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Abstract 
 
A large number of proteins interact with biological membranes, either 
integrated in the membrane (PepTSo2), embedded on a membrane surface 
(5-lipoxygenase) or encircling a cutout of lipid bilayer (apolipoprotein1 
(apoA-I). They function as transporters, receptors or biocatalysts in 
cellular processes like inflammation or cholesterol transport which are 
touched upon here. Malfunction of specific membrane proteins are the 
cause for several diseases or disorders. 
 
Knowledge of protein structure supports understanding of its mechanism 
of function. Here, transmission electron microscopy (TEM) was used for 
structure determination. To obtain structure information to high 
resolution for membrane proteins, normally surrounded by lipids, 
demands specific methods and materials for stabilization. Stabilized in 
detergent the structure of the bacterial transporter PepTSo2 was shown to 
form a tetramer even bound to substrate. However, with a protein based 
stabilizer, Salipro, the structure of PepTSo2 could be determined to high 
resolution. 
 
High density lipoprotein (HDL) in blood plasma, involved in the removal 
of cholesterol from peripheral tissues, have a central role in 
cardiovascular function, metabolic syndrome and diabetes. 
 
The HDL-particle is composed of two copies of ApoA1 and around 
hundred lipid molecules. From TEM data, for the first time the clearly 
discoidal shape could be shown by 3-dimendional reconstructions. These 
were used for modelling the ApoA1 protein dimer by a “biased fitting” 
procedure. The results indicate how ApoA1 folds around a lipid bilayer in 
a disc-shaped structure. 
 
Modified HDL called nanodiscs were here used to show the Ca2+ 
dependent binding of 5-lipoxygenase on the nanodisc bilayer and thereby 
increased production of the inflammatory mediator leukotrieneA4. 
Dimerization of 5-lipoxygenase inactivates these functions. 
  
Keywords: high density lipoprotein, rHDL, apoA-I, transmission 
electron microscopy, membrane protein, nanodisc, Salipro, transporter. 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Sammanfattning 
 
Ett stort antal proteiner interagerar med biologiska membran, antingen 
helt integrerade i membranet (PepTSo2), inbäddade på membranets ena 
sida (5-lipoxygenas) eller genom att omsluta ett utsnitt av ett 
lipiddubbellager (apolipoprotein1 (apoA-I). De har viktiga funktioner som 
transportörer, receptorer eller biokatalysatorer i många cellulära 
processer såsom inflammation eller kolesteroltransport vilka berörs i 
denna avhandling. Felaktig funktion hos specifika membranproteiner 
ligger till grund för många olika symptom och sjukdomstillstånd.   
 
Förståelse av mekanismen för ett proteins funktion underlättas av 
kunskap om proteinets struktur och för strukturbestämning användes 
transmissions elektron mikroskopi (TEM) här. För att erhålla 
strukturinformation till hög upplösning av membranproteiner, normalt 
sett stabila i en fettlöslig omgivning, krävs specifika åtgärder och material. 
Stabiliserad i detergent kunde strukturen av den bakteriella 
transportören PepTSo2 visas föreligga som tetramer även med substrat. 
Med en protein-baserad stabilisator, Salipro, kunde emellertid PepTSo2 
strukturen bestämmas till hög upplösning.   
 
Högdensitets-lipoprotein (HDL) i blodplasma, är inblandat i 
avlägsnandet av kolesterol från perifera vävnader och har en central roll i 
kardiovaskulär funktion, metabolt syndrom och diabetes.  
 
HDL-partikeln är sammansatt av två kopior av proteinet apoA-I och ett 
hundratal lipidmolekyler. Utifrån TEM-data kunde för första gången den 
tydligt diskoida formen av HDL partiklar visas som 3-dimensionella 
rekonstruktioner. Dessa användes för att modellera in apoA-I protein-
dimeren med hjälp av en ”biased fitting” procedur. Resultatet indikerar 
hur apoA-I veckas runt ett dubbellipidlager i en diskformad struktur. 
 
Modifierade HDL, kallade nanodiskar, användes här för att visa den Ca2+-
beroende bindningen av 5-lipoxygenas på nanodiskmembranet och 
därmed ökade produktionen av den inflammatoriska mediatorn 
leukotrienA4. Dimerisering av 5-lipoxygenas inaktiverar dessa funktioner. 
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1. Introduction 
 

The structure and conformation of a protein or a complex determines its 
function in living body. So far, the functions of many proteins and 
complexes still remain unclear, causing numerous challenges in clinical 
research, pharmaceutics and other relevant areas. Therefore, resolving 
their structural information is important and it gives us power to 
diagnose and find reasons for diseases, developing effective drugs, or 
even modifying and engineering proteins for other purposes. The 
transmission electron microscope is an instrument that can resolve the 
structure of corresponding biological samples down till atomic level. At 
such resolution level, the secondary structure of a protein, such as α-helix 
and β-sheet, can be clearly resolved, which helps reveal the conformation 
of the tertiary structure, thereby greatly pushes forward the further 
understanding on its function.  
 
Instead of using visible light, a beam of electrons is used to illuminate the 
specimen and produce a high magnified image in a transmission electron 
microscope. The accelerating voltage (usually 100-300kV) of electrons 
determines the microscope’s strong resolving power. The electrons are 
emitted by an electron gun and transmitted through the specimen to 
obtain its structural information, which will be magnified by the objective 
lens system and recorded by a detector. Compared to X-ray 
crystallography, TEM is a technique that could resolve the molecular 
structure of the sample at a high resolution level, without the requirement 
of protein crystallization. In addition, although a few other techniques 
such as NMR and SAXS are also allowed to study the sample at its near 
native state and can achieve medium to high resolution, these are only 
able to provide indirect structural information, rather than a direct 
visualization of sample as in TEM. 
 
A lipoprotein is a protein-lipid complex that plays a very important role in 
both the lipid transport and metabolic systems of human bodies. 
According to their densities in plasma, lipoproteins are classified into 
different kinds and one of them is high density lipoprotein (HDL). HDL 
plays important roles in the process of RCT and is believed having 
positive effects in the treatment of several diseases such as cardiovascular 
disease (CVD), type 2 diabetes, inflammation and obesity. The 
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maturation of HDL in the body contains several stages, including lipid-
free apolipoprotein, intermediate status and mature HDLs. The 
intermediate status – also called the nascent form of HDL has a discoidal 
shape and contains two apolipoproteins and a patch of phospholipid 
bilayer and a small portion of other lipids. Due to the difficulties in 
isolating HDL discs from plasma, methods have been developed to 
reconstitute discs in vitro with high yield and purity1, and the resulting 
particles are called rHDL discs. In this thesis, the structural information 
of rHDL discs was studied by TEM. The results facilitated the 
understanding on the functions of HDL in lipid metabolism and 
promoted the further studies in resolving the structure-function 
relationships of lipoproteins in disease treatment. 
 
The membrane structure of the HDL disc could provide the opportunity 
to study membrane proteins at their native status in vitro. In fact, a 
technology called nanodisc system was developed and has been widely 
used2–5. Similarly to an HDL disc, a nanodisc particle contains two 
membrane scaffolding proteins (MSPs) wrapping around a patch of lipid 
bilayer. The size and features of nanodisc can be customized by using 
different kinds of MSPs and different lipid compositions. In this thesis, 
nanodiscs with 10.5 nm inner diameter were made with the lipid 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and membrane 
scaffolding protein MSP1E3D16. Negative staining (NS) TEM was applied 
for the investigation of the interaction of nanodiscs and 5-lipoxygenase 
(5LO). 5LO initializes the biosynthesis of leukotrienes (LTs), which are 
one of pro-inflammatory lipid mediators derived from arachidonic acid, 
and involved in inflammatory diseases7,8. The results of NS-EM, together 
with other biochemical experiments, showed the advantages of nanodiscs 
to obtain basic structural information as well as functional information of 
a (membrane) protein-membrane complex, and also provided the basis 
for future structural studies of the same complex by high resolution cryo-
TEM to reveal the mechanisms of 5LO activation6. 
 
In addition to nanodisc, another nanoparticle system called Salipro was 
developed and used for applicability check by EM and several 
biochemical techniques. In contrast to the nanodisc, Salipro uses saposin 
proteins as the complex scaffold instead of MSPs9–11.  Saposin is a protein 
family of small heat-stable glycoproteins derived from a common 
precursor protein12. In this thesis, human saposin A was used as the 
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scaffolding protein. Due to the tiny molecular weight of saposin, Salipro 
particles function similarly to detergent or amphipols in the manner they 
stabilize integral membrane proteins. They can vary in size according to 
the number of saposins covering the hydrophobic area of the protein, 
which makes them very flexible to combine to a variety of membrane 
proteins with different sizes of transmembrane parts. An archaeal 
mechanosensitive (MS) channel (T2), a bacterial POT and also the HIV-1 
spike were used to test the incorporating and stabilizing capacities of 
Salipro to membrane proteins13. The testing results supported a good 
applicability of Salipro. Especially the high resolution structural model of 
Salipro-POT complex obtained by cryo-TEM, indicates that Salipro might 
be a good alternative of nanodisc in membrane protein studies.  
 
Besides checking the structural information of POT in a complex (Salipro-
POT complex), TEM was also used to identify the oligomeric state of POT. 
The NS-TEM results supported a tetrameric assembly of PepTSo2 – the 
bacterial POT used in this study, in detergent solubilized form, which was 
consistent to the results of other biochemical experiments14. The 
structural insights into substrate recognition in the bacterial POT 
presented by the whole study are also possible to apply to human POTs. 
  
In this thesis, I am mainly responsible for the entire or part of the EM 
work in each project. I applied both NS-TEM and cryo-TEM on the 
structural studies of rHDL particles. I also used NS-TEM for investigating 
the interaction of nanodiscs and 5LO, testing the applicability of Salipro 
particles and identifying the oligomeric state of POT. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

4 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

5 

 

2. Background 
 

2.1 TEM 
 
The transmission electron microscopy (TEM) is a type of EM techniques 
that commonly used in structural biology and material science. A TEM 
microscope runs on the same basic principles as light microscopes but 
uses electron beams instead of light to illuminate the specimen. In TEM, 
a high energy electron beam hits on a thin and partly transparent 
specimen layer. Most electrons pass the specimen through the inter-atom 
space without any interruption, but a small portion of electrons interact 
with specimen atoms and it causes scattering. The scattered electron 
beam carries the structural information of the specimen that will be 
captured by the detector. Strong resolving power is one of the important 
features of electron microscopes. Because the electron beam has much 
shorter wavelengths than visible light (wavelengths between 300-700nm), 
it makes it possible to reach a resolution of a few Angstroms (10-10m) in 
TEM. 
 
A TEM microscope contains three essential systems: an electron gun, lens 
system and image-recording system (Fig. 1). All these components are 
mounted into one column. The electron gun, normally either a 
conventional thermionic emitter or a high-efficient field emission gun at 
the top of the TEM column, mainly contains a cathode (the source of 
electrons), an anode and other auxiliary components. The electron beam 
is produced between both electrodes and its intensity depends on the 
accelerating voltage (usually 100-300kV) and a number of other things 
such as the filament current. An electron microscope has different types 
of electromagnetic lenses. The condenser lens system is the first one 
encountered by the electron beam and is used to control the intensity and 
angular aperture of the beam before it hits the specimen. The interaction 
between electron beam and atoms in the specimen causes scattering and 
the scattered electrons are collected by the objective lens to produce an 
intermediate image which is further magnified by the intermediate lens 
and projector lens systems. At the bottom of the TEM column, a 
fluorescent screen or a detecting device is mounted. The former one 
makes the magnified image visible to eyes and the latter one records the 
image digitally and displays it on a computer monitor. The commonly 
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commercial-used detecting devices include, charge coupled device (CCD) 
cameras and direct electron detectors. A post-magnification is provided at 
some detecting devices. 

 
Figure 1. The brief diagram of a TEM microscope. 

 
2.1.1 Basic principles of image formation 

 
As it is mentioned above, when the electron beam hits the specimen in a 
TEM column, most of the electrons have no interaction with the sample 
atoms and they will keep their tracks straight until they hit the imaging 
screen. Apart from this, electrons can interact with atoms either 
elastically or inelastically. In an inelastic scattering event, variable and 
random amount of energy is transferred from electron to atom. As a 
result, this particular electron contains unknown energy and angle of 
incidence when it reaches the image plane. Nothing but noise would be 
observed in the image. However, in an elastic scattering event, there is no 
energy transferred from electron to atom. The deflecting angle of the 
electron can also be determined according to the law of conservation of 
momentum15. Therefore, this particular electron provides the structural 
information of the sample in the image. 
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Resolution and contrast - the two key factors in TEM imaging, determine 
the quality of final images. The details of them will be discussed in the 
following text. If no other references are given, the descriptions of 
resolution- and contrast-related knowledge are based on the excellent 
textbook of Williams and Carter16. 
 
Resolution, the minimum distance between two points that can be 
resolved, is often defined by the Rayleigh criterion in light 

microscopy: 𝑟 = 0.61𝜆
𝑛 𝑠𝑠𝑛 𝜃

, where r is the distance between the two points, λ is 

the wavelength of light, n is the refractive index of the medium between 
the objective and the sample, and θ is half of the collection angle of light 
that enters the objective lens. Due to the wave-particle duality of electrons 
(similar as photons), the wavelength of an electron can be calculated by 

𝜆 = ℎ
𝑝
, where h is Planck constant and p is the momentum of the electron. 

In an electron microscope, the accelerating voltage determines the 
wavelength of electrons, and it is much shorter than the wavelength of 
visible light. Therefore, comparing with conventional light microscopy, 
electron microscopy has a much stronger resolving power. 
 
The generation of contrast in TEM images is based on the wave property 
of electrons. Contrast arises when either the amplitude or the phase of the 
electron wave changes after the scattering. Amplitude contrast and phase 
contrast both contribute to the contrast of final image, and the proportion 
between them is determined by the properties of specimen. When the 
specimen is dense or thick, or contains components with a high atomic 
number, amplitude contrast dominates. After scattering by the atoms of a 
dense object, some electrons lose energy, and some are deflected at a high 
angle and removed by the aperture of the lens. This is a simplified view of 
amplitude contrast, by removing the total number of electrons arriving at 
the image plane. On the other hand, for a thin layer of biological 
specimen analyzed in a high resolution (HR) electron microscope, such as 
Jeol2100f – the microscope mainly used for data collection in this thesis, 
phase contrast is the key contributor to the image contrast. In elastic 
scattering, when an electron enters into the electron shell of a sample 
atom and approaches to the atomic nucleus, it is accelerated by the 
attractive force from the nucleus; while when the electron leaves away 
from the nucleus, the same force decreases its velocity. As a result, there 
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is no net velocity change for the electron when it completely passes 
through the atom. However, this dynamic variation of velocity causes a 
phase shift to the wave, comparing with other electron waves that have no 
contact with the atoms. This is how phase contrast arises in TEM. Note 
that the wave property makes electrons with different deflected angles 
interfere with each other after they pass through the sample, which 
weakens the contrast. In TEM, a small objective aperture is used to block 
electrons with large deflected angles, in order to enhance the contrast of 
images. However, electrons with large deflected angles contain high 
resolution structural information of the sample. It is a trade-off between 
obtaining high resolution and having a good contrast. 
 
(Phase) Contrast Transfer Function or CTF is the most important and 
most frequently mentioned factor in (HR)TEM. It describes the contrast 
change in the image formation and allows to evaluate the performances of 
different microscopes. A theoretical description can be found in Erickson 
& Klug (1971)17. CTF is dependent on not only the intrinsic property of the 
microscope, but also some factors that can be manually set by users, such 
as defocus value. The defocus value is important because biological 
specimens produce little contrast in vitreous ice at perfect focus. Thus, 
pictures are taken somewhat underfocused, which produces phase 
contrast but also leads to a systematic alteration of the image data. 
Mathematically, CTF can be represented as: 
 

CTF = sin (1
2
𝜋𝐶𝑠𝜆3𝑘4 − 𝜋𝜆Δ𝑧𝑘2)                                                               (1) 

 
Clearly, there are four key factors that determine the value of CTF: 
 

 𝐶𝑠: the spherical aberration coefficient, corresponding to the 
quality of objective lens; 

 λ : the wave-length of electron beam, defined by the 
accelerating voltage; 

 Δ𝑧: the defocus value; 
 𝑘 : the spatial frequency. This can be considered as the 

spatial resolution in the reciprocal space. The electron wave 
contains various wave components with different spatial 
frequencies. A high spatial frequency corresponds to a high 
spatial resolution (a short point-to-point distance). 
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It is apparent from the equation (1) that the CTF is oscillatory. It 
oscillates between -1 and +1 (both are perfect contrast “transmittance” 
but with opposite signs), and repeatedly crosses “zeros” (no contrast 
“transmittance”, information lost) as it goes from low to high spatial 
frequencies (Fig. 2A). In an ideal imaging system, the transfer function 
would be +1 everywhere. Although ideal “transmittance” is impossible to 
reach, images have to be corrected for the CTF so that a good 
“transmittance” can be achieved. CTF correction is one of the key steps in 
image processing. Although different software may use different 
algorithms, the basic principles for CTF correction are similar. 
 
Usually the primary issue in CTF correction is to solve the problem of 
“information loss” at “zeros”. In order to retrieve the lost information of 
sample, multiple defocus values are used when collecting TEM images. 
The aim for that is, if an image carries no information at a certain spatial 
frequency, other images with different defocus values may provide 
complementary information at the same frequency (Fig. 2B). In the best 
case, the resulting reconstructed information will contain all spatial 
frequency components without “zeros”. 
 
As mentioned above, another problem is that the CTF curve extends both 
above and below zero, which means contrast occurs oppositely, i.e. atoms 
appear dark on a bright background and atoms appear bright on a dark 
background. There are several solutions to this problem, and the easiest 
one is to do “phase-flipping”. By simply changing the sign (multiply it by -
1 or apply a 180° phase shifting), negative parts are flipped up the 0-axis 
and CTF only contains positive components (Fig. 2C and 2D). “Phase-
flipping” can solve the “negative contrast” problem to some extent, but it 
is still not enough to obtain a good CTF in most cases. Note that CTF 
would be +1 everywhere in an ideal imaging system. However, in a real 
microscopic system, the amplitude of CTF damps with the spatial 
frequency and it drops quickly at the high frequency region. This means, 
apart from the very low frequency components in the image that may 
maintain the contrast intensity (near +1), the contrast of other 
components – especially high frequency ones can be very weak (even near 
0). Therefore, most image processing software use more sophisticated 
CTF correction ways (can differ from each other), which always involve 
more advanced processing methods, such as the use of a Wiener filter18. 
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Figure 2. A schematic example of CTF correction process created by Ludtke, available at 
http://ncmi.bcm.edu/ncmi/events/workshops/workshops_66/proceeding/talk2-ctf.pdf. A) An 
uncorrected CTF curve obtained at the defocus value of 1.5μm. B) Two uncorrected CTF 

curves obtained at the defocus values of 1.5μm and 2.24μm, respectively. C) The two CTF 
curves after “phase-flipping”. D) The sum of the two “phase flipped” CTF curves. 

 
2.1.2 TEM sample preparation 

 
TEM deals with different types of biological materials. The preparation of 
different biological specimens thus varies. There are several basic 
requirements that needs to be fulfilled for any sample preparation 
method: to maintain the structure of specimen in the vacuum of the 
electron microscope; to make the specimen sufficiently thin in order to 
avoid multiple scattering of electrons; to minimize structural changes of 
the specimen due to the radiation damage caused by the electron beam; 
to optimize the contrast-resolution relation in the output images19. 
 
For large biological samples such as cellular or tissue structures, most 
require fixation and sectioning. Biological materials contain a lot of water 
and their morphology changes easily when the water content decreases. 

http://ncmi.bcm.edu/ncmi/events/workshops/workshops_66/proceeding/talk2-ctf.pdf
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Fixation is critical for keeping the specimen at its near-native state. This 
can be done either chemically by cross-linking structures or by rapid 
freezing, which leads to vitrification of the sample19. In addition, to avoid 
multiple scattering of electrons, the specimen thickness is often thinned 
(usually between 50nm and 300nm) through sectioning. There are also 
other preparation methods for large biological samples such as 
embedding, staining, contrasting and immune labelling, etc. Instead of 
detailed introductions of those methods, this thesis focuses on sample 
preparation for small biological particles kept in a solution such as high 
density lipoprotein, 5LO-nanodisc complex, Salipro particle and 
transporter. The most common ways to prepare small biological samples 
are negative staining and vitrification, which will be described as below: 
 
Negative staining (NS) is an easy, rapid and conventional technique of 
TEM and has been commonly used to initially study the morphology and 
structure of isolated organelles, individual macromolecules and viruses 
for half a century20,21. In NS-TEM, the sample is dried and the biological 
particle is surrounded by a thin stain layer of cationic or anionic heavy-
metal salts. In contrast to biological samples consisting mostly of light 
elements, stains contain heavy atoms that can cause much stronger 
electron scattering22,23,24,25. Thus, NS-TEM can produce high-contrast 
images with these heavy-metal stains26. In addition, ideally there is no 
direct interaction between the biological particle and stain in negative 
staining, so the stain forms a more or less amorphous layer and is 
excluded from the areas where the particle is located, resulting in a NS 
image with bright biological particles and a dark background (stain)19 (Fig. 
3). In addition to the easy sample preparation, the main advantages of 
negative staining are the very high contrast and the resistance to beam 
induced damage. However, there are also some drawbacks in NS-TEM: 
particle is often distorted by the heavy-metal stain; particle is heavily 
dehydrated when exposed to the vacuum inside the microscope, causing 
the sample flattening; artifacts can be induced if the staining is uneven; 
the resolution is limited to approximately 20 Å under optimal conditions; 
some staining material can bind to some specimens and cause “positive 
staining” effects. Therefore, this method is suitable for initially checking 
the sample and assessing its quality without a requirement of high 
resolution structure. There are several types of heavy-metal salts that are 
commonly used as stains including uranyl formate, uranyl acetate, 
ammonium molybdate, phosphotungstic acid. Different stains have 
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different properties which should be considered and taken advantage of 
when choosing stains27,28. 
 

 
Figure 3. Schematic drawing of negative stained samples. 

 
Vitrification is an essential preparation method for biological samples in 
cryo-EM. Cryo-EM is a microscopy technique in which the sample is 
preserved and protected at its soluble state by rapid freezing. By using 
physical fixation (rapid freezing) as the only fixation method for cryo-EM, 
the specimen remains chemically unmodified (e.g. without staining), 
providing a “true vision” of the biological material29. In addition, 
crystalline ice can obscure the sample by absorbing electron beam, and 
the expanded volume of water when it converts from liquid state to 
crystalline ice may induce structural damages to the sample as well. Thus, 
to avoid such impacts, maintaining the liquid properties of water, namely 
amorphous or glass-like state, is necessary. This can be achieved by rapid 
freezing - if the sample freezing is quick enough, the water will only 
solidify in an amorphous state (vitreous ice) before it has time to 
crystallize30,31. Normally liquids with high heat capacity (to avoid quick 
evaporation at room temperature) such as liquid ethane (boiling point: -
89 °C; melting point: -183 °C) is used as the cryogens. However, the 
vitrified state of water is only stable at a very low temperature (below -
150 °C)19. To maintain this cryo-environment, liquid nitrogen (boiling 
point: -196 °C; melting point: -210 °C) is used to cool the cryogen and 
speed up the freezing process. The vitrification is applied in specific 
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devices such as a Vitrobot29, where the specimen is quickly plunged into 
the cryogen for rapid cooling. After a well-operated plunge freezing 
process, sample particles are frozen in a thin layer of amorphous ice with 
a random distribution of orientations. Since the surrounding 
environment contains nothing but water molecules, the background 
appears brighter than the particles (Fig. 4). Comparing with NS-EM, 
cryo-EM has the advantage that the images are less likely to contain 
artefactual information and have the potential, upon image analysis, to 
yield higher resolution information32. On the other hand, without the 
strong scattering caused by heavy-metal atoms, cryo-EM images 
commonly have bad contrast and very low signal-to-noise ratio. 
Furthermore, in order to reduce radiation damage to the sample, low 
electron doses are often used, resulting in an even worse contrast of the 
image. Despite of those drawbacks, cryo-EM is one of the most powerful 
tools to achieve atomic resolution in the biological structural studies.   
 

 
Figure 4. Schematic drawing of plunge frozen samples 

 
2.1.3 Single particle analysis 
 
Single particle analysis – consisting of a group of computerized image 
processing techniques, is a method used to determine the structure of 
macromolecules from TEM images of individual particles33. In this 
method, biological samples are prepared on a carbon support film or in a 
thin layer of amorphous ice over a holey carbon film through either 
physical or chemical fixation. The isolated particles usually exhibit a full 
range of orientations after fixation. Theoretically, 2D projections of the 
individual particle in all directions (360°) can be observed in the 
microscope. Then, these projections containing the whole angular 
information can be selected and used to do back projection for the 3D 
reconstruction of the particle structure.  
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There are a lot of software packages available for performing single 
particle analysis. The most widely used ones are SPIDER34,35, IMAGIC36, 
XMIPP37, EMAN (and EMAN2)38,39 and Relion40,41. In addition, 
FREALIGN42 and PFT3DR43 are dedicated packages for refinements44. 
These packages all have their own strengths and weaknesses which need 
to be considered before starting processing. In practice, single particle 
analysis contains several crucial steps: particle picking, CTF correction, 
particle alignment and classification, 3D reconstruction and map 
refinement (Fig. 5). At first, individual particles are picked from a certain 
type of EM image (e.g. NS-EM and cryo-EM), and picking a large number 
of particles is often necessary for extracting as complete angular 
information as possible. The next essential step is CTF correction. Both 
negative and “zero” contrast information of the particle is corrected. The 
CTF corrected particles are aligned by computing their rotational and 
translational shifts. Particles with highest similarities are grouped 
together and averaged into individual projections through statistical 
analysis and 2D classification45,46. As the output of classification, each 
“class” of particle projection contains a specific spatial orientation of the 
particle. A wide range of orientations is critical for the accuracy of 3D 
reconstructed results. The number of projections for different particle 
sets might be different and it could be selected according to the number 
and quality of particles. In EMAN2, the projections generated from 2D 
classification are used to build the 3D model of the particle directly. While 
in Relion, there is an extra step called 3D classification before the 
reconstruction, and in which the selected particles are aligned and 
regrouped again, similar as in 2D classification, but generating a group of 
“3D classes” rather than 2D projections. It aims to further separate and 
remove the heterogenous particles from the particle set and increase the 
accuracy of the reconstructed structure. The initially built 3D map often 
lacks structural details, then the last and also one of the most important 
steps is to do refinement to increase the structural resolution of the map. 
Different software may have completely or partially different algorithms 
for refinement41.   
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Figure 5. The workflow of single particle analysis process. Example sample: icosahedral 
virus. From MRC online source: ftp://ftp.mrc-lmb.cam.ac.uk/pub/scheres/EM-course/. 

 
2.2 Membrane protein 
 
Membrane proteins are proteins that associate with biological 
membranes in different ways. They can be classified into two categories—
integral and peripheral—based on the nature of the membrane-protein 
interactions47. Integral membrane proteins, also called intrinsic proteins, 
have one or more segments permanently anchored to the lipid bilayer; 
and peripheral membrane proteins, also called extrinsic proteins, are only 
temporarily attached to the membrane or to integral proteins by non-
covalent interactions48. The integral membrane proteins include 
transmembrane proteins that are amphiphilic molecules with one or 
several segments (hydrophobic part) spanning across the membrane, and 
integral monotopic proteins that are only attached to one side of the 
membrane and their polypeptide chains do not cross the phospholipid 
bilayer49. Membrane proteins are a common type of proteins and perform 
various functions in many critical biological processes as membrane 
receptors, transporters, enzymes and cell adhesion molecules, etc.50. 

ftp://ftp.mrc-lmb.cam.ac.uk/pub/scheres/EM-course/
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Nearly 30% of proteins in eukaryotic cells are known to be membrane 
proteins51. Since mutations or dysfunction of these proteins are related to 
many diseases, the structural study of membrane proteins is significant in 
disease treatment and prevention. 

 
2.2.1 5LO 
 
5 Lipoxygenase (5LO) is an enzyme involved in the early steps of 
inflammation, in the innate defense mechanisms exerted by the human 
body for protection and to initiate the healing process52,53. Inflammatory 
reactions are involved in several known diseases6. 5LO locates mainly in 
the cytoplasm of cells.  In an active state, 5LO catalyzes the biosynthesis 
of leukotrienes (LTs), one of the pro-inflammatory lipid mediators 
formed from arachidonic acid54. The rising in cytosolic Ca2+ activates 5LO 
and causes the movement of it from cytosol to nuclear membrane, leading 
to the binding of 5LO to the membrane55,56,57. Although the 5-
lipoxygenase-activating protein (FLAP) has been shown to promote the 
association of 5LO with the nucleus, the interaction mechanism of 5LO 
and FLAP is still not clear58–60. Since the catalysis of the biosynthesis of 
leukotrienes relies on the interaction of 5LO and nuclear membrane 
surface, activated 5LO can be considered as a monotopic membrane 
protein. 
 
2.2.2 POTs 
 
The proton-dependent oligopeptide transporter (POT) family – a 
subfamily of the major facilitator superfamily (MFS), is characterized by 
the presence of two highly conserved sequence stretches known as the 
peptide transporter motifs14. It contains a group of energy-dependent 
transporters found in both bacteria and humans. In contrast to the ATP-
binding cassette (ABC) transporters that transport various substrates 
across cellular membranes, POTs are mainly involved in the intake of 
short-chain peptides and their function is mediated through 
conformational changes61,62. There are only crystal structures for two 
bacterial POTs have recently been reported - PepTSo from Shewanella 
oneidensis63 and PepTSt from Streptococcus thermophilus64. As good 
structural references, they can provide significant insights to the structure 
of human POTs. 
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2.3 Nanoparticle system 
 
There are a few “nano-vehicles” either existing in human body or possible 
to be synthesized in vitro. Their unique features make them function as 
carriers for certain types of biological molecules for delivery of these to 
specific targets. They can also mimic the cellular membranes and 
contribute to the studies of membrane proteins. 
 
2.3.1 Liposome 
 
Liposomes are small, artificial and spherical vesicles having one or more 
lipid bilayers that were first described in half century ago65,66,67. A 
liposome has a hydrophilic core surrounded by a hydrophobic membrane 
(Fig. 6). Due to its amphiphilic character, a liposome is a promising 
system for delivering hydrophobic and/or hydrophilic molecules, such as 
pharmaceutical drugs68. Liposomes can differ considerably with lipid 
composition (phospholipid is the most common one), surface charge, size, 
and the method of preparation69. The selection of suitable liposome types 
is critical for different aims. Although the liposome is a mature and 
robust tool used in different industries for drug delivery or other 
purposes, its applicability is still limited by some disadvantages such as 
low solubility, short half-life, high production cost, leakage or fusion of 
encapsulated molecules, sometimes phospholipid undergoes oxidation 
and hydrolysis-like reaction, etc.70. 
 

 
 

Figure 6. Scheme of a liposome with single lipid bilayer in an aqueous solution. 
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2.3.2 HDL 
 
Lipoproteins are biochemical complexes vital for the existence of higher 
organisms. They are distinguished from each other by size, density, 
electrophoretic mobility, composition and function71. A lipoprotein is a 
biochemical “vehicle” transporting mainly hydrophobic lipid molecules in 
water environment72. As building units, both phospholipid and 
apolipoprotein are amphiphilic molecules. Their combination makes the 
lipoprotein a complex with a neutral lipid inner part and a water soluble 
outer surface. According to the density (g / ml) in plasma, lipoproteins 
can be classified into different groups: high density lipoprotein (HDL), 
intermediate density lipoprotein (IDL), low density lipoprotein (LDL), 
very low density lipoprotein (VLDL) and Chylomicrons (Table 1). 
 

Density 
(g/ml) Class Diameter 

(nm) 
Protein 

(%) 
Choleste
rol (%) 

Phospholip
ids (%) 

Triacylglyce
rol (%) 

>1.063 HDL 5–15 33 30 29 4 

1.019–1.063 LDL 18–28 25 50 21 8 

1.006–1.019 IDL 25–50 18 29 22 31 

0.95–1.006 VLDL 30–80 10 22 18 50 

<0.95 Chylomi
crons 

100-1000 <2 8 7 84 

Table 1. The classification of lipoprotein73. 

 
HDL mediates reverse cholesterol transport (RCT), during which process 
excess cholesterol is conveyed from peripheral tissues to the liver and 
steroidogenic organs for recycling and disposal74. A significant decrease 
of plasma HDL is believed to have connections with diseases such as 
metabolic syndrome, type2 diabetes and obesity, and low HDL level may 
also be a risk factor in the development of atherosclerosis and 
cardiovascular disease75.  
 
The most abundant apolipoprotein in HDL is apoA-I. ApoA-I molecule is 
a 243-amino acid polypeptide with a molecular weight of 28 kDa. Aside 
from the N-terminus, the remaining sequence of apoA-I appears to form 

http://en.wikipedia.org/wiki/High_density_lipoprotein
http://en.wikipedia.org/wiki/Low_density_lipoprotein
http://en.wikipedia.org/wiki/Intermediate_density_lipoprotein
http://en.wikipedia.org/wiki/VLDL
http://en.wikipedia.org/wiki/Chylomicrons
http://en.wikipedia.org/wiki/Chylomicrons


 

19 

 

ten 22-mer/11-mer repeats of α-helical segments (H1-H10) that are 
mainly separated by proline residues76. In the body, the maturation of 
HDL includes two steps: first, lipid free apoA-I obtains 
phospholipid/cholesterol from the ATP-binding cassette transporter A1 
(ABCA1) and generates disc-shaped nascent HDL77,78; second, 
cholesterols of nascent HDL are esterified by lecithin-cholesterol 
acyltransferase (LCAT), converting nascent HDL to sphere-shaped 
mature HDL79,80. This thesis only focuses on the nascent HDL. 
 
Each particle of nascent HDL, also called as discoidal HDL or HDL disc, 
consists of two ring-shaped apoA-I molecules wrapping around a patch of 
phospholipid bilayers (Fig. 7). Due to the dynamic nature of apoA-I and 
various amounts of phospholipids, HDL disc mainly varies in three sizes 
– 8.4nm, 9.6nm and 11.5nm. To understand the transport and 
metabolism of HDL in human bodies, as well as to reveal the intrinsic 
relations between HDL and certain diseases, a detailed knowledge of 
apoA-I structure in HDL is needed. However, the structural information 
of both nascent and mature HDL still lacks and the difficulties in isolating 
homogeneous HDL from plasma also hampers the structural studies. 
Fortunately, methods have been developed to reconstitute discs in vitro 
with high yield and purity81, and the resulting HDL particles – termed 
reconstituted HDL (rHDL), have been studied widely. Only mid-sized 
rHDL particles are discussed in this thesis and the best characterized 
ones have a near 96 Å diameter, containing two molecules of apoA-I with 
150-160 molecules of phospholipid82. 
 
 

 
 

Figure 7. Schematic illustration of nascent form HDL particle. 
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2.3.3 Nanodiscs 
 
As mentioned above, the structural and functional studies of membrane 
proteins are getting strong attention due to their vital importance in 
living organisms. One of the key problems in a membrane protein study is 
to maintain the protein in its native state.  The small soluble membrane 
structure of nascent HDL makes the disc a good platform in studies of 
membrane proteins83. 
 
The nanodisc is the engineered version of discoidal HDL and has been 
widely used for rendering membrane proteins in a native-like membrane 
environment where they remain stable and monodisperse. Nanodisc 
technology has been developed for about two decades2. Comparing with 
the original HDL disc, each nanodisc contains two membrane scaffold 
proteins (MSPs) instead of apoA-I molecules. MSP is an engineered 
polypeptide and its design is based upon the sequence of human serum 
apoA-I3. Retaining the capability of self-assembly from apoA-I, two MSPs 
form an amphipathic helical double-belt surrounding the acyl chains on 
the phospholipids and self-assemble into discoidal phospholipid bilayers 
- termed Nanodiscs83. Since the N-terminal domain of apoA-I are 
removed during the production of MSPs2, this makes nanodiscs more 
rigid and stable in structure than HDL discs, and it is possible to produce 
a large amount of homogenous nanodiscs in vitro. In addition, the size of 
nanodiscs can be customized by lengthening or shortening the sequence 
of MSPs4. The most common size range of nanodiscs is between 8-16 nm, 
and upon increased truncation, the diameter of a nanodisc can be 
reduced to 3.0nm5.  This enables the nanodisc not only to incorporate a 
variety of membrane proteins with different sizes, but also to be suitable 
for different structural determination methods such as cryo-TEM and 
NMR. Thus, due to all these advantages, the nanodisc platform has 
become a popular and powerful tool in the study of membrane proteins.  
 
2.3.4 Salipro 
 
Salipro (saposin-lipoprotein nanoparticle) is another useful tool in 
membrane protein research. Similar to the nanodisc, a Salipro particle 
holds a small patch of lipid bilayer and provides a tiny membrane-like 
environment. Hence, the nanodisc also has the ability to keep membrane 
proteins soluble and stable. The Salipro technique uses saposin proteins 



 

21 

 

as its scaffolding component instead of MSPs. Members in the saposin 
family are small lysosomal proteins with membrane-binding and lipid-
transport properties9,10. The human saposin A, derived from the same 
precursor prosaposin with other three proteins (saposin B, C, D), is used 
as the building block of Salipro scaffold in this thesis. Saposin A is a small 
molecule with 84 amino acids and a molecular weight of slightly over 9 
kDa12. Unlike the predefined structure of the nanodisc, each Salipro can 
contain two or more saposin A molecules, depending on the size and 
shape of transmembrane part of the incorporated membrane protein13,11. 
This structural flexibility makes Salipro able to adapt to a wide range of 
biological macromolecules, protein assemblies, complexes and other 
hydrophilic/hydrophobic molecules that vary in size. In addition, Salipro 
can bind tightly to the transmembrane helices of the membrane protein, 
and the adjustment of the methodology for individual membrane proteins 
is not as laborious as other nanoparticle techniques13. These advantages 
of Salipro present a good alternative to nanodiscs.  
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3. Materials and methodology 
  
3.1 Electron microscopy 
 
3.1.1 Negative staining and cryo-TEM for rHDL 
 
Preparation of grids 
 
For negative staining TEM, 200-mesh in-house carbon coated copper 
grids were used. They were first glow-discharged (at 30 mA, for 20 sec) to 
render them hydrophilic, then 3.5 µl droplets of sample were added on 
the grids for absorption (30 sec). After blotting off the excess sample 
solution with filter paper, either 2% sodium phosphotungstate (NaPT) or 
1% uranyl formate (UF) was immediately used for a 30 sec staining as 
well. After staining, excess solution was blotted off and the grid was kept 
facing downwards for several minutes for air dry. 
  
For cryo-TEM, R2/4 Quantifoil holey carbon film-coated 400-mesh 
copper grids were used. They were also glow-discharged (at 30 mA, for 20 
sec) before using for the experiment. The preparation work was done with 
the Vitrobot (FEI, model: FP 5350/60). A 3.5 µl droplet of sample was 
added on the grid for 60 sec incubation under the 22°C temperature and 
100% humidity environment (inside the Vitrobot chamber). After a 3 sec 
blotting, the grid was quickly plunged into liquid ethane and then 
transferred into liquid nitrogen for storage.  
 
Data collection and image processing 
 
Both negative staining and cryo-data were collected on a Jeol SF2100F 
(JEOL Ltd., Japan) transmission electron microscope (200 keV 
accelerating voltage) equipped with a 4K x 4K CCD camera (Tiez Video 
and Imaging Processing System GmbH, Germany) at a magnification of 
69,500x. The CCD pixel dimension is 15µm × 15µm. That gives a pixel 
size of 2.08 Å in these EM images. 
 
EMAN2 was used to process the negative staining images. Particle 
picking was applied with E2BOXER in EMAN2, followed by 2D class-
averaging. In order to avoid the loss of structural information, “no 
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shrink”-function was applied during class-averaging, which means all the 
structural details of particles were kept. The generated 2D projections of 
stained particles were used as the basis for the later statistical 
measurement of particle size and shape in Gimp2.884, and also for the 
reconstruction of 3D maps in EMAN2. 
 
For cryo-TEM data, both EMAN2 and RELION were used. Particle 
picking was implemented with BOXER in EMAN2 and then the picked 
particles were processed in parallel in both softwares. On one hand, 
similar as for NS data, 2D class-averaging was applied in EMAN2. A 
gallery of particle projections was generated and based on that, a low-
resolution 3D initial map was built. On the other hand, the picked 
particles were processed by 2D classification in RELION for the 
evaluation of particle quality. After the removal of bad particles, the 
remaining particles were used as the input data for “3D auto-refine”, 
which is the refinement step in RELION for obtaining high resolution 
information. 3D auto-refine requires two types of essential inputs. Apart 
from the particles, an external low resolution 3D map is also necessary as 
the reference, so the initial map generated from EMAN2 was used as the 
other input. All reference maps were low-pass filtered to 60 Å before 
usage. Therefore, the two tracks of image processing in two different 
softwares converge at this point (Fig. 8). 
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Figure 8. The workflow of cryo-TEM image processing in EMAN2 and RELION. 
 
3.1.2 Negative staining TEM for nanodiscs 
 
Preparation of grids 
 
400 mesh in-house carbon coated copper grids (TedPella) were first 
glow-discharged (at 30 mA, for 20 sec) to render them hydrophilic, then a 
droplet of sample solution (3.5 µl) was added on the grid for absorption 
(30 sec). Excess solution was blotted off by filter paper, followed by an 
immediate staining by adding a droplet (3.5 µl) of either 2% NaPT or 1% 
UF for 30 seconds. After staining, excess solution was blotted off and the 
grid was kept facing downwards for several minutes for air dry.  
 
Data collection and image processing 
  
The grids were checked in a 200keV Jeol SF2100F transmission electron 
microscope and EM images were acquired by a Tietz camera at a 
magnification of 69,500x with a pixel size of 2.08 Å. Different samples, 
such as empty nanodiscs (ND), monomeric and dimeric 5LO, and 
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nanodisc-5LO complex were analyzed respectively; for stains, both 2% 
NaPT and 1% UF were applied for different purposes. Some of the 
collected EM images were used for further processing in EMAN2, where 
individual particles were picked out for alignment and 2D class-averaging. 
The generated gallery of particle projections showed more obvious 
structural information than the particles themselves.  
 
3.1.3 Negative staining TEM for Salipro nanoparticle system 
 
Negative staining TEM for detergent solubilized MS channels 
 
The mechanosensitive (MS) channel T2 from Thermoplasma volcanium 
were dissolved in DDM (n-Dodecyl β-D-maltoside), and diluted to 0.011 
mg/ml before the adsorption onto glow discharged 400 mesh carbon-
coated copper grids for 1 minute. Grids were subsequently washed with 3 
drops of distilled water and stained with one drop of 1% uranyl formate. 
Images were acquired on a 200keV JEOL2100F electron microscope 
using a 4K x 4K CCD camera (Tiez Video and Imaging Processing System 
GmbH, Germany) at an underfocus around 2.3 mm and a final 
magnification of 83,400x. The pixel size of the CCD camera was 15 μm 
(corresponding to 1.8 Å at the specimen level). The particles were 
collected using the program BOXER in the EMAN2 suite. 
 
Negative staining TEM for lipid-only Salipro particle  
 
For Salipro particles, 400 mesh carbon-coated copper grids were glow 
discharged to render them hydrophilic at 30mA for 20s, then 4 μl of 
sample (0.005 mg/ml) was added on the grids for absorption (30 
seconds). After blotting away excess fluid, washing was done with three 
drops of water before staining with 4 μl of 1% uranyl formate for 30s. The 
grids were air dried after the removal of excess stain. Negative staining 
images were collected on a 200keV JEOL2100F transmission electron 
microscope and a CCD camera at a final magnification of 69,500× with a 
pixel size of 2.16 Å. 
 
Negative staining TEM for Salipro-POT complexes 
 
For Salipro-POT complex, 400 mesh carbon-coated copper grids were 
glow discharged to render them hydrophilic at 30 mA for 20 seconds, and 
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then 4 μl of sample (0.05 mg/ml) was added on the grids for absorption 
(30 seconds). After blotting away excess fluid, washing was done with 
three drops of distilled water before staining with 4 μl of 1% uranyl 
formate for 30 seconds. The grids were air dried after the removal of 
excess stain. Negative staining images were collected on a 200keV 
JEOL2100F transmission electron microscope using a 4K × 4K CCD 
camera (Tiez Video and Imaging Processing System GmbH, Germany) at 
a final magnification of 69,500× with a pixel size of 2.16 Å. The images 
were processed in EMAN2 suite for 2D class averaging and 3D 
reconstruction of an initial map.  
 
3.1.4 Negative staining for POTs 
 
Small droplets of 0.002 mg/ml PepTSo2 were added onto glow discharged 
carbon-coated grids (400 mesh) for 1-minute absorption. 3 drops of 
double distilled water were used to wash the grids before they were 
stained with 1% uranyl formate. Negative staining images were collected 
on a 200 keV JEOL2100F electron microscope using a 4K × 4K CCD 
camera (Tiez Video and Imaging Processing System GmbH, Germany) at 
the magnification of 69,500x. Individual particles were picked by the 
BOXER program and analyzed by 2D classification in EMAN2. 
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4. Results 
 
4.1 Paper A 
 
In this paper, both negative staining TEM and cryo TEM were applied to 
analyze the structure of rHDL discs. The obtained EM density maps were 
used for further flexible fitting procedure to generate structure models of 
apoA-I dimers.  
  
4.1.1 Negative staining TEM for rHDL 
 
Due to the relative convenience in sample preparation and good contrast 
in images, NS-TEM was used to collect data initially. Both UF (uranyl 
formate) and NaPT (sodium phosphotungstate) were used to stain the 
rHDL sample and a visualization difference was observed. The images of 
UF stained samples clearly present the top view of rHDL particle and 
show an evenly spread, highly homogenous preparation of rHDL (Fig. 
9A). Most of the rHDL discs adsorbed to the supporting carbon film with 
their flat planes parallel to the film. However, the images of NaPT stained 
samples show that most rHDL discs aggregate and form stacks 
resembling piles of coins viewed from the side (Fig. 9B). This so-called 
“rouleaux” structure was observed previously for HDL obtained from 
both native sources and reconstitution85,86,87. These particles were 
adsorbed on the carbon film perpendicular to their flat planes. In fact, 
even many non-stacked, singular discs can be seen adsorbed on the side, 
rather than on their flat planes as could have been expected. 
 

     
Figure 9. Raw images of rHDL using UF and NaPT standard staining protocols. A) Particles 

are evenly spread in the image of UF stained samples. B) Particles aggregate and form 
“rouleaux” in the image of NaPT stained samples. Images were collected by electron 
microscope JEOL 2100-F at 66,500x magnification. Scale bars: 100 nm and 50 nm in 

original and enlarged images respectively. 
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Particle picking and 2D class-averaging were applied on UF images 
(stacked particles in standard protocol NaPT images are too crowded to 
box) in EMAN2. As a result, 1358 particles were picked and a gallery of 98 
particle projections were generated (Fig. 1B in Paper A). Comparing with 
raw particles, the class-averaged projections showed an enhanced image 
contrast and sharpness, also provided a little structural information of the 
sample. The top views of rHDL particles were clearly displayed in the 
gallery. They are highly homogeneous in size, but also have some 
interesting features. The top views are less circular than we expected, and 
many of the projections show an “edgy” structure. In addition, an extra 
density can be observed in the center of many projections, forming “Q” or 
“G” shaped views. This was also discussed in some early studies85. 
However, due to the lack of side views, it is impossible to use these 
projections for 3D structural reconstruction. 
 
4.1.2 Cryo-TEM for rHDL 
  
Cryo-TEM was applied to achieve relatively high resolution structural 
information of rHDL discs. The software EMAN239 was used in the early 
steps of image processing, from particle picking to the 3D reconstruction 
of low resolution initial map, whereas RELION40 mainly contributed to 
the final refinement of 3D maps of rHDL.  
 
In EMAN2, 6050 particles were picked from cryo images and used for 2D 
class-averaging (Fig. 2 in Paper A). The generated particle projections 
show mostly side views of rHDL disc, and only a few of them present 
tilted views or top views, which is quite different to the UF results. In 
addition, it seems that cryo particles are not so homogenous in size as 
negatively stained particles. The side views present a variety of lengths. 
This could be caused by the heterogeneity of rHDL samples in the first 
place, but on the other hand, the possible near-oval shape of the rHDL 
disc itself may also be an alternative reason. Based on a set of 47 particle 
projections, a low-resolution 3D initial map of rHDL disc was built (Fig. 
10). The reconstructed result is rather consistent to the assumption of the 
imperfect circularity of a rHDL disc. The 3D initial map presented an 
irregular discoidal model of rHDL particle, with unevenly distributed 
densities – thicker at the edge and thinner in the center – corresponding 
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to the ring-shaped apoA-I proteins and the phospholipids bilayer, 
respectively.  
 

 

 
Figure 10. 3D initial map of rHDL particles from cryo-EM data, shown in two contours.  

Three different views of the 3D map are shown. Scale bar: 10 nm. 
 

The same 6050 particles were also processed in RELION for 2D 
classification for the evaluation of particle quality. After the removal of 
bad particles, the remaining 3870 particles were used as the input data 
for the 3D refinement in RELION. The initial 3D map reconstructed from 
EMAN2 (in Fig. 10) was firstly used as the reference map for the 
refinement and a reasonable refined model was generated (data not 
shown). However, in order to avoid the disturbance to the final results 
from the structure of an input map, a less-featured reference map was 
used instead. This was achieved by simply applying a high symmetry (C64) 
on the 3D reconstruction step in EMAN2. As a result, a much more 
circular reference map was generated and used. According to the 
consensus on the conformation of HDL disc from early studies and other 
experimental results88,89, D1 symmetry was applied for the refinement.  
The refined 3D map of rHDL disc with higher resolution structural 
information was shown in Fig. 11. 
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Figure 11. The final refined map based on a C64 reference map and the application of D1 

symmetry. Resolution: 17.4 Å. Scale bar: 10 nm.  
 

A moderate resolution of 17.4 Å was obtained in the refined map 
(estimated with the criterion90 of Fourier shell correlation (FSC) = 0.143). 
Comparing to the low-resolution initial map, the refined map keeps the 
ring-shaped structure rather well, but with a slightly increased ellipticity. 
A thickness difference can be observed along the rim of the map. It is 
obvious that it is thicker on one side but thinner on the other. There is 
also an intriguing feature – undulating structure on the thin side – that is 
important for the later modelling part. In addition, a less symmetric 
initial map (C8) was also created and used as the reference for refinement. 
The refined result shares some similarities with the above map, but also 
has some different features. The details can be found in Paper A. 
   
4.1.3 Flexible fitting of apoA-I structure into EM map 
  
In order to structurally interpret the above data, a Monte Carlo-based 
procedure for fitting apoA-I dimer structures into the cryo-EM derived 
electron density map (Fig. 11B) was developed91. The overall aim of this 
procedure was to generate a collection of physically sound protein 
structures with good fits to the EM data that could be further assessed 
using additional experimental data. The simulations of apoA-I dimers 
were carried out using an implicit-solvent, all-atom protein model92. 
During the simulations, the backbone torsional angles of residues 110-153, 
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corresponding to alpha helices H4-H689,93, were held fixed. All other 
angles, including all sidechain angles, were free to change. To take into 
account the interaction between apoA-I and lipid molecules, an implicit 
representation of the lipid bilayