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Abstract Coronary heart disease is a number one killer in westernized countries and the costs from it will continue to 

grow in the future. It is caused by atherosclerosis, build-up of plaque and chronic inflammation in the arteries of heart, 

and endogenous lipoproteins have a special role in its development. Among other atheroprotective properties, High 

density lipoproteins (HDL) have a role in intrinsic mechanism of the reverse cholesterol transport (RCT), of gathering 

and removing excess cholesterol from peripheral tissues. There have been several HDL raising strategies in the past for 

the treatment of atherosclerosis, but their success has been modest. Synthetic HDL (sHDL), comprising of various types 

of phospholipids and proteins or peptides, have been developed to mimic the properties of endogenous HDL. Despite 

some success in animal studies, failures in clinical studies have turned the focus on the HDL’s interaction with a specific 

enzyme lecithin:cholesterol acyl transferase (LCAT), responsible for cholesterol esterification, a key step in RCT. ApoA-

I, the most abundant protein component of HDL, acts as LCAT cofactor in cholesterol esterification, and many LCAT 

activating peptides have been developed to mimic the features of apoA-I. The molecular level understanding behind 

LCAT activation is however still foggy. During enzymatic activation, LCAT goes through conformational changes 

specific regions, which are generated by interactions with apoA-I or synthetic peptides. These mechanisms have been 

studied widely with molecular dynamic simulations, in vitro experiments, and imaging. In this study, we investigated 22A 

(PVLDLFRELLNELLEALKQKLK), apoA-I mimetic peptide known for its as good LCAT activation potency as apoA-

I, and four variations of it (21A, 22A-P, 22A-K22Q, and 22A-R7Q), and combined them with phospholipid DPPC to 

create sHDL nanodiscs by thermal cycling method. We examined the effect of small changes in peptide sequence on 

LCAT-sHDL binding strength with quartz crystal microbalance with dissipation (QCM-D). The interest was to further 

test the suitability of thermal cycling method on nanodisc assembly, test the binding strengths against the hypothesis of 

the role of salt-bridge forming amino acids R7 and K22 in peptide dimerization and its effect on LCAT binding and 

activation, and to see if QCM could act as a suitable method for the research of sHDL-LCAT interactions. All peptides 

formed similar sized sHDL particles with diameter of ~10 nm with thermal cycling method. As expected, the LCAT 

binding tendency of 22A-sHDL was highest, about double compared to four other peptide nanodiscs with almost identical 

results. The QCM results suggest that binding tendency between LCAT and sHDL is affected by small, one amino acid 

change in peptide sequence, but it does not necessarily have a big impact on LCAT’s esterification activity, but based on 

this experiment alone, we cannot make any further conclusions. Electron microscopy revealed exceptional breakdown of 

21A-sHDL incubated with LCAT compared to 22A-sHDL. This phenomenon could indicate high lipolytic rate of LCAT 

but needs further investigation. There were some challenges with the measurement parameters in the beginning, and the 

variability between parallel measurements with QCM-D was high, which cause a little doubt about the method’s 

suitability for these kinds of precise measurements. More research for revealing the molecular mechanism behind LCAT 

activation is needed for the development of more effective treatments.  
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Tiivistelmä: Sepelvaltimotauti on suuri tappaja länsimaissa, ja sen aiheuttamat kustannukset tulevat kohoamaan 

tulevaisuudessa. Sen aiheuttajana on ateroskleroosi, krooninen tulehdustila ja plakin kertyminen sydämen verisuonissa, 

ja elimistön lipoproteiineilla on oma roolinsa sen kehityksessä. Muiden verisuonia suojaavien ominaisuuksien lisäksi 

HDL on osana sisäsyntyistä järjestelmää, jossa kolesterolia kerätään ja poistetaan kudoksista (RCT). Useita HDL-

pitoisuuksiin vaikuttavia strategioita on yritetty ateroskleroosin hoidossa, mutta niiden tulokset ovat olleet heikkoja. 

Synteettisiä HDL-hiukkasia (sHDL), jotka koostuvat erityyppisistä fosfolipideistä sekä proteiineista tai peptideistä, on 

kehitetty matkimaan näitä ominaisuuksia. Huolimatta jonkinlaisesta menestyksestä eläinmalleissa, huonot tulokset 

kliinisissä kokeissa ovat kääntäneet katseet HDL:n vuorovaikutukseen erityisen entsyymin LCAT:n kanssa, joka on 

vastuussa kolesterolin esterifikaatiosta, mikä on tärkeä osa RCT prosessia. ApoA-I on proteiini, joka muodostaa 

suurimman osan HDL:n proteiineista, toimii LCAT:n kofaktorina kolesterolin esterifikaatiossa. Monia LCAT:a aktivoivia 

peptideja onkin kehitetty imitoimaan apoA-I:n ominaisuuksia. LCAT:n aktivaation taustalla olevat molekulaariset 

mekanismit ovat kuitenkin edelleen suurelta osin tuntemattomia. Entsymaattisen aktivaation aikana apoA-I tai synteettiset 

peptidit saavat aikaan konformaatiomuutoksen tietyissä osissa LCAT:a. Näitä mekanismeja on tutkittu laajasti 

tietokonesimulaatioilla, kokeellisesta ja kuvantamisen avulla. Tässä tutkimuksessa tutkittiin apoA-I:tä muistuttavaa, 

hyvin LCAT:a aktivoivaa peptidiä 22A (PVLDLFRELLNELLEALKQKLK), sekä sen neljää muuta variaatiota (21A, 

22A-P, 22A-K22Q, and 22A-R7Q). Peptideistä ja fosfolipidi DPPC:stä muodostettiin sHDL-nanodiskejä “thermal 

cycling” metodilla. Me tutkimme peptidien sekvenssien pienten muutosten vaikutusta LCAT-sHDL 

sitoutumisvoimakkuuteen käyttäen quartz crystal microbalance -laitteistoa (QCM). Selvitimme thermal cycling -metodin 

sopivuutta nanodiskien muodostukseen, sekä miten sitoutumisvoimakkuus mahdollisesti riippuu oletetusta peptidien 

dimerisaatiosta, jonka taustalla ovat suolasiltoja muodostavat aminohapot R7 ja K22. Lisäksi selvitimme, onko QCM 

tutkimusmetodina ylipäätään soveltuva metodi kyseiseen sHDL:n ja LCAT:n välisten vuorovaikutuksien tutkimiseen. 

Kaikki tutkitut peptidit muodostivat lähes samankokoisia ~10 nm sHDL nanodiskejä thermal cycling -metodilla. LCAT:n 

sitoutuminen oli selvästi voimakkainta 22A-nanodiskin kanssa, ollen noin kaksinkertainen muihin verrattuna. QCM:n 

tulosten perusteella pienet muutokset peptidien sekvenssissä vaikuttavat LCAT:n sitoutumisvoimakkuus peptide-sHDL-

hiukkasten kanssa, mutta tällä ei toisaalta välttämättä ole suurta merkitystä LCAT:n esterifikaatioaktivaatioon. Tämän 

tutkimuksen perusteella ei tosin voida tehdä pitkälle meneviä johtopäätöksiä. Elektronimikroskopia paljasti kummallista 

21A-sHDL hiukkasten hajoamista, kun niitä oli inkuboitu LCAT:n kanssa verrattuna 22A-sHDL-hiukkasiin. Ilmiö voi 

liittyä korkeaa LCAT:n lipolyyttiseen aktiivisuuteen mutta vaatii lisää tutkimusta. QCM:n mittausparametrien kanssa oli 

alussa haasteita, ja varianssi rinnakkaisten mittausten kanssa oli suuri. mikä aiheuttaa epäilyjä siitä, onko QCM soveltuva 

metodi tässä kuvattuihin tarkkoihin mittauksiin. LCAT:n aktivaation taustalla olevien molekulaaristen mekanismien 

tunnistaminen vaatii lisää tutkimusta, jotta entistä tehokkaampien hoitojen kehittäminen on mahdollista.   

 

 



 

 

TABLE OF CONTENTS 

1  INTRODUCTION .................................................................................................... 1 

2 HDL BASED THERAPIES...................................................................................... 2 

2.1 Atherosclerosis ................................................................................................... 2 

2.2 HDL metabolism and function ........................................................................... 3 

2.3 LCAT function in RCT ...................................................................................... 5 

2.4 LCAT based therapies ........................................................................................ 6 

2.5 LCAT activating peptides .................................................................................. 7 

2.6 Synthetic HDL ................................................................................................. 10 

2.6.1 sHDL synthesis methods .......................................................................... 10 

2.6.2 sHDL for treating acute coronary syndrome ............................................ 11 

2.6.3 Other uses of synthetic HDL .................................................................... 11 

3 LCAT FUNCTION AND ACTIVATION MECHANISM .................................... 13 

3.1 Quartz crystal microbalance ............................................................................. 17 

3.2 Surface plasmon resonance .............................................................................. 20 

3.3 Electron microscopy ......................................................................................... 22 

4 THEORETICAL BACKGROUND & AIM OF THE STUDY.............................. 23 

5 MATERIALS AND METHODS ............................................................................ 27 

5.1 Reagents and instrumentation .......................................................................... 27 

5.2 Nanodisc preparation by thermal cycling method ........................................... 27 

5.3 QCM measurements ......................................................................................... 29 

5.4 Electron microscopy ......................................................................................... 31 

6 RESULTS ............................................................................................................... 32 

6.1 sHDL size distribution by DLS ........................................................................ 32 

6.2 Comparing peptide properties by QCM ........................................................... 34 

6.3 EM results ........................................................................................................ 39 

7 DISCUSSION ......................................................................................................... 40 

7.1 Evaluation of the methods ................................................................................ 42 

7.2 Reliability of the results ................................................................................... 44 

7.3 Future of synthetic HDL .................................................................................. 45 

8 CONCLUSIONS .................................................................................................... 47 

REFERENCES ............................................................................................................... 48 

 



1 

 

1  INTRODUCTION 

 

Coronary heart disease is the number one cause of death in the USA and other western 

countries (Lusis 2000). Direct costs of cardiovascular disease in the USA have more than 

doubled in two decades to several hundred billion dollars annually and are predicted to 

more than double again in the next two decades (Benjamin et al 2019). Dyslipidemia 

being the principal risk factor for cardiovascular disease (CVD) (Halcox et al. 2017), 

statins and other lipid modifying therapies are in wide use, but still, a residual risk for 

CVD remains. There is a need for developing new therapeutic strategies for treating CVD. 

