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Abstract
Glycero-phospholipids are amphipathic molecules constituted by a polar head and hy-

drophobic chains. These molecules are involved in several pathways (such as signal trans-
duction) and are also fundamental in the structural containment of cells and their organelles.
In fact, lipid membranes are mainly made up of phospholipids and contain other critical
elements such as triglycerides, sterols, proteins, etc. For the membrane to be structurally and
chemically functional, its fluidity must be retained when changes occur in its surroundings.
Therefore, several remodelling and degradation pathways for the phospholipid are constantly
active. Within those pathways, phospholipases (PLs) play a key role; whether they are acti-
vated or expressed in response to stimuli from the external environment or directly from the
lipid membrane (such as fluidity or elasticity).

As described in this thesis, phospholipase group A (PLAs) is taken into consideration
and analysed in its complex kinetics and interaction with model lipid membranes. PLAs are
lipolytic enzymes that hydrolyse phospholipid substrates at specific ester bonds. They are
widespread in nature and play very diverse roles, from signal transduction and lipid mediator
production to membrane phospholipid homeostasis. Phospholipases are very diverse in
their structure, function, regulation and mode of action. Therefore, a deeper understanding
of their dynamics and kinetics is crucial. The present study involves employing neutron
reflectivity, mass spectrometry and other physico-chemical techniques as to better understand
the principles underlying the phospholipases substrate specificity. PLA reactions occur
in multiple steps, some involving the specificity of the PLA under examination. More
specifically, efflux propensity and active site accommodation are the two restricting reaction
steps and within these two steps the preferred substrate is selected to be cleaved. The efflux
propensity is the ability of a phospholipid molecule to move out of its membrane. This
property is related directly to the physical properties of the phospholipid molecule and the
membrane, such as hydrophobic interactions, which play a key role in this process. The
second crucial step is the active site accommodation: describing how well a phospholipid
molecule adapts in the PLA active pocket site. This thesis evaluated the effects of acyl
chain length and unsaturation of phospholipids on the hydrolysis activity of PLA1-1 (sourced
from Aspergillus oryzae). This was done in order to assess how the preferred phospholipid
was selected, to better understand which step is important in the process. The PLA1-1 was
expressed in E. coli and purified to its purest form. Structural changes of the model lipid
membrane were also analysed, including how these changes affect the activity and the kinetics
course mediated by the PLA1-1.

The results obtained show a clear preference of PLA1-1 for high efflux propensity phos-
pholipid molecules, where shorter acyl chains containing a higher number of double bonds
in phospholipids appear to be the ones cleaved at high rates. Additionally, an inhibition me-
diated by the free fatty acids released from the hydrolysis reaction seems to occur. Structural
changes on the membrane upon hydrolysis reaction are found to be critical for the reaction
rate in some cases. Products of the hydrolysis of phospholipids form a diluted layer on the
top of the model membrane under examination, showing a plateauing the degradation profile.
This layer appears only when the reaction rate is below a certain level. A lyso-PLA activity
was found for PLA1-1, where after a certain reaction period the second acyl chain is also
degraded.
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Résumé
Les glycéro-phospholipides sont des molécules amphipathiques constituées d’une tête po-

laire et de chaînes hydrophobes. Ces molécules sont impliquées dans plusieurs types de
réactions (telles que la transduction du signal) et sont également fondamentales dans le con-
finement structurel des cellules et de leurs organites. En effet, les membranes lipidiques sont
principalement constituées de phospholipides et contiennent d’autres éléments critiques tels
que les triglycérides, les stérols, les protéines, etc. Pour que la membrane soit structurelle-
ment et chimiquement fonctionnelle, sa fluidité doit être conservée lors des changements
environnementaux. Par conséquent, plusieurs voies de remodelage et de dégradation du
phospholipide sont en constante activités. Au sein de ces voies, les phospholipases (PL)
jouent un rôle clé ; qu’ils soient activés ou exprimés en réponse à des stimuli provenant du
milieu extérieur ou directement de la membrane lipidique (comme la fluidité ou l’élasticité).

Comme décrit dans cette thèse, la phospholipase groupe A (PLA) est prise en con-
sidération et analysée dans sa cinétique complexe et son interaction avec les membranes
lipidiques modèles. Les PLA sont des enzymes lipolytiques qui hydrolysent les substrats
phospholipidiques au niveau de liaisons ester spécifiques. Ils sont répandus dans la nature et
jouent divers rôles, de la transduction du signal et de la production de médiateurs lipidiques
à l’homéostasie des phospholipides membranaires. Les phospholipases sont très diverses
dans leur structure, leur fonction, leur régulation et leur mode d’action. Par conséquent,
une compréhension plus approfondie de leur dynamique et de leur cinétique est cruciale.
La présente étude utilise la réflectivité neutronique, la spectrométrie de masse et d’autres
techniques physico-chimiques afin de mieux comprendre les principes sous-jacents à la spé-
cificité du substrat des phospholipases. Les réactions PLA se produisent en plusieurs étapes,
certaines impliquant la spécificité du PLA examiné. Spécifiquement, la propension à l’efflux
et l’accommodation du site actif sont les deux étapes de réaction restrictives. Dans ces deux
étapes, le substrat désiré est sélectionné pour être clivé. La propension à l’efflux est la capacité
d’une molécule de phospholipide à sortir de sa membrane. Cette propriété est directement
liée aux propriétés physiques de la molécule phospholipide et de sa membrane, telles que
les interactions hydrophobes, qui jouent un rôle clé dans ce processus. La deuxième étape
cruciale est l’adaptation du site actif : décrivant la mesure dans laquelle une molécule de
phospholipide s’adapte au site actif PLA. Cette thèse a évalué les effets de la longueur de
la chaîne acyle et de l’insaturation des phospholipides sur l’activité d’hydrolyse du PLA1-1
(provenant d’Aspergillus oryzae). Cela a été fait afin d’évaluer comment le phospholipide
préféré a été sélectionné, de mieux comprendre quelle étape est importante dans le processus.
La PLA1-1 a été exprimée dans l’E. coli et purifiée au maximum. Les changements structurels
de la membrane lipidique modèle ont également été analysés, y compris la façon dont ces
changements affectent l’activité et l’évolution cinétique médiée par la PLA1-1.

Les résultats obtenus montrent une nette préférence du PLA1-1 pour les molécules phos-
pholipidiques à forte propension à l’efflux, où les chaînes acyle plus courtes contenant un
nombre plus élevé de doubles liaisons dans les phospholipides semblent être celles qui sont
clivées à des taux élevés. De plus, une inhibition médiée par les acides gras libres libérés de la
réaction d’hydrolyse semble se produire. Les changements structurels sur la membrane lors
de la réaction d’hydrolyse se révèlent critiques pour la vitesse de réaction dans certains cas.
Les produits de l’hydrolyse des phospholipides forment une couche diluée sur le dessus de
la membrane modèle à l’examen, montrant un plafonnement du profil de dégradation. Cette
couche n’apparaît que lorsque la vitesse de réaction est inférieure à un certain niveau. Une
activité lyso-PLA a été trouvée pour PLA1-1, où après une certaine période de réaction, la
deuxième chaîne acyle est également dégradée.
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Chapter 1

Introduction

1.1 Introduction to phospholipids and phospholipases

1.1.1 Phospholipids: importance, synthesis and biophysical properties

Glycerophospholipid (GPL) existence and its diversity

Cellular membranes are highly complex structures consisting of hundreds of different lipid
molecules as well as numerous different proteins. Lipids provide the most efficient form to
store energy and they act as messengers in diverse metabolic pathways [1, 2, 3, 4]. They play
critical functions in both cellular physiology and pathology. Also from in vivo functional anal-
ysis, there is a growing appreciation of the roles of lipids in signal transduction, transcription
regulation and protein post-translational modification. Since these molecules are amphipathic
in nature, they have the ability to form biological membranes that separate the internal con-
stituents of cells from the external environment and surround diverse organelles. The lipids
of natural membranes are structurally diverse and are divided into eight main groups based on
their core structures, i.e. fatty acids, glycerolipids (GLs), glycerophospholipids (GPLs), sph-
ingolipids (SLs), sterol lipids, prenol lipids, saccharolipids, and polyketides. Of these, GPLs
are the most abundant ones in virtually all natural membranes and constitute > 10 different
GPL classes, which are mainly defined by the structure of the head group. The major GPL
classes are phosphatidylcholines (PC), phosphatidylethanolamines (PE), phosphatidylinosi-
tols (PI) phosphatidylserines (PS) phosphatidylglycerols (PG), phosphatidylamines (PA) and
cardiolipins (CL). Each GPL class in turn consists of several structurally different molecular
species that contain the same headgroup but differ from one another with respect to the acyl
chain composition [5, 6]. The hydrocarbon chains at the sn1 and sn2 positions are usually
esterified to the glycerol moiety. The number of carbons in the alkyl chain typically varies
between 12 and 24 while the number of double bonds ranges between 0 to 6. The alkyl chain
in the sn1 position is typically saturated or monounsaturated, while that in the sn2 position is
often polyunsaturated. Thus, all these various alkyl chain combinations within each class of
GPL can lead to the existence of numerous molecular species within a cellular membrane [7].
The meaning of such diversity is not fully understood, but presumably relates to the multiple
functions of GPLs.



2 Chapter 1. Introduction

Processes maintaining GPL metabolism in cellular systems

As mentioned earlier, cellular systems consist of tens of thousands of lipid molecular species
that have been categorised into several classes and these are known to be synthesised by a
wide range of enzymes. Enzymes are proteins considered as molecular machines, critical for
the normal life of living organisms. Enzymes are biological catalysts, helping to speed up
a specific chemical or biochemical reaction in organisms. Enzymes are in fact involved in
many metabolic pathways, such as the GPL homeostasis. GPL homeostasis is very crucial for
cellular survival as indicated by the fact that GPL-class compositions in the membranes are
maintained within very narrow limits, implying that deviation from the optimum composition
is deleterious [8, 9]. In fact, a few genetic diseases presenting an altered phospholipid
composition are known as well as in vivo model systems, in which knocking out key enzymes
responsible for GPL biosynthesis were found to be embryonically-lethal [10, 11]. In particular,
not much is known about the coordination of the key GPL metabolic processes, that is
biosynthesis, remodeling, i.e. exchange of fatty acid residues, degradation and inter-organelle
transport. Such coordination is crucial for preventing a futile competition between synthesis
and degradation. In order to get a broad overview, each of these processes will now be
discussed in detail.

GPL biosynthetic pathways

Of the three hydroxyls of the glycerol in a lipid molecule, the sn1 and sn2 are esterified
with fatty acids that lead to the formation of diacylglycerol (DAG), and this is followed by
the formation of phosphatidic acid (PA) through the addition of a phosphate to the third
hydroxyl of glycerol (sn3), a reaction that is catalysed by the enzyme diacylglycerol kinase
(DAGK) [12]. PA has also been shown to be synthesised de novo from glycerol-3-phosphate
(G-3-P) through the sequential acylation of the sn1 and sn2 hydroxyl groups of the glycerol
via the action of enzymes like Acyl-CoA: glycerol-3-phosphate acyl transferase (GPAT) and
lysophosphatidic acid acyl transferase (LPAAT) respectively [13, 14]. An alternative mode of
synthesis, through the acylation of dihydroxyacetone-P followed by the subsequent reduction
of acyl-dihydroxyacetone-P to lyso-PA also contributes to the PA pool [15, 16]. PA can be
considered as the simplest GPL molecule that serves as the precursor for the generation of
all the other diverse GPL classes of molecules through two pathways. In one of them, PA
is converted to CDP-diacylglycerol (CDP-DG) by the action of CDP-diacylglycerol synthase
(CDS), thus causing the formation of PI, PG and CL as the key GPL classes [17]. Through the
other pathway, PA-dephosphorylation by the enzyme phosphatidate phosphatase (PAP) leads
to the formation of DAG that serves as an intermediate precursor for PC and PE synthesis
via the CDP-choline or the CDP-ethanolamine pathway, respectively [18, 19, 20]. It is worth
mentioning that an alternate biosynthetic route for PE exists, where it can be derived from
PS as the substrate that is medicated by decarboxylation [21, 22]. Finally, PS is produced
through a calcium-dependent base-exchange reaction catalysed by the enzyme system PSS1
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or PSS2, a process that requires replacement of the existing head group of PC or PE by serine
[23, 24, 25].

Regulation of PC biosynthesis

PC is present in mammalian cells at ≈45–55% of all GPLs and is the most abundant class.
It has been shown to be synthesised via two pathways: the CDP-choline pathway (Kennedy
pathway) in all the tissues or the PEMT (phosphatidylethanolamine N-methyl transferase)
pathway in the liver [26, 27, 28].

(1) Kennedy pathway - The CDP-choline pathway consists of three steps. First, choline is
phosphorylated to phosphocholine in an ATP -dependent manner by choline kinase (CK-α or
CK-β) [29, 30]. Studies have shown that under certain conditions, this might be a rate-limiting
step in PC synthesis [31, 32, 33]. Next, the enzyme CTP: phosphocholine cytidylyl-transferase
(CT) facilitates the condensation of phosphocholine and CTP thus leading to the production
of CDP-choline [34, 35] . There exist two mammalian isoforms of CT (CT-α/CT-β), encoded
by Pcyt1a or Pcyt1b respectively [36, 37] . CT-α is a soluble protein present both in the
cytoplasm as well as in the nucleus; with the latter containing a nuclear localisation sequence
(NLS) [38, 39, 40, 41] while the CT-β variant lacking the NLS [42, 41, 43] . Global
deletion of CT-α in mice have shown to result in embryonic lethality [11], while its specific
inactivation especially in various organs [44, 45, 46, 47] did not seem to be lethal. In contrast,
CT-β knockout mice grew normally, but displayed gonadal deformation thus resulting in
sterility [48, 37] and its disruption caused axonal branching impairment [49]. Finally, CDP-
choline: 1, 2-diacylglycerol choline phosphotransferase (CPT) catalyses the formation of PC
by adding the CDP-choline to a diacylglycerol moiety [50] . In humans, two genes coding
for enzymes with CPT activity have been identified i.e. CPT1 and CEPT1. CPT1 encodes
for a CDP choline specific enzyme while CEPT has been shown to have specificity for both
CDP-choline as well as CDP-ethanolamine [51, 52].

(2) PEMT pathway - The PEMT pathway primarily exists in hepatocytes [53]. The
enzyme that regulates this pathway is PEMT, an intrinsic membrane protein that catalyses
three sequential methylation reactions thus allowing for the conversion of PE into PC [27].
The methyl donor within these reactions is S-adenosylmethionine (SAM). Studies have shown
that this liver-restricted pathway contributes to ≈30% of the PC synthesised within the liver,
under circumstances when there is a limited supply of choline [54, 27]. Studies have suggested
that this could be a vital pathway in the process of lipoprotein synthesis since it provides the
PC substrate for VLDL formation [55, 56, 57]. PEMT-KO mice survived and grew normally
upon knocking out PEMT, however upon being fed a choline-deficient diet, the liver failed
causing their death within a span of three days [58].
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Phospholipid synthesis

PE biosynthesis - Two alternative pathways exist through which PE could be synthetised in
mammalian cells. Of these, the CDP-ethanolamine pathway, one that is analogous to the CDP-
choline pathway, consists of three enzymatic steps. Initially, ethanolamine is phosphorylated
by ethanolamine kinase (EK1/EK2) in an ATP-dependent fashion, thus allowing for the
production of phosphoethanolamine [29, 59, 44]. Next, phosphoethanolamine combines
with cytidine triphosphate (CTP) to form CDP-phosphoethanolamine (CDP-EA) catalysed
by cytosolic protein CTP: phosphoethanolamine cytidylyl transferase (ET) [60], which is
considered to be a rate-limiting step. Studies have shown that the gene coding ET (pcyt2)
results in embryonic lethality in mice [61] . Another study has demonstrated that mice
heterozygous for pcyt2 lead to an accumulation of fat both in the liver and in the adipose tissue
triggered by an increase in lipogenesis along with a reduction in the utilisation of fat as a source
of energy [61] . In addition, a study by the Jackowski group, showed that ET KO in mice liver
resulted in normal growth, although defects in hepatic lipid metabolism were observed [62]
. In the final step, CDP-EA reacts with DAG catalysed by CDP-ethanolamine diacylglycerol
ethanolamine phosphotransferase (CEPT1) to yield PE [51, 52]. An alternative pathway
occurs in the inner mitochondria membrane (IMM) that produces PE upon carboxylation of
PS catalysed by phosphatidylserine decarboxylase (PSD). Such a route of synthesis has been
recognised as crucial for the production of PE species containing a polyunsaturated acyl chain
at the sn2 position [63, 64]. For the reaction to take place, PS has to be first transported from
its site of synthesis to the IMM and this process is known to be the rate-limiting step [65,
66] . Studies have shown that deletion of the gene coding for PSD (pisd) was embryonically
lethal while PSD-deficient cells showed fragmented and aberrantly shaped mitochondria thus
causing impairment in the mitochondria [10].

PS biosynthesis - PS synthesis takes place in the ER by a base-exchange reaction upon
headgroup exchange from PC or PE that is catalysed by the phosphatidylserine synthases,
PSS1 and PSS2 [64]. PSS1 has the ability to replace the PC headgroup with serine and in
a similar fashion, PSS2 catalyses an analogous reaction with PE as the substrate. Both the
enzymes are localised within the ER domains in close association with the mitochondrial
membrane (MAM) [67]. Previous studies have shown that over-expression of PSS2 caused
PS inhibition while PSS1 over-expression did not have any effect [68]. Disruption of genes
encoding PSS1 and PSS2 in mice were shown to cause death in-utero, in contrast mice lacking
either one of them did not have any obvious defects [68, 69].

PI biosynthesis - PI synthesis occurs in two steps, primarily by converting PA and CTP
into an intermediate molecule, CDP-diacylglycerol (CDP-DAG) through the action of CDP-
diacylglycerol synthase (CDS1 or CDS2) [70, 71] . Next, CDP-DAG is condensed with
myo-inositol, a reaction catalysed by an ER-associated enzyme, PI synthase (PIS) [72]. Imai
and Gershengorn had previously shown that ER and PM isolated from rat pituitary cells
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when incubated with exogenous PI caused endogenous PI synthesis by up to 91% and a
similar kind of PI synthesis was inhibited in intact cells as well in an increasing order [73].
Other studies indicated that when in COS-7 cells, CDS1 and PIS were over-expressed, their
activities increased by 25- and 8- fold respectively, although no significant enhancement in PI
synthesis was observed thus not leading to any change in the cellular content of both PI and
CDP-diacylglycerol [59]. In terms of the acyl chain composition, PI is quite unique compared
to the other GPL classes, with 80% of the pool containing stearic acid at the sn1 position and
arachidonic acid at the sn2 position. Usually remodeling of these acyl chains in PI happens
after its synthesis. Another unique feature of PI, is that its inositol headgroup contains
three hydroxyls at the 3rd, 4th and 5th positions, those that can undergo phosphorylation
individually or in combination thus generating seven different phosphorylated derivatives
[PI4P, PI3P, PI5P, (PI (4,5) P2), PI (3,5) P2, PI (3,4) P2 (PI (3,4,5) P3)].

PG and CL biosynthesis - PG and CL are synthetised through the same pathway with CL
requiring PG as its intermediate molecule. The enzymes required for the synthesis of PG
and CL are peripheral membrane proteins localised on the mitochondrial matrix. The first
committed step during PG synthesis, is catalysed by PGP synthase (PGPS) through combining
G-3-P and CDP-DAG thereby resulting in the synthesis of phosphatidylglycerol phosphate
(PGP). PGP next undergoes dephosphorylation through the action of PGP phosphatase (PGPS)
leading to the generation of PG [42, 40]. Studies by Ohtsuka et al showed that impairment
in the activity of PGPS in CHO cells caused a decrease in the PG content by 90% thus
affecting the overall morphology of the mitochondria including its function [74, 75]. An
over-expression of PGPS in CHO cells led to an increase in the PG content by a fold change
of 2.5, this indicating that it can be a rate-limiting enzyme [76] . Condensation of the fully
synthetised PG molecule with that of CDP-DAG catalysed through the action of cardiolipin
synthase (CLS) lead to the formation of CL. CL is the signature lipid of mitochondria and
is synthesised exclusively in that cellular compartment. Following its biosynthesis, the acyl
chains are remodeled in such a manner that it mainly contains linolenic acid amongst other
species that are harbored in limited amounts.

Acyl chain remodeling of GPLs

The acyl chains of the various newly synthesised GPL molecules are remodeled mainly
through two kinds of de novo pathways. Once synthetised, molecular species typically
contain a saturated fatty acid at the sn1 position and a mono- or a di-enoic fatty acid at the
sn2 position [77], once they entering a remodeling pathway, either one of the acyl chains
or both of them will undergo an exchange reaction for structurally different acyl chains.
Typically, a remodeling reaction is catalysed through a number of enzymatic steps those that
are mediated by PLAs, lysophospholipid acyl transferases (LPLATs) and transacylases [78,
79, 80]. As mentioned earlier, remodeling takes place through either a combination of PLAs
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and acyl transferases while on the other hand it can be also be catalysed through the action of
transacylases.

Remodeling through the action of PLAs and acyl transferases - This modeling route
encompasses fatty acid incorporation into GPL molecules and is mainly dependent on the
availability of a lyso-GPL acceptor pool that is maintained by the continuing action of several
PLAs, although many of the key enzymes have not been yet identified. A number of studies
in the past decade have implicated a major homeostatic enzyme; iPLAβ and in addition also
a Ca2+ - independent PLA2-gamma (iPLA2γ) in GPL remodeling [81, 82, 83, 84, 85]. A
recent study has also indicated that another key player in this process could be cPLA2γ [86,
87, 88]. Extensive studies have shown that de novo synthesis constitutes incorporation of
fatty acids to the glycerol backbone of GPL molecules at both the positions catalysed by
the acyl-CoA: glycerol-3-phosphate (GP) acyl transferase and the acyl-CoA:1-acyl-GP acyl
transferase systems [89, 79, 90]. It has been observed that both these enzymatic systems
have shown strict fatty acid specificity [91, 92, 93, 94]. Several acyl transferases (LPCATs)
contribute to the process of PUFA incorporation at the sn2 position of various acceptor
lyso-GPL molecules. A number of LPCATs exist each one with a certain specificity: for
example; the LPCAT1 isoform catalyses the incorporation of saturated fatty acids (16:0) into
a lyso-PC thus allowing for the formation of a disaturated PC [95, 96]. On the other hand,
other isoforms such as LPCAT2 and LPCAT4 have been shown to incorporate fatty acids such
as arachidonic acid and linoleic acid respectively [97, 98]. Acyl transferases such as LPCAT3
shows broader substrate specificity towards fatty acids such as 18:2 and 20:4 [97, 99, 100,
101]. During the past year another addition has been made into the LPLAT family although
these members do not contain the LPAAT motif. Key enzymes belonging to this category
have been shown to be mLPCAT3, mLPCAT4 and mLPEAT1 all of which have the ability
to remodel lyso-phospholipids into full blown GPLs through the acylation of 18:1, 18:2 and
20:4 into the vacant position [102].

Remodeling of the acyl chains through the transacylases systems - Such a process
is catalysed by either the CoA-dependent or the CoA-independent transacylation reactions.
Within these reactions a GPL molecule serves as a donor of an acyl chain while another lyso-
GPL acts an acceptor [103, 104]. During the course of such a CoA-dependent transacylation
process, specific fatty acyl chains that include 18:0, 18:2 and 20:4 harbored in GPLs, once
cleaved are transferred to an lyso-acceptor in the presence of CoA [104]. In contrast, a
CoA-independent transacylation reaction causes the transfer of polyunsaturated fatty acids
belonging to the C20 and C22 class from a donor GPL to an ether bond containing lyso-GPL
thus triggering the formation of alkyl and alkenyl GPLs. Such a reaction takes place in the
absence of any cofactors such as CoA [105, 106, 107].

The GPL degradation pathway - Several pieces of evidence point out to the fact that PLAs
are the key players in regulating the GPL degradation pathway. Several enzymes, that include
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PLA1, PLA2, PLB, PLC and PLD, have been shown to actively hydrolyse GPL substrate
molecules [108, 109, 110]. Classification of these enzymes have been mainly based on their
site of attack on the GPL, for example: PLA1 cleaves the 1-acyl ester while the 2-acyl ester is
removed by a PLA2 [111]. A PLB has the ability to simultaneously cleave both the acyl chains
[112]. A PLC has the ability to cleave the glycerophosphate bond and a PLD is selective for
the base group [113], therefore both these variants are known as phosphodiesterases. Finally,
there is a family of enzymes known as lyso-PLAs, that have the ability to remove an existing
mono-acyl chain from a lyso-GPL molecule [114, 115].

Molecular structure and biophysics of phospholipid molecules

Phospholipid molecules are fundamental for the described pathways, and they have the ability
to form several structures, such as lamellar ones like in the lipid bilayer. This latter has a critical
importance in nature, since it is the scaffold of the "cell wall", enclosing the cytoplasm and
organelles, and at the same time it mediates the exchanges of information and molecules (for
instance nutrients) with the external environment. Phospholipids are amphiphilic molecule,
constituted of a polar moiety also called polar head, and hydrophobic chains as shown in
figure 1.1. Polar head regions have the tendency to interact with polar molecules such as

 

O

O

O

O

H

O

P

O

OH

O

 

O

O

O

O

H

O

P

O

O

O

N

 

O

O

O

O

H

O

P

O

O

O

NH2

 

O

O

O

O

H

O

P

O

O

O
HO H

OH

 

O

O

O

O

H

O

P

O

O

O HO OH
OH

OH

HO

 

O

O

O

O

H

O

P

O

O

O

HO

O

NH2H

PA PC PE PG PI PS

P
o
la

r H
e
a
d

H
y
d

ro
p

h
o
b

ic
 C

h
a
in

s

Figure 1.1: Various classes of phospholipid molecules. The acyl chain
displayed are 16:0 and 18:1 for the sn1 and sn2 respectively.

water molecules, whereas acyl chains interact with apolar molecules, where "like dissolves
like". These physical properties lead to the rearrangement of phospholipid molecules when are
placed in an aqueous environment. In fact, lipids, depending on their structural properties, can
aggregate adopting different conformations, from simple to very complex organisations [116].
Generally, taking into consideration a lipid molecule, if its acyl chain is long enough, above a
certain concentration in an aqueous solution, it starts forming structures. This concentration
depends on the solubility of the lipid taken into consideration in water, and is known as
"critical micellar concentration", CMC. When the lipid concentration keeps increasing in an
aqueous solution, above the CMC the number of free lipid molecules in the solution start to
plateau (at a maximum concentration represented by the CMC), because of the formation of
micelles (which concentration starts to increase at the CMC). This is an equilibrium process,
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with some molecules leaving and others forming the micellar structure. As mentioned earlier,
similar molecules have the tendency to interact among themselves. Additionally, since lipids
are amphiphilic molecules, they can interact with both polar and apolar molecules. For
instance, in an emulsion, lipids move preferentially to the interface, where their polar moiety
interacts with water whereas the apolar moiety with the hydrophobic molecules, leading to
the stabilisation of the emulsion. Lipids can interact also between them, and as mentioned
before, they can rearrange themselves into different complex structures. Interactions between
polar heads and water molecules is driven by different forces, such as electrostatic repulsion
and attraction, dipole dipole interactions, etc. Acyl chains on the other hand, are subjected
to hydrophobic interactions, driven by van der Waals forces. Specifically, the driving force
of the process is related to the entropy of the system, where higher entropy is generated
when acyl chains are in interaction between them compared to their interaction with water
molecules. In fact, when a hydrophobe (general hydrophobic molecule) is placed in water,
hydrogen bonds that exist between water molecules are partially broken, in order to generate
space for the hydrophobe added [117]. This is per-se an endoergonic reaction, since energy is
required to break the bonds. Those water molecules whose hydrogen bonds were disrupted by
the hydrophobe create new hydrogen bonds, forming an ice-like cage around the hydrophobe
(clathrate). This is caused by the inability of the hydrophobe to form hydrogen bonds. This
configuration makes the system highly ordered, with a decrease of the total entropy, which is
unfavorable. Therefore, there is the tendency of hydrophobes to interact between each other,
in order to reduce as much as possible the contact with water. Consequently, acyl chains in
phospholipid molecules interact with each other, driving the formation of structures, where
polar head regions segregate the hydrophobic part from water.

The form and the dimensions of the structures formed by lipids, are directly connected
with their structural properties. Lipid polymorphism in biophysics is defined as the ability of
lipids to aggregate in different ways, leading to different structures known as "lipid phases".
The basic structures forming the phases can be divided mainly in 3 groups: (1) spheres or
micelles, (2) cylinders and finally (3) bilayers. The preference of a certain lipid to form one
of these structures depends on its own molecular structure. For instance, lipids with a large
polar head region and one acyl chain, are characterised by a conical shape, where they have
the tendency to form spherical or micellar structures in aqueous solution. Differently, the
majority of phospholipid molecules have a cylindrical shape, especially PC which is the most
abundant class within mammalian plasma membranes. This shape confers the preference to
form a lamellar structure, such as the lipid bilayer.

An interesting way to evaluate the propensity of a molecule to form one of the 3 structures
mentioned earlier, is through the calculation of η. Considering the value N as the number of
molecules constituting the structure, L the length of the lipid, S the surface of the structure
and v the volume of the lipid, the following relations can be obtained:

V = v ·N (1.1)
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Alipid =
S

N
(1.2)

Next, the parameter η can be calculated as shown in equation 1.3.

η =
v

a · L
(1.3)

The parameter η reflects the propensity of the lipid under consideration to form a specific
structure, as displayed in the sketch in figure 1.2. From those basic structures, different lipid

η <1/3 1/3 - 1/2 1 >1

Figure 1.2: Sketch representing different shape that a lipid can assume, and
their preferential structure when they are added into an aqueous solution.

phases can be distinguished, such as: (1) micelles, (2) lamellar structures (single bilayer,
stacked bilayers, vesicles), (3) hexagonal phases (stack of cylinders) and finally, the most
complex and variegate phase class is the (4) cubic phase.

The majority of the phospholipid molecules have usually an η equal ≈1, leading to their
preferential formation of lamellar structures, such as bilayers. In fact, they are fundamental
for the formation and maintenance of the correct structure of the plasma membrane. Micellar
structures can be formed for instance by the fatty acids and lysophospholipids, due to their
conical shape. Unsaturated PE, CL and PA, can form the hexagonal phases, since (especially
CL) they have an inverse conical shape, leading to an inverse micellar structure (η >1), and
eventually to the hexagonal phase. These characteristics were discussed in detail by [118].

Lipid membranes are constituted by a multitude of lipids, as already discussed. The
different surface charge on the membrane is critical as well as its composition. The existence
of different lipid molecules forming a lipid membrane, is explained by the fact that different
lipids provide different structural and chemical properties to the membrane. In fact, it is
known from previous studies [119, 120, 121, 122] that the addition of PC phospholipid
molecules in a system composed by PE molecules transforms the lipid phase from hexagonal
to lamellar, due to the more cylindrical shape of PC [123]. Also cholesterol plays a key
role on the membrane stability. In lipid membranes composed of PC molecules, it causes
higher membrane packing and less permeability [124]. In the case of a model membrane
composed of PE stabilised with saturated acyl chains containing PC molecules, cholesterol
acts as stabiliser of the bilayer [123]. If the PC molecules are unsaturated in the same system,
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the presence of cholesterol has a positively disrupting action (with the formation of hexagonal
phases) where the presence of SM brings back the system to a bilayer structure [123]. In fact,
it seems that SM is a critical lipid for the membrane stability when it contains high amounts
of cholesterol. PA and CL, also have a non-bilayer configuration, especially in response to
the presence of cations such as Ca2+. In fact it was found that CL forms a lamellar phase
in absence of Ca2+. Upon addition of Ca2+, it forms an hexagonal phase, similarly to what
happens to PA lipids [124].

Different lipid ratios into a membrane lead to different structural and physical properties.
For instance, CL is mainly present in the inner mitocondrial membrane, where the negative
curvatures of the mitochondrial cristae are formed [125]. Usually CL in mitochondria has
a higher number of unsaturations, causing its conical shape. Some structures, such as lipid
rafts, are critical for the function and the stability of some membrane proteins and for the flip-
flop process. Some of the non-bilayer structures are fundamental for membrane - membrane
fusion mechanisms, including vesicles exo and endocytosis [118]. The bilayer phase is the
most abundant phase within living cells, but the hexagonal phase is also important, especially
for the fusion of membranes. Inverse micelles can be also formed during the flip-flop process
[118]. In summary, the several lipids that form the cell membranes have different structural
and chemical functions. Particularly, their self assembly (in addition to other components such
as proteins) leads to structures that are critical for fusion, signaling and other fundamentals
cell functions. These functions are directly correlated to the molecular structure as well as
the chemical properties of those lipids, that could explain why the membrane is composed of
such a high variability of lipid molecules.

Functions of the various GPL classes

GPL molecules, apart from serving as structural components of membranes, also do carry
out other specialised functions. Each molecular species within a GPL class has the ability
to regulate various biological processes, have a role to play in signal transduction and can
also help mediate association with certain proteins within the membrane. For example,
lysophosphatidic acid can act as a potent mitogen and several molecular species that harbor
polyunsaturated fatty acids such as arachidonic acid (the precursor of prostaglandins and other
leukotrienes), are said to be involved in cellular signaling processes. Listed below are the
functions of the various classes of GPLs.

Functions of PC and PE - PC and PE classes of GPLs are the most abundant ones in
all biological membranes. PC and PE majorly contribute to the structure of membranes and
also act as substrates for PLAs [126]. Both these classes of GPLs harbor a wide range of
polyunsaturated acyl chains (for example: arachidonyl residues) in their sn2 positions which
can be cleaved upon the action of PLAs [127, 128] which lends to the idea that such lipids
have other roles to play apart from being physical components of the membrane. It has been
observed that within the membranes of some of the cellular organelles such as the ER, the
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balance of PC and PE is crucial, since a reduction in a ratio between these two lipid classes
leads to a loss in the membrane integrity caused by bilayer stress. Also, it has been noticed
that such deviations in the cellular PC/PE ratios can influence energy metabolism within
the various tissues. In addition, the relative abundance of PC/PE can have an effect on the
size and dynamics of lipid droplets. Evidence also shows that PC plays a key role in gene
regulation and the homeostatic control of serum glucose concentration [129, 130]. All these
experiments provide evidence that PCs and PEs are not only involved in directing the physical
properties within mammalian membranes but also has a key role in a number of fundamental
metabolic activities in a living organism.

Function of PS - PS represents 10% of the total GPL content in cells and is negatively
charged. It contributes to the charge of the inner leaflet of the plasma membrane [131, 132].
Such a property allows quite a number of signaling proteins that possess positively charged
motifs to be attached to the plasma membrane. Usually, PS is enriched in the cytosolic
leaflet of the plasma membrane that gets exposed to the outer leaflet which is a critical signal
leading to the removal of damaged or apoptotic cells by macrophages. Translocation of the
PS from the inner to the outer leaflet is catalysed through the action of scramblases. A cell
upon entering the apoptotic cycle, triggers activation of caspases that are proteases. These
caspases inactivate the ATP-dependent flippases that normally keep the PS restricted to the
inner leaflet and simultaneously activate scramblases thereby irreversibly exposing PS to the
outer leaflet. Further, PS has also been found in the inner leaflets of intracellular organelles
of late endosomes where its function has not been completely elucidated [133]. Finally, PS
participates in a wide range of physiological processes that include the coagulation cascade,
cell signaling, endocytosis, plate activation and clearance of apoptotic cells [131].

Function of PI - PIs are distributed universally across the cellular membranes, they make
up only a small percentage (10 -20%) of the total cellular GPL content (depending on the
cell type and tissue) and they are mainly abundant within the inner leaflet of the plasma
membrane [134]. ER is considered to be the site of synthesis of PI and the enzymes
responsible for its production are PI synthase and CDP-DG synthase, both of which are
ER-localised. Once synthetised, PI is transferred from the ER to the various other cellular
organelles including the Golgi complex and the PM through a process that is mediated by
PI-transfer proteins (PITP) [135, 136] or through vesicular trafficking [137]. Another critical
function of PI is that it provides a substrate for causing the synthesis of its phosphorylated
derivates, (PI3Ps) in early endosomes and (PI4Ps) in the Golgi complex, PM, late and early
endosomes. Phosphoinositides result upon the phosphorylation of any of the five hydroxyl
groups one at a time or in a combination leading to the formation of seven variants in total.
PIPs are considered as second messengers and have been shown to play a key role in cellular
signaling thus having a strong physical impact on cellular membranes [138, 139]. Also,
studies have shown that PIPs have the ability to recruit and activate cytosolic proteins to
membranes.
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Functions of PG - Both PG and CL are synthesised in the mitochondria by using CDP-
DAG through a concerted pathway in the IMM. PG, is an anionic GPL present in mammalian
membranes in low amounts and comprises about 1-2% of the total GPL content. Therefore,
PG is not considered to be a major structural GPL molecule. Since, PG has a net negative
charge, therefore it introduces negative charge onto the surface of the membrane and also to
the lipid-protein interface. It’s the second most abundant lipid in lung surfactant (about 5-
17% of the total lipid content) apart from PC (which constitutes 80%) which helps stabilise
type II alveolar structures during the breathing process thereby contributing to the innate
immune response.

Functions of CL - CL (also known as diphosphatidylglycerol) is localised to the inner
mitochondrial membrane (IMM) and is essential for maintaining the mitochondrial membrane
architecture. It constitutes for 20% of the total lipid composition in the IMM. It is crucial
for regulating several cellular processes those that involve production of ATP, signaling and
dynamics and maintaining the morphology of the mitochondria. It is a well-known that
CL has a distinctive shape defined through its four acyl chains. The unique lipid can help
organise highly-curved regions within mitochondrial membrane bilayers which is highly
convoluted thereby causing an increase in the total surface area leading to the formation of its
characteristic cristae. The oxidative phosphorylation process is central for ATP production.
Within this respiratory chain system, there are four major protein complexes to which CL is
bound thereby allowing for their stability within the IMM. Although CL is recognised as a
GPL that has no ability to form bilayer systems but it could be possible that it plays a major role
in stabilizing and accommodating a number of transmembrane proteins within the membrane
bilayers. Another well feature of CL, is that some of its molecular species contain unsaturated
acyl chains (C18:2 n-6) thus making them susceptible to oxidative damage by ROS due to the
presence of the unsaturated acyl chains. ROS susceptibility leads to the formation of oxidised
CL that favors for the release of cytochrome c into the cytosolic region triggering apoptosis.
Mitochondrial damage has been shown to be signaled through externalisation of CL into the
outer mitochondrial membrane (OMM). Another key role that CL plays in It has also been
deduced that CL plays a vital role in the process of regulating mitochondrial fragmentation
and fusion that takes places in response to cellular demand.

GPL homeostasis maintained through coordination of synthesis and degradation pro-
cesses

Maintenance of the process of GPL homeostasis in a mammalian cell is a task rather difficult
to understand given the complexities of the metabolic processes involved, and also given the
involvement of several thousands of molecular species. Indeed, very little is known on the
precise coordination of GPL biosynthesis and degradation in maintaining GPL homeostasis.
It has become quite obvious that selective degradation plays a key role, albeit not much is
known on the enzymes involved in these processes. A coordination between the biosynthetic
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and degradation pathways is known to be essential as to avoid a futile competition between
them. Such coordination is key for maintaining homeostasis as it has been shown from
studies demonstrating that triggering an increase in the synthesis of a GPL molecule leads
to a proportional increase in its degradation. For example, in one of the studies, an over-
expression of the enzyme, cytidylyl-transferase (CT) in HeLa cells caused an increase in the
synthesis of PC by 4-5 fold while no significant increase in the PC content was observed
since the deacylation of the synthetised PC took place at a similar rate [140, 141]. Analogous
results were observed for PS and PE [142, 143]. On the other hand, inhibiting the synthesis
of a GPL class leads to an immediate inhibition of its degradation process which again proves
that these processes are key to maintain GPL homeostasis. This is proven by the fact that upon
mutating the rate-limiting enzyme ethanolamine phosphotransferase (EPT), the synthesis of
PE was inhibited, and therefore a compensation effect in the cell was seen through a reduced
degradation of the PE content thus again helping maintain homeostasis [144]. All such
experimental data point to the fact that GPL synthesis and degradation are coordinated, and
provide us with strong evidence that mammalian cells do harbor specific PLAs that have a key
role to play in GPL homeostasis processes. Albeit, having proved this point, there is not much
knowledge existing on the major players in these processes. There is some data emerging
that it there is a possibility that some of the members of the Ca2+ -independent PLA (iPLA)
subfamily, particularly iPLAβ and iPLAδ could be involved in this process. [145, 146, 147,
148].

1.1.2 Phospholipases: classification and state of art of the reaction mechanism

Classification of phospholipases

PLAs are acyl hydrolases that cleave the various ester bonds in GPLs. They are ubiquitous
in nature, with them playing very diverse roles from aggression in snake venom to signal
transduction, production of lipid mediators and membrane lipid homeostasis. There are a
number of PLAs and each one of them varies from one another in their site of action, their
physiological function and in terms of their regulation. PLAs are in general classified into
various subfamilies mainly based on their site of attack on the GPL molecule. Qualifying
letters (A, B, C and D) are employed to differentiate each of these enzymes from one another
thus helping indicate the target of the specific bond on the GPL molecule. A phospholipase
A1 (PLA1) cleaves the acyl chain at the sn1 position of the glycerol moiety in a GPL molecule,
while a phospholipase A2 (PLA2) removes the sn2 positioned acyl chain. The action of PLA1
and PLA2 results in the accumulation of free fatty acids along with 2-acyl lysophospholipid
(LPL) or 1-acyl LPL, respectively. The resulting LPL pool acts as a substrate reservoir that can
be cleaved by enzymes termed lysophospholipases (lyso-PLA). Some PLAs have the ability to
hydrolyse both the acyl chains simultaneously and these are termed as phospholipase B (PLA-
B). Over the past decade, studies have shown that LPLs generated through PLA-mediated
catalysis, harbor a wide range of biological activities, that are mediated through the G-protein
coupled receptor (GPCR) family of receptors [149].
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Phospholipase A1 - The PLA1 group of enzymes are acyl hydrolases that have the ability
to cleave an acyl chain from the sn1 position of an intact GPL molecule mediating the
formation of a free fatty acid and a sn2 lyso-GPL molecule [150]. Over the past few decades,
several studies have been carried out to help understand the role of various members of
the PLA2 superfamily (specifically the cytoplasmic ones) in specific biological functions
such as signaling cascades and membrane lipid homeostasis. In contrast, the limited studies
carried out on the members of PLA1, tell us that they might not have any key role to play
in membrane remodeling or membrane GPL homeostasis. On the contrary, members of the
PLA1 family have been implicated in the production of bioactive lyso-PL molecules and also
that some of these members play out as virulence factors [151, 152]. Further, PLA1 activities
have been detected both intra- and extracellularly depicting that they are well conserved in
higher eukaryotes. Several PLA1 members of the mammalian extracellular kind have been
observed to exhibit lipase activity thus allowing for the hydrolysis of triacylglycerol thereby
contributing to the absorption of the released free fatty acids into the intestinal tract and
tissues. Of the extracellular PLA1 enzymes identified, a number of them have been found to
be specific towards a certain GPL headgroup. For example; the (PS)-specific PLA1, which
is one of the first extra-cellular PLA1 to have been characterised, preferentially cleaves PS
thus serving to produce the lysophospholipid mediator: lysophosphatidylserine (Lyso-PS).
Similarly, the membrane associated phosphatidic acid selective-PLA1 cleaves the sn1 chain
from a PA, thus producing a Lyso-PA. On the other hand, enzymes that include mPA-PLA1a
and mPA-PLA1b have also shown selectivity towards sn1 positioned acyl chained-PA, thus
making them authentic members of the PLA1 family of enzymes. Because of such an sn1
regio-specificity that is displayed by PLA1s causing for the formation of 2-acyl-lyso-GPL
molecules, they are thought to be involved in signaling functions. Such a phenomenon has
been evidenced in the case of PS-PLA1 that has the ability to stimulate histamine release from
rat peritoneal mast cells in the presence of apoptotic cells [153] which has been attributed to
the generation of 2-acyl-1lyso-PS (LPS) that acts through its receptor – GPR34 [154, 155].
Studies involving knockout mice and through human genetic diseases have helped reveal the
pathophysiological roles of PLA1s but there is still a lot that needs to be understand regarding
their biochemical properties, including their in vivo substrate preferences and the factors that
regulate their activities.

Phospholipase A2 - The mammalian phospholipase A2 (PLA2) family is comprised of
six types of diverse enzymes: GIV PLA2 [cytosolic PLA2 (cPLA2)], GVI PLA2 [calcium-
independent PLA2 (iPLA2)], GVII and GVIII PLA2 [platelet-activating factor-acetyl hydro-
lases (PAF-AHs)], GXV PLA2 (lysosomal PLA2), GXVI PLA2 (adipose PLA2), and several
groups of secreted PLA2 (sPLA2). Each one of them are structurally different from one
another and in addition have varying catalytic mechanisms and modes of action. Taking
into account these factors PLA2s are broadly classified into (a) Secretory PLA2s, (b) Ca2+

-dependent PLA2s and (c) Ca2+ -independent PLA2s.
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Secretory PLA2s - sPLA2s are members of a group of low molecular weight enzymes
that require Ca2+ at mM concentrations in order to regulate their activity. In total, around
11 various mammalian isoforms have been identified [156, 157, 158], in addition to a few
other sPLA2s that have been observed in venoms [159, 160, 161, 162]. But of all the various
sPLA2s found, the ones belonging to the I, II, V and X groups have been considered as
the conventional ones since they are very closely related and share a highly conserved (a)
catalytic domain (His-Asp dyad), (b) a Ca2+ -binding loop (XCGXGG), and (c) 6-8 disulfide
bridges that confer a high degree of stability to the PLA [163]. On the other hand, the sPLA2s
belonging to groups III and XII are structurally different from the conventional ones and with
their structures having been deduced from their protein sequences [164, 165, 166]. Usually
such sPLA2s have a molecular weight ranging between ≈13 to 19 kDa within which they all
contain a ≈15 Å deep active site that allows for the accommodation of a GPL molecule that is
inserted in an orientation with the ester adjacent to the catalytic residues [157, 167, 168, 169,
170]. In the presence of high concentrations of Ca2+, sPLA2s show the ability of hydrolysing
membrane-bound GPL molecules, a phenomenon called "interfacial activation" [171, 172].
Studies have shown that interfacial activation is caused by the substrate undergoing a specific
conformation [171], leading to its aggregated form that could be a micellar or a bilayer one
[171, 173] which appear to be the best macrosubstrate for the enzymes to work [174, 175]. As
shown earlier by Qin et al through modeling studies, sPLA2s favor the hopping mechanism
in the presence of zwitterionic membrane bilayers [176]. For members of the Groups IB, IIA
and X, crystal structures both in the presence of an analogue or an inhibitor have been solved
[163, 177, 178]. Through all such studies, it is assumed that the His-Asp dyad is crucial for
the sPLA2-catalysed acyl chain degradation to be initiated. Catalysis takes place first through
the removal of a proton coming from a H2O molecule, that is followed by a nucleophilic
attack on the carbonyl-carbon at the ester bond of the sn2 positioned acyl chain, leading to
the rate-limiting formation of a putative tetrahedral intermediate. In the next step, the sn2
oxygen undergoes protonation that is mediated through His48 in concert with the productive
collapse of the tetrahedral intermediate, thus leading to the formation of a free fatty acid and
a lyso-GPL [161]. sPLA2 have been shown to carry out a wide range of biological functions
including dietary GPL digestion [IB] [179, 180], host defense against parasitic, bacterial and
viral infections [IIA, V, X, XII] [157] and eicosanoid mediated inflammation [X] [181]. There
is no evidence from any of the earlier studies that sPLA2s are involved in GPL homeostasis.

Ca2+ dependent PLA2s - The cPLA family is constituted by six paralogs (PLA2GIVA,
B, C, D, E and F) referred to as cPLA2α, β, γ, δ, ε and ζ respectively and they all share
the lipase consensus sequence GXSGS [86, 182, 183, 184]. Each of these shares only about
30% homology and they also have differences from one another in terms of their enzymatic
properties, tissue expression and subcellular localisations. The C2 domain that facilitates
membrane binding is also conserved in all the members except in cPLA2γ which is unique
in that it exhibits Ca2+ -independent PLA2 activity [86]. cPLA2s utilise the Ser-Asp active
site for catalysis, unlike the sPLA2s that involves a His residue [185]. Several studies have
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shown that amongst all the cytosolic group of enzymes, it is the cPLA2α isoform that exhibits
preference for hydrolysis of the arachidonic acid containing GPL substrates in response to
cellular stimulation [186, 187, 188]. Further, other studies have shown that members of
this group also possesses relative PLA1, lyso-PLA as well as transacylase activities [189].
Although PLA2s have been under focus over the past few decades, there is not much known
on the in vivo function of the various cPLA2 isoforms except for the cPLA2α isoform. Since,
cPLA2α is the most well studied enzyme of this family, that is discuss much about it. The
cPLA2α enzyme which is ubiquitous in nature, is a 749 amino acid containing enzyme
with a molecular weight of 85.2 kDa [190, 191]. It has an established role in initiating the
production of lipid mediators. Also, emerging studies that employed cultured cells have shown
that cPLA2α is required for regulating junction proteins [192]. It contains two major domains
(i) an N-terminal Ca2+ -dependent C2 domain (CaLB), essential for the initial association of
the enzyme with a lipid bilayer [193, 194, 195] in response to increasing intracellular Ca2+

and (ii) a catalytic domain that contains a hydrolase core and a novel cap region within which
a lid exists, that has to move aside for a GPL molecule to enter the active site cavity of cPLA2α
[196, 197]. Apart from Ca2+, cPLA2α activity has also been shown to be regulated through
phosphorylation on its multiple serine residues [198] by MAPKs and Ca2+/calmodulin-
dependent protein kinase II [199, 200, 201, 202]. cPLA2 deficiency has been shown to have
led to a wide range of physiological diseases such as arthritis, inflammatory bone resorption,
pulmonary fibrosis acute respiratory distress syndrome, autoimmune encephalomyelitis and
diabetes [203, 204, 205, 206, 207].

On the other hand, molecular characterisations of two other major Ca2+ independent
PLA2s that include cPLA2β and cPLA2γ have been carried out extensively. cPLA2β is
about 100 kDa and is a 1012-amino acid polypeptide which has a homology similar to
cPLA2α. It has a markedly lesser affinity for the sn2 position in a GPL molecule [208, 209]
(Song C et al, Ghosh M et al, 2006). Usually, cPLA2β is found to be constitutively bound to a
membrane under unstimulated conditions localizing to the mitochondria or early endosomes.
It has been shown to exhibit activity against 16:0/20:4-PE as well as a low level of lyso activity
but then did not show any kind of preference for PC molecules. In contrast, although cPLA2γ
a 541 amino acid - membrane-associated protein shares identity with cPLA2α in terms of
potential critical amino acids within the catalytic acids, it still misses a few key elements
that are necessary for the regulation of its activity. It is to be highlighted that this enzyme
contains two consensus motifs for lipid modification, one a prenylation motif (-CCLA) at its
C-terminus and also a myristoylation site at its N-terminus. cPLA2γ has been shown to have
preference for arachidonic acid that is positioned at the sn2 position indicating that it has a
strong PLA2 activity. Interestingly, studies have demonstrated that it also can behave as a
PLA1, since the fatty acid at the sn1 position was also cleaved at the same time.
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Ca2+ independent PLAs (iPLAs) - This subfamily of PLAs belongs to the Group VI
PLAs and they are also known as patatin-like PLAs. Seven members have been identi-
fied in this group and they include iPLAβ [VIA-1 and -2] (PLA2GVIA, PLA2G6, PN-
PLA9), iPLA2γ (PLA2GVIB, PNPLA8), iPLA2δ (PLA2GVIC, NTE, PNPLA6), iPLA2ε
(PLA2GVID, Adiponutrin, PNPLA3), iPLA2ζ (PLA2GVIE, Desnutrin, ATGL, PNPLA2),
iPLA2η (PLA2GVIF, GS2). Other recent additions have been the isoforms of (iPLA2φ,
iPLA2ι, and iPLA2κ), however not much is known regarding their activities or mode of
action [84, 87, 210, 211, 212, 213]. Substrate hydrolysis by these group of enzymes is
catalysed through a catalytic dyad (Ser-Asp) that resides within the active site, further Ca2+

is not required for activity to be regulated [197, 214, 145]. For almost of these iPLAs, no
crystal structure exists therefore very little information is available. During the recent years,
there has been a lot of progress in understanding isoforms specifically those of, iPLAβ and
iPLA2γ both of which possess a long N-terminal domain that is thought to be involved in
protein-protein interaction. It is to be highlighted that both these variants: iPLAβ and iPLA2γ
are considered to be true PLAs, while the remaining isoforms harbor lipase and transacylase
activities [215, 216, 213, 217], which is the reason why a great amount of investigations have
been carried out in order to understand these two PLAs. Specially, the Group VIA PLA
(iPLAβ) has been under focus since a few years now. Its gene codes for at least 5 different
splice variants (VIA-1, VIA-2, VIA-3, VIA-Ankyrin1 and VIAAnkyrin2) of which the first
two are the active variants and manifest both PLA1 and PLA2 as well as lyso-PLA and
transacylase activities [216, 215, 213, 217]. The active variant iPLAβ is about 85 kDa and is
of 752 amino acids length. Its sequence harbors various stretches corresponding to 7 ankyrin
repeats, a 10-40 amino acids residue spacer linkage and a catalytic domain that contains the
GTSTG stretch [218, 36]. In addition, iPLAβ has also been found to contain an ATP binding
consensus motif (GGGVKG) which is important for ATP to regulate the activity of the pro-
tein. Apart from that, other stretches exist in the form of an N-terminal caspase-3 cleavage
site (DVTD), a putative bipartite nuclear localisation sequence (KREFGEHTKMTDVKKPK)
and a calmodulin-binding domain (AWSEMVGIQYFR) which allow it to form a signaling
complex with CaMKIIβ [216, 219, 220, 221, 222, 223, 224, 225]. It is known that iPLAs
mediate interfacial catalysis through a scooting mode [197] and it carries out hydrolysis of the
GPL molecule through the formation of an acyl-enzyme intermediate complex just as in the
case of sPLA2, but the difference here is that serine acts as a nucleophile after aspartic acid
abstracts a proton [197]. Few recent studies have strongly implicated iPLAs in maintaining
GPL homeostasis as well as membrane remodeling [226]. Other studies have shown the
involvement of the members of this subfamily of PLAs in major cellular events that include
apoptosis, cellular proliferation, insulin secretion and bone formation amongst several others
[227, 227, 228, 229, 230]. Also these enzymes have been shown to play a major role in
neurological disorders such as infantile neuroaxonal dystrophy (INAD), multiple sclerosis,
Alzheimer’s and also hypertensive heart failure [231, 232].
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Factors that regulate the activity of PLAs

PLA mediated hydrolysis has been the subject of several studies over half a century now.
Through these studies it has been well emphasised that a PLA first associates peripherally
with a macrosubstrate surface, following which the GPL molecule starts moving upwards
and starts embedding within the active site cavity. Upon such an interaction, one of the acyl
chains are cleaved through the hydrolysis of the ester bond that causes the release of a free
fatty acid and a lyso-GPL molecule from the enzyme [233, 111, 234]. Based on this model, it
can be considered that the key determinants of substrate specificity of PLAs are (a) the ability
of the GPL molecule to efflux from a macrosubstrate within the periphery of the enzyme and
(b) active site accommodation of the GPL acyl chain within the active site of an enzyme. All
these steps are represented in the sketch displayed in figure 1.3. All the assumptions were
based on studies that were focused on understanding the key principles that regulated the
activity of PLA2s.

Substrate efflux from lipid bilayers - For a GPL molecule to be hydrolysed, it will need
to be extracted from the membrane before it can reach the active site in the enzyme. This is
based on the assumption that since a soluble PLA2 does not have the ability to penetrate a
membrane and usually acts only at the interface, the need arises for the molecule to efflux.
Such a process involves an upward movement of the substrate molecule from the membrane
towards the active site. Investigation through employing cross-linkable and polymerised GPLs
as well as MD simulations have revealed the importance of efflux propensity in influencing
the substrate specificity of a PLA2 [235]. A number of studies have evidenced that increasing
acyl chain length has an inhibitory effect on PLA2-mediated hydrolysis. Although there is
little understanding about the underlying mechanism behind this phenomenon, it has been
speculated that the hydrolysis rate is inversely proportional to the acyl chain length. This could
lead to the fact that higher saturated chain lengths possess higher hydrophobic interactions
between other lipid molecules, leading to the need of higher energy to be pulled away from
the membrane. All this suggests that efflux propensity could be rate-limiting step in PLA-
mediated hydrolysis of GPL molecules.

Active site accommodation of a GPL molecule - Crystallographic data obtained from
studies on cobra PLA2 complexed with the non-hydrolysable analogue 1-octyl, 2-heptyl
suggested that the sn2 chain had a tighter interaction over the sn1 chain. Similarly, NMR
studies on the same enzyme complexed with a truncated non-hydrolyzable PC analogue
showed a tighter interaction of the sn2 with the enzyme. These results highlight the importance
of acyl chain accommodation of the GPL molecule within the active site of PLA2s. Also,
recent studies on factors affecting the substrate specificity of various PLA2s showed that
active site accommodation of substrate molecules is a key factor. Upon employing a complex
mixture containing PC molecules, each varying from another in terms of the acyl chain
length or degree of unsaturation, it was observed that only a selected few species were
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hydrolysed, highlighting their ability to fit well into the substrate binding cavities in order to
accommodate the acyl chain double bonds. For example, an arachidonic acid containing PC
species at the sn2 position seems to fit well within the active site of a PLA2 from bee venom
in comparison to other species, thus indicating that the lipid binding cavity in this enzyme
can well accommodate a molecule that harbors ∆5 and/or ∆8 double bonds.

Plasma membrane

PLA
Preferred phospholipid

(1) PLA interaction and probing
(2) Efflux propensity and

(3) active site accommodation
(4) Cleavage

Figure 1.3: Steps of the hydrolysis reaction mediated by PLAs

1.1.3 Similarities between lipases and PLA1s

A conspicuous amount of research in the past has demonstrated that PLA1s are evolutionary
correlated to the group of lipases [236]. Lipases have been shown to preferentially cleave
fatty acyl chains from neutral lipids such as tri-glycerides, di-glycerides and mono-glycerides
(TAG, DAG and MAG respectively). In addition, some works demonstrated that some of
these lipases exhibit affinity for the sn-1 acyl chain, for example the enzyme, pancreatic lipase
[237, 238]. Additionally, within the lipase family of enzymes, the three-dimensional structure
is conserved, although the amino acid sequence can differ from one another [236] (see figure
1.4, where the sequence between the two lipases displayed is not conserved). In a functional
enzyme, few crucial structures exist, where the most important ones consist of the beta 9 and
5 loops, and the lid [239].

Based on the tertiary structures and sequence analysis of these extracellular lipases, it has
been proposed that they contain certain crucial structures those that determine their substrate
specificity, thereby causing for proper deacylation of the fatty acid. Such structures include
surface loops known as lids and the loops, β5 and β9 [239]. Studies have shown that enzymes
with a short lid and a short β loop (PS-PLA1, mPA-PLA1α and mPA-PLA1β) harbour PLA1
activity while enzymes with a short lid and a long β loop (endothelial lipase and PLRP2)
exhibit both PLA1 and TAG lipase activities [237]. On the other hand, enzymes containing
a long lid and a long β loop only display affinity for TAGs (pancreatic lipase and lipoprotein
lipase) [237].

The β9 loop shows a certain importance to probe the water/lipids interface, in order to
activate the enzyme, interacting with the polar head region of the lipids laying on the lipid
membrane. β5 loop contains the chemical groups constituting the oxyanion hole, fundamental
for the stabilization of the transition state during the cleavage [239]. Finally, the lid, which is
a structure covering the active site pocket when the interface is not found, in order to maintain
the enzyme in solution, through hiding the most hydrophobic part of the protein. In fact,
when the enzyme finds a proper interface, usually a structural variation occurs, mediated by
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Active site

Lid

Active site
Lid

3NGM 6UNV

Figure 1.4: The structure of two different lipases, where 3NGM is from
the organism Gibberella zeae, whereas 6UNV from Rasamsonia emersonii.
It can be noticed as the structure is conserved between the two, while their

sequence is not.

the β9 loop and some other amino acid residues within to the lid structure. This structural
variation allows the lid to open, thereafter causing the enzyme to bind onto the interface
(such as a lipid membrane), in order to start the process of hydrolysis. This process is also
called interfacial activation [236, 237, 240]. There are 3 different lid structures that can affect
lipases: (1) closed position, where the lid covers totally the active site pocket, giving a non-
active enzyme; (2) open position, where the lid is totally open and the enzyme is catalytically
active; (3) position of the lid disordered, where the enzyme is probably active, but not bound
to any lipid membrane (transition state) [236, 237, 240, 241]. Similar structures were found
also in PLA1, where usually the lid is reduced or often absent (since it is usually correlated
to neutral lipid interactions as well). The sequence constituting the active site is conserved
within lipases and PLAs (G-X-S-X-G, where X could be any amino acid), where the central
amino acid serine, plays a role in the hydrolysis reaction [242]. In fact, point mutations of
this residue lead to a non-functional enzyme [243]. There are two theories related to the
interaction enzyme/lipid membrane: scooting mode and hopping mode [239, 244]. In the
scooting mode theory, the enzyme is confined at the interface for many degradation reaction
cycles; whereas in the hopping mode, the enzyme leaves the membrane after a certain number
of cycles. It has been proved that for the majority of the lipases and PLAs tested, the scooting
theory is the preferred mode, as shown by Balashev and colleagues [244] through using AFM.

In summary, PLAs of the type A1, are evolutionary closer to the lipase group, while
with some of the other members, it is difficult to discriminate between their PLA and lipase
activities. In fact, it is known that, for instance the Guinea pig pancreatic lipase (PLRP2),
exhibits lipase activity in the presence of bile salts, whereas when they do not exist, it can
hydrolyse GPL molecules as well [238]. Since they have crucial roles in living organisms,
and since not much is known about PLA1, it is fundamental to get a deeper understanding of
this enzyme type as well. In this thesis work, the kinetics mediated by PLA1-1 enzyme from
the organism Aspergillus oryzae, was deeply analysed.
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1.2 Aims of the project

PLAs play a crucial role in several fundamental pathways in a living cell, where a mal-
functioning of one of these pathways could lead to serious problems. No much studies are
available in the literature about PLAs interactions with membranes or bilayers and the factors
regulating their activity and specificity. Although very few studies are available on the A1
group [243, 150, 245] compared to the A2 one, A1 group plays crucial roles as well on the
different pathways mentioned above. Traditionally, evaluation of the specificity of PLAs was
done by measuring the rate of hydrolysis of a few radiolabeled substrates individually [246,
168]. Such an approach is tedious if multiple species are to be studied. In addition, variations
in enzyme activity could arise from physical properties of the substrate determined by the
lipid under study, such as membrane surface charge and fluidity. To improve this, specificity
could be studied by comparing the hydrolysis of two GPLs that have different isotope labels,
but even this approach is tedious when studying multiple GPL species [233, 111, 234]. In
this case a mass-spectrometric approach is much more convenient as it allows one to study
a multitude of GPLs simultaneously. Here a high-throughput mass-spectrometric assay was
developed to determine the effect of acyl chain length and unsaturation of GPLs on the rate of
hydrolysis of PLAs. With NR, structural changes of the system PLA/lipid model membrane,
can be achieved, analysing its interaction and kinetics. We started analysing the kinetics
mediated by PLA1-1, a A1 phospholipase from Aspergillus orizae, in order to understand its
specificity and what factors regulate its activity and specificity. Inspired by seminal works
from Wacklin and coworkers [247, 248], structural and analytical techniques were chosen
involving mainly Neutron Reflectometry (NR), capable of providing structural information
on planar model membranes at a fraction of nanometer resolution, and Mass Spectrometry
(MS), allowing to determine the exact compositional variation caused by interactions with
membranes. Additional biophysical techniques were utilised, for complementary information
or sample preparation optimisation. Model membrane systems were used and lipids were
specially synthesised for the neutron studies. PLA1-1 was used as model enzyme, in order to
assess and develop all the protocols and tools needed to analyse the phospholipase membrane
interactions and kinetics. In fact, all the protocols and tools explained within this thesis,
can be used for other phospholipases, such as mammalian PLAs that are key for instance in
physiological processes such as membrane homeostasis and remodelling apart from signal
cascades. Such studies, carried out through using these techniques, can generate a wealth
of information on these PLAs. The final aim would be the application in medicine, where
through the use of these studies, inhibitory molecules can be developed and analysed, in order
to be used as treatment of a disease correlated to an over-activity of a PLA.
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Chapter 2

Materials and Methods

2.1 Phospholipase: expression, purification and characterization

Heterologous protein expression was carried out by transformation (via the expression vector
described in paragraph 2.1.1) of E. coli cells, followed by sequential purification steps,
including affinity chromatography and gel filtration, to purify the desired protein, PLA1-1, in
its active state. The term heterologous protein expression derives from the fact that E. coli
cells normally do not express that protein, since it comes from a different organism, while
the strain created after the transformation process can. The advantage of the method lies in
the easy cultivation of the cells. The expression performed is also called recombinant protein
expression, since the sequence was modified in order to add a tag to facilitate the purification
of the protein of interest from the endogenous ones. The third advantage of the this method
is that the protein of interest can be overexpressed, since usually the cDNA (copy DNA)
sequence in the vector is placed near a strong and controlled promoter, thus managing to get
very high amounts of the protein. The prokaryotic expression has also some disadvantages.
The most important one is the lack of post-translational modifications, such as glycosylation
and myristylation, amongst others. If the protein, such as the one under examination, does
not need any of those modifications, then a prokaryotic expression should be a good system.
Another problem that one could face concerns the overexpression aspect, since some proteins
upon overexpression can undergo aggregation and unfolding, thus causing them to be less
active or irreversibly inactive. This parameter can be adjusted using the operator, careful
balancing the concentration of the induction factor in the media (see paragraph 2.1.1).

2.1.1 Vector description

An expression vector is an engineered cyclic double strand DNA used to express/overexpress
the protein of interest. The vector is used to introduce the specific nucleotide sequence in a
target cell, where the expression can be controlled by external factors, and the protein synthesis
mechanism of the host cell is used for the protein expression. The nucleotide sequence coding
for the protein can be inserted inside a proper section of the expression vector, in a process
called cloning. The cloned vector can be used either for protein expression or physiological
studies. Figure 2.1 panel A shows the vector map used for the expression of PLA1-1 in
E. coli cells. The cDNA sequence for the PLA1-1 (named as "PLA1-1" displayed in green
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color) is placed near to the tag sequence (Maltose Binding Protein, named as "MBP" in
pink color), leading to the expression of a fusion protein (fusion between the tag and the
PLA1-1). There are mainly two reasons why the MBP-tag is usually selected: a) to make
the expressed complex more soluble, thus avoiding sometimes inclusion bodies and other
difficulties that can arise without this tag; b) to facilitate the isolation of the protein of interest
from endogenous ones, by affinity chromatography. The cDNA, is a double strand DNA
derived from the reverse trascriptase of the mRNA (messager RiboNucleic Acid) that codes
for the protein of interest. In eukaryotic cells, the genes usually have introns and estrons,
whereas prokaryotic cells lack this feature. This aspect can be problematic when heterologus
expression is selected to express eukaryotic proteins in prokaryotic systems. The only way
to proceed is with the elimination of the introns from the gene coding for the protein of
interest, since the information of the protein amino acid sequence is contained in the estrons.
Therefore, the most convenient way could be to purify the mRNA coding for the protein,
since this molecule has already undergone intron elimination during its transcription process.
While in the next step, using a reverse trascriptase enzyme and a DNA polymerase DNA
dependent, a double strand DNA is created (cDNA) from the mRNA purified, that is ready to
be cloned into an expression vector. Another aspect that needs attention on the heterologous
protein expression is the codon optimization, as discussed in paragraph 2.1.2. The fusion
complex expressed from the vector, has a short sequence of 7 amino acids (see in figure 2.1
as "Factor Xa site") between the PLA1-1 and the MBP-tag that can be utilised as a cleavage
site to dissociate the protein from its tag, through the action of a protease (Factor Xa).

The vector employed also contains other sequences, fundamental for the normal function-
ality of the vector. The "ori" sequence displayed in yellow color is the origin of replication,
which is important to get and maintain the right amount of vector inside the cells during
its amplification and expression, process controlled by the two sequences "bom" and "rop".
The next part, is a sequence named lacI, controlled by a strong promoter. This sequence is
involved in the expression control, in fact LacI codes the lac repressor, a lactose binding pro-
tein, that in the absence of lactose or the analog molecule Isopropyl-β-D-1-galactopyranoside
(IPTG), binds to the lac operator, right after the tac promoter before the MBP-tag sequence.
This complex avoids the binding of the RNA polymerase on the tac promoter, avoiding the
trascription of the downward sequences. When the IPTG is added in the medium, the lacI
binds that molecule, unbinding the DNA and making the way free for the RNA polymerase.
This process is called "Induction control". The over-expression of the protein of interest can
be adjusted varying the amount of IPTG in the medium. As there is the promoter of transcrip-
tion, a terminator is needed at the end of the fusion protein (T1 and T2 terminator sequences).
The sequence between the promoter and terminators is usually named "expression cassette",
as shown in detail in figure 2.1 panel B. In a vector it is also important to have a selection
element, in order to be able to differentiate cells that have or have not acquired the expression
vector. In this case, a sequence coding for a protein that gives the resistance against ampicillin
is used as a selection element. This critical feature allows the cells containing the vector to be
selected using ampicillin antibiotic, upon adding it directly to the growth media, while cells
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(a)

(b)

Figure 2.1: Map of the vector (panel A) and zoom of the expression cassette
(panel B)

that do not contain the vector will not survive. In the vector there are also two sequences
"M13" before and after the expression cassette, that can be used for sequencing. The vector
was designed and obtained by [243].

2.1.2 Rare codons and E. coli strains used

Rare codons is another problem for the heterologus protein expression system, since different
organisms might have different "codon usage". By codon usage we mean the phenomenon
whereby synonymous codons are not used uniformly among all the living organisms, but there
is a preference in the use of certain codons with respect to others for the coding of the same
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amino acid. A codon is a sequence of 3 nucleotides, and since the RNA is constituted by 4
kinds of different nucleotides, the total codon combination that can be created is 61, since 3
codons are used as a stop codon for the translation process. The total number of amino acids
in proteins is 20, and this overabundance of codons allows some amino acids to be encoded
by several of them. The problem arises when a heterologus expression is needed of a protein
(i.e. from A. orizae) in host cells that are phylogenetically far (time of divergence) from the
expression system (i.e. E. coli) that is employed. If the sequence has rare codons for the
host organism, the expression can slow down or even stop, leading to a truncated product.
There are basically two ways to circumvent this problem. One alternative is the codon
optimization: substituting the rare codons with preferred ones for the hosting organism; the
second alternative is the use of particular strains of engineered E. coli, capable to recognize
also those rare codons. In this study E. coli Rosetta and Codon plus were employed. Those
particular strains are engineered with additional plasmids coding for additional tRNA on the
normal tRNA pool of E. coli, to avoid truncated and wrongly expressed recombinant proteins.

2.1.3 Expression procedures

The chemically competent E. coli cell strains as discussed in the previous paragraph 2.1.2 were
purchase from Sigma (TOP10 and Rosetta) and from Agilent (Codon Plus), and stored at -80
◦C. Chemically competent cells are cells pre-treated with salts like calcium chloride (CaCl2),
leading to the formation of pores on the plasma membrane, that facilitates the recombinant
vector to enter the cells. Chemically competent TOP10 E. coli strain was used for the vector
amplification, in order to have enough material to work with during the transformation of
the E. coli Rosetta and Codon Plus strains. The competent cells were thawed in ice and the
recombinant vector (around 40 ng) was added to the cell suspension keeping them in ice for
30 minutes to favor the diffusion and penetration of the plasmid inside the cells through the
pores. To make the transformation permanent, "heat shock" was performed (45 seconds at 42
◦C following by 2 minutes on ice), allowing the closure of the pores. At this point, a very rich
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Transformation
SOC Incubation
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Large scale expression
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Figure 2.2: Scheme of the steps for cells handling

broth was added to the cells (SOC, Super Optimal Broth) 90 ul, and the culture was incubated
at 37 ◦C for one hour. During this period, the cells recovered from the heat shock process and
started the basic expression of endogenous proteins (including the antibiotic resistances used
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for the selection; AMP resistance in this case, as mentioned in the paragraph 2.1.1). Then
the cells were plated on a Petri dish containing LB + 1.5% agar, along with the addition of
AMP in order to select the cells with the vector, followed by an o/n incubation at 37 ◦C. A
few colonies were picked and transferred into pre-culture tubes containing liquid media for
the culture (LB + AMP [final concentration in LB of 100 mg/L]) and left for O/N incubation.
Next the midi-prep Wizard Plus SV DNA Purification System was performed in order to
purify the recombinant vector from the pre-cultures. The midi-prep is a system of vector
purification which gives very high yields. The first step of the protocol is the production of
the cleared lysate, using the lysis buffer and the alkaline protease solution given within the
purification kit. This step ensures the solubilization of the plasma membranes of the cells, and
the deactivation of all the proteins that could damage the vector during the purification steps.
Next, the binding of the vector is carried out using the proper DNA purification centrifuge
filters (silica stationary phase). The washing step is then performed, where all the non-bonded
molecules are washed away. The charges present in the washing buffer, mediate the binding
of the DNA to the silica stationary phase of the centrifuge filters (since both are negatively
charged). During the elution step, Milli-Q H2O (18 MΩ cm at 25°C, Millipore) was added
to the filter, removing the bridged salts, with the consequent elution of the DNA of interest,
the amplified vector. The preps purified were then checked with the nanodrop, checking for
the concentration and purity. The wavelengths used were 260 nm for the DNA, 280 nm for
the proteins and 230 nm for generic organic molecule contaminates from the purification
reagents. The stocks were stored at -20 ◦C at 20 ng/µl concentration, that were ready to
be used. The transformation of the E. coli Rosetta and Codon Plus strains was the same as
for the TOP10 cells. For the E. coli Codon Plus cells chloramphenicol (CLO with a final
concentration in LB of 54 mg/L) was used, since this strain already has an additional selection
factor, the resistance for CLO in its genome. All the steps done for the amplification were
repeated for the expression cell strains. After the O/N LB + antibiotics (AMP for Rosetta
and AMP + CLO for Codon Plus) liquid culture that was incubated at 37 ◦C, an amount of
50% sterile glycerol was added to the cell suspension, in order to be able to freeze the cells
at -80 C (glycerol stocks), allowing us to have a stock of cells that could be utilised to make
other liquid cultures. When a new liquid culture is needed, an aliquot of the glycerol stock
or a ball, can be taken and diluted directly in the LB, and this allows to avoid the all the
transformation steps. From the glycerol stocks, a preculture of 3 ml of volume is made the
day before the expression. After an O/N of incubation, the pre-culture is poured into a 2000
ml glass flask with 800 ml of sterile liquid LB + AMP + CLO (only for the Codon Plus strain).
When cells reach 0.6 OD600, 1 mM (final concentration in the broth) of IPTG is added to the
LB broth in order to start the expression of the interest fusion protein. The expression takes
place at 25 ◦C O/N shaking at 120 rpm. To control the overexpression, a Sodium Dodecyl
Sulphate - PolyAcrylamide Gel Electrophoresis (SDS-PAGE gel) was done. The percentage
of acrylamide used was 12%, which allows a good migration for proteins with a weight of
around 70 KDa. Small aliquots of the liquid culture loaded on the gel were taken at different
time points during the expression. The samples between each other were normalized using
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the OD600, and cells directly diluted in sample buffer, and directly loaded in the gel after
boiling step (95◦C for 5 minutes).

2.1.4 Protein purification

E. coli cells expressing the protein of interest were centrifuged at 6,500 g 4 ◦C, using a
Beckman Coulter centrifuge, in order to separate the liquid media from the cell biomass. The

Buffer name TRIS NaCl CaCl2 Maltose Pr. inhibitors

Lysis buffer 20 mM pH 7.4 250 mM 5 mM None Yes
Running or PLA1 buffer 20 mM pH 7.4 250 mM 5 mM None None

Elution buffer 20 mM pH 7.4 250 mM 5 mM 10 mM None
Factor Xa buffer 50 mM pH 8.0 100 mM 5 mM None None

Table 2.1: List of the buffers used for the purification of the PLA1-1 and for
its activity assays. Pr. inhibitors stands for Proteases inhibitors

supernatant was discarded and the pellet obtained was subjected to lysis using lysis buffer
(20 mM TRIS pH 7.4, 250 mM NaCl, 5 mM CaCl2 and protease inhibitors [Roche cOmplete
Mini EDTA-free tablets]). Mechanical lysis was carried out, first by vortexing the sample
in order to resuspend the pellet in the lysis buffer followed by probe sonication (1 second
ON and 1 second OFF for 2 minutes 3 times at 40% amplitude). The lysate was obtained
after lysis and was centrifuged at 16,500 g at 4 ◦C in 50 ml polycarbonate vials in order to
separate the cell debris from the solubilised component. The supernatant was then directly
injected into a column coupled to the Fast Protein Liquid Chromatography (FPLC) mantained
at 8 ◦C (cold room temperature) for the first step of purification. The 5 ml MBP-Trap (a
prepacked column with dextrin sepharose, purchased from Cytiva) affinity chromatography
column was used for this purpose. The dextrin stationary phase of the column allows the
binding of proteins that have affinity for sugars. Since our fusion protein that is expressed
has an MBP-tag, which has affinity for sugars like dextrin and in particular for maltose, a
MBP-Trap column is needed for the purification. Consequently the fusion protein expressed
binds to the resin of the column, whereas all the other endogenous proteins pass through
it without interacting. The column was first washed with Milli-Q H2O, to wash away the
EtOH used for the storage of the column, and then equilibrated with the running buffer at 1
ml/min. The supernantant collected from the centrifugation step was injected at 1 ml/min
allowing for the binding of the tagged protein. After this step, the column was washed with
the same buffer used for the equilibration at 3 ml/min, in order to detach contaminants from
non specific interaction with the resin. For the elution step the elution buffer containing 20
mM TRIS pH 7.4, 250 mM NaCl, 5 mM CaCl2 and 10 mM maltose was used. The MBP-tag
has more affinity for the maltose than the cyclodextrin resin, therefore by injecting the same
buffer containing 10 mM of maltose, a competitive binding takes place, where the MBP binds
preferentially to the soluble sugar, thus assisting to the detachment of the protein from the
resin. The elution step was performed at 1 ml/min, during which fractions of 1 ml of volume
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Figure 2.3: Scheme of affinity purification steps using MBP-Trap column
coupled to the AKTA purifier

were collected. The elution buffer was injected with a gradient, starting from 0% to 100%
for 3 CV (15 ml). The column then was first washed with two empty elution cycles, followed
by milli-Q H2O and then 20% of EtOH as a storage solvent. The fractions were analysed by
SDS-PAGE gel to check the their purity. A brief scheme of the affinity chromatography is
displayed in figure 2.3. After the affinity chromatography, a gel filtration step was needed to
get purer preparations. Gel filtration allows for the separation between several components of
a sample in terms of their own molecular weight. For this purpose, a HiLoad GE HealthCare
70/160 200pg coupled to the Akta pure, a highly cross-linked agarose matrix was utilized.
This column permits to load up to 40 mg of protein sample with a maximum volume of 5
ml, which is ideal for large scale preparations. The key principle behind gel filtration is that
smaller proteins interact highly with the matrix, since they can occupy also the smallest pores;
whereas bigger proteins interact less. This means that bigger proteins or big complexes are
eluted during the early fractionation, and smaller ones later (see figure 2.4). Pre-gel filtration,
the affinity chromatography purified protein was centrifuged at 10,000 g in the coldroom to
remove any big particles and precipitants. During the gel filtration step, 1 ml fractions were
collected, and then analysed using SDS-PAGE to check for their purity.

MBP-tag cleavage

For the SAXS and the TOF-MS measurements, the protein tag was cleaved from the PLA1-
1. The cleavage was carried out using protease factor Xa (Factor Xa Cleavage Capture
Kit purchased on MilliPore Sigma). The purified fusion protein (MBP - PLA1-1) was first
dialysed O/N in coldroom (8 ◦C) using GeBaFlex-tube from Gene Bio-Application with a
cutoff of 8 kDa, against the Factor Xa buffer. In order to get the right ratio factor:fusion
protein, a concentration dependent assay was performed adding the factor Xa from a ratio
of 1:100 to 1:25 factor:fusion protein (w:w). A time dependent assay was also performed,
in order to balance correctly the time of the reaction and the amount of cleaved products.
The best ratio that balances the two factors was 1:50 factor:fusion protein (w:w) with a final
reaction volume of ≈ 5 ml. The incubation was done at room temperature, in oscillation for a
continuous mixing of the solution for 4 hours. The resin Xarrest (100 µl of slurry per 4 µg of



30 Chapter 2. Materials and Methods

sample
Affinity purified

Low MW molecules

Mid MW molecules

High MW molecules

Figure 2.4: Gel filtration sketch, where it is possible to notice how this
technique is able to separate the molecules depending on its molecular weight

(MW).

Factor Xa added in the reaction tube) was loaded into supplied centrifuge filters, and washed
trice with Milli-Q H2O and the Factor Xa buffer. After the cleavage, the reaction mixture was
transferred into the filters and centrifuged at 1,000 g for 2 min at room temperature in order
to remove from the mixture the Factor Xa protease. After this process, the cleaved PLA1-1
had to be isolated from the cleaved MBP-tag and the residual uncleaved fusion protein, for
which an MBP-Trap affinity chromatography was performed (process similar to the affinity
chromatography step mentioned in the previous paragraph). The purity of the cleaved PLA1-
1 was checked by SDS-PAGE before its analysis with SAXS and TOF-MS. For the SAXS
measurement, the protein was dialysed again against the PLA buffer and concentrated to 2
mg/ml using the Amicon Ultra Centrifugal Filters that had a cutoff of 10 KDa. The final
volume was 300 µl, which was enough for a few SAXS measurements. In order to get the
mass using the MS-TOF, the protein was dialysed against Milli-Q H2O, and concentrated until
10 µM (0.32 mg·ml−1) in a volume of 50 µl (16 µg of PLA1-1). Dialysis against Milli-Q H2O
is crucial while carrying out MS-TOF analysis since existence of salts in the buffer can lead
to significant noise causing MS signal loss. In addition, MS-TOF reveals only the primary
structure of the protein, so the folding of the protein or its functionality is not an important
factor to be maintained.

2.1.5 Sequence analysis

Analysis of the nucleotide sequence

To make sure to work with the right nucleotide sequence codifying for PLA1-1, the sequencing
was performed. A midi-prep was performed using Top10 E. coli cells for the amplification of
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the vector (like described previously in paragraph 2.1.3) and the Wizard Plus SV Minipreps
DNA Purification System for the vector purification. From the MINI-Prep ≈1 µg of recombi-
nant vector was purified. The purified vector was then frozen at -80 ◦C, and lyophilized using
the SpeedVac for around 4 hours, and sent to Genewiz for the sequencing. In the vector of inter-
est, before and after the expression cassette (see paragraph 2.1.1) there are two M13 sequences
that can be used for the primers design and afterwards for the Sanger PCR amplification. Those
primers can be selected directly on the Genewiz site (https://clims4.genewiz.com) dur-
ing the ordering. The analysis of the sequences was done using SnapGene software and
clustalW2 (https://www.genome.jp/tools-bin/clustalw).

Analysis of the amino acid sequence with TOF-MS

During the expression process, it happens sometimes that the final protein has been truncated
of some amino acids or the sequences are not the right ones. To ensure that the expressed and
purified protein is the correct one, a mass spectrometry analysis was performed on the purified
fusion and cleaved version of PLA1-1. The sample after the purification was concentrated
to reach 10 µM of concentration, and it was dialysed in Milli-Q H2O to avoid problems and
noise during the acquisition of the measurements due to the salt of the buffer. The analysis
was done at the Institut de Biologie Structurale (IBS) in Grenoble. The instrument used
is a mass spectrometry time of flight, using a C18 column coupled to the UHPLC before
the MS instrument. The TOF mass spectrometer measures basically the time of flight of
ions in an electric field. The time of flight of the ions is proportionally dependent on the
ratio mass/charge (m/z). The analysis was done in the "native state" and also in "reducing
environment" adding TCEP 50 mM for 90 minutes at room temperature for the disulfide
bridges analysis.

2.1.6 Structural and functional analysis

Structural investigation

Since no crystal structure has been deposited for the protein under analysis, a brief structural
analysis was performed. The initial step was the use of "AlphaFold" ([249]), an ab-initio
algorithm that, from a given sequence of amino acids, gives the most probable structure
or structures. The cleaved protein sequence was submitted, since the fusion one has an
unstructured linker that can lead to downstream problems. After getting the most probable
PDB structure, a SAXS (technique described briefly in paragraph 2.5.1) experiment was
performed on the beamline BM29 at the ESRF in Grenoble, France [250]. The measurements
were done with 20 frames with an exposure time of 2 seconds with a sample concentrated
around 2 mg/ml using a 1 mm diameter flow-through quartz capillary. The acquisition
temperature was that of 22 °C using a photon energy of 15 keV [see paragraph 2.5.1 for
details in the data analysis].

https://clims4.genewiz.com
https://www.genome.jp/tools-bin/clustalw
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Functional investigation

Once the sequence and structural analysis were carried out, an activity assay of the purified
protein was performed. The activity of the protein was done using the synthetic DMPC
lipid, purchased from Avanti Polar Lipids. A LUV solution was prepared in the PLA1 buffer
following the protocol described in paragraph 2.3.2. The vesicle solution was divided across
several glass vials, and various fractions eluates from the gel filtration step were tested to
double check if the peak with the right MW has the expected activity. To each vial containing
vesicles prepared from ≈150 µg of DMPC GPL in 200 µl of final solution, ≈2 µg of protein
fraction was added. The vials were incubated at room temperature for 1 hour, followed by lipid
extraction (Folch et al [251]), that was performed by adding 600 µl CHCl3, 300 µl MeOH and
100 µl Milli-Q H2O, with a final ratio of 2:1:1 v/v/v (since 200 µl of H2O where already in the
sample in the form of buffer). The vials then are tightly sealed and vortexed vigorously, and
incubated at room temperature for 30 min for breaking the emulsion. When two phases were
clearly visible, the upper phase was discarded, while the organic phase was evaporated under
an Ar stream. Thereafter the dried film was resuspended in a solution of CHCl3/MeOH [2:1
v/v] in 20 µl, and after vortexing, the samples were spotted on a Thin Layer Chromatography
(TLC) silica gel 60 (F254) pre-coated with 0.2 mm layer thickness. The plate was then placed
on the running chamber pre-equilibrated with CHCl3/MeOH/H2O [110:49:1 v/v/v]. The TLC
plate was then dried under an Ar stream and stained with primulene. After drying the stain,
the TLC was placed under a UV-visualizer using 254 nm UV light for the visualization of the
bands.

2.2 Lipid production

Synthetic GPLs for the preparation of partially deuterated PC molecules, were purchased from
Avanti Polar Lipids, while natural GPL mixtures were extracted from yeast (Pichia pastoris,
Pp), that was grown in collaboration with the Deuteration Lab (D-lab, ILL, Grenoble, France).
Production and purification of the lipids were entirely carried out in the L-Lab (ILL, Grenoble,
France).

2.2.1 Partially deuterated PC molecules

Partially deuterated PC molecules were synthesised starting from fully hydrogenous PC
substrates. Those lipids (usually around 15-20 mg) were transferred into a glass vial and
dried. The lipid film was dried further under vacuum for 3h to remove traces of solvent from
the film. The partially deuterated PC molecule species were synthetized by esterification
of lyso-phatidylcholines (LPC) and fatty acid anhydrides and then purified by normal phase
column coupled to a HPLC (NP-HPLC) [252]. The fully hydrogenous synthetic PC substrate
molecule, previously evaporated, was incubated with a PLA1 or a PLA2 depending on which
acyl chain had to be cleaved and replaced with a deuterated FA anhydride in the vacant sn
position of the prepared LPC. Anhydrides were prepared by incubating a free fatty acid with the
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coupling reagent dicyclo-hexylcarbodiimide for 4-5 hours. The d-sn1/h-sn2-PC and h-sn1/d-
sn2-PC species were synthesized by acylation of h-sn2-LPC with a deuterated FA-anhydride
or a h-sn1-LPC with a deuterated FA-anhydride, respectively. The synthesis process involved
incubating both the FA-anhydride and the LPC in a pot containing 4-pyrrolidino-pyridine
(4-PP) in dry benzene that was left stirring for 5 hours leading to formation of a partially
deuterated PC molecular species. The PC species prepared were finally purified using the
NP-HPLC on a diol-modified silica column and their purities were confirmed by TLC and
GC while their concentrations were determined based on the film mass. The various lipids
synthesised are listed in table 2.2.

Lipid name Abbreviation Deuteration

Saturated series
14:0 14:0 PC DMPC sn-1
16:0 16:0 PC DPPC sn-1
18:0 18:0 PC DSPC sn-1

Unsaturated series

16:0 18:1 PC POPC sn-1
16:0 18:2 PC PLyPC sn-1
16:0 18:3 PC PLnPC sn-1
16:0 20:4 PC PAPC none

Table 2.2: List of lipids used for the NR kinetics analysis

2.2.2 Natural GPL mixtures

Cultivation of Pichia pastoris

P. pastoris GS115 HSA (Invitrogen) cells were cultured in the deuteration facility of the
Institut Laue-Langevin (D-Lab, ILL), Grenoble, France, using the protocol from de Ghellinck
et al., 2014 [253], described in brief in "Developing advanced models of biological membranes
with, hydrogenous and deuterated natural glycerophospholipids", paper under revision.

Total Lipid extraction

GPL mixtures are extracted and purified from either deuterated and hydrogenous P. pastoris
biomasses. After harvesting the cells, they were resuspended into 10 ml of Milli-Q H2O
and lysed by probe sonication on ice for 3 times for 5 minutes with 30 seconds intervals,
20% amplitude. The cell lysate was poured into boiling ethanol (95 ◦C) containing 1%
butylated hydroxytoluene (BHT) to prevent double bond oxidation, while a vigorous stirring
was performed in order to denaturate lipases. The total lipid mixtures were then extracted
according to the method of Folch et al. [251], followed by the evaporation of the organic
phase under a N2 stream and their final reconstitution in CHCl3.

GPL mixture fractionation by preparative HPLC

The various classes of GPL mixtures were separated through the two following sequential
purification steps: (1) amino-bonded solid-phase extraction column, and the sequential (2)
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injection of the desired GPL mixtures into a diol-modified silica stationary phase column
(semi-preparative Nucleosil 100-5 OH column [10 x 250 mm], Macherey-Nagel, France)
that was coupled to an Agilent chromatographic system (High Performance Liquid Chro-
matography HPLC 1260 Infinity II series, Agilent Technologies, France) using the SEDEX
90 Electro Spray Scattering Detector (ELSD) as the detector (Sedex Sedere, France). After
the first step (1), the sample was dried under an Ar stream and the resulted film was dis-
solved into 1 ml chloroform before the injection into the HPLC system. The sample was
injected using an auto-sampler module within the HPLC, and the various classes of GPLs
were eluted by using a gradient consisting of solvent mixture A [CHCl3/CH3OH] (70:25 v/v)
plus 1% NH4OH and solvent mixture B [CHCl3/CH3OH - H2O] (60:40:5.5 v/v/v) plus 0.5%
NH4OH at a flow rate of 1.0 ml/min. A method was programmed such that at time zero,
the proportion of solvent mixture B was 5% and gradually increased to 40% at 30 min, then
to 100% at 40 min and stayed at this value until 65 min after which it was again decreased
to 5% at 66 min and kept there until the end of the gradient at 75 min. During the elution,
fractions were collected in correspondence to chromatographic peaks. The column during
the purification was maintained at room temperature, whereas the ELSD temperature was set
at 60 °C. Ar was used as a carrier gas at 3.5 bars inlet pressure. All this process is explained
in "Developing advanced models of biological membranes with,hydrogenous and deuterated
natural glycerophospholipids", paper under revision. Data were extracted using Open Lab
chromatographic workstation (Agilent Technologies, France) and analysed with home-built
python program [for more details refer to Chapter 7].

Lipids analysis by high-performance thin layer chromatography (HPTLC)

In order to assess the identity and purity of each of the purified classes, 10.0 µl of the
fractionated samples and standards were applied to a silica gel 60 (F254) pre-coated TLC plate
of 0.2 mm layer thickness. An automated instrument was utilised, CAMAG LINOMAT5
sample applicator (CAMAG, Mutten, Switzerland), in order to obtain uniform bands on the
plate. Samples were subjected to a constant application velocity of 150 nl/s under a continuous
stream of N2 gas. The TLC plate was next preconditioned and then developed in a CAMAG
twin-trough-chamber filled-in with a mobile phase, [CHCl3/CH3OH/CH3COOH] (65:28:8
v/v/v). Finally, the developed plate was derivatised using a 1.5% CuSO4 solution sprayed over
it in the CAMAG derivatiser chamber following which, it was dried on a hot plate at 120 ◦C
for 10 minutes for the development of the bands. Further, the developed spots were visualized
and analysed in a CAMAG TLC scanner 3 using the winsCATS software (ver 1.4.6).

FAMEs analysis by GC-MS and GC-FID

Global acyl chain composition of the total lipid extracts from P. pastoris were initially de-
termined by Gas Chromatography - Mass Spectrometry (GC-MS), Agilent, 5977A-7890B,
and that of the purified mixtures were carried out by Gas Chromatography Flame Ioniza-
tion Detection (GC-FID). Before the GC-FID measurements, the GPLs were subjected to
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the hydrolysis of the ester bond and thereafter, the released fatty acids derivatised to their
corresponding fatty acid methyl esters (FAMEs). 3 mL of methanolic H2SO4 was next added
to a glass vial. The vial tube was vortexed, filled up with Argon to avoid exodation, and
sealed tightly with a Teflon-lined cap. The solution was incubated at 95 ◦C for 1 h. Once
the vial is cooled down to room temperature (≈10 min), 3 ml of MilliQ H2O was added and
the solution vortexed following which 3 ml of hexane was added and vortexed vigorously
to create an emulsion. The supernatant phase of ≈ 2.8 ml was then transferred into a fresh
vial, evaporated under a stream of Ar and the resulted dried film was reconstituted in 250
µl of hexane and transferred into a GC auto sampler vial that was then loaded into the GC’s
automatic liquid sampler. The GC instrument (GC 2010 Plus, Shimadzu) was equipped with
a SGE BPX70 70% Cyanopropyl Polysilphenylene-siloxane column (25m by 0.22mm ID and
0.25 µm film thickness). Helium was used as a carrier gas at a flow rate of 1.04 ml/min with
a linear velocity of 35 cm/sec and a purge flow rate of 1 ml/min. The column was allowed
to equilibrate for 3 minutes at 155 ◦C before injection and then the temperature was ramped
up to 180 ◦C at a rate of 2 ◦C/minute and then to 220 ◦C at a rate of 4 ◦C/minute and finally
held at 220 ◦C for 5 minutes resulting in a 27.5 minutes total run time. Samples (5 µl) were
injected into the column at 250 ◦C using an AOC-20i auto injector. Detection was done using
a FID operating at 260 ◦C with 40 ml/min H2, 400 ml/min compressed air and 30 ml/min
He make-up flow. Global fatty acid methyl esters were identified by their mass spectrum and
retention time and quantified by Mass Hunter Quantification Software (Agilent) while for the
purified GPL mixture data analyses were carried out by LabSolutions software (Shimadzu).
The relative abundance was obtained by GC peaks integration, using an in house python code
for more details refer to Chapter 7.

2.3 Sample preparation

In order, to analyse the interaction and the kinetics of the PLA1-1 with the lipid substrate
molecules, model membranes were prepared. This section will show all the procedures that
were employed to prepare model membranes for this study. All the lipid powders and lipid
stock solutions in a solvent solution - CHCl3/MeOH [9:1 v/v], were stored at -20 ◦C. Here
CHCl3 ensures and keeps the GPLs soluble and the MeOH helps to avoid the oxidation of the
sample through stabilising the CHCl3 molecule. All the lipids stock solutions were stored at a
concentration of 10 mg/ml, whereas the solutions for the Langmuir Blodgett lipid preparation
were diluted to 1 mg/ml.

2.3.1 Crystals for NR and QCM-D, description and cleaning procedures

The crystals used for the NR experiments are made of silicon (crystallographic direction 111)
with a top layer of silicon oxide with variable thickness and roughness. The crystals used for
QCM-D measurements are made by a silica layer deposited by sputtering on the top of gold
and of crystalline AT-cut quartz. The supports used have dimensions of 8 x 5 cm2 with a
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thickness of 1.5 or 2 cm and polished on one face with a roughness of ≤ 5 Å. The QCM-D
crystals are thin small quartz crystal disks with metallic electrodes on both sides. On the top
of the crystal, a layer of silicon oxide is deposited, with a roughness that is usually higher than
that of the crystals used for the neutron reflectivity. For a full description of the techniques
see paragraph 2.5.1 and 2.4.2 for NR and QCM-D techniques respectively. Before use both
supports were cleaned and activated in order to get the polished surface polar for vesicle
interaction. Crystal cleaning was done using a specific teflon holder, that fits into a glass
beaker. Solvents were poured in the beaker and the holder with the supports was placed in it.
The solvents used for the cleaning were in the following order: (1) CHCl3, (2) Acetone, (3)
EtOH and (4) H2O, from the most apolar to the most polar. In order to increase the cleaning
capability of each solvent, the beaker was placed in a bath sonicator for 15 min per solvent.
After every solvent change, the supports were dried using a N2 stream. After the whole
solvent cycle, the supports were activated using a plasma cleaner Harrick (for NR supports)
for 2 min and a UV Ozone cleaner BioForce (for QCM-D supports) for 30 min. This process
allows to make the surface hydrophilic, with a deep cleaning from organic molecules that
could be deposited on the surface. The supports were then cleaned with N2 stream to get rid
of dust particles that may have been deposited, and lastly flushed with Milli-Q H2O. Finally,
the supports were kept in Milli-Q H2O until use.

2.3.2 Solid supported model membranes preparation

In order to prepare solid supported model membranes that can be used for NR, two methods
were employed depending on the type of lipid used (saturated vs unsaturated chains).

Langmuir-Blodgett Langmuir-Schaefer method

The Langmuir-Blodgett Langmuir-Schaefer (LB-LS) technique was used to prepare solid
supported bilayers from partially deuterated saturated PC molecules which have a transition
temperature above room temperature (i.e. DSPC and DPPC). The trough used was the
Langmuir Trough NIMA 611, equipped with a dipper for the first monolayer deposition. This
instrument was also used to perform lipid monolayer analysis, deriving the compressibility of
the layer as well as interaction between lipid layer/peptides or layer/organic molecules. The
instrument consists of a teflon reservoir filled with an aqueous solution (buffer or Milli-Q
H2O), with a barrier that can be used to compress the surface area. A precise balance is also
present, equipped with a properly dimensioned filter paper, in order to measure the surface
tension. The surface pressure can be calculated considering the standard surface tension of
the water at 22 ◦C Π0 = 72.8 mN/m. The difference Π0 - Π, where Π is the read value
from the balance during the experiment, is the surface pressure π, that must be zero after
a good calibration with water. The trough before use was cleaned using the same solvent
cycle mentioned before for the crystal cleaning process ((1) CHCl3, (2) Acetone, (3) EtOH
and (4) H2O). In the last step, the trough was filled with Milli-Q H2O until the reservoir
was completely full and aspirated with a peristaltic pump. The process was repeated twice,
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followed by filling the reservoir with degassed Milli-Q H2O. To make the deposition, a cleaned
and activated support for NR experiments is clamped on the dipper and submerged under the
level of the solution in the trough, while paying attention to avoid touching the water surface
with the clamp. To double check the cleaning of the surface, a fast isotherm was performed,
to see if there was any increase in the pressure during the compression. If the pressure
registered was under 1 mN/m, the barrier was set open to perform the lipid spreading. The
spreading was done using a 100 µl Hamilton syringe previously cleaned 3 times with CHCl3.
A volume of 45 µl from a stock lipid solution (1 mg/ml), was spread on the surface of the
water drop by drop, making sure to touch the drop on the top of the needle to the water
surface. During this process the surface pressure was recorded and saved. An incubation of
20 minutes was performed with the ventilation switched on to evaporate the CHCl3 from the
surface. Then the isotherm was performed with a barrier speed of 25 cm2/min until a pressure
of 35 mN/m was reached. During the compression, the lipids rearrange from the gas phase
to the solid-liquid phase, since the area available per lipid decreases during the compression.
After the isotherm was recorded, the support was raised at 10 mm/min while the barrier
maintained a constant pressure of the monolayer during the whole deposition, thus causing
the formation of a monolayer on the silicon support (Langmuir-Blodgett method). To make
the complete bilayer, a second deposition was performed using the Langmuir Trough NIMA
1212D. This trough was cleaned as mentioned for the previous one. Before the spreading,
the PEEK portion that is important to close the NR cell, (for details see paragraph 2.5.1 and
appendix A.4.1) was placed under water in an appropriate space. After carrying out the three
steps pf (1) spreading (2) incubation and (3) isotherm recording, the silicon support with the
previous monolayer deposited on it, is placed horizontally with respect the level of water in
the trough. Then the support was carefully lowered down until it touched the monolayer in
the trough (Langmuir-Schaefer method). The support was placed in contact with the PEEK
portion under the water, thus closing the cell. The assembly was then taken out from the
water and screwed with the metal part of the cell, where the thermo-controller is located. The
sample was then ready for the measurement.

Vesicle fusion method

The vesicle fusion (VF) method was used to prepare supported lipid bilayers composed of
unsaturated GPLs, or saturated ones with a transition temperature below room temperature
(i.e. DMPC). The method requires the direct injection of a vesicle solution into the QCM-D
or NR cell, that was prepared starting from dried lipids. Generally 1 mg for a NR cell and
for four QCM-D cells, was taken from the stock solution of the lipid stored at -20 ◦C into
an empty and clean vial using an Hamilton syringe. The solvent was evaporated under Ar
until a lipid film was obtained. The vial was then placed in the vacuum for at least 3 hours,
and secondly hydrated with 1 or 1.5 ml of vesicle fusion buffer (0.5 M NaCl). The idea
behind such an high amount of salt, is to increase as much as possible the osmotic shock
during the deposition, in order to have uniform and high coverage bilayers. The vial was then
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filled with Ar gas and then vortexed in order to solubilise the lipid film, with the consequent
creation of multi lamellar vesicles (MLVs) in solution which led to an opaque solution. To
make large unilamellar vesicles (LUVs), the tip sonication was used with 20% amplitude, 1
second ON and 6 seconds OFF for 5 min and twice, in ice and under a continuous stream of
Ar. The ice and the Ar helps the preservation of the double bonds of the unsaturated lipids.
The obtained solution was finally ready for injection in the QCM-D or NR cell. During the
experiments the flow rate used for the injection was set to 1 ml/min for QCM-D and 2 ml/min
for NR experiments. The cells were first equilibrated with 0.5 M NaCl for 5 min at the flow
rate previously mentioned, and then the vesicle solution injected. After an incubation of 20
min, Milli-Q H2O was injected for 20 min to wash the vesicles that did not interact with the
support and to start the osmotic shock. In these conditions, since inside the vesicles a buffer
with high salt content is present, the water has the tendency to move trough the membrane to
inside the vesicles, which leads to the pop of the vesicles on the support with the consequent
bilayer formation. At the end the cell was equilibrated with the experimental buffer, except
for the characterisation of the natural lipid model membranes, that was done in Milli-Q H2O.

2.3.3 LUV preparation for activity assays and MS kinetics analysis

Large unilamellar vesicles (LUVs) were used for mass spectrometry (MS) kinetic analysis.
LUVs were prepared in PLA1 buffer following the protocol mentioned in paragraph 2.3.2.
PC molecules are zwitterionic phospholipids in nature, leading to a charge on the surface of
the vesicles that is equal to zero. This could lead to aggregation of the vesicles, leading to a
non-homogeneous solution and causing problems with the PLA/vesicle interaction. To avoid
such problems, a negatively charged lipid in the form of PA (DPPA) was added to the PC mix
pool. The lipids used and their concentrations are described in paragraph 2.5.2.

2.4 Pre-characterisation studies by physico-chemical techniques

In order to assess the protein/lipid ratio for neutron experiments, some pre-characterisation
experiments were carried out mainly through the use of ellipsometry and QCM-D.

2.4.1 Ellipsometry

Ellipsometry is a non-destructive optical technique widely used for the study of surfaces and
thin films. It is based on the determination of the polarisation changes that light undergoes
when it is reflected at an interface (Delta). Each layer that forms the sample has a different
refractive index, and this profile (perpendicular to the plane of incidence) has an impact on the
Delta variation. Ellipsometry experiments were performed on a Picometer Light ellipsometer
(Beaglehole Instruments, Kelburn, New Zealand) using a He-Ne laser with λ = 632 nm. A
fixed single angle closed cell was used for this experiment. The cell shown in appendix A.4.3,
is made of PEEK material, with two glass windows through which the laser passes. The
silicon support was screwed using a metal base to the PEEK with a O-ring ensuring a tight
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closure. The angle of the incidence beam from the first window to the silicon support is 68◦,
close to the Brewster angle of silicon in water (72◦). It is to be noted that with this system it
is not possible to resolve structural information of the sample under examination, since only
one angle is available with only one wavelength.

2.4.2 Quartz Crystal Microbalance with Dissipation monitoring

The Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) is a surface sensitive
instrument, measuring the mass charges on the crystal surface as well as the dissipation (vis-
coelastic properties) of the adsorbed layer. This technique is useful especially for interaction
analysis and it is largely used in membrane biophysics. The fundamental working principle
consists of detecting the resonance frequency over time applying an alternative current on
the quartz silicon crystals, inducing them to a physical deformation. The alternating current
causes the crystals to oscillate at their characteristic resonance frequency, that is directly de-
pendent on the mass (correlated to the thickness and the mass density) of the layer deposited
on the crystal, as also shown in the Sauerbrey equation 2.1. The oscillation of the crystals
generate a share wave that propagates perpendicular to the crystal through the sample. For
the sensor used, the resonance frequencies are in the order of MHz.

∆m = −C∆fn
n

(2.1)

From equation 2.1, C is the Sauerbrey constant (17.7 ng·Hz−1·cm−2 [254]) and ∆m is the
absolute mass variation expressed in ng of the material on the crystal. This equation can
be used only with rigid films, with a dissipation ∆D values of ≈0. 7 harmonics (n) are
measured simultaneously per each crystal used during the experiment (Fundamental n = 0,
3rd n = 3, 5th n = 5, 7th n = 7, 9th n = 9, 11th n = 11 and 13th n = 13). Each harmonic is
more sensitive to a particular zone of the sample along the z axis (axis perpendicular to the
crystal), for which reason usually all the 7 harmonics are used during an experiment. The
resonance frequency of the crystal (F0n) measured in the buffer used in the experiment is
taken as zero in ∆F (F0n - Ftn ; where Ftn is the resonance frequency found at the time t).
When there is a variation in the material deposited on the crystal, the resonance frequencies
(Ftn) vary, and this variation is shown as a negative ∆Fn (with positive mass variation). The
dissipation is also measured during an experiment, providing information on the energy loss
and therefore on the viscoelasticity of the soft layer deposited on the crystal, that is calculated
measuring how fast the frequency pulses are dissipated. For instance in soft layers with
complex structures that develop along the z axis respect to the crystal, the energy loss is
higher, resulting in high ∆D values. The dissipation is measured per harmonic, in order to
have a more complete overview of the sample.

QCM-D measurements were performed with an E4 instrument (Q-Sense, Biolin Scientific
AB, Sweden), using SiO2-coated 5 MHz quartz sensors in the PSCM labs at the ILL. The
crystals were cleaned as explained in paragraph 2.3.1. The experimental setup consists of
four QCM-D cells with an inlet and outlet each. The outlet is connected through tubes to
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a peristaltic pump, where the operative flux is set to 0.1 ml/min. The inlets are connected
to tubes with the same length, for the injection of solutions. The cells are mounted inside a
thermostatic chamber controlled directly by the QCM-D software. The temperature was kept
constant at 22 ◦C. For the kinetics measurements, when the bilayer formation using the VF
method was done, the protein was injected and the incubation started. During the incubation,
all the harmonics in frequencies and dissipation were monitored.

2.5 Experimental setup

2.5.1 Scattering techniques

Neutron and X-ray scattering are powerful techniques, useful to obtain the structure of matter
in solution or at interfaces at high or low spatial resolution. They have been widely used in
biophysics, for the determiation of structure and dynamics of biomolecules. In the present
study, we have employed scattering techniques to obtain information on the factors that
regulate the substrate specificity of the PLA1-1 isoform. Such techniques also help shed light
on the structure of the membrane bilayers during the course of the kinetics.

NR

Specular reflection is a mirror reflection of an incident beam from an interface, consequently
the angle of the reflected beam respect to the sample is the same as the incident beam (θin
= θrefl). The reflected beam is the result of the reflection and refraction caused by the
intrinsic features of the interfaces that form the sample. The neutrons interact with interfaces
depending on the difference in refractive index or scattering lengths and roughness of the
materials forming them. According to the Bragg law, performing measurements varying the
angle or the wavelength of the incident beam, different inter-lamellar distances (interface
distances) d can be seen (see equation 2.2).

nλ = 2d · sin(θ) (2.2)

Bigger θ angles or lower wavelengths lead to smaller inter-lamellar distances, and vice versa.
Neutron Reflectivity (NR) is a reflection technique that uses a neutron beam from a nuclear
reactor or spallation source, to analyse thin layers with a thickness in the order of few Å. The
technique measures the specular reflection R(qz) as a function of the momentum transfer qz ,
shown in equation 2.3

qz =
4π · sin(θ)

λ
(2.3)

where θ is the angle of incidence and λ is the wavelength of the neutron beam. Consequently
qz can be also defined as qz = kin - kout, where k is the wave vector of the incident "in" and
of the reflected "out" beam, figure 2.5. In order to measure a "full q-range" reflectivity of a
sample, two approaches can be employed: (1) vary the angle of the incident monochromatic
beam; (2) fix angle and vary the wavelength of the beam. For X-rays a monochromator crystal
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Figure 2.5: Scheme of the geometry during reflection of a beam from a
surface

is usually used in order to obtain a monochromatic beam, but seeing that a very large amount
of flux is lost during this process, it is less preferable for a neutron beam, since the flux is
already quite low from the source. In order to control the wavelength of the neutrons in a
neutron beam, mechanical velocity selectors can be used, that allow to obtain an higher flux
compared to what could be achieved from a crystal monochromator system at the expense of
wavelength resolution. A mechanical velocity selector works in time of flight (TOF), where
only the neutrons with a specific speed (specific energy and wavelength) can pass through.
Nevertheless, this method leads to q-resolution (λ±∆λ), that is directly correlated with the
parameters of the mechanical velocity selectors (for instance the aperture). Therefore, there is
always an uncertain in the q value using neutrons, that is expressed usually as∆λ/λ and∆q/q.
With neutron reflectivity the TOF is usually used to obtain pulses constituted by a range of
neutron wavelengths (for example 2-30 Å wavelength on the ILL reflectometers), in order to
acquire with one or two angles a wide q-range. The velocity selector compartment of FIGARO
reflectometer at ILL is made by choppers (see in details figure 2.6) placed in a row, where
the aperture, the rotational speed and the distance can be tuned to obtain the desired q-range,
q-resolution and flux depending on the sample under analysis. For instance, thick interfaces
in the sample generate a very high number of fringes in the reflectivity profile, and for those
samples a high q-resolution is needed, or else the fringes can not be probably resolved, which
will negatively impact the data analysis. In the case of supported lipid bilayers, the relatively
small amount of features in the reflectivity profile, permits to work with a lower q-resolution
that corresponds to a higher aperture of the choppers and consequently an higher flux of the
neutron beam, leading to shorter acquisition times. [For more details on the q-resolution
see chapter 6]. The main advantage of using the TOF method versus the monochromatic,
with NR consists in the higher speed of the acquisition at lower resolution, due to the higher
neutron beam flux and, since more q points are measured at the same time, the possibility to
measure fast kinetics. The reflected intensity is dependent on the chemical composition of the
interfaces within the sample, i.e. their coherent neutron scattering length density (SLD) of the
materials. The SLD of a molecule is defined as the sum of the coherent scattering lengths of
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Figure 2.6: Scheme of the choppers used on FIGARO instrument for the
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all nuclei divided by its molecular volume. By modelling the structure of the sample, in this
study a supported membrane, as a series of layers corresponding to the molecular constituents,
it is possible to determine the one-dimensional structure described with the SLD profile along
the z-axis of the sample, which is optimised to the experimental data. Neutrons also permit
the use of so called "contrast variation" consisting of varying the percentage of deuterium
content in the material measured (see details in Chapter 6). In NR, the lipid bilayers are
usually measured in different solvent contrasts, differing for the amount of heavy water (%
D2O). By using different contrasts, the signal originating from different sample components
can be selectively enhanced or matched out (a condition where the SLD of the molecule is
equal to the SLD of the bulk solution). Also, the sample components can be selectively
labelled with deuterium, like deuterated lipids or proteins/peptides, in order to hide or expose
a certain molecule inside the sample. This method enables the analysis of the interaction
between bilayers and organic molecules/peptides/proteins with higher accuracy.

NR measurements were carried out on the FIGARO (Fluid Interfaces Grazing Angles
ReflectOmeter) neutron reflectometer at the ILL [255] using a neutron wavelength spectrum
from 2 Å to 20 Å at two incident angles (0.8°and 3.2°) and constant wavelength resolution
of ∆λ/λ = 7%. This instrument setup (see figure 2.7) allowed covering a q-range from
0.009 to 0.35 Å−1 with reflectivity signals typically measurable above the incoherent sample
background up to 0.25 Å−1. The sample cell used for the measurements was a closed flow cell
consisting of a 1.5 or 2 cm thick single crystal silicon wafer (8 cm x 5 cm) mounted against
a polyether ether ketone (PEEK) trough (1 ml internal volume) sandwiched between hollow
aluminium holders to allow temperature control by means of water circulation. An inlet
and outlet from the cell were used for the injection of samples and for buffer exchange (full
description and pictures of the cell can be found in appedix A.4.1). The cell was connected
through the inlet and outlet to a preparative HPLC pump for mixing and injection of water
contrasts totally controlled by the instrument software. Four solvent contrasts (with their
neutron scattering length densities SLD given in brackets) were used: 100% D2O (SLD 6.35
x 10−6 Å−2 from now on D-PLA-buffer), TMW, (59% D2O, contrast matched to the partially
deuterated tails SLD 3.5 x 10−6 Å−2), CMSi or SMW (38% D2O, contrast matched to the
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Figure 2.7: FIGARO instrument setup scheme

silicon substrates, SLD 2.07 x 10−6 Å−2), and 100% H2O (SLD -0.56 x 10−6 Å−2 from now
on H-PLA-buffer).

The measurements were carried out as following: after the bilayer preparation, data from
supported lipid bilayers were collected in 3 or 4 contrasts to obtain the membrane parameters
before the PLA1-1 injection. After the complete characterisation of the SLB, the enzyme
was injected (1.5 ml at different concentration values depending on the type of lipid substrate
used), and the measurement started as quickly as possible after the opening of the beam. The
first measurements were done using the first angle at θ = 0.8◦ with 5 minutes of exposure
repeated for 1 hour, then with 10 min exposure for 2 hours. This enabled the monitoring of
the kinetics of the membrane - PLA1-1 system. A full curve was measured at the two angles
every now and then in order to get the complete q-range for a good estimation of the model.
At the end of the reaction, once it was observed that there were not relevant variations in
the reflectivity profile, the cell was washed to remove proteins and membrane debris, and
measurement of what was left on the support in 3 or 4 contrasts was carried out. Most of
the kinetics were measured in H-PLA-buffer contrast. The lipids used for the NR kinetics are
listed in table 2.2. The solid supported bilayers from natural lipids were measured also in 4
contrasts using pure H2O/D2O combinations. Detailed description of the model used and of
the algorithm behind CoruxFit can be found in Chapter 6.

Small Angle Scattering

Small angle scattering (SAS) is a powerful technique that is been used in different fields for the
past 50 years, from fundamental physics to biology. The technique measures small and very
small scattering angles, where the q-range can be tuned, depending on what the user wants to
observe in the sample. In a colloidal solution, a high amount of the beam passes through the
sample, whereas the rest of it is absorbed and scattered from the particles, where this latter
contains the small angle signal that can be analysed to obtain information about overall shape
and the nanoscale structure of the system. The particle size that can be resolved is in the
range of 10 - 1000 Å using a typical set-up, but it can be extended using higher angles (Wide
angle scattering - WAS) or smaller angles (Ultra small angle scattering - USAS). The range
of angles employed can be selected varying the sample to detector distance or the wavelength
used. The small angle signal from a sample depends on the tri-dimensional SLD profiles (see



44 Chapter 2. Materials and Methods

equation 2.4) of the scattering particles (scatters), which contain information on the SLD and
dimension.

I( #»q ) = V −1
〈∣∣∣ ∫

r3
δρ( #»r ) · ei

#»q #»r d #»r 3
∣∣∣2〉 (2.4)

The scattering intensity #»q (from now on q in the text for simplicity) dependent is I(q), where
V is the averaged volume of the scattering particles; r is the radius in each 3D direction;
δρ is the 3D electron density of the system substracted with the solvent; and i2 = -1. The
experimental I(q) came from the radial mean of the 2D image given by the detector. This
process can be performed if the sample under examination is isotropic, where all the particles
are randomly orientated, giving similar signals in all the radial directions on the 2D image.
After the radial average, a SAS curve (I(q) vs q) can be achieved and analysed by a model.
SAS can be used to acquire low resolution structure of proteins in solution, and this aspect is
essential in biology, since crystallography, which is a very high resolution technique, needs
the protein to be crystallised, which is definitely a non-native environment. In addition SAS
can also be used to get information about protein-protein and protein-lipid association, giving
a good estimation on the ratio between the bound/unbound, and on the final low resolved
structure of the complex.

Small Angle X-ray Scattering - SAXS In this study, SAXS was used to obtain the low
resolution structure of the PLA1-1 protein, since no crystal structure was available in the PDB
data bank. The sample was prepared as mentioned in paragraph 2.1.4 with the set-up described
in paragraph 2.1.6. Data were analysed using the model #15 [256] of Genfit program [257].
This model takes into consideration a PDB file of the protein under examination, and in this
case the predicted PDB structure of PLA1-1 was loaded. All the atomic coordinates were
taken into account by the model as shown in equation 2.5.

A( #»q ) =

N∑
k=1

ak(
#»q )e−i #»q · #»r k (2.5)

rk corresponds to the distance of a k atom with respect to a given central one, A(q) is the
amplitude small angle signal and ak(q) is the atomic scattering length that takes into account
the electron radius, the Thomson scattering and the real/imaginary part of the anomalous
scattering. The hydration shell is also taken into account in this model, by "simulating"
solvent atoms using "dummy" atoms with a spherical Gaussian distribution of scatters. From
this last step, the hydration shell can also be displayed within the protein PDB structure using
spheres. Details on how the shell is created can be found in [256]. The two amplitude
contributions can be summed and averaged on the rotational factor ωq (for the randomly
oriented protein in solution) to get the theoretical form factor of the protein (P(q)). From
the P(q), with a inverse Fourier transform, the p(r) can be calculated, that is by definition the
probability to find two points in the shape of the protein within a length r. Then the final
scattering intensity, physically defined as macroscopic differential scattering cross section is
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calculated as shown in equation 2.6,

dΣ

dΩ
(q) = nP (q)SM (q) +B (2.6)

where SM (q) is the "effective" structural factor, that includes the form factor and the struc-
ture factor S(q) derived from protein-protein interactions and n is the numer of scatters
(protein/complexes) in solution.

This model was used to analyse the SAXS profile of the PLA1-1 in solution taken on BM29
instrument. In order to estimate the amount of aggregation of the protein, the theoretical and
the experimental curves were then substracted, and this second curve was analysed separately
using a second model within Genfit program.

Small Angle Neutron Scattering - SANS In order to obtain the match point of the purified
deuterated natural GPLs, SANS measurements were performed on the instrument D22 at
the ILL. The measurements were done using Hellma quartz 120-QS cells of 1 mm pathway
and were measured over a q-range of 2.5·10−3 - 0.6 Å−1 at a single wavelength of 6.0 Å
(FWHM 10%) with 3 sample-to-detector distances of 1.5 m, 5.6 and 17.6 m. The sam-
ples were measured at 22 ◦C. Data were subtracted using the attenuated direct beam, and
data correction was performed using the software GRASP (https://www.ill.eu/users/
support-labs-infrastructure/software-scientific-tools/grasp) and merged
using an IGOR macro. In order to get the match point, the average intensity of the points at q
< 0.005 Å−1 and at 0.2 < q < 0.4 Å−1 was performed calculating the

√
∆(I), that corresponds

to the squared difference of the I(≈0) and the intensity at high q. Fitting with a straight line
to the point plotted as "%D2O" vs

√
∆(I), it was possible to obtain the %D2O at which the

signal from the deuterated GPL vesicles is equal to zero, leading to the % of deuteration of
the sample.

SANS measurements were also performed to vesicles with and without the incubation
with the PLA1-1 under examination, utilising the same instrument and set-up described above.
The samples were kept at 22 ◦C during the acquisition.

2.5.2 High-throughput lipidomic analysis (MS analysis)

High-troughput lipidomics and the PLA1-1 kinetic analysis were done using the 6470 Triple
quadrupole LC/MS Agilent.

General physics behind the instrument

Mass spectrometry is an analytical method useful to determine the mass of the compound
being analysed, the formula and the structure. A mass spectrometer employs ionization of
the molecules under analysis, in order for them to be accelerated and investigated through the
components of which the spectrometer is made. After ion formation from the sample, the
mass analyser separates all the ions based on the charge to mass ratio, and outputs them to the

https://www.ill.eu/users/support-labs-infrastructure/software-scientific-tools/grasp
https://www.ill.eu/users/support-labs-infrastructure/software-scientific-tools/grasp
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detector, where the ions create an oscillation on the output current of the detector that can be
converted on a digital output. Several types of mass spectrometers exist, working with different
components and different principles. The main ones used are the following: Quadrupole mass
analyser, Time of Flight mass analyser (TOF), Magnetic sector mass analyser, Quadrupole
Ion Trap mass analyser and Ion Cyclotron Resonance. In our study, a triple quadrupole MS
was employed to carry out high-throughput measurements.

HPLC connectionN2 Stream
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Sample negative ions
Sample neutral ions
Sample positive ions

Instrument charges

+ -
DetectorElectro Spray Quadrupole
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Variable AC
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Figure 2.8: Single quadrupole scheme.

Single quad mass spectrometry - Figure 2.8, displays a scheme of a single quadrupole mass
spectrometer (Q-MS), the simplest version of the triple quadrupole. Usually these instruments
are coupled to an HPLC or an UHPLC (Ultra High Performance Liquid Chromatography) for
a very precise and controlled injection of the samples in the instrument, and for an automated
injection of several samples. If the sample needs to be purified before the mass analysis, a
column can also be installed. The first module of the mass spectrometer displayed in figure
2.8 is the Electro Spray Ionization (ESI), where the sample is nebulised (process helped by
the pressure from the HPLC/UHPLC) followed by employing an N2 stream to dry the small
drop created through the spraying process. The sample usually is solubilised using a solvent
(ACN, CHCl3, MeOH, ect), as to improve and speed up the drying process of the drops.
In this chamber a strong electric field is applied in order to accelerate the dried molecules
towards the analysis module. There are mainly two types of analysis controlled by the ESI
section: positive and negative mode. The positive mode (shown in the figure 2.8) is when the
positively charged molecules are pushed toward the analysis part, whereas the negative mode
is the other way round. All the zwitterionic and positively charged lipids can be seen in the
positive mode, while all the negatively charged lipids are seen in the negative mode.

Next, the accelerated ions pass through the quadrupole for the mass versus charge sepa-
ration (m/z). This element acts like a filter, permitting the passage of only certain m/z ions
depending on the alternative current (AC) signal in input. Every ion with a different m/z
ratio, resonates with a certain AC signal frequency. Thanks to this property, the AC signal
can be adjusted in order to scan between a preferred m/z range. The speed of the scan cycle
depends on the range and on the ∆r (resolution of the m/z scan). In our experiment, the cycle
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is around 2 seconds, with a ∆r of 0.05 m/z. The ions coming out of the quadrupole module
are, therefore, separated (in m/z) in time. So different m/z ions hit the detector in a different
part of the scan cycle. The analyser measures the electric current variation when an ion hits
the detector, giving a spectra over m/z. The intensity of the electric current variation depends
on the absolute amount of ions hitting the detector.

Triple Quad-Mass Spectrometry - For our experiment a triple quadrupole (QQQ) was
used, in order to have clearer and less noisy spectra to work with. The first part of this
QQQ-MS works as mentioned in the section above, with the addition of two quadrupoles in
a row after the first one. The third quadrupole acts like the first one, analysing ions coming
from the second. The second quadrupole, also known as the "Collision Cell", is where
the fragmentation happens. Under specific conditions of the collision cell (voltage of the
quadrupole, pressure of the collision gas, etc), the molecules under analysis (parents) can be
fragmented, realising daughter molecules as a finger print of the parent ones. For instance,
if there are two different molecules with the same m/z ratio in the same sample, there is no
way to distinguish them without using a column for a physical separation; whereas, with the
fragmentation method, it is likely the two molecules release different daughter molecules,
that can be identified using the third quadrupole. The third quadrupole method can be in scan
mode or single ion monitoring. With the first method the quadrupole scans all the m/z in a
given range; whereas with the second one the quadrupole is fixed to one or N possible m/z.
The resulting scan from the Q1 can be also filtered consequently with the result from the Q3.
For instance, if only the spectra from the Q1 of a single chemical species is needed, the Q1
spectra can be filtered in order to have the signals on the Q1 that give a proper value m/z of the
daughter molecule in the Q3. In this study, such a method was used to get very clear and low
noise spectra, using the parent 184 m/z protocol. This method consists of the fragmentation
of the choline from the polar head of the lipid used (phosphatidyl choline) giving a signal in
the Q3 of 184 m/z. At the end of the measurement, it was possible to get all the peaks in the
Q1 that give the 184 m/z signal in the Q3.

Kinetic assay protocol for MS analysis

The lipid mixtures used for the MS kinetics experiment are reported in table 2.3 and 2.4 for
the PC kinetic mix (A) and (B) respectively. Mix (A) consists of a number of saturated and
unsaturated PC molecule species while mix (B) contains only unsaturated species. Both these
mixtures were employed to investigate the contribution of (a) the efflux and (b) the active site
accommodation, in regulating the activity of the enzyme. Since, when MS measurements
of mix (A) were carried out, we had faced difficulties in the assessment of the degradative
kinetics of the selected unsaturated species (for instance POPC, PLyPC, etc), we had to
prepare another simpler mixture i.e. mix (B) that contained only unsaturated series. This was
needed to investigate if the hydrolysis rates of such species were influenced by the presence
of certain long chained saturated species. Also such a mixture will allow us to precisely study
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the kinetics of such unsaturated species. The lipid stocks that were stored at 10 mg/ml at -20
◦C were used to make mixtures in solution: 1 ml of volume with a lipid concentration of 2000
nmol/ml per each PC GPL. Such mixtures were used to prepare a second stock mixture at a
concentration of 200 nmol/ml per lipid. From this stock 10 µl was taken into an empty and
clean vial to make LUVs for the MS experiment, allowing us to have an amount of 2 nmol
per lipid for the kinetics experiment. The sample was evaporated under Ar and placed under
vacuum for at least 3 hours. The LUV solution for the MS kinetics experiment were prepared
as described in paragraph 2.3.3 using for the hydration 500 µl of PLA buffer.

The kinetics were performed at 37 ◦C in a thermo-bath. The protein prep and the LUV
solution were incubated in the same thermo-bath for 20 min before mixing them, as to make
sure that the start of the reaction was at 37 ◦C. The protein concentration across all the
experiments was of ≈0.7 mg/ml, in a volume of 500 µl resulting in a final amount of 350 µg
of PLA1-1. The two solutions (LUV and PLA1-1) were mixed together to get a final reaction
solution volume of 1 ml. Upon incubation, a number of aliquots at regular intervals (time
points - tp) were pipetted out (60 µl) into glass vials containing 2 ml MS-Grade MeOH +
0.5% HCl followed by a vigorusly vortexing and maintainedon ice. The action of this solution
is the immediate stop of the hydrolysis reaction, since the MeOH destroys the structure of the
vesicles, while the cold temperature slows down the reaction following the denaturation of
the protein caused by HCl.

A modified lipid extraction protocol as described by Folch et al [251] was performed. 4
ml MS-Grade CHCl3 followed by 2 ml Milli-Q H2O were added to each sample. All the
samples were tightly capped, vortexed and incubated at RT for one hour to allow the emulsion
to settle down and two phases to clearly separate. The upper phase is the aqueous phase,
where the protein and salts are, whereas the bottom phase is the organic one, where the lipids
are dissolved. The upper phase was discarded using a 1000 µl pipette, and the theoretical
upper phase solution (CHCl3/MeOH/H2O [3:48:49 v/v/v]) was added to each vial for a second
wash of the organic phase. This second step was essential, since salts like Na+ may bind to
the polar head of the PC molecules, giving a shift in the MS spectra by a difference of +23
m/z, causing consequent problems while interpreting the data. The vials were again vortexed
for 10 second and incubated for one hour. The upper phase was again discarded and the
lower phase evaporated under Ar. The invisible film created was then resuspended in the MS
running solvent (ACN:IPA:H2O) and transferred into vials containing conical inserts, and
were finally ready for the MS measurements.

Method for the PLA1-1 MS kinetic assays

MS measurements were carried out by direct infusion into the triple quad MS. Samples after
lipid extraction were resuspended in 150 µl of MS running solvent solution (ACN:IPA:H2O),
that was transferred into vials with conical inserts and stored at -20 ◦C until analysis. The
samples were then vortexed and heated up before placing them in the sample rack of the
uHPLC, that was mantained at 16 ◦C. The uHPLC was programmed to inject the samples into
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Lipid name Abbreviation Mol. mass [Da] [nmol] [mg]

Saturated series

18:0 - 18:0 PC DSPC 790.145 2000 1.58
16:0 - 16:0 PC DPPC 734.039 2000 1.47
14:0 - 14:0 PC DMPC 677.950 2000 1.36
12:0 - 12:0 PC DLPC 621.826 2000 1.24
16:0 - 18:0 PC PSPC 762.076 2000 1.52

Unsaturated series

16:0 - 18:1 PC POPC 760.076 2000 1.52
16:0 - 18:2 PC PLyPC 758.060 2000 1.52
16:0 - 18:3 PC PLnPC 756.060 2000 1.51
16:0 - 20:4 PC PAPC 782.082 2000 1.56
16:0 - 22:6 PC PDPC 806.100 2000 1.61

Charged lipid 18:0 - 18:0 PA DPPA 670.873 3800 2.55
Internal std 24:0 SM SM 815.240 3570 2.91

Table 2.3: Lipid mixture (A) [PC kinetic mix (A)] used for the MS kinetic
analysis.

Lipid name Abbreviation Mol. mass [Da] [nmol] [mg]

Unsaturated series

16:0 - 18:1 PC POPC 760.076 2000 1.52
16:0 - 18:2 PC PLyPC 758.060 2000 1.52
16:0 - 18:3 PC PLnPC 756.060 2000 1.51
16:0 - 20:4 PC PAPC 782.082 2000 1.56
16:0 - 22:6 PC PDPC 806.100 2000 1.61

Charged lipid 16:0 - 16:0 PA DPPA 670.873 2000 1.34
Internal std 24:0 SM SM 815.240 2000 1.63

Table 2.4: Lipid mixture (B) [PC kinetic mix (B)] used for the MS kinetic
analysis.

the QQQ-MS in a sequence. A volume of 2 µl per sample was injected with a flow rate for the
measurements of 0.04 ml/min, in order to obtain a good signal within a sufficient time. Each
sample was measured trice in order to test the reproducibility. The first quadrupole (Q1) range
scan was 435 - 835 m/z, in order to get the signal of all the phospholipids molecules within
the mixture and the lysophospholipids formed during the PLA hydrolysis reaction. The fatty
acids were not detected, but their amount could be determined by integrating the normalised
total count chromatograms [for more details see Chapter 7] and plotting the integrated values
(exponential decay of the signal due to the loss of material during the kinetics). As mentioned
in the paragraph 2.5.2, in order to get a more accurate and less noisy spectra, the precursor
ion scan was used. To perform that, the collision cell (second quadrupole Q2) was set in order
to get the fragmentation of the polar head of the phospholipids, and the Q3 for the analysis
of the fragments. The parameters for the collision cell are: 15 eV for the collision energy, 5
V the electric potential with a capillary accelerator voltage of 3500 V. The Q3 was set to 184
m/z single ion monitoring, precursor ion of the phosphatidylcholine lipids. The Q3 acts like
a filter, so that the final spectra measured on the Q1 displays only the peaks giving the 184
m/z signal in the Q3. For every 5 samples, a blank was run, in order to clean the instrument
thus ensuring that there was no carry over from the sample previously measured.

A second method for the MS analysis was developed, to allow us to do the analysis of
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the kinetics carried out using the total lipid extracts (TLE) from Pichia pastoris. The TLE
utilised for the kinetics experiment, contains all the classes of phospholipid molecules as
follows: PS, PG, PI, PA and PE. In order to obtain more detailed information on all the lipid
species inside each class, a "dynamic multiple reaction monitoring" (DMRM) was set up.
The method consists in the use of a C18 column, for the separation of all the lipid species
inside the sample before their injection in the MS for the analysis. In principle, every lipid
species has a certain retention time through the C18 column, leading to the "spreading" of
the samples in different peaks during the MS analysis. Consequently, a table describing the
list of the expected lipids under examination can be applied, describing each molecule per
its retention time (RT), mass (m/z), fragmentation (for instance parent 184 for PC, or neutral
loss, etc) and the polarity of the analysis (positive or negative to scan different charged lipids).
The "spreading" of the lipids contained into the sample leads to a less complex mixture that
is consequently even more ionised within all the molecular species from the ESI of the MS,
since, during this step, the competition of the lipids for the ionization normally occurs. This
competition is an important factor to take into consideration, especially when the amount of the
various molecular species contained into the sample is different. Accordingly, a more reliable
and stable signal can be achieved. This method is useful also for quantitative determinations
of a set of known lipid species. The experiment was performed using an already existing
DMRM method, in order to determine the quantity of the most popular lipids.

Data analysis

The total count chromatograms (TIC) outputs generated by the instrument, were integrated
using the MassHunter software in order to get the MS spectra of each sample injected (in-
cluding the technical replicates). After the integration process, all the spectra were subtracted
utilizing the blank measured, in order to have a baseline ≈ 0 intensity in all the spectra. The
data were then exported and normalised by an in-house built python program [see details in
chapter 7], using the signal of the standard SM (non degraded by the PLA1-1). The ratio
between the area of the SM at time point 0 minutes (tp0) and the area of the same SM at the
other time points, gave a multiplication factor per tp, that was used to normalise the spectra
directly. After normalisation, all the peaks in every tp spectra were integrated and normalised
using the same peaks in the tp0, in order to generate the degradation profile (between 0 and
1). These profiles were then fitted using an ad-hoc python program with a first exponential
decay model, that directly gave the speed of the degradation of each lipid species as well as
the final amount of degradation.
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Chapter 3

Results: Protein and lipids production

To study the PLA1-1 - model membrane interactions and the hydrolysis kinetics, PLA1-1 and
phospholipid molecules were produced in the ILL laboratories. This Chapter is focused on
the results obtained for the (a) protein expression and purification, (b) lipid extraction and
purification from biomass and (c) chemical synthesis of partially deuterated phospholipid
molecules.

3.1 PLA1-1 production

In this section, the expression and purification of the Aspergillus oryzae PLA1-1 isoform, is
discussed including results emanating from its structural and functional investigation.

3.1.1 Expression and purification

The recombinant expression of the PLA1-1 protein, as mentioned in Chapter 2 (paragraph
2.1), was performed in Escherichia coli, a prokaryotic system. The purification of the protein
was done sequentially first by affinity chromatography and then by gel filtration. In order to
explore the best conditions for the MBP - PLA1-1 overexpression (MBP - Maltose Binding
Protein), an expression test was performed using different temperatures and expression times.
The amount of IPTG (Isopropyl β-d-1-thiogalactopyranoside) utilised was kept constant at 1
mM (final concentration in the culture medium). As shown in the gel in figure 3.1, where
only few conditions were run, there was not much difference between 3h at 37 ◦C and O/N
at 25 ◦C. Consequently, the expression at 25 ◦C, O/N was chosen, in order to slow down the
expression, thereby decreasing the probability of an incorrect folding of the protein of interest.
By comparing, the "non-induced" and the induced lanes displayed in figure 3.1, it is clear that
the protein of interest is correctly overexpressed, since a very strong band appears at the level
of ≈72.5 KDa, that corresponds to the molecular weight of the fusion protein MBP - PLA1-1
(≈42.5 KDa and ≈30 KDa for the MBP and PLA1-1 respectively). Once the expression
conditions were identified, a large culture was started, in order to produce a large protein
batch. The clear lysate obtained from the O/N culture was directly injected in the MBP-Trap
column coupled to the FPLC (Fast Protein Liquid Chromatography). In figure 3.2, is shown
the chromatogram obtained from the affinity purification step. The graph displays the time of
the purification, (and if multiplied by the flow rate, the ml of running buffer [PLA1-1 buffer]
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Figure 3.1: Time dependent expression test, performed for Codon Plus and
Rosetta strains. The lane "N.I." is the non-inducted cells; 1h, 3h at 37 ◦ and
O/N at 25 ◦ are from inducted cells. The two strain expressions resulted in

similar protein expression (as indicated by the red arrow).

passed through the column), versus the absorbance at 280 nm (espressed in mAU), that is
usually used to detect proteins. The orange line corresponds to the gradient of elution buffer
used. The first broad peak appearing at the beginning of the chromatogram, is the result of
the non-bonded proteins washed from the resin of the column using the running buffer. For
the elution step, a gradient (between PLA-Buffer and Elution Buffer) was set, and at ≈20%
of the elution buffer, we assisted to the elution of the MBP - PLA1-1, within the typical sharp
peak of an affinity chromatography. During the elution step, fractions of 1 ml were collected
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Figure 3.2: MBP Trap chromatogram. The black straight lines represent
the fraction collected, from the N◦7 to the N◦11. The "%B" displayed in
the second y-axis corresponds to the ratio between the PLA-Buffer (used as

running buffer) and the Elution Buffer.

(displayed in figure 3.2 as straight black lines), obtaining the eluted protein in 5 fractions that
were checked using an SDS-PAGE gel (figure 3.3). The fraction tested were from 7 to 11
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Figure 3.3: SDS-PAGE gel of the affinity purification step. Where STD
is the standard; Pre-Inj is the sample before its injection into the column;
F.T. is the flow through (non-bounded proteins); Wash is the washing step of
the column; and the last 4 lanes are the 4 eluted fractions. The blue circle
represent the protein lost during this purification, as mentioned in the text.

(where the fraction 1 starts with the start of the gradient), but only four of them were loaded in
this gel (figure 3.3). Following the description of the lanes: (1) STD the standard; (2) the clear
lysate before the injection in the column; (3) the flow through from the column; (4) the wash
fraction; and finally, in the last four lanes, the elution fractions (from 7 to 10). As noticed
from the flow through (F.T.) and the wash lanes, some of the fusion protein was lost during
these steps. This depends on the saturation of the column, since the stationary phase has an
upper limit in the binding of MBP tagged proteins. The amount of protein injected was then
optimized, in order to obtain the maximum protein yield from the clear lysate (for instance see
figure 3.6). From the elution fractions, a large (because of its high concentration) and clear
band appeared ≈72.5 KDa in the gel in figure 3.3, that corresponds to the MBP - PLA1-1.
The purified fractions contained also other small bands corresponding to proteins with lower
molecular weights. The most abundant protein in the eluate fractions was the endogenous
MBP (≈45 KDa), since E. coli normally express it, resulting in the final contamination of the
eluted fusion protein (coelution of MBP and MBP - PLA1-1). This first purification step was
performed twice starting from 3 g of cell pellet resuspended in 30 ml lysis buffer, in order to
avoid the saturation of the MBP-Trap column. From this process, 55 mg in 10 ml of purified
protein was obtained, constituted by MBP endogenous protein + MBP - PLA1-1. In order
to procure a more pure solution of MBP - PLA1-1, a gel filtration step was performed. 2
ml of the purified MBP - PLA1-1 pool was injected into a gel filtration column coupled to
an FPLC. The low volume injected allows a higher peak resolution during the purification.
Fractions of 1 ml were collected starting from ≈30 min after the injection of the sample
in gel filtration (0.25 CV). A large peak appeared at the very beginning of the gel filtration
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A B C D E F G H I L M N O P

MBP - PLA1-1 aggregates

MBP - PLA1-1 monomer

Endogenous MBP

Figure 3.4: Gel filtration chromatogram. The black straight line represent
the fraction taken for the SDS-PAGE gel shown in figure 3.5

chromatogram (44 min, 0.37 CV) as displayed in figure 3.4, that corresponds to aggregated
complexes since it eluted with the void volume of the column. A second peak right after the
aggregation one eluted around 75 min, and corresponds to the MBP - PLA1-1 (≈75 KDa),
according to the calibration curves on the manual of the column. The third peak appeared at
84 min corresponds to the endogenous MBP,that coeluted during the affinity chromatography
step. The fractions shown in the chromatogram were then loaded into an SDS-PAGE gel
displayed in figure 3.5. As shown in figure 3.5, the first peak corresponds to the aggregation
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Figure 3.5: SDS-PAGE gel of the gel filtration purification. The fraction
loaded are displayed in figure 3.4

status of the MBP - PLA1-1, since the gel shows clearly the right molecular weight of the
MBP - PLA1-1 protein. The second peak corresponds to the right monomer of MBP - PLA1-
1, since its molecular weight is the same in its "native" condition (gel filtration, from the
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calibration curve) and in its denatured state (SDS-PAGE gel). The last peak, as supposed, is
the endogenous MBP protein. The gel filtration chromatogram, was then deconvoluted using
5 gaussian functions, in order to obtain the purity of the pool collected from this step. The
result and the process are explained in Appendix paragraph A.2.3 and in figure A.1. From
this process, a purity of 96.3% of the pool collected (71 - 79 ml) was found, and an efficiency
of purification of 10% was achieved (ratio between integrated peak of the MBP - PLA1-1
and the total chromatogram integration). The entire process resulted in a final amount of 5.5
mg of MBP - PLA1-1, from 3 g of cell pellet. In figure 3.6, a gel of the entire process of
purification is shown. In this gel only the fractions of the MBP - PLA1-1 gel filtration peak
were loaded. As mentioned before, the protocol for the affinity purification was optimised,
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N.I. Ind STD Pre-Inj F.T. A.C. Gel filtration fractions

Figure 3.6: Entire purification process SDS PAGE gel. Where N.I. is the
non-inducted cells and Ind represent the inducted cells; STD is the standard;
Pre-Inj is the protein sample before its injection into the MBP-Trap; F.T. is the
flow through of the non-bonded proteins; A.C. is the affinity chromatography
purified sample; and finally the last lanes represent the gel filtration fractions.

as the MBP - PLA1-1 does not appear in the flow trough lane (figure 3.6 lane "F.T."), since
all the injected MBP - PLA1-1 bonded to the resin of the column. In summary, all the peaks
from the gel filtration were checked using calibration curves and SDS-PAGE gels, thereby
confirming the purity and the identity of the collected MBP - PLA1-1 pool.

An activity assay was performed for all the fractions as shown in figure 3.4, in order to
spot in which fraction the active protein was located. DMPC as substrate was utilised for
this purpose, and a TLC was performed as shown in figure 3.7. In the TLC displayed in
figure 3.7, only the first two peaks were tested, since the last peak corresponds to the MBP,
that has no activity on phospholipid substrates (data not shown). The first lane of the TLC
corresponds to the blank (LUV solution without the addition of the protein), followed by
LUV + gel filtration fraction and the last two lanes are the standards (PC and LPC standard).
The LPC migrates on the silica TLC at a slower rate compared to DMPC, due to its higher
polarity (higher interaction with the matrix) since it contains only one acyl chain, resulting
in a good separation between PC and LPC. The FFA migrates to the top of the plat (along
with the running buffer), since their hydrophobicity does not allow any interaction with the
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ABlank B C D E F G H PC LPC

Figure 3.7: TLC representing an activity assay performed on the fractions
displayed in the gel filtration chromatogram in figure 3.4. In this experiment,
the FFAs released from the reaction are not visible, since the TRITON used

covers their signal, migrating in the same spot.

matrix of the TLC. In this example the FFAs are not visible, since the band of the Triton used
for this assay, covers that region. From the TLC in figure 3.7, it can be observed that the first
peak fractions have no hydrolysis activity on the DMPC composed LUVs, since no LPC is
released, whereas the activity is observed for the fractions in the second peak, since the LPC
band appears in those lanes.

In summary, from 800 ml of LB liquid culture, ≈3 g of cell pellet can be achieved, which
allows to obtain 5 mg of purified fusion protein. The integrated peak of the gel filtration
was 10% with a contamination from the other peaks of 3.7%, where the aggregated proteins
and the endogenous MBP correspond to the remaining part (90%). The efficiency of the
purification (in terms of the yield) was not very high, even after the various optimisations,
but the protein achieved was enough for the NR, SAS and MS experiments.

3.1.2 MBP tag removal, cleavage mediated by Factor Xa

In order to get sequence and structural information for the expressed PLA1-1, MBP-tag
removal was carried out, to perform those analysis only for the protein of interest. As
mentioned in Chapter 2 paragraph 2.1.1, between the MBP-tag and the PLA1-1 sequence
in the vector, a small sequence coding for 10 amino acids exists. This sequence can be
recognized by the protease Factor Xa. In order to get the correct balance between amount of
cleaved products and reaction time, a small scale time-dependent assay was performed, and
shown in figure 3.8 through a SDS-PAGE gel. As seen from the gel SDS-PAGE in figure 3.8,
the cleavage reaction, with a ratio of 1:50 factor Xa:fusion protein (w:w), reached the plateau
after 4 hours, since the intensity of the bands between 4 and 6 hours did not change much.
Short reaction times reduce the possibility of protein degradation, that may occur since the
reaction was carried out at RT (≈22 ◦C). A large scale cleavage (4 hours at RT) was next
performed, followed by the factor Xa arrest, in order to stop the reaction by removing the
Factor Xa from the reaction solution. After this step, an MBP-Trap affinity chromatography
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Figure 3.8: Time dependent Factor Xa cleavage assay. Where STD is the
standard; FP is the fusion protein; following the different timings where O/N
is the over night digestion; and finally C.MBP is the MBP protein used as

control.

step, was carried out in order to separate the MBP-tag and the uncleaved MBP - PLA1-1
from the cleaved PLA1-1. Figure 3.9 shows the chromatogram resulting from the affinity
chromatography step, and the figure 3.10 shows the SDS-PAGE gel carried out to check the
correct course of the purification. Figure 3.9 depicts the purification of PLA1-1 through
the MBP-Trap affinity chromatography after the cleavage reaction. The first peak, which is
the F.T., corresponds to the cleaved PLA1-1, whereas the second peak (during the elution
step) corresponds to the MBP-Tag and the uncleaved MBP - PLA1-1 fusion protein. Next,
the activity of the cleaved PLA1-1 was tested, using the same lipid substrate along with the
conditions used for the MBP - PLA1-1 assays, resulting in a functional protein.

3.1.3 cDNA sequecing

The sequencing of the expression cassette was performed in order to check if the theoretical
sequence corresponded to the one used for the recombinant expression. The vector solution
was prepared as mentioned in Chapter 2, and sent to "Genewiz". Figure 3.11 shows the
alignment between the theoretical vector sequence (query) and the sequence obtained from
Sanger sequencing (forward). The selected sequence corresponds to the theoretical nucleotide
sequence coding for PLA1-1, resulting in a 100% of match between the two. Sanger sequences
are characterized by problems at the beginning and at the end of the reaction, resulting in gaps
and mismatches at the beginning and end of the alignment. The PLA1-1 sequence is located
exactly in the middle of those sequences, and none of those problems occured.

3.1.4 Mass spectrometry analysis of the uncleaved and cleaved PLA1-1

Since the nucleotide sequence for PLA1-1 is not optimized, even if Codon Plus cells were
employed, a control of the amino acid sequence of the protein after the purification was
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Figure 3.9: Affinity chromatography separation between MBP-tag and
cleaved PLA1-1.
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Figure 3.10: Entire process of purification. Where STD is the standard, T.L.
is the total lysate, F.T. is the flow through, M.T.P. is the MBP-Trap purified
protein, G.F. is the gel filtrated protein, A.D. is after the dialysis, [C] is A.D.
concentrated, Cl. cleavage, Xarr is after the Xarrest, PLA is the PLA1-1
purified from the second MBP-Trap step and its concentrated version [PLA]

and finally El. that is the eluate from the MBP-Trap
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Figure 3.11: Alignment of the theoretical sequence of the vector (query) and
the sequence obtained from the Sanger sequencing (forward). The selected
sequence is the query coding for PLA1-1, and there is a clearly perfect match

between the two.

carried out with mass spectrometry. The analysis was performed on the fusion protein (MBP
- PLA1-1) and for its cleaved version (PLA1-1). The sequences used to compare the masses
obtained from the MS-TOF analysis are shown in Appendix paragraph A.2. Figure 3.12
"Raw spectrum", shows the raw data from the MS-TOF measurement, whereas in panel
"Deconvoluted spectrum" displays the deconvolution of the raw data. The theoretical mass
calculated from the sequence of the MBP - PLA1-1 reported in Appendix paragraph A.2,
corresponds to 72565.83 Da for the oxidized form (3 disulfide bridges), and to 72571.88
Da for the reduced form. Disulfide bridges are covalent bonds occuring between cysteine
amino acids within the protein. This amino acid exibit a free -SH group, that can be oxidized
forming the -S-S- (disulfide bond) with another cysteine. This type of covalent bond is
important for the stability of the tertiary structure of the protein. The mass obtained by MS
is 72556.90 Da, which deviates 8.9 Da from the oxidized form and 14.9 Da from the reduced
one. We have noticed some differences on the nucleotide sequence of the MBP-tag, that could
explain this shift in mass. In order to have a clear scenario of the PLA1-1 protein, the same
analysis was repeated for the cleaved version (PLA1-1), see figure 3.13 From figure 3.13 panel
"Deconvoluted spectrum", the experimental mass was found to be 30103.70 Da, whereas the
theoretical mass corresponds to 30101.82 Da for the oxidised form, and to 30107.87 Da for
the reduced form. The mass found from the analysis is therefore placed between the two
expected theoretical masses. The PLA1-1 protein has 6 cysteins, since between the oxidised
and reduced -SH groups in the protein, a shift of 6 Da was found (the mass of 6 H atoms).
However, a difference of 2 Da was found instead, therefore we supposed the PLA1-1 protein to
have in its native form 2 disulfide bridges. In order to support this hypothesis, a third analysis
was carried out, using the TCEP as reducing agent used to break down all the disulfide bridges.
Figure 3.14 shows the mass spectra of this last experiment, and from the deconvoluted spectra,
a mass of 30107.72 ± 0.15 Da was found, that corresponds to the PLA1-1 full length in its
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Figure 3.12: MS-TOF analysis of the MBP - PLA1-1. From the deconvoluted
spectra it can be noticed a single peak corresponding to 72556.9 Da, which

lead to a high purity sample eluted.

Figure 3.13: MS-TOF analysis of the cleaved PLA1-1. Also in this case
mainly one peak was found. Its mass was found to be between the oxidised

and reduced protein.
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Figure 3.14: MS-TOF analysis of the cleaved PLA1-1 in the presence of
TCEP. In this case the mass corresponds to the totally reduced protein.

Therefore, 2 disulfide bridges exist in its active form.

reduced form, confirming the presence of only 2 disulfide bonds and two free -SH of the
cysteins in the native form of the protein.

3.1.5 PLA1-1 structure prediction

Since no crystal structure for PLA1-1 exists in the Protein Data Bank (PDB) an investigation
at lower resolution of its structure was carried out. First, homology modeling was performed
to obtain a rough structure. Homology modeling by definition is the modeling of an unknown
protein starting from a structure of a known protein that has already been deposited in the
PDB, with a similar amino acid sequence. The similar proteins sequences were found using
BLAST, searching through the PDB databank. The theoretical primary sequence was taken
from SnapGene software, and then uploaded on BLASTp. The most similar protein was
found to be the chain A of 6UNV, a lipase from Rasamsonia emersonii (see details in figure
3.15). The identity between the PLA1-1 and 6UNV is around 53% with a similarity of 66%.
Results from the sequence analysis showed that, a point mutation exists in the active site
sequence, GHSLG instead GHSYG, where Serine is the most important amino acid for the
reaction (NS [Nucleophilic Substitution] reaction), whereas the other residues are important
for specificity. The PDB structure of this protein was downloaded from the PDB database, and
using Swiss PDB viewer tethering was performed, in order to thread the PLA1-1 sequence
inside the Lipase 6UNV structure. A refinement was performed to avoid atom clashing
and not permitted structures. Figure 3.16 depicts the structure obtained. Since, the model
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Figure 3.15: BLAST Protein alignment PLA1-1 vs the Lipase 6UNV chain
A

Figure 3.16: Homology modeled structure for PLA1-1 with 6UNV
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protein used for this process was 53% identical with respect to the PLA1-1, and since there
exists a point mutation inside the active site, the structure obtained could be an artifact.
Thereafter, another method was employed to obtain the structure of the fusion and the cleaved
protein, AlphaFold [249]. In figure 3.17 and 3.18, are shown the PDB structures with the
hydrophobic surface for the fusion protein and the cleaved version respectively. In the fusion

Figure 3.17: AlphaFold prediction of the MBP - PLA1-1

protein structure predicted which is displayed in figure 3.17, the linker (displayed in red color)
between the tag and the PLA1-1 does not have a defined structure, as expected. Active site
of the PLA1-1 is displayed in yellow. The two structures (from the homology and the
ab-initio modeling) were overlapped and displayed in figure 3.19. From this figure, it can
be noticed that the two structures are almost identical, giving a very good example of the
molecular evolution, since usually proteins with the same function, have a similar structure.
Next, in order to confirm the structures obtained, SAXS measurements were performed on
the PLA1-1 protein, and analysed through Genfit [257]. Figure 3.20, displays the SAXS data
collected for the PLA1-1 protein and its analysis. In the graph in panel (A), the blue dataset
corresponds to the experimental measurement of the protein in solution and the red line is
the form factor obtained from the fit using the model #15 of Genfit [256], performing the
theoretical form factor of the protein from the PBD file given as input to the program. As
can be noticed, in the low q region, an important shift appears between the experimental and
theoretical curves, indicating the presence of aggregated PLA1-1 in the sample prepared. The
theoretical curve was then substracted from the experimental one, obtaining the green colored
dataset. This was analysed using Genfit with a cylinder model, since it was the best model
that could interpret this dataset. The aggregates can be model as cylinders in the solution, for
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Figure 3.18: AlphaFold prediction of the cleaved PLA1-1

which the parameters are listed in table 3.1. Summing then the theoretical red curve with the
theoretical black curve, the pink curve was obtained, for a perfect interpretation of the data.
In panel (B) is displayed the p(r) calculated from the red colored theoretical curve from which

Parameter Value

Protein
[C]th [mg·ml−1] 0.82
MW [g·mol−1] 30103

Vol [Å3] 81280

Cylinder r [Å] 42
d [Å] 300

Table 3.1: Parameters from the SAXS data analysis using the model #15 and
the cylinder model of Genfit software. [C]th corresponds to the theoretical
concentration calculated from the intensity of the SAXS profile, the MW the
molecular weight inserted as fixed parameter for the scale factor calculation,
Vol is the volume of the protein, r is the radius of the cylinder and d its length.

a gyration radius of ≈25 Å was found.

3.1.6 Summary of the results on protein production

MBP - PLA1-1 and its cleaved version PLA1-1, were produced as described in this section.
The expressed and purified fusion protein MBP - PLA1-1, before the kinetics experiments,
was checked using different techniques, to ensure we had produced the enzyme molecule
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Figure 3.19: Superimposition between Predicted and Homology modelled
structure
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with the expected amino acid sequence. First the cDNA was sequenced in order to verify
the nucleotide sequence coding for the PLA1-1, subsequently the protein was checked during
the purification steps. Using gel filtration for the purification, an estimation of the molecular
weight of the protein purified can be obtained through the calibration curves. Then, using
an SDS-PAGE gel, the molecular weight and the purity of the purified product was further
assessed. In order to acquire with higher accuracy the molecular weight of the protein, MS-
TOF was performed, providing a very good match with the calculated molecular weight from
theoretical sequences. An activity assay was carried out in some of the fractions of the gel
filtration, in order to verify that the peak with the expected molecular weight was the one that
also showed the expected activity. A structural analysis was also performed on the cleaved
PLA1-1 protein, providing a good match with the ab-initio predicted PLA1-1 structure and
the SAXS curve.
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3.2 Lipid production

In this section, the main results related to the production and lipid characterisation are
explained and discussed. We firstly assessed and optimised a protocol for the extraction
and purification of the different classes of polar lipids from biomass, especially from Pichia
pastoris. Next, we focussed on the synthesis of partially deuterated GPLs that were used
for the PLA-membrane interaction studies.Using natural lipids, more biologically relevant
membrane bilayers can be obtained (with properties closer to the natural cellular membranes).
The main classes of phospholipid molecules utilised for the PLA1-1 kinetics analysis, were
PC and PS, but also PG was purified and characterised. The characterisation consisted of
(a) the lipidomics profiling, finding the relative abundance of the acyl chains for the three
classes of GPL molecules purified, and (b) the structural characterisation of flat membranes
containing the purified GPLs. Profiling the lipid component, is a fundamental step in order
to have more controlled system to work with, allowing also to calculate the SLD values from
the composition of the acyl chains. Membranes constituted of pure PC, and PC/PS, PC/PG
with a ratio of 80:20 (w/w) were characterised using NR. PC class of phospholipids are
zwitterionic molecules, uncharged at physiological pH, needed for the formation of a charged
flat membrane onto the silicon support (i.e. containing charged GPL molecules as PS and
PG). For that reason the PC class was utilised as a "carrier" molecule to deposit membranes
composed by those charged GPL molecules (PC/PS and PC/PG). Differently, the charges
between the silicon support and the polar head region of the lipids would not allow the fusion
and the formation of an high coverage membrane.

3.2.1 Natural lipids production and characterisation

The cultures of Pichia pastoris were carried out in collaboration with the Deuteration-lab (D-
Lab) within ILL, where the protocols to grow cells in deuterated conditions were optimised.

Extraction and purification

From the biomass, the total lipid extraction was carried out as explained in Chapter 2. Upon
lysis of the cells, the first step of the extraction consisted of the formation of a double
phase, caused by the different polarity and mass density of the solvents used. This system
can be formed only with a precise ratio between the solvents (CHCl3, MeOH and H2O).
During the formation of the two phases, the polar molecules move into the upper phase (polar
fraction) where they are more soluble, whereas the apolar molecules are located in the bottom
phase (apolar fraction). This results in the fractionation of the proteins and metabolites
(polar molecules) from the apolar molecules as phospholipids, neutral lipids, sterols and
apolar metabolites. In order to recover only the phospholipid fraction, an SPE procedure
was performed, and the eluate was injected into the normal phase column coupled to an
HPLC. This step of purification allows the separation of each class of phospholipids using the
protocol described in Chapter 2. The purification was performed for both the hydrogenous
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and deuterated biomass, in order to obtain both the H and D lipid mixtures respectively.
Figure 3.21 shows a typical chromatogram that can be achieved from the HPLC purification
step. As can be noticed, the two chromatograms have a similar trend, and the amount of lipids

Neutral
lipids

Figure 3.21: HPLC chromatograms H versus D.

per each class is approximately the same. The order of the GPL classes purified with this
method is as follows: PG, PE, PC, PI and PS. The initial peak (around ≈15 min) corresponds
to the neutral lipids, resulting in a non-100% removal of those lipids from the SPE step, that
were then separated during this purification step. Each class of purified phospholipids was
determined with an HPTLC, in order to assess the identity and purity of the fractions (figure
3.22).

hPC dPC STD hPS dPS STD hPG dPG STD

(a) (b) (c)
1 2 3 4 5 6 7 8 9

PC

PS

PG

Figure 3.22: TLC analysis of the three purified classes of phospholipids
purified. This step is fundamental for the assessment of the identity and

purity of the purified fractions.

Molecular compositional analysis by Gas Chromatography (GC)

Since these purified mixtures were used for the neutron experiments, the profiling of the
acyl chain composition was carried out for each of the purified classes. This step is fun-
damental for the proper and accurate calculation of the acyl chain region-SLD of these
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phospholipid mixtures (the details on the calculation are shown later in this section [para-
graph Scattering techniques]). The advantages of using natural lipids, lie in the fact that
more natural-mimicking model membranes can be achieved, making the experiments more
relevant; and secondly perdeuterated GPLs can be used, which gives a large advantage for
neutron scattering experiments, since usually the chemical deuteration is expensive and not
always available. The profiling of the acyl chain composition for the total polar lipid extract
was performed using GC-MS, for both the H and D extracts. Figure 3.23 shows the GC-MS
Total Ion Chromatogram (TIC) of the total lipid extract. The sample injected in the instrument
went first through the GC column, separating all the Fatty Acids Metyl Esters (FAMEs) with
respect to their hydrophobicity, resulting in the chromatogram shown. The TIC signal came
from the total ion counts in the MS detector, which is coupled right after the GC column.
Using MS, information regarding the mass of the molecules separated by the GC column can
be achieved. Integrating each peak in the TIC, the MS spectra per each lipid species can
be extrapolated, for identification purposes. As observed, the TIC chromatograms for the H
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Figure 3.23: H versus D lipid extracts GC-MS chromatograms. It can be
noticed a consistent shift of the peaks in low time ranges for the D lipids. The

chromatograms are normalised to the highest peak for a better view.

versus D, are shifted on time. This behavior is derived from the fact that the hydrophobic
interaction between D/H material and the GC column is different. From the TIC, the relative
spectra of each peak can be achieved (an example is shown in figure 3.24). As can be noticed,
the spectra between H and D are also shifted in mass, since the D atom weight is "+1 Da"
with respect to its more popular isotope H. From the spectra it is also noticeable that the
shape of the peaks in H and D spectra are different. The peak shapes of the D spectra are
more similar to a Gaussian function, whereas the peaks in the H spectra do not contain any
shoulder on the left side. This behavior can be explained by the fact that the deuteration
level of natural lipids and consequently of the FAMEs, is not 100%, giving to the molecules
different amount of D contained, spreading the MS signal in a Gaussian shape. From the



70 Chapter 3. Results: Protein and lipids production

 0

 20

 40

 60

 80

 100

 300  320  340  360  380  400  420  440  460

In
te

n
si

ty
 [

%
 m

a
x
]

Mass [m/z]

D
H

Figure 3.24: MS spectra of the peak corresponding to 25:0, taken as example
because of its symmetric shape. The first peak on the right corresponds to the
m/z of the 25:0 FAME, whereas the other signals are fragmentation products.

The shift seen in the spectra is caused by the deuterium content.

MS spectra, the Extrapolated Ion Chromatogram (EIC) can be computed. The EIC is the
GC chromatogram of the ions that gave that certain signal on the MS detector. For instance,
by taking a GC peak of one FAME, and by integrating it, a specific mass from the resulted
related MS spectra can be selected. From this process, the GC EIC chromatogram can be
achieved for that particular ion with that particular m/z selected. In the D measurements,
each GC peak contained different masses due to the different deuteration level of the FAMEs.
The signal of each GC peak, can be described with different EIC peaks, that corresponds to
different MS signals within the main GC peak. An example is given in figure 3.25, where the
peak for the FAME D-25:0 contains different EIC peaks, one from each signal of the related
TIC-MS spectra (varying from one to another on the D atom content). It is confirmed also
with this experiment (in figure 3.25) that deuterated molecules elute earlier than hydrogenous
ones, as the EIC chromatograms are shifted on to the left increasing the D atoms content in
that molecule. Once the peaks of the GC were identified (where each GC peak corresponds
to a precise FAME), each purified GPL class was run using the GC-FID, in order to be able
to calculate the acyl chain distribution as shown in figure 3.26. The process utilised for the
peak integration is explained in Chapter 7, section 7.2. It is evident a large difference in the
acyl chain abundance between the H and D extracts, as seen in all the three classes analysed,
specifically the acyl chain 18:1 increases considerably in the D extracts compared to the H,
whereas a decrease in the 18:2 and 18:3 contents is observed. The hydrophobic interaction
between lipids is different if the material is H or D, as can be also explained by the shift in the
D/H GC-MS TIC chromatograms seen before. It follows accordingly that the cells adjust the
contents of double bonds in order to keep the membrane fluidity constant between D and H
conditions. This effect was systematically found also in other works [258], although further
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analysis needs to be carried out in order to assess how the process is actually controlled.

NL-SLBs structural characterisation

QCM-D and NR experiments were carried out to characterise the structure of the produced
model membranes. The optimisation of the SLB formation protocol was performed utilising
mainly the QCM-D technique, with the aim to obtain high coverage SLBs (as explained in
Chapter 2 paragraph Vesicle fusion method).

QCM-D The protocol for the deposition of the lipids was optimizsed using QCM-D tech-
nique before proceeding to NR experiments. Figure 3.27 shows the measurement performed
on the purified deuterated PC mixture (dPC). After the recording of the baseline, the buffer

Figure 3.27: QCM-D measurements of the dPC mixture. As noticed, the
frequency of ≈-26 and the dissipation of ≈0, shows the good formation and

coverage of the lipid bilayer.

solution was injected to equilibrate the cell before the injection of the vesicle solution in the
same buffer. This step caused a drop of the ∆F and an increase of the ∆D, since the density
and viscosity of the solvent are different with respect to Milli-Q H2O which was used to record
the baseline. Next, the vesicle solution was injected into the cells, giving a large drop in the
∆F signal and an increase in the ∆D. This drop is caused by the interaction of the vesicles
with the crystal in the QCM-D sensor, thereby increasing the mass on the crystal itself and
the consequent drop of the resonance frequency. The increase in the ∆D is caused by the
soft strucutre of the adsorbed vesicles, consequently dissipating vibrational energy from the
crystal. This step is followed by Milli-Q H2O rinsing, which produces an osmotic shock,
which help the vesicles to pop on the surface of the crystal and in the meanwhile washes away
the vesicles/debris excess. After this step the ∆F signal was stable at -26.0 ±0.5, which is
the expected value for a lipid bilayer (for instance -25 is the ∆F signal for a POPC membrane
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with high surface coverage). The correct formation of the SLB can also be extrapolated by
the ∆D, since the signal is stable between 0 and 0.2.

Scattering techniques Once the protocol for the deposition was established, the NR exper-
iments were performed on the following mixtures: PC, PC/PS and PC/PG in their H and D
versions. The molecular volumes, for the acyl chain and polar head region were calculated in
order to obtain the SLD values for the lipids under examination. The acyl chain volumes were
calculated taking into consideration the GC acyl chain relative abundance, by employing the
following volumes for lipids in the fluid phase (22◦C and 37◦C): VCH2 = 27.5 Å3, VCH3 =
55.1 Å3, VCH = 22.2 Å3 [259]. The polar head volumes were calculated by employing the
relative mass density (PC-PHvol = 318 Å3, PS-PHvol = 263 Å3, PG-PHvol = 288 Å3). The
SLDs for the hydrophobic and polar head region for the H lipids were calculated by summing
all the scattering lengths of each atom in the polar head or acyl chain region and by dividing
for the corresponding volumes. Since the level of deuteration of the D lipids was not 100%,
the NR SLDs were fitted during the data analysis. In order to obtain a good estimation of
the amount of deuteration, SANS measurements were first performed. As mentioned before,
neutrons are strongly sensitive to the level of deuteration of the material under analysis. The
principle behind the SANS measurements performed consists in matching out vesicles consti-
tuted of the purified deuterated GPLs, by varying the amount of D2O where the lipid vesicles
are solubilised. The absolute value I(≈ 0) of the small angle signal is correlated to the SLD
variation between solvent and lipids (δρ [ρ-ρ0], where ρ is the SLD of the sample and ρ0 the
SLD of the solvent). For that, five samples were prepared, ranging between 20 and 100%
of D2O, consequently scanning different δρ and seeing how the small angle signal changes
(figure 3.28). As noticed, the small angle signal decreases upon increasing the amount of
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Figure 3.28: Panel (A) displays SANS experimental data for the dPC vesi-
cles suspended in mixtures of D2O and H2O with different D2O content as
reported in the legend. In panel (B) is plotted the

√
∆I as function of the

D2O content. The plot was used to extrapolate the match point for the dPC
lipids analysing the data with a straight line.

D2O, since the δρ decreases due to the fact that the SLD of the lipids is similar to the SLD
of the pure D2O, switching off the signal in this contrast (as sketched in figure 3.29). Next,
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20% D2O 40% D2O 60% D2O 80% D2O 100% D2O

Figure 3.29: Sketch explaining the contrast variation of the vesicles solu-
bilised in solutions containing different amount of D2O

the match point can be calculated, integrating the q-points before 0.005 Å−1 and the point
between 0.2 and 0.4 Å−1 as shown in table 3.2. Figure 3.28 panel B shows the plot of the

%D2O Int q<0.005 Int 0.2<q<0.4 ∆I
√
∆I

20 20.21 0.74 19.47 4.4 ± 0.2
40 11.75 0.54 11.21 3.3 ± 0.2
60 6.39 0.36 6.03 2.5 ± 0.2
80 2.26 0.19 2.07 1.4 ± 0.2
100 0.21 0.05 0.16 0.4 ± 0.3

Table 3.2: Scattered intensity corresponding to different q-ranges for the
investigated vesicle suspension. The square root (

√
∆I) of the difference

between the calculated values (∆I) was used to extrapolate the match point
for the dPC lipids (see also Figure 3.28)

√
∆I calculated, where ∆I is the intensity (I) at low q substracted by the background (taken

at high q ranges). It can be noticed that there is a good alignment between the points in the
plot, that can be fitted using a straight line. The intercept of the straight line to the x axis
corresponds to the match point of the D lipids (where the SANS signal would be equal to
0, where the SLD of the solvent equals the SLD of the material under examination), which
was found to be 109 ± 2%. From this value the overall scattering length density of the dPC
lipids mixture was calculated as 6.92 ± 0.15 · 10−06 (SLDD2O · 109± 2%). By comparing
this value to the overall theoretical scattering length density of the fully deuterated PC lipids,
i.e. 7.15 · 10−06, a deuteration level of 97± 1% was estimated.

NR experiments were then performed, using the protocol optimised with the QCM-D
technique. The SLB characterisation was carried out using different contrasts (similar to
what was done for the SANS experiment, usually with 3 or 4 contrasts for NR), in order
to obtain more accurate structural information of the membrane. The data were analysed
using CoruxFit with the error function fraction volume distribution approach, as extensively
explained in Chapter 6. Briefly, the NR technique allows to obtain information along the
z-axis of the sample, consequently the sample under analysis can be modeled using a layer
model, where in CoruxFit each layer is described through error functions. The physical
parameters of the lipids in the outer and inner leaflets were considered to be the same, since
the membrane has a flat structure. The area per lipid was used to constrain the polar head and
the acyl chain region thicknesses. The hPC and dPC data analysed as described are shown
in figure 3.30. NR experiments confirmed the correct formation of the SLB in both cases
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Figure 3.30: NR measurements and analysis of the PC SLBs. Panel A and
C show the NR datasets and its analysis, panel B and D shows the related
model. The formation and the good coverage of the lipid membrane can be
noticed already by observing the model, since very low amount of solvent

was found in the acyl chain region.

of hPC and dPC (figure 3.30a and 3.30c). In figure 3.30b and 3.30d the minimised model
corresponded to the theoretical curve calculated. The structure of the two SLBs created was
very similar, despite the large change in the fatty acid distribution between H and D lipids (the
fitted parameters are displayed in Appendix A.5.1). The SLDs for the polar head and acyl
chains region was optimised to the experimental data only for the D lipids, giving an amount
of deuteration of 94.5 ± 0.5% (for both polar head and hydrophobic chain region), which is
similar to the overall SLD found with SANS (97 ± 1%).

PS and PG-GPL molecules, are the most abundant negatively charged class of GPL
molecules in biological membranes [260]. In order to obtain more biologically relevant model
membranes, those lipids have to be included in the mixture, in order to simulate the structure
and the surface charge of a real lipid membrane. For this purpose, lipid membranes constituted
of PC/PS and PC/PG from the extracted and purified fractions, were also characterised using
NR.

SLBs constituted by PC/PS were analysed in their H and D forms. Such mixtures were
produced and purified first from the total GPL, and subsequently recombined together in a
solution constituted of PC/PS 80/20 w/w. The SLBs for these mixtures were prepared using
the protocol employed for the PC mixtures. Figure 3.31 shows the NR data analysed with
a similar model compared to the one used for the PC mixtures, adjusting the various SLDs
due to the different polar head composition and the different acyl chain distribution. The
analysis displayed in figure 3.31 shows the correct formation of the SLB also with these
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mixtures, resulting in a high coverage lipid membrane. This result allows us to confirm that
the vesicle fusion protocol developed can be also used for the deposition of charged lipids
on silicon substrates. The structure resulting from the analysis did not change much with
respect to that found for the PC mixtures and, also in this case, the deuteration had no effect
on the structure of the membrane. Analogous experiments were performed with mixtures of
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Figure 3.31: NR measurements and analysis for the mixture PC/PS in its
hydrogenous and deuterated form. Also in this case the formation of the lipid

bilayers and the coverage were found to be quite good.

PC/PG in their H and D form, by utilising the same protocol, SLBs with this lipid mixture
were carried out. As in the case of PC/PS, the concentration of PG in this mixture was 20%
w/w. Figure 3.32 shows the NR data analysed with the same model described briefly above.
Also in the case of PC/PG, a good coverage lipid bilayer for H and D form was achieved,
with comparable parameters obtained for PC/PS and PC SLBs. Interestingly, (a) the structure
between the different mixtures tested does not change much and (b) the structure of H and D
model membranes remains comparable. These two characteristics of the natural lipids can be
an enormous advantage for lipid and lipid-proteins interaction experiments.

3.2.2 Partially deuterated lipids production

Partially deuterated PC molecules were synthesised in order to assess the substrate preference
of the PLA1-1 using neutron scattering and to analyse how the structure of the membrane
changes during the hydrolysis reaction. The strategy of the experiment is based on the contrast
variation, where deuterated and hydrogenous material possess a totally different SLD. The
PLA1-1 enzyme, as mentioned before, cleaves preferentially the first acyl chain (sn1), in the
first position, thereby damaging the membrane structure and changing its composition due
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Figure 3.32: NR measurements and analysis of the mixture PC/PG. As well
as the other two mixtures, the coverage found was very high.

to the release of material. Therefore, using partially deuterated phospholipids, with the sn1
chain deuterated and the sn2 hydrogenous, it is possible to track where the FFA or the lyso go
during the course of the kinetics, since the two have a different SLD value. Once, the FFA or
the lyso leaves the membrane, its SLD will vary over the hydrolysis reaction. With neutron
scattering technique it is also possible to follow structural changes of the membrane during
the cleavage activity of the enzyme. In order to assess the substrate preference of the PLA1-1
under examination, different phospholipid substrates (varying the acyl chain length and the
number of double bounds), were synthesised, and different model membranes constituted of
one of these synthesised PC molecule species each, were prepared.

Synthesis and purification

Partially deuterated PC molecules were synthesised as described in Chapter 2, and purified
afterwards using a normal phase column coupled to an HPLC. After the cleavage of the first
acyl chain residue mediated by the PLA1 enzyme, the lipid molecules were extracted and
purified in order to separate the lyso, FFA and the uncleaved molecules. Next, the deuterated
fatty acid was prepared with coupling agents and mixed with the purified lyso PC, in order
to obtain the complete partially deuterated PC molecule. A second purification was carried
out to purify the synthesised molecule. The purified fraction was collected and checked
with TLC, in order to assess the correct condensation of the coupled deuterated fatty acid.
To confirm the correct condensation of the correct fatty acids, GC-FID measurements were
carried out. Figure 3.33 shows the GC chromatograms of 3 of the synthesised lipids. From
the chromatograms, the successful deuteration of one of the two FAMEs in each sample can
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Figure 3.33: GC chromatograms of the partially deuterated PC molecules
synthesised. The standard (shown in black color) used to compare the peaks
was constituted by a mixture of FAMEs such as 14:0 (R.T. ≈4.3), 16:0 (R.T.
≈6.8) and 18:0 (R.T. ≈10.2) [where R.T. corresponds to the retention time].
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be seen. The standard used was a mixture of hydrogenous 14:0 (R.T. ≈4.3), 16:0 (R.T. ≈6.8)
and 18:0 (R.T. ≈10.2) lipids.

Structural characterisation

Partially deuterated PC molecules are characterized by having an SLD of the acyl chain region
collocated between 3.2 and 3.6·10−6 Å−2, which corresponds to an averaged SLD between
a deuterated and hydrogenous acyl chains. Those PC molecules, were deposited using the
vesicle fusion protocol described above, used for the natural lipids deposition. Figure 3.34
shows the reflectivity profiles in 4 contrasts of the partially deuterated 16:0|18:2 PC molecule,
displayed now as an example. The model used to analyse the data is the one used also for
the natural lipids. Figure 3.35 shows the SLD profile of the sample. As mentioned before,
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Figure 3.34: NR data and analysis of the synthesised partially deuterated
18:2 PC molecule. In panel A the data and the fit is shown in the 4 contrasts

used and in panel B the related model is displayed.

-1x10-6

 0

 1x10-6

 2x10-6

 3x10-6

 4x10-6

 5x10-6

 6x10-6

 7x10-6

-60 -40 -20  0  20  40  60

S
LD

 [
Å

-2
]

z [Å]

D-Buffer
TMW
SMW

H-Buffer

Figure 3.35: SLD profile calculated from the model shown in figure 3.34.

the SLD of the acyl chain region is around 3.2 · 10−06 Å−2, confirming the success of the
synthesis. During the reaction, if only deuterated material is removed, the SLD of this region
shall decrease over time, thus approaching the hydrogenous one. This system allows us to
follow the kinetics of the PLA1-1 with different model membranes constituted of different
lipid molecules, by following the SLD variation. The second advantage on using these lipids,
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consists of having a good view on the released material, for instance if there is a rearrangement
leading to the formation of other structures.

Deposition of the saturated partially deuterated PC molecules

Some of the synthesised partially deuterated molecules, have a transition temperature above
37 ◦C, temperature that was used for the neutron experiment. Since for the vesicle fusion, a
fluid state lipid has to be utilised in order to obtain high coverage SLBs, another technique
for the deposition had to be employed. The Langmuir-Blodgett (LB) technique was used
for the deposition of the lipids d18:0 | h18:0 PC and d16:0 | h16:0 PC, since their transition
temperature is respectively 41 and 55 ◦C. The deposition was performed in gel phase of the
lipids, at 22 ◦C. After cleaning the trough and the silicon support, the support was placed
vertically under the level of water, that was degassed and added to the trough after the cleaning
(as displayed in figures in Appendix A.4.2). Next, the PC molecule solution was spread onto
the surface of the liquid using an Hamilton syringe. The stock solutions per each lipid used
for the LB depositions were concentrated 1 mg·ml−1. For the first deposition, an amount
of 45 µl were used for the spreading. After the evaporation of the CHCl3 from the liquid
surface, the isotherm was performed, until a target pressure of 35 mN/m was reached. Figure
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Figure 3.36: Isotherm and deposition of the lipids d18:0 | h18:0 PC and
d16:0 | h16:0 PC

3.36 shows the two isotherms for the d18:0 | h18:0 PC and d16:0 | h16:0 PC. It can be noticed
as the two monolayers behave differently during the isothermal compression. The d16:0 |
h16:0 PC constituted monolayer has a intermediate step, that corresponds to the change of
phase of this lipid, whereas this plateau is not present for d18:0 | h18:0 PC lipid monolayer.
From amount of lipid utilised for the spreading, the average topological area per lipid can be
achieved during the compression, as shown in the x-axis of the plot in figure 3.36. Once the
pressure reached the target, the deposition was carried out. The silicon support was slowly
raised up while the barrier moved maintaining a constant pressure. The deposition step can
be seen in the plot as a straight line. In this step the topological area per lipid is not changing,
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but the area of the trough changes due to the deposition of the monolayer onto the silicon
support, giving the plot shown. The deposition can be also plotted as displayed in figure 3.37,
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Figure 3.37: Efficiency of the deposition for the lipid d16:0 | h16:0 PC, that
it was found to be in this case to 100%

where the area of the trough and the depth of the silicon crystal are compared. From this plot
the efficiency of the deposition can be calculated, since the ratio between the variation of the
depth and the variation of the area of the trough, gives how much of the monolayer went onto
the support. In this exceptional case, an efficiency of 100% was reached. Next, the deposition
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Figure 3.38: Deposition of the second leaflet via Langmuir-Schaefer, in
order to obtain the complete bilayer.

of the second leaflet needs to be performed, in order to obtain a bilayer. A second trough was
utilised, as shown in figure in Appendix A.4.2. In this case the PEEK cell is placed under
the water, and the silicon support with the already deposited monolayer, placed horizontally
on the top of the level of the liquid. Also in this case the isotherm was carried out, in order
to reach the same target pressure. Next, the silicon support is slowly lowered down, until the
two monolayers touch each other, giving the peak in pressure shown in figure 3.38. The cell
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then is closed under the trough liquid, and screwed with the metal cover, giving at the end of
the process the NR cell ready for the measurement (as shown in figure in Appendix A.4.1).
The same process was performed also for the d18:0 | h18:0 PC bilayer.

3.2.3 Summary of the results for the protein and lipid production

In this section the lipid production results are shown and discussed. Natural lipids are an
excellent alternative to synthetic ones, in order to produce more biologically relevant model
lipid membranes. The second fundamental advantage consists in the fact that those lipids
are now available in their deuterated form, enabling to design experiments with techniques
where the deuterium labeling is an important factor (for instance neutron scattering, NMR or
infrared spectroscopy). The experiments performed found a deuteration level of ≈95%. The
lack of structural changes despite the difference in the acyl chains profile, between different
mixtures in both H and D forms, is a valuable point for lipid and protein-lipid interaction
studies. This behavior comes from the fact that the hydrophobic interaction in D and H
material is different (demonstrated also with the GC measurements), and the cell adjusts
accordingly the composition of the acyl chains (as displayed and discussed above) in order
to have the same membrane fluidity in H and D conditions. This aspect explains the lack of
structural differences between H and D membranes. With the protocol described in Chapter
2 and above in this section, the purification of different classes of GPL molecules can be
achieved, resulting in a controlled environment for the experiments. In order to obtain an
accurate SLD calculation, GC-MS and GC-FID was carried out to obtain information on the
acyl chain distribution. The SLBs created show a high coverage using the vesicle fusion
method at room temperature with the protocol discussed. As shown, this optimised protocol
can be used for the deposition of both uncharged and charged lipids.

Partially deuterated PC molecule species were also synthesised, in order to assess the ki-
netics of the PLA1-1 under analysis using neutron scattering techniques. These PC molecules
are characterised by the first position acyl chain being deuterated, whereas the other parts of
the molecule were in their hydrogenous form. This configuration is useful since the two prod-
ucts of the reaction created after the PLA1-1 - lipid membrane interaction hydrolysis, have
different deuteration level (deuterated FFA and hydrogenous lyso PC). With this system, the
differentiation of the two products of the reaction can be achieved and the structural changes
of the membrane during the hydrolysis reaction can be recorded, and the preferred substrate
can be determined. Natural lipids were used to study the kinetics of the interaction of the
PLA1-1 under examination with biologically relevant model membranes. PC and PC/PS flat
membranes were used with the PLA1-1, to assess if charged membranes change the velocity of
the reaction. Partially deuterated PC molecules were used for the assessment of the kinetics,
using the advantage of having two different SLDs for the two reaction products, and analyse
the substrate specificity making flat lipid membranes with the lipids synthesised.
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Chapter 4

Results: Protein-lipid interaction
studies

The study of the PLA1-1 - model membrane interactions and kinetic process involved the use
of two main techniques. Firstly NR, that provided information on the substrate preference and
the structural changes of the model membrane upon reaction, by utilising mono-species SLBs
constituted by the synthesised partially deuterated PC molecules. Secondly, MS experiments
were carried out, where the substrate specificity was achieved by using vesicles constituted
by a multitude of PC molecules in the same vesicle sample. More natural like model
membranes were tested with this technique, where each molecule can be distinguished and
analysed. From these experiments, the preference of the PLA1-1 for different substrates
can be determined without any bias on the different packing of the membrane, which is an
important factor in mono-species SLBs. Natural lipids were also utilised in both techniques,
in order to perform kinetics through more biologically relevant model membranes. Finally,
other physico-chemical techniques were employed, in order to obtain further complementary
information on the systems and strengthen the interpretation of the results.

4.1 NR analysis

In this section, the kinetics results emanating from the NR measurements are presented.
Partially deuterated PC molecules were employed to assess the substrate preference of the
PLA1-1. Such lipids varied from one another in terms of their acyl chain length and number
of double bonds. Employing such PC molecules, helps understanding structural changes
within the bilayer and the distribution of the reaction products over time. NR measurements
were performed firstly on mono-species and successively on natural lipid extracts SLBs. The
latter were used in order to record kinetics on more biologically relevant lipid membranes.
Nevertheless, by using these lipids, less information can be achieved on the kinetics, since they
are either fully H or D, and no specific site deuteration can be utilised. After the deposition
of the SLBs followed by their structural characterisation, a certain amount of PLA1-1 was
injected into the cell, to achieve a pre-determined stoichiometry, depending on the different
lipid membrane composition used. The right amount of protein per lipid was assessed by
employing ellipsometry, as explained later in this section. This step is fundamental, since
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with the NR set-up used in this work kinetics faster than 5 minutes could not be recorded,
without large experimental errors. Consequently, the shortest time resolution of 5 minutes in
the kinetics measurements was achieved, by only measuring the first angle, where not all the
structural information can be extracted. Accordingly, the amount of protein needs to be well
calibrated in advance in order to obtain slow enough kinetics for each lipid. The right amount
of protein was diluted to 1 ml of final solution, and directly injected into the cell to start the
reaction.

4.1.1 PLA1-1 kinetics with partially deuterated PC molecules

As mentioned in Chapter 3, partially deuterated PC molecules were synthesised for the analysis
of the PLA1-1 kinetics. SLBs were made through the various PC molecules synthesised, in
order to obtain several lipid membranes. The principle behind the experiment is based on
testing membranes composed of different lipids, that allowed assess to the substrate preference
of the enzyme under examination, and also to understand how the structure of the system
changed over time.

NR studies on saturated series SLBs In this study, we first started measuring kinetics
using saturated PC molecules, such as d18:0 | h18:0 PC, d16:0 | h16:0 PC and d14:0 | h14:0
PC. The first two lipids mentioned are both in the gel phase at 22 and 37 ◦C, whereas the
last lipid is in its fluid phase at 37 ◦C, since its transition temperature is around 22 ◦C. As
explained in Chapter 3, the deposition of the d18:0 | h18:0 PC and d16:0 | h16:0 PC, was
performed using the Langmuir-Blodgett Langmuir-Schaefer technique, that allows better lipid
depositions from saturated long chain species. After the deposition and the characterisation
with NR of the SLBs, the PLA1-1 was added into the cell, and the kinetics measurements
were started. The amount of protein used per each lipid is listed in table 4.1. Figure 4.1

PC molecule PLA1-1 added [µg]

d18:0 | h18:0 PC 300.00 ∗

d16:0 | h16:0 PC 60.00 ∗

d16:0 | h18:1 PC 10.00
d16:0 | h18:2 PC 0.25
d16:0 | h18:3 PC 0.22
h16:0 | h20:4 PC 0.20
d14:0 | h14:0 PC 0.05

Table 4.1: Absolute amount expressed in µg of PLA1-1 injected into the
NR cell after the complete SLB characterisation. The ∗ values were not
experimentally calculated, since for technical reasons linked to the sample
cell available, it was not possible to use the ellipsometry technique with layers
deposited via the LB-LS method. Consequently those values were estimated

from the ellipsometry results from the other PC molecules.

shows the analysis of the SLB composed of d18:0 | h18:0 PC, and as can be noticed, the
SLD of the hydrophobic region is ≈ 3.3 · 10−6, that confirms the successful synthesis of
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the partially deuterated PC molecule. The fit displayed is non-perfect, since some difficulties
arose during the analysis of the silicon support. In this case the crystal has a very thick oxide,
that disturbs the signal from the lipid bilayer, resulting in difficulties in the fitting using the
model described. Nevertheless, the parameters of the SLB could be determined, and upon
PLA1-1 injection, the kinetics performed. Figure 4.2 shows the analysis of the degradation,
where the green colored curve is the DSPC SLB before the PLA1-1 injection, and the purple
curve is after 12h of incubation and wash. It is evident that a certain degree of degradation

 1x10-11

 1x10-10

 1x10-9

 1x10-8

 1x10-7

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

R
(q

)⋅
q

4
 [

Å
-4

]

q [Å-1]

D-Buffer
SMW

H-Buffer

(a)

Parameter Value

Thickness polar head [Å] 9 +/- 1
Thickness par layer [Å] 17 +/- 1

Total thickness bilayer [Å] 52 +/- 1
Polar head vol dry [Å3] 333 +/- 3

Par volume [Å3] 991.74
Alipid [Å2] 57 +/- 1
ϕHeads 37.5% +/- 0.4%
ϕTails 3.6% +/- 0.1%

SLD par [Å−2] 3.31e-06
SLD polar head [Å−2] 1.8e-06

Γ[mg ·m−2] 4.84 +/- 0.01

(b)

Figure 4.1: DSPC SLB structure profile in 3 different contrasts (A) and
parameters used to fit the data in panel (B)

of the lipid bilayer was recorded. The speed of the reaction is very slow and the resulting
degradation barely noticeable. Figure 4.2 panel B shows the SLD profiles resulted from the
NR analysis, where the asymmetry of the membrane after the hydrolysis is clearly visible.
This behavior, which will be explained in Chapter 6, is directly related to the structure of an
SLB. The SLB, as mentioned in Chapter 2, are lipid membranes supported by, in this case,
a silicon support, from which they are separated by a few Å water layer. This space is not
enough to host a protein, resulting in the non-availability of the inner leaflet (leaflet facing
the silicon support) of the membrane to the PLA1-1 injected. Therefore, the hydrolysis of the
SLB, is mainly performed by the protein on the outer leaflet (leaflet facing the bulk solution).
This behavior is shown experimentally, as mentioned, in figure 4.2 panel B, where the SLD
of the outer leaflet decreases, whereas the inner leaflet remains unaltered.

Flip-flop mechanism - In a plasma membrane, the process of flip-flop of GPLs is an
important factor for the normal life of a cell. This process is based on the movement of
some phospholipid molecules from one leaflet to the other of the lipid bilayer, needed to
maintain a homogeneous phospholipid composition along its perpendicular axis. Such a
process is thermodynamically favored due to the entropy increase. In fact, since often the
homogeneity of the plasma membrane is correlated to apoptosis processes [261], the cell has
to spend energy to contrast this phenomena, given that usually plasma membranes are strongly
asymmetric. In the case of DSPC flip-flop was not observed, as expected since this kind of
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Figure 4.2: Kinetics recorded using DSPC SLB in incubation with PLA1-1.
In panel (A) the NR data and analysis and in panel (B) the correlated SLD
profiles are displayed. A slight decrease of the SLD of the outer leaflet only
can be noticed, since that leaflet is the only one available for the attachment

of the enzyme.

lipid molecule creates very rigid membranes, which limits the movement of PC molecules.
Additionally, because of this rigidity, the efflux of the PC molecules is very low, leading to
the low rate of the hydrolysis reaction recorded.

A slightly different scenario was observed with d16:0 | h16:0 PC-SLB, which structure
is shown in figure 4.3. In this case the SLB was found to have a ≈90% of coverage, a lower
value than that found in the d18:0 | h18:0 PC case. Also in this case, the silicon support
had a thick oxide layer, that complicated the analysis. The area per lipid in this case was
lower, thus resulting in a higher thickness of the bilayer and a similar surface excess (Γ) to
the d18:0 | h18:0 PC-SLB. The SLD found was consistent with a successful synthesis of
partially deuterated chains. SLBs containing shorter acyl-chain PC molecules, leading to a

 1x10-11

 1x10-10

 1x10-9

 1x10-8

 1x10-7

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14  0.16  0.18  0.2

R
(q

)⋅
q

4
 [

Å
-4

]

q [Å-1]

D-Buffer
SMW

H-Buffer

(a)

Parameter Value

Thickness polar head [Å] 10 +/- 1
Thickness par layer [Å] 18 +/- 1

Total thickness bilayer [Å] 56 +/- 1
Polar head vol dry [Å3] 330 +/- 2

Par volume [Å3] 880.54
Alipid [Å2] 49 +/- 1
ϕHeads 39.7% +/- 0.3%
ϕTails 15.8% +/- 0.2%

SLD par [Å−2] 3.3e-06
SLD polar head [Å−2] 1.82e-06

Γ[mg ·m−2] 4.90 +/- 0.01

(b)

Figure 4.3: DPPC SLB structure analysis in 3 different contrasts (A) and its
fitted parameters in panel (B)

lesser packed membrane, since the hydrophobic interactions are less intense. This behavior
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is directly correlated to the rate of the hydrolysis reaction, that in fact was found to be faster
compared to the d18:0 | h18:0 PC SLB case. This meant that the shorter lengths of the acyl
chain, contained in the d16:0 | h16:0 PC molecules, lead to a faster efflux of the molecule
from the membrane, as well as more free fluctuations within the membrane. In figure 4.4 the
kinetics measurements, analysed with the kinetic plug-in inside CoruxFit program (see details
in Chapter 6), are shown. The fit could be further refined, although the signal from the silicon
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Figure 4.4: Kinetics recorded on DPPC SLB in incubation with PLA1-1. In
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(micelle layer).

oxide complicates the task. However, useful information can be obtained from this analysis.
All the reflectivity curves are shifted vertically, for clarity. It is clear in figure 4.4 panel
A, that the curve changes during the reaction. Since the lipids used are partially deuterated
PC molecules, formation of defects and the removal of deuterated material from the lipid
membrane leads to a decrease of its SLD (measurements were performed in H-Buffer). The
removal and the defects formation are constrained as explained in Chapter 6. The decrease
of the SLD of the lipid membranes resulted in the decrease of the signal from the sample, as
shown in the plot in figure 4.5, where the integration of each dataset was performed between
0.1<q<0.14 Å−1, thus ignoring the noisy points at high q. Taking into consideration once
more the figure 4.4 panel A, it can be noticed that the minimum of the reflectivity profile
that lies between 0.06 and 0.08 Å−1, shifts during the hydrolysis reaction. In principle, this
behavior can be correlated to the increase of the total thickness of the sample. In fact, as
explained later, the area per lipid decreases over time, giving an average increase of the lipid
bilayer thickness. The depth of this minimum also changes, becoming much stronger over
degradation, because of the different level of contrast inside the sample due to the decrease of
the SLD and the formation of defects. Figure 4.4 panel B shows the SLD profiles calculated
from the analysis displayed in figure 4.4 panel A. In comparison to the d18:0 | h18:0 PC-SLB,
a different trend was observed for the d16:0 | h16:0 PC-SLB, where the outer leaflet of the lipid
bilayer undergoes degradation first followed by degradation of the inner leaflet. As mentioned
before, this behavior is related to the flip-flop of the PC molecules from the inner to the outer
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Figure 4.5: Integrated R(q) intensity over the hydrolysis reaction time. The
integration was carried out between 0.1<q<0.14 Å−1

leaflet, and in this example this process is visible. In fact, the SLD of the inner leaflet also
decreases, although at a lower speed compared to the outer leaflet. Upon degradation, the
lipids from the inner leaflet moved to the outer one, in order to compensate for the defect
formation of that leaflet, where the lipids can be hydrolysed. Such a process occurs in 16:0
| 16:0 PC-SLB, due to the shorter acyl length that leads to a faster degradation, causing the
membrane to become more fluid over time. From the SLD profiles, it can be also noticed that
there is an increase of the SLD right above the bilayer structure (as indicated by the small
arrow). This feature will be discussed later in this section. From the analysis with the kinetics
plug-in in CoruxFit program, the degradation graph can be obtained as shown in figure 4.6.
In this figure, the plotted parameter fkin1 represents the amount of degradation of the sn1 acyl
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Figure 4.6: Degradation level from the d16:0 | h16:0 PC SLB kinetics
analysis, using the kinetics plug-in for CoruxFit

chain (see for more details the model in Chapter 6). It is clear that degradation occurs over
time, even though the process is slow, since ≈0.87% of the bilayer remains after 18 hours of
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incubation. From the degradation graph, it is clear that the reaction did not reach the plateau,
but unfortunately the measurements were stopped as we reached the end of our beamtime.
Unfortunately, some data points are missing, especially those between 2.5 hours and 12 hours
measurements (caused by problems to the instrument during the night). From this analysis, the
flip-flop that has accured, can be also calculated, as it is shown in figure 4.7. A flip-flop equal
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Figure 4.7: Extent of flip-flop determined from d16:0 | h16:0 PC SLB
calculated from the kinetics plug-in analysis.

to ‘0’ corresponds to a totally asymmetric bilayer, where all the degradation is considered
only occurring in the outer leaflet, whereas ‘1’ indicates a fully symmetric bilayer. The first
point was set to zero manually, since the parameter for that dataset is not relevant, due to the
fact that the degradation (fkin1) is 1, and every value of the flip-flop (between 0 and 1) results
in the same SLD profile. Upon hydrolysis, the asymmetry of the lipid membrane decreases,
until it finds an equilibrium. Hypothetically, the flip-flop process can reach a certain level
such that the speed of degradation and the speed of the flip-flopping are equal and lead to
the plateau displayed in figure. More points would be needed for a correct interpretation and
confirmation of the proposed mechanism. As mentioned before, the topological area per lipid
(Alipid) changes upon degradation as shown in figure 4.8, since the thickness of the bilayer
slightly increases. As it will be explained in Chapter 6, the parameter Alipid is constrained
to the fkin1 through the fitted global parameter Alipid factor, which is common for all the
datasets of the same experiment. TheAlipid per time point is calculated by using an empirical
equation that includes the fkin1 parameter and the initial Alipid. This constrain is one of the
fundamental ones to avoid the over-parameterisation of the model.

Micellar formation - The final kinetics study taken into consideration is related to
the reaction products released from the lipid membrane bilayer. As mentioned earlier, an
increase of the SLD on the top of the lipid bilayer was found to occur upon reaction, which is
correlated to structures forming over time above the SLB. It was found that these structures
are correlated to the material that is released from the bilayer upon its degradation. We
interpret this behaviour with the formation of micelles from the deuterated palmitic FFA,
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Figure 4.8: Topological area per lipid variation upon degradation for the
d16:0 | h16:0 PC kinetics

since an SLD of a deuterated acyl chain for this structures was found to fit correctly all
the datasets. Nevertheless, within these micelles formed by the palmitic FFA, the presence
of other lipid species such as lysos and phospholipid molecules as well as proteins might
occur. The parameter fkin1 previously described, is correlated to the amount of degradation
as well as to the amount of deuterated material released into the bulk solution. The SLD
of the bulk solution is corrected by employing fkin1, even though the correction normally
is small. FFA molecules are not soluble, and after reaching a certain concentration level,
they start to rearrange and interact, forming a more thermodynamic stable system: micelles.
The concentration level mentioned corresponds to the critical micellar concentration (CMC),
which varies between different FFAs. Above the critical micellar concentration (CMC) of
the palmitic FFA corresponding to 4 µM [262], the formation of micelles occurs in the bulk
solution. Micelles can be compared to solid spheres as shown in figure 4.9. The parameter

2r

Deuterated
Palmitic acid

Figure 4.9: Sketch representing a palmitic acid micelle

r, the radius of the sphere, equals or is less than the thickness of the palmitic FFA, that was
taken from the DPPC fit ("Thickness par layer"). The calculated maximum volume of the
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described micelle corresponds to ≈18,300 Å3. The volume of a single FFA was taken by the
"Par volume" shown in the table of figure 4.3B, divided by a factor 2, giving a volume of 440
Å3. The number of FFA molecules within a micelle was obtained by dividing the volume
of the sphere with the volume of the FFA, found to be ≈40. Therefore, a palmitic fatty acid
micelle contain a maximum of 40 molecules. In order to form micelles, the concentration
of the palmitic acid in solution has to be, as mentioned, above the CMC. Starting from this
concentration, the corresponding amount of molecules can be calculated, and corresponds
to 2.4·1018 molecules per liter of solution. The volume inside the used NR cells is ≈1 ml
and leads to 2.4·1015 molecules per ml of solution. Next, the amount of lipid molecules
was calculated, taking into consideration the surface excess Γ, that for the d16:0 | h16:0 PC
is 4.9 mg·m−2. From this value, the actual amount in mg from a silicon support surface
of 8x5 cm2 corresponds to 19.6 µg. Taking the molecular weight of the d16:0 | h16:0
PC (765 g·mol−1), the number of molecules deposited on the crystal can be calculated as
1.6·1016 molecules. Next, in order to assess at which amount of degradation the CMC value
is reached, the number of molecules needed for the micelles and the total amount of lipids
in the cell are divided, giving the result of 0.15. Consequently, when the lipid bilayer has
been degraded by more than 0.15 (that corresponds to 0.85 in the degradation graph), the
micelles start appearing in the bulk solution. Considering the values calculated, an amount
of 6·1013 micelles (considering the aggregation number calculated above) should appear in
the bulk solution just above the CMC of the palmitic acid. It was found experimentally with
NR, that those micelles, over time, attached back to the lipid membrane, creating a diluted
layer on the top of the lipid membrane. It was also found that the degradation after which
the micelles appear is around 0.1, that is in good agreement with the calculations discussed.
The aggregation number was utilised as a fixed parameter in the kinetics plug-in, in order to
calculate the amount of micelles using the variable parameter fkin1. The layer interpreting
the "micellar layer" is described with a volume fraction distribution (details in Chapter 6)
as shown in figure 4.10, where ‘0’ is the center of the lipid bilayer. The fraction volume
distributions are sharp near the lipid bilayer, and diffuse into the bulk solution, in order to
describe a layer that is diluted over the z-axis. The fraction volume distributions per time
point was then multiplied by an SLD of 7, that corresponds to a fully deuterated FFA, giving
the SLD profile shown in figure 4.4. The micellar layer is highlighted with the small arrow,
indicating the orientation of this signal upon the reaction. It can be observed that this layer
was not found for the time point at 2.5 hours, because the amount of FFA in the bulk is below
the CMC of the palmitic acid. An example of the model for time point 18h is shown in figure
4.11. The volume fraction distribution for the micellar layer is placed near the polar head,
in order to obtain a layer on the top of the membrane. Figure 4.12 summarizes the events
through a sketch of the kinetics recorded with NR. Finally, it is worth mentioning that we
also experimented with SLB composed of d14:0 | h14:0 PC (DMPC) (results not shown).
Unfortunately, we could not track the kinetics for this SLB due to its very fast reaction. Even
the addition of a very small amount of protein led to a very fast kinetics, where even from the
first measurement after the injection of the protein, the signal from an empty silicon support
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Figure 4.10: Plot of the fraction volume distribution of the ERF representing
the micellar layer upon degradation.
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Figure 4.11: Model for the time point 12h of the kinetics recorded for d16:0
| h16:0 PC SLB.
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Figure 4.12: Sketch representing the course of the kinetics recorded with
NR for the d16:0 | h16:0 PC SLB
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was observed. These experiments on the saturated series SLBs support our assumption of
the acyl chain length playing a role on the degradation. Specifically, longer acyl chains lead
to a lower efflux propensity, giving slow kinetics. Also the fluidity of the membrane is an
important factor, since only DMPC-SLB was in the fluid phase within the saturated series
employed, giving more chances to the phospholipid to efflux.

NR measurements of the unsaturated series SLBs - Next, unsaturated PC molecules
were employed, in order to assess the preferred substrate within the unsaturated series.
Unsaturated PC molecules have a transition temperature below room temperature (some of
them even below zero), therefore they are in fluid phase, and consequently vesicle fusion
can be used to prepare the supported bilayers. After the characterisation of the "empty
cell" (silicon support measured in at least two contrasts), the vesicle solution composed by
the lipid 16:0 | 18:2 PC was injected and vesicle fusion performed. Next, the bilayer was
characterized as is shown in figure 4.13. The thickness of the oxide of the silicon crystal
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Figure 4.13: d16:0 | h18:2 PC SLB reflectivity data in 4 different contrasts
(A) and fitted parameters in panel (B)

used for the above sample, was lower compared to the previous cases. This led to a better
and simpler analysis and more accurate results as well as a to a high bilayer coverage. The
area per lipid was higher compared to the saturated series, which is the consequence of a
more fluid lipid membrane (less packed). Also in this case the SLD of the hydrophobic part
suggests the successful synthesis of the partially deuterated PC molecules. The thickness of
the total bilayer is lower, and it is due to the higher topological area per lipid, correlated to the
higher fluidity. Unfortunately we were not able to successfully utilise this SLB to measure the
PLA1-1 kinetics, due to occurrence of some technical issues with the HPLC pump controlled
by the instrument. Thereafter, another SLB composed of the same molecule was recreated.
This sample d16:0 | h18:2 PC-SLB had a coverage of 92%, which leads to an SLD of the
hydrophobic part of ≈3·10−6 Å−2, as displayed in figure 4.14 panel A, where all the other
parameters are retained. The structure was measured in only 2 contrasts, since structural
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Figure 4.14: Kinetics recorded on d16:0 | h18:2 PC SLB. In panel (A) the
NR data and their fitted curves, in panel (B) the related SLD profiles. The
degradation of the lipid bilayer is clear from the shift to lower values of the

SLD profiles.

parameters were found precisely using the first SLB. After the bilayer characterisation, an
amount corresponding to 0.25 µg (see table 4.1) of PLA1-1 was injected into the NR cell, and
the kinetics recorded as explained before. The kinetics, as it can be noticed, is faster compared
to the kinetics recorded for d18:0 | h18:0 PC and d16:0 | h16:0 PC. This can be explained by
the presence of the two double bonds in the sn2 chain of the PC molecule (16:0 | 18:2) leading
to a more fluid lipid membrane. The double bonds behave as kinks in the acyl chain [263],
disrupting the close interaction and packing of the acyl chains in phospholipid molecules,
resulting in a more disordered membrane (fluid membrane). In fact, acyl chains contained
in phospholipid molecules with more than 18 carbons and 1 or more double bonds (16:0 |
18:1 PC, 16:0 | 18:2 PC, etc), lead to phospholipids with transition temperatures below room
temperature. For instance, taking into consideration the lipid under analysis, its transition
temperature is below zero, giving a fluid phase membrane for both 22 and 37 ◦C. Given this
scenario, the efflux propensity of phosholipid molecules is theoretically faster compared to
that shown and discussed for the saturated series, since the packing parameter is lower. Faster
efflux propensity could lead to a faster hydrolysis reaction, since the speed of the first "bottle
neck" (the efflux of the phospholipid from the membrane) of the reaction increases upon the
"membrane disorder". As noticed in figure 4.14 panel A, for the time points between the ‘0’
and ‘2h30’, the reflectivity profiles were recorded only in the first angle, due to the higher
speed of the reaction. These "cropped" profiles contain less structural information since data
at high q, where details of small and very small features in the sample are measured, is
not present. The lack of the minimum of the reflectivity profile also led to problems in the
exact quantification of the defects in the lipid bilayer, and thicknesses variations. But these
parameters can in any case be obtained from the low q, given the high constrained model in
use. Also the flip-flop has an effect on the minimum shape, and also on the ’low q’ profile
shape. In conclusion, all these parameters can be obtained given the profiles recorded, but the
errors of the fitted parameters are higher compared to an analysis with the complete profiles.
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The flip-flop was found to be present in this sample, as shown in figure 4.14 panel B. After
2h30 of reaction, the amount of the lipid membrane deposited is small, giving almost the
reflectivity signal of a clean silicon crystal. All the SLD profiles are centered to the ‘0’,
which corresponds to the center of the lipid bilayer. Since the area per lipid also in this
case decreases upon hydrolysis, the thickness increases, and this mathematically causes the
increase of the distance between what is left on the silicon support and the silicon support
itself. In this experiment, no micellar layer was found, probably due to the fast speed of the
hydrolysis reaction, and so the micelles do not have time to deposit on the bilayer. Figure 4.15
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Figure 4.15: Graphs from the analysis of the kinetics of d16:0 | h18:2 PC
SLB. In panel (A) the sn1 degradation is displayed, in panel (B) the sn2
degradation, in panel (C) the flip-flop profile and finally in panel (D) the
topological area per lipid profile. With sn2 degradation we mean the sn2 acyl

chain that is hydrolysed when the shift from sn2 to sn1 position occurs.

displays the parameters for the kinetics under discussion. The degradation of the sn1 acyl
chain is displayed in panel A, where we can see that the trend follows an exponential decay,
typical of the hydrolysis reaction mediated by PLA1-1 (see next section). Contrarily to the
previous cases, also the sn2 degradation can be extrapolated, as this parameter does not remain
constant for all the duration of the kinetics as before. PLA1-1 is an A1 phospholipase, where
the sn1 acyl chain of the phospholipid molecules is the preferred acyl chain to be cleaved.
Nevertheless, the degradation of the sn2 chain takes place, although the rate of degradation is
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slower compared to the sn1 chain degradation. There is no conclusive evidence in literature
that the PLA1-1 has any affinity for the sn2 acyl chain. Our results make us confident to
suggest here that the migration of the sn2 position acyl chain to the sn1 occurs after the
hydrolysis reaction takes place on the intact phospholipid. The non-enzymatic migration is
most probably due to the instability of the sn2 lyso PC, where an equilibrium between sn1
and sn2 lyso then takes place. Once the sn1 lyso forms, it becomes again a substrate for the
enzyme under examination (since a lyso phospholipase activity was recorded by lab and MS
experiment, as explained later in this paragraph 4.2). In panel C the flip-flop is shown, and
also in this case a plateau is reached nearby the end of the reaction. In panel D the area per
lipid variation upon reaction is displayed, and reaches a plateau near the end of the reaction.
We also carried out studies on other SLBs not mentioned in this section, such as 16:0 | 18:1
PC, 16:0 | 18:3 PC giving similar results as shown and discussed for the other lipids except
for the rate of the reaction, that was found to be very different (slower) for the 16:0 | 18:1 PC
compared to 16:0 | 18:2 PC.

The last kinetics experiment from the synthetic phospholipids involves the h16:0 | h20:4
PC molecule. Figure 4.16 shows the structural analysis of this PC molecule, which was
found to be strongly different compared to the other PC molecules presented above, where the
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Figure 4.16: d16:0 | h20:4 PC SLB structure analysis in 3 different contrasts
(A) and its fitted parameters in panel (B)

hydration water of the polar head region is lower and the area per lipid larger. This is probably
due to the higher number of double bonds, since, as mentioned, the higher the unsaturation,
the higher the number of kinks that lead to higher disorder of the lipid membrane. In this
case, the whole lipid is in its hydrogenous form, giving an SLD of the hydrophobic region
of -0.06·10−6. Since the contrast between the acyl chain region and the bulk solution is not
as high as for the other samples described, the kinetics was carried out in D-Buffer. Figure
4.17 panel A, shows the fits of the reflectivity data collected at different time points. As
it can be seen, upon degradation, the position of the minimum of the reflectivity profiles
changes, as well as the intensity at higher ‘q’ ranges. In this experiment, since a very little
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Figure 4.17: Graphs resulting from the analysis of the kinetics performed on
the h16:0 | h20:4 PC SLB. In panel (A) the NR data and the fitted curves, (B)
the correlated SLD profiles, (C) the sn1 degradation, (D) the sn2 degradation,
(E) the flip-flop profile and finally (F) the topological area per lipid profile.
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Figure 4.18: Panel A: Degradation parameter as determined from NR data
fitting; panel B: zoom of the graph displayed in panel A. The errors of the

points are omitted for clarity.

amount of protein was injected, the degradation was slower compared to the previously
discussed d16:0 | h18:2 PC case. The plateau of the reaction was not reached, since the
time allocated was not enough to cover it entirely. The previously mentioned micellar layer
appeared also in this sample. Since the micelles are hydrogenated in this sample, they are
very visible since the bulk solution is 100% deuterated (D-Buffer). The micellar layer on the
top of the lipid membrane is highlighted with an arrow in figure 4.17 panel B. The presence
of the micellar layer causes a shift of the critical angles at lower q ranges, and it can be
easily analysed by the kinetics plug-in. Since the PC molecules under examination is totally
hydrogenous, the discrimination between the degradation sn1 and sn2 chains cannot be used
without large errors. Consequently, the degradation of the chain sn2 was fixed to 1 for all the
datasets, and the fsolv pol (fraction of solvent in the polar head which is correlated to the sn2
degradation, details in Chapter 6) was exceptionally constrained to the sn1 degradation. The
other parameters were found to have the same behavior of the parameters discussed for the
other PC molecules tested.

Degradation graphs and summary - After performing the analysis of the NR data for
all the partially deuterated PC molecules synthesised, a normalised degradation graph can
be calculated, as shown in figure 4.18. The normalisation between all the PC molecules was
carried out using the amount of PLA1-1 injected into the NR cell. It can be noticed that the
lipid 16:0 | 18:2 is degraded much more compared to the other lipids tested, whereas initial
speed of the reaction, between 0 and 0.2 hours, is comparable within the unsaturated series
tested (except for the 16:0 | 18:1 PC which was found to be slower). All the other lipids, after
the normalisation, are shifted to 1, where if the amount of protein would have been as the
amount injected for the 16:0 | 20:4 PC (taken into account for the normalisation of all the
other kinetics profiles), their degradation would have been null. The large difference towards
the end of the hydrolysis reaction, is probably due to the amount of initial protein injected.
The higher the protein amount, the higher the degradation, correlated to a decrease on the
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formation of the micellar layer. This layer probably plays a crucial role by leading to a non
availability of the lipid membrane surface for the degradation to take place. In fact, the layer
is not present for high speed reactions. In the case of the 16:0 | 20:4 PC and 16:0 | 18:3 PC, the
amount of protein injected was lower with respect to the amount injected for the 16:0 | 18:2
PC. This led to the formation of the micellar layer in those samples (not shown in this section),
and the reaction slowed down. The amount of protein does not change in any case the initial
speed (after the normalisation), that can instead be changed by the initial coverage of the lipid
membrane, that in our case was found to be similar for those 3 lipids. Also, as mentioned
earlier, the lipid 14:0 | 14:0 PC was tested with NR, but no kinetics could be measured since,
even injecting a very low amount of protein, the membrane degraded much faster than NR can
record, leading to data corresponding to a removal of lipids from the surface already during
the first measurement after the injection of the PLA1-1.
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4.1.2 Natural lipids

In order to obtain kinetics with more biologically relevant lipid membranes, natural lipids
extracted and purified from Pichia pastoris, were utilised. The structure of the membranes
constituted by these mixtures, has been discussed in Chapter 3. The mixtures dPC and
hPChPS (80/20 w/w), were utilised to study the degradation mediated by PLA1-1. After the
deposition that was carried out with the vesicle fusion method and the characterisation in
3 or 4 contrasts, an amount of 7 µg and 0.3 µg of PLA1-1 was used for dPC and hPChPS
respectively. These values were taken arbitrarily, since for those mixtures no ellipsometry
analysis were performed. A lower amount of enzyme was injected since it is known that
PLA2 phospholipases have a faster kinetics in the presence of charge in the lipid membrane
[264]. The recorded kinetics data and the results from the analysis are displayed in figure
4.19. The panel A in the figure shows the reflectivity profiles, where the last two are offset for
clarity. Panel B shows the SLD profiles calculated from the analysis, and no micellar layer
was found in these kinetics, probably due to the reaction being too fast for the layer to form,
as discussed above. The hydrolysis was found to be slower compared to the lipid 16:0 | 18:2
PC, probably due to the higher amount of 18 carbons in the acyl chains, as from the analysis
discussed in Chapter 3. As it will shown in the next section, the high amount of 18 carbons
acyl chains leads to an abundance of various lipid species such as 18:0 | 18:1 PC, 18:0 | 18:2
PC, 18:0 | 18:3 PC, 18:1 | 18:3 PC, etc. This higher number of unsaturated over the saturated
lipids, leads to a fluid state membrane. In order, to analyse the data collected with the dPC,
the sn2 degradation parameter was fixed to 1, since the discrimination between sn1 and sn2
is not possible without large errors in the parameters (same as discussed for h16:0 | h20:4
PC). The amount of lipid deposited onto the silicon support after 3h of incubation is almost
0, indicating a high reaction speed. This is probably the reason for the lack of the micellar
layer. Additionally, as it will be discussed in the next section, saturated FFA can inhibit
the hydrolysis reaction mediated by the PLA1-1 under examination. Since the dPC mixture
contains mainly unsaturated PC molecules, saturated FFA are at very low concentration in
the bulk solution, leading to a higher final degradation of the SLB. The flip-flop was also
recorded, displaying a similar trend compared to the synthetic lipids. For the last point the
error has been removed, since at the end of the kinetics the reflectivity data come from a bare
substrate where all lipids have been removed and where the flip-flop parameter has no effect
on the SLD profile. Also the area per lipid was found to have similar behavior.

So far, in this thesis, only zwitterionic lipid (PC) systems were utilised for the NR kinetics
experiments. The charge, as well as other parameters of the lipid membranes are fundamental
for the normal life of the cell. Consequently, kinetics with the PLA1-1 was carried out using
the natural lipid mixture hPChPS, where the two mixtures PC and PS were mixed in the ratio
80/20 w/w. After the bilayer characterisation, an amount of 0.3 µg PLA1-1 was injected
and the kinetics recorded with the same protocol used before. The sample was measured in
H-Buffer, which sadly led to a low contrast between the lipid membrane and bulk solution.
This problem especially affected the flip-flop parameter as well as the precise characterisation
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Figure 4.19: Graphs obtained from the analysis of the kinetics measurements
performed on the dPC SLB. In panel (A) the NR data and the fitted curves, (B)
the correlated SLD profiles, (C) the sn1 degradation, (D) the sn2 degradation,
(E) the flip-flop profile and finally in panel (F) the topological area per lipid

profile. Data collected at 5h30 and 8h20 in (A) are offset for clarity.
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of the area per lipid during the kinetics. Consequently, the sn2 degradation and the flip-flop
were fixed to 1, in order to determine the remaining parameters with reasonable uncertainly.
But in any case, a degradation profile was obtained, as displayed in figure 4.21.
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Figure 4.20: Graphs obtained from the analysis of the kinetics measurements
performed on the hPChPS SLB in H-buffer. In panel (A) the NR data and

the fitted curves, (B) the correlated SLD profiles.
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Figure 4.21: sn1 degradation obtained from the analysis of the kinetics
measurements performed on the hPChPS SLB in H-buffer.

Also in this case the micellar layer was not detected, as it can be seen in figure 4.20. It
is clear that the speed of degradation is faster compared to the dPC hydrolysis, even though
a very low amount of protein was injected (7 µg for the dPC and 0.3 µg for the hPChPS).
The difference in the amount of protein was high enough to avoid the formation of the
micellar layer, allowing then to compare the two datasets without the added complication of
this additional layer. Additionally, lab experiments using bulk vesicles and TLC (data not
displayed), showed a similar preference of the PLA1-1 versus hydrogenous and deuterated
substrates, but more experiments need to be performed in order to obtain a more precise view
into this argument. In summary, this experiment proves that the charge on the membrane
increases the hydrolysis rate of the PLA1-1.
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4.1.3 Appearance of a Bragg peak

During the last NR experiments of the thesis, smaller silicon crystals were used (5x5 cm2),
since the instrument was already calibrated for sample cells accommodating this size sample
at that time. For this experiment, some of the previous experiments were repeated. During
the measurements of these lipids, the protocol as well as the amount of PLA1-1 injected were
maintained from the previous experiments on the same sample. After a certain amount of
degradation, an initial small Bragg peak started appearing in all the lipids in different cells
tested, increasing its intensity upon hydrolysis. Figure 4.22 shows the measurement of a
washed cell, where the reflectivity profile is comparable with an empty silicon surface, with
the addition of a strong Bragg peak in the profile. The peak is also visible in the H-Buffer
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Figure 4.22: Bragg peak of a dataset after the wash

contrast, and it was analysed using a series of stacked layers, where one layer is characterised
by a thickness of 15 Å, an SLD of -0.2·10−6 with a fraction of water ϕsolv of 0.9. The
distance between layers was found to be 28 Å. The intensity of the peaks suggests a number
of stacked layers ≈7. Along with the strong Bragg peak, a small angle signal was found from

Figure 4.23: Two-dimensional image NR from the detector, where in y-
axis is represented the pixel position of the image in the detector, the x-axis
represent the TOF channel (energy of the neutrons detected, from which the

scattering vector q is calculated)

the two-dimensional image from the detector. An example is given in figure 4.23, where on
the right a normal signal from an empty silicon, and on the left the signal from the sample
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described above. The small angle signal is highlighted with the black arrow. Small angle
signals are usually from large structures formed on the top of the silicon crystal, that in this
case could be related to cubic phases of the lipid products from the hydrolysis reaction. But
an open question correlated to the formation of this signal remains, since this behavior does
not appear in any of the previous experiments.

In order to assess the structural characterisation of this deposition onto the lipid membrane,
a diffraction experiment could be performed. The micellar layer explained and used for the
analysis, is an assumption, since using NR only the information on the z-axis are available.
The formation of a micellar layer is the most reasonable interpretation of the NR experiments
results. But in this case, the experiments performed on smaller crystals lead to the formation
a layer with an unknown structure on the top, which it can be resolved with other techniques
such as the mentioned diffraction (work in progress).

4.1.4 Summary of the NR results

NR measurements were performed using SLB constituted by synthesised one-chain deuterated
PC molecules, in order to obtain information on the structural changes and kinetics of the
interactions between model membranes and the enzyme PLA1-1. Different species varying
from one another in terms of their chain length and number of double bonds were utilised,
to assess the specificity of the PLA1-1 interaction. The substrate preference is dependent on
the ability of the PC molecules to efflux from the membrane, since shorter chain length and
higher number of double bonds in the acyl chain lead to higher degradation. The unsaturated
series utilised starting from 16:0 | 18:2 PC, have similar initial degradation, but after a certain
level of the SLB degradation, the different lipids starts to deviate between each other. In
fact, the speed of the reaction can be determined from the first 1 or 2 hours of kinetics, since
after that, for some lipids, the formation of a micellar layer on the lipid bilayer inhibits the
hydrolysis reaction, leading to a plateau of the degradation curve. This layer was found to be
formed when the reaction is ’slow enough‘, where this exact speed value was not precisely
determined, because of the limited time of the NR experiments. This layer is created most
probably by the deuterated acyl chains (palmitic acid) released from the lipid membrane
during the course of the hydrolysis reaction. The micelles covered the surface of the SLB,
decreasing the physical space for the attachment of the protein onto the membrane surface,
thereby slowing down the reaction. Both the sn1 and sn2 positioned acyl chain degradation
can be followed by NR, using partially deuterated PC molecules, since their SLD is very
different. It was found that the acyl chain at the sn1 position was initially degraded (since
the enzyme under examination is an A1 group phospholipase) followed by a degradation of
the sn2 positional acyl chain (upon migration to the sn1 position), although at a lower rate
compared to the sn1 acyl chain degradation. This result consequently proves that PLA1-1
harbors lyso PLA activity as well. Structural changes of the SLB were also recorded, in
particular existence of a flip-flop mechanism of the phospholipids from one leaflet to the
other. This parameter shows the membrane asymmetry, balancing the amount of degradation
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between the two leaflets. The leaflet near to the silicon crystal, is not subjected directly to the
hydrolysis from the protein, since the space between the support and the leaflet is not large
enough to physically host the protein. In fact, it was found that, the degradation started first
in the outer leaflet, and only later the degradation of the inner leaflet occurred. The defects
formed on the membrane upon hydrolysis lead to a more fluid membrane, where the exchange
of PC molecules from one leaflet to another one can occur more easily. The area per lipid
also changed during the hydrolysis, since one of the two acyl chains was removed, leading
to a different volume of the lyso and consequently a different structure of the molecule. The
flip-flop parameter was found to decrease over time. Charged SLBs appear to have a faster
kinetics, since the degradation of hPChPS sample happens at a higher speed compared to the
dPC bilayer.
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4.2 MS analysis

In this section, the kinetics results recorded through employing a mass spectrometer (MS)
technique are shown and discussed. MS analysis was performed on bulk vesicle solutions, in
order to assess the preferential interaction of PLA1-1 with the various phospholipid species
present in the same vesicle sample. During the NR experiments, only mono-species SLBs
were utilised to record the kinetics. Nevertheless, the cell membrane is composed by several
phospholipid molecular species (and other compounds), that give specific physical and chem-
ical properties to the plasma membrane itself. The MS technique allows for the discrimination
between the different molecular species within a sample, consequently, the tracking of the
kinetics using more biologically relevant lipid membranes can be performed, thus helping
assessing the substrate preference of the enzyme under examination.

Lipid vesicles (LUVs) were formed by hydrating in PLA-Buffer the lipid film composed
of a mixture of phospholipids molecules (synthetic or natural extracts). Next, the PLA1-1
was incubated with the vesicle solution at 37 ◦C, and samples were taken from this reaction
mixture at different time points, and directly added into a solution of ice MeOH + 0.5%
HCl, in order to stop the reaction. Next, lipid extractions were carried out for each sample,
and after evaporation and reconstitution of the resulted films, the samples were injected into
the QQQ-MS for the analysis. The kinetics plots of the hydrolysis reactions were obtained
upon integrating the peaks of the normalised spectra. The normalisation was carried out by
utilising the signal of the non-degradable sphingomyelin (SM, specifically 24:0 SM) (added
to the lipid mixture).

4.2.1 Kinetics assays - synthetic PC molecule mixtures

Synthetic PC molecules were utilised to investigate the factors determining the activity of
PLA1-1 towards LUV bilayer substrates composed of a multitude of GPL species. Lipids
employed were combined in equal amounts (2 nmol/lipid) in order to make mixtures that were
thereafter utilised to form lipid films. Following sample measurements by MS, the kinetics
plots of the hydrolysis reactions were obtained upon spectra normalisation. An example of
two normalised spectra (0 min and 75 min) obtained from the MS measurements, is displayed
in figure 4.24. From this plot it can be noticed that some of the PC molecules in this mixture
were hydrolysed at a faster rate than the others, allowing us to get an initial understanding
of the substrate preference of PLA1-1. The m/z displayed in the figure corresponds to the
mass window utilised during the MS analysis, which allowed us to measure also the lyso
products within the hydrolysis reaction. While the signal of the PC molecules decreased
upon hydrolysis, the signal from the lyso products started emerging between 400-600 m/z.
Consequently, lysos emanating from each of the PC species used in the mixtures were also
detected and tracked upon reaction. The FFAs were not scanned in these experiments, since
a higher scan range could lead to a lower sensitivity of the instrument towards the intact
phospholipid molecules. Next, peaks corresponding to each of the PC molecules under
examination, were integrated, in order to obtain the degradation plots as shown in figure
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Lysos

GPLs

Figure 4.24: Example of normalized spectra, where the spectra of the time
point "0" is superimposed to the time point "75"

4.25. Finally, such plots were analysed using a first exponential decay function (details in
Chapter 7), from which the hydrolysis rates of each phospholipid species under examination
were calculated. Two PC mixtures were utilised for this experiment, as shown in figure
4.25. Figure 4.25 panels (A) and (B) depict the degradation plots achieved from the spectra
analysis of the mix A and B respectively. As mentioned in Chapter 2, the difference between
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Figure 4.25: MS degradation graphs of the Mix A in panel (A) and Mix B
in panel (B)

the two mixtures is based on the presence and absence of saturated phospholipid molecules
(mix A and B respectively). The idea behind these two samples is to understand singularly
the role of saturated phospholipids on the hydrolysis reaction mediated by PLA1-1. On the
other hand, mix B, permits a better analysis of how lipids containing double bonds behave
and play a role in the substrate preference of the enzyme under examination. The kinetics
performed using mix A and displayed in figure 4.25 (A) show that when the purified PLA1-1 is
incubated with the LUV solution composed of the saturated, unsaturated and polyunsaturated
phospholipid molecules, the short-chained saturated series up to 14:0 | 14:0 PC (DMPC) are
easily hydrolysed. Specifically 12:0 | 12:0 PC (DLPC), looked to be the best substrate for
PLA1-1 in this mixture, followed by DMPC. DLPC was hydrolysed faster with respect to
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the other PC molecules in this mixture, where around 50% of degradation at the end of the
reaction appears, and at 40 min of reaction the profile reaches a plateau, after which no drop
was observed. The hydrolysises of almost all the other PC molecules were observed to be
around 10% after 75 minutes. DMPC was degraded faster than the other PC molecules, but
with a similar trend. The reaction for those PC molecules, except for the DLPC, did not reach
the plateau, but the time range used was enough to obtain information on the reaction speeds.
The rates of the enzyme per PC molecule, displayed in table 4.2, can be achieved from the
first exponential decay fit that was carried out on the degradation profiles. Specifically, from
the fit, the ‘degradation units’ (D.U.) per minute are obtained, describing the amount of lipid
degraded per minute. This value is then multiplied by the amount of lipid used for the sample
(2 nmol), thus obtaining the degradation expressed in nmol/min. From these rates, the fold

Lipid name Rate of reaction [nmol/min]

12:0 | 12:0 PC (DLPC) 0.110 ± 0.002
14:0 | 14:0 PC (DMPC) 0.010 ± 0.002
16:0 | 22:6 PC (PDPC) ≈0.002
16:0 | 20:4 PC (PAPC) ≈0.002
16:0 | 18:3 PC (PLnPC) ≈0.002
16:0 | 18:2 PC (PLyPC) ≈0.002
16:0 | 18:1 PC (POPC) ≈0.002
16:0 | 16:0 PC (DPPC) ≤0.001
16:0 | 18:0 PC (PSPC) ≤0.001
18:0 | 18:0 PC (DSPC) ≤0.001

Table 4.2: Table of the rates calculated from the Mix A experiment

difference between the hydrolysis rates of the DMPC and DLPC can be estimated, and it was
found to be 0.09, where the speed of degradation of DMPC is 9% of the DLPC. All the other
saturated PC molecules, were found to have a lower degradation rate, where it was difficult to
obtain an accurate rate (that it was found to be ≈1% compared to DLPC velocity).

Mix B, that excluded all the saturated species, resulted in a vesicle solution composed of
only the unsaturated and polyunsaturated phospholipid molecules. In this case, as shown in
figure 4.25 panel (B), the hydrolysis kinetics depicts a contrasting result, where the unsaturated
series undergoing degradation were detected. The preferred substrates in this mixture appear
to be those with a higher number of double bonds. The reaction rates per GPL molecule are
listed in table 4.3 for this experiment. The 16:0 | 18:1 PC (POPC) kinetics reached a plateau at

Lipid name Rate of the reaction [nmol/min]

16:0 | 22:6 PC (PDPC) 0.052 ± 0.002
16:0 | 20:4 PC (PAPC) 0.044 ± 0.002
16:0 | 18:3 PC (PLnPC) 0.032 ± 0.002
16:0 | 18:2 PC (PLyPC) 0.028 ± 0.002
16:0 | 18:1 PC (POPC) 0.026 ± 0.004

Table 4.3: Table of the rates calculated from the Mix B experiment
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≈ 10 minutes with a total hydrolysis of ≈92%, whereas the other substrates did not reach the
plateau in the time range employed in the experiment. In any case, also for this experiment,
data were analysed with the first exponential decay function, resulting in values as shown in
the table discussed. Figure 4.26 displays the plot of the velocity rates of the molecular species
undergoing hydrolysis vs the number of double bonds. As discussed, an increase in rate of
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Figure 4.26: Plot of the velocity rates of the hydrolysis reaction vs number
of double bonds

the reaction was noticed upon increase in the number of double bonds. The hydrolysis rates
appear to follow a sigmoidal behavior, where the first 4 points follow an exponential profile,
after which a plateau in the rates occurs.

It has been found that long acyl chain containing phospholipid molecules are subjected to
a very low degradation, whereas the degradation for the other saturated phospholipids appears
to be proportional to their acyl chain lengths. Unsaturated molecules appear to have a speed
of reaction proportional to the number of double bonds harbored within them, where 16:0
| 22:6 PC seems to be the most preferred substrate when saturated phospholipid molecules
were not included into the mixture. In fact, the presence of saturated molecules appears to
cause a sort of inhibition on the hydrolysis reaction, since only DLPC and DMPC have a
speed above 1 pg·min−1.

Lysos profiling - As mentioned earlier, the recorded MS m/z range was large enough to
measure the lyso products upon GPL hydrolysis. Consequently, from the MS spectra, the lyso
peaks were also integrated, in order to profile them during the reaction. Figure 4.27 displays
the trend of the lyso products during the course of the reaction for the Mix A in panel (A)
and Mix B in panel (B). It can be noticed that the trend of the lysos is different, contrasting
our expectations, since the signal of the products did not increase during the whole course of
the reaction. An analogous behavior was also recorded with neutron reflectivity as well as
during the biochemical assays that were visualised by TLCs, that showed an increase in lyso
production upon phospholipid degradation, up to a certain level, above which they remain
constant or decrease over time. For the experiment with Mix A, taking into consideration the
range between 0 to 20 min of the reaction, the highest lyso increase can be correlated to the
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Figure 4.27: Lyso products profile over reaction time: Mix A in panel (A)
and Mix B in panel (B)

phospholipids which have the highest hydrolysis rates (i.e. DLPC and DMPC), whereas the
other lyso signals remain almost constant during this period of time. After the first 20 minutes
of the reaction, the lysos signals remain stable except for the 12:0-lyso PC, that decreased over
time. This is probably correlated with the plateauing of the degradation curve of the DLPC,
as shown in the graph in figure 4.25 panel (A), since no more lysos were produced upon
degradation of this lipid. After 50 minutes of the reaction, the amount of lysos increased,
except for the 12:0-lyso, reaching a maximum at 75 min. A different scenario was recorded for
Mix B, where all the lyso signals increased during the first 10 min of the reaction, followed by
a gradual decrease. The maximum signal recorded for the lysos corresponded to 10 minutes,
that is when the POPC degradation curve plateaued. The lyso 16:0 PC was also found and
recorded, but theoretically, since 16:0 FA existed at the sn1 position in all the lipids used, and
considering that the PLA under examination belongs to the A1 group, it should not appear
as a product of the reaction. It is to be noted that, synthetic phospholipids (Avanti) have a
certain amount of regioisomers, that could be ≈5-10%. Consequently, taking as an example
the 16:0 | 18:1 PC species, it can be assumed that 5-10% of the molecules utilised were
actually 18:1 | 16:0 PC. This can probably explain why the lyso 16:0 PC appears within the
other lysos during the hydrolysis reaction using mix B. The difference between the starting
point and the maximum signal reached for each lyso profile is different between all the lysos
tracked. This lead to a different amount produced upon reaction, but it can be also caused
by the different sensitivity of the MS detector within the lipids tested. In order to obtain the
precise amount of lysos produced upon reaction, a standard curve needs to be performed, but
it was not carried out in this thesis work. The lysos tracked, for the two experiments shown,
did not start from a signal equaling 0, since some of those lysos were already present in the
initial vesicle solution. This is probably due to the process used for the sample preparation,
during which the ester bond can be ruptured, since no lysos were recorded running the stock
mixture solutions in CHCl3.



4.2. MS analysis 111

PLA1-1, a lysophospholipase? - As mentioned earlier, the FFAs produced during the
course of the reaction were not scanned for during the MS measurements (400-850 m/z), since
higher scan ranges could lead to a drop in signal sensitivity of the other lipids. Since the FFAs
were not taken into account during the measurements, a decrease of the TIC chromatogram
intensities was observed, caused by the loss in material detected (less counts on the detector
caused by less ions), that can be directly correlated to the FFAs released upon reaction.
Specifically, when one PC molecule is hydrolysed, the initial ion is transformed into another,
the LPC and also a FFA ion with the latter not being scanned. Consequently, the total ions
during the measurements should be retained since ions are transformed upon hydrolysis, thus
remaining in the same amount. As mentioned, our results showed that PLA1-1 has a lyso PLA
activity as well, where the LPCs were, after a certain point, also hydrolysed. In this case, the
total number of ions were no more retained, since the LPC ions were transformed into the FFA
ions, that were not scanned during the kinetics measurements. Consequently, this variation
of the FFA contents during the reaction can be determined by utilising the drop in signal of
the TIC chromatograms. Accordingly, the profiling of the FFAs can be then determined by
integrating the TIC chromatograms after their normalisation. The normalisation was carried
out using the SM intensity from the spectra obtained integrating the related chromatograms.
The normalisation value obtained (which is the same used for the spectra normalisation), was
taken into account and used as a multiplication factor for each TIC chromatograms. Next,
the integration was performed on those normalised chromatograms, and the data plotted as a
function of time. Figure 4.28 shows the profile of the integrated chromatograms versus time
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Figure 4.28: TIC chromatograms (panel (A)) and its integration plotted as
function of time (panel (B)).

of the mix B experiment, and a decrease in the signal takes place upon hydrolysis is clearly
observed. This signal corresponds to the sn2 FFA released, since the variation is correlated
as mentioned to the lyso activity of the enzyme. In fact, as it can be noticed in figure 4.28, the
signal at the beginning, although fluctuating, does not decrease as it decreases after 10 min.
This result can be compared to the lyso graphs displayed in figure 4.27 panel B, where after
10 min, the degradation of the lysos started to be visible by the change of the lyso profiles.
The reaction was found to be not plateauing, in fact the measurements done were not long
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enough to cover the entire kinetics. This result confirms the lyso activity of the PLA1-1 under
examination, as previously found through lyso integration as well as from the use of other
techniques.

Does vesicle size influence substrate specificity or the rate of degradation? - Within
the preliminary experiments performed, during the optimisation of the protocols, different
extrusion membranes were utilised in order to obtain vesicles with uniform distribution. The
extrusion was performed at the beginning (prior PLA1-1 injection), in order to try to avoid
the fluctuations of the signal between samples. The fluctuation problem was then solved
by heating up and vortexing the samples before placing them into the injection module of
the MS instrument. Consequently, measurements with different sized vesicles were carried
out. It was noted already, through the assays TLC and other lab experiments, that the vesicle
size was critical for the rate of the hydrolysis reaction. This is probably due to the different
superficial membrane frustration, that is different within different sized vesicles. A second
effect, could be correlated to the maximum curvature that the enzyme under examination
can tolerate for its attachment and reaction. Figure 4.29 shows the degradation plots of the
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Figure 4.29: Degradation plots using different sized vesicles, where panel
(A) displays the degradation graph for the non-extruded vesicles, panel (B)
vesicles extruded at 1000 nm and finally panel (C) vesicles extruded at 400

nm

non-extruded, extruded 1000 nm and extruded 400 nm vesicles, respectively. It can be noticed
that the degradation profile differs upon vesicle extrusion. With non-extruded vesicles (panel
A), the high chain length saturated PC molecules were degraded, while surprisingly, with
extruded vesicles (panel B and C), the same PC molecules underwent a very low rate of
degradation over time. The low degradation of the long chained saturated PC molecules, is
accompanied by a higher degradation of the 12:0 | 12:0 PC (DLPC), which remains in any
case the best substrate. In fact, for both the extruded vesicles, at 20 min, the DLPC was found
to be degraded by 30%, whereas for the non-extruded the value was 20%. The unsaturated
PC molecules were not plotted for more clarity of the plots, and no much changes occurred
in those lipids in any case. Table 4.4, shows how the hydrolysis speeds change upon vesicle
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PC molecule Non-extruded 1000 nm extruded 400 nm extruded

Long chained saturated ≈ 0.001 ≈ 0 ≈ 0
14:0 | 14:0 PC 0.003 ± 0.001 0.002 ± 0.001 0.002 ± 0.001
12:0 | 12:0 PC 0.018 ± 0.001 0.024 ± 0.001 0.034 ± 0.001

Table 4.4: Rates of the analysed lipids at different vesicle sizes.

extrusion. It is clear that the reaction of saturated phospholipid molecules was slowed down
except for the 12:0 | 12:0 PC (DLPC) which speed increases upon vesicle extrusion.

Summary of the MS results with the use of synthetic PC molecules The kinetics of
interaction of PLA1-A1 with two different lipid mixtures, named mix A and mix B, composed
by synthesised lipids were analysed by MS. The hydrolysis reaction recorded using mix A,
showed a different profile compared to the mix B. Efflux propensity seems to play a key
role in the selection of the phospholipid molecule to be cleaved. Additionally, it seems that
the saturated FFA released upon cleavage had some sort of inhibitory effect on the reaction
mediated by PLA1-1. The degradation plots shown, never reached 100% of degradation,
that is probably correlated to the amount of saturated FFA released, since even in the mix B,
16:0 PC is in any case released although in a slightly lower quantity with respect to the mix
A. The result on the kinetics recorded with different vesicle sizes seems in a way correlated
with the previous finding, where the slowing down of the hydrolysis of the long saturated
acyl chains contained into the PC molecules used, increases the speed of the reaction for the
DLPC. Additional experiments need to be carried out in order to confirm this hypothesis. The
decrease of the TIC chromatogram intensities confirms the lyso activity of the PLA1-1, since
also the second acyl chain is degraded after a certain point in time.

4.2.2 Kinetics assays - natural mixtures

Experiments investigating the factors regulating the activity of the enzyme in the presence of
a substrate composed of natural lipid mixtures (extracted from Pichia pastoris) were carried
out as well. Similarly to the NR results, this allowed us to obtain information on the class
preferences for the PLA1-1 and to use a more biologically relevant membrane system. The
total lipid extract (TLE) utilised contained all the various classes of phospholipid molecules
within the membranes of Pichia pastoris, i.e. PC, PS, PG, PE, PI and PA. An internal standard,
SM 24:0 was added to the TLE enabling us to normalise the data during the analysis. The
analysis of the PC class was carried out as mentioned earlier, through using the precursor ion
scan 184 m/z, scanning from 400 to 850 m/z). Figure 4.30 shows the spectra of the identified
peaks. It can be noticed that, there are still a few peaks that have not been identified yet.
Further analysis has to be carried out in order to identify the molecular species contained
in such natural mixtures. The highest intensity peak at 787.8 and the peak 801.9 were not
identified, since they do not correspond to any of the known PCs (as listed in Lipid Maps
database). The lipids detected in the mixture were used to track the kinetics of the PLA1-1.
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Figure 4.30: MS spectra of the parent 184 m/z to scan PC molecules from
the TLE utilised. The question marks indicates unknown lipids found in the

sample.

Figure 4.31 shows the degradation rates of the lipids identified. Two groups of degradation
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Figure 4.31: Degradation graphs achieved from the kinetics analysis of the
TLE.

plots were produced for clarity. As can be noticed in figure 4.31, the higher the number of
double bonds harbored in the acyl chain of a phospholipid, the higher its hydrolysis rate. For
instance, within the 36C series, the hydrolysis of the phospholipid 36:5 PC is significantly
higher compared to 36:4 PC, 36:3 PC, etc. Also for the 34C series, an analogous behavior
was found, as could be noticed from figure 4.31 panel (B), where the phospholipid species
with an increasing number of double bonds undergo to a faster degradation. Table 4.5 shows
the relative hydrolysis rates of the PC molecules tracked for the kinetics described. The table
displays the speed of the reaction in "degradation unit", that represent the total amount per
lipid species, undergoing degradation over time (per minute). In this case, this unit was
utilised since it was not possible to precisely determine the absolute amount of the lipid
species present in the mixture utilised. For the experiments, where synthetic PC molecules
were employed, the degradation unit was multiplied by the absolute amount of lipid species
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Phospholipid Possible lipids Speed of the reaction (D.U./min)

32:1 PC 16:0 | 16:1 PC 0.0109 ± 0.0003
34:1 PC 16:0 | 18:1 PC 0.058 ± 0.005
34:2 PC 16:0 | 18:2 PC 0.130 ± 0.005
34:3 PC 16:0 | 18:3 PC 0.31 ± 0.01
34:4 PC 16:0 | 18:4 PC 0.98 ± 0.02
36:1 PC 18:0 | 18:1 PC 0.0052 ± 0.0002
36:2 PC 18:0 | 18:2 / 18:1 | 18:1 PC 0.0293 ± 0.0007
36:3 PC 18:0 | 18:3 / 18:1 | 18:2 PC 0.0641 ± 0.0008
36:4 PC 18:1 | 18:3 / 18:2 | 18:2 PC 0.0609 ± 0.0006
36:5 PC 18:2 | 18:3 PC 0.1438 ± 0.0005

Table 4.5: Table representing all the lipids tracked during the kinetics with
the TLE of Pichia pastoris. "D.U." is the "degradation unit", since for this
experiment was not possible to obtain the precise amount for each lipid specie
present into the mix utilised. The sn1 and sn2 position acyl chain displayed

in the column ’Possible lipids‘, can be assumed to be also specular.

used for the vesicle formation, obtaining the unit "nmol/min". As noticed, the general amount
of degradation is higher with respect to the synthetic mixtures utilised previously, probably
due to the higher averaged amount of double bonds.

Next, lipid classes degradation profiles were analysed using the DMRM method discussed
in Chapter 2. In order to obtain the degradation graph displayed in figure 4.32, an ad-hoc
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Figure 4.32: Analysis of the degradation of 36:1 species from various PL
classes recorded through DMRM

python program was written for the treatment of the data. The degradation graphs were
then analysed as shown before. The signal from the various lipid classes is conspicuously
fluctuating, since the signal of the SM 24:0, used for the normalisation, came from different
parameters compared to those used for the detection of the other classes (PS, PG, PI, PE and
PA). Therefore, more experiments need to be performed with the right standards, in order
to obtain more stable degradation profiles. Figure 4.32 shows the degradation profiles of
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the molecular species with a variable head group (36:1). It can be noticed that a variable
behavior within all the different classes of lipids monitored existed. Specifically, PC and PS
had a similar preference by the PLA1-1, while PE was also degraded but at a lower rate, and
finally PI was found to be the least preferred substrate for the enzyme. PA and PG were also
tracked for in these experiments, but their signals were found to be conspicuously fluctuating,
with large errors bars that led to the inability of calculating their rates. Accordingly, the data
for these two lipid classes are not shown in plot in figure 4.32. Despite the fluctuations, the
degradation profile of the PA class appeared to be below the PC and PS profile, suggesting the
preference of this enzyme for the PA class. However, more experiments need to be performed
to prove this finding with better signals. Due to the very large signal fluctuation of the PG

Lipid class Reaction rate (D.U./min)

36:1-PI 0.0008 ± 0.0005
36:1-PS 0.021 ± 0.007
36:1-PE 0.005 ± 0.002
36:1-PC 0.016 ± 0.007
36:1-PA PA > PC and PS
36:1-PG N/D

Table 4.6: Reaction velocities vs. different lipid classes

class, the degradation plot could not be determined. Table 4.6 shows the degradation rates
of the lipid classes taken into consideration. Unfortunately, because of the signal fluctuations
of the lipids under examination, a good fit was not achieved, leading to higher errors for the
calculated rates. Despite all these hurdles faced, a good estimation of the substrate preference
could be obtained as has been discussed earlier.

Additional data obtained from the DMRM analysis - The advantages of using a col-
umn for the MS measurements consists in having a much reliable signal and in measuring
physical/chemical properties. Lipids, as mentioned before, have different hydrophobicity, de-
pending on the acyl chain length, number of double bonds, polar head, etc. Usefully, with this
method, two different molecules characterised by the same m/z, can be separated and analysed
separately. An example is given in figure 4.33, where the chromatograms are displayed for
the lysos 16:0 and 18:0. It can be noticed that the profiles of these two lysos have a double
peak, which lead to two different structured molecules characterised by the same mass, since
the chromatogram displays only the molecules with a certain m/z. In the case shown in figure
4.33, probably the two peaks correspond to the two positional isomers of the lysos (sn1 and
sn2). The first block of chromatograms displayed corresponds to the profile of the lyso 16:0,
and the second to that of the lyso 18:0. It can be noticed that there exists a different behavior
for the two isomers upon hydrolysis: the first peak of the two types of lysos increases while
after 10 min time starts to decrease probably due to its degradation; moreover the peak on the
right of each chromatogram starts to decrease immediately after the start of the reaction. A
similar behavior was also recorded for some phospholipid molecules, as displayed in figure
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Figure 4.33: Lyso profiling MS intensity vs. retention time (RT)

4.34. It can be noticed as, also in this case, a different behavior along the reaction of the
two peaks was found. Unfortunately, these double peaks are not yet identified, leading to
difficulties in extrapolating conclusions out from those data. Nevertheless, the two positional
isomers of these lysos and phospholipids have a different profile during the reaction. Also, all
the other PC lysos show this kind of behavior, except for the 18:1, 18:2 and 18:3, where only
a low and broad shoulder from the principal peak appears. A large amount of information
can be still achieved from the MS analysis, and more experiments need to be performed in
order to solve the mystery behind the reaction mediated by phospholipases using the systems
described and discussed.

4.2.3 Summary of the MS results

Mass spectrometry analysis given a good view of the system that until now was analysed using
biophysical techniques through tracking only one lipid at the time. The large advantage of such
MS experiments is based on the fact that a multitude of lipids species can be simultaneously
studied at the same time, also creating a more natural membrane composition. The data
obtained from this technique matches the data already obtained from other experiments, where
the efflux propensity of the phospholipid is the most important selection factor for the PLA1-1
with the lipid mixtures employed. The lysos were also tracked upon the hydrolysis reaction,
where at the beginning of the reaction their quantities increased, due to the degradation of the
phospholipid molecules, but at a later stage of the reaction, the lyso products were degraded
as well. This result proves the lysophospholipase activity of the PLA1-1 under examination.
FFA release from the reaction can be also achieved, although they were not scanned during
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Figure 4.34: PS 36:2 profiling MS intensities vs. retention time (RT)

the MS measurements. The decrease of the intensity of the TIC chromatograms led to the
loss of ion counts to the detector, giving a good estimation of the FFA released from the
hydrolysis of the lysos. Experiments with differently sized vesicles were performed, where
the PLA1-1 appears to be vesicle size-dependent. Small vesicles lead to low hydrolysis
rates of the saturated lipids tested, except for its preferred substrate molecule (DLPC), whose
hydrolysis rate was found to be higher. The lower amount of degradation of the saturated
phospholipid molecules in this experiment, caused by the small vesicle size compared to the
non-extruded vesicles, confirms that the saturated lysos or saturated FFA plays a key role in
the hydrolysis reaction mediated by the PLA1-1. This point was also confirmed by employing
natural lipid extracts, where the higher number of unsaturations leads to an increase in the final
amount of degradation. Using the DMRM method, additional data were collected, where, for
instance, we could show that two positional isomers for the lysos exist as well as also for some
other phospholipid molecules. There is a difference on the kinetics between the two different
isomers, and more experiments and measurements need to be performed in order to have an
in-depth understanding about this complex system.

4.3 Additional biophysical characterisation studies

4.3.1 QCM-D

QCM-D measurements were also performed in order to obtain additional information on
the system under examination. Complementary data to those from NR were obtained by
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using this technique, which is sensitive to the mass of material deposited onto the crystal,
as opposed to the monitoring via SLD determination of structural variations in the system.
Additionally, further data can be obtained to better understand the micelle layer mechanism,
that was characterised using NR. This technique, as explained in Chapter 2, is a mass sensitive
technique, where the signal is directly dependent on the mass deposited onto the quartz-silicon
crystal. After performing the deposition of the lipid bilayer onto the crystal, the protein was
injected into the cell in order to start the kinetics. The concentration of the protein used
was about the same amount as utilised for the NR measurements, since the ratio between the
crystal surface and the cell volume (bulk solution) is comparable to the one of the NR cells
used. For the measurements explained in this paragraph, the lipid used was the h16:0 | h18:1
PC (POPC). The protein was injected in 1 ml of volume, and the kinetics was recorded in
two different ways: (a) after the injection, the flux was stopped and the measurement taken
until ≈700 minutes; (b) after the injection, the outlet of the cell was connected to the inlet,
and the flux was set to 0.1 ml·min−1 during the kinetics measurement. The idea behind
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Figure 4.35: Cycled flow QCM-D kinetics measurement
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Figure 4.36: Normal QCM-D measurement

the experiment (b) consists in the analysis of the system, when a stress is applied on the
surface of the SLB. The stress in this experiment is related to the flow passing on the top of
the SLB, washing continuously the cell. Figure 4.35 shows the kinetics measurements of the
experiment (a), where no flow is applied. The "0 min" is the time when the PLA1-1 was
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injected into the cell after the successful deposition of the lipid bilayer. It can be noticed that
the frequencies remained constant in the first period of the reaction, and after a certain point
the frequencies increased, that led to the removal of material from the crystal. The dissipation
profiles of the lipid bilayer slightly increased at the beginning, with higher increase in value
when there was the change in frequency. Surprisingly, very different results were obtained
with the experiment (b), where a constant flux was applied to the cell during the kinetics
measurement. After the protein injection, the frequencies start to immediately increase, due
to the removal of material. At a certain point during the reaction, the frequencies started
to decrease again, as rapidly as the initial increase. While the described behavior of the
frequencies occurred, the dissipation increased all the time until the end of the measurement.
The change of the frequencies in the experiment (b), could be correlated with the formation
of the micellar layer as described for the NR. In fact, considering -25 Hz the frequency shift
of a POPC bilayer with 100% coverage, a value of -18 Hz corresponds to the POPC bilayer
with a degradation of 22% (78% still deposited onto the lipid membrane). This value was
also discussed when the NR data were described. At 22% of degradation, considering the
same ratio of surface of the crystal and volume inside the cell as in the NR cell, one obtains
the CMC of the palmitic acid, where the conditions for the micelle formation are satisfied. In
fact, beyond the CMC value, the mass deposited onto the crystal starts to increase (decreasing
of the frequencies recorded), supporting the possibility of a deposition of micelles onto the
bilayer. The frequencies were found to decrease even lower than the starting point, that could
be explained with the deposition of the protein, since an amount of 10 µg was injected into the
cell (with a sensitivity of the QCM-D of ng of material). Probably this step is not visible with
the QCM-D measurement on experiment (a), because the degradation, micellar deposition
and protein attachment could occur at the same time, and this could mask the decrease of
mass seen in the experiment (b). Probably also the orientation of the crystal plays a role,
since in NR the silicon support is placed on the top of the PEEK cell, whereas in this case the
crystal is at the bottom of the cell, where by gravity, particles can sediment. Consequently,
the stress applied in the experiment (b) could help avoiding the deposition, simulating the
NR cell experiment. Measurements with this technique allow us to understand better what
has been hypothesised with NR experiments, where (1) the micellar layer formation occurs
above the CMC of the FFAs released, and (2) removal of material occurs during the kinetics.
It is still not clear how the signal behaves differently after the CMC, since in experiment (a)
it is increasing over time whereas in (b) it is decreasing. Therefore, more analysis has to be
performed, in order to fully understand the system under examination. The experiments were
performed twice, in order to check the consistency of results.

4.3.2 Ellipsometry

Ellipsometry measurements were performed before carrying out NR experiments in order
to obtain the right amount of protein to be injected in the cell with different PC molecules
composed SLBs. The amount of protein to be injected is a fundamental parameter, since the
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speed of the reaction, as mentioned before, needs to be tuned in order to measure it by NR.
Due to the low flux of the neutron beam utilised, the exposition time needs to be at least 5
minutes (only for the first angle), which lead to a time resolution of that time. Since the data
collected using only the first angle, contains less structural information compared to the full
q-range profiles normally used, it is fundamental to slow down the reaction in order to be
able to perform measurements in the full q-range. Figure A.6 in Appendix A.4.3 shows the
picture of the cell employed for this experiment. The silicon crystal used is the one employed
for NR experiments. The SLBs were formed using vesicle fusion technique, employing PC
molecules with transition temperatures below room temperature. The laser beam angle was
set to 68◦, near to the Brewster angle of the silicon in water (72◦). In this configuration the
laser passed through the first window, reflected from the silicon support through the second
windows, going directly to the detector for the analysis. The measurement was performed at
an interval of 5 seconds, and it was recorded continuously from the empty silicon to the end
of the hydrolysis reaction. Figure 4.37 displays an example of the measurements performed

Lag phase

Figure 4.37: Ellipsometry measurements

using ellipsometry technique. As it can be noticed from the plot, an initial lag is present,
similar to what was found using NR. This initial lag of the reaction is probably due to the
diffusion in the bulk solution of the protein injected. In fact, this lag, taking into consideration
the same lipid constituting SLB, is larger in ellipsometry measurements compared to the NR,
since the bulk volume in the ellipsometry cell (≈5 ml) is bigger than the volume of the NR
cell used (1 ml). The delta parameter, upon hydrolysis, increases, getting closer to the delta
of the silicon support. It can be noticed as after 1 hour, that the kinetics have plateaued.
The delta measured for the empty silicon crystal was ≈ 2.95 ◦, whereas with the lipid bilayer
deposited was ≈ 2.72 ◦. The surface excess is proportional to the difference of refractive
index between the bulk solution and the lipid bilayer. An increase of delta is correlated to a
decrease of this difference, leading to a bilayer with more defects. Since only one angle was
used for the measurements, the assessment of the thickness was not carried out, since higher
resolution measurements are needed for that kind of an evaluation. Using the equation 4.1,
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an idea about the degradation can be achieved.

Deg =
∆Deg

∆Delta
· (Delta−DeltaBilayer) (4.1)

In equation 4.1 Deg represents the amount of degradation of the SLB; DeltaBilayer is the
Delta of the lipid bilayer; ∆Deg is maximum and minimum amount of degradation (0 and
1) and ∆Delta is the difference between Delta measured on an empty and an occupied
silicon support. It was found, taking into account the data displayed in figure 4.37, that the
degradation was 35% for 16:0 | 18:2 PC. In summary, an amount of protein in the order
of µg was found to be ideal to analyse the kinetics of the SLBs under analysis utilising NR
technique. This amount of protein is a compromise between the micellar layer and the rapidity
of the reaction, permitting the analysis of the kinetics without structural formation on the top
of the reaction and at the same time perform measurements in two angles. It was also found
using ellipsometry technique, after the plateauing of the reaction, a decrease of the Delta
value, as the figure 4.38 displays. This behavior is probably due to the re-deposition of the
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Figure 4.38: Ellipsometry measurement

material released from the SLB during its hydrolysis. In our experiments on the FIGARO
reflectometer, NR cells were placed in the instrument ’upside down‘, where the silicon support
is placed on the top of the PEEK cell, and the reflection is performed as ’reflection up‘. In the
case of the ellipsometry measurements, the PEEK cell was placed on the top of the silicon
support, where the material released into the bulk solution, can be re-deposited due to the
gravity.

4.3.3 SANS

During the kinetics assays performed right after the purification of the PLA1-1, multilamellar
vesicles of 14:0 | 14:0 PC (DMPC) were utilised in order to assay the functionality of the
enzyme. Figure 4.39 depicts a picture of the vials used to perform the kinetics assay. The
enzyme fractions from the gel filtration step were aliquoted into each vial, in order to assess
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the activity profile of each one of them. It can be noticed that, after 20 min of reaction, the
fractions where the active protein is located became transparent, whereas the others remains
opaque (due to the large size of the lipid vesicles). This led to a change in the structure of the
vesicles, where the light is scattered differently. In fact, from DLS measurements (data not
shown), there was a clear shift of the average dimension of the vesicles. Smaller structures
appear upon reaction, probably due to the rearrangement of the vesicles into smaller ones,
caused by an increase in the products of the reaction (such as LPC and FFA). Figure 4.40

Figure 4.39: Picture representing the kinetics using DMPC

shows the end point of the reaction, where on the left can be seen the reaction vial, and on the
right the blank, that has no protein injected, used here as a visual control. It can be seen that,
in the reaction vial, a precipitation occurs. It was found, in fact, that the solution becomes
clear upon reaction as explained before, and after a certain level of degradation (≈1 hour),
the solution recovers the initial opacity. By using a TLC, it was confirmed that this opacity is

Figure 4.40: Blank (right) and end reaction (left) of DMPC + PLA1-1

caused by FFAs aggregation. The precipitants have a bigger dimension and they can be seen
by eye. Since structural changes were found to occur upon reaction of this system, SANS
measurements were also performed, in order to analyse the kinetics in this system. In order
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D-Buffer

H-Buffer

Figure 4.41: Kinetics SANS data, where the two black arrows indicate the
differences between

to have an initial clear signal from the blank, the vesicle solution was extruded using a 100
nm membrane, leading to mono-dispersed vesicles (LUVs). The lipid used in this case was
the synthesised d16:0 | h18:1 PC. From the SANS measurements, a different phenomenon
was noticed. Figure 4.41 depicts the data collected in H and D-Buffer with the blank and the
vesicles incubated with the PLA1-1 for 2 days. The shape of the SANS signal has not changed
much compared to the blank, implying the absence of detectable structural changes in the
vesicles. The only evident change that can be noticed in both H and D samples, is related to
the low q (0.01 Å−1) indicated by the two black arrows, where there is a reduction of the small
bump that is clearly present in the blank. This behavior could be related to the polydispersity
or flexibility/fluidity of the vesicle or both factors together, where either polydispersity and
flexibility/fluidity lead to the disappearance of this bump. A TLC was performed after the
SANS experiment, in order to analyse the amount of degradation, and it was found to be only
40% (estimation carried out visually) even after 2 days of incubation. The increase of the
polydispersity is correlated to the degradation carried out by the enzyme, where the LPC and
FFA remains embedded within the lipid membrane (we could not record any deposition on the
surface of the vesicles, since no major shifting of the bumps were recorded) or no evidence
of them being released in solution, leading to a more disordered membrane. We suspect that
the vesicle size has a direct influence on the activity of the enzyme, since experiments on
this front have been carried out using MS technique (section 4.2) and other lab experiments
through the use of TLCs. Probably, this could be explain the very low degradation after an
incubation of 2 days. The above described are preliminary investigations, and further work
needs to be carried out for a complete analysis including, for instance, experiments with
bigger sized vesicles and different lipids such as d14:0 | h14:0 PC (as hydrogenous DMPC
was used for the functional assays).
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4.3.4 Summary of the additional biophysical characterisations

Other chemical/physical techniques were utilised in order to obtain complementary data of
the systems under examination. Ellipsometry measurements were carried out in order to
determine the right amount of protein to be used for NR measurements. These experiments
were a fundamental step, since the speed of the reaction has to be tuned in order to perform NR
kinetics measurements, due to the low neutron flux utilised. QCM-D measurements were also
performed. Two different experiments were carried out, stopped and continuous flow, that
led to two different behaviors of the system. Using the stopped flow, a lag in the reaction was
found, whereas it was not found with the continuous flow. The lag is hardly explainable, since
the information on the structure of the SLB is not seen by the instrument. The most probable
hypothesis relies on a compensation between the material released and the attachment of the
protein onto the SLB. In fact, the dissipation recorded slightly increased in that time range,
leading to a less packed system. Measurements performed with the continuous flow, show
an initial increase of the frequencies, leading to a loss of material from the crystal, and a
subsequent drop in frequencies. The peak corresponds to a degradation of the SLB of 22%,
a value leading to an amount of FFA in bulk solution above the CMC of the palmitic acid.
This value was found also with NR measurements, where above that degradation (in some
of the lipids tested), the micellar layer occurs. The change recorded for the frequencies with
QCM-D leads to the same micellar layer, that occurs only if the surface of the SLB is flushed.
The flushing probably helps the visualisation of this micellar layer, since the crystal, as also
for the ellipsometry, is placed at the bottom of the cell, where due to gravity, the deposition
of the material can occur. SANS measurements were also performed on a vesicle solution, in
order to obtain information on structural changes of vesicles upon hydrolysis reaction. SANS
profiles acquired were not very different, since the structure of the vesicles did not change
upon hydrolysis (hydrolysis found to be around 40%), even after 2 days of incubation of the
vesicles with the PLA1-1. Small vesicles were found to have a slow hydrolysis kinetics,
and a higher structural stability. The presence of the LPC and FFA mostly within the lipid
bilayer (since no extra-structures were found to exist in the bulk solution) caused only a higher
polydispersity or a higher fluidity of the vesicles, clearly seen by SANS measurements.
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Chapter 5

Discussion

The aim of this thesis work was to develop novel tools for investigating the underlying factors
that regulate the activity of the PLA1-1. The developed tools involve NR and MS methods,
synthesis of novel substrate molecules as well as sample preparations, and software to analyse
the data collected from some of these experiments. All such approaches help in the study
of enzymes, especially lipases and their interactions with membrane bilayers. Glycero-
phospholipids (also called phospholipids or GPLs) are amphiphilic molecules constituted by
a polar head and hydrophobic chains (that can be discriminated as sn1 and sn2). Phospholipid
molecules are involved in several pathways such as inflammation, signal trasduction, etc.
Their chemical-physical properties also allow them to rearrange themselves into complex
structures when they are in an aqueous environment. The structure of these complexes is
directly dependent on the physical properties of the lipid that forms them (cylindrical, conical
shape, etc). One of the most important structure that phospholipid molecules assume is
that of lipid bilayers which are involved in the formation of the cell membrane for instance,
fundamental for the containment of the cell itself as well as of its organelles. The function of
lipid bilayers does not stop in the physical containment of cells, but they mediate molecular
exchanges, vesicles exchange, transduction of the signals and other very important functions.
In order to maintain its functionality, the lipid membrane has to be constituted of other
lipids also, such as neutral lipids (triglycerides, etc), glycolipids, sterols, as well as proteins,
sugars and other minor compounds. All these compounds assure the functionality, structural
resistance and help mediate the signaling exchanges as well as material exchange between
the cytoplasm and the external environment or the cytoplasm and sub-cellular organelles.
Another fundamental parameter of the lipid membrane is its fluidity, that has to be retained
over time, in order for the lipid membrane to maintain its normal functionality. For instance,
the membrane fluidity is a fundamental parameter for the vesicle/micelle fusion.

In order to conserve this fluidity, several pathways are actively engaged. These pathways
can be divided into 3 different metabolic processes: (a) synthesis, (b) remodeling and (c)
degradation. Synthesis is the process where phospholipid molecules are actively synthesised
from their basic components. PA class is the precursor of all phospholipid molecules, in fact,
an adequate PA amount in the cell is fundamental for the maintenance of a proper homeostasis
of various phospholipid molecules [226]. The pool of PA is directly synthesised from G-3-P
(glycerol 3-phosphate), where two acyl chains are then condensed to form the complete PA
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phospholipid molecule. This precursor PA molecule then undertakes different pathways in
order to condense a proper polar head chemical group to the PA allowing for the all the
other classes of GPLs. When the phospholipid molecules are present in the right amount
in the cell, and no more synthesis is needed for the normal functionality of the cell, many
phospholipid species undergo to the process of acyl chain remodelling. This process involves
mainly two different types of enzymes: (i) phospholipase As and (ii) acyl chain transferases
or transacylases. The first group (i) mediates the removal of an acyl chain from the sn1 or
sn2 position of a phospholipid molecule, dividing the group into PLA1 and PLA2, while the
second group of enzymes (ii) mediates the reacylation of an acyl chain with a different one.
These processes are fundamental for maintaining the GPL within the various compartments in
a cell. Besides that, acyl chain remodelling is also required for other different processes such
as (1) arachidonic acid release for signalling, (2) activation of enzymes the in mitochondrial
inner membrane, (3) functional alveolar surfactant, (4) replacement of oxidised acyl chains
[226]. The last bioprocess (c) concerns the degradation of phospholipid molecules, and this
is considered to be a key process in maintaining lipid homeostasis. Degradation normally
occurs in living cells, and the process can be tuned depending on the different stimuli given
by the external environment. Phospholipases are the most important enzymes in this process,
which can further be divided in three groups depending on the bond they cleave. PLAs,
have the ability to cleave acyl chains from the glycero-moiety (sn1 and sn2, PLA1 and
PLA2 respectively) through a hydrolysis reaction on the ester group; PLCs hydrolyse the
bond between the phosphate and glycerol backbone to produce DAG (diacyl-glycerol); PLDs
hydrolyse instead the bond between the phosphate group and the polar head chemical group,
thus generating PA class; finally PLBs, phospholipases are enzymes that contain both PLA1
and PLA2 activities simultaneously. All these groups of phospholipases are thought to be
involved in GPL homeostasis, although mainly members of PLA family are considered to
be key players. PLAs have been found to form a large protein superfamily of 15 different
groups, and it has been identified that 24 different genes encode for mammalian PLAs [265].
PLAs are found to be involved in a multitude of cellular phenomena, such as lipid metabolism
[186, 266, 209, 84, 157, 267]. Besides, different studies have shown that the majority of
the GPL turnover is mediated through PLAs [268, 269]. PLAs in these pathways need
to be carefully regulated in their activity, in order to maintain the functionality of the cell
membrane. Several studies have been proposed that membrane fluidity and elasticity play a
role on the regulation of some enzymes. Membrane fluidity is a fundamental property of the
cell membrane that needs to be conserved in order to maintain its normal functionality. It
has been proved that the activity of the CT (enzyme directly involved in the PC synthesis),
is regulated by membrane elasticity, as proved by Attard and colleagues [270]. However,
no literature has been published describing the interaction between GPL homeostasis and
membrane elasticity. A second model that has been developed for the PLAs regulation is
the so-called "superlattice model". This model assumes that when the concentration of a
phospholipid exceeds a critical value, membrane packing rafts appear on the lipid membrane
itself, since the additional molecules cannot be adjusted in the existing super-lattice (where
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lipids are theoretically evenly laterally distributed onto the membrane). Some phospholipases
could be activated by these membrane packing defects [271, 272, 273] and once the lipid in
excess is degraded, the packing defects disappears, resulting in the same initial membrane,
thus decreasing the activity of the related phospholipases. These mechanisms described play
a key role on the highly demanding tasking of lipid homeostasis, and are a fundamental point
to be regulated. A malfunctioning in one of those pathways could lead to the dysfunction of
the lipid membranes or signalling cascades, causing diseases or syndromes.

Phospholipases as mentioned, have a key role in membrane lipid homeostasis, a process
where in a specific PLA is activated by one of the models mentioned earlier, in order to digest a
certain pool of phospholipid molecules. The reaction mediated by the phospholipase enzymes
is characterised by the following steps: (1) phospholipase - membrane association, (2) efflux
of the GPL molecule, (3) active site accommodation of the molecule and finally (4) cleavage
of the substrate. The selection of the proper substrate to be cleaved is mediated mainly by
step (2) efflux and step (3) active site accommodation, that appears to be the two bottlenecks
of the reaction. The efflux propensity of a phospholipid molecule is its ability to escape from
within the lipid membrane where it lies. This property is directly correlated to the lateral
interaction between different phospholipid molecules in the membrane. For instance, taking
into consideration the same lipid class, longer acyl chained phospholipid molecules have a
lower efflux propensity compared to a molecule with shorter acyl chains. Thus, hydrophobic
interactions in this case play an important role, since longer carbon chains lead to a higher
hydrophobic interaction, involving a higher energy required for the phospholipid to leave the
membrane. In addition, double bonds in a GPL molecule play a fundamental role, since these
chemical groups behave as kinks, causing disorder within the membrane, thus leading to a
higher fluidity (decreasing the hydrophobic interactions, increasing the efflux propensity).
Next, active site accommodation (2) describes how well a phospholipid molecule fits inside
the active site pocket of the enzyme. The volume of the active site cavity could play a role
in the selection of the phospholipid molecules to be cleaved in some phospholipases. All
this proves that selection could be mediated by either the ability of the GPL molecules to
efflux or the active site accommodation of the effluxed molecules, or both. Therefore, the
substrate preference depends on the phospholipase under examination (for instance, lipid
homeostasis, signalling cascades, etc). In fact, it is known that phospholipases in a venom,
such as the one from bee, have a preference to degrade phospholipids that have a high rate of
efflux propensity, specifically the unsaturated acyl chains containing phospholipids. In fact,
the aim of these phospholipases is both the demolishing of the target tissue and at the same
time to cause the release inflammation factors, such as arachidonic acid, that gives all the
symptoms related to an inflammation of a tissue [234]. Accordingly, every phospholipase
has a preferred set of phospholipid molecules, that are the target of the enzyme when it is
expressed in a cell. Phospholipases A can be divided in two main groups, A1 and A2 as
mentioned, depending on which of the two positional acyl chains the PLA preferentially
cleaves. A1 group preferentially cleaves the first position acyl chain (sn1) whereas A2 the
sn2 position. Over the past decade, a large amount of work has been carried out in order to
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understand PLA2s, while a few studies have focused on characterising members of the PLA1
family, although they have not led to a detailed understanding of these enzymes specifically
in terms of their regiospecificity, substrate preference, cellular localisation, and physiological
functions. A recent study was carried out to understand the headgroup specificity of the
Aspergillus oryzae isolated PLA1 isoforms (PLA1-1 and PLA1-2). Results emanating from
that study show that PLA1-1 displayed a higher degree of affinity towards PC and PE while it
also had the ability to hydrolyse other classes of GPLs and meanwhile no lipase activity was
observed. On the other hand, PLA1-2 showed a tendency to degrade only, thus making it very
different from PLA1-1. Taking it from there, we in this work, employed techniques including
neutron reflectivity and mass spectrometry in order to investigate the key factors regulating
the substrate specificity of PLA1 in lipid bilayers and in parallel obtain structural information
on the membrane during the hydrolysis kinetics. Specifically, the aim was to investigate the
factors that can have an effect on the regulation of the activity of the enzyme thus influencing
the substrate specificity of the PLA in the presence of various macrosubstrates composed of a
wide range of different molecular species within a specific GPL class. Such an approach lends
deeper insights into the relationship directly between the action of a PLA1 and the fate of its
potential substrate i.e.: a specific GPL molecule while it undertakes different bioprocessing
pathways.

Structural and functional characterisations were performed in order to assess the identity
of the enzyme upon expression and purification before carrying out NR and MS experiments.
NR experiments were performed to analyse the substrate preference employing mono-species
SLBs. From this technique information on the structure of the sample during the kinetics
was obtained. NR helped in the understanding of the complexity of the system, although
the lipid membranes used for the kinetics were far from a natural system, since a plasma
membrane for instance, contains a multitude of phospholipids, other lipid molecules and
fundamental compounds. In parallel, MS was utilised, in order to perform kinetics in bulk
using vesicles constituted of a wide range of phospholipid molecules, thus leading to a more
natural membrane in terms of its physical properties and allowing us to record the substrate
preference as well. In addition, natural lipids were utilised for these experiments, to analyse
how PLA1-1 behaves in the presence of a bilayer composed of such lipids.

NR pioneering experiments with one-chain deuterated and one-chain hydrogenous lipids
were performed by Wacklin and coworkers [247] using PLA2 enzymes. NR experiments on
porcine pancreatic PLA2 showed a long lag phase of several hours, after which the degradation
started. The asymmetry in the lipid bilayer during the course of degradation appeared as well
as the asymmetry in the distribution of the reaction products. Also a preference for POPC
over DPPC was found, since POPC has a higher efflux propensity due to its higher fluidity.

Similarly, MS measurements were carried out in the past by Haimi, Batchu and colleagues
[234, 233], that demonstrated the substrate specificity on PLA2s. Specifically, cPLA2α

and some secretory phospholipases of the group A were studied, to understand the factors
determining their activity. cPLA2α was studied in the presence of vesicles composed of
different regioisomers of phospholipid molecules, where for instance the first position was
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maintained constant and the second position was condensed with different acyl chain lenghts,
and specular isomers were also synthesised. It was found that chain lengths higher than 17
carbons lead to a drop in the degradation of such phospholipid molecules, leading to the
assumption that the length of the active site cavity was equivalent to an acyl chain consisting
of 17 carbons. In any case the preference of the protein for the arachidonic acid (20:4)
contained in phospholipid molecules was observed for cPLA2α. In fact, it was found from
other studies [274, 275] that arachidonic acid is the main precursor of prostaglandins and
other eicosanoids, playing a fundamental role in signaling in mammals during inflammation.
In fact, cPLA2α plays an important role in this regard [276, 277], since its preference for
phospholipid molecules containing arachidonic acid.

In this regard, we have employed MS and NR techniques, in order to understand the
importance for the PLA1-1 and factors such as active site accommodation and efflux propen-
sity in regulating this enzyme and also to analyse the structural changes of the system upon
hydrolysis. All the methods and protocols developed, can be employed to better understand
the principles underlying the substrate specificity of other unknown phospholipases.

We have started assessing the substrate specificity and analysing the structural changes of
the membrane during the PLA1-1 kinetics using NR technique. The strategy adopted for these
experiments was initially through the use of partially deuterated phospholipid molecule (i.e.
one deuterated chain and one hydrogenous), were mono-species SLBs were formed and used
to analyse the PLA1-1 kinetics. Since neutrons are very sensitive to the deuteration level of
the sample, this approach helped us to follow the PLA1-1 kinetics over time, tracking the SLD
variation of the lipid bilayer and to assess the structure variation as well as the distribution of
the products of the reaction upon hydrolysis.

Kinetics measurements on bilayers by NR - NR analysis on the various SLB systems
prepared from partially deuterated GPL molecules showed that longer chained GPL molecules
posses a lower rate of hydrolsis compared to shorter chained ones. In fact, GPL molecules
containing shorter acyl chains were observed to be the most preferred ones, where practically
no hydrolysis was observed with the long-chained ones. Taking into consideration the fully
saturated series, the preference pattern of PLA1-1 was observed to be as such: 18:0 | 18:0
PC < 16:0 | 16:0 PC < 14:0 | 14:0 PC, thereby indicating that efflux propensity is a key
determinant of PLA1-1-mediated GPL hydrolysis. These results were in good agreement
with previous studies on both non-homeostatic secretory PLA2s [234] as well as the soluble
iPLA2β [233]. In those studies, a similar kind of preference for substrates within bilayers
was observed and, based on such observations, it was concluded that hydrolysis rate specially
those of saturated PC series decreased strongly and monotonously with increasing acyl chain
lengths, due to the fact that longer acyl chain-length GPL molecules have stronger hydrophobic
lateral interactions with adjacent GPL molecules. Previous studies, also collected data on
the interactions of PLA2s with GPL micelles containing detergents, in order to reveal the
effect of the differences in the packing order and intermolecular interactions in different
macro-substrates, on the specificity of the enzymes under study. In micelles, PLA2-mediated
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hydrolysis resulted in a contrasting specificity and faster kinetics, probably reflecting the
importance of two major factors: (1) specific interactions of the substrate molecules with
the substrate binding site on the enzyme and (2) the intermolecular packing, that is quite
loose compared to bilayers as proved by NMR studies [278] and MD simulations [279].
Collectively, all these results indicate that for both PLA1 and PLA2-mediated hydrolysis of
saturated GPL molecules embedded within bilayers, efflux is the rate-limiting step, since
efflux propensity is largely determined by the acyl chain length.

Another important aspect to consider is the SLB phase behavior. Generally, at a given
temperature, a lipid bilayer composed of certain GPL can exist in either a gel or a liquid phase.
Almost all GPLs, undergo a transition phase from an ordered gel phase to a liquid phase.
Within the gel phase, the hydrocarbon chains are fully extended while in the liquid phase they
are randomly oriented and fluid. GPL molecules that we have employed as part of the saturated
series in these experiments such as 18:0 | 18:0 PC and 16:0 | 16:0 PC occur in gel phase at
37 ◦C, while 14:0 | 14:0 PC exists in a fluid phase at that temperature. In this context, it is
to be noted that a fluid phase allows for a higher membrane fluidity (less packed membrane)
[280], thus causing a further increased propensity of short-chained GPL molecules to efflux
from the bilayer. Finally, the efflux is then considered as the first "bottleneck" of the reaction
mediated by PLAs, where GPL molecules with high efflux propensity passes to the second
"bottleneck" of the reaction faster than the other GPLs. The second bottleneck that determines
the regulation of a PLA has been speculated to be the active site accommodation of a GPL
molecule within the catalytic active site. Past interaction studies on cobra PLA2 and GPL
substrate molecules with a bulky acyl chain demonstrated the importance of accommodation
of GPL acyl chains. In fact, adding a detergent onto the lipid mixture, in order to obtain
micelles, all the lipids have theoretically a similar efflux propensity [234, 233], allowing the
analysis of the active site accommodation. Next, it was noticed that in vesicle bilayers, an
increasing unsaturation leads to an increase in the rate of degradation, again reflecting the fact
that ability of the GPL molecule determines the substrate specificity of the enzyme. Double
bonds contained in acyl chains of GPL in a lipid membrane, behave as kinks, leading to a
more fluid and consequently more disordered membrane. In this system the hydrophobic
interactions between acyl chains are comparatively loose, thus requiring a lesser amount
of energy to pull a phospholipid molecule out from the membrane (in comparison to a
membrane composed of saturated acyl chained GPLs). Accordingly, the efflux propensity of
a GPL molecule depends on the fluidity of the membrane, and on the number of double bonds
in its acyl chain region as well as its acyl chain length. Significantly, higher number of double
bonds results in higher efflux propensity. Similarly, it was found during the characterisation
of the natural lipid extracts, that higher number of double bonds are characterised by a lower
retention time in the GC-FID measurements, leading to their lower hydrophobicity. Therefore,
high number of double bonds lead to less lateral hydrophobic interactions, leading to a more
easy efflux of those GPLs from the membrane. The results suggested that the PLA1-1 has the
preference for phospholipid molecules with high efflux propensity, since within the saturated
series, 14:0 | 14:0 PC was the preferred substrate, and between the unsaturated series 16:0 |
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18:2 PC, 16:0 | 18:3 PC and 16:0 | 20:4 PC appear to have similar degradation profiles, taking
into consideration the normalised degradation profiles within the first 1h of kinetics.

Lyso-phospholipase activity - Further, from our NR studies, we were able to extract the
degradation profiles for both the sn1 and sn2 positioned acyl chains in the GPL molecule
due to their difference in SLD. Interestingly, upon cleavage of the sn1 positioned acyl chain,
a progressive release of the sn2 positioned chain was also noticed. Such marked changes
in the SLD profiles of the SLB were possible to track by NR using the partially deuterated
phospholipids synthesised. Since, PLA1-1 does not possess any PLA2 activity and based on
earlier investigations on PLA2 isoforms, it is believed that post PLA activity, the sn2 lyso-
GPL molecule becomes unstable, thus leading to an equilibrium between the two positional
isomers of sn1/sn2 lyso-GPLs, where the sn1 lyso-GPL again becomes a substrate for the
enzyme. The removal of the second acyl chain, after its migration to the sn1 position, was
found to be happen at a slower rate in comparison to the originally positioned sn1 acyl chain,
since probably, first the sn1 has to be degraded in order to create the second product/substrate
(sn1 lyso PC) for the enzyme. Such a migration of either the sn1 acyl chain to the sn2
position or vice-versa was evidenced from an earlier study as well [281]. In agreement, our
studies emanating from NR, MS and other biochemical assays have demonstrated that PLA1-1
harbors lyso-PLA activity as well.

The phenomenon of GPL flip-flop during the interfacial kinetics - Analysis of the NR
measurements, leads to a very interesting revelation on the ability of a GPL molecule to
diffuse transversely from one leaflet to the other, within the same bilayer, during the course
of PLA1-1 hydrolysis. Previous studies by Liu et al (2005) on PLA2 activity of SLBs, have
shown that the membrane composition changes on both the leaflets of a supported bilayer
which implies the occurrence of flip-flop of GPLs. Such assumptions were based on using
the scooting model of interfacial hydrolysis. SLBs are supported lipid bilayers as already
described, consequently the two leaflets can be divided into an inner and an outer leaflet,
where the inner leaflet faces and interacts with the silicon crystal, and the outer leaflet faces
the bulk solution of the PEEK cell used for the NR measurements. The space between the
inner leaflet and the support is normally in the order of Å, leading to the non-availability of
that leaflet for the attachment of the injected protein. Consequently, only the outer leaflet
can be degraded by the enzyme, since only its surface is available. Initially the membrane
is considered asymmetric at the start of the reaction (since mathematically at the beginning
of the reaction this parameter is not relevant) and during the course of the activity of the
PLA, the flip-flop increases, resulting in a more symmetric membrane. Results from our
studies showed that the flip-flop phenomenon in 18:0 | 18:0 PC (DSPC) containing SLBs
was practically either quite slow that was not noticeable or non-existent, while it is far more
evident coming to shorter acyl chained and unsaturated series.
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NR reveals formation of micellar aggregates that adsorb to the surface of the SLB -
Analysis of our NR data shows that, surprisingly, lyso-PC molecules released after PLA1-1
activity preferred to stay within the bilayer and probably only a small portion of the total
amount released does not stay within. Therefore, lyso molecules containing only one of the
two acyl chains within the SLBs lead to a decrease in the average volume of the lipids. This
resulted in an average decrease in the area per lipid, causing a slight increase in the thickness
of the SLB. During the course of the PLA1-1 mediated hydrolysis, peculiar structures were
formed on the surface of the SLBs; upon analysis it was found that such aggregates were
micellar in nature and were formed from the released D-labeled free fatty acids. Additionally,
contrast variation of the lipid membranes also confirmed the release of free fatty acids into the
aqueous phase, thereafter forming micellar structures that adsorbed to the SLB surface. Such
a phenomenon was unexpected since a free fatty acid is hydrophobic in nature and less likely
to prefer the release in aqueous phase like the lyso-GPLs. These results are also in contrast
with findings from other studies that found lyso-lipids being released into the aqueous phase
and leaving on the surface a layer composed of FFAs [247, 248]. In addition, such earlier
studies have not evidenced formation of additional structures on the surface of the SLB. The
discrepancy can be explained by the fact that the liquid volume above the bilayer used in
those previous studies was much higher that that used here (22 ml vs 1ml here), which would
lead to a concentration of lyso release largely distant from its CMC. The contrasting result
obtained could probably be correlated to the different enzyme (PLA2) previously studied.
We would like to highlight here that, such micellar structures formed, were observed to exist
only while experimenting with SLBs composed of certain poor substrates, specifically, when
the reaction was found to be "slow enough". This indicates that, hypothetically, when the
reaction is slow, micelles have more time to interact with lipid membranes, thus allowing
for them to cover a large surface of the SLB over time and be detected by neutrons. From
the normalised degradation profiles, it was noted that the micellar layer appears when the
plateau of the reaction occurs after the first 1h of kinetics. The presence of the adsorbed layer
appears to lead to an inhibition of the reaction mediated by the PLA1-1, most probably due
to the lack of physical space where the enzyme can attach the lipid membrane. This layer
does not affect the initial speed of the reaction, since it does not exist below a certain level of
degradation, that was calculated to be around 15-20% of membrane degradation (considering
1 ml of volume of NR cell). In fact, from the normalised degradation graphs, it is notable
that, for the lipids where the micellar layer is present, the reaction plateau occurred before the
total degradation of the SLB.

Effect of the SLB charge on the hydrolysis kinetics - NR experiments were performed
using also natural lipids, and a similar trend to the synthetic ones was found. Although not all
the information obtained with partially deuterated PC molecules was available with natural
lipids, since their either full-H or D labeling. Also in the case of dPC the micellar layer was
not found, most probably due to its fast kinetics, since its fluid state due to the high number
of unsaturations. Next, the mixture hPChPS was also tested, which lead to a charged SLB.



Chapter 5. Discussion 135

It is known already, from other studies [282], that a more charged lipid membrane leads to a
higher speed of the reaction. Specifically, the interactions between phospholipases and lipid
membranes are not driven by electrostatic charges, but by hydrophobic interactions [264].
The charge in the bilayer can in some cases increase the amount of protein deposited, but
not the speed of attachment. Studies [264] prove that non-hydrolytic membrane disruption
is an important factor for the kinetics of phospholipases. The lateral phase separation is
defined as the physical separation of phospholipid molecules into the membrane, creating
rafts or defects. This phase separation induced by the protein attachment, is correlated with
the charge of the lipid bilayer. With anionic membranes, this effect is higher compared to
zwitterionic membranes [283]. Higher defects onto lipid membrane, lead to a less packed
membrane, with higher disorder, leading to a higher efflux propensity of the phospholipid
molecules forming the membrane. The charge added using the natural mixture hPChPS falls
into this point, where higher number of defects formed due to the charge of the membrane,
increases drastically the speed of the reaction.

Mass spectrometry reveals that efflux propensity is the key determinant for PLA1-1
activity - MS measurements were performed on LUVs constituting a multitude of PC
molecules, in order to assess the substrate preference of PLA1-1. Two different PC mixtures
(A and B) were employed to assess the contributions of efflux propensity and active site
accommodation in determining the specificity of PLA1-1. MS analysis of the PC mix A,
showed that within the saturated series, shorter acyl chain GPL molecules were degraded with
faster kinetics while an increasing chain length seemed to have an inhibitory effect on the
activity of the enzyme. The preferred substrates were in the following order: 12:0 | 12:0 PC
> 14:0 | 14:0 PC > 16:0 | 16:0 PC > 18:0 | 18:0 PC. Next, PLA1-1 in the presence of vesicles
composed of species that contained molecular species of varying chain length and double
bonds (Mix B), preferred to hydrolyse exclusively species that contained the highest number
of double bonds, where the velocities appeared to follow a sigmoid function as a function of
the number of double bonds. All these observations confirm the results obtained from NR
analysis of the various PLA1-1 hydrolysed SLBs employed earlier. Data from other studies on
substrate specificities of PLA1 isoforms are also in good agreement with our findings [243].
Analogous results were achieved when a natural lipid composed vesicular macro-substrate
was employed in this study. Natural lipids extracted from Pichia pastoris provided us with an
opportunity to recreate a more biologically relevant lipid membrane since they contain GPL
molecular species similar to those that exist in mammalian cellular membranes. Such mixtures
are relevant for this study since they contain GPL molecular species containing double bonds
ranging between one and five in total. A high-throughput MS method was developed to
identify a wide range of molecular species within each class of GPL. MS data showed similar
trends within each class, increasing acyl chain length lead to an increasing rate of inhibition
while an increase in the degree of unsaturation was found to cause an increase in the rate of
PLA1-1 catalysed rate of hydrolysis. For instance: within the series of species that contained
36 carbons in total, the preference was in the following order: 36:5 > 36:4 > 36:3 > 36:2 > 36:1
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and similar was the case with the series that contained 34 carbons (34:4 > 34:3 > 34:2 > 34:1).
Species containing similar number of double bonds with varying acyl chains had an effect on
the hydrolysis rate. For example, 34:4 PC seemed to be a preferred substrate over 36:4 PC
since the former has the ability to efflux at a faster rate compared to the latter due to it being
lesser hydrophobic. Analogous results emerged across all the different classes of GPLs, which
again showcases the importance of substrate efflux propensity in determining the specificity
of PLA1-1. Studies by the Somerharju group on secretory PLA2s [234] and human cPLA2α
[233] led to different results. They showed that efflux is the main key in regulating enzyme
activity specifically in the case of saturated GPL molecules (shorter the acyl chain, more the
rate of hydrolysis) which is kind of similar to what we have observed with PLA1-1 but it was
not the case with the unsaturated series. For instance, PLA2 from bee venom or cPLA2α
when interacting with SUV bilayers composed of several molecular species, indicated that
GPL molecules containing either 4 (arachidonic acid) or 6 (docosahexaenoic acid) double
bonds, independent of the chain length, were the most preferred substrates indicating that
active site accommodation is a key determinant in regulating their specificities. Contrasting
results emerged when micellar substrates were employed, the preference for species containing
4 or 6 double bonds was much more pronounced, which indicates that, apart from active
site accommodation, efflux propensity is also a major contributor. On the other hand, the
homeostatic phospholipase (iPLA2β) has been shown to be regulated through a combination
of both efflux propensity as well as active site accommodation. Given these observations
from earlier studies, it would be interesting to see how PLA1-1 responds when in contact with
micellar substrates, probably the rate of hydrolysis would be several times higher than that
observed with bilayer systems. Further, MS analysis through performing dynamic multiple
reaction monitoring (DMRM) measurements helped us in looking at the effect of head group
structure on the rate of hydrolysis in LUVs composed of natural GPL mixtures. PLA1-1
showed affinity for mainly PC and PS both of which were hydrolysed at similar rates followed
by PE. The least preferred substrate was shown to be PI. These results are in good agreement
with results from studies by Arioka et al [243]. In contrast, in the same study it was shown that
the PLA1-2 isoform showed affinity only for PG. These findings indeed show that the structure
of the headgroup has an effect on substrate specificity of the enzyme, resulting from the charge
that it possesses or the active site accommodation of the molecule. Unfortunately, we were
not able to reliably quantify PA and PG owing to their low signals and high fluctuations.

MS analysis shows that PLA1-1 harbors lyso-activity - Surprisingly, MS analyses of
the m/z region corresponding to lyso-PC molecular species, showed an increase in the lyso
production during the initial period of PLA1-1 activity, followed by the plateauing or even
decrease in the abundances of some of the molecular species. For instance, analysis of
the MS-lyso profile obtained from PLA1-1 hydrolysis of the PC mix B showed an initial
increase of the peaks corresponding to lyso species followed by a subsequent decrease in their
abundances. Such a phenomenon validates the lyso-GPL activity of PLA1-1 that was earlier
observed by NR. A similar kind of behavior was earlier attributed to other PLA2s as well [189,
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216]. These observations demonstrate that PLA1-1 is a true phospholipase, although it also
harbors lyso-PLA1 ability, albeit it can cleave an sn-1 positioned fatty acid from lyso-lipid at
a slower degradative rate compared to its PLA activity. For instance, we noticed that 12:0
| 12:0 PC (DLPC) in Mix A (which was the most preferred substrate) after 10 minutes into
PLA1-1 mediated degradation, no further changes were observed and similar was the case
with 16:0 | 18:1 (POPC) in Mix B. In fact, after this 10 minutes, the PLA1-1 stopped exhibiting
its phospholipase activity (for the mentioned PC molecules), and we noticed it displaying its
lyso-PLA activity which lead to a decrease in the lyso-lipid content. Although, the PC and lyso
molecules were not hydrolysed in their entirety (plateau of the reaction before the digestion
of the totality of the molecules in the mixtures used). The most accredited hypothesis for
such a phenomenon is that saturated acyl chains has an inhibitory effect on PLA activity.
Through previous studies it is already known that some PLA2 reactions are slowed down
by the presence of FFA in the bulk solution [284]. The lyso-activity was also confirmed by
integrating the normalised TIC chromatograms, where a drop in the TIC signal was recorded
due to the loss of signal from the second acyl chain cleavage. In fact, after the plateauing of
some PC molecules degradation profiles (10 min for the DLPC in mix A), the signal started
to drop, confirming the cleavage of the second acyl chain. Another feature observed during
the DMRM measurements, was the existence of stereo-isomers in the reaction mixture. Split
lyso peaks detected represent the presence of fatty acid in its two possible positional isomers,
where the peak on the left of center corresponds to the lyso sn2 and the peak right of center
is the lyso sn1 (information taken on https://metabolomics.baker.edu.au/method/).
The left peak corresponding to sn2 lyso released upon cleavage of the fatty acyl chain at the
sn1 position was seen to increase at the beginning of the PLA reaction with a gradual decrease
until the end point on expected lines. The right peak corresponds to the sn1 lyso, formed
upon sn2 - sn1 FA migration, and it was found to decrease during the hydrolysis reaction.
This migration hypothetically is slower than the initial rate of production of the lyso sn2,
causing the increase of its peak upon reaction. After 10 minutes, when the hydrolysis profiles
started to plateau, slowing down also the production of the sn2 lyso, the migration takes over
the sn2 lyso production, causing the decrease in amount of this product, producing sn1 lyso.
This latter was found to decrease, probably because of the fact that the lyso activity rate and
the migration rate speeds are comparable. Earlier studies [281] have shown that such acyl
chain migration occurs in aqueous phases compared to solvent systems. It is assumed that
such events could be captured through freezing the sn1-sn2 lyso equilibrium by extraction
of the reaction mixture into CHCl3:CH3OH followed by preservation of the sample in ACN.
Further, investigations need to be carried out to prove these assumptions.

Vesicular size impacts PLA1-1 hydrolysis rate – We next looked at the aspect of how
vesicle size influences the activity of PLA1-1. Vesicles of varying sizes composed of synthetic
GPL mixtures were extruded and subjected to PLA1-1 following which the hydrolysis kinetics
of each species were measured. Analysis shows that vesicle size mainly influences the
hydrolysis rate of saturated PC molecules with 12:0 | 12:0 being an exception. We had

https://metabolomics.baker.edu.au/method/
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hypothesized different possible explanations for this phenomenon: (a) Curvature of the
membrane which probably plays a crucial role in the attachment of the membrane to the
PLA1-1, (b) the packing of the phospholipid molecules is very different, due to the frustration
of the lipid bilayer, causing different substrate preferences; (c) Lower degradation of the
saturated GPL molecules therefore no major amount of saturated FFAs are released thus
causing an increase in the activity of the enzyme leading to a faster degradation of the most
preferred substrate (12:0 | 12:0 PC). Nevertheless, further analysis is necessary to be carried
out to prove such assumptions.

Biophysical experiments to characterise PLA - bilayer interactions - QCM-D measure-
ments through two different formats were performed: (1) stopped flux and (2) active flux. We
employed 16:0 | 18:1 (POPC) and studied its interaction with PLA1-1 by injecting an amount
that was similar to what was inject into a NR cell. Taking into consideration the measure-
ments performed using the active flux, an initial degradation was recorded. The frequencies
increased (going toward "0") due to the removal of material from the lipid membrane. Next,
the frequencies plateaued with a sequential drastic decrease. As mentioned earlier, the peak
recorded corresponds to a point where the micellar layer conditions are met, thus probably
leading to the re-attachment of these structures to the surface of the bilayer. Such structures
as mentioned earlier, might contain other chemical species such as lyso and protein. The fact
that the entire cell is placed upside down compared to the NR cell, it is possible that gravity
could play a role in the deposition of such structures. In any which case, such a behavior was
analogous to what was found during the NR experiments. The decrease of the frequencies
below the starting point at the end of the reaction, could probably be due to the gradual depo-
sition of the PLA1-1 upon reaction. Different measurements were recorded with the stopped
flux, where a quite long lag phase was observed. This lag phase is probably caused by the
gradual deposition and degradation of the lipid membrane and the PLA injected, that occur
at the same time, resulting in an approximately equal mass being deposited onto the crystal.
In fact, the dissipation recorded, slightly increased in that range, which could be attributed
to a minor change in the structure of the membrane. The final state of the reaction is not
very well understood, since for the fluxed experiment the frequencies decreased (probably for
the PLA1-1 and micelles deposition) while for the stopped flux experiment, they increased.
Therefore, further experiments will need to be conducted to obtain a better understanding.

Additionally, ellipsometry measurements were performed on similar kind of SLBs that
were employed for NR analysis. These measurements helped assess the hydrolysis kinetics of
each of those SLBs (composed of varying mono-species) employed over time. Further, such
an approach also allowed us to well calibrate the amount of enzyme to be injected into the
cell accordingly. This should allow us to capture slower kinetics for each substrate condition
by NR. Upon completion of the reaction, a decrease of the delta was subsequently observed,
probably due to the re-deposition of all the products released into the bulk solution over the
course of the reaction or alternately it could be possible that it is the injected protein deposited
on the surface. Such a behavior can be attributed to the orientation of the crystal with respect
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to the gravity, albeit this was not visible during the NR measurements in which case the silicon
crystal was placed on the top of the PEEK cell. Ellipsometry measurements did not detect the
formation of any kind of micellar layer on the surface of the SLB upon PLA1-1 hydrolysis.
In fact, hydrolysis kinetics of POPC measured by ellipsometry (data not shown) were almost
similar to the 16:0 | 18:2 kinetics with an almost equivalent amount of final degradation in
both the cases. The absence of the micellar layer in the case of POPC could be directly
attributed to the volume of the cell utilized in the case of ellipsometry measurements, where
the volume was ≈ 5 ml. At this volume the CMC is not reached and therefore no micellar
formation takes place. In addition, earlier studies [247, 248], were able to determine through
employing NR and ellipsometry, the binding of the protein to the surface of the SLB. In
contrast, in our investigations, this behavior was not found. It is known that, some secretory
PLAs, [285, 248, 247], have a variable lag phase, where the protein needs to first interact
with the model membrane thus allowing it to disrupt the structure thereafter triggering GPL
hydrolysis. We noticed that with PLA1-1, the lag phase was very short, which can be probably
correlated to the diffusion of the protein into the cell. In fact, it was found to be longer during
the ellipsometry experiment, where the volume cell is 5 folds larger than the cell used for the
NR measurements. Hypothetically, the attachment equilibrium of the PLA1-1 to the SLB
seems to be quite slow, during which period the protein starts to bind to the SLB and at the
same time initialises the degradation of the GPL molecules, and in parallel the other enzyme
molecules are in the process of binding onto the SLB. Hydrolysis kinetics obtained from
PLA1-1 interaction with 18:0 | 18:0 PC containing SLB (data not displayed in this thesis),
showed an increase in the SLD of the bulk solution over a period of 8 – 10 hours although no
or very little degradation occurred. Therefore, we were not able to reliably analyze those data
sets. We suspect that the increase of the SLD that we had noticed corresponds to the protein
binding (since for this lipid-SLB an higher amount of PLA1-1 was injected - 300 µg), even if
this increase was found to take place to the whole bulk solution. Additional experiments in
this regard, need to be carried out, for instance by using analogous lipid molecules (where the
ester bond is replaced with an ether group that is non-hydrolysed by the PLA1-1), in order to
analyse specifically the protein-membrane kinetics interaction.

Moreover, kinetics using vesicles were recorded also with SANS measurements. Change
in the structure of multi lamellar vesicle (MLV) were found during the activity assays, where
the solution made by 14:0 | 14:0 PC (DMPC) from opaque became transparent. LUVs
of partially deuterated d16:0 | h18:1 PC (POPC) were used for SANS measurements, and
it was found that even after 2 days of incubation with the enzyme, the structure of the
vesicles remains almost unaltered. Similar experiments were performed by [283], where
they found that the LUVs structure remains unaltered even if the outer leaflet is completely
degraded. These findings prove that LUVs are much more stable then SLBs, where the lipid
bilayer can rearrange maintaining similar structures. Additionally, it was found from SANS
measurements an increase of the polydispersity or fluidity of the lipid membrane due to the
plateauing of the bump related to the form factor of vesicles. More experiments need to be
performed, in order to assess whether the polydispersity is what changes in the system, or
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the fluidity. SANS experiments employing a lower q range can be performed to find if is
the polydispersity that changes; whereas the more fluidity of the system can be assessed by
utilising neutron inelastic techniques.

Conclusive remarks - The possible explanation on the behaviors of the PLA1-1 studied,
is related to its function in Aspergillus orizae, that remains unknown. Nevertheless, few
hypothesis have been formulated by [243], where they found that this phospholipases is
actually secreted in the environment where the fungi grows. Since it was not found any
phospholipid specificity (efflux propensity is the key selecting factor), it may be involved in
the degradation of phospholipid molecules in the extracellular media so that the cells can
uptake the FFA or lysos as nutrients. A second PLA1 was found in the same microorganism,
which seems to be a paralog of PLA1-1 (named PLA1-2, as second isoform) [243]. PLA1-2
was found to have some preferences within the PG class of phospholipids, and it is mainly
located in the mycelial fraction, and it is probably important in the signaling, since lyso-PGs
are involved in diverse cellular activities such as the intracellular calcium increase, kinase
phosphorylation, cellular migration, and so on [243]. Also this aspect needs additional work
in order to be fully understood.

Maintenance of Natural GPL homeostasis – A number of studies have demonstrated that
PLAs are involved in a plethora of lipid homeostatic pathways, for instance, the membrane
remodeling or GPL degradative processes. GPL homeostasis is a cellular process that has
been postulated to exist in order to maintain steady-state GPL compositions within certain
limits in biological membranes. Lipid compositions have been shown to adjust in response
to external stimuli/conditions. For example, micro-organism cultures that were maintained
at different temperatures, resulted in varying lipid compositions in their membranes, where
in the ratio between lipid classes and the species are consequently adjusted accordingly so as
to tune the fluidity of the membrane at that particular temperature [286]. The compensation
of the membrane fluidity is carried out by incorporating either saturated or unsaturated
acyl chain constituted GPL molecules to the membrane or by varying the ratio between
classes. For instance, cell cultures upon being maintained at 22 ◦C resulted in a higher
amount of unsaturated acyl chain containing GPL molecules in comparison to cell cultures
maintained at 37 ◦C. Saturated acyl chains lead to higher hydrophobic interactions, thus
lending more rigidity to the lipid membrane while unsaturated acyl chains lead to a more
disordered membrane. Consequently, cells adjust the GPL acyl chain compositions within
their membranes, in order to obtain a similar membrane fluidity at varying temperatures.
In this context, a similar behavior was noticed in P. pastoris cultures from which natural
GPL mixtures were extracted. A significant difference in the relative abundances of various
GPL species was noticed when cells growing under normal (H) media conditions were
adapted to deuterated conditions. GC analysis revealed that deuteration supposedly induced
an increase in the oleic acid content in the GPLs in comparison to their hydrogenous variant.
Such a phenomenon can be considered to be a compensatory step adapted by the cell in
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response to the deuteration effect and this could be correlated to membrane fluidity. In
fact, a previous study showed [287] the isotopic effect of deuterium labeling on organic
molecules, where hydrogenous variants have higher hydrophobic interactions compared to its
deuterated version. Hydrophobic interaction describes the interaction between hydrophobic
molecules and water, where hydrophobic molecules have the tendency to aggregate between
each other, thus increasing the entropy of the system. Consequently, GPL molecules have
the natural propensity to form these complex structures, where the hydrophobic part of
the GPL molecules are hidden from water molecules through their polar heads. Higher
hydrophobic interaction led to a higher hydrophobicity, leading to a stronger interaction
between hydrophobic molecules as well as stronger repulsion with water molecules. In
support of these observations, our HPLC and GC analyses showed that upon separation, the
natural deuterated lipid molecules eluted much earlier (faster retention time) compared to
their hydrogenous counterparts. Accordingly, the higher amount of 18:1 fatty acid in the
deuterated grown cells can be attributed to the fact that cells decrease the number of double
bonds harbored in their acyl chains in their membranes, in order to retain the hydrophobic
interactions (packing), thereby increasing the saturated acyl chain compositions thus helping
confer more order and packing of the lipid membrane. Thus, under such conditions, cells
manage to retain the same membrane fluidity and functionality of their lipid membranes in
these two conditions.

GPL molecules extracted from P. pastoris cells, grown under hydrogenous and deuterated
conditions, were utilized to obtain SLBs, followed by their structural analysis analyze by NR.
Different classes of the purified GPL classes were utilized (PC, PC/PS, PC/PG) in both their
hydrogenous and deuterated versions to prepare and characterize SLB systems. NR analysis
showed that the structure between deuterated and hydrogenous GPL bilayers was retained.
We hypothesise here that membrane fluidity has a major influence on the membrane structure
as well, where the difference in the chemical composition of the acyl chain is compensated
by the different hydrophobic interactions of deuterated and hydrogenous material. All this
indicates that the complete process that controls the membrane composition of cells is a very
is quite complex, within which a number of pathways play an important role for the membrane
remodeling. Natural lipids have become a powerful tool to recreate more biologically relevant
model lipid membranes. Given that both hydrogenous and deuterated membranes display
similar structural characteristics, which is quite advantageous, since the same experiment can
be performed using the same membrane (in terms of the structure), but in both deuterated
or hydrogenous version. This by changing the deuteration level thus maintaining the same
structure under analysis. This advantage has a direct connection on the membrane/protein
or peptide or organic molecule interaction. The deuteration level is fundamental for some
techniques, such as neutron scattering, FT-IR, NMR, where the deuteration level can be used
for the change of the contrast in the system. For example, SLBs are employed for the analysis
of protein interaction using NR. A protein usually has an SLD that is very similar to the polar
head SLD of hydrogenous GPLs. Consequently, the system can be measured using the same
protein, and making two different lipid bilayers (H and D). In this configuration, more details
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can be achieved, through increasing the contrast in the polar head region. A second advantage
of employing these lipids constitutes the use of a more natural lipid membrane for the such
interaction experiments.

5.1 Conclusions and Perspectives

The PLA1-1 - lipid membrane interaction was found to be an extremely complex phenomenon,
and despite the large number of experiments and analysis carried out in this work, many more
are needed to reach a full understanding. Structural changes were recorded on SLBs with
NR, with the formation of a micellar layer that plays a key role in the final part of the kinetics
profile. The efflux propensity and the active site accommodation are the two bottlenecks of
the phospholipase reaction, but here only the first one appears to be fundamental for the model
enzyme utilised. The lyso-activity was found to exists in this enzyme, where also saturated
FFA appears to have an inhibition effect on the hydrolysis reaction. The preference for the
PC and PS classes were found, where PE and PI are not the best substrates for this enzyme.
As mentioned at the beginning of this conclusive section, this is not the end of the study.
Additional work need to be performed to fully understand this amazing and very complex
system.

As a perspective, it would be interesting to validate the findings of the last experiment of
this thesis where conditions of preparation were such that, on 5x5 cm2 surfaces, multilayer
formation was found. These multilayers could be further studied by using a small angle
diffratometer, such as D16 at ILL. The structure as mentioned in the results section, appears
to be as series of layers with a certain amount of polydispersity along the z-axis. This actually
could lead to cubic phases that the lipid formed upon the end of the hydrolysis reaction.
Diffratometry could help us in the understanding of the properties of this layer, and what
experimental conditions lead to their formation. Additional MS experiments need to be
performed as mentioned above. Furthermore, MS measurements on the micellar layer can be
carried out as well. We have planned to perform kinetics inside NR cells in the lab, washing
them at a certain point in order to analyse what is the composition of this micellar layer found
by NR. NR and QCM-D experiments need to be performed to understand the kinetics of
attachment of the PLA1-1 to the SLBs, that it was found to be very slow and without any
attachment layer formation on the top of the SLB before the start of the degradation (only a
very large layer using DSPC-SLB only after several hours upon the injection).

PLA1-1 was employed for both analysing its kinetics and as a model enzyme to design
protocols to study other phospholipases. In this line, iPLA2β was expressed in insect cells
with the aim to use the same techniques described above and similarly study the kinetics of
interaction with model membranes. The vector was designed (pFastBac) and Sf9 as well as
Hi5 insect cell strains utilised. Figure 5.1 represents the Petri dish with the white/blue scan,
needed to pick the right colonies with the recombinant bacmide. Figure 5.2 displays the
fluorescent microscopy of the cell, performed to asses the amount of expression of the protein
inside insect cells. The DH10-Bac Escherichia coli cell strain utilised, has a fluorescent
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Figure 5.1: White/blue scan, carried out in order to select the E. coli cells
with the recombinant bacmide of interest

Figure 5.2: Fluorescent microscopy of the hi5 expressing the protein of
interest
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protein near the site where the recombinant gene is collocated. Basically, when the cells
become fluorescent, with high probability the protein of interest is expressed. Finally, figure
5.3 shows the expression test through SDS-PAGE gels, where it is noticeble the high expression
level of the protein of interest. The protocol for the purification was already established by
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Figure 5.3: Expression test with an SDS-PAGE gel, where "WCE" is the
whole cell extract and "SN" is the supernatant. The different numbers meant
the days after the cells infection. Already a good expression level is achieved
after 3 days. The expressed protein appears in the WCE, since the protocol
for the extraction is not optimised for this kind of protein, since it is a general

one.

[233], pellet are stored at -80 ◦, ready for the purification and for the future analysis.
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CoruxFit

Figure 6.1: CoruxFit official logo

6.1 Introduction on the program

An in-house developed software was used for the NR data analysis. The software named
"CoruxFit" enabled the design of customised models, which would have been difficult to
implement in the already existing software for NR analysis. The project started at the
beginning of my PhD, when the will and curiosity to deeply understand the physics and
mathematics behind the reflectivity, inspired me to write in python an initial sketch. This
initial core was then expanded over time, until it was able to perform some basic analysis.
Thanks to the use of the already existing NR software such as Aurore [288] and MotoFit [289],
we were able to check the correct results and mathematics behind the program. Some features
were inspired also by Genfit [257], a program for small angle scattering analysis. Several
subroutines in the program were born from useful discussion with friends and colleagues,
that helped me to add more features to CoruxFit (such as the simulated annealing, evaluation
of the errors, q resolution, and more). Therefore, CoruxFit is a python based program for
neutron and X-ray reflectivity data analysis and simulation. The program runs on the principal
operative systems, Windows and Unix systems (MacOS, Ubuntu and derivatives). For the
moment CoruxFit does not have any graphic interface, and it can be controlled through
a proper environment working directly into the command prompt. The commands for the
software usage are listed and explained in detail in the paragraph 6.6.1. CoruxFit uses Gnuplot
as a principal platform for the data plotting, and in addition it uses several python libraries
that need to be installed to use the program (see paragraph 6.6.1).

The program starts creating the model of the sample under analysis, using the starting
parameters given in the parameter file. Next, SLD profiles are calculated from the model and
processed by the (3) Parratt algorithm, in order to calculate the theoretical reflectivity profiles.
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Subsequently, if the user wants to fit the data, the minimisation subroutine compare the
theoretical and the experimental curves, in order to obtain the χ2 value, and the minimisation
is based on minimise this value. The cycle during a fit is repeated until a good fit is obtained
(goodness of the fit is decided by the user). In the following sections, all these processes are
detailed described and discussed.

6.2 Model

Specular neutron reflectivity (NR) measures the in-plane reflection of the incoming neutron
beam from an interface (see details in section 6.4.2). Therefore the technique is sensitive
only to the features along the direction normal to the surface (z-axis), averaging the x and
y properties. A common approach is to describe the sample as a stack of layers along z-
axis. Each layer is characterised by a different SLD. Therefore an SLD profile (SLD(z))
can be built and optimised to the experimental data. Layers are described in CoruxFit with
error functions, using the component group volume fraction distribution approach [290, 291],
where thickness, sigma (roughness) and volume fraction (max level of the error function)
are the layer (from now on component group) parameters. From the described model, the
SLD profiles can be calculated, which is the starting point for the Parratt algorithm [292] to
calculate the theoretical reflectivity curves.

6.2.1 Lipid bilayer modeling in CoruxFit

In CoruxFit the model is created as mentioned using the component group volume fraction
distribution approach. The method consists of error functions (ERFs) describing the volume
fraction probability of each component group of the sample, that corresponds to each chemical
group of the lipid membrane (i.e. polar head, acyl chain region, etc) in the sample along the
z-axis. The component groups used to model the lipid bilayer samples are listed as follows:
(1) silicon crystal, (2) silicon oxide, (3) inner polar head region, (4) hydrophobic chains
region, (5) outer polar head region. Figure 6.2 displays a scheme of a model supported lipid
bilayer (SLB) with all the components described. The volume fraction distribution ψ( #»z ),

Incident TOF beam Reflected beam

Nuclear reactorChoppers in TOF mode
To be analysed(3)

(2)
(1)

(4)

(5)

Figure 6.2: Sketch of the sample measured with NR. The numbers diplayed
corresponds to each part (layer) described in the main text, which constitutes

the sample under analysis.

utilised for the description of each component group of the sample, is shown in equation
6.1. The approach was used by [290] to model lipid bilayers for small angle scattering, and



6.2. Model 147

it can be also used for reflectivity technique, since the bilayer structure is analogous as also
explained and discussed by [291].

ψ( #»z ) =
1

2
·

(
erf

#»z − zµ + d
2√

2σ
− erf

#»z − zµ − d
2√

2σ

)
· (1− ϕsolv) (6.1)

where erf is defined as following:

erf(x) =
2√
π

∫ x

0
e−t2dt (6.2)

zµ describes where the component group is located along #»z ; d is the thickness of the group;
σ is the roughness of the interface between two component groups and ϕsolv is the water
content in that component. ψ( #»z ) is a function defined between 0 and 1, that corresponds to
0% and 100% of probability of finding the component group in a specific z position. Each
volume fraction distribution is scaled with respect to the amount of water in that component
group (ϕsolv), resulting in a shift of the maximum of the ψ( #»z ) for the component groups
that contain water. The final model is then created by placing all the ψ( #»z ) calculated for
each component group together. Next, the water function is calculated by adding up to 1
every ψ( #»z ) where the sum of the ψ( #»z ) in the final model is lower than that (as explained in
equation 6.3),

Ψsolv(
#»z ) = 1−

nlayer∑
i=1

ψi(
#»z ) (6.3)

where Ψsolv(
#»z ) is the function describing the water volume fraction distribution along the

z-axis of the sample.
In order to calculate the thicknesses of the component groups within the membrane, the

lipids are considered as embedded inside a cylindrical shape as shown in figure 6.3, where
the topological section of this cylinder corresponds to the area per lipid. This parameter is

Alipid

Polar head region

Acyl chain region

Volume = PH-hydrvol

Volume = CHvol

tPH

tCH

Figure 6.3: Cylinder describing the two phospholipid molecules placed alog
the vertical axis (z-axis) with respect to the bilayer surface.
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assumed to be equal between the inner and outer leaflet for flat membranes. As displayed in
the figure, the cylinder is divided in different sections, each one for every component group,
whose volume fraction probabilities are described using ψ( #»z ), as explained before, along
the cylinder (z-axis). The membrane is then considered as a set of cylinders placed near one
another, in order to form a flat model membrane. A symmetrical and flat lipid membrane,
can be described using only two thicknesses, since the tPH and the tCH are the same for the
two leaflets. These two thicknesses can be constrained with the area per lipid (Alipid) and
molecular volumes of the phospholipid as shown in the equation 6.4,

tPH =
PHvol

Alipid · (1− ϕPHhydr
)

and tCH =
CHvol

Alipid
(6.4)

where tPH and tCH are the thicknesses of the polar head and chains respectively; PHvol

is the dry polar head volume; Alipid is the topological area per lipid; and ϕPHhydr
is the

hydration water of the polar head. The volumes are calculated by employing the following
volumes for lipids in the fluid phase: VCH2 = 27.5 Å3, VCH3 = 55.1 Å3, VCH = 22.2 Å3; and
for lipid in gel phase: VCH2 = 25.3 Å3, VCH3 = 52.6 Å3 [259]. The polar head volumes are
calculated by employing their mass density (PC −PHvol = 318 Å3, PS −PHvol = 263 Å3,
PG− PHvol = 288 Å3). The PHhydrvol displayed in figure 6.3, corresponds to the volume
of the hydrated polar head, where PHvol is corrected with the hydration water expressed as
ϕPHhydr

according to equation 6.5.

PHhydrvol =
PHvol

1− ϕPHhydr

(6.5)

The total amount of water in the polar head region, as is displayed in the tables in the Results
sections, is calculated as follows: ϕPH = ϕPHhydr

+ ϕCH . Another parameter that has to be
included in the model is the coverage of the bilayer. It consists on the evaluation of the amount
of water along the lipid membrane. This value is expressed in fraction volume (ϕCH ), which
corresponds to the amount of water respect to lipids in the lipid bilayer. This water is also
called "defect water", since in the model it creates pores within the membrane. Consequently,
the parameters used to fit the data emanating from a SLB with the model described, are listed
as follows: (1) Alipid; (2) ϕCH ; (3) ϕPHhydr

; and (4) σ. The parameter (1) is the area per
lipid; (2) corresponds to the amount of water through the bilayer (defects water) and the
complement to 1 of ϕCH (1-ϕCH ) is the coverage of the bilayer on the surface of the silicon
crystal; (3) is the amount of hydration water (ϕPHhydr

) in the polar head region, and (4)
the interface roughness. For the bilayer measurements, the parameters describing the silicon
crystal were fitted using the data collected on the surfaces in contact with water before lipid
injection (usually in two contrasts), and kept them constant during the fitting of the bilayer, in
order to reduce the number of variables during the bilayer analysis, increasing the accuracy.

At the end of the whole described process, the model displayed in figure 6.4 can be
obtained. The model, as described previously, is a set of component groups volume fractions
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Figure 6.4: Example of component group volume fraction distribution model

characterising the position of the components group along the z-axis. The probability as men-
tioned is between 0 and 1 values. The total SLD profile is calculated then by multiplying each
error function of the final model for the SLD value of the corresponding sample component,
and summed them together to have the final profile. This SLD profile is then treated by the
Parratt algorithm in order to obtain the theoretical reflectivity curve.

Usually, in a lipid bilayer model, a thin layer of water is inserted between the silicon support
and the lipid bilayer. We had noticed a strong positive correlation (using the correlation matrix
as described in the paragraph 6.5.2) between the thickness of this layer and ϕCH , where
increasing its thickness, an increase of the ϕCH occurs. Since the relative error calculated for
this water layer is large, it was completely removed, substituting it with hydration water of
the polar head and of the silicon oxide of the support, thus improving the experimental data
analysis and the error estimation.

6.2.2 Membrane proteins and protein/organic molecule-membrane interaction

CoruxFit modeling subroutine, allows the interpretation of molecules/peptides/proteins (from
now "interacting object") in interaction with SLBs. CoruxFit interprets these interacting
objects as simple geometrical objects, such as cylinder shapes, but several other shapes can
be written and use as model. The following description concerns the cylindrical shape,
since it was the ones employed in the thesis. As geometrical parameters for the cylinder,
CoruxFit takes the molecular volume of the object under examination, as well as its theoretical
topological area. From those two parameters, that can also be fitted, the thickness is calculated.
In CoruxFit, the distribution of the interacting objects on the surface of the SLB, follows a
hexagonal distribution as shown in figure 6.5. The hexagonal configuration is the one that
gives the best distribution in the space and it allows the calculation of the average "dlattice",
which is the average distance between interacting objects on the membrane. This configuration
has no influence on the final signal, since specular reflectivity is not sensitive to the lateral
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dlattice

Lipid membrane
Interacting object

Figure 6.5: Top view representation of the hexagonal model configuration
used in CoruxFit to model the dispersion of the interacting objects in/on the

SLBs

distribution of objects onto the membrane. Nevertheless, from this hexagonal distribution,
the space that the object occupies inside the membrane can be calculated. The sketch in figure
6.6, considers an example of interacting object that is for a part inside the SLB and for the rest
outside the membrane. Taking into consideration the case explained in the sketch, in order to

R

dlattice

Fraction of water on the SLB

Lipid bilayer (Heads + Tails)

Interacting object

Figure 6.6: Sketch of an interacting object in interaction with a portion of
an SLB. The blue part of the sketch is the bulk water, whereas the green part

is the lipid membrane.

obtain a model with the component group volume fraction distribution approach, the volume
fraction of the interacting object has to be calculated (ϕobj). The equation that CoruxFit uses
is described in equation 6.6,

ϕobj =
Aobj

mollip
molobj

·Alipid +Aobj

(6.6)
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where mollip is the mol number of the lipids that can be calculated from the experimental
coverage of the SLB;molobj is the mol number of interacting objects; Aobj is the topological
area of the object. In CoruxFit, the ratio betweenmollip andmolobj is a unique parameter that
can be fitted during the analysis. The component group volume fraction distribution describing
this interacting object can now be calculated as described in the previous paragraph, since
all the necessary parameters are defined ([a] thickness, [b] fraction volume and [c] roughness
that can be fitted). The dlattice can also be calculated using the equation 6.7.

dlattice =

√
Aobj

ϕobj
· 4√

3
(6.7)

It can be noticed that dlattice is dependent on the Aobj , since considering the same fraction
volume ϕobj and varying the area, the dlattice will vary. The position of the component group
of the interacting object can be fitted during the analysis (zobj), allowing the understanding
of the interacting object position along the SLB (the position that gives the best chi square
during the analysis).

In CoruxFit, membrane protein can be also modelled. An example of membrane protein
that will be discussed is shown in figure 6.7. The model displayed has a part inside the
membrane which is hydrophobic, and a small or large part outside the membrane. Also in
this case the geometrical shapes can be changed and re-written in order to create a model
that as near as possible to the protein under examination. In this case the equations behind
the model were written following the model shown in figure 6.7. In order to calculated the

z

r
rp(z)

Figure 6.7: Sketch representing a membrane protein, where the cylindrical
part corresponds to the hydrophobic part inserted into the membrane and the

spherical portion the hydrophilic part, facing the bulk solution.

fraction volume distribution of this object, the topological area along the #»z array of the
sphere, needs to be acquired. From the geometrical parameters of the object displayed in
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figure, the equation for the topological area can be extrapolated as shown in equation 6.8.

ATopSph(
#»z ) = (r2 − ( #»z − zµ)

2)π (6.8)

The ATopSph is the topological area as a function of #»z ; r as displayed in figure 6.7 is the
radius of the sphere; #»z the array of z-axis values; and zµ is the position of the object along
#»z . It follows that the fraction volume distribution can be calculated as displayed in equation
6.9,

ϕObjSph =
ATopSph( #»z )

mollip
molObjSph

·Alipid +ATopSph(
#»z )

(6.9)

where the molObjSph corresponds to the mol number of the sphere object. The fraction
volume just calculated, it is then placed near to the fraction volume of the cylinder, that was
calculated as mentioned before. The z-position of the cylinder is constrained to the one of the
sphere considering a distance between the two objects of r+tcyl/2, where tcyl is the thickness
of the cylinder. Figure 6.8 shows the final calculated fraction volume of the object sketched
in figure 6.7. The two objects are then considered by the program as one single object, and
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Figure 6.8: Volume fraction distribution of the trans-membrane protein
sketched in figure 6.7

its z-position can be fitted during the analysis, obtaining the best zobj of the protein along the
lipid bilayer. This model has a lot of limitations, and a more advanced model can be used as
suggested by [293, 294, 295].

After calculation of the interacting object volume fraction distribution, its SLD profile
can be computed. CoruxFit has two different alternatives to proceed through this process.
The first alternative is the automatic mode, where the program calculates directly the SLD
of the protein taking into account the atomic composition; and in the second case the SLD
can be manually added in the parameter file. Also the deuterium exchange is taken into
account, since varying the contrast in the bulk solution, the acidic "H" in the protein can
be exchanged with "D" atoms, varying its SLD slightly. For a better and more reliable
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parameters, it is suggested to use the ISIS website for a proper protein SLD calculation
(http://psldc.isis.rl.ac.uk/Psldc/).

6.2.3 Kinetic plug-in for phospholipase system

The kinetics plug-in for CoruxFit, consists of an algorithm working inside the main program,
that was developed specifically for the phospholipases-bilayer interaction. After uploading
the data in the program, where the first dataset must be the bilayer reflectivity curve measured
in the same contrast as the kinetics performed, and after the activation of the plug-in directly
from the parameters file (see details in the paragraph 6.6.1), the fit/simulation can be started.

The introduction of the PLA1-1 in the cell, where the bilayer has been previously deposited
and characterised, causes the degradation of the bilayer over time, with a speed of the reaction
that depends on the lipid contained in the bilayer. Therefore, the kinetic was measured right
after the PLA1-1 injection, and followed until the reflectivity curve did not change much over
time. Next, the cell was washed and the last measurements in 3 or 4 contrasts were performed.
This Kinetic plug-in is a specific algorithm to analyse the kinetic data, from the injection to
the final wash. The main parameters that control the model are listed as follows: (1) Area per
lipid variation; (2) SLD variation; (3) Defects formation and finally (4) Flip-flop and bilayer
asymmetry. Since the PLA1-1, during the hydrolysis reaction, removes acyl chains from the
PC molecules releasing them in the bulk solution, the average area per lipid (1) varies during
the course of the kinetics, along with the SLD of the bilayer (2), since partially deuterated
PC molecules were utilised in this context. A consequence of the material removal is the
defect formation (3), where the bulk solvent enters into the lipid bilayer due to pore formation.
The lipid bilayers utilised were SLBs, where one leaflet of the lipid bilayer interacts with the
silicon support and the other leaflet faces the bulk solution. Consequently, only one of the
two leaflets is available for the PLA1-1 interaction, since the space between the inner leaflet
and the silicon crystal is not large enough to host a protein. Nevertheless, the degradation
of the lipids from this leaflet was also observed, raising the hypothesis of the flip-flop (4).
The flip-flop of the PC molecules from the inner leaflet to the outer leaflet is probably a
fundamental process in order to compensate the defect formation in the outer leaflet, making
the lipid bilayer more stable. In order to avoid over-parameterisation of the model, the area
per lipid, SLD variation and the defects formation are constrained between them as discussed
below, in order to obtain those information analysing only few parameters. The degradation
parameters (fkin1 and fkin2) are the key variables of the model, since the SLD variation, as
well as the defect formation depends on the amount of degradation of the lipid membrane.
The parameter fkin1 contains information on the amount of degradation of the acyl chain
placed in the sn1 position of the PC molecules in the bilayer. The multiplication of nCHsn1
(that contains the number of CH2 or CH of the sn1 position acyl chain) by fkin1, allows to
obtain the amount of sn1 chains that remain in the lipid membrane. Every dataset (collected at
a different time along the reaction) has a different value of fkin1. The second parameter fkin2
describes the total hydrolysis of the PC molecules, since, as described, during the hydrolysis

http://psldc.isis.rl.ac.uk/Psldc/
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1. Alipid variation 2. SLD variation

3. Defects formation 4. Flip-flop

Figure 6.9: Sketch representing the 4 principal parameters for the kinetic
model developed for the membrane - PLA1-1 interaction studies

reaction, the second chain sn2 is also hydrolysed after a certain period of time. Equation 6.10
and equation 6.11 display how the amount of acyl chain left during the kinetics is calculated.
nCHsn1 is the average number of CH2 and CH chemical groups in the first position acyl
chain, whereas nCHsn2 in the second position.

nCHsn1 = nCHsn1tp0 · fkin1 (6.10)

nCHsn2 = nCHsn2tp0 · fkin2 (6.11)

Alipid = Alipid tp0 · (fkin1)Alipid factor (6.12)

ϕCH = ϕCH tp0 + (1− nCHsn1 + nCHsn2

nCHsn1tp0 + nCHsn2tp0
) (6.13)

ϕPHhydr
= ϕPHhydr tp0

· fkin2 + 1 · (1− fkin2) (6.14)

The area per lipid Alipid is calculated starting from the initial Alipid (Alipid tp0), that it is
obtained from the characterisation of the bilayer before the injection of the protein ("tp0"
= "time point 0"), and by using the kinetic factor fkin1, since this parameter describes the
removal of the sn1 positioned acyl chain from the phospholipid in the membrane. The Alipid

calculation is done using also the fitted parameter Alipid factor, as displayed in equation 6.12,
which is a global parameter, that is common for all the datasets of the kinetics. This parameter
can assume positive or negative values, where with negative values the Alipid decreases over
kinetics time and with positive values it increases. The equation was designed empirically,
since no other method was found to constrain the two parameters. This method allows to
reduce drastically the number of fitted parameter, avoiding the overparametrisation of the
model. The thickness of the bilayer and all the other parameters are then obtained considering
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the new calculated Alipid. Next, the amount of water though the bilayer is calculated as
displayed in equation 6.13, where the amount of water is constrained with the degradation
through the calculated nCHsn1 and nCHsn2 parameters, where ϕCH tp0 and ϕPHhydr tp0

are the ϕCH ϕPHhydr
of the SLB before the protein injection (time point 0). An issue in

equation 6.13, emerges in the extreme case, when the value of the fraction is 0 (when the
bilayer is totally removed from the support). At this point the fraction of water calculated
could be slightly more than one (is the case only if ϕCH tp0 is more than 0), causing problems
in the final model. This issue was resolved by inserting a limit in the fraction volumes, thus
not allowing the ϕCH to reach values higher than 1. Consequently, also the water in the polar
head region is calculated as the equation 6.14 shows. In this case, only the fkin2 parameter
is utilised, since it is the one describing the complete hydrolysis of the PC molecules, that
causes the leaving from the membrane of the polar head. The equation is a balance between
the hydration water of the polar head at time point 0, and 1, that is 100% of water in the polar
head region. Consequently, if also the second acyl chain is hydrolysed in the PC molecules,
the polar head will also leave the lipid membrane. The PHhydrvol is not calculated every
time, but is taken into consideration the one from the "tp0" as global parameter, otherwise
problems regards the calculation of the tPH would arise in kinetics datasets. The flip-flop is
considered in model with one parameter per each dataset, describing the distribution within
the two leaflets of the amount of degradation.

A last observation concerns the degradation products formed during the hydrolysis activity
of the enzyme. It was noticed for some of the SLBs used, a rearrangement of those product
of the reaction released from the membrane, in structures that were considered as micelles,
that after a certain level of degradation, they attach back onto the membrane, forming a
diluted layer on the top of it. This layer is described by the model using an fraction volume
distribution, whose area is constrained to the amount of degradation. The model utilised is
the interacting object described earlier in the section.

6.3 SLD profile calculation

Once the model is created, the SLD profiles need to be obtained as for the Parratt algorithm
to calculate the theoretical reflectivity curve. Each of the ERF in the final model and the
Ψsolv(

#»z ) (function describing the water distribution into the lipid bilayer), are then multiplied
by the proper SLD value, and the final SLD profile can be obtained. The scattering length
density (SLD), is defined as the sum of the scattering lengths of each atom constituting the
chemical group under examination, divided by its molecular volume.

SLD =
1

Vm
·

N∑
i=1

bi (6.15)

In equation 6.15, N corresponds to the total amount of atoms in that particular chemical
group, bi is the scattering length of the atom i and Vm is the corresponding molecular volume
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of the chemical group. The scattering length in quantum mechanism, is a description of low
energy scattering, and the interaction probe-atom (where probe is for instance the neutron
particle), that can be described by the Fermi pseudopotential V ( #»r ), that is displayed in
equation 6.16,

V ( #»r ) =
2πh̄2

m
· bδ( #»r ) (6.16)

where h̄ is the Planck constant divided by 2π,m is the mass of the neutron, δ( #»r ) is the Dirac
delta function, b is the scattering length and #»r is the distance from the center of the nucleus.
It is seen that the neutron b can be very different between atoms, and within the isotopes of
the same atom (for instance H and D atoms), that leads to a large difference in the V ( #»r ).
Consequently, deuterium labeling is largely used in neutron scattering, in order to perform
contrast variation, hiding or highlighting some part of the sample under examination. The
neutron scattering lengths across the period table, vary without any strict role, whereas the
Xray scattering lengths vary proportionally with the amount of electrons.

Figure 6.10 shows a typical SLD profile from the model shown in figure 6.4. In this
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Figure 6.10: SLD profile of the 16:0|18:2 lipid bilayer taken as example.

case the measurement was carried out in 4 different contrasts (utilising different amount of
deuterium labeled water), that lead to 4 different SLD profiles, caused by the different SLD
values for the function Ψsolv(

#»z ). The ratio between H2O and D2O used are listed following:
100%, 59%, 39% and finally 0% in order to obtain the following contrasts: D-Buffer, TMW,
SMW and H-Buffer (see next paragraph for more details).

6.3.1 Contrast variation method in neutron scattering

The change in the contrast between the sample and the bulk and hydration water by varing
the D2O content in the bulk, is one of the most important advantages of using neutrons as a
probe to study the structure of the matter. Tuning with the contrast in a neutron experiment,
can be comparable to the contrast or luminosity variation of a images. Figure 6.11 shows an
example of contrast variation of two pictures, where the variable parameter is the exposition.
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As can be noticed, in the first image of the first example, the shape of the sun and its position
in the photo can be obtained, whereas the other signals are hidden or hardly visible. In the
first image of the second example, the details of the clouds can be obtained, and also in this
example all the other details are hardly visible. With the second images, the information
of the sun are less visible, since the signal is too strong, but peoples shapes can be seen as
well as in the second example, the signals from the trees and the water. Increasing more
the exposition, different details appear, while others details become hard to see. Every part

Contrast

Figure 6.11: Contrast variation of a picture. The figure represent how the
contrast plays a key role in the understanding of the structure and details of a
photo/sample, where utilising different contrasts, different part of the photo

can be seen.

of the photo has a different best contrast to be visualised, like different chemical groups in
the sample under examination. Similarly, changing the contrast between the solvent and the
sample, provides more precise information about the sample structure and composition. In
addition, the contrast variation experiment can be also designed so that the signal of a specific
part of the sample is switched off, visualising only the parts of interest. Such matching out is
when the contrast between the bulk solution and that chemical group of the sample is equal to
zero, thus the object is not seen by the probe. The principle behind the contrast variation in
neutron science is related to the variation of the refractive index, which is directly connected
to the SLD. Consequently, in order to have the same contrast, the SLD between the bulk
solution and the portion to be hidden, needs to be equal.

In order to change the contrast in a neutron experiment, different ratios of H2O/D2O can
be used, since, as mentioned earlier, heavy water and normal water have a large difference in
their SLDs. For instance, in a NR experiment, usually 3 or 4 different contrasts are utilised.
An example is given in figure 6.10, where for instance, the contrast "TMW" is the tail match
water, which has the same SLD as the hydrophobic region of the lipid membrane. In fact, this
region with this contrast is not visible, highlighting, for instance, a possible insertion with a
protein. Another matched out contrast was utilised, SMW, where the silicon crystal support
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was matched out, allowing for the visualisation of only the structure of the lipid bilayer and
the layer of oxide (silicon oxide normally present on the substrate surface).

The different contrasts measured from the same sample are usually analysed together
(global fit), since the structure of the sample is the same, increasing considerably the accuracy
and precision of the fitted parameters.

6.4 Theory behind reflectivity and Parratt algorithm

Once the SLD profiles were calculated from the initial model, those profiles need to be treated
by the Parratt algorithm [292] in order to obtain the theoretical reflectivity curve profiles.

6.4.1 Brief introduction to the reflectivity theory

Neutron and Xray are the most employed radiations to analyse the structure of matter under
examination. These two particles/photons have different properties, and they interact differ-
ently with matter. Neutrons interact with nuclei of the atoms in the sample, and for possessing
such a property are also called "gentle probe", since it does not destroy the sample during
the measurement. X-rays are electromagnetic radiation, and are largely used to analyse bio-
matter. The large disadvantage of using Xray radiation is the so called "radiation damage",
that consists in the oxidation and chemical changing of the samples during the analysis. For
that, when long exposition measurements in X-rays are required, for instance during an Xray
reflectometry experiment (XRR), the energy, attenuators and the time of exposition per q
point need to be carefully optimised. Due to the difference in the particle/photon-matter
interaction, the two probes can be used as complementary techniques.

6.4.2 The Parratt algorithm

The theoretical description of the NR and XRR is analogous to that of reflection in visible
light. Therefore, a refractive index n can be also defined for the description of the principle
laws of neutrons and X-rays. n is the relevant parameter for the explanation of the laws behind
the scattering of photons and particles, and it can be calculated as displayed in equation 6.17,

n = 1− δ + iβ (6.17)

δ =
λ2

2π
· reρe

Xray

or
λ2

2π
· nSLD

Neutrons

(6.18)

where re is the radius of the electron (for X-rays), which corresponds to 2.8·10−15 m; ρe is
the electron density of the material taken into consideration; and nSLD is the neutron SLD,
previously defined. δ describe the dispersive and β the absortive aspect of the photon/particle-
matter interaction. Considering a flat and layered surface as an example (for instance see figure
6.12), the total external reflection phenomenon occurs from the layer where the incident beam
illuminates, for incident angles below the critical one, which can be found as αc =

√
2δ, where
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αc is the critical angle. All the incident angles below αc, lead to the total external reflection.
For organic matter, β is normally very small for X-rays and neutrons, and it is therefore usually
neglected. Consequentlyn is dependent only onλ and ρ, which corresponds to the wavelength
of the probe used and on electron or scattering length density of the material. Higher angles
of the incident beam, different n values or different λ used, lead to the penetration of the
incident beam into the sample (as shown in figure 6.12), where reflection and refraction occur
at the same time between the different layers of the sample. A practical example explaining
the total reflection, is present in optical cables, where the light remaining in the cable reaching
very long distances. In this case, the angle of incidence is very low, and the refractive index
does not permit the light to be refracted.

The law that can be used for the description of the refraction, is Snell’s law. The refractive
index can be also calculated as shown in equation 6.19,

n =
cos(θinc)

cos(θrefrac)
(6.19)

where θrefrac is the angle of the refracted beam and θinc) is angle of the incident beam. The
condition for the total reflection is satisfied when θrefrac = 0 and θinc ≤ αc.

sin(αc) ≈ αc =

√
ρ

π
λ (6.20)

qc =
4π

λ
sin(αc) = 4

√
π∆ρ (6.21)

Equation 6.21 shows the arrangement of the equation for the qc calculation, where all the q
points below that value are in the total reflection condition (where the reflection is equal to
1). The scattering vector q is usually utilised since inside this value the angle of incidence
and the wavelength are taken into consideration, allowing the comparison of datasets taken
from different instruments and with different wavelengths. It is usually expressed in Å−1 in
reflectivity experiments. Analogous equations can be formulated for the neutron refractive
index description.

From the equations shown above, the Fresnel law can be formulated, as displayed in
equation 6.22,

r =

∣∣∣∣∣
#»

k iz −
#»

k tz
#»

k iz +
#»

k tz

∣∣∣∣∣
2

(6.22)

where
#»

k iz is the vertical component of the vector describing the incident wave;
#»

k tz is the
vertical component of the trasmitted wave. Under the kinematic Born approximation, when
the multiple scattering events are ignored, the Fresnel law can be rewritten as displayed in
equation 6.23.

Rf (
#»q ) ≈ 16π2

#»q 4
ρ2 (6.23)

This equation is a good estimation of the reflectivity profile when the q range is greater than
the qc. This method can be used to fit a reflectivity profile from a single interface. When
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the system is much more complex than a single interface system, the equation 6.24 can be
utilised,

R( #»q ) ≈ 16π2

#»q 4

∣∣∣∣∫ δρ( #»z )

δ #»z
eiq

#»z dz

∣∣∣∣2 (6.24)

where δρ( #»z ) is the variation of the electron density along #»z . Also in this case, the equation
is valid if the q values are higher than qc.

Another more accurate way to compute reflectivity profiles from a stack layer system,
which is currently used by CoruxFit, is the so-called Parratt formalism [292]. This algorithm
accounts for all the reflection and refraction from each internal interface, including their
coherent interference, in order to obtain the final reflection intensity from the sample.

Xj =
Rj

Tj
=

rj,j+1 +Xj+1e
2ikz,jzj

1 + rj,j+1Xj+1e2ikz,jzj
(6.25)

In equation 6.25, the Parratt formalism is shown, where rj,j+1 is expressed as shown in
equation 6.26; zj is the thickness of the layer j; Rj is the reflected beam; Tj is the refracted/-
transmitted beam; and Xj is the final reflection amplitude.

rj,j+1 =
kz,j − kz,j+1

kz,j + kz,j+1
(6.26)

For instance, if the q range under consideration is below the critical one, the transmitted beam
equals 0, giving Tj a value of 1, and Xj = Rj , where all the incoming beam is reflected.
When the q under examination moves away from the critical one, the transmission is higher
than 0, resulting in a refraction of some of the incoming beam, interacting in turn with the
"next" interface of the sample, as shown in figure 6.12. Therefore, the transmitted beam from
one layer, is the new incident beam for the next layer, where again a reflection and refraction
occur. This algorithm is consequently a recursive method, where the resultXj+1 of the j+1

j = 3

j = 2

j = 1

Rjs

Incident beam

Tjs

X

Figure 6.12: Sketch representing the reflection and refraction phenomenons
in a stacked layer sample

layer, is used to calculate the intensity Xj of the j layer. The resulting X tells us how much
of the incoming beam is reflected from the sample. The final theoretical reflectivity curve, is
then calculated in CoruxFit as displayed in equation 6.27,

R( #»q ) = |X|2 · s+ bkg (6.27)



6.4. Theory behind reflectivity and Parratt algorithm 161

whereR( #»q ) is the final reflectivity profile of the sample under analysis; s is the scaling factor;
and bkg is the background of the measurement.

In CoruxFit, as mentioned in section 6.2, the model used is a component group fraction
volume distribution, using error functions to describe each component group of the sample
under examination. The SLD profiles obtained from this model, are then directly treated with
the Parratt formalism. The principle behind this treatment consists in the division of the SLD
profiles, into a finite number N of layers, where N depends on the necessary resolution that
a user needs to achieve. Basically, in CoruxFit, the SLD profiles coming from the modeling
subroutine, are usually divided in slices of 1 Å of thickness (defined as dz), resulting at the end
of this process, in a model withN number of total layers defined as SLABs. The thickness as
mentioned, can be changed, depending on how complex and how detailed the SLD profile is.
For instance, if the SLD profile of the model is simple, without many peaks or many details,
the dz can be increased. Consequently, the equation 6.25 can be rewritten substituting the
parameter zj with dz , which by definition is constant per each SLAB (see equation 6.28).

Xj =
Rj

Tj
=

rj,j+1 +Xj+1e
2ikz,jdz

1 + rj,j+1Xj+1e2ikz,jdz
(6.28)

This process results in the treatment of the SLD profile as it was constituted by an N SLAB
layers model, where each layer has a slightly different refraction index or SLD that it is
obtained directly by the SLD profile.

Unfortunately, because of the SLAB method, the Parratt algorithm in CoruxFit makes
high demand on the processor, resulting in the largest bottleneck of the program (in term of
speed). As will be explained during this section, the program for now uses only one core of
the processor, since it is not yet optimised to work in a multiprocess mode. This problem
slows down the entire process, because the processor is not utilised to 100%. The parameter
dz is obviously a key parameter of the speed of the process, since this parameter contains
information on how many SLABs the SLD profiles need to be divided into. A higher value
of dz leads to a higher speed in the calculation, since lower SLABs are needed to describe the
SLD profiles, that leads to less demand on the processor per SLD profile treated. In summary,
the dz needs to be optimised, and a balance between resolution of the SLD profile and speed of
the process need to be found considering the SLD profile model and the computer processor
under use.

6.4.3 Q resolution algorithm

Data emanating from a neutron experiment, are affected by the so-called "q-resolution".
Taking as an example a neutron or Xray experimental curve, the error in intensity is usually
taken into consideration. This error derives from the detector, and it is the technical error
from the instrument itself. In neutron scattering, the error in the q-axis is also present, and
this is due to the mechanical parts that are usually used to obtain a monochromatic or a Time
Of Flight (TOF) beam. In fact, mechanical selectors are used in neutron science, to improve
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the already low flux that a neutron facility provide (compared to X-rays). Those selectors are
constituted in case of NR, by choppers, as shown in Chapter 2, which can be used to obtain a
monochromatic or TOF beam (in the case of Figaro, a TOF beam is utilised). The aperture,
velocity and distance of the choppers between them, can be tuned in order to adjust the neutron
intensity and resolution of an experiment. For instance, higher apertures lead to a higher flux
with less resolution in q, since this configuration leads to the passage of different neutrons
within a ±∆λ range, giving the low q-resolution. In the other hand, lower apertures lead to a
less flux, while an improvement of the q-resolution occurs. The usual formula describing the
q-resolution is displayed in equation 6.29,

∆q

q
=

∆Θ

Θ
+

∆λ

λ
(6.29)

where ∆q is the absolute error in q; ∆Θ is the absolute error of the incident angle which
depends on the collimation system; and finally ∆λ is the absolute error for the wavelength.

The ∆q is, in the case of ILL instruments, a measure of the Full Wave Half Maximum
(FWHM) of the gaussian curve representing the q distribution of a given q point. CoruxFit
uses this value to calculate σres, which is the standard deviation of the gaussian function,
equation 6.30.

σres =
qres

2
√

2 log(2)
(6.30)

The principle behind this algorithm [296] consists in the split of each q point (qi) in different
other point (qi th res) distributed in the gaussian function (G(qi th res)) described and shown
in equation 6.31, where i is the i-th point in q. In order to obtain the number of qi th res points
to be added per each q point, the σres was multiplied by a factor 3.0. This process is performed
for all the q points (qi), and at the end the resulting maximum number of qi th res along the
dataset is taken. Next, each q point (qi) is splitted in qi th res points, and the theoretical
reflectivity is calculated in these N qi th res and then integrated as displayed in equation 6.34
using the gaussian G described in equation 6.31.

G(qi th res) = exp

[
−1

2

(
qi th res − qi

2σres

)2
]

(6.31)

The gaussian G needs to be normalised in order to be utilised for the integration, and this
process is performed using the equation 6.32 and equation 6.33

AG(qi) =
∑

qi th res

G(qi th res) (6.32)

G(qi th res)norm =
G(qi th res)

AG(qi)
(6.33)
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After the normalisation, the area under the gaussian G(qi th res) curve equals to 1, and can
be used for the integration of the reflectivity as displayed in equation 6.34.

R(qi)res =
∑

qi th res

R(qi th res) ·G(qi th res)norm (6.34)

From the calculated R(qi)res, the total reflectivity profile R(q) with the resolution included
can be obtained. Practically, the sharp minima in the reflectivity profile are smeared out,
since the reflectivity signal from a given qi point, is spread along a gaussian function built in
each q point. Two gaussian in two close points can be overlapped, and consequently a part of
the result R(qi) intensity of one point is considered as belonging to the second point.

The q resolution in the reflectivity instrument can be tuned with respect to the sample
under examination, by adjusting the instrument configuration. For instance, if the reflectivity
profile of the sample has several oscillations, a high q resolution is extremely important in
order to not lose structural information. In the case of the present study, the resolution was
set to 7%, since the samples were expected to produce smooth reflectivity profiles. This
choice has the advantage of a high flux and shorter measurements time compare to a high
resolution set-up. In figure 6.13 an example of the same model where the reflectivity was
calculated with and without the q resolution algorithm. The q resolution values were taken
from an experimental dataset measured on Figaro. By including the effect on the q resolution,
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Figure 6.13: Different q resolution reflectivity curve calculation of a POPC
lipid bilayer

as mentioned above, the reflectivity intensity of the sharp peaks is smeared out within the
q points. The reflectivity profile shown in the figure is related to a POPC bilayer, and the
major differences are near to the critical q range, and at the minimums of the curves. These
differences are mainly related to the calculation of the bulk SLD, and it increases the accuracy
of the fit as well as it decreases the value of the final chi square (χ2).
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6.5 Minimisation routine

In mathematics, the minimisation of a theoretical function into an experimental dataset, is a
process on which the first one is adapted onto the second one, varying the parameters, with a
proper algorithm, that defined the theoretical function. In CoruxFit, the minimisation is used
to minimise the difference between the theoretical reflectivity function snd the experimental
data by varing the theoretical function parameters, in order to adapt the theoretical reflectivity
profiles onto the experimental data. The key function that is used in CoruxFit for the
minimisation is the chi square χ2 that is calculated as shown in equation 6.35,

χ2 =
1

N · nqN
·

N∑
i=1

(Ri exp −Ri th)
2

err2i
(6.35)

where N is the number of dataset loaded into the program; nqN is the number of q points in
each dataset loaded; Ri exp is the experimental reflectivity; Ri th is the theoretical reflectivity
calculated; and erri is the experimental error from the instrument. In order to find the
absolute minima of the χ2 function during the minimisation, two algorithms are utilised in
CoruxFit. The first one is the Simulated annealing algorithm [297, 298], randomizes all the
parameters inside their own range; once the absolute minima is found, the steepest descent
algorithm (from Scipy library, least_squares) is used in order to cool down the system even
more, finding within the absolute minima, the minimised parameters.

CoruxFit can simultaneously analyse different datasets from different contrasts of the
same sample, with the same simulated model, helping to achieve more precise and accurate
parameters.

6.5.1 Simulated Annealing algorithm

The name "simulated annealing" refers to the physical process in which a solid is heated up
until a maximum value, at which all the atoms of the solid randomly arrange themselves in
a liquid phase, followed by the cooling step, where the atoms decrease their kinetic energy
until they stop moving. In this way, all the atoms in the solid arrange themselves in the
lowest possible energy called "ground state". The probability of finding a given energy of the
system along different temperatures, is calculated through the Boltzmann distribution [299],
displayed in equation 6.36.

pE =
1

Z(T )
· exp

(
− E

kBT

)
Bf

(6.36)

The equation shows the probability pE of finding the system under examination at E energy
state, where Z(T ) is a normalisation factor; kB is the Boltzmann constant; and T is the
temperature expressed in K.Bf is the Boltzmann factor, that contains already the description
of the probability, consequently from now on, this factor is used instead of the PE . Figure
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6.14 displays how the probability of finding the same system at ∆E energy changes over
temperature. In nature, a system has the tendency of assuming the lowest possible energy. It
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Figure 6.14: Profiles of the probability of finding the same system at ∆E
energy vs temperature of the system

can be noticed from the graph that the probability of finding the system at higher energies in
a low temperature range, is low compared to the probability of low energy system, where the
probability is almost 1 at all the temperatures. Very high energy in the system have a very low
probability to exist, even at high temperatures such as 6000 K (for instance the ∆E 2·104).

This method can be used for the optimisation of theoretical functions onto experimental
data, since the vibrational energy of the atoms in the system (related to the temperature of
the system) can be translated into the accept/refuse process step. In every minimisation
cycle, the input parameters are randomised along the minimum and maximum range, and
the selected value per parameter is sent for the theoretical curve calculation. The ∆E of the
Boltzmann factor, is calculated using the ∆χ2 values, where the first value is related to the
previous minimisation cycle and the second one related to the current cycle. This difference
corresponds to how far in energy the previous system was with respect to the current one.
The ∆E so calculated, is then utilised for the calculation of the Bf , taking as temperature
a smaller value during each minimisation cycles. The temperature during these cycles, is
kept constantly decreasing by a factor α, which is defined by the user, and in each cycle
the Bf is calculated considering the new values of T and ∆E. Moving to the selection part,
the series of randomised parameters are taken into consideration if the related χ2 is smaller
than the χ2 of the previous function. If this is the case, the selected parameters describe the
experimental system better than the parameters in the previous cycle, and consequently the
step is accepted. But if the current cycle results non-accepted, the Boltzmann factor Bf is
taken into consideration. If a random number called as r is smaller than the calculated Bf

of the current cycle, the step becomes an accepted step, whereas if r is greater than Bf , is



166 Chapter 6. CoruxFit

definitely not accepted. This last part of the algorithm permits the skipping of the relative
minima of the χ2 function during the fitting process.

An example of two-parameters simulated annealing analysis is displayed in figure 6.15.
The χ2 is placed on the z-axis and in x and y-axis are the two parameters under examination.
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Figure 6.15: χ2 function of a two parameters simulated annealing analysis,
where the best values of the two parameters are place on the minima of this

function. Simulated annealing

A good correlation between the two parameters was found, where the minima of the resulted
2D χ2 function is placed where the parameters assume the values ≈65 and ≈0.45 for the
Alipid and ϕsolv pol. It was seen that at least a number of 1·103 iterations are needed in order
to obtain a great result. The same plot can be also performed for n number of parameters,
resulting in a plot with more than 3 dimensions. A precise way to show this kind of plot is
performing a principal component statistics, which was not included in the program.

Once the simulated annealing is performed and the absolute minima of the χ2 function
is found, the second algorithm, based on the steepest descent algorithm (from Scipy python
library, least_squares), cools down the system, minimising the parameters inside the already
found absolute minima.

6.5.2 Error calculation of the fitted parameters

After the minimisation, the errors of the fitted parameters need to be obtained. It is relevant
to have this estimation, in order to assess the strength of the model used for the experimental
datasets under examination. The principle of this algorithm consists on a slight variation of
each fitted parameter by a factor ϵ that in CoruxFit is set by default to 1·10−4 · Pi, where
Pi is the value of each parameter i. This factor is then summed and subtracted to the
same parameter in order to obtain a MinPi and a MaxPi per fitted parameter. Next, the
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theoretical curve calculation is performed using MinPi and MaxPi , in order to obtain the
two theoretical reflectivity profiles per parameter i (R(q)Mini and R(q)Maxi). Next, these
profiles per i parameter are used as shown in equation 6.37,

σPiqj =
R(qj)MaxPi

−R(qj)MinPi

ϵPi
(6.37)

where the σPiqj is a measure of the deviation per parameter Pi calculated for the point qj.
Next, the Hessian matrix can be calculated as shown in equation 6.38,

H(qj) =



σ2
P1qj

e2qj

σP1qj
·σP2qj

e2qj
· · ·

σP1qj
·σPnqj
2
qj

σP2qj
·σP1qj

e2qj

σ2
P2qj

e2qj
· · ·

σP2qj
·σPnqj

err2qj
...

... . . . ...
σPnqj

·σP1qj

e2qj

σPnqj
·σP2qj

e2qj
· · ·

σ2
Pnqj

e2qj


(6.38)

where e is the experimental error from the reflectivity experimental data andn is the maximum
number of parameters. The Hessian matrix is calculated per each point in q (qj), and the sum
of the matrix is performed (equation 6.39, where Nq is the total amount of q points).

H =

Nq∑
qj

H(qj) (6.39)

Next, the inversion of the matrix is carried out, with the following normalisation as displayed
in equation 6.40,

Hnorm r,t =
Hr,t√

Hr,r ·Ht,t

(6.40)

where the indices r and t describe the position of the element considered. As can be noticed
in the matrix (equation 6.38, the diagonal of the matrix is the σ2, that corresponds to the
variance of each parameter under analysis. This value measures how much the reflectivity
profile changes, changing a parameter, in other words, how sensitive the parameter is on the
theoretical reflectivity curve variation. From the diagonal of the inverted and not-normalised
Hessian matrix, the absolute errors of the fitted parameters can be obtained. From the
inverted and normalised Hessian matrix, the covariance between each pair of parameters can
be obtained. The covariance is a measure of the correlation between two parameters, and this
value is also important to asses the strength of the built model for the experimental data under
analysis. In CoruxFit the inverted and normalised Hessian matrix can also be extrapolated,
and an example is given in figure 6.16. The figure shows all the parameters that a user can fit
for a lipid bilayer. The value 1 corresponds to the positive correlation, where if one parameter
increases, the positively correlated one also increases, vice versa for negative values. It can
be noticed as the diagonal (from the left-bottom to the top-right corner) the correlation is
1, since the correlation of one parameter with itself is always one. The correlation of other
parameters vary along the matrix, and the result of this matrix is often important to improve
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Figure 6.16: Example of a Hessian matrix from a CoruxFit analysis

the model and the analysis. For instance, in this example, the amount of water in the silicon
oxide of the support is strongly negative correlated with the hydration water of the polar head
region. In fact, since the two region are close, in one of the two leaflets, the hydration of
one component can be affected by the other one. And many other of these correlations can
be obtained. In order to asses the real correlations between parameters, it is important to
fix some of these parameters, repeating the analysis, comparing the previous result with the
current one, to keep improving the model for the experimental datasets under examination.

6.6 Software description

6.6.1 Installation of CoruxFit

In order to use the program, python3 needs to be installed, along with Gnuplot and Emacs
(text editor, not mandatory but recommended). If you are a Windows user, all the three need
to be added in your computer "environmental variables". Once the first step is done, CoruxFit
can be downloaded. The program needs to be placed in a directory with all the other ".py"
scripts that the main program uses. The program after the first run, will write several other
scripts and files in the same directory, so it is recommended to place everything in a dedicated
folder. The file "parameters.py" can also be moved out from this path, since it will be called
back from the "global_par.py". For instance, the user can create three different directories,
the first one is where the main program is, the second is where the file "parameter.py" is
placed where also other files will be written (as explained later) and finally a directory for the
experimental data. The libraries that need to be installed for the program are following listed:

• Numpy - This library is used by the program for the import of the experimental data as
python arrays, and to make and handle 2D arrays;
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• Scipy - This library is used for the data minimisation, one of the two algorithms that
the program uses for the data minimisation (steepest descent algorithm, least squares);

• PyGnuplot - It is used for the data plotting after simulation or fit;

• Rich - To improve the graphics in the terminal;

• Colored - For colored text in the terminal.

All those libraries can be installed using from the terminal the command "pip install X" where
"X" is the name of the library.

6.6.2 Data analysis with CoruxFit

The command prompt (terminal) of your OS needs to be opened where "CoruxFit.py" is col-
located. At this point, to open the global parameter file, the string "runemacs global_par.py"
for Windows system or "emacs global_par.py &" for Unix systems can be used. Inside this
file a list of global parameters can be found:

• The path where the "parameters.py" file for the experiment is placed;

• the Gnuplot terminal ("qt" or "win" if your system is Unix or Windows respectively);

• the minimun variation of the chi-square to get the result of the fit (for the steepest
descent algorithm minimisation);

• all the parameters for the simulated annealing optimisation algorithm;

• switcher for the q resolution (1/0);

• z resolution for the SLD profile treatment (dz);

• the q limit (Maxq);

• monolayer model switcher;

• list of parameters to be fitted;

• some graphical parameters, such as: dark mode, log(x) switcher,...

In the parameter file "parameters.py" the following listed parameters can be defined:

• list of experimental curves with the respective % amount of deuterated water in the
bulk solution;

• the path where the experimental data are;

• job title and names of the exported files;

• all the parameters for the modeling of the sample.
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Once all those parameters are defined, the simulation or the fit can be started. The principal
command to control the program is the following: "python CoruxFit.py X Y ", where the
"X" is a switcher (0 or 1), where 0 is simulation of the system and 1 is the fit; "Y " parameter
is a second switcher to disable (0) or enable (1) the plot windows at the end of the process of
simulation or fit. For example the string "python CoruxFit.py 0 1" is going to simulate the
system using the parameters inserted in the parameter file, with the final plot. The simulation
takes anyway the experimental data to get the q-range, and it uses the parameters given as
input in the "parameters.py" file. The final plot at the end of the process is a multiplot window
from the Gnuplot program, and it is divided into 4 windows as displayed in figure 6.17. The

Chi-sq	->	6.15266113									18:2	Structure	Before	PLA1-1	Injection	.
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Figure 6.17: Raw plot from CoruxFit

first one is the fraction volume model, the second one the reflectivity curves (theoretical and
experimental) in R(q) scale, the third window is the calculated SLD profile of the sample and
in the last window is displayed the reflectivity curves in R(q)·q4 scale. All the parameters and
theoretical calculations are written in ASCII files, and they can also be plotted with external
programs. On the top of the window, the χ2 of the simulation or fit is displayed as well
as the title of the job taken from the "parameter.py" file. The residuals plot window is also
displayed at the end of the process, which is fundamental to asses how much the theoretical
deviates from the experimental curve. With the command "python CoruxFit.py 1 1", the fit
starts, using as minimisation algorithms the ones specified on the "global_par.py" file. The
time of the process depends on the power of the processor, its number of cores and on the
number of datasets under analysis. During the minimisation process the data are not written
on the disk, in order to avoid any bottleneck during this process, since the Parratt and the
q Resolution algorithm are already taking together almost 100% of the power of one core
processor. If the kinetics plug-in for phospholipases is used, a third plot windows appears,
showing the degradation plots obtained from the model. The Hessian matrix can also be
plotted using gnuplot, for this purpose a gnuplot script is written at the end of the process by
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the main program, and it can be loaded directly in the terminal window as follows: "gnuplot
plot_Hess2.crx". All the files from the model, the SLD profiles, the theoretical curves and
all the scripts are written at the end of the process into the directory where the main program
is placed. Also the "final_parameters*" files are saved, where all the final parameters with
the resulted absolute errors are written. One of these two files is a latex file, and it can be
loaded directly inside a ".tex" file to have directly the table of parameters. At the end of a
simulation, in the terminal some parameters can be already seen, as displays the figure 6.18.
The program also gives an error panel in case any errors had occured during the process, and

Figure 6.18: CoruxFit terminal at the end of the simulation

also suggestions on the commands for the visualisation of the data are given. A similar table
of the parameters is also printed during the fitting, where the user can follow directly how the
parameters changes over the minimisation as well as the χ2 and other factors of the fit.
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6.6.3 The new CoruxFit environment

During the last period of my PhD, a draft of the environment was also designed for CoruxFit,
aiming to simplify the interaction between the user and the program. This environment works
still in the command prompt, and no GUI is yet ready to control the program. In order to
start the environment, a command prompt needs to be opened in the directory where the
main program is placed. With the command "python CoruxFit_Official2.py" the environment
is loaded and in few seconds it is ready to use. Figure 6.19 shows the terminal running
in Xubuntu operating system. Once everything is loaded properly, the CoruxFit command

Figure 6.19: Terminal windows on Ubuntu where CoruxFit environment is
running. In this case, the terminal is connected with the raspberry server

line is displayed on the terminal, and it is ready to be used. In order to simplify the usage,
personalised macros can be also utilised. All the macros that come with the CoruxFit program
are written inside the "macros.py" file, which can be opened and modified in order to add new
personalised ones. An example of some functions already written inside the "macros.py" file.

def reboot():

#when there are changes in the python files, this command needs to be

called

import os

os.system(’python CoruxFit_Official2.py’)

def em(i):

#emacs is started opening the file given in input

import os

command = "emacs "+str(i)+" &"

os.system(command)

return

def g(i):

#gnuplot is started opening the script given in input

import os

command = "gnuplot "+ str(i)

os.system(command)
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return

def cal(i):

#the result of the calculation is returned and printed

import numpy as np

print(i)

return i

def global_par():

#the command opens the global parameters

import os

command = "emacs global_par.py &"

os.system(command)

return

def save():

#the command save all the output parameters in the proper folder

import os

from global_par import par_path

command = "cp *final_parameters* " + par_path

os.system(command)

return

There are already some functions defined, and more functions can be defined in order to speed
up the analysis with CoruxFit. For instance, in order to save everything after the analysis in a
wanted directory, the command "save()" can also be used. Every time that a modification in
this file is carried out, the command "reboot()" needs to be called in order to load the changes
made. Calculations and definition of equations and functions can be also done directly into
the CoruxFit terminal windows, with the python syntax (for instance sin(x) is defined using
numpy as np.sin(x)).

6.7 Summary of the program

CoruxFit is a python program developed for reflectivity data simulation and analysis. Corux-
Fit is an open-source program, that can be modified by the user in order to create new models,
or add new features. For the moment, the program works only in the terminal window, giving
directly in the terminal, information on the simulation and fit with a quite clear graphics. The
models available in CoruxFit for the moment are following listed: (1) lipid bilayers, (2) lipid
monolayers, (3) membrane - protein/molecule interaction, (4) membrane - transmembrane
protein interaction and finally (5) kinetics plug-in for membrane-phospholipase interaction.
Once the modeling is carried out, the SLD profile is calculated and treated by the Parratt
algorithm in order to obtain the theoretical reflectivity profiles. To fit the data, two minimi-
sation algorithms are used; (1) the simulated annealing, as a first step, probes the χ2 function
along all the fit parameters, in order to find the absolute minima of the function; (2) steepest
descent based algorithm from the Scipy library, where within the absolute minima it finds the
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best series of parameters. At the end of the process of simulation or fit, the program plots
every result using gnuplot. CoruxFit also writes at the end scripts and other files in order to
plot the data using different software and to achieve the minimised parameters.

6.7.1 Future developments of CoruxFit

There are several points where the program needs to be improved and modified, in order to
be easily used by the user. Firstly, changes need to be done to the CoruxFit environment.
This point is really important as interface between the program and the user, since and it will
simplify the use of it. I had just started working on this part, and since it is very young, still
a certain amount of work needs to be done. At the moment this environment works only on
Unix systems, but it will be soon translated also for Windows systems.

A second and important point is related to the speed of the program. Unfortunately, the way
the program treats the SLD profiles and because of the Parratt and the q resolution algorithm,
with a normal processor such as the Intel i5, a simulation a time of 0.25 second is needed per
each dataset to calculate the theoretical reflectivity profile. During a fit with the simulated
annealing method of a system with 4 different SLD profiles, the required time for the algorithm
to reach a result can sometimes be very large. For that, a multiprocess/multitreading method
would be a reasonable way to improve the speed of the program. A computer processor
is constituted by different cores, and each core can process one thread. CoruxFit 2.0 can
unfortunately, for now, be processed only with one core, without utilising the full power
of the processor. For instance taking an i5 8-cores and an i9 18-cores, the speed of the
program is not significally different, since the full power of the processor is not utilised
in its 100%, but only in a fraction N of it, where N is the number of cores. The idea
of the multiprocess/multithreading is based on sending each calculation of the theoretical
reflectivity from each SLD profile, to each of the cores available in the processor. In this
configuration, the simulation process takes as long as it would take processing only one
SLD profile, compressing the time of minimisation by a factor X , where X is the number
of datasets loaded. This part is ongoing, and since the multiprocessor mode is not easily
integrable in the program, it will take some time to be ready for use.

A third important point that is now ongoing, is related to the installation of the program.
Since for now, the main program works much faster on Unix systems, and the CoruxFit
environment only works for now in Unix, the idea of building a server would be a good
compromise. Consequently, a server based on Raspberry was built as a first server, in order
to assess the feasibility of the project. The server shown in Appendix A.7, is accessible
through the ssh protocol, also from devices outside the local network (using an external IP
address). The Raspberry in use has a 4-core processor with 8-Gb of RAM, where raspbian OS
is installed. Every operative system can be connected to the server through this protocol, even
Android smartphones using a proper android SSH client app. Since the server connection is
an ssh protocol, no graphical interface is available, and the user, in order to plot and see the
fitted data, has to download them and plot them directly in its own computer.
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Other open access programs

During the PhD, other python programs were designed and optimised in order to facilitate the
extrapolation of the data from the different instruments utilised.

7.1 Mass spectrometry program - for MS hydrolysis kinetics

Mass spectrometry analyses were performed in order to obtain information on the substrate
preferences of the PLA1-1 under analysis. Python programs were designed in order to treat
the data. Data emanating from the mass spectrometry were initially treated using MassHunter
software, where the TIC integration was performed to achieve the related spectra. Next, the
spectra background substraction were performed using the same program. Next, spectra
were exported and a step 0 python program was written and employed in order to convert
the exported data into different ASCII files ".txt", readable from the step 1 program. The
converted spectra are subsequently treated by the step 1 program, that consists on the average
of the replicates taken during the MS measurements (technical replicates). Each m/z point in
the spectra is averaged between replicates (2 or 3) taken from the same samples. The error is
then calculated as standard deviation using the formula displayed in equation 7.1,

Ierr =

√√√√ N∑
n=1

(In − Iave)2 (7.1)

where Ierr is the error of the averaged signals; N is the total number of spectra averaged, In
is the spectra n; and Iave is the averaged spectra. After this process, an averaged spectra is
obtained where each point has an error which corresponds to its standard deviation. Next,
the second step python program was utilised, consisting on the (1) normalization and the (2)
integration of the peaks. The normalization (1) is performed taking into account the signal
of the SM 24:0, that was added into the lipid mixtures as an internal standard, since the
phospholipase under examination is not able to hydrolyse SM molecules. Firstly, the area
under the SM peak is taken from the first sample as displayed in equation 7.2,

A =

L∑
n=l

In Aerr =

√√√√ L∑
n=l

I2errn (7.2)
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where A is the area under the peak (integrated value of the peak); l and L is the lower and
upped limit of the integration range; n is the m/z value, where In is the intensity of the
spectra at a particular n value; Aerr is the error calculated for the area under the peak; and
finally Ierrn is the error previously calculated from equation 7.1 for a specific n value. The
minimum and maximum of the integration range (l and L) is given directly into the parameter
file that the program utilised to obtain information on the ongoing analysis. Next, the program
integrates the area of the SM for all the other samples (time points), calculating the ratio factor
by dividing the first sample SM area by the area of each sample. Once the ratio factors are
calculated for each time point, the program multiplied each spectra with its calculated ratio
factor. The spectra so normalised, are then saved as ".txt" files. The second part of the same
program consists on the (2) peak integration. In the parameter file, a list of the expected
lipids in the sample under examination is built, where their name, limits of integration and
the related lysos are described. The program takes this information, for the peak integration.
Every peak of each spectra per sample is integrated, and the values saved. In order to find
the degradation profile of the kinetics, the first area values are used as dividing factors for
the same peaks in the other samples. Consequently, a degradation profile can be obtained,
where values near to 1 corresponds to no degradation occurring. The values at the end of the
calculation are saved into a ".dat" file. A third step python program was designed in order to
fit the data emanating from the second step just described. This third step is a fitting program,
where two models can be used for the analysis. The first model built is the sigmoidal model,
and the second the exponential decay model. The sigmoidal model was designed first, since
a lag phase was expected. The model is shown in equation 7.3,

f(t) = − exp(t · σ + ϵ)

1 + exp(t · σ + ϵ)
· er + 1 (7.3)

where t is time; σ is the slope of the function; ϵ is the x-translation of the flex of the sigmoidal
function (along the time axis); and finally er is the degradation at the end of the reaction.
The exponential decay model was then designed, since no lag phase was observed in the data
under examination. The model is shown in equation 7.4,

f(t) = (1− er) · exp(−σ · t) + er (7.4)

where er corresponds to the amount of degradation at the end of the reaction; σ is the rate
constant of the exponential; and t is the reaction time measured in minutes. From the equation
7.4, the speed of the reaction (rate constant) as well as the amount of lipids at the end of the
reaction (when the reaction plateau) can be obtained. The starting parameters, if the analysis
is performed for the first time, are taken directly from the same parameter file taken for the
normalization and integration of the spectra (from the previous python step program). The
fitted parameters are then saved into a ".dat" file, in the same directory where the raw data are
placed. Simulations can also be run using this program, where the fitted parameters can be
changed by hand. The minimization algorithms used for the fitting of the experimental point
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with the theoretical model, are the simulated annealing and the steepest descent. Those two
algorithms are extensively described in the Chapter 6. The first algorithm is used to avoid
relative minima, whereas with the second one the system is cooled down even more, leading
to the obtainment of the minimised parameters. All the analysis displayed in the Results
section, were analysed by using the exponential decay model.

7.2 GCMS and MS peak integration program

The GCMS and MS peak integration program, is similar to the second step python program
described in the previous section. In this case, only the limits of the integration are set in a
parameter file, and the areas under the peaks are calculated. This python program has been
utilised for the integration of the GCMS peaks, in order to obtain the relative abundance
of each of the FAMEs in the sample under examination. The calculation of the relative
abundance was carried out dividing each peak area for the total peak areas, obtaining the data
shown in the results section.

7.3 BAM image recognition

A python program based on the image recognition (using openCV library) was written in
order to analyse the Brewster Angle Microscopy images. As parameters the program needs
the directory where the ".png" files are, a description of the experiment used then to save the
calculated parameter of the entire experiment in a ".csv" file and a threshold for the detection
of the spots. This last point is quite sensitive and needs to be optimized in order to get
the right balance between noise and data. The program treated all the images in one shot,
taking around 1 second per image. For each picture the program generates another picture
in multiplot configuration, where the raw image and the processed one are placed near to the
other, to facilitate the comparison (for the threshold adjustment for instance) figure 7.1.

The ".csv" file created at the end of the process, contains the spot parameters found by
the program for all the images treated. The spot parameters are listed following:

• File name;

• Number of spots;

• Total spots area;

• Total image area;

• Ratio areas;

• Average area per spot.

From those parameters the graphs in figure 7.2 can be plotted.
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Figure 7.1: Output image from the program, where it is possible to compare
the raw image with the treated one.
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Figure 7.2: Examples of graphs from the parameters found by the program
on BAM pictures. In figure A is plotted the number of spots and the ratio
total area of the spots/ area of the BAM picture vs pressure; in figure B the

averaged area per spot vs pressure
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Appendix

A.1 Stock solution concentration

Chemical Symbol Storage Usage

Ampicillin AMP 100 mg· ml−1 0.1 mg· ml−1

Chloramphenicol CLO 54 mg· ml−1 0.054 mg· ml−1

Isopropyl-β-D-1-galactopyranoside IPTG 1 M 1 mM

Table A.1: Storage and usage concentrations of the chemicals for the protein
expression

A.2 Nucleotide and amino acid sequences for MBP - PLA1-1

A.2.1 Nucleotide sequences

The capital letters correspond to the PLA1-1 sequence, and the capital ATG is the main
starting codon.

MBP-PLA1-1

ATGaaaatcgaagaaggtaaactggtaatctggattaacggcgataaaggctataacggtctcgctgaagtcggtaagaaattcg
agaaagataccggaattaaagtcaccgttgagcatccggataaactggaagagaaattcccacaggttgcggcaactggcgatgg
ccctgacattatcttctgggcacacgaccgctttggtggctacgctcaatctggcctgttggctgaaatcaccccggacaaagcgttc
caggacaagctgtatccgtttacctgggatgccgtacgttacaacggcaagctgattgcttacccgatcgctgttgaagcgttatcgc
tgatttataacaaagatctgctgccgaacccgccaaaaacctgggaagagatcccggcgctggataaagaactgaaagcgaaag
gtaagagcgcgctgatgttcaacctgcaagaaccgtacttcacctggccgctgattgctgctgacgggggttatgcgttcaagtatg
aaaacggcaagtacgacattaaagacgtgggcgtggataacgctggcgcgaaagcgggtctgaccttcctggttgacctgattaa
aaacaaacacatgaatgcagacaccgattactccatcgcagaagctgcctttaataaaggcgaaacagcgatgaccatcaacggc
ccgtgggcatggtccaacatcgacaccagcaaagtgaattatggtgtaacggtactgccgaccttcaagggtcaaccatccaaacc
gttcgttggcgtgctgagcgcaggtattaacgccgccagtccgaacaaagagctggcaaaagagttcctcgaaaactatctgctga
ctgatgaaggtctggaagcggttaataaagacaaaccgctgggtgccgtagcgctgaagtcttacgaggaagagttggcgaaaga
tccacgtattgccgccactatggaaaacgcccagaaaggtgaaatcatgccgaacatcccgcagatgtccgctttctggtatgccgt
gcgtactgcggtgatcaacgccgccagcggtcgtcagactgtcgatgaagccctgaaagacgcgcagactaattcgagctcgaac
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aacaacaacaataacaataacaacaacctcgggatcgagggaaggatttcagaattcGGATCCGCCCCGGCTTCA
CTGCGCAGAGATGTCAGCTCTTCCCTTCTCAATAACCTGGATCTCTTTGCACAGT
ACAGCGCCGCCGCATACTGTGATGAGAACCTGAACTCTACGGGGACCAAGTTG
ACATGCTCTGTTGGCAACTGTCCTTTGGTAGAAGCGGCCTCTACCCAATCATTG
GATGAATTCAACGAATCGTCATCCTACGGCAACCCCGCCGGGTACCTCGCCGCT
GATGAGACTAACAAGCTCCTAGTCCTGTCCTTCCGGGGTAGCGCTGACTTGGCC
AATTGGGTCGCCAACCTGAATTTTGGTCTCGAGGATGCCAGCGATCTGTGTTCT
GGGTGCGAAGTGCACAGCGGCTTCTGGAAGGCATGGAGTGAAATCGCCGACAC
CATCACTTCCAAAGTGGAATCAGCTTTGTCGGATCATTCCGATTATTCCTTGGTC
TTGACCGGACATAGTTACGGCGCTGCGCTGGCAGCCCTCGCAGCGACTGCTCTG
CGGAACTCCGGCCATAGTGTTGAGCTGTACAACTACGGTCAACCTCGACTTGGA
AACGAGGCATTGGCAACATATATCACGGACCAAAACAAGGGTGGCAACTATCG
CGTTACGCACACTAATGATATTGTGCCTAAACTGCCACCCACGCTGCTCGGGTA
TCACCACTTCAGCCCAGAGTACTATATCAGCAGCGCCGACGAGGCAACGGTGA
CCACCACTGATGTGACTGAGGTTACGGGAATCGATGCTACGGGCGGTAATGAT
GGAACCGACGGAACTAGCATCGATGCTCATCGGTGGTACTTTATTTATATTAGC
GAATGTTCATAG

PLA1-1

GCCCCGGCTTCACTGCGCAGAGATGTCAGCTCTTCCCTTCTCAATAACCTGGAT
CTCTTTGCACAGTACAGCGCCGCCGCATACTGTGATGAGAACCTGAACTCTACG
GGGACCAAGTTGACATGCTCTGTTGGCAACTGTCCTTTGGTAGAAGCGGCCTCT
ACCCAATCATTGGATGAATTCAACGAATCGTCATCCTACGGCAACCCCGCCGGG
TACCTCGCCGCTGATGAGACTAACAAGCTCCTAGTCCTGTCCTTCCGGGGTAGC
GCTGACTTGGCCAATTGGGTCGCCAACCTGAATTTTGGTCTCGAGGATGCCAGC
GATCTGTGTTCTGGGTGCGAAGTGCACAGCGGCTTCTGGAAGGCATGGAGTGA
AATCGCCGACACCATCACTTCCAAAGTGGAATCAGCTTTGTCGGATCATTCCGA
TTATTCCTTGGTCTTGACCGGACATAGTTACGGCGCTGCGCTGGCAGCCCTCGC
AGCGACTGCTCTGCGGAACTCCGGCCATAGTGTTGAGCTGTACAACTACGGTCA
ACCTCGACTTGGAAACGAGGCATTGGCAACATATATCACGGACCAAAACAAGG
GTGGCAACTATCGCGTTACGCACACTAATGATATTGTGCCTAAACTGCCACCCA
CGCTGCTCGGGTATCACCACTTCAGCCCAGAGTACTATATCAGCAGCGCCGACG
AGGCAACGGTGACCACCACTGATGTGACTGAGGTTACGGGAATCGATGCTACG
GGCGGTAATGATGGAACCGACGGAACTAGCATCGATGCTCATCGGTGGTACTT
TATTTATATTAGCGAATGTTCATAG
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A.2.2 Amino acid sequences

MBP-PLA1-1

MKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATG
DGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAV
EALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGG
YAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKG
ETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELA
KEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMP
NIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGR
ISEFGSAPASLRRDVSSSLLNNLDLFAQYSAAAYCDENLNSTGTKLTCSVGNCPLVE
AASTQSLDEFNESSSYGNPAGYLAADETNKLLVLSFRGSADLANWVANLNFGLED
ASDLCSGCEVHSGFWKAWSEIADTITSKVESALSDHSDYSLVLTGHSYGAALAALA
ATALRNSGHSVELYNYGQPRLGNEALATYITDQNKGGNYRVTHTNDIVPKLPPTLL
GYHHFSPEYYISSADEATVTTTDVTEVTGIDATGGNDGTDGTSIDAHRWYFIYISEC
S

PLA1-1

ISEFGSAPASLRRDVSSSLLNNLDLFAQYSAAAYCDENLNSTGTKLTCSVGNCPLVE
AASTQSLDEFNESSSYGNPAGYLAADETNKLLVLSFRGSADLANWVANLNFGLED
ASDLCSGCEVHSGFWKAWSEIADTITSKVESALSDHSDYSLVLTGHSYGAALAALA
ATALRNSGHSVELYNYGQPRLGNEALATYITDQNKGGNYRVTHTNDIVPKLPPTLL
GYHHFSPEYYISSADEATVTTTDVTEVTGIDATGGNDGTDGTSIDAHRWYFIYISEC
S

A.2.3 Deconvolution of the gel filtration chromatogram

The gel filtration chromatogram displayed in the result section in figure 3.4, was deconvoluted
using 5 gaussian function. The UV intensity of the peak that corresponds to the MBP - PLA1-
1 (from 71 ml to 79 ml) was integrated as well as the theoretical gaussian curve found for the
same peak. The ratio of the two area was performed, obtaining a value of 96.3% of purity,
were the 3.7% is the contanination from the two gaussian curves before and after. In figure
A.1 is shown the deconvolution of the gel filtration.
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Figure A.1: Gaussian deconvolution of the gel filtration chromatogram
displayed in figure 3.4 in Chapter Results.

A.3 GC-MS peaks identification table

RT (min) FAME m/z

14.34 16:1 268.3
14.74 16:0 270.4
16.05 17:1 282.2
16.46 17:0 284.2
17.74 18:2 294.3
17.89 18:1 296.3
18.27 18:0 298.3
23.18 21:0 340.4
30.74 25:0 396.4

Table A.2: GC-MS retention time of the found FAMEs

A.4 Pictures of used equipment

A.4.1 NR cells - Pictures and description
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Figure A.2: Picture representing the PEEK cells and the silicon crystals used
in NR experiments

Figure A.3: NR cell
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A.4.2 Langmuir troughs

Langmuir troughs for the preparation of bilayers from synthesised saturated partially deuter-
ated PC molecules.

Figure A.4: Trough Nima, used for the fist leaflet deposition

Figure A.5: Trough Nima, used for the second leaflet deposition
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A.4.3 Ellipsometry cell

Figure A.6: Ellipsometry cell, used to assess the amount of protein needed
for NR experiments
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A.5 NR fitted parameters

A.5.1 Natural lipids

PC PC/PS PC/PG
Parameters Hydrogenous Deuterated Hydrogenous Deuterated Hydrogenous Deuterated

Thickness polar head [Å] 9 ± 1 10 ± 1 10 ± 1 9 ± 1 9 ± 1 10 ± 1
Thickness par layer [Å] 15 ± 1 14 ± 1 15 ± 1 15 ± 1 15 ± 1 15 ± 1

Total thickness bilayer [Å] 46 ± 1 48 ± 1 49 ± 1 49 ± 1 48 ± 1 51 ± 1
Polar head vol dry [Å3] 319 ± 15 319 ± 14 307 ± 10 307 ± 13 312 ± 17 312 ± 17

Par volume [Å3] 941 951 940 948 941 959
Alipid [Å2] 64 ± 1 66 ± 1 64 ± 1 62 ± 1 62 ± 1 62 ± 1
ϕHeads 46% ± 2% 57% ± 2% 53% ± 2% 46% ± 2% 49% ± 2% 51% ± 3%
ϕTails 4.4% ± 0.6% 6% ± 1% 0.8% ± 0.6% 0.7% ± 0.7% 6.3% ± 0.7% 1% ± 1%

SLD par [Å−2] -0.16 6.60 ± 0.03 -0.17 6.53 ± 0.03 -0.15 6.80± 0.03
SLD polar head [Å−2] 1.88 7.40 ± 0.05 2.12 7.24 ± 0.03 2.06 7.39± 0.03

Γ[mg ·m−2] 4.15 ± 0.04 3.99 ± 0.05 4.30 ± 0.03 4.48 ± 0.04 4.21 ± 0.05 4.45 ± 0.06

Table A.3: Fitted parameters of the SLBs containing different mixtures of natural lipids.
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A.6 CoruxFit raspberry server

Figure A.7: Raspberry server
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And... as figure A.8 shows, this is the end of the thesis. Thank you for coming this far and
I hope you enjoyed it in all its facets and found it interesting and exciting at the same time!
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Figure A.8: "The end" graph
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