  Thr198,  Thr199, 

Pro200,  Gln92  and  Asn67  (Fig  A.1.6).  These  direct  and  significant  interactions 

demonstrate the effectiveness of AZM as a CA inhibitor.

Fig  A.1.7  depicts  another  example  of  human  CA II  complexed  with  a  well-

established  sulfamate  (-OSO2NH2)  CA inhibitor.  It  is  an  anti-epileptic  drug  named 

Topiramate and is derived from a monosaccharide.  It  contains a sulfamate functional 

group that is considered to be responsible for the anti-convulsant properties of this drug. 

The inhibition studies have shown topiramate to be a low nanomolar inhibitor of several 

isozymes  like  CA II,  VA,  VB,  VI,  IX  etc,  whereas,  it  shows  a  medium  micromolar 

inhibition towards CA I, CA IV and CA XIV (Winum, Poulsen, & Supuran, 2008). This 

strong inhibition of topiramate against CA II was further proved by the three-dimensional 

structure  of  topiramate  with  human  CA II  (Casini  et  al,  2003).  The  crystal  structure 

revealed a tight binding between the inhibitor and the CA II active site through several 

direct hydrogen bonds with many active site residues, thus fixing the inhibitor inside the 

cavity (Fig A.1.7) (Winum et al, 2008; Lopez et al, 2009). 

Fig  A.1.7 (Left)  Topiramate  in  the  human  CA  II  active  site;  (Right)  Schematic 

representation of interactions (shown in red-dotted lines) produced by topiramate (PDB 

code: 3HKU) (Lopez et al, 2008).
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1.4 β-, γ-, and δ-CAs

1.4.1 β-CAs

β-CAs share no significant similarity with α-CAs. Although they both depend on 

Zn2+ for  catalytic  activity,  its  coordination  is  different  and  mostly  variable.  In 

prokaryotic β-CAs, the zinc ion is coordinated by two cysteine residues, an imidazole 

from a histidine residue and a carboxylate group from an aspartate residue (Fig A.1.8.A) 

(Mitsuhashi et al, 2000). In plants, the chloroplast enzyme has the zinc ion coordinated 

by two cysteine residues, the imidazole from a histidine residue and a water molecule 

(Fig A.1.8.B) (Kimber & Pai, 2000; Kisker et al, 1996; Supuran & Scozzafava, 2007). 

In some β-CAs, water is not directly coordinated to catalytic Zn2+  , and thus  the zinc-

hydroxide mechanism is not applicable in this class of CAs (Mitsuhashi et al, 2000). No 

structural data are available regarding the binding of inhibitors to β-CAs, apart from 

acetate coordinates to the Zn2+ ion of the P. sativum enzyme (Kimber & Pai, 2000).

Fig A.1.8. Coordination of catalytic zinc ion in β-CAs A) Porphyridium purpureum and 

Escherichia  coli enzyme B) Methanobacterium  thermoautotrophicum enzyme  and 

Pisum sativum chloroplast (Supuran & Scozzafava, 2007).

1.4.2 γ-CAs

γ-CAs  isolated  from  Methanosarcina  thermophila (Cam)  depend  on  Zn2+ for 
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catalysis, like α-CAs and β-CAs (Fujii et al, 1997). Even though, both α-CAs and γ-CAs 

have the Zn2+  ion coordinated by three histidine residues, γ-CAs can be differentiated 

from α-CAs by their coordination geometry. The Zn2+ ion is coordinated like in α-CAs, 

but unlike the tetrahedral coordination geometry seen at their active site, γ-CAs contain 

additional Zn2+-bound water ligands in their active site, making the overall coordination 

geometry,  trigonal-bipyramidal. The Cam monomer forms a homotrimer. Two of the 

three histidine residues coordinating the catalytic Zn2+ ion belong to first monomer, and 

the third one is from the adjacent monomer.  Thus, the three active sites are located 

between pairs of monomers. The proposed catalytic mechanism of γ-CAs was similar to 

the  one  proposed  for  the  α-CAs,  even  though  it  has  been  reported  that  the  Zn2+ 

coordination  geometry  is  different  from  α-CAs  (Fujii  et  al,  1997;  Supuran  & 

Scozzafava, 1997). Anions and sulfonamides were shown to bind to Cam (Supuran & 

Scozzafava, 1997).

1.4.3 δ-CAs

The  active  site  of  the  δ-CAs  from  marine  diatom  Thalassiosira  weissflogii, 

demonstrates a striking similarity to the active site of mammalian α-CAs. The catalytic 

Zn2+ ion is coordinated by three histidine residues and a single water molecule (Cox et  

al, 2000). The amino acids of diatom carbonic anhydrase show no significant sequence 

similarity with other carbonic anhydrases. The marine diatoms that grow under low zinc 

conditions have been shown to perform increased levels of cellular CA activity in the 

presence  of  cadmium  salts  (Xu,  Feng,  Jeffrey,  Shi,  &  Morel,  2008;  Supuran  & 

Scozzafava, 2007).

41



1.5 Physiological functions of carbonic anhydrases and their applications in 

medicinal chemistry

Carbonic anhydrase isozymes I, II and IV are involved in a variety of physiological 

functions such as respiration and acid-base homeostasis, which facilitates the removal of 

CO2 from capillaries and pulmonary vessels. CAs are involved in healthy vision through 

producing the bicarbonate-rich aqueous humor secretion within the eye (Supuran et al, 

2004), failure of function leads to high intraocular pressure, and glaucoma. CA II is also 

involved in bone development and osteoclast differentiation. CA II is also involved in 

gluconeogenesis and tumourogenesis (Supuran & Scozzafava, 2007). Some isozymes, 

especially CA IX, are involved with oncogenesis and tumour progression (Pastorekova 

et al, 2004).

Since the middle of the last century, the importance of CAs as targets for clinical 

inhibitors has been recognised. The development of inhibitors with higher specificity for 

particular isoforms is necessary, because of the scattered presence of CA isozymes in 

the human body (Table A.1.2), which causes unspecific bindings of inhibitors. Further 

development  of  CA inhibitors  will  be  possible  only  by  understanding  the  catalytic 

mechanisms of these enzymes and their mode of inhibition. Steric clashes between an 

inhibitor and amino acid residues within the active site may prevent the strong binding 

of the inhibitor and this information could be used to design new compounds with better 

binding properties (Supuran & Scozzafava, 2007).

      Isozyme       Tissue of expression        Proposed role(s)
 CA I Esophageal and laryngeal 

Epithelium 

Anti-reflux defence

Gas exchange
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Erythrocytes 

GI mucosa

Ion transport

 CA II Nasal mucosa

Esophageal and laryngeal 

Epithelium

Bone osteoclasts

Eye

Testis

Kidney

Brain

Lung

Erythrocytes

Gastrointestinal epithelium

Nasal chemosensitivity to CO2

Anti-reflux defence

Bone resorption

Production of aqueous humor

Sperm motility

Urine acidification

CSF secretion

Gas exchange

Gas exchange

H+ secretion, HCO3
- secretion

 CA III Esophageal and laryngeal 

Epithelium

Skeletal muscle, Adipocytes

Eye (Ciliary processes and 

lens)

Anti-reflux defence

Fatty acid metabolism

Ocular fluid transport and 

homeostasis

 CA IV Nasal mucosa

Esophageal epithelium

Kidney

Pancreas, Salivary gland

Heart muscle

Eye

Lung

Brain capillaries

Nasal chemosensitivity to CO2

Anti-reflux defence

Bicarbonate resorption

NH4
+ output

pH regulation

pH regulation

Production of ocular fluid

Gas exchange
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Colon Cerebral blood flow

pH regulation
 CA V Liver Biosynthetic reactions
 CA VI Salivary glands, mammary 

glands

pH regulation, anti-reflux 

defence,

protection from cariogenesis, 

taste function
 CA VII CNS CSF production
 CA IX Various tumours

Gastrointestinal mucosa

Male excurrent ducts

pH regulation, cell adhesion

Cell proliferation and 

differentiation, ion transport

Concentration and acidification 

of testicular fluid
 CA XII Nasal mucosa

Renal, intestinal and 

reproductive Epithelia

Eye

Male excurrent ducts

Nasal chemosensitivity to CO2

Renal HCO3
- absorption, H+ 

secretion

Aqueous humor production

Concentration and acidification 

of testicular fluids

 CA XIV Kidney

Brian neurons and exons

Liver

Bicarbonate resorption

Modulation of neuronal 

Table A.1.2. Distribution and the proposed functions of some CA isozymes (Winum et  

al, 2005).
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     Currently, research on drugs targeting CAs is concentrated in five main areas. The 

aim is to identify drugs that bind tightly, efficiently and specifically to the active site of 

CA isozymes. This could result in efficient drugs: 

1.anti-glaucoma drugs that specifically target CA II and CA IX (Supuran et al, 2004). 

Currently available inhibitors are dorzolamide and brinzolamide.

2.anti-cancer drugs focussing mainly on CA IX and CA XII (Pastorekova et al, 2004).

3.anti-obesity  agents  (topiramate  and  zonisamide)  which  target  mostly  the 

mitochondrial isoforms (Poulsen, Wilkinson, Innocenti, Vullo, & Supuran, 2008). After 

recognising the fact  that  patients  taking the drug for  epilepsy undergo unintentional 

weight  loss,  the  anti-epileptic  agent  topiramate  became  interesting  as  a  therapeutic 

against obesity (Astrup & Tubro, 2004). 

4.anti-convulsants  concentrating  on  CA II,  CA VII,  CA XII,  CA XIV (Supuran  & 

Scozzafava, 2007).

5.anti-bacterials and anti-fungals concentrating on different carbonic anhydrases from 

pathogenic organisms (Krungkrai et al, 2008). 
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 Chapter 2

                                        RESEARCH OBJECTIVES

The research reported in this part of the thesis is focused on the structure-based 

drug design of three different carbonic anhydrases isoforms. All three enzymes are α-

CAs and need a zinc metal ion in the active site for catalysis. These enzymes include 

carbonic  anhydrase  II  (Homo sapiens),  carbonic  anhydrase  IX  (Homo sapiens)  and 

carbonic  anhydrase  (Plasmodium  falciparum)  CA(Pfa).  Investigations  into  these 

enzymes will  necessitate the use of a range of techniques,  including expression and 

purification  of  recombinant  protein,  circular  dichroism  (CD),  UV-VIS 

spectrophotometry and X-ray crystallography to understand the biochemical properties 

and  also  the  three-dimensional structure  of  the  native  and  drug-bound  carbonic 

anhydrases, with the aim of finding the best inhibiting ligand for a particular isozyme of 

carbonic anhydrase.  A brief outline of the proteins and reasons as to why these three 

enzymes  were  investigated  are  presented  here.  More  detailed  descriptions  of  these 

proteins and the aims are presented in the relevant chapters.

1. Carbonic anhydrase II (Homo sapiens)

CA II is a member of the α-CA family and is located in the cytosol. It is one of the 

most active enzymes (Kcat/Km = 1.5 x 108 M-1 s-1) and is an important target for the design 

of inhibitors with biomedical applications. X-ray crystallographic data are available for 

many  sulfonamide/sulfamate/sulfamide  inhibitors  complexed  with  CA II  (Supuran, 

2007; Winum et al, 2005). Carbonic anhydrase II isozyme is the focus of much research 

into  drug  targets.  Many side  effects  have  been  observed  for  many  of  the  already-
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marketed drugs that complex with this CA II; the main goal of current research efforts is 

to  develop ligands  with increased interaction with,  or  inhibition of,  CA II  but  with 

decreased side effects. 

2. Carbonic anhydrase IX (Homo sapiens)

CA IX is a transmembrane protein and a member of the α-CA family. It consists of an 

extracellular facing CA catalytic domain, and a transmembrane anchor followed by a 

short  C-terminal  cytoplasmic  tail  (Winum,  Rami,  Scozzafava,  Montero,  & Supuran, 

2008). The normal expression of CA IX in humans is restricted to the gastrointestinal 

tract  while  other  α-CAs  such  as  CA I,  CA II  and  CA IV are  abundant.  CA IX is 

ectopically induced and highly over-expressed in many tumours, where it is involved in 

processes associated with cancer progression and response to therapy. It was shown that 

CA IX  can  control  acidification  of  the  tumoural  extracellular  pH  under  hypoxic 

conditions  and  that  this  process  is  achieved  by  inhibiting  CA IX  with  selective 

sulfonamide inhibitors (Svastová et al, 2004). Further investigations will be performed 

here with the aim of identifying the structural features of a set of CA inhibitors co-

crystallised within the active site of CA IX, using X-ray crystallography.

3. Carbonic anhydrase (Plasmodium falciparum)-CA(Pfa)

     The carbonic anhydrase from Plasmodium falciparum is one of the few examples of 

a parasite α-CA (Krungkrai et al, 2007). Plasmodium falciparum causes the most severe 

form of malaria with an estimated 300-500 million cases and 1.5-2.7 million deaths per 

year (Krungkrai et al, 2001). Resistance of the parasites to current anti-malarial agents 

is increasing, and thus public health measures are failing. New antimalarial drugs are 
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urgently needed for malaria chemotherapy. There are no three-dimensional structures of 

the catalytic  domain of  Plasmodium falciparum carbonic anhydrase available and,  a 

three-dimensional structure of the apo-catalytic site will bring much-needed information 

on its molecular details. Furthermore, this might enable us to produce more effective 

antimalarial drugs. Amongst targets of interest, sulfonamide CA inhibitors have been 

found to have the potential for developing novel antimalarial drugs. 
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                                                       Chapter 3

                 CRYSTAL STRUCTURES OF CA II- INHIBITOR COMPLEXES

3.1 Introduction

Sulfonamide  and  sulfamate  inhibitors  demonstrate  a  high  affinity  towards  CA 

isozyme (CA II,  CA VA, CA VB, CA VII,  CA IX, CA XII) and are  found to  play 

important roles in physiological function. The physiologically dominant isozyme CA II, 

out of the 16 different mammalian CA isozymes, is found to have very high affinity 

towards  most  the sulfonamide and sulfamate CA inhibitors  (Supuran & Scozzafava, 

2007;  Winum, Poulsen,  & Supuran,  2008).  One of the challenges in  designing new 

drugs include the synthesis of compounds that act as weak inhibitors of CA II, but at the 

same time act as strong inhibitors of other CA isozymes. The 'tail' approach in the CA 

inhibitors has been used to produce a considerable degree of selectivity towards relevant 

CA isozymes  (Supuran  & Scozzafava,  2007).  The  tail  moiety  consist  of  functional 

groups which provide various physicochemical properties, and they are connected to 

aromatic and heterocylic sulfonamides in such a way that they provide the formation of 

a large number of interactions between the tail moiety and the amino acid residues in the 

CA active site. This also takes into the account the differences in the CA active site 

architecture (Supuran & Scozzafava, 2007). The positive or negative clashes between 

the amino acid residues of each CA isozyme and the CA sulfonamide inhibitors lead to 

different  inhibition  profiles  for  the  corresponding  sulfonamides.  This  could  lead  to 

designing drugs with a certain degree of isozyme selectivity. 

The main difference between CA I and CA II  are the number of histidine residues 

present in the active site. CA II has only His64 in its active site, whereas CA I has three 
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histidine  residues:  His67,  His200,  His243  (Briganti  et  al,  1997).  The  compounds 

containing ureido and thioureido moieties in the aromatic sulfonamide molecule revealed 

higher affinity to CA I than CA II, but also showed an affinity towards CA IV. Thus these 

compounds are not specific to a particular CA isozyme. CA IV also contains one histidine 

residue (His64) within its active site as in human CA II active site (Supuran, Scozzafava, 

Conway,  2004).  The  main  difference  in  CA IV active  site  is  the  presence  of  four 

cysteine residues that form two disulfide bonds (Cys 6–Cys 11, and Cys 23–Cys 203). 

These residues were found to be located at the same region as the cluster of histidine 

residues in CA II  active site (Supuran & Scozzafava,  2007). Aromatic sulfonamides 

found to inhibit CA IV, were also seen to inhibit CA II and CA I to a lesser extent. Thus 

even though these isozymes possess significant differences in the active site structure, it 

was found to be difficult to obtain sulfonamide inhibitors with specific affinity for each 

CA isozyme using this strategy (Supuran & Scozzafava, 2007).

The systemic administration of clinically used drugs often causes serious side effects 

due to the inhibition of CAs in other tissues thus causing the development of isozyme 

specific  inhibitors  Besides  the  usual  approach  of  optimising  the  interactions  between 

ligand and enzyme, drug designing of new CA inhibitor compounds also has taken into 

account the relevant tissues associated with the particular CA isozyme and the drug target, 

as the next strategy (Lopez et al, 2009). Even though the CA isozymes share a high degree 

of  active  site  conservation,  they  are  distributed  in  a  variety  of  different  tissues  and 

locations  possessing  different  expression  profiles  (Winum,  Scozzafava,  Montero,  & 

Supuran, 2005). These differences can be used in medicinal chemistry programs to target 

CA isozymes selectively (Lipinski & Hopkins, 2004; Lopez  et al,  2009), which would 

result in drugs with better specificity and less side-effects. Topically acting anti-glaucoma 
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agents, dorzolamide and brinzolamide (Marquis & Whitson, 2005; Surgrue, 2000) are two 

successful examples of the approach of taking into account the tissues associated with CA 

isozyme and the drug target, during the designing of drugs. These compounds are known 

to act as efficient inhibitors of human CA II present in the ciliary processes of the eye, and 

they decrease the  intraocular pressure which is  the important symptom seen in patients 

with glaucoma. Since topical administration helps in interacting with the specific CA in 

the specific tissue, it avoids many of the side effects that are usually associated with oral 

administration  of  CA inhibitors.  Through  topical  administration,  the  above-mentioned 

drugs selectively target CAs in the eye tissue and cause less or no side-effects (Lopez et  

al, 2009). 

To differentiate inhibition of transmembrane CAs (CA IV, CA IX, CA XII and CA 

XIV) from cytosolic CAs (CA I, CA II),  positively charged sulfonamides have been 

developed  previously  (Supuran  &  Scozzafava,  2007).  The  active  sites  of  the  cell-

membrane associated CAs are extracellular. The inhibition experiments against the CAs 

using these positively charged compounds showed specific inhibition of CA IV from the 

rest of the transmembrane CAs (Supuran & Scozzafava, 2007). The recent findings in 

CA research were the validation of human CA IX and human XII as targets for cancer 

chemotherapy. Studies have shown that the specific targeting of CA IX (or XII) can lead 

to  an  effective  anti-cancer  therapy,  especially  for  hypoxic  tumours  (Svastova  et  al, 

2004). Two opportunities are provided, which will help in selectively targeting CA IX 

with CA inhibitors. Firstly, human CA IX protein expression in hypoxic tumours occurs 

in tissues that lack the presence of this isozyme, such as lung, breast, oesophagus, cervix 

and kidney carcinomas.  Secondly,  CA IX and CA XII  isozymes are  transmembrane 

proteins with an extracellular active site, whereas CA I and CA II isozymes are soluble 
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cytosolic proteins (Lopez et al, 2009). Aromatic sulfonamide compounds are shown to 

reverse or  suppress the effects  produced by the cancer-associated CAs (Thiry  et  al, 

2006).  The  development  of  CA inhibitors  with  a  disability  to  diffuse  through  lipid 

membranes could be one way to selectively target cancer-associated CA isozymes over 

cytosolic ones and could be used as tools for cancer therapy (Lopez et al, 2009). 

In  the  last  few years,  the  Medicinal  Chemistry  program at  Griffith  University,  has 

started  working  on  this  method  to  differentiate  the  inhibition  of  cancer-related, 

transmembrane CAs such as CA IX, CA XII from cytosolic CAs like CA I, CA II (Winum, 

Poulsen, & Supuran, 2008; Singer  et al, 2009; Wilkinson, Innocenti, Vullo, Supuran, & 

Poulsen,  2008;  Wilkinson  et  al,  2007;  Wilkinson  et  al,  2006).  In  this  approach,  the 

strategy was to attach a carbohydrate moiety to the high affinity zinc-binding  aromatic 

sulfonamide CA moiety leading to the formation of sulfonamide glycoconjugates with a 

sugar-aromatic-SO2NH2 motif. Studies have found that the sugar-based molecules have 

value as drug candidates (Lopez  et al, 2009). The -SO2NH2 zinc binding moiety of the 

glycoconjugates  plays  a  critical  role  in  CA enzyme  recognition  and  is  essential  for 

efficacy.  The sugar tail is responsible for the high water solubility of the compound and 

this hydrophilic group impairs the ability of the sulfonamide glycoconjugates to passively 

diffuse through lipid membranes. This  facilitates a selective or preferential inhibition of 

transmembrane CAs over cytosolic CAs which would help in treating cancer (Winum et  

al,  2009;  Lopez  et  al,  2009). The  stereochemical  and  structural  variations  of  the 

carbohydrate  moiety  provides  the  opportunity  for  exploring  the  differences  among 

different CA active site architecture, thus yielding a neutral and water soluble CA inhibitor 

that has excellent potential as a isozyme selective inhibitor (Lopez et al, 2009).

The current chapter focusses on co-crystallising of the CA inhibitor compounds with 
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the  physiologically  dominant  human  CA II  and  studying  the  interactions  between  the 

ligand  and  the  protein.  In  this  project,  a  total  of  twenty-five  different  potential  CA 

inhibitors were co-crystallised with the physiologically dominant human CA II protein, 

and these compounds can be divided into four different sets depending on their chemical 

structure  similarity  and  properties.  Some  of  these  compounds  had  low  membrane 

impermeability whereas the others had high membrane impermeability, which would help 

in specific interactions with transmembrane and cytosolic CA isozymes. 

The first set of compounds were benzene sulfonamides incorporated with thio, sulfinyl 

and  sulfonyl  moieties  (Fig  A.3.1)  (Singer  et  al,  2009).  This  group  was  a  class  of 

glycoconjugate  CA inhibitors  synthesised by Singer  et  al,  which consisted  of S-linked 

glycosides in three oxidation states. Thioglycosides  stabilises the glycosidic linkages by 

preventing  enzymatic  hydrolysis,  and  also  help  in  forming  important  molecular 

recognition interactions with biological targets (Pachamuthu & Schmidt, 2006; Lopez  et  

al,  2009).  Thio,  sulfinyl,  and  sulfonyl  glycoside  moiety  containing  compounds  were 

synthesised using  the  inspiration from the drugs brinzolamide (BRZ) and dorzolamide 

(DRZ) (chapter 1, Fig A.1.4). These drugs are used clinically as anti-glaucoma agents. 

The sulfone moiety in BRZ and DRZ have been proved to be very important to maintain 

the therapeutic properties of these CA inhibitors. This moiety provides water solubility, at 

the same time maintaining sufficient lipophilicity to penetrate the cornea (Singer  et al, 

2009).  Enzyme inhibition for these compounds were investigated by CA catalysed CO2 

hydration  assay,  which  measure  the  change in  absorbance of  a  pH indicator  which  is 

directly connected to the CA catalysed reaction (Singer et al, 2009). 
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Fig  A.3.1. Benzene  sulfonamide  CA inhibitors  incorporated  with  thio,  sulfinyl  and 

sulfonyl glycoside moieties (Singer et al, 2009) that have been used for co-crystallisation 

with human CA II. 

The second set of CA inhibitor compounds used for co-crystallisation with human 

CA II are given in Fig A.3.2.  These compounds are triazole-S-sugars which contain a 

benzene  sulfonamide  moiety  linked  through  a  1,2,3-triazole  to  either  a  sugar  or  a 

metallocene tail moiety. The triazole has a dipole character, is a hydrogen bond acceptor, 

and also provides rigidity and stability in vivo (Poulsen, Wilkinson, Innocenti, Vullo, & 

Supuran, 2008). The compounds described here have been designed with a lipophilic tail 

moiety.  The  lipophilicity  should  increase  the  membrane  permeability  of  these  new 

compounds,  which  is  an  important  physicochemical  property  that  helps  in  specific 

interaction to the intracellular location of the target CA isozymes. 

Enzyme  inhibition  studies  showed  that  these  benzene  sulfonamides  were  low  to 

medium nanomolar inhibitors of human CA II, VA and VB, and weaker micromolar 

inhibitors of human CA I (Poulsen et al, 2008). These derivatives could be valuable lead 

molecules  in  the  discovery  of  isozyme  selective  CA inhibitors  while  it  targets  the 

mitochondrial CA isozymes VA and VB as anti-obesity agents (Poulsen et al, 2008).
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Fig A.3.2. Benzene sulfonamide CA inhibitors  containing triazole-tethered phenyl  'tail' 

moieties (Poulsen et al, 2008) that have been co-crystallised with human CA II. 

The third set of CA inhibitor compounds that have been co-crystallised with human CA 

II are different from the usual aromatic sulfonamide CA inhibitors.  The aromatic moiety 

of the classical zinc-binding sulfonamide CA inhibitors is absent from these compounds 

and instead a  hydrophilic  monosaccharide or  disaccharide moiety has been introduced 

directly to the primary sulfonamide group to give  S-glycosyl primary sulfonamides (Fig 

A.3.3) (Lopez  et al, 2009).  Thus these novel compounds  contain sugar-SO2NH2 motif. 

The inhibition properties of these compounds were determined against CA I, CA II, CA 

IX and CA XII, and all compounds showed medium inhibition within the micromolar 

range  (Lopez  et  al,  2009).  The  membrane  permeability  assay  revealed  that  these 

compounds have poor membrane permeability which helps in selectively inhibiting CA 

isozymes with extracellular active sites (CA IX and CA XII) (Lopez et al, 2009).
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Fig A.3.3. S-glycosyl primary sulfonamides that have been co-crystallised with human 

CA II (Lopez et al, 2009).

The fourth set of compounds were sulfamate CA inhibitor compounds (Fig A.3.4), and 

have been used to co-crystallise with human CA II protein. Sulfamates, like sulfonamides, 

are  a  class  of strong CA inhibitors  (Winum, Scozzafava,  Montero, & Supuran, 2005). 

These compounds were bulkier than the previous compounds, thus making it able to span 

and fit inside the human CA II active site, to form more direct interactions between the 

compounds and the enzyme active site.

Fig A.3.4. Sulfamate CA inhibitors that have been used for co-crystallisation with hCA II.
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The three-dimensional structures of these CA inhibitor compounds with human CA II 

enabled us to identify their interactions with the active site residues of CA II, and thus to 

identify  the  structural  features  of  the  ligands  responsible  for  their  weak or  strong  CA 

inhibition.  The interactions of all of these compounds with CA II were compared to the 

interactions and properties of topiramate  (Chapter 1, Fig  A.1.7) with CA II  active site 

residues. Topiramate is a low nanomolar inhibitor of human CA II, and a well-established 

anti-epileptic drug. This is to compare the active site binding properties of the new CA 

ligands  with  those  of  topiramate  when  inside  the  human  CA II  active  site. Thermal 

denaturation studies have also been carried out to assess the folding stability of different 

CA II: ligand complexes, using circular dichroism (CD) spectroscopy.

3.2 Results 

3.2.1 Human CA II expression and purification

After  expression  of  human CA II,  the  purification of  this  recombinant  protein  was 

carried  out  by applying  the  dialysed  crude  cell  lysate  to  Q-sepharose  anion exchange 

column and the bound proteins were eluted by gradient elution buffer 0-1 M NaCl in 20 

mM  glycine  pH  10.0.  12%  SDS-PAGE  was  used  to  assess  the  purity  of  the  eluted 

fractions.  The fractions  with the expected CA II  protein  were concentrated and  buffer 

exchanged, which yielded pure recombinant protein (Fig A.3.5). This purified protein was 

provided for MS-based experiments  of protein-ligand complexes,  which identified  this 

protein to be human CA II (Mr. Hoan Vu, Mass spectrometry facility, Griffith University).
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Fig  A.3.5. SDS-PAGE showing the  purification  profile  of  human CA II  of  the  eluted 

fractions  from  Q-Sepharose  anion  exchange  chromatography;  M=Marker.  Expected 

molecular mass is 29 kDa. The yield of human CA II protein was approximately 3.7 mg/L.

3.2.2 Thermal stability experiments of CA II: ligand complexes

Thermal stability experiments of human CA II- ligand complexes were done using CD 

spectroscopy. This experiment was performed to acquire an idea about the stability of the 

CA II  complexes  with  different  potential  CA inhibitors,  before  co-crystallisation  was 

performed. A control experiment was carried out using apo human CA II protein (without 

the ligand), to compare its transition temperature with those of the ligand-bound CA II. As 

a reference, CAII-topiramate complex was also used for the thermal stability experiment, 

since topiramate is a well-established sulfamate CA inhibitor. 

The transition temperature at which the apo CA II protein changed from folded to the 

unfolded  state  was  58°C,  whereas  the  reference  complex,  CA II:  topiramate  became 

unfolded  at  67°C.  Out  of  all  the  compounds  mentioned  in  the  introductory  section, 

compound 6 showed the highest thermal stability of 67.3°C (+9.3K). This compound has 

an acetate-protected sugar tail  and many functional groups that could interact with the 

active site side chains, which would explain the increase in thermal transition temperature. 
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The lowest thermal stability was revealed by the S-glycosyl primary sulfonamides, with a 

transition temperature of ~59-60°C, which is only +2 K from the control. 

3.2.3 Crystal structure of native recombinant human CA II protein  

Crystals of native human CA II were obtained from the purified recombinant protein. 

The crystal data was collected in-house, refined at 2.0 Å, and was solved using molecular 

replacement using the coordinates from human CA II structure (PDB code: 1CA2). This 

crystal  belonged to the space group P21.  All  the further human CA II:  ligand complex 

structures were solved with the molecular replacement solution from this CA II crystal 

structure using difference fourier techniques, which is possible in monoclinic space group. 

The active site of the current native human CA II structure was found to be in good 

agreement with the previously published structure of human CA II (Eriksson, Jones, & 

Liljas, 1988; Sly & Hu, 1995). The active site showed the presence of the catalytic zinc 

ion at the bottom of the cavity, and was coordinated in a tetrahedral geometry by Nε of 

His94, Nε of His96 and Nδ of His119, and water as the fourth ligand. Interactions of zinc-

bound hydroxide with Thr199 were also found to be present. 

Ligand Native human CA II

 Data collection

X-ray source in-house

Wavelength (Å) 1.5418

Space group P21

Cell parameters               a= 42.1, b= 41.3, c= 72.2;  β= 104.72

Resolution (Å) 2.0

Multiplicity 3.2 (1.9)

Completeness (%) 98.8 (98.7)

Rmerge 0.057 (0.204) 

 Refinement

R-factor 0.256 (0.333)

60



Rfree 0.286 (0.487)

Table  A.3.1.  Data collection and refinement  statistics  of native human CA II  crystal. 

Values in parentheses refer to last resolution shell.

3.2.4 Crystal structures of CA II: ligand complexes

3.2.4.1 Crystal structure of CAII: topiramate complex (Reference complex)

Crystal structure of CA II: topiramate was done to compare the activity of the potential 

CA inhibitor  compounds  with  topiramate,  a  well-established  CA inhibitor  drug.  The 

crystal structure of human CA II:  topiramate is in good agreement with the previously 

published  structure  of  this  ligand  in  complex  with  human  CA II  (Casini  et  al,  2003; 

Winum  et  al,  2009;  Lopez  et  al,  2009).  The  topiramate  formed  a  total  of  five  direct 

hydrogen bonds with the CA II  active site residues,  in addition to  the basic sulfamate 

interactions with the catalytic zinc ion (Fig A.3.6). The topiramate sugar moiety formed 

direct hydrogen bonds with the side chains of Asn62, Gln92 and Thr199, whereas the two 

isopropylidene  moieties  formed  hydrophobic  interactions  with  Ala65  and  Phe130. 

Topiramate was found to be a 'T'-shaped compound and spanned the entire human CA II 

active site cleft,  thus forming five direct hydrogen bonds, and successfully forming an 

excellent CA inhibitor. Data collection and refinement statistics are given in Table A.3.2.

Ligand  Topiramate

 Data collection

X-ray source in-house

Wavelength (Å) 1.5418

Space group P21

Cell parameters               a= 42.6, b= 41.5, c= 72.3; β= 104.82

Resolution (Å) 1.8

Multiplicity 3.3 (3.2)

Completeness (%) 99.8 (98.7)
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Rmerge 0.033 (0.058) 

 Refinement

Average B-factor (Å2) 16.6

rms bond lengths (Å) 0.013

rms bond angles (°) 1.368

 rms bonded B-factors  (Å2) 1.5

Ramachandran plot (%) 88.0, 11.5, 0.5, 0 

R-factor 0.153

Rfree 0.198

Table  A.3.2.  Data  collection  and  refinement  statistics  of  topiramate-human  CA  II 

complex. Values in parentheses refer to last resolution shell.

Fig A.3.6. (Left) Detailed interactions in which topiramate (in yellow) participates when 

bound within the hCA II  active site.  Active site shows the interactions between the 

protein and the ligand in red-dotted lines; (Right) Topiramate-human CA II active site.
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3.2.4.2  CA  II:  Benzene  sulfonamides  with  thio,  sulfinyl  and  sulfonyl  glycoside  

complexes

Crystal structures of human recombinant CA II in complex with compounds 1-3  (Fig 

A.3.1) were investigated to obtain more insight into the interactions of these compounds 

inside the CA II active site. Using co-crystallisation, all three compounds 1-3 were found 

to  be  present  in  the  crystals  examined and  thus  crystal  structures  of  human  CA II  in 

complex with thio (1), sulfinyl (2) and sulfonyl (3) glycoside moieties were obtained (Fig 

A.3.7). Data collection and refinement statistics are given in Table A.3.3. 

 Ligand 1 2 3

  Data collection

X-ray source in-house AS-MX1 AS-MX1

Wavelength (Å) 1.5418 0.9566 0.9566

Space group P21 P21 P21

Cell parameters      a= 42.6, b= 41.5, 

    c= 72.3; β= 104.82

   a= 42.5, b= 41.5, 

   c= 72.3; β= 104.86

     a= 42.5, b= 41.5, 

    c= 72.3; β= 104.88

Resolution (Å) 2.5 1.7 1.8

Multiplicity 3.5 (2.4) 3.6 (3.6) 3.8 (3.5)

Completeness (%) 97.3 (83.9) 98.4 (95.7) 98.9 (95.4)

Rmerge    0.073 (0.067)  0.111 (0.401) 0.097 (0.321)

  Refinement

Average B-factor (Å2) 11.3 12.3 11.3

rms bond lengths (Å) 0.011 0.014 0.016

rms bond angles (°) 1.288 1.484 1.670

 rms bonded B-factors  (Å2) 0.834 1.711 1.976

Ramachandran plot (%)        87.6, 12.4, 0,  0     87.1, 12.3, 0.45, 0   86.2, 13.3, 0.45, 0

R-factor 0.182 0.184 0.183

Rfree 0.262 0.220 0.240

Table A.3.3. Data collection and refinement statistics of compounds 1-3 in human CA II. 

Values in parentheses refer to last resolution shell.
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Fig A.3.7. Interactions (shown in red-dotted lines) in which compounds  1-3 participate 

when bound within the hCA II active site. Zinc metal ion coordinated by His94, His96, 

His119.
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From Fig A.3.7 it  is  revealed  that  the  primary  determinant  of  the  CA II-inhibitor 

affinity  was,  as  expected,  the  ionised  nitrogen  of  the  sulfonamide  group  and  the 

imidazoles of three histidine residues (His94, His96, His119) coordinated to the zinc ion 

and  forming  a  tetrahedral  geometry.  The  crystal  structures  of  these  1-3 sulfonamide 

ligands  reveal  the  conservation  of  a  hydrogen  bond  with Thr199  and  hydrophobic 

interactions with Leu197, and Val121 (Fig A.3.7).

While  showing  the  interactions,  Fig  A.3.7  also  shows  the  absence  of  significant 

hydrogen bonds between compound 1 and the CA II active site residues, which implies 

the poor affinity of the ligands for human CA II protein. Compounds  2 and  3 show 

indirect interactions of their free hydroxyl groups with protein side chain residues (Trp5, 

Glu135, Gly131, Glu69) through a network of ordered water molecules (Fig A.3.7). 

The enzyme inhibition assays performed on these compounds 1-3 have revealed that 

the different oxidation states of the sulfur did not cause enzyme inhibition or isozyme 

selectivity  as  expected  (Singer  et  al,  2009).  S, SO,  SO2 containing  CA inhibitor 

compounds  demonstrated weaker  inhibition  against  human  CA  II,  and  stronger 

inhibition against CA IX. The poor interactions between compounds 1-3 and human CA 

II  thus explains the poor inhibition of these compounds against  human CA II. Thus 

looking  at  the inhibition profile,  these  sulfur  CA inhibitors  might  form more  direct 

interactions with extracellular human CA IX active site, and thus selectively target this 

protein, which can be determined  by co-crystallising these compounds with human CA 

IX protein (Singer et al, 2009). 
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The  major  difference  between  the  compounds  1-3 and  the  reference  CA inhibitor, 

topiramate, was the overall shape of these molecules and the way they fit in the human 

CA II active site cleft (Fig A.3.8, Fig A.3.9). Topiramate is a T-shaped sulfamate molecule 

with the sugar moiety and the two isopropylidine moieties anchored into the human CA II 

active site, which extends across the diameter of the conical shaped active site cleft, and 

thus enables a total of six direct interactions with the protein, making the affinity of this 

compound for the CA II protein stronger. On the other hand, the compounds (1-3) tested 

in this study present an 'elongated' and lengthy shape as it is seen in Fig A.3.8 and A.3.9. 

Thus  they failed  to  fit  properly in the human CA II  active site cavity resulting in the 

formation of fewer direct interactions between the compounds and the active site residues. 

The sugar moiety was seen to be located far away from the active site and towards the 

surface  of  the  protein.  This  tail  moiety  showed  flexibility  and  formed  nearly  no 

interactions with the active site residues (Fig A.3.8, Fig A.3.9). This problem of shape led 

to a  high degree  of  flexibility  of  ligands  in  the  protein-bound state  which  resulted  in 

weaker and fewer interactions of the inhibitors with the active site residues.  

Fig A.3.8. Presence of compounds  1-3 inside human CA II active site cavity. Figure 

generated using PyMOL (DeLano, 2002).
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Fig A.3.9. Comparison of ligand shapes (compounds 1-3) with the shape of topiramate 

within the active site of human CA II. The ligand atoms are shown as spheres and the 

protein surface is coloured in grey.

3.2.4.3 Crystal structures of CA II :triazole-S-Sugars

Out  of  seven  triazole  sugar  compounds,  three  of  them  (4,  7,  8)  are  benzene 

sulfonamides  with  a  sugar  tail  moiety,  and  two of  them (9,  10)  have  metallocene tail 

moiety. Compound 6 has acetate protected sugar tails, on the other hand compound 5 has 

no tail moiety (Fig A.3.2). 

In  total,  five  of  the  compounds  produced  crystals  in  complex  with  human  CA II, 

through co-crystallisation; compounds 4,  5,  6,  9, and  10. Data collection and refinement 

statistics are given in Table A.3.4. 
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 Ligand 4 5 6

  Data collection

X-ray source AS-MX1 in-house AS-MX1

Wavelength (Å) 0.9566 1.5418 0.9566

Space group P21 P21 P21

Cell parameters      a= 42.7, b= 41.7, c= 72.4;

                   β= 104.7

     a= 42.3, b= 41.4, c= 72.4;

                  β= 104.59

     a= 42.5, b= 41.5, c= 72.3;

                 β= 104.97

Resolution (Å) 2.5 1.8 1.5

Multiplicity 3.4 (3.3) 3.3 (3.2) 3.0 (2.9)

Completeness (%) 95.2 (93.5) 99.8 (98.7) 99.6

Rmerge    0.074 (0.159)  0.033 (0.058) 0.079 (0.319)

  Refinement

Average B-factor (Å2) 15.6 13.8 13.1

rms bond lengths (Å) 0.015 0.013 0.009

rms bond angles (°) 1.645 1.368 1.336

 rms bonded 
         B-factors  (Å2)

1.729 1.513 1.221

Ramachandran plot (%)               85.3, 13.3, 

                0.13,  0

              88, 11.5, 

                0.50, 0

  88, 11.6,

   0.50, 0

R-factor 0.183 0.153 0.170

Rfree 0.243 0.198 0.202

 Ligand 9 10

  Data collection

X-ray source                               AS-MX1                                AS-MX1

Wavelength (Å)                                0.9566                                  0.9566

Space group                                   P21                                    P21

Cell parameters      a= 42.5, b= 41.6, c= 72.2; β= 104.81      a= 42.4, b= 41.4, c= 72.3; β= 104.85

Resolution (Å)                                  1.5                                   1.5

Multiplicity                              4.0 (3.9)                              4.0 (4.0)

Completeness (%)                           99.6 (98.5)                            99.9 (99.9)

Rmerge                          0.059 (0.174)                         0.121 (0.846)

 Refinement

Average B-factor (Å2)                                7.12                               14.65

rms bond lengths (Å)                               0.011                               0.028

rms bond angles (°)                              1.251                               1.318

 rms bonded B-factors  (Å2)                              1.259                               1.305

Ramachandran plot (%)                          88.9, 10.6, 

                           0.50, 0

                           88.4, 11.1, 

                              0.50, 0

R-factor                       0.176 (0.192)                                          0.170 (0.271)

Rfree                       0.201 (0.220)                         0.208 (0.353)

Table A.3.4. Data collection and refinement statistics of compounds 4, 5, 6, 9 and 10 with 

human CA II. Values in parentheses refer to last resolution shell.
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Fig A.3.10. Interactions (shown in red-dotted lines) in which compounds  4-6 participate 

when bound within the human CA II active site. Zinc metal ion coordinated by His94, 

His96, His119. Figures generated using PyMOL (DeLano, 2002).
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Fig  A.3.11. Interactions  (shown  in  red-dotted  lines)  in  which  compounds  9  and 10 

participate when bound within the hCA II active site. Zinc metal ion coordinated by three 

histidine residues (His94, His96, His119) in a tetrahedral geometry, with sulfonamide as 

the fourth ligand. Figures generated using PyMOL (DeLano, 2002).
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All five ligands share the same binding mode of the sulfonamide moiety to the catalytic 

zinc  ion  as  depicted  in  Fig  A.3.10 and  Fig  A.3.11.  Their  crystal  structures  reveal  the 

presence of a similar hydrogen bond with Thr199 in all the datasets. The triazole moiety 

formed  hydrophobic  interactions  with  Leu197,  Val121,  Phe130.  This  5-membered 

nitrogen ring also formed a few hydrogen bonds with the hydrophilic residues (Asn97, 

Glu92, Pro201) in the CA II active site, directly as well as through water molecules (Fig 

A.3.10, Fig A.3.11). These interactions help in fine-tuning the CA II-ligand affinity. The 

metallocene  tail  moieties  were  revealed  to  form  hydrophobic  interactions  with  the 

hydrophobic amino acid side chains in the active site.

From the  given  interaction  figures  (Fig  A.3.10,  Fig  A.3.11)  it  is  evident  that  these 

compounds (4-6, 9, 10) formed more direct and indirect interactions than the compounds 

1-3, with  significant  interactions  being  shown  by  compound  6.  This  compound  is  an 

acetate-protected sugar moiety containing sulfonamide and many functional groups which 

have potential to bind to CA II active site residues. Apart from the conserved hydrogen 

bond with Thr199, it formed four hydrogen bonds (Glu135, Gly131, Gln92, Pro200) with 

the active site residues through water molecules. Compound 5 is compact in shape, and 

this structure fits inside the active site cavity, but is not bulky enough, like topiramate, to 

span the cleft (Fig A.3.12). Apart from the presence of hydrophobic interactions (Val121, 

Leu197, Pro201), the absence of hydroxyl or any functional groups on this compound 5 

caused the lack of expected direct or indirect hydrogen bonds between this compound and 

the active site residues, which thus affected the affinity between CA II and ligand, and  the 

anchoring of ligands. A summary of interactions is listed in Table A.3.6.
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Fig A.3.12. Presence of compounds  4-6 inside  human CA II  active  site cavity.  Figure 

generated using PyMOL (DeLano, 2002).

Even though studies have revealed that the compounds (4-6) are medium nanomolar 

inhibitors of CA II (Poulsen et al, 2008), X-ray crystallographic studies have revealed that 

there  is  still  room  for  improvement  in  these  compounds  to  enable  the  formation  of 

significant interactions between them and the CA II active site residues. Looking at the 

compounds inside the CA II active site cavity in Fig A.3.12 and Fig A.3.13, the presence 

of aromatic rings seem to make the  compounds elongated in shape and too long for the 

active  site  cavity,  thus  pushing  the  sugar  moieties  away  from  the  active  site  cavity, 

towards the surface. Consequently, there is a lack of any major interactions between the 

sugar moiety and the CA II active site residues (Fig A.3.13). 
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Fig  A.3.13. Comparison  of  ligand  (compound  4,  5,  and  6)  shapes  with  the  shape  of 

topiramate and their presence in the active site of human CA II. The ligand atoms are 

shown as  spheres  and  the  protein  surface  is  coloured  in  grey.  Figure  generated  using 

PyMOL (DeLano, 2002).

The results  from the crystal  structures  of  these  compounds  4, 5,  6,  9 and  10 gave 

extensive  insight  into  how to  improve  the  current  compound  structures  to  enable  the 

ligand to form more direct interactions with the protein active site residues and thus to be 

developed into an efficient class of CA inhibitors. Certain criteria had to be fulfilled while 

modifying these compounds, such as, they had to be short enough to fit it in the active site 

cavity  as  well  as  bulky  enough  to  span  the  cavity.  The  compounds  also  had  to  have 

membrane  impermeability  while  retaining  the  drug-like  property  to  preferentially  and 

selectively inhibit CA IX and CA XII over cytosolic CAs, which is the ultimate goal of 

these  experiments.  As  a  result,  a  new  set  of  compounds  was  synthesised  by  our 

collaborators,  S-glycosyl primary sulfonamides, where the primary sulfonamide group is 
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directly  attached  to  monosaccharide  or  disaccharide  moiety,  and  the  classic  aromatic 

group is absent (Lopez et al, 2009). A summary of interactions is listed in Table A.3.6.

3.2.4.4 Crystal structures of human CA II: S-glycosyl primary sulfonamide complexes

Out  of  the  ten  S-glycosyl  primary  sulfonamides  (11-20),  only  three  (14,  17,  20) 

compounds were found to be bound in the CA II active site. In all the other cases, CA II 

crystals  containing  no  ligands  were  formed.  This  could  be  because  of  the  weak 

micromolar CA inhibitive properties of these compounds (Lopez et al, 2009). 

Compound 17 is a monosaccharide, whereas compounds 14 and 20 are disaccharides. 

Here also, in all three crystal structures, the conservation of the binding mode of primary 

sulfonamide moiety with zinc catalytic ion, formation of the hydrogen bond with Thr199 

and the hydrophobic interaction with Leu197 were found to be present (Fig A.3.14). Data 

collection and refinement statistics are given in Table A.3.5.

 Ligand 14 17 20

  Data collection

X-ray source AS-MX1 AS-MX1 in-house

Wavelength (Å) 0.9568 0.9568 1.5418

Space group P21 P21 P21

Cell parameters       a= 42.4, b= 41.7, 

      c= 72.5; β= 104.5

         a= 42.5, b= 41.7, 

       c= 72.5; β= 104.5

      a= 42.4, b= 41.7, 

      c= 72.5; β= 104.9

Resolution (Å) 1.8 1.8 2.4

Multiplicity 7.5 (7.3) 7.5 (7.5) 3.5 (3.1)

Completeness (%) 99.5 (96.9) 99.9 (100) 99.3 (95.5)

Rmerge    0.055 (0.287)  0.062 (0.558) 0.053 (0.160)

  Refinement

Average B-factor (Å2) 23.8 24.2 14.9

rms bond lengths (Å) 0.005 0.005 0.018

rms bond angles (°) 1.436 1.340 1.782
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 rms bonded B-factors(Å2) 2.9 2.5 1.6

Ramachandran plot (%)             88.4, 11.1, 

                0.5, 0

              88, 11.6, 

               0.05, 0

  84.9, 14.2,

 0.9, 0

R-factor   0.196  0.200  0.154

Rfree  0.220  0.220  0.247
Table  A.3.5. Data  collection  and  refinement  statistics  of  compounds  14,  17, and  20. 

Values in parentheses refer to last resolution shell.

Fig A.3.14. Interactions (shown in red-dotted lines) between compounds  14  and 17, 20 

and  human  CA II  active  site  residues.  Zinc  metal  ion  coordinated  by  three  histidine 

residues (His94, 96, 119). Figures generated using PyMOL (DeLano, 2002).
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Both monosaccharide and disaccharide compounds formed two to three direct hydrogen 

bonds with the active site residues (Thr199, Gln92, Asn67), whereas  17 and  20 showed 

indirect interactions between their hydroxyl groups with human CA II active site residues 

(Tyr7, His64, Asn62, Asn67, Pro200) through a network of ordered water molecules (Fig 

A.3.14  and  Table  A.3.6).  These  compounds  were  not  able  to  form  as  many  direct 

interactions with protein active site residues as topiramate, which would explain the low 

micromolar  CA inhibition  profile  of  these  compounds  (Lopez  et  al,  2009).  The  CA 

inhibition  profiles  of  these  compounds  were  unvaried  despite  the  differences  and 

complexity in the stereochemistry of the sugar moiety, and the nature  of the hydroxyl 

groups of the sugar (polar free or less polar or acetate protected), and could not play a 

significant role in the enzyme inhibition (Lopez  et al,  2009). High B-factors of certain 

atoms of the ligands (second hexose ring, acetyl moieties) have indicated that those atoms 

were not well-ordered in the active-site cleft. 

Fig A.3.15.  Comparison of ligand shapes (compounds  14,  17, and 20) with the shape of 

topiramate and their presence in the active site of human CA II. The ligand atoms are 

shown as spheres and the protein surface is coloured in grey. Figure generated in PyMOL 

(DeLano, 2002). 
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Both topiramate and the S-glycosyl primary sulfonamides of the kind presented in this 

study possess a central carbohydrate skeleton and present various functional groups that 

potentially could interact with protein residues. The compounds still seem to be elongated 

in shape inside the active site (Fig A.3.15). 

These  compounds  could  be  definitely  improved  by  synthesising  inhibitors  that  are 

bulkier  as  in  topiramate  and  also  possess  the  membrane  impermeable  property  to 

preferentially inhibit transmembrane over cytosolic CAs, and also at the same time have 

drug-like properties. A summary of interactions is listed in Table A.3.6.

3.2.4.5 Crystal structures of CA II: Sulfamate complexes

These sulfamate compounds (21-25) are in the process of being co-crystallised with 

human CA II  and being solved.  The results  from the CA II  and these compounds are 

expected to be improved as these compounds are shorter in length and bulkier, and have 

many functional groups that could potentially form direct interactions with CA II active 

site residues which would help in stronger anchoring of these compounds in the active 

site.

Compound 
No. 

Direct H-bonds Indirect H-bonds via 
water molecules

Hydrophobic 
interactions

1 Thr199, Pro201 - Val121, Phe130, Leu197

2 Thr199  Trp5 Val121, Leu197

3 Thr199, Pro201  Glu135, Gly131, Glu69 Val121, Leu197

4 Thr199 - Leu197

5 Thr199 - Val121, Leu197, Pro201

6 Thr199  Gln92, Gly131, Glu135, 
Pro200, Pro201

Val121, Leu197, Leu203

9 Thr199 Asn67, Gln92 Val121, Phe130, Leu197, 
Pro201, Leu203
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10 Thr199, Gln92 Asn67 Val121, Phe130, Leu197, 
Pro201

14 Thr199, Gln92, Asn67 - Pro201, Leu197

17 Thr199, Gln92  Asn67, Tyr7 Leu197, Phe130

20 Thr199, Gln92  His64, Asn62, Pro200 Phe130, Leu197, Pro201

Table  A.3.6.  Interaction  list  of  all  compounds  studied  in  this  chapter.  Given  in  each 

column are  the  human CA II  active  site  residues  involved  in  the  interaction with  the 

respective compounds.

3.3 Discussion

Many strategies have been in place to produce effective anti-cancer drugs, which 

includes taking into account the biological properties of the normal or cancerous tissue 

or  cells  associated  with  CAs.  The  approach  in  this  chapter  has  been  to  target  the 

extracellular active sites of CA enzymes involved in cancer (CA IX and CA XII) by 

synthesising compounds that possess poor membrane permeability, which would prove 

to  be  helpful  in  chemotherapy.  Four different  sets  of  potential  CA inhibitors  were 

introduced in this chapter; benzene sulfonamides with thio, sulfinyl, sulfonyl glycosides 

moieties,  triazole-S-sugars,  S-glycosyl  primary  sulfonamides,  sulfamates.  The first  two 

groups consist of aromatic moiety attached to the primary sulfonamide moieties, whereas 

the  third  group  lack  aromatic  moiety  in  the  zinc  binding  sulfonamide  group  with  the 

fourth group having sulfamate moieties. These compounds were co-crystallised with the 

physiologically dominant human CA II isoform, which helped in finding the interactions 

of  these  compounds  with  the  active  site  residues.  CD  spectroscopic  and  X-ray 

crystallographic  studies  were  performed  on  these  CA II:  compound  complexes.  CD 

spectroscopic experiments provided a preliminary idea of the thermal stability of each and 
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every  CA II-ligand  complex  (Table  A.3.7).  X-ray  crystallographic  studies  on  CA II: 

topiramate was also performed as a reference, to compare the active site interactions and 

details of compounds in the CA II active site with that of the CA II: topiramate complex.

From the X-ray crystallographic data, compounds  6  and  20 were found to form the 

most direct and indirect interactions with the active site residues. Thus, depending on the 

number  of  H-bonds  between  the  compounds  and  the  CA  II  active  site  residues, 

compounds  6 and 20 can be considered as better compounds among the above listed 11 

potential CA inhibitors (Table A.3.6). Fewer interactions were shown by compounds 1, 4, 

5,  and  14.  The thermal  stability  experiment  results  matched  for  compounds  6 and  14 

showing higher  and lower  thermal  stability  respectively  with  67.3°C and  59°C,  when 

compared  to  the  thermal  stability  of  the  control  (58°C)  (Table  A.3.7).  From  X-ray 

crystallographic  studies,  compound  6 has shown to  form one direct  hydrogen bond, 5 

indirect hydrogen bonds, and 3 hydrophobic interactions with the active site residues. This 

compound  contains  an  acetate-protected  sugar  tail  and  many  functional  groups  that 

interacted with the human CA II active site side chains, which explains the increase in CA 

II thermal stability. This compound also showed thermal stability closer to the thermal 

stability  of  the  reference  complex,  CA II:  topiramate  (67°C).  Compound  14 from  S-

glycosyl  sulfonamides  showed  the  lowest  thermal  stability  (59°C).  The  absence  of 

electron density around the second hexose rings and around the acetyl moieties in the X-

ray  crystallographic  results,  which  implies  that  the  atoms  of  the  ligand  are  not  well-

ordered in the active site and therefore could affect the thermal stability of this complex. 

Although these compounds were found to be the better inhibitors compared to most of the 

compounds listed, they are still not ideal and their interactions can be further improved. 

Even though the compounds showed only weak interactions with the human CA II active 
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site  residues,  this  research  helped  in  understanding  ways  in  which  to  bring  up  these 

compounds as better CA inhibitors in future.

  Compound  
  No.

Thermal 
denaturation of 
the complex (°C)

No. of direct and 
indirect H-bonds

No. of hydrophobic 
interactions

1 66.6 2 3
2 67.1 2 2
3 66.2 5 2
4 65.2 1 1
5 67.1 1 3
6 67.3 6 3
10 66.2 3 4
14 59 3 2
17 59.4 4 2
20 59.2 5 3

Table A.3.7 Table summarising the unfolding temperature of CAII-inhibitor complexes, 

number of hydrogen and hydrophobic interactions between the protein and the inhibitor.

The inhibition profiles for these compounds against CA isozymes have been generated 

by  our  collaborators  (Poulsen  et  al,  2008;  Singer  et  al,  2009;  Lopez  et  al,  2009). 

Membrane permeability properties have also been determined to ensure their membrane 

impermeability (Lopez et al, 2009). Compounds 1-3, despite the oxidation states of sulfur, 

they showed weaker inhibition against CA II, whereas they showed stronger inhibitions 

against CA IX (Singer et al, 2009). This explains the poor interactions found between the 

active site residues CA II and these compounds. The compounds  4-10 were found to be 

low  to  medium  nanomolar  inhibitors  of  cytosolic  CAs  (Poulsen  et  al,  2008).  X-ray 

crystallographic  studies  showed the presence of interactions between these compounds 

and human CA II active site, but except for compound  6, all the remaining compounds 

lacked  the  presence  of  significant  interactions.  S-glycosyl  primary  sulfonamide 
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compounds  showed  no  variation  in  their  inhibition  profile  against  both  cytosolic  and 

transmembrane CA isozymes,  even though the  compound structures  were  found  to  be 

complex,  membrane  impermeable  and  able  to  selectively  inhibit  transmembrane  CAs 

(Lopez  et  al,  2009).  The  X-ray  data  also  failed  to  show  the  presence  of  significant 

interactions in the active site.

The X-ray crystal structure of the catalytic domain of human CA IX has been recently 

published by Alterio and co-workers (2009). The crystal structure revealed similarity in 

the catalytic site of human CA IX with other α-CAs including human CA II, and the active 

site was almost superimposable, except for a small difference in the region of residues 

125-137  in  human  CA IX.  This  difference  was  noticed  in  the  amino  acid  sequence 

alignment of this protein with CA II, CA IV, CA XII and CA XIV, where eight amino acid 

residues were different in the active site of human CA IX (Alterio et al, 2009). Thus this 

minor difference that was brought to light by X-ray crystallography can be assumed to be 

contributing  to  the  stronger  inhibitions  of  the  above-discussed  CA inhibitors,  while 

showing weaker inhibitions against human CA II. To confirm this, co-crystallisation of 

these CA inhibitor compounds need to be done with human CA IX, in order to understand 

the importance of this small region in selective CA IX drug design. 

The  X-ray  crystallographic  results  on  these  CA II:  ligand  complex  structures  have 

provided important information and details into the interactions between the ligand and 

human CA II active site residues. This study has also provided details of how to improve 

their  physicochemical  properties  so  that  it  will  lead to  the  future  development  of  CA 

inhibitor compounds with better results. For example, it was found that the modifications 

to the  overall  shape of the compounds could  lead to  more direct  interactions with  the 
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active  site  residues.  Compounds  with  this  property,  and  also  showing  membrane 

impermeability are being produced and currently co-crystallised with human CA II. This 

study was therefore a valuable step in the ongoing research to improve the characteristics 

of CA inhibitors.

3.4 Conclusion

Selective  inhibition among CA isozymes is  a  great  challenge in the  drug discovery 

process.  This  is  because  of  its  wide  range  of  tissue  distribution  as  well  as  the  high 

conservation in the active site structure and topology of the CA isozymes. This has made 

it difficult to target a particular isozyme using rational drug design. An alternative strategy 

towards this problem has been to take into account the relevant biological landscape for 

both normal and cancerous cells or tissues associated with CAs. Our approach has been to 

target  the  extracellular  domains  of  CA enzymes  involved  in  cancer  by  the  design  of 

compound  structures  and  properties  that  impart  poor  membrane  permeability.  Such 

compounds may prove to be desirable for chemotherapy if delivered through a route of 

drug administration other than oral. Three sets of CA inhibitors were co-crystallised with 

human CA II. This included a new class of CA inhibitor comprising  S-glycosyl primary 

sulfonamides, in which the aromatic moiety of the classical zinc binding sulfonamide CA 

inhibitors  is  absent,  and  instead  they  incorporate  a  hydrophilic  mono-  or  disaccharide 

fragment  directly  attached  to  the  sulfonamide  group.  Protein  X-ray  crystallographic 

structures for these three different sets as well as the sugar sulfamate, topiramate, were 

obtained in complex with human CA II. The results have provided an extensive insight 

into  the  ligand-active  site  molecular  recognition  attributes  that  will  guide  the  future 

development of these compounds as CA inhibitors. 
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          Chapter 4

GENERAL INTRODUCTION TO HUMAN CARBONIC ANHYDRASE IX AND 

CARBONIC ANHYDRASE PLASMODIUM FALCIPARUM; EXPRESSION AND 

         PURIFICATION OF RECOMBINANT PROTEINS

4.1 Introduction to human carbonic anhydrase IX

With cancer being one of the major health problems in many countries, development of 

more progressive therapeutics are needed, even though many significant advances have 

been  made  in  the  past  (Winum,  Rami,  Scozzafava,  Montero,  &  Supuran,  2008). 

Recently  researchers  have  directed  their  attention  towards  finding  drugs  which  will 

specifically  target  pathways  that  are  important  for  the  growth  and  development  of 

tumours. Many new specific targets for drug treatments have been identified in the past 

decade and, carbonic anhydrase (CA) is one of them (Winum et al, 2008). 

Carbonic  anhydrase  IX  (CA IX)  is  a  membrane-associated  protein  of  the  α-CA 

enzyme family.  CA IX has been found to be present in many physiological functions 

such as cell proliferation, cell adhesion, and tumourogenic processes. Thus  CA IX is 

tumour-related CA isozyme and its expression is induced by hypoxia, which is mediated 

by the transcription factor HIF-1 (Alterio et al, 2009). In normal tissues, expression of 

CA IX is very limited, whereas  it is over-expressed on the surface of cancerous cells 

(Hilvo et al, 2008; Supuran, Scozzafava, & Conway, 2004). Over-expression of CA IX 

is also involved with a poor response to radio and chemotherapy. Thus, CA IX has been 

recognised as a target for cancer treatment, due to its important role in cell proliferation 

and tumourogenesis (Alterio et al, 2009). 
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In 1994 and later in 1996, Pastorek and co-workers characterised the CA9 gene and 

they proposed this protein to be  multi-domained, consisting of a N-terminus extended 

with  a  proteoglycan-like  (PG)  domain,  an  extracellular  catalytic  domain,  and  a 

transmembrane region followed by a cytoplasmic region at the C-terminal. The PG-like 

extension is absent in other CA isozymes, whereas the CA catalytic domain shows a 

considerable  degree  of  sequence  identity  with  other  catalytic  human  CA isozymes 

(Winum et al, 2007). 

Recently,  Svastova  and  co-workers  (2004)  demonstrated  that  under  hypoxic 

conditions, CA IX can control acidification of the extracellular tumoural pH (Svastova 

et al, 2004). Inhibition of CA IX with selective sulfonamide inhibitors, can disturb this 

process. Thus the extracellular pH regulation by CA IX increases the acidification of 

tumours, which increases the invasion of cancer cells, and resistance to chemotherapy 

(Alterio  et al,  2006).  This contributes to the poor outcome of patients with hypoxic 

tumours. Many reports have been published on the role of CA IX in tumour physiology 

(Winum et al, 2007). 

In 2008, Hilvo et al published biochemical reports on CA IX protein. Studies on the 

oligomerisation and stability of this protein were performed using techniques like size-

exclusion chromatography,  size-exclusion chromatography combined with laser  light 

scattering  (SEC-MALLS),  and  SDS-PAGE  under  both  reducing  and  non-reducing 

conditions, which  highlighted the presence of dimers. The mass spectrometry results 

demonstrated that the dimerisation is mediated by the formation of an intermolecular 

disulfide bond between Cys119 and Cys299 and also the Cys41 residue located on the 

catalytic domains of the two monomers (Hilvo et al, 2008). 
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4.2 Crystal structure of CA IX catalytic domain

The  three-dimensional  structure  of  the  catalytic  domain  of  CA IX  protein  was 

recently  published  by  Alterio  and  co-workers.  This  research  group  produced  four 

recombinant human CA IX enzyme forms (P1-P4), where the P1 recombinant product 

contains both the proteoglycanlike (PG) domain and CA catalytic domains of human CA 

IX, the P2 to P4 products contained only the CA catalytic domain.  In P4, the Cys41 

residue responsible for the intermolecular disulfide bond for the formation of CA IX 

dimers, was mutated into serine (Alterio et al, 2009).

X-ray crystallographic data from the P1 recombinant protein indicated the absence of 

the PG domain within the crystals. Crystallisation experiments were carried out on the 

other CA IX recombinant products (P2–P4) which had the catalytic domain complexed 

with the acetazolamide (AZM). This is a strong nanomolar inhibitor for human CA IX. 

X-ray crystallographic data from the P4 recombinant protein active site complexed with 

the sulfonamide CA inhibitor, AZM, revealed all residues as well-defined in electron 

density (Alterio et al, 2009). 

The catalytic site: The human CA IX active site was similar to the structure of other 

α-CA isozymes (Fig A.4.1) (Alterio  et al, 2009; Eriksson, Jones & Liljas, 1988). The 

active site is located in a large conical cavity that reached to the centre of the protein 

from the surface, where the zinc ion is located at its bottom. In the active site, both 

hydrophobic  and a  hydrophilic  regions  are  found as  two separate  regions,  with  the 

residues Leu91, Val121, Val131, Leu135, Leu141, Val143, Leu198, and Pro202 forming 

the hydrophobic region, and Asn62, His64, Ser65, Gln67, Thr69, and Gln92 forming 

hydrophilic region. Fig A.4.1 shows the interactions between human CA IX and active 
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site bound azetazolamide (Alterio et al, 2009). 

Fig A.4.1. (Left) Human CA IX active site showing the catalytic zinc ion coordinated by 

three histidine residues  and AZM; (Right)  Interactions  of  acetazolamide (in  yellow) 

with human CA IX active site residues (PDB code: 3IAI) (Alterio et al, 2009). Figure 

generated in PyMOL (DeLano, 2002).

From X-ray crystallographic data, the active site region of human CA IX was found 

to be almost superimposable with the other four enzymes (CA II, CA IV, CA XII, CA 

XIV), with a small difference observed in the region of residues 125–137. In amino acid 

level, among the four isozymes (CA II, CA IV, CA XII, CA XIV),  eight amino acid 

residues in the active site region of CA IX differs; 67, 69, 91, 131, 132, 135, 136, and 

204.  Thus  this  minor  difference  in  both  structure  and  sequence  makes  CA IX  an 

interesting target to present in the drug design of selective CA IX inhibitors (Alterio et  

al, 2009).

X-ray crystallographic studies on the reports of human CA IX dimerisation through 

two Cys41 from each monomer was further performed (Hilvo et al, 2009). Though the 
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replacement of Cys41 with Ser41 resulted in the absence of intermolecular disulfide 

bonds, the P4 recombinant protein still formed dimers. In the absence of Cys41, the 

stabilisation of CA IX dimeric form was provided by two hydrogen bonds, involving the 

Arg137 side chain and the carbonyl oxygen of Ala127, and also several hydrophobic 

interactions between the monomers (Alterio  et al, 2009).  The various  functions of the 

various  domains  in  CA IX was  explained  using  the  information  obtained  from the 

crystal structure. The N-terminal regions of both monomers are located on the same side 

of the dimer, whereas their C-terminal regions are situated on the opposite sides. While 

the PG domains at the N-terminal regions are oriented towards the extracellular region 

to mediate cell interaction, both the C-terminal transmembrane portions are responsible 

for proper CA IX anchoring to the cell membrane. The location of the PG domain at the 

entrance of the active site suggests a further role of this region in assisting CA domain-

mediated catalysis (Fig A.4.2) (Alterio et al, 2009). 
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Fig A.4.2. Structural arrangement of domains of full length CA IX dimer on the cellular 

membrane (Figure taken from Alterio et al, 2009).

This X-ray crystallographic study of catalytic site of human CA IX gave an insight 

into the molecular details of the active site of this enzyme and helped in comparing with 

the human CA II active site. This study brought about the minor difference found in the 

human CA IX active site from human CA II, which could be an interesting target in the 

structure-based drug design of selective drugs for human CA IX that can act as anti-

cancer drugs. This helps in understanding the differences in the inhibition properties of 

the CA sulfonamide compounds against human CAII and human CA IX. 

In  this  project,  the aim is  to  express  and purify human CA IX proteins  and co-

crystallise them with the membrane-impermeable compounds (Lopez et al, 2009) which 

were  co-crystallised  with  human  CA II  in  the  previous  chapter,  to  understand  the 

molecular  and  ligand-enzyme  recognition  details,  and  also  to  perform  a  structural 

comparison  of  compound-active  site  binding  between  CA  II  and  CA  IX.  These 

compounds have shown to be membrane impermeable (Lopez et al, 2009).
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4.3  Introduction  to  Carbonic  anhydrase  from  Plasmodium  falciparum - 

CA(Pfa)

   Malaria is a major disease seen in humans and is caused by protozoan parasites that 

fall under the genus  Plasmodium. Worldwide, nearly 500 million people are affected 

with  this  disease  resulting  in  2.5  million  deaths  per  year.  Humans  are  found to  be 

infected  by  four  protozoan  species,  and  out  of  these,  Plasmodium  falciparum is 

responsible for most of the deaths (Krungkrai et al, 2004; Krungkrai et al, 2007). There 

are many limitations and side effects for the anti-malarial drugs that are currently used 

clinically (Marsh, 1998; Krungkrai et al, 2008).

   Biochemical studies in P. falciparum have been limited to the intraerythrocytic stage 

(the  stage responsible  for  the  disease  and mortality  associated  with  malaria)  (Gero, 

Brown, & Sullivan, 1984)  of the parasitic life cycle. During this stage, the parasites 

causing malaria, need purines and pyrimidines to perform DNA and RNA synthesis for 

their exponential growth phase and replication. These parasites are purine auxotrophs, 

they utilise the purines from human host, and synthesise pyrimidines using HCO3
-, ATP, 

glutamine and aspartate (Krungkrai  et al, 2004). The requirement of bicarbonate ions 

for these steps in their life cycle, brings out the participation of the carbonic anhydrase, 

which  catalyses  the  interconversion  between  carbon  dioxide  and  bicarbonate  ions 

(Krungkrai et al, 2008).

    Malaria carbonic anhydrase enzymes belong to the α-CA family, which is similar to 

the human CA isozymes. Only recently, the P. falciparum carbonic anhydrase CA(Pfa), 

has been isolated and characterised (Reungprapavut, Krungkrai,  & Krungkrai, 2004), 

which showed that CA(Pfa) belongs to the  α-class, similar to the 14 other isozymes 

currently known in higher vertebrates, including humans (Supuran et al, 2004). 
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CA(Pfa) is involved in the first biosynthetic step for the formation of pyrimidines, 

needed for the malarial parasite life cycle (Fig A.4.3), which includes the synthesis of 

carbamoyl phosphate from glutamine, in the presence of carbamoylphosphate synthase 

(Krungkrai  et  al,  2007).  The true  substrate  for  the pyrimidine  biosynthetic  pathway 

reaction  has  been  revealed  to  be  bicarbonate  and not  carbon  dioxide,  and  thus  the 

critical step for the pathway, which is the interconversion between carbon dioxide and 

bicarbonate  ions,  is  catalysed  by  Plasmodium  falciparum  carbonic  anhydrase.  The 

differences  between  the  parasites  and  their  human  host  are  revealed  through  these 

pathways, which in turn provides information on the important features for the possible 

targeting of CA(Pfa) for the design of novel antimalarials (Krungkrai et al, 2007).
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Fig  A.4.3. Pyrimidine  biosynthetic  pathway  in  malarial  parasites  where  carbonic 

anhydrase is involved in the synthesis of carbamoyl phosphate. Enzymes responsible for 

each step of the synthesis pathway are given in italics: CA, carbonic anhydrase; CPS II, 

carbamoyl  phosphate  synthase  II;  ATC,  aspartate  transcarbamoylase;  DHO, 

dihydroorotase;  DHOD,  dihydroorotate  dehydrogenase;  OPRT,  orotate 

phosphoribosyltransferase;  OMPDC,  orotidine  5'-monophosphate  decarboxylase; 

NMPK,  nucleoside  monophosphate  kinase;  RNR,  ribonucleotide  reductase;  TS, 

thymidylate  synthase;  CTPS,  cytidine  5'-triphosphate  synthetase  (Krungkrai  et  al, 

2007).

