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UNIVERSITY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF MEDICINE, HEALTH AND LIFE SCIENCES 
BIOMOLECULAR SCIENCES 

Doctor of Philosophy 

LIVER FATTY ACID BINDING PROTEIN; RELATING STRUCTURE TO FUNCTION 

By Robert M. Hagan 

Liver Fatty Acid Binding Protein (LFABP) is a member of a family of small (14 kDa) 
intracellular proteins that reversibly bind fatty acids. This binding greatly enhances their 
aqueous solubility and thus facilitates their transport. The Fatty Acid Binding Proteins 
(FABPs) are characterized by a (3-barrel containing the binding cavity of the protein and a 
helix-tum-helix motif that caps the protein. 

LFABP is known to bind to anionic phospholipid vesicles under conditions of low ionic 
strength, resulting in ligand release from LFABP. The interaction of LFABP with anionic 
phospholipid vesicles involves K31 of a-helix II. Studies on adipocyte and heart FABP 
that had previously identified the a-helical region as being important for electrostatic 
interactions between these proteins and the phospholipid interface. 

In this investigation the involvement of cationic a-helical residues (K20, K31 and K33) 
in ligand binding and residues contributing to the positive surface charge of the protein 
(K36, K47 and K57) in ligand binding and interaction with phospholipid vesicles has 
been studied by using charge reversal mutagenesis to convert these residues to glutamate. 
It was found that the three residues that made the largest contribution in terms of ligand 
binding and in regards to the protein's interaction with phospholipid vesicles were K31, 
K36 and K57. These residues are positioned around the hypothesized portal region of 
LFABP. 

The tryptophan insertion mutants of LFABP, L28W, Y54W and M74W, were produced. 
Ligand binding studies highlighted L28W as a mutant that demonstrated dramatically 
enhanced fluorescence on fatty acid binding. Detailed studies of the mutant made it 
possible to show co-operative binding of oleic acid to LFABP and to carry out direct 
competition assays between oleic acid and oleoyl CoA. These competition assays found 
that these two ligands have similar affinities in terms of binding to LFABP, a result that 
is important in assigning the role of LFABP within the cell. A further tryptophan mutant 
Y7W, has been used to investigate the conformational change at the protein's N-terminal 
region. Complementing previous studies with the mutant F3W. 

The binding of lithocholic acid derivatives to charge reversal and tryptophan containing 
mutants allowed the orientation of conjugated bile acids within the binding cavity to be 
determined. 
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Chapter 1 - Introduction 



1.Introduction 

1.1 Fatty Acid Binding Protein 

Fatty acid binding protein (FABP) was first reported by Ockner et al. over 25 

years ago [1]. Since the initial discovery around twenty of these proteins that can 

reversibly and non-covalently bind fatty acids have been identified. This binding greatly 

enhances their aqueous solubility and thus facilitates their transport. The intracellular 

fatty acid binding proteins are one of the most widely studied classes of proteins used for 

investigating protein-lipid interactions. They are low molecular mass cytosolic proteins 

that bind fatty acids amongst other non-polar ligands. Although there are many 

polypeptides capable of interacting with lipids, the FABPs differ from these other 

proteins by way of their conserved ^-barrel fold, a four exon-three intron gene motif, and 

their molecular association with monoacyl lipids such as fatty acids. FABPs are the major 

component of a larger group of proteins known as the intracellular binding proteins that 

also include retinol, retinoic acid and bile acid binding proteins. Intracellular lipid 

binding proteins (iLBPs) typically have a sequence of about 130 residues and a molecular 

mass of around 14kDa. These proteins have been found in eukaryotes as diverse as sharks 

[2] and chickens [3]. These proteins enhance the uptake of their respective ligands from 

the extracellular medium. 

The FABP ^-barrel, displayed in Fig 1.1, is made up by an arrangement of ten 



p-strands identified as PA through to pj, these strands vary in length from four to ten 

amino acids. The strands are connected by tight turns except for the first two where they 

are separated by a hehx-tum-helix motif. Each of these strands is in an antiparallel 

arrangement and each strand forms hydrogen bonds to the two adjacent strands to form a 
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Fig 1.1 The LBP (3 barrel, showing the 10 p strands of a typical ILBP 
Strands 1 and 10 are repeated so that the closing of the p barrel is also depicted. 
Hydrogen bonds linking the labeled p strands are indicated by the horizontal lines 
(Banaszak et al) [4] 

contiguous P sheet. Thus, strand x forms hydrogen bonds with both strand (x+1) and 

strand (x-1). Each strand forms between ten and seventeen hydrogen bonds. One 

assumption is that the hydrogen bonding framework found in the mainchain is co-

operative. The P-barrel description is not perfectly accurate as the hydrogen-bonding 

network is interrupted between strands D and E, as shown in Fig 1.2. The distance here is 

too great for hydrogen bonding to occur. Instead the side chains intercalate to form a 

closed system in combination with ordered water molecules. In the tertiary structure the 



first and tenth p strands of FABP also hydrogen bond to form a p-barrel with a 

characteristic twist. The first and tenth P-strands are able to bind because of a bulge in 

PA. The cylinder is closed off at one end by a helix-tum-helix motif that exists between 

P-strands A and B. The helix-tum-helix motif is believed to be the structure that caps the 

protein. FABPs typically have dimensions of 25x35x40A giving them a more flattened 

appearance. This flattened appearance explains why the proteins are also commonly 

referred to as P-clams. This P-clam structure remains in the absence of ligand and in this 

case the ligand is replaced in the central cavity by six ordered water molecules. 

Binding 
Cavity 

Conserved 
Backbone 

Fig 1.2 A representation of the iLBP conformation. The secondary structural components 
of iLBPs are represented by that of ALBP (Adipocyte LBP), with arrows for p 
structure and a coil for a helices. The two a helices (I and II) are near the amino 
terminus. Strands are labeled from A to J. Three important structural features are 
also highlighted: the gap between p strands D and E, the internal binding cavity, 
and the "backbone", where most of the conserved amino acids are located. 
Banaszak et al. [4] 



iLBPs bind the hydrophobic Hgand in a cavity rather than a cleft. FAB? has a 

large interior cavity, in all known iLBPs this cavity is filled by ordered and disordered 

water molecules. This cavity is lined by a series of polar and hydrophobic amino acids; 

the side chains of these residues extend into the cavity. The specific amino acids that line 

this cavity are highly varied between members of the iLBP family, this variability is 

consistent with the low conservation of amino acid residues throughout FABPs (20-70%). 

The cavity volume can vary from 300 to 700 between different forms of FABP. 

Variations in the size of the ^-barrel are due to differences in length and number of P-

strands as well as the size of the individual amino acids making up each strand. The 

cavity occupies a mere 5% of the entire protein volume. So although these proteins are 

characterised as |3-barrels their actual interior volume is quite small. A typical Hgand for 

this family of proteins occupies between one half and one third of the total binding cavity 

volume. 

FABPs have ordered water molecules within the cavity, some of which are within 

van der Waal's contact distance of the bound fatty acid. Upon Hgand binding there occurs 

a loss of typically disordered but not ordered water molecules from the binding cavity. 

The cavity is not connected to the solvent by any obviously large opening. Helix a-II and 

loops cormecting the |3-strands C/D and E/F, form a small opening that allows Hgand to 

enter the cavity, this opening is referred to as the portal region. The current model for 

Hgand binding to the FABPs envisages this portal at the top of the barrel opening, 

allowing a hydrophobic Hgand to enter the cavity. 



In all crystallographic studies undertaken so far, the polar head group of the lipid 

is positioned deep at the bottom of the cavity in the holoprotein. All existing evidence 

points to the binding cavity and the poorly delimited 'portal' region as defining the 

specific function of each individual member of the FABP family. It is the local structure 

within the cavity that appears to be the major factor determining binding affinity and 

specificity for the lipid. 

In general, enthalpic considerations outweigh the entropic contributions when 

considering ligand binding to FABP. It is common that 60-80% of the total binding 

energy is derived from enthalpic factors. Enthalpic factors arise from a combination of 

electrostatic interactions at the head group and van der Waal's forces along the acyl chain 

[5]. 

Liver FABP (LFABP) shares an amino acid identity with other iLBPs of between 

18% for epidermal fatty-binding protein (E-FABP) and 38% for intestinal fatty acid 

binding protein 2 (IFABP2), liver FABP having the lowest sequence identity amongst the 

FABP family. LFABP was originally isolated from rat liver cytosol and has been 

identified in numerous cell and tissue types. These include the stomach, pancreas, 

adipose deposits, myocardium, small and large intestine and kidney. LFABP is expressed 

in hepatocytes, jejenul and ileal enterocytes, colonocytes and proximal tubules of the 

kidney. In the small intestine LFABP is expressed in particularly high concentrations in 

the tips of the villi where it can account for up to 5% of the soluble protein. In the liver 

LFABP comprises 5% of the cytoplasmic proteins. The tissue expression of FABP is 



normally specific to a single tissue or cell type, LFABP along with Heart FABP 

(HFABP), is unusual in that it displays multi-tissue expression. The structure of LFABP 

in the presence of ligand (the holoprotein) has now been solved at low resolution [6]. A 

comparison of LFABP with the crystal structures of the other members of the FABP 

family reveals the same basic skeleton. LFABP is 127 amino acid residues in length 

including the initiating N-formyl-methionine and the protein has a mass of 14, 272 Da. 

LFABP is the member of the FABP family that has been investigated most thoroughly in 

terms of ligand-binding properties. LFABP is unique amongst the FABP family in that it 

is capable of binding fatty acid ligand in a stoichiometry of two moles of fatty acid to just 

one mole of protein (see Fig 1.4 and Fig 1.5). 

1.2 The Structure of LFABP 

LFABP is found in a wider range of tissue but has a very similar overall structure 

to the other members of the FABP family. The LFABP structure displays (a) an anti-

parallel P-barrel with an internal cavity; (b) a gap between p-strands D and E; (c) a lid or 

portal to the cavity for ligand entry, this is formed by the hairpin turns connecting (3-

strands C and D, D and E, G and H and a helix-tum-helix; (d) a cavity lined with polar 

and nonpolar residues and filled with water. 

In all other existing FABP family members a comparison of hydrogen bonds 

shows that ten P strands form the P-barrel, LFABP is an exception with eleven P strands 

[7]. LFABP has a second gap in the hydrogen bonding network as shown in Fig 1.3, this 



is found between |3F and pG. At least four interstrand hydrogen bonds are absent and this 

causes pp to be assigned two pstrands, pp' and pp" instead of one. Purthermore the 

Fig 1.3 The stereodiagram shows the p-barrel framework with mainchain hydrogen bond as 
observed in the crystal structure of L-FABP. The hydrogen bonds are represented by the 
dotted connections and the stick model contains only mainchain atoms. The letter 'A' is 
placed in the stereodiagram in the approximate region of the portal. The letter 'B' is the 
gap found in all of the iLBP family members between p D and pE. 'C marks a smaller gap 
only present in LFABP. (Thompson et al.) [8] 

neighbouring P-tum joining pG and pH is two residues shorter than average for the iLBP 

family. The function of this gap is unknown; it does not add any significant volume to the 

cavity, but it may allow for increased conformational motion. 

The binding cavity is well described as an empty vessel. The volume of this 

vessel is defined as either the van der Waal's surface of all the component atoms or more 

commonly as the space available to be filled by other atoms, such as fatty acids in the 

case of the iLBP cavity (shown in Pig 1.4). Por iLBP the first definition gives a value that 

would be double a value given by the latter. 



Fig 1.4 The crystal structure and cavity location of LFABP. The mainchain conformation 
of LFABP is shown by the yellow tube-like representation. Each of the elements 
of secondary structure is labeled. The blue dot surface is generated by illustrating 
every LFABP atom within 4.5 A of any atom in either of the bound oleate 
molecules. The surface that was not identified as in close contact to oleate is 
shown as a buff to brown dot surface, illustrating the exterior of the molecule. 
The two oleic acid molecules bound to LFABP in the crystal structure are shown 
by the green and red spheres. [9] 

A combination of the protein molecules and a series of ordered and disordered 

cavity water molecules construct the lipid-protein interface [9]. The weak bonding of the 

water molecules to each other means that it is possible for the protein to have a high 

degree of internal flexibility. The effect of this water combined with the van der Waal's 

interactions between methylene carbons is likely to make a significant contribution to the 



enthalpy associated with ligand binding. These two factors may also account for the lack 

of specificity in lipid binding by FABPs that have a wide variety of non-polar ligands, 

such as LFABP. 

The side chains within the cavity are not all hydrophobic, indeed in LFABP only 

48% of the cavity is believed to be hydrophobic residues, 52% are charged polar amino 

acids [8]. Such a situation is however explainable. Charged atoms are not necessarily in 

physical contact with the bound ligand's hydrocarbon tail because even ionisable side 

chains have methylene carbons. The LFABP ligand binding site is more hydrophobic 

than the other lipid binding proteins. The side chains must also be involved in forming 

the water networks. A combination of the water molecules and side chains in the cavity 

are likely to be important in determining ligand specificity, defining lipid conformation 

and contributing to the overall binding energy. 

The cavity is the lipid binding site and in all crystallographic studies the polar 

head group of the fatty acid was found to reside at the bottom of the cavity in the 

holoprotein. '^C NMR had shown this is not the case for both ligands in LFABP, where 

the carboxylate group of one of the fatty acids has a normal pKa and is exposed to the 

solvent. This was confirmed by the crystal structure of LFABP with two oleic acid 

molecules bound. Further to this, fluorescence quenching studies using 2-bromopalmitate 

have shown that a fatty acid carboxylate is close to the tryptophan residue in the mutant 

LFABP protein F18W [10]. 
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The presence of a portal near the helical lid to allow ligand entrance has been 

suggested by the crystal structure of LFABP that is available. Such a portal may have a 

major role in defining the different functions of the FABP family members. This portal 

has been visualised as a small opening in the molecular surface in the region of al, a l l 

and the turns (3C-|3D and (3E-[3F. A fluorescence change in an F3W LFABP mutant 

protein showed that the PA chain has the potential to be destabilised to a small degree, 

before the rest of the (3-clam structure and the a-helical portal domains unfold. The latter 

step was also evident at F18W (portal) and C69W (p-clam) regions. The following 

reaction scheme was proposed [10]: 

Native —> Intermediate 1 (P-A chain) —> Intermediate 2 (Portal & pdam) 

Unfolded 

The hypothesised preferential portal described above would regulate fatty acid 

passage to and from the cavity. The amino acid residues that define the opening in rat 

LFABP are Leu-28 and Lys-31 of a-helix 1, Asp-34 which immediately follows this 

helix and Ser-56 and Lys-57 of the PC-PD turn. 

The solvent accessible volume of the ligand binding cavity is estimated to be 

around 610A^. LFABP has the largest lipid cavity of the ten family members that have 

been measured, exceeding the next largest by 26% in volume and 20% in terms of surface 

area. Intestinal Fatty Acid Binding Protein (IFABP) for example, has an accessible 

volume of just 353 A^. The individual dimensions of the LFABP lipid-binding cavity have 
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also been calculated using the GRASP program, which found the dimensions of the 

cavity to be like a flat rectangular box at 13x9x4A. The portal region is linked to the 

comer of this cavity 'box' by a channel of about lOA in length and 3-4 A in width [8]. 

1.3 Fatty Acid Binding and Targeting to Membranes 

The most commonly studied ligands for LFABP are the fatty acids. One bound 

fatty acid is orientated inwards whilst a second is orientated with the carboxyl group of 

the ligand facing outwards. These endogenous ligands are most likely to bind if they are 

sixteen to twenty-two carbon atoms in length, although other ligands and carcinogens 

bind with lower affinity. 

Fig 1.5 Structure of LFABP with two bound oleic acid molecules based on the crystal 
structure of Thompson et al. [11], Rasmol was used to design this image 
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When two oleic acid molecules bind, as shown in the crystal structure (Fig 1,5), 

they occupy nearly all the cavity space formed by the (3-barrel and also appear to stabilise 

the protein. One fatty acid is positioned in a U-shaped conformation and is at a lower 

point within the cavity. This is referred to as the primary binding site (or site 1) and the 

ligand is referred to as oleate 129 in the crystal structure. This U-shaped conformation is 

common to all members of the FABP family and is facilitated by the C9=C10 double 

bond, and the C13-C14 single bond. The carboxylate head group of this particular fatty 

acid is involved in a hydrogen bond network with three of the six bound water molecules. 

Also a fourth water molecule is within van der Waal's contact distance of the 

hydrophobic acyl chain. Arg-122 appears to also have a major enthalpic contribution to 

the binding energy for this site. Indeed mutation of Arg-122 to Ala or Glu reduces the 

binding affinity of this site by two to four-fold. Mutation to Lys has less of an effect [12]. 

The reason that the Arg-122 mutants show a reduction and not a loss of binding is 

probably due to the fact that in the crystal structure Arg-122 is one of several polar 

residues interacting with the carboxylate head group at the primary binding site. As fatty 

acid methyl esters and monolein (molecules closely related to fatty acids whose 

carboxylic acid groups have been converted to uncharged functional groups) are not 

bound by FABP (Meyjohann and Spener sited in [13]), the interaction of the negatively 

charged head group of the ligand must be important for the binding process. It is likely 

that this important ionic interaction takes place at the surface of the protein. This 

argument is supported by Thumser et al. who showed that mutation of Arg-122 and Arg-

126 affected the affinity of the protein for ligand [14]. 
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The second molecule (referred to as oleate 128) is both more extended and is also 

found in an inverted conformation compared to ALBP [8]. This second molecule has its 

hydrocarbon tail in the space between the limbs of the 'U' formed by the first ligand and 

binds at the secondary binding site (or site 2). As the atoms of the two oleates interact, 

their binding energies are linked, achieving co-operativity. The hydrogen bond network 

for the lower, U-shaped oleate carboxyl head group is more extensive than that for the 

second bound oleic acid molecule. The cavity residues involved in the primary site 

bonding network include Arg-122 (discussed above), Ser-39 and Ser-124. The second 

bound oleate has its carboxylate group positioned away from the cavity and near the 

residues that form the portal. NMR studies and pKa measurements for the carboxylate 

suggested that it is solvent exposed [15], this was confirmed in the crystal structure 

(REF). The hydrogen bond network for this second oleate involves Lys-31, Tyr-54, Ser-

56, Asp-88 and a bound water molecule. The affinity for the second oleate is mainly 

attributable to entropic factors, due largely to displacement of water. The second site has 

a slower kon rate [16]. The more internalised primary site needing to bind fatty acid first 

possibly explains this. 

The two oleic acid molecules do not completely fill the cavity; they leave room 

for six bound water molecules. Aside from their role in the hydrogen bonds outlined 

above, they also form hydrogen bonds with the interior hydrophilic residues. The water 

molecules are also likely to affect ligand affinity and play a structural role. NMR and 

fluorescence evidence indicates that in LFABP the fatty acid carboxylate is more 
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accessible to bulk solvent than in other FABP family members [17]. This suggests that 

the role of water in hgand binding to LFABP may be different than for other iLBPs. 

The second hgand is more solvent exposed. The oleate exposed to the surface of 

the protein is in contact with the deeply bound oleate and residues Leu-28, Gly-32, Ile-

35, Ile-52, Tyr-54, Gly-55, Lys-57, Met-113 and Arg-122. Chemical modification or a 

mutation in this area affects the protein's binding affinity and kinetics. As the outermost 

binding site interacts with the irmermost it would be logical to conclude that an ordered 

binding mechanism is involved. In actual fact the crystallographic data may even suggest 

that the second site does not exist until the first hgand is bound, however this is not 

consistent with recent NMR data that indicates that a molecule of oleate can exchange 

between the two sites [18]. 

The dissociation constants for the two sites have been calculated. The primary site 

has Kd between 0.009 and 0.2(j,M, the secondary site has Kd between 0.06 and 4.0p.M 

[13; 19]. The affinities for these binding sites have been shown to vary between five and 

twenty fold at temperatures below 37°C. Above 37°C the affinities converge towards 

equal values. The temperature at which the affinities of the two sites become equivalent 

depends on the fatty acid; higher temperatures (45-50°C) are required for the unsaturated 

fatty acids and myristate than for the longer chain saturated fatty acid (<37°C) [16]. For 

all fatty acids koff values for dissociation from both sites are similar. This indicates that 

binding affinity differences at low temperatures reflect low on-rates for binding to the 

low affinity sites. Large specific heat capacity changes have been observed on fatty acid 
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binding to the high affinity site [16]. The thermodynamics of this binding indicate that a 

large negative heat capacity partners ligand binding in LFABP. Such a large negative 

heat capacity points to conformational changes occurring upon ligand binding. However, 

CD spectra for the apo and oleate bound LFABP and the small 2-3% reduction in Tyr 

anisotropy upon fatty acid binding in this same study are both inconsistent with a 

significant conformational change [16]. 

A similar heat capacity change has been observed in the interaction of Na"̂  with 

thrombin [20]. As there was no detectable conformational change in the thrombin 

structure it was suggested that the large specific heat capacity change may be due to 

increased water binding to the protein upon Na"̂  binding, causing a loss of entropy. 

However, results for other FABPs indicate that the binding cavity of the apo proteins 

contain large numbers of ordered and disordered water molecules. Upon fatty acid 

binding to these FABPs several of these waters, including some of the ordered water 

molecules in the case of IFABP, are displaced from the cavity [4;21]. Therefore either 

LFABP stands on its own in that the number of highly ordered water molecules increase 

upon fatty acid binding, or another mechanism is required to explain the specific heat 

capacity measurements discussed above. Further evidence for such a conformational 

change was provided by the crystal structure. This showed that the side chain of Met-74 

that is positioned just 3.0A away from the co terminus of the oleic acid bound at site 1, 

has a degree of ambiguity as to its position in the latter stages of refinement. 
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It has been proposed that the rate of dissociation of long chain fatty acids from 

phospholipid bilayers is sufficiently rapid not to require a protein-mediated event [20;22]. 

A soluble FABP could then take up such an aqueous phase fatty acid (see Fig 1.6a). The 

transfer of a long chain fatty acid from a complex with a binding protein back to a 

membrane environment may be less favourable however, due to a high affinity of FABP 

for the long chain fatty acid. A collissional mechanism involving FABP binding to a 

membrane could facilitate this process (Fig 1.6b). As FABPs have a high affinity for 

fatty acids it is unlikely that release of ligand by diffusion would be sufficient to allow for 

targeting of fatty acids to membranes. In a collisional mechanism the fatty acid still binds 

to the protein with high affinity, however the protein then binds to the membrane bilayer 

causing a conformational change in the protein that lowers its affinity for the ligand and 

the ligand is then released. Such a process has been advocated for intestinal, muscle, and 

adipose FABP where model fluorescence studies have led to the proposal of a collisional 

mechanism for explaining the FABP-mediated transfer of fatty acids between 

phospholipid membranes and vesicles (reviewed in [23]). In these studies the rate of 

transfer of fluorescent Anthroyloxy Fatty Acid (AOFA) analogues from the FABP to 

vesicles containing a fluorescence quencher was monitored using stopped-flow 

fluorescence. However, such a process was not observed for LFABP under the same 

conditions where it is proposed that ligand transfer between the membrane and protein 

occurs by aqueous diffusion. AOFA transfer rate from phosphatidylcholine containing 

vesicles to LFABP in TRIS-HCl buffer containing 150 mM NaCl and O.lmM EDTA, 

was similar to that observed with intermembrane n-(9-anthroyloxy) fatty acid transfer, a 

diffusional process [24]. 
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(a) 

1 
FABP 

(b) 

Two hypothesized ligand transfer mechanisms between LFABP and the 
phospholipid bilayer. Ligand transfer by aqueous diffusion between protein and 
membrane (a). Ligand transfer by a collisional mechanism (b). 
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The collisional mechanism for Ugand release may occur with LFABP in the 

presence of phospholipid vesicles that contain a significant proportion of anionic 

phospholipids at conditions of low ionic strength [25]. In this equilibrium assay, the 

release of the fluorescent fatty acid analogue DAUDA from recombinant rat liver FABP 

was found to occur at low ionic strength, in the presence of phospholipid vesicles 

containing a significant proportion of anionic phospholipids. This is supported by recent 

Fourier transform infrared (FT-IR) spectroscopy, monolayers at air-water interface, and 

low angle X-ray diffraction, which also found LFABP to bind to anionic phospholipid 

vesicles at low ionic strength, but not at 0.1 M NaCl. In the same study X-ray diffraction 

experiments indicated that the binding of LFABP produces a rearrangement of the 

membrane structure, increasing the interlamellar spacing and decreasing the compactness 

of the lipids [26]. Interestingly LFABP overexpression has been shown to increase the 

targeting of long chain fatty acids and long chain fatty acyl CoAs into the nuclear 

membrane [27;28]. 

