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CCTa (CTP; phosphocholine cytidylyltransferase) catalyses the rate limiting step in the 

synthesis of phosphatidylcholine through the Kennedy pathway, CCTa, essentially 

inactive in solution, becomes active in the presence of lipid membranes, into which it 

partitions. Surface negative charge and torque tension were found to be membrane 

properties that modulate the enzyme activity. 

Lipid monolayers and large unilamellar vesicles (LUVs) were examined as possible 

candidates to be used as model system of biological membranes. Using LUVs as 

model systems, the effect of surface charge, of torque tension and of lipid 

concentration on the CCTa activity were investigated. 

A set of equations was derived attempting to distinguish between the partitioning of 

the enzyme onto vesicles and its activation. The preliminary results indicate that the 

torque tension affects mostiy the enzyme partitioning whilst the surface charge affects 

mostly the enzyme activity. 



"Fatti non foste a viver come bruti, 
ma per seguir virtute e canoscenza" 

("Man was not made to live as a beast, 
but to pursue virtue and knowledge") 

(Jnfemo, Divina Commedia, Dante Alighieri) 
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Figure 1.1 CDP-choline pathway, also known as Kennedy pathway. The 
synthesis of PtdCho from choline consists of three reactions catalysed by three 
enzymes: choline kinase (1) transfers a phosphate group from one molecule of ATP 
to choline to give phosphocholine and ADP; CCT (2) transfers the CMP-group 
from one molecule of CTP to phosphocholine giving CDP-choline and one 
molecule of pyrophosphate (PPi); finally, diacylglycerol: choline phosphotransferase 
(3) transfers the phosphocholine group from CDP-choline to one molecule of 
diacylglycerol giving PtdCho and CMP 1-1 

Figure 1.2 Different enzymes can convert phosphatidylcholine into other 
lipids. Phospholipase D (1) activity results in choline and phosphatidic acid that is 
converted into diacylglycerol and phosphate by the phosphatidate 
phosphohydrolase (2). Alternatively, phosphatidylcholine can be converted in 
diacylglycerol and phosphocholine by phospholipase C (3). Phospholipase Ag 
convert the phosphatidylcholine in a molecule of fatty acid and one of lyso-
phosphatidylcholine 1-2 

Figure 1.3 PtdCho hydrolysis products are involved in the regulation of 
several cell events. The PAF is synthesised through two different routes: the de 
novo pathway and the remodelling pathway, which starts from the l-O-alkyl-OT-
glycero-3-phosphocholine (lyso-phosphatidyl-choline). TNFs are molecules having 
systemic effects, which can cause systemic or endotoxic shock in high doses [5-7]. 1-
3 

Figure 1.4 Rod photoreceptor structure. The disks of photoreactive 
membranes are contained in the rod outer segment (ROS) 1-4 

Figure 2.1 Eukaryote cells use membranes for the separation of the cellular 
space from the surrounding environment and for the maintenance of the internal 
compartmentalisation, through organelles which internal space is delimited by one 
or two membranes 2-2 

Figure 2.2 Section of a phospholipid bilayer. The hydrophobic core in the 
bilayer separates the two aqueous regions at the two sides of the membrane. 
Spheres having different color represent different atoms: carbon in gray, hydrogen 
in white, oxygen in red and phosphorous in orange, the molecules of water are 
represented in a simple way by the two blue surfaces at the top and at the bottom of 
the lipid bilayer 2-2 

Figure 2.3 Simplified representation of the fluid mosaic model, which is 
currentiy the accepted structure that best describes most biological membranes...2-3 
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Figure 2.4 The nuclear envelope is constituted by a double membrane. The 
genetic material is contained in the nuclear lumen; the molecule trafficking between 
die nuclear lumen and the cytoplasm is mediated by carrier protein and channels.2-4 

Figure 2.5 Three fatty acids that may be found in biological membranes are 
stearic, palmitic and oleic acid. The oleic acid is an unsaturated fatty acid with one cis 
double bond. Other fatty acids may have longer chains and more than one as 
double bond (all double bond found in fatty acids are ax-double bond). Mono-, di-
and tri-glycerides are obtained by linking one, two or three fatty acids to the glycerol 
moiety through an ester bond 2-7 

Figure 2.6 Glycerol-ether-phospholipids are very similar to 
phosphoglycerides, although synthesised through a different biosynthetic pathway. 
The platelet activating factor (1.1) plays a fundamental role in preventing the platelet 
aggregation. The glycerol-ether-phospholipid is converted by a desaturase in 
plasmalogen, a glycerol-ether-phospholipid having an a-p unsaturation at the C-1 
of glycerol 2-7 

Figure 2.7 Sphingomyelin and sphingolipids are two classes of lipids showing 
the sphingosine moiety. Sphingolipids, or glycolipids, are lipids in which one 
molecule of sugar or branched sugar is bound to the sphingosine. 
Galactocerebroside is largely contained in the myelin sheath 2-9 

Figure 2.8 Cholesterol is present only in eukaryotes and has no charge. The 
only polar group in the molecule is the hydroxyl function at the C-3 2-9 

Figure 2.9 Eukaryote accessible routes for the synthesis of 
phosphatidylcholine [2, 3] 2-11 

Figure 3.1 Structure of the Murine ctpct encoding for CCT. The entire CCT 
gene is ~ 26 kb long, while the CT cDNA is only ~ 1.5 kb [1]. Exons from II to IX 
(the first exon is not translated) are translated into the 367 amino acid sequence 
long CCTa. Domain N (residues 1-72) contains the nuclear localisation sequence; 
domain C (residues 73-236) contains the residues involved in the catalysis; domain 
M (residues 237-299) contains the Upid-binding domain; domain P (residues 300-
367) contains the residues involved in phosphorylation/dephosphorylation 3-3 

Figure 3.2 CCTa is essentially inactive when in solution and becomes active 
when bound to the membrane. The membrane-binding domain M seems to be 
involved in the interaction with the lipid membrane 3-9 

Figure 3.3 Metabolic cycle of regeneration of PtdIns(4,5)P2. I) DAG kinase; 
II) CDP-DAG synthase; III) Ptdlns synthase; IV) Ptdlns kinase; V) PtdlnsP kinase; 
VI) PLC; VII) PtdlnsPg kinase [51] 3-11 
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Figure 3.4 PtdCho cycle. I) choline phosphotransferase; II) PLD; III) 
phosphatidate sphosphohydrolase; IV) PLC 3-12 

Figure 3.5 The four phases of a typical eukaryotic cell. Gj, S and phases 
form the interphase, during which the cell continues to grow. New DNA is 
synthesised during S phase and cell division occurs in M phase [51] 3-12 

Figure 4.1 Amphipathic molecules cluster into three different structures to 
minimise their contact with the water: monolayers, vesicles and micelles. In all the 
three structures, the polar head-groups, represented by spheres, interact with the 
water while the acyl chains, represented by the tails, turn to the air or get in contact 
with other acyl chains 4-1 

Figure 4.2 Probable structure for methane hydrate. Clathrate cage model of 
water molecules surrounding a molecule of methane. The ordered structure of the 
water reduces the entropy of the system and drives the phenomenon of 
immiscibiUty of nonpolar molecules with water [1] 4-2 

Figure 4.3 The two radii of curvature, r̂  and tj, correspond to the radius of 
the two arcs of circumference defined by the two orthogonal planes xz and yz, 
being z perpendicular to the surface 4-3 

Figure 4.4 The force t(z) acting between lipids grouped together in an 
aqueous environment is function of the position z across the lipid molecule. F,, is 
the force acting between the lipid head-groups and derives from both electrostatic 
and hydrational effect; Fy is the force acting at the water/ acyl-chains interface and 
depends on the water interfacial tension tending to minimise the interfacial area; 
finally, is the force acting between the acyl-chains 4-5 

Figure 4.5 The imbalance between the forces across a lipid monolayer 
determine the spontaneous mean curvature 4-5 

Figure 4.6 Hexagonal (Hj) and inverse hexagonal (Hn) phase are two simple 
examples of normal and inverse topology phases, respectively 4-6 

Figure 4.7 Surfaces can undergo two different types of deformation; 
extension of the surface area, under the lateral tension CT, and bending of the surface 
under the torque tension X 4-8 

Figure 4.8 A monolayer constituted by type II lipids and in contact with the 
water through the polar head-groups can be free to bend (monolayer on the top) or 
can be constrained to remain flat (monolayer on the bottom). The flat monolayer is 
more stressed than the curved one and the increased exposure of the hydrophobic 
core to the water is one of the origins of the stress 4-10 
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Figure 5.1 Polyglycine in a-helix structure. The representation on the left 
shows only those hydrogens (white balls), bound to the amide nitrogen (blue balls), 
involved in H-bond (dashed black lines) with the carboUc oxygen (red balls). The 
structure on the right shows only nitrogen and carbon (grey balls) atoms to 
highlight the backbone of the a-helix structure 5-1 

Figure 5.2 Polyglycines arranged in parallel (up chains) and anti-parallel 
(down chains) ^-sheets. The two structures show only those hydrogens (white balls) 
bound to the amide nitrogens (blue balls). The two ^-sheets differ for the 
orientation of the chains and for the number of H-bonds (dashed black lines) 
between the shown hydrogen and the carbolic oxygen (red balls). Grey balls 
represent carbon atoms. The projections on the left show that ^-sheets are flat 
structures 5-2 

Figure 5.3 Schematic representation of a haemoglobin molecule. The 
haemoglobin tertiary structure corresponds to the spatial diposition of all the amino 
acids that are not part of the same segment. Alternatively, the tertiary structure 
corresponds to the spatial diposition of the different secondary structures 5-2 

Figure 5.4 Schematic representation of a porin molecule. The tertiary 
structure corresponds to the spatial diposition of all the amino acids that are not 
part of the same segment. Alternatively, the tertiary structure corresponds to the 
spatial position of the different secondary structures 5-3 

Figure 5.5 Quaternary structure of the haemoglobin complex. The four 
identical units, singularly shown in Figure 5.3, are represented with different 
colours 5-3 

Figure 5.6 Four residues in a a-helix structure. Three consecutive amino 
adds are separated by 100°, whilst the n* residue by nxlOO° from the first one. Hg, 
Hi, H2 and H^ are the hydrophobicides of the four residues AAQ, AA„ AAJ and 
AAg respectively. The hydrophobicity of each residue is resoluted by the sin and cos 
functions in two orthogonal components and perpendicular to the heUx axis 5-8 

Figure 5.7 The above a-heUces have the same hydrophiUc (in grey) and 
hydrophobic (in black) residues and, consequently, the same hydrophobicity. The 
residues in the upper helix are ordered to form a hydrophobic strip, resulting in a 
high hydrophobic moment; the random disposition of the residues, in the lower 
helix, results in a low hydrophobic moment 5-8 

Figure 5.8 Protein classification as a function of their hydrophobic moment 
and hydrophobicity. Figure re-drawn from reference [11] 5-9 

Figure 5.9 a-helices with low hydrophobicity and high hydrophobic 
moments (a single a-heUx is shown in the middle with the hydrophobic residues 
represented by the thick arc) can bundle in two different ways: through the polar 
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(on the left) or through the apolar (on the right) residues. The structure on the left 
exposes to the environment only the polar residues (decreasing the affinity for the 
membrane hydrophobic core), while the structure on the right exposes only the 
apolar residues (increasing the affinity for the membrane hydrophobic core) 5-9 

Figure 6.1 Surface pressure versus area per molecule isotherm for a long-
chain organic compound. The surface pressure and the area per molecule are given 
in arbitrary units, a.u. G= gaseous phase, E= expanded liquid phase, C= condensed 
liquid phase [1] 6-1 

Figure 6.2 Two possible ways in which monolayers coUapse when the 
pressure between the lipids overcomes the collapsing pressure Alternatively, the 
monolayer structure can evolve into micelles or vesicles 6-2 

Figure 6.3 lipids in vesicles and in monolayers may differ in their density. 
The hydrophobic effect is principally responsible for the close lipid packing in 
vesicles; on the contrary, lipid density in monolayer is not affected by the 
hydrophobic effect and can be changed reducing the total area available for the 
monolayer 6-3 

Figure 7.1 Pressure/area isotherms for saturated phosphatidylcholines on 0.1 
M NaCl at 22°C. • , dibenheoylphosphocholine (Cĵ ); O, distearoylphosphocholine 
(C13); X, dipalmitoyl-phosphochoHne (QJ; A, dimyristoylphosphocholine (C^J; V, 
dicaprylphosphocholine (C,o). Figure from reference [2] 7-1 

Figure 7.2 Pressure-area isotherms for L-a-dipalmitoylphosphatidyl-choline 
on 0.1 M NaCl at various temperatures. •, 34.6 °C; A, 29.5 °C; • , 26.0 °C; x, 21.1 
°C; o, 16.8 °C; A, 12.4 °C ; • , 6.2 °C. Figure from reference [2] 7-2 

Figure 7.3 Schematic representation of various lamellar phases found in 
PtdCho/water systems: (A) subgel, L j (B) gel (untilted chains) , Lp; (C) gel (tilted 
chains), Lp.; (D) rippled gel. Pp.; (E) liquid crystalline, L^; (F) ftiUy interdigitated gel, 
Lp'"'; (G) partially interdigitated gel; (H) mixed. Cross-sectional view of the 
hydrocarbon chain arrangement in various chain packing modes (view is down the 
long axis of the chains): (1) orthorhombic; Q) quasi-hexagonal; (K) hexagonal. 
Figure and legend from reference [8] 7-3 

Figure 7.4 DMPC isotherms recorded in two different conditions: 20 °C on 
0.1 M NaCl (-magnesium) and 37 °C on 0.1 M NaCl, 0.1 M Tris-HCl, pH 7.2, 10 
mM MgClg (+ magnesium) 7-5 

Figure 7.5 DOPC isotherms were recorded in two different conditions. One 
isotherm was recorded at 20 °C on 0.1 M NaCl (- magnesium). The second 
isotherm was recorded at 37 °C on 0.1 M NaCl, 0.1 M Tris-HCl at pH 7.2, and 10 
mM MgCl2 (+ magnesium) 7-6 
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Figure 7.6 DOPE isotherms were recorded in two different conditions. One 
isotherm was recorded at 20 °C on 0.1 M NaCl (- magnesium). The second 
isotherm was recorded at 37 °C on 0.1 M NaCl, 0.1 M Tris-HCl at pH 7.2 and 10 
mM MgClg (+ magnesium) 7-6 

Figure 7.7 Head-group areas measured for mixtures with different 
DMPC/DOPC ratio. The head-group areas shown in this graph were measured 
after the third isocycie at 25 mM/m. Experimental conditions are reported in 7.2.2. 
The indicated values are reported in Table 7.1 7-7 

Figure 7.8 Head-group areas measured for different DOPC/DOPE 
mixtures. The head-group areas shown were measured at 25 mN/m after the third 
isocycie. Experimental conditions are reported in 7.2.2. The indicated values are 
reported in Table 7.2 7-9 

Figure 7.9 DMPC/DOPC head-group areas measured during the T' cycle at 
15 and 25 mN/m. The error bars correspond to ± the standard deviations 
calculated on two measurements 7-10 

Figure 7.10 DMPC/DOPC head-group areas measured at 15 and 25 mN/m 
after seven isocycles. The values plotted are the average of two separate 
measurements 7-12 

Figure 7.11 DOPC/DOPE head-group areas measured at 15 and 25 mN/m 
after one isocycie. The areas plotted correspond to the average of two separate 
measurements 7-14 

Figure 7.12 DOPC/DOPE head-group areas measured at 15 and 25 mN/m 
after seven isocycles. The plotted areas are the average of two separate 
measurements 7-14 

Figure 7.13 DMPC, DOPC and DOPE monolayer stability 7-17 

Figure 7.14 DOPE monolayer pressure/time isotherm was recorded on 0.1 
M NaCl at 37 °C. The lipid chloroform solution was spread on the aqueous phase 
and the pressure monitored for more than two hours without any compression. 7-19 

Figure 7.15 DOPE pressure/area isotherm of the monolayer whose pressure 
was monitored for two hours as shown in Figure 7.14 7-19 

Figure 7.16 DOPC monolayer stability on a fixed area trough 7-20 

Figure 7.17 DMPC, DOPC and DOPE pressure/area isotherms recorded 
on 0.1 M NaCl at 20 °C (7.3.1) 7-21 

Figure 7.18 DMPC, DOPC and DOPE pressure/area isotherms recorded 
on 0.1 M NaCl, 0.1 M Tris-HCl at pH 7.2, and 10 mM MgCl̂  (7.3.1) 7-21 
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Figure 7.19 The monolayer structure A could be reorganised to the final 
structure D through the intermediate B and C. The monolayer A, constituted by 
type II lipids, is under stress when constrained in a flat position. The first step in the 
reorganisation, B, could involve the formation of expanded domains "d" causing 
the initial increase of the monolayer area or alternatively, if the area is fixed, the 
increase of the lateral pressure. The following structure, C, corresponds to a 
structure halfway between the monolayer and the inversed phase showed in the 
structure D 7-23 

Figure 8.1 Hydrophobic moment profile of CCTa was calculated using the 
WIF scale (Table 5.1) and the Eisenberg algorithm (Eq. 5.2). The local hydrophobic 
moment (representing the average of a 31 residues window) has been normalized to 
the maximum value in the graph 8-4 

Figure 8.2 a-helical representation of the CCTa M-domain (segment 251-
268) and PPF2. Charged residues are light blue, polar residues are sea-green and 
apolar residues are green. The hydrophobic strip formed by the apolar residues of 
the CCTa helix are involved in the binding to the membrane interface. PPF2 was 
used as model system of CCTa in the study of the torque tension effect on the 
partitioning of the enzyme on the lipid membrane 8-5 

Figure 8.3 MS-MS ES spectrum of PPF2. The spectrum represent the 
secondary fragmentation of the peak at m/z 1051.1 ([M-I-2H]~"̂ ) 8-7 

Figure 8.4 Fragmentation of an idealised peptide (protonated) in the ionizing 
chamber of a mass spectrometer. Rl, R2, R3 and R4 refer to the lateral chain of the 
residues 8-9 

Figure 8.5 PPF2 adsorption at the air/water interface. 250 pil of 2.37 mM 
PPF2 where injected in 60 ml of buffer A. A magnetic stirrer was switched on for 
20s after the injection of the PPF2 solution 8-11 

Figure 8.6 PPF2 adsorption at the air/water interface. 125 pil of 2.37 mM 
PPF2 where injected in 60 ml of buffer A. A magnetic stirrer was switched on for 
20s after the injection of the PPF2 solution 8-11 

Figure 8.7 PPF2 adsorption at the air/water interface. 25 [JLI of 2.37 mM 
PPF2 where injected in 60 ml of buffer A. A magnetic stirrer was switched on for 
20s after the injection of the PPF2 solution 8-12 

Figure 8.8 PPF2 adsorption at the air/water interface. 200 [JLI of 2.37 mM 
PPF2 where injected in 60 ml of buffer B 8-12 

Figure 8.9 PPF2 adsorption at the air/water interface. 100 [il of 2.37 mM 
PPF2 where injected in 60 ml of buffer B. Magnetic stirrer was used for the black 
curves 8-13 
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Figure 8.10 PPF2 adsorption into DMPC monolayer. 200 [jil of 2.37 mM 
PPF2 where injected in 50 ml of buffer A (pH 7.2). The pressures in the figure 
legend correspond to the monolayer pressure measured before the addition of 
PPF2 8-13 

Figure 8.11. PPF2 adsorption into DMPC monolayers. 100 fxl of 2.37 mM 
PPF2 where injected in 50 ml of buffer A (pH 7.2). The pressures in the legend 
correspond to the monolayer pressure measured before the addition of PPF2....8-14 

Figure 8.12 PPF2 adsorption into DMPC monolayers. 80-200 |JL1 of 2.37 mM 
PPF2 were injected in 50 ml of buffer B (pH 7.4). The pressures in the legend 
correspond to the monolayer pressure measured before the addition of PPF2 (the 
values in brackets) 8-14 

Figure 8.13 PPF2 adsorption into DOPC monolayers. 200 or 160 |jil of 2.37 
mM PPF2 where injected in 50 ml of buffer A (pH 7.2). The pressures in the legend 
correspond to the monolayer pressure measured before the addition of PPF2, 
whilst the number in brackets refer to the volume of PPF solution injected beneath 
the monolayer 8-15 

Figure 8.14 Pressure increases as a function of the PPF2 concentration in 
solution. Each point is the average of the highest pressures reached during the 
adsorption experiments at the air/water interface shown from Figure 8.5 to Figure 
8.9 8-16 

Figure 9.1 Bending energy in unit of IkAjas a function of the | | 
ratio, where k is the bending moduli, A is the head-group area, is the spontaneous 
radius of curvature and r is the vesicle radius of curvature. The bending energy has 
been calculated using the simplified version of Eq. 4.14; g a , n , ~ 0 / • > 
where Cg=1 /rg 9-2 

Figure 9.2 A multilamellar vesicle, resembling the onion layer structure, is 
represented on the left, while a unilamellar vesicles is represented on the right. 
Clearly, the lipid area exposed to the external solution is larger for a unilamellar than 
for a moltilameUar vesicle 9-2 

Figure 9.3 Samples from 1 to 4 (9.4.2) were sized separately and analysed by 
unimodal analysis 9-14 

Figure 9.4 Unimodal analysis of sample 5 (black line) and sample 6 (red 
line) (9.4.2) 9-15 

Figure 9.5 Sample 5 (red line) and 6 (black line)(9.4.2), previously sized by 
unimodal analysis (Figure 9.4), were sized by the SPD analysis and the result shown 
as intensity result 9-16 
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Figure 9.6 Unimodal analysis of vesicles sampled during the step reported in 
Table 9.2; after the 6'*' step (black line), after the 7* step (red line) and after the first 
F-T cycle (green line) 9-17 

Figure 9.7 Unimodal analysis of vesicles sampled during the steps reported 
in Table 9.2 and Table 9.3: after the 2"̂  F-T (black line), the 11* step (red line), the 
t̂h p .J1 ^ e e n line) and the 5* F-T cycle (blue line) 9-18 

Figure 9.8 Vesicle size after five consecutive F-T cycles following the four 
showed in Figure 9.7: after the 6* F-T (black line), the 7* F-T (red line), the 9* F-T 
and 30 second sonication (green Hne) and the 10* F-T (blue line) 9-19 

Figure 9.9 DOPC LUVs were sized twice at t = 0 and t = 1.5 h. The size 
obtained at t — 0 h by unimodal analysis was 1303 ± 598 nm (black line), while at t 
= 1.5 h it was 1931 ± 895 nm (red line) 9-21 

Figure 9.10. Intensity result of SDP analysis of DOPC LUVs sizing. The 
time gap between the first (black line) and the second measurement (red line) was 
1.5 hours 9-22 

Figure 9.11. Mean peaks for DOPC LUVs size obtained from the intensity 
results of the SDP analysis. Figure 9.10 9-23 

Figure 9.12 DOPC/DOPE (1:1) LUVs were sized at t = 0 and t = 1.5 h. 
The size at t = 0 h, obtained by unimodal analysis, resulted 849 ± 395 nm (black 
line), while the size at t = 1.5 h resulted 984 + 460 nm (red line) 9-24 

Figure 9.13 DOPC/DOPE (1:1) LUVs were sized at t = 0 and t = 1.5 h. 
The SDP intensity results are shown as black and red line for t = 0 and t = 1.5 h 
respectively. AU the sizes and standard deviations are reported in Table 9.6 9-25 

Figure 9.14 Mean size from the SDP analysis of the DOPC/DOPE(l:l) 
LUVs. The diameters and their standard deviation are reported in Table 9.6 9-26 

Figure 9.15 Unimodal results from DOPA LUVs sizing. Values for the 
twelve curves are given in Table 9.7 9-28 

Figure 9.16 SPD intensity analysis of the 12 DOPA LUVs sizing (Table 9.8). 
9-30 

Figure 10.1 Type II lipid monolayer adopting its spontaneous curvature (A) 
is torque tension firee. When the monolayer (A) is constrained in a flat position (B), 
corresponding to a zero curvature, the torque tension and the bending energy (grey 
ellipses marked with E) of the monolayer increase. The release of part of the 
bending energy and reduction of the torque tension are the driving force of CCTa 
partition onto the monolayer(C)[l] 10-2 
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Figure 10.2 CCTa relative activity, S, is plotted as a function of the mole 
fraction of DOPC, x, in DMPC/DOPC mixtures (solid circles) and in 
DOPC/DOPE mixtures (open circles). The dotted line represents the theoretical 
enzyme relative activity as function of DOPE mole fraction [1] 10-3 

Figure 10.3 CCTa relative activity plotted as a function of the DOPC mole 
fraction, x, in DOPC/DOPE mixture. Data from Davies et al. [2] 10-3 

Figure 10.4 a) DMPC and DOPC have the same head-group, choline, but 
differ in the acyl chains, dimyristoyl and dioleoyl, respectively. DOPC and DOPE 
have the same hydrocarbon chains but differ in head-groups, choline and 
ethanolamine respectively, b) Flat monolayers of DMPC, DOPC and DOPE 
experience different torque tensions due to the different force distribution across 
the lipid layer. When the force at the hydrocarbon region, F ,̂ is similar to the force 
at the head-group region, F ,̂ the flat monolayer experiences a low tendency to bend 
(flat line in the middle of two DMPC molecules); the presence of the double bond 
in the oleoyl chains of DOPC causes an increase of F̂  and the flat monolayer 
experiences a high tendency to bend (curved line in the middle of two DOPC 
molecules); the substitution of the choline group with the ethanolamine one in 
DOPE causes a decrease of Fj, resulting in a further increase of the tendency to 
bend (curved line in the middle of two DOPE molecules) 10-4 

Figure 10.5 Monomyristoylphosphocholine (lyso-MPC) and 1-0-octadecyl-
2-0-methyl-rac-glycerophosphocholine (ET-018) are type I amphipiles, which 
aggregates experience a reduced force acting across the hydrocarbon region (F̂  in 
Figure 10.4) and in a positive spontaneous curvature (in opposition to the negative 
one characterising type II lipid such as DOPC) 10-5 

Figure 10.6 CCTa activity is plotted as a function of the mole fraction of 
DOPE in the DOPC/DOPE mixture. The error bars correspond to ± the standard 
deviation of three different samples. All data are reported in Table 10.3 10-15 

Figure 10.7 CCTa relative activity (S) for the DOPC/DOPE mixtures. 
Relative activity was calculated using Eq. 10.1. Relative activity data are reported in 
Table 10.3 10-16 

Figure 10.8 CCTa activity is plotted as a function of the mole fraction of 
DOPE in the DOPC/DOPE mixture. The error bars correspond to + the standard 
deviation of three different samples. AH data are reported in Table 10.4 10-18 

Figure 10.9 CCTa relative activity S for the DOPC/DOPE mixtures. 
Relative activity was calculated using Eq. 10.1. Relative activity data are reported in 
Table 10.4 10-18 
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Figure 10.10 CCTa activity is plotted as a fimction of the mole fraction of 
DOPE in the DOPC/DOPE mixture. The error bars correspond to ± the standard 
deviation of three different samples. All data are reported in Table 10.5 10-19 

Figure 10.11 CCTa relative activity S for the DOPC/DOPE. Relative 
activity was calculated using Eq. 10.1. Relative activit}^ data are reported in Table 
10. 5 10-20 

Figure 10.12 CCTa activity is plotted as a function of the mole fraction of 
DOPE in the DOPC/DOPE mixture. The error bars correspond to ± the standard 
deviation of three different samples. AH data are reported in Table 10.6 10-22 

Figure 10.13 CCTa relative activity S for the DOPC/DOPE. Relative 
activity was calculated using Eq. 10.1. Relative activity data are reported in Table 
10. 6 10-22 

Figure 10.14 Comparison of the four curves obtained for the CCTa activity 
as a function of the mole fraction of DOPE in the DOPC/DOPE lipid mixtures. 
The four curves are plotted singularly in Figure 10.6, Figure 10.8, Figure 10.10 and 
Figure 10.12 10-23 

Figure 10.15 The four curves in the above plot correspond to the CCTa 
relative activity reported previously and shown in Figure 10.7, Figure 10.9, Figure 
10.11 and Figure 10.13 10-24 

Figure 10.16 Comparison of the CCTa activity measured in Basal CCTa 
activity was measured in absence of vesicles. The same enzyme was used for the 
second and the third set of experiments. The error bars correspond to ± the 
standard deviation of three different samples 10-25 

Figure 10.17 CCTa activity measured in presence of DOPC or 
DOPC/DOPE (4:6) LUVs. The enzyme used for the four sets of experiments 
came from three different aliquots of the first batch 10-26 

Figure 10.18 CCTa activity is plotted as a function of the mole fraction of 
DOPA in the DOPC/DOPA mixture. The error bars correspond to + the standard 
deviation of three different samples. All data are reported in Table 10.10 10-29 

Figure 10.19 CCTa relative activit}^ S for the DOPC/DOPA. Relative 
activity was calculated using Eq. 10.1. Relative activity data are reported in Table 
10.10 10-29 

Figure 10.20 CCTa activity is plotted as a function of the mole fraction of 
DOPA in the DOPC/DOPA mixture. The error bars correspond to ± the standard 
deviation of three different samples. AH data are reported in Table 10.11 10-30 
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Figure 10.21 CCTa relative activity S for the DOPC/DOPA. Relative 
activity was calculated using Eq. 10.1 (10.4.4). Relative activity data are reported in 
Table 10.11 10-30 

Figure 10.22 The basal activity and the activity in presence of 
DOPC/DOPA LUVs show differences that could be due essentially to the 
different batch of enzyme used for the experiments. The enzyme from the first 
batch was used for the first set of experiments, whilst the enzyme from the second 
batch was used for the second set of experiments 10-32 

Figure 10.23 All the enzymatic relative activity curves obtained in the 
previous sets of experiments are plotted in the above graph 10-32 

Figure 10.24 Comparison of the two curves for the CCTa relative activity in 
the presence of DOPC/DOPA LUVs, shown separately in Figure 10.18 and Figure 
10.20 10-33 

Figure 10.25 CCTa activity is plotted as a function of the mole fraction of 
DPP A in the DOPC/DPPA mixtures. The error bars correspond to + the standard 
deviation of three different samples. AH data are reported in Table 10.12 10-34 

Figure 10.26 CCTa relative activity S for the DOPC/DPPA. Relative 
activity was calculated using Eq. 10.1. Relative activity data are reported in Table 
10.12 10-35 

Figure 10.27 CCTa activity plotted as a function of the mole fraction of 
OPA in the DOPC/OPA mixture. AH data are reported in Table 10.13 10-36 

Figure 10.28 CCTa relative activity S for the DOPC/OPA. Relative activity 
was calculated using Eq. 10.1. Relative activity data are reported in Table 10.13... 10-
37 

Figure 10.29 CCTa activity plotted as a function of the mole fraction of 
DOPS in the DOPC/OPA mixture. The error bars correspond to + the standard 
deviation of three different samples. AU data are reported in Table 10.14 10-38 

Figure 10.30 CCTa relative activity S for the DOPC/OPA. Relative activity 
was calculated using Eq. 10.1. Relative activity data are reported in Table 10.14... 10-
39 

Figure 10.31 The two curves show a similar trend, even if the activity was 
found to be lower in the first set of experiments at low OPA mole fraction. The 
two curves are plotted singularly in Figure 10.27 and Figure 10.29 10-39 
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Figure 10.32 The relative activity of CCTa shows an initial increase that is 
similar in both the curves at low OPA mole percentage. The two curves are plotted 
singularly in Figure 10.28 and Figure 10.30 10-40 

Figure 10.33 CCTa activity is plotted as a function of the mole fraction of 
DOPS in the DOPC/DOPS mixture. The error bars correspond to + the standard 
deviation of three different samples. AH data are reported in Table 10.16 10-42 

Figure 10.34 CCTa relative activity S for the DOPC/DOPS. Relative 
activity was calculated using Eq. 10.1. Relative activity data are reported in Table 
10.1 6 10-42 

Figure 10.35 CCTa activity is plotted as a function of the mole fraction of 
DOPS in the DOPC/DOPS mixture. The error bars correspond to + the standard 
deviation of three different samples. All data are reported in Table 10.17 10-44 

Figure 10.36 CCTa relative activity S for the DOPC/DOPA. Relative 
activity was calculated using Eq. 10.1. Relative activity data are reported in Table 
10.1 7 10-44 

Figure 10.37 The three phospholipids differ in the charge and in the size of 
the polar head-group, being the acyl chain R1 (oleyl) the same. DOPC has a neutral 
zwitterion head-group (net charge 0), DOPS has a negatively charged zwitterion 
head-group (nominal charge —1) and DOPA has a negatively charge head-group 
(nominal charge -2) 10-45 

Figure 10.38 CCTa activity showed no plateau or maximal activation even at 
high mole fraction of DOPS in mixture with DOPC. Curves from the first and the 
second set 10-46 

Figure 10.39 CCTa relative activity curves obtained from the first and the 
second set of experiments in the presence of DOPC/DOPS LUVs, and shown 
separately in Figure 10.34 and Figure 10.36 10-46 

Figure 10.40 The basal activity and the activity in presence of 
DOPC/DOPA LUVs show differences that could be due essentially to the 
different batch of enzyme used for the experiments. The enzyme from the first 
batch was used for the first set of experiments, whilst the enzyme from the second 
batch was used for the second set of experiments. Differentiy from the previous 
cases, the basal activity measured during the second set of experiments is higher 
than the activity measured in presence of DOPC vesicles 10-47 

Figure 10.41 CCTa activity is plotted as a function of the mole fraction of 
DPPS in the DOPC/DPPS mixture. The error bars correspond to + the standard 
deviation of three different samples. All data are reported in Table 10.18 10-48 
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Figure 10.42 CCTa relative activity S for the DOPC/DPPS. Relative activity 
was calculated using Eq. 10.1. Relative activity data are reported in Table 10.18... 10-
48 

Figure 10.43 CCTa activity plotted as a function of the mole fraction of 
OPS in the DOPC/OPS mixture. All data are reported in Table 10.19 10-50 

Figure 10.44 CCTa relative activity S for the DOPC/OPS. Relative activity 
was calculated using Eq. 10.1. Relative activity data are reported in Table 10.19... 10-
51 

Figure 10.45 CCTa activity plotted as a function of the mole fraction of 
DOPS in the DOPC/OPS mixture. The error bars correspond to ± the standard 
deviation of three different samples. All data are reported in Table 10.20 10-52 

Figure 10.46 CCTa relative activity S for the DOPC/OPS. Relative activity 
was calculated using Eq. 10.1. Relative activity data are reported in Table 10.20... 10-
53 

Figure 10.47 CCTa activity increases in a similar way in both the 
experiments with DOPC/OPS LUVs. The two curves are sho^ni singularly in 
Figure 10.43 and Figure 10.45 10-53 

Figure 10.48 CCTa relative activity in the first set of experiments increases 
and shows a much higher activity than that obtained from the second set. The two 
curves are shown singularly in Figure 10.44 and Figure 10.46 10-54 

Figure 10.49 CCTa activity plotted as a function of the mole fraction of PA 
in tiie DOPC/OA mixture. The error bars correspond to ± the standard deviation 
of three different samples. Ail data are reported in Table 10.21 10-55 

Figure 10.50 CCTa relative activity S for the DOPC/OA lipid mixtures. 
Relative activity was calculated using Eq. 10.1. Relative activity data are reported in 
Table 10.21 10-56 

Figure 11.1 Double-reciprocal plot of Eq. 11.17 11-5 

Figure 11.2 CCTa, activity measured for different concentrations of 
DOPC/DOG (84:16). [CCTa] = 10 ng/ml= ~2.4-10'̂  M. The error bars represent 
± the standard deviation 11-9 

Figure 11.3 Double-reciprocal plots of CCTa partitioning into 
DOPC/DOG (84:16) LUVs and of the curve for the calculation of the standard 
deviation. [CCTa] = 10 |J,g/ml= ~2,4-10"^ M. Data are reported in Table 11.1 and 
Table 11.2 11-10 
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Figure 11.4 CCTa activity measured for different concentrations of 
DOPC/DOPA (7:3). [CCTa] = 10 |_ig/ml= ~2.4-10"̂  M. The error bars represent 
± the standard deviation 11-11 

Figure 11.5 Double-reciprocal plot of the CCTa partitioning into 
DOPC/DOPA (7:3) LUVs and of the curve for the calculation of the standard 
deviation. [CCTa] = 10 fXg/ml= ~2.4-10'̂  M. Data are reported in Table 11.3 and 
Table 11.4 11-12 

Figure 11.6 CCTa activity measured for different concentrations of 
DOPC/DOPS (7:3). [CCTa] = 10 |ag/ml= ~2.4-10'̂  M. The error bars represent ± 
the standard deviation 11-13 

Figure 11.7 Double-reciprocal plots of CCTa partitioning into 
DOPC/DOPS (7:3) LUVs and of the curve for the calculation of the standard 
deviation. [CCTa] = 10 jag/ml= ~2.4-10'̂  M. Data are reported in Table 11.5 and 
Table 11.6 11-14 

Figure 11.8 CCTa activity measured for different concentrations of 
DOPC/OA (1:1). [CCTa] = 10 p.g/ml= ~2.440'^ M. The error bars represent ± 
the standard deviation 11-15 

Figure 11.9 Double-reciprocal plots of CCTa partitioning into DOPC/OA 
(1:1) LUVs and of the curve for the calculation of the standard deviation. [CCTa] = 
10 Hg/ml= ~2.4-10'̂  M. Data are reported in Table 11.7 and Table 11.8 11-16 

Figure 11.10 Plot of the specific enzymatic activities and the partition 
constants reported in Table 11.9. The error bars correspond to + the standard 
deviations reported in Table 11.10 11-21 

Figure 11.11 The hydrophobic interaction (light grey arrow), sensitive to the 
torque tension and the stored elastic energy, could the enzyme partition onto the 
vesicle surface. When the enzyme reaches the membrane surface, the membrane 
binding through the hydrophobic strip could aloud electrostatic interaction between 
the negatively charged lipids and the enzyme positively charged segment (5 lysine 
residues in the short segment 248-254, 3.1) to trigger the folding of CCTa into the 
active form 11-23 
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Table 11.2 Data for the evaluation of the standard deviation for the results of 
CCTa partitioning into DOPC/DOG (84:16) LUVs. Lipid concentration ([L]) is 
expressed in mM. The least squares method was used for the linear regression.11-10 

Table 11.3 CCTa partitioning into DOPC/DOPA (7:3) LUVs. The least 
squares method was used for the linear regression 11-11 

Table 11.4 Data for the evaluation of the standard deviation for the results of 
CCTa partitioning into DOPC/DOPA (7:3) LUVs. Lipid concentration ([L]) is 
expressed in mM. The least squares method was used for the linear regression.11-12 

Table 11.5 CCTa partitioning into DOPC/DOPS (7:3) LUVs. The least 
squares method was used for the linear regression 11-13 

Table 11.6 Data for the evaluation of the standard deviation for the results of 
CCTa partitioning into DOPC/DOPS (7:3) LUVs. Lipid concentration ([L]) is 
expressed in mM. The least squares method was used for the linear regression.11-14 

Table 11.7 CCTa partitioning into DOPC/OA (7:3) LUVs. Lipid 
concentration ([L]) is expressed in mM; activity and standard deviation are 
expressed in nmol-min'^mg'\ The least squares method was used for the linear 
regression 11-15 

Table 11.8 Data for the evaluation of the standard deviation for the results of 
CCTa partitioning into DOPC/OA (1:1) LUVs. Lipid concentration ((L]) is 
expressed in mM. The least squares method was used for the linear regression. 11-16 

Table 11.9 All the constants were calculated using the equations reported in 
11.1 and 11.3.3. The specific enzymatic activation and the partition constant for the 
four lipid mixtures are plotted in Figure 11.10 11-17 

Table 11.10 Standard deviation for the constants reported in Table 11.9.11-17 

Table 11.11 Partition constant for CCTa calculated using the method 
described herein (Kp) and calculated by Arnold et al. (1/2 ) [2]. The partition 
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constant determined by Arnold has been divided by two because they the used 
[L]/2 instead of [L] for the determination of and Kp respectively (Eq. 11.1 
andEq. 11.7) 11-19 

Table A-1 (DOPC/DOPE LUVs: first set of experiments) 13-1 

Table A-2 (DOPC/DOPE LUVs; second set of experiments) 13-1 

Table A-3 (DOPC/DOPE LUVs: third set of experiments) 13-2 

Table A-4 (DOPC/DOPE LUVs: fourth set of experiments) 13-2 

Table A-5 (DOPC/DOPA LUVs: first set of experiments) 13-3 

Table A-6 (DOPC/DOPA LUVs: second set of experiments) 13-3 

Table A-7 (DOPC/DOPS LUVs: first set of experiments) 13-4 

Table A-8 (DOPC/DOPS LUVs: second set of experiments) 13-4 

Table A-9 (DOPC/DPPA LUVs) 13-5 

Table A-10 (DOPC/DPPS LUVs) 13-5 

Table A-11 (DOPC/OPA and DOPC/OPS LUVs: first set of experiments) 
13-6 

Table A-12 (DOPC/OPA LUVs: second set of experiments) 13-6 

Table A-13 (DOPC/OPS LUVs: second set of experiments) 13-7 

Table A-14 (DOPC/OA LUVs: second set of experiments) 13-7 

Table A-15 (CCTa partitioning into DOPC/DOG (84:16) LUVs) 13-8 

Table A-16 (CCTa partitioning into DOPC/DOPA (7:3) LUVs) 13-8 

Table A-17 (CCTa partitioning into DOPC/DOPS (7:3) LUVs) 13-8 

Table A-18 (CCTa partitioning into DOPC/OAS (1:1) LUVs) 13-9 

Table A- 19 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensity analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-9 
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Table A- 20 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensity analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-10 

Table A- 21 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensity analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-10 

Table A- 22 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensity analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-11 

Table A- 23 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensit}'̂  analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-12 

Table A- 24 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensity analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-12 

Table A- 25 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensity analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-13 

Table A- 26 Vesicles were diluted in buffer and sized measuring the light 
scattered at 90°. Vesicle diameter was estimated by SDP intensity analysis. Analysis 
conditions were: 300 seconds accumulation and automatic sampling time, 3-200 nm 
diameter range and 24 bins 13-13 
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ABBREVIATIONS 

3-(trifluoromethyl)-3-(m['^^I]iodophenyl)diazmne 

ACF Autocorrelation function 

ADP Adenosine diphosphate 

ATP Adenosine triphosphate 

BT bis-Tris (2,2-Bis(hydroxymethyl)-2,2',2"-nitrilotriethanol) 

CCT CTP:phosphocholine cytidylyltransferase" 

CDP Cytidine diphosphate 

CDP-Cho CDP-choline 

CET CTP: phosphoethanolamine cytidylyltransferase 

CMP Cytidine monophosphate 

CTP Cytidine triphosphate 

DAG Diacylglycerol 

DNA Deoxyribonucleic acid 

DOG 1,2-dioleoyl-j-«-glycerol 

DOPA 1,2-dioleoyl-j«-glycero-3-phosphatidic acid 

DOPC l,2-dioleoyl-j'«-glycero-3-phosphochoUne 

DOPE l,2-dioleoyl-j'«-glycero-3-phosphoethanolamine 

DOPS l,2-dioleoyl-j«-glycero-3-phosphoserine 

DPPA 1,2-dipalmitoyl-j«-glycero-3-phosphatidic acid 

DPPS l,2-dipalmitoyl-j-«-glycero-3-phosphoserine 

DZA 3-deaza-adenosine 

ET-I8-OCH3 1 - O-octadecyl-2- 0-methyl-nz(r-glycero-3-phosphocholine 

kcpm 10̂  count per minute 

OA Oleic acid 

Until 1998 no CCT isoform was known; therefore the generic denomination CCT is mantained 
when referring to findings reported in papers published before that year. The specific isoforms of 
the enzyme (CCTa, CCTP, CCT|3l and CCTP2) are instead indicated when referring to papers 
published after 1998. 
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OP A l-oleoyl-2-hydroxy-JK-glycero-3-phosphatidic add 

OPS 1 -oleoyl-2-hydroxy-jw-glycefo-S-phosphoserine 

PAF Platelet activating factor 

PhoCho Phosphocholine 

PKC Protein kinase C 

PLAg Phospholipase 

PMET Phosphatidylethanolamine methyltransferase 

POPC 1 -palmitoyl-2-oleoyl-j'«-glycero-3-phosphocholine 

PPi Pyrophosphate 

PtdCho Phosphatidylcholine 

PtdEtn Phosphatidylethanolamine 

Ptdlns Phosphatidylinositol 

PtdSer Phosphatidylserine 

RNA Ribonucleic acid 

ROS Rod outer segment 

rt room temperature 

SDP Size distribution processor 

SDS Sodium dodecylsulfate 

SDS-PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis 

TFA Trifluoroacetic acid 

TNS Tumour necrosis factor 
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1 Introduction to CCT 

In 1957, Kennedy published the first data on the role played by CTP: 

phosphocholine cytidylyltransferase (CCI)^ in phosphatidylcholine (PtdCho) 

synthesis and proposed the CDP-choline pathway (Figure 1.1), now known as 

Kennedy pathway, as one of the possible biochemical routes used by cells for 

PtdCho synthesis [1]. Since its discovery, hundreds of papers have been published 

on CCT, elucidating its regulation and role in cells. With the advent and the 

development of new scientific tools (in particular molecular biology) different CCT 

isoforms were discovered, increasing the understanding of its role and regulation in 

different organisms and mammal tissues [2, 3], 

ATP 

Choline 

1 
• ADP 

CTP 

Choline-phosphate 

2 
PP, 

Diacylglycerol CDP-choline 

• CMP 

Pho spharidylcholine 

Figure 1.1 CDP-choline pathway, also known as Kennedy pathway. The synthesis of PtdCho 
from choline consists of three reactions catalysed by three enzymes: choline kinase (1) transfers a 
phosphate group from one molecule of ATP to choline to give phosphocholine and ADP; CCT 
(2) transfers the CMP-group from one molecule of CTP to phosphocholine giving CDP-choline 
and one molecule of pyrophosphate (PPi); finally, diacylglycerol: choline phosphotransferase (3) 
transfers the phosphocholine group from CDP-choline to one molecule of diacylglycerol giving 
PtdCho and CMP. 