 

High density lipoproteins (HDL) are endogenous nanometer-sized complexes, consisting 

of proteins and lipids, and they take part in transport of e.g., lipids, proteins, and vitamins 

(Kuai et al. 2016). When it comes to CVD, HDL removes cholesterol from peripheral 

tissues, including macrophages, via reverse cholesterol transport (RCT) process, and it 

also acts by inhibiting LDL oxidation, a step necessary for LDL build-up inside 

macrophages (Lusis et al. 2000). There have been several strategies to raise HDL-

cholesterol levels to promote RCT as treatment for CVD, including cholesteryl ester 

transfer protein (CETP) inhibitors (Tall and Rader 2018), lecithin-cholesterol 

acyltransferase (LCAT) infusions (Freeman et al. 2020) and apoA-I mimetic peptides 

(Navab et al. 2015) and synthetic HDL (sHDL) (Kuai et al. 2016). Clinical failures of 

HDL raising therapies suggest that, when developing new HDL-based products for 

atheroprotection and removal of excess cholesterol from peripheral tissues, the focus 

should be not in the concentration but function of HDL or HDL-mimetic particles (Rader 

and Hovingh 2014), and more precisely, their interaction with the key enzyme LCAT. 

 

Synthetic HDL (also often called rHDL as reconstituted HDL, or nanodiscs for disc 

shaped particles) particles have been studied in a wide range of animal and clinical studies 

as a treatment for CVD, but so far, they have not met their expectations (Kuai et al. 2016, 

Kornmueller et al. 2019). In the RCT process, HDL gathers cholesterol from peripheral 

tissues with the help of LCAT, which needs protein parts of HDL as cofactors for its 

enzymatic activity (Laurenzi et al. 2021). The molecular level interaction between LCAT 

and HDL is still somewhat unknown. Understanding HDL-LCAT interaction and LCAT 
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and activation mechanism and other functions is necessary for developing more potent 

sHDL particles.  

 

This study presents the role on HDL in lipid metabolism regarding CVD, how sHDL 

particles have been developed and their interactions with LCAT have been studied. More 

research is needed to reveal the molecular mechanisms behind LCAT activation. 

Combining knowledge extracted at molecular level from computational simulations and 

other surface sensitive techniques, the sHDL-LCAT interactions and LCAT’s enzymatic 

activation mechanisms can be studied extensively to develop new, more effective 

treatments for CVD. 

 

In the research part we used quartz crystal microbalance (QCM) as an instrument to 

determine the impact of peptide sequence of synthetic HDL particle on its binding 

interaction with LCAT. We compared a well-known LCAT activating peptide 22A with 

slightly modified ones. 22A possesses the LCAT activation potency of the native LCAT 

activator protein apoA-I (Li et al. 2015). The LCAT activation potency of these relatively 

small peptides is somewhat surprising, but some explanations have been made: α-helical, 

amphipathic structure and dimerization; resembling structures found in discoidal HDL 

with two apoA-I molecules wrapped around it. In this study, the interest was first to test, 

if QCM is a method that could be utilized in research of sHDL-LCAT interactions. And 

secondly, to investigate and compare 5 apoA-I mimetic peptides and their LCAT binding 

tendency. Small differences in peptide sequences and their effect on LCAT binding could 

produce supporting information on LCAT functions on molecular level. 

 

 

2 HDL BASED THERAPIES 

 

2.1 Atherosclerosis 

 

Coronary heart disease is caused by atherosclerosis, build-up of plaque in the arteries of 

the heart, but its development and the etiology are complex (Lusis et al. 2000). The lesion 

formation is initiated by accumulation of low-density lipoprotein (LDL) in the intima, a 
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collagen and proteoglycan-filled space between endothelial and smooth muscle cells 

(SMC) of the artery, which is followed by monocyte transmigration into the same space. 

Monocytes differentiate into macrophages and foam cells by taking up oxidized LDL. 

The plaque growth is continued by build-up of lipids and other cell debris from apoptosis 

of foam cells, and extracellular matrix from SMC. In addition to cholesterol 

accumulation, cytokines and growth factors produced by e.g., SMC and T cells, and 

overall inflammation in the artery wall play a role in plaque formation 

 

2.2 HDL metabolism and function 

 

High-density lipoproteins (HDL), first isolated in 1929 at the institute Pasteur (Kingswell 

et al. 2014), are small (mean diameter of 8-10 nm), dense lipoprotein complexes 

composed mainly of polar phospholipids (PL) solubilized by apolipoproteins, especially 

apoA-I, the main protein component of HDL (Kontush et al. 2015). Circulating HDL 

particles are heterogeneous, they can carry and transport endogenous proteins, vitamins, 

hormones, and microRNA to various organs (Kuai et al. 2016). HDL formation begins 

by synthetization of apoA-I in the liver or intestine, from where it is secreted. ApoA-I 

then interacts with a membrane protein ATP binding cassette A1 (ABCA1) in hepatocytes 

and enterocytes or in peripheral tissues to acquire phospholipids and free cholesterol and 

forms a nascent, discoidal HDL particle (Parks et al. 2012). Discoidal HDL particle 

interacts with LCAT, which is activated by apoA-I. Cholesterol is esterified by LCAT 

and moves to the core of the particle by concentration gradient. HDL can then interact 

with ABCA1 in tissues to gather more cholesterol and phospholipids to form mature HDL 

particles. Mature, spheroidal HDL particles can be classified to different classes based on 

their maturation and interactions with other receptors (Kingswell et al. 2014). HDL can 

exchange cholesteryl esters and triglycerides with other lipoproteins, they can deliver 

cholesteryl esters to the liver by specific SRB1-receptor, or they can be catabolized by 

liver as whole (Kingswell et al. 2014). Figure 1 shows a schematic presentation of HDL 

formation and interactions with some receptors, enzymes, and other lipoproteins. 
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Figure 1. HDL metabolism. HDL formation starts with apoA-1 formation mainly in the 

liver but also in the intestine. Shortly after secretion, apoA-1 interacts with transporter 

ABCA1 and extracts phospholipids and free cholesterol. Discoidal HDL travels to the 

plasma, where it interacts with plasma enzyme LCAT. Activated by apoA-1, LCAT 

esterifies free cholesterol on the surface of the particle. More hydrophobic cholesterol 

ester moves to the core of the particle and spherical mature HDL forms. HDL can then 

gather more unesterified cholesterol and phospholipids from peripheral cells, such as 

macrophages. As cholesterol is esterified by LCAT and moved to the core, concentration 

gradient drives more cholesterol to bind on the surface. HDL particles can be classified 

based on their maturation and interactions with other receptors and lipoproteins. Matured 

HDL can exchange cholesteryl esters and phospholipids with other lipoproteins by 

cholesteryl ester transfer protein (CETP), cholesteryl esters can be transferred to liver by 

scavenger receptor class B member 1 (SRB1) or HDL can be uptaken to liver for 

catabolization by HDL receptor (HDLR). (Kingswell et al. 2014). 

 

Cholesterol is transported from peripheral tissues to the liver for catabolism by a process 

called reverse cholesterol transport (RCT). In RCT (figure 1), free cellular cholesterol is 
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converted to its insoluble ester form outside the cell by a plasma enzyme 

lecithin:cholesterol acyltransferase (LCAT) (Fielding and Fielding 1995). More 

hydrophobic cholesteryl esters then move to the core of the pre-β HDL particle and form 

a mature HDL particle (Rader and Hovingh 2014), which can be taken up in liver for 

catabolism. 

  

HDL possesses many antiatherosclerotic properties including antioxidant capacity, anti-

inflammatory properties, and its ability to mediate cholesterol efflux from macrophages 

(Rosenson et al. 2012). HDL particles reduce inflammatory responses caused by arterial 

cholesterol-loaded macrophages and maintain the net cholesterol balance in the arterial 

wall. The inverse association between plasma HDL-cholesterol (HDL-C) concentration 

and coronary heart disease (CHD) has been shown in epidemiological studies (Toth et al. 

2013), and HDL raising therapies has been shown to either protect against atherosclerosis 

or regress pre-existing atherosclerotic disease in animal models (Rader and Hovingh 

2014). Direct infusion of HDL (Badimon et al. 1990) or overexpression of apoA-I by 

injection of recombinant adenoviral vector encoding human apoA-I (Zhang et al. 2003) 

have promoted RCT from macrophages in animal models. 

 

There have been efforts to develop HDL-raising therapies for humans. These include, for 

instance, CETP inhibitors (Tall and Rader 2018), which have shown a great rise in plasma 

HDL concentration but negative, or no impact on cardiovascular events in human trials. 

Due to complex metabolism of HDL and other lipoprotein particles, HDL-C (HDL-

cholesterol) concentration cannot be regarded as a direct measure of RCT (Rader and 

Hovingh 2014). It is concluded that when it comes to atheroprotection, it is not the 

concentration but the function of HDL that matters (Rader and Hovingh 2014). 

  

2.3 LCAT function in RCT 

 

Lecithin:cholesterol acyltransferase (LCAT) is a soluble enzyme that converts free 

cholesterol to cholesteryl esters on the surface of HDL particles (Jonas 2000). LCAT is 

synthesized mainly in the liver and is secreted to plasma (Calabresi et al. 2011). The lipid 

substrates needed for LCAT mediated cholesterol esterification are preferentially found 
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in pre-β HDL particles. On the surface of the HDL particle, LCAT is activated by apoA-

I (α-LCAT activity), it cleaves the fatty acid from lecithin, and it is transesterified to the 

free 3-β hydroxyl group of cholesterol. LCAT can also be activated by apo-B containing 

lipoproteins (β-LCAT activity). Cholesteryl esters (CE) are more hydrophobic than 

cholesterol, so they move to the core of the nascent, discoidal HDL to form mature, 

spherical HDL. This HDL maturation, because of cholesteryl ester build up to the core of 

HDL, is thought to be a crucial step in RCT (Freeman et al. 2020). In the reverse 

cholesterol transport process, LCAT plays a key role by promoting cholesterol transport 

from tissues into HDL and liver. Therefore, LCAT is an important enzyme in maintaining 

cholesterol homeostasis and an attractive target for development of therapeutics against 

atherosclerosis. 

 

Some rare recessive autosomal mutations occur in the LCAT gene, which lead to two 

known syndromes: familial LCAT deficiency (FLD) and fish-eye disease (FED) 

(Pavanello and Calabresi 2020). Mutations lead to either total or partial loss of ability to 

esterify cholesterol in apoA- or apoB-containing liposomes. 