Although the interfacial mechanism of ligand release has not been determined it is 

clear that if LFABP does interact with microsomes and anionic phospholipids to release 

ligand, then the positive electrostatic field surrounding LFABP should play an important 

physiological role. Such a phenomenon would also involve non-polar interactions 

because once the LFABP is bound to anionic vesicles it is only partly released by high 

salt, although high salt prevents the initial interactions [25]. The residues in rat LFABP 

most responsible for creating a positive potential are Arg-122 within the cavity, and Lys-

31, Lys-36, Lys-47, Lys-57 and Arg-126 on the surface. This positive surface region 

19 



interestingly, covers a region where an unknown molecule was found in the crystal 

structure [9]. The interactions involved in binding of this unknown molecule included the 

mainchain nitrogens of Asn-14, Phe-15 and Glu-16 and the positive helical dipole of a 

helix I, suggesting the unknown molecule has anionic properties. The authors speculated 

that this density might suggest an exterior binding site for fatty acids. In addition to 

positive regions, F3W and F18W mutant studies suggest that the amino terminal region 

of the protein is involved as there is a large change in the fluorescence of the F3W mutant 

on binding to anionic vesicles [25]. 

The reported rate of DAUDA release from LFABP at the phospholipid interface 

(23s'') would be consistent with partial unfolding of LFABP at the anionic interface [25]. 

This mechanism may make it possible for ligand to be released at the membrane surface 

so that membrane bound proteins such as acyl CoA synthetases are also able to further 

metabolise the fatty acids. The LFABP a helical domain is the obvious region that would 

be involved in ligand release induced by interactions with phospholipid membranes. This 

would be in line with previous work by Cistola et al. who showed that in the absence of a 

helices, ligand dissociation from IFABP was affected, their conclusion being that a 

helices control ligand transfer within the cell [29]. Furthermore it has recently been 

shown that the a-helical domain is responsible for the decreased rate of fatty acid transfer 

observed with LFABP relative to that of IFABP [30]. In addition to the portal region, 

experiments with F3W mutants suggested that there was a conformational change around 

the amino terminal region, this may be the generation of a second portal for allowing 

ligand to exit, see Fig 1.7 [25]. In the discussion about the crystal structure of the first 
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FABP to be solved, IFABP, the authors highlighted a potential portal in this region but 

which was occluded by amino acid residues. Hence a significant conformational change 

was required to open this potential portal in IFABP. 

Fig 1.7 The potential second portal region for ligand exit. The protein structure is shown with 
oleic acid molecules bound at site 1 (green) and site 2 (pink) [11] 

1.4 Multiple Ligand Binding and Multiple Roles for LFABP 

1.4.1 Ligand Binding 

LFABP is able to bind a large variety of ligands aside from fatty acids. LFABP 

will bind hydrophobic molecules much larger in size than the ligands that will associate 

with other iLBPs. It is these ligands that are considered in this section. The ligands that 
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have been documented thus far for LFABP include heme, acyl CoAs, fatty acids, 

lysophospholipids, warfarin and eicosanoids. The structures of these molecules can be 

found in Fig 1.8. At the same time, the fact that these other ligands bind means that 

LFABP may have a role involving these other ligands; some physiological possibilities 

are considered in Fig 1.8. 

It is likely to be partially the effect of the water molecules and the van der Waal's 

interactions between the hydrocarbon chains that give rise to the lack of specificity of 

LFABP for ligands. The large size of the LFABP cavity further explains the ability of 

LFABP to bind a variety of more bulky non-anionic ligands, be it at lower affinities than 

long chain fatty acids. The wide range of ligands bound by LFABP has made it difficult 

to assign roles to the protein. However this multi-ligand binding has been helpful in 

studying the protein as well. The varied ligand binding properties has also made it 

possible to bind a number of artificial ligands to study the protein such as Bexafibrat, 

WY-14,643, tiadenol, warfarin, 11 (dansyl) amino-undecanoic acid (DAUDA) as well as 

certain carcinogens. 

As stated above there are many natural ligands for LFABP these include heme, 

bilirubin, lysophospholipids, bile salts and prostaglandins as well as a host of other 

hydrophobic compounds such as acyl-CoA esters, bromosulphothalein, hexachlorophene 

and cyclopentanone. For the larger ligands it is generally agreed that the protein can only 

bind one molecule of ligand per molecule of protein. Competition binding assays show 
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Fig 1.8 Ligands and correlative functions of liver fatty acid binding protein (Coe & Bernlohr) [5] 
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that both fatty acid binding sites are required to bind larger ligands [8]. It is questionable 

whether LFABP binds cholesterol. Nemecz and Schroeder put forward 

evidence that it does when they determined a Kd of 1.53p,M. They also claim to have 

determined a stoichiometry of 0.47 mol/mol for rat LFABP in a Lipidex assay and a 

stoichiometry of 0.83 mol/mol of the same protein in a liposome assay [31]. Rolf al. 

however, were unable to show any binding of cholesterol despite using a similar method 

[13]. The only real difference being that Rolf et al. carried out their experiments on 

bovine LFABP. These results could be explained in two ways. Firstly there may be some 

evolutionary difference between the proteins and although this seems unlikely it cannot 

be ruled out. Secondly, it may just be the problems that are associated with any 

cholesterol binding assay, in that cholesterol has a very low solubility. Unfortunately, no 

positive control for a cholesterol binding assay exists to determine a solution to this 

problem. There is disagreement about whether cholesterol binds to LFABP, but anionic 

cholesterol sulphate does bind [9]. One explanation for this could be that cholesterol 

sulphate binds to the secondary site and cholesterol binds to the secondary site only when 

the primary site is occupied by fatty acid. 

1.4.2 Physiological Role of LFABP 

The precise physiological role of LFABP has still to be determined. The most 

commonly accepted role for LFABP has it transporting through the cytosol and 

compartmentalising fatty acids, being effective at this by enhancing the aqueous 

solubility of the lipids. The capacity of FABP to release fatty acids to intracellular 
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membranes such as mitochondria and peroxisomes, makes this carrier function plausible. 

More specifically potential roles have been discussed in (a) fatty acid uptake and 

transport; (b) regulation of various fatty acid metabolic pathways; (c) protection of 

membranes against the deterioratory effects of high concentrations of fatty acid 

metabolites and fatty acids themselves. Such conditions may arise in disorders of fatty 

acid metabolism; (d) trapping, selection/sensing of specific types of fatty acid or of other 

lipophillic substances; (e) compartmentalisation of fatty acids and generation of high 

local concentrations of fatty acid; (f) it may be a co-factor for reactions in which fatty 

acids are substrates or regulators. 

McCormack and Brecher have demonstrated that the presence of LFABP had a 

positive effect on the transport of radiolabelled oleic acid from multilamellar liposomes 

to rat microsomes separated by a capillary pore membrane in an equilibrium dialysis cell 

[32]. Noy and Zakim have reported with unilamellar vesicles and microsomes that the 

transfer of fatty acids was retarded by LFABP [33]. Thus at the present time the role of 

LFABP in transporting fatty acids between membrane components is not clear. 

The localisation of the protein should be considered in assigning the role of 

LFABP. The protein has been found predominantly in tissues with an active fatty acid 

metabolism. Cytoplasmic FABP content is related directly to the capacity of tissues to 

oxidise fatty acids. LFABP is most abundant in the cytosol and is assumed to carry out its 

role here, however it is clearly of a small enough size to be capable of being located in 

the nucleus. Free fatty acids within the cell are apparently in equilibrium with a LFABP 
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binding site. This suggests that LFABP has a metabolic role as either a buffer or shuttle. 

The cytosolic concentration levels of LFABP are actually high enough for it to be 

suggested that the protein itself may act as a store of fatty acids [34]. In this respect it is 

of interest that LFABP binds unsaturated in preference to saturated fatty acids, although 

the fact that saturated fatty acids are more insoluble than unsaturated fatty acids may have 

affected some of the measurements. There is some debate as to the relative binding 

affinities of the protein for fatty acids and fatty acyl CoAs, and whether LFABP binds the 

two with similar affinities. Recent knockout studies have highlighted the importance of 

LFABP in fatty acyl CoA binding, reporting a 95% loss of binding in the soluble fraction 

of mouse livers in LFABP knockout mice [35]. The deletion of the LFABP gene does not 

lead to gross phenotypical changes in the subjects, most likely due to compensatory 

increased expression of proteins performing similar roles. 

One area of current interest is that LFABP delivers ligands that activate 

Peroxisome Proliferator Activated Receptor (PPAR) a and y receptors to the nucleus 

where an interaction between LFABP and PPARa is proposed [36]. Using a CAT 

reporter gene linked to PPAR a, enhanced activation of CAT by a wide range of long 

chain fatty acids that would also be ligands for FABP was observed. Moreover, a direct 

interaction between murine LFABP and murine PPARa was detected using pull-down 

assays and two-hybrid assays. Using a number of HepG2 clones expressing varying 

amounts of LFABP, a positive correlation between LFABP concentration in the cell and 

PPARa activation was demonstrated. 
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Recently, immunofluorescence studies have demonstrated that LFABP 

significantly colocalised with PPARa in the nucleus [28]. In addition, it was observed 

that the fluorescent nonmetabolizable 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-

indacene (BODIPY) derivatives of long chain fatty acids and BODIPY long chain fatty 

acyl CoAs were also found in the nucleus. The targeting of these ligands to the nucleus 

was increased by overexpression of LFABP in these cells. Thus this study provides 

further evidence for a role for LFABP in delivering ligands to the nucleus and highlights 

a possible role for fatty acyl CoAs in regulating the PPAR system. However, Erol et al. 

found that LFABP was not required for the action of PPARa in fasting mice [37]. 

LFABP gene knockout studies should provide data that supports or refutes a direct role 

for LFABP in delivering ligands to the PPAR system. At this time one report has 

addressed this problem in fasting mice [37]. In this system they showed that LFABP was 

required to facilitate the high rates of fatty acid oxidation seen in fasting but lack of 

LFABP did not effect PPARa activation, indicating that LFABP does not have a role 

under these physiological conditions. 

When considering the potential role for LFABP, note should be taken of 

physiological conditions where the protein has an altered level of expression. For 

example fasted rats have been shown to have an increased level of LFABP expression 

[5]. Secondly, hypolipidemic drugs of the peroxisome proliferator type like fibrates have 

also been shown to enhance LFABP expression [38]. 
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Pathological conditions such as ischemia [39] alcoholism [40], diabetes [41], 

Reye's syndrome [42] and cancer [43;44] have all been associated with LFABP level 

abnormalities. 

1.5 Aims 

The primary aim is to investigate the relationship between structure and function 

in LFABP in such a way as to make it possible to propose a potential mechanism by 

which LFABP can target fatty acids and other ligands to membrane sites. 

The experimental approach will use site directed mutagenesis and involve both 

charge reversal mutagenesis and tryptophan insertion mutagenesis. All mutants will be 

assessed both in terms of their interaction with anionic phospholipids vesicles and the 

effect of mutagenesis on ligand binding. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Chemicals List 

All chemicals were purchased from Fisher Scientific (Loughborough, UK), Sigma-

Aldrich Chemical Company (Poole, UK) and ICN (Thame, UK), except for the following 

specialist items. 

11 -(Dansylamino)-undecanoic acid (DAUDA) 
Molecular Probes (Oregon, USA) 

Expression plasmid pET 11A 
Novagen (Wisconsin, USA) 

Sepharose 4 Fast Flow 
Amersham Pharmacia Biotech (Amersham, UK) 

Wizard Plus SV Miniprep Kit 
Promega, (Southampton, UK) 

Pfu polymerase 
Promega (Southampton, UK) 

Dpn I restriction enzyme 
Novagen (Wisconsin, USA) 

2.1.2 Bacterial Strains 

Escherichia co//-BL21(DE3) 
Novagen (Wisconsin, USA) 

XL-1 Blue Ultracompetent Cells 
Stratagene (London, UK) 
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2.2 DNA Techniques 

2.2.1 Site Directed Mutagenesis 

Site directed mutagenesis to produce the single charge reversal mutants and the 

F3W and F18W LFABP mutants, had already been carried out by Joanne Davies in this 

laboratory using the Kimkel and PGR methods of mutagenesis [45;46]. The triple charge 

reversal mutant and the remaining tryptophan mutants under investigation in this thesis 

were produced by the QuickChange method of mutagenesis. 

The QuickChange site-directed mutagenesis method uses miniprep plasmid DNA. 

The basic procedure starts with a supercoiled, a double stranded DNA vector with an 

insert of interest and two synthetic oligonuleotide primers containing the desired 

mutation. 

2.2.2 Oligonucleotide Primers 

Oligonucleotide primers used for construction of the single mutants were: 

*F3W Primer: 5'-AAAAGAATTCCATATGAACTGGTCTGGTTAAATAC-3' 

Y7W Forward Primer: 5'- CTTCTCTGGTAAATGGCAGGTGCAGTCTC-3' 

Y7W Reverse Primer: 5' -GAGACTGCACCTGCCATTTACCAGAGAAG-3' 

*F18W Forward Primer: 5'-GAAAATTCGAACCGTGGATGAAAGCCATGGGT-3' 
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*F18W Reverse Primer: 5'-ACCCATGGCTTTCATCCACGGTTCGAAGTTTTC-3' 

*K20E Primer: 5'-TTCGAACCGTTCATGGAAGCCATGGGTCTGCCG-3' 

L28W Forward Primer: 5'-GGGTCTGCCGGAAGACTGGATCCAGAAAGGTAAAG-3' 

L28W Reverse Primer: 5'-CTTTACCTTTCTGGATCCAGTCTTCCGGCAGACCC-5' 

*K31E Primer: 5'-GAAGACCTGATCCAGGAAGGTAAAGATATCAAA-3' 

*K33E Primer: 5'-CTGATCCAGAAAGGTGAAGATATCAAAGGTGTT-3' 

*K36E Primer: 5'-AAAGGTAAAGATATCGAAGGTGTTTCTGAAATC-3' 

*K47E Primer: 5'-GTTCACGAAGGTAAAGAAGTTAAACTGACCATC-3' 

Y54W Forward Primer: 5'-CTGACCATCACCIGGGGATCCAAAGTTATCC-3' 

Y54W Reverse Primer: 5'-GGATAACTTTGGATCCCCAGGTGATGGTCAG-3' 

*K57E Primer: 5'-ATCACCTACGGATCCGAAGTTATCCACAACGAG-3' 

M74W Forward Primer: 5'-TGCGAACTCGAGACCTGGACCGGTGAAAAAG-3' 

M74W Reverse Primer: 5'-CTTTTTCACCGGTCCAGGTCTCGAGTTCGCA-3' 

* Indicates primer designed and used by Joanne Davies to produce mutant LFABP. 

The triple charge reversal mutant was produced using the K57E mutant DNA 

created previously and using two new pairs of forward and reverse primers to produce the 

other two mutations: 

K31E Forward Primer; 5'-CGGAAGACCTGATCCAGGAGGGTAAAGATATCAAAGG-3' 

K31E Reverse Primer: 5 '-CCTTTGATATCTTTACCCTCCTGGATCAGGTCTTCCG-3' 

K36E Forward Primer: 5'-CCAGGAGGGTAAAGATATCGAGGGTGTTTCTGAAATCGTTCACG-3' 

K36E Reverse Primer: 5'-CGTGAACGATTTCAGAAACACCCTCGATATCTTTACCCTCCTGG-3' 
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The underhned bases indicate the location of the mutations in the primers. All 

oligonucleotides were purchased from MWG Biotech already purified by fast 

polynucleotide liquid chromatography (FPLC). 

2.2.3 The QuickChange Site Directed Mutagenesis Method 

As stated, this method uses a supercoiled double-stranded DNA (dsDNA) vector 

with an insert of interest and two synthetic oligonucleotide primers containing the desired 

mutation (see Fig 2.2.1). The oligonucleotide primers, each complimentary to opposite 

strands of the vector, are extended during temperature cycling by Pfu DNA polymerase. 

Incorporation of the oligonucleotide primers generates a mutated plasmid containing 

staggered nicks. Following temperature cycling, the product is treated with Dpn I. The 

Dpn I endonuclease (target sequence; 5'-Gm^ATC-3') is specific for methylated DNA 

and is used to digest the parental DNA template and to select for mutation-containing 

synthesized DNA [47]. DNA isolated from E.coli the BL21 DE3 strain is dam methylated 

and therefore susceptible to Dpn I digestion. The nicked vector DNA containing the 

desired mutations is then transformed into XL 1-Blue ultracompetent cells. 
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The sample reaction was prepared using 5 |il reaction buffer (20 mM Tris-HCl 

(pH 8.8 at 25 °C), 10 mM KCl, 10 mM (NH4)2S04, 2 mM MgS04, 0.1% Triton X-100 

and 0.1 mg/ml nuclease free BSA). To the buffer was added 50 ng of dsDNA template 

(miniprepped pETllA-FABP expression plasmid), 125 ng of forward oligonucleotide 

primer, 125 ng of reverse oligonucleotide primer and 2 mM dNTP mix. Distilled water 

was then added to the reaction mixture to give a final volume of 50 |il. After heating the 

reaction mixture as outlined below for the hot start, 2.5 units of Pfu DNA polymerase 

was added to catalyse the reaction. 

The reactions were carried out using a Techne Progene PGR machine and utilized 

the following programme; 

1. 94 °C Imin Hot Start 

2. Added Pfu DNA polymerase 

3. 94 °C Imin Melting 

4. 55 °C 1 min Annealing 

5. 68 °C 13 mins Extension 

16 cycles 

6. 68 °C 10 mins Amplification 

7. 4 °C Stop 
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PGR products were checked for size and purity by loading 5 pi on a 1.5% 

Agarose gel. 

2.2.4 Restriction Digest 

The parental (nonmutated) supercoiled dsDNA was then digested by adding 10 

units of the Dpn I restriction enzyme directly to the amplification reaction in a sterile 

eppendorf using a glass pipette with a pointed tip. The reaction mixture was then spun 

down in a microcentrifuge for 1 minute and then immediately incubated at 37 °C in a 

water bath for 1 hour. 

2.2.5 Transformation of XLl-Blue Ultracompetent Cells 

XL 1-Blue cells were prepared from a glycerol stock by streaking on an LB agar 

plate, incubating the plate overnight and then selecting a colony for growing in an LB 

overnight culture. 10 ml of the overnight culture was added to 250 ml SOB (2% Bacto 

Tryptone, 0.5% Yeast Extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCb and 10 mM 

MgS04, pH 6.8) and grown at 37 °C until an optical density (O.Deoo) of 0.6 at 600 nm 

was reached. 

The culture was then spun down at 3000 rpm for 10 minutes at 4 °C in a sterile 

centrifuge tube. The pellet was re-suspended in 80 ml of ice-cold transformation buffer 

(10 mM PIPES, 15 mM CaCb, 250 mM KCl and 55 mM MnClz, pH 6.07). The solution 
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was placed on ice for 10 minutes and then respun at 3000 rpm for 10 minutes. The pellet 

was then re-suspended in 20 ml transformation buffer. Dimethylsulfoxide (DMSO) was 

then added to a give a final concentration of 7%. The solution was then placed on ice for 

10 minutes and then aliquotted in 250 p.1 volumes and snap frozen in liquid nitrogen. 

XL 1-Blue ultracompetent cells were thawed on ice. 200 p.1 of XL 1-Blue 

ultracompetent cells were then mixed with 50 pi of the sample reaction and 2.72 pi of 

0.14M (3-mercaptoethanol in Falcon 2059 polypropylene tubes. The transformation 

reactions were placed on ice for 45 minutes and then heat pulsed in a water bath at 42 °C 

for 45 seconds before being placed on ice for 2 minutes. 200 pi of SOC and carbenicillin 

(50 pg/ml) at 42 °C were then added to the digested sample that was then placed in an 

incubated shaker at 37 °C for 1 hour. The sample was then spread on LB-agar plates with 

carbenicillin (50 pg/ml). A colony from this plate was then grown in LB broth, 

miniprepped and sequenced by Oswel (Southampton, UK). 

2.2.6 Transformation of Mutant DNA Into BL21 DE3 Calcium Competent Cells 

4 \xl of the mutant DNA miniprep from the XL 1-Blue cells was then added to 300 

pi of calcium competent cells (O.D.eoo ~ 0.6). This mixture was then chilled on ice for 30 

minutes. The cells were then heat shocked by placing the solution in a water bath at 42 °C 

for up to 3 minutes, before immediately returning the sample to ice. 200 pi of LB broth 

containing carbenicillin (50 pg/ml)was then added to the mutant DNA-calcium 

competent cells mixture. The solution was then placed in an incubated shaker at 37 °C for 
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30 minutes. The mixture was then plated on LB-agar plates containing carbenicillin (50 

jig/ml) as before and the resulting colonies were used to prepare an overnight culture that 

was then spun down, miniprepped and sequenced by Oswel (Southampton, UK) after 

checking the plasmid for size and purity on a 0.8% agarose gel. 

900 pi of the overnight culture was placed into sterile cryotubes containing 100 p.1 

of sterile glycerol to make glycerol stocks. 

2.3 Preparation of Rat Liver Fatty Acid Binding Protein 

The gene for rat liver fatty acid binding protein has been inserted into pET-lla 

vector, which has carbenicillin resistance using the Nde I and Hind III restriction sites 

[49] and is expressed in BL21(DE3) cells. The E.coli bacteria were streaked on LB-agar 

plates containing carbenicillin (50 pg/ml) and grown overnight at 37 °C. Individual 

colonies were then selected, ensuring a homogeneous population. These colonies were 

subsequently grown overnight in four sterile universal containers, in a 10 mL solution of 

LB broth with carbenicillin (50 pg/ml). The universal containers were incubated at 37 °C 

overnight with agitation. 

The cultures were then used to inoculate two 1 litre sterile flasks containing LB 

and carbenicillin (50 p,g/ml) and were grown at 37 °C until O.Deoo of 0.6-0.8 was 

achieved (this took 2.5 hours). 
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IPTG was then added giving 0.4 mM final concentration to induce the cells, 

followed by a period of incubation at 37°C for five hours. The cells were then harvested 

on the Beckman centrifuge at 5,000 rpm for twenty minutes at 4 °C. 

The LB supernatant was subsequently poured off and the pellet was weighed (wlO 

g). The pellet was re-suspended in 2 ml cell lysis buffer per gram of E. coli and the 

solution was frozen and stored at -20 °C. 

2.3.1 Isolation of FABP 

4 pi of PMSF (100 mM) and 80 p,g lysozyme per gram of E.coli were added to 

the pellet solution and the new solution was stirred at 4 °C for twenty minutes. 

4 mg deoxycholate was then added per gram of E.coli and the solution was 

incubated at 37 °C for thirty minutes. The solution was sonicated at 10 p, to lyse the cells 

(five repetitions of twenty seconds on, twenty seconds off). The cell debris was 

subsequently removed by centrifugation at 10,000 rpm for twenty-five minutes in an 

8x50 ml rotor. 

Addition of ammonium sulphate precipitated other proteins present in the 

solution. Ammonium sulphate was added gradually, to give a 30% saturation. The 

solution was then stirred for one hour at 4 °C. At the end of this period the solution was 

centrifuged to remove cell debris at 10,000 rpm at 4 °C for thirty minutes. A further 
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addition of ammonium sulphate gave a 60% saturation, and then the stirring and 

centrifugation were repeated. 

The resulting supernatant was dialysed overnight at 4°C in four litres of 0.1 M 

phosphate buffer (KH2PO4) at pH 7.4 or 0.02 M Tris buffer at pH 9.0, dependent on the 

purification method (Tris used with DEAE cellulose and KH2PO4 used with agarose 

beads, as outlined in section 2.3.2). 

2.3.2 Purification of FABP 

At this stage there have been two different methods employed to purify the 

LFABP. A second method was necessary as the manufacturer ceased to supply dodecyl-

agarose. 

Dodecyl-agarose Purification 

Dodecyl-agarose was then used to isolate the FABP. The agarose was washed 

three times to equilibrate it with 0.1 M KH2PO4, pH 7.4, buffer. The amount of FABP in 

20 ml of sample was estimated after measuring the fluorescence of 50 pi of sample using 

DAUDA cocktail. 20 ml of the FABP solution was spun at 10,000 rpm for one minute 

with dodecyl-agarose. The supernatant was decanted off and checked for FABP using 

DAUDA cocktail, after each addition of FABP solution. After checking the supernatant 

40 



for fluorescence a further 20 ml of FABP solution was added and the process was 

repeated. 

After the entire FABP solution had been attached to the dodecyl agarose, the 

agarose was washed three times with 20 ml of KH2PO4 (0.1 M, pH 7.4). The fluorescence 

of the supernatant was subsequently checked to make sure that no FABP was being 

removed from the dodecyl agarose. 

Next the FABP was eluted with 20 ml of KH2PO4 (0.05 M, pH 7.4) and 40% 

ethanol, pH 6.0. This was repeated using 10 ml of elution buffer until no fluorescence 

remained in the supernatant. 

The elution fractions were then combined and dialysed overnight to remove 

ethanol. 