   α-CAs are strongly inhibited by  aromatic or heterocyclic sulfonamides, where the 

deprotonated sulfonamide moiety binds to the catalytic Zn2+ ion within the active site 

(Supuran & Scozzafava, 2007).  Aromatic sulfonamides showed good inhibition on the 

malarial  CA enzyme.  Acetazolamide  and  the  lipophilic  4-(3,4-dichlorophenylureido 

ethyl)-benzene  sulfonamide  were  the  most  potent  among  the  sulfonamide  inhibitors 

previously found to be inhibitive towards  α-CAs. These compounds showed effective 
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antimalarial property for the growth of P. falciparum, when the life cycle of parasite was 

taken  into  account  for  CA(Pfa)  inhibitory  studies.  These  studies  revealed  that 

antimalarial drugs with a new mechanism of action can be obtained (Krungkrai  et al, 

2004). In addition such compounds must have suitable lipo/hydrosolubility in order to 

obtain good bioavailability. 

     There are no reports yet on the three-dimensional structure of the catalytic domain of 

Plasmodium falciparum carbonic anhydrase. Structural research on this domain of the 

enzyme  might  enable  us  to  understand  the  molecular  details  and  thus  increase  the 

efficiency in structure-based drug design. The alignment of the primary sequence of the 

CA(Pfa) construct with CA II and CA IX sequences showed a change in the active site 

of CA(Pfa) from the other two. Among the classic three histidine residues involved in 

the zinc-coordination geometry (Fig A.4.4), CA(Pfa) showed the presence of Gln (Q) 

instead of His119 (numbering according to human CA II amino acid sequence). Even 

though CA(Pfa) has been classified as  α-CA, no publications have shown this change 

yet.

CA(Pfa)    MAHHHHHHML EMIDKYNTHF VQTTKPYYEF NVTNLTNSKK KKKKKKRENH     50
CAII       MSHH...... .......... .......... .......... ..........      4
CAIX       MAPLCPSPWL PLLIPAPAPG LTVQ...LLL SLLLLMPVHP QRLPRMQEDS     47
 
CA(Pfa)    LIGSGENMQK KDEKNIKDFH INDYEIDGKT IHNKENKDSF KMNKNKLNDN    100
CAII       .......... .......... .......... .......... ..........
CAIX       PLGGGSSGED .......... .DPLGEEDLP SEEDSPREED PPGEEDLPGE     86
CA(Pfa)    EELFYMDNIL SYKPNKKKLF TYSFSENEGN SEKEETLYNF KNMKNINSVQ    150
CAII       .......... .......... .......... .......... ..........
CAIX       EDLPGEEDLP EVKPKSEE.. .......... .EGSLKLEDL PTVEAPGDPQ    123
CA(Pfa)    NNINKTFLYN KLKNVDYYEH G.......YN WDIGQCKTGK YQSPVDLPMK    193
CAII       .......... .......WGY GKHNGPEHWH KDFPIAK.GE RQSPVDI...     33
CAIX       EPQNNAHRDK EGDDQSHWRY G...GDPPWP RVSPACA.GR FQSPVDI...    166
CA(Pfa)    DLKERELKNI SDVYLNLFDD DNYAWNNYNK PWMKGDFFYY YEYFIKKIVI    243
CAII       ..........  DTHTAKYD. .......... PSLKPLSVSY ....DQATSL     57
CAIX       .......... .RPQLAAFC. .......... PALRPLELLG FQL.PPLPEL    193
CA(Pfa)    NRQNNIFQIK AARDGIIPFG VLFTTEQPAM FYADQIHFH. .....APSEH    287
CAII       RILNNGHAFN VEFDDSQDKA VLKGGPLDGT YRLIQFHFHW GSLDGQGSEH    107
CAIX       RLRNNGHSVQ LTLPPGLEMA LGPGRE.... YRALQLHLHW GAAGRPGSEH    239
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CA(Pfa)    TFQGSGNRRE IEMQIFHSTN YFYDIQDDKS KYKKKYGLHI YNNLKKNSKE    337
CAII       TVD..KKKYA AELHLVHWNT KYGDFGKAVQ QPDGLAVLGI FLKVG.SAKP    154
CAIX       TVE..GHRFP AEIHVVHLST AFARVDEALG RPGGLAVLAA FLEEGPEENS    287
CA(Pfa)    TSKKDSSRYH SY........ LMSFLMNSLS NEQLQNKYNK KKRIKKMKNQ    379
CAII       GLQKVVDVLD SIKTKGKSAD FTNFAARGLL PESL.DYWTY PGSLTTPPLL    203
CAIX       AYEQLLSRLE EIAEEGSETQ VPGLDISALL PSDFSRYFQY EGSLTTPPCA    337
CA(Pfa)    YEVISITFT. SAEINASTIN AFKKL..... .......... ..PSEKFLRT    369
CAII       ECVTWIVLKE PISVSSEQVL KFRKLNFNGE GEPEELMVDN WRPAQPLKNR    253
CAIX       QGVIWTVFNQ TVMLSAKQLH TLSDTLW... GPGDSRLQLN FRATQPLNGR    384
CA(Pfa)    IINVSSAVHV GSGNK..... .......... .......... ..........    384
CAII       QIKASFK... .......... .......... .......... ..........    260
CAIX       VIEASFPAGV DSSPRAAEPV QLNSCLAAGD ILALVFGLLF AVTSVAFLVQ    434
CA(Pfa)    .......... .......... .....
CAII       .......... .......... .....
CAIX       MRRQHRRGTK GGVSYRPAEV AETGA                               459

Fig A.4.4. Alignment of amino acid residues of CA(Pfa) construct with human CA II 

and human CA IX from the  α-CA family using CLUSTAL W (Thompson, Higgins & 

Gibson,  1994).  Active  site  residues  involved  in  zinc  coordination  geometry  are 

highlighted. 

In this chapter, the aim of our group with this project was to express, purify and obtain 

the three-dimensional structure of the catalytic domain of CA(Pfa) to understand the 

molecular details of this enzyme.

4.4 Results and discussion

4.5.1 Recombinant human CA IX protein purification

After expression of human CA IX (52-397), the purification of these recombinant 

proteins was carried out  by applying the dialysed crude cell  lysate  to  QA-52 anion 

exchange column. As the protein was not tagged either on its N-or C- terminals, the 

purification was based on the charge of the proteins. The bound proteins were eluted by 

gradient elution buffer 0-1 M NaCl in 20 mM TRIS pH 8.0. 12% SDS-PAGE was used 
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to assess the purity and the presence of the expected protein, which showed the presence 

of the expected molecular mass, 37 kDa (Fig A.4.5, Left). But single step purification 

was not sufficient to produce highly purified forms of these proteins, as seen in Fig 

A.4.5 (Left).  The fractions with the expected CA IX (52-397) protein were dialysed 

against 250 mM NaCl, 100 mM (NH4)2SO4 and 50 mM Tris pH 8.0, and were reloaded 

onto  an  affinity  chromatography  column  containing  para-aminobenzenesulfonamide 

resin. After step elution, SDS-PAGE was used to check the purity of the eluted protein 

(Fig A.4.5, Right).

Fig  A.4.5.  SDS-PAGE  purification  profile  of  human  CA IX(52-397)  from  QA-52 

anionic  exchange  chromatography  (Left);  Purification  profile  from  affinity 

chromatography (Right).

As it  is demonstrated in Fig A.4.5 (Right),  the band with the expected molecular 

mass (37 kDa) was nowhere to be found. Instead, there appeared a new 51 kDa band 

and that was consistent throughout the entire elution profile. Mass spectroscopy of this 

unusual 51 kDa protein solution revealed an uncharacterised E. coli protein (data not 

shown).
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Following this first purification trial, purification attempts with different conditions and 

pH,  including batch purifications  were  carried  out.  1  mM ZnCl2 was  also  added to 

ensure the presence of the zinc ion in the protein for the sulfonamide resins in order to 

recognise  the  protein  during  the  purification  procedure.  On  using  anion  exchange 

chromatography, with Q-Sepharose pH 8.0 as the second purification step, instead of 

affinity chromatography, the SDS-PAGE assessment showed the presence of  a 37 kDa 

band, but in only one of the fractions (Fig A.4.6).

Fig A.4.6. SDS-PAGE purification profile of human CA IX from Q-Sepharose column.

Mass spectroscopic (MALDI-TOF) results confirmed the band of interest to be of 

human  CA IX, with a MASCOT protein hit  score of 88, which was well above the 

required threshold of 63 (Table A.4.1). Since the construct used was a truncated version 

(from residue 52-397) of the full length human CA IX, the sequence coverage in the 

MASCOT hit was only 17% as the residues left after truncation were matched with the 

full length protein. The protein acquired was concentrated and buffer exchanged using 

the standard protein buffer, 100 mM NaCl and 20 mM TRIS pH7.0, which yielded a 

concentration of  ~9 mg/ml.
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Match to: Carbonic anhydrase_9_human

Score: 88

Nominal mass (Mr): 49667; Calculated pI value: 4.64

Number of mass values searched: 8

Number of mass values matched: 8

Sequence Coverage: 17%

Matched peptides shown in Bold Red

          1 MAPLCPSPWL PLLIPAPAPG LTVQLLLSLL LLVPVHPQRL PRMQEDSPLG 

    51 GGSSGEDDPL GEEDLPSEED SPREEDPPGE EDLPGEEDLP GEEDLPEVKP 

   101 KSEEEGSLKL EDLPTVEAPG DPQEPQNNAH RDKEGDDQSHWRYGGDPPWP 

   151 RVSPACAGRF QSPVDIRPQL AAFCPALRPL ELLGFQLPPL PELRLRNNGH 

   201 SVQLTLPPGL EMALGPGREY RALQLHLHWG AAGRPGSEHT VEGHRFPAEI 

   251 HVVHLSTAFA RVDEALGRPG GLAVLAAFLE EGPEENSAYE QLLSRLEEIA 

   301 EEGSETQVPG LDISALLPSD FSRYFQYEGS LTTPPCAQGV IWTVFNQTVM 

   351 LSAKQLHTLS DTLWGPGDSR LQLNFRATQP LNGRVIEASF PAGVDSSPRA 

   401 AEPVQLNSCL AAGDILALVF GLLFAVTSVA FLVQMRRQHR RGTKGGVSYR 

   451 PAEVAETGA

Table A.4.1 MALDI-TOF results identifying human CA IX.

Crystallisation of CA IX (52-397): Crystallisation plates with the acquired human CA 

IX  (52-397)  protein  were  set  up  using  a  hanging  drop  vapour  diffusion  method. 

Different  crystallisation  conditions  available  in  the  Structural  Chemistry  factorial 

collections  were  used  for  this  purpose.  The  reservoir  conditions  used  for  the 

crystallisation of native human CA IX by Alterio and co-workers (2009) included 0.4 M 
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NH4H2PO4, 0.1 M Sodium citrate pH 5.0 (Alterio et al, 2009). Thus the crystallisation 

condition closer to this was selected from in-house structural chemistry crystallisation 

factorials containing a range of NH4H2PO4  conditions. As previously human CA II was 

successfully crystallised using different ammonium sulfate containing conditions with 

different pH levels, crystallisation of human CAIX (52-397) was also performed with 

the same factorials and conditions used for human CA II. The drop composition was 3 

μl of human CA IX (52-397) protein (9 mg/ml) mixed with 3 μl reservoir. Since no 

crystals have been grown so far in these conditions,  and also as the current protein 

concentration does  not  seem to be high enough (as  indicated by clear  drops  in  the 

crystallisation drops), the crystallisation of this protein is still in progress.

One of the reasons for low yields of purified human CA IX was the presence of the 

protein of interest in the pellets rather than in the supernatant (data not shown). Another 

possibility could be the extent of the current construct of the recombinant protein CA IX 

(52-397) which may be missing secondary structure elements essential for folding. 

4.5.2 Recombinant CA(Pfa) protein production

The supernatant after the centrifugation was dialysed against 100 mM NaCl, 20 mM 

TRIS pH 8.0 and was loaded onto the Ni2+ column. The protein was eluted using step 

elution as described elsewhere. The expected molecular mass for CA(Pfa)(Δ1-151) was 

33 kDa. 12% SDS-PAGE revealed that the supernatant from the expression conditions 

using LB+/AI revealed the presence of a 50 kDa band instead of the expected 33 kDa 

(Fig A.4.7). 
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Fig A.4.7 SDS-PAGE purification profile of CA(Pfa)(Δ1-151) expressed using LB+/AI, 

from a Ni2+ column, showing the presence of a 50 kDa band instead of expected 33 kDa.

Different  expression  conditions  were  carried  out  expecting  the  production  of  the 

protein of interest. Expression of the CA(Pfa) (Δ1-151) protein was performed in E.coli 

Rosetta2 (DE3), 2xYT+/AI media conditions with the same temperature and purification 

conditions used for the other expression conditions. 12% SDS-PAGE assessment of this 

elution profile revealed the presence of the band of interest,  33 kDa, but in  limited 

fractions (Fig A.4.8). 

Fig A.4.8 SDS-PAGE purification profile of CA(Pfa)(Δ1-151) expressed using  E.coli 

Rosetta2 (DE3), 2xYT+/AI, purified in Ni2+ column, showing the presence of expected 

33 kDa.
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Identification using MALDI-TOF: These bands of interest in the fractions were cut 

out, analysed and identified using MALDI-TOF (data not shown). Since the protein of 

interest was present only in very small amounts in the eluted fractions, the yield was 

very low with a protein concentration of 8.1 mg/ml. The pellets and supernatant after 

centrifugation of the cell debris were checked using a 12% SDS-PAGE, which revealed 

the presence of most of the protein of interest in the pellets rather than in the supernatant 

(Fig A.4.9), which explains the minimal presence of the protein in the eluted fractions.

Fig  A.4.9 SDS-PAGE  of  His-CA(Pfa)(Δ1-151) showing  the  presence  of  expected 

protein in the pellets. M=Marker, S=Supernatant, P=Pellet.

Crystallisation  of  His-CA(Pfa)(Δ1-151): However,  crystallisation  plates  with  the 

acquired  His-CA(Pfa)(Δ1-151)  protein  were  set  up  using  a  hanging  drop  vapour 

diffusion  method.  Different  crystallisation  conditions  available  in  the  Structural 

Chemistry factorial collections were used for this purpose including ammonium sulfate 

containing conditions with different pH, since these conditions successfully produced 

human CA II crystals. The drop composition was 3 μl of His-CA(Pfa)(Δ1-151) protein 

(8.1 mg/ml) mixed with 3 μl reservoir.  No crystals have been grown so far in these 

conditions. More pure protein is needed for performing crystallisation.
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In the next attempt to produce successful expression of the protein, the full length 

His-CA(Pfa)  construct  was  used  for  expression  and  purification.  The  expected 

molecular mass for this  construct was 55 kDa. 12% SDS-PAGE results  showed the 

presence of 55 kDa (Fig A.4.10), but in very small amounts, which were not enough for 

a second purification.

Fig A.4.10 SDS-PAGE purification  profile  of  His-CA(Pfa)  expressed using LB+/AI, 

purified in Ni2+ column, showing the presence of the expected 33 kDa.

The MALDI-TOF analysis revealed it to be His-CA(Pfa) protein (data not shown). 

Several different batch experiments were performed to check if the limited protein from 

the first step of purification could be purified. As the second step of purification and 

batch experiment, SP-Sepharose pH 7.0, affinity chromatography using p-aminomethyl 

benzenesulfonamide and affinity chromatography using Ni2+ column were performed, 

which proved to be unsuccessful. 

After several attempts and different expression conditions, the protein was not able to 

be purified successfully. The obtained protein was only observed in one fraction and 

after concentration, less than 6 mg/ml protein was obtained. The obtained protein was 
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used to  set  up crystal  plates  using  a  hanging  drop vapour  diffusion  method,  which 

revealed the concentration of the protein was not enough, as the protein and reservoir 

drop failed to show nucleation. Since most of the protein was found to be present in the 

cell pellets, expression at low temperature is yet to be performed.
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                    Chapter 5

       SUMMARY & OUTLOOK

This part of the thesis was focussed mainly on the structure-based drug design for 

human carbonic  anhydrases,  to  improve  the  current  drug  designing  research  among 

CAs. The recent findings in CA research were the validation of the transmembrane CAs 

human CA IX and human XII  as  targets  for  cancer  chemotherapy which needs  the 

development  of  CA inhibitors  with  a  disability  to  diffuse  through  lipid  membranes 

which helps in selectively targeting cancer associated transmembrane CA isozymes over 

cytosolic ones. This could be used as a tool for cancer therapy (Lopez  et al, 2009). 

Within  the  last  few  years,  one  of  the  methods  developed  by  our  collaborators  to 

differentiate the inhibition of cancer-related transmembrane CAs (CA IX, CA XII) from 

cytosolic CAs (CA I, CA II) was to attach a carbohydrate moiety to the high affinity zinc-

binding  aromatic  sulfonamide  CA  moiety  leading  to  the  formation  of  sulfonamide 

glycoconjugates  with  a  sugar-aromatic-SO2NH2 motif.  The  latest  was  CA  inhibitor 

compounds  without  classic  aromatic  moiety  and  thus  sugar-SO2NH2 motif  (Winum, 

Poulsen, & Supuran, 2009; Singer  et al, 2009; Wilkinson, Innocenti, Vullo, Supuran, & 

Poulsen,  2008;  Wilkinson  et al,  2007; Wilkinson  et al,  2006;  Lopez  et  al,  2009).  The 

sugar  tail  is  responsible  for  the  high  water  solubility  of  the  compound,  and  this 

hydrophilic  group  impairs  the  ability  of  the  sulfonamide  glycoconjugates  to  passively 

diffuse through lipid membranes. This facilitates a selective or preferential inhibition of 

transmembrane CAs over cytosolic CAs, which would help in treating cancer (Winum et 

al, 2009; Lopez et al, 2009). 

Four different sets of potential CA inhibitors with the above-said properties were co-
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crystallised with the physiologically dominant human CA II to study the difference in 

the  interaction  of  these  different  ligands  with  the  CA II  active  site  residues.  Even 

though, the main focus was transmembrane protein human CA IX, human CA II was 

used for co-crystallisation as the active site of both proteins are similar and also because 

the protein was easier  to  express  and purify.  The four  sets  of  CA compounds were 

benzene sulfonamides incorporated with thio, sulfinyl and sulfonyl moieties (Singer et al, 

2009); triazole-S-sugars, which contain a benzene sulfonamide moiety linked through a 

1,2,3-triazole  to  either  a  sugar  or  a  metallocene  tail  moiety  (Poulsen  et  al,  2008);  S-

glycosyl primary sulfonamides with sugar-SO2NH2 motif (Lopez et al, 2009); sulfamate 

CA inhibitor compounds. Out of these, X-ray crystallographic experiments are still being 

conducted on CA II-sulfamate complexes. All these experiments were compared with the 

reference complex CA II: topiramate to compare the active site binding properties of the 

new CA ligands with those of topiramate when inside the human CA II active site.

To obtain a preliminary idea on the thermal stability of the CAII-inhibitor complexes, 

protein  folding  experiments  using  CD  spectroscopy  were  performed  in  chapter  3. 

Compound  6 was  found  to  be  more  thermally  stable  than  the  other  CAII-inhibitor 

complexes studied in this thesis. X-ray crystallographic studies have provided insights on 

the interactions between these potential CA inhibitors with the CA II active site residues. 

Based on the number of direct hydrogen bonds between the compounds and CA II active 

site  residues,  compounds  6 and  20 can  be counted  as  the  better  ones.  Although these 

compounds were found to be the best inhibitors among the compounds listed, they are still 

not ideal, and their interactions can be further improved. When compared to the reference 

complex CA II:topiramate, the shape of the inhibitor structure were found to be elongated 

than bulky as in topiramate. Thus, these compounds were not bulky enough to fit the CA 
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II  active  site  cavity,  which  resulted  in  fewer  interactions  between  them.  The  current 

situation can be improved by synthesising bulkier compounds to fit inside the active site 

like  topiramate.  The  fourth  set  of  potential  inhibitors  were  bulkier  sulfamate  CA 

compounds, which are still being co-crystallised with human CA II. 

The inhibition profiles of these compounds against CA II and CA IX were generated by 

our collaborators, which revealed the stronger inhibition of these compounds against CA 

IX than CA II in many instances. The recently published X-ray crystallographic structure 

of CA IX catalytic site showed its active site as nearly superimposable with the human CA 

II active site, except a small region (residues 125-137).  Thus, this small difference that 

was brought to light by X-ray crystallography can be assumed to be contributing to the 

stronger  inhibitions  of  the  above-discussed  CA  inhibitors,  while  showing  weaker 

inhibitions against human CA II. To confirm this, co-crystallisation of these CA inhibitor 

compounds with  human CA IX needs to  be  done  in  the  future,  in  order to  assess  the 

importance of this small region in selective CA IX drug design. 

Successful production of human CA IX and CA(Pfa) recombinant proteins are due to 

be done in the future. Since the presence of the protein of interest was found to in the cell 

pellets,  expression  conditions  with  low  incubation  temperature  are  yet  to  be  tried. 

Successful crystallization of CA(Pfa) recombinant protein is also being attempted.
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 PART B:  MEMBRANE INTERACTIONS OF HUMAN   

     VISININ-LIKE PROTEIN-1 (VILIP-1)
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                                                    Chapter 1

                                     INTRODUCTION TO VILIP-1

1.1 Background 

Visinin-like proteins (VILIPs) are part of the subfamily of neuronal calcium sensor 

(NCS)  EF-hand proteins. EF-hand is a helix-loop-helix structural motif found in this 

protein.  Five  major  subfamilies  of  NCS  proteins  are  present,  including  recoverins, 

Guanylate  Cyclase-activating  proteins  (GCAPs),  Kv  channel-interacting  proteins 

(KchIPs),  NCS-1/frequenins  and  VILIPs,  which  are  involved  in  various  signalling 

cascades  (Braunewell,  1999;  Burgoyne,  O'Callaghan,  Hasdemir,  Haynes,  & Tepikin, 

2004; Braunewell, 2005).  All these members of the NCS protein family are EF-handed 

proteins  (Braunewell,  Brackmann,  &  Hofmann,  2006).  The  members  of  VILIP 

subfamily include VILIP-1, VILIP-2, VILIP-3, hippocalcin and neurocalcin δ. The EF-

hand calcium binding site is constituted by the amino acid sequence motif D-X-D/N-X-

D/N-X-Y-X4-E, and they bind in a pentagonal bipyramidal geometry to the calcium. 

Asp, Asn and Glu residues coordinate the calcium ion through their side chains, and the 

Y  residue  coordinates  via  its  backbone  carbonyl  oxygen,  with  its  apical  position 

occupied  by  a  water  molecule.  X-ray  crystallographic  studies  of  recombinant 

unmyristoylated neurocalcin δ, and X-ray and NMR studies of recombinant recoverin 

have shown the presence of EF-hands 1, 2, 3 and 4 in all members, and EF-motifs 2-4 

are  involved  in  calcium  binding  (Kumar,  Hidaka,  Okazaki,  &  Vijay-kumar,  1996; 

Kumar, 1999;  Ames, Tanaka, Stryer, & Ikura,  1996;  Tanaka, Ames, Harvey, Stryer, & 

Ikura,  1995;  Spilker  et  al,  2000).  EF-1  might  be  a  possible  binding  site  for  target 

proteins because it is the most variable part (Braunewell, 2009; Braunewell et al, 2006; 

Brackmann, Hofmann, Braunewell, 2006). The NCS proteins also share another feature; 
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N-terminal acylation. This has been shown in several members of the family (Spilker et  

al, 2000; Braunewell, 1999).