 

2.4 LCAT based therapies 

 

Several therapy approaches have been made to increase LCAT concentration or its 

activity. Recombinant human LCAT (rhLCAT) has been used for treatment of 

atherosclerosis in pre-clinical and clinical studies in treatment of atherosclerosis and acute 

coronary syndrome, or as therapy for FLD (Freeman et al. 2020). In human trials, 

rhLCAT, administered intravenously, increased HDL-C and HDL-cholesteryl ester 

levels. In an animal model, injection of rhLCAT increased cholesterol efflux from 

macrophages. Treatment with rhLCAT may also, in addition to improving RCT, improve 

other HDL functionalities: Incubating HDL with rhLCAT ex vivo may also restore HDL-

mediated nitric oxide production in endothelial cells, a functionality often impaired in 

HDL of myocardial infarction patients (Ossoli et al. 2019). 

 

Other approaches include modified monoclonal human LCAT with even 10-fold activity 

compared to unmodified one, antibody-based LCAT stabilators leading to increase in 
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LCAT activity, hepatocyte targeted gene therapy and cell therapy with patients own cells 

transfected and grown in vitro, and small drug or peptide LCAT activators (Freeman et 

al 2020). 

 

2.5 LCAT activating peptides 

 

LCAT has low intrinsic activity, so to transform cholesterol into cholesteryl esters, LCAT 

needs to be activated (Freeman et al. 2020). LCAT is activated mainly by apoA-1, but by 

some other apolipoproteins as well. Many LCAT activating peptides have also been 

developed. Since it is the apoA-I that mainly activates LCAT, today, most of the 

developed peptides are apoA-I mimetics, meaning that they are on some level based on 

apoA-I sequences or share some structural similarity to apoA-I (Favaz et al. 2020, 

Freeman et al. 2020). ApoA-I composed of 243 amino acids, and secondary structure 

forms 10 amphipathic α-helices that are crucial for its interaction with lipids, and 

therefore, its function (Stoekenbroek et al. 2015). Some examples of apoA-I mimetic 

peptides are 18 amino acid peptide 18A (Wolska et al. 2021) and its derivative 2F with 

no sequence, but structural homology (amphipathic helix) to apoA-I, developed in the 

80’s; 4F peptide, tested in human trials; 6F (Navab et al. 2015) and 22A peptide 

(ESP24218, figure 2), and its derivatives 21A and 22AP (Favaz et al. 2020). Although 

apoA-I mimetic peptides are thought to act like circulating apoA-I, activating LCAT and 

promoting RCT, in animal trials, different mechanisms for prevention of atherosclerosis 

have also been presented (Navab et al. 2015). With 6F peptide, produced in transgenic 

tomatoes and fed orally to mice, levels of unsaturated lysophosphatidic acid (LPA) 

reduced in the small intestine. Level of unsaturated LPA in the small intestine was found 

to correlate with systemic inflammation and aortic atherosclerosis in mouse models. 4F 

peptide has shown anti-inflammatory and other beneficial effects in many animal disease 

models (Wolska et al. 2021). 
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Figure 2. Helical wheel plot of 22A peptide generated by HeliQuest. Amphipathic nature 

of the peptide resembles the main native LCAT activator apoA-I, which has a secondary 

structure of 10 amphipathic α-helices (Karalis and Jukema 2018). Hydrophobic amino 

acids in yellow showing lipid binding face of LFLLLLL. 

 

ApoA-I mimetic peptides activate LCAT at different levels compared to whole apoA-I. 

LCAT activation and cholesterol esterification is thought to be a crucial step in RCT 

process in driving the net cholesterol efflux from cells (Li et al. 2015). In the RCT process, 

apoA-I mimetic peptides are believed to act the same way that full length apoA-I in HDL 

particles (Li et al. 2015). Figure 3 shows the RCT process, where apoA-I mimetic peptides 

accumulate lipids and cholesterol from macrophage foam cells. LCAT activating peptides 

have also been incorporated with lipids to generate HDL-like particles. In addition to 

different potencies that peptides have, also lipid composition of these sHDL particles have 

an effect on lipid mobility, especially cholesterol efflux (Schwendeman et al. 2015). 
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Figure 3. Reverse cholesterol transport process by apolipoprotein mimetic peptides. 

Process begins with peptide interaction with macrophage foam cells ATP-binding 

cassette transporter A1 and G1 (ABCA1 and ABCG1) and extraction of free cholesterol 

and phospholipids. Circulating LCAT then esterifies cholesterol, and hydrophobic 

cholesteryl ester moves to the core of forming particle. Cholesteryl ester can then be 

transported to liver via SRB1 or exchanged to triglycerides with VLDL by CETP (Li et 

al. 2015). 

 

Several apoA-I mimetic peptides have been developed which differ in their ability to 

activate LCAT, inducing cholesterol efflux and forming HDL-like particles (Li et al. 

2015). Although several synthetic apoA-I mimetic peptides activate LCAT, the precise 

activation mechanism is not known. Helical regions of apoA-I in are known to contribute 

in LCAT activation (Roosbeek et al. 2001), and peptides have been designed to mimic 

these structures (Favaz et al. 2020). More precise knowledge or suggestions of the 

important structures for LCAT activity are sprouting from molecular dynamic simulations 

(Gorshkova et al. 2018). 

 

 

 



10 

 

2.6 Synthetic HDL 

 

Disc shaped HDL particles were reported by Forte and others (1971) from patients with 

FLD. It was soon noticed that incubating phospholipids with apolipoproteins isolated 

from HDL, led to spontaneous reorganization to HDL-like particles (Tsujita et al. 2018). 

Since then, disc-shape synthetic HDL (sHDL) particles have been developed for e.g. 

studying membrane protein structures, drug delivery and cardiovascular disease treatment 

(Tsujita et al. 2018). 

 

2.6.1 sHDL synthesis methods 

 

sHDL particles can be formed in vitro by many methods from different proteins (usually 

apoA-I) or different (apoA-I -mimetic) peptides and lipids. Methods often include some 

sonication and/or thermal cycling steps, but some faster, single step procedures have also 

been developed. Some examples of sHDL production methods include the following. 

Fawaz and others (2020) formed sHDL particles from three different peptides and four 

phospholipids by co-lyophilization procedure. They dissolved peptides together with 

phospholipids in glacial acetic acid and lyophilized mixture overnight. Powder was then 

hydrated with phosphate buffered saline (PBS) and cycled between room temperature and 

55°C to form sHDL. Tang and others (2017) used a thin-film hydration method, where 

they mixed phospholipids and peptides, dissolved in chloroform and methanol:water, 

respectively. Mixture was then vortexed and dried by nitrogen gas and vacuum. The 

resulting film in a glass vial was hydrated with PBS and homogenized with a bath-, and 

a probe sonicator to achieve a clear solution. Lerch and others (1996) reconstituted HDL 

using human apoA-I and phosphatidylcholine (POPC) as lipid source by cholate dialysis 

method. In their method, briefly, lipids were dissolved using sodium cholate and mixed 

with protein. Mixture was then diafiltered to remove sodium cholate. After some 

concentration adjustments and filtrations, the product was lyophilized. Method was 

developed as a fast preparation of sHDL, adaptable for industrial scale, leading to a stable 

product. Microfluidics have also been used in sHDL production (Kim et al. 2013). In this 

fast, single step production method, sHDL particles self-assembled, when apoA-I and two 

different phospholipids (DMPC and MHPC) were mixed by microfluidic device. Lipid 



11 

 

transition from organic to aqueous solvent causes them to aggregate, and micro vortices 

make apoA-I to incorporate and form sHDL particles. 

 

2.6.2 sHDL for treating acute coronary syndrome 

 

There has been an effort to develop sHDL products for the treatment of acute coronary 

syndrome (ACS). sHDL is believed to act the same as endogenous HDL, stimulating 

RCT. Phase I and II studies with varying synthetic liposomes have aimed on treating 

patients with a stable disease or for acute myocardial infarction with single or multiple 

doses (Kuai et al. 2016). Some examples of these sHDL products include apoA-I based 

CSL-111 and CSL-112, composed of human plasma apoA-I and soybean 

phosphatidylcholine (sPC); ETC-216, composed of recombinant apoA-IMilano and POPC 

(Krause and Remaley 2013); and peptide based ETC-642, composed of apoA-I mimetic 

single helix peptide 22A with dipalmitoylphosphatidylcholine (DPPC) and 

sphingomyelin (SM), which was designed to activate LCAT (Kuai et al. 2016) but has 

also HDL-like anti-inflammatory properties (Di Bartolo et al. 2011). Using peptides 

instead of whole protein may be desirable to decrease the production costs of sHDL 

products and to avoid possible impurities of human derived protein. This is even more 

important when developing products not for research purposes but for clinical studies and 

clinical use. 

 

2.6.3 Other uses of synthetic HDL 

 

Synthetic HDL can be used for imaging purposes, or loaded with different types of cargo, 

and its targeting properties can be utilized for delivery (figure 4). Synthetic HDL has 

been used to deliver contrast agents to atherosclerotic plaques for magnetic resonance 

imaging (MRI) (Frias et al. 2004). Gadolinium-loaded HDL-like nanoparticles notably 

enhanced MRI image of atherosclerotic plaques in vivo. Fluorescent dyes have been 

incorporated in reconstituted HDL for imaging SRB1-positive tumors, and different 

targeting ligands have been attached to HDL for expanding the targeting spectrum for 

different types of cancers (Kuai et al. 2016). 
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Figure 4. Presentation of how sHDL particle could be used for drug delivery and imaging. 

A and B: Targeting molecules and drugs loaded on nascent or spherical sHDL particles. 

C and D: Core or surface of sHDL loaded with signal emitting dyes or targeting 

molecules. (Kornmueller et al. 2019). 

 

HDL has intrinsic targeting properties that can be utilized to deliver cargo to different 

parts of the body. Obvious target is the cardiovascular system, where, due to its ultrasmall 

size, HDL can infiltrate atherosclerotic plaques, or use receptor mediated (SRB1, 

ABCA1, ABCG1) interaction with macrophages (Kuai et al. 2016). Another natural target 

for HDL is hepatocytes, which can be hard to achieve by bare drug molecules. HDL also 

has some intrinsic properties that make it a good candidate to deliver cargo to cancer cells. 

Small size and long circulation half-life allow HDL to diffuse and penetrate the porous 

extracellular matrix of cancer cells and accumulate in tumors. Many types of cancer cells 

need cholesterol for rapid proliferation and have also been reported to overexpress SRB1 

(Mooberry et al. 2010), a natural target receptor for HDL. 
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3 LCAT FUNCTION AND ACTIVATION MECHANISM 

 

LCAT catalyzes the esterification of cholesterol on the surface of lipoproteins, mainly 

HDL. Reaction involves hydrolysis of phospholipid sn-1 or sn-2 alkyl chain and its 

transfer to free cholesterol (Laurenzi et al. 2021). It has been shown that, when interacting 

with apoA-I -containing reconstituted HDL, LCAT first binds to the lipid part of the 

lipoprotein particle (Jin et al. 1999). This is followed by interaction with apoA-I, resulting 

in stronger binding and activation (Castelejin et al. 2018). Comparing catalytic rate 

constant and dissociation rate constant suggests that LCAT dissociates from the surface 

of the HDL particle after one catalytic cycle (Adimoolam et al. 1998). 

 

Piper and others (2015) crystallized LCAT to investigate its function in respect of its 

structure (figure 5). After LCAT was produced in HEK cells and purified, it was 

complexed with mice antibody Fab fragments and crystallized. The crystal data was 

collected and processed, and the model was built. The model shows a core α/β hydrolase 

domain including catalytic triad, and two subdomains. Subdomain 1 is required for 

interfacial activation (membrane binding domain), and subdomain 2 contains the lid and 

amino acids that shape the active site (cap domain, figure 6) (Castelejin et al 2018). 
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Figure 5. Left: Crystal structure of human LCAT. Originally crystallized with Fab1, 

which is not showing here. Right: A close view of LCAT active site. Three amino acids 

Ser181, Asp345 and His377 form the LCAT catalytic triad. Subdomain 2 (green stick 

representation) shapes the binding pocket. (Modified from Piper et al. 2015). 

 

In their molecular dynamic simulations, Castelejin and others (2018) investigated the 

interaction of LCAT with lipid surfaces. It was noticed that the lid-region of the cap-

domain shields the nonpolar amino acids in the tunnel-opening of the active site. They 

suggest that the lid acts as a dynamic gate, regulating the access of PLs and unesterified 

cholesterol (UC) to the active site, and protecting the active site from the solvent (Norum 

et al. 2020). Once LCAT bounds on the lipoprotein lipid surface, the lid undergoes a 

conformational change to open-state, enabling a deeper penetration of the tunnel-opening 

nonpolar amino acids to the lipoprotein surface, which they suggest being a prerequisite 

for the entry of lipids to the active site. Additionally, based on their simulations, UC 

molecules tend to accumulate next to the tunnel-opening nonpolar amino acids of the 

membrane-penetrating region of LCAT, indicating its role in regulating the access of UC 

and PLs to the active site. 
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Figure 6. LCAT in lid-open (left) and lid-closed (right) states. Lid-closed state shields the 

nonpolar amino acids in the tunnel opening (dashed black sphere) to the active site. Lid-

open state enables deeper burial of tunnel-opening nonpolar amino acids to lipid surface. 

(Casteleijn et al. 2018). 

 

In their simulations, Segrest and others (1999) proposed a detailed model of a discoidal 

HDL particle, containing two apoA-I molecules wrapped around a bilayer of lipid 

molecules (figure 7). ApoA-I being composed of 10 amphipathic α-helices, they ended 

up with the specific 5/5 orientation, or registry, where helix 5 of one monomer is 

associated with helix 5 of another, by the hypothesis that the optimal geometry of two 

stacked rings maximize intramolecular salt bridges between them. In the model, α-helices 

of apoA-I with 3 turns per 11 residues end up with a hydrophobic face facing inwards in 

the ringlike orientation. They also point out that the 5/5 structure has the same interfacial 

orientation that the x-ray structure of non-planar, lipid-free apoA-I. 
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Figure 7. Simulated model of a HDL particle. Left: A molecular graphics model of a 

double belt containing two apoA-I molecules in 5/5 registry. Right: HDL space filling 

model of 5/5 registry around a double layer of POPC. (Modified from Segrest et al. 1999). 

 

Manthei and others (2020) produced sHDL particles from human apoA-I and two 

phospholipids: 1-palmitoyl-2-oleoyl-sn-glycero- 3-phosphocholine (POPC) and 1,2-

dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG).  They incubated sHDL with a great 

excess of rhLCAT and separated LCAT-HDL complexes from free HDL by size-

exclusion chromatography (SEC). They used different methods to study the details of the 

LCAT-HDL complex and their data shows that “LCAT preferentially binding to the edge 

of discoidal HDL near the boundary between helix 5 and 6 of apoA-I in a manner that 

creates a path from the lipid bilayer to the active site of LCAT”. LCAT can bind to 

amphipathic helices of other lipoproteins and different helical registries but needs a helix 

4/6 region of 5/5 registry for activity. Cooke and others (2018) studied LCAT interactions 

with sHDL particles composed of apoA-I and POPC with different fixed helical registries 

(5/5 and 5/2). It was found out that sHDL with 5/2 registry promoted cholesterol efflux 

from macrophages equally to the one with 5/5 registry but lacked the ability to form 

cholesteryl esters. The importance of apoA-I 5/5 registry is further strengthened by 

Gorshkova and others (2018), whose molecular simulations and other studies show that 

in 5/5 registry, two α-helices of apoA-I form a hydrophobic tunnel, necessary for 

cholesterol esterification. 

 

Laurenzi and others (2021) built a computational sHDL model using apoA-I and POPC 

to study its interaction with LCAT by molecular dynamic simulations. They aimed to 

deepen the knowledge of LCAT-HDL interaction highlighting the anchoring and 

conformational changes in the LCAT hydrophobic hood. In their simulations, LCAT 

seems to form nonspecific protein-lipid interactions when close to lipid surface, but 
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stronger protein-protein interaction (especially with apoA-I helices 4/6 on the edge of 

lipoprotein) is necessary for anchoring, leading in the opening of the lid and exposure of 

the catalytic site for hydrophobic substrates. 

 

LCAT interactions with lipoproteins, peptides and nanodiscs have been studied with 

surface sensitive methods. Information extracted from these methods help to understand 

the meaning of different structures on the LCAT binding and activation, and to design 

more effective sHDL products. Methods can be used for example to measure lipoprotein 

absorption on lipid bilayer, a step necessary for build-up of atherosclerosis; and LCAT 

affinity and binding kinetics with sHDL. 

 

3.1 Quartz crystal microbalance 

 

Quartz crystal microbalance is a method used to measure, among other things, the affinity 

of molecules on the sensor surface. Technique is highly sensitive to small changes in the 

mass absorbed on the sensor, that is recorded as a small change in quartz crystal 

oscillation frequency through the Sauerbrey relationship (formula 1) (Zhang and Wang 

2012). 

 

𝛥𝑚 = −𝐶
1

𝑛
𝛥𝑓                (1) 

 

where m is the change in mass absorbed on the sensor, Δf is change in oscillation 

frequency, constant C = 17,7 ng*Hz-1*cm-2) for a 5 MHz quartz crystal and n is the 

overtone. 

 

Sauerbrey relationship only applies to rigid surfaces, but another mathematical parameter 

dissipation (D) takes into account the viscoelastic properties of the absorbed layer and 

enhances the sensitivity of QMC-D 100 times higher compared to traditional QCM 

(Zhang and Wang (2012). Dissipation can be recorded, giving information about the 

change in surface viscosity, and is especially important when applying technique on for 

example protein-, or lipid-surface interactions in aqueous environment. Figure 8 

represents a typical QCM sensor. Sensor consists of contact electrodes, the quartz crystal 
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between them, and coating that can be made from a variety of different materials. Large 

pool of coating materials gives options for different surface-sample interactions. 

 

 

Figure 8. QCM sensor (Zhang and Wang 2012). 

 

Lipid bilayers can be built on QCM sensors. Bilayers can be used as models of cell 

membranes when studying different interactions with them. One method for producing 

lipid bilayers is to incorporate small unilamellar vesicles (SUV) which is followed by 

their absorption on the sensor surface. Absorption kinetics can vary based on vesicle lipid 

composition and other factors (Richter et al. 2003) and can be seen on the QCM-D  

responses (figure 9). 

 

 

Figure 9. Different absorption of SUVs on QCM-D silica sensor. A: Formation of 

supported vesicular layer (SVL), resulting in large Δf and ΔD, indicating a thick, flexible 

layer. B and C: formation of supported lipid bilayer (SLB) at high and low vesicular 

coverage. (Modified from Richter et al. 2003). 

 

Castelejin and others (2018) used QCM to investigate LCAT binding to POPC lipid 

bilayer with and without apoA-I-derived peptides. Peptides were chosen from the 

proposed LCAT activating region and the aim was to see if they would affect the binding 

of LCAT on the lipid bilayer. Supported lipid bilayer was achieved by injecting POPC 
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SUVs into the measurement chamber on a silica-coated sensor. Affinity of LCAT and 

peptides separately and in combination were measured, and results are represented in 

figure 10. It can be seen that some peptides (150-170) did not interact with lipids, and 

others did (122-142, 185-205, 150-170-Y166F), and some of them (122-142, 135-155 

and 150-170) increased the LCAT affinity to the surface. Castelejin and others 

hypothesize that peptide interaction with LCAT could increase its lipophilicity. 

 

 

Figure 10. QCM responses from pure LCAT (blue curve), peptides (black curve), peptides 

along with LCAT (red curve), sum of peptides and LCAT (black dashed curve). Graph 

headings stand for peptide sequences. (Castelejin et al. 2018). 

 

The effect of lipid bilayer charge on HDL and LDL absorption was studied with QCM 

(Browning et al. 2018). Supported lipid bilayers of varying proportions of neutral DMPC 

and negatively charged DMPS were prepared on sensor surface, and frequency and 

dissipation frequencies were recorded. It was found out that for LDL, greater negative 

charge on lipid surface increased its rate of absorption and overall affinity on the surface, 

which did not happen for HDL. Dissipation revealed that HDL did not alter the lipid 

bilayer rigidity as much as LDL, possibly due to stronger binding to the surface. 

Lipoprotein binding to endothelial cell membranes in the vascular system being the initial 
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step of atherosclerosis (Tabas et al. 2015), membrane binding properties of lipoproteins 

are one interesting study area. 

 

LCAT interactions with nanodiscs have not, as far as the author knows, studied widely 

with QCM. The method could have some benefits in the study of LCAT-nanodisc 

interactions: depending on the sensor surface, nanodiscs can be attached directly on the 

surface, eliminating the need of any molecular linkers. The LCAT binding on a nanodisc-

coated surface can be recorded accurately in real time and, in theory, dissociation rate 

constant and binding free-energy value could be extracted. Being a fast and easy to use 

method, QCM enables fast comparison of nanodiscs, composed of different peptide or 

protein and lipid components, in respect of their interaction with LCAT. 

 

3.2 Surface plasmon resonance 

 

Surface plasmon resonance is a technique that can be used to study the strength of 

molecular interactions in real time on a sensor chip. In a normal set up of surface plasmon 

resonance (SPR) technique (figure 11), a chip with a thin metal layer (usually gold) is 

used (Bakhtiar 2013). The chip acts as a barrier between two phases, a prism and a liquid 

phase (buffer) where the analyte is circulating. Polarized light is passed through the prism 

on the gold layer on the chip. When analyzing the light reflected from the gold layer, at a 

certain angle, a lowering in light intensity is observed. At this angle, the polarized laser 

light is interacting with free electrons of the gold layer and is exciting surface plasmons. 

This lowering in intensity of refracted light seen on the detector at a certain angle is called 

SPR-dip. The angle at which SPR-dip is seen, depends on the refractive index of the 

circulate in near vicinity of gold film. Refractive index can change due to, for example, 

mass absorbed on the sensor. 

 

Sensor surfaces can be chemically modified for a wide range of ligand immobilization, 

for example liposomes have been directly attached on the sensor surface to study their 

interactions with drug molecules (Olaru et al. 2015). Capture molecules can be used for 

indirect ligand binding. Method can give information of interaction kinetics, analyte 



21 

 

concentration and binding level, which can be used to determine reaction rates and 

equilibrium constants. 

 

 

Figure 11. Schematic set up of SPR technique. Figure showing antibody immobilized on 

gold film and analyte circulating in liquid phase. Other side of the gold film, there is a 

prism and polarized laser light reflecting from the interphase of two phases. On the right, 

the angle change in SPR -dip is shown as well as resonance signal changing in real time. 

(Olaru et al. 2015). 

 

SPR technique can be used to investigate LCAT interactions. When studying the meaning 

of different protein and lipid composition of sHDL particles and small unilamellar lipid 

vesicles on LCAT association and dissociation rate constants ka and kd with SPR, Jin and 

others (1999) found out that protein or lipid composition did not affect ka significantly. 

On the other hand, kd was affected by lipid and protein content, especially the presence 

of apoA-I decreased kd, suggesting protein-protein interactions with apoA-I and LCAT. 

Castelejin and others (2018) used SPR as a part of their study on LCAT interactions with 

apoA-I-derived peptides. They used streptavidin-biotin coated sensors and ran LCAT in 

different concentrations on anchored peptides to determine LCAT-peptide complexes kd 

values. Results were similar to previously described QCM results, showing strongest 

affinities of LCAT with peptides 122-142, 135-155 and 150-170. SPR can be used to give 

some clues about the LCAT structure needed for its activity. 

 

SPR was used as part of the study investigating two naturally occurring mutants T123I 

and N228K of LCAT (Adimoolam et al. 1998). The SPR association and dissociation 

results, together with activity studies, give insight on the meaning of specific LCAT 
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structures on the binding on lipid surfaces and interaction with apoA-I. On the other hand, 

as well known, specific apoA-I structures affect LCAT binding and activity. Cooke and 

others (2018) used SPR as a part of their investigation of the meaning of different helical 

registries of apoA-I in sHDL particle on LCAT binding and activity. They used wild-type 

(WT) and mutant apoA-I, where cysteine residues were introduced to specific locations. 

The sHDL particles were immobilized using apoA-I-specific antibody and LCAT was 

run on sensor chips. Based on the SPR measurements, different helical registries of apoA-

I in sHDL particles did not have effect on LCAT binding. Gu and others (2016) generated 

site specific mutations on amino acids on the proposed LCAT docking site of apoA-I. 

They investigated LCAT interactions with sHDL composed of WT and mutant apoA-I 

with SPR, and their results confirmed the significance of specific amino acids on LCAT 

binding. 

 

SPR is a versatile method and has been widely used in the study of LCAT interactions. It 

can be easily utilized in peptide, protein, lipoprotein, or lipid research. Method is used to 

test the hypothesized meanings of specific structures on LCAT and lipoprotein 

interactions and to verify the results gained from simulations. 

 

3.3 Electron microscopy 

 

The LCAT-HDL interaction can be studied with electron microscopy (EM). Giving 

visible information about LCAT binding, EM can be used to test the hypothesized binding 

regions in HDL particles or to compare binding differences between various sHDL 

particles and LCAT. As previously described, Manthei and others (2020) produced sHDL 

particles and mixed them with LCAT. They analyzed LCAT-HDL complexes with 

negative stain EM. Their EM data (figure 12) shows that LCAT binds to the edge of the 

discoidal HDL, suggesting interaction with apoA-I. More than one bound LCAT per HDL 

was often found, LCAT bound preferentially with 60° angular separation. Although they 

found up to 5 bound LCAT per HDL, they suggest that typically only one LCAT is bound 

in vivo (Manthei et al. 2020, supplementary Fig 1). Also, LCAT binding to HDL may be 

in some level nonspecific, but activity is highly dependent on the apoA-I sequence LCAT 

binds to. 
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Figure 12. Negative stain EM results of LCAT-HDL complex. A)  LCAT-HDL 

complexes were separated from free HDL via SEC. B) Negative stain EM image showing 

LCAT-HDL particles, 2:1 particles circled with pink. C) and D) Selected class averages 

and 3D reconstruction of 1:1 and 1:2 particles. Black scale bar for 2D classes is 10 nm 

and 3D classes 5 nm. (Manthei et al. 2020).  

 

 

4 THEORETICAL BACKGROUND & AIM OF THE STUDY 

 

HDL-mimetic nanodiscs possess the potency of endogenous HDL in the future treatment 

of atherosclerosis and plaque reduction. However, the development of these particles 

needs deep understanding of their interactions with other molecules and proteins in the 

body. Being composed of a large selection of phospholipids, other lipids, proteins, and 

peptides, sHDL can be tuned to have distinct properties all away from acting as drug 

nanocarriers to promoting RCT. When promoting RCT and plaque reduction in peripheral 

tissues, the key step is thought to be the interaction between sHDL and LCAT, and more 

precisely, sHDL´s ability to bind and produce LCAT activation on the surface of the 

sHDL particle. Much is already known about the structure and function of LCAT and its 

interactions and activation mechanism, but more precise knowledge is needed. 
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Combining the existing knowledge with molecular dynamic simulations and sensitive, 

interactions revealing methods, more information and deeper understanding of the LCAT 

activation on atomic level can be achieved. This will help to design and produce sHDL 

particles with more potential. 

 

This work aims to deepen the knowledge of HDL-mimetic nanodiscs and how they 

interact with LCAT. Five different peptides are investigated, and they will be combined 

with phospholipids to form HDL-mimetic nanodiscs. The effect of peptide sequences on 

their relative binding strengths with LCAT will be measured with QCM. As far as the 

author knows, the QCM has not been previously used in the study of HDL-mimetic 

nanodiscs and their interaction, binding strengths, or activation studies with LCAT. 

Therefore, this study also aims to determine if QCM is a suitable method in this kind of 

research. 

 

First peptide of interest was a reference peptide, a well-studied apoA-I mimetic peptide 

22A (PVLDLFRELLNELLEALKQKLK, figure 2), which has previously been combined 

with sphingomyelin (SM) and DPPC to a product called ETC-642, a first peptide-based 

sHDL in clinical trials (Kuai et al. 2016). 22A peptide activates LCAT almost as good as 

apoA-I (Li et al. 2015). Fawaz an others (2020) noticed that in plasma, 22A peptide 

undergoes a hydrolysis, loses C-terminal lysine, to 21A, that significantly decreases its 

LCAT activation potency. They hypothesized that adding a proline in the end, to 22AP, 

would protect 22A from hydrolysis without affecting its LCAT activation potency.  

 

The other two peptides of interest are based on the findings of Gorshkova and others 

(2018). In their molecular dynamic simulations of two apoA-I molecules on discoidal 

HDL and crystal structures of apoA-I, suggest a specific tunnel formed by two α-helices 

5/5 of two apoA-I molecules. At the edge of the hydrophobic tunnel, two arginine residues 

have important role in interaction with fatty acids cleaved from phospholipids, 

positioning them for esterification to cholesterol, they hypothesize. We might assume that 

two 22A peptides are positioned dimeric on the nanodisc surface, their arg7 residues 

aligned the right way, promoting LCAT activity, since the right dimeric positioning of 

apoA-I seems that important in HDL (Giorgi et al. 2022). Arginine and lysine are possible 
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capable of forming salt bridges between peptides to form hypothesized dimers. In figure 

13, the hydrophobic face of LFLLLLL of 22A peptide is highlighted in yellow, and 

charged, basic, salt-bridge forming arginine R7 and lysine K22 marked with numbers. 

These amino acids were mutated to uncharged glutamine, to peptides 22A-K22Q and 

22A-R7Q to see, if their neutralization effects on LCAT binding, the necessary first step 

for its activation. 

 

 
Figure 13. Helical plots of five investigated peptides in the study. Generated by 

Heliquest. Amino acids of interest are marked with numbers and changes in sequences  

highlighted with black circles. 

 

In this study, five different peptides (table 1), were investigated. First three of the peptides 

have known distinct LCAT activation potency. Other two peptides will be investigated 

against the hypothesis of salt-bridge driven dimerization by R7 and or K22 and will be 

compared with the first three. The peptide net charges are also presented in table 1, and 

its effect on nanodisc assembly and LCAT binding will be assessed. 
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Table 1. List of peptides investigated in the study. 

 Sequence Name Net charge* 

A PVLDLFRELLNELLEALKQKLK 22A 0 

B PVLDLFRELLNELLEALKQKL 21A -1 

C PVLDLFRELLNELLEALKQKLKP 22A-P 0 

D PVLDLFRELLNELLEALKQKLQ 22A-K22Q -1 

E PVLDLFQELLNELLEALKQKLK 22A-R7Q -1 

*By PepCalc.com – Peptide property calculator 

  

 

Phospholipid compartment affects sHDL formation (Patel et al. 2019) and cholesterol 

efflux in vitro (Fawaz et al. 2020). Compared to sHDL made with unsaturated 

phospholipids with lower Tm, saturated phospholipids have higher affinity for cholesterol 

(Ohvo-Rekilä et al. 2002), physical stability and longer circulating times, but their binding 

with LCAT, and therefore LCAT activation is lower (Fawaz et al. 2020). Despite the 

relatively lower binding with LCAT, and unsaturated phospholipids being more favorable 

substrates for cholesterol esterification (Fawaz et al. 2020), in this study, saturated 

phospholipid DPPC (figure 14) was used, because of its predicted good nanodisc 

formation and stability, The interest was in relative LCAT binding, not activation, with 

nanodiscs composed of different peptides, and actual LCAT-nanodisc binding strength is 

supposed to be irrelevant. 

 

 
Figure 14. Dipalmitoylphosphatidylcholine (DPPC). 

 

Because nanodisc self-assembly is affected by both lipid and peptide components, the 

interest was also to see if all five peptides can be combined with DPPC by thermal cycling 

method (Giorgi 2021) and do the small changes in peptide sequences affect the nanodisc 

formation or their size.  
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5 MATERIALS AND METHODS 

 

5.1 Reagents and instrumentation 

 

• Chloroform (Sigma-Aldrich) 

• Dipalmitoylphosphatidylcholine (DPPC) (Avanti Polar Lipids) 

• EDTA (Merck) 

• HEPES (Sigma-Aldrich) 

• PBS 

• Peptides (Peptide Protein Research Ltd.): 

o 22A (PVLDLFRELLNELLEALKQKLK) 

o 21A (PVLDLFRELLNELLEALKQKL) 

o 22AP (PVLDLFRELLNELLEALKQKLKP) 

o 22A-K22Q (PVLDLFRELLNELLEALKQKLQ) 

o 22A-R7Q (PVLDLFQELLNELLEALKQKLK) 

• Lecithin:cholesterol acyl transferase (ProSpec-Tany TechnoGene Ltd) ? 

• Sodium chloride (Sigma-Aldrich) 

 

Instrumentation 

• Atomic force microscopy - NanoWizard 4XP Bioscience (JPK-Bruker) 

• Bath sonicator 

• Dynamic light scattering - Zetasizer APS (Malvern Instruments Ldt.) 

• Electron microscopy - HT7800 with Gatan Rio 9 (model 1809) camera (Hitachi) 

• Plasma Cleaner - PDC-002 (Harrick Plasma) 

• Quartz crystal microbalance - QCM-Z500 microbalance (KSV Instruments Ltd.) 

• Rotavapor R-200 (BÜCHI Labortechnik) 

 

 

5.2 Nanodisc preparation by thermal cycling method 

 

The sHDL peptide-nanodiscs used in this study were produced by thermal cycling 

method. This method was selected for this study based on evaluation by Giorgi (2021). 
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With the thermal cycling method, it is possible to avoid the use of excess chemicals and 

complicated laboratory equipment, and to obtain consistent homogenous sHDL particles. 

Lipid stock solution was prepared by dissolving 5 mg of DPPC in 1 ml of chloroform to 

obtain a solution of 5 mg/ml. Stock solution was stored in the freezer (-20 ℃?) until use. 

Five different peptide stock solutions were prepared by dissolving 5 mg of each apoA-I 

mimetic peptide (table 1) in 1 ml of PBS to obtain solutions of 5 mg/ml. Peptide stock 

solutions were stored at 4 ℃ until use. 

 

Target nanodisc lipid-peptide ratio was 2:1 in weight (7:1 molar ratio). First, 40 µl of lipid 

stock solution was measured in a glass vial and vacuum dried in rotavapor, at room 

temperature, under vacuum (70 Pa), under nitrogen flow, for 1 hour. The resulting thin 

lipid film was hydrated by adding 250 µl of PBS, and the solution was vortexed 

vigorously for 1 min. In order to form liposomes, solution was then sonicated in a bath 

sonicator above DPPC phase transition temperature (Tm) of 41 ℃ (Chen et al. 2018) in 

55-60 ℃ for 1 hour, until a clear solution was obtained. Then, 20 µl of peptide solution 

was added, and solution was vortexed gently for 5 min. Thermal cycling was then 

performed above and below Tm, between 60 ℃ (3 min) and 4 ℃ (3 min), three cycles. 

Thermal cycling decreases particle size, and results in formation of small homogenous 

sHDL nanodiscs. The sHDL nanodisc production protocol is illustrated in figure 15. 

Nanodisc formation and homogeneity were evaluated with DLS at 25 ℃ (measurement 

specs?). Prepared 1,1 mg/ml nanodisc solution was stored in 4 ℃. 
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Figure 15. Thermal cycling method in peptide-phospholipid nanodisc production. (Giorgi 

2021). 

 

5.3 QCM measurements 

 

Before QCM measurements, LCAT stock solution was prepared by dissolving 10 µg of 

LCAT in 500 µl of PBS. Solution was centrifuged (14000 RPM) twice through Amicon 

Ultra-0.5, 10 kDa cut-off filter (Sigma-Aldrich) for buffer exchange and purification. 

Solvent was changed in between two cycles. Prepared 20 µg/ml (~430 nM) LCAT 

solution was stored in -20 ℃ before further use. 

 

Impedance-based QCM instrument QCM-Z500 microbalance (KSV Instruments Ltd., 

Helsinki, Finland) was used for the measurements. Temperature was kept constant at 20 

℃. Before measurements, silica-coated sensor (Q-Sense Inc./Biolin Scientific, Västra 

Frölunda,  Sweden) were flushed with 70 % ethanol, ultrapure water, dried under nitrogen 

flow, and oxygen plasma-treated (PDC-002;  Harrick  Plasma,  Ithaca,  NY) for 5 min at 

29,6 W and 133-173 Pa. Samples were injected into the measurement chamber using a 

peristaltic pump system. After the baseline of the signal at different frequency overtones 

(3, 5, and 7) was stabilized with PBS, a nanodisc surface was formed by flowing nanodisc 
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solution (0,15 mg/ml in PBS, 150 µl/min) on the sensor for 5 min, until the signal was 

again stabilized. Flow speed was then decreased to 75 µl/min for 5 min flow with PBS to 

ensure a solid, uniform nanodisc surface. 10 nM (0,47 µg/ml) LCAT was then injected 

through the measurement chamber at 75 µl/min for 17 min. Then, the running solution 

was once again changed to PBS to see the resonance signal even up. All measurements 

were performed three times, in between measurements, sensor and chamber were cleaned 

in situ by 3 min sequential injections of CHAPS 20 %, Hell-Manex 2 %, Ethanol 70 %, 

and ultrapure water at 150 µl/min. Typical diagram of an individual measurement is 

presented in figure 16, showing all different phases in the measurement. For each 

measurement, frequency overtone signals were normalized, baseline corrected, and 

averaged.  

 

 

 

Figure 16. A typical frequency diagram of one QCM measurement with dissipation curve, 

D. Start of different phases are marked with black arrows. From left to right: Flow of 

nanodisc solution to the measurement chamber, stabilization with PBS, 17 min flow of 

LCAT on the nanodisc surface, stabilization with PBS, chamber cleaning in situ. 

 

Regarding the QCM measurements, there was also an effort to scan the nanodisc coated 

sensor surface with atomic force microscopy in liquid environment, to see the orientation 

of the discs on the surface. Assuming LCAT tends to bind on the edge of the nanodisc 
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(Giorgi et al. 2022), the nanodisc orientation could make a difference in QCM results. 

Unfortunately, despite all the effort, good pictures were not achieved. 

 

5.4 Electron microscopy 

 

Electron microscopy was used to visualize prepared peptide-nanodiscs and to possibly 

see any differences in LCAT binding on the surfaces of nanodiscs prepared from peptides 

A and B (and possibly to see the binding spot in the edge of the disc? picture from some 

reference). Negative stain electron microscopy measurements were performed as follows. 

Nanodiscs for EM measurements from peptides A and B were prepared by thermal 

cycling method otherwise the same way as described earlier, except instead of PBS, EM-

buffer (20mM HEPES, 120 mM NaCl, 1 mM EDTA, in ultrapure water) was used to 

improve the quality of the measurements. The LCAT used in the EM measurements was 

also dissolved in the EM-buffer and treated the same as described earlier. Nanodisc 

solution of 0,1 mg/ml and LCAT solution of 0,1 mg/ml were incubated in 37 ℃ separately 

for 5 min before mixing them in 1:15 (nanodisc:LCAT). After incubating them 3 min 

together in 37 ℃, they were shifted to 4 ℃. Samples A and B were fixed on lattice (200 

mesh Cu + continuous carbon) 15 min later by incubating 3 µl of sample for 45 s, followed 

by drying with blotting paper and washing 3 times with ultrapure water. Staining was 

done twice with 2 % uranyl acetate, and the lattices were left to dry in air. Hitachi HT7800 

electron microscope was used, and the data was collected with 120 kV voltage with 

magnification of 40000 leading to pixel size of 2,79 Å/pixel. 999 pictures were taken 

from sample A, and 164 from sample B with exposure time of 1 s. Data was processed 

on Scipion platform to obtain the 2D classifications on the samples.  
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6 RESULTS 

 

6.1 sHDL size distribution by DLS 

 

Nanodiscs produced by thermal cycling method were instantly analyzed for their size with 

dynamic light scattering (Zetasizer). All the 5 different peptides formed homogeneous 

particles of similar size range from between 9,1 and 10,5 nm (figure 17, see also table 2). 

It is to remember that DLS gives the hydrodynamic diameter of the particles (Stetefeld et 

al. 2016). In the case of discs, the hydrodynamic diameter extracted by DLS differs from 

the disc diameter. Still, the hydrodynamic diameter was used as disc diameter in following 

calculations in this study. It can be argued that the error treats all different peptide-

nanodiscs the same way. 
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Figure 17. Size distribution of 5 different peptide-nanodiscs by DLS. From up: disc A, B, 

C, D, E. All  peptides formed homogenous, similar sized nanodiscs close to 10 nm in 

diameter. 
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Table 2. Peptide nanodisc diameters determined by DLS, which shows nanodisc particle 

size ranging from 9,1 to 10,5 nm and good homogeneity in all the samples.  

 Size (nm)* % of V SD 

A 10,0 99,7 0,77 

B 9,8 99,9 0,69 

C 10,5 99,7 0,82 

D 9,1 99,9 0,81 

E 10,3 99,3 0,72 

*Hydrodynamic diameter determined by DLS 

 

Prepared nanodiscs were highly homogenous and their sizes were on same range on both 

sides on 10 nm depending on the peptide. The peptide net charge did not affect nanodisc 

self-assembly or size. 

 

6.2 Comparing peptide properties by QCM 

 

After the baseline of the resonance signal was stabilized by flowing PBS into the 

measurement chamber, peptide discs were injected at 150 ul/min. The change in 

resonance signal is presented in figure 18. Normalized frequencies of 5. overtone, and 

average of three parallel measurements are shown. In column diagram in figure 18, the 

resonance change is calculated from an average of 10 previous values before injecting 

discs into the chamber, and an average of 10 values after the signal was stabilized.  
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Figure 18. Normalized frequency shift of peptide discs A, B, C, D, and E injected to the 

sensor. 5. overtone recorded and presented. Above, graph showing similar profile with all 

five nanodiscs. Below, diagram showing shifts in resonance signals after flowing PBS on 

surface until stable signal, and their percentage compared to disc A. 

 

From figure 18 can be seen that all 5 different nanodiscs attach on the sensor at similar 

speed but there are visible differences in the magnitude. Disc A is resulting in the highest 

change in resonance frequency. All discs have Δf of more than 90 %, compared to disc 

A, having the highest affinity to the sensor surface. After the flow was changed to PBS, 

the resonance signal raised 0,5-2 % with all discs, except in the case of disc B, where it 

lowered 1 %. It is sensible that when a nanodisc solution is changed to a buffer, 

equilibrium on the sensor surface changes and some nanodiscs detach. On the other hand, 
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in the experiments, nanodiscs were tightly attached to the sensor surface: Resonance 

signal remained practically unchanged with subsequent 5 min flow of PBS. A small 

change in resonance signal can also happen due to simultaneous change in flow speed, 

which was noticed to affect the signal. Being exceptional (and small), the opposite shift 

in frequency in the case of nanodisc B is probably an error of some sort. 

 

After the nanodisc surface was formed, LCAT was injected to the chamber for 17 min 

and resonance shift was recorded. To examine the differences in LCAT binding to 

different nanodisc surfaces, resonance frequency shifts (Δf) of three parallel runs for each 

nanodisc were averaged and presented in figure 19. With disc A, the resonance shift is 

clearly highest, which is further presented in figure 20. As can be seen from the resonance 

frequency record in figure 19, individual values measured by CQM can vary quite 

considerably, especially compared to relatively small total resonance shift produced by 

LCAT injection. Total resonance shifts in figure 20 are therefore calculated by taking an 

average of ten previous values before the start and end of LCAT injection. 

 

 

 
Figure 19. Resonance signal shift of 17 min run of LCAT followed by flow of PBS. Black 

arrows mark the start and end of LCAT injection. 
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Figure 20. LCAT interaction with nanodiscs. Values were calculated by taking an average 

of ten values before the start and end of LCAT injection. The LCAT induced frequency 

shift was clearly highest for peptide nanodisc A reaching 2,5 Hz, other four being between 

1-1,5 Hz. 

 

Following calculations were made to further analyze the LCAT binding tendency to five 

different peptide-nanodiscs. Presumptions were made that: density of nanodiscs was 1 

g/cm3, they cover the whole sensor surface with a unilayer, and were cylinder shaped with 

radius determined by DLS. 

 

Number of nanodiscs on sensor surface: 

 

𝑚𝑑𝑖𝑠𝑐𝑠 𝑜𝑛 𝑠𝑒𝑛𝑠𝑜𝑟

𝐴
= 𝐶 × ∆𝑓   (2)  

, where C = 17,7 ng*Hz-1*cm-2 

 

ℎ𝑑𝑖𝑠𝑐 =
𝑚

𝐴

𝜌
   (3)  

, where hdisc is the thickness of the nanodisc surface 

(also 1 nanodisc), ρ is nanodisc density = 1 g/cm3 

 

𝑉𝑑𝑖𝑠𝑐 = 𝜋 × 𝑟2 × ℎ   (4)  

, where Vdisc is volume of one nanodisc, r is the 

hydrodynamic radius determined by DLS 

 

𝑚𝑑𝑖𝑠𝑐 = 𝜌 × 𝑉𝑑𝑖𝑠𝑐   (5) 
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𝑁𝑑𝑖𝑠𝑐𝑠

𝐴
=

𝑚𝑑𝑖𝑠𝑐𝑠 𝑜𝑛 𝑠𝑒𝑛𝑠𝑜𝑟

𝐴
/ 𝑚𝑑𝑖𝑠𝑐  (6)  

, where Ndiscs is the number of discs on the sensor 

surface 

 

Mass per sensor surface area same way (equation 2) for LCAT, and number of LCAT 

molecules per sensor area: 

 

𝑁𝐿𝐶𝐴𝑇

𝐴
=

𝑚𝐿𝐶𝐴𝑇 𝑜𝑛 𝑠𝑒𝑛𝑠𝑜𝑟

𝐴
/ 𝑚𝐿𝐶𝐴𝑇 (7) 

, where mLCAT = 47 kDa (Piper et al. 2015) 

 

Number of LCAT molecules per one nanodisc: 

 

𝑁𝐿𝐶𝐴𝑇

𝑁𝑑𝑖𝑠𝑐
=

𝑁𝐿𝐶𝐴𝑇
𝐴

𝑁𝑑𝑖𝑠𝑐𝑠
𝐴

    (8) 

 

From the previous calculations, we were able to extract values that better describe the 

LCAT binding tendency to different peptide-nanodiscs. In figure 21 the number of LCAT 

molecules per one peptide nanodisc are presented. Here we take into account the 

differences in nanodisc amount on the sensor i.e., possible binding spots for LCAT. It can 

be noticed that in the case of nanodisc A, on average, there is one bound LCAT molecule 

for almost every second nanodisc, while with other four nanodiscs, binding tendency less 

than half of that.  
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Figure 21. Calculated number of LCAT molecules per one peptide nanodisc.  

 

Table 3. Number of bound LCAT molecules per one sHDL particle. Results combining 

table. Choose from these 2 or create new or delete. 

Peptide size (nm)* net charge n:o of LCAT/disc 

A 22A 10,0 0 0,46 

B 21A 9,8 -1 0,20 

C 22A-P 10,5 0 0,22 

D 22A-K22Q 9,1 -1 0,20 

E 22A-R7Q 10,3 -1 0,24 

 

 

6.3 EM results 

 

In figure 22, there is a presentation of overall pictures with some of the 2D classes of 

samples A and B, containing nanodiscs A and B with LCAT enzyme. There are clearly 

visible nanodiscs in the overall picture and most of the 2D classes of sample A are clear 

disc shaped, some of which a supposed bound LCAT molecule. In the case of sample B, 

the appearance of the sample is surprisingly totally different. Nanodiscs cannot really be 

spotted in the overall picture. Data analysis was able to find a few discs even with a 

possible bound LCAT enzyme, but most of the sample was unformed bits and shreds.  
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Figure 22. EM overall pictures of samples A and B. Some selected 2D classification 

classes are also presented in upper parts of sample pictures. In sample A, nanodiscs were 

clearly visible and 2D classification revealed several 2D classes of both bare nanodiscs 

and ones with one or more attached LCAT molecules (small upper pictures). In sample 

B, there were only a few clear nanodisc shaped particles and the rest was for some reason 

destroyed to shreds and pieces.  

 

Both samples for EM were prepared the same way, and nanodiscs A and B for EM were 

prepared the day previous of the measurements. Based on the DLS analysis, there were 

no problems with the nanodiscs prior to mixing and incubation with LCAT. Two nanodisc 

solutions were treated similarly: incubated  with LCAT the same amount of time, fixed, 

and stained the same way. It might be tempting to consider 21A-sHDL to induce LCAT’s 

phospholipolytic rate to that sHDL particles were broken down. This is quite opposite 

than measured by Fawaz and others (2020) with the same peptides. 

 

 

7 DISCUSSION 

 

Based on QCM experiments, the LCAT binding on the nanodisc surface of nanodisc A is 

twice higher compared to other four, the rest having relatively same binding affinity. 
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Although previous similar binding studies were not found, this result is still quite 

surprising. One study (Fawaz et al. 2020) compares first three peptides (22A. 21A and 

22A-P) for their interaction with LCAT, in respect of LCAT induced lipolysis and 

cholesterol esterification. These results (figure 23) naturally do not present the actual 

binding strength of LCAT on the nanodiscs but give some insight of it. The effect of their 

use of different PL (DMPC, not DPPC) on the following comparisons is evaluated in 

paragraph to come. In figure 23, only minor differences in lipolysis rate between three 

peptides is shown, but cholesterol esterification is significantly lower with 21A-DMPC 

than two others.  

 

 
Figure 23. Comparison of 22A, 21A and 22A-P peptides combined with DMPC 

phospholipids to sHDL. Their rate of lipolysis and cholesterol esterification. A: Rate of 

lipolysis similar with all particles. B: Cholesterol esterification significantly lower with 

21A-DMPC than 22A-DMPC and 22A-P-DMPC. (Modified from Fawaz et al. 2020). 

 

This study shows superior binding potential of 22A-DPPC nanodisc to LCAT over four 

other investigated peptides, and on the other hand, similar LCAT binding with 21A-DPPC 

and 22A-P-DPPC. One previous study (figure 23) shows similar cholesterol esterification 

between 22A-DMPC and 22A-P-DMPC, and a great difference between 22A-DMPC and 

21A-DMPC. These findings suggest that the LCAT binding strength with sHDL particle 

is not the limiting factor in cholesterol esterification and mobilization. Although LCAT 

interaction with protein part of will result in stronger binding, it is not clear, how much 

this effects cholesterol esterification. It might be, that since LCAT might dissociate from 

the sHDL surface after one catalytic cycle (Adimoolam et al. 1998), there is no need for 

especially strong binding. 
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The previous comparisons are made with a study that used a different phospholipid 

component than this study. It can be argued if the use of DPPC as sHDL phospholipid 

compartment was ideal since it is not maybe the ideal phospholipid to be used in clinical 

products. Its use is supported by the ease of nanodisc formation and particle stability, but 

Fawaz and others (2020) showed greater cholesterol efflux from BHK cells, lipolysis rate, 

and cholesterol esterification for 22A-DMPC compared to 22A-DPPC. DMPC is a shorter 

chained phospholipid with lower Tm (23 °C) compared to DPPC, which results in more 

fluidic membrane in physiological temperature. On the other hand, in this study, the use 

of same lipid compartment should end up in comparable results. This highlights the 

importance of thorough consideration of the lipid compartment when designing new 

sHDL products.  

 

It was not possible to distinguish the LCAT binding differences between sHDLs 21A, 

22A-P, 22A-K22Q, and 22A-R7Q. It was clear, that small modifications to peptide 22A 

lower its LCAT binding potency significantly. In addition, net charge of the peptide did 

not have any clear effect on the sHDL formation nor their binding interaction with LCAT. 

This study cannot predict the effect of lower binding tendency on LCAT activity. 

 

7.1 Evaluation of the methods 

 

Thermal cycling method was chosen for nanodisc production protocol for its ease of use, 

fast and relatively reliably results, and the lack of need to use excess chemicals (Giorgi 

2021). I this study, thermal cycling methos was confirmed to be an easy and fast method, 

with only a small chance of error. However, it was found out that the bath sonicator lacked 

power, and that step was the Achilles knee of the method. But in temperature warm 

enough (55-60 °C), and with precise placement (depth and orientation) of the glass vial 

in the water bath, the procedure succeeded. Use of a probe sonicator instead of a bath one 

could improve and speed up this method. The challenge seemed to be in the LUVs 

fractioning to liposomes. Without small enough lipid particles, peptides perhaps cannot 

penetrate lipid bilayer and self-assemble to sHDL during thermal cycling. There are 

several steps in sHDL assembly in molecular level, and a lot of variables from buffers to 
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temperature and concentrations (Patel et al. 2019), that can affect nanodisc purity, size, 

and other properties, and need to be considered from the sHDL quality aspect. 

 

QCM measurement parameters were tuned a lot before actual measurements could have 

started. It was noticed that the QCM Z500 -microbalance instrument was highly sensitive 

to, e.g., changes and pauses in flow rate. Lower flow rate seemed to result in higher 

chances of disturbances. Also, a very careful cleaning and plasma treatment of both the 

sensor and the measurement chamber were noticed crucial. Experiment settings were 

designed in a way to minimize all the disturbance. The writer also experienced some 

unexplained behavior when the frequency signal kept wandering in one direction or 

another with the same running settings, without any visible reason. Therefore, it was 

crucial to keep running PBS after LCAT to see the signal even up. There was a need to 

see that the relatively small changes in resonance signals were seen from LCAT 

interaction, not some error. Overall, it was quite an effort to find the suitable settings for 

the measurements. Overtones 1, 3, 5, 7, and 9 were recorded. Normalized frequencies of 

overtones 3, 5, and 7 seemed to be equivalent, and overtone 5 was selected to be 

presented. Overtones 1 and 9, on the other hand, did not produce reliable signals. 

 

In the beginning, when this study was being planned, there was an idea to try to extract 

the LCAT kd-values for five different peptide-nanodiscs. It was soon realized that this 

mission could not have been achieved. There were many efforts to try to achieve balance 

between LCAT association and dissociation on nanodisc surface, but they failed. Many 

different LCAT concentrations were used, but we were not able to stabilize the resonance 

frequency signals and reach the equilibrium. There was also a secondary concern about 

the sufficiency of LCAT enzyme available for the tests. And because the LCAT-nanodisc 

binding equilibrium was not, despite many efforts, achieved, the experiment was designed 

time- not equilibrium-based.  

 

Dissipation does not change notably when running peptide discs on the surface (figure 

16), and sHDLs seems to form a stable layer (figure 18). Consequently, the silica-coated 

QCM sensors seem to work well for nanodisc studies, at least for the type of nanodiscs 
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usen in this study. To form a stable and rigid layer of nanodiscs, no linkers need to be 

used. 

 

The EM did not produce any interesting results, mainly because of the destruction of the 

21A-sHDL. This may have happened during sample preparation at some point or at its 

fixation on the measurement lattice. In addition, the quite complex step of computational 

data analysis could result in errors in 2D classification. This can explain, why the 

seemingly ok looking A sample resulted in just a few clear classes of LCAT bound 

nanodiscs. 

 

7.2 Reliability of the results 

 

It was noticed that different discs have small differences in their magnitude of attachment 

on the sensor (figure 18). Although the changes were quite small (~10 %), it is an aspect 

to be kept in mind when designing experiments like this one. The less there are discs 

available on the sensor, the less interaction there will happen. In this work, the impact of 

different amounts of nanodiscs on the sensor for LCAT to interact with was taken into 

account. It was done by calculating the number of both nanodiscs and LCAT molecules 

and comparing them to each other. On the other hand, in these calculations, some 

assumptions were forced to be made. To extract the disc thickness, it had to be assumed 

that nanodiscs covered the whole sensor surface in all cases, which, considering the disc 

shape and differences in absorbed masses, is incorrect.  

 

After flowing the nanodisc solution on QCM sensor surface, and stabilization with PBS, 

the calculated layer thickness indicates a full unilayer of nanodiscs flat on the surface. 

But from the mass absorbed on the sensor surface, the nanodisc orientation on the sensor 

surface cannot be concluded. Discs could be e.g., stacked, or sideways; in these cases, 

revealing the sensor surface and exposing it to interaction with LCAT enzyme in the next 

phase of the measurement. This could be a chance of error in the measurements 

performed. In order to have reliable comparable results, the same area of discs should be 

available for LCAT to interact with, within all measurements. The differences in the 

nanodisc mass absorbed on the sensor surface were of course taken into account in 
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calculations. Nanodisc mass represents the number of the discs on the surface, and it was 

assumed that all the discs were oriented the same way. There was an effort to scan the 

nanodisc coated sensor surface with atomic force microscopy, but unfortunately, we were 

not able to configure all the parameters for these measurements. AFM could have been 

an excellent help in revealing the true orientation of the nanodiscs on the QCM sensor 

surface. 

 

From figure 19 it is seen that while in the case of discs B, C, D, and E the resonance signal 

evens up quite instantly when the flow was changed to PBS, with disc A the signal kept 

lowering for some minutes, evening up slowly after 3-4 min of PBS flow. This was seen 

with all parallel measurements and only with disc A. This quite exceptional phenomenon 

could maybe be explained by a combination of LCAT binding kinetics, dissociation from 

sHDL surface, and surface wetting. On the other hand, surface wetting was not detected 

in dissipation graph. As it is described earlier, the behavior of the QCM was sometimes 

strange, before the correct experiment settings were found and adjusted. Happened in all 

three parallel runs, this phenomenon is likely to have an explanation of some sort. 

 

The hydrodynamic diameters of nanodiscs extracted from DLS analysis were used as 

actual disc diameters when calculating the disc amount on the QCM sensor surface. 

Obviously, hydrodynamic diameter is not the same as the actual disc diameter. Assuming 

all five different peptide-nanodiscs prepared were of similar shape, the error in diameter 

is considered to have the same magnitude in all the cases. But when it comes to the 

number of nanodiscs on the sensor surface waiting for LCAT molecules to interact, the 

error in diameter affects in 2nd power (equation 4), and this affects the LCAT/disc ratios 

(figure 21). Even if this study was interested not in individual LCAT/nanodisc ratios but 

their differences between five different peptides, the diameter error is to affect these 

comparisons slightly. 

 

7.3 Future of synthetic HDL 

 

Treating atherosclerosis, the RCT process, is one area of interest in the development of 

synthetic HDL particles. Although many developed sHDL products have faced setbacks 
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in clinical trials, many are currently being developed and tested (Wolska et al. 2021). The 

idea of raising HDL-C concentration to reduce plaque formation or development of 

atherosclerosis is controversial, not least due to failure of CETP-inhibitors to show effect 

in CV events (Tall and Rader 2018). When it comes to plaque reduction, it might be 

thought that it is the strong interaction with ABCA1 (Marsche 2015) and other 

functionalities (Rader and Hovingh 2014), not the plasma concentration of HDL (or 

sHDL) that matters most. Besides promoting RCT from peripheral tissues, endogenous 

HDL has other atheroprotective mechanisms as well (Lusis 2000). These other 

mechanisms should be kept in mind when developing new treatment strategies and 

medicinal products. 

 

One sHDL product, CSL-112, which is currently in phase 3 trials, is going to show the 

way for future development of antiatherogenic agents. Designed to associate strongly 

with ABCA1, CSL-112 has shown potency in plaque reduction in phase 2a trial (Tricoci 

et al. 2015). Future development of sHDL will keep focusing on their pharmacodynamics 

and -kinetics. It is known that sHDL lipid composition has effect on cholesterol efflux, 

anti-inflammatory effects (Schwendemann et al. 2015) and pharmacokinetics and in vivo 

AUC, as well as nanodisc assembly (Favaz et al. 2020, Patel et al. 2019). Both protein 

and lipid composition affect the sHDL-LCAT interaction. Especially the protein 

component has an important effect not in increasing sHDL-LCAT association rate 

constant ka but in decreasing dissociation rate constant kd (Jin et al. 1999), and protein-

protein interactions are known to be necessary for LCAT activation (Castelejin et al. 

2018), and therefore, cholesterol esterification. When designing peptide, not apoA-I -

based sHDL, the peptide-LCAT interactions are the point to focus on. Using the 

knowledge of important peptide structures, fine tuning, or combining, the properties of 

many known LCAT activating peptides could create a set of desired properties. 

 

Expanding the knowledge of both atherosclerosis and the lipoprotein system around it 

and deepening the understanding of molecular mechanisms behind the HDL-LCAT 

interactions and different steps of RCT, will result in the ability to design more potent 

sHDL products. Surface sensitive methods like SPR are widely used to compare 

interaction properties and potencies of peptides and sHDLs.  
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In this study, QCM was used to investigate sHDL-LCAT binding interaction. We tried to 

assess if QCM could be another sensitive method to be used for easy screening of, for 

example, new peptide candidates. We discovered that our QCM equipment was struggling 

a little bit with finding the right measurement settings and parameters and was sometimes 

not that reliable. Despite all that, QCM could serve as a coarse, first-line tool to reveal 

the binding differences between diverse sHDL particles and LCAT. 

 

 

8 CONCLUSIONS 

 

Despite the current effective lipid modifying medicines for the treatment for 

atherosclerosis, the residual risk remains, and urges for new, more effective treatments.  

The key step behind RCT process seems to be the LCAT activation step. The LCAT’s 

enzymatic activation on the surface of the lipoprotein particle surface involves 

conformational changes initiated by interaction with apoA-I or -mimetic peptides and 

phospholipids. Knowing the molecular mechanisms behind LCAT activation is crucial in 

development of future treatments.  Now, the focus is on the development of sHDL 

particles, mimicking the antiatherosclerotic properties of endogenous HDL. The use of 

peptides instead of whole proteins is desirable for e.g., potentially lower manufacturing 

costs. The interactions between apoA-I mimetic peptides and LCAT are being 

investigated with wide range of methods, from computational simulations to in vitro 

techniques.  

 

It is intriguing, how relatively small peptides can act as LCAT cofactors as powerful as 

full length apoA-I, and how minor changes in peptide sequence can affect both on its 

LCAT binding and activation potency. In the development of HDL-like particles, both 

phospholipid and protein or peptide components affect its assembly and behavior. The 

QCM method is suitable for coarse screening for desired peptide properties and can be 

easily used with sHDL particles. There is a need for more research to reveal the molecular 
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level mechanisms behind the desired sHDL properties to develop the drug treatment of 

tomorrow. 
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