DEAE Cellulose Column 

This method was used to replace the dodecyl agarose that was no longer available. 

LFABP solution was dialysed overnight into 20 mM Tris, pH 9. 35 ml of packed 

DEAE cellulose in 20 mM Tris, pH 9, was poured into a 120 ml capacity column. The 

concentration of the LFABP solution was estimated using DAUDA cocktail and up to 20 

mg of protein were loaded slowly onto the column and the LFABP bound to the DEAE 
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cellulose beads under these conditions. The column was then washed with 40 ml of 20 

mM Tris, pH 9, and at this point the eluent was checked for LFABP using DAUDA 

cocktail. If the eluent at this point contained no LFABP the column was then washed with 

400 ml of 20 mM Tris pH 9. 

A solution of 60 mM NaCl, 20 mM Tris pH 9.0 was then used to elute LFABP 

from the DEAE cellulose, until the eluent ceased to significantly increase the 

fluorescence of DAUDA cocktail. 

2.3.3 Delipidation on Lipidex 

Once the LFABP had been separated from other proteins, the remaining task was 

to remove bound fatty acids. This was achieved using a Lipidex 

(hydroxyalkoxypropyldextran) column. The Lipidex was left to hydrate overnight in 

AnalaR water and then equilibrated with 10 mM KH2PO4, pH 7.4 buffer before loading 

on the protein. The same buffer was used to wash the LFABP through the column and the 

fatty acids remain bound to the Lipidex. 

2.3.4 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE was carried out using the method described by Laemmli [50], to 

analyse the protein content of the collected protein solutions. This required a Biometra 

vertical gel electrophoresis tank and a Bio-Rad Power Pac 2000. A two layered gel was 
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set up with the bottom layer being a 15% resolving gel (5 ml resolving gel buffer (0.75 M 

Tris, 0.2% SDS, pH 8.8), 5 ml Protogel (30% acrylamide), 5 pi N,N,N',N',-tetramethyl-

ethylenediamine (TEMED) and a few crystals of ammonium persulphate). The upper 

layer was a 4% stacking gel (3.75 ml stacking gel buffer (0.25 M Tris, 0.2% SDS, pH 

6.8), 1 ml Protogel (30% acrylamide), 2.75 ml distilled water, 3 pi TEMED and a few 

crystals of ammonium persulphate). 

The gel was then vertically suspended in a tank containing reservoir buffer (1% 

SDS, 0.1 M Tris, 0.77 M glycine, pH 8.3). Samples were in a 2:1 ratio with sample buffer 

(2.5 ml stacking gel buffer, 4% SDS, 2 ml glycerol, 0.2 ml B-mercaptoethanol, a spatula 

of bromothenol blue and 1.3 ml of distilled water). The gel was run at a constant current 

of 20 mA, for approximately 1.5 hours until the bromothenol blue front was 

approximately 1cm from the bottom of the gel. 

The gel was then stained for 1 hour in coomassie blue stain (0.25% coomassie blue, 50% 

trichloro-acetic acid). The stain was then removed from the gel by submergence in a 

destaining solution (45% methanol, 5% acetic acid). 

A typical gel of purified LFABP WT is shown in Fig 2.3.1. 
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Fig 2.3.1 SDS-PAGE gel showing pure LFABP WT 
Lane 1 contains LFABP WT, lane 2 contains the low molecular weight markers 
showing, from the top of the gel, 66 kDa, 45 kDa, 36 kDa, 29 kDa, 24 kDa, 20 
kDa and 14.2 kDa markers 

2.3.5 Concentration of the Protein 

Once the protein had been purified and dehpidated it had to be concentrated. The 

FABP solution was filtered using a 3 kDa membrane under pressure. The system used 

involved a YM3 membrane in a Centricon protein concentrator (Amicon, Soreham, 

Gloucestershire, UK). The filtrate was checked for the absence of FABP using a DAUDA 

fluorescence assay, as described in section 2.5. 
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2.3.6 Calculation of FABP Concentration 

BCA Assay 

The BCA assay, as described by Smith et al. [51] was used. Assays were carried 

out in triplicate for increased accuracy. The FABP samples were referenced against a 

standard (1 mg/ml) solution of bovine serum albumin. The bovine serum albumin was 

diluted giving a range of concentrations between 0.2 and 1.0 mg/ml in 10 pi samples. 

These standard solutions along with the unknown FABP samples (FABP samples at 50% 

and 100% concentration) were placed on a 96 well microtitre plate. Following this 200 îl 

of the BSA reagent was added. The plates were then incubated at 37 °C for thirty minutes 

and subsequently read on a Dynex Revelation 3.04 plate reader. 

Absorbance at 280 nm 

A second method used for measuring the protein concentration of LFABP is the 

absorbance of the solution at 280 nm. This was carried out using the Hitachi U-2000 

spectrophotometer and relies upon the Beer-Lambert law (A=8cl). The absorption 

coefficient is determined using the Wetlaufer procedure [52] based on the number of 

tyrosine, tryptophan and cysteine residues in the protein where 

8=5550 ETrp + 1340 ETyr + 150 SCys 
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For LFABP this calculation gives a value of 6300 cm'^M'\ 

2.3.7 Circular Dichroism (CD) 

The CD spectra of wild type and mutant FABP were measured using the Jasco J-

270 Spectropolarimeter. Scans were performed in triplicate between 180 and 250nm after 

incubation at the appropriate temperature for 20 minutes. LFABP in 10 mM potassium 

phosphate buffer at pH 7.4 was used. The change in the spectrum at 220nm was 

converted to a molar ellipticity value. 

2.4 Preparation of Phospholipid Vesicles 

Phospholipids were purchased as solutions in chloroform. The solutions were 

dried down under a stream of nitrogen gas and then dessicated to remove any trace of 

solvent. The phospholipids were then dissolved in methanol to produce stock solutions. 

Phospholipids were added into the assay by methanol injection that produces the small 

unilamellar vesicles (SUVs). 

For the preparation of mixed phospholipids vesicles the required phospholipids 

methanol stocks were dried down together in the correct molar ratio under a stream of 

nitrogen gas and then dessicated as described above. The mixed phospholipids were then 

dissolved in methanol for preparing SUVs. 
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2.5 Fluorescence Studies of LFABP 

2.5.1 The Fluorescence Displacement Assay 

The fatty acid analogue ll-(dansylamino) undecanoic acid (DAUDA) (Fig 2.5.1) 

binds to LFABP and upon moving from a polar environment in solution, to a 

hydrophobic environment, when bound to the LFABP, this probe experiences a huge 

increase in fluorescence when excited at 350 nm. Upon being displaced from the protein 

and being released back into a polar environment, it experiences an equally large 

decrease in fluorescence. The spectral blue-shift of the fluorescence emission of DAUDA 

upon binding to LFABP of about 50 nm is consistent with the probe binding in the 

hydrophobic cavity of the protein. The changes in fluorescence intensity upon binding to 

the protein make DAUDA a suitable probe in ligand binding studies for LFABP. 

Fig 2.5.1 The fluorescent fatty acid analogue molecule DAUDA 

Other ligands for LFABP such as fatty acids and bile acids will displace DAUDA from 

LFABP when they bind. This can then be used to serve as a direct measure of ligand 
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binding to LFABP as the loss of fluorescence will be directly proportional, in the absence 

of excess protein, to ligand binding. 

FABP' DAUDA 

Fluorescent state 

Ligand 

C u a S DAUDA 

Non-Fluorescent State 

Fig 2.5.2 Cartoon diagram of the fluorescence displacement assay 

The DAUDA displacement assay is very sensitive as the DAUDA has a higher Kd 

for LFABP than the vast majority of ligands known to bind to the protein. 

A second fluorescent probe used to study ligand binding in LFABP is 8-anilino-l-

naphthalenesulfonic acid (ANS). 
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Fig 2.5.3 The structure of 8-anilino-1-naphthalenesulfonic acid (ANS) 

ANS is advantageous over DAUDA in that it is cheaper and requires lower 

concentrations of competing ligand to displace the fluorescent probe as it has a higher Kd 

for LFABP (0.91-2.72 jaM) than DAUDA (0.07-0.19 pM). As a result of its lower Kd, 

DAUDA appeared to give more consistent results and therefore less error. 

The fluorescence displacement assays were carried out in the same way for both 

probes. The assays were measured using the Hitachi F-2000 fluorescence 

spectrophotometer. Unless otherwise stated assays were carried out using 1 p,M probe, 10 

mM HEPES buffer at pH 7.5, and 8 jag of LFABP. Ligands were added in 1 |al volumes 

using a Hamilton Microliter® syringe attached to a Hamilton repeating dispenser. In the 

case of DAUDA, the concentrations of the added ligands were 5x10^ M, and the 

spectrophotometer was set to measure at an excitation wavelength of 350 nm and an 

emission wavelength of 500 nm. In the case of ANS, the concentrations of the added 
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ligands were 2.5x10"^ M, and the spectrophotometer was set to measure at an excitation 

wavelength of 376 nm and an emission wavelength of 460 nm. The excitation and 

emission values for ANS were obtained by running wavelength scans using fixed values 

for excitation whilst running a wavelength scan and vice versa, as described by Kane and 

Bemlohr [53]. 

For the ligands used DAUDA was always displaced and a loss of fluorescence 

was observed. Whilst using ANS there have been occasions where due to the small size 

of the probe the ligand has been able to bind without displacing ANS, in such cases the 

binding of ligand increased the hydrophobicity of the ANS environment, and in turn 

caused a fluorescence increase. 

2.5.2 Assay of LFABP Binding to Phospholipid Vesicles Monitored by Loss of 

DAUDA Fluorescence 

Assays involving the addition of phospholipid vesicles via methanol injection into 

the LFABP-DAUDA complex were corrected for changes in fluorescence due to the 

DAUDA partitioning into vesicles. Blank titrations were carried out of phospholipids into 

1 pM DAUDA in 10 mM HEPES, pH 7.5 buffer. 
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2.5.3 Calculation of Kd and Ki Values 

Apparent Kd values were measured by titrating a known concentration of the 

fluorescent probe into a solution of 10 mM HEPES (pH 7.5) and 0.56 FABP. The 

fluorescence values are corrected for free fluorescent probe. By plotting corrected 

fluorescence against the concentration of fluorescent probe and fitting a hyperbola to this 

line, Sigma Plot software can calculate a Kd value as described in chapter 3. With this 

value an inhibition constant can be calculated using the following formula: 

Ki = [l5o]/(l+[L]/Kd) [54] 

Where K, = apparent inhibitor constant, [I50] = the ligand concentration at the midpoint of 

competition, [L] = free concentration of fluorescent probe and Kd = apparent dissociation 

constant of LFABP for the fluorescent probe. 

This method requires 50% displacement of DAUDA by ligands and so is not 

normally applicable to low affinity ligands such as lysophospholipids that also have 

limited solubility. 

2.5.4 Tryptophan Fluorescence Assays 

Tryptophan fluorescence studies were carried out using the Hitachi F-2000 

fluorescence spectrophotometer set at an excitation wavelength of 280 rmi and measuring 
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at an emission wavelength between 300 and 550 nm. Assays were carried out in 10 mM 

HEPES, pH 7.5 buffer using 0.8 p.M LFABP. Ligands and phospholipids were titrated 

into LFABP as described for the fluorescence displacement assay. Fluorescence values 

were corrected for background fluorescence of the ligands and phospholipids. 

2.5.4.1 Fluorescence Resonance Energy Transfer (FRET) Studies 

SUVs containing 5 mol% dansyl DHPE in DOPG were titrated by methanol 

injection into 10 mM HEPES (pH 7.5) and 0.8 pM LFABP as described above. The 

tryptophan fluorescence was measured at an excitation wavelength of 280 nm and 

enhanced fluorescence emission was measured at 500 nm. 

2.5.4.2 Fluorescence Quenching Using Succinimide 

Succinimide was titrated as an aqueous solution into 0.8 LFABP in 10 mM 

HEPES buffer (pH 7.5) up to a concentration of 0.5 M, in the presence and absence of 

DOPG vesicles. The tryptophan fluorescence was measured at an emission wavelength of 

330 nm after excitation at 280 nm. Fluorescence values were corrected for the effect of 

succinimide on background fluorescence. 
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Chapter 3 - Ligand Binding Studies With 

a-Helix Charge Reversal Mutants 
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3. Ligand Binding Studies With (X-Helix Charge Reversal Mutants 

3.1 Introduction 

Three lysine residues that had been identified as part of the a-helical region of the 

protein [11], were investigated to determine their role in the binding of ligands to 

LFABP. These residues were investigated by using charge reversal mutants where lysine 

residues were replaced with glutamate. Each mutation then replaces a basic amino acid 

with an acidic residue, a net loss of two positive charges. 

Fig 3.1.1 LFABP showing the locations of the three lysine residues in the a-helical region 
that are to be replaced by glutamate. The lysine residues that are to be replaced 
are shown in blue. Also shown are the two oleic acid molecules that bind to 
LFABP, at site 1 (green) and site 2 (red) 

The three single charge reversal mutants were used to determine whether it was 

specific residues of the protein or overall areas of charge that were responsible for 
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binding ligands. Also a double mutant was expressed that would aid in assignment of 

importance to the three lysine residues at positions 20, 31 and 33 on the protein. Fig 3.1.1 

shows the positions of these three residues. 

3.2 Expression of Charge Reversal Mutants 

Joanne Davies in this laboratory employed the Kunkel method of mutagenesis 

[45,46] to produce the LFABP single mutants K20E, K31E, K33E as well as the double 

mutant K31E,K33E. They were expressed and purified using the same method as for 

wild-type LFABP as described in chapter 2 of this work. The yield of all three mutants 

was comparable to the wild-type protein at 15-20 mg per litre of culture. Sample purity 

was checked on SDS-PAGE with coomassie blue staining (see Fig 3.2.1) and indicated 

that protein purity was greater than 99% for all mutants. 

K20E K31E K33E K31E,K33E 

Fig 3.2.1 SDS-PAGE Gel of a-helical charge reversal mutants 
Lanes 1 and 6 contain low molecular weight markers, showing from the top of the 
gel, 66 kDa, 45 kDa, 36 kDa, 29 kDa, 24 kDa, 20 kDa and 14.2 kDa. Lanes 2-5 
contain the LFABP a-helical charge reversal mutants as labeled 
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3.3 Circular Dichroism 

Circular Dichroism (CD) was used to confirm that the mutants were all correctly 

folded. The spectra for each of the charge reversal mutants are shown in Fig 3.3.1. The 

spectra for each of the mutants are essentially identical to the wild type spectrum, 

showing that these mutants are correctly folded. 

600000 

Mol. Ellip. 

Fig 3.3.1 
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Molar Ellipticity scan for FABPWT and charge reversal mutants between 200 and 
250nm, Each line represents a different protein. FABP WT (black); FABP K20E 
(red); FABP K31E (pink) and FABP K31E,K33E (green) 

3.4 DAUDA and ANS Binding to LFABP Charge Reversal Mutants 

DAUDA was titrated into each of the mutants, as a solution in methanol, to 

achieve a final concentration of 1 pM. The final methanol concentration did not exceed 

1 % of the total volume and a methanol blank titration was used to correct for this. The 

increase in fluorescence when DAUDA binds to LFABP was corrected for DAUDA 
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fluorescence in buffer and the Kd values were calculated from the resultant saturation 

curves using SigmaPlot software. 

A similar technique was used for calculating ANS Kd values. ANS was titrated 

into each of the mutants, as a solution in water, to achieve a final concentration of 2 |j,M. 

The total volume of ANS solution did not exceed 2% of the total volume and a blank 

titration was used to correct for this. The increase in fluorescence when ANS binds to 

LFABP was corrected for ANS fluorescence in buffer and the Kd values were calculated 

from the resultant saturation curves using SigmaPlot software. 

A maximum fluorescence and a Kd value can be calculated by plotting a graph of 

fluorescence against fluorescent probe concentration. The saturation curve for DAUDA is 

shown in Fig 3.4.1. SigmaPlot can then fit a curve to this line that obeys the standard 

hyperbola equation: 

y = ax/(b + x) 

Where a = the maximum fluorescence value 

and b = the value of x when y is at 50% of its maximum 

The values for a and b are then calculated by SigmaPlot for the hyperbolic curve that fits 

closest to the curve produced from experimental data. 
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Fig 3.4.1 Example LFABP-DAUDA Binding Curve for Calculation of Kd Values 
To a sample of LFABP (0.56 i^M) in 10 mM HEPES DAUDA was added up to a 
maximum concentration of 1 pIVI. Excitation was at 350 nm and emission 
measured at 500 nm. The experimental data (black) had a hyperbolic curve fitted 
to it (red) to allow for calculation of a maximum fluorescence value and an 
apparent Kd value, using SigmaPlot software. 
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The Kd values of the proteins for DAUDA and ANS are shown in Table 3.4.1. 

The results show no difference in the DAUDA and ANS binding properties of any of the 

mutant LFABP proteins compared to the wild type LFABP. Therefore there were no 

apparent adverse affects of charge reversal mutagenesis on DAUDA or ANS binding. 

However it should be noted that ANS data was subject to a large experimental error. 

FABP WT FABP K20E FABP K31E FABP K33E FABP 

K31E,K33E 

D A U D A Kd 

(HM) 

0.12 + 0.03 0.13 ±0.01 0.15 ±0.004 0.07 ± 0.02 0.14 ±0.04 

A N S K d 

(pM) 
1.2 ±0.93 0.91 ±0.40 2.5 + 1.2 1.8 ±0.39 2.7 ± 1.2 

Table 3.4.1 Apparent DAUDA and ANS values for FABP wild type and charge reversal 
mutants. All values are the mean of titrations performed in triplicate ± S.D. 

3.5 Displacement of the Fluorescent Probes DAUDA and ANS from Wild Type and 

Mutant LFABPs by Ligands 

The effectiveness of a ligand to displace a fluorescent probe is a measure of its 

affinity. If the displacement exceeds 50% then it is possible to calculate the Kj value for 

the ligand. The method of Kane and Bemlohr was used, as described in chapter 2. Where 

appropriate values will be mentioned, which are summarised in Table 3.6.1 and Table 

3.6.2 at the end of this chapter. 

The ligands that were investigated included oleic acid, as this was the ligand seen 

in the only crystal structure for liver FABP [11], oleoyl Co A which may compete with 
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oleic acid for LFABP in the cell and lithocholic acid derivatives, as these showed the 

highest affinity of the bile acids that have been evaluated as ligands [57]. Other ligands 

included the lysophospholipids lysophosphatidic acid and lysophosphatidylcholine. 

3.5.1 Oleic Acid 

0 

CH3(CH2)gCH2 CH2(CH2)sCH2 - C - O H 
\ = c ' ^ 

Using DAUDA as the fluorescent probe there was no major difference between 

the wild type and any of the mutants in terms of fluorescence displacement, as seen in 

Fig 3.5.1. This is consistent with both DAUDA and oleic acid competing for the primary 

binding site for oleic acid (site 1) as seen in Fig 3.1.1, which is remote from and therefore 

not expected to be affected by mutations within the a-helical region. Hence although it 

would have been anticipated that K31 would affect the binding of oleic acid at site 2 this 

may not show up in the DAUDA fluorescence displacement assay. However, when K, 

values were calculated for oleic acid binding to wild type and mutant LFABPs, there was 

noted to be a small difference between the wild type protein and the single and double 

charge reversal mutants containing the K31E mutation. The K31E mutation doubles the 

Kj value for oleic acid from 0.03-0.04 pM (wild type, K20E and K33E LFABP) to 0.07-

0.08 [iM (K31E and K31E,K33E LFABP). 
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Fig 3.5.1 Tlie Effects of the Charge Reversal Mutagenesis on the Ability of Oleic Acid 
to displace DAUDA from Liver FABP 
Oleic Acid was titrated as a methanol solution into 10 mM HEPES containing 
V M DAUDA and 0.56 of either wild type (•) , K20E (•), K31E (A), K33E { • ) 
or K31E,K33E ( * ) LFABP. The loss of fluorescence of the LFABP-DAUDA 
complex was measured at 500 nm following excitation at 350 nm. All data points 
shown are the mean of three titrations ± S.D. 
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The DAUDA displacement assay failed to display a major difference between the 

wild type and mutant LFABPS (Fig 3.5.1). However, when the displacement assay used 

ANS (Fig 3.5.2) there was a decreased affinity for the K31E single mutant (Ki 0.31 pM) 

and equally so for the K31E,K33E double mutant (Kj 0.33 |J.M), compared to the wild 

type protein (Kj 0.13 |_iM). These results would suggest that under these assay conditions 

the lysine residue at position 31 is important for binding oleic acid whereas the lysines at 

positions 20 and 33 are less significant (Ki 0.13 |iM and 0.14 |_iM respectively). These 

results are consistent with the conclusion that ANS may bind at the second fatty acid 

binding site in contrast to DAUDA, which is binding at site 1 (see later). Therefore ANS 

is reporting on site 2 and the oleic acid binding at this site. 

3.5.2 Displacement of Fluorescent Probe from Wild Type and Mutant LFABPs by 

Other Ligands 

Unlike the binding of fatty acids such as oleic acid, the binding of other non-polar 

anions has only been seen with a 1:1 stoichiometry. Moreover, although there is no 

crystal structure available for these ligands bound to LFABP, it would be expected that 

binding might involve structural elements from both sites 1 and 2. This would certainly 

be expected for more bulky ligands, where the portal region would also allow the 

accommodation of larger anionic groups rather than having to bind these anionic groups 

within the cavity at site 1. As a result, displacement studies using DAUDA and ANS will 

reflect this complexity. 
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Fig 3.5.2 The Effects of the Charge Reversal Mutagenesis on the Ability of Oleic Acid 
to displace ANS from Liver FABP 
Littiocholic Acid was titrated as a mettianol solution into 10 mM HEPES 
containing 1|iM ANS and 0.56 pIVI of either wild type ( • ) , K20E (• ) , K31E (A), 
K33E ( • ) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the LFABP-
ANS complex was measured at 460 nm following excitation at 376 nm. All data 
points shown are the mean of three titrations ± S.D. 
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In this section the binding of bile acids, lysophospholipids and oleoyl CoA has 

been investigated. The bile acids provide a chemically diverse and structurally 

informative group of ligands while lithocholic acid and its derivatives have previously 

been shown to bind with high affinity [11, 83] and are the major focus of this binding 

study. 

3.5.2.1 Lithocholic Acid 

Using DAUDA as the fluorescent probe there was significantly weaker binding of 

lithocholic acid measured with the K3 IE (Ki 0.8 p-M) and the K31E,K33E double mutant 

(Ki 0.78 p,M) compared to the wild type (Ki 0.31 |iM) and the other single mutants of 

LFABP (Ki 0.45 p-M) (Fig 3.5.3). There is no significant difference between the single 

mutant K31E and the double mutant K31E,K33E. Hence the lysine residue at position 31 

is the only lysine residue in the a-helical region of the protein that plays a role in the 

binding of lithocholic acid to the protein. 
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Fig 3.5.3 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Lithocholic Acid to displace DAUDA from Liver FABP 
Lithocholic Acid was titrated as a methanol solution into 10 mM HEPES 
containing 1|aM DAUDAand 0.56 liM of either wild type (•) , K20E (•) , K31E 
(A), K33E ( • ) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the 
LFABP-DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D. 
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The results from the DAUDA binding studies are rephcated when ANS is used as 

the fluorescent probe (Fig 3.5.4). The K31E single mutant and the K31E,K33E double 

mutant both showed a significantly reduced binding (Kj 1.32 pM and 1.49 |a,M 

respectively) compared with the wild type enzyme (K, 0.30 |iM) and the other mutants 

(Ki 0.32-0.44 |j,M). The difference between the K31E mutant and the wild type and other 

single mutants is greater than with DAUDA. However, the conclusion remains the same 

and I would propose that lithocholic acid is binding in such a way as to involve the portal 

region of the protein. 

3.5.2.2 Taurolithocholic Acid 3-Sulphate 

NaOgSO 

C-NHCHgCHgSO^Na 

The displacement results for taurolithocholic acid 3-sulphate lead to similar 

conclusions to those with lithocholic acid using either the DAUDA or the ANS probe. 

With DAUDA the K33E mutant experiences a decreased affinity for ligand (Kj 1.3 |^M) 

compared with the wild type (Ki 0.29 ^M) and K20E mutant (K, 0.42 |j,M). The K31E 

mutant (K, > 1.1 |j,M) shows a significantly lower binding affinity than the K33E mutant. 

The double mutant has a lower binding affinity than either of these two single mutants 
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Fig 3.5.4 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Lithocholic Acid to displace ANS from Liver FABP 
Lithocholic Acid was titrated as a methanol solution into 10 mM HEPES 
containing 1 iiM ANS and 0.56 |iM of either wild type (•), K20E (•), K31E (A), 
K33E (•) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the LFABP-
ANS complex was measured at 460 nm following excitation at 376 nm. All data 
points shown are the mean of three titrations ± S.D. 
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(Ki >1.3 |J,M), this is representative of the cumulative effect of the two single mutations 

(Fig 3.5.5 and Fig 3.5.6). The K, values could not be calculated because of the limited 

displacement (<50%) seen with K31E and K33E single mutants, as well as with the 

K31E,K33E double mutant. In these cases a minimal Kd value is shown corresponding to 

a theoretical 50% displacement at the highest concentration of ligand used which is 5 p,M 

with DAUDA. However, it is clear that the a-helical mutations, particularly K31E, have 

a more dramatic effect on taurolithocholic acid 3-sulphate binding than lithocholic acid 

binding. This would suggest that either the anionic sulphate or the anionic taurine group 

is located within the portal region and thus is affected by the mutation. 

Repeating the titrations using ANS as the fluorescent probe produces similar 

results (Fig 3.5.6). Taurolithocholic acid 3-sulphate again binds with lower affinity to the 

K33E single mutant (Ki 0.27 |iM), than to the wild type and K20E mutant LFABP (Ki 

0.11 |iM and 0.098 |iM respectively). There is weaker binding to the K31E single mutant 

(Ki 1.4 pM) than to the K33E single mutant. The K31E,K33E double mutant showed a 

cumulative effect of the K31E and K33E single mutants, with much weaker binding (Ki 

>1.9^M) than either of these single mutants. 
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Fig 3.5.5 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Taurolithocholic Acid 3-Sulphate to displace DAUDA from Liver FABP 
Taurolithocholic Acid 3-Sulphate was titrated as a methanol solution into 10 mM 
HEPES containing I^M DAUDA and 0.56 ÎVI of either wild type (•) , K20E (•), 
K31E (A), K33E ( • ) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the 
LFABP-DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D 
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Fig 3.5.6 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Taurolithocholic Acid 3-Sulphate to displace ANS from Liver FABP 
Taurolithocholic Acid 3-Sulphate was titrated as a methanol solution into 10 mM 
HEPES containing 1|j,M ANS and 0.56 [xM of either wild type (•), K20E (•), 
K31E (A), K33E (•) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the 
LFABP-ANS complex was measured at 460 nm following excitation at 376 nm. 
All data points shown are the mean of three titrations + S.D. 
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3.5.2.3 Deoxycholic acid 

= C H 

C - O H 

Deoxycholic acid is known to be a poor ligand for LFABP [11] and provided a 

useful control. When deoxycholic acid was titrated into LFABP solutions, both mutant 

and wild type, caused very little change in the fluorescence of the solutions. There was no 

major difference between any of the proteins (Fig 3.5.7). This result is consistent with 

minimal binding of deoxycholic acid to LFABP and confirms previous work with this 

ligand [11] that indicated that LFABP has a very low affinity for this bile acid. 
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Fig 3.5.7 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Deoxycholic Acid to displace DAUDA from Liver FABP 
Deoxycholic Acid was titrated as a methanol solution into 10 mM HEPES 
containing 1(j.M DAUDA and 0.56 p,M of either wild type (•) , K20E (•) , K31E 
(A), K33E ( • ) or K31 E,K33E ( * ) LFABP. The loss of fluorescence of the 
LFABP-DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D. 
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3.5.2.4 Displacement of Fluorescent Probe from Wild Type and Mutant LFABPs by 

Lysophosphatidic Acid 

o 
II 

C H ^ O - C - C H 2 ( C H 2 ) g C H = C H ( C H 2 ) 7 C H 3 

C H O H ( N a ) 

C H 2 O - P - O H 

O H 

It has previously been shown that lysophospholipids are ligands for LFABP and 

that the lysophospholipid with the highest apparent affinity was lysophosphatidic acid 

[83]. 

The displacement of DAUDA by lysophosphatidic acid was determined and the 

results followed a similar overall pattern to that seen with the bile acids (see Fig 3.5.8). 

The K31E and K33E mutants show reduced binding compared with the wild type and 

K20E mutants. The K31E,K33E double mutant shows weaker binding than either of the 

K31E or K33E single mutants. Again the double mutant represents a cumulative effect of 

the two single mutations and no binding could be detected. There is no difference 

between the wild type and the K20E mutant. 
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Fig 3.5.8 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Lysophosphatidic Acid to displace DAUDA from Liver FABP 
Lysophosphatidic Acid was titrated as a methanol solution into 10 mM HEPES 
containing 1|j.M DAUDA and 0.56 |iM of either wild type (•) , K20E (•), K31E 
(A), K33E ( • ) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the 
LFABP-DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D. 
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When using ANS as the probe (Fig 3.5.9), the results are different to the 

displacement studies using bile acids. The addition of lysophosphatidic acid to wild type 

LFABP results in a large increase in fluorescence also seen with the K20E mutant. 

However, the increase is reduced with the other mutants and has been eliminated when 

using the double mutant. One possible explanation is that lysophosphatidic acid binds to 

LFABP without displacing ANS. This is possible because lysophosphatidic acid has only 

a single flexible acyl chain that should insert into the binding cavity at site 2 allowing 

solvent exposure of the bulky glycerolphosphate head group. Thus, this ligand should 

have a minimal effect on site 1. In doing so the ligand increases the hydrophobicity of the 

environment in which the ANS is placed, presumably now at site 1, and hence causes an 

increase in fluorescence. Thus a lack of fluorescence increase indicates a lack of binding. 

Working on that principle, lysophosphatidic acid appears at low concentrations to 

bind most strongly to the K20E mutant. At concentrations of ligand up to 1 binding is 

greater to the K20E mutant than to the wild type. At concentrations of ligand higher than 

1 )j,M, the difference in binding strength between wild type and K20E is no longer clear. 

A similar story is true for the K31E and K33E single mutants compared with the double 

mutant. At concentrations of ligand up to 0.5 )j.M, there appears to be little difference 

between the K33E mutant and the wild type. At concentrations greater than this a clear 

difference is observed. K31E and the double mutant have a clearly weaker binding 

capability than the wild type at all concentrations. At concentrations above 1.75 |iM the 

difference between the double mutant's, K31E's and K33E's binding capabilities 

disappears. At this time it is not clear why there is a fall in fluorescence at higher 
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Fig 3.5.9 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Lysophosphatidic Acid to displace ANS from Liver FABP 
Lysophosphatidic Acid was titrated as a methanol solution into 10 mM HEPES 
containing liilVI ANS and 0.56 ÎVt of either wild type (•), K20E (•), K31E (A), 
K33E (• ) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the LFABP-
ANS complex was measured at 500 nm following excitation at 350 nm. All data 
points shown are the mean of three titrations ± S.D. 
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concentrations of lysophosphatidic acid. However, it is possible that at higher 

concentrations, lysophosphatidic acid is forming anionic micelles and the LFABP binds 

to these resulting in probe displacement as seen with DOPG vesicles [25]. 

In conclusion the overall pattern again reflects those results already 

discussed in that the K31 residue is more clear than the K33 residue in binding ligand, 

both of which are more clear than the K20 residue which shows no difference compared 

with the wild type. 

3.5.2.5 Displacement of Fluorescent Probe from Wild Type and Mutant LFABPs by 

Lysophosphatidylcholine 

C H g O R 

CHOH 

O CHq 
II I + 

C H g O - P - O C H 2 C H 2 N C H 3 

0 ~ C H 3 

R = Fatty Acid Residue 

Using DAUDA with lysophosphatidylcholine, it can be seen that the ligand binds 

clearly less strongly to the double mutant and to the K3 IE mutant than to any of the other 

single mutants or to the wild type (Fig 3.5.10). The difference in binding strengths 
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Fig 3.5.10 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Lysophosphatidylcholine to displace DAUDA from Liver FABP 
Lysophosphatidylcholine was titrated as a methanol solution into 10 mM HEPES 
containing IfxM DAUDAand 0.56 î lVI of either wild type (*), K20E (•), K31E 
(A), K33E ( • ) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the 
LFABP-DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D. 
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between the K33E single mutant and the wild type is not large enough to be considered 

significant. Some studies were also performed involving ANS displacement by 

lysophosphatidylcholine but the results were variable and are not included. However, like 

with lysophosphosphatidic acid, an increase in ANS fluorescence was noted with the 

addition of lysophosphatidylcholine. 

From the results with DAUDA displacement it can be concluded that although 

lysophosphatidylcholine is a low affinity ligand for LFABP, the Lys31 residue plays a 

role in lysophosphatidylcholine binding. 

3.5.2.6 Displacement of Fluorescent Probe from Wild Type and Mutant LFABPs by 

Oleoyl Coenzyme A 

0 0 
11 II 

on 0 

NHi OH 

90 "3O CH,0 
NH. 

CAvan t i Polar L i p i ds 

The results for the displacement of DAUDA by oleoyl coenzyme A are shovm in 

Fig 3.5.11. The K31E and K33E single mutants and the K31E,K33E double mutant bind 

the ligand more weakly than the K20E mutant and the wild type enzyme. The K20E 
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Fig 3.5.11 The Effects of the Charge Reversal Mutagenesis on the Ability of OleoyI 
CoA to displace DAUDA from Liver FABP 
OleoyI CoA was titrated as a solution in 10 mM HEPES into 10 mM HEPES 
containing If iM DAUDAand 0.56 |iM of either wild type (•) , K20E (•) , K31E 
(A), K33E ( • ) or K31E,K33E ( * ) LFABP. The loss of fluorescence of the 
LFABP-DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations + S.D. 
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mutant and the wild type enzyme show no difference in their ability to bind oleoyl 

coenzyme A. 

It had been observed that oleoyl CoA binding is sensitive to the salt concentration 

of the medium. When the assay is carried out in the presence of lOOmM NaCl, there is no 

observed difference between the wild type and any of the mutants (Fig 3.5.12). The 

presence of the high salt concentration promotes hydrophobic interactions between the 

ligand and the protein. The increased preferance for the ligand to be in a hydrophobic 

environment is enough to overcome the charge reversal mutations and hence wild type 

enzyme and the mutants have very similar binding properties in a solution with a high 

salt concentration. However, small differences in the calculated K, values for oleoyl CoA 

binding can be seen in the presence of NaCl. The Ki value for wild type LFABP (0.21 

pM) is lower than the Ki values for the single mutants K31E and K33E LFABP (both 

0.49 pM). 

3.6 Ki Values 

The apparent Kd values listed in section 3.4 were used to determine Kj values for 

ligand binding to FABP using the methods described in section 2.5.3. 
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Fig 3.5.12 The Effects of the Charge Reversal Mutagenesis on the Ability of OleoyI 
CoA to displace DAUDA from Liver FABP in the presence of NaCI 
OleoyI CoA was titrated as a solution in 10 mM HEPES into 10 mM HEPES 
containing 100 mM NaCI, 1|iM DAUDA and 0.56 |iM of either wild type (•), K20E 
(•), K31E (A), K33E (•) or K31E,K33E ( * ) LFABP. The loss of fluorescence of 
the LFABP-DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations + S.D. 
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FABP WT 
(uM) 

FABP K20E 
(HM) 

FABP K31E 
(HM) 

FABP K33E 
(HM) 

FABP 
K31E,K33E 

(uM) 

Oleic Acid 0 .04+0 .004 0 .04+0 .005 0 .08+0 .009 0 .03+0 .002 0 .07+0 .008 

Lithocholic Acid 0 . 3 1 ± 0 . 0 0 4 0 .45±0 .02 0 .80+0 .04 0 .45+0 .04 0 .78+0 .07 

Taurolithocholic 
Acid 3-

Sulphate 

0 .29±0 .03 0 .42+0 .08 >1 .1 1 .25+0.07 >1 .1 

OleoyI CoA 0.81 >1 .1 >1 .1 >1 .1 >1 .1 

OleoyI CoA 
(+0.1 M NaCI) 

0 .21+0 .04 0 .34+0 .02 0 .49±0 .03 0 .49 0 .42+0 .06 

Table 3.6.1 K, values for ligand binding to FABP, displacing DAUDA. These values were 
determined using the method of Kane and Bernlohr (section 2.5.3). These values 
will represent a composite value for the two binding sites for ligand where 
applicable. All values are the mean of titrations performed in triplicate ± S.D. 

FABP WT 
(WW) 

FABP K20E 
(|iM) 

FABP K31E 
m) 

FABP K33E 

im 

FABP 
K31E,K33E 

(nM) 

Oleic Acid 0 .13±0 .02 0 .13+0 .04 0 .31+0 .02 0 .14+0 .008 0 .33+0 .09 

Lithocholic Acid 0 .30+0 .09 0 .32+0 .04 1 .32+0 .24 0 .44+0 .06 1 .49+0.27 

Taurolithocholic 
Acid 3-

Sulphate 

0 .11+0 .03 0 .098+0 .009 1 .39+0.06 0 .27+0 .12 >1 .90 

Table 3.6.2 K, values for ligand binding to FABP, displacing ANS. These values were 
determined using the method of Kane and Bernlohr (section 2,5.3). These values 
will represent a composite value for the two binding sites for ligand where 
applicable. All values are the mean of titrations performed in triplicate ± S.D. 

3.7 Discussion 

The a-hehcal region of FABPs has been reported as playing a major role in 

binding to phospholipid vesicles [84, 85, 30]. In this laboratory, this region in LFABP has 

also been shown to play a role in the protein binding to anionic vesicles [25]. In addition, 
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LFABP binds a series of ligands with anionic side chains that are thought to enter the 

protein through a region adjacent to the a-hehcal portion of LFABP. It was therefore of 

interest to determine whether cationic residues in the two a-helices are also of 

importance to ligand binding. To test this theory charge reversal mutants of LFABP 

where Lys-20, Lys-31 and Lys-33 were converted to glutamate have been produced and 

their ligand-binding properties compared to the wild type protein. 

LFABP is unique amongst the FABP family in that it binds fatty acids in a 2 : 1 

stoichiometry. The two oleic acid binding sites are shown in Fig 3.1.1. The oleic acid at 

site 1 is positioned deep within the binding cavity of LFABP, whereas the oleic acid at 

site 2 extends through a hypothesized portal region of LFABP with the carboxyl group 

exposed to the solvent. It is site 2 that is in close proximity to the three cationic lysine 

residues investigated in this chapter. Whilst fatty acids bind in a 2 : 1 stoichiometry, other 

more bulky ligands bind in a 1 : 1 stoichiometry. These mutations should therefore 

provide information as to where the more bulky ligands, such as the bile acids 

investigated in this chapter, are positioned in LFABP. The results in this chapter have 

shown that the lysine residue at position 31 that is part of the a-helical region of the 

protein and also contributes to the surface charge of the protein, plays a significant role in 

ligand binding to LFABP. 

As a general summary mutation of Lys-33 and to a greater extent Lys-31, to 

glutamate, significantly reduces the affinity of the protein for its ligands. Lys-33 appears 

to have a role in the binding of some ligands to the protein, but not others. Lys-31 on the 
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other hand plays a significant role in the binding of every physiological ligand of LFABP 

investigated in this chapter. The importance of Lys-31 is apparent in every displacement 

study from the figures in this chapter with the exception of oleic acid. In Fig 3.5.1 a 

significant difference between the wild type and charge reversal mutants, in terms of 

ability of oleic acid to displace DAUDA is not apparent. However, Kj values for this 

ligand showed that LFABP WT (Kj 0.04p,M) bound oleic acid with significantly higher 

affinity than LFABP K31E (Kj 0.08 |iM). The explanation for oleic acid binding 

reporting a small but significant difference between the wild type and K31E mutant 

LFABP is related to the position of the mutation. Lys-31 is positioned in the portal region 

of LFABP at oleic acid binding site 2. DAUDA however, binds at oleic acid binding site 

1 which is not directly affected by the mutation. Lowering the affinity of site 2 for oleic 

acid will still indirectly affect site 1 as the two sites are structurally linked with site 2 

only being fully formed after oleic acid binds at site 1 [11]. Thus, binding of an oleic acid 

at site 2 stabilises ligand bound at site 1. 

ANS was able to graphically display greater differences in affinity of oleic acid 

for LFABP WT and K31E than seen for DAUDA displacement. Such a result makes it 

tempting to speculate that ANS binds at site 2. However, lysophosphatidic acid binding 

provides evidence to the contrary. From Fig 3.5.8 and Fig 3.5.9 it appears that 

lysophosphatidic acid binds to LFABP and is affected by the mutation in the portal 

region. As lysophosphatidic acid binds in a 1:1 stoichiometry it would appear that it 

binds, at least in part, at oleic acid binding site 2. The results of the binding study using 

this ligand in the presence of ANS Fig 3.5.9 suggest that the ligand does not displace 
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ANS. The suggestion is that ANS must therefore be binding at oleic acid binding site 1. 

A further possibility is that ANS can bind at either site 1 or site 2, it may be that this 

molecule binds preferentially binds at site 2, but is displaced to site 1 by lysophosphatidic 

acid. NMR work has suggested that flipping between the two sites occurs with fatty acids 

[18]. 

ANS is advantageous over DAUDA in that it binds with lower affinity and is 

more sensitive to ligand binding. DAUDA on the other hand is preferable because of its 

lower Kd value, hence it is more strongly bound to the protein than ANS and in turn 

therefore produces less error in binding studies. 

Comparing the results from lithocholic acid and taurolithocholic acid 3-sulphate 

binding studies in this chapter shows that the latter is more greatly affected by the charge 

reversal mutagenesis than the former. This result suggests that either the taurine group or 

the 3-sulphate group of taurolithocholic acid 3-sulphate protrudes through the portal 

region of LFABP where Lys-31 is positioned. If either one of these anionic side chains 

does protrude through the portal region it would account for this large difference in the 

effect of charge reversal mutagenesis between these two ligands. The orientation of 

taurolithocholic acid 3-sulphate is further investigated in chapter 5 of this work. 

The results of DAUDA displacement by oleoyl CoA are consistent with the portal 

region and specifically K31 and K33, making a contribution to binding. It is not known 

how oleoyl CoA binds to LFABP but this ligand has been modeled into the crystal 
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structure of LFABP. It is apparent that the binding of this complex molecule involves a 

large number of interactions with LFABP with a major contribution coming from 

hydrophobic binding within the cavity. The results described in this chapter are consistent 

with electrostatic interactions within the portal region playing a minor role in the binding 

of this ligand. 
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Chapter 4 - Charge Reversal 

Mutagenesis of Surface Cationic Residues 

Outside the a-Helical Region 
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4. Charge Reversal Mutagenesis of Surface Cationic Residues Outside 

the a-helical Region 

4.1 Introduction 

In chapter 3 the effect on Hgand binding of three charge reversal mutants, K20E, 

K31E and K33E, in the a-helical region of LFABP were investigated using fluorescent 

ligand binding and displacement studies. The effect of these mutations on the binding of 

LFABP to anionic phospholipids vesicles had been described previously by Davies et al 

[25]. A number of other cationic residues make a significant contribution to the surface 

positive charge of LFABP. These residues are Lys-36, Lys-47 and Lys-57 [9]. In this 

chapter these residues have been individually changed to glutamate by charge reversal 

mutagenesis resulting in a net loss of two positive charges. The resultant mutants have 

been studied in terms of ligand binding and binding to anionic phospholipids vesicles. 

Three single charge reversed mutants were produced; K36E, K47E and K57E, the 

positions of these three residues are shown in Fig 4.1.1. 

89 



Fig 4.1.1 LFABP showing the locations of the three lysine residues contributing to the 
surface charge of the protein that are to be replaced by glutamate. The lysine 
residues that are to be replaced are shown in blue. Also shown are the two oleic 
acid molecules that bind to LFABP, at site 1 (green) and site 2 (red) 

4.2 Expression of Charge Reversal Mutants 

Joanne Davies in this laboratory employed the PCR method of mutagenesis [55] 

to produce the LFABP single mutants K36E, K47E, K57E and these transfected E. coli 

were available at the start of this thesis work. They were expressed and purified using the 

same method as for wild-type LFABP as described in chapter 2 of this work. The yield of 

all three mutants was comparable to the wild-type protein at 15-20 mg per litre of culture. 

Sample purity was checked on SDS-PAGE with coomassie blue staining (see Fig 4.2.1) 

and indicated that protein purity was greater than 99% for all mutants. 

90 



K47E • K57E 

Fig 4.2.1 SDS-PAGE of LFABP WT, K36E, K47E and K57E 

4,3 Circular Dichroism 

Circular Dichroism (CD) was used to confirm that the mutants were all correctly 

folded. The spectra for each of the charge reversal mutants are shown in Fig 4,3,1. The 

spectra for each of the mutants are essentially identical to the wild type spectrum, 

showing that these mutants are correctly folded. The spectra of the a-helical charge 

reversal mutants are included for comparison. 
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Molar Ellipticity scan for FABPWT and charge reversal mutants between 180 and 
250nm. Each line represents a different protein. FABP WT (black); FABP K20E 
(red); FABP K31E (pink); FABP K31E,K33E (green); FABP K36E (blue); FABP 
K47E (brown); FABP K57E (grey) 

4.4 DAUDA Binding to LFABP Charge Reversal Mutants 

DAUDA was titrated into each of the mutants, as a solution in methanol, to 

achieve a final concentration of 1 |iM. The final methanol concentration did not exceed 

1% of the total volume and a methanol blank was used to correct for this. The increase in 

fiuorescence when DAUDA binds to LFABP was corrected for DAUDA fluorescence in 

buffer and the Kd values were calculated from the resultant saturation curves using 

SigmaPlot software, as described in chapter 3. 

The K(j values of the proteins for DAUDA are shown in Table 4.4.1. The results 

show no significant difference in the DAUDA binding properties of any of the mutant 
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LFABP proteins compared to the wild type LFABP. Therefore there were no apparent 

adverse affects of charge reversal mutagenesis on DAUDA binding. 

FABP WT FABP K36E FABP K47E FABP K57E 

Kd (pM) 0.14 + 0.03 0.16 ±0.03 0.19 + 0.05 0.14 ±0.01 

Table 4.4.1 Apparent DAUDA kQ values for FABP wild type and charge reversal mutants. All 
values are the mean of titrations performed in triplicate + S.D. 

4.5 Displacement of the Fluorescent Probe DAUDA from Wild Type and Mutant 

LFABPs by Ligands 

The Kj values for displacing ligands were calculated using the method of Kane 

and Bemlohr as described in chapter 2. This calculation is only possible where 

displacement is 50% or greater by the ligand that is investigated. Where this is not 

possible, the minimal Ki value for 50% displacement at 5 p,M ligand is indicated. The 

values are recorded in Table 4.7.1 at the end of this chapter. Values will be mentioned, 

where appropriate, throughout this chapter. 

4.5.1 Oleic Acid 

No major difference was seen between the wild type and the surface residue 

charge reversal mutants (See Fig 4.5.1.1). There may be differences in binding occurring 

with the K36E and K57E mutants that are not apparent in this assay due to DAUDA 
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Fig 4.5.1.1 The Effects of the Charge Reversal Mutagenesis on the Ability of Oleic Acid 
to displace DAUDA from Liver FABP 
Oleic Acid was titrated as a metlnanol solution into 10 mlV! HEPES containing 
1 ^iM DAUDA and 0.56 of either wild type ( • ) , K36E (• ) , K47E (A) or K57E 
(X) LFABP. The loss of fluorescence of the LFABP-DAUDA complex was 
measured at 500 nm following excitation at 350 nm. All data points shown are the 
mean of three titrations ± S.D. 
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binding at the first fatty acid binding site, whereas these residues are remote from this 

site. It is noted that the Kj values suggest that there may be weakened binding of oleic 

acid to the three mutants (K, values 0.06-0.07 jiM) compared to the wild type protein 

(0.04 p-M). Such small differences are not obvious from DAUDA displacement curves. 

The small difference in Ki values may represent the weakened binding of oleic acid at site 

2 which will in turn affect the binding at site 1, where DAUDA is positioned. The two 

sites are structurally linked and binding of ligand at site 2 should stabilise bound ligand at 

site 1. This has been discussed in more detail in chapter 5. 

4.5.2 Bile Acids 

Many bile acids are physiological ligands [56]. The lithocholic acid derivatives 

have been selected for investigation in this section as these showed the highest affinity of 

the bile acids that have been evaluated as ligands [57]. The importance of these ligands is 

discussed in more detail in section 3.5.2. 

4.5.2.1 Lithocholic Acid 

Titration of the lithocholic acid into DAUDA-FABP complex shows a 

significantly stronger binding of lithocholic acid to the wild type protein (Kj 0.17 |iM) 

compared with LFABP K57E (Kj 0.32 pM) Fig 4.5.2.1. No significant difference is seen 

between binding of wild type, K36E (Kj 0.2 (j,M) or K47E (Kj 0.18 pM) LFABP, to 

lithocholic acid. K57 is therefore proposed to play a role in lithocholic acid binding. 
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Fig 4.5.2.1 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Lithocholic Acid to displace DAUDA from Liver FABP 
Lithocholic Acid was titrated as a methanol solution into 10 mM HEPES 
containing 1|j.M DAUDAand 0.56 |iM of either wild type ( • ) , K36E (• ) , K47E (A) 
or K57E (X) LFABP. The loss of fluorescence of the LFABP-DAUDA complex 
was measured at 500 nm following excitation at 350 nm. All data points shown 
are the mean of three titrations ± S.D. 
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4.5.2.2 Taurolithocholic Acid 3-Sulphate 

Titrating in the Ugand tauroUthochohc acid 3-sulphate suggests for the first time 

that a second surface lysine residue of LFABP under investigation in this section, is 

involved in ligand binding. Taurolithocholic acid 3-sulphate has a significantly reduced 

ability to displace DAUDA in both the K57E (Kj > 0.70 ^M) and the K36E (K. 0.77 pM) 

LFABP mutants compared with the wild type protein (Kj 0.24 pM), Fig 4.5.2.2. Again 

there is no difference seen in the affinity of the K47E mutant (K, 0.35 |iM) and the wild 

type LFABP. 

The degree of reduction of binding strength is greater with taurolithocholic acid 3-

sulphate where Ki values increase from 0.24 |iM to >0.77 pM, than with lithocholic acid 

where Ki values increase from 0.17 |iM to 0.32 |iM as a result of the charge reversal 

mutagenesis at K57. These differences reflect either the taurine group or the sulphate 

group of taurolithocholic acid 3-sulphate protruding through the portal region of LFABP 

where both K36 and K57 are located. Either one of these anionic groups would be 

expected to be involved in electrostatic interactions with cationic amino acid residues 

within the portal region. This finding supports the similar conclusion drawn in chapter 3. 

It is not possible using these results to determine which of the two anionic side chains on 

taurolithocholic acid 3-sulphate is involved in these electrostatic interactions at the portal 

region. However, this situation is clarified by protein fluorescence studies described in 

chapter 5 where the orientation of bile acid binding is investigated in more detail. 
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Taurolithocholic Acid 3-Sulphate (uM) 

Fig 4.5.2.2 The Effects of the Charge Reversal Mutagenesis on the Ability of 
Taurolithocholic Acid 3-Sulphate to displace DAUDA from Liver FABP 
Taurolithocholic Acid 3-Sulphate was titrated as a methanol solution into 10 mM 
HEPES containing 1|j.M DAUDA and 0.56 |iM of either wild type ( • ) , K36E (•) , 
K47E (A) or K57E (X) LFABP. The loss of fluorescence of the LFABP-DAUDA 
complex was measured at 500 nm following excitation at 350 nm. All data points 
shown are the mean of three titrations ± S.D. 
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4.5.3 Oleoyl Coenzyme A 

The Hgand binding of oleoyl Co A to LFABP has been discussed in chapter 3. 

Modelling studies require that the oleoyl group together with the pantothenate part of 

coenzyme A are located in the binding cavity whereas the ADP moiety protrudes through 

the portal region [9]. 

DAUDA displacement studies indicate that there is a lowered affinity of the K36E 

and K57E LFABP mutants for oleoyl coenzyme A (Kj values >0.75 and >0.7 pM 

respectively) as seen in Fig 4.5.3.1, compared with the wild type protein (Kj 0.39 |iM). In 

contrast there was found to be no significant difference between the K47E mutant (K, 

0.49 |iM) and the wild type protein. This would suggest that oleoyl coenzyme A 

undergoes electrostatic interactions with K36 and K57 when binding to LFABP, a result 

consistent with the modeled structure of oleoyl Co A bound to LFABP [9]. 

The binding of oleoyl CoA to LFABP is expected to rely to a large extent on 

hydrophobic interactions. Increasing the salt concentration of the medium in which the 

hgand and protein are binding should promote these interactions and in turn, promote 

binding. For this reason titration were repeated in conditions of higher ionic strength. 

In the presence of 1 OOmM NaCl the binding affinities of the wild type compared 

to the mutants are noticeably more similar (Fig 4.5.3.2). Only the K57E mutant (Kj 0.53 

|j.M) shows a significant difference from the wild type protein (Ki 0.29 pM) in terms of 
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Fig 4.5.3.1 The Effects of the Charge Reversal Mutagenesis on the Ability of OleoyI 
CoA to displace DAUDA from Liver FABP 
OleoyI CoA was titrated as a methanol solution into 10 mM HEPES containing 
1|iM DAUDA and 0.56 pM of either wild type ( • ) , K36E (•) , K47E (A) or K57E 
(X) LFABP. The loss of fluorescence of the LFABP-DAUDA complex was 
measured at 500 nm following excitation at 350 nm. All data points shown are the 
mean of three titrations ± S.D. 
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binding. The difference in binding affinity of the K57E mutant and the wild type protein 

is less than that observed in the absence of NaCl. The effect of charge reversal 

mutagenesis was expected to be reduced in the presence of 100 mM NaCl as the salt will 

interfere with electrostatic interactions. As it is electrostatic interactions that are under 

scrutiny with the charge reversal mutants, the presence of a high salt concentration will 

negate their effect. 

4.6 Displacement of the Fluorescent Probes DAUDA from Wild Type and Mutant 

LFABPs by Anionic Phospholipids 

The binding of LFABP to anionic phospholipids at low ionic strength results in a 

conformational change in LFABP that causes release of DAUDA from the protein. The 

titration of DOPG vesicles into a highly fluorescent FABP-DAUDA complex results in a 

dramatic loss of fluorescence consistent with the LFABP coating the surface of the 

vesicles. A similar coating phenomenon is seen when 14 kDa sPLAz is added to anionic 

vesicles [58]. 

The interaction between LFABP and anionic phospholipids involves electrostatic 

interactions affected by ionic strength, followed by hydrophobic interactions between the 

protein and phospholipids [25]. As electrostatic interactions are involved in binding of 

anionic phospholipids such as DOPG to the protein, it was thought that positively 

charged residues on the surface of LFABP may be involved. Indeed this has already been 
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Fig 4.5.3.2 The Effects of the Charge Reversal Mutagenesis on the Ability of Oleoyl 
CoA to displace DAUDA from Liver FABP in the presence of NaCI 
Oleoyl CoA was titrated as a methanol solution into 10 mM HEPES containing 
1)iM DAUDA, 100 mM NaCI and 0.56 ^M of either wild type ( • ) , K36E (•) , K47E 
(A) or K57E (X) LFABP. The loss of fluorescence of the LFABP-DAUDA 
complex was measured at 500 nm following excitation at 350 nm. All data points 
shown are the mean of three titrations ± S.D. 
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shown to be true for Lys31 [25] by Joanne Davies working in this laboratory. Charge 

reversal mutagenesis of Lys31 inhibited, but did not prevent, binding of DOPG to 

LFABP. Therefore it was expected that other residues were involved in the initial 

electrostatic interaction with anionic phospholipid vesicles and hence the investigation of 

these three residues which contribute to the surface charge of the protein. 

4.6.1 Dioleoyl-phosphatidylgly cerol 

The binding of wild-type LFABP and the three mutants K36E, K47E and K57E to 

dioleoyl-phosphatidylglycerol (DOPG) vesicles (Fig 4.6.1) highlighted the K36E and 

K57E mutants as having a reduced binding affinity for these vesicles. The K47E mutant 

showed showed a very similar affinity for DOPG to that shown by the wild type protein 

and binds DOPG with a comparable stoichiometry. 

The importance of K36 and K57 in anionic phospholipid binding to LFABP, 

along with the K31 residue previously highlighted as significant by Joanne Davies, is 

noteworthy. All three of these residues are positioned at the portal region of LFABP. This 

region of LFABP must play a key role in phospholipid binding to the protein. 

The results obtained with DOPG to this point have used 100% DOPG vesicles. In 

the mammalian cell only 20% of phospholipids in membranes are anionic and so it was 
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Figure 4.6.1 The Effects of Charge Reversal Mutations on the Ability of Anionic 
Phospholipid Vesicles to Displace DAUDA from LFABP 
DOPG was titrated as a mettianol solution into 10 mM HEPES containing 1 |iM 
DAUDA and 0.56 |iM of either wild type ( • ) , K31E (•) , K47E ( a ) or K57E ( • ) 
LFABP. The loss of fluorescence of the l_-FABP/DAUDA complex was measured 
at 500 nm following excitation at 350 nm. All data points shown are the mean of 
three titrations ± S.D.important to confirm that these results were repeatable in 
equivalent vesicles. DOPG readily mixes with dioleoyl-phosphatidylcholine 
(DOPC) and so 20mol% DOPG in DOPC vesicles were prepared and the 
phospholipid titrations repeated. 
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important to confirm that these results were repeatable in vesicles of an equivalent charge 

ratio. DOPG readily mixes with dioleoyl-phosphatidylcholine (DOPC) and so 20 mol% 

DOPG in DOPC vesicles were prepared and the phospholipid titrations repeated. 

The results with 20mol% DOPG in DOPC vesicles produced the same result as 

the 100% DOPG vesicles, confirming the importance of K36 and K57 in binding of 

LFABP to phospholipid vesicles (Fig 4.6.2). Under these conditions binding of K47E 

appeared to be enhanced compared to wild type, as judged by DAUDA displacement. 

The titration curve may simply be representative of the higher Kd value of the K47E 

mutant for DAUDA (0.19 pM) compared to the wild type protein (0.14 pM). 

4.7 Ki Values 

The apparent Kd values listed in section 4.4 were used to determine K, values for 

ligand binding to FABP using the methods described in section 2.5.3. 
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Figure 4.6.2 The Effects of Charge Reversal Mutations on the Ability of 20 mol% Anionic 
Phospholipid Vesicles to Displace DAUDA from LFABP 
20 mol% DOPG was titrated as a methanol solution into 10 mM HEPES 
containing 1 |_iM DAUDAand 0.56 îM of either wild type ( • ) , K31E (•) , K47E 
{ ^ ) or K57E ( • ) LFABP. The loss of fluorescence of the L-FABP/DAUDA 
complex was measured at 500 nm following excitation at 350 nm. All data points 
shown are the mean of three titrations + S.D. 
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FABP WT 
(m) 

FABP K36E 
(HM) 

FABP K47E 
(^M) 

FABP K57E 
(HM) 

Oleic Acid 0.04 ± 0.004 0.07 + 0.015 0.06 ± 0.01 0.07 ± 0.003 

Lithocholic Acid 0.17 ± 0.04 0.20 ± 0.04 0.18 ±0.01 0.32 ± 0.02 

Taurolithocholic 
Acid 3-Sulphate 

0.24 ± 0.08 0.75 0.35 ± 0.04 >0.75 

OleoyI CoA 0.39 ± 0.12 >0.75 0.49 + 0.04 >0.75 

OleoyI CoA 
(+0.1 M NaCI) 

0.29 ± 0.04 0.38 ± 0.06 0.44 ± 0.09 0.53 ± 0.06 

Table 4.7.1 Kj values for ligand binding to FABP. These values were determined using the 
method of Kane and Bernlohr (see 2.5.3). These values will represent a 
composite value for the two binding sites for ligand where applicable. All values 
are the mean of titrations performed in triplicate ± S.D. Where addition of ligand 
fails to decrease fluorescence by 50% a K, value cannot be calculated and a K; 
value is given as greater than the maximum value attainable at 5|aM ligand. 

4.8 Stability of Mutants 

It needed to be established that any differences in the binding of the wild type and 

mutant FABP to DOPG vesicles, were due to the altered charges of the protein rather 

than simply a change in stability of the protein at an anionic phospholipid interface. The 

residues contributing to surface charge under investigation in this chapter were tested and 

the a-helical charge reverse mutants discussed in chapter 3 are also included for 

comparison. 

To confirm that the differences in DOPG binding and DAUDA release are not 

due to stability alone Circular Dichroism (CD) of the wild type and mutant proteins were 

carried out over a range of temperatures. Molar Ellipticity was measured three times at 

220nm for each protein at each temperature, after a 15 minute incubation period. The 
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values have been normalized as a percentage of the value at 25 °C and are shown in Fig 

4.8.1. 

The wild type FABP was the most stable of the proteins tested. The CD results 

then suggest that the wild type is most resistant to unfolding in high temperatures and 

hence is the most stable. The remaining proteins show a similar structural stability over 

this temperature range. These results support the proposal that the observed DAUDA 

release when the proteins bind to an anionic interface is due to specific electrostatic 

interactions and is not due to a change in intrinsic protein stability at such interfaces that 

would require the mutant to be more stable. Therefore, DAUDA release cannot be simply 

explained by factors affecting intrinsic protein stability at such anionic interfaces, and the 

release phenomena are most likely the result of initial specific electrostatic interactions at 

the interface. 
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4.9 Discussion 
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Fig 4.8.1 Measurement of the temperature stability of wild type and charge reversal 
mutants of liver FABP using CD. Spectra of all proteins (0.5mg/ml) in 10mM 
potassium phosphate buffer, pH 7.4, were taken after equilibration at 25, 40, 55 
and 70°C. After three repetitive scans between 180 and 250nm, the change in 
molar ellipticity at 220nm at elevated temperature was determined relative to the 
value at 25°C normalized to 100%. 1 FABP WT; 2 K20E; 3 K31E; 4 K36E; 5 
K47E; 6 K57E. 

LFABP contains several cationic residues that contribute to the surface positive 

charge of the protein. In chapter 3 the effect of charge reversal mutagenesis on the ligand 

binding properties of cationic residues within the a-helical region has been investigated. 

In this chapter other lysine residues outside the a-helical region that make a significant 

contribution to surface positive charge have been studied. These residues are Lys-36, 

Lys-47 and Lys-57 (see Fig 4.1.1) and have also been mutated to glutamate (K36E, K47E 
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and K57E). The effects of these mutations on hgand binding and also binding to DOPG 

phosphohpid vesicles have been investigated. 

The results for the surface charge contributing residues show a similar trend 

through a broad range of ligands and conditions. The K57E mutation significantly 

reduces the affinity of ligands for the protein, as shown by every hgand that has been 

investigated in this chapter. The K36E mutant also differed in its binding significantly 

from the wild type, to many of the ligands on which it was tested. It should be noted that 

these ligands that are predicted to have a more bulky anionic group located within the 

portal region are affected by the K36E mutation. Though as with the K33E mutation 

investigated in chapter 3, there are some ligands that do not show any change in their 

affinity for K36E mutant compared with wild type FABP, these being lithocholic acid 

and oleic acid. The K47E mutation did not show any significant difference in its binding 

compared with the wild type protein. 

The K57E mutation has previously been shown to have physiological 

implications. A mutation in the equivalent position of intestinal FABP in Pima Indians 

was found to correlate to increased lipid oxidation rates post-absorption [59;60], as well 

as insulin resistance and obesity in other human populations [61-64], Such a mutation 

emphasises the link between FABP structure and lipid metabolism in human beings. 

The significance of these results becomes clear when the lysine residues that were 

deemed to have a significant effect on binding to anionic vesicles both in this chapter and 
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the last, and the most significant effect on overall ligand binding, are highlighted on the 

structure of LFABP (See Fig 4,9.1). 

Fig 4.9.1 

Lys57 

3-D ribbon diagram of LFABP WT to sliow positions of K31, K36 and K37 (blue 
CPK representation). Also shown are the oleic acid binding sites 1 (green CPK 
representation); and 2 (red CPK representation). Graphic produced using 
WebLab Viewer Pro 

Lys-31, Lys-36 and Lys-57 are all positioned around the hypothesised portal region of 

LFABP and contribute to the surface charge of the protein. This strongly supports the 

argument that this region plays a major role in ligand binding to the protein. The 

positions of Lys-31, Lys-36 and Lys-57 are equivalent to those regions of IFABP that 

were found to have a degree of disorder as measured by the Cistola laboratory using 

NMR techniques [65;66]. Further to this, the crystal structure of LFABP has also shown 

there to be a high degree of disorder at the C-terminal end of a-helix II and within Lys-57 

suggesting conformational mobility in this area [9;11]. The conformational mobility 
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combined with the importance of electrostatic interactions involving the three cationic 

lysine residues investigated in this chapter, strongly support the theory that ligands enter 

the binding cavity through this region of the protein. 
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Chapter 5 - The Portal Region Triple 

Charge Reversal Mutant 
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5. The Portal Region Triple Charge Reversal Mutant K31E,K36E,K57E 

5.1 Introduction 

A triple charge reversed mutant was produced that incorporates the three positions 

of mutation that had had the most significant effect on both hgand binding and interaction 

with anionic phospholipid vesicles, namely positions 31, 36 and 57 (see Fig 5.1.1). The 

Quickchange method of mutagenesis was used to produce this mutant. The hypothesis 

was that this triple mutant would show the cumulative effect of the three single mutations 

in terms of reduced ability to bind site 2 ligands and to anionic phospholipids vesicles. 

The mutant produced was K31E, K36E, K57E, herein referred to as the triple mutant. 

Fig 5.1.1 Crystal structure of LFABP showing the positions of the three mutations in 
the triple charge reversal mutant 
The three mutated residues are shown in blue in CPK representation. Also 
shown are the two bound oleic acid molecules at site 1 (green) and site 2 (red) 
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5.2 Expression and Purification of the Triple Mutant 

The triple mutant was expressed and purified using the same method as used for 

wild type LFABP, described in chapter 2 of this work. The protein purity after the ion 

exchange chromatography was approximately 50% and must reflect the change in the 

overall charge on the mutant. Therefore a gel filtration chromatography stage was added 

to the purification process, as described in chapter 2. The resulting overall yield for the 

triple mutant was much lower than that for the wild type protein, producing just 0.5 mg 

per litre of culture. This is 40-fold lower than a normal yield for the wild type protein. 

This lower yield is attributed to the additional gel filtration chromatography stage, but 

also in a large part to the expression of the protein that was also reduced compared to the 

wild type protein. 

Sample purity was checked on SDS-PAGE with coomassie blue staining (Figure 

5.2.1) and confirmed that the ligand was greater than 99% pure. 
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Figure 5.2.1 SDS-PAGE of LFABP K31E, K36E, K57E 
Lanes 1 and 3 contain low molecular weight markers showing, from the top of the gel, 
66 kDa, 45 kDa, 36 kDa, 29 kDa, 24 kDa, 20 kDa and 14.2 kDa. Lane 2 contains a 
sample of LFABP K31E, K36E, K57E 

5.3 DAUDA Binding to the Triple Mutant 

DAUDA was titrated into each of the tryptophan mutants following methods used 

with the single charge reversed mutants (chapters 3 and 4). The increase in fluorescence 

when DAUDA binds to LFABP was corrected for DAUDA fluorescence in buffer and 

the Kd values were calculated from the resulting saturation curves. The triple mutant had 

a DAUDA Kd value of 0.15 ± 0.02 }j,M, which was no different to the wild type protein 

Kd value for DAUDA (0.14 ± 0.03 p,M). 
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5.4 Displacement of DAUDA from Wild Type and Mutant LFABPs by Oleic Acid 

Displacement of DAUDA by added oleic acid was most reduced in the case of the 

triple mutant compared with individual single mutants (Fig 5.4.1). However in all cases 

the effects were modest, consistent with DAUDA binding at the primary site which is 

unaffected by the mutations. The oleic acid effects must reflect the reduced binding of the 

oleic acid at the secondary site having a small effect on the binding of oleate to the 

primary site. This is to be expected as the two sites are not separate. They are structurally 

linked with site 2 only being fully-formed after an oleic acid binds at site 1 [9]. 

Furthermore as the oleic acid molecules at site 1 and site 2 must both be in dynamic 

equilibrium, Le Chatellier's principle dictates that weakened binding at site 2 must affect 

binding at site 1. Binding of a second oleic acid at site 2 must stabilise ligand bound at 

site 1 .These conclusions are in line with those of Wang et al, from their NMR work with 

oleic acid binding to FABP where NMR resonance suggested exchange of fatty acids 

between the two sites [18]. 

5.5 Bile Acids 

The effect of the triple charge reversal mutagenesis on lithocholic acid and 

taurolithocholic acid 3-sulphate binding to LFABP were investigated as these bile acid 

derivatives show the highest affinity for LFABP [57] and may be physiological ligands 

[56]. 
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Figure 5.4.1 The Effects of the Triple and Single Charge Reversed Mutations on the 
Ability of Oleic Acid to Displace DAUDA from LFABP 
Oleic Acid was titrated as a methanol solution into 10 mM HEPES containing 1 
Î M DAUDA and 0.56 nM of either wild type ( • ) , K31E (• ) , K36E (^ ) , K57E (x) or 
Triple Mutant (+) LFABP. The loss of fluorescence of the LFABP/DAUDA 
complex was measured at 500 nm following excitation at 350 nm. All data points 
shown are the mean of three titrations ± S.D. 
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5.5.1 Lithocholic Acid 

Titration of lithocholic acid into the LFABP-DAUDA complex results in loss of 

fluorescence with the triple mutant that is very similar to the K31E single mutant (Fig 

5.5.1). This similarity is attributed to the small overall effect of the other mutations, 

K36E and K57E, on lithocholic acid binding. 

The overall modest effect of the triple mutation on ligand binding is consistent 

with the hypothesis that the carboxyl group of the ligand is buried within the binding 

cavity and not located within the portal region. Thus there is no requirement for 

electrostatic interactions between LFABP and ligand within the portal region. 

5.5.2 Taurolithocholic Acid 3-Sulphate 

It has previously been established that taurolithocholic acid 3-sulphate has a high 

affinity for LFABP (chapters 3 and 4). The binding of taurolithocholic acid 3-sulphate to 

LFABP was therefore of particular interest because it contains two anionic residues, one 

of which must reside in the portal region of the protein. It was anticipated that binding of 

this ligand would be dramatically affected in the triple mutant, showing the cumulative 

effects of the single mutations. This was indeed the case as shown in Fig 5.5.2 and 

negligible binding was detected as measured by DAUDA displacement. 
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Figure 5.5.1 Investigation of the Effects of the Triple and Single Charge Reversed 
Mutants on the Ability of LFABP to Bind Lithocholic Acid with Comparison 
to Wild Type LFABP 
Lithocholic Acid was titrated as a methanol solution into 10 mM HEPES 
containing 1 lilVl DAUDAand 0.56 |iM of either wild type ( • ) , K31E (•) , K36E 
{^ ) , K57E (x) or Triple Mutant (+) LFABP. The loss of fluorescence of the 
LFABP/DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D. 
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Figure 5,5.2 The Effects of the Triple and Single Charge Reversal Mutations on the 
Ability of Taurolithocholic Acid 3-Sulphate to Displace DAUDA from LFABP 
Taurolithocholic Acid 3-Sulphate was titrated as a methanol solution into 10 mlVI 
HEPES containing 1 fj,M DAUDA and 0.56 |j.M of either wild type ( • ) , K31E (•) , 
K36E (A), K57E (x) or Triple IVIutant (+) LFABP. The loss of fluorescence of the 
LFABP/DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D. 

121 



The resuhs of the binding of this ligand to the triple mutant are an excellent 

example of the effect that non-specific electrostatic interactions can have on hgand 

binding to the protein. The interactions between these lysine residues and the ligand 

individually have only a limited effect on binding. However, the cumulative effect of all 

three charge reversal mutations results in negligible binding of taurolithocholic acid 3-

sulphate to this LFABP in comparison to wild type protein. 

The dramatic effect of the triple mutation on the binding of taurolithocholic acid 

3-sulphate provides an important basis for determining the orientation of this ligand in 

the binding cavity of LFABP. Clearly one of the anionic groups of this ligand is bound 

within the portal region, but the orientation is undetermined. 

5.6 Lithocholic Acid 3-Sulphate and Taurolithocholic Acid 

H O q S O ^ ' 

CH. 

H 

CHc 

C - O H 
II 

O 

(Na ) 

Fig 5.6.1 The structure of lithocholic acid 3-sulphate 
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The evaluation of these lithocholic acid derivatives as ligand for LFABP should 

allow the orientation of lithocholic acid derivatives within the binding cavity to be 

confirmed. 

Hcr ' 

CH. 

CH 3'/, 
CH, 

C - NHCHXH„SO„Na 
II 2 2 3 
o 

Fig 5.6.2 The structure of taurolithocholic acid 

If the sulphate group of lithocholic acid 3-sulphate (see Fig 5.6.1) is preferably 

accommodated in the portal region, then the binding of this ligand should be dramatically 

affected by the triple mutation. In contrast, the binding of taurolithocholic acid (See Fig 

5.6.2) should be much less affected as it is anticipated that the side chain will be buried. 

The results of the displacement studies shown in Fig 5.6.3 suggest that this is indeed the 

orientation of the ligand. 

The data in Fig 5.6.3 at a ligand concentration of 5.0 p.M is represented as a bar 

chart in Fig 5.6.4. Comparing the bars representing lithocholic acid and taurolithocholic 

acid, the triple mutation appears to have essentially the same effect on ligand binding. 

The triple mutation in both cases halves the loss of fluorescence. In contrast, the triple 

mutation has a much larger effect on the binding of lithocholic acid 3-sulphate, in this 
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Figure 5.6.3 Tlie Effects of tlie Sulphate and Tauro groups of Lithocholic Acid 
Derivatives on the Ability of Lithocholic Acid Derivatives to Bind to LFABP 
Ligand was titrated as a methanol solution into 10 mM HEPES containing 1 pIVI 
DAUDA and 0.56 p-IVi of either wild type ( — ) or triple mutant (—) LFABP; ligands 
used were Lithocholic Acid (blue), Taurolithocholic Acid (red) and Lithocholic 
Acid 3-Sulphate (black). The loss of fluorescence of the LFABP/DAUDA complex 
was measured at 500 nm following excitation at 350 nm. All data points shown 
are the mean of three titrations ± S.D. 
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Fig 5.6.4 The percentage loss of fluorescence from the LFABP-DAUDA complex in 
the presence of 5.0 |aM ligand 
Lithocholic acid (LC), taurolithocholic acid (TLC) or lithocholic acid 3-sulphate 
(LCA3S), to give a 5.0 }iM concentration, was added to a solution of 0.56 î M 
LFABP WT (blue) or triple mutant (purple) in 10 mM HEPES and 1 DAUDA. 
The loss of fluorescence was recorded at an emission wavelength of 500 nm 
after excitation at 350 nm 
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case the triple mutation reduces the loss of fluorescence by 80%. Hence the 3-sulphate 

group is effected significantly more than the taurine group by charge reversal 

mutagenesis in the portal region. 

The conclusion that can be drawn from these results is that the sulphate group of 

taurolithocholic acid 3-sulphate must protrude through the portal region of L-FABP and 

be solvent exposed. The corollary is that the tauro group must be located within the 

binding cavity and interact with oleate binding site 1. This interpretation of the results is 

supported by the effect of the triple mutation on the taurolithocholic acid binding being 

similar to the effect of the triple mutation on lithocholic acid binding. 

A cartoon illustrating the proposed orientation of bound lithocholic acid 3-

sulphate is shown in Fig 5.6.5 in which the ligand has been docked into the crystal 

structure. The carboxyl side chain is adjacent to the cationic site (Argl22) within the 

binding cavity. It is Arg-122 and the associated hydrogen bonding network that provides 

the cations for the oleic acid, which is bound at site 1. In the absence of a crystal structure 

any attempt to produce a spatially accurate model of the ligand bound to the protein 

would be premature because of the large size of the binding cavity. 
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Figure 5.6.5 The proposed orientation of bound lithocholic acid 3-sulphate 
A molecule of lithocholic acid 3-sulphate has been superimposed onto a ribbon 
diagram of rat liver FABP in order to position the sulphate group within the portal 
region of Site 2 

5.7 Oleoyl Coenzyme A 

The displacement of DAUDA by oleoyl CoA was as expected. The least 

displacement was seen with the triple mutant indicating a lower affinity of this mutant for 

the ligand (Fig 5.7.1). Overall, as seen previously the K31E mutation had the greatest 

effect of the single mutants while binding to the triple mutant was slightly weaker than to 

K31E. 
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Figure 5.7.1 The Effects of the Triple and Single Charge Reversal Mutations on the 
Ability of OleoyI Coenzyme A to Displace DAUDA from LFABP 
OleoyI Coenzyme A was titrated as a methanol solution into 10 mM HEPES 
containing 1 pM DAUDAand 0.56 î M of either wild type ( • ) , K31E (• ) , K36E 
(A), K57E (x) or Triple Mutant (+) LFABP. The loss of fluorescence of the 
LFABP/DAUDA complex was measured at 500 nm following excitation at 350 
nm. All data points shown are the mean of three titrations ± S.D. 
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5.8 Dioleoyl-phosphatidylglycerol 

In chapter 4 the binding of LFABP WT and mutants to DOPG was described and 

how specific charge reversal mutants affect such binding. 

The titration studies involving DOPG produced unexpected results. It was found 

that, as anticipated, there was significantly weaker binding of the triple mutant than of the 

wild type protein to DOPG vesicles. However, it was also found that each of the single 

charge reversal mutations had a greater effect on lowering the affinity of the protein and 

the vesicles, than was apparent in the triple mutant (Fig 5.8.1). 

This result in terms of binding to DOPG vesicles using the triple mutant was 

surprising. It had been anticipated that this binding to these vesicles would be reduced 

compared with the binding of single mutations as a result of the cumulative effect of the 

charge reversal mutagenesis. Because electrostatic interactions are sensitive to the ionic 

strength of the medium, it was of interest to repeat these binding studies in the presence 

ofNaCl. 

5.9 Dioleoyl-phosphatidylglycerol With 0.15 M NaCl 

The binding of LFABP to DOPG vesicles, assessed by DAUDA displacement, 

was repeated in the presence of 0.15 M NaCl. However, it was observed that it took some 

time for the fluorescence value to become stable after the addition of DOPG. As a result a 
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Figure 5.8.1 The Effects of the Triple and Single Charge Reversal Mutations on the 
Ability of Anionic Vesicles to Displace DAUDA from LFABP 
DOPG was titrated as a methanol solution into 10 mM HEPES containing 1 pM 
DAUDA and 0.56 |iM of either wild type ( • ) , K31E (• ) , K36E (A), K57E (x) or 
Triple Mutant (+) LFABP. The loss of fluorescence of the LFABP/DAUDA 
complex was measured at 500 nm following excitation at 350 nm. All data points 
shown are the mean of three titrations ± S.D. 
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period of 15 minutes was allowed between each addition of phospholipid so that the 

fluorescence reading became constant. The results are shown in Fig 5.9.1 and it is 

apparent all mutants behaved similarly and showed minimal binding to DOPG vesicles as 

compared with wild type FABP. Thus using a higher salt concentration highlighted the 

importance of electrostatic interactions when LFABP binds to DOPG vesicles but failed 

to further discriminate between the various charge reversal mutants. 

5.10 Discussion 

The major role of the cationic residues Lys-31, Lys-36 and Lys-57 in both ligand 

binding to the protein and the protein interacting with anionic phospholipid vesicles, has 

been demonstrated and discussed in chapters 3 and 4. Individually, it is clear that 

mutating these residues to anionic glutamate significantly inhibits interaction of the 

protein with anionic phospholipids and ligand binding to the protein. A triple mutant was 

produced in order to investigate the cumulative effect of these three charge reversal 

mutations. 

The results for the triple charge reversal mutant on ligand binding were very 

much as had been predicted prior to experimentation. With the exception of the 

lithocholic acid, the ligand binding studies revealed that the triple mutant had a weakened 

binding to ligands equivalent to the cumulative effect of each of the single mutations. 
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Figure 5.9.1 The Effects of the Triple and Single Charge Reversal Mutations on the 
Ability of Anionic Vesicles to Displace DAUDA from LFABP in the Presence 
of 0.15 M NaCI 
DOPG was titrated, at 15 minute intervals, as a methanol solution into 10 mlVI 
HEPES containing 1 lalVI DAUDA, 0.15 M NaCI and 0.56 îVI of either wild type 
( • ) , K31E (•) , K36E (A), K57E (x) or Triple Mutant (+) LFABP. The loss of 
fluorescence of the LFABP/DAUDA complex was measured at 500 nm following 
excitation at 350 nm. All data points shown are the mean of three titrations ± S.D. 
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The overall effect of the triple mutation is most dramatically seen when 

taurolithocholic acid 3-sulphate was titrated in to displace DAUDA. The combined effect 

of the three single mutations, as represented by the triple mutant, results in almost total 

loss of binding of taurolithocholic acid 3-sulphate to the protein. 

The bile acid that was least affected by the triple mutation was lithocholic acid. 

The binding of this ligand is consistent with the hypothesis that the carboxyl group of the 

ligand is buried within the binding cavity and not located within the portal region. This 

ligand does not contain a sulphate group. 

By comparing lithocholic acid derivatives it has been possible to determine the 

orientation of bile acids such as taurolithocholic acid 3-sulphate. It was found in section 

5.6 that lithocholic acid 3-sulphate binding was far more affected by the triple charge 

reversal in the portal region than taurolithocholic acid. Taurolithocholic acid was affected 

to the same extent as lithocholic acid by this triple mutation and both lack a sulphate 

group. The conclusion is that the taurine group of taurolithocholic acid 3-sulphate is 

buried within the binding cavity of LFABP when bound to the protein, whilst the 3-

sulphate group of the ligand is located in the portal region. 

The result of binding of the triple charge reversal mutant LFABP to DOPG 

vesicles was unexpected. Whilst each single mutation reduced binding of DOPG vesicles 

to LFABP, the triple mutation did not reduce the binding to anionic vesicles to the same 

extent as any of the single mutants. In fact a similar phenomenon has been seen 
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previously in terms of the binding of the bee venom PLA2 to anionic vesicles. This 

enzyme has six cationic residues on its interfacial-binding surface and despite the 

mutation of five of these residues to glutamate, vesicle binding was unaffected [67]. A 

possible explanation for the observation is that some of the glutamate residues of the bee 

venom enzyme remain unionized due to the lower pH experienced at the surface of the 

anionic vesicles. An uncharged glutamate will promote non-polai" interactions between 

protein and vesicle. It is possible that a similar phenomenon is occurring with LFABP. 

Perhaps the most significant result of this section though is that which was 

obtained when DOPG was titrated into the wild type and mutant FABPs in the presence 

of 0.15 M NaCl. Earlier experiments had suggested that FABP did not bind to anionic 

vesicles at physiological salt levels [68;69]. The explanation given for this is that the salt 

interfered with the electrostatic interactions between the protein and the anionic vesicles. 

It was observed that the triple mutant was taking a long time to reach a stable 

fluorescence value, about 15 to 20 minutes. Upon repeating the titrations for the single 

mutations it was apparent that they too were taking a long time to reach a constant 

fluorescence value. When the entire experiment was repeated allowing for 15-minute 

intervals between additions of anionic vesicles that results were intriguing. There was no 

significant difference between the triple mutant and the single charge reversed mutants in 

terms of binding strength to the vesicles. However, there was a significant difference 

between the wild type and all of the mutants. It was found that the wild type protein 

displayed a much stronger binding to the anionic vesicles than the mutants (Fig 5.9.1). 

This result has physiological implications as it implies that LFABP can bind to anionic 
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interfaces even at the normal salt concentration present in the cell, but that such binding 

may have a larger contribution from non-polar interactions as a result of membrane 

penetration, a process operating over a large time scale. 
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6. Studies on N-terminal and Portal Region Tryptophan Mutants of 

LFABP 

6.1 Introduction 

The binding studies reported in chapters 3-5 have reUed upon a reporter molecule, 

DAUDA and the changes in fluorescence intensity when this ligand is released from the 

LFABP binding cavity. Changes in protein conformation can also be followed using 

tryptophan residues within the protein themselves. Tryptophan residues are intrinsically 

fluorescent and the fluorescence emission is sensitive to the environment of the 

tryptophan residue within the protein. Changes in fluorescence emission can be 

monitored in terms of loss of fluorescence intensity and also the wavelength at which the 

fluorescence intensity is maximal. LFABP wild type has no tryptophan residues in its 

primary sequence and therefore is an ideal candidate for tryptophan insertion 

mutagenesis. Site directed mutagenesis allows us to insert tryptophan molecules at 

specific points within the protein in order to monitor changes in protein conformation as a 

result of biomolecular interactions. 

The tryptophan insertion mutants F3W and F18W were originally produced in 

this laboratory [10]. Studies using these mutants have shown a significant conformational 

change at the N-terminus of the protein in the presence of anionic phospholipids vesicles 

[25]. Fluorescence Resonance Energy Transfer (FRET) studies showed that the 

tryptophan at position 3 came in close proximity to the anionic interface [25]. In order to 
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further investigate the nature of the interaction between the N-terminal region of the 

protein and anionic phospholipid vesicles Tyr-7 was selected for substitution to 

tryptophan. The results from the Y7W mutant binding studies will determine whether the 

interaction with anionic phospholipid vesicles at the N-terminal region extends as far as 

this residue. 

The second region of the protein that was selected for scrutiny by tryptophan 

mutagenesis was the region that has been thoroughly investigated in the previous 

chapters, the portal region. The significance of this region is that it is the most likely 

region to experience conformational changes upon ligand binding, while charge reversal 

mutagenesis (chapters 3-5) has highlighted the importance of cationic residues within this 

region in binding to anionic phospholipid vesicles as well as the binding of certain 

ligands to the protein. Specifically, the non-polar residues selected from the portal region 

to be mutated to tryptophan were Leu-28, Tyr-54 and Met-74. The Met residue at 

position 74 is particularly close to one of the bound oleates in the crystal structure [11]. 

The sulphur atom in the side chain of the methionine was found to be just 3.0 A away 

from the co terminus of oleic acid. Furthermore the side chain of this residue was found in 

the latter stages of refinement of the crystal structure to have a degree of ambiguity as to 

its position suggesting conformational instability. Leu-28 and Tyr-54 are also placed 

within the portal region of LFABP hence these three mutants should allow for an insight 

into any conformational changes within this region upon ligand binding. 

138 



The tryptophan mutants are reporting on two separate regions of LFABP, namely 

the N-terminal and portal region. Therefore the results of their ligand and phospholipid 

binding properties are dealt with separately to avoid confusion, 

6.2 Expression of Tryptophan Mutants 

The mutants Y7W, L28W, Y54W and M74W were produced using the 

Quickchange method of site directed mutagenesis [70]. They were then expressed and 

purified using the same method as for wild-type LFABP as described in chapter 2 of this 

work. The yield of the Y7W was comparable to the wild-type protein at roughly 15-20 

mg per litre of culture. The yield for the three portal region tryptophan mutants (L28W, 

Y54W and M74W) on the other hand, was greatly enhanced to around double the wild-

type yield at 40 mg per litre of culture. We do not have an explanation for this enhanced 

yield. Sample purity was checked on SDS-PAGE with coomassie blue staining (see Fig 

6.2.1) and indicated that protein purity was greater than 99% for all mutants. 
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Fig 6.2.1 SDS-PAGE of LFABP L28W, Y54W, M74W and Y7W 

Lane 1 (labeled LMWM) contains the low molecular weight markers showing, 
from the top of the gel, 66 kDa, 45 kDa, 36 kDa, 29 kDa, 24 kDa, 20 kDa and 
14.2 kDa. Lanes 2-5 contain the tryptophan insertion mutants, as labeled from 
the DEAE cellulose purification. 

6.3 Circular Dichroism 

Circular Dichroism (CD) was used to confirm that the mutants were all correctly 

folded. The spectra for each of the tryptophan mutants are shown in FIG 6.3.1. The 

spectra for Y7W, L28W and M74W are essentially identical to the wild type spectrum, 

showing that these mutants are folded in the same way as the wild type protein. There is 

however a significant difference between these proteins and the Y54W mutant, 

suggesting that this particular mutant is not correctly folded or exists in more than one 

conformation. The data for the Y54W mutant is still included as the DAUDA binding 

data showed this mutant to have similar binding properties to the wild type protein. 
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However, no specific conclusions were drawn from the results of the Y54W binding data 

relating to LFABP structure and function. 

Fig 6.3.1 
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Molar Ellipticity scan for FABP WT and the Tryptophan Mutants 
Scans are carried out between 180 nm and 250 nm in 10 mM KH2PO4. Each line 
represents a different protein. FABP WT (pink); FABP Y7W(red); FABP L28W 
(blue); FABP Y54W (green); FABP IVI74W (black) 

6.4 DAUDA Binding to L-FABP Tryptophan Mutants 

DAUDA was titrated into each of the tryptophan mutants following methods used 

with the charge-reversed mutants (chapters 3-5). The increase in fluorescence when 

DAUDA binds to LFABP was corrected for DAUDA fluorescence in buffer and the Kd 

values were calculated from the resultant saturation curves. The Kd values of the proteins 

for DAUDA are shown in Table 6.4.1. The results show no significant differences in the 

DAUDA Kd values for any of the mutants compared to the wild type. Therefore there 

were no apparent adverse effects of tryptophan mutagenesis on DAUDA binding. The 

modest increase in maximum fluorescence values for L28W, Y54W and M74W 
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compared to the wild type protein may be due to the tryptophan residues increasing the 

hydrophobicity within the binding cavity. DAUDA is a polarity sensitive probe that is 

more fluorescent in a non-polar environment. 

DAUDA Kd Apparent 
± S.D. (nM) 

Maximum Fluorescence 
± S.D. (A.U.) 

FABP WT 0.12 ±0.02 469 + 8 

FABP Y7W 0.20 + 0.06 657 ± 67 

FABP L28W 0.18 + 0.04 796 ± 82 

FABP Y54W 0.09 ± 0.03 745 ± 35 

FABP M74W 0.14 ±0.03 537 ± 18 

Table 6.4.1 DAUDA binding properties of wild type and tryptophan mutant LFABPs 
DAUDA binding was determined by titrating up to 1 iJ.M DAUDA into 0.8 inlVI 
FABP. Values given are the mean of three titrations + S.D. The increase in 
fluorescence intensity was measured at 500 nm following excitation at 350 nm 

6.5 Portal Region Tryptophan Mutants 

Inserting tryptophan residues within the portal region of LFABP was a logical 

extension of the work reported in chapters 3-5. This region has been confirmed as being 

highly important to the binding of both ligands and anionic phospholipid vesicles in these 

chapters. It has been shown that lysine residues around this region at positions 31,36 and 

57 are involved in non-specific interactions with ligands and anionic phospholipid 

vesicles. When these positively charged residues were substituted for negatively charged 

glutamate residues, the affinity of LFABP for both ligands and anionic phospholipids was 
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reduced. Insertion of tryptophan residues in this region of the protein should give further 

insight into the effect of ligand and membrane binding on changes in protein 

conformation. The structure of LFABP highlighting the positions of the mutated residues 

is shown in Fig 6.5.1. Tryptophan residues 28 and 54 should report primarily on ligand 

binding at site 2 whereas tryptophan 74 is adjacent to both fatty acid binding sites 1 and 

2. 

Fig 6.5.1 LFABP showing the locations of the three residues in the portal region that 
are to be replaced by tryptophan 
The residues that are to be replaced by tryptophans are shown in orange. Also 
shown are the two oleic acid molecules that bind to LFABP, at site 1 (green) and 
site 2 (red). 

6.5.1 Fluorescence Properties of the Portal Region Tryptophan Mutants 

Each of the mutants, in the absence of oleic acid showed an emission maximum 

around 340imi after excitation at 280 nm, which is in line with the tryptophans being 

relatively solvent exposed, as would be expected around the portal region. The 

wavelength at which the maximum fluorescence was achieved, along with the maximum 
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fluorescence intensity is summarized in Table 6.5.1.1. The maximum fluorescence value 

for each of the mutants varies with the L28W mutant being the lowest, followed by 

Y54W and the M74W mutant has the highest maximum fluorescence value. The 

differences between these maximum fluorescence values could be due to the degree of 

solvent exposure of each of the mutants. This is considered unlikely to be the only 

explanation however due to the emission wavelengths at which the maximum 

fluorescence value is achieved for each mutant, all being similar. Another possibility is 

the presence of polar groups in close proximity to each of the tryptophan residues causing 

varying degrees of fluorescence quenching which is a common occurrence. 

Tryptophan Mutant Wavelength of Maximum 
Fluorescence Emission ± 

S.D. (nm) 

Maximum Fluorescence 

Intensity ± S.D. (A.U.) 

L28W 341 ± 1 796 + 36 

Y54W 339+1 1331 ±25 

M74W 339 ± 1 2010 + 89 

Table 6.5.1.1 The fluorescence properties of tryptophan mutants of LFABP 
Tryptophan fluorescence of mutants was determined in 10 mM HEPES. All 
proteins were at 0.8 p,M. All values are the mean of measurements performed in 
triplicate 

6.5.2 Ligand Binding Studies 

The ability of liver FABP to bind a variety of physiological ligands in addition to 

long chain fatty acids provided an opportunity to assess the effect of ligand binding on 

the fluorescent properties of the tryptophan mutants. The ligands oleic acid and oleoyi 
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Co A were chosen together with lithochoUc and the conjugated bile acids lithocholic acid 

3-sulphate, taurolithocholic acid and taurolithocholic acid 3-sulphate as these bile acid 

derivatives show highest affinity for liver FABP [57;71] and may be physiological 

ligands [56;72]. Cholesterol 3-sulphate was studied because it also has a 3-sulphate 

group. 

6.5.2.1 Oleic Acid 

The fluorescence emission spectra for each of the portal tryptophan mutants were 

initially measured in the presence and absence of a ten times molar excess of oleic acid. 

This was done to ascertain whether any conformational changes in the proteins took place 

upon fatty acid binding. An emission wavelength scan was run at an excitation of 280nm 

for each of the mutants in the presence and absence of oleic acid. The results are shown 

in FIGURES 6.5.2.l(a-c) and summarized in Table 6.5.2.1. 

M u t a n t FABP L28W FABP Y54W FABP M74W 

B u f f e r o n l y / O l e i c A c i d Buffer Oleic A c i d Buffer Oleic A c i d Buffer Oleic A c i d 

M a x i m u m Fluorescence 
Intensity (A .U. ) 

698±25 2226±63 1213±81 1540+61 1883±73 1778+112 

Ratio o f Fluorescence 
Intensity +/ - L igand 

3.2 1.3 0.94 

Table 6.5.2.1 Maximum fluorescence intensity and wavelength changes as a ten times molar 
excess of oleic acid is added by methanol injection to 0.8|aM LFABP in 10 mM 
HEPES following excitation at 280 nm 
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(a) 

Emission Wavelength (nm) 

(b) 

Emission Wavelength (nm) 

(c) 

Emission Wavelength (nm) 

Fig 6.5.2.1 The Effect of Oleic Acid on the Tryptophan Emission Maxima of L28W, 
Y54W and M74W LFABP 
Tryptophan emission of 0.8 |iM FABP L28W (a), Y54W (b) or IVI74W (c); in 10 
mM HEPES was measured between 300 nm and 550 nm following excitation at 
280 nm in the absence (red) or presence (blue) of 8 i^M oleic acid. Results are 
the mean of three titrations. 
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The fluorescence spectrum of FABP M74W appeared to be relatively unaffected 

by the addition of oleic acid, experiencing a small decrease in maximum fluorescence. As 

well as the small fluorescence change there was also a small change in the emission 

wavelength at which the maximum fluorescence was achieved (see Fig 6.5.2.1). FABP 

Y54W on the other hand did show a significant change in fluorescence, experiencing 

roughly a 40% increase in fluorescence upon binding to the ligand. This change in 

fluorescence was not accompanied by any change in the emission wavelength at which 

the maximum fluorescence value was achieved. By far the most interesting result was 

obtained when oleic acid was added to FABP L28W. When the ligand was added to the 

protein an increase to over 300% of the initial tryptophan fluorescence was recorded 

under these assay conditions. 

The change in fluorescence upon binding of the ligand makes these mutants, 

particularly L28W, very useful tools for further studies into ligand binding. Whereas 

previously studies had relied upon the reporter group DAUDA, with the aid of these 

mutants ligand binding and even competition between ligands can be measured using the 

apoprotein. 

Fig 6.5.2,2 shows a very large increase in fluorescence of the tryptophan as oleic 

acid bind is titrated into FABP L28W. The oleic acid binding curve shown in Fig 6.5.2.2 

has a distinct sigmoidal shape. This sigmoidal shape is consistent with co-operative 

binding of the ligand to the protein. From the crystal structure it was evident that parts of 

the second oleic acid binding site are not available until the first oleic acid molecule has 
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Fig 6.5.2.2 Tlie Effect on fluorescence intensity of the addition of ligands to the L28W 
mutant of liver FABP 
To a sample of FABP L28W (0.8 in 10 mM HEPES was added up to 5 
nmoles of ligand. The change in fluorescence intensity is plotted as % of initial 
fluorescence. Excitation was at 280 nm and emission was recorded at 339 nm. 
All values are the mean of titrations performed in triplicate ± S.D. Oleic acid (dark 
blue); oleoyi CoA (pink); taurolithocholic acid 3-sulphate (green); taurolithocholic 
acid (light blue); lithocholic acid 3-sulphate (red); lithocholic acid (brown); 
cholesterol 3-sulphate (black) 
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bound [9]. Therefore this co-operativity was not unexpected based on the crystal 

structure. 

There are two possible explanations for this co-operativity. The first is the 

situation where a ligand could initially bind to either site 1 or site 2 of the apoprotein 

assuming the L28W mutant is reporting on site 2 ligands. Co-operativity is then achieved 

when a second molecule of oleic acid preferentially binds to the protein with an oleate 

already at site 1, rather than to apoFABP. This would be in line with evidence provided 

by Wang et al in which NMR studies using labeled long chain fatty acids. In these 

studies NMR resonance suggested exchange of fatty acid between the two binding sites 

[18]. 

The second explanation for the co-operativity relates more directly to the 

crystallographic data. In this model, the second binding site for oleic acid does not 

actually exist until the first molecule is bound. After this binding has occurred, 

conformational changes in the protein cavity caused by the binding of the first molecule, 

result in the formation of the second binding site. 

The shape of the oleic acid binding curve supports the first model. A greater 

degree of sigmoidicty would be expected in the binding curve if co-operativity was 

occurring via the second model described involving sequential binding, especially if there 

is a major difference in affinity for fatty acid between the two sites (a 10-20 fold 

difference in Kd has been reported for fatty acid binding to the two sites). In this situation 
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it would be expected that site 1 would be over 90% saturated before binding to site 2 

occurred. 

The addition of oleic acid caused an increase in the tryptophan fluorescence of the 

Y54W mutant, by 40% confirming the results seen in the wavelength scan (Fig 6.5.2.1). 

The shape of the binding curve is also interesting as seen in Fig 6.5.2.3. There is no clear 

sign of the sigmoidicity seen with L28W, as might have been expected. It is likely that 

this is due to the lack of change in signal or fluorescence, compared with the L28W 

mutant, failing to detect the modest sigmoidal response. As had been shown with the 

wavelength scans, the M74W mutant experiences a loss of tryptophan fluorescence as 

oleic acid binds (Fig 6.5.2.4). This loss however, is minimal and no conclusions can be 

drawn from it. There is no sigmoidal binding curve as the fatty acid is titrated in, but as 

for Y54W this is expected as the change in fluorescence is too small for any subtle 

deviations from a standard hyperbola to be shown up. 

6.5.2.2 Oleoyl CoA 

In contrast to fatty acids, the binding of oleoyl CoA was accompanied by a fall in 

fluorescence of all mutants (see Fig 6.5.2.2, Fig 6.5.2.3, Fig 6.5.2.4). The largest fall was 

seen in the case of the M74W mutant while this titration curve was consistent with 

binding of more than one molecule of oleoyl CoA. This apparent stoichiometry contrasts 

with the tifration curve for the L28W mutant that indicated that the binding of only a 
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Fig 6.5.2.3 The Effect on fluorescence intensity of the addition of ligands to the Y54W 
mutant of liver FABP 
To a sample of FABP Y54W (0.8 |aM) in 10 mM HEPES was added up to 5 
nmoles of ligand. The change in fluorescence intensity is plotted as % of initial 
fluorescence. Excitation was at 280 nm and emission was recorded at 339 nm. 
All values are the mean of titrations performed in triplicate ± S.D. Oleic acid (dark 
blue); oleoyi CoA (pink); taurolithocholic acid 3-sulphate (green); taurolithocholic 
acid (light blue); lithocholic acid 3-sulphate (red); lithocholic acid (brown); 
cholesterol 3-sulphate (black) 
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Fig 6.5.2.4 The Effect on fluorescence intensity of the addition of ligands to the M74W 
mutant of liver FABP 
To a sample of FABP M74W (0.8 ^iM) in 10 mM HEPES was added up to 5 
nmoles of ligand. The change in fluorescence intensity is plotted as % of initial 
fluorescence. Excitation was at 280 nm and emission was recorded at 339 nm. 
All values are the mean of titrations performed in triplicate ± S.D. Oleic acid (dark 
blue); oleoyi CoA (pink); taurolithocholic acid 3-sulphate (green); taurolithocholic 
acid (light blue); lithocholic acid 3-sulphate (red); lithocholic acid (brown); 
cholesterol 3-sulphate (black) 
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single molecule of oleoyl CoA was being detected by this mutation (Fig 6.5.2.2), which 

is reporting ligand binding at site 2 (see below). 

The binding of oleoyl CoA has reduced the fluorescence intensity of all 

tryptophan containing mutants so far produced including also 3W, 18W and 69W [10] 

while oleoyl CoA increases the DTNB reactivity of C69 in the wild type protein [73]. 

These data suggest that the binding of the large and complex oleoyl CoA ligand produces 

an overall expansion of the protein structure, increasing solvent exposure of the 

tryptophan residues. The protein is known to have a degree of elasticity [4]. It is possible 

that this expansion generates a second oleoyl CoA binding site, previously identified 

using fluorescent analogues of fatty acyl CoA [74]. If there is a discrete second site for 

oleoyl CoA, it has been argued [9] that this site must be primarily outside the binding 

cavity as only one molecule of oleoyl CoA can be modelled into the cavity [9], using the 

published crystal structure [11]. Results from the M74W mutant suggest that a region of 

the protein adjacent to Met-74 may be part of this second binding site. A potential second 

portal, unique to liver FABP, is already recognised because of the gap between P-strands 

G and H. The |3EpF hairpin turn (containing Met-74) has also been implicated in this 

portal [11]. Thus, this potential portal may be part of a second binding site for oleoyl 

CoA. 
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6.5.2.3 Bile Acids 

The binding of lithocholic acid and its conjugates were accompanied by a change 

in fluorescence with the L28W and M74W mutants (Fig 6.5.2.2, Fig 6.5.2.4), In the case 

of the Y54W mutant (Fig 6.5.2.3), a small increase in fluorescence was seen with ligands 

containing the 3-sulphate group while negligible effects were seen with the other bile 

acids. This result is consistent with the sulphate group being located within the portal 

region of site 2. In contrast, with the M74W mutant (Fig 6.5.2.4), the binding of all 

ligands resulted in a fall in fluorescence, this being most pronounced with the sulphate-

containing conjugates. 

In the case of the L28W mutant, increases in fluorescence were seen with all 

lithocholate-derived ligands but was most dramatic with the two sulphate containing 

derivatives. No suggestion of co-operativity was seen for any bile acid derivative when 

binding to the L28W mutant, consistent with only one ligand molecule binding to the 

protein. 

The binding of these bile acids and their conjugates could involve two possible 

orientations of ligands in the protein cavity. In chapter 5 it was argued that more bulky 

anionic groups occupy site 2 where solvent exposure allows such groups to be more 

readily accommodated and stabilised. We propose that the identical and small effect of 

lithocholic acid and taurolithocholic acid on L28W fluorescence is due to the 

intemalisation of the bile acid side chain so that its anionic charge interacts with Site 1. In 
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contrast we argue that the 3-sulphate group is located at site 2 and produces the dramatic 

fluorescence enhancement as a result of conformational changes in the region of the 

tryptophan at position 28. 

6.5.2.4 Cholesterol 3-Sulphate 

NaOgSO 

CH t I 

Cholesterol 3-sulphate binding generated a similar curve to that produced by 

lithocholic acid 3-sulphate and taurolithocholic acid 3-sulphate with no indication of 

sigmoidicity (Fig 6.5.2.2), This similarity would suggest that the 3-sulphate group is 

again solvent exposed as a result of a single molecule binding at site 2. 

It should be noted that the changes in fluorescence with the addition of cholesterol 

3-sulphate were not immediate and took several minutes to reach a maximum value. It is 

possible that cholesterol 3-sulphate has a very low critical micelle concentration and the 

slow changes in fluorescence that are observed reflect the rate of dissociation of the 

monomeric cholesterol 3-sulphate from the micelle. 
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The effect of the addition of cholesterol 3-sulphate on tryptophan fluorescence of 

the Y54W mutant is minimal (see Fig 6.5.2.3), with no significant difference in 

fluorescence intensity detected. 

Cholesterol 3-sulphate binds to FABP M74W, producing a small but significant 

loss of tryptophan fluorescence (see Fig 6.5.2.4), This could reflect the location of the 

non-polar cholesterol group within the binding cavity resulting in less quenching of the 

tryptophan than the bile acids that contain a second polar group. 

6.5.2.5 Competition For Binding Between Oleic Acid and Oleoyl CoA 

The tryptophan fluorescence changes upon ligand binding to L28W make it a 

useful tool in measuring competition between ligands for the protein. Previously ligand 

binding was measured using DAUDA displacement. As this method for measuring 

binding relied upon displacement by any one ligand, there was no way of making direct 

comparisons between ligands. The opposing fluorescence changes upon ligand binding to 

apoFABP L28W had now made this possible in the case of oleic acid and oleoyl CoA. 

Oleic acid causes the most dramatic increase in tryptophan fluorescence upon binding to 

the protein while oleoyl CoA causes a decrease in tryptophan fluorescence. There is 

insufficient space within the cavity for both ligands to bind simultaneously and so 

titrating in one ligand then the other will cause competition between the ligands for the 

protein. This competition is measurable using the intrinsic fluorescence of the tryptophan 

residue. This is an important study as there is some controversy about the relative affinity 
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of fatty acids and fatty acyl CoAs for LFABP and if fatty acyl Co As are able to regulate 

LFABP function in vivo. 

Oleic acid was titrated into the liver FABP to achieve a ratio of ligand : protein of 

2 : 1 . After the 2 ; 1 stoichiometry had been achieved, an excess of oleoyl CoA was then 

titrated into the same solution. As can be seen in Fig 6.5.2.5 the addition of oleic acid 

caused the same sigmoidal shaped titration curve that was seen and discussed earlier. 

Upon addition of oleoyl CoA there is a dramatic fall in tryptophan fluorescence 

indicating that the oleoyl CoA is binding with similar affinity to the fatty acid. With the 

addition of the first 0.5 nmoles of oleoyl CoA there is a 40% fall in the tryptophan 

fluorescence. Given that there are only 0.8 nmoles of FABP L28W, this would suggest 

that just over half of the oleoyl CoA added is binding and in doing so is displacing oleic 

acid. 

When the order of ligand addition is reversed, the resulting graph is effectively a 

reverse of the first, as seen in Fig 6.5.2.6. Initially there is the loss of tryptophan 

fluorescence that had been recorded earlier, as the oleoyl CoA is added. Oleoyl CoA is 

titrated in here to achieve a 2 : 1 stoichiometry. It is important to remember that only one 

molecule of oleoyl CoA is likely to bind to Liver FABP. As oleic acid is added, there is a 

corresponding large increase in fluorescence. The sigmoidal shape is no longer apparent 

and the overall steepness of the binding curve is less pronounced as we might expect 

given that the oleic acid is now competing with oleoyl CoA for the LFABP binding site. 

The addition of the first 0.5 nmoles of oleic acid results in a tryptophan fluorescence 

157 



2500 

2000 

3 
< 

1500 
8 
c 
8 
w 1000 
2 
o 

500 

[Oleic Acid] [Oleoyi CoA] 

I I I I I I 
0 0.8 1.6 

I I I I I I I 

2.5 5 7.5 10 

I I I I I I 

12,5 15 17.5 

Ligand Added (nmoles) 

Fig 6.5.2.5 The effect on fluorescence intensity of the sequential addition of oleic acid 
and oleoyi CoA to the L28W mutant of LFABP 
To 0.8 |iM FABP L28W in 10 mM HEPES was added oleic acid (up to 1.6 |iM) 
followed by oleoyi CoA and the percentage change in fluorescence intensity was 
recorded. The oleic acid concentration is on an exaggerated scale. Three 
separate titrations are shown. 
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Fig 6.5.2.6 Tlie effect on fluorescence intensity of the sequential addition of oleoyi 
CoA and oleic acid to the L28W mutant of LFABP 
To 0.8 i^M FABP L28W in 10 mM HEPES was added oleoyi CoA (up to 1.6 |iM) 
followed by oleic acid and the percentage change in fluorescence intensity was 
recorded. The oleoyi CoA concentration is on an exaggerated scale. Three 
separate titrations are shown. 
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increase equivalent to about 0.2 nmoles of oleic acid binding and 0.1 nmoles of oleoyl 

CoA being displaced. Again the shapes of the titration curves are consistent with oleic 

acid and oleoyl CoA binding with similar affinities. 

Previous results had quoted the Ki values for oleic acid and oleoyl CoA as 0.04 

pM and 0.81 |^M respectively, see chapter 3. A 20-fold difference in Ki values should 

have a very dramatic effect on the titration curves and does not appear to match the 

results that have been obtained in this section. It would be expected, given the Kj values 

that addition of oleoyl CoA to FABP L28W with oleic acid bound to it would produce 

little change in fluorescence. Following the reverse logic, addition of oleic acid to FABP 

L28W with oleoyl CoA already bound to it should produce a large increase in 

fluorescence as the oleoyl CoA is displaced. Neither of these predictions match the 

results obtained. The results in this section suggest that the protein has very similar 

affinities for these two ligands, contradicting the previously recorded Kj values. The 

reason for this discrepancy is most likely related to DAUDA in FABP wild type and the 

tryptophan residue in FABP L28W reporting on different parts of the protein. FABP 

L28W is reporting on oleic acid binding site 2, which has a lower fatty acid affinity 

(reported Kd range 0.06 to 4.0 |aM) than site 1 (reported Kd range 0.009 to 0.2 pM) 

[13;19;75] where DAUDA is proposed to bind. These reported values confirm that site 1 

has been a 10 and 20 fold higher affinity for fatty acids than site 2. 

It is worth reiterating the point made earlier that for oleoyl CoA to bind, it is 

presumably displacing the oleic acid molecule at site 1 as well as the oleic acid at site 2, 
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so that the bulky acyl chain of oleoyl CoA can be accommodated in the binding cavity. 

Thus although the oleoyl CoA binding at site 2 reflects the binding properties at that site, 

displacement of a ligand (fatty acid or DAUDA) from site 1 will follow. 

6.5.3 Interaction Between Tryptophan Mutants of LFABP and Phospholipid 

Vesicles 

The tryptophan insertion mutants L28W, Y54W and M74W are located in the 

portal region of liver FABP. It has also been shown in previous chapters that 

phospholipid vesicles interact with lysine residues also located within the portal region. 

Therefore it was expected that as the mutant proteins bind to the phospholipid vesicles 

there would be detectable changes in the tryptophan fluorescence as a result of 

conformational changes. Such conformational changes were predicted because of the 

release of DAUDA when the LFABP-DAUDA complex binds to such vesicles. 

Wavelength scans were carried out at an excitation of 280 nm in the presence and 

absence of 12.5 |j.M DOPG. The scan for FABP L28W is shown in Fig 6.5.3.1(a). As 

can be seen from Fig 6.5.3.1(a) the addition of DOPG causes a large increase in 

tryptophan fluorescence to a maximum emission value that is over twice the maximum 

emission value achieved in buffer alone. There is a significant change in the wavelength 

that the maximum emission fluorescence value is reached. In buffer this maximum is at 

an emission of 338 nm and when DOPG is added the wavelength at which this maximum 

is reached shifts to 333 nm. These changes in the maximum fluorescence and the 
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Fig 6.5.3.1 The Effect of DOPG on the Tryptophan Emission Maxima of L28W, Y54W 
and M74W LFABP 
Tryptophan emission of 0.8 î iVI FABP of either L28W (a), Y54W (b) or M74W (c); 
in 10 mM HEPES was measured between 300 nm and 550 nm following 
excitation at 280 nm in the absence (red) or presence (blue) of 12.5 pM DOPG. 
Results are the mean of three titrations. 
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wavelength at which this new maximum is reached suggest a conformational change as 

the protein binds to the DOPG vesicles. This large change in fluorescence also makes it 

possible to investigate in more detail the interaction between liver FABP and 

phospholipids. Moreover, monitoring tryptophan changes on binding to DOPG vesicles 

provides an alternative assay to monitoring DAUDA release (chapters 3-5). Assays using 

DAUDA had to be corrected for the released DAUDA partitioning into phospholipids 

vesicles, no such problem exists when monitoring tryptophan fluorescence. 

The wavelength scan for FABP Y54W is shown in Fig 6.5,3.1 (b). There is no 

significant difference in the wavelength scans carried out in the presence and absence of 

DOPG. The emission wavelength at which the maximum fluorescence value was 

measured was 336 nm in buffer alone and 335 nm in the presence of DOPG. Such a 

change is regarded as negligible. The maximum fluorescence value itself falls by just 5% 

when DOPG is added. This small change indicates no significant effect on the 

environment surrounding the tryptophan residue as the protein binds to phospholipids 

vesicles. 

The wavelength scan for the final mutant under investigation in this section, 

FABP M74W, can be seen in Fig 6.5.3.1 (c). With the M74W mutant, addition of DOPG 

results in a large loss of fluorescence with no corresponding wavelength shift. The 

maximum fluorescence drops by roughly 50% in the presence of 12.5 pM DOPG. The 

emission wavelength for the maximum fluorescence value also remains unchanged at 336 

nm in the presence and absence of DOPG. Thus the conformational change on binding to 
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DOPG vesicles produces very different effects in terms of the changing environment of 

28W and 74W. 

Fig 6.5.3.2 acts as a summary and gives a more direct comparison between the 

mutants. The results as recorded and discussed above are supported by the titration curves 

for DOPG in Fig 6.5.3,2. The titration curves show a smooth gradation from 0 |iM 

levelling out to a peak close to 12.5 |j.M. The changes in fluorescence also support the 

values given above. At 12.5 |j.M DOPG L28W has increased in fluorescence by just over 

double, Y54W remains relatively unaffected but displays a small loss of fluorescence and 

M74W has lost 50% of its starting fluorescence at this DOPG concentration. 

The release of DAUDA from LFABP in the presence of DOPG vesicles involves 

non-specific electrostatic interactions between the protein and the phospholipid interface 

(chapters 3 and 4). No such interactions were seen with DOPC vesicles. Therefore it was 

an important control to confirm that the changes in tryptophan fluorescence were also 

dependent on the presence of anionic phospholipid vesicles. The result of titrating DOPC 

vesicles into all three tryptophan containing mutants is shown in Fig 6.5.3.3. No change 

in tryptophan fluorescence is observed, consistent with a lack of interaction between the 

protein and the zwitterionic DOPC vesicles. 

With phospholipids studies it is important that results can be replicated at more 

physiological levels of negatively charged phospholipid. Therefore the experimental 

approach was repeated with 20mol% DOPG in DOPC. The results shown in Fig 6.5.3.4, 
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Fig 6.5.3.2 The Effect on the Tryptophan Fluorescence of the Titration of 100% DOPG 
SUVs into L28W, Y54W and M74W LFABP 
100% DOPG SUVs were titrated by methanol injection into 0.8 i^M LFABP L28W 
(• ) , Y54W ( • ) or l\/174W (A) in 10 mlVI HEPES. Tryptophan fluorescence was 
measured at 339 nm following excitation at 280 nm. All data points shown are the 
mean of three titrations ± S.D. 
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Fig 6.5.3.3 The Effect on the Tryptophan Fluorescence of the Titration of 100% DOPC 
SUVs into L28W, Y54W and M74W LFABP 
100% DOPC SUVs were titrated by methanol injection into 0.8 |j,M LFABP L28W 
(• ) , Y54W ( • ) or M74W (A) in 10 mM HEPES. Tryptophan fluorescence was 
measured at 339 nm following excitation at 280 nm. All data points shown are the 
mean of three titrations ± S.D. 
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Fig 6.5.3.4 The Effect on the Tryptophan Fluorescence of Titration of 20 mol% DOPG 
in DOPC into L28W, Y54W and M74W LFABP 
20 mol% DOPG in DOPC was titrated by methanol injection into 0.8 jiM LFABP 
L28W ( • ) , Y54W ( • ) or IVI74W (A) in 10 mlVI HEPES. Tryptophan fluorescence 
was measured at 339 nm following excitation at 280 nm. All data points shown 
are the mean of three titrations ± S.D. 
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are clearly very similar to those produced with 100% DOPG. Again there is a large 

significant increase in the tryptophan fluorescence of L28W as the mixed phospholipids 

are added. There is also a large significant loss of tryptophan fluorescence from M74W 

as seen previously. Y54W experiences no significant change in fluorescence as predicted. 

The M74W result and to a greater degree, the L28W result indicate that these mutants 

lend themselves to further studies involving interaction of the protein with phospholipids 

and this is discussed in detail under 'Future Work'. 

The large increase in fluorescence intensity that occurs as FAB? L28W interacts 

with the anionic phospholipids interface can be used to confirm the observation in 

chapter 5 that a high salt concentration reduces the rate of this interaction, rather than 

preventing it. To test this wavelength scans of 0.8 )j,M FABP L28W in 10 mM HEPES 

and 12.5 |iM DOPG were carried out in the presence and absence of 0.15 M NaCl. A 

scan was carried out immediately after the additions were made, the result of which can 

be seen in Fig 6.5.3.5. In Fig 6.5.3.5 the large increase in fluorescence intensity with 

L28W that accompanies interaction with DOPG vesicles is not seen in the presence of 

NaCl. However, when these scans are repeated with the same solutions after three hours 

the wavelength scans for the two assays containing 12.5 |iM DOPG, both in the presence 

and absence of 0.15 M NaCl, are essentially identical (see Fig 6.5.3.6). These scans 

confirm the observation in chapter 5 that NaCl slows the rate of interaction between 

FABP and anionic phospholipid vesicles, rather than preventing it. It is the subsequent 

hydrophobic interaction of LFABP with DOPG that produces the observed fluorescence 

changes. These results have implications with respect to the mechanism of lipid binding 
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Fig 6.5.3.5 The Immediate Effect of DOPG on thie Tryptoplian Emission Maxima of 
FABP L28W in the presence and absence of NaCI 
Tryptophan emission of 0.8 jiiVl FABP L28W in 10 mM HEPES was measured 
between 300 nm and 400 nm following excitation at 280 nm in the absence (red) 
or presence (blue) of 12.5 p-IVi DOPG and in the presence of both 12.5 DOPG 
and 0.15 M NaCI (green). Results are the mean of three titrations. 
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Fig 6.5.3.6 The Immediate Effect of DOPG on the Tryptophan Emission Maxima of 
FABP L28W in the presence and absence of NaCI After Incubation For 
Three Hours 
Tryptophan emission of 0.8 jxM FABP L28W in 10 miVI HEPES was measured 
between 300 nm and 400 nm following excitation at 280 nm in the absence (red) 
or presence (blue) of 12.5 pM DOPG and in the presence of both 12.5 |iM DOPG 
and 0.15 M NaCI (green). Results are the mean of three titrations. 
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to the FABP family. It shows that the initial electrostatic interaction with the portal 

region of FABP is a catalytic step rather than an essential step in the binding of fatty 

acids. This initial interaction is likely to aid orientation of the protein and lipid prior to 

binding. 

6.6 N-terminal Region Tryptophan Mutants 

The N-terminal tryptophan containing mutants have previously been prepared and 

analysed [10;25]. Mutation of residues at the N-terminal region had already been carried 

out by Dr. Joanne Davies who produced the F3W and F18W mutants of liver FABP. 

Previous studies on these residues had shown that the N-terminal region was in close 

proximity to the phospholipid vesicle as it interacted with the protein. In order to 

determine the extent of the interaction of the N-terminal with the phospholipids interface 

a further tryptophan-containing mutant, Y7W, was prepared. 

The structure of liver FABP highlighting the positions of the F3W, Y7W and 

F18W is shown below in Fig 6,6.1. It can be seen that the Phe-3 on the protein is at the 

opposite end of the (3-barrel to the portal and a-helical regions. The Tyr-7 is positioned 

half way down the (3-barrel on the same |3-strand as Phe 3. The Phe-18 is located within 

the a-helical region on helix 1 that forms the top of the proposed portal region of the 

protein. 
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Fig 6.6.1 LFABP showing the three residues that are replaced by tryptophan 

6.6.1 Interaction Between the N-terminal Region and DOPG Vesicles 

DOPG vesicles were titrated into the three tryptophan containing mutants and the 

change in fluorescence intensity was monitored at an emission wavelength of 330 nm 

after excitation at 280 nm. The results are shown in Fig 6.6.1.1. 

A significant loss of fluorescence was seen with the F3W mutant, to 

approximately 50% of its starting value. This loss of fluorescence intensity was in line 

with previous studies [25]. There was no significant change in the tryptophan 

fluorescence of F18W as DOPG SUVs were titrated in, again this result matches data 

obtained previously. Of particular interest was the effect that the DOPG SUVs would 

have on the tryptophan fluorescence of the Y7W mutant. The Y7W mutant experienced a 

25% fall in tryptophan fluorescence as DOPG SUVs were added. It would be tempting to 
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Fig 6.6.1.1 The Effect on the Tryptophan Fluorescence of Titration of 100% DOPG 
SUVs into F3W, Y7W and F18W LFABP 
100% DOPG SUVs were titrated by methanol injection into 0.8 laM LFABP F3W 
(• ) , Y7W ( • ) or F18W (A) in 10 mM HEPES. Tryptophan fluorescence was 
measured at 330 nm following excitation at 280 nm. All data points shown are the 
mean of three titrations + S.D. 
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speculate that this change in fluorescence represents partial insertion of the tryptophan at 

position 7 into the phospholipids interface, but it does not appear to be inserted as deeply 

as the tryptophan residue in the F3W mutant. However, what can be concluded is that the 

environment of the tryptophan at position 7 changes when the protein binds to DOPG 

vesicles, possibly due to this residue coming in close proximity to the phospholipids 

interface. 

Wavelength scans were carried out for Y7W in 12.5 pM DOPG in the presence 

and absence of 0.15 M NaCl, the results are shown in Fig 6.6.1.2. The same 25% loss of 

tryptophan fluorescence is seen in the wavelength scan as had been seen in the titration. 

This loss of tryptophan fluorescence is accompanied by a shift in the emission 

wavelength at which the maximum fluorescence value is reached from 329 nm to 331 

nm. This red-shift, that has also been recorded with F3W [25], is characteristic of the 

movement of the residue into a more polar environment. As had been seen in earlier 

chapters, the presence of NaCl inhibits the interaction between phospholipid SUVs and 

LFABP. In the presence of NaCl there is no change in the wavelength scan for FABP 

Y7W when DOPG is added. This shows that the loss of tryptophan fluorescence observed 

from Y7W LFABP requires an initial electrostatic interaction between the protein and 

anionic phospholipid vesicles. 
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Fig 6.6.1.2 The Effect of DOPG on the Tryptophan Emission Maxima of Y7W LFABP in 
the presence and absence of 0.15 M NaCI 
Tryptophan emission of 0.8 |iM FABP of Y7W in 10 mM HEPES was measured 
between 300 nm and 420 nm following excitation at 280 nm in buffer only (black) 
and in 12.5 (̂ M DOPG in the absence (blue) or presence (red) of 0.15 M NaCI. 
Results are the mean of three titrations. 
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6.6.2 Fluorescence Resonance Energy Transfer (FRET) Studies Using Tryptophan 

Mutants of LFABP 

FRET is a more direct measure of the proximity of a tryptophan residue to an 

appropriate receptor such as a dansyl group. FRET is not dependent on any 

conformational changes in the tryptophan donor to report changes in fluorescence 

intensity of dansyl emission. FRET instead is dependent on the distance between the 

tryptophan residue and the dansyl group [76]. After exciting at 280 nm fluorescence 

enhancement was monitored at 500 nm due to dansyl fluorescence, as a result of FRET, 

to follow the binding of F3W, Y7W and F18W to phospholipids. 

DOPG vesicles containing 5mol% dansyl DHPE were titrated into F3W, Y7W 

and F18W LFABP. The results can be seen in Fig 6.6.2.1. There was significant FRET 

recorded with LFABP F3W as had been seen previously [25]. This suggests that the 

tryptophan residue in LFABP F3W is in close proximity to the dansyl DHPE in the 

phospholipid vesicles. This further supports the conclusion from section 6.6.1 that the 

tryptophan residue at position 3 on this protein is present at the phospholipid interface. 

Although no major differences in FRET were observed comparing these three 

mutants, at higher concentrations of DOPG greatest FRET was seen with the F3W mutant 

see Fig 6.6.2.1. In contrast, the FRET value was least for the F18W mutant while the 

Y7W value was intermediate. Overall the results are consistent with residue 7 at the N-

terminal being closer to the interface than residue 18, but not as close as residue 3. 
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Fig 6.6.2.1 The Effect of DOPG Containing 5 mol% Dansyl DHPE Vesicles on 
Tryptophan Fluorescence of F3W, Y7W and F18W LFABP Mutants 
DOPG containing 5 mol% dansyl DHPE was titrated as a methanol solution into 
0.8 nM LFABP F3W (•) , Y7W ( • ) or F18W (A) in 10 mM HEPES. Dansyl 
fluorescence was measured at 500 nm following excitation at 280 nm. All data 
points are the mean of three titrations + S.D. 
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Again this result follows the data from section 6.6,1, suggesting that the 

tryptophan residue in Y7W is close to the interface, but not buried within it. 

6.6.3 Succinimide Quenching of F3W, Y7W and F18W 

Succinimide is a fluorescence quencher that has been used in studies, including a 

related FABP (Sj-cFABP [77]), to measure the solvent exposure of tryptophan residues. 

A tryptophan residue that is highly solvent exposed will undergo a significant loss of 

tryptophan fluorescence in the presence of succinimide. On the other hand the 

fluorescence of a tryptophan residue that is not solvent exposed will be unaffected by the 

addition of succinimide. Succinimide is used in preference to the more commonly used 

quencher, acrylamide, due to succinimide being larger and hence more sensitive to the 

structural location of the tryptophan residue [78]. 

The succinimide quenching studies were carried out using 0.8 fJ,M FABP in 10 

mM HEPES buffer in the presence and absence of 25 |aM DOPG vesicles. The results are 

shown in Fig 6.6.3.1 where the reduction in fluorescence intensity is plotted as a function 

of succinimide concentration. All three mutants experienced quenching in the presence 

of succinimide. F18W, which underwent the largest degree of quenching, is most likely 

the mutant with the most solvent exposed tryptophan residue. Applying the reverse logic 

F3W, which shows the least quenching in the presence of succinimide, is the mutant with 

the least solvent exposed tryptophan residue. These results standing alone only confirm 
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Fig 6.6.3.1 The Effect of Succinimide on the Tryptophan Fluorescence of F3W, Y7W 
and F18W LFABP Mutants in the Presence and Absence of DOPG 
Succinimide was titrated into 0.8 |iM LFABP F3W (a), Y7W (b) or F18W (c) in 10 
mM HEPES , in the presence (continuous line) or absence (broken line) of 25 |aM 
DOPG. Tryptophan fluorescence was measured at 330 nm following excitation at 
280 nm. All data points are the mean of three titrations. 
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what is aheady known from the crystal structure. Far more significant was the effect that 

the presence of DOPG vesicles had on this quenching. 

It is clear from Fig 6.6.3.1 (a) that the effects of succinimide quenching on the 

F3W mutant are prevented in the presence of DOPG vesicles. There are two explanations 

for this. The first is that the tryptophan residue is undergoing a conformational change 

and being internalized by the protein in the presence of DOPG. The second is that the 

tryptophan residue is becoming sufficiently embedded in the surface of the vesicles so as 

to become inaccessible to the succinimide. Fig 6.6.3.1 does not tell us which explanation 

is correct, however the results of the previous FRET studies support the second model. 

The ability of the F3W mutant to undergo FRET with dansyl DHPE containing anionic 

phospholipids means that the tryptophan in this mutant must be in close proximity to the 

phospholipid interface. If this residue was being internalized in the presence of anionic 

phospholipid vesicles, the enhanced FRET compared with the Y7W and F18W would not 

have been anticipated. 

Fig 6.6.3.1 (b) and Fig 6.6.3,1 (c) show that this protection from quenching by the 

addition of DOPG that is found in the F3W mutant is not apparent in the Y7W or the 

F18W mutant. Such findings mean that even in the presence of DOPG the tryptophan 

residues in these mutants remain sufficiently solvent exposed to be accessible to 

succinimide. 
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6.7 Discussion 

In chapters 3-5 of this work the importance of the portal region in the interaction 

of LFABP in binding to anionic phospholipid vesicles and in ligands binding to the 

protein has been established and discussed. It is believed that ligand binding to LFABP 

and interaction of the protein with anionic phospholipids result in conformational 

changes within LFABP. In order to investigate this further, tryptophan residues were 

inserted into LFABP (which has no tryptophan residues in its native state), both at the 

portal region (L28, Y54 and M74) and also at the N-terminal (Y7) region of the protein 

which is known to undergo a conformational change when LFABP interacts with anionic 

phospholipid vesicles [25]. The intrinsic fluorescence of tryptophan allows for studies to 

be carried out on the apo protein, as apposed to studies in chapters 3-5 which relied upon 

a fluorescent reporter group (either DAUDA or ANS). 

The use of tryptophan insertion mutagenesis to produce three portal mutants, 

L28 W, Y54W and M74W, has clarified three important ligand binding properties of liver 

FABP. 

Firstly, ligand binding studies with the L28W mutant demonstrated co-operativity 

between sites 1 and 2 when binding fatty acids, a co-operativity that was originally 

proposed based on the crystal structure with bound oleic acid [11]. These binding results 

suggest that the first bound fatty acid can exchange between the two sites, while 

occupancy of site 2 is accompanied by a dramatic increase in fluorescence. 
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Secondly, changes in fluorescence of tryptophan mutants on binding of oleoyl 

CoA highlighted a number of important properties of liver FABP with respect to this 

ligand. In particular, the fluorescent changes seen with the L28W mutant allowed a direct 

measurement of the competition of fatty acid and fatty acyl CoA binding to liver FABP. 

It is apparent that these two ligands bind with similar affinities when assessed using 

ligand competition for this mutant. This is a very important observation because it will 

reflect the situation in vivo and hence modulation of fatty acid metabolism by 

mechanisms involving ligand-bound liver FABP will be effected by both fatty acids and 

fatty acyl CoA concentrations within the cell. 

Liver FABP with bound fatty acyl CoA will probably have different structural 

properties compared to the apoprotein or with fatty acid as the ligand. This is because the 

highly anionic phosphopanthenyl part of the molecule is surface exposed within the 

portal region [9] and should dramatically effect potential protein : protein or protein : 

membrane interactions. It remains to be established if these structural differences in 

properties effect ligand targeting or if the holo-protein has more specific regulatory 

effects on lipid metabolism such as interacting with PPAR a [36]. A recent study 

involving liver FABP knockout mice has highlighted the significant role of this protein in 

binding fatty acyl CoA in vivo, while the relative contributions of liver FABP and ACBP 

under varying conditions were discussed [35]. 
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In another liver FABP gene deletion study [79] no significant differences were 

seen when comparing wild type and liver FABP -/- chow fed mice. However, dramatic 

differences were observed between +/+ and -/- mice after 48 hour fasting [79]. In 

particular, a 10-fold increase in hepatic triglyceride content in normal mice was only 2-

fold in liver FABP-/-mice. Overall it would appear that in fasting, liver FABP is 

involved in targeting fatty acids to triglyceride biosynthesis relative to other pathways. 

Whether this targeting involves liver FABP-bound fatty acid per se or FABP-bound fatty 

acyl CoA remains to be determined. Most recently, fluorescence studies have 

demonstrated the ability of liver FABP to colocalise with PPAR a in the nucleus while 

the nuclear concentration of the FABP was estimated to be similar to that in the 

cytoplasm [28]. Moreover, over-expression enhanced the targeting of both fluorescent 

fatty acids and acyl CoAs to the nucleus. 

Thirdly, bile acids derived from lithocholic acid are good ligands for FABP and 

lack of co-operativity is consistent with liver FABP binding only one molecule of ligand. 

When the 3-sulphate derivatives of lithocholic acid were employed, the fluorescence 

changes were consistent with these ligands binding at site 2 with the sulphate group 

accommodated within the portal region. Lithocholic acid derivatives lacking the 3-

sulphate appear to bind at site 1 or may exchange between the two sites. 

In summary, tryptophan insertion mutagenesis has highlighted conformation 

changes in liver FABP as a result of ligand binding that provide more details as to how 

specific ligands, particularly fatty acids and acyl CoAs, interact with the protein. It is 

183 



proposed that competition between fatty acids and fatty acyl CoAs for liver FABP should 

play an important role in ligand targeting within the cell. 

The three portal mutants each undergo different fluorescence changes upon ligand 

binding. The fluorescence intensity of LFABP L28W changes from having the lowest 

tryptophan fluorescence of the three mutants in buffer, to having the highest fluorescence 

upon vesicle or ligand binding. For LFABP M74W the reverse is true, this mutant has the 

highest tryptophan fluorescence in buffer and after ligand or vesicle binding it has the 

lowest. The increase in fluorescence intensity for the Trp-28 mutant may be explained by 

loss of quenching on ligand binding, protein fluorescence thus approaching that seen with 

the other tryptophan mutants (Table 6.5.1.1). We suggest that the tryptophan in the 

apoprotein is quenched by another group within the protein that is in close proximity to 

Trp-28. The ligand binding at site 2 produces a conformational change that removes the 

quenching group, possibly the ligand inserts between the tryptophan and the quenching 

group. (It has been proposed that quenching of tryptophan by nearby amino acid residues 

is a common occurrence in folded proteins [80]). Inspection of the structure (Fig 6.5.1) 

suggests that residues in the vicinity of Tyr-54 at the pcpD turn are appropriately placed. 

If the low fluorescence of the apo form of L28W is the result of internal 

quenching by an adjacent amino acid, then loss of protein structure as a result of 

unfolding should, at least in terms of partial unfolding, result in an increase in 

fluorescence. This was tested by Jane Womer-Gibbs within this laboratory. When the 

three tryptophan mutants were equilibrated in a range of urea concentrations, the M74W 
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demonstrated the typical loss of fluorescence previously seen with F3W, F18W and 

C69W [10]. In marked contrast, the L28W mutant demonstrated a significant increase in 

fluorescence when exposed to up to 8 M urea (Fig 6.7.1), The Y54W mutant 

demonstrated an overall fall in fluorescence but with somewhat anomalous fluorescence 

behaviour with increasing urea. Recall that this mutant also showed anomalous CD 

behaviour (Fig 6.3.1) consistent with more than one conformation of the protein. 
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Fig. 6.7.1 The effect of urea concentration on the tryptophan fluorescence of L28W, 
Y54W and M74W mutants of liver FABP 
Inmole of LFABP L28W (—), Y54W ( ) or M74 W (—) in 50mM Hepes buffer 
was equilibrated with up to 8M urea for 2 liours. Tiie fluorescence intensity was 
measured and plotted as a % of fluorescence in the absence of urea. The values 
are the mean of three separate incubations at each concentration of urea. Data 
provided by Jane Worner-Gibbs 
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The study of the F3W, Y7W and F18W tryptophan mutants of LFABP has 

extended our knowledge of the conformational change at the N-terminal region of the 

protein. Fluorescence resonance energy transfer studies have shown the tryptophan 

residues at positions 3 and 7 come in close proximity to the anionic interface. This was 

supported by the titration of DOPG SUVs causing a loss of tryptophan fluorescence from 

Y7W. It is proposed that Tyr-7 and Phe-3 both interact with phospholipids vesicles. The 

fluorescence quenching studies however showed that the tryptophan fluorescence of 

Y7W was not protected from quenching by DOPG vesicles. Hence Trp-7 is sufficiently 

distant from the phospholipid interface to allow for quenching by succinimide. Overall 

then Trp-7 is close to the anionic phospholipid interface, but its properties are not 

perturbed by interfacial binding to the extent seen with Trp-3. 

It is possible that a conformational change at the N-terminal region of the protein 

opens up a second portal region for ligand exit. Investigation of the crystal structure (Fig 

6.7.2) shows that the N-terminal region of the protein occludes a large gap region at the 

base of the protein that might provide a second portal for ligand release. Inspection of the 

crystal structure of IFABP [81] also highlighted a potential portal in the equivalent region 

of IFABP, but significant conformational changes would again be required to remove 

amino acid side chains obstructing this portal before ligand could exit. 
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Fig 6.7.2 View of LFABP loolcing through the binding cavity from the N-terminal 
region to the a-helical region 
Phe3 and Tyr7 are shown in CPK representation (orange) 
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Chapter 7 - General Summary and 
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7. General Summary and Future Work 

Liver fatty acid binding protein has been extensively studied and its precise 

physiological role and its mechanism of ligand binding are slowly being elucidated. 

Within this investigation the molecular interactions involved in binding of ligands 

to the protein and in the interaction of the protein with phospholipid vesicles have been 

explored. The hypothesized portal region has been shown to be of major importance to 

both ligand binding and the interaction with anionic phospholipids. 

Charge reversal mutagenesis studies have highlighted residues specific cationic 

lysine residues as being of significant importance in ligand binding. K31, positioned 

within a-helix II, was the only cationic residue within the a-helical region that when 

mutated to E31 lowered the protein's affinity for each of a broad range of ligands 

investigated in this work. The K33E mutation had a lesser effect on the affinity for some 

of the ligands studied, whilst the K20E mutation reported no significant effect on the 

binding of any of the ligands. The K31E mutation also had a detrimental effect on the 

interaction of the protein with anionic phospholipid vesicles, whilst the K20E and K33E 

mutations reported no differences in binding to these vesicles. 

Three further cationic residues, which along with K31 contribute to the surface 

charge of the protein have also been studied, namely K36, K47 and K57. Using charge 

reversal mutagenesis once again, K57 and to a lesser extent K36 have been shown to play 
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a role in ligand binding to LFABP. The mutant proteins K36E and K57E both reported 

reduced Ki values for ligand binding compared to the wild type LFABP, whilst the K47E 

mutation appeared to have minimal effect. 

The significance of the results of the two sets of charge reversal mutagenesis 

investigations becomes clear when the three residues K31, K36 and K57 are viewed on 

the structure of LFABP (Fig 7.1). 

Fig 7.1 3-D ribbon diagram of LFABP highlighting the three lysine residues (shown in blue 
CPK representation) that are determined as having a significant effect on binding of the 
protein to phospholipid vesicles and the greatest effect overall on ligand binding. The 
positions of the two oleic acid molecules found in the crystal structure are also included in scaled 
ball-and-stick representation. The first oleic acid to bind (at site 1) is shown in green and the 
second (at site 2) is shown in red 

K31, K36 and K57 are positioned within the portal region of LFABP. This is the 

region of the protein through which ligands are believed to enter the binding cavity. It is 

also the region through which numerous bulky ligands are believed to protrude. These 
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results strongly also implicate this region in the initial interaction between phospholipids 

and the protein. 

The triple charge reversal mutant K31E,K36E,K57E, produced the predicted 

cumulative effect of the single mutations with regard to ligand binding. All of the ligands 

investigated reported a greater reduction in the proteins affinity for them, than the single 

charge reversal mutants. The lower affinity of the triple charge reversal mutant was 

equivalent to the combined effect of each of the single charge reversal mutations. 

The charge reversal mutation also allowed for investigation of the orientation of 

lithocholic acid derivatives. It was apparent with the single charge reversal mutants that 

taurolithocholic acid was affected to a greater extent by charge reversal mutagenesis than 

lithocholic acid. This was consistent with either the taurine group or the 3-sulphate group 

of taurolithocholic acid 3-sulphate being positioned at the portal region. Using the triple 

charge reversal mutant and a selection of lithocholic acid derivatives, it was possible to 

determine that the presence of a 3-sulphate group on a derivative of lithocholic acid 

enhanced the effect of charge reversal mutagenesis in the portal region. This result is 

consistent with the 3-sulphate group of taurolithocholic acid 3-sulphate being positioned 

in the portal region of LFABP. 

The triple charge reversal mutation did not have the expected effect on the 

binding of anionic phospholipids to the protein. The triple charge reversal mutant had a 

lesser effect on the interaction between the protein and the anionic vesicles than any of 
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the single mutations. A similar anomalous result was reported with a multiple charge 

reversal mutant of bee venom SPLA2 binding to anionic vesicles [67] as discussed in 

section 5.10. It was suggested that some of the glutamate residues of the bee venom 

enzyme remain unionized due to the lower pH experienced at the surface of the anionic 

vesicles. An uncharged glutamate may promote non-polar interactions between the 

protein and the vesicle. Another possible explanation is that the combined charge reversal 

mutagenesis lowers the stability of the protein resulting in the ligand being more easily 

released from the protein. The stability of the triple charge reversal mutant compared to 

the wild type protein remains undetermined and should be measured as a next step in 

determining the cause of this unexpected result. It would also be of interest to produce 

double mutants of this protein using different pairings of K31E, K36E and K57E, to see 

whether these double mutants have a greater or lesser effect than the single mutations. A 

K31E,K57E double mutant is already available, produced as an intermediate step in 

preparing the triple mutant. 

Binding of LFABP to anionic phospholipid vesicles at physiological ionic 

strength has been reported for the first time within this work. Previous studies had 

reported that such binding does not occur in the presence of such salt concentrations 

[68;82]. The interaction of LFABP with anionic phospholipid vesicles has now been 

recorded, but at a much slower rate than at low ionic strength. This result suggests that 

LFABP can undergo ligand transfer by a collisional mechanism under physiological 

conditions. This observation is worthy of further investigation. A more precise rate of 

binding of LFABP to anionic vesicles should be determined in the first instance. The 
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effect of ionic concentration on the rate of this interaction should also be investigated. 

Currently the binding of the protein to anionic phospholipids at higher salt concentration 

has only been determined with 100% anionic phospholipids and so the experiment should 

be repeated at 20 mol% DOPG to more accurately reflect the conditions in vivo. 

The LFABP Y7W mutation allowed for an extension of previous work on the N-

terminal region of LFABP [25]. FRET studies reported that Trp-7 comes in close contact 

with phospholipid vesicles, a finding that was supported by the loss of tryptophan 

fluorescence from Trp-7 as the protein bound to phospholipid vesicles. In contrast the 

presence of phospholipids failed to prevent fluorescence quenching by succinimide. The 

conclusion then is that Trp-7 is close to the phospholipid interface, but that its properties 

are not perturbed by interfacial binding to the same extent as seen with Trp-3. 

Conformational changes in this region could open up a ligand exit portal. Phe-3 is one of 

several amino acid residues that has amino acid side chains occluding an opening at the 

base of LFABP (Fig 6.7.2). A conformational change in this region, such as that observed 

with the LFABP F3W mutant [25] may allow for a portal region through which ligand 

can exit (Fig 7.2) 
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Fig 7.2 Model to Illustrate the possible interaction of LFABP with an ionic phospholipid 

interface 

The initial interaction of the cationic residues Lys-31, Lys-36 and Lys-57 (shown 

in CPK representation) results in protein unfolding and the N-terminal moves into the 

phospholipid interface. The conformational change disrupts the ligand binding cavity of 

LFABP resulting in release of ligand. The precise route of ligand release is not known, 

however, in addition to the normal ligand portal, movement of the N-terminal may 

expose a second portal for ligand exit in this region. The position of F3W is shown in 

CPK representation. The two oleic acid molecules in this crystal structure [11] are shown 

in ball-and-stick representation. 
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The large increase in tryptophan fluorescence upon ligand binding to the L28W 

mutant of LFABP makes this mutant a very useful tool for studying ligand binding to the 

protein. 

The L28W mutant was able to report co-operativity between the two oleic acid 

binding sites when binding fatty acids, as demonstrated by the sigmoidal binding curve 

(Fig 6.5.2.2). These results suggest that the first fatty acid to bind can exchange between 

the two sites and that binding to the second fatty acid binding site is accompanied by a 

large increase in tryptophan fluorescence of LFABP L28W. 

The fluorescence changes upon ligand binding to the LFABP L28W mutant 

makes it possible to study ligand binding in the absence of a reporter molecule. This in 

turn provides an opportunity for studying the competition between ligands for the protein. 

This has already been made use of to investigate the competition between oleoyl CoA 

and oleic acid. The relative affinities of these ligands for LFABP is controversial. This 

study showed that oleic acid and oleoyl CoA have similar affinities for LFABP, 

contradicting the Kj values calculated using the fluorescent probe DAUDA in chapters 3 

and 4 (a contradiction that is discussed in section 6.5.2.5). Such a result is significant in 

terms of assigning the role of LFABP in the cell. If the two ligands bind with similar 

affinity then they will compete within the cell for the protein. Therefore modulation of 

fatty acid metabolism by mechanisms involving LFABP will be affected by both fatty 

acid and fatty acyl CoA concentrations within the cell. 
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It is unfortunate that ligands for LFABP, when free in solution, partition into 

phospholipid vesicles. This makes it difficult to show ligand release from the protein 

occurs in the presence of anionic phospholipid vesicles using the L28W mutant. It is hard 

to distinguish between ligand being released from LFABP as a result of a conformational 

change and ligand release to compensate for the shift in equilibrium as a result of 

partitioning of free ligands into phospholipids. However, two controls do exist for 

confirming ligand release is due to the interaction between the protein and anionic 

phospholipid vesicles. Firstly, a comparison could be made between the loss of 

fluorescence from holo-LFABP L28W upon addition of DOPG vesicles and upon 

addition of DOPC vesicles. The partitioning effect will be greater with DOPC, but only 

the anionic DOPG vesicles will interact with LFABP and cause a conformational change 

in the protein. Hence if tryptophan fluorescence loss is greater with DOPG, this can be 

attributed to the anionic phospholipid causing a conformational change in the protein. A 

similar control would be to titrate in DOPG vesicles in the presence of a high salt 

concentration and take an immediate fluorescence reading. In the presence of a high salt 

concentration LFABP will not bind immediately to anionic phospholipid vesicles. Hence, 

differences between tryptophan fluorescence changes in low and high ionic 

concentrations can be attributed to LFABP binding to anionic phospholipid vesicles, 

resulting in a conformational change that causes ligand release from the protein. 

In summary this investigation has highlighted the importance of cationic lysine 

residues in the portal region of the LFABP in ligand binding and in the interaction 

between anionic phospholipid vesicles and the protein. For the first time binding has been 
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recorded between LFABP and anionic phospholipid vesicles at physiological salt 

concentrations. Furthermore, direct competition assays between fatty acids and fatty acyl 

CoAs has shown these two groups to bind with similar affinity to the protein, indicating 

that they compete for LFABP within the cell. 
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