Alternative synonyms are: CDP-choline pyrophosphorylase, CDP-choline synthetase, 
phosphorylchoHne cytidylyltranspherase, and others. The name given by the Enzyme Commission 
(EC) is EC.2.7.7.15, which means the enzyme is a transferase (2.) that catalyses the transfer of the 
cytidylyl-phosphate group (7.7.) to the choline-phosphate (15). The Enzyme Commission (EC) 
was formed by the International Union of Pure and Applied Chemistry (lUPAC) for the 
development of a systematic numerical nomenclature of enzymes. 



Different pathways of PtdCho synthesis have been found eukaryotes. However, the 

principal route in the synthesis of PtdCho, for most mammalian cells, is the 

Kennedy pathway, in which the conversion of phosphocholine to CDP-choline is 

the rate-limiting step [4], Consequently, the role of CCT in the synthesis of PtdCho 

is critical in those organisms in which the Kennedy pathway is the preferential 

biosynthetic route. 

1.1 The key role of CCT 

Proteins and lipids constitute a major part of biological membranes and a wide 

range of membrane functions (such as compartmentalisation or storage) depends 

on membrane composition. 

The homeostatic control of the lipid content in biological membranes is tighdy 

regulated. PtdCho is the most abundant class of phospholipids present in 

membranes and it is both a membrane component and a synthetic precursor to 

other lipids, as shown in Figure 1.2 . 

Phosphocholine 

Choline 

Phosphate 

Phosphatidylcholine 

1 

Phosphatidic acid 

2 

Diacylglycerol 

Fatty acid 
+ 

Lyso-phosphatidylchoUne 

FigTJLte 1.2 Different enzymes can convert phosphatidylcholine into other lipids. 
Phospholipase D (1) activity results in choline and phosphatidic acid that is converted into 
diacylglycerol and phosphate by the phosphatidate phosphohydrolase (2). Alternatively, 
phosphatidylcholine can be converted in diacylglycerol and phosphocholine by phospholipase C 
(3). Phospholipase Az convert the phosphatidylcholine in a molecule of fatty acid and one of 
lyso-phosphatidylchoUne. 
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Phosphatidylcholine 

Diacylglycerol 
is an activator of Protein Kinase C 
(PKQ and CCT 

Phosphatidic acid 
triggers the rapid DNA synthesis 
and cell proliferation 

Lyso-phosphatidylcholine 
can be converted in l-O-alkyl-2-
acetylphosphatidylcholine or Platelet 
Activating Factor (PAF) diat 
prevents platelet aggregation 

Fatty acids 
in particular arachidonic acid, are 
metabolised to produce second 
messengers, some of which are 
involved in signal trasduction induced 
by the Tumor Necrosis Factor (TNF) 

Figure 1.3 PtdCho hydrolysis products are involved in the regulation of several cell events. 
The PAF is synthesised through two different routes: the de novo pathway and the remodelling 
pathway, which starts from the l-0-alk;yl-j-«-glycero-3-phosphocholine (lyso-phosphatidyl-
choline). TNFs are molecules having systemic effects, which can cause systemic or endotoxic 
shock in high doses [5-7]. 

Phosphatidic acid, diacylglycerol, lyso-phosphatidylcholine and fatty acids are all 

secondary messengers that trigger different cellular events, some of which are 

shown in Figure 1.3 . Moreover, as the PtdCho is the most abundant membrane 

phospholipid, the homeostatic maintenance of its composition in membranes is 

essential for cell growth and survival [8]. 

No hereditary disease depending on the biosynthesis of PtdCho is known. CCT 

inhibition or inactivation, due to genetic mutation of the CCT gene or to the 

presence of inhibitors, arrests the cell growth and eventually leads to ceU death''. 

l-0-octadecyl-2-0-methyl-rai:-glycero-3-phosphocholine (ET-I8-CH3) is an antineoplastic ether-
linked phospholipid analogue that inhibits CCT activitj' and leads the cell to death by triggering its 
apoptosis [8, 9]. 
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Platelet Activating Factor (PAF) is a lipid mediator whose activity hinges on its 

proinflammatory, haemostatic and vasoactive properties. The intracellular and 

extracellular concentration of PAF is related to physiological and pathological 

events in nervous tissues [10]. CCT plays a key role in the synthesis of PAF in two 

ways: directiy and indirectiy. CCT acts indirectiy through lyso-phosphocholine that 

has been reported (Figure 1.3) as one alternative source of PAF. CCT acts directiy 

through the de novo pathway, in which a dithiothreitol-insensitive isoz}Tne of the 

choline-phosphotransferase catalyses the transfer of the phosphocholine moiety 

from CDP-choline to l-alkyl-2-acetyl-j«-glycerol [10]. 

The photoreceptor cells in the retina are permanent cells that do not divide and 

undergo a rapid turnover of their components, proteins and membranes. The rod 

outer segments (ROS) of photoreceptors contain disks of photoreceptive 

membrane that convert light to electric impulse. Figure 1.4. Due to the absorption 

of the Hght, ROS are susceptible to photoreactive oxidative stress and undergo a 

renewal process during which the apical tips are shed daily and phagocytised by 

retinal pigment epithelial (RPE) cells. Because of the daily shedding, the synthesis of 

new membrane is fimdamental and photoreceptor cell analysis has revealed 

decreased phagocytosis and membrane renewal as a consequence of decreased 

activity of CCT and CTP: phosphoethanolamine cytidylyltransferase (CET) [11]. 

Outer segment Inner segment Nucleus Synaptic body 

Figure 1.4 Rod photoreceptor structure. The disks of photoreactive membranes are 
contained in the rod outer segment (ROS). 

Mouse embryos exposed to ET-18-CH^y displayed abnormal development, such as 

cranofacial h}fpoplasia and open neural tube defects in the forebrain, midbrain, and 

hindbrain regions [12]. In humans, chronic Cadmium-exposure causes severe 
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damage in nervous, endocrine, and immune systems, and is linked to enhanced 

aging processes as well as cancer. Mice induced to chronic Cd-exposure show a 

wide range of pathologies: damage of tissues and cells caused by oxidative stress, 

decreasing of PtdCho and phosphatidylglycerol, increasing of phosphatidyl-

ethanolamine (PtdEtn) and decreased CCT activity [13]. 

Studies of brain injury revealed reduced CCT activity [14, 15]. It has also been 

demonstrated that in cases such as Alzheimer's disease (AD), Parkinson's disease, 

stroke, brain injury or forebrain ischemia, the effects of the brain damage was 

slowed down by increasing the CCT activity [16-19]. In all these cases it was 

demonstrated that the administration of CDP-choline or its precursors, choline, 

cytidine, or uridine"̂  had positive effects on the treatment of stroke and brain injury 

[20, 21]. 
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2 Cellular membranes 

2.1 The structure of biological membranes 

Cellular membranes are fundamental to the organisation of both prokaryotes and 

eukaryotes. Figure 2.1 shows the type of organization that may be found inside an 

eukaryotic cell. The internal compartmentaHsation results in a number of organelles 

diat usually differ in their lipid and protein composition. 

Figure 2.2 shows a simple representation of a biological membrane constituted 

entirely by phospholipids, which are amphipathic molecules with hydrophobic and 

hydrophilic characters distinct within the same molecule. The amphipathic nature of 

the phospholipids determines the structure of the Upid bUayer in which the 

hydrophilic moiety remains in contact with the water while the hydrophobic chains 

associate creating a hydrophobic space that stands apart from the aqueous 

environment. 

Although Figure 2.2 exemplifies the structure of biological membranes, it does not 

include one of its fundamental components: proteins. The average percentage of 

protein in membranes is ~ 50% of the lipid mass, but this percentage can change 

between different membranes. For example, in the myelin membrane the protein 

content is ~ 25% by mass, whilst in the inner membrane of mitochondria or 

chloroplast it is ~ 75% by mass. Proteins found in membranes are grouped in two 

classes: integral membrane proteins and peripheral membrane proteins. Integral 

membrane proteins are dghtly bound to the membrane and usually have 

hydrophobic sequences that cross the membrane and interact with its hydrophobic 

core. By contrast, peripheral membrane proteins interact with the membrane 

surface or other membrane proteins [1]. 



Golgi 
apparatus 

Mitochondria 

Nucleous 

Endoplasmic 
reticulum 

Cytosol 

Lysosome 

Plasma 
membrane 

Figure 2.1 Eukaryote cefls use membranes for the separation of the cellular space from the 
surrounding environment and for the maintenance of the internal compartmentalisation, through 
organelles which internal space is delimited by one or two membranes. 

Figure 2.2 Section of a phospholipid bilayer. The hydrophobic core in the bilayer separates the 
two aqueous regions at the two sides of the membrane. Spheres having different color represent 
different atoms: carbon in gray, hydrogen in white, oxygen in red and phosphorous in orange, the 
molecules of water are represented in a simple way by the two blue surfaces at the top and at the 
bottom of the lipid bilayer. 
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Figure 2.3 Simplified representation of the fluid mosaic model, which is currendy the 
accepted structure that best describes most biological membranes. 

By X-ray crystallography, freeze-fracture electron microscopy, radiolabelling, 

fluorescence, and other techniques, it was found that proteins and lipids are closely 

associated in the biological membrane. The fluid mosaic model, proposed by Singer 

and Nicholson in 1972, is currently the accepted structure that describes the tight 

protein/lipid association in most biological membranes. Figure 2.3 [1, 2], 

2.2 Cell organelles 

Different organelles inside the cell play different roles and may differ in both 

protein and lipid composition of their membranes. Some of the organelles and cell 

membranes shown in Figure 2.1 are discussed below: 

• Plasma membrane (plasmalemma). This is a barrier between the inner and 

outer part of the cell. The closed space inside the plasma membrane, the 

cytoplasm, enables the cell to survive chemical and physical changes in the 

external environment and contains the biosynthetic apparatus necessary for 

die cell's survival. Because of the membrane's hydrophobic core, the 

spontaneous passage of charged molecules is prevented, as well as the passage 

of most polar molecules. Usually, the passage of polar and charged molecules 
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through the membrane is mediated by carrier proteins or by channel proteins. 

While carrier proteins specifically recognise some molecules and shuttle them 

through the membrane; channel proteins, intrinsic membrane proteins, create 

slots in the membrane and regulate the passage of charged species through it. 

Large molecules, which cannot cross the membrane by either channels or 

carrier proteins, and even solid particles can enter the cellular space by 

endocytosis (pinocytosis and phagocytosis) and leave the cellular space by 

exocytosis. Specific proteins on the membrane surface usually mediate 

endocytosis and exocytosis. 

Nuclear membrane. This membrane is an envelope constituted by two 

membranes and surrounds the nucleus in which the cell's genetic material 

(DNA) is stored and protected. Figure 2.4. A number of biosynthetic 

apparatus are present in the nucleus and the nuclear membrane is subjected 

to molecule trafficking mediated by carrier proteins and channels, called 

nuclear pores. 

i i 

\ u c l e a f 

: lumen 

T\ ^ 

1 

g 

Nuclear envelope 

Figure 2.4 The nuclear envelope is constituted by a double membrane. The genetic material is 
contained in die nuclear lumen; die molecule trafficking between the nuclear lumen and the 
cytoplasm is mediated by carrier protein and channels. 
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• Lysosomes. These are closed spaces surrounded by membranes used by the 

cell for storing metabolites, proteins, ions, or for the removal of toxic 

secondary products present in the cytoplasm. 

• Endoplasmic reticulum (ER) and Golgi apparatus. These are complex 

membrane structures that have a number of functions. Two of the functions 

in which the ER is involved are the synthesis of proteins and phospholipids 

(in eukaryote cells). Functions of the Golgi apparatus concern protein 

functionaHsation, compartmentalisation and secretion. 

• Mitochondria. These are the sites of chemical reactions for the production 

of energy. Mitochondria make use of membrane impermeability to charged 

species for the conversion of electric potential, between the two sides of the 

membrane, into ATP, the form in which the energy is transported all over the 

cell. The electrical potential between the two sides of the membrane is 

generated by the creation of a gradient in the ion concentration between the 

two sides of the membrane. 

2.3 Lipids 

The class of lipids is constituted by amphipatic molecules such as fatty acids, 

glycerides, phosphoglycerides, sphingolipids (or glycolipids) and steroids. Lipid 

compositions of different cell membranes are compared in Table 2.1. 

Fatty acids are aliphatic carboxyUc acids that often contain an even number of 

carbon atoms and may have one or more a>-double bonds, Figure 2.5. Mono-, di-

and tri-glycerides are obtained from the condensation of one, two or three 

molecules of fatty acids with one molecule of glycerol. 

Phosphoglycerides are a class of lipids that are derived from di- and monoglycerides 

(the latter also called lyso-phosphoglycerides), in which the hydroxyl group at the C-

3 of the glycerol is linked through an ester bond to the phosphate group. Different 

phosphoglycerides take their name from the group that is linked through an ester 
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bond to the phosphatidic function. Table 2.2. Phosphoglycerides present in the cell 

may differ for both the head-group fimction and the fatty acid groups (the 

unsaturated fatty acid is usually esterified with the hydroxyl at the C-2 of the 

glycerol). 

Table 2.1 Approximate lipid compositions of different cell membranes [1]. 

Percentage of total lipid by weight 

Lipids i| 1 
| | i 

3 S ^ 

i § E tl 
Ui 

1 
W 

Cholesterol 17 23 22 3 6 0 

PtdSer 4 7 9 2 5 trace 

PtdEtn 7 18 15 35 17 70 

PtdCho 24 17 10 39 40 0 

Sphingomyelin 19 18 8 0 5 0 

Glycolipids 7 3 28 trace 0 0 

Others 22 13 8 21 27 30 

The glycerol-ether-phospholipids are similar to the phosphoglycerides but differ in 

the nature of the bond at the C-1 of the glycerol: an ether bond instead of ester 

bond, Figure 2.6. PAF, mentioned in the previous chapter, is an important member 

of the ether-phospholipid family and its presence is required to prevent platelet 

aggregation. Glycerol-ether-phospholipids are converted by a desaturase enzyme 

into plasmalogens, which contains an a,p-unsaturated ether at the C-1 of the 

glycerol. 
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OH OH OH 
0=< o=< O 

Gycerol 
CgHgOg 

A 

OH 

Q OH 
=0 

Stearic acid 
C18H36O2 

Palmitic acid 
C16H32O2 

Oleic acid 
C18H34O2 Monoglyceride 

F i g u r e 2.5 Three fatty acids that may be found in biological membranes are stearic, palmitic and 
oleic add. The oleic acid is an unsaturated fatty acid with one as double bond. Other fatty acids may 
have longer chains and more than one cis double bond (all double bond found in fatty acids are cis-
double bond). Mono-, di- and tri-glycerides are obtained by linking one, two or three fatty acids to 
the glycerol moiety through an ester bond. 

1 -alkyl-2-acyl-pho sphatidylcholine 
or Platelet Activating Factor (PAF) 

Ri—O o 

, 0 — P — O R 3 

OH 

Glycerol-ether-phosphoUpid 

H H 
R4—c=c-o 

Plasmalogen 

Figure 2.6 Glycerol-ether-phospholipids are very similar to phosphoglycerides, although 
synthesised through a different biosynthetic pathway. The platelet activating factor (1.1) plays a 
fundamental role in preventing the platelet aggregation. The glycerol-ether-phospholipid is converted 
by a desaturase in plasmalogen, a glycerol-ether-phospholipid having an a-P unsaturation at the C-1 
of glycerol. 
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Table 2.2 Different phospholipids present in membranes. Ri and R2 are two acyl chains; 
only chain R2 normally contains one or more double bonds. 

Head group 

X 
R1 0 - ^ 

R 2 ^ 0 0 - P — = R 

T 0 
0 

R-OH Phosphatidic acid (PtdOH) 

Phosphatidylethanolamine (PtdEtn) 

1. 
Phosphatidylcholine (PtdCho) 

0 

NH; 

Phosphatidylserine (PtdSer) 

H OH 

R-0 A k H 
i X OH H \ 
K OH OH^ 

H N OH 

H H 

Phosphatidylinositol (Ptdlns) 

OH 

R - 0 . ^ ^ ^ J \ . 0 - R 
Diphosphatidylglycerol (diPtdGly) 

Another class of lipids comprises molecules that derives from sphingosine: 

sphingomyeline and glycosphingolipids (glycolipids). Figure 2.7. These lipids are 

present at high percentage in the myelin sheath, a multi-layered membrane 

surrounding the nerve axon in a tight spiral to prevent any leakage of current across 

the axon membrane. 
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Cholesterol is an uncharged lipid that differs in the chemical structure from all the 

lipids listed above and is present especially in the plasma membrane of eukaryotes, 

Figure 2.8. 

H3C-(CH2)i2 

Sphingosine 

H3C-(CH2)i2 
Q^Glucose or galactose 

Cerebroside (Sphingolipid or glycolipid) 

H3C-(CH2)i2' 

Sphingomyelin 

Figure 2.7 Sphingomyelin and sphingoUpids are two classes of lipids showing the sphingosine 
moiety. Sphingolipids, or glycoMpids, are lipids in which one molecule of sugar or branched 
sugar is bound to the sphingosine. Galactocerebroside is largely contained in the myelin sheath. 

Figure 2.8 Cholesterol is present only in eukaryotes and has no charge. The only polar group 
in the molecule is the hydroxyl function at the C-3. 

2-9 



2.4 Phosphatidylcholine biosynthetic pathways 

The lipid demand of a eukaryotic cell is mostly provided in the ER membrane and 

in particular in the cytosolic side of the ER. After the synthesis of the lipids, head-

group specific enzymes (phospholipid translocators) regulate their asymmetric 

distribution between the two leaflets of the membrane. 

As CCT is involved in the PtdCho synthesis, only the phosphatidylcholine 

biosynthetic pathways are shown and described in Figure 2.9 . Although more than 

one biosynthetic route brings to the PtdCho synthesis, those routes are not 

accessible to aU kind of eukaryote organisms; in particular: 

1. Animals and unicellular organisms can synthesise PtdCho through two 

padiways: the CDP-choline pathway, from choline to PtdCho (lecithin in the 

schemes), and through the methylation of PtdEtn, deriving either from the 

CDP-ethanolamine pathway or from the decarboxylation of PtdSer. 

2. PtdSer is synthesised only in unicellular eukaryotic organisms (e.g. 

Saccharomyces cerevisiae). 

2.5 Saccharomyces cerevisiae 

Saccharomjces cerevisiae (yeast) can synthesise PtdCho using all three pathways shown 

in Figure 2.9; the availability of appropriate precursors determines the contribution 

of those pathways to the overall synthesis of PtdCho. Differently from mammals 

and in absence of exogenous choline, the preferred route for the PtdCho synthesis 

is via the decarboxylation of PtdSer, and the CDP-choline pathway accounts 

approximately for the 1% of the total synthesis of PtdCho. Because the CDP-

choline pathway is not the preferential one, all the required enzymes are expressed 

at a lower level than the enzymes involved in the PtdSer pathway. McMaster et al. 

demonstrated that the synthesis of PtdCho is regulated at the gene level. The gene 

repression of some of the enzymes involved in the PtdSer synthesis was achieved 

2 - 1 0 
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DOG-3-phosphate 

9 

CDP-diacylglycerol 

10 

Ethanolamine 

4 

Phosphoethanolamine 

CDP-ethanolamine 

PtdSer 

Choline 

1 

Phosphocholine 

2 

CDP-choline 

DOG 

Serine 

1) Choline kinase 

2) CTP:phosphochoIine 
cytidylyltransferase 

3) Choline phosphotransferase 

4) Ethanolamine kinase 

5) CTP: phosphoethanolamine 
transferase 

PtdEtn PtdCho 

ChoHne + ATP <± phosphocholine + ADP 

Phosphocholine + CTP # CDP-choline + PPi 

CDP-choline 4- DOG <± PtdCho + CMP 

Ethanolamine + ATP ^ phosphoethanolamine 4- ADP 

Phosphoethanolamine + CTP CDP-ethanolamine + 

Ppi 

6) Ethanolamine phosphotransferase CDP-ethanolamine 4- DOG ^ PtdEtn + CMP 

7) Phosphatydylethanolamine and 
phosphatidyl-N-methyl-ethanolamine 
methyltransferase 

8) Diacylglycerol kinase 

9) CTP: phosphatidate 
cytidylyltransferase 
10) CDP-diacylglycerol serine 
phosphatidyltransferase 

11) Phosphatidylsertne decarboxylase 

PtdEtn +S-adenosyl methionine N-methyl-PtdEtn 4- S-

adenosyl homocysteine 

N-methyl-PtdEm 4- S-adenosyl methionine N ^ -

dimethyl-PtdEtn 4- S-adenosyl homocysteine 

N,N-dimethyl-PtdEm 4- S-adenosy Imethionine 

PtdCho 4- S-adenosyl homocysteine 

DOG 4- ATP DOG-3-phosphate 4- ADP 

DOG-3-phosphate 4- CTP ^ CDP-diacylglycerol 4- PPi 

CDP-diacylglycerol 4- serine PtdSer 4- CMP 

PtdSer # PtdEtn 4- CO2 

Figure 2.9 Eukaryote accessible routes for the synthesis of phosphatidylcholine [2, 3]. 
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by adding inositol to the culture medium and resulted in an increased activity of 

both the choline transporter and choline kinase' [4]. Moreover, it was shown that by 

increasing the CTP cellular concentration 2.4 times'" the amount of PtdCho 

synthesised through the CDP-choUne pathway increased of a factor 1.4 [5]. 

2.6 CCT in mammals 

Mammals are multicellular organisms that undergo cellular differentiation and 

specialisation during their development, from the egg phase to the maturity. The 

role of the PtdCho synthetic pathways in mammals will be described in more details 

in the next sections. However, it is important to notice that:: 

• Eukaryotes can synthesise choline exclusively through the hydrolysis of 

PtdCho, which is produced through the methylation of PtdEtn. 

• The CDP-choline pathway is the preferred route in mammals. 

• In mammals, the PtdCho synthesis through the ethanolamine pathway occurs 

exclusively in the liver. 

Consequentiy, the liver is in mammals the only source of choline for aU the other 

cells and tissues [6, 7]. 

2.6.1 CDP-choline pathway andphosphatidylethanolamine methylation pathway 

Cellular differentiation and the role of the two PtdCho synthetic pathways in 

mammals are still a subject of study. Using male Wistar rats, early studies have 

shown that the CDP-choline and the ethanolamine pathways are both active in 

adults and that each pathway can compensate the inhibition of the other. For 

example, it was observed that the PtdCho synthesis via the CDP-choline pathway 

The choline transporter and the choline kinase increased the uptake of choline from the culture 
medium, making it available for the CDP-choline pathway. 

The increase of the CTP cellular concentration was achieved using cells over-expressing the CTP 
synthetase. 
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increased 2-3 times when the enzymes involved in the N-methylation of PtdEtn 

(Figure 2.9) where inhibited by 3-deazaadenosine (DZA) [8]. 

The study of the CDP-choline and CDP-ethanolamine pathways interconnection in 

embryo developmental stages has improved the knowledge of the role and the 

complex regulation of CCT. Studies on liver from embryos of Wistar female rats 

have shown that three classes of enzyme involved in the metabolism PtdCho are 

under regulation during the embryo developmental stages: phosphatidyl-

ethanolamine methyltransferase (PEMT), CCT and protein kinase C (PKC) 

isozymes (a, P, 6 and The tests showed that: 

• CCT gene expression and activity in rat liver during developmental 

growth (~3 days before and ~10 days after the birth) was higher than in the rat 

adult liver. 

• PEMT gene expression and activity in rat liver during developmental 

growth was much lower than in adult rat liver. 

• PKC a, (3 and were approximately two-fold more active in foetal and 

newborn liver than in adult rat liver. On the contrary, PKC 6 was less active in 

the foetus than in the adult rat Uver, but was even higher in the newborn liver. 

Hence, the CDP-choline route is preferred during cell proliferation in the embryo 

developmental stages, when new membrane is required, whilst the PEMT route is 

the preferential one during cellular differentiation in the first days after birth [9]. 

However, CCT regulation is not driven exclusively by the need for new membrane. 

Analysis of the fatty acid of the PtdCho produced through the two pathways has 

shown differences in composition. In particular, it was found that the ethanolamine 

pathway seems to be preferred for the synthesis of unsaturated PtdCho, while the 

choline pathway seems to be preferred for the synthesis of saturated PtdCho. Using 

RH7777 cells, it was found that PtdCho from the CDP-choline pathway had a fatty 

Even if PKC isozymes are not directly involved in the synthesis of PtdCho, they act on the 
homeostasis of membrane phospholipids through the regulation of the enzymes involved in 
phospholipids hydrolysis. 

243 



add composition rich in saturated species: 16:0/18:1'̂ , 18:0/18:2 and 18:1/18:1; 

PtdCho from PtdEtn methylation, on the contrary, was rich in unsaturated fatty 

acids: 18:1/18:1, 18:0/18:2, 18:2/20:4, 18:1/20:4, 18:0/20:4, 18:0/22:6 and 

18:1/22:5 [10]. 

2.6.2 CDP-choline pathway and the secretion of lipoproteins 

Lipoproteins are micellar complexes of proteins and lipids. These protein/lipid 

mixtures play a fundamental role in the transport of highly insoluble lipids or 

molecules involved in signalling in the extracellular spaces. Lipoproteins are 

classified according to their size and to the lipids they transport: chylomicrons, very 

low-density lipoproteins (VLDL), intermediate-density lipoproteins (IDL), low-

density lipoproteins (LDL), and high-density lipoproteins (HDL). Studies 

conducted in cultured hepatocytes from female Wis tar rats revealed that the CDP-

choline pathway is the preferred route for the synthesis of PtdCho used for 

assembling the different lipoproteins [11-14]. 

2.6.3 CCT localifmtinn inside the cell 

CCT cellular localization was a subject of controversy, and the enzyme association 

with different organelles in the cell was shown to be affected by the method of 

purification (differential centrifugation, percoU density gradient fractionation and 

sucrose gradient centrifugation). While in early studies CCT was found prevalently 

associated with the endoplasmic reticulum [15], it was revealed later that CCT was 

associated with the outer membrane of the nuclear envelope [16, 17]. 

Further studies have revealed that all the enzymes involved in the PtdCho synthesis 

through the CDP-choUne pathway are present inside the nucleus, in which the 

PtdCho metabolism plays a fundamental role [18]. Using human neuroblastoma 

LA-N-1 cells the effect of D609 (tricyclodecan-9-yl xanthogenate) and TP A (12-0-

The two acyl chains present in the phospholipids are indicated using the format X:x/Y:y, where X 
and Y correspond to the chain lengths, in unit of number of carbon atoms in the main chain, and 
X and y indicate the number of double bonds present in the chains X and Y, respectively. 
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tetradecanoylphorbol-13-acetate) on both CCT activity and PtdCho synthesis was 

investigated. TPA is a tumour promoter that increases the nuclear production of 

diacylglycerol, through the activation of a PLC and/or PLD/PPH (phospholipase 

D/phosphatidate phosphohydrolase). On the contrary, D609 is a selective PtdCho-

PLC inhibitor. TPA was shown to increase the synthesis of PtdCho in the nucleus, 

confirming the presence of an active PtdCho cycle. Furthermore, these results were 

confirmed by the inefficiency of TPA on cells pre-treated with D609, 

demonstrating that the PtdCho cycle can be inhibited and that TPA stimulates the 

synthesis of DAG, which triggers the activation of CCT and the cellular 

proliferation [19]. 

Although CCT was localised in the nucleus, extensive studies have shown the 

possibility of a different CCT localization in different cells", leaving open the 

possibility that the nucleus could act as reservoir of CCT. 
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3 CCTa 

3.1 CCTa; gene structure^ 

The most common and widely studied CCT isoform is CCTa; the other two 

known isoforms are CCTpl and CCTp2, which wiU be described later. 

CCTa cDNA was completely sequenced and characterized for its exon/intron 

structure. The gene structure reported here is referred to the Murine ctpct gene, 

encoding for the CCTa [1], The gene encoding for CCTa is constituted of nine 

exons, which encodes for the different domains of the protein (Table 3.1 and 

Figure 3.1). 

The CDP-choUne pathway, which is the major route for the synthesis of PtdCho in 

extrahepatic tissues, has shown a complex regulation exerted through both the 

modulation of the enzyme activity and the regulation of the enzyme transcription. 

The analysis of the ctpct sequence has revealed sites of the gene that could be 

involved in the regulation of its transcription. In particular, regulatory features of 

ctpct seem to be located in the 600 base segment before the transcriptional initiation 

site. The analysis of the 600 bases of the upstream regulatory region has revealed 

that: 

• Both TATA and CAAT box are absent. 

• The sequence possesses a G+C enriched region and five GC boxes, which 

corresponds to consensus Spl-binding site present in promoters of numerous 

viral and cellular genes, and typical of housekeeping genes. 

• The same region possesses several consensus transcriptional factor-binding 

sites: API, AP2, APS, TFIIIA and Yl. 

' In accordance -with the Biochemistry format, genes are named in italics with no capitalisation of the 
first letter, whilst gene product are named in normal character with the first letter capitalised. 



Table 3.1 Gene/domain structure of CCT obtained from the comparing of the Murine c^ct 
sequence with the protein amino acid sequence [1]. 

Murine Ctptc gene structure 

Exon 1 
This exon is unttaslated, like in other genes involved in lipid 
biosynthesis and metabolism, such as PEMT2, apolipoproteins A-I, A-
II, C-II, C-III, E, and phospholipid transfer protein 

Exon 2 
This exon encodes the first 39 amino acids of CCTa, which include the 
nuclear signal sequence composed by the amino acids from residue 8 to 
28. 

Exon 3 
This exon encodes for residues 40 to 72. Even if this amino acid 
sequence is encoded by a proper exon, no specific functional role has 
been reported. 

Exon 4, 
5, 6 and 

7 

These exons encode for the catalytic domain, from residue 73 to residue 
236; in particular, exon 4 contains the codons for HSGH motif, residues 
89 to 92. 

Exon 8 

This exon encodes for the amino acid sequence from residue 237 to 
residue 299. In particular, this exon encodes for the 58 residues 
constituting the hydrophobic a-helix (256-288), the membrane binding 
domain of CCTa. The binding domain was extensively studied because 
of its role in the enzyme activation. Besides the binding domain, exon 8 
encodes for a highly positively charged sequence from residue 248 to 
residue 254. This seven residue sequence contains 5 lysines whose role is 
still not well understood. 

Exon 9 

This exon encodes for the C-terminal domain of CCTa from residue 
300 to residue 367. This sequence contains two main domains: a second 
a-helix having high hydrophobic character and a domain rich in serine 
and threonine, residues often involved in enzyme activity modulation 
mediated by phosphorylation and dephosphorylation. If the role of the 
second a-helix is not still well understood, the phosphorylation/ 
dephosphorylation domain was object of several studies, as well as the 
binding domain. 
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Figure 3.1 Structure of the Murine ctpct encoding for CCT. The entire CCT gene is ~ 26 kb 
long, while the CT cDNA is only ~ 1.5 kb [1]. Exons from II to IX (the first exon is not 
translated) are translated into the 367 amino acid sequence long CCTa. Domain N (residues 1-72) 
contains the nuclear localisation sequence; domain C (residues 73-236) contains the residues 
involved in the catalysis; domain M (residues 237-299) contains the Upid-binding domain; domain 
P (residues 300-367) contains the residues involved in phosphorylation/dephosphorj'lation. 

It has been hypothesised that these transcriptional factor-binding sites could be 

involved in the basal transcription of the gene or in its transcriptional regulation [1, 

2], Further investigations of promoters in ctpct were focused on the upstream 

regulatory region, and four motifs were found for the binding of SPl- and/or Apl-

related nuclear factors. The most important part of this regulatory region is the 

similarity between the ctpct promoter and the regulatory regions of several other 

genes involved in the lipid metabolism (e.g. in Acetyl-CoA carboxylase, in fatter acid 

synthase and in low density lipoprotein receptor) [3]. 

3.2 CCTa: protein structure 

The characterization of CCTa started with the advent of molecular biology. The 

over-expression of CCTa allowed the isolation of large amount of reasonably pure 

protein. CCTa was found to be not easy to handle, as reported by a number of 

papers that appeared in the 1980s. For example, the purification of this enzyme 

from not over-expressing cells often yielded impure CCT, contaminated with other 

proteins found to be responsible for the observed heterodimeric and multimeric 

structure of CCT in solution. Further experiments demonstrated that CCT is 
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normally present as a homodimer and that the co-purified proteins were the cause 

of the observed etherodimeric and multimeric structures. It was also reported that 

oxidising conditions could induce the formation of covalendy bound CCT 

monomers orig^ating homodimeric and multimeric structures [4]. 

The first experiments of CCTa cDNA expression were attempted using E. colL, but 

failed because the bacterium proved to be an unsuitable organism. Successful 

expression was instead achieved in eukaryote cells, whose DNA normally encodes 

for CCT [5]. 

The availability of CCTa cDNA made possible the determination of its amino acid 

sequence, which is shown in Table 3.2. The entire sequence is divided in four big 

domains: N, C, M and P. Domain N is constituted by the first 72 residues and 

contains the nuclear localization sequence. Domain C is constituted by the residues 

from 73 to 236 and corresponds to the catalytic sequence. Domain M, 

corresponding to the sequence from residue 237 to residue 299 and contains the 

lipid-binding region. Domain P, constituted by the residues from 300 to 376, 

contains the phosphorylation domain. Figure 3.1. 

Different approaches were attempted to identify the four CCTa domains and to 

determine their role in the enzyme's regulation [6-9]. One of the most widely 

appUed methods involves the use of truncated mutants (enzymes lacking one or 

more amino acid sequences) to investigate the role of a particular sequence on the 

enzymatic activity. Investigating CCTa truncated mutants it was found that: 

• The N domain is involved in the nuclear localization of the enzyme. In 

the previous chapter CCTa localization was described in a number of 

different organisms and it was shown that the nucleus is the place for PtdCho 

synthesis. CCTa mutants lacking the nuclear localization sequence were 

found in the cytosol and not in the nucleus [6]. 

• The M domain is fundamental for enzyme translocation from the cytosol to 

the membrane surface. CCTa is an amphitropic enzyme that becomes active 

when it translocates from the soluble inactive form to the surface-bound 
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active form. Using different mutants it was demonstrated that this sequence is 

fundamental for the binding and that the mutants could be partially active or 

completely inactive depending on the extent of truncation [10]. 

The P domain is involved in enzyme regulation. Mutants lacking this 

sequence are more active than the wild type. However, further studies on 

those mutants revealed the possibility that some proteins inside the nucleus 

might interact with this domain [11]. 

Table 3.2 CCTa amino acid sequence obtained from CCTa cDNA. 
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50 
1 

60 70 80 
1 

LRQPAPFSDE 
1 

lEVDFSKPYV 
1 

RVTMEEACRG 
1 

TPCERPVRVY 

90 
1 

100 
1 

110 120 
1 

ADGIFDLFHS 
1 

GHARALMQAK 
1 

NLFPNTYLIV 
1 

GVCSDELTHN 

130 
1 

140 150 160 
1 

FKGFTVMNEN 
1 

ERYDAVQHCR 
1 

YVDEWRNAP 
1 

WTLTPEFLAE 

170 180 190 200 
1 

HRIDFVAHDD 
1 

IPYSSAGSDD 
1 

VYKHIKEAGM 
1 

FAPTQRTEGI 

210 220 
1 

230 240 
1 

STSDIITRIV 
1 

RDYDVYARRN 
1 

LQRGYTAKEL 
1 

NVSFINEKKY 

250 260 270 280 
1 

HLQERVDKVK 
1 

KKVKDVEEKS 
1 

KEFVQKVEEK 
1 

SIDLIQKWEE 

290 300 
1 

310 320 
1 1 

KSREFIGSFL 
1 

EMFGPEGALK 
1 

HMLKEGKGRM 
1 

LQAISPKQSP 

330 
1 

340 
1 

350 360 
1 

SSSPTHERSP 
1 

SPSFRWPFSG 
1 

KTSPSSSPAS 
1 

LSRCKAVTCD 

367 

1 
ISEDEED 
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The amino acid sequence HSGH, contained in the catalytic domain, is essential for 

the catalytic activity of CCTa. Studies on this four amino acid-long sequence 

revealed that to remain functional that sequence requires the conservation of H and 

GH. Therefore a general sequence HXGH, were X is an undefined amino acid, is 

still active but even the exchange of one amino acid, especially glycine, would result 

in a decrease/loss of activity [12]. 

The importance and the role of the M domain were demonstrated using ['̂ ÎJTLD 

(3-(trifluoromethyl)-3-(m[^^^I]iodophenyl)diazirine). [̂ ^ Î]TID is a radioactive and 

photoreactive hydrophobic molecule that partitions into the hydrophobic core of 

lipid membranes. When present in a membrane, ['^'l]TID can be phoactivated 

producing a highly reactive carbene species able to react non-selectively with any 

molecules in the vicinity in the hydrophobic core of the membrane. Experiments 

made in presence of CCTa, vesicles and [̂ ^®I]TID have shown the a-helix in the M 

domain was the only sequence involved in the photoreaction [13]. Further 

experiments involved synthetic peptides whose sequence derived from the M 

domain of CCTa. These peptides showed a random coil conformation in solution 

and a a-helical structure in presence of SDS micelles. The two different 

conformations were determined by NMR and proved that CCTa M domain is in a 

a-heUcal conformation when the enzyme translocates on the membrane surface 

[14]. In other similar experiments four different peptides, whose sequences were 

deduced from the a-heUcal domain of CCTa, were used to investigate their 

partitioning between aqueous buffer and vesicles. The four peptides showed high 

partition coefficients in favour of the vesicles, confirming that the M domain is 

involved in the binding to the membrane [15]. 

3.3 CCT isoforms: a, pi and p2 

Molecular biology and the increasing amount of data on gene sequencing have 

made possible to discover that CCT is present in more than one isoform. Human 
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CCTP was the second CCT isoform found and its amino acid sequence is very 

similar to the CCTa one. Differently from CCTa, CCTP lacks the nuclear 

localization sequence and is expressed at lower level. Hypothesises advanced for the 

CCTP role suggest that the expression of CCTp could be related to specific tissues 

and/or to specific developmental stages [16]. 

After one year from the discovery of CCTp, it was found that the human DNA 

encodes more than two isoforms of CCT: a, Pl and p2. CCTa was found to be 

localized in the nucleus while CCTpi and CCTp2 were found to be localized in the 

ER. CCTPl and CCTP2 differ essentially for the total length of the amino add 

sequence, being both the product of different splicing of the same gene. The 

different isoforms were localized in different human tissues and it was found that 

CCTa and CCTpl were ubiquitous, CCTP2 was mainly present in brain and in 

HeLa cells, poorly present in liver and foetal lung, and almost absent in placenta 

and adult lung. Unfortunately, even if the CCT isoform distribution is known, the 

exact role of the CCTP isoforms has not been elucidated yet [17]. 

3.4 CCTa: activity modulation 

Modulation of CCTa activity was demonstrated to occur at different levels: 

• Phosphorylation/dephosphorylation of the P domain. 

• Membrane lipid composition effect of on the translocation from the 

soluble to the membrane bound form. 

• CTP and phosphocholine concentration. 

• Enzyme expression and digestion. 

As CTP and phosphocholine are CCTa substrates, studies were carried out to 

determine the effect of their concentration on CCTa activity. The effect of CTP 
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was tested using HeLA cells infected with poliovirus, which increased the ceUular 

synthesis of CTP. The experiments showed a positive effect of CTP on CCTa 

activity [18, 19]. Unfortunately, experiments of phosphocholine over-expression are 

not reported, probably because PtdCho is the only source available inside the cell. 

The analysis of the gene structure of CCTa has revealed several transcriptional 

factor-binding sites present in the upstream region of the gene, suggesting the 

possibility that the regulation of CCTa expression is similar to that of other 

proteins involved in lipid metabolism. Investigating the CCTa turnover, it was 

demonstrated that CCTa is digested inside the cell by the cytosolic calcium-

activated proteases (calpains) and through the ubiquitin-proteasome pathway [20], 

suggesting a possible way to control the concentration of CCTa inside the cell. 

3.4.1 Phosphorylation ! dephosphorylation 

The phosphorylation/dephosphorylation of the P domain has been discussed in a 

number of papers [21-28]. The P domain is rich in serine and threonine and is often 

subjected to phosphorylation or dephosphorylation as a regulatory mechanism. This 

kind of regulation appears to be linked to the availability of energetic resources, e.g. 

glucose, and it is a regulatory mechanism shared by other different enzymes and 

related to low energy level inside the cell [21]. cAMP is a second messenger 

synthesised by adenylyl cyclase when the energetic resources are low. This molecule 

activates protein kinase A (PKA) that phosphorylates residues of serine and 

threonine of different proteins sensitive to this mechanism of regulation. cAMP 

effects on CCT were studied and it was shown that high levels of cAMP were 

correlated to high levels of phosphorylated CCT and to a subsequent decrease in 

activity [22-24, 28,29]. 

Even if it was demonstrated that phosphorylation/dephosphorylation of the P 

domain can be used by the cell for modulating CCT activity, the role of the P 

domain, the effect of different levels of phosphorylation, and the mechanism of 

inhibition remain unclear [25-27]. 
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3.4.2 Upid modulation qfCCTcx activi'h 

Studies on CCTa have shown that the presence of lipid membranes is essential for 

the enzyme activation and that the membrane lipid composition can modulate the 

enzyme activity. Figure 3.2 shows that CCTa is essentially inactive in solution and 

active when bound to the membrane. However, although it has been demonstrated 

that the enzyme's activation is mediated by its translocation from the cytosol to the 

surface of the membrane, it was hypothesised that both inactive and active forms 

could be bound to the membrane and that some other parallel mechanism could 

modulate the enzyme activity [30]. 

CCTa 

Figure 3.2 CCTa is essentially inactive when in solution and becomes active when bound to the 
membrane. The membrane-binding domain M seems to be involved in the interaction with the lipid 
membrane. 

Fatty acids or lipid were added to the culture medium in in vivo studies, or to 

purified CCTa in in vitro studies, to investigate the effect on the enzymatic activity 

[31-33]. Other studies, instead, tested the effect of a de-lipidated culture medium on 

CCTa activit}'- [34]. All those experiments showed that lipid membrane properties, 

e.g. surface density charge or torque tension, were able to activate the enzyme. 

Subsequent work was directed to investigate how the degree of lipid oxidation [35, 
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36], surface density charge [37, 38], and other surface and bulk properties [39-45] 

affected the enzyme activity. It was finally found that the torque tension and the 

surface charge of the membrane were the only properties affecting CCTa activity. 

Other studies focused on the effect that some lipids have on the transcription of 

ccta. In particular, it was demonstrated that the gene transcription of CCTa was 

sensitive to the sterol concentration in the culture medium. Experiments on 

macrophages showed that they are susceptible to the free-cholesterol (FC) in the 

medium. In particular, macrophages lacking ccta were easily subjected to free 

cholesterol-induced death while wild type macrophages increased the post-

translational activation of CCTa as response to the presence of FC, probably to 

minimise the cytotoxic effect of this substance on the membrane and on the 

integral membrane-proteins [46]. Moreover, other studies showed that SREBP 

(Sterol Regulatory Element-Biding Protein) trans-activates the CCTa gene, in a way 

similar to other related lipogenic genes involved in the fatty acids, triacylglycerol and 

cholesterol biosynthesis [47-49]. 

3.5 CCTa and cell signalling 

CCTa plays a fundamental role not only in the synthesis of PtdCho, but also in the 

cell cycle, in cell signalling and in cell survival: "Phosphatidylcholine seems to be 

essential to mammalian life, since no hereditary disease in the biosynthesis of this 

Upid is known" [50]. Phosphatidylinositol (Ptdlns), 4-phosphate-phosphatidyl-

inositol, PtdIns(4)P, and 4,5-diphosphate-phosphatidylinositol, Ptdlns(4,5)Pj, are 

intermediates involved in cell signalling and are converted one into the other in the 

phosphatidylinositol cycles (Figure 3.3). 

PtdCho cycle (Figure 3.4) and the phosphatidylinositol cycle have DAG as common 

intermediate and it has been hypothesised that the PtdCho cycle is important for 

the cell signalling [50]. Two observations can give credit to the above hypothesis: 

• The PtdCho pool is greater than the Ptdlns one. 
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• DAG can be reconverted in PtdCho through one step only, instead of 

the five required for the reconversion into PtdIns(4,5)P2. 

As CCTa controls the rate at which PtdCho is synthesised, the concentration of 

DAG in the membranes can be regulated by the modulation of CCTa activity. 

Several studies have investigated the effect of CCTa inhibition on the cellular 

signalling and have shown that CCTa inhibition tri^ered cell apoptosis, the 

specific pathway of programmed cell death [52-54]. 

CMP 

Ptdlns-P 

Ptdlns 
Inositol 

CDF-DAG 

PPi 

II 

C T P - " 

PtdOH 

VI 

PtdIns(4,5)P2 

\ s , V I I 

DAG Ins(l,4,5)P^ PtdIns(3,4,5)P^ 

Intracellular signal transduction 

Figure 3.3 Metabolic cycle of regeneration of PtclIns(4,5)P2. I) DAG kinase; II) CDP-DAG 
synthase; III) Ptdlns synthase; IV) Ptdlns kinase; V) PtdlnsP kinase; VI) PLC; VII) PtdlnsPz 
kinase [51]. 

3.6 CCTa and cell cycle 

The different phases of the cell cycle are shown in Figure 3.5. Studies on 

phospholipidic mass accumulation during the cell cycle have been reported in the 

literature [55, 56] and have shown that CCTa was maximally active during the Gj 
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phase and essentially inactive during the mitosis''. However, due to the rapid 

PtdCho turnover during the G, phase, the net phospholipid mass accumulation 

occurred during the S phase, when the rate of PtdCho synthesis was higher than the 

rate of its degradation. 

CMP PtdCho 

CDP-choline 

DAG 

PhoCho 

Choline 

PtdOH 

Pi 

Figure 3.4 PtdCho cycle. I) choline phosphotransferase; II) PLD; III) phosphatidate 
sphosphohydrolase; IV) PLC. 

Figure 3.5 The four phases of a typical eukaryotic cell. Gi, S and G2 phases form the 
interphase, during which the cell continues to grow. New DNA is synthesised during S phase and 
cell division occurs in M phase [51]. 

' mRNA quantification demonstrated that CCTot gene is highly expressed during the mid-Gi phase 
and poorly expressed in the S and G2/M phases [55, 56]. Further experiments of 
immunofluorescence localisation have shown that CCTa is located in the nucleus when the ceU 
requires low level of activity. CCTa was translocated to the cytosol during the high rate PtdCho 
turnover in the Gi phase [57], strengthening the possibility that the nucleus acts as reservoir of 
CCTa. 
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4 Physical chemistry of membranes 

4.1 The hydrophobic effect 

When either nonpolar or amphipathic molecules are mixed with water, the 

hydrophobic effect, also called hydrophobic interaction, gives rise to the clustering 

of these molecules to minimise their contact with the water. Figure 4.1 shows three 

possible structures originating from the clustering of amphipathic molecules in 

water: monolayer, vesicle, and micelle. Lipids in a monolayer are placed at the 

air/water interface with the polar head groups, represented by spheres, in contact 

with the water and the hydrophobic acyl chains, the tails, turning to the air. Lipids in 

vesicles respond to the hydrophobic effect by grouping together in two monolayers 

stacked together through the hydrophobic chains. Finally, lipids can also cluster into 

micelles, single monolayers with a closed surface, e.g. spheres. 

06O06O6OOOO0 UUiMlMUmMi 
V rtOQOn 

F i g u r e 4.1 Amphipathic molecules cluster into three different structures to minimise their 
contact with the water: monolayers, vesicles and micelles. In all the three structures, the polar 
head-groups, represented by spheres, interact with the water while the acyl chains, represented by 
the tails, turn to the air or get in contact with other acyl chains. 

The hydrophobic interaction is an entropicaUy driven effect caused by the 

formation of ordered structures of water molecules, referred to as clathrates, around 



the apolar molecules (Figure 4.2 is an example of water structure surrounding 

methane) [1], Therefore there are two contributions to the hydrophobic effect: one 

derives from the restoration of H-bonds, broken during the dissohdng process of 

the nonpolar molecule, in the new clathrate structure (AH for the dissolution can 

consequentiy be either positive or negative); the second contribution derives fom 

the decrease in the entropy of the system, caused by the formation of the clathrates 

(AS is negative). Examples of both the enthalpic and the enthropic effects for the 

transfer of organic molecules to water are given in Table 4.1 [1], 

T a b l e 4.1 Thermodynamic quantities for the transfer of non polar solutes from cyclo-
hexane to water at 25 °C. n-hexane was transferred from n-hexane. Table from reference [1]. 

Organic molecule AH (kj-mof) AS G-K"') AG (kj mor^) 

Methane -11.7 -75.8 10.9 

Ethane -9.2 -83.6 15.7 

n-Hexane 0.0 -95^ 2&4 

Cyclo-hexane 0.0 -57.7 17.2 

F i g u r e 4 .2 Probable structure for methane hydrate. Clathrate cage model of water molecules 
surrounding a molecule of methane. The ordered structure of the water reduces the entropy of the 
system and drives the phenomenon of immiscibility of nonpolar molecules with water [1]. 
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An estimation of the molar free energy 5^ for transferring a hydrocarbon chain 

from oil to water is given by: 

Eq. 4.1 5^ «10.2 + 3.7M ) 

where n is the number of carbon atoms in the hydrocarbon chain [2]. 

4.2 Surfaces: forces, energy and topology 

4.2.1 Geometric and thermodynamic variables 

Each surface is characterised by geometric and thermodynamic variables. The 

surface geometry is described by an area, A, and two principal radii of curvature, 

and 2̂ , Figure 4.3. 

W i 

Figxure 4 .3 The two radii of curvature, ri and tz, correspond to the radius of the two arcs of 
circumference defined by the two orthogonal planes xz and yz, being z perpendicular to the 
surface. 

Four geometric elements are related to the two radii of curvature: the two principal 

curvatures, Cj and Cj, the mean curvature H and the Gaussian curvature K [3, 4]. 
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The two principal curvatures, Cj and , correspond to the inverse of the two radii 

and : 

Eq. 4.2 C) = — and — — 

H and K correspond to the combination of the two principal curvatures and are 

given by: 

Eq. 4.3 = —(c,+C2) 

Eq. 4.4 K = c^c2 

The thermodynamic variables of the surface consist of the surface entropy, , the 

absolute temperature, T, the number of components in the surface, nf, and their 

chemical potentials, . There are parameters depending on the geometrical 

variables: the Gibbs surface tension, , and the moments C, and . Hence, the 

change in the internal energy of an interface, dU^, is given by: 

Eq. 4.5 dU^ - TdS^ + ^ +yQdA + C^dĉ  + 
i 

where is the work involved in the surface extension-compression 

of an unit area, Cj = ipU^ ) and = {dU^ jdCj ) are the work involved in the 

surface bending per unit of curvature [3]. 

4.2.2 Forces between lipids in monolayers 

Figure 4.4 shows the forces acting between lipids that, in water, are grouped 

together in structures similar to those shown in Figure 4.1. The interfacial tension of 

the water tends to reduce the surface at the lipid/water interface and results in the 

attractive force Fy; in contrast, lipids constrained to stay too close are subjected to 

two repulsive forces due to the hindrance effect: F̂  from the acyl chains, and F^ 
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from the head-groups. Because F ,̂ Fy and F̂  may differ in magnitude, the lipid 

monolayer will tend to assume a curvature that minimises the imbalance of the 

forces across it. The three spontaneous mean curvatures of a lipid monolayer are 

shown in Figure 4.5. Lipids having positive, zero and negative spontaneous mean 

curvature are also called Type I, 0 and II amphiphUes, respectively. 

Figure 4.4 The force t(z) acting between lipids grouped together in an aqueous environment is 
function of the position z across the lipid molecule. Fh is the force acting between the Upid head-
groups and derives from both electrostatic and hydrational effect; Fy is the force acting at the 
water/acyl-chains interface and depends on the water interfacial tension tending to minimise the 
interfacial area; finally, Fc is the force acting between the acyl-chains. 

Positive mean 
curvature 

Zero mean 
curvature 

Negat ive m e a n 
curvature 

Figure 4.5 The imbalance between the forces across a lipid monolayer determine the 
spontaneous mean curvature. 
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Hexagonal Inverse hexagonal 
phase (H,) phase (H,J 

Figure 4.6 Hexagonal (Hi) and inverse hexagonal (Hn) phase are two simple examples of normal 
and inverse topology phases, respectively. 

Depending on the content of water, different types of amphiphiles can aggregate in 

normal topology phases, characterised by H >0, or inverse topology phases, 

characterised by H <0-, two examples of normal and inverse phases are the 

hexagonal (Hj) and inverse hexagonal phase (Hjj) respectively (Figure 4.6). 

4.3 Energies in monolayers and bilayers: lateral expansion and bending 

4.3.1 The surface chemical potential 

The first step to analysing the forces and energies in a surface is to consider the 

chemical potential term {jJ) given by Eq. 4.5. It is assumed that the system is 

composed of lipids that are present in water either as monomers or as aggregates. If 

only one lipid species is present, the chemical potential fJ. can be represented as the 

sum of hydrophobic and hydrophilic terms [4] 

Eq.4.6 // = / / ; ( r ) - A ° = / , , ( r ) + / . ( r ) 
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where /^^(F) is the standard potential energy per molecule of lipid in the 

aggregate and " F " means that the potential energy is dependent upon the 

geometry of the aggregate 

is the standard free energy per molecule of lipid in the monomeric form 

FF! (F) is the surface term arising from the lipid head-group region 

(F) is a core term arising from the hydrocarbon chain region. 

The interfacial term can be represented in its simplest form as 

Eq.4.7 / » ( r ) = rt+f§ 
y 

where C is a constant 

Af̂  is the area per lipid molecule at the hydrocarbon/water interface, 

is the area per molecule at the centre of the head-group repulsion [4]. 

The hydrocarbon region term, (F), is rather difficult to calculate as it is not easy 

to predict the force distribution across the acyl chains. The potential energy can be 

calculated by solving the integral given by; 

Eq. 4.8 (F) = - j^(z)A(z)dz 

where A(z) is the molecular area at the distance z from the interface and ^(z) is 

the lateral pressure existing at the same distance [4]. Attempts to solve Eq. 4.8 have 

been done by calculating the geometry-dependent part given by: 

Eq. 4.9 7r{z)dz ~ -5fjSA{z) 

The above expression has been evaluated for minimising the free energy per chain 

by using the statistical thermodynamic treatment of the conformational probability 

distribution function for the hydrocarbon chains [4]. 

Lipids in Figure 4.5 and Figure 4.6 are aggregated in structures having different 

geometries. The preferred geometry corresponds to the one that minimise Eq. 4.6. 
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Lipid molecular structure, temperature, pressure, water content and its ionic 

strength are variables affecting in different ways and , the last two 

corresponding to the optimal area per interfacial and chain packing region, 

respectively, 

4.3.2 Surface elastic enerpy: extension and bendinp 

A surface can be subjected to two different kinds of deformation; lateral expansion, 

involving change in the surface area, and surface bending, involving change in the 

surface curvature, as shown in Figure 4.7. 

F i g u r e 4.7 Surfaces can undergo two different types of deformation: extension of the surface 
area, under the lateral tension a, and bending of the surface under the torque tension T. 

The energy per unit area involved in the deformation of a surface having area A is 

given by 

Eq. 4.10 g^, = 

where g^ is the elastic energy for any expansion or compression of the surface, and 

g^^^ is the elastic energy involved in any bending of the surface [4]. The function 

defining the expansion energy' is given by 

\2 

Eq. 4.11 S a = ^ ^ a 
A 

1 

where the isothermal lateral compression modulus is defined as 

4-8 



/ o ^ 
Eq. 4.12 = A\ —^ 

1&4 

where cr, the isotropic lateral expansion, is given by 

Eq. 4.13 (7 = f/ 

G î can be equated to the free energy per molecule (/^ + 7/,) and, if estimates for 

the form of the free energy are known, then can be obtained from the second 

derivative with respect to the area [4], 

Usually is much larger than and deformations involving a stretching 

requires more energy than those involving a bending. However, because the 

primary interest herein is the relationship between surface curvature and CCTa 

activity, will be ignored in the following statements. 

The elastic energy per unit area of a surface with principal curvature c, and is 

given by 

Eq 4.14 +gG +^2 - Z c j " 

where CQ is the spontaneous curvature of the surface, and KQ are the elastic 

moduli for the mean and the Gaussian curvatures, respectively [4]. A typical value 

for the elastic modulus of the fluid lipid bilayer is represented by the calculated one 

for egg-PtdCho: J. The approximate value of the modulus for a lipid 

monolayer is given by [4]: 

The value for decreases strongly with increasing equilibrium area per molecule 

and increases with decreasing chain-length of the lipid or when mixed chain-length 

lipids are present in the same layer. 
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F i g u r e 4.8 A monolayer constituted by type II lipids and in contact with the water through the 
polar head-groups can be free to bend (monolayer on the top) or can be constrained to remain flat 
(monolayer on the bottom). The flat monolayer is more stressed than die curv^ed one and the 
increased exposure of the hydrophobic core to the water is one of the origins of the stress. 

The Gaussian elastic modulum, KQ , controls the tendency of the membrane to 

form structures of non-zero Gaussian curvature: KQ >0 favours saddle-like 

surfaces, while KQ <0 favours elliptic surfaces, e.g. spheres. The shape and the 

curvatures of a surface depend on the distribution of the forces between the 

molecules. For a flat monolayer at equilibrium, the net lateral tension must be equal 

to zero [4]: 

Eq. 4.16 ^t{z)dz = 0 

If the positive and negative stresses are not S}TTimetric about the mid-plane of the 

molecules, there will be a spontaneous tendency of the layer to curve away from a 

planar geometry. The tendency to bend corresponds to the torque tension z that is 

given by [4]: 

Eq. 4.17 r = jzt(z)dz • 

Lipid monolayers are frustrated when constrained to maintain a position that is far 

from the equilibrium one, as shown in Figure 4.8, where a t}'pe II lipid monolayer is 

constrained to remain flat. The torque tension is a good indication of the amount of 

stress in a monolayer or a bilayer under frustration. 
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5 Protein folding and energy 

5.1 Folding and structures of proteins 

The structural description of a protein requires knowledge of the spatial distribution 

of its amino acids. Protein structure can be reported in four different ways by using 

the primary, secondary, tertiary or the quaternary structures. The definition of the 

four structures is given below [1-3]: 

• Primary structure corresponds to the sequence of the amino acids of a 

protein. Usually, the left side of the sequence correspond to the amino 

function of the chain, while the right side to the carboxyHc one. 

• Secondary structure defines the regular local structure of a polypeptide 

chain due to hydrogen bonding. The secondar}' structures most commonly 

found in proteins are known as a-helix and P-sheet, shown in Figure 5.1 and 

Figure 5.2, respectively. 

Figure 5.1 Polyglycine in a-helix structure. The representation on the left shows only those 
hydrogens (white balls), bound to the amide nitrogen (blue balls), involved in H-bond (dashed 
black Knes) with the carbolic oxygen (red balls). The structure on the right shows only nitrogen 
and carbon (grey balls) atoms to highlight the backbone of the a-helix structure 



Figure 5.2 Polyglycines arranged in parallel (up chains) and anti-parallel (down chains) P-sheets. 
The two structures show only those hydrogens (white balls) bound to the amide nitrogens (blue 
balls). The two P-sheets differ for the orientation of the chains and for the number of H-bonds 
(dashed black lines) between the shown hydrogen and the carbolic oxygen (red balls). Grey balls 
represent carbon atoms. The projections on the left show that P-sheets are flat structures. 

Figure 5.3 Schematic representation of a haemoglobin molecule. The haemoglobin tertiary 
structure corresponds to the spatial diposition of all the amino acids that are not part of the same 
segment. Alternatively, the tertiary structure corresponds to the spatial diposition of the different 
secondary structures. 

• Tertiary structure defines the overall folding of a polypeptide chain 

(Figure 5.3 and Figure 5.4) due to disulphide bonds and noncovalent forces 

as electrostatic and van der Waals forces, and hydrogen bonds. 

5-2 



Figure 5.4 Schematic representation of a porin molecule. The tertiary structure corresponds to 
the spatial diposition of all the amino acids that are not part of the same segment. Alternatively, 
the tertiary structure corresponds to the spatial position of the different secondary structures. 

Figure 5.5 Quaternary structure of the haemoglobin complex. The four identical units, 
singularly shown in Figure 5.3, are represented with different colours. 

Quaternary structure describes the relative spatial position of identical 

or different polypeptide chains (referred to as subunits) in an oHgomeric 

structure, stabilised by electrostatic and van der Waals forces, hydrogen 

bonds and occasionally disulphide bonds. Figure 5.5 is an example of the 

quaternary structure of four haemoglobin units assembled in a tetramer. 
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5.1.1 a-helix and (3-sheets 

a-helix and |3-sheets (Figure 5.1 and Figure 5.2) are characterised by a periodical 

spatial disposition of amino acids. The structural analysis of an a-helix revels that: 

• L-amino acids form right-handed helices, which are more stable than left-

handed helices [1]. 

• 3.6 amino acid residues are required for a complete helix turn. 

• The distance between two successive turns, the pitch, is 5.4 A. 

• The polypetide chains are stabilised in the helical structure by hydrogen 

bonds (perpendicular to the helix axis) occurring between the amide 

hydrogen and the carbonyl oxygen on the following third residue. 

CrystaUographic structures have shown that the hydrogen bond is not necessarily 

restricted to groups separated by three residues; also amino acids 2 or 4 residues 

apart, in die same chain, can form hydrogen bonds adapting to the environmental 

conditions in which the helix is placed [4]. 

p-sheets, parallel and anti-paraUel, have a planar structure with hydrogen bonds 

between amide hydrogens and carbonyl oxygens of residues located in different 

chains inside the protein, as shown in Figure 5.2 and Figure 5.4. Parallel and anti-

paraUel P-sheets differ in the direction of the two chains. 

5.1.2 Protein folditip 

Protein folding defines the mechanism by which the primary sequence of a 

polypeptide chain gives rise to the three-dimensional structure of the protein active 

form (the three-dimensional structures of haemoglobin and porin, resolved by X-

ray crystallography, give a fixed representation of the amino acid position in space). 

However, protein structural studies (by NMR, fluorescence, CD, temperature and 

pressure jump, AFM) have shown that environmental conditions can cause 

conformational changes in protein tertiary structure occurring in a few 
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microseconds as well as in hours [1, 5]. Moreover, these studies have shown that 

intermediate states, called molten globule (MG), are characterised by the presence of 

secondary but not tertiary structure [1]. 

5.2 Cytosolic and membrane proteins 

A number of rules and algorithms have been developed to predict some of the 

properties of polypeptide sequences: hydrophobicity, charge, solubility and 

membrane affinity. A number of polypeptide sequences have been studied and 

several algorithms developed to combine their properties with their tendency to 

bind to membranes or remain in solution [6, 7], AH these correlations, used to 

predict unknown protein features, are often based on algorithms that assign the 

protein sequences scores based on scales that discriminate among the twenty 

common amino acids. Table 5.1 shows seven different scales that have been 

obtained in different ways; KDE, GES, WIF and WOCT from the analysis of 

amino acid partitioning from water to an apolar solvent, ARH, VHE and EIS from 

statistical analysis of residues occurrence in transmembrane protein segments as 

reported in data bases. 

Statistical studies of amino acid distribution, especially in bacterial proteins, have 

shown that the content of arginine and lysine is higher in peripheral or integral 

membrane proteins, known as the positive-inside rule [8, 9]. In particular, von 

Heijne suggested, as a possible mechanistic implication for the role of segments rich 

in positive residues, that these segments could function as hairpins for the insertion 

of neighbouring segments into the membrane. However, the positive-inside rule is 

not adequate to discriminate between cytosolic and membrane proteins, even if it 

becomes usefxal when combined with other methods of sequence analysis. Two 

algorithms are particularly useful when scoring sequences to discriminate between 

membrane and cytosolic proteins, the average hydropathy and the 

hydrophobic moment , both discussed in the next section. 
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Table 5.1 

Amino 
acid KED GES ARH VHE EIS WIF WOCT 

Ala 1.8 1.6 1.6 0.267 025 0.17 0.50 

Cys 2.5 2.0 1.2 L806 0.04 -0.24 -0.02 

Asp -3.5 -&2 0.1 -2.303 -0.72 123 3^4 

Glu -3.5 -&2 0.2 -2.442 -0.62 2.02 3ja 

Phe 2.8 3.7 2.0 0^27 0.61 -1.13 -1.71 

Gly -0.4 1.0 0.6 0.160 CU6 0.01 1.15 

His -32 -3.0 0.3 -2.189 -0.40 0.96 2J3 

He 4.5 3.1 1.7 0.971 0.73 -0.31 -1.12 

Lys -3^ -&8 0.2 -2996 -1.10 0.99 

Leu 3.8 2.8 2.9 0.623 0.53 -056 -1.25 

Met 1.9 3.4 3.0 0Ji36 026 -023 -0.67 

Asn -3.5 -4.8 0.3 -1.988 -0.64 0.42 0^5 

Pro -1.6 -02 0.8 -0.451 -0.07 0^6 0.14 

Gin -3.5 -4.1 0.5 -1.814 -069 0.58 0.77 

Aig -4.5 -12.3 0.5 -2.749 -1.80 oai 1.81 

Ser -&8 0.6 0.8 -0.119 -0.26 0U3 0.46 

Thr -0.7 1.2 0.9 -0.083 -018 0.14 0.25 

Val 4-2 2.6 1.1 0.721 0.54 0.07 -0.46 

Trp -0.9 1.9 1.1 -0.875 037 -1.85 -2.09 

Tyr -1.3 -0.7 0.7 -&386 0.02 -0.94 -0.71 

Hydrophobicity scales buit to determine the amino acid hydrophobic character. KED scale was 
determined studying the amino acid partition from water to ethanol [6]; GES scale was determined 
measuring the amino acid partition from water to oil [7]; ARH scale gives the membrane-buried 
preference parameters calculated from a 1125-residue data base [10]; VHE scale gives the membrane-
buried preference parameters based of 135 transmembrane segments from 24 bacterial inner 
membrane proteins [8]; EIS scale is based on the analysis of five other scales [11]; WIF and WOCT 
scales were obtained from the amino acid partition from water to POPC, and from water to octanol, 
respectively [12]. 
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5.2.1 A.veraoe, hydropathy and hydrophobic moment 

The analysis of protein affinity for biological membrane has been calculated using 

the average hydropathy, which provides a protein profile reflecting its hydrophobic 

or hydrophilic character, moving from the amino to the carboxy terminus of the 

protein. The average hydropathy along the protein sequence is given by: 

Eq. 5.1 {H)= Y / i h 
\ n I J 

Where n is the number of residues and ?;• is the hydrophobic value of the i* residue 

of the sequence for which the average hydropathy is calculated, r, is obtained from 

one of the scales reported in Table 5.1. The analysis of the hydropathy of a number 

of proteins has revealed that, generally, membrane-penetrating segments are more 

hydrophobic than segments from cytosolic globular proteins [6, 7, 9, 10]. However, 

sometimes the hydrophobic character is not sufficient to discriminate between 

membrane and globular proteins; in fact, Kyte and Doolittle showed that the 

globular protein dogfish lactate dehydrogenase contains sequences more 

hydrophobic than those found in several known membrane-associated proteins [6], 

The fundamental limit of is the lack of any relationship between the 

hydrophobic/hydrophilic character of a protein and its secondary structures, thus 

preventing any prediction of potential co-operativity between the protein segments. 

The algorithm for the hydrophobic moment, , was developed to correlate 

protein hydrophobicity and secondary structure (a-helix) [11]. Eisenberg's 

algorithm for the hydrophobic moment is given by 

Eq. 5.2 y"// = sm{nS) 
n=\ 

+ ^H„cos{nS) 

where is the hydrophobicity of the n* residue, obtained from one of the scales 

reported Table 5.1, and 5 is 100°, the angle between two consecutive residues 

defined on the plane perpendicular to the a-helix axis. Figure 5.6. 
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F i g u r e 5.6 Four residues in a a-helix structure. Three consecutive amino acids are separated by 
100°, whilst the n* residue by nxlOO° from the first one. Ho, Hi, Hz and H^ are the 
hydrophobicities of the four residues AAo, AAi, AA2 and AA^ respectively. The hydrophobicit)' of 
each residue is resoluted by the sin and cos functions in two orthogonal components and 
perpendicular to the helix axis. 

The hydrophobicity of each residue is represented in Eq. 5.2 as a vector 

perpendicular to the helix axis; each vector is resoluted in two orthogonal 

components, as shown in Figure 5.6, by the sine and cosine functions. Using the 

Hff function it is possible to find out if the disposition of the amino acids in an 

helix structure generates an hydrophobic strip (Figure 5.7). 

F i g u r e 5.7 The above a-heUces have the same hydrophilic (in grey) and hydrophobic (in black) 
residues and, consequently, the same hydrophobicity. The residues in the upper heUx are ordered 
to form a hydrophobic strip, resulting in a high hydrophobic moment; the random disposition of 
the residues, in the lower heUx, results in a low hydrophobic moment. 
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Figure 5.8 Protein classification as a function of their hydrophobic moment and 
hydrophobicity. Figure re-drawn from reference [11]. 

n OM3 Q O O O C k O o 
Figure 5.9 a-helices with low hydrophobicity and high hydrophobic moments (a single a-helix 
is shown in the middle with the hydrophobic residues represented by the thick arc) can bundle in 
two different ways; through the polar (on the left) or through the apolar (on the right) residues. 
The structure on the left exposes to the environment only the polar residues (decreasing the 
affinity for the membrane hydrophobic core), while the structure on the right exposes only the 
apolar residues (increasing the affinity for the membrane hydrophobic core). 

The correlation between and <H> of several protein segments reveals that 

both <H> and have a role in discriminating between membrane and cytosolic 

proteins (Figure 5.8). In particular, Eisenberg observed that sequences with higher 

values of <H> and smaller values of are generally monomeric transmembrane 

anchors; helices with high and small <H> are generally paired or are bundled 

together in membranes (Figure 5.9); helices from surface seeking proteins have a 

higher value of and a medium value of <H> [11]. 
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However, Eisenberg reported three cases in which the predictions from the analysis 

of both the hydrophobicity and the hydrophobic moment failed; 1) respiratory 

NADH dehydrogenase from E. coli, 2) gene product P from histidine transport 

operon of Salmonella typhimurium and 3) a matrix protein from the outer membrane 

of E. coli. AH three proteins were identified as membrane-associated proteins while 

the previous algorithms identified no membrane-associated segment [11]. 

5.3 Energy of partition 

The process of protein partitioning between cytosol and membranes can occur 

through two different paths, as reported by White and Wimley and by Popot and 

Engelman [4,13]. The free energy for the partition process can be considered as the 

sum of different energetic terms as represented in Eq. 5.3 

E 4 . 5 j / \ G ° = A G ; + A G l +A(; ; . +A(? ; 

where AG^^ is the effect of changing the dielectric constant (from water to 

the hydrophobic core) on the hydrogen- bonded peptides 

AG°p is the non-polar interaction between the helix and the membrane acyl 

chains % in which the hydrophobic effect is the driving force 

AGjg is the electrostatic interaction between basic residues and anionic 

lipids 

AĜ M is the energy involved in the conformational changes caused by the 

binding of the protein or peptide, to the membrane 

AG,^^ is the energy from the decreased degrees of freedom caused by the 

immobilisation of the protein or peptide, on the membrane 

H-bond effect on the partitioning of peptide bonds between water and an alkane, or water and 
POPC, have been studied. It has been reported that the free energy for the partition of H-bonded 
peptide between water and an alkane is 17 kjmol"' lower than the partition of not H-bonded 
peptide [14]. Other studies have shown that the free energy decreases of about 3.0 kJmol"' when 
the partition occurs between the water and the POPC interface [13]. 
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AG°̂  is the energy coming from the perturbation of the acyl chain 

structure of the membrane core. 

The effects of the change in the solvation state of the peptide, or protein, can be 

grouped into one term 

ISci. 5.4 /U32, 

and then 

Eq. 5.5 AG' = AGl, + + A G l + A G ^ + AG», 

The immobilisation and conformational components, often referred to as non-

classical hydrophobic effect, and AG°̂  are strictly dependent on the bilayer nature and 

are included in one term 

]3ci. 5.6 A G : ; i k , , r = 4 -

Hence, the free energy of partitioning can be simplified into a two-component 

function 

Eq.5.7 A G » = A G i , + A G j j + A G j V . 

Eq. 5.7 splits the free energy of partition in three components depending 

prevalently on the peptide and on the bilayer. White and Wimley refer to the 

possible involvement of both the bilayer compressibility and bilayer bending moduli 

effects on [13]. 
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6 Vesicles and monolayers 

6.1 Lipid monolayers 

Lipid monolayers are often used as model systems of biological membranes because 

their easy preparation allows the measurement of interfacial properties such as 

electrical potential, dipole moment or lipid density. Monolayers are usually prepared 

at the air/water interface", even if an alternative option is offered by the oil/water 

interface. 

Lipids in monolayers can undergo phase changes as illustrated by the isotherm of 

Figure 6.1. Lipids can be in gaseous, liquid and solid phases by changing either the 

head-group area"" or the temperature. The collapse pressure, Tt̂ , and the collapse 

head-group area, are the pressure and the head-group area corresponding to the 

loss of monolayer integrity, as shown in Figure 6.2. 

3 

C 
i i M i U i l 

E 

n4r~<i-—no— 

Area per molecule / a.u. 

Figure 6.1 Surface pressure versus area per molecule isotherm for a long-chain organic 
compound. The surface pressure and the area per molecule are given in arbitrary units, a.u. G = 
gaseous phase, E = expanded liquid phase, C= condensed liquid phase [1]. 

^ Lipid monolayers are easily prepared by dropping a lipid solution (using a water immiscible volatile 
solvent) on the surface of the water and allowing the solvent to evaporate. The lipid molecules will 
spontaneously spread on the surface with the polar head-group in contact with the water and the 
hydrocarbon chains on the opposite side. 

^ Head-group area is defined as the air/water or oil/water interface area occupied by each molecule 
in the monolayer. Conversely, lipid densit}' is the number of lipid molecules per unit area. 
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Figure 6.2 Two possible ways in which monolayers coUapse when the pressure between the 

lipids overcomes the collapsing pressure Ttc. Alternatively, the monolayer structure can evolve 

into micelles or vesicles. 

When the lipid molecules in the monolayer interact with the water surface, tlie free 

energy of both the monolayer and the water surface change from those of the two 

components to those of the mixed monolayer/water system. The free energy is 

then defined as in Eq. 6.1 

Eq. 6.1 G„ = Gg - G, 0 

where G„, is the free energy of the monolayer, Gg is the free energy of the water 

surface in the presence of the monolayer, that is the monolayer/water interface, and 

GQ is the free energy of the clean air/water interface [2]. Maintaining temperature 

and lipid moles constant, the partial derivatives of Eq. 6.1 with respect to the total 

area of the monolayer gives 

Eq. 6.2 

TVhcK ;rm=-(aGm/GW!)*r, =-{86^/0^)*^ and 

the lateral pressure of the monolayer, the water tension and the monolayer/water 

interfacial tension respectively [2]. The lateral pressure of the monolayer is the 

pressure that is experimentally measured and shown in the isotherm of Figure 6.1 as 

a function of the head-group area. 
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In contrast to monolayers, vesicles are closed surfaces in which the lipid densit}' 

results from the equilibrium between forces acting between the lipid molecules and 

the aqueous environment, as discussed in 4.1. One of the forces that maintain the 

closed structure of the vesicles comes from the tendency of the bilayer to reduce 

the exposure of the hydrophobic chains to the aqueous environment, the so called 

hydrophobic effect. Differently from vesicles, the hydrophobic effect does not act 

on the close packing of the Lipids but on the maintenance of the monolayer 

structure, with the polar head-group in contact with the aqueous phase and the acyl 

chains placed into the air. Figure 6.3 shows a bilayer and three monolayers having 

different lipid density and, consequently, different distribution of the forces along 

the molecules. Figure 6.3 suggests that monolayers can be used as model system of 

biological membranes only if the lipid density, and consequently the lateral pressure, 

resembles the one present in one leaflet of a lipid bilayer. 

4 
Figure 6.3 Lipids in vesicles and in monolayers may differ in their density. The hydrophobic 
effect is principally responsible for the close lipid packing in vesicles; on the contrar}', lipid density 
in monolayer is not affected by the hydrophobic effect and can be changed reducing the total area 
available for the monolayer. 

6.2 The bilayer/monolayer correspondence 

The measurement of the lateral pressure in a lipid bilayer has been attempted 

experimentally (measuring the pressure of lipid vesicles spread at the air/water 

interface,) and calculated theoretically (developing equations of state to describe the 

force distribution for a monolayer or bilayer, or by computer simulations) resulting 
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in values ranging from 15 mN/m to collapse pressure [2-7]. The bilayer/monolayer 

correspondence discussed below is based on a theoretical approach and is divided 

in two sections: the first one describes the correlation between the 

mechanochemical properties of the two systems and the second one describes the 

correlation in terms of free energy and chemical potential. 

6.2.1 Intrinsic pressure and surface tention 

The systems discussed below are monolayers and bilayer composed of the same 

kind of lipids. For simplicity, both leaflets of the bilayer are hypothesised to be 

equivalent and, consequently, these demonstrations are based exclusively on one 

leaflet. The interface refers to the region of contact between water and monolayer, 

or water and one leaflet of a bilayer. The free energy, G , for both the systems is 

then defined as 

Eq. 6.3 + Gphii + 

Eq. 6.4 Ĝ , = + G^ 

where: 

G„ and G^ are the free energies of the monolayer and one leaflet of a bilayer 

respectively 

is the free energy due to the hydrophobic interaction between the 

hydrocarbon chain region, of both the monolayer and the bilayer, and the 

water 

Gp ĵi is the free energy due to the interaction between the polar head groups of 

the monolayer or the bilayer and the water 

Gjg, is the free energy due to the interaction between the hydrocarbon chains of 

the lipids in the monolayer or in the bilayer 
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is the free energy due to the interaction between the air and the 

hydrocarbon chains of a monolayer at the air/monolayer interface [2], 

If both the temperature and the amount of lipids in the monolayer and in one 

leaflet of the bilayer are kept constant, the partial derivative with respect to the area, 

( 5 / , of both and gives the surface tension: 

Eq. 6.5 

Eq. 6.6 (7̂  = 

Where: 

(7^ = ipG^ /SA)^ J is the surface tension of the monolayer 

cr̂  = (5Gj / J . is the surface tension of one leaflet of the bilayer 

Xo/w ~ {̂ p̂hob /&4)^^is the interfacial tension between the hydrophobic layer 

and the water 

^phii ~ ^^phii T bilayer leaflet and monolayer component pressure 

due to the hydrophilic interaction; the forces acting between the head-

groups are usually repulsive (repulsive stress) 

= (SGjjjj /dA)i^ J is the bilayer leaflet and monolayer component pressure 

due to the hydrocarbon chains; the forces acting between the hydrocarbon 

chains, as for the head-groups, are usually repulsive (repulsive stress) 

={dG^I^ jdA)^ ^ is the interfacial tension between the air and the 

hydrophobic layer of the monolayer [2], 

For monolayers and bHayers with the same density, the pressures in the head-group 

and in the hydrocarbon regions can be combined in the same way for both the 

bilayer and the monolayer to give the intrinsic pressure tt , defined as [2] 

Eq. 6.7 7U = 
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The intrinsic pressure in Eq. 6.7 corresponds to the lateral pressure showed in the 

isotherm of Figure 6.1. Using Eq. 6.7, Eq. 6.5 and Eq. 6.6 can be rewritten in the 

form of Eq. 6.8 and Eq. 6.9 [2] 

Eq. 6.8 

Eq.6.9 

The combination of Eq. 6.5, Eq. 6.6 and Eq. 6.7 shows the difference between the 

intrinsic pressure between the monolayer and that of one leaflet of the bilayer [2] 

Eq. 6.10 ) 

Experimental observations have demonstrated that 

Eq. 6.11 

at least for the system n-octane/water [2], For this system the experimental values 

were -12 mN/m, =49 mN/m and - 2 3 mN/m [2]. The intrinsic 

pressure equivalence deduced from Eq. 6.10 and Eq. 6.11 is apparently independent 

from the aqueous phase. Consequently, the pressure in both a monolayer and a 

leaflet of a bilayer depends exclusively on the temperature and lipid density, the 

latter being inversely proportional to the lipid head-group area a . If 7" and a are 

the same, the intrinsic pressure is the same for both the monolayer and one leaflet 

of a bilayer [2] 

Eq. 6.12 7t„{a,T) = 7if,{a,T) 

Unlike the case of the intrinsic pressure, monolayers and bilayers differ in surface 

tensions. Defining the surface tension as a function of the temperature and of the 

head-group area, the comparison of monolayer and bilayer results gives 

Eq. 6.13 {a, T) = {a, T) + 
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Eq. 6.13 shows that the difference between a monolayer and a leaflet of a bilayer 

differ for taking into account the additional surface at the air/oil interface 

present in the monolayer [2]. The surface tension corresponds to the work required 

to create a unit area of surface and for the case of a monolayer represents the 

work required to create the surface at the air/hydrocarbon chain interface. The 

presence of Yajo results in a force acting on the monolayer that tries to reduce or 

increase the area at the air/hydrocarbon chain interface. This additional force 

indicates that a monolayer at the air/water interface is intrinsically 

mechanochemically different from a bilayer. 

At constant temperature and number of moles in one leaflet of a bilayer, the head-

group area of the lipid is an equilibrium value, meaning that the first derivative with 

respect to the area of the free energy function is zero. If temperature and number of 

moles in one leaflet of a bilayer are constant, it follows that the value of the 

derivative of Eq. 6.8, done with respect to the head-group area, is 

Eq. 6.14 C5-,(a') = = Yoi.(a°)-7r(a°) = 0 
6 V 5a J 7,0=0" 

where a® is the molecular area at the equilibrium [2]. If the bending energy and the 

trans-membrane osmotic pressure are negligible, the result of Eq. 6.14 means that 

one leaflet of a bilayer is in a tension-free state and that the intrinsic pressure at the 

equilibrium head-group area is [2] 

Eq. 6.15 Tj: =7t^=7r^{a ) = Xo/w 

Because the intrinsic pressure is equal for both the monolayer and the bilayer under 

the same lipid density, it follows that at the same equilibrium area flf", the 

equilibrium intrinsic pressure for a monolayer is [2] 

Eq. 6.16 = Xo/w 
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If the monolayer is slowly compressed, the collapse pressure for the monolayer 

is considered to be close to . 

6.2.2 Free enem and chemical potential 

If the temperature T is constant, then the free energy for a lipid molecule can be 

considered as a function of its molecular area; either the free energy for a monolayer 

or one leaflet of a bilayer can then be defined as 

Eq. 6.17 Gj = Ni,^{a) 

Eq. 6.18 

in which and are the number of molecules in the bilayer and monolayer 

respectively, a is the lipid head-group area, is the total monolayer area, which is 

maintained constant, and ^(a) is the free energy per lipid molecule dependent 

exclusively from the lipid head-group area The partial derivative with respect to the 

number of moles of the two functions in Eq. 6.17 and Eq. 6.18 gives the chemical 

potential per molecule of lipid 

Eq. 6.19 jUj, — 

Eq. 6.20 = 

= (/>{a) 

= ^{a)-a^'{a) 

in which ^'{p) = d<l){ci)lda is the first derivative with respect to the head-group 

area [2], When the monolayer and one leaflet of the bilayer are in equilibrium and 

under the same condition of temperature and density, their head-group area is a" 

and the chemical potential becomes 

Eq. 6.21 ) = //^ (a") = //„ (a°) 
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and ) = 0 because the free energy function is in a minimum when a = [2], 

The head-group area, the number of molecules and the total area of one monolayer 

and one leaflet of a bHayer are correlated, according to 

Eq. 6.22 = N^a and A/, = N^a 

in which A^, A/̂  are the total respective areas and , Nf, are the number of 

molecules in the monolayer and in the bilayer leaflet, respectively [2]. 

The surface tension of the lipid layer can then be calculated deriving Eq. 6.17 with 

respect to the total area, giving [2] 

Eq. 6.23 cr^(a) = f{a) 
N, 

The intrinsic pressure in one leaflet of a bilayer is obtained by combining Eq. 6.8 

and Eq. 6.23 [2] 

Eq. 6.24 

The surface tension for the lipid monolayer can be calculated deriving Eq. 6.18 with 

respect to the total area, giving [2] 

Eq- 6.25 o-„(a) = 
N„ 

The monolayer intrinsic pressure, obtained by combining Eq. 6.9 and Eq. 6.25, is 

given by [2] 

Eq. 6.26 = 

Eq. 6.24 and Eq. 6.26 show that the intrinsic pressure ;r(a) is the same for both 

the systems. The differential equation for ^(a) can be recast in terms of intrinsic 

pressure substituting Eq. 6.16 into Eq. 6.24 or Eq. 6.26 [2] 

Eq. 6.27 ^'{a) = ^{a) 
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The calculation of ^(a) from makes it possible to estimate the value for the 

surface tension of a monolayer and for a leaflet of a bilayer. The change in the 

chemical potential of the lipid in the bilayer can be calculated by integrating Eq. 