VILIP-1 has four EF-hand motifs, of which EF-hand 2, 3 and 4 are functional and 

can bind to Ca2+ ions (Fig B.1.1). 

Fig B.1.1. Structure showing the EF-hand calcium binding motifs.  Ca2+ is shown in 

cyan. Figure generated in PyMOL (DeLano, 2002).

The  Visinin-like  protein  subfamily  members  show  a  high  degree  of  amino  acid 

sequence identity of 67%-94% (Braunewell, 1999; Braunewell et al, 2006) (Fig B.1.2). 

The proteins are expressed mainly in neurons or in retinal photoreceptor cells. VILIPs 

are usually 191-193 amino acid residues long and have a M-G-X3-S consensus sequence 

for N-terminal myristoylation (Braunewell et al, 2010; Brackmann et al, 2006). 

Myristoylated VILIP-1 protein has a myristoyl group covalently attached to the N-

terminal Gly2 residue. During expression, the myristoyl group is derived from myristic 

acid. N-myristoyltransferase (NMT) catalyses the covalent transfer of myristic acid to 

the glycine2 residue. N-terminal myristoylation plays an important role in membrane 

targeting and signal transduction (Braunewell et al, 2010).
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VILIP-1  MGKQNSKLAP EVMEDLVKST EFNEHELKQW YKGFLKDCPS GRLNLEEFQQ LYVKFFPYGD 60
VILIP-2  MGKNNSKLAP EELEDLVQNT EFSEQELKQW YKGFLKDCPS GILNLEEFQQ LYIKFFPYGD 60
VILIP-3  MGKQNSKLRP EVLQDLRENT EFTDHELQEW YKGFLKDCPT GHLTVDEFKK IYANFFPYGD 60
neuro    MGKQNSKLRP EVMQDLLEST DFTEHEIQEW YKGFLRDCPS GHLSMEEFKK IYGNFFPYGD 60 
hippo    MGKQNSKLRP EMLQDLRENT EFSELELQEW YKGFLKDCPT GILNVDEFKK IYANFFPYGD 60

VILIP-1  ASKFAQHAFR TFDKNGDGTI DFREFICALS ITSRGSFEQK LNWAFNMYDL DGDGKITRVE 120
VILIP-2  ASKFAQHAFR TFDKNGDGTI DFREFICALS VTSRGSFEQK LNWAFEMYDL DGDGRITRLE 120
VILIP-3  ASKFAEHVFR TFDTNGDGTI DFREFIIALS VTSRGKLEQK LKWAFSMYDL DGNGYISRSE 120
neuro    ASKFAEHVFR TFDANGDGTI DFREFIIALS VTSRGKLEQK LKWAFSMYDL DGNGYISKAE 120 
hippo    ASKFAEHVFR TFDTNSDGTI DFREFIIALS VTSRGRLEQK LMWAFSMYDL DGNGYISREE 120

VILIP-1  MLEIIEAIYK MVGTVIMMKM NEDGLTPEQR VDKIFSKMDK NKDDQITLDE FKEAAKSDPS 180
VILIP-2  MLEIIEAIYK MVGTVIMMRM NQDGLTPQQR VDKIFKKMDQ DKDDQITLEE FKEAAKSDPS 180
VILIP-3  MLEIVQAIYK MVSS—VMKMP EDESTPEKRT DKIFRQMDTN NDGKLSLEEF IRG-AKSDPS 178
neuro    MLEIVQAIYK MVSS—VMKMP EDESTPEKRT EKIFRQMDTN RDGKLSLEEF IRG-AKSDPS 178
hippo    MLEIVQAIYK MVSS—VMKMP EDESTPEKRT EKIFRQMDTN NDGKLSLEEF IRG-AKSDPS 178

                
VILIP-1  IVLLLQCDIQ K---- 191
VILIP-2  IVLLLQCDMQ K---- 191
VILIP-3  IVRLLQCDPS SASQF 193
neuro    IVRLLQCDPS SAGQF 193
hippo    IVRLLQCDPS SASQF 193

Fig B.1.2. Alignment of amino acid residues of different proteins (VILIP-1, VILIP-2, 

VILIP-3, neurocalcin δ, and hippocalcin) from the VILIP subfamily using CLUSTAL W 

(Thompson, Higgins & Gibson, 1994). They show an amino acid identity of 67 to 94%. 

Database  accession  numbers:  VILIP-1  (NP_00337),  VILIP-2  (P35332),  VILIP-3 

(NP_602293), Neurocalcin δ (NP_001035720), and Hippocalcin (BAA04019).

1.2 The calcium-myristoyl switch

14 out of 11 mammalian NCS proteins are myristoylated at the N-terminus. NCS-1, 
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GCAP-1 and GCAP-2 do not show calcium-dependent membrane association whereas 

many of the other NCS proteins do. The X-ray structure of recoverin in its calcium-

bound and calcium-free myristoylated forms has been analysed in detail (Ames  et al, 

1996).  The  structure  shows  that  the  myristoyl  groups  are  buried  in  a  hydrophobic 

pocket,  in  the  absence  of  calcium  (Fig  B.1.3).  Binding  of  calcium  causes  a 

conformational change to the protein, which in turn results in the surface exposure of 

the  myristoyl  group  and  the  hydrophobic  residues  of  the  protein  by  making  them 

available for interactions with membranes or target proteins (Tanaka  et al, 1995) (Fig 

B.1.3). This molecular mechanism is termed calcium-myristoyl switch, and helps the 

proteins to translocate to subcellular membrane compartments or target proteins. Thus it 

is dependent on Ca2+ binding and the myristoyl modification of the proteins (Ames et al, 

1997; Brackmann et al, 2006). The existence of the myristoyl group in all members of 

the VILIP-subfamily has been shown biochemically (Spilker et al, 2000; Brackmann et  

al, 2006). VILIP-1 is myristoylated on the N-terminal Gly2.

Fig B.1.3. Schematic representation of the calcium-myristoyl switch, where the binding 

of Ca2+ causes the exposure of the myristoyl group (at Gly2 residue in VILIP-1) and 

also the hydrophobic residues (marked in red).
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1.3 Crystal structures of recoverin and neurocalcin δ

The apo- and calcium-bound structures of recoverin (Tanaka et al, 1995; Ames et al, 

1997) (Fig B.1.4, Fig B.1.5) and neurocalcin δ (Kumar, 1999) (Fig B.1.7) have been 

solved  using  X-ray  crystallography  and  NMR  (Nuclear  Magnetic  Resonance) 

spectroscopy. VILIP-1 shares a high degree of identity at the amino acid level, with 

recoverin and neurocalcin δ.

1.3.1 Crystal structure of recoverin 

Recoverin, member of NCS protein family, is a retinal calcium-binding protein with 

a relative molecular mass of 23 kDa and is a EF-handed Ca2+ binding protein. Retinal 

recoverin  contains  a  myristoyl  group attached  covalently  to  the  N-terminal  residue, 

Gly2. Two Ca2+ binding sites are also present in this protein (Zozulya & Stryer, 1992). 

a) Structure of calcium-free recoverin 

   Tanaka and co-workers (1995) demonstrated the Ca2+ -free myristoylated structure of 

recoverin  obtained  using  NMR spectroscopy (Fig  B.1.4). The  myristoyl  group  was 

found  to  be  hidden  in  the  protein  in  a  deep  hydrophobic  pocket  (Fig  B.1.4).  The 

structure was composed of 11 alpha helices (named as A to K) and two pairs of beta 

strands. These alpha helices (A-K) provided the hydrophobic residues for the above-

mentioned hydrophobic pocket. Helix A provided a "lid" for the pocket whereas helices 

B, C, E and F formed its walls (Tanaka et al, 1995).
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Fig B.1.4. (Left)  Overall structure of calcium-free recoverin showing EF-1-4; (Right) 

Cartoon diagram of the helices surrounding the space-filling model of myristoyl group 

(PDB code: 1IKU) (Tanaka et al, 1995). Figure was generated using PyMOL (DeLano, 

2002). 

b) Structure of calcium-bound recoverin 

Ames and co-workers demonstrated the unclamping and exposure of myristoyl group 

in the presence of Ca2+, making the myristoyl group available for membrane interaction 

(Fig B.1.5).  The  first  notable  change of  calcium-bound recoverin  from calcium-free 

recoverin  is  the  change  in  the  conformation  that  brings  the  myristoyl  group to  the 

exterior of the protein (Ames et al, 1997). 

Calcium  binding  does  not  change  C-terminal  domain,  whereas  the  N-terminal 

domain shows a rearrangement due to the rotation caused at  Gly42.  This residue is 

located  in  the  loop between the helices  of  EF-1.  EF-2 and EF-3 undergo structural 

changes when calcium binds to them. This conformational change causes the rotation at 

Gly96. 
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Fig B.1.5. Schematic cartoon representation of calcium-bound recoverin with a space-

filling  model  of  the  myristoyl  group.  The  calcium  ions  are  shown  in  cyan  (PDB 

code:1JSA) (Ames et al, 1997). The picture was generated in PyMOL (DeLano, 2002).

This  change leads  to  two important  events.  One,  the rotation in EF-1 causes  the 

hydrophobic residues in the hydrophobic pocket to be exposed and thus the myristoyl 

group was unclamped. Two, the binding of Ca2+ to EF-2 and EF-3 causes the N-terminal 

end of recoverin to swing itself out of the binding pocket. This results in a pulling effect 

on the myristoyl group, followed by its ejection (Fig B.1.5). The myristoyl group and 

the exposed hydrophobic residues can now interact with the membranes, and thus this 

activation  of  recoverin  leading  to  the  activation  of  guanylyl  cyclase  at  high  Ca2+ 

(Zozulya & Stryer, 1992).
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Comparison of calcium-free and calcium-bound recoverin
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Fig B.1.6. Surface representation of calcium-free recoverin (Left) showing the buried 

myristoyl  group  (in  cyan)  (PDB  code:  1IKU)  and  calcium-bound  recoverin  (right) 

showing the exposed myristoyl group in cyan (PDB code: 1JSA) (Tanaka et al, 1995., 

Ames et al, 1997). Figures were generated with PyMOL (DeLano, 2002).

1.3.2 Crystal structure of recombinant bovine neurocalcin 

The crystal structure of calcium-bound non-myristoylated bovine neurocalcin from 

Escherichia coli has  been determined at  2.4  Å resolution  (Fig B.1.7).  Recombinant 

bovine  neurocalcin  was  crystallised  as  a  dimer  in  the  asymmetric  unit.  The  three-

dimensional structure revealed a compact structure, with each monomer consisting of 

two pairs of calcium-binding EF-hands; EF-1, EF-2, EF-3 and EF-4. A calcium ion was 

bound at the EF-2, EF-3 and EF-4 sites. The EF1-hand was disabled from calcium-

binding  due to  the presence  of  the Cys-Pro sequence in  the Ca2+-binding  loop (Fig 

B.1.7) (Kumar, 1999). 
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Fig B.1.7. Overall structure of neurocalcin dimers (left) and the monomer (right). The 

bound calcium is shown in cyan (PDB code: 1BJF) (Kumar, 1999). The images were 

generated using PyMOL (DeLano, 2006) 

Comparison  of  neurocalcin  with  recoverin: The  amino  acid  sequences  of  bovine 

neurocalcin and recoverin  are 55% identical. The overall topology of the structure of 

unmyristoylated  bovine  neurocalcin  shows  similarity  to  that  of  bovine  recoverin, 

whereas differences  in their N- and C- terminal helices and EF-2 and -3 are noticed. 

This  explains  the  difference  in  the  biological  functions  and properties  of  these  two 

proteins (Kumar, 1999).

1.4 Homology modelling of VILIP-1

VILIP-1 has a high degree of identity at the amino acid level with neurocalcin δ and 

recoverin.  While  both  VILIP-1  and  neurocalcin  δ  have  a  functional  EF-4  calcium 

binding site, recoverin has a non-functional EF-4 site, which made neurocalcin δ a more 

suitable  template  for  homology  modelling.  Since  there  was  no  apo-neurocalcin  δ 
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available, the three-dimensional structures of apo-recoverin (PDB code: 1IKU; Tanaka 

et al, 1995) and calcium-bound neurocalcin δ (PDB code: 1BJF; Kumar, 1999) were 

used as templates (Brackmann et al, 2006., Braunewell et al, 2006).

In the apo-form, the myristoyl group is buried into the hydrophobic pocket consisting 

of the residues Ala9,  Met13, Lys27, Trp30, Tyr31,  Phe55 and Phe56 from the EF-1 

motif, Phe82, Phe85, Ile86 and Leu89 from the EF-2 motif, and Trp103, Met107 from 

the EF-3 motif. In the NCS family of proteins, these residues are highly conserved and 

the structure of the hydrophobic pocket is almost similar in all of the members. The 

existence of the calcium-myristoyl switch mechanism has been shown for all members 

of the VILIP-subfamily (Brackmann et al, 2006).

1.4.1 Calcium-myristoyl switch as a mechanism of signal transduction

    The calcium-myristoyl switch has been found in living cells after an increase in the 

intracellular  calcium  concentration.  It  has  been  postulated  that  the  localisation  of 

signalling proteins and calcium sensors to particular membrane compartments through 

the  calcium-myristoyl  switch  (Zozulya  &  Stryer,  1992)  is  a  part  of  the  signal 

transduction mechanism. VILIP-1 interacts with membrane surfaces when stimulated by 

calcium  ions.  Studies  have  shown  the  influence  of  VILIP-1  on  G-protein  coupled 

receptor kinases (GRKs) 1 and 2 (Sallese  et al, 2000), and also their involvement in 

cyclic nucleotide signalling and cell differentiation.  VILIP-1 have also been found to 

regulate adenylyl cyclase activity, and soluble and membrane guanylyl cyclase activity. 

Effects on both the soluble and membrane-localised guanylyl cyclases depend on the 

subcellular  localisation of VILIP-1. The membrane-bound wild type VILIP-1 affects 

mainly  the  membrane  cyclases,  whereas  the  cytosolic  VILIP-1  affects  cytosolic 
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guanylyl  cyclase (Braunewell  et  al,  2001).  GST pull-down experiments  and surface 

plasmon resonance studies with both families revealed the calcium-dependent physical 

interaction of VILIP-1 with the recombinant catalytic domains of GC-A, GC-B, and the 

native guanylyl cyclases from brain tissue. These effects of VILIP-1 on GC-A, GC-B 

and other soluble cyclases could be explained by a direct interaction of the VILIP-1 

protein with these cyclases (Braunewell et al, 2001). 

Krylov  and  Hurley  (2001)  have  revealed  experimental  data  on  the  interaction 

between GCAP1 (part of the NCS protein subfamily) and retinal guanylyl cyclase. The 

putative  residues  involved  in  neuronal  calcium  sensor  protein:cyclase  interactions 

revealed from GCAP-1:cyclase were mapped onto the VILIP-1 homology model, where 

these residues appeared to form a groove (Fig B.1.8).  In the apo-form, this groove is 

covered by three basic amino acids (Lys28, Lys32, Arg83). In the calcium-bound form, 

these three residues are  relocated,  and the binding of  calcium causes  the protein to 

convert  into  the  extended form.  The conformational  changes  in  the  binding  groove 

causes changes in the target protein, without separation of the complex (Braunewell et  

al, 2006) which  could  potentially  help  VILIP-1  to  bind  to  target  proteins  such  as 

adenylyl/guanylyl cyclases (Braunewell et al, 2006), and help in signal transduction.

Fig B.1.8.  Potential target interaction sites on VILIP-1 (Figure taken from Braunewell 

et al, 2006). 
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                                                          Chapter 2

                    RESEARCH OBJECTIVES

The research reported in this project is focussed on the proposed hypothesis that the 

differential localisation of VILIPs is due to specific binding capabilities of individual 

VILIPs for phosphatidylinositolphosphates, and also on the three-dimensional structure 

of unmyristoylated and myristoylated VILIP-1. The investigation of these will include 

the use of an array of techniques including expression and purification of recombinant 

proteins,  UV-VIS  spectrophotometry,  circular  dichroism  (CD),  size  exclusion 

chromatography  equipped  with  a  laser  light  scattering  detector  (SEC-MALLS), 

monolayer  adsorption  experiments  using  Langmuir  surface  film  balance  and  X-ray 

crystallography.  A very  brief  outline  of  these  aims  are  as  follows.  More  detailed 

descriptions follow in the relevant chapters.

Aim 1: Expression & purification of recombinant proteins

The aim was to express and purify recombinant VILIP-1 proteins; unmyristoylated 

VILIP-1,  myristoylated VILIP-1,  and VILIP-1 mutant  S6A/K7A for biophysical  and 

structural experiments. VILIP-1 mutant has two of the important N-terminal residues 

(Ser6 and Lys7) responsible for the membrane association replaced with alanine.  The 

protocol that has been established previously for wild type VILIP-1 was also used for 

mutant proteins. N-terminal myristoylated VILIP-1 will be produced by co-expression 

with N-myristoyl transferase (NMT). 

Aim 2: Thermal stability experiments of VILIP-1 proteins

The thermal stability of unmyristoylated and myristoylated VILIP-1 in the absence 

and presence of Ca2+ were checked using circular dichroism (CD) spectroscopy.  The 
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quaternary structure in solution of VILIP-1 mutant S6A/K7A protein was assessed using 

SEC-MALLS, to investigate whether the replacement of two N-terminal residues can 

cause differences in the oligomerisation property of apo-VILIP-1.

Aim  3:  Monolayer  adsorption  experiments  using  Langmuir  surface  film 

balance

The  adsorption  of  unmyristoylated  VILIP-1,  myristoylated  VILIP-1  and  VILIP-1 

mutant S6A/K7A with different PIP phospholipid monolayers were monitored using a 

Langmuir surface film balance, to verify the hypothesis of VILIP-1 showing preference 

to phosphorylated phospho-inositides (Braunewell  et al, 2010).  Monolayer adsorption 

experiments can be carried out at varying or constant surface pressure. Variation of the 

surface  pressure  allows  determination  of  isotherms.  These  isotherms  contain 

information  about  membrane  packing  and  membrane  association.  Time-dependent 

recordings at constant surface pressure yield kinetic parameters of protein monolayer 

adsorption.
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                                                       Chapter 3

            EXPRESSION AND  PURIFICATION OF RECOMBINANT VILIP-1

3.1 Quick insight into VILIP expression in cells, and their functions

VILIPs  are  expressed  in  neurons  and  retinal  photoreceptor  cells,  and  they  are 

involved in CNS disorders, including Alzheimer’s disease, schizophrenia and cancer. 

The immunoreactivity  of VILIP-1 and VILIP-3 are reduced in the cerebral cortex of 

Alzheimer´s disease (AD) patients (Braunewell,  Riederer, & Spilker, 2001). VILIP-1 

expression also shows cell-specific changes in the brains of schizophrenics (Bernstein, 

Braunewell, & Spilker, 2002). 

Changes in the expression of NCS proteins are found to be connected with many 

pharmacological  implications,  such  as  neurodegeneration  in  Alzheimers,  and  also 

proliferation of cancer cells, which makes these proteins important drug targets. Studies 

have found that naturally occurring small molecule compounds from animal venoms 

can  be  used  to  cause  changes  to  the  NCS  protein  function.  For  example,  cobra 

cardiotoxin  3  (CTX3)  has  shown binding  affinity  for  potassium channel  interacting 

proteins (KchIPs) (Lin  et al, 2004), whereas the antipsychotic drug chlorpromazine is 

known to interact with calmodulin and NCS-1 in a calcium-dependent manner. More 

compounds  that can bind specifically to NCS-1 could probably be designed using this 

drug  as  a  template  (Muralidhar  et  al,  2004).  Another  drug  Repaglinide  is  an 

insulinotropic agent, which is used to treat diabetes type 2. This drug binds to different 

members  of  the  NCS protein  family,  which  includes  recoverin  and  VILIPs,  in  the 

presence of calcium. For recoverin, an inhibition of function has been shown (Okada et  

al,  2003).  This  makes  structural  studies  of  VILIP-1  important,  to  understand  its 

molecular details and also to provide information for drug developments.
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In  this  chapter,  we  report  the  expression  and  purification  of  recombinant 

unmyristoylated VILIP-1, myristoylated VILIP-1 and VILIP-1 mutant S6A/K7A. Ser6 

and Lys7 are two of the important N-terminal residues found to be involved in forming 

interactions  with  membrane  phospholipids  which  in  turn  help  in  protein-membrane 

association (Braunewell et al., 2010). These two residues have been replaced using the 

neutral-charged alanine to  investigate  the importance and the effects  on the protein-

membrane  association  in  their  absence.  The  identity and purity of  the  proteins  was 

confirmed by SDS-PAGE and mass spectrometry (ESI-MS). 

3.2 Results

After transformation and expression of the unmyristoylated VILIP-1, myristoylated 

VILIP-1  and  VILIP-1  mutant  S6A/K7A as  described  in  part  C  of  this  thesis, the 

purification of  these  recombinant  proteins  was  carried  out  by applying the dialysed 

crude cell lysate to a QA-52 anion exchange column and the bound proteins were eluted 

by gradient elution buffer 0-1 M NaCl in 20 mM TRIS pH 8.0. Single step purification 

was not sufficient to produce highly purified forms of these proteins, as assessed by 

SDS-PAGE (Fig B.3.1). 

Fig B.3.1. SDS-PAGE showing the purity of the eluted fractions of unmyristoylated 

(22137  g/mol),  myristoylated  (22217 g/mol)  and  VILIP-1  mutant  S6A/K7A (21964 

g/mol) proteins from QA-52 (anion exchange chromatography); M=Marker.
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So as  the second step,  the  fractions  from the  first  step containing  the protein of 

interest were dialysed and applied onto a phenyl sepharose column. The bound protein 

was eluted using EDTA in the elution buffer  (100 mM NaCl, 2 mM EDTA, 0.1 mM 

DTT, 20 mM HEPES pH 7.5) to chelate the Ca2+. The purity was determined using 12% 

SDS-PAGE (Fig B.3.2).

125



126



127



128



Fig  B.3.2.  SDS-PAGE  showing  the  purified  unmyristoylated  (22137  g/mol), 

myristoylated (22217 g/mol),  and VILIP-1 mutant  S6A/K7A (21964 g/mol)  proteins 

after Phenyl sepharose chromatography; M=Marker.

The  expected  molecular  mass  of  the  unmyristoylated  VILIP-1  is  22137  g/mol, 

myristoylated VILIP-1 is 22217 g/mol and VILIP-1 mutant S6A/K7A is 21964 g/mol. 

The fractions with the protein of interest were pooled together, concentrated and buffer 

exchanged using 100 mM NaCl, 20 mM HEPES pH 7.0 by centrifugation with the help 

of a 10 kDa Amicon membrane filter. The protein concentration was determined using 

UV-VIS spectroscopy.  The yield of unmyristoylated VILIP-1 was approximately 2.4 

mg/L, whereas the yield of the myristoylated protein and VILIP-1 mutant S6A/K7A 

were approximately 1.2 mg/L and 2.3 mg/L respectively.

To  confirm  the  identity  and  homogeneity  of  the  purified  myristoylated  VILIP-1 

protein, 20 μM of concentrated, desalted protein was subjected to ESI-MS. It yielded an 

average mass of 22218 g/mol for the myristoylated VILIP-1 from the first set of the 

expression batch (Fig B.3.3, top) and 22237 g/mol for the protein from the second batch 

of the expression (Fig B.3.3, bottom), which was in good agreement with the predicted 
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molecular mass of myristoylated VILIP-1. 

Fig B.3.3. ESI-MS spectra of two independent preparations of myristoylated VILIP-1. 

Mass/charge ratio on X-axis and relative abundance (%) on Y axis.

Besides the SDS-PAGE assessment (Fig B.3.1, Fig B.3.2), the identity of the VILIP-

1 mutant S6A/K7A protein was assessed using ESI-MS. The presence of dimeric and 

trimeric forms were found in the solution (Fig B.3.4).
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Fig B.3.4. ESI-MS spectrum of VILIP-1 mutant S6A/K7A, showing the presence of 

dimers and trimers in circles, with mass/charge on the X-axis and relative abundance 

(%) on the Y-axis.

The results  showed a monomeric  molecular  mass  of  21964 g/mol,  which was in 

agreement with the theoretical molecular mass of the VILIP-1 mutant S6A/K7A protein. 

A full-length  MALDI-TOF  was  also  run  for  this  protein,  which  also  showed  the 

presence of trimers in solution (data not shown). 

3.3 Discussion and conclusion

Purification  of  all  VILIP-1  proteins  was  a  two-step  protocol  (Zozulya  & Stryer, 

1992).  Anionic exchange chromatography was employed as the first step of VILIP-1 

purification, because those were proteins with no tags either on their N- or C- terminal. 

To achieve appropriate binding between the resin and the protein, the pH of the buffer 

and  NaCl  concentration  were  chosen  appropriately.  Since  anionic-exchange 

chromatography  was  used,  the  proteins  were  required  to  be  negatively  charged  in 

solution. Therefore the buffer pH was chosen to be higher than the isoelectric point (pI) 
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of the proteins. VILIP-1 has a pI of 4.8 and it can bind strongly to the positively charged 

QA-52 resin at 20mM TRIS, pH 8.0. TRIS buffer at pH 8.0 enhances deprotonation and 

makes the proteins more negatively charged. This strong affinity requires more NaCl 

molecules to compete with the positively charged resin containing bound-proteins. The 

second step of VILIP-1 purification was hydrophobic interaction chromatography. This 

step  takes  advantage  of  the  property  that  the  hydrophobic  residues  of  VILIP-1  are 

exposed and bind to the phenyl sepharose resin only in the presence of calcium. In the 

absence of calcium, the hydrophobic residues are buried inside the hydrophobic pocket, 

hindering binding to hydrophobic resins. The bound protein was eluted by chelating the 

Ca2+ using EDTA. The same principle of purification applies to myristoylated VILIP-1 

and  VILIP-1  mutant.  ESI-MS was  used  to  check  the  integrity  and homogeneity  of 

purified proteins, which were used for other experiments without further purification. 

The results  indicated the presence of dimeric and trimeric association of proteins in 

solution, which indicates the importance of oligomerisation for biological function of 

this  protein.  Purified  unmyristoylated  VILIP-1,  myristoylated  VILIP-1  and  VILIP-1 

mutant S6A/K7A were used to carry on further experiments.
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                                                        Chapter 4

             THERMAL STABILITY OF VILIP-1 & THEIR QUARTERNARY 
                         STRUCTURE IN SOLUTION

4.1 Conformational changes and oligomerisation of NCS proteins

Studies on conformational changes and oligomerisation of different NCS proteins 

have  been  performed,  and these  properties  have  been  found to  be  important  in  the 

physiological functions of these proteins. 

4.1.1 Conformational changes of recoverin upon calcium-binding and N-terminal 

myristoylation

Katoaka and co-workers (1993) studied the structural  changes of recoverin,  upon 

binding  of  calcium  and  N-terminal  myristoylation  using  Circular  Dichroism  (CD) 

spectroscopy. In the presence of calcium, unmyristoylated recoverin is monomeric and 

globular in solution, while N-terminal myristoylated recoverin forms aggregates. In the 

absence  of  calcium,  unmyristoylated  recoverin  aggregates,  while  myristoylated 

recoverin becomes monomeric and globular. These observations indicate that recoverin 

changes  its  surface  properties  depending  on  both  calcium  binding  and  N-terminal 

myristoylation (Katoaka, Mihara, & Tokunaga, 1993). 

4.1.2 Oligomerisation of VILIPs:

Chen  and  co-workers  (2008)  conducted  size  exclusion  chromatographic  studies, 

where the results revealed the dimerised form of myristoylated VILIP-1, regardless of 

the presence or absence of Ca2+. The presence of both Ca2+ and Mg2+ were found to 

enhance the dimerisation. On the other hand, dimerisation of VILIP-3 was not observed 

(Chen, Wang, & Chang, 2008). 
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To determine the region within VILIP-1 responsible for stabilising the dimer form, 

chimeric V-13 (EF-hands 1-2 of VILIP-1 and EF-hands 3-4 of VILIP-3) and V-31 (EF-

hands 1–2 of VILIP-3 and EF-hands 3–4 of VILIP-1) were prepared, which showed V-

31 forming dimers whereas V-13 failed to form dimers. Moreover, the presence of Ca2+ 

and Mg2+ enhanced the dimerisation of V-31 (Chen et al, 2008).

This  research  group (Chen  et  al)  also  subjected  VILIP-1 to  SDS-PAGE analysis 

under reducing and nonreducing conditions to investigate whether dimeric VILIP-1 was 

connected by the disulfide bond or not. The results showed that only a small amount of 

dimeric  VILIP-1  was  disulfide-linked.  The  production  of  the  disulfide  dimer  was 

increased by incubation with GSH/GSSG and Ca2+ and Mg2+, with GSH/GSSG inducing 

the formation of dimeric VILIP-1 to a greater extent. The amount of disulfide-linked 

dimer in V-31 was  higher than that in V-13. V-31 contains the Cys-187 of VILIP-1, and 

V-13 contains the Cys-38 and Cys-87 of VILIP-1 and it has been suggested that Cys-

187  is  involved  in  forming  the  intermolecular  disulfide  bond.  This  suggestion  was 

proved  by  the  finding  that  the  substitution  of  Cys-187  with  Ala  by  mutagenesis 

drastically reduced the formation of disulfide dimer from 45% to 12%.  On the other 

hand,  VILIP-3  showed  insignificant  disulfide  dimer  formation  in  the  presence  of 

GSH/GSSG (Chen  et al, 2008). Dimerisation has been found to be important in NCS 

proteins  in  performing  their  biological  activities  which  includes  activating  the 

membrane guanylyl cyclase (Chen et al, 2008).

Previous experiments in our Structural Chemistry lab have shown that apo-VILIP-1 

exists in both monomeric and dimeric forms in solution. In this chapter, VILIP-1 mutant 

S6A/K7A is  assessed  using  SEC-MALLS  to  determine  its  quaternary  structure  in 

134



solution.  The  purified  VILIP-1  proteins  (unmyristoylated,  myristoylated  and  mutant 

S6A/K7A) are used to check their thermal stability, both in the presence and absence of 

calcium, using CD spectroscopy,  to investigate the folding stability changes that the 

myristoyl group, mutation and Ca2+ can cause to the VILIP-1 protein. 

4.2 Results 

The quaternary structure of purified VILIP-1 mutant S6A/K7A protein in solution 

was investigated using  Size-exclusion Chromatography combined with Multiple-angle 

Laser  Light  Scattering  (SEC-MALLS).  SEC-MALLS  of  5  mg/ml  VILIP-1  mutant 

S6A/K7A protein showed the presence of two prominent and one shoulder-like peaks, 

both in the presence and absence of calcium. The prominent peaks can be attributed to a 

monomeric and a dimeric species, whereas the shoulder peak could be a trimer (Table 

B.4.1). 

In  the  absence  of  calcium,  SEC-MALLS of  VILIP-1  estimated  the  experimental 

molecular mass of the dimeric species at 46 kDa, in near agreement with the theoretical 

molecular  mass  of  44  kDa,  whereas  the  monomeric  species  eluted  at  an  apparent 

molecular mass of 26 kDa (Fig B.4.1). The shoulder-peak was 68 kDa, thus making it a 

trimer.

Three peaks were revealed in the presence of calcium, with the molecular mass of the 

dimeric  species  being  33.6  kDa  and  the  monomeric  species  eluted  at  an  apparent 

molecular  mass  of  15  kDa (Fig  B.4.2).  The  shoulder-peak  was 55  kDa,  thus  again 

indicating the presence of a trimer.
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Fig B.4.1. Peaks from MALLS of VILIP-1 mutant S6A/K7A in the absence of calcium, 

showing the presence of monomeric (Peak 1), dimeric (Peak 2) and trimeric (Peak 3) 

species. Graphs show the readings from MALLS (red), Refractive Index (blue) and UV 

(green).

Fig B.4.2. Peaks from MALLS of VILIP-1 mutant S6A/K7A in the presence of calcium, 

showing the presence of monomeric (Peak 1), dimeric (Peak 2) and trimeric (Peak 3) 

species. Graphs show the readings from MALLS (red), Refractive Index (blue) and UV 

(green).
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                    Conditions                Experimental Mass (kDa)
Protein   CaCl2    EDTA   Monomer       Dimer     Trimer 
VILIP-1 
mutant

      -   0.1 mM 26 46 68

VILIP-1 
mutant

   5 mM        - 15 33 55

Table B.4.1. SEC-MALLS experiments of VILIP-1 mutant S6A/K7A

The thermal stability of purified unmyristoylated VILIP-1 and myristoylated VILIP-1 

proteins  in  the  presence  and  absence  of  calcium  was  investigated  using  CD 

spectroscopy,  to determine the difference in the stability of the unmyristoylated and 

myristoylated  VILIP-1  that  could  be  caused  by the  myristoyl  group  as  well  as  the 

calcium ions. Thus four different experiments were performed; unmyristoylated VILIP-

1  in  the  absence  of  calcium,  unmyristoylated  VILIP-1  in  the  presence  of  calcium, 

myristoylated VILIP-1 in the absence of calcium, and myristoylated VILIP-1 in the 

presence of calcium. Changes in the mean residue ellipticity at 222 nm were considered 

for constructing an unfolding sigmoid curve,  using the sigmoid equation  y= a /{1 + 

exp[-(x-x0)/b]} + y0. The curve with the best fit (ideal χ2 is ~1) was used to construct the 

graph. 

In the absence of calcium ions (with 0.1 mM EDTA to make sure the absence of any 

divalent  ions),  unmyristoylated  VILIP-1  revealed  a  thermal  stability  of  51.48°C, 

whereas in the presence of 5 mM CaCl2  it showed less thermal stability with a transition 

temperature of 35.59°C (Fig B.4.3). 

138



139



Fig B.4.3. Sigmoidal curves showing the unfolding temperatures of unmyristoylated 

VILIP-1; without (shown in grey;  χ2=0.6) and with (shown in pink;  χ2=0.54) 5 mM 

CaCl2.

With N-terminal myristoylation, the VILIP-1 protein showed higher thermal stability 

with a transition temperature of 43.1°C in the absence of calcium (0.1 mM EDTA), than 

in the presence of calcium ions (5 mM CaCl2) which decreased the thermal stability of 

the protein (33.92°C) (Fig B.4.4).

Fig  B.4.4. Sigmoidal  curves  showing  the  unfolding  temperatures  of  myristoylated 

VILIP-1; without (shown in blue; χ2=0.9) and with (shown in dark red; χ2=0.9) CaCl2.
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In the absence of calcium, the unmyristoylated VILIP-1 were more thermally stable 

(T1/2=51.48°C) than the myristoylated VILIP-1 (T1/2=43.1°C) (Fig B.4.5). On the other 

hand, in the presence of calcium, unmyristoylated VILIP-1 showed a thermal stability of 

35.6°C,  whereas  the  myristoyl  group  caused  a  decrease  in  the  thermal  stability  of 

myristoylated VILIP-1 (T1/2=33.9°C) (Fig B.4.6). 

Fig B.4.5 Sigmoidal  curves  showing the  unfolding  temperatures  of  unmyristoylated 

VILIP-1 (shown in green) and myristoylated VILIP-1 (shown in red) in the absence of 

calcium.

Fig B.4.6 Sigmoidal  curves  showing the  unfolding  temperatures  of  unmyristoylated 

VILIP-1 (shown in green) and myristoylated VILIP-1 (shown in red) in the presence of 

calcium.
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VILIP-1 Protein   CaCl2   EDTA           Denaturation
Temperature (T1/2) in °C

Unmyristoylated     -  0.1 mM 34.9
Unmyristoylated    5 mM      - 69.9
Myristoylated     -  0.1 mM 54.7
Myristoylated    5 mM      - 23.7

Table B.4.2. Thermal stability of unmyristoylated and myristoylated VILIP-1 proteins 

determined using CD spectroscopy.

4.3 Discussion

Many  NCS  proteins  show  monomerisation  and  dimerisation,  and  the  functional 

significance of these forms have been demonstrated (Chen  et al, 2008). Experiments 

conducted in  our lab have shown VILIP-1 existing in both monomeric  and dimeric 

form. Chen and co-workers (2008) have conducted experiments which revealed  similar 

results where VILIP-1 existed as both monomer and dimer, in solution, thus implying 

dimerisation is involved in functional properties.  Previous research shows that in the 

absence  of  calcium,  GCAP-1  and  GCAP-2  undergo  reversible  dimerisation  and  to 

activate photoreceptor membrane guanylyl cyclase, dimerisation is needed (Chen et al, 

2008).  Dimerisation  helps  binding  of  KChIP3  to  target  DNA and  results  in  gene 

expression (Osawa et al, 2005). VILIP-1 mutant S6A/K7A formed dimeric and trimeric 

forms in solution. Presence of Ca2+ is not exclusively responsible for the formation of 

dimers and trimers, because the same effect occurred in the absence of calcium (with 

0.1 mM EDTA).

Thermal  stability  of  VILIP-1  proteins  (unmyristoylated  and  myristoylated)  were 
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studied using CD spectroscopy. N-terminal myristoylation alone does not seem to cause 

a stability change in VILIP-1. But it does have a significant effect. From the results, in 

the presence of calcium, the myristoylated VILIP-1 showed less thermal stability and 

thus unfolding in solution, whereas unmyristoylated VILIP-1 seemed to be folded with 

a stability higher than myristoylated VILIP-1, showing that both the myristoyl group 

and the presence of calcium ions are responsible for the lesser thermal stability. In the 

absence  of  calcium,  unmyristoylated  VILIP-1  showed  greater  thermal  stability  than 

myristoylated VILIP-1, which also shows the presence of myristoyl  group causing less 

stability.

The reduced thermal stability of proteins due to the absence or presence of calcium 

ions can be explained. In the presence of calcium, myristoylated VILIP-1 protein will 

have their myristoyl group protruded out of the hydrophobic pocket which acts as an 

anchor to the membrane (Dizhoor et al, 1993; Tanaka, Ames, Harvey, Stryer, & Ikura, 

1995). Thus the exposed hydrophobic tails interact with each other  possibly forming 

aggregates and in turn leading to less thermal stability. The myristoyl group remains 

buried  in  the  protein  in  the  absence  of  calcium,  thus  preventing  exposure  of  the 

hydrophobic  myristoyl  group  to  solution,  which  helps  to  achieve  higher  thermal 

stability.

4.4 Conclusion

SEC-MALLS experiments on VILIP-1 mutant S6A/K7A revealed the presence of 

trimers in protein solution, both in the absence and presence of calcium. These results 

further  confirmed  the  ESI-MS  results  (chapter  3),  which  revealed  the  presence  of 

monomeric, dimeric, and trimeric species in VILIP-1 mutant S6A/K7A protein. Thermal 
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stability changes in  VILIP-1 proteins (unmyristoylated and myristoylated) caused by 

calcium binding and N-terminal myristoylation were studied using CD spectroscopy. In 

the  presence  of  calcium,  the  results  were  as  expected  with  myristoylated  VILIP-1 

showing less thermal stability than unmyristoylated VILIP-1. In the absence of calcium, 

unmyristoylated VILIP-1 showed less stability than myristoylated VILIP-1, which is yet 

to be explained. 
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                                                   Chapter 5

             ADSORPTION OF VILIP-1 TO PHOSPHOLIPID MONOLAYERS 

   USING  LANGMUIR SURFACE FILM BALANCE

5.1 Introduction

Most neuronal calcium sensor (NCS) proteins are myristoylated at the N-terminus, 

which helps the protein to translocate to subcellular membrane domains by a calcium-

myristoyl switch (Ames et al, 1997; Ames, Tanaka, Stryer, & Ikura, 1996). The binding 

of  Ca2+ ions  causes  the  calcium-myristoyl  switch  and  it  is  the  central  mechanism 

involved in cell signalling. In the calcium-bound form, the myristoyl group is exposed 

which helps this group to insert into a membrane or bind to a hydrophobic part of a 

target protein. The membrane association of proteins in this way by a myristoyl group 

alone has been shown to be weak and needs other interactions like hydrogen bonds 

between protein and phospholipids on the membrane for stability (Braunewell  et al, 

2010). 

There are certain conserved basic residues within the N-terminal region of VILIPs, 

NCS-1,  neurocalcin  δ,  and  hippocalcin  (Fig  B.5.1),  which  were  proposed  to  form 

electrostatic interactions between the protein and PIPs on the membrane (Braunewell et  

al, 2010). In VILIP-1, these basic residues occur at the positions Lys3, Lys7, Lys28, 

Lys32 and Lys36. On the other hand, recoverin, another member of the NCS protein 

subfamily, has less electrostatic potential due to the fewer number of N-terminal lysines, 

and  GCAP-2  has  only  two  basic  residues;  Lys26,  Lys27.  A positively  charged  N-

terminal domain might act as an anchor to the head groups of the phospholipids on the 

membrane,  which  in  turn  could  strengthen  protein-membrane  association.  Besides 

stabilising  membrane  association,  protein-phospholipid  interactions  help  in  targeting 
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proteins to different membrane compartments (Czech, 2000; Braunewell  et al, 2010). 

The lipid compositions at the cell membrane are not uniform. Thus the preference of a 

protein  for  a  certain  region  of  membrane  can  be  understood  from  the  type  of 

phospholipid  head  group  present  at  that  region  (Lagerholm,  Weinreb,  Jacobson,  & 

Thompson, 2005; Braunewell et al, 2010).

Studies have revealed that the VILIP-1 protein is located at the plasma membrane, 

axonal  and  dendritic  membranes,  the  Golgi  and  in  clathrin-coated  vesicles  (Spilker, 

Dresbach, & Braunewell, 2002; Braunewell et al, 2010). The plasma membrane and the 

Golgi consists of the phospholipid PI(4,5)P2, whereas clathrin-coated vesicles are rich in 

PI(4,5)P2 and  PI(3,4,5)P3 (De  Matteis  &  Godi,  2004;  Braunewell  et  al,  2010).  In 

hippocalcin,  a  member  of  the  VILIP  subfamily,  the  myristoyl  group  have  been 

demonstrated  to  bind  to  PI(4,5)P2 and  thus  to  the  plasma  membrane  and  Golgi 

(O'Callaghan, Haynes, & Burgoyne, 2005). The current hypothesis is that the difference 

in the localisation of proteins might be due to specific binding capabilities of individual 

VILIPs for  phosphatidylinositol  phosphates  (PIPs)  on the  membrane.  This  theory is 

based  on  the  previous  studies  showing  the  selectivity  of  hippocalcin  towards  PIP 

(O'Callaghan et al, 2005). 

Fig B.5.1. N-terminal regions of NCS proteins. Highlighted in blue are the conserved 

basic residues considered to be interacting with the phospholipids on the membrane 

(Braunewell et al, 2010)
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Braunewell and co-workers (2010) performed phospholipid overlay (PIP strip) assays 

to  test  the hypothesis  of VILIP-1 interacting with phospholipids.  In the presence of 

calcium,  myristoylated  VILIP-1  was  found  to  interact  with  phosphatidic  acid  and 

phosphorylated phosphatidylinositol derivatives such as PI(3,4)P2, PI(3,5)P2, PI(4,5)P2, 

PI(3,4,5)P3,  and PI(4,5)P2, whereas PI(4,5)P2 is the most abundant phosphoinositide in 

cell  membranes,  and  is  involved  in  signal  transduction  (O'Callaghan  et  al,  2005' 

Braunewell  et  al,  2010).  But  they  did  not  bind  to  phosphatidylserine,  cholin, 

ethanolamine and phosphoinositide with no ring phosphorylations (Fig B.5.2). On the 

other hand, no binding was found in the absence of calcium. Unmyristoylated GST-

VILIP-1 (control) showed no significant binding to the phospholipids, indicating that 

the N-terminal  myristoylation is  important  for  VILIP-1-  membrane interactions  (Fig 

B.5.2). 

Fig B.5.2 PIP strip assay results of VILIP-1, in the presence of calcium. Results with 

myristoylated  VILIP-1  (Left),  Control  (Middle)  and  schematic  representation  of  the 

arrangement of phospholipids on the strip (Right) (Figure taken from Braunewell et al, 

2010).
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5.2 Co-localisation of VILIP-1 with PI(4,5)P2 in hippocampal neurons

Braunewell et al (2010) performed immunocytochemical studies to further check the 

preference  of  VILIP-1  for  highly  phosphorylated  phosphoinositides,  including 

PI(4,5)P2, in hippocampal neurons. At the intracellular localisations and at certain areas 

on the cell surface of the hippocampal neurons, a clear co-localisation of VILIP-1 with 

PI(4,5)P2 was observed. These results further strengthened the idea about the preference 

of VILIP-1 for PI(4,5)P2  (Braunewell et al, 2010). 

5.3 Molecular modelling of VILIP-1

Molecular  modelling  results  support  the  presence  of  a  binding  site  for 

phosphoinositides  in  the  N-terminal  regions  of  VILIP-1  and  VILIP-3,  and  the 

involvement of conserved N-terminal lysine residues in binding the ligand. Based on the 

high similarity with the structures of neurocalcin δ and recoverin, homology models of 

apo-  and  calcium-bound  VILIP-1  have  been  generated  (Brackmann,  Hofmann,  & 

Braunewell,  2006;  Braunewell  et  al,  2006).  PIP head  groups  (glyceryl-phosphatidyl 

inositol derivatives) were docked into the putative binding site through automated, and 

later with manual approach (Fig B.5.3). The resulting protein:ligand complex was used 

as  the  starting  model  for  molecular  dynamic  simulations  (MD)  using  GROMACS 

(Braunewell et al, 2010). 
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Fig  B.5.3. Molecular  dynamic  (MD)  simulation  results  showing  the  orientation  of 

GI(4,5)P2 and GI(3,4,5)P3 in the VILIP-1 binding site (Figure taken from Braunewell et  

al, 2010).

MD simulation results  revealed the involvement  of the N-terminal  residues Ser6, 

Lys7 and Lys28 of VILIP-1 in the formation of hydrogen bonds with the functional 

groups of GI(4,5)P2 in  VILIP-1:GI(4,5)P2 complex,  whereas  Ser6,  Lys32,  Lys36 are 

involved  in  interactions  with  GI(4,5)P3.  Thus  through  docking  experiments,  these 

residues in the VILIP-1 N-terminus were confirmed to be important in recognising the 

phospholipids  on  the  membrane,  which  in  turn  is  important  in  forming  protein-

membrane association (Braunewell et al, 2010).

In addition to acquiring crystals and 3D crystallographic structures of myristoylated 

and unmyristoylated VILIP-1, a major aim of this project has been to further investigate 

the recognition of phosphorylated phosphoinositides by VILIP-1 by using monolayer 

adsorption  experiments  with  Langmuir  surface  film balance.  Monolayer  membranes 

mimic biological membranes and, thus can be used to test the adsorption properties of 

the protein to different membranes and investigate the molecular mechanisms of these 

149

Lys28 Lys32
Lys36

Ser6



interactions.  Unmyristoylated  and  myristoylated  VILIP-1  will  be  used  for  this 

experiment. Further experiments will  be done using a VILIP-1 mutant S6A/K7A, in 

which two of the N-terminal residues (Ser6 and Lys7) important for protein-membrane 

association  have  been  replaced  with  neutral-charged  alanine,  since  the  docking 

experiments  confirmed  the  importance  of  these  residues  in  phospholipid  interaction 

(Braunewell et al, 2010).

5.4 Results and Discussion

5.4.1 Experiments using unmyristoylated VILIP-1 with DMPS:DMPC(3:1), 1% 

PI(4,5)P2  and 1% PI(3,4,5)P3

All VILIP-1 proteins were expressed and purified as described previously (Chapter 

3).  The  protein  was  injected  into  monolayers  containing  DMPS:DMPC  (3:1),  1% 

PI(4,5)P2 and 1% PI(3,4,5)P3. The experiments were conducted both in the absence and 

presence of calcium (5 mM CaCl2) and for a duration of 60 minutes. The PIP-containing 

monolayers were constructed with charge conservation. 

In  the  absence  of  calcium,  the  non-myristoylated  VILIP-1  protein  shows a  slow 

binding to DMPS:DMPC (3:1) (Δπ = 2 mN/m), whereas a sudden increase in surface 

pressure is observed when tested with 1% PI(4,5)P2 and 1% PI(3,4,5)P3 with a total 

pressure difference of  Δπ = 4.5 mN/m and  Δπ = 3.5 mN/m respectively (Fig B.5.4).

In the presence of 5 mM CaCl2,  the protein binds slowly to 1% PI(4,5)P2 with a 

difference  of  4.5  mN/m  in  surface  pressure.  When  tested  with  1%  PI(3,4,5)P3  the 

binding  seemed to  be very slow and surface  pressure  difference  was  2 mN/m (Fig 

B.5.5).
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Fig B.5.4. Adsorption  of  unmyristoylated  VILIP-1 to  monolayers  in  the  absence  of 

calcium. DMPS:DMPC(3:1) monolayer depicted in dark blue, 1% PI(4,5)P2 monolayer 

in  red  and  1%  PI(3,4,5)P3 monolayer  in  grey.  The  green  graph  shows  the  control 

experiment. Figure prepared using SDAR (Hofmann, & Wlodawer, 2002).

Fig B.5.5. Adsorption of unmyristoylated VILIP-1 to monolayers in the presence of 

calcium. DMPS:DMPC (3:1) monolayer depicted in dark blue, 1% PI(4,5)P2 monolayer 

in red and 1% PI(3,4,5)P3 monolayer in grey.   
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 These  experiments  show  the  binding  of  non-myristoylated  VILIP-1  to  the 

phospholipids  in  the  membrane  monolayer  even  in  the  absence  of  Ca2+.  This 

contradicted the results from the phospholipid overlay assay, which showed no binding 

to the phosphotidylserine, -cholin or -ethanol amine and also the requirement of calcium 

for binding to phospholipids. Here membrane-anchored PIP can induce the “open” form 

of  non-myristoylated  VILIP-1  from  the  “closed”  form.  This  helps  the  protein  in 

phosphoinositide interactions. This was believed to happen upon binding of calcium to 

the  protein  and  thus  during  the  calcium-myristoyl  switch.  But  the  results  from the 

monolayer studies show that a similar effect can be induced by membrane-anchored PIP 

even in the absence of calcium. A comparison of area controls shows the interactions 

with  PI(4,5)P2 and  PI(3,4,5)P3 were  due  to  specific  recognition  rather  than  charge-

driven  adsorption.  The  PIP-containing  monolayers  were  constructed  with  charge 

conservation. The PS component was reduced in PIP-containing monolayers. The non-

myristoylated VILIP-1 binding to PI(4,5)P2 was more pronounced than to PI(3,4,5)P3, 

which shows the attraction of the protein was not due to a higher negative charge but 

due  to  specific  recognition  of  the  head  groups  of  phospholipids  on  the  membrane 

(Braunewell et al, 2010).

5.4.2  Experiments  using  myristoylated  VILIP-1  with  DMPS:DMPC  (3:1),  1% 

PI(4,5)P2, 1% PI(3,4,5)P3

The experiment was run for 60 minutes, and the given area control curves were 

obtained.  The  myristoylated  VILIP-1  protein,  in  the  absence  of  calcium,  showed  a 

sudden  increase  in  surface  pressure  when  injected  into  monolayers  containing 

DMPS:DMPC (3:1)  with  a  total  pressure  difference  of  Δπ  = 8.5  mN/m.  A sudden 

increase  in  surface  pressure  was  observed  when  tested  with  1%  PI(4,5)P2,  with  a 
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difference of 3 mN/m, in contrast, no significant binding of myristoylated VILIP-1 to 

1% PI(3,4,5)P3 was seen (Fig B.5.6).

Fig  B.5.6. Adsorption  of  myristoylated  VILIP-1  to  monolayers  in  the  absence  of 

calcium. DMPS:DMPC (3:1) monolayer depicted in pink, 1% PI(4,5)P2 monolayer in 

magenta  and  1%  PI(3,4,5)P3 monolayer  in  blue.  Figure  generated  using  SDAR 

(Hofmann, & Wlodawer, 2002).
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Fig  B.5.7. Adsorption  of  myristoylated  VILIP-1  in  the  presence  of  calcium. 

DMPS:DMPC (3:1) monolayer depicted in green, 1% PI(4,5)P2 monolayer in violet and 

1% PI(3,4,5)P3 monolayer in pink. SDAR figures (Hofmann, & Wlodawer, 2002).

As depicted in Fig B.5.7, in the presence of 5 mM CaCl2, myristoylated VILIP-1 

showed a more pronounced binding to PI(4,5)P2 than when in the absence of calcium. 

The isotherm showed a total surface pressure difference of 9 mN/m. The protein showed 

slow binding to PI(3,4,5)P3 with Δπ of 1 mN/m (Fig B.5.7).

These results show the binding of myristoylated VILIP-1 to the phospholipids in the 

membrane  monolayer  even  in  the  absence  of  Ca2+.  This  can  be  explained  by  the 

membrane-anchored PIP causing the induction of an extended form of myristoylated 

VILIP-1 from its “closed” form, which helps in the myristoylated protein:phospholipid 

interactions. However, the binding of calcium to the protein and subsequent calcium-

myristoyl switch process, did cause a more pronounced binding of myristoylated protein 

to phospho-inositides, which indicated the N-terminal myristoyl group to be interacting 

with the phospholipids. These results show the importance of both the myristoyl group 

and the N-terminal basic residues for membrane association.  As in the case of non-
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myristoylated  VILIP-1,  myristoylated  VILIP-1  also  showed  a  stronger  binding  to 

PI(4,5)P2 than to PI(3,4,5)P3 which shows the preference of the protein for PI(4,5)P2, 

and thus to the plasma membrane, which helps in signal transduction. 

5.4.3 Experiments using VILIP-1 mutant S6A/K7A with DMPS:DMPC(3:1), 1% 

PI(4,5)P2, and 1% PI(3,4,5)P3

As the basic residues in the amino terminal of VILIP-1 (K3, K7, K28, K32, K36) are 

important for making electrostatic interactions with phospholipid membranes, and also 

Ser6  was  found to  be  involved  in  interacting  with  the  membrane  PIP head  groups 

(Braunewell et al, 2010), a mutant was designed in which two important residues (Ser6 

and Lys7) for phospholipid association were substituted with neutral-charged alanine 

residues (S6A/K7A) to investigate the monolayer adsorption of this protein. Less or no 

binding of the protein to the membranes was expected. 

The  VILIP-1  mutant  S6A/K7A protein,  in  the  absence  of  calcium,  showed  an 

increase  in  surface  pressure  with  all  three  monolayers;  DMPS:DMPC  (3:1),  1% 

PI(4,5)P2 and 1% PI(3,4,5)P3. When injected into monolayers containing DMPS:DMPC 

(3:1), the surface pressure difference was 4.5 mN/m, while with 1% PI(4,5)P2, and 1% 

PI(3,4,5)P3 was a difference of 4 mN/m and 2.5 mN/m respectively (Fig B.5.8). 
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Fig B.5.8 Adsorption of VILIP-1 mutant S6A/K7A to lipid monolayers in the absence 

of calcium. Figures generated using SDAR (Hofmann, & Wlodawer, 2002).

In the presence of calcium, the VILIP-1 mutant S6A/K7A protein showed almost the 

same  binding  to  monolayers  with  DMPS:DMPC  (3:1)  and  1%  PI(4,5)P2 with  an 

increase in surface pressure of 4 mN/m and 3.5 mN/m respectively. The protein showed 

1 mN/m difference in surface pressure with the monolayer containing 1% PI(3,4,5)P3 

(Fig B.5.9).

Fig B.5.9. Adsorption of VILIP-1 mutant S6A/K7A to monolayers in the presence of 

calcium. Figures generated using SDAR (Hofmann, & Wlodawer, 2002).
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These experiments show the binding of the VILIP-1 mutant to monolayers both in 

the presence and absence of calcium. The myristoylated VILIP-1 showed faster binding 

to DMPS:DMPC (3:1) than the non-myristoylated and mutant VILIP-1.  Even in the 

absence  of  calcium,  all  the  proteins  demonstrated  binding  to  the  phospholipid  (Fig 

B.5.10). 
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Fig B.5.10. Binding of  all  three  proteins;  Unmyristoylated (apo),  myristoylated and 

VILIP-1 mutant S6A/K7A to DMPS:DMPC (3:1) in the absence (Top) and presence 

(Bottom) of calcium. Figures generated using SDAR (Hofmann, & Wlodawer, 2002).

The membrane-anchored PIP helps in exposing the N-terminal basic residues to form 

positively charged sites that interact with the negatively charged phospholipids at the 

membrane  surface  (Braunewell  et  al,  2010).  This  is  seen  in  the  case  of  non-

myristoylated VILIP-1. In the case of myristoylated VILIP-1, the N-terminal myristoyl 

group is exposed and inserted into the hydrophobic region of the phospholipids and the 

exposed basic  residues  form electrostatic  interactions  with  the  acidic  phospholipids. 

This makes the myristoylated protein bind stronger than non-myristoylated VILIP-1 and 

thus shows the importance of both basic residues and the myristoyl moiety to membrane 

association. 

From figures  B.5.7,  B.5.11  and B.5.12,  it  has  been  found that  the  myristoylated 

VILIP-1 shows higher binding to PI(4,5)P2 than to PI(3,4,5)P3, which strengthens  the 
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previously described observation of VILIP-1 having preference to PI(4,5)P2 (Braunewell 

et al, 2010). The co-localisation of VILIP-1 with PI(4,5)P2 in hippocampal neurons  has 

been previously detected, in the presence of calcium (Braunewell et al, 2010; Kobayashi 

et al, 1993). The results show the localisation of VILIP-1 in certain compartments at the 

cell  surface  containing  PI(4,5)P2,  which  is  the  most  abundant  phospholipid  on  the 

membrane. The given results show the preference for this particular phospholipid, in the 

absence  of  calcium as  well.  The  calcium-binding  caused  the  exposure  of  both  the 

myristoyl  group  and  the  hydrophobic  residues,  making  both  available  to  the 

phospholipid head groups. The VILIP-1 mutant S6A/K7A has been found to bind to 1% 

PI(4,5)P2, but considerably less stronger than the affinity of myristoylated VILIP-1 for 

1% PI(4,5)P2. This indicates that the N-terminal basic residues are a main source of 

electrostatic interaction with the acidic phospholipids on the membrane.

Fig  B.5.11. Adsorption  of  all  three  proteins;  Non-myristoylated,  myristoylated  and 

mutant  VILIP-1 to 1% PI(4,5)P2 in  the presence of calcium. Myristoylated VILIP-1 

shown in light  brown, non-myristoylated VILIP-1 in light blue and VILIP-1 mutant 

S6A/K7A in dark blue. Figure generated using SDAR (Hofmann, & Wlodawer, 2002).
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Fig  B.5.12. Adsorption  of  all  three  proteins;  Non-myristoylated,  myristoylated  and 

mutant VILIP-1 to 1% PI(3,4,5)P3 in the presence of calcium. Myristoylated VILIP-1 

shown in grey, non-myristoylated VILIP-1 in light blue and VILIP-1 mutant S6A/K7A 

in dark blue. Figure generated using SDAR (Hofmann, & Wlodawer, 2002).

However,  rather  than  showing  less  binding,  the  VILIP-1  mutant  showed  higher 

binding  than  the  unmyristoylated  VILIP-1  when  injected  into  monolayers  with 

DMPS:DMPC (3:1) and 1% PI(3,4,5)P3. The reasons for this are not clear. A possibility 

is that the replacement of Ser6 and one lysine (K7) with alanine is not enough to cause a 

significant reduction in the electrostatic interaction between the N-terminal cluster of 

basic residues and the acidic phospholipids. 

5.5 Conclusion

The membrane association of VILIP-1 by a myristoyl group alone has been shown to 

be  weak  and  requires  other  interactions  like  hydrogen  bonds  between  protein  and 

160



phospholipids on the membrane for stability. Besides stabilising membrane association, 

protein-phospholipid  interactions  help  in  targeting  proteins  to  different  membrane 

compartments.  VILIP-1  is  localised  at  the  plasma  membrane,  axonal  and  dendritic 

membranes,  the  Golgi  and  also  in  clathrin-coated  vesicles  where  the  phospholipid 

composition  at  the  plasma  membrane  and the  Golgi  consists  of  PI(4,5)P2..  Clathrin-

coated vesicles are enriched in PI(4,5)P2 and PI(3,4,5)P3. The current hypothesis is that 

the differential localisation might be due to specific binding capabilities of individual 

VILIPs for phosphatidylinositol phosphates (PIPs). At the molecular level, within the N-

terminal region of VILIPs, NCS-1, neurocalcin δ and hippocalcin, there are conserved 

basic  residues  which  could  form  favourable  electrostatic  interactions  between  the 

protein and PIPs. In VILIP-1 these residues occur at the positions Lys3, Lys7, Lys28, 

Lys32,  Lys36.  To  elucidate  the  interactions  between  lipids  and  protein,  monolayer 

adsorption  experiments  were  done  using  unmyristoylated  VILIP-1,  myristoylated 

VILIP-1  and  VILIP-1  mutant  S6A/K7A (Ser6  has  been  found  to  be  involved  in 

interacting with PIP head groups). The myristoylated VILIP-1 showed faster binding to 

DMPS:DMPC (3:1) than the unmyristoylated and the VILIP-1 mutant S6A/K7A. Even 

in the absence of calcium, all the proteins demonstrated binding to the phospholipid. 

The myristoylated VILIP-1 shows higher binding to PI(4,5)P2, which strengthened the 

observation of VILIP-1 having preference to PI(4,5)P2.  The VILIP-1 mutant S6A/K7A 

binds  considerably  less  strongly  than  myristoylated  VILIP-1  when  tested  with  1% 

PI(4,5)P2, indicating that the N-terminal basic residues are a main source of electrostatic 

interaction with the acidic phospholipids on the membrane. 
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                              Chapter 6

                                        SUMMARY AND OUTLOOK

The  main  objective  of  this  research  on  unmyristoylated  VILIP-1,  myristoylated 

VILIP-1  and  VILIP-1  mutant  S6A/K7A proteins  was  to  perform  experiments  to 

understand  the  proposed  hypothesis  that  the  difference  in  the  localisation  of  VILIP 

proteins  might  be  due  to  specific  binding  capabilities  of  individual  VILIPs  for 

phosphatidylinositol phosphates (PIPs) present on the membrane. The experiments were 

performed to determine the recognition of phosphorylated phosphoinositides by VILIP-

1 proteins using monolayer adsorption experiments with Langmuir surface film balance. 

In  chapter  3,  expression  and  purification  of  recombinant  VILIP-1  proteins 

(unmyristoylated  VILIP-1,  myristoylated  VILIP-1,  VILIP-1  mutant  S6A/K7A)  were 

performed  to  carry  out  further  experiments  which  were  explained  in  the  following 

chapters.  As  described  in  chapter  4,  VILIP-1  protein  folding  experiments  were 

performed under four different conditions: unmyristoylated VILIP-1 with the presence 

of Ca2+ , unmyristoylated VILIP-1 with the absence of Ca2+, myristoylated VILIP-1 with 

the absence of Ca2+ , myristoylated VILIP-1 with the presence of Ca2+. This was done to 

determine the change in thermal stability due to the presence or absence of myristoyl 

groups and Ca2+.  N-terminal myristoylation alone does not seem to cause a stability 

change  in  VILIP-1.  But  it  does  have  a  significant  effect.  From the  results,  in  the 

presence of calcium, the myristoylated VILIP-1 showed less thermal stability and thus 

unfolding in solution,  whereas unmyristoylated VILIP-1 seemed to be folded with a 

stability higher than myristoylated VILIP-1, showing that both the myristoyl group and 

the  presence  of  calcium ions  are  responsible  for  the  lesser  thermal  stability.  In  the 
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absence  of  calcium,  unmyristoylated  VILIP-1  showed  greater  thermal  stability  than 

myristoylated VILIP-1, which also shows the presence of myristoyl  group causing less 

stability.  This was followed by the monolayer adsorption experiments of VILIP-1 in 

chapter 5. The unmyristoylated VILIP-1 indicated binding to the phospholipids, where 

myristoylated  VILIP-1  showed  stronger  membrane  bindings  than  unmyristoylated 

protein. These proteins were shown to be involved in protein-membrane binding even in 

the absence of calcium. The VILIP-1 proteins showed a preference to PI(4,5)P2 rather 

than PI(3,4,5)P3 which strengthened the observation made by Braunewell  et al  (2010) 

that  VILIP-1 has a preference to PI(4,5)P2. More experiments were performed on the 

VILIP-1  mutant  S6A/K7A,  where  two  of  the  important  N-terminal  basic  residues 

involved  for  protein-membrane  association  were  replaced  with  alanine,  with  the 

expectation of a lesser binding of VILIP-1 mutant protein to the phospholipids. The 

results showed the VILIP-1 mutant binding stronger than the unmyristoylated VILIP-1 

when injected into monolayers with DMPS:DMPC (3:1) and 1% PI(3,4,5)P3, and less 

strongly than myristoylated VILIP-1 when tested with 1% PI(4,5)P2. While this result 

indicate  N-terminal  basic  residues  are  a  source  of  electrostatic  interaction  with  the 

acidic phospholipids on the membrane, it also shows a possibility that the replacement 

of two of the residues, Ser6 and one lysine (K7) with alanine is not enough to cause a 

significant reduction in the electrostatic interaction between the N-terminal cluster of 

basic residues and the acidic phospholipids.

Further adsorption experiments on different VILIP-1 mutants in which some of the 

other  important  N-terminal  basic  residues  (Lys3,  Lys28,  Lys32,  Lys36)  are  replaced 

with alanine, could provide more insight into the importance of N-terminal residues in 

protein-membrane association. Production of a myristoylated VILIP-1 mutant S6A/K7A 
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is also planned for future experiments to investigate the monolayer adsorption of this 

protein.  The N-terminal sequence of VILIP-1, MGNSRSSALS meets the criteria for 

myristoylation  with  a  glycine  residue  next  to  the  amino-terminal  methionine  of  the 

nascent  protein  and  a  serine  four  residues  away  (Zozulya,  1992).  Thus  reduced 

myristoylation is expected with a VILIP-1 mutant since one of the important residues 

for myristoylation (Ser6) is replaced with alanine. Since Serine6 is also important in 

binding to the phospholipid head group, this replacement would be expected to lead to 

less binding to the monolayers. Further investigation on binding of VILIP-1 proteins to 

phosphoinositides  will  be assessed using co-pelleting assay and Isothermal  Titration 

Calorimetry (ITC).
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       PART C: MATERIALS AND METHODS

1. Expression and recombinant protein purification
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1.1 Transformation of cDNA using heat shock method

     The required competent cells were allowed to thaw on ice. Transformation was 

performed by transferring ~1 μl of around 0.1-1 ug of the particular cDNA into ~200 μl 

of thawed competent cells by moving the pipette through the cells while dispensing. The 

tube was gently tapped to mix. This mixture was incubated on ice for 15 minutes which 

was followed by heat-shocking of cells at 42°C for 4 min. The incubation was continued 

on ice for another 10 min. 800 μl of LB+ media was added into the mixture and was 

allowed to grow by incubating for 45 min at 37°C. After the incubation, the grown cells 

were  harvested  by  centrifuging  at  15,000  rpm for  3  minutes.  The  pellets  were  re-

suspended  in  50  μl  of  the  LB+ media  and  were  plated  onto  the  agar  plates  with 

ampicillin antibiotic resistance. The plates were incubated overnight at 37°C.

     Human carbonic anhydrase II:  Transformation of human carbonic anhydrase II 

cDNA in  pET8_C was  performed  in  E.coli BL21(DE3)  competant  cells  using  heat 

shock method. 

   Human carbonic anhydrase IX: cDNA of human  CA IX(52-397) in pTrc-HisA was 

transformed into  E.coli BL21(DE3) cells using the heat shock method.  This truncated 

version of human CA IX was obtained from GeneArt (Germany) as synthetic codon-

optimised plasmid. The N-terminal signal peptide and transmembrane region at the C-

terminus  were predicted using MEMSAT transmembrane prediction program (Jones, 

Taylor, & Thornton, 1994). Thus, in this current construct, these predicted regions were 

truncated  to  prevent  poor  protein  solubility,  which  provided  the  resultant  construct 

consisting of the extracellular catalytic domain.

Carbonic  anhydrase  Plasmodium  falciparum  [CA(Pfa)]:  CA(Pfa)  cDNAs  were 
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transformed into  E.coli BL21(DE3) and  E.coli Rosetta2(DE3) using the same method 

used for other proteins. Two different constructs were used for this project; the truncated 

version His-CA(Pfa)(Δ1-151), and the full version His-CA(Pfa) in pRSET_C, which 

were  obtained  from GeneArt,  Germany.  The  truncated  version  consisted  of  regions 

except N-terminal signal peptides (region predicted by MEMSAT) and with N-terminal 

hexa-His tag.

   Human VILIP-1: The unmyristoylated VILIP-1 cDNA in pET8_C was transformed 

into  E.coli BL21(DE3)  cells.  To  produce  recombinant  myristoylated  VILIP-1, 

competent  E.coli  strain  BL21(DE3)  (ampicillin)  was  co-transformed  with  yeast  N-

myristoyltransferase (NMT) in pBB131 (kanamycin), and was used as the competent 

cell to transform VILIP-1 in pET8_C. VILIP-1 cDNA (ampicillin) was transformed into 

these NMT competent cells in BL21(DE3). VILIP-1 mutant S6A/K7A in pET8_C was 

transformed into E.coli BL21(DE3). Two of the proposed important N-terminal residues 

(Ser6  and  Lys7)  (Braunewell  et  al,  2010)  involved  in  forming  interactions  with 

phospholipid  head  groups  were  replaced  with  neutral  alanine,  to  investigate  their 

importance in the in the protein-membrane interaction. 

1.2  Protein expression

     The proteins (human CA II, human CA IX, CA(Pfa),  unmyristoylated VILIP-1, 

VILIP-1  mutant  S6A/K7A)  were  expressed  using  adaptation  of  the  auto-induction 

protocol by Studier (Studier, 2005., Hofmann, 2007). A single colony of the transformed 

bacteria was used to inoculate the 1 litre LB+ culture (with 0.1 mg/L ampicillin) and was 

incubated overnight at 200 rpm, 37°C. After incubation, the 1 litre culture was used to 
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inoculate further in total of 8 litres (containing 0.1 mg/L ampicillin), where each litre 

was composed of 920 ml of LB+ media and 80 ml of auto-induction mix. Incubation was 

continued for 48 hours at 30°C. 

     For myristoylated VILIP-1, 1 litre culture was set up and inoculated further 8 litre 

culture (containing 0.1 mg/L ampicillin and 0.1 mg/L kanamycin). Media was supplied 

with auto-induction mix. After 4 hours of growth, 0.2 mM myristic acid was added to 

the  growing  culture,  where  the  N-myristoyl  transferase  catalyzes  the  covalent 

attachment of myristic acid to the N-terminal Gly2 residue of VILIP-1, resulting in N-

terminal myristoylation. Incubation was continued for 48 hours at 30°C. 

1.3 Cell harvest

     The grown cells were harvested by centrifugation at 4,000 rpm for 20 minutes and 

were resuspended in 50 ml of D1 buffer (100 mM NaCl, 1 mM EDTA, 20 mM TRIS 

(pH 8), 0.1% Triton X-100, 5 mM benzamidinium chloride). To prevent proteolysis, 500 

μl of 100 mM of Phenyl Methyl Sulfonyl Fluoride (PMSF) was added to 50 ml of D1 

buffer. The resuspended cells were either subjected to cell lysis or stored at -20°C. 

1.4 Cell lysis

     The  resuspended  cells  were  lysed  by subjecting  them to  multiple  freeze-thaw 

conditions, by freezing at -80°C and thawing in warm water. Further cell lysis were 

performed by sonication for 4 min. This was followed by high speed centrifugation of 

these cells at 20,000 rpm for an hour, to separate the cell debris.
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1.5 Purification of recombinant expressed proteins 

     After centrifugation, the supernatant was carefully separated from the pellets and was 

used for the purification of the soluble protein. 

  Human carbonic anhydrase II: The soluble protein was purified by anion exchange 

chromatography using Q-sepharose resin. In this method, the negatively charged protein 

will bind to the positively charged sepharose head group present in the resin. The human 

CA II protein was purified using the strong anionic exchanger, Q-sepharose. The pH of 

the protein buffer for the purification procedure used was pH 10.0, since the pI of the 

protein  was  7.0.  As  the  first  step  of  purification,  the  Q-sepharose  column  was 

equilibrated using the protein buffer 20 mM glycine pH 10.0. The supernatant from the 

centrifugation step was dialyzed against  2  litre  of  20 mM glyine  pH 10.0 and was 

loaded onto the Q-sepharose column. The column was washed with the equilibration 

buffer to remove the unbound proteins, whereas the bound proteins were eluted using a 

gradient buffer of 0-1 M NaCl in 20 mM glycine pH 10.0. SDS-PAGE analysis showed 

the purity of the protein was sufficient for carrying out the further experiments.

    Human carbonic anhydrase IX: Human CA IX(32-597) protein purification was 

attempted using a two-step protocol. The first step of purification was carried out using 

anionic exchange chromatography with the weak anion exchanger, QA-52 resin. The 

supernatant obtained after centrifugation was dialysed against 20 mM TRIS pH 8.0. The 

QA-52 resin was pre-equilibrated using the dialysis buffer, pH 8.0, because the pI of the 

protein  was  4.4. After  loading  the  column with  the  dialysed  human  CAIX(32-597) 

protein supernatent,  unbound proteins were washed out using the same equilibration 

buffer. The bound protein were eluted by gradient elution buffer 0-1 M NaCl in 20 mM 
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TRIS pH 8.0, because the chloride ions have a higher affinity for the positive resins than 

the protein and thus it will displace the protein and bind to the resin. The second step of 

purification  was  performed  using  an  affinity  column  containing  para-

aminobenzenesulfonamide  resin  (Khalifah,  Strader,  Bryant,  &  Gibson,  1977).  This 

protocol takes advantage of the ability of sulfonamides in the resin to recognise the zinc 

metal ion in the active site of CA isozymes and bind specifically to the protein.  The 

pooled fractions from the previous step of purification were dialyzed against 250 mM 

NaCl,100 mM (NH4)2SO4  and 50 mM Tris pH 8.0. The column was equilibrated using 

the dialyzing buffer which was followed by transferring this resin into a beaker where it 

was mixed with the dialyzed protein. This slurry was incubated overnight at 4°C. After 

the incubation, the mixture was loaded back into the column and was washed with the 

equilibration buffer to remove the unbound proteins. The bound protein was eluted by 

step elution using 20, 50, 100, 150, and 200 mM EDTA along with the equilibration 

buffer. 

Carbonic anhydrase Plasmodium falciparum-CA(Pfa): Ni2+ column chromatography 

is the most commonly used immobilised metal affinity chromatography that binds and 

purify  recombinant  proteins  with  the  presence  of  a  histidine-tag  (typically  a  His6 

sequence) on the very N- or C-terminus of the protein. The resin presents Ni2+ ions with 

an octahedral coordination sphere where two positions are occupied by water molecules. 

In  the  protein-bound  state,  the  two  water  positions  are  occupied  by  the  imidazole 

nitrogens of two consecutive histidine residues of the hexa-His-tag. The protein was 

eluted from the column by increasing amounts of free imidazole which have higher 

affinity for the immobilised Ni2+ ions than the hexa-His-tag. 
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     His-CA(Pfa) (Δ1-151) and His-CA(Pfa) protein purifications were performed using 

Ni2+ column chromatography.  The  column was equilibrated using 100 mM NaCl, 20 

mM TRIS pH 8.0.  The  dialysed  protein  was  then  loaded  onto  the  column and  the 

unbound protein was removed using the same buffer.  The bound protein was eluted 

using  step  elution,  with  20,  50,  100,  200,  and  500  mM  Imidazole  along  with  the 

equilibration buffer. 

   VILIP-1 (Homo sapiens): VILIP-1 proteins and its derivatives (myristoylated VILIP-

1, VILIP-1 mutant S6A/K7A) were purified using a two-step protocol. The supernatant 

of  these  proteins  were  dialysed  against  20  mM  TRIS  pH  8.0  and  loaded  onto  an 

equilibrated anion exchange column, QA-52. The unbound proteins were removed using 

the wash buffer (20 mM TRIS pH 8.0). The protein was eluted using a gradient buffer of 

0-1 M NaCl in 20 mM TRIS pH 8.0. Following the first step of purification, appropriate 

fractions containing the protein of interest were pooled together and dialysed against 

100 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 0.1 mM DTT and 20 mM HEPES pH 7.5 

for the second step of purification. The dialysed samples were loaded onto equilibrated 

hydrophobic  interaction  column,  phenyl  sepharose  (Zozulya  &  Stryer,  1992).  This 

procedure takes advantage of the fact that the hydrophobic residues of VILIP-1 bind to 

hydrophobic  resins  like  phenyl  sepharose  only  in  the  presence  of  calcium.  In  the 

absence of calcium, the hydrophobic residues are buried inside the hydrophobic pocket, 

hindering its  binding to  hydrophobic resins.  Subsequent  chelation of  Ca2+  elutes  the 

protein.  Elution buffer containing the Ca2+ chelator,  ie.  EDTA was used to elute the 

protein (100 mM NaCl, 2 mM EDTA, 0.1 mM DTT, 20 mM HEPES pH 7.5). 12% 

SDS-PAGE was used to assess the purity of these proteins. Protein identification was 

further performed using MALDI-TOF and ESI-MS.
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1.6 Sodium dodecyl sulfate poly acrylamide gel electrophoresis (SDS-PAGE)

     SDS-PAGE is a technique used to separate proteins according to their size. The 

proteins from each eluted fractions were mixed with protein loading dye (1:1), and was 

heated at 95°C for 5 min. After cooling down, the protein was introduced into the gel 

wells and the electrophoresis was carried out at a voltage of 130-140 V. After the run, 

the gels are stained using coomassie dye. Coomassie staining was done by heating the 

gel in the staining solution for 15 seconds and was followed by incubation for 10-20 

minutes. The gel was destained by repeatedly washing with water and destain solution 

(contains MeOH and glacial acetic acid).

1.7 Protein concentration

     The eluted fractions identified with the protein of interest were pooled together, 

concentrated and the buffer was exchanged using the protein standard buffer 100 mM 

NaCl, 20 mM HEPES pH 7.0. This was performed by centrifugation at 4000 rpm using 

a 10 kDa membrane filter unit (Amicon centrifuge, Millipore). 

1.8 Measurement of protein concentration using UV-VIS spectroscopy

     The  concentration  of  the  purified  protein  was  determined  using  UV-VIS 

spectroscopy.  Protein  was  diluted  using  an  appropriate  amount  of  standard  protein 

buffer (1:400) (100mM NaCl, 20mMTris pH8.0) and the UV-VIS absorption scan was 

performed from 600-210 nm. The absorption at 280 nm and 260 nm were determined in 

order  to  calculate  the  concentration  by using  the Warburg and Christianson empiric 

formula (1942).  
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     Protein exhibits a distinct ultraviolet light absorption maximum at 280 nm, mainly 

due to the presence of tyrosine and tryptophan residues. This method is highly sensitive, 

quick, and determination of concentration can be determined without any reagents. To 

obtain the original protein concentration, a dilution factor was then multiplied to the 

above-mentioned equation.

2. Protein identification using MALDI-TOF

    The protein was identified by peptide mass fingerprinting using a Shimadzu-Axima 

MFR  MALDI-TOF  instrument.  Peptide  mass  fingerprinting  uses  the  masses  of 

proteolytic peptides as the input to a search of a database containing predicted masses 

from digestion of a list of known proteins. If a protein sequence in the reference list 

gives  rise  to  a  significant  number  of  predicted  masses  that  match  the  experimental 

values, there is some evidence that this protein was present in the original sample. For 

peptide mass fingerprinting,  the protein was digested with trypsin (Roche),  a  serine 

protease that specifically cleaves at the carboxylic side of lysine and arginine residues 

with stringent specificity. Protein samples were digested using any of the two protocols 

as described below, depending on the sample quality: in-solution or in-gel digestion.

SDS-PAGE with the respective protein was run and destained. The protein band of 

interest was cut out and placed in an eppendorf tube. Excised gel pieces were washed 

twice with 200 mM ammonium bicarbonate in 50% acetonitrile, 20 mM ammonium 

bicarbonate in 50% acetonitrile, shrunk by dehydration in 100% acetonitrile and air-
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dried.  The  dried  gel  pieces  were  incubated  in  0.1  mg/ml  trypsin  solution  (Roche 

Diagnostics) in 25 mM ammonium bicarbonate (1:5) and incubated overnight.  After 

incubation,  the  samples  were  sonicated  for  5  minutes.  During  general  in-solution 

digestion, DTT was added to a final  concentration of 5 mM to 1 mg/ml of purified 

protein to reduce cysteins, and were heated at 60°C for 30 minutes. After cooling down 

the mixture, 0.1 mg/ml of trypsin in 25 mM ammonium bicarbonate was added and 

incubated overnight. 1 ul of digested sample was mixed with 1 ul of matrix α-cyano-4-

hydroxycinnamic acid (CHCA) and were spotted onto the MALDI sample plate and 

allowed to dry, followed by inserting into the mass spectrometer.

The list of peptide masses obtained from the experiment was analysed and the peaks 

were compared via a web-based tool, MASCOT database (Perkins, Pappin, Creasy, & 

Cottrel, 1999).  MASCOT is a tool that performs sequence predictions from MALDI-

TOF data. MASCOT scoring uses a 'probability-based MOWSE' algorithm to estimate 

the significance of a match. The total score is the absolute probability that the observed 

match is a random event. They are reported as -10 x LOG10(P), where P is the absolute 

probability. Therefore, lower probabilities are reported as higher scores.  Spectra were 

normally  searched  with  a  peptide  tolerance  of  1  Da  and  strict  trypsin  specificity 

allowing for up to one missed cleavage.

3. Protein identification using ESI-MS

ESI-MS analyses were performed on an ion trap mass spectrometer (ESCi ZQ4000 

LCMS, Masslynx v4.0 SP4). Mass spectra were acquired by scanning an m/z range from 

370  to  2000  at  70  ms/scan.  Samples  (50  μl,  20  μM)  were  injected  into  the  mass 
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spectrometer  using  the  Waters  600  controller  at  a  flow rate  of  0.5  ml/min  (carrier 

solvent was 60:40 acetonitrile:0.1% formic acid). Data was collected using continuum 

mode and deconvoluted using MaxEnt 1 (Phillips, Anderson, & Schapire, 2006).

4. Protein Crystallization 

The purified recombinant proteins were further used for co-crystallisation procedures.

Human carbonic anhydrase II: The concentrated human CA II protein was subjected 

to  co-crystallization  with  ligands,  using  a  series  of  ammonium sulphate  containing 

conditions from in-house crystallization factorial  collection.  Crystals  were grown by 

hanging  drop  vapour  diffusion  approach  (Kim,  Chandra,  &  Christianson,  2001)  as 

shown in Fig 1.1. A few microlitres of the purified recombinant protein were mixed with 

a small amount of the reservoir solution which contains the precipitant (A precipitant is 

solution with high salt concentration along with a buffer of certain pH). A drop of this 

mixture was placed on the cover slip and sealed properly on top of the respective well 

using grease. Since the concentration of the protein and reservoir drop is less than the 

reservoir solution, water evaporates from the drop and diffuses into the reservoir, and 

results in the growth of crystals (Fig 1.1). The drop consisted of 3 µL of CA II (~9 

mg/mL), 2 µL of well solution (containing 2.6 M ammonium sulfate and 0.1 M glycine 

pH 9.5) and 1 µL of 60 mM ligand.

Human carbonic anhydrase IX: The concentrated human CAII protein was subjected 

to crystallization, using a series of conditions from in-house crystallization factorials, 

containing NH4H2PO4 and Sodium citrate (Alterio et al, 2009). Since previously human 

CA II  was  successfully  crystallised  using  different  ammonium  sulfate  containing 
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conditions  with  different  pH,  crystallisation  of  human  CAIX  (52-397)  was  also 

performed with the same factorials and conditions used for human CA II. Hanging drop 

vapour diffusion method was performed for crystallisation. The drop composition was 3 

μl of human CAIX (52-397) protein (9 mg/ml) mixed with 3 μl reservoir.

Carbonic  anhydrase  Plasmodium  falciparum [CA(Pfa)]:  Crystallisation  solutions 

including  ammonium  sulfate  containing  conditions  with  different  pH,  was  used. 

Hanging drop vapour diffusion approach was performed. The drop composition was 3 

μl of His-CA(Pfa)(Δ1-151) protein (8.1 mg/ml) mixed with 3 μl reservoir. 

Fig 1.1 Schematic representation of hanging drop vapour diffusion method (Kim et al, 

2001).

5. Diffraction Data Collection and Structural Refinement 

     Human CA II: X-ray diffraction data of single crystals were collected at the in-house 

diffractometer as  well  as  at  the  Australian  Synchrotron beam line MX1. The in-house 

diffractometer is a Rigaku MM007-HF with an R-Axis IV++ detector operated at  40 kV 

and 30 mA, and at a wavelength of 1.5418 Ǻ, whereas the  MX1 beamline is equipped 

with a Quantum ADSC CCD detector with a wavelength of 0.9566 Ǻ. The programs from 
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the CCP4 suite (CCP4, 1994), Mosflm (Leslie, 1992) and SCALA (Blessing, 1995) were 

used to process the data. All native and ligand-bound crystals belonged to the monoclinic 

space group P21, and human CA II native structure was solved by molecular replacement 

using  the  program AMoRe  (Navaza,  2001)  using  the  polypeptide  co-ordinates  of  the 

structure of human CA II (PDB code: 1CA2) (Eriksson, Jones, & Liljas, 1988). All the CA 

II:ligand complex structures were solved using this molecular replacement  solution by 

using difference fourier techniques. The ligand-bound structures were refined using CNS 

(Brünger  et al, 1998) or REFMAC (Murshudov, Vagin, & Dodson,1997) and the  ligand 

topologies were generated by PRODRG (Schuettelkopf & Aalten, 2004). Manual model 

building  and  analysis  were  performed  using  the  program  O  (Jones,  Zou,  Cowan,  & 

Kjeldgaard,  1991).  Refined  structures  were  checked  for  acceptable  geometry  using 

PROCHECK (Laskowski, MacArthur, Moss, & Thornton, 1993). 

     Different features in a dataset were taken into account to determine whether the three 

dimensional  data  was  suitable  and of  high quality.  One of  the  important  things  is  the 

resolution of the data. The higher the resolution is, the easier and visible it is to understand 

the molecular details of the crystal and thus the protein. The diffraction quality was also 

determined from Rmeas and from the I/σ(I)  of the whole image as well  as that of the 

highest resolution shell. The overall quality of the structure/data are also determined by 

the following features and numbers:

a) Completeness of the data: atleast 98% in overall and 95% in the outer shell

b) Rmerge in the range of 0.01 to 0.04 for good data sets. Larger values suggest that there 

are some worrying systematic errors.

b) R-factor and Rfree should be below 20% and 30% respectively for a good data
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c)  RMS  (root-mean-square)  bond  length  deviation  should  be  below  0.02  A°  (Ago, 

Kitagawa, Fujishima, Matsuura, & Katsube, 1991)

*R-factor:  A measure of  agreement  between the  experimental  data  and the diffraction 

data.

*Rmeas is the redundancy-independent merging R-factor. 

*The rms bond length and rms bond angle are the respective rms deviations from ideal 

values.

6. Thermal denaturation experiments using CD Spectroscopy

Circular  Dichroism  (CD)  is  a  spectroscopic  technique  used  for  determining  the 

conformation and folding stability of proteins in conditions like temperature, presence 

of small molecules or solutes, and ionic strength. Even though this technique can be 

used to study the conformation of nucleic acid and peptides, it is mainly used to study 

proteins. This technique is popular because it requires only low sample concentration 

for  a  wide  range  of  experiments  involving  variables  like  temperature,  pH and  also 

provides information on added ligands. The results for proteins are usually expressed as 

mean residue molar ellipticity, [θ]. The mean residue molar ellipticity [θ] is given in 

units of deg.cm2.dmol-1. 

     Estimation of secondary structure of proteins is one of the main applications of CD 

in the study of proteins. Though this technique is not as powerful as X-ray diffraction of 

crystals, these CD measurements provide the information on the entire structure of a 

protein molecule.
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CD  spectroscopy  is  also  used  to  study  the  stability  of  a  protein  by  increasing 

denaturant  conditions  (temperature,  chemicals,  pH).  As  the  denaturant  condition 

increases the stability of the protein decreases and thus the protein unfolds (Ramos & 

Ferreira,  2005).  The  unfolding  transition  can  be  easily  determined  by  choosing  a 

wavelength where the difference in signal for folded and unfolded protein is large. For 

example, α-helical proteins have a large CD signal at 222 nm, whereas the  unfolded 

proteins has none or little signal at this wavelength. CD can also be used to assess the 

degree to which additives such as ligands, sugars etc. alter the thermal stability of the 

protein.  The stability can be determined by following changes in the spectrum with 

increasing  temperature.  A single  wavelength  (here  222  nm),  which  monitors  some 

specific feature of the protein structure, is chosen. The signals at that wavelength is then 

recorded continuously as the temperature is raised. 

Human CA II: The thermal denaturation of the CA II -ligand complex was monitored 

using a JASCO J-715 spectrapolarimeter equipped with a Peltier element. Determination 

of CA II protein stability by thermal denaturation of the protein was carried out by gradual 

increase of temperature from 20°C to 80°C at 222 nm. Thus the transition point  (T1/2)  at 

which the protein changes from folded to unfolded was determined. Changes in signal at 

222 nm were used to construct an unfolding curve. Curve fitting of an appropriate range 

of data was done using a sigmoid equation, y= a / {1 + exp[-(x-x0)/b]} + y0, in SigmaPlot 

(SPSS, Inc.).

VILIP-1:  Measurements  were  performed with  a  JASCO J-715 spectropolarimeter 

equipped with a peltier element. The concentration of each sample was approximately 

0.013 mM in CD buffer (cuvette path length 1 mm). For thermal denaturation studies, 
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measurements  were  done  from  20oC  to  80oC  at  222  nm.  All  experiments 

(unmyristoylated VILIP-1 in the absence of calcium, unmyristoylated VILIP-1 in the 

presence  of  5  mM  CaCl2,  myristoylated  VILIP-1  in  the  absence  of  calcium,  and 

myristoylated  VILIP-1  in  the  presence  of  5  mM  CaCl2)  were  carried  out  twice, 

independently at different temperatures. Changes in the mean residue ellipticity at 222 

nm were used to produce an unfolding curve. Curve fitting of an appropriate range of 

data was done using a sigmoid equation y= a / {1 + exp[-(x-x0)/b]} + y0 in SigmaPlot 

(SPSS, Inc.). 

7. Monolayer adsorption experiments using Langmuir surface film balance 

Langmuir surface film balance is well suited to investigate the interactions between 

lipids and protein, since a lipid monolayer can be built that resembles natural plasma 

membrane both in composition and curvature. The adsorption of VILIP-1 proteins to the 

phospholipid monolayers were carried out using Langmuir surface film balance, model 

NIMA 301A. Figure shows a schematic diagram of Langmuir balance. 

Fig 1.2. Schematic representation of Langmuir surface film balance.
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The teflon-made trough holds the subphase and prevents any leakage of the subphase 

over the edges.  The surface area of the trough can be varied with the movable barrier 

that is seen over the trough. The subphase buffer contained 100 mM NaCl,  20 mM 

HEPES (pH 7.5), 0.1 mM EDTA (for experiments requiring calcium ions the buffer 

used was 100 mM NaCl, 20 mM HEPES (pH 7.5), 5 mM CaCl2), and was filtered. 100 

ml of the buffer was poured into the trough. A small Teflon stirrer rotating at about 10 

rpm was placed in the trough for thorough mixing. The surface pressure was measured 

with Wilhelmy-plate method. 1 cm x 2.3 cm sized filter paper (Whatman, No. 1) were 

used as Wilhelmy plates. In this method, the plate is partially immersed in the subphase 

so that the force formed due to surface tension on the plate is measured. This force is 

converted into surface tension (mN/m). A surface pressure-area isotherm of the buffer 

was recorded in the beginning. This was done by compressing the film (reducing the 

area  with  the  barrier)  at  a  constant  rate  while  monitoring  the  surface  pressure 

continuously. This step reveals the presence of impurities or  contaminants in the buffer, 

so that they can be removed to prevent it from interfering in the actual experiments. 

Experiments  were  performed  using monolayers  consisting  of  phospholipids 

DMPS:DMPC (3:1); DMPS:DMPC (3:1), 1% PI(4,5)P2 and DMPS:DMPC (3:1), 1% 

PI(3,4,5)P3 to check the hypothesis of VILIP-1 recognising phospho-inositides, and also 

to check the preference of VILIP-1 towards PI(4,5)P2. The lipid solutions was prepared 

and were dissolved in chloroform/ methanol (2:1, v/v) at a concentration of 0.5 mg/ml. 

While preparing the phospholipid membranes, the amount of PS was adjusted in cases 

containing PIP-monolayers, to maintain the surface charges of the monolayers. When 

calculating the volumes of the lipid solution used for spreading, the amount of DMPS 

was decreased by 2 mol for each PI(4,5)P2, and by 3 mol for each PI(3,4,5)P3. Before 

each protein adsorption experiment, surface pressure-area isotherms of the lipids were 
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obtained to determine the best volume of lipid mixture required to form the monolayer 

so that this volume can be used for pressure and area control experiments. This isotherm 

is  an  important  indicator  of  the  properties  of  monolayer,  and  measures  the  surface 

pressure as a function of the area of the water surface available for each molecule. If the 

volume of lipid used is appropriate, when it is compressed the lipid monolayer passes 

through three distinct  phases; liquid-expanded state, liquid-condensed state and solid 

state. This particular volume of lipid where the lipid mixture can convert from lipid 

expanded to solid state while compressing was used for the further protein adsorption 

experiments.

About 25 ul of this solution was applied onto the surface of the subphase buffer with 

a Hamilton syringe. The monolayer was left to equilibrate for 10 min.  The film was 

compressed by moving the barrier to generate a surface pressure of about 16 mN/m.. 

The protein was injected into the subphase at a final concentration of 140 uM using a 

Hamilton syringe. The surface pressure (pi) was recorded as a function of time for about 

60  min.  Adsorption  data  were  analysed  with  the  software  SDAR  from  the  PCSB 

program collection (Hofmann & Wlodawer, 2002).

8. Size-exclusion Chromatography combined with Multiple-angle Laser 

Light Scattering (SEC-MALLS)

Proteins were purified as described in chapter 3. Experiments were performed using a 

Superose  12  30/100 GL SEC-column (GE Healthcare,  Bio-sciences  Pty Ltd.,  NSW, 

Australia) and on a BioLogic DuoFlow system (BioRad). The light scattered by proteins 

eluting from the SEC-column was detected by a UV/Vis detector, a refractive index (RI) 
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detector (Optilab DSP, Wyatt, Santa Barbara, CA, USA) and a MALLS detector (Dawn 

DSP, Wyatt, Santa Barbara, CA, USA). The experiments were performed at a flow rate 

of 0.5 mL/min.  100 μl of sample with concentration of 5 mg/ml was injected onto the 

column and eluted with the standard buffer. The data was analysed using the software 

ASTRA (version 5, Wyatt, Santa Barbara, CA, USA).
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