6.27 between the equilibrium area, , and any other specific value of the head-

group area [2]: 

Eq. 6.28 W -

The same procedure can be applied for calculating the change in the chemical 

potential of the lipids in the monolayer, integrating between the equilibrium area fl" 

and any other specific value of the head-group area [2]: 

Eq. 6.29 [X7i[a' ')-7r{a^a-a[7t(a' ')-7i:{a^ 

Eq. 6.28 and Eq. 6.29 are then combined to give the difference in terms of chemical 

potential between the lipid in one leaflet of a bilayer and in a monolayer [2] 

Eq. 6.30 ^^„{a) = a 

Eq. 6.30 shows that the lipids in a monolayer and in a bilayer have the same 

potential only when they have the same intrinsic pressure, which happens when 

they have the same density. 
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7 Lipid monolayer and pressure/area isotherms 

7.1 Phospholipids and monolayer isotherms 

The metabolism of phosphatidylcholine (PtdCho) and phosphatidylethanolamine 

(PtdEtn) has been discussed previously in 2.3. PtdCho and PtdEtn monolayers have 

been studied extensively because they are the most aboundant lipids in biological 

membranes [1-4]. Figure 7.1 shows pressure/area isotherms of 

phosphatidylcholines differing in the composition of the acyl chains. It should be 

noted that saturated PtdCho are not oxygen sensitive; however, phospholipids with 

one or more unsaturations are readily oxidised. Hence, the preparation and study of 

monolayers of unsaturated phospholipids requires an oxygen-free environment [4-

6], 

o 30' 

ABE* (A* /MOUECUU > 

Figure 7.1 Pressure/area isotherms for saturated phosphatidylcholines on 0.1 M NaCl at 22°C. 

• , dibenheoylphosphocholine (C22); O, distearoylphosphocholine (Cia); x, dipalmitoyl-

phosphocholine (CIA); A, dimyristoylphosphocholine (CM); V, dicaprylphosphocholine (Cm). 

Figure from reference [2]. 
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Figure 7.2 Pressure-area isotherms for L-a-dipalmitoylphosphatidyl-choline on 0.1 M NaCl at 
various temperatures. •, 34.6 °C; A, 29.5 °C; • , 26.0 °C; x, 21.1 °C; o, 16.8 °C; A, 12.4 °C ; • , 6.2 
°C. Figure from reference [2], 

The effect of temperature on the monolayer properties depends on the nature of 

the constituting lipid molecules. A number of equations are available in the 

literature that describe the monolayer pressure/area curve. The simplest equation 

considers a general monolayer as a gas, and correlates the lateral pressure, H , the 

head-group area, a, the Boltzmarm's constant k and the absolute temperature, T, 

using an equation similar to the equation of state valid for an ideal-gas [7]: 

Eq. 7.1 Tla = kT 

As for gases, Eq. 7.1 cannot be used to derive pressure/area isotherms when the 

temperature of lipid monolayers is close to that of the lipid phase change. Figure 7.2 

shows the effect of different temperatures on the isotherms of DPPC, whose phase 

transition from the gel phase, Lp, to the liquid crystalline phase. La, occurs at 41.3 

°C [8]. The schematic representation of lipid gel phases is shown in Figure 7.3 [8]. 
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Figure 7.3 Schematic representation of various lamellar phases found in PtdCho/water 
systems: (A) subgel, L ;̂ (B) gel (untilted chains) , Lp; (C) gel (tilted chains), Lp'; (D) rippled gel, Pps 
(E) liquid crystalline, La; (F) fully interdigitated gel, Lp'"'; (G) partially interdigitated gel; (H) mixed. 
Cross-sectional view of the hydrocarbon chain arrangement in various chain packing modes (view 
is down the long axis of the chains): (I) orthorhombic; (J) quasi-hexagonal; (K) hexagonal. Figure 
and legend from reference [8]. 

7.2 Materials and methods 

7.2.1 Materiah 

1,2-dimyristoyl-j-«-glycero-3-phosphocholine (DMPC), 1,2-dioleoyl-j-«-glycero-3-

phosphocholine (DOPC), l,2-dioleoyl-j"K-glycero-3-ethanolamine (DOPE) were 

purchased from Fluka or Avanti Polar Lipids. Tris(hydroxymethyl)aminomethane 

(Tris), NaCl, MgCl;, dimethyldichlorosilane, toluene, chloroform and ~ 26 % HCl 

were purchased from Sigma Aldrich. Water was deionised using an Elga Purelab 
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deionisator system. All aqueous solutions were filtered using Nylon66 filter disks 

0.45 |im (Supelco) prior to use. Isotherms were recorded using a Langmuir film 

balance Type 601 with PS4 sensor (NIMA Technology, UK) and paper (Filter 

paper Whatman n° 1) or platinum (NIMA Technology, UK) Wilhelmy plate. 

7.2.2 Pressure!area isotherms 

Monolayers were prepared by spreading a phospholipid solution (30-100 |J,1, 0.8 

mg-ml"̂  in chloroform) on 50-250 ml of 0.1 M NaCl or of buffer A (0.1 M Tris-

HCl, pH 7.2 at 37 °C, 0.1 M NaCl and 10 mM MgCy. After 5-10 minutes, to allow 

the chloroform to evaporate, pressure/area isotherms were recorded at 20 or 37 °C. 

Monolayers were normally compressed at 10 or 120 cm^min"'. 

7.2.3 Head-proup area measurement of mixed phospholipid monolayers 

Phospholipid mixtures were prepared as chloroform solution (~0.8 mg-ml"') and 

spread on buffer A. After 5-10 minutes to allow the chloroform evaporation, 

isocycle pressure/area isotherms were recorded at 37 °C. Monolayers were 

subjected from three to seven isocycles of compression to 25 mNm"' and 

decompression to 15 mNm"' at 10 cm^min"\ 

7.2.4 Monolayer stabili^ 

Monolayer stability was investigated by spreading phospholid solutions (0.05-0.8 

mg-ml"' in chloroform) on 0.1 M NaCl using the Nima trough, 550 cm ,̂ or on 

buffer A, using either the Nima trough or a smaller glass trough (30 cm^ fixed 

surface area mounting the Nima PS4 sensor with platinum Wilhelmy plate) silanised 

using 5% (w/v) dimethyldichlorosilane in toluene. The fixed area trough was 

contained in a chamber filled with nitrogen to prevent the oxidation of the 

monolayer lipids. 
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7.3 Results 

7.3.1 Pressure/area isotherms 

Figure 7.4 shows two DMPC isotherms recorded in two different conditions (7.2.2). 

The DMPC isotherm recorded at 20 °C showed the phase transition, from the 

rippled gel phase Pp, to the liquid crystalline phase (occurring at 23.6 °C [8]) 

and the coUapse pressure \ and collapse head-group area at 60 mN/m and ~41-

42 A ,̂ respectively. Whilst the isotherm recorded at 37 °C showed no phase 

transition and collapse occurring at around 50 mN/m when was ~50 A .̂ 

•+magnesium 

- - magnesium 

30 40 50 60 70 80 90 

Molecular area /A^molecule"' 

100 110 120 

Figure 7.4 DMPC isotherms recorded in two different conditions: 20 °C on 0.1 M NaCl (-
magnesium) and 37 °C on 0.1 M NaCl, 0.1 M Tris-HCl, pH 7.2,10 mM MgCh (+ magnesium). 

Figure 7.5 shows two DOPC monolayer isotherms recorded following the 

conditions described in 7.2.2. No phase transition was observed for the DOPC 

monolayers (phase transition from the lamellar gel to the liquid crystalline is 

reported to occur at -18.3 °C [8]). Furthermore, in our study, the DOPC 

monolayers showed the same collapse pressure, ~47-48 mN/m at 20 and 37 °C, 

corresponding to different head-group areas of ~52 and ~59 A ,̂ respectively. 
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Figure 7.5 DOPC isotherms were recorded in two different conditions. One isotherm 
was recorded at 20 °C on 0.1 M NaCl (- magnesium). The second isotherm was recorded at 
37 °C on 0.1 M NaCl, 0.1 M Tris-HCl at pH 7.2, and 10 mM MgCla (+ magnesium). 
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Figure 7.6 DOPE isotherms were recorded in two different conditions. One isotherm 
was recorded at 20 °C on 0.1 M NaCl (- magnesium). The second isotherm was recorded at 
37 °C on 0.1 M NaCl, 0.1 M Tris-HCl at pH 7.2 and 10 mM MgCla (+ magnesium). 
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Similarly to DOPC, DOPE monolayers did not show any phase transition (Figure 

7.6). Differently from DMPC and DOPC, DOPE isotherms collapsed at ~46 

mN/m and at the same head-group area, 63-64 A ,̂ in both conditions. 

7.3.2 Head-proup area in mixed DMPC/DOPC and DOPC/DOPE monolayers 

Lipid binary mixtures of DMPC/DOPC and DOPC/DOPE were prepared and 

the head-group area of the mixtures was measured at different lateral pressures 

(7.2.3). The 15-25 mN/m range of pressures was choosen because 20 mN/m has 

been reported as the lateral pressure in membranes [9], even if different values can 

also be found as discussed in 6.2. 

The first set of results was obtained using paper WUhekny plates. Lipid molecules in 

the monolayer were compressed and decompressed (isocycle) three times between 

15 and 25 mN/m. The lipid head-group area versus DOPC molar fraction for the 

DMPC/DOPC mixtures is plotted in Figure 7.7; Table 7.1 reports head-group areas 

measured at 15 and 25 mN/m during the first and the third isocycle. 
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Figure 7.7 Head-gtoup areas measured for mixtures with different DMPC/DOPC ratio. The 
head-group areas shown in this graph were measured after the third isocycle at 25 mM/m. 
Experimental conditions are reported in 7.2.2. The indicated values are reported in Table 7.1 
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Table 7.1 Head-group areas for the DMPC/DOPC mixtures. Ai5(l) and A25(l) are the 
head-group areas measured at 15 and 25 mN/m, respectively, during the first compression; 
Ai5(3) and A25(3) correspond to the head-group areas at 15 and 25 mN/m, respectively, after 
three cycles of compression and decompression. 

DOPC (mole 
fraction) A«(1) (A^ (A!) A^(3)(A') A23(3) (A^ 

0 727 633 70.5 624 

0.1 643 5&2 633 56 

0.2 7^8 6&2 73^ 64.7 

0.3 7&6 693 7&8 673 

0.4 7&4 6&1 77.4 6&7 

0.5 833 734 82 728 

0.6 802 7&6 792 7&4 

0.7 833 717 824 728 

0.8 85 74.5 81.7 71.2 

0.9 gTa 7&4 817 729 

1 81.1 702 77.9 69 

linear regression analysis was applied to calculate the trend for the curve in Figure 

7.7 and the head-group areas for DMPC and DOPC. In particular, the calculated 

areas were 62.0 and 74.1 for DMPC and DOPC, respectively". As expected, the 

presence of oleyl chains in DOPC causes an increase of the head-group area 

proportional to the phospholipid molar fraction. 

Head-group areas for the DOPC/DOPE mixtures are shown in Figure 7.8, whilst 

the areas at 15 and 25 mN/m, for the first and the third isocycle, are reported in 

Table 7.2. Because the ethanolamine group is smaller than the choline one, a 

decrease of the head-group area was expected to be proportional to the DOPE 

molar fraction. Differently from what was expected, it was instead found that the 

head-group area increased by increasing the molar fraction of DOPE. 

' The linear trend was calculated using the method of least squares. The equation obtained from the 
analysis was: y = 12.04-x + 62.02 with r̂  = 0.58, where y is the head-group area for the 
DMPC/DOPC mixture when the DOPC molar fraction is x. 
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Figure 7.8 Head-group areas measured for different DOPC/DOPE mixtures. The head-
group areas shown were measured at 25 mN/m after the third isocycle. Experimental 
conditions are reported in 7.2.2. The indicated values are reported in Table 7.2 

Table 7.2 Head-group area for the DOPC/DOPE mixtures. Ai5(l) and A25(l) are the head-
group areas measured at 15 and 25 mN/m, respectively, after one monolayer compression; 
A]5(3) and A25(3) correspond to the head-group areas at 15 and 25 mN/m, respectively, after 
three cycles of compression and decompression. 

DOPE (mole 
fraction) AzsCl) (A^ A«(3) (A^ A^(3) (A^ 

0 81A 702 77.9 69 

0.1 10&8 8&5 9&1 87J 

0.2 9&8 7&8 8&5 74.7 

0.3 903 7&8 87^ 77.4 

0.4 925 8L4 913 8&4 

0.5 91.7 80.3 89.6 7&4 

0.6 97 85 94.3 83^ 

0.7 100.5 8&6 9&7 8&1 

0.8 i2a6 104.7 116.3 103.1 

0.9 ioa6 8&5 9&9 87^ 

1 89.7 7&5 853 75.9 
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As for DMPC/DOPC, linear regression analysis was applied to calculate the linear 

trend of the head-group areas measured for the DOPC/DOPE mixtures. The 

calculated areas were 75.8 and 88.9 for DMPC and DOPC, respectively''. 

A second set of data was obtained by repeating each experiment twice. Conditions 

used for the head-group area measurement are reported in 7.2.2. Figure 7.9 shows 

the average head-group area for each DMPC/DOPC mixture measured during the 

first isocycles at 15 and 25 mN/m; the same data and the standard deviations are 

listed in Table 7.3 and Table 7.4. The head-group areas were found to be 64.4 and 

82.2 for DMPC and DOPC, respectively, by linear regression analysis^ 

50 

• 1st cycle, 15 mN/m 

1st cycle, 25 mN/m 

0.00 0.20 0.40 0.60 
DOPC mole fraction 

0.80 1.00 

Figure 7.9 DMPC/DOPC head-group areas measured during the 1®' cycle at 15 and 25 
mN/m. The error bars correspond to ± the standard deviations calculated on two measurements. 

' The equation obtained from the data analysis using the method of least squares was; y = 13.06 x + 
75.83 with r̂  = 0.22, where y is the head-group area for the DOPC/DOPE mixture when the 
DOPE molar fraction is x. 

• The linear trend was calculated using the method of least squares. The equation obtained from the 
analysis was: y = 17.72-x + 64.44 with r̂  = 0.66, where y is the head-group area for the 
DMPC/DOPC mixture when the DOPC molar fraction is x. 

7-10 



Table 7.3 DMPC/DOPC head-group areas measured at 15 mN/m during the first isocycle. 

DOPC (mole 
fraction) 

A(l) (A2) A(2) (AZ) <A> (A') Std. Dev. (A )̂ 

0.0 74.1 71.3 72.7 2.0 

0.1 77.6 774 77.5 0.2 

0.2 718 75.5 75.7 0.2 

0.3 816 7&5 80^ 1.5 

0.4 8&9 83^ 86.3 3.7 

0.5 854 83^ 842 1.6 

0.6 80^ 810 80 j 0.7 

0.7 832 821 82J 0.7 

0.8 842 849 84.6 0.5 

0.9 85^ 834 84.6 1.7 

1.0 10^0 10^3 1012 0.2 

Table 7.4 DMPC/DOPC head-group areas measured at 25 mN/m during the first isocycle. 

DOPC (mole 
fraction) A(l) (A^ A(2) (A*) <A> (Â ) Std. Dev. (Â ) 

0.0 64.9 62a 63^ 1.5 

0.1 67^ 6%7 67.7 0.02 

0.2 664 672 66.8 0,5 

0.3 724 702 71.3 1.5 

0.4 77.3 732 75.3 2.9 

0.5 74.5 75.1 74.8 0.4 

0.6 70.5 72.3 714 1.3 

0.7 73^ 729 733 0.5 

0.8 74.6 75.3 74.9 0.5 

0.9 76.3 74.5 754 1.3 

1.0 9L6 9L9 91.7 02 
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Figure 7.10 DMPC/DOPC head-group areas measured at 15 and 25 mN/m after seven 
isocycles. The values plotted are the average of two separate measurements. 

The average of the head-group areas measured during the seventh isocycle are 

shown in Figure 7.10, whilst the single measurements, the averages and the standard 

deviation are reported in Table 7.5 and Table 7.6. The head-group areas were found 

to be 63.0 and 82.8 for DMPC and DOPC, respectively''. As expected, the head-

group area increased as DOPC molar fraction increased. Differendy from the 

previous set, the difference in the head-group areas between DMPC and DOPC 

was 12 and 19.8 for the first and the second set respectively. Furthermore, the 

DOPC head-group area result was higher than expected from the trend of the 

molar fraction/head-group area curve. Figure 7.11 and Figure 7.12 show head-

group areas for DOPC/DOPE mixtures during the first and the seventh isocycle, 

respectively. The values for the single measurements, average and standard 

deviation for the data plotted in Figure 7.11, are reported in Table 7.7 and Table 

7.8. 

' The equation obtained from the data analysis using the method of least squares was: y = 19.83-x + 
62.96 with r̂  = 0.74, where y is the head-group area for the DMPC/DOPC mixture when the 
DOPC molar fraction is x. 
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Table 7.5 DMPC/DOPC head-group areas measured at 15 mN/m after seven isocycles. 

DOPC (mole 
fraction) A(l) (A') A(2) (AZ) <A> (A') Std, Dev. (Â ) 

0.0 728 70.1 71.5 1.9 

0.1 7&2 76^ 76.1 0.2 

0.2 7&3 73^ 720 25 

0.3 8&9 772 79A 26 

0.4 87.5 83^ 852 3.5 

0.5 84.1 825 83 j 1.1 

0.6 76^ 8L6 79.1 3.6 

0.7 82^ 82^ 828 0.1 

0.8 84.2 85^ 847 0.6 

0.9 84^ 841 845 0.5 

1.0 101.6 1029 1022 0.9 

Table 7.6 DMPC/DOPC head-group areas measured at 25 mN/m after seven isocycles. 

DOPC (mole 
fraction) A(l) (Â  A(2) (A^ <A> (A') Std. Dev. (A') 

0.00 64.60 6250 1.48 

0.10 6732 67.47 67.40 0.11 

020 6236 65.84 64.10 246 

OJO 72.06 6&03 70.55 214 

0.40 77.00 7338 75A9 2.56 

050 74.12 73.54 73^3 0.41 

0.60 6827 72.74 70.51 3^6 

0.70 73.78 73.89 73^4 0.08 

OjW 75.26 7&06 75.66 0.57 

0.90 7&66 75.31 75.99 0.95 

1.00 swas 91.91 9138 0.75 
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Figure 7.11 DOPC/DOPE head-group areas measured at 15 and 25 mN/m after one 
isocycle. The areas plotted correspond to the average of two separate measurements. 
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Figure 7.12 DOPC/DOPE head-group areas measured at 15 and 25 mN/m after seven 
isocycles. The plotted areas are the average of two separate measurements. 
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Table 7.7 DOPC/DOPE head-group areas measured at 15 mN/m after one isocycle. 

DOPE (mole 
fraction) A(l) (A^ A(2) (A') <A> (A*) Std. Dev. (A )̂ 

0.0 10^0 10^3 103.2 0.2 

0.1 10&8 101.0 10&9 0.1 

0.2 924 8&9 90^ 2.5 

0.3 8&8 9&1 90a 0.3 

0.4 93^ 91.7 924 0.9 

0.5 883 95^ 9L9 5.1 

0.6 101.7 942 9&0 5.3 

0.7 9&3 97.1 97.7 0.8 

0.8 9&2 100.9 9&5 1.9 

0.9 99^ lO&O 99^ 0.1 

1.0 92.1 93J 92^ 1.1 

Table 7.8 DOPC/DOPE head-group areas measurement at 25 mN/m after one isocycle 

DOPE (mole 
fraction) A(l) (A^ A(2) (A^ <A> (A*) Std. Dev. (A )̂ 

0.0 9 i a 9L9 91.7 0.2 

0.1 89.8 90^ 894 0.2 

0.2 823 794 80a 2.1 

0.3 793 8&1 79.7 0.6 

0.4 82^ 82^ 824 0.6 

0.5 7&9 83.9 804 5.0 

0.6 90a 84.3 8%6 4.5 

0.7 8&0 86.7 873 0.9 

0.8 8&9 90^ 883 2.2 

0.9 893 893 89.3 0.01 

1.0 82.8 83.8 83.3 0.7 
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Table 7.9 DOPC/DOPE head-group areas measured after seven isocycles at 15 mN/m. 

DOPE (mole 
fraction) A(l) (A*) A(2) (A^ <A> (A') Std. Dev. (A") 

0.0 101.6 1029 1022 0.9 

0.1 9&9 100.4 100.2 0.4 

0.2 91J 88.8 904 1.8 

0.3 79.7 82.7 812 22 

0.4 90J 912 9&7 0.6 

0.5 77.4 8&5 7&9 2.2 

0.6 10&6 94.0 973 4.7 

0.7 97.3 967 97.0 0.4 

0.8 919 9&6 957 5.5 

0.9 99.9 9&6 9&2 0.9 

1.0 916 924 920 0.6 

Table 7.10 DOPC/DOPE head-group area measured at 25 mN/m after seven isocycles. 

DOPE (mole 
fraction) A(l) (A^ A(2) (A^ <A> (A') Std. Dev. (A )̂ 

0.0 9^9 919 91.4 0.8 

0.1 89^ 90.1 8&8 0.4 

0.2 818 79.6 807 1.6 

0.3 704 73a 723 21 

0.4 81.1 821 816 0.7 

0.5 694 71.7 7&5 1.7 

0.6 90^ 847 8%6 4.1 

0.7 87.6 8%0 873 0.5 

0.8 82.5 8&5 8&0 5.0 

0.9 894 8&8 893 0.8 

10 82.7 834 83.1 0.5 
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Figure 7.13 DMPC, DOPC and DOPE monolayer stability. 

linear regression analysis of the data from the first isocyde gave very similar values 

for DOPC and DOPE head-group areas, 85.6 and 85.7 respectively". Data for 

the curves of Figure 7.12 are reported in Table 7.9 and Table 7.10. The regression 

analysis consistently gave 83.2 and 84.0 for the head-group areas of DOPC and 

DOPE, respectively^. 

7.5.3 Monolayer stahilip 

Monolayer stability was investigated to verify the possibility of obtaining data in 

conditions of high lateral pressure and for long experiment times. DMPC, DOPC 

and DOPE monolayers were prepared as reported in 7.2.4, and were compressed to 

the collapse point (Figure 7.13). 

• The equation obtained from the data analysis using the method of least squares was: y = -0.094-x + 
85.58 with r̂  = 0.0001, where y is the head-group area for the DOPC/DOPE mixture when the 
DOPE molar fraction is x. 

The linear trend was calculated using the method of least squares. The equation obtained from the 
analysis was; y = 0.74-x + 83.22 with r̂  = 0.0013, where y is the head-group area for the 
DIWC/DOPC mixture when the DOPC molar fraction is x. 
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DMPC monolayers appeared to be the most stable, as shown in Figure 7.13; after 

the monolayer coUapsed, the pressure decreased reaching and stabilising at the value 

corresponding to the change of phase (Figure 7.4) for at least 40 minutes. 

DOPC and DOPE mixtures showed a completely different behaviour. In fact, after 

the monolayer collapse, both monolayers were characterised by a continuous 

pressure decrease, bringing the lateral pressure close to zero. Whilst DMPC is a type 

0 lipid, DOPC and DOPE are type II lipids, meaning that they have a negative 

radius of curvature, and the force distribution along the molecules makes them 

bend towards the water phase. The collapse of a monolayer usually involves the 

displacement of part of the monolayer from the air/water interface, slipping on the 

surface of the monolayer portion remaining at the interface or a possible 

reorganisation of the monolayer structures (7.1). Because of the bending energy 

stored in the flat monolayer of both DOPC and DOPE, it is possible that the 

collapse starts a process of monolayer structural re-organization, able to release the 

excess of stored bending energy. The DOPE bending modulus and radius of 

curvature are respectively higher and smaller than the corresponding DOPC values. 

Consequently, the bending energy stored in the DOPE monolayer is higher than 

the one store in the DOPC monolayers. The bending moduli and the radius of 

curvature for DOPC are 9kgT and —160 A while the ones for DOPE are 13 kgT 

and —53 A [10]. The energy stored in a flat monolayer®, per unit area, is then 

~17.6xl0"'' kgT A"̂  for DOPC and ~2.31xl0"^ kgT A"̂  for DOPE. Figure 7.13 shows 

that the pressure decreases more rapidly for DOPE than for DOPC, in apparent 

agreement with the bending energy stored in their flat monolayers. 

Figure 7.14 shows the DOPE pressure/time isotherm recorded when the starting 

lateral pressure was close to zero (7.2.4). After two hours of pressure recording, the 

monolayer was compressed to the minimum of the trough area; Figure 7.15 shows 

that the lateral pressure was ~11 mN/m when the head-group area was ~15 A .̂ 

The bending energy was calculated using a simplified form of Eq. 4.14: 
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Figure 7.14 DOPE monolayer pressure/time isotherm was recorded on 0.1 M NaCl at 37 
°C. The lipid chloroform solution was spread on the aqueous phase and the pressure 
monitored for more than two hours without any compression. 

Molecular area /A molecule" 

Figure 7.15 DOPE pressure/area isotherm of the monolayer whose pressure was 
monitored for two hours as shown in Figure 7.14 
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Figure 7.16 DOPC monolayer stability on a fixed area trough. 

Differently from DOPE, DOPC monolayers are stable if the monolayer is not 

compressed over the collapse point, as shown in Figure 7.16. The spikes in the 

figure are due to the addition of the DOPC chloroform solution to the water 

surface. It should be noted that the DOPC monolayer remained stable at ~19 

mN/m for at least two hours after the preparation. 

7.4 Discussion 

7.4.1 Pressure/area isotherms 

Figure 7.17 and Figure 7.18 show the different isotherms for DMPC, DOPC and 

DOPE (7.3.1) recorded under the same conditions. The head-group area increased, 

as expected, going from DMPC to DOPC, due to the higher area in the oleyl chain 

region. Rather unexpectedly, the head-group area increased going from DOPC to 

DOPE, even if the ethanolamine group is smaller than the choline one. It could be 

possible that oleyl chains prevailed in determining the head-group area or that a 

particular monolayer structure formation increased the area occupied by DOPE at 

the air/water interface. 
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Figure 7.17 DMPC, DOPC and DOPE pressure/area isotherms recorded on 0.1 M 
NaCl at 20 °C (7.3.1). 
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Figure 7.18 DMPC, DOPC and DOPE pressure/area isotherms recorded on 0.1 M 
NaCl, 0.1 M Tris-HCl at pH 7.2, and 10 mM MgClz (7.3.1). 
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7.4.2 Head-group area o/DMPC/DOPC and DOPC/DOPE mixtures 

The head-group areas for the DMPC/DOPC mixtures, even if slightly different for 

the two reported set of experiments, were still in agreement with what was 

expected. DOPC/DOPE mixtures have shown different results for the two sets of 

experiments. It is possible that monolayers of DOPC/DOPE mixtures have 

particular structures that could result in higher head-group areas. 

7.4-.3 Monolayer stabilip 

DOPE behaved differently from the DMPC and DOPC, especially when their 

monolayer stability was investigated. Even if DOPC and DOPE are both type II 

amphiphiles, DOPE monolayers were found to be unstable even when the lateral 

pressure was close to zero, while DOPC ones remained stable even when 

compressed to 20 mN/m. The bending energy stored in a flat monolayer could 

justify the observed instability and it could also justify the different behaviour of 

DOPC and DOPE monolayers, being the bending energy for DOPE being almost 

130 times higher than the one for DOPC monolayers. 

In the previous discussion it was suggested that different monolayer structures 

could be the cause of the differences observed amongst the monolayers of the three 

phospholipids. A hypothetical mechanism of monolayer reorganisation is shown in 

Figure 7.19. The intermediate structure B, with the formation of the domains "d", 

could explain the increase in the lateral pressure observed for the DOPE 

pressure/time isotherm (Figure 7.14); C and D structures could be responsible for 

the observed decreased lateral pressure and for the extremely low molecular area 

observed in the DOPE pressure/area isotherm (Figure 7.15). Because of the smaller 

bending energy, it is possible that DOPC monolayers can reorganise the structure 

only if the process is triggered by the monolayer collapse. 
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Figure 7.19 The monolayer structure A could be reorganised to the final structure D through 
the intermediate B and C. The monolayer A, constituted by type II lipids, is under stress when 
constrained in a flat position. The first step in the reorganisation, B, could involve the formation 
of expanded domains "d" causing the initial increase of the monolayer area or alternatively, if the 
area is fixed, the increase of the lateral pressure. The following structure, C, corresponds to a 
structure halfway between the monolayer and the invetsed phase showed in the structure D. 

7.5 Conclusions 

The aims of the experiments discussed in this chapter were to gain a better 

understanding of the possibility^ and the limit of appUcabiiity of lipid monolayers as 

a model system of biological membranes. Several considerations foUow the analysis 

of the result previously discussed: 

• DOPC and DOPE, both type II lipids, are unstable after the collapse of their 

monolayers. On the contrary, DMPC, a type 0 lipid, remained stable after the 

coUapse, which occurred when the lateral pressure reached the value 

correspondent to the passage from the expanded to the condensed liquid 

phase. 
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• Monolayer instability seems to be related to the bending energy of the lipid 

constituting the monolayer; a DOPE monolayer is less stable than a DOPC 

one because of the higher bending energy (almost 130 fold bigger than the 

DOPC one) stored. 

The conclusion is that monolayers cannot be used if their constituents are subjected 

to excessive stress^. 
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8 Peptide adsorption onto monolayers 

8.1 Adsorption of proteins at interface 

Analysis of protein or peptide adsorption at the air/water interface can be used to 

obtain information about protein hydrophobic or hydrophHic character, secondary 

structure or the thermodynamics of folding/unfolding [1]. 

Proteins in solution are free to move from the bulk solution to the air/water 

interface, forming a monolayer. The phenomenon by which proteins or peptides 

reach the air/water interface is called "adsorption". An equation describing the 

adsorption phenomenon is given by 

Eq. 8.1 n = 2C, 
< J 

where n is the number of molecules per unit area, is the bulk concentration of 

thie protein and D is its diffusion coefficient [2], If the surface pressure is kept 

constant and the increase of surface area at the interface is measured, the rate of 

adsorption can be given by the equation 

Eq.8.2 ^ = 1 ^ . 
dt A dt 

where (l/^)(cL4/di) is the fractional rate of the increase of surface area and n is the 

concentration (mg/m^ of surfactant at the constant pressure at which the area is 

measured [2]. If the adsorption occurs at constant area, the relationship between 

adsorption and pressure is given by 

dn\ ( d7i;\ ( dn^ 
Eq. 8.3 

dt V Uf y 



where (d7u/dt)^ and (dn/dTr)^ are obtained from the adsorption curves and the 

monolayer compression curves, respectively [2], Combining Eq. 8.1, Eq. 8.2, and 

Eq. 8.3, the rate of adsorption is shown to be dependent on the protein 

concentration and on the monolayer pressure tt [2] 

Eq. 8.4 ^ = / (C , , ; r ) 

If the adsorption is carried out at constant pressure, n, then the adsorption of the 

protein at the interface causes an increase in the monolayer area. If AA is the 

increase in area, the work required for this process is ^ • AA. Using the 

Boltzmann's distribution function, the reversible adsorption process at different 

values of n is given by 

Eq. 8.5 
dn , 
— = k.a, exp 
dt I J 

exp 
I t r j 

where and ^2 ^re the first-order rate constants for the adsorption and 

desorption process, and and are the activities of the solute in the bulk and at 

the surface, respectively [3]. If the adsorption process is irreversible and the activity 

coefficient is replaced by the concentration, the natural logarithm of Eq. 8.5 gives 

dn 
Eq. 8.6 In — =\a.{k^Ci^)-

\dt) 

nbA 

~w 

where is the rate of collision of a molecule with the surface [3]. 

If the molecule if charged and if v)/ is the potential at the interface, electric work has 

to be spent to reach the interface from the bulk solution. Using the Debye-Hiickel 

theory, the concentration of charged molecules close to the surface will be given by 

Eq. 8.7 C = Q exp 
kT 
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where is the corresponding concentration at remote distance from the surface 

and Q is the charge carried by the molecule [4]. Consequently, the effect of 

electrical potential on the adsorption rate is given by [4] 

Eq. 8.8 — = A t i Q expf 

Combining Eq. 8.5, Eq. 8.7 and Eq. 8.8, the irreversible adsorption is given by [4] 

dn , „ 
— = k.C, exp 
at 

Eq. 8.9 

or, in the logarithmic form 

kT 
exp -Qv 

kT 

Eq,8.10 
dt kT 

The generalisation of the above equation for different kinds of work W (protein 

unfolding or folding could be required for the adsorption) gives [4] 

8.2 PPF2 

PPF2 is a peptide whose sequence is similar to a portion of the M-domain (segment 

251-268) of CCTa (Table 3.2) apart from the substitution of D-255 with E, of F-

263 with V and of Q-265 with S: 

251 268 

I I 

CCTa(2Sl-268) KKVKDVEEKSKEFVQKVE 

PPF2 KKVKEVEEKSKEWSKVE 

The hydrophobic moment profile of CCTa (Figure 8.1) shows that the highest 

hydrophobic moment corresponds to the M-domain, as expected for the role that 

this segment plays in binding to the membrane. 
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F i g u r e 8.1 Hydrophobic moment profile of CCTa was calculated using the WIF scale (Table 5.1) 
and the Eisenberg algorithm (Eq. 5.2). The local hydrophobic moment (representing the average of 
a 31 residues window) has been normalized to the maximum value in the graph. 

T a b l e 8.1 Hydrophobic moment and hydrophobicity were calculated for CCTa(251-268) 
and for PPF2 using the WIF scale (Table 5.1) and the Eisenberg algorithm (Eq. 5.2). The 
hydrophobic moment per residue is indicated in brackets. 

Hydrophobicity Hydrophobic moment 

M-domain (237-299) 0.6 21.2 (0.34) 

CCTa(251-268) 0.8 6.4 (0.36) 

PPF2 0.9 5.6 (0.31) 

The hydrophobic moments calculated for the M-domain, CCTa(251-268) and for 

PPF2 (the lattefs shown as a-helices in Figure 8.2) are reported in Table 8.1. 

Although the hydrophobicity values for CCTa(251-268) and PPF2 are higher than 

that determined for the M-domain, tlie hydrophobic moment per residue (value in 

brackets in Table 8.1) is similar for all three sequences. This allows the use of PPF2 
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CCT ahelix 

Figure 8.2 a-helical representation of the CCTa M-domain (segment 251-268) and PPF2. 
Charged residues are light blue, polar residues are sea-green and apolar residues are green. The 
hydrophobic strip formed by the apolar residues of the CCTa heUx are involved in the binding to 
the membrane interface. PPF2 was used as model system of CCTa in the study of the torque 
tension effect on the partitioning of the enzyme on the lipid membrane. 

to investigate the effects of the membrane surface properties on the partitioning of 

CTa onto monolayers or bilayers. 

8.3 Material and methods 

8.3.1 Materials 

l,2-dimyristoyW»-glycero-3-phosphocholine (DMPC) and l,2-dioleoyl-j»-glycero-3-

phosphochoHne (DOPC) were purchased from Fluka or Avanti Polar Lipids. 

Tris(hydrox}''methyl)aminomethane (Tris), NaCl, MgCl,, dimethyldichlorosilane, 

toluene, chloroform and ~ 26 % HQ were purchased from Sigma Aldrich. Water 

was deionised using an Elga Purelab deionisator system Buffer A (0.1 M Tris-HCl, 

pH 7.2 at 37 °C, 0.1 M NaCl, 10.0 mM MgCy, buffer B (0.1 M Tris-HCl, pH 7.4 at 

37 °C, 0.1 M NaCl, 10.0 mM MgClj) and water were filtered using Nylon66 filter 

disks 0.45 |J,m (Supelco) prior to use. pH was adjusted using a Hanna pHTester 3 

metre. Isotherms were recorded using a glass trough (30 cm" fixed surface area) 

8-5 



mounting a PS4 sensor with platinum Wilhekny plate (NIMA Technology, UJQ, 

silanised using a 5% (w/v) dimethyldichlorosHane in toluene. The fixed area trough 

was contained in a chamber filled with nitrogen to prevent oxidation of the 

monolayer lipids. iV-a-Fmoc-L-glutamine, iV-a-Fmoc-L-valine, Fmoc-0-/-butyl-I^ 

serine, iV-a-Fmoc-iV-s-ABoc-I.-Lysine and Rink amide MBHA resin were obtained 

from NovaBiochem. 1 -hydroxybenzotriazole (HOBt), triethylamine acetate and 

acetonitrile were purchased from Acros Organics. Trifluoroacetic acid, piperidine, 

dichloromethane and N,N'-diisopropylcarbodiimide were obtained from Fluka. 

8.3.2 PPF2 synthesis, purification and characterisation 

PPF2 was synthesised by the Fmoc method [5] and purified by RP-

chromatography, using a Perkin Elmer Prep-10 column (Octyl 20 |J,m, 250x10 mm) 

connected to a Gilson 321 Pump HPLC system; the purification method is given in 

Table 8.2. PPF2 was eluted in 13 minutes. PPF2 sequence was analysed by positive 

MS-MS ES. The molecular weight of the peptide and its amino acid sequence were 

confirmed by analysis of its fragmentation pathway shown in the MS spectrum, 

Figure 8.3 and Table 8.3. The fragmentation of an idealised peptide is reported in 

Figure 8.4. 

Table 8.2 Method used for the purification of PPF2. Aqueous solvent: H2O with 0.1% 
TFA; organic solvent: CH3CN with 0.1% TFA. 

Time Aqueous solvent Organic solvent 
Devices 

(min) (%) (%) 
Devices 

0 100 0 

7 80 20 
UV/vis detector; 

230 nm 20 60 40 
UV/vis detector; 

230 nm 
25 30 70 

30 30 70 Flow: 
3.0 ml/min 

35 100 0 

Flow: 
3.0 ml/min 

45 100 0 
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F i g u r e 8.3 MS-MS ES spectrum of PPF2. The spectrum represent the secondary 
fragmentation of the peak at m/z 1051.1 ([M+2H12+). 
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Table 8.3 Fragments and peaks for the MS-MS analysis of PPF2 (Figure 
8.3). The two calculated values correspond to the M and to the isotopic 
M+1 peaks. 

Fragment Calculated (m/z) Found (m/z) 

M+2H+ 1051.1/1051.6 1051.6 

M-NH3+2H+ 1042.6/1043.1 1043.0 

M-H2O+2H+ 1042.1/1042.6 1042.5 

bi7 +2H+ 978.1/978.6 97&5 

biy-HzO +2H^ 969.6/970.1 96&5 

+2H+ 928.5/929.0 928.5 

bi5 +H ' 1728.0/1729.0 1728.9 

b„ +2H+ 8645/865^ 8645 

bu+H" 1641.0/1642.0 1640.8 and 1641.9 

b„ +2H+ 821.0/821.5 820.9 and 821.5 

b,3 +H^ 1541.9/1542.9 1541.7 and 1542.5 

bi3 +2H+ 771.4/771.9 771.5 

bn +H+ 1313.8/1314.8 1313.6 

b, +H+ 1098.7/1099.7 1099.4 

b, +H+ 712.5/713.5 712.3 

yu+H+ 1845.0/1846.0 18419 

Yis +H^ 1746.0/1747.0 1746.9 

Yii +H"̂  1389.8/1390.8 1390.9 

y5+H+ 560.3/561.3 560.1 

74+H" 461.3/462.3 461.1 

y3+H+ 374.2/375.2 374.3 
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Figure 8.4 Fragmentation of an idealised peptide (protonated) in the ionizing chamber of a mass 
spectrometer. Rl, R2, R3 and R4 refer to the lateral chain of the residues. 

8.3.3 PPF2 adsorption at the air! water interface 

Adsorption experiments were carried out using the glass trough filled with 40 ml of 

buffer A or B. 25-250 |Lil of 2.37 mM PPF2 were injected beneath the air/water 

interface and the pressure monitored for ~ 2 hours at 37°C. 
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8.3.4 PPF2 adsorption into DMPC and DOPC monolayers 

DMPC Of DOPC monolayers were prepared by spreading their solutions (20-80 |J,1, 

0.05-0.8 mg-ml"' in chloroform) on the surface of 40 ml of buffer A or B. After 5-

10 minutes to allow the chloroform evaporation, 25-250 p.1 of 2.37 mM PPF2 were 

injected beneath the air/water interface and the pressure monitored for ~ 2 hours at 

37°C 

8.4 Results 

8.4.1 PPF2 adsorption at the air!water interface 

PPF2 adsorption at the air/water interface is shown in Figure 8.5 to Figure 8.9. 

Peptide adsorption was studied using the same buffer at two different pH values: 

curves shown from Figure 8.5 to Figure 8,7 were recorded at pH 7.2, while the 

curves in Figure 8.8 and Figure 8.9 were recorded at pH 7.4\ The adsorption curves 

at pH 7.2 differ from those at pH 7.4 both in the shape and in the pressure 

recorded at the end of the measurement. 

8.4.2 PPF2 adsorption into DMPC and DOPC monolayers 

PPF2 adsorption into phospholipid monolayers was tested using DMPC, type 0 

lipid, and DOPC, type II lipid. Figure 8.10 and Figure 8.11 show the adsorption 

recorded in presence of DMPC at pH 7.2. Figure 8.12 shows the adsorption 

recorded at pH 7.4. PPF2 adsorption into DOPC monolayer is shown in Figure 

8.13. Differentiy from the adsorption into DMPC monolayer, DOPC, stable 

without PPF2 (Figure 7.16), shows a pressure decrease caused by the presence of 

PPF2. 

' A magnetic stirrer was used in all the experiments at pH 7.2. 
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Time /s 

Figure 8.5 PPF2 adsorption at the air/watet interface. 250 [il of 2.37 mM PPF2 where 
injected in 60 ml of buffer A. A magnetic stirrer was switched on for 20s after the injection 
of the PPF2 solution. 

Time /s 

F i g U f e 8.6 PPF2 adsorption at the air/water interface. 125 (j.1 of 2.37 mM PPF2 where 
injected in 60 ml of buffer A. A magnetic stirrer was switched on for 20s after the injection 
of the PPF2 solution. 
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Figute 8.7 PPF2 adsorption at the air/water interface. 25 p.1 of 2.37 mM PPF2 where 
injected in 60 ml of buffer A. A magnetic stirrer was switched on for 20s after the injection 
of the PPF2 solution. 

Time/s 

Figxire 8.8 PPF2 adsorption at the air/water interface. 200 |xl of 2.37 mM PPF2 where 
injected in 60 ml of buffer B 
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Figure 8.9 PPF2 adsorption at the air/water interface. 100 p.1 of 2.37 mM PPF2 where 
injected in 60 ml of buffer B. Magnetic stirrer was used for the black curves. 
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Figure 8.10 PPF2 adsorption into DMPC monolayer. 200 pil of 2.37 mM PPF2 where 
injected in 50 ml of buffer A (pH 7.2). The pressures in the figure legend correspond to the 
monolayer pressure measured before the addition of PPF2. 
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Figure 8.11. PPF2 adsorption into DMPC monolayers. 100 fxl of 2.37 mM PPF2 where 
injected in 50 ml of buffer A (pH 7.2). The pressures in the legend correspond to the 
monolayer pressure measured before the addition of PPF2. 

— 20.9 mN/m (200) 

19.4 mN/m (200) 

14.3 mN/m (80) 

1000 2000 3000 4000 

Time /s 

5000 6000 

Figure 8.12 PPF2 adsorption into DMPC monolayers. 80-200 |il of 2.37 mM PPF2 were 
injected in 50 ml of buffer B (pH 7.4). The pressures in the legend correspond to the 
monolayer pressure measured before the addition of PPF2 (the values in brackets). 
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Figure 8.13 PPF2 adsorption into DOPC monolayers. 200 or 160 |xl of 2.37 mM PPF2 where 
injected in 50 ml of buffer A (pH 7.2). The pressures in the legend correspond to the monolayer 
pressure measured before the addition of PPF2, whilst the number in brackets refer to the volume 
of PPF solution injected beneath the monolayer. 

8.5 Conclusions 

8.5.1 PPF2 adsorption at the air! water interface 

The adsorption of PPF2 at the air/water interface was sensitive to both the 

concentration of the peptide beneath the interface and the pH of the buffer. 

Unfortunately, it was not possible to determine the molecular area of the peptide at 

the air/water interface and consequentiy the partition coefficient. However, the 

increase of the pressure measured in the absence of a monolayer suggests that 

PPF2, and then the a-heUx of CCTa, could form an a-helix featuring distinct 

hydrophilic and hydrophobic character. It is reasonable to assume that the different 

pH has affected the peptide charge (acting on the protonation of the lysines) and 

then both the hydrophilic/hydrophobic character or the formation of an a-helix''. 

Howevere, because of the limited number of experiments and because no data have 

been collected about PPF2 folding at different pH, it is not possible to give a 

Analysis of pH effect on the peptide folding could have been done by circular dichroism 
spectrospy. 
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tationale explanation of the observed variation in the absorptin ate the air/water 

interface. 

8.5.2 PPF2 adsorption into DMPC or DOPC monolayer 

PPF2 adsorption into DOPC monolayers was significantly different from the 

adsorption into a DMPC monolayer. The small increase in the DMPC monolayer 

suggest that PPF2 interact probably with the interface of the monolayer and that 

PPF2 could be particular sensitive to the component of the monolayer pressure 

featured in the hydrophilic region of the monolayer. 

The DOPC monolayer, stable in the absence of PPF2 (Figure 7.16) became 

unstable after the addition of the PPF2 solution. The pressure decrease was 

discussed for DOPC and DOPE monolayers in 7.4.3 and 7.5, and the 

reorganisation of the monolayer structure was hypothesised as a cause of the drop 

in the pressure. Although one could reasonably hypothesise that PPF2 acts as a 

catalyst in the monolayer reorganisation, the experimental data are not sufficient to 

suggest any reasonable explanation of the observed phenomenon. 

1' 
3 2 -

Pressure increase at pH 7,2 

-B-Pressure increase at pH 7,4 

0 

O.OE+00 2.0E-06 4.0E-06 6.0E-06 8.0E-06 l.OE-05 1.2E-05 

PPF2 concentration /molL' -1 

Figufe 8.14 Pressure increases as a function of the PPF2 concentration in solution. Each point is 
the average of the highest pressures reached during the adsorption experiments at the air/water 
interface shown from Figure 8.5 to Figure 8.9. 
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9 Unilamellar vesicles 

9.1 Large Unilamellar Vesicles (LUVs) 

Lipid LUVs are essential components of all the enzymatic assays reported in this 

thesis. This kind of vesicle was chosen as model system of biological membranes 

for two of its properties: the size and the unilamellarity. 

Figure 9.1 shows the bending energy stored in the two leaflets of a bilayer vesicle, 

expressed in units independent from the lipid bending modulus, head-group area 

and spontaneous curvature. Vesicles having a diameter close to or smaller than the 

spontaneous radius of curvature have a stored bending energy higher than the one 

stored in a flat monolayer, with positive contributions to it from the geometric 

stress, both functions of the vesicle diameter. On the contrary, vesicles with big 

diameter (8-10 times bigger than the spontaneous curvature) store an amount of 

bending energy close to that found in flat monolayers and independent from the 

vesicle diameter. 

Vesicle unilamellarity is the second fundamental assumption in all the hypotheses 

and experiments discussed in this thesis. Figure 9.2 shows the difference between a 

unilamellar vesicle (on the right) and a multilamellar vesicle (on the left). In a 

multilamellar vesicle the inner bHayers are enclosed inside the outer bilayers, 

therefore the vesicle surface exposed to the external environment is smaller than the 

total surface and the surface/lipid ratio will depend on the specific vesicle 

preparation (because possible differences in the degree of vesicle inclusion). In the 

case of unilamellar vesicles, the exposed surface is proportional to the lipid 

concentration and the surface/Upid ratio will be almost independent from the 

specific preparation. Consequentiy, because the studies discussed herein involve the 

bending energy stored in vesicles, unilamellar vesicles were chosen because of the 

possibility to modify the amount of bending energy by changing the lipid 

concentration. 



10 

1 ^ 6 

M 4 

CO 3 

r \ < 0 
r \ > 0 

10 

Figure 9.1 Bending energy in unit of 2,4/4/r/ as a function of die | r/r, | ratio, where k is d\e 
bending moduli, A is the head-group area, is the spontaneous radius of curvature and r is the 
vesicle radius of curvature. The bending energy has been calculated using the simplified version 
of Eq. g„„-(112)k^(c,+C2-2cof, where i:,=^>=//rand /rg. 

F i g u r e 9 .2 A multilamellar vesicle, resembling the onion layer structure, is represented on 
the left, while a unilamellar vesicles is represented on the right. Clearly, the lipid area exposed 
to the external solution is larger for a unilamellar than for a moltilamellar vesicle. 
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9.2 Light scattering and particle sizing 

9.2.1 Upht scatterinp 

The fundamental principle of particle sizing is the correlation between particle size 

and diffusion. If a light beam crosses a solution containing particles in motion, a 

fraction of the total light will be scattered. Due to the continuous random 

movement of the particles in solution, the intensity of the light scattered will 

oscillate in a way that is correlated to the brownian motion of the particles. 

The motion of solute molecules in a fluid depends on the nature of the solute, the 

physical properties of the fluid and the temperature, as proposed by Einstein: 

If T 
Eq.9.1 D = ^ 

/ 

where D is the diffusion coefficient of the solute in the fluid, kg is the Boltzmann 

constant, and f is the factional coefficient of the solute [1]. Further studies 

conducted by Stokes showed that there is a correlation between the frictional 

coefficient, the solvent viscosity and the radius of the particles. Under the 

hypothesis of a spherical particle. Stokes demonstrated that 

Eq. 9.2 / = 67U-ri 

where r is the radius of the molecule and t] is the viscosity of the solvent [1]. The 

combination of Eq. 9.1 and Eq. 9.2 gives the Stokes-Einstein equation 

t T 
Eq. 9.3 

Zrcdr] 

where the radius of the particle is replaced by the diameter, d [1]. The mean-square 

distance traveled by a particle, , during the time t is linked to the diffusion 

coefficient by the following relationship [1] 

Eq. 9.4 JĈ  = 2Dt 
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Due to the dependency of the fluctuation time on the random motion of the 

particles, it is possible to calculate the particle size by determining the fluctuation 

time of the scattered light. The light fluctuation is then correlated to the particle size 

and the diffusion coefficient by mathematical transformation of the light intensity 

signal, resulting in an autocorrelation function (ACF) having the form 

E q . 9 . 5 A{T) = {l{t)xl{t + T)) 

where A{t) is the autocorrelation function, l{t) and l{t + r) are the light intensity 

at time t and t + z respectively, t is the delay time and ( ) means that the 

product is time averaged [2]. The analysis of different delay times results in the 

measurement of the time scale in which the intensity fluctuations occur, that is the 

deco)! time for the system and is dependent on the brownian motion. The inverse of 

the decay time is the decay constant F that is related to the ACF and the brownian 

motion through the functions 

Eq. 9.6 

Eq. 9.7 

Eq. 9.8 K = 

DK^ = D 

(e\ 
sin 

.2) 

6 
sin"! — 

. 2 . 

where n is the refractive index of the solvent, A is the laser wavelength in vacuum 

and 6 is the angle at which the scattered light is measured [2]. The particle diameter 

d can then be obtained by Eq. 9.3 and Eq. 9.7 [2] 

Eq. 9.9 d oc 
n'T 

rf 

Eq. 9.9 clearly shows that the diameter determined by the light scattering depends 

on the absolute temperature, the square of the refractive index, the solvent viscosity 

and the decay constant. Due to the variability of the particle size, the diameter will 

be a distribution of values around one or more central values. 
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9.2.2 Varticle sifAnv 

All the above theories about diffusion and diameter of particles are applicable to 

hypothetically perfect spheres having the same size. Due to the shape and the size 

variability, each diameter is given with the standard deviation, index of the size 

variability. If the particle size is distributed around more than one diameter, the 

standard deviation associated with each diameter will be indicative of the size 

distribution. The method of analysis applied to the scattering data wiU give different 

values for the particle diameters and their standard deviations. Two methods of 

analysis are discussed in the next sections: Unimodal analysis and Size Distribution 

Processor (SDP) analysis. 

9.2.2.1 Unimodal analysis 

The unimodal analysis results in an averaged diameter based on the entire size 

distribution of the sample. When the ACF is calculated, it will result in an 

expression giving the logarithm of the ACF as an expanded power series in time 

Eq. 9.10 hi{A{T^)-baseline)-a + bv. + 

where b and c are the so called first and second cumulant of the ACF A and r,. 

are the delay times at which the autocorrelation function is measured [2]. The first 

cumulant is correlated to the decay constant [2] 

Eq. 9.11 b = 2T 

and then, as the decay constant is related to the particle diameter, it follows that the 

correlation between the diameter and the first cumulant is given by [2] 

Eq. 9.12 — - const-r^ - constld) 

' 0) 
Eq. 9.13 const = 

^ 2 ^ : A,? 
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The standard deviation (SD) is then calculated using the second cumulant via the 

polydispersity index (P.I.) and the coefficient of variation (CV) given by [2] 

Eq. 9.14 P.L. = ^ 
b 

f 1 V2 
Eq. 9.15 CV= + 4 

Eq. 9.16 SD = d-CV 

The unimodal analysis gives an average of the diameter distribution and the 

standard deviation. The standard deviation is particularly usefvil to have an idea of 

the size distribution of the particles in the sample and to reveal the possible 

presence of more than one particle diameter. 

9.2.2.2 Siqv Distrihution Process (SDP) analysis 

The SDP analysis, differently from the unimodal analysis, gives information about 

the size distribution in terms of number of size peaks and their standard deviation. 

The determination of the different sizes is obtained by mathematical separation of 

the different components by an algorithm applied to the ACF to find out the 

different possible solutions for the sample in terms of particles size. This method 

calculates the different size of the particles present in the sample and the percentage 

of light that they scatter. The correlation between the amount of scattered light and 

particle size can be obtained using the Mie equation or an approximate conversion 

function, as the Mie equation requires the complex refractive index of the particles. 

Because the Ught scattered by particles made of the same material depends on the 

percentage and on the size of the particles, the ACF assumes the more complex 

form given by 

Eq. 9.17 A(T) OC ^ 
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where fl, , the amplitude factor, corresponds to the contribution to the total 

scattered light coming from the particles having diameter J , [2]. The mathematical 

process used to calculate all the amplitude factors is called 'inversion'. It is based on 

a mathematical approach caUed least-square fitting' that varies all the a, 

systematically to find out the minimum of the fiinction [2] 

Eq. 9.18 e x p ( - 2 r , ( j . ) r j f 
j 

When the function is minimised, the result gives the different sizes calculated for 

the particles, their standard deviation, and the mean size. The mean diameter d is 

calculated as defined below [2] 

Eq. 9.19 
a. 

The standard deviation (SD) is then calculated using the equation given by 

Eq. 9.20 SD = ' 

The a. values in Eq. 9.18 and Eq. 9.20 can correspond to the percentage of the 

total light scattered by a particle having diameter d. (intensity result) or, 

alternatively, to the percentage of particle having diameter d. (weight result) [2]. 

The intensity of the scattered light and particle size are related to the number of 

particles in a complex way. The light scattered by two particles that have the same 

size but are composed of different materials is dependent on factors Uke shape and 

refractive index of the particle. It is difficult to properly convert light intensity in 

number of particles and hence the intensity result, obtained from SDP analysis, is 

more accurate than the weight result. 
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9.3 Coagulation of LUVs 

The critical coagulation concentration (ccc) is defined as the concentration of 

electrolyte that is required for the coagulation of spherical particles suspended in 

solution. If the particles have a high surface density charge, then the ccc is 

approximatively given by 

Eq. 9.21 ccc oc 

Vesicles with a negatively charged surface are sensitive to positively charged ions 

like Na"̂ , Mĝ '*' and Cr̂ "̂ . A direct consequence of Eq. 9.21 is that the ratio between 

the ccc of different ions is inversely proportional to the ratio of the ion charge 

£ i Eq.9.22 
CCC(Z2) 

Where Zj and Zj are referred to the charge of two different ions. 

9.4 Materials and methods 

S^.4.1 Materials 

l,2-dioleoyl-j«-glycero-3-phosphocholine (20 mg/ml choroform solution) and 1,2-

dioleoyl-j/^-glycero-S-phosphoethanolamine (10 mg/ml choroform solution) were 

purchased from Fluka. Hamilton glass syringes (250 and 100 1̂) were used to 

aliquot the lipid solutions. Deionised water for HPLC and 2.0 ml amber glass vials 

with Teflon septa were purchased from Fisher. Disposable plastic tips (1 ml, 200 |il 

and 10 p.1) were obtained from Radleys or Fisher. Bis-Tris (BT), NaCl, MgClj, CrCl̂  

were obtained from Sigma. Vesicles and latex particles were sized using a Coulter 

N4 Plus Particle Sizer and 1 cm quartz cuvettes. Standard latex particles (100, 200, 

300 and 500 nm diameter) were obtained from Coulter Beckman. Water, buffer A 

(0.25 M BT-HCl, pH 6.5 at 37 °C, 10 mM MgCy, buffer B (0.25 M BT-HCl, pH 

6.5 at 37 °C), buffer C (0.15 M BT-HCl, pH 6.5 at 37 °C), NaCl, MgCl̂ , and CrClj 
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water solutions were filtered using Dvirapore® membrane filters 0.1 |J,m W P P 

purchased from Fisher. 

9.4.2 Si^tip of standard latex particles 

Standard latex particle suspensions (100, 200, 300 and 500 nm diameter) were 

diluted in filtered water until the intensity of the light scattered by the sample was in 

the range 10̂ -10*̂  count per second. The four standard suspensions were then used 

to prepare six different samples. Table 9.1. 

Sample sizes were measured in the range lO-r-2000 nm monitoring the light scattered 

at 90° for 600 seconds and using automatic sampling time. Data were treated by 

Unimodal and SDP analysis. 

Table 9.1 Sample composition gives the diameter, in nm, 
of standard, latex particles present in each sample. 

Sample number Sample composition 

1 100 

2 200 

3 300 

4 500 

5 200 and 500 

6 100,200,300,500 

9.4.3 Preparation ofU.JV: F-T method 

Vesicles preparation was based on the Freeze-Thaw (F-T) method" [3-5]. Vesicles 

were prepared in amber glass vials to avoid any photochemical decomposition of 

unsaturated lipids. The steps for vesicle preparation are reported in Table 9.2. 

Vesicles prepared by F-T method have been reported to have high trapping volume, low ion 
permeability and high resistance to osmotic shock [3]. 
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Table 9.2 Steps for vesicle preparation by the Freeze-Thaw (F-T) method. 

Preparation steps Procedure 

1" Removal of organic solvent by nitrogen stream 

2nd 1.5-2 hrs of vacuum to remove traces of solvent 

r̂d Lipids hydration with filtered water (50 |il of 
water per mg of lipid) by vortexing (1-2 sec.) 

4th Lyophylisation 

5^ 
Suspension of the dry lipids in buffer (volume 

required to obtain a 15 mM lipid solution) 

6* Vortexing (10-15 min.) and resting (10-20 min.) 
y t h Sonication (20 min.) and resting (20-30 min.) 

8* ( r F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

gt (2-̂  p.T cycle) Flash-freezing, thawing (10 min. at 40 °C) and 
resting (20 min. at rt) 

10* (3 '̂ F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

ll*^ Sonication (30 seconds) and resting (20 min.) 

12* (4* F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

9.4.4 Freest-Thaw effect on UJVs 

Vesicles were prepared using a DOPC/DOPE mixture (4:6 mole ratio) as described 

in 9.4.3 and dissolving the lipids in buffer A. The number of F-T cycles was 

increased as reported in Table 9.3. Vesicles were sized during the preparation; after 

each step, 30 fjl of the vesicle solution were withdrawn, diluted with 3 ml of water 

in a quartz cuvette and the vesicles sized following the procedure described in 9.4.2. 
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Table 9.3 Extension of the F-T protocol reported in Table 9.2 

Preparation steps Procedure 

13* (5* F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

14* (6* F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

15* (7* F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

16* (8* F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

17* (9* F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

18* Sonication (30 seconds) and resting (20 min.) 

19* (10* F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

9.4.5 Vesicle, stahili^ 

Vesicles were prepared using DOPC, DOPC/DOPE (1:1) and DOPA. DOPA 

vesicles were prepared using buffer B, whilst DOPC and DOPC/DOPE (1:1) 

vesicles were prepared using buffer A. Vesicles were diluted with the same buffer 

used for their preparation and then sized (9.4.2). 

9.4.6 A.nionicphospholipids and coamlation 

DOPA and DOPS LUVs were prepared using buffer B. Vesicles were prepared as 

15 mM stock solutions and diluted to 1 mM in buffer B, for the titration witii the 

solutions of NaCl (0.10 M), MgCl̂  (10 mM) or CrCl̂  (1.0 mM). Vesicle solutions 

(2.0 ml total volume) were stirred during the titration; titration was completed when 

lipid coagula were visible. 
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9.5 Results 

9.5.1 Smn? of standard latex particles 

Figure 9.3 and Figure 9.4 show the limits of applicability of the unimodal analysis to 

samples differing in particle size distribution. The four curves shown in Figure 9.3 

were recorded separately using separate dispersions of the four standard latex 

particles (9.4.2). In this case, the unimodal analysis gave sufficient information 

about the size distribution of each sample. The two curves shown in Figure 9.4 

were obtained by separate sizing of samples 5 and 6 (9.4.2). The results obtained 

from unimodal analysis were different from the previous case and did not 

correspond to the real composition of the samples. However, the width of the two 

peaks was indicative of two possibilities: 

1. The curve corresponds to the correct distribution of particles whose size was 

distributed around an average value, following a gaussian trend. 

2. As the unimodal analysis resulted in an average of the different sizes, the curve 

corresponded to the distribution of the particles around two or more peak sizes. 

Consequentiy, samples 5 and 6 were analysed by the SPD methods and the results, 

reported as intensity result, are shown in Figure 9.5. SDP analysis of sample 5 

resulted in two mean sizes, as expected for this sample, whilst SDP analysis of 

sample 6 did not result in four mean sizes. However, the curve for sample 6 

excluded the possibility that the size of the particles was centred on any mean size, 

as shown in Figure 9.4. 

9.5.2 ¥reetre-thaw effect on LUVsisy 

The effect of each F-T step during of the vesicle preparation on the vesicle size was 

investigated. Figure 9.6 shows the effects of vortexing, sonication and the first F-T 

cycle on the size of the vesicles: the vortexing step resulted in big multilamellar 

vesicles (black Hne) that were converted by sonication in small vesicles with a high 
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level of unilamellarity (red line). The vesicle size increased after the first F-T cycle 

(green line). 

Differently from the protocol described by Pick, the sonication step was shifted 

from the first to the third F-T cycle. Figure 9.7 shows that the vesicle size increased 

after the second F-T (black line) and that the sonication step, supposed to reduce 

the vesicle stress, caused a reduction of the size (red line). The two following F-T 

cycles (^een and blue line for the 4* and the 5* cycle respectively) increased the 

vesicles size to the same value observed for the 2"̂  F-T cycle. Figure 9.8 shows the 

effect of the 6*, the the 18* step and the 10"̂  F-T cycle on the vesicles size. 

Vesicles size started to decrease after the 5"̂  F-T cycle, and the decrease continued 

after the 6* (black line) and the 7* F-T cycle. Vesicles were sonicated at the 18* 

step, after 9 F-T cycles, hypothetically to reduce the stress but the sonication was 

ineffective and caused a further size reduction (green line), as did the last F-T cycle, 

which caused a further decrease of the vesicle size (blue line). AH the sizing results 

and the references to the figures are summarised in Table 9.4. 

Table 9.4 Vesicle size during the several steps constituting the Freeze- Thaw method. 

Vesicles preparation 
step 

Vesicle 
size (nm) 

Std. Dev. 
(nm) 

Curve location and 
colour 

Vortexing 2039 943 Figure 9.6, black line 

Sonication 774 358 Figure 9.6, red line 

1" F-T 1445 656 Figure 9.6, green line 

2"̂  F-T 2593 1193 Figure 9.7, black line 

F-T and sonication 791 365 Figure 9.7, red line 

4* F-T 2593 1252 Figure 9.7, green line 

5* F-T 2255 1054 Figure 9.7, blue line 

6* F-T 1969 927 Figure 9.8, black line 

7 * F ^ 805 376 Figure 9.8, red line 

9*'' F-T and sonication 294 131 Figure 9.8, green line 

10* F-T 240 103 Figure 9.8, blue Une 
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Figure 9.3 Samples from 1 to 4 (9.4.2) were sized separately and analysed by unimodal analysis. 
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Figure 9.4 Unimodal analysis of sample 5 (black Hne) and sample 6 (red Hne)(9.4.2). 
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Figure 9.5 Sample 5 (red Une) and 6 (black line)(9.4.2), previously sized by unimodal analysis 
(Figure 9.4), were sized by die SPD analysis and the result shown as intensity result. 
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Figure 9.6 Unimodal analysis of vesicles sampled during the step reported in Table 9.2: after the 
6* step (black Kne), after the step (red line) and after the first F-T cycle (green Una). 
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Figure 9.7 Unimodal analysis of vesicles sampled during the steps reported in Table 9.2 and 
Table 9.3: after the 2"'' F-T (black line), the 11* step (red line), the 4'̂  F-T (green line) and the 5''' 
F-T cycle (blue line). 
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Figure 9.8 Vesicle size after five consecutive F-T cycles following the four showed in Figure 
9.7: after the 6'̂ ' F-T (black Hne), the 7''' F-T (red Hne), the 9* F-T and 30 second sonication (green 
line) and the 10* F-T (blue Hne). 

9.5.3 Vesicle stabilih 

DOPC LLJVs were monitored for size changes 1.5 hours after the first sizing. The 

results from the unimodal analysis (Figure 9.9) showed an increase of the vesicle 

diameter from ~1.3 nm to ~ 1.9 nm in 1.5 hours. Results from SDP analysis are 
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shown in Figure 9.10 and Figure 9.11, while the size values are reported in Table 

9.5. 

Table 9.5 Size values for the curves reported in Figure 9.10 and Figure 9.11 

Measurement and 
reference 

Mean size and 
Sdt.Dev. (nm) 

Intensity 
(%) 

Size and Sdt. 
Dev. (nm) 

Black line 1916 ±462 
95.4 2000 ±137 

Black line 1916 ±462 
4.6 156 ±25 

Red line 1946 ±381 
972 2000 ±137 

Red line 1946 ±381 
2.8 67 ±16 

The torque tension effect on vesicle stability was monitored using a DOPC/DOPE 

(1:1) lipid mixture. Results from unimodal analysis and from SDP analysis (intensity 

results) are reported in Table 9.6. Results from unimodal analysis are shown in 

Figure 9.12, whilst intensity results from SDP analyses are shown in Figure 9.13 and 

Figure 9.14. Unimodal analysis showed that vesicle size increased after 1.5 hours, 

from ~ 0.85 to ~ 0.98 p,m. 

Table 9.6 DOPC/DOPE (1:1) LUVs sizing. Intensity results and mean size obtained form 
SDP analysis. 

Measurement and 
reference 

Mean size and 
Sdt.Dev. (nm) 

Intensity 
(%) 

Size and Sdt. 
Dev. (nm) 

Black line 1779 ±715 

87.9 2000 ±137 

Black line 1779 ±715 11.9 174 ±22 Black line 1779 ±715 

0.2 32 ±2 

Red line 1713 ±802 
84.5 2000 ±137 

Red line 1713 ±802 
15.5 156 ±11 
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Figure 9.9 DOPC LUVs were sized twice at t = 0 and t — 1.5 h. The size obtained at t = 0 h by 
unimodal analysis was 1303 ± 598 nm (black line), while at t = 1.5 h it was 1931 + 895 nm (red 
line). 
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F i g u r e 9.10. Intensity result of SDP analysis of DOPC LUVs sizing. The time gap between 
the first (black line) and the second measurement (red line) was 1.5 hours. 
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F i g u r e 9.11. Mean peaks for DOPC LUVs size obtained from the intensity results of the 

SDP analysis. Figure 9.10. 
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Figure 9.12 DOPC/DOPE (1:1) LU\^s were sized at t = 0 and t — 1.5 h. The size at t = 0 
h, obtained by unimodal analysis, resulted 849 + 395 nm (black line), white the size at t = 1.5 
h resulted 984 ± 460 nm (red Kne). 
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Figure 9.13 D O P C / D O P E (1:1) LU\^s were sized at t = 0 and t — 1.5 h. The SDP 
intensity results are shown as black and red Une for t = 0 and t — 1.5 h respectively. All the 
sizes and standard deviations are reported in Table 9.6. 
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F i g u r e 9.14 Mean size from the SDP analysis of the DOPC/DOPE(l: l) LUVs. The 
diameters and their standard deviation are reported in Table 9.6 
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Vesicles stability was monitored by measuring their size every 20 minutes. Scattering 

data were analysed by both unimodal and SDP methods. Results are reported in 

Table 9.7 and Table 9.8 for the unimodal and the SDP analysis, respectively. Data 

from Table 9.7 are plotted in Figure 9.15. SDP analysis (Table 9.8 and Figure 9.16) 

gave a slightly different result, but all the peaks are in the same region. 

Table 9.7 Unimodal results from DOPA LUVs sizing 

Measurement Size (nm) Std. Dev. (nm) 

1 236 88 

2 237 88 

3 237 88 

4 236 88 

5 236 89 

6 236 87 

7 235 88 

8 237 88 

9 236 89 

10 235 87 

11 238 89 

12 236 86 
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F i g u r e 9.15 Unimodal results from DOPA LUVs sizing. Values for the twelve curves 
are given in Table 9.7. 
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Table 9.8 Intensity analysis of the SDP treatment of the data from the 12 
sizings of DOPA LUVs. 

Measurement Intensity (%) Size (nm) Std, Dev. (nm) 

1 
74.6 34&9 57.8 

1 
2^4 1226 22.1 

2 
62.6 18^6 42.8 

2 
37.4 452.2 59.9 

3 
627 161.5 13a 

3 
373 47.9 

4 
71.7 3824 6&8 

4 
2&3 12&6 21.3 

5 
627 18&6 39.1 

5 
37J 602.2 87.0 

6 
67.5 161.4 121 

6 
325 502.1 344 

7 
6&5 216.6 65.6 

7 
31.5 5992 112.7 

8 
7^6 214.2 59.3 

8 
24.4 75^3 8&7 

9 
69.3 205.6 51.0 

9 
30.7 (#&3 116.7 

10 
58.7 400.6 27.3 

10 
41.3 155.1 17.8 

11 
727 333.2 72.5 

11 
27J 13&7 31.9 

12 
874 239.0 624 

12 
121 1133.4 155.5 
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F i g u r e 9.16 SPD intensity analysis of the 12 DOPA LUVs sizing (Table 9.8). 

9.5.4 A.nionicphospholipids and coavulation 

Critical coagulation concentrations for DOPA LUVs, obtained by titration with 

solutions of NaCl, MgCl, or CrCl̂ , are reported in Table 9.9, and Table 9.11 shows 

theoretical and experimental values obtained using Eq. 9.22. DOPS LUVs 

coagulation was tested only with NaCl and MgCL. Titration results are reported 



Table 9.10, and Table 9.12 reports the results obtained substituting the values of 

Table 9.10 in Eq. 9.22. Table 9.9 and Table 9.10 report the cation concentrations 

from DOPA and DOPS LUVs titrations corrected for the ionic strength of the 

DOPA and DOPS solutions at the end of the titration. The mean activity 

coefficients Y± were calculated applying the Debey-Huckel limiting law 

Eq. 9.23 log/j. =-0.509|z+z_|V7 

where and z_ refer to the ionic charge of the electrolyte for which the 

coefficient is calculated, and I is the ionic strength of the solution at the end of the 

titration. 

Table 9.9 Critical coagulation concentrations for DOPA LUVs 

Cation ccc (mM) Sdt. Dev. (mM) Y± Y± ccc (mM) 

Na" 240 23 0.49 118 

2.50 0.04 0.66 1.65 

Cr^ &25 0.02 0.66 0.165 

Table 9.10 DOPS titration using NaCl and MgCIz. The value for Mg^+(a) -was 
obtained using 150 mM BT buffer. 

Cation ccc (mM) Sdt. Dev. (mM) Y± y±-ccc (mM) 

Na 453 2 0.41 186 

5.6 0.1 0.64 3.6 

4.9 0.2 0.70 3.4 
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Table 911 Calculated and experimental CCC ratio obtained substituting data from 
Table 9.9 into Eq. 9.22 

Calculated 
ratio 

Experimental 
ratio 

Experimental 
ratio for y± 

ccc{Na'*^) 

ccc{Mg^'^) 
64 96 72 

ccc{Na'^) 

cccifr^*) 
729 960 720 

ccc{Mg^'^) 

ccc[Cr^^) 
11.4 10 10 

Table 9.12 Calculated and experimental CCC ratio obtained substituting data from 
Table 9.9 into Eq. 9.22 

Calculated 
ratio 

Experimental 
ratio 

Experimental 
ratio for Y± 

ccc[Na^) 

ccc{Mg^^) 
64 81 52 

ccciNa^ ) 

ccc{Mg^^{d)) 
64 92 55 

9.6 Conclusion 

The experimental results showed that it was not possible to increase the vesicle size 

by increasing the number of F-T cycles and it was found that the sonication step did 

not relieve the stress stored in the vesicles during the F-T cycles. Experiments 

indicated that four F-T cycles gave the largest vesicle size and agreement was found 

between the size of vesicles prepared as described in 9.4.3 and the size of vesicles 

prepared as reported by Pick (600-700nm). 
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The stability tests showed that vesicles with different torque tension (DOPC and 

DOPC/DOPE (1:1)) or different surface charge density (DOPA) are stable for a 

period longer than 2 or 4 hours. 

Finally, the titration of DOPA and DOPS LUVs showed that those vesicles 

coagulate in the presence of positively charged ions and that the possibility of 

coagulation can be limiting in the use of those negatively charged Upids. 
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10 CCTa activity modulation 

10.1 Torque tension, surface charge and CCTa activity 

As discussed in 3.4.2, studies conducted on CCTa have shown that both lipid 

charge and stored bending energy affect the enzyme activity through the enzyme 

translocation onto the vesicle surface. The modulation of CCTa activity by the 

torque tension of type II Hpid vesicles, outlined in Figure 10.1, has been reported in 

the literature by Attard et al. using DMPC/DOPC and DOPC/DOPE mixtures 

(Figure 10.2), and by Davies et a/, who tested the enzyme activity using 

DOPC/DOPE mixtures (Figure 10.3)'' [1, 2]. As discussed in 4.2.2 and 4.3.2, the 

torque tension arises when the forces acting between the lipids in the aggregate are 

not in equilibrium. A and B (Figure 10.1) are a representation of the force 

imbalance arising when a lipid layer is constrained to adopt a curvature (B) different 

from its spontaneous one (A). The energy spent to adopt the curvature B is stored 

into the lipid layer as bending energy E. Figure 10.4(b) diagrams the effect on the 

torque tension X of the forces acting in a lipid monolayer between the hydrocarbon 

chains, F ,̂ and between the polar head-groups, F .̂ Figure 10.4(a) shows the 

phospholipids used by Attard et al. and by Davies et al. to vary the torque tension. 

The repulsion in the hydrocarbon region of the lipid monolayer increases as the 

lipid mole ratio of the DMPC/DOPC mixtures changes: the higher the DOPC 

mole fraction, the higher the torque tension. The farther substitution of the choline 

head-group (in DOPC) with the smaller ethanolamine (in DOPE) decreases the 

repulsion between the head-groups of the lipid monolayer, thus causing a further 

increase in the torque tension of the monolayer. The increase of x in the mixtures 

DMPC/DOPC and DOPC/DOPE increases the bending energy stored in those 

lipid vesicles. 



Figure 10.2 is evidence supporting the hypothesis, proposed by Attard et ai, that 

enzyme partitioning is driven by the release of the bending energ}'' stored in a 

membrane containing type II lipid. In a similar experiment, Arnold and Cornell [3] 

showed that CCT activation could have been achieved using egg-PtdCho containing 

up to 15 mol% of diacylglycerol, produced by hydrolysis of the phosphoester bond 

between the phosphocholine moiety and the glycerol backbone of PtdCho. The 

removal of the phosphocholine moiety results in a decrease of an increase of F̂  

and consequently in an increase of the torque tension and the stored bending 

energy, which causes a higher enzyme activation [3], 

Attard et al. also predicted and successfully demonstrated, in accordance with their 

model, that the addition of type I amphiphiles (Figure 10.5) to t}'pe II lipid vesicles 

resulted in a lower CCT activation [1], In particular, they showed that even a mole 

fraction as low as 0.04 was sufficient to decrease of almost 40% the CCT activity 

measured in presence of DOPC/DOPE (9:1) vesicle. 

{) 

{^+CCT(i 

B 

inact ive) 

ETT E 

Figure 10.1 Type II lipid monolayer adopting its spontaneous cun^ature (A) is torque tension 
free. When the monolayer (A) is constrained in a flat position (B), corresponding to a zero 
curvature, the torque tension and the bending energy (grey ellipses marked with E) of the 
monolayer increase. The release of part of the bending energy and reduction of the torque tension 
are the driving force of CCTa partition onto the monolayer(C)[l]. 

' Attard used large unilamellar vesicles of non-homogeneous size with a mean diameter bigger than 
0.8 |im, whereas Davies used large unilamellar vesicles of homogeneous size with a ~100 nm mean 
diameter. 
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Figure 10.2 CCTa relative activity, S, is plotted as a function of the mole fraction of DOPC, 
X, in DMPC/DOPC mixtures (solid circles) and in DOPC/DOPE mixtures (open circles). The 
dotted line represents the theoretical enzyme relative activity as function of DOPE mole fraction 
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Figure 10.3 CCTa relative activity plotted as a function of the DOPC mole fraction, x, in 
DOPC/DOPE mixture. Data from Davies et al. [2]. 

Other than the torque tension, the effect of negatively charged lipids on CCT 

activity has also been studied and in particular, it has been shown that a dramatic 

increase in enzyme activity was observed in the presence of negatively charged lipids 

such as phosphatidic acid, phosphatidylserine, phosphatidyUnositol, 

phosphatidylglycerol or cardiolipin [3-5]. Moreover, Arnold and Cornell showed 

that there could be a synergistic effect of charge and torque tension on CCT 

activation by adding diacylglycerol (2.5 mol%) to egg-PtdCho containing 2.5 mol% 

negative lipids [3]. 
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a) 

b) 

D O P E DMPC DOPC 

F i g u r e 10.4 a) DMPC and DOPC have the same head-group, choline, but differ in the acyl 
chains, dimyristoyl and dioleoyl, respectively. DOPC and DOPE have the same hydrocarbon chains 
but differ in head-groups, choline and ethanolamine respectively, b) Flat monolayers of DMPC, 
DOPC and DOPE experience different torque tensions due to the different force distribution 
across the lipid layer. When the force at the hydrocarbon region, Fc, is similar to the force at the 
head-group region, Fh, the flat monolayer experiences a low tendency to bend (flat line in the 
middle of two DMPC molecules); the presence of the double bond in the oleoyl chains of DOPC 
causes an increase of Fc and the flat monolayer experiences a high tendency to bend (curved line in 
the middle of two DOPC molecules); the substitution of the choline group with the ethanolamine 
one in DOPE causes a decrease of Fh resulting in a further increase of the tendency to bend 
(curved line in the middle of two DOPE molecules). 
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Lyso-MPC 

—o 

ET-018 DOPC 

Figute 10.5 Monomyristoylphosphocholine (lyso-MPC) and l-O-octadecyl-2-O-methyl-w-
glycerophosphocholine (ET-018) are type I amphipiles, which a^egates experience a reduced 
force acting across the hydrocarbon region (Fc in Figure 10.4) and in a positive spontaneous 
curvature (in opposition to the negative one characterising type II lipid such as DOPC). 

In a recent paper, Lykidis et al. have shown that two possible distinct domains of 

CCT could be involved in the enzyme sensitivity to either the charge or the stored 

bending energy of lipid vesicles [6]. Using CCTa truncated mutants, Lykidis et al. 

showed that the M-domain might be the domain sensitive to the bending energy 

whereas the C-terminal domain might be the domain sensitive to the vesicle charge. 

However, the determination of the relative contribution of surface charge and of 

the bending energy on the partitioning and activation of CCT is not an easy task. 

No data are available in the literature for the spontaneous curvature, the bending 

elastic moduli and the surface density charge of charged lipids that have been used. 

However, the experiments described in diis chapter and in chapter 11 were aimed 

to provide insights into the modulation of CCT activity by charged lipids. 
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10.2 DOPC mixtures 

The activity of CCTa has been subject of considerable interest over the past two 

decade. Data on the activation of the enzyme by lipids were often based on assaying 

the enzyme activity in presence of vesicles prepared with e^-PC mixed with other 

lipids. Egg-PC is a natural mixture of phosphatidylcholines with variable acyl chain 

composition (the acyl chains may differ in length and in saturation). The variability 

in the fatty acid composition makes difficult any prediction of the torque tension 

and bending energy stored in the egg-PC vesicles. Similarly, a number of CCT 

results were obtained using natural charged or uncharged lipid mixtures, for which 

the bending energy is unknown and cannot be easily estimated. 

In order to avoid variations in enzyme activity resulting from the natural viability of 

egg-PC, the enzyme assays reported in this thesis were conducted using DOPC and 

its mixtures with charged and uncharged synthetic lipids. Large unilamellar vesicles 

(LUVs) of DOPC were employed to determine the standard activity of each batch 

and aliquot of CCT used throughout these studies. These data provided reference 

points that could, in principle, be used to compare the activity of different mixtures 

and enzyme batches. The use of DOPC LUV offers two advantages: 

1. The spontaneous curvature and the bending modulus are known and do 

not change because of the fixed fatty acid composition. 

2. DOPC bilayer is in the liquid crystalline phase, resembling the fluid phase 

of the biological membranes [7, 8]. 

DOPA, DOPS, OPA, OPS, DPP A, DPPS and OA were chosen as secondary 

components in the DOPC mixtures attempting to distinguish between the charge 

and tiie torque tension effect on the enzyme activation. Unfortunately, as the 

spontaneous curvature and the bending moduli for the mixtures discussed herein 

are not known, the discussion of the data reported hereafter will have only a 

qualitative character. 
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The literature experiments, which showed CCTa activation by DOPC/DOPE 

vesicle mixtures, were repeated to verify the assay conditions used for the 

experiments reported and discussed in this thesis. Phosphatidylserine and 

phosphatidic acid were used to investigate the effect of lipids with different head-

group charge on CCTct activity (nominally phosphatidic acid has two negative 

charge per molecule whilst phosphatidylserine has two negative and one positive 

charge per molecule)''. The effect of the torque tension in presence of these charged 

lipids was investigated adopting the same strategy that was used for the 

DMPC/DOPC system. In particular, maintaining constant the head-group, the 

decreasing in the forces across the lipid molecules in the hydrophobic region was 

attempted by changing the type of acyl chains present in the lipids: the two oleoyl 

chains were substituted with two palmitoyl and then with one oleoyl chain, which 

are hypothesised to reduce the lateral pressure as result of the reduced chain 

volume. The expectation is that the enzyme activity decreases in the order 

DOPC/DOPA > DOPC/DPPA > DOPC/OPA and DOPC/DOPS > 

DOPC/DPPS > DOPC/OPS. 

A common method reported in the literature to determine the maximal activity of 

CCT involves the use of vesicles comprise of egg-PC/OA (1:1) mixtures. Some 

instances of the use of DOPC/OA mixtures for this purpose have been reported. 

10.3 Enzymatic assay conditions 

CCTa, in the presence of vesicles and Mĝ "̂ , catalyses the following reaction 

CTP"̂  4- phosphocholine # CDP-choline + PPi 

^ The difference in the head-group size between phosphatidylserine and phosphatidic acid will be 
discussed later in this Chapter. 

dCDP-choline and CTP-choline have been found in extracts from microorganisms [9] and 
mammalian organisms [10]. Moreover, Kennedy et al. have reported that CCT shows the same 
specificity for both dCTP and CTP[9]. 
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The literature offers a wide range of assays conditions, which differ in the nature 

and in the concentration of the components required for the enzymatic assay: 0.03-

0.1 M TRIS at pH 7.4 [1-3, 5, 11], or 0.12-0.15 M bis-TRIS at pH 6.5 [6,12,13], or 

even a mixture ofTRIS/TES/KH^PO, (2 mM/80 mM/9 mM) at pH 5.8-8.3 [3]; 2-

20 mM MgClz [1-3, 6, 11-15]; 0.8-10 mM CTP or dCTP [1-3, 6, 9, 11-13]; no DTT 

[6, 11-13] or 5-10 mM DTT [1-3, 5]; 1-3 mM phosphocholine [1, 2, 5, 6, 11-13]; 

0.064-1 mM lipids [1-3, 5, 6, 12, 13, 16]; incubation at 20-37 °C for 10-30 min [1-3, 

5, 6, 11-13]. Several methods are reported in the literature to stop the enzymatic 

reaction, either by precipitation or inactivation of the enzyme with trichloroacetic 

acid [17], methanol/ammonia [18], EDTA [6] or by boiling the samples for 2 

minutes [1, 19]. The two most common methods used for the quantification of 

CDP-choline are: TLC [6,11, 20] and the charcoal [1,16, 17]. 

The assay conditions used for the experiments reported and discussed herein were 

essentially those used by Attard et al. [1] and by Lykidis et al. [6]: 150 mM bis-TRIS 

pH 7.0, 10 mM MgClj, 3 mM phosphocholine, 3.0 mM dCTP, 1.0 mM lipids and 

10 |ig/ml CCTa, with a 20 minutes incubation at 37 °C'̂ . It is not possible to 

estimate the percentage of enzyme that is either saturated or active because of the 

different values for and the K^s of CTP and phosphocholine reported in the 

literature^ and even because no kinetic study was done in the lab to determine 

and K^s. The issue of enzyme variability and saturation will be addressed again in 

the final discussion of this chapter. 

Since the principal mechanism of enzyme activation involves only enzyme 

translocation from the aqueous phase to the vesicle surface, a high Hpid/CCTa 

mole ratio (~ 4200) is used to ensure that adsorption of the enzyme does not lead to 

gross change in membrane structure and properties. However, the lipid to CCT 

ratio was also bounded by the need to ensure that all assay were conducted under 

^ In any case the concentration of the species used for the assays was well within the range of those 
reported in the literature. Because preliminary testes were done using dCTP, this deoxynucleotide 
was employed in aU the assays. 

The VMax values reported in the literature extend from 1 to 20 nmol-min '-mg-' and the KmS range 
from 0.3 mM to 1.5 mM for CTP and 0.4 mM to 0.9 mM for phosphocholine [12, 21-24] 

10-8 



conditions were not all the enzyme was partitioned onto the membrane. The reason 

for this latter requirement was that if for some composition all (or virtually all) the 

enzyme was to be found associated with the membrane, then further changes in 

composition which introduce higher amount of stored elastic energy would not 

result in increased enzyme activity. Fixing the lipid to enzyme ratio in this 

'compromise' regime provides assays that are potentially more meaningful in 

relation to physiological processes. 

10.4 Materials and methods 

10.4.1 Materials 

Purified hexahistidine-tagged CCTa^, referred to as CCTa unless otherwise stated, 

was shipped as a solution (100-400 |J,g/ ml in 0.15 M BT, pH 6.5-7.0) in dry ice 

from the USA and was stored at —70 °C on arrival. Oleic acid, l,2-dioleoyl-j«-

glycero-3-phosphocholine (20 mg/ml in chloroform), l,2-dioleoyl-j'«-glycero-3-

phospho-ethanolamine (10 mg/ml in chloroform) and Lewatit K-2621 cation 

exchanger resin were obtained from Fluka. l,2-dioleoyl-j-«-glycero-3-phosphatidic 

acid (20 mg/ml in chloroform), l,2-dioleoyl-j»-glycero-3-phosphoserine (20 mg/ml 

in chloroform), l,2-dipalmitoyl-j'«-glycero-3-phosphatidic acid (20 mg/ml in 

chloroform), l,2-dipalmitoyl-j-«-glycero-3-phosphoserine (20 mg/ml in chloroform), 

l-oleoyl-j-«-glycero-3-phosphatidic acid (20 mg/ml in chloroform), l-oleoyl-j-«-

glycero-3-phosphoserine (20 mg/ml in chloroform) were purchased from Avanti 

Polar Lipids. Sodium phosphate dibasic, phosphorus reagent kit, Bis-Tris, NaCl, 

MgCl2, dithiothreitol, EDTA, phosphocholine and dCTP were obtained from 

Sigma. 2 ml glass ampoules and 8-quinoUnol were purchased from Aldrich. 

Deionised water for HPLC, methanol, 25% HQ, 32% HgSO ,̂ Machery-Nagel 

Polygram® SIL G and SIL G/IJV254 silica TLC plates, FujiFilm SuperRX (18x24 

cm), autoradiogram cassette SQX-112 (14"'xl7') (C.B.S. Scientific Company) and 

^ CCTa-histag was a kind gift of Prof. S. Jackowski, St Jude Research Children Hospital, Memphis, 
Tennesse, USA [6], 
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4.0 ml polyethylene scintillation vials were purchased from Fisher. 

Phosphoryl[methyl-''^C] choline, Kodak Biomax transcreen LE intensifying screen 

and BCS-NA scintillation cocktail were obtained from Amersham, UK. 

10.4.2 Calcium removal from phosphocholine 

Phosphocholine is commercially available as calcium salt, which was found to be an 

inhibitor of the CCT [16]. Therefore, the following procedure was applied to 

remove calcium from the phosphocholine prior to its use in the assay reaction. 1 g 

of Lewatit K-2621 resin was packed in a disposable polyethylene 14 ml column and 

washed with water (~20 ml), 1.0 M NaCl (~14 ml), water (-10 ml), 1.0 M NH4CI 

(~14 ml) and water (~10 ml). A 83 mM phosphocholine aqueous solution (~15 ml) 

was then applied onto the column and the column washed with water (~15 ml); the 

flow through and the washing were pooled and lyophilised. The dry calcium-free 

phosphocholine, now simply referred to as phosphocholine, was dissolved in water 

(5.0 ml); 10 |il of this solution were mixed with 6.0 N HjSO^ (0.49 ml) in a 2 ml 

glass ampoule and heated at 180-200 °C for 30 minutes to convert the organic 

phosphorus in inorganic phosphorus [25]. 10 |a,l of the resulting inorganic 

phosphorus solution were mixed with 1.0 ml of phosphorus reagent and the 

absorbance read at 340 nm. The readings were corrected for the blank (10 |4,1 of 6.0 

N H2SO4) and the sample concentration estimated using a calibration curve 

obtained with phosphorus standard solutions. Different volumes of a 1.5 mM 

commercial phosphocholine solution (1-5 |il) and of a ~150 mM phosphocholine 

solution (5 p,l) were loaded onto a TLC silica plate (not containing fluorophore) to 

reveal the potential presence of residual calcium. The TLC plate was then sprayed 

with the quinolinol reagent (8-quinolinol (0.5 ^ in HjO/Ethanol (40:60)) and 

exposed to UV light (k = 254 nm): the reagent fluoresces in presence of calcium. 

The amount of calcium in the phosphocholine solution was estimated to be less 

than 0.2 mole percent. 
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10.4.3 Vesicle preparation 

Using chloroform solution of the lipid mixtures (~25 mM), Large Unilamellar 

vesicles (LUVs) were prepared in glass vials following the Freeze-thaw (F-T) 

method (Table 10.1)® [1, 26, 27]. The effect of increasing mole fraction of anionic 

lipids on the DOPC vesicle size was tested by light scattering using a Coulter N4 

Plus Particle Sizer; the size distribution was estimated by intensity SDP analysis 

(Tables from A19 to A26) .̂ The majority of the preparations resulted in vesicles 

bigger than 100 nm (diameter of the most commonly used LUVs) and only few 

samples have shown a low percentage (1-5% of the total scattered light) of vesicles 

smaller than 100 nm'. Moreover, under the conditions used for the sizing, the data 

collected did not show any increase or presence at all of small vesicles in 

correspondence to the increase of the second component in mixture with DOPC. 

10.4.4 En^mati'c assay 

The enzyme activity was tested using CCTa' (10 M-g/ml) in the presence of 0.15 M 

BT-HCl (pH 7.0 at 37 °C), 4.0 mM DTT (freshly prepared solution), 3 mM dCTP, 

10 mM MgClg, 1.0 mM lipids (lipid/CCTa mole ratio = 4200) and 3.0 mM 

radioactive phosphochoHne, to a final volume of 50 p,l in a 0.6 polypropylene tube. 

The enzymatic reaction was started by adding the radiolabeUed phosphocholine 

(0.193 |xCi) to the assay mixture, kept on ice, and transferring the tube on the water-

bath. Samples were incubated at 37 °C for 20 minutes. 

® Lipids were vortexed using a autovortex Stuart SA2 and sonicated using a Bransonic B1210E-MT. 

^ As discussed in 9.2, the conversion of the amount of light scattered by particles having diameter d 
into the number of particles having the correspondent diameter is based on the Mie 
approximation; a more exact conversion requires the introduction of parameters (refractive index 
and density) that are still not available. Hence, the intensity result has been considered more 
trustworthy than the weight one. 

' However, as the intensity of the light scattered by the bigger vesicles is lower than the light intensity 
scattered by the smaller ones, it is reasonable to assume that the real population of small vesicles 
(<100 nm) is lower than the one reported in Tables from A19 to A26. 

' The enzyme used for the assays arrived in two separate batches (the first in buffer at pH 6.5 and the 
second in buffer at pH 7.0) and was obtained from purification of two different cell cultures. 
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Table 10.1 Steps for the preparation of LUVs by the F-T method 

Preparation step Procedure 

V Removal of organic solvent by nitrogen stream 

2nd 1.5-2 hrs of vacuum to remove traces of solvent 

r̂d Lipids hydration with filtered water (50 p.1 of 
water per mg of lipid) by vortexing (1-2 sec.) 

4th Lyophilisation 

5* 
Suspension of the dry Upids in buffer (volume 

required to obtain a 15 mM Upid solution) 

6* Vortexing (10-15 min.) and resting (10-20 min.) 

ydl Sonication (20 min.) and resting (20-30 min.) 

8"̂  ( r F-T cycle) 
Flash-fireezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

9* (2-̂  F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

10* (3"̂  F-T cycle) 
Flash-freezing, thawing (10 min. at 40 °C) and 

resting (20 min. at rt) 

11= (̂4* F-T) Flash-freezing, thawing (10 min. at 40 °C) and 
resting (20 min. at rt) 

The reaction was stopped by flash freezing using liquid nitrogen, followed by the 

addition of 15 |xl of 160 mM EDTA, and by boiling for two minutes. The reaction 

mixture was then concentrated to 10-20 (J.1 (gyrovapor JOUAN RC1022) and the 

radioactive products were analysed by TLC (10.4.5) and scintillation counting. All 

the counting's were corrected for the background using the values obtained from 

the reactions that did not contained the enzyme. Although the enzyme basal activity 

(in absence of lipid) was measured, it was not taken into account in the elaboration 

of the CCT data obtained in presence of lipids. In fact, because in presence of 
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activating lipids only a fraction of enzyme present in the sample does not bind to 

the lipids, the contribution of the basal activity was unknown and was not taken 

into account Using the activity measured in the presence of DOPC LUVs as 

reference, CCTa relative activity (S) was calculated using Eq. 10.1; 

Eq. 10.1 5" -
CCTa{L,(l)) 

where is the enzyme activity measured in the presence of 

LUVs constituted by the two lipids (DOPC) and (one of the second 

component lipids), and having mole fractions X\ and Xu respectively, while 

CCTaijL^ (1)) is the enzyme activity in the presence of LUVs constituted by the 

lipid Zj. 

10.4.5 TLC method 

After the enzymatic reaction and the concentration (10.4.4) the assay samples were 

loaded onto SIL G TLC plates (10x20 cm) or alternatively on SIL G/UV254 TLC 

plates (10x20 cm). TLC plates were eluted in methanol/14% ammonia (90/10). 

Photographic films were then exposed to the dry radioactive TLC plates using an 

intensify screen for 6-12 hours at ~-70 °C and developed (CEATANK developer 

solution and CEAFIX fixer solution). The radiographs were used to locate CDP-

choline and phosphochoHne on TLC plates without fluorophore. Spots on plates 

containing the fluorophore were instead located by exposure to the UV Hght (X = 

254 nm). CDP-choline and phosphocholine spots were cut from the plate and 

inserted into scintillation vials filled with scintillation cocktail. The radioactivity was 

measured by scintillation counting (Beckman LS6500 multi-purpose scintillation 

counter). 
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10.5 Results 

10.5.1 DOPC/DOPE IJJVs 

Although the effect of DOPC/DOPE mixtures on CCTa activity has been 

reported, the experiments were repeated to confirm that the enzyme is sensitive to 

lipid torque tension under the condition chosen for the assays. CCTa activity was 

tested under four different conditions, which are summarised in Table 10.2 

Table 10.2 Difference between the four sets of experiment employing the DOPC/DOPE 
lipid mixtures. 

Ejqperiments CCTa batch DTT(tnM) Vesicle treatment 

First First 0.0 
Lipid sonication (30s) 
between the 10* and the 
11* step of Table 10.1 

Second First 0.0 3"̂  and 4* step of Table 
10.1 have been skipped 

Third First 0.0 
Thawing in the 11* step 
of Table 10.1 at 65 °C 

Fourth First 4.0 As in Table 10.1 

10.5.1.1 First set of experiments 

DOPC/DOPE LUVs used in the enzymatic assays were prepared following the 

method reported in 10.4.3 and modified by the addition of a 30s sonication step 

between the 10* and the 11* step'' (Table 10.1). The enzyme activity (1̂ ' batch) was 

assayed as described in 10.4.4 and 10.4.5 (no DTT was present in the assay 

mixture). The results of the assays are reported in Table 10.3 and Table A-1, and 

plotted in Figure 10.6 and Figure 10.7. CCTa relative activity S (Table 10.3) was 

calculated using Eq. 10.1. 

' The sonication step was applied as reported in Pick's method [26]. 
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Table 10.3 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of DOPC/DOPE LUVs. Relative activity was calculated using E q . 10.1. All the 
data reported in the table are plotted in Figure 10.6 and Figure 10.7. 

DOPE mole 
fraction 

CCTa activity 
(nmol min^ mg^) 

Std. Dev. 
(nmol mg'̂ ) 

S 

No LUVs 29 17 0.08 

0 377 49 1.00 

0.1 474 57 1J& 

0.2 437 86 1.16 

0.3 525 35 IJO 

0.4 710 35 1^8 

0.5 844 28 2.24 

0.6 983 77 2.61 

M 1000 

0 

0.1 0.2 0.3 0.4 0.5 

DOPE mole fraction 

0.6 0.7 

Figure 10.6 CCTa activity is plotted as a function of the mole fraction of DOPE in the 
DOPC/DOPE mixture. The error bars correspond to ± the standard deviation of three different 
samples. All data are reported in Table 10.3. 
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DOPE mole fraction 

Figure 10.7 CCTa relative activity (S) for the DOPC/DOPE mixtures. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.3. 

Table 10.4 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of DOPC/DOPE LUVs. Relative activity was calculated using Eq. 10.1. All the 
data reported in tiie table are plotted in Figure 10.8 and Figure 10.9. 

DOPE mole 
fraction 

CCTa activity 
(nmoI-min" -̂mg" )̂ 

Std. Dev. 
(nmol-min 'mg^) 

S 

NoLUVs 15 3 0.11 

0 138 13 1.00 

0.1 194 25 1.41 

0.2 248 42 IjW 

0.3 387 49 2ai 

0.4 439 165 3.19 

0.5 482 83 3.50 

0.6 728 134 5.29 
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10.5.1.2 Second set of experiments 

DOPC/DOPE LUVs were prepared following the method reported in 10.4.3 and 

modified by avoiding the 3"̂  and 4* step'. The enzyme activity (1st batch) was 

assayed as described in 10.4.4 and 10.4.5 (no DTT was added to the assay mixture, 

10.5.1.1). The results of the assays are reported in Table 10.4 and Table A-2, and 

plotted in Figure 10.8 and Figure 10.9. CCTa relative activity S (Table 10.4) was 

calculated using Eq. 10.1. 

10.5.1.3 Third set of experiments 

DOPC/DOPE LUVs used to investigate the CCTa activity were prepared as 

reported in 10.4.3 and modified by thawing at 65 °C at the 11* step". Enzyme 

activity (first batch and same aliquot used for the previous set of experiments) was 

assayed as described in 10.4.4 and 10.4.5 (no DTT was added to the reaction 

mixture, 10.5.1.1). The assay results are reported in Table 10.5 and Table A-3, and 

plotted in Figure 10.10 and Figure 10.11. CCTa relative activity S (Table 10.5) was 

calculated using Eq. 10.1. 

10.5.1.4 Fourth set of experiments 

DOPC/DOPE LUVs were prepared following the method reported in 10.4.3. The 

enzyme activity (first batch) was assayed as described in 10.4.4 and 10.4.5. The 

experimental results are reported in Table 10.6 and Table A-4, and plotted in Figure 

10.12 and Figure 10.13. CCTa relative activitj^ S (Table 10.5) was calculated using 

Eq. 10.1. 

' Using the methods reported in 10.4.3 and 10.5.1.1 small vesicles were observed. The S"' and the 4"̂^ 
steps were skipped because of the vesicle disruption caused by a high number of F-T and because 
the role of those steps on the increase of the vesicle size is not known. 

™ The movement of lipids between the two leaflets of a bilayer is a known phenomenon occurring in 
biological membranes [7, 8], The increase of the thawing temperature was attempted to test the 
possibility of an asymmetric distribution of lipids between the two leaflets of the LUVs by assaying 
the CCTa activity. 
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F i g u r e 10.8 CCTa activity is plotted as a function of the mole fraction of DOPE in the 
DOPC/DOPE mixture. The error bars correspond to ± the standard deviation of three different 
samples. All data are reported in Table 10.4. 

DOPE mole fraction 

Figure 10.9 CCTa relative activity S for the DOPC/DOPE mixtures. Relative activity 
was calculated using Eq. 10.1. Relative activity data are reported in Table 10.4. 
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Table 10.5 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of DOPC/DOPE LUVs. Relative activity was calculated using E q . 10.1. All the 
data reported in the table are plotted in Figure 10.10 and Figure 10.11. 

DOPE mole 
fraction 

CCTa activity 
(nmol-iriin'^-mg"') 

Std, Dev. 
(nmol-min'-mg'*) 

S 

N o LUVs 15 3 0.21 

0.0 73 8.9 1.00 

0.1 90 30 1.23 

0.2 131 19 1.78 

0.3 178 39 2.42 

0.4 221 56 31% 

0.5 245 98 3J3 

0.6 234 19 3U8 

400 
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250 
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r ^ ^ ' ^ ^ 3 1 

73 . ^90 

0.0 0.1 0.2 0.3 0.4 0.5 

DOPE mole fraction 

0.6 0.7 

Figute 10.10 CCTa activity is plotted as a function of the mole fraction of DOPE in the 
DOPC/DOPE mixture. The error bars correspond to ± the standard deviation of three 
different samples. All data are reported in Table 10.5. 
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DOPE mole fraction 

Figxire 10.11 CCTa relative activity S for the DOPC/DOPE. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.5. 

Table 10.6 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of DOPC/DOPE LUVs. Relative activity was calculated using Eq. 10.1. All the data 
reported in the table are plotted in Figure 10.12 and Figure 10.13. 

DOPE mole 
fraction 

CCTa activity 
(nmol-min'̂ -mg" )̂ 

Std. Dev. 
(nmol-min" -̂mg'̂ ) 

S 

NoLUVs 18 1 OIW 

0.0 216 61 1.00 

0.1 223 70 1.04 

0.2 298 116 138 

0.3 315 64 1.46 

0.4 415 81 l^G 

0.5 530 105 2.45 

0.6 729 99 338 
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10.5.1.5 Comparison of CCToc activity in DOPC/DOPE LWs 

All the CCTa activity and relative activity curves for the DOPC/DOPE system are 

plotted in Figure 10.14 and Figure 10.15, respectively, and reported in Table 10.7. 

The whole set of DOPC/DOPE data indicates that the basal CCTa activity (i.e. the 

activity in absence of vesicles) is generally, but not always, more than ten fold lower 

than the activity measured in the presence of DOPC LUVs, confirming that the 

lipid causes a significant activation of the enzyme. Moreover, the basal activities 

shown in Figure 10.16 appear to be similar for aU the four sets of experiments, in 

which CCTa aliquots from the 1" batch were used. 

Different CCTa activity is shown in the presence of DOPC and DOPC/DOPE 

LUVs (Figure 10.17 shows the activity in the presence of DOPC/DOPE (4:6)), 

which were prepared in four different ways. The vesicles size analyses conducted on 

DOPC and DOPC/DOPE showed that only the DOPC sample from the set 

contained ~ 10% of particles smaller than 100 nm and that aU the other vesicles 

contained at least 95% of vesicles bigger than 2000 nm. As discussed in 9.1, the 

decrease in the vesicle diameter should cause an increase in the stored bending 

energy due to an increased contribution from the geometric stress. Hence, it might 

have been expected that CCTa activity should have been higher for the DOPC 

sample containing a higher percentage of small vesicles, but it does not. Clearly, this 

is not the case. As the same CCTa aliquot was used for 2™" and the 3"̂  set of 

experiments, the difference in the enzyme activity should be dependent exclusively 

on the vesicles properties. The low CCTa activity found in correspondence with 

the sample having a higher population of small vesicles seems to indicate that the 

method used for the preparation of the vesicles could affect their properties in a 

way that cannot be revealed by scattering measurements. It is hypothesised that the 

freezing and the thawing process enlarges the vesicle and could increases the stress 

stored in the vesicle, possibly introducing defects in the bilayer structure [26]. It is 

also possible that the heating at 65°C (for 10 minutes during the final thawing 

could have affected the vesicle structure causing the partial dissipation of either the 
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stored bending energy or the stress due to the structural defects. However, it has to 

be noted that the trends in the activity (increasing enzyme activity with DOPE 

content) are similar to the trends reported in the literature [1,2]. 
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Figure 10.12 CCTa activity is plotted as a function of the mole fraction of DOPE in the 
DOPC/DOPE mixture. The error bars correspond to ± the standard deviation of three different 
samples. All data are reported in Table 10.6. 
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Figt l te 10.13 CCTa relative activity S for the DOPC/DOPE. Relative activity was calculated 
using Eq. 10.1. Relative activity data are reported in Table 10.6. 
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Figure 10.14 Comparison of the four curves obtained for the CCTa activity as a function of 
the mole fraction of DOPE in the DOPC/DOPE lipid mixtures. The four curves are plotted 
singularly in Figure 10.6, Figure 10.8, Figure 10.10 and Figure 10.12. 

Table 10.7 The table summarises all the CCTa activities reported in the previous tables. All 
the curves are plotted in Figure 10.14 

DOPE mole 
fraction 

CCTa activity (nmol-tnin" -̂mg" )̂ DOPE mole 
fraction First set Second set Third set Fourth set 

NoLUVs 29 15 15 18 

0 377 138 73 216 

0.1 474 194 90 223 

0.2 438 248 131 298 

0.3 525 387 178 315 

0.4 710 439 221 415 

0.5 844 482 245 530 

0.6 983 728 234 729 
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Figure 10.15 The four curves in the above plot correspond to the CCTa relative activity 
reported previously and shown in Figure 10.7, Figure 10.9, Figure 10.11 and Figure 10.13. 

Table 10.8 The 
plotted together in 

table reports aU the CCTa activities reported in the previous tables and 
Figure 10.15 

DOPE mole 
fraction 

CCTa relative activity DOPE mole 
fraction First set Second set Third set Fourth set 

NoLUVs 0.08 0.11 0.21 0.08 

0 1.00 1.00 1.00 1.00 

0.1 126 1.41 1J3 1.04 

0.2 1.16 IjW 1J8 1J8 

0.3 1J# 2jU 2.42 1.46 

0.4 1.88 3.19 3.01 1.92 

0.5 2.24 3.50 333 2.45 

0.6 2.61 5.29 3.18 3J8 
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Figure 10.16 Comparison of the CCTa activity measured in Basal CCTa activity was measured 
in absence of vesicles. The same enzyme was used for the second and the third set of experiments. 
The error bars correspond to + the standard deviation of three different samples. 

While the trends in enzyme activity as function of DOPE concentration are 

consistent, it is clear that the absolute changes in activity are not reproducible. The 

reasons underlying this have not been determined. In part, irreproducibiHty in the 

magnitude of activation may be due to variations in the vesicles properties due to 

the presence of high energy defects which do not anneal prior to the assay. 

However, it is also possible that variations may be due to the protein. For example, 

the protein may dimerise when in solution. Furthermore, variation in basal activity 

indicates that there is significant variability in specific activity. In particular, it has 

been noted that the specific activity decreases significantly following each freeze-

thaw cycle that the enzyme undergoes. The origin of this phenomenon is not 

known. 
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F i g u r e 10.17 CCTa activity measured in presence of DOPC or DOPC/DOPE (4:6) LUVs. 
The enzyme used for the four sets of experiments came from three different aliquots of the 
first batch 

Another possible source of variability could have been CCTa oxidation, followed 

by enzyme dimerisation and inactivation, as it has been reported in the literature 

[18]. The addition of DTT to tlie enẑ nme has been employed as a safeguard against 

enzyme denaturation. However, comparison of the four sets of experiments (1-3 

without and 4 with DTI) suggests that DTT does not significandy affect the 

activity of the enzyme. The implication is therefore that oxidation may not be the 

cause of the observed variability. However, in view of the variability in specific 

activity, the trends are remarkably consistent, and hence in the foUowing 

experiments the analysis of the data focuses on identifying trends rather than 

absolute changes in activity. 

10.S.2 DOPC/DOPA LUVs 

Two sets of experiments were done employing DOPC/DOPA mixtures. The 

differences between the two sets are highlighted in Table 10.9. As the previous sets 
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of experiments have shown that DTT might have no effect, the enzyme and vesicle 

preparation are the only differences that will taken into account during the 

discussion of the results. 

Table 10.9 Difference between the two sets of experiment employing the DOPC/DOPA 
lipid mixtures. 

Set of experiment CCTa batch DTT(mM) Vesicle treatment 

First First 0.0 Thawing in the 11* step 
of Table 10.1 at 65 °C 

Second Second 4 As in Table 10.1 

10.5.2.1 First set of experiments 

DOPC/DOPA LUVs used to assay the CCTa activity were prepared according to 

the method reported in 10.4.3 and modified by thawing at 65 °C at the 11* step 

(10.5.1.3). The enzyme (first batch) activity was measured as described in 10.4.4 and 

10.4.5 and no DTT was present in the reaction mixture. The results of the assays 

are reported in Table 10.10 and Table A-5, and plotted in Figure 10.18 and Figure 

10.19. CCTa relative activity S (Table 10.10) was calculated using Eq. 10.1. 

10.5.2.2 Second set of experiments 

DOPC/DOPA LUVs used for the enzymatic assays were prepared according to 

the method reported in 10.4.3. The activity of CCTa (second batch) was measured 

as described in 10.4.4 and 10.4.5. The experimental results are reported in Table 

10.11 and Table A-6, and plotted in Figure 10.20 and Figure 10.21. CCTa relative 

activity S (Table 10.11) was calculated using Eq. 10.1. 
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Table 10.10 This tabulation reports CCTa activity and relative activity, S, measured in 
the presence of DOPC/DOPA LUVs. Relative activity was calculated using Eq. 10.1. AH 
the data reported in the table are plotted in Figure 10.18 and Figure 10.19. 

DOPA mole 
fraction 

CCTa activity 
(nmol mg^) 

Std. Dev. 
(nmol-mia" -̂mg" )̂ 

S 

No LUVs 15 3 0.10 

0.000 77 1 1.00 

0.025 80 24 1.04 

0.050 132 23 1.71 

0.075 250 55 3.24 

0.1 440 56 5.69 

0.2 1677 47 21.71 

0.3 1611 37 20.85 

Table 10.11 This tabulation reports CCTa activity and relative activity, S, measured in 
the presence of DOPC/DOPA LUVs. Relative activity was calculated using Eq. 10.1. All 
the data reported in the table are plotted in Figure 10.20 and Figure 10.21. 

DOPA mole 
fraction 

CCTa activity 
(nmol-min^ mg^) 

Std. Dev. 
(nmol-min ̂  mg'̂ ) 

S 

NoLUVs 38 5 0.76 

0.00 51 11 1.00 

0.025 67 18 1.32 

0.050 194 17 3.84 

0.075 213 90 4.20 

0.10 342 32 6.74 

0.15 629 137 12.42 

0.20 923 130 18.22 

0.25 1038 77 20.49 

0.30 1007 128 19.87 

10-28 



's 

I 

f 
u 

2000 

1800 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

1677 1611 

77 80 

^ 4 4 0 

- a - 132 

0.00 0.05 

250 

0.10 0.15 0.20 0.25 
DOPA mole fraction 

0.30 0.35 

Figure 10.18 CCTa activity is plotted as a function of the mole fraction of DOPA in the 
DOPC/DOPA mixture. The error bars correspond to ± the standard deviation of three 
different samples. All data are reported in Table 10.10. 
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Figure 10.19 CCTa relative activity S for the DOPC/DOPA. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.10. 
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Figure 10.20 CCTa activity is plotted as a function of the mole fraction of DOPA in the 
DOPC/DOPA mixture. The error bars correspond to ± the standard deviation of three 
different samples. AH data are reported in Table 10.11. 
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Figxite 10.21 CCTa relative activity S for the DOPC/DOPA. Relative activity was 
calculated using Eq. 10.1 (10.4.4). Relative activity data are reported in Table 10.11. 
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10.5.2.3 DOPC/DOPA LUVs and CCToc activity 

The assays in the presence of DOPC/DOPA LUVs show a dramatic increase in 

enzyme activity, as expected for charged lipids [3], and the trend of the relative 

activity seems to be consistent, although the two sets of experiments have 

differences in both the enzyme and the vesicle preparation. The enzyme preparation 

could be the cause of the difference in the enzyme specific activity. In contrast to 

the results obtained using the DOPC/DOPE mixtures, the basal activity of CCTa 

from the second batch of enzyme is higher than that from the first batch (Figure 

10.22). This difference is difficult to explain, but may be due to either the presence 

of residual lipids in the enzyme or the presence of other unknown contaminant. 

However, in spite of the higher basal activity, the activity in the presence of DOPC 

LUVs is lower for the second CCTa batch. The enzyme activity measured for the 

two different batches of CCTa is plotted in Figure 10.23 and it appears that, except 

for the basal activity, the enzyme activity is consistentiy low for the entire set of 

assays in which the enzyme from the second batch was used. The difference is in 

the vesicles preparation seems to be similar to the one observed for the experiments 

with DOPC/DOPE: different enzyme specific activity but similar relative activity. 

Although a direct comparison between the specific activity of the two enzyme 

preparations in presence of DOPC/DOPA is not reasonable without a common 

reference point", the relative activity (Figure 10.24) is similar for both batches of 

enzyme, suggesting that the effect of DOPC/DOPA vesicles on the enzyme 

activity is qualitatively reproducible. 

" The question of the common reference point will be addressed in the final discussion at the end of 
the chapter. 
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Figure 10.22 The basal activity and the activity in presence of DOPC/DOPA LUVs show 
differences that could be due essentially to the different batch of enzyme used for the 
experiments. The enzyme from the first batch was used for the first set of experiments, whilst 
the enzyme from the second batch was used for the second set of experiments. 
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Figure 10.23 All the enzymatic relative activity curves obtained in the previous sets of 
experiments are plotted in the above graph. 
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Figure 10.24 Comparison of the two curves for the CCTa relative activity in the presence 
of DOPC/DOPA LUVs, shown separately in Figure 10.18 and Figure 10.20. 

10.5.3 DQVCI DPP A system 

DOPC/DPPA LUVs were prepared according to the method reported in 10.4.3. 

The enzyme activity (first batch) was assayed as described in 10.4.4 and 10.4.5. The 

experimental results are reported in Table 10.12 and Table A-9, and plotted in 

Figure 10.25 and Figure 10.26. CCTa relative activity S (Table 10.12) was calculated 

using Eq. 10.1. The curves in Figure 10.25 and Figure 10.26 differ from all the 

others seen previously, showing a high activity in the presence of DOPC LUVs; 

moreover, the enzyme activity increases reaching a maximum in correspondence to 

a low mole percentage of DPPA (~ 7.5 mole percentage) and decreases for high 

mole fraction of DPPA. It has to be noted that in this set of experiments, and the 

one with the DOPC/DPPS mixtures, the enzyme activity was very high, even in the 

presence of pure DOPC. Although no enough data have been collected for the 

DOPC/DPPA system, it is reasonable to hypothesise that the DPPA phase 

transition from the gel to the liquid crystalline phase (~67 °C [28]) could cause a 

phase separation between DOPC and DPPA for the higher mole fraction of 

DPPA. 
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Table 10.12 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of DOPC/DPPA LUVs. Relative activity was calculated using Eq. 10.1. All the data 
reported in the table are plotted in Figure 10.25 and Figure 10.26. 

DPPA mole 
fraction 

CCTa activity 
(nmol-min"'-mg" )̂ 

Std. Dev. 
(nmol-min'̂ -mg'̂ ) 

S 

NoLUVs 30 1 0.03 

0.0 861 246 1.00 

0.025 1797 358 2.09 

0.050 2342 192 2.72 

0.075 2626 294 3.05 

0.100 2286 168 2.66 

0.150 2097 107 2.44 

0.200 1833 65 2.13 

0.250 1564 109 1.82 

0.300 989 78 1.15 
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Figure 10.25 CCTa activity is plotted as a function of the mole fraction of DPPA in the 
DOPC/DPPA mixtures. The error bars correspond to ± the standard deviation of three 
different samples. All data are reported in Table 10.12. 
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FigUfC 10.26 CCTct relative activity S for the DOPC/DPPA. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.12. 

No phase diagram is available for the DOPC/DPPA mixtures and it is not possible 

to predict the effect of a phase separation onto the bending energy. However, the 

phase separation remains an hypothesis that could reasonably explain the increase 

and the subsequent decrease in the enzyme activity: the initial miscibility of DPPA 

into DOPC could count for the starting increase in the enzyme activity, while the 

following phase separation could count for the decreased enzyme activity (the phase 

separation could have reduced the mole fraction of DPPA in the DOPC). 

10.5.4 DOPC/OP A LUVs 

The following two sets of experiments differ only in the enzyme preparation, whilst 

the vesicles were prepared following the same protocol (10.4.3). 

10.5.4.1 First set 0, 

DOPC/OPA LUVs were prepared as described in 10.4.3. The enzyme activity (first 

batch) was measured as described in 10.4.4 and 10.4.5. Because of the limited 

supply of enzyme from the first batch, a single sample for each lipid mixture was 
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used for these experiments. Moreover, the enzyme was subjected to a further step 

of freezing and thawing. The experimental results are reported in Table 10.13 and 

Table A-11, and plotted in Figure 10.27 and Figure 10.28. CCTa relative activity S 

(Table 10.13) was calculated using Eq. 10.1. 

T a b l e 10.13 This tabulation reports the CCTa activit)' and CCTa relative activity, S, 
measured in the presence of DOPC/OPA LUVs. Relative activity was calculated using Eq. 
10.1. All the data reported in the table are plotted in Figure 10.27 and Figure 10.28. 

OPA mole fraction 
CCTa activity 

(nmol-min'̂ -mg'̂ ) 
S 

No LUVs 4.9 0.15 

0 3L9 1 

0.025 917 2^7 

0.05 172 5.40 

0.075 254 7.97 

0.1 318 9.96 

0.2 360 11.26 

0.3 242 7.58 

0.00 0.05 0.10 0.15 0.20 0.25 

OPA mole fraction 

242 

0.30 0.35 

F i g u r e 10.27 CCTa activity plotted as a function of the mole fraction of OPA in the 
DOPC/OPA mixture. All data are reported in Table 10.13. 
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Figxtre 10.28 CCToc relative activity S for the DOPC/OPA. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.13. 

10.5.4.2 Second set of experiments 

DOPC/OPA LUVs were prepared according to the method reported in 10.4.3. 

The enzyme activity (second batch) was assayed as described in 10.4.4 and 10.4.5. 

The experimental results are reported in Table 10.14 and Table A-12, and plotted in 

Figure 10.29 and Figure 10.30. CCTa relative activity S (Table 10.14) was calculated 

using Eq. 10.1. 

10.5.4.3 CCTa activity in DOPC/ OPA LUVs 

CCTa from two different batches was used for the two sets of experiments and this 

could account for the differences observed between the curves (Figure 10.31 and 

Figure 10.32). Moreover, an additional freeze-thaw step was applied to the first 

batch of enzyme and could account for its low basal activity and for the low activity 

in the presence of DOPC. However, the trend of the two curves resembles the 

trend seen for the case of DOPC/DPPA LUVs. As for the previous cases, 

miscibiHty/phase transition data for the DOPC/OPA mixtures are not available, 

making it difficult to rationalize the observed increase-decrease activity. 
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Table 10.14 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of DOPC/OPA LUVs. Relative activity was calculated using Eq. 10.1. All the data 
reported in the table are plotted in Figure 10.29 and Figure 10.30. 

OPA mole 
fraction 

CCTa activity 
(nrnol min^ mg^) 

Std. Dev. 
(nmol-min"̂ -mg"̂ ) 

S 

NoLUVs 89 0.1 1.2 

0.0 74 4 1.0 

0.025 208 14 2.8 

0.050 306 55 4.1 

0.075 312 45 4.2 

0.10 333 29 4.5 

0.15 431 30 5.8 

0.20 366 38 4.9 

0.30 444 5 6.0 

0.40 328 50 4.4 
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Figure 10.29 CCTa activity plotted as a function of the mole fraction of DOPS in the 
DOPC/OPA mixture. The error bars correspond to ± the standard deviation of three 
different samples. All data are reported in Table 10.14. 

10-38 



7.0 

0.0 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 

OPA mole fraction 

Figure 10.30 CCTa relative activity S for the DOPC/OPA. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.14. 
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Figure 10.31 The two curves show a similar trend, even if the activity was found to be lower 
in the first set of experiments at low OPA mole fraction. The two curves are plotted singularly 
in Figure 10.27 and Figure 10.29. 

10-39 



0 

-0— First set 

-S— Second set 

0.05 0.1 0.15 0.2 0.25 0.3 

OPA mole fraction 

0.35 0.4 0.45 

Figure 10.32 The relative activity of CCTa shows an initial increase that is similar in both 
the curves at low OPA mole percentage. The two curves are plotted singularly in Figure 
10.28 and Figure 10.30. 

10.5.5 DOPC/DOPS JIJVs 

The anionic phospholipid mixed with DOPC in the following two sets of 

experiments was DOPS. The differences between the two sets are highlighted in 

Table 10.15. As for the DOPC/DOPA experiments, the employing of enzyme 

from two different preparations constitutes the maybe most substantial difference. 

Again, the difference in the vesicle preparation is more difficult to assess, as no data 

is available about the properties variability of the lipid mixtures that have been used. 

Table 10.15 Difference between the two sets of experiment employing the DOPC/DOPS 
lipid mixtures. 

Set of experiment CCTa batch DTr(mM) Vesicle treatment 

First First 0.0 Thawing in the 11* step 
of Table 10.1 at 65 °C 

Second Second 4 As in Table 10.1 

10-40 



10.5.5.1 First set of experiments 

DOPC/DOPS LUVs were prepared as described in 10.4.3 and modified by 

thawing at 65 °C at the 11* step (10.5.1.3). The enzyme (first batch) activity was 

assayed as described in 10.4.4 and 10.4.5 (no DTT was added to the reaction 

mixture, 10.5.1.1). The results of the assays are reported in Table 10.16 and Table 

A-7, and plotted in Figure 10.33 and Figure 10.34. CCTa relative activity S (Table 

10.16) was calculated using Eq. 10.1. 

T a b l e 10.16 This tabulation reports CCToc activity and relative activitj', S, measured in 

the presence of D O P C / D O P S LUVs. Relative activity was calculated using E q . 10.1. All 

the data reported in the table are plotted in Figure 10.33 and Figure 10.34. 

DOPS mole 
fraction 

CCTa activity 
(nmol-min'̂ -mg" )̂ 

Std. Dev. 
(nmol-min" -̂mg'̂ ) 

S 

NoLUVs 15 3 0.10 

0.00 77 0 1.00 

0.025 51 5 0.66 

0.050 110 33 1.42 

0.075 79 12 1.03 

0.1 81 17 1.05 

0.2 168 36 2.18 

0.3 370 16 4.79 

10.5.5.2 Second set of experiments 

DOPC/DOPS LUVs were prepared as described in 10.4.3. The activity of the 

enzyme (second batch) was assayed as described in 10.4.4 and 10.4.5. The 

experimental results are reported in Table 10.17 and Table A-8, and plotted in 

Figure 10.35 and Figure 10.36. CCTa relative activity S (Table 10.17) was calculated 

using Eq. 10.1. 
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Figufe 10.33 CCTcx activity is plotted as a function of the mole fraction of DOPS in the 
DOPC/DOPS mixture. The error bars correspond to ± the standard deviation of three 
different samples. All data are reported in Table 10.16. 
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Figure 10.34 CCTa relative activity S for the DOPC/DOPS. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.16. 
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10.5.5.3 DOPC/DOPS UJVs and CCTcc activity 

Figure 10.38 shows the two curves obtained from the first and the second set of 

experiments with the DOPC/DOPS mixtures. In contrast to what is reported in 

the literature (maximal CCT activation with 20 % DOPS [3]), the results obtained 

herein show that the enzyme activity did not reach either a maximum or a plateau 

even with 30 % of DOPS. The curves for the relative activity from the first and the 

second set of experiments are shown in Figure 10.39. The activity measured with 

DOPC/DOPS vesicles is lower than the one measured with DOPC/DOPA 

vesicles, the lower DOPS head-group charge being a possible cause of the 

decreased activation (Figure 10.37). The head-group size of the two phospholipids 

could reasonably explain the difference in enzyme activation. Because of the 

differences between those lipids (zwitterions DOPC and DOPS, charged DOPA 

and DOPS, and size), it is not possible to determine quantitatively the effect of 

charge and stored bending energy. 

Table 10.17 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of D O P C / D O P S LUVs. Relative activity was calculated using Eq. 10.1 (10.4.4). All 
the data reported in the table are plotted in Figure 10.35 and Figure 10.36. 

DOPS mole 
fraction 

CCTa activity 
(nmol-min"̂ -mg"̂ ) 

Std. Dev. 
(nmol min^ mg'̂ ) 

S 

NoLUVs 97 13 1.3 

0.00 74 4 1.0 

0.025 173 22 2.3 

0.050 160 13 2.1 

0.075 172 39 2.3 

0.10 198 58 2.7 

0.15 200 27 2.7 

0.20 443 21 5.9 

0.25 433 12 5.8 

0.30 513 83 6.9 
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Figure 10.35 CCTcx activity is plotted as a function of the mole fraction of DOPS in the 
DOPC/DOPS mixtute. The error bars correspond to + the standard deviation of three different 
samples. All data are reported in Table 10.17. 
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Figure 10.36 CCTa relative activity S for the DOPC/DOPA. Relative activity was calculated 
using Eq. 10.1. Relative activity data are reported in Table 10.17. 
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Figure 10.37 The three phospholipids differ in the charge and in the size of the polar head-
group, being the acyl chain R1 (oleyl) the same. DOPC has a neutral zwitterion head-group (net 
charge 0), DOPS has a negatively charged zwitterion head-group (nominal charge -1) and DOPA 
has a negatively charge head-group (nominal charge -2). 

It is noted that CCTa from different batches shows different basal activity (Figure 

10.40) as was the case for the DOPC/DOPA set of experiments. However, in this 

particular case, the basal activity of the enzyme from the second batch was higher 

than the activity measured in presence of DOPC vesicles, which is very similar to 

the activity measured for the enzyme from the first batch in presence of DOPC 

vesicles. As for the DOPC/DOPA results, the data available are not sufficient for 

an explanation of the observed different activities. However, although it is 

reasonable to hypothesise that, being the DOPS head-group bigger than the DOPA 

one, the DOPC/DOPS bilayer stores less bending energy than DOPC/DOPA and 

hence it is less effective to active the enzyme. 

10J.6 DOPC/DPPSIIJVs 

DOPC/DPPS LUVs were prepared following the method reported in 10.4.3. The 

enzyme activity (first batch) was assayed as described in 10.4.4 and 10.4.5. The 

experimental results are reported in Table 10.18 and Table A-10, and plotted in 

Figure 10.41 and Figure 10.42. CCTa relative activity S (Table 10.18) was calculated 

using Eq. 10.1. 
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Figure 10.38 CCTa activity showed no plateau or maximal activation even at high mole 
fraction of DOPS in mixture with DOPC. Curves from the first and the second set. 
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Figure 10.39 CCTa relative activity curves obtained from the first and the second set of 
experiments in the presence of DOPC/DOPS LUVs, and shown separately in Figure 10.34 
and Figure 10.36. 
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Figure 10.40 The basal activity and the activity in presence of D O P C / D O P A LUVs show 
differences that could be due essentially to the different batch of enzyme used for the 
experiments. The enzyme from the first batch was used for the first set of experiments, whilst 
the enzyme from the second batch was used for the second set of experiments. Differently from 
the previous cases, the basal activity measured during the second set of experiments is higher 
than the activity measured in presence of D O P C vesicles. 

Table 10.18 This table reports C C T a activity and relative activity, S, measured in the 
presence of D O P C / D P P S LUVs. Relative activity was calculated using Eq. 10.1. All the data 
reported in the table are plotted in Figure 10.41 and Figure 10.42. 

DPPS mole 
fraction 

CCTa activity 
(nmol-min" -̂mg'̂ ) 

Std. Dev. 
(nmol-miti'̂ mg"') 

S 

NoLUVs 30 1 0.03 

0.00 861 246 1.00 

0.025 1409 467 1.64 

0.050 1218 219 1.41 

0.075 1448 539 1.68 

0.100 2374 506 2.76 

0.150 3108 198 3.61 

0.200 3301 96 3.83 

0.250 3430 33 3.98 

0.300 3457 288 4.02 
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Figure 10.41 CCTa activity is plotted as a function of the mole fraction of DPPS in the 
DOPC/DPPS mixture. The error bars correspond to ± the standard deviation of three 
different samples. AU data are reported in Table 10.18. 

% 2.0 

4.0 

0.00 0.05 0.10 0.15 0.20 

DPPS mole fraction 

0.25 0.30 0.35 

Figure 10.42 CCTa relative activity 5 for the DOPC/DPPS. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.18. 
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The enzyme aliquot used for this set of experiments is the same used for the 

DOPC/DPPA mixtures and shows the same high activity. Differendy from what 

was seen with the DOPC/DOPA and DOPC/DOPS, the enzyme relative activity 

was very similar for both DOPC/DPPA (3.1) and DOPC/DPPS (4.0). Moreover, 

because DPPS phase transition occurs at 54° C [28], the DOPC/DPPS lipid 

mixtures could go through miscibility/phase transition phenomena. However, as 

previously mentioned, there are no sufficient data to interpret properly, and 

correctly, the effect of the DOPC/DPPS mixtures on the enzyme activation, in 

term of either charge or torque tension. 

10.5.7 DOPC/OPS UJVx 

As for the case of OPA, the following experiments were aimed to investigate the 

effect a PtdSer on the enzyme activation while the pressure in the hydrocarbon 

region was reduced. The following two sets of experiments differ only in the 

enzyme preparation: CCTa from the first batch for the fist set and from the second 

batch for the second set. 

10.5.7.1 First set of experiments 

DOPC/OPS LUVs were prepared following the method reported in 10.4.3. The 

enzyme activity (first batch) was assayed as described in 10.4.4 and 10.4.5 using the 

same enzyme aliquot used for the first DOPC/OPA experiment (10.5.4.1). Because 

of the limited supply of enzyme from the first batch, a single sample for each lipid 

mixture was used for the experiments reported here. The experimental results are 

reported in Table 10.19 and Table A-11, and plotted in Figure 10.43 and Figure 

10.44. CCTa relative activity S (Table 10.19) was calculated using Eq. 10.1. 
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Table 10.19 This tabulation reports CCTa activity and relative activity, S, measured in 
the presence of DOPC/OPS LUVs. Relative activity was calculated using Eq. 10.1. All the 
data reported in the table are plotted in Figure 10.43 and Figure 10.44. 

OPS mole fraction 
CCTa activity 

(nmol-min" -̂mg'̂ ) 
S 

NoLUVs 4.9 0.15 

0.0 32 1.00 

0.025 45 1.42 

0.050 85 

0.075 176 5.50 

0.100 206 6.46 

0.200 501 15.68 

0.300 719 22^2 

a 719 

OPS mole fraction 

Figure 10.43 CCTa activity plotted as a function of the mole fraction of OPS in the 
DOPC/OPS mixture. All data are reported in Table 10.19. 
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OPS mole fraction 

Figure 10.44 CCTa relative activity S for the DOPC/OPS. Relative activity was calculated 
using Eq. 10.1. Relative activity data are reported in Table 10.19. 

/ 0.5.7.2 Second set of experiments 

DOPC/OPS LUVs were prepared according to the method reported in 10.4.3. The 

enzyme activity (second batch) was assayed as described in 10.4.4 and 10.4.5. The 

experimental results are reported in Table 10.20 and Table A-12, and plotted in 

Figure 10.45 and Figure 10.46. CCTa relative activity S (Table 10.20) was calculated 

using Eq. 10.1. 

10.5.7.3 CCTa activity in DOPC/OPS LUVs 

CCTa activity was strongly affected by the presence of OPS in mixture with 

DOPC. Differently from what was expected, the DOPC/OPS behaved more like 

DOPC/DOPA than like DOPC/DOPS. This behaviour was unexpected for two 

reasons: the lower charge and the smaller hydrophobic region (one oleyl group 

instead of two). However, it is reasonable to exclude the charge from the observed 

behaviour. In this case, we could speculate that immiscibility of the two 

phospholipids could be the reason. However, as no data are available, the 

immiscibility hypothesis has to be considered as a mere speculation. 
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Table 10.20 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of DOPC/OPS LUVs. Relative activity was calculated using Eq. 10.1. All the data 
reported in the table are plotted in Figure 10.45 and Figure 10.46. 

OPS mole 
fraction 

CCTa activity 
(lunol-min'̂ -mg" )̂ 

Std. Dev. 
(nmol-min"̂ -mg"̂ ) 

S 

NoLUVs 97 13 1.3 

0.00 74 4 1.0 

0.025 152 7 2.0 

0.050 169 25 2.3 

0.075 184 23 2.5 

0.10 148 25 2.0 

0.15 333 74 4.5 

0.20 407 29 5.5 

0.30 598 50 8.0 

0.40 891 23 12.0 

169 184 

0.00 0.10 0.20 0.30 

OPS molar fraction 

891 

0.40 0.50 

Figure 10.45 CCTa activity plotted as a function of the mole fraction of DOPS in the 
DOPC/OPS mixture. The error bars correspond to ± the standard deviation of three different 
samples. AH data are reported in Table 10.20. 
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OPS mole fraction 

Figure 10.46 CCTa relative activity S for tiie DOPC/OPS. Relative activity was 
calculated using Eq. 10.1. Relative activity data are reported in Table 10.20. 
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Figure 10.47 CCTa activity increases in a similar way in both the experiments with 
DOPC/OPS LUVs. The two curves are shown singularly in Figure 10.43 and Figure 10.45. 
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Figure 10.48 CCTa relative activity in the first set of experiments increases and shows a much 
higher activity than that obtained from the second set. The two curves are shown singularly in 
Figure 10.44 and Figure 10.46. 

The results obtained with the DOPC/OPS mixtures are different from the others 

also for the specific and relative activity. In fact, while the enzyme specific activity is 

similar in both the experiments (Figure 10.47), whilst they differ in the relative 

activities (Figure 10.48). 

10.5.8 DOPC/OA IJJVs 

DOPC/OA LUVs were prepared following the method reported in 10.4.3. The 

enzyme activity (second batch) was measured as described in 10.4.4 and 10.4.5. The 

experimental results are reported in Table 10.21 and Table A-14, and plotted in 

Figure 10.49 and Figure 10.50. CCTa relative activity S (Table 10.21) was calculated 

using Eq. 10.1. The mixture DOPC/OA proved to be very effective in activating 

the enzyme and giving the highest CCTa relative activity among those mixtures 

reported so far in this thesis. As expected from the results involving egg-PC/OA 

(1:1), the DOPC/OA mixtures are highly effective in activating the enzyme, 

especially the mixture DOPC/OA (1:1). 
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Table 10.21 This tabulation reports CCTa activity and relative activity, S, measured in the 
presence of D O P C / O A LUVs. Relative activity was calculated using Eq. 10.1. AH the data 
reported in the table are plotted in Figure 10.49 and Figure 10.50. 

OA mole 
fraction 

CCTa activity 
(nmol-min" -̂mg'̂ ) 

Std. Dev. 
(nmol-min'̂ -mg"') 

S 

NoLUVs 39 5 0.7 

0.00 52 10 1.0 

0.05 80 36 1.5 

0.10 155 54 3.0 

0.15 291 32 5.5 

0.20 445 43 8.5 

0.30 692 91 13.2 

0.40 1009 134 19.2 

0.50 1427 125 27.2 

0.60 1283 98 24.5 
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Figure 10.49 CCTa activity plotted as a function of the mole fraction of PA in the 
DOPC/OA mixture. The error bars correspond to ± the standard deviation of three different 
samples. All data are reported in Table 10.21. 
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Figure 10.50 CCTa relative activity S for die DOPC/OA lipid mixtures. Relative activity 
was calculated using Eq. 10.1. Relative activity data are reported in Table 10.21. 

10.6 Conclusions 

A number of lipid mixtures and two enzyme preparations have been employed to 

obtain the results reported in this chapter. Several aspects of the results of this study 

have been analyzed; enzyme substrate concentrations, maximal and relative activity, 

lipid preparations and the correlation between lipid compositions and enzyme 

relative activities. 

10.6.1 activi^ and substrate concentrations 

The mechanism of CCTa activation has been discussed in the introduction of the 

chapter. Some of the known key elements of CCTa activity and regulation are; 

1. The enzymatic reaction behaves according to an ordered bi bi mechanism 

[22,24]. 

2. The soluble form of CCTa is essentially inactive whilst the membrane 

bound is active. 
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3. Membrane biophysical properties can tri^er the enzyme activation 

through the modulation of the enzyme partitioning onto the lipid. 

4. The binding to the lipids activates the enzyme by increasing the affinity for 

CTP [12]°. 

The velocity (F) of an enzymatic reaction proceeding through an ordered bi bi 

mechanism is given, for the case in which the binding of one substrate does not 

affect the binding of the second substrate, by Eq. 10.2 [29] 

Eq. 10.2 V - + K^[A]+K'^[B]+[A\B\ 

where [5] and [A^ are the substrate concentrations, and the Michaelis 

constant for the substrates, and is the maximum velocity, which is 

proportional to the enzyme catalytic constant and the total enzyme 

concentration ([E^.]) 

Eq. 10.3 

Eq. 10.2 can be rewritten in the form of Eq. 10.4 

[̂ ] Y M Eq. 10.4 F = Max 
K - ' + M J U ' + M , 

The calculation of V using Eq. 10.4 for different concentration of the substrates 

shows that only the 83% of is observed when [v4] =10x and 

[5]=10xiC^^. In case of CCTa, the percentage of enzyme that is saturated (which 

is the same as the percentage of cannot be calculated because no kinetic 

study has been done to determine the iC,̂ s. Moreover, complete saturation is only a 

theoretical condition because of the extremely high concentration of the substrates 

° It has been reported that the presence of lipids decreases the Km for CTP from 24.7 mM in to 0.7 
rtiM [12] 

91% of F^Q^ is phserved when [v4l=20xX^'^ ^ d [5]=20xA!^^ and only the 96% of is 
observed when J =50x ^ and [-Sj=50xi<r . 
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required. The value of is extrapolated from the enzyme kinetics for infinite 

concentration of the substrates. However, because the same substrate 

concentrations have been used in all the experiments reported herein, and because 

the is independent of the concentration of both enzyme and the substrates, 

Eq. 10.4 can be rewritten as 

E q . 10.5 V = [ E j \ V ^ j ^ 

where g is referred to the specific concentration of the substrates A and B . 

To establish conditions that most closely represent enzyme saturated with either or 

both substrates, one can only work at substrate concentrations > those that yield 

the Although the same enzyme concentration and the same range of 

substrate concentration has been used in all the assays, the velocity of the 

enzymatic reaction varied among the experiments, leading to the conclusion that a 

variable fraction of the total enzyme was active''. The following section will 

demonstrate that the enzyme relative activity, used to correlate the results obtained 

with different enzyme preparations, is independent of the fraction of active 

enzyme. 

10.6.2 CCToc hasal and maximal activih 

Enzymes firom different preparations have different histories; details of the 

purification procedures, handling, and storage. Although the actual causes of the 

decrease in the enzyme activity are still unknown" ,̂ the storage, and especially the 

Someone could argue that the variability could be due to the , which is related to the affinity of 
the enzyme for the substrates and to the rate of conversion of the substrate to the products [8, 29-
32], However, because is empirically calculated from with the assumption that the 
entire enzyme is active (Eq. 10.3), the variability of and \Ej\ are dependent on one 
another and, hence, discussion of active enzyme is equivalent to discussion of k^^f. 

' Enzyme oxidation might be one of the causes; however, the experiments with and without DTT 
have shown that, if this is the case, the process has occurred during the preparation and storage, 
and that the process is irreversible under the assay conditions that have been used. 
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freeze-thawing, are probably major factors^ Because the absolute enzyme specific 

activity was not constant, the relative activity (Eq. 10.1) has been employed to 

normalize the data for a qualitative analysis. The following demonstration, showing 

the independence of the relative activity from the absolute activit) ,̂ is based on the 

assumption that the loss of activity is an irreversible process independent of and 

unaffected by the presence of lipids in the assay mixture. The demonstration will 

consider two possibilities: the inactive enzyme cannot partition onto the lipid 

membrane or it can partition onto the membrane but is not active. 

If \EJ\ is the initial concentration of enzyme in the reaction mixture and [z] the 

Mpid concentration, we postulate that the enzyme will partition onto the lipid soon 

after they are mixed. Being \EI \ and [JE^] the enzyme concentrations on the lipids 

and in solution respectively, [z] and \fV] the lipid and the water concentration, the 

partition constant Kp of the enzyme between the soluble and the lipid bound form 

is given by 

Because the lipid and the water concentration were constant in all the experiments 

that have been reported herein, the partition constant can be expressed in the form 

of Eq. 10.7 

in which \EI\ and \Eyy\ are correlated to the initial concentration of enzyme by 

Eq. 10.8 

Eq. 10.8 = [^i ]+ \E^,\ 

During the course of this study it has been observed a 40% lost of activity occurred during one 
freeze-thaw step. Studies conducted on the lactate dehydrogenase have shown that 30 % of activity 
went lost after only one freeze-thaw step [33]. 
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If and are the specific activities of the enzyme in presence and in absence of 

lipids respectively', then the enzyme activity (F) is given by 

Eq. \0.9V = [E^ \V^ + [EJ ] -V^ 

If is the activity measured for the reference lipid system (DOPC in the present 

study), and and are the concentration of enzyme on the lipid and in 

water in the reference, the relative activity S is given by 

Eq. 10.10 5 = ^ = Ew. •Vw + [EL] •Vl 

K . •Vw + k] 

Because it is unknown how the decrease of activity affects the enzyme sensitivity to 

lipids, we hypothesise that the decrease of activity can affect both the partition and 

the specific activity. If (p is the molar fraction of enzyme that has retained the 

specific activity and X is the molar fraction of active enzyme that has retained the 

sensitivity to the lipids, the concentration of active enzyme is given by 

Eq. 10.11 [ET \ ^ = [EL \ ^ + [EW\,<P 

in which the subscript ^ refers to the active enzyme. The relative activity 5"^^ is 

then given by 

Eq. 10.12 S y ^ -
Ew. Z.P •Vw 

+ [EL] •VL 

4 . Z.P •Vw 
+ k l VL 

We will demonstrate that the relative activity is independent of the molar fraction of 

active enzyme, that is 

Eq. 10.13 5^^^=5' 

Being X the molar fraction of lipid sensitive enzyme, the concentration of the 

enzyme subjected to partition, , is given by 

Eq. 10.14 - Z'\EJ\ 

' Vi and correspond to ^ of E q . 10.5, arid the subscript is referred to the enzyme form. 
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Eq. 10.8 is then rewritten in terms of concentration of the lipid sensitive enzyme 

bound to tiie lipid ([^i]^) and in solution 

Eq. 10.15 {ET \ = {EL \ + {EW \ 

The substitution of Eq. 10.14 into Eq. 10.15 gives the correlation between the lipid 

sensitive enzyme concentrations and the total enzyme 

Eq. 10.16 + 

Because [^z,]^ and \E^\^ are the only enzyme concentrations taking part to the 

partition, Eq. 10.7 is rewritten as 

K L 
Eq. 10.17 = 

[Ewl 

combining Eq. 10.7 with Eq. 10.17 gives Eq. 10.18 

Eq. 10.18 fel_M 
K ] K ] 

that can be rewritten as 

It 
Dividing both terms of Eq. 10.16 by \EI\ it follows that 

Because of Eq. 10.19, Eq. 10.20 can be rewritten in the form of Eq. 10.21 

Eq. 10.21 = 

which can be recast to explicit 

Eq. 10.22 - \Ew\ 
[EMEW] 

[EwIEL] . 
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Finally, being \EJ ] = \EI ] + ], it follows that 

Eq. 10.23 = X' \EW\ 

dividing Eq. 10.16 by [Efy] and following the steps described for Eq. 10.20, it 

follows 

Eq. 10.24 

Because (p has been defined as the molar fraction of activity lipid-sensitive enzyme, 

the concentration of active enzyme [-£̂ r ^ is given by 

Eq. 10.25 ^ ' \-^T\ — V' + \EW \ ) 

The substitution of Eq. 10.23 and Eq. 10.24 into Eq. 10.25 gives 

Eq, 10.26 [ET \ ^ =9\X\EL]+ X- [EW]) 

From Eq. 10.26 and Eq. 10.11 it follows that 

Eq. 10.27 K L = ; ( r ( P K ] 

Eq. 10.28 ' \EW\ 

Because the active fraction of enzyme is independent of the lipids, the substitution 

of and ^ of Eq. 10.12 with Eq. 10.27 and Eq. 10.28 gives the 

relative activity 5" expressed as in Eq. 10.29 

Eq. 10.29 = • 
Ew. [EL] •VL 

k . k ] •VL 

Eq. 10.29 can then been rewritten to give 

Eq. 10.30 = ( Efv. •Vw + •^L)_ Eff. •Vw + [EL] •VL 
Ew] •Vw -t- H. 

rO 
.ff. •Vw k j •Vl 

The right term of Eq. 10.30 is the relative activity given by Eq. 10.10 and then 
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which confirms that the relative activity, calculated from data obtained using the 

same enzyme during the same session of experiments, is independent of the molar 

fraction of active enzyme and does not require either any estimate of the fraction of 

enzyme that is saturated nor the enzyme to be saturated. 

10.6.3 En^me activiU variahiliU andUJVs 

The Freeze-thaw (F-l) method was employed in this study to obtain lipid vesicles 

with properties satisfying two conditions: they had to be unilamellar and they had to 

be large. Although the vesicles obtained through this procedure satisfy the two key 

conditions of unilamellarity and size (9.5.29 and tables in the appendix), the F-T 

procedure has some limitations: it is not possible to predict the degree of 

unilameUarity and the amount of structural stress, and the vesicles have a non-

homogeneous size. 

The non-homogeneous size distribution affects the sizing result and, in an 

unpredictable way, the enzymatic assays. As discussed in 9.2.2.2, the analysis of the 

size distribution dependents on both the angle at which the scattered light is 

measured and the accumulation time: the larger the size distribution, the longer the 

accumulation time, the higher the number of angles at which the accumulation time 

has to be run [34]. Because it is not possible to have a precise knowledge of the size 

distribution of the vesicle sample, it is not possible to correlate variations in the 

enzyme activity to vesicles size". Although Cornell showed that small unilamellar 

vesicles (SUVs, 29-42 nm) stimulate CCTot activity more than multilamellar vesicles 

(MLVs, size not reported) [35], a correlation between size and enzyme activity has 

" The measurements have revealed that almost all the lipid mixtures sized were constituted by a high 
percentage of vesicles by far bigger than 100 nm (size of the most commonly used LUVs) and that 
only in few samples a low percentage of light was scattered by small vesicles. The vesicles were 
sized by measuring the light scattered at 90°, conditions under which the smaller particles scatter 
more Hght than the bigger ones. Hence, it is reasonable to say that the percentage of small vesicles 
is an overestimation of the real one. 
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never been reported^. Only few vesicle samples used for the assays were sized 

(essentially the ones used for the DOPC/DOPE). Although the sizing of the 

vesicles used for the assays could have been of some utility in the analysis of the 

data, this has not been done. The sizing tabulated in the appendix refers to lipid 

samples used to test the effect of the increasing anionic lipid on the apparent size 

distribution. Moreover, any correlation between enzyme activity and vesicle size 

distribution could have been done only if: 

1. The viscosity and the refractive index of the buffer, used for the vesicles 

preparation and for the sizing, and the lipid refractive index the sizing of the 

vesicles used for the assays. In fact, those values are required for the 

calculation of vesicle size distribution by SDP weight analysis. 

2. The elastic parameters and the surface density charge of the lipid mixtures 

used herein were known. In fact, those values are necessary to estimate the 

amount of stored elastic energy of the vesicle samples due to the size of the 

vesicles and to the effect of the surface charge on the elastic moduli. 

However, despite of the above observations, the effect of vesicle size on the 

enzyme activation could be qualitatively accomplished using vesicles with fixed and 

narrow diameter distribution, such the ones obtained by extrusion". 

Albeit the presence of small vesicles (subjected to a high geometric stress) could 

have been present and could have contributed to the observed variability of the 

enzymatic activity, we hypothesize that the stored bending energy and structural 

defects have significantly contributed to the enzymatic variability. The low degree of 

multilameUarity and the presence of structural defects in vesicles prepared by the F-

T method have been previously discussed (9.6). Recent studies have also shown that 

multilamellar vesicles seem to be more susceptible to structural changes than the 

unilamellar ones when subjected to freeze-thaw steps [36]. Other possible 

^ However, because the available lipid surface area is smaller in MLVs than in SUVs, Cornell's data 
suggest that CCTa is more active in presence of small highly curved vesicles than in presence of 
the larger MLVs. 

" Several kind of membranes are commercially available for the preparation of vesicles as small as 30 
nm of diameter. Other sizes commercially available are 50 and 80 nm, firom 0.1 to 5 |im. 
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contributions to the stored elastic energy and to structural defects could be: phase 

separation/segregation (liquid/liquid, liquid/solid, or solid/solid)'^, coexistence of 

different morphologies, and variability in the topology (for reviews see [37-40]). As 

previously mentioned, we do not have sufficient data to properly correlate enzyme 

activity and vesicles properties. We do not have any information for all the mixtures 

(except DOPC/DOPE) about spontaneous curvature, bending modulus, surface 

density charge, phase transition or lipid segregation. Despite the above limitations, 

we believe that the results presented are qualitative valid and contribute to the 

understanding of the enzyme regulation. 

10.6.4 The basal activih and the reference lipid 

Two issues need to address before proceeding with the discussion of the relative 

activity in relation to the lipid mixtures. The first issue is about the activity measured 

in absence of lipids and the second concern the use of DOPC as reference lipid 

system. 

CCTa activity measured in the absence of vesicles was supposed to be negligible 

compared to the activating lipids DOPC. The basal activity measured for the 

enzyme from the second batch was 3-6 times higher than the activity of the enzyme 

from the first batch. As the basal activities appear to be comparable for enzyme 

aliquots of the same batch, it is reasonable to attribute to the enzyme preparation 

the origin of the differences in the activity. Contaminants and differences in the 

enzyme preparation or in the fold purification could be the cause of the variability 

in the basal activity; because no study was conducted on those particular sources of 

variability, the questions about the different basal activities remains unanswered. 

However, the relative activity has been demonstrated to be the proper variable for 

the comparison of results obtained with different enzyme preparation as long as the 

• Cornell sii^ested that lipids in the liquid phase are more effective than lipids in the gel phase in the 
activation of CCTa [35]. 
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specific activity (the basal activity and the activity measured in the presence of 

lipids) is used to normalize the data under the same optimal assay conditions. 

Because the relative activity appears to be a convenient variable, for this kind of 

study at least, the choice of a proper lipid reference system is the primary issue. The 

question is then; is the DOPC lipid system a good reference? The answer is yes and 

no. 

The answer is yes because DOPC has been used as a major constituent of all the 

lipid mixtures that have been studied. Moreover, because the enzyme does not 

show either a high or the maximal activity, it is possible distinguish between small 

changes in the enzyme activity, especially at the low concentration of the second 

component used in lipid mixtures^. 

Despite of the above considerations, DOPC is not a good reference because its 

stored elastic energy can be affected by geometric stress or structural defects. 

DOPC has shown the lowest activation among he lipid mixtures that have been 

studied. Although the net effect of membrane charge and bending energy on the 

enzyme partition is still undefined, it is reasonable to hypothesize that DOPC is 

more susceptible than some of the other lipids investigated herein to variations of 

membrane biophysical properties. Impurities could for example affect localised 

portion of the membrane by changing the surface charge or by creating local 

alteration in the membrane morphology. 

One possible solution to the problem inherent in the use of a low activator lipid, 

such as DOPC, could be the use of a high activator lipid. The experiments reported 

herein have shown that DOPC/DOPA could be that reference for at least two 

reasons: 

1. CCT has shown high (S~20) relative activity in a range of DOPA molar 

fraction between 0.2 and 0.3. 

^ The homeostatic control of the PtdCho has been shown by Jackowsld in relation to the cell cycle 
[41]. In particular, Jackowski has shown that a change in the rate of synthesis and hydrolysis of 
PtdCho is one of the parameters affecting net synthesis of PtdCho. 
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2. Because of the plateau in the relative activity, it is reasonable to conclude 

that, at least in the centre of the plateau, minimum significance will be due 

to those biophysical modifications affecting DOPC. 

However, because DOPC/DOPA has a so strong effect on CCTa, it could be 

more difficult to differentiate between lipids featuring low enzyme activation. 

Despite the possible flattening of results at low activity, DOPC/DOPA remains a 

suitable and possibly a reliable reference. 

10.6.5 Torque tension and surface charge 

Despite these issues, the trends in the changes of CCT activity as a Sanction of lipid 

composition are broadly reproducible and do provide qualitative insights into the 

differential activation of the enzyme by membrane lipid composition. CCTa is 

sensitive to both vesicle torque tension and charge, but the distinction between 

charge and torque tension effect is difficult to estimate because values for the 

bending modulus, , spontaneous curvature, Cq , surface density charge and 

phase diagrams are not known for the lipid mixtures used herein. 

The torque tension in membranes constituted by neutral lipids (such as DMPC, 

DOPC and DOPE in Figure 10.2) and the release of the bending energy, as the 

driving force for the enzyme partitioning, have been found to be sufficient 

conditions for activating the enzyme. Data reported in the literature have shown 

that short chain fatty acids (<C,J mixed with egg-PC have no effect on CCT [35], 

suggesting that the vesicle charge is not a sufficient condition for the enzyme 

activation. However, Arnold and Cornell have shown that surface charge and 

torque tension can synergistically activate the enzyme [3]. They observed that CCT 

activity measured in the presence of egg-PC containing 2.5 mol% of l-palmitoyl-2-

oleoyl-phosphatidic acid increased from 20 to 430 nmol-min'-mg^ when 2.5 mol% 

of diacylglycerol where added that lipid mixture; they also reported an increase of 
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activity ftom 90 to 380 nmol-min '-mg ' when the same percentage of diacylglycerol 

was added to egg-PC containing 2.5 mol% of DOPS [3]'. 

The present study was aimed to determine if the charge effect on the enzyme 

activation was due to electrostatic interaction or due to the effect on the bending 

energy. In fact, both the bending {k) and the Gaussian elastic moduli are 

affected by the surface density charge (cr) according to Eq. 10.31 and Eq. 10.32 

Eq. 10.31 5k = (T • 

Eq. 10.32 = 

Where 5k̂ ^ and SkQ are the electrostatic contribution to the respective moduli, 

gy and Sgji are the dielectric constant of the water and the hydrophobic region of 

the bilayer respectively, t is the bilayer thickness and is the Debye-Huckel 

screening length [42]. However, as we have no sufficient data to determine neither 

the bending energy nor the contributions defined by Eq. 10.31 and Eq. 10.32, it is 

useless any attempt to obtain quantitative information from the results herein 

reported. However, the dissimilarity of the enzyme activity observed in the presence 

of phospholipids having the same head-group and differing for the acyl chains 

suggests tiiat the charge is not the key element in the CCTa regulation. 
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11 CCTa partitioning and activation 

11.1 CCTa partition 

According to the hypothesis proposed by Attard, the way in which the partition 

coefficient of CCTa (i.e. the ratio of the amount of enzyme in solution to the 

amount bound to the membrane) varies as a function of vesicle lipid composition 

should reflect the stored elastic energy of the membrane. Although a number of 

methods have been reported for the determination of partition coefficients in 

vesicle systems, these tend to have questionable error. 

Cornell and Vance were the first that attempted a determination of the affinity of 

CCT for vesicles having different lipid composition [1]. The approach they used 

was based on the separation of lipid bound enzyme from the unbound using either 

sucrose density gradient or gel-filtration chromatography. The affinity of the 

enzyme for the vesicles was estimated assaying the percentage of total initial activity 

recovered with the lipid fractions (by either density gradient or chromatography). 

Although they were not able to determine any partition constant, they noticed that 

the membrane binding does not result necessary in the enzyme activation. 

The determination of the partition constant of CCTa onto different lipid mixtures 

was attempted by Arnold et al. using sucrose loaded vesicles (SLVs), which are 

heavier than the water and can be removed from a solution by centrifugation [2]. 

They incubated the SLVs with CCTa and then centrifuged the mixture at lOOOOxg 

for 30 minutes, which aloud them to recover ~90% of the lipid in the pellet. The 

protein present in the supernatant and in the peUet was then quantified by SDS-

PAGE electrophoresis followed by densitometry of Comassie-stained gel using 

BSA as standard. They calculated the partition constant (K^) introducing the 

nmoles of protein in tiie peUet and in the supernatant in the Eq. 11.1 



Eq. 11.1 = 
^ OCT, ^ p 

v ^ y 

where CCTp and CCT^ are the nmol of CCTa in the pellet and in the supernatant 

respectively, and W and L are the nmol of water and accessible lipid (half of the 

total concentration) respectively. Although the above method is based on protein 

quantification, there are several possible sources of error inherent with this method. 

The sucrose loading and the strong centrifuge force could have unpredictable effect 

on the vesicle properties and then on the enzyme partitioning. The quantification of 

the enzyme in the pellet and in the supernatant could be another source of error 

(they used radioactive lipids to estimate the amount of lipid recovered in the 

supernatant). 

This Chapter describes a new approach, based on an analysis of enzyme activity 

data, to estimating partition coefficients for CCT. Although this method should be 

free of some of the limitations of the two methods previously reported, one 

possible limitation could be related to the absolute enzyme activity. However, the 

effect of the absolute enzyme activity on the method proposed herein and the 

results obtained using this method will be discussed in relation to the above two 

methods at the end of the chapter. 

11.2 Partition constant and enzyme activity 

The method is based on four assumptions: 

1. In presence of vesicles, CCTa partitions between vesicles and water according 

to the simple equilibrium 

CCTa(water) # CCTa(vesicles) 

2. The enzyme is present only as soluble CCTa (E,̂ ) and vesicle-bound CCTa 

(Ej), so that at the equilibrium, the total concentration of the enzyme \EJ. ] is 

given by 
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Eq. 11.2 { E T \ = [ E I ] + [ E ^ ] 

where \E^ ] and ] are the concentration of CCTa in water and onto the 

lipid vesicles, respectively. 

3. The equilibrium between the two CCTa forms is described by the equilibrium 

constant Kp [3, 4] 

where IfV] and \ l \ are the concentrations of water and lipid respectively. 

4. As discussed in the previous chapter (10.6.2), the rate of the enzymatic reaction 

V (represented by F in 10.6.2 and Eq. 10.9) is constituted by two terms: one for 

the vesicle-bound form and one for the unbound form: 

Eq. 11.4 V = [ E ^ \ V ^ + [ E J \ - V ^ 

Where and V̂ r are the specific activities of the enzyme measured when the 

whole enzyme is vesicle-bound or unbound. and are given by 

Eq. 11.5 
V 

V \ E w ] y [E,y }=[EJ-

Eq. 11.6 F^ = 
V 

k ] VL 

If [E^]4:[z] and Eq. 11.3 can be re-written in the simplified form 

Eq. 11.7 Kp = 
[&] M 

Since the water concentration can be considered constant, the equilibrium constant 

Kp can be converted into partition constant K , defined as 
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Eq.11.8 

The combination of Eq. 11.9 with Eq. 11.7 yields 

Eq. 11.9, solved for is then combined with Eq. 11.2, resulting in Eq. 11.10 

Eq. 11.10 + = 1 + 
« [ 4 

Recasting Eq. 11.10, the concentration of the enzyme adsorbed onto the vesicles is 

then given by Eq. 11.11 

Eq. 11.11 [£i] = [-Er]' 1 + 
1 

k[L\ 

Eq. 11.4 is then combined with Eq. 11.2, solved for \Eyy ], to give 

Eq. 11.12 v = [£ 'r]-F^+[i ;^]-(Fi-F^) 

The substitution of Eq. 11.11 into Eq. 11.12 gives 

v-l 
Eq. 11.13 V = +[£j,] 

which can be recast giving 

Eq. 11.14 V — V q = \ E j ] 

1 + 
k\L\ 

1 + 
K[L\ 

•(y^-yw) 

where Vg = [EJ. ] - Fjj, is the enzymatic reaction rate measiored in absence of vesicles. 

As and are considered to be independent from both ihe enzyme and vesicle 

concentrations, tlie specific activation of the enzyme AF is given by 

Eq. 11.15 AV = (V^-V^) 
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Eq. 11.14 is then re-written as 

Eq. 11.16 Av = [£'j.]' 1 + 
^ • [ 4 

•AV 

where Av = v —Vg . Recasting the reciprocal of Eq. 11.16 yields 

Eq. 11.17 & j - Q 
Av [AV 

) f 1 + \ / 1 ^ 

[i]. 

The double-reciprocal plot of \EJ ]/AV versus L/[Z] is then a straight line (Figure 

11.1) having the general form 

Eq. 11.18 y = ax + b 

Intercept = 

K•^v 

F i g u r e 11.1 Double-reciprocal plot of Eq. 11.17. 

where y = \EJ ]/AV , x = l/[z], the intercept is 

1 
Eq. 11.19 b = 

AV 

and the slope is 
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Eq. 11.20 a = 
^ K-kV 

The specific activity of the enzyme in solution (F^) can be obtained from the 

reaction rate in absence of vesicles (Vq) with an enzyme concentration \EJ \ : 

Eq. 11.21 

The specific activity for the enzyme on the vesicles (F" )̂ is then obtained by 

combining Eq. 11.15 and Eq. 11.19 

Eq. 11.22 

Finally, the partition constant is then obtained dividing the intercept (Eq. 11.19) by 

the slope (Eq. 11.20)2 

Eq. 11.23 K = -
a 

The partition constant can be converted into the equilibrium constant using the 

relationship given in Eq. 11.8. The free energy {Mjp) for the partitioning can be 

calculated from Kp 

Eq. 11.24 kGp=-RThxKp 

where R = 8.314J-K-mor' and 7" is the absolute temperature. 

The method of calculating partition coefficients for CCT by using Eq. 11.19 and 

Eq. 11.20, has been applied to a number of binary mixtures in an attempt to identify 

trends that correlate with the predictions of the qualitative model for CCT activity 

proposed by Attard. 

11.3 Materials and methods 

11.3.1 Materials (see 11.2.1) 
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11.3.2 CCTa assay and vesicle preparation 

LUVs were prepared as described in 11.2.2 and constituted four different lipid 

mixtures: DOPC/DOPA (7:3), DOPC/DOPS (7:3), DOPC/OA (1:1) and 

DOPC/DOG (84:16). CCTa from the second batch was used for the experiments 

reported in this chapter. Conditions used for the CCTa assays were reported in 

11.2.3 except for the vesicle concentrations, which are specified in the results 

section. In all the partition experiments, CCTa concentration was constant (10 

|lg/ml= ~2.4-10"^ M) and the Upid/enzyme mole ratio ranged between 42 (for 10 

|a.M lipid samples) and 4200 (for 1.0 mM lipid samples). Enzymatic activity was 

determined by the TLC method (11.2.4). 

11.3.3 Tiauilihrium and partition constants, specific enzymatic activih and standard deviation 

Assay data, all in triplicate, were used to calculate the average and the standard 

deviation for the enzymatic activity as a function of the lipid concentration. These 

values were then used to obtain three data sets: ([-E]/AV, l/[^]), ([-E']/(AV + 5D), 

1/[X]) and ([£]/(AV —51)), L/[Z]), where SD is the standard deviation relative to 

Av . V and Vq correspond to the mole of CDP-choline synthesised in one minute 

with or without vesicles respectively. 

linear regression analysis applied to the data set ([£']/(AV),1/[L]) resulted in the 

regression estimates a and b of Eq. 11.18 that were used to calculate , Kp , K 

and AG (Eq. 11.19-Eq. 11.24). The same procedure applied to the data set 

([£']/(Av + iS'Z)),l/[z]) allowed the calculation of Vi^{+ SD), Kp{+ SD), K(+ SD) 

and AG(+ISZ)) (Eq. 11.19-Eq. 11.24). Finally, linear regression analysis of the data 

set ([£']/(AV —»SZ)),l/[i/]) resulted in the regression estimates used to calculate 

VJ^{-SD), Kp{-SD), K{-SD) and AG{-SD) (Eq. 11.19-Eq. 11.24). 

Vi, Kp , K, AG and the relative S.D. were calculated using Eq, 11.25-Eq. 11.28: 
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B,. 11.25 = 

E , . 11.26 

Eg. 1,27 
^ 2 

Eq. 11.28 AG = A 5 ± ^ * ^ ^ H 5 h M 

11.4 Results 

11.4.1 CCTa partitioning 

Conditions used fot the assays are reported in 11.3.2 and the data were treated as 

discussed in 11.1. The coefficients of Eq. 11.18 were obtained by regression 

analysis. Enzyme specific activity and partitioning, measured at different lipid 

concentrations, are reported and plotted in the following tabulations and figures: 

DOPC/DOG (84:16) (Table 11.1, Table 11.2, Table A-15, Figure 11.2 and Figure 

11.3), DOPC/DOPA (7:3) (Table 11.3, Table 11.4, Table A-16, Figure 11.4 and 

Figure 11.5), DOPC/DOPS (7:3) (Table 11.5, Table 11.6, Table A-17, Figure 11.6 

and Figure 11.7), and DOPC/OA (1:1) (Table 11.7, Table 11.8, Table A-18, Figure 

11.8 and Figure 11.9). 

The specific activities, the partition constants, the equilibrium partition constants 

and the partition free energies relative to the four lipid mixtures, calculated as 

described in 11.3.3, are reported and plotted in Table 11.9, Table 11.10 and Figure 

11.10. 
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Table 11.1 CCTa partitioning into DOPC/DOG (84:16) LUVs. The least squares method 
was used for the linear regression. 

[L] 
Activity 

(nmol-min"̂ mg"̂ ) 
Std. Dev. 

(nmol-min"'mg^) 
1/[L] [ E J / A r 

Regression 
estimates 

1.00 350 63 l.OOE+03 3.71E+03 

0.50 272 11 2.00E+03 5.22E+03 

0.25 272 38 4.00E+03 5.20E+03 a = 0.282 
0.10 230 17 l.OOE+04 6.66E+03 b = 4863 
0.05 151 22 2.00E+04 1.41E+04 

R' - 0.971 
0.025 139 40 4.00E+04 1.69E+04 

R' - 0.971 

0.010 111 13 l.OOE+05 3.22E+04 

0.0 80 4 - -

5 250 

^ 200 

U 100 

1.000 1.200 

[LJ /mM 

Figure 11.2 CCTcx, activity measured for different concentrations of DOPC/DOG (84:16). 

[CCTa] = 10 Hg/ml= -2.4-10-'' M. The error bars represent ± the standard deviation. 
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T a b l e 11.2 Data for the evaluation of the standard deviation for the results of CCTa 
partitioning into DOPC/DOG (84:16) LUVs. Lipid concentration ([L]) is expressed in mM. 
The least squares method was used for the linear regression. 

[L] 1 / [ L ] [ E t ] / A H - S D [ E t ] / A f - S D Regress ion es t imates 

l.(X) l .OOE+03 3 .00E+03 4.84E+03 + S D data set 

a = 0.185 

b = 4141 

R" = 0.952 

0.50 2 .00E+03 4 .92E+03 5.55E+03 

+ S D data set 

a = 0.185 

b = 4141 

R" = 0.952 
0.25 4 .00E+03 4 .33E+03 6.50E+03 

+ S D data set 

a = 0.185 

b = 4141 

R" = 0.952 
&10 l .OOE+04 5 .95E+03 7 .56E+03 

+ S D data set 

a = 0.185 

b = 4141 

R" = 0.952 

0.05 2 .00E+04 1 .08E+04 2 .04E+04 - S D data set 

a = 0.566 

b = 7574 

R ' = 0.791 

0.025 4 .00E+04 l .OOE+04 5 .28E+04 

- S D data set 

a = 0.566 

b = 7574 

R ' = 0.791 
0.010 l.OOE+05 2.26E+04 5 .57E+04 

- S D data set 

a = 0.566 

b = 7574 

R ' = 0.791 
0.0 - - -

- S D data set 

a = 0.566 

b = 7574 

R ' = 0.791 

O DOG -SD O DOG 
- • Linear (DOG -SD) — - Linear (DOG) 

• DOG +SD 
— — Linear (DOG +SD) 

7E+04 

6E+04 

5E+04 

4E+04 

^ o 

S 3E+04 

2E+04 

lE+04 

OE+00 

OE+00 2E+04 4E+04 6E+04 82+04 lE+05 lE+05 
1/[L] 

F i g u t e 11.3 Double-reciprocal plots of CCTa partitioning into DOPC/DOG (84:16) 
LUVs and of the curve for the calculation of the standard deviation. [CCTa] = 10 p.g/ml= 
~2.4'10'^ M. Data are reported in Table 11.1 and Table 11.2. 
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Table 11.3 CCTa partitioning into DOPC/DOPA (7:3) LUVs. The least squares method 
was used for the linear regression. 

[L] 
Activity 

(nmol-min'mg') 
Std. Dev. 

(nmol-min'^mg^) 
1/[L1 [ E J / A r 

Regression 
estimates 

1.000 1206 52 l.OOE+03 9.02E+02 

0.500 1060 123 2.00E+03 1.04E+03 

0.250 928 40 4.00E+03 1.20E+03 a = 0.103 

0.100 716 77 l.OOE+04 1.62E+03 b = 773 

0.050 437 54 2.00E+04 2.94E+03 R' = 0.996 

0.025 301 28 4.00E+04 4.90E+03 

0.00 97 13 - -

0.000 0.200 0.400 0.600 0.800 

[LJ /mM 

1.000 1.200 

Figure 11.4 CCTa activity measured for different concentrations of DOPC/DOPA (7:3). 

[CCTa] = 10 ng/ml= ~2.440"^ M. The error bars represent ± the standard deviation. 
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Table 11.4 Data for the evaluation of the standard deviation for the results of CCTa 
partitioning into DOPC/DOPA (7:3) LUVs. Lipid concentration ([L]) is expressed in mM. 
The least squares method was used for the linear regression. 

[L] 1/[L] [Et]/AH-SD [Et]/AF-SD Regression estimates 

IIWO l.OOE+03 8.60E+02 9.47E+02 +SD data set 

a = 0.0878 
b = 730 

= 0.996 

-SD data set 

a = 0.124 
b = 821 

R2 = 0 

0.500 2.00E+03 9.20E+02 1.19E+03 

+SD data set 

a = 0.0878 
b = 730 

= 0.996 

-SD data set 

a = 0.124 
b = 821 

R2 = 0 

&250 4.00E+03 1.14E+03 1.27E+03 

+SD data set 

a = 0.0878 
b = 730 

= 0.996 

-SD data set 

a = 0.124 
b = 821 

R2 = 0 

&100 l.OOE+04 1.43E+03 1.85E+03 

+SD data set 

a = 0.0878 
b = 730 

= 0.996 

-SD data set 

a = 0.124 
b = 821 

R2 = 0 

0.050 2.00E+04 2.53E+03 3.51E+03 

+SD data set 

a = 0.0878 
b = 730 

= 0.996 

-SD data set 

a = 0.124 
b = 821 

R2 = 0 

0I%5 4.00E+04 4.26E+03 5.77E+03 

+SD data set 

a = 0.0878 
b = 730 

= 0.996 

-SD data set 

a = 0.124 
b = 821 

R2 = 0 
0.0 - - -

+SD data set 

a = 0.0878 
b = 730 

= 0.996 

-SD data set 

a = 0.124 
b = 821 

R2 = 0 

• DOPA + S D 
O DOPA -SD 

Linear (DOPA) 

O DOPA 
- —Linear ( D O P A + S D ) 

- - Linear (DOPA -SD) 

7E+03 

6E+03 

5E+03 

4E+03 

< 3E+03 

lE+03 

OE+00 

OE+00 lE+04 2E+04 3E+04 
1/[L] 

4E+04 5E+04 

Figure 11.5 Double-reciprocal plot of the CCTa partitioning into DOPC/DOPA (7:3) 
LUVs and of the curve for the calculation of the standard deviation. [CCTa] = 10 |J.g/ml= 
~2.4-10-'' M. Data are reported in Table 11.3 and Table 11.4. 
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Table 11.5 CCTa partitioning into DOPC/DOPS (7:3) LUVs. The least squares method 
was used for the linear regression. 

[L] 
(mM) 

Activity 
(nmol-min"̂ mg"̂ ) 

Std. Dev. 
(nmol-min'^mg^) 

1/[L1 [EJ /Ar 
Regression 
estimates 

1.000 450 102 l.OOE+03 2.70E+03 

0.500 394 87 2.00E+03 3.18E+03 

0.250 305 61 4.00E+03 4.44E+03 a = 0.400 

0.100 206 30 l.OOE+04 7.96E+03 b = 2900 

0.050 166 22 2.00E+04 1.16E+04 = 0.986 

0.025 134 13 4.00E+04 1.84E+04 

0.0 80 4 - -

68 400 

B 300 

y 200 

0.200 0.400 0.800 1.000 1.200 

[L] /mM 

Figure 11.6 CCTa activity measured for different concentrations of DOPC/DOPS (7:3). 

[CCTa] = 10 (Xg/ml= ~2.4-10'^ M. The error bars represent ± the standard deviation. 
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Table 11.6 Data for the evaluation of the standard deviation for the results of CCTa 
partitioning into DOPC/DOPS (7:3) LUVs. Lipid concentration ([L]) is expressed in mM. The 
least squares method was used for the linear regression. 

[L] V[L] [EJ/AH-SD [EJ/AP^SD Regression estimates 

1.000 l.OOE+03 2.12E+03 3.74E+03 +SD data set 

a = 0.321 
b = 2280 

= 0.986 

-SD data set 

a = 0.532 
b = 3985 

= 0.988 

0.500 2.00E+03 2.49E+03 4.40E+03 

+SD data set 

a = 0.321 
b = 2280 

= 0.986 

-SD data set 

a = 0.532 
b = 3985 

= 0.988 

0.250 4.00E+03 3.50E+03 6.09E+03 

+SD data set 

a = 0.321 
b = 2280 

= 0.986 

-SD data set 

a = 0.532 
b = 3985 

= 0.988 

0.100 l.OOE+04 6.40E+03 1.05E+04 

+SD data set 

a = 0.321 
b = 2280 

= 0.986 

-SD data set 

a = 0.532 
b = 3985 

= 0.988 

0.050 2.00E+04 9.22E+03 1.56E+04 

+SD data set 

a = 0.321 
b = 2280 

= 0.986 

-SD data set 

a = 0.532 
b = 3985 

= 0.988 
0.025 4.00E+04 1.47E+04 2.45E+04 

+SD data set 

a = 0.321 
b = 2280 

= 0.986 

-SD data set 

a = 0.532 
b = 3985 

= 0.988 0.0 - - -

+SD data set 

a = 0.321 
b = 2280 

= 0.986 

-SD data set 

a = 0.532 
b = 3985 

= 0.988 

O DOPS -SD 
O DOPS 

T.inear CDOPS +Sni 

DOPS +SD 
- Linear (DOPS -SD) 

•Linear iDOPS) 

3E+04 

3E+04 

2E+04 

2E+04 

OE+00 

lE+04 

5E+03 

OE+00 lE+04 2E+04 3E+04 

1/[L1 

4E+04 5E+04 

Figure 11.7 Double-reciprocal plots of CCTa partitioning into DOPC/DOPS (7:3) LUVs 
and of the curve for the calculation of the standard deviation. [CCTa] = 10 ng/ml= ~2.4-10'' 
M. Data are reported in Table 11.5 and Table 11.6. 
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Table 11.7 CCTa partitioning into DOPC/OA (7:3) LUVs. Lipid concentration ([L]) is 
expressed in mM; activity and standard deviation are expressed in nmol-min"^mg"'. The least 
squares method was used for the linear regression. 

[L] 
Activity 

(nmol-min'tng^) 
Std. Dev. 

(nmol-min"^mg') 
1/[L] [ E J / A r 

Regression 
estimates 

1.000 1295 102 l.OOE+03 8.34E+02 

0.250 1277 100 4.00E+03 8.47E+02 
a = 0.0146 

b = 791 

R' - 0.975 

0.100 1155 74 l.OOE+04 9.45E+02 
a = 0.0146 

b = 791 

R' - 0.975 
0.050 1076 153 2.00E+04 1.02E+03 

a = 0.0146 

b = 791 

R' - 0.975 
&0G5 809 176 4.00E+04 1.41E+03 

a = 0.0146 

b = 791 

R' - 0.975 

0.0 97 13 - -

= 1000 

^ 600 

0.000 0.200 0.400 0.600 
[L] /mM 

Figure 11.8 CCTa activity measured for different concentrations of D O P C / O A (1:1). [CCTa] 

= 10 ng/ml= ~2.4-10 '' M. The error bars represent ± the standard deviation. 
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Table 11.8 Data for the evaluation of the standard deviation for the results of CCTa 
partitioning into DOPC/OA (1:1) LUVs. Lipid concentration ([L]) is expressed in mM. The least 
squares method was used for the linear regression. 

[L] 1/[L] [Et]/AH-SD [Et]/Ak-SD Regression estimates 

1.000 l.OOE+03 7.69E+02 9.13E+02 +SD data points 

a = 8.86E-03 
b - 7 5 5 

R" = 0.948 

-SD data points 

a = 0.025 
b = 813 

R' = 0.967 

0250 4.00E+03 7.81E+02 9.26E+02 

+SD data points 

a = 8.86E-03 
b - 7 5 5 

R" = 0.948 

-SD data points 

a = 0.025 
b = 813 

R' = 0.967 

0.100 l.OOE+04 8.82E+02 1.02E+03 

+SD data points 

a = 8.86E-03 
b - 7 5 5 

R" = 0.948 

-SD data points 

a = 0.025 
b = 813 

R' = 0.967 

0160 2.00E+04 8.83E+02 1.21E+03 

+SD data points 

a = 8.86E-03 
b - 7 5 5 

R" = 0.948 

-SD data points 

a = 0.025 
b = 813 

R' = 0.967 

OIKS 4.00E+04 1.13E+03 1.87E+03 

+SD data points 

a = 8.86E-03 
b - 7 5 5 

R" = 0.948 

-SD data points 

a = 0.025 
b = 813 

R' = 0.967 0.0 - - -

+SD data points 

a = 8.86E-03 
b - 7 5 5 

R" = 0.948 

-SD data points 

a = 0.025 
b = 813 

R' = 0.967 

O OA -SD • OA +SD O OA 
- - - • Linear (OA -SD) — — Linear (OA +SD) Linear (OA) 

2.0E+03 

1.6E+03 

1.2E-K)3 

C 
— 8.0E+02 

4.0E+02 

- ' ' 

P 

. -
. ' " <> ^ 

O.OE+00 

OE+00 lE-f04 2E+04 3E-K)4 

1/[L] 
4E+04 5E-KM 

Figure 11.9 Double-reciprocal plots of CCTa partitioning into DOPC/OA (1:1) LUVs and of 
the curve for the calculation of the standard deviation. [CCTa] = 10 |a.g/ml= - 2 . 4 1 0 M . Data 
are reported in Table 11.7 and Table 11.8. 
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Table 11.9 All the constants were calculated using the equations reported in 11.1 and 11.3.3. 
The specific enzymatic activation and the partition constant for the four lipid mixtures are 
plotted in Figure 11.10. 

Lipid mixture VM 

(mol-min'̂ g" )̂ 
K 

(mort) Kp 
AGp 

(J-mor^) 

DOPC/DOG (84:16) 2.86E-04 1.73E+04 9.6E+05 -3.55E+04 

DOPC/DOPA (1:1) 1.39E-03 7.49E+03 4.16E+05 -3.33E+04 

DOPC/DOPS (1:1) 4.25E-04 7.24E+03 4.02E+05 -3.33E+04 

DOPC/OA (1:1) 1.36E-03 5.4E+04 3.0E+06 -3.84E+04 

Table 11.10 Standard deviation for the constants reported in Table 11.9. 

Lipid mixture 
S.D. (VJ 

(mol-min'̂ g"') 
S.D.(K) 
(mort) 

S.D.(Kp) 
S.D.(AGp) 

(J-mol'̂ ) 

DOPC/DOG (84:16) 3.9E-05 3.2E+03 1.8E+05 4.7E+02 

DOPC/DOPA (1:1) 5.4E-05 6.1E+02 3.4E+04 2.1E+02 

DOPC/DOPS (1:1) 6.6E-05 1.4E+02 7.8E+03 4.9E+01 

DOPC/OA (1:1) 3.47E-05 1.9E+04 l.OE+06 8.8E+02 

11.5 Conclusions 

11.5.1 CCTcc partition/ activation 

As for the previous chapter, the enzyme activity has shown variability within the 

same preparation. However, the previous chapter showed that the relative activity is 

independent of the fraction of enzyme that is active. The same is only partially true 

for the partitioning experiments reported in this chapter. In fact, as shown in the 

previous chapter (10.6.2, Eq. 10.26) the fraction of active enzyme can be 

represented by Eq. 11.29 

Eq. 11.29 - X^^T\ 
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where X aiid <P refer to the mole fraction of enzyme that has retained its activity 

(see previous chapter for a discussion of X ^) . Because and are 

independent of X and (p (10.6.2), ^ can be substituted into Eq. 11.17, which 

gives 

Eq. 11.30 
[^r] 'z.f _ 

Av - V 
1 ^ 1 " 

vWy 

Eq. 11.30 can be recast and expressed in terms of X and q) 

Eq. 11.31 k ] _ 
Av 

1 

AK 

\ r 
+ 

/ 

1 ^ ^ 1 ^ 

From Eq. 11.31 it follows that, while the partition constant is independent of the 

enzyme activity (Eq. 11.23), the enzyme activity in solution and on the lipid depends 

on the fraction of active enzyme. In particular, the measured enzyme activities are 

only apparent and V[ that are linked to the real value (measured when aU the 

enzyme molecules are active) by Eq. 11.32 and Eq. 11.33 

Eq. 11.32 = x ^ ' 

Eq. 11.33 

From Eq. 11.32 and Eq. 11.33 follows that it is possible to estimate the real enzyme 

activity from the partition experiments only if the active fraction of enzyme is 

known. A reference lipid system together with a calculation of the relative activity 

would help to correlate the activity of enzymes from different preparations\ 

However, this approach was not used in this study. 

11.5.2 CCTa partitioning 

As discussed in the previous chapters, the release of the membrane bending energy 

is the driving force behind the enzyme activation through partitioning onto the 

^ The relative activity would help to determine if the different activities of two different experiments 
•with different lipid mixtures are due to the nature of the lipids or to the effect of the enzyme 
variability. 
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membrane surface. Hence, the differences in the activity could be due to differences 

in the partition: tiie higher the partition, the higher is the activity. A model was 

developed herein for the determination of the partition coefficient and the specific 

enzymatic activity, which is supposed to be constant and independent of vesicle 

concentration. Partition constants and specific activities for CCTa have been 

measured in presence of four different lipid mixtures and are plotted in Figure 

11.10, which shows that CCTa partitioning and activation could be independentiy 

regulated by the biophysical properties of the vesicle. As demonstrated in the 

previous section, while the absolute activity cannot be estimated, the partition 

constant should be independent of the enzyme activity and should be consistent 

with other values reported in the literature. Arnold et al. have estimated values for 

the partition constant of CCTa using different lipid mixtures [2]. Although they 

used egg-PC as the major lipid in the mixtures (DOPC has been used herein), some 

of those results can still be used for a comparison. 

Table 11.11 Partition constant for CCTa calculated using the method described herein { K p ) 

and calculated by Arnold et al. (1/2 • ) [2]. The partition constant determined by Arnold has 

been divided by two because they the used [L]/2 instead of [L] for the determination of and 

Kp respectively (Eq. 11.1 and Eq. 11.7). 

Determination by activity measurement Determination by centrifugation 

Lipid mixture ./Tf (xlO-S) Lipid mixture l/2.j^_^(xlO-=) 

DOPC/DOPA 
(7:3) 

416 ± 0 3 
Egg-PC/POPA 

5.5 ± 0.7 

DOPC/DOPS 
(7:3) 

4.0 ± 0.1 
Egg-PC/DOPS 

(6:4) 
1.1 ±0.2 

The comparison of the partition constants, reported in Table 11.11, shows that 

there is a good agreement between the results obtained using the two different 

methods. However, Arnold et al. used egg-PC and l-palmitoyl-2-oleyl-phosphatidic 

acid, which differ in acyl chain composition from DOPC, different temperature (20 

°C), different buffer composition and a different method of protein preparation and 
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these factors may contribute to the observed differences. However, the constants 

estimated using the two methods have the same order of magnitude, leading to the 

conclusion that the method reported herein could be adopted for the determination 

of the partition constant. Despite the general agreement between the partition 

constants, further experiments need to be done to verify that the partition constant 

is independent of the enzyme absolute activity and that the measured activity is the 

only parameter affected by the decreased enzyme activity. Although it is not 

possible so far to give a detailed description of the mechanism involved in the 

modulation of the enzyme activity, the analysis of Figure 11.10 leads to some 

observations: 

1. The partition constant for the DOPC/DOG mixture is higher than the 

correspondent constant estimated for DOPC/DOPA and DOPC/DOPS. 

Due to its small head-group, DOG is expected to be a strong type II lipid; 

hence, the high bending energy stored in the vesicles could be responsible 

for the high partition constant. 

2. The DOPC/DOPA mixture, which is the most effective for the enzyme 

activation, shows a very low partition constant. In this case, it is possible 

that the high specific activity is due to the synergism between the 

electrostatic and the hydrophobic interactions with the membrane interface. 

As the head-group of DOPA is bigger than that of DOG, it is expected that 

the membrane has a lower stored bending energy and consequendy that the 

enzyme partition constant is low. 

3. The ratio between the specific activation constants (F^) for DOPC/DOPA 

and DOPC/DOPS could be related to the ratio between the charges C of 

those lipids (C » -2 for DOPA and -1 for DOPS), 

]^(DOPC/DOf%) , C(DOfX) ^ 
— ^ \ »3.3 and —) r » 2 

4. The mixture DOPC/OA is the most effective on both partitioning and 

activation. The partitioning, in particular, is an order of magnitude higher 

than for aU the other mixtures. Oleic acid mixed with phosphatidylcholine 
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behaves as strong type II lipids; hence, as for DOPC/DOPA, high bending 

energy and surface charge could act synergistically and increase the partition 

constant and the specific activity. 

Although the results reported in this chapter support the model described herein, 

further experiments are needed to confirm or disprove the above results. 

1.6E-03 

1.4E-03 

1.2E-03 

"w I-OE-03 •© 

% 8.0E-04 

I 
^ 6.0E-04 
H 
U 

4.0E-04 

2.0E-04 

O.OE+00 

• Specific enzymatic rate ® Partition constant 

8.0E+04 

7.0E+04 

6.0E+04 

5.0E+04 

4.0E+04 

3.0E+04 

2.0E+04 

l.OE+04 

O.OE+00 

DOPC/DOG DOPC/DOPA DOPC/DOPS DOPC/OA 
(84:16) (1:1) (1:1) (1:1) 

Figure 11.10 Plot of the specific enzymatic activities and the partition constants reported in 
Table 11.9. The error bars correspond to + the standard deviations reported in Table 11.10. 

11.5.3 Hypothesis of enzyme activip modulation 

Although the mechanism of CCTa activation is still unknown, a hypothetical 

mechanism has been reported in the Hterature to differentiate charge and 

hydrophobic effect on the enzyme activation [5, 6]. In the proposed mechanism, 

the enzyme inhibition is caused by the formation of an intramolecular complex 
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between the C-terminal domain and the M-domain, which should tri^ers the 

enzyme activation through the interaction of the hydrophobic strip with the 

membrane. According their model, the partition of the enzyme onto the membrane 

surface begins with an electrostatic interaction through a positively charged segment 

of the enzyme (5 lysine residues in the short segment 248-254) and the negative 

charge of the membrane. Hence, while the electrostatic interaction (dependent on 

the lipid charge) aloud the enzyme to sit inactive on the membrane surface, the 

hydrophobic interaction (dependent on the torque tension and the stored elastic 

energy of the membrane) through the M-domain results in the enzyme activation [5, 

6]. However, that hypothesis is not consistent with the results reported by Lykidis et 

al. [7]. Lykidis et al. have shown that CCTa mutants lacking the M-domain or the C-

terminal domain are active, although they are sensitive to different properties of the 

membrane. In particular, they have shown that mutants lacking the M-domain 

(CCTa[A257-309]) are active and sensitive to the lipid charge, whilst mutant lacking 

the C-terminal domain (CCTa[A312-367]) are active and sensitive to the stored 

elastic energy [7]. Because CCTa[A257-309] was shown to be active, it is reasonable 

to exclude that the enzyme activation is triggered by the hydrophobic interaction 

mediated by the M-domain. 

Although further experiments are required to study the effect of charge and torque 

tension on the enzyme activation, a hypothetical mechanism of enzyme regulation is 

presented based on the preliminary results reported herein. The mechanism is based 

on the hypothesis that the lipid membrane is a required component for the folding 

of the enzyme into the active form. We hypothesize that the hydrophobic 

interaction (mediated by the M-domain) is the key factor leading the enzyme on the 

membrane, whilst the electrostatic interaction (mediated by 5 lysine residues in the 

short segment 248-254) is the key factor triggering the enzyme activation Figure 

11.11. However, as the DOPC/DOPE and DOPC/DOG mixtures are able to 

activate the enzyme, it follows that the stored elastic energy can partially activate the 

enzyme (maybe because the hydrophobic strip and the 5-lysine segment are 

connected in the amino acid sequence of the enzyme) Only further experiments wiU 
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prove/disprove the results and the method reported herein, and wiU help to have a 

better understanding of the role played by the membrane biophysical properties on 

the enzyme activity modulation. 

Figure 11.11 The hydrophobic interaction (light grey arrow), sensitive to the torque 
tension and the stored elastic energy, could the enzjTne partition onto the vesicle surface. 
When the enzyme reaches the membrane surface, the membrane binding through the 
hydrophobic strip could aloud electrostatic interaction between the negatively charged lipids 
and the enzyme positively charged segment (5 lysine residues in the short segment 248-254, 
3.1) to trigger the folding of CCTa into the active form. 
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12 Conclusions 

Integral and peripheral membrane proteins operate in conjunction with membranes 

and are sensitive to their molecular composition or affected by their biophysical 

properties. Membrane proteins interact with the lipid bilayer in different ways: 

hydrophobic and/or electrostatic interaction, molecular recognition of specific 

lipids present in the membrane. Spectrin dimers"* bind lipids containing the 

negatively charged phosphatidylserine by electrostatic interaction [1]. Some 

cytoskeletal proteins such as spectrin, dynamin or myosin X bind specifically 

phosphorylated phosphatidylinositol (PtdIns(3,4)P2, PtdIns(4,5)P2, PtdIns(3,4,5)P^)'' 

trhough a plecktrin-homology domain that recognise not only the charge but also 

the shape of those phospholipids [2]. The annexins are a family of proteins that 

bind negatively charged phospholipids and some specific proteins (annexin-binding 

proteins) in a Ca^^-dependent manner [3-5]; moreover, some member of the 

annexin family (Annexin V and XII) can also for ion channels as function of the pH 

[6]. Apolipoprotein A-I, the major constituent of high density lipoprotein (HDL) is 

present as soluble and membrane bound form: the presence of lipid trigger a 

conformational change in the C-terminal region of the protein (from random coil to 

a-helix) and increase the enzyme affinity for the membrane [7]. The protein kinase 

C (PKC) family is activated by diacylglycerol and by phosphatidylserine and appears 

to be sensitive to the presence of DAG-enriched and DAG-poor domains [8]. 

Phospholipase A^ and C hydrolysis of PtdCho is strongly enhanced by the presence 

of structural defects in the lipid bilayer [9-11]. The folding of Bacteriorhodopsin 

" Spectrin dimmers are involved in the determination of the deformability and dynamic properties of 
erythrocyte membrane and ceU shape. 

PtdIns(3,4)P2: phosphatidylinositol-3,4-biphosphate; PtdIns(4,5)P2: phosphatidylinositol-4,5-
biphosphate; PtdIns(3,4,5)Py. phosphatidylinositol-3,4,5-triphosphate. 



seems to be sensitive to the membrane torque tension [12]: decrease of protein 

folding in correspondence of increase in the torque tension. 

Because membrane enzymes are affected by imbalance in the membrane 

biophysical properties, it is necessary for the cell to monitor and to maintain the 

membrane properties in a functional physiological range. The membrane fluidity is 

dependent on the amount of cholesterol (in eukaryotes), saturated and unsaturated 

lipids and homeostatic control is exerted on their synthesis. CCTa could be 

involved in the control the elastic membrane properties: the torque tension. Despite 

the low reproducibility of the enzyme specific activity, the results reported in his 

thesis, in accordance with the data reported in the literature [13-15], support the key 

role played by the elastic membrane properties in the CCTa activity modulation. 

Moreover, the equations developed herein, which describe the enzyme activity 

modulation in terms of partitioning and activation, could be a useful tool to be used 

to achieve a better understanding of the modulation of CCTa activity by membrane 

biophysical properties. 
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13 Appendices 

Sample radioactivity is reported as 10̂  count per minute (cpm). 

Table A-1 (DOPC/DOPE LUVs; first set of experiments) 

DOPE mole 
fraction 

I sample II sample III sample DOPE mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 325.8 0.55 31&03 0.26 34&81 0.14 

No vesicles 269.38 1.44 329.57 0.59 354.3 0.61 

0 31&29 &67 324.42 7.45 344.34 10.21 

0.1 320.21 123 313.69 &19 34164 11.32 

0.2 315.62 &41 35&94 1&42 34229 12.75 

0.3 31&85 11.51 :%5^ 12.03 330.03 13^6 

0.4 31&53 1&46 32&51 15.48 335.79 17^3 

0.5 31&99 20.18 333.97 1933 33181 1949 

0.6 319.1 22.04 32215 21.42 327.59 2535 

Table A-2 (DOPC/DOPE LUVs; second set of experiments'! 

DOPE mole 
fraction 

I sample II sample III sample DOPE mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 322.6 &18 33&04 &19 309.06 0.4 

No vesicles 35&98 059 34&91 0.5 295.92 0.65 

0 34199 3.33 34&92 3.1 32&16 172 

0.1 334.19 5.05 34232 4.04 356J9 5.17 

0.2 345^1 6.69 33&19 6.29 32&13 482 

0.3 335.23 9.5 329.64 9J6 336.99 7.99 

0.4 337.36 11.72 329.96 5^6 33L86 13.43 

0.5 317.63 11.61 332.05 1253 33201 9.17 

0.6 317.46 15^6 317 13.54 31&31 20.01 



Table A-3 (DOPC/DOPE LUVs: third set of experiments) 

DOPE mole 
fraction 

I sample II sample III sample DOPE mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 3226 &18 339.04 OJ^ 309.06 0.4 

No vesicles 350.98 0.59 34&91 0.5 295^2 0.65 

0 34&49 2.04 340.72 1.75 356.01 1.67 

0.1 343.74 1.97 347.23 1.64 346.64 3.01 

0.2 342.94 263 349.11 3.35 345.92 3.51 

0.3 34&17 5.35 34L75 3.78 336.95 3.57 

0.4 337.48 5.84 34108 6.06 347.43 3.77 

0.5 33L96 5^7 337J4 133 331.24 773 

0.6 3424 5.95 332.76 5.43 333.47 494 

Table A-4 (DOPC/DOPE LUVs; fourth set of experiments") 

DOPE mole 
fraction 

I sample II sample III sample DOPE mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 344.34 256 30286 2.26 324.79 2.45 

No vesicles 34&63 295 330.89 29 335J3 293 

0 324.51 7.74 315^9 &07 3224 5^5 

0.1 332.09 7.51 313.35 &73 327.81 5^2 

0.2 339.45 %66 300.15 11.27 325.83 7.9 

0.3 31L33 7.65 31&87 10.75 319.67 9.49 

0.4 324.31 1288 29L42 11.59 332.85 9.89 

0.5 284.94 15.03 31&83 11.98 324.25 14.21 

0.6 317.69 16.88 309.03 17.79 304.55 20.58 
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Table A-5 (DOPC/DOPA LUVs: first set of experiments) 

DOPA mole 
fraction 

I sample II sample III sample DOPA mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 322.6 &18 339.04 &19 309.06 0.4 

No vesicles 35&98 0.59 34&91 0.5 295.92 0.65 

0 341.99 333 346.92 3.1 326.16 3.72 

0.025 337.7 1.54 35027 2.65 340.71 1.7 

0.05 337D7 3.39 343.73 234 344.67 3.5 

0.075 332.42 7.17 34&14 4.9 347.11 5.62 

0.1 32&52 1&83 337J2 11.03 346.4 &98 

0.2 305.83 3936 306 3927 31837 3&72 

0.3 311.35 3772 314.25 3&78 32122 3767 

Table A-6 (DOPC/DOPA LUVs: second set of experiments") 

DOPA mole 
fraction 

I sample II sample III sample DOPA mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 346.85 0.61 35637 0.87 36221 0.83 

No LUVs 35&33 1.61 357.67 L83 36263 1.71 

0.00 347.78 222 35&49 1.79 36193 207 

0.03 35439 200 36103 234 365.17 293 

0.05 - - 35L92 5.71 345.17 5.03 

048 - - 35837 4.40 349.88 7.37 

0.10 346.28 831 282.54 7.96 357.40 &61 

0.15 338.73 1431 340.74 1&65 347.50 13.50 

0.20 330.49 20.78 324.58 25.84 337.60 20.90 

025 327.11 26.48 327.59 26.13 338.80 23J5 

0.30 314.93 25.59 35&08 2233 341.36 27.00 
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Table A-7 (DOPC/DOPS LUVs: first set of experiments) 

DOPS mole 
fraction 

I sample II sample III sample DOPS mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 3226 &18 339.04 0.19 309.06 0.4 

No vesicles 35&98 0.59 34&91 0.5 295.92 0.65 

0 34199 3.33 34&92 3.1 32&16 3.72 

0.025 %KU3 132 34948 1.18 345.73 138 

0.05 343.44 2.07 351.35 2.41 32&15 3.34 

0.075 34&23 2.27 35189 1.74 33127 183 

0.1 346.89 1.57 344.77 2.03 329.91 2.26 

0.2 345J7 4.52 343.57 104 3312 4.32 

0.3 34276 836 33&95 8.71 328.45 8.77 

Table A-8 (DOPC/DOPS LUVs: second set of experiments'! 

DOPS mole 
fraction 

I sample II sample III sample DOPS mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 372.29 0.45 374.31 0.48 340.31 0.42 

No LUVs 374.50 130 370.21 268 372.07 269 

0.00 372.76 236 357.53 2.31 374.77 222 

0.025 379.51 4.54 361.31 532 370.73 4.51 

0.05 369^6 463 35489 4.45 35133 190 

0.075 36827 4.37 365J7 194 36469 179 

0.10 373.86 543 360.97 3.89 355.34 6.66 

0.15 363.17 5J6 358.60 6.00 374.89 4.86 

0.20 36&73 11.84 354.78 10.64 354.38 11.47 

0.25 353.21 11.29 347.10 10.76 36&88 10.92 

0.30 360.93 15.29 358.53 10.93 34&87 1298 
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Table A-9 (DOPC/DPPA LUVs) 

DPPA mole 
fraction 

I sample II sample III sample DPPA mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 374.26 1.40 37&83 1.37 365.72 1.40 

No LUVs 375A3 216 374.54 2.16 410.07 235 

0.00 35429 16.19 33547 2769 349.44 23.72 

0I%5 335.66 36.14 320.40 53.81 320.00 4^.66 

0.05 325.93 55^4 304.04 58.31 313.51 65A8 

0.075 312.83 59.71 306.27 65.78 30261 75.35 

0.10 325^9 55.14 317.45 58.71 315.50 6146 

0.15 312.87 55.72 327.99 5438 32245 51.35 

0.20 327^3 45.57 33&23 4743 324.80 4&86 

&25 333.35 4L82 33736 4241 33721 37.34 

030 344.03 27.64 34&07 2&42 34L56 23.43 

Table A-10 fDOPC/DPPS LUVs^ 

DPPS mole 
fraction 

I sample II sample III sample DPPS mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 374.26 1.4 37&83 1.37 3&i72 1.4 

No LUVs 375.43 2.16 374.54 216 410.07 2.35 

0 354.29 16.19 33547 27.69 349.44 23^2 

0.025 325.033 49.3 346.56 34.57 345.53 2629 

0.05 333.07 33.52 35L16 25.68 332.93 35^5 

0.075 32L67 47.24 333.84 42.55 355.27 2258 

0.1 305.4 52.16 29&75 75.03 32434 52.57 

0.15 28&3 7&58 252.37 7225 298.41 73.05 

0.2 292.65 !Wa9 28&18 83.6 287.58 8534 

0^5 28691 &A84 28&06 85^4 287.35 87.18 

0.3 292.71 79.47 275.31 9242 283.56 88.48 
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Table A-11 (DOPC/OPA and DOPC/OPS LUVs: first set of experiments) 

Anionic Upid mole 
fraction 

DOPC/OPA LUVs DOPC/OPS LUVs Anionic Upid mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 29&85 0^8 29&85 0U8 

No LUVs 309.58 027 30938 0.27 

0.00 303.87 0.81 303.87 oai 

0.025 294.48 1.97 302.07 1.08 

0.05 27&8 337 305.08 1.90 

0.075 29&07 5.31 300.87 3J3 

0.10 297.49 6.61 301.61 4.37 

OjO 295^2 7X3 29634 10.40 

OjO 302.61 5^3 295.67 15.06 

Table A-12 (DOPC/OPA LUVs: second set of experiments) 

OPA mole 
fraction 

I sample II sample III sample OPA mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 372.29 0.45 37431 0.48 340.31 0.42 

No LUVs 374.50 3.30 370.21 2.68 372.07 2.69 

0.00 372.76 2.36 35733 231 374.77 2.22 

0.025 36&92 6.04 36833 5^4 36133 520 

0.05 365.57 7.29 356.66 9.49 363.32 7.24 

0.075 35737 8.70 362.07 6.86 356.59 &68 

0.10 36037 &47 349.11 &16 365^7 &16 

0.15 360.15 11.87 362.08 11.22 36402 10.46 

0.20 361.51 10.63 361.11 &85 359.47 9.03 

0.30 35736 11.33 356.33 11.25 362.87 11.69 

0.40 351.66 9.25 373.86 7.38 360.19 &97 
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Table A-13 (DOPC/OPS LUVs: second set of experiments) 

OPS mole 
fraction 

I sample II sample III sample OPS mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 372.29 0.45 37431 0.48 340.31 0.42 

No LUVs 374.50 3.30 370.21 2.68 372.07 2.69 

0.00 372.76 2.36 357.53 231 374.77 222 

0.025 3&426 4.44 37936 4.52 355.20 3.89 

0.05 350.65 5.14 37704 4.43 38113 4.46 

0.075 36L89 5^2 373J8 4.52 366.63 5.57 

0.10 377.78 3.58 35&91 4.05 34632 4.45 

0.15 36L33 8.46 353.45 10.40 37285 7.13 

0.20 370.92 9.97 360.44 10.84 360.20 11.03 

OJO 36&25 15.95 37448 14.59 344.84 15.92 

0.40 341.59 21.40 350.66 23.11 365.57 23^2 

Table A-14 HDOPC/OA LUVs: second set of experiments') 

OA mole 
fraction 

I sample II sample III sample OA mole 
fraction PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 372.29 0.45 37431 0.48 340.31 0.42 

No LUVs 374.50 330 370.21 268 372.07 269 

0.00 347.78 222 35849 1.79 363.93 207 

0.05 346.10 2.75 365.51 1.81 358.51 333 

0.10 340.94 5.55 356.66 438 36138 320 

0.15 33&23 &89 35&17 7.54 355.94 &73 

0.20 333^3 9.78 351.17 1218 353.71 1223 

OJO 343^3 17.42 34285 19.70 34%03 15.30 

0.40 321.01 26.97 33&60 21.54 334.65 2333 

0.50 31406 36.66 325.93 3&a7 32&83 3L60 

0.60 319.77 3044 325.00 28.86 32136 33.57 
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Table A-15 (CCTa partitioning into DOPC/DOG (84:16) LUVs) 

[lipid] (mM) 
I sample II sample III sample 

[lipid] (mM) 
PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 325.40 0.46 37078 0.52 278.27 0.51 

1.000 354.97 9.46 344.19 7.10 356.56 10.43 

0.500 35&63 7.30 354.15 6.80 359.43 7.41 

0.100 356.62 637 360.92 5.70 335.32 6.00 

0.025 36L99 3.47 357.10 5.04 370.69 3.40 

0.000 350.28 2.49 355^3 2.40 - -

Table A-16 (CCTa partitioning into DOPC/DOPA (7:3) LUVs) 

[Lipid] (mM) 
I sample II sample III sample 

[Lipid] (mM) 
PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 372.29 0.45 37431 0.48 340.31 0.42 

1.000 335^5 30.29 34160 28.98 33L00 3052 

0.500 31295 26.27 326.75 2&78 350.93 2338 

0.250 35L48 22.72 %WU1 24.61 346.59 23.17 

0.100 355.87 17.22 343.67 19^6 362.39 1%43 

0.050 352.60 1226 367.48 10.01 363.59 11.66 

0.025 370.63 7.62 371.00 8.90 396.61 824 

0.000 374.50 3.30 37021 268 372.07 269 

T a b l e A-17 rCCTa partitioning into DOPC/DOPS C7:3̂  LUVsl 

[Lipid] (mM) 
I sample II sample III sample 

[Lipid] (mM) 
PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 325.40 0.46 370.78 0.52 27827 0.51 

1.000 341.85 12.07 34006 8.29 346.67 1321 

0.500 345.27 10.43 34087 7.47 351.80 11.91 

0.250 344^9 &21 345J2 6.09 357.32 9.19 

0.100 355^5 5^3 34&10 434 359.81 6.11 

0.050 359.54 432 354.29 4.20 36496 530 

0.000 350.28 2.49 355.83 240 - -
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Table A-18 (CCTa partitioning into DOPC/OAS (1:1) LUVs) 

[Lipid] (mM) 
I sample II sample III sample 

[Lipid] (mM) 
PhoCho CDP-Cho PhoCho CDP-Cho PhoCho CDP-Cho 

No CCTa 37229 0.45 374.31 0.48 340.31 0.42 
1.000 33&19 34.17 34L29 29.60 330.44 32.97 
0.500 343.62 29.82 354.03 3106 34&45 28.59 
0.100 347.45 2&80 349.55 28.08 336.97 
0.050 352.11 24.45 334.73 3&88 35&09 26.58 
0.025 348.02 2W.68 351D3 25.11 372.14 16.70 
0.000 374.50 3.30 370.21 2.68 372.07 269 

Table A- 19 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were: 300 seconds 
accumulation and automatic sampling time, 3-200 nm diameter range and 24 bins. 

DOPC/DOPE 
mole ratio 

Vesicle size 
(nm) 

Standard 
deviation (nm) 

Percentage of 
scattered light 

9/1 

>2000 137 86 

9/1 237 31 12 9/1 

84 14 2 

8/2 
>2000 137 85 

8/2 
166 21 15 

7/3 
>2000 137 82 

7/3 
162 14 18 

6/4 
>2000 137 86 

6/4 
157 12 14 

5/5 
>2000 137 88 

5/5 
152 15 12 

4/6 
>2000 137 96 

4/6 
67 13 4 
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Table A- 20 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were: 300 seconds 
accumulation and automatic sampUng time, 3-200 nm diameter range and 24 bins. 

DOPC/DOPA 
mole ratio Vesicle size (nm) 

Standard 
deviation (nm) 

Percentage of 
scattered light 

97.5/2.5 
>2000 137 97 

97.5/2.5 
105 19 3 

95/5 

>%M0 137 98 

95/5 210 32 1 95/5 

52 10 1 

92.5/7.5 
>2000 137 99 

92.5/7.5 
52 9 1 

90/10 >2000 137 100 

85/15 >2000 137 100 

80/20 ^000 137 100 

75/25 
>2000 137 96 

75/25 
95 14 4 

70/30 
>2000 137 95 

70/30 
111 16 5 

Table A- 21 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were: 300 seconds accumulation 
and automatic sampling time, 3-200 nm diameter range and 24 bins. 

DOPC/DOPS 
mole ratio Vesicle size (nm) 

Standard 
deviation (nm) 

Percentage of 
scattered light 

97.5/2.5 
>2000 137 99 

97.5/2.5 
80 6 1 

95/5 
>2000 137 99 

95/5 
179 23 1 

92.5/7.5 >2000 137 100 

90/10 
>2000 137 99 

90/10 
45 6 1 

8/2 
>2000 137 98 

8/2 
72 17 2 

75/25 
1941 158 85 

75/25 351 75 10 75/25 
120 34 5 

7/3 >2000 137 100 
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Table A- 22 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were: 300 seconds 
accumulation and automatic sampling time, 3-200 nm diameter range and 24 bins. 

DOPC/DPPA 
mole ratio Vesicle size (nm) 

Standard 
deviation (nm) 

Percentage of 
scattered light 

97.5/2.5 
1863 214 77 

97.5/2.5 
236 110 23 

95/5 
>2000 137 86 

95/5 
165 30 14 

92.5/7.5 

1924 175 80 

92.5/7.5 331 66 12 92.5/7.5 

133 33 8 

9/1 

1865 212 87 

9/1 192 46 11 9/1 

82 13 2 

85/15 
>2000 137 89 

85/15 
204 37 11 

80/20 
>2000 137 93 

80/20 
139 35 7 

75/25 
1264 220 98 

75/25 
75 8 2 

70/30 
>2000 137 97 

70/30 
68 20 3 
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Table A- 23 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were: 300 seconds accumulation 
and automatic sampling time, 3-200 nm diameter range and 24 bins. 

DOPC/DPPS 
mole ratio Vesicle size (nm) 

Standard 
deviation (nm) 

Percentage of 
scattered light 

97.5/2.5 
>2000 137 97 

97.5/2.5 
242 22 3 

95/5 >2000 137 100 

92.5/7.5 
>2000 137 99 

92.5/7.5 
80 5 1 

90/10 
>2000 137 98 

90/10 
195 15 2 

85/15 
>2000 137 97 

85/15 200 30 2 85/15 
52 10 1 

80/20 
>2000 137 98 

80/20 
173 29 2 

75/25 
>2000 137 98 

75/25 
76 17 2 

70/30 
>2000 137 99 

70/30 
61 14 1 

Table A- 24 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were: 300 seconds accumulation 
and automatic sampling time, 3-200 nm diameter range and 24 bins. 

DOPC/OPA 
mole ratio 

Vesicle size (nm) 
Standard 

deviation (nm) 
Percentage of 
scattered light 

97.5/2.5 
1865 213 22 

97.5/2.5 
268 85 78 

95/5 
1233 511 57 

95/5 
253 129 43 

92.5/7.5 
>2000 137 83 

92.5/7.5 
147 28 17 

90/10 283 36 100 

80/20 
>2000 137 92 

80/20 
110 28 8 

70/30 
>2000 137 92 

70/30 
72 19 8 

60/40 
>2000 137 95 

60/40 
41 13 5 

13-12 



Table A- 25 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were; 300 seconds 
accumulation and automatic sampling time, 3-200 nm diameter range and 24 bins. 

DOPC/OPS 
mole ratio 

Vesicle size (nm) Standard 
deviation (nm) 

Percentage of 
scattered light 

97.5/2.5 
>2000 137 78 

97.5/2.5 
145 21 22 

95/5 
>2000 137 84 

95/5 
170 29 16 

92.5/7.5 
>%M0 137 91 

92.5/7.5 
101 21 9 

90/10 >2000 137 82 90/10 
121 30 8 

85/15 
>2000 137 88 

85/15 
177 36 12 

70/30 >2000 137 100 
60/40 >2000 137 100 

Table A- 26 Vesicles were diluted in buffer and sized measuring the light scattered at 90°. Vesicle 
diameter was estimated by SDP intensity analysis. Analysis conditions were: 300 seconds accumulation 
and automatic sampling time, 3-200 nm diameter range and 24 bins. 

DOPC/OA mole 
ratio 

Vesicle size (nm) Standard 
deviation (nm) 

Percentage of 
scattered light 

90/10 
>2000 137 87 

90/10 
170 30 13 

80/20 
>2000 137 84 

80/20 
250 17 16 

70/30 
>2000 137 89 

70/30 
188 41 11 

60/40 
1770 259 66 

60/40 
255 61 34 

50/50 
1944 154 80 

50/50 
205 39 20 

40/60 
>2000 137 94 

40/60 
144 33 6 
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14 GLOSSARY-

Amphipathic Of protein molecules with one surface containing hydrophilic and 

the other hydrophobic amino acid residues. 

Apoptosis Pathway that results in ceU death in multi-ceUular organism. It occurs 

as a defined series of events, regulated by a conserved machinery. Apoptosis is 

essential in development for the removal of unwanted cells. In apoptosis, the 

chromatin in the cell nucleus condensed and becomes fragmented. The cells detach 

from neighbours, shrink and then fragment into apoptotic bodies. Neighbouring 

cells recognise apoptotic bodies and remove them by phagocytosis. 

Axon The long process which grows out from the cell bodies of some neurones 

towards a specific target with which it connects and carriers impulses away from the 

cell body. 

Brain Enlargement of the central nervous system of most bilaterally symmetrical 

animals with an antero-posterior axis. Three dilations of the neural tube give rise to 

forebrain, midbrain and hindbrain. The forebrain comprises the diencephalons 

anteriorly and the telencephalon posteriorly. Primitively, this is olfactory but in 

higher vertebrates the telencephalon roof is expanded to form the paired cerebral 

hemispheres and dominates the rest of the brain in its sensory and motor function. 

The telencephalon retains its association with smell, forming a pair of olfactory 

lobes. The midbrain is primitively an optic centre, the pair of optic nerves entering 

after decussation (crossing of the nerve tracts from one side of the brain to the 

other) at the optic chiasma. Although terminations of these fibres enter the visual 

cortex of the cerebrum in higher vertebrates, the midbrain still retains integrative 

functions and is the origin of some cranial nerves. The hindbrain generally has its 

anterior roof enlarged to form a pair of cerebellar hemispheres associated with 

M. Thain, and Hickman, M., The penguin dictionary of biology, Tenth edition ed. London: Penguin 
Books Ltd, 2000. 



proprioceptive coordination of muscle activity in posture and locomotion. Its floor 

is thickened to form the pons anteriorly and the meduUa oblongata posteriorly. The 

central canal of the spinal cord expands to form the brain ventricles, and the whole 

is surrounded by meninges. 

Endocytosis Collective term for phagocytosis and pinocytosis. An essential 

process in much eukaryotic cell locomotion. 

Eukaryotes Organism in whose cell or cells chromosomal genetic material is (or 

was) contained within one or more nuclei and so separated from the cytoplasm by 

two nuclear membranes. Some eukaryote cells (e.g. mammalian erythrocytes) lose 

their nuclei during development. 

Exocytosis Process whereby a vesicle (e.g. secretory vesicle), often budded 

from the endoplasmic reticulum or golgi apparatus, fuses with the plasma 

membrane of the cell, with release of vesicle contents to exterior. Common process 

in secretion. When restricted to anterior region of cell it is an important stage in 

much eukaryotic cell locomotion. 

Forebrain see Brain 

Haemostasis Several homeostatic mechanisms maintaining blood in a fluid 

state, and within blood vessel. 

Hindbrain see Brain 

Homeostasis Term given to those processes, commonly involving negative 

feed-back, by which both positive and negative control are exerted over the values 

of a variable or set of variables, and without which control the system would fail to 

function 

Hyperplasia Increase in amount of tissue resulting from cell division (each 

remaining the same size). The opposite is hypoplasia. 

Hypoplasia see Hyperplasia 

Midbrain see Brain 
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Myelin sheath Many layers of membrane of Schwann cell or of oligodendrocyte 

wrapped in a tight spiral round a nerve axon forming a sheath preventing leakage of 

current across the surrounded axon membrane. 

Phagocytosis One form of endocj^tosis in which large particles/cell debris are 

taken up into large endocytic vesicles (phagosomes). 

Pinocytosis The bulk-phase component of endocytosis, involving ingestion of 

surrounding extracellular fluid by part of the eukaryotic plasma membrane by 

invagination to form an endocytic vesicle. 

Prokaryotes They are typically unicellular or filamentous. Their DNA is not 

housed within a nuclear envelope and no prokaryotic cell is descendent from such 

nucleated cells. Mitochondria and chloroplasts are absent, but they possess 

structures that functions similarly (mesosome, chromatophore). 

Systemic Generally distributed throughout an organism. 

Vasoactive Having an effect upon rate of blood flow or tissue fluid production; 

e.g. affecting dilation or permeability of blood vessels. 

Promoters About 100 base pairs long, it lies a short distant upstream of the 

coding part of the gene of which it forms a part and it is the region to which an 

RNA polymerase molecule binds to initiate transcription. Promoters of genes which 

transcribe large amounts of product are similar to one another (share similar 

consensus sequence) and have a TATA box about 30 base pairs upstream from 

where the transcription begins. 

TATA box Short nucleotide consensus sequence in eukaryote promoter 

sequences bound by RNA polymerase II and III. It is an AT-rich region, commonly 

including the interrupted sequence TATAT.. .AAT.. .A. 

Consensus sequence Conserved nucleotide sequences found in all examples of 

a regulatory region in DNA, such as promoter regions. 
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"...ed ho posto il mio cuore a ricercare ed 
investigare con saggezza tutto cio che viene fatto 
sotto il sole: e questa una occupazione molesta, che 
Dio ha dato ai figli dell'uomo perche in essa si 
affatichino." 

(Sacra Bibbia, Ec 1,13) 

("...and I devoted my heart to pursue and investigate 
wisely everything which is done under the sun: this is 
an annoying occupation, which God gave to the sons 
of the man so that they could get tired.") 

Bible, Ec 1,13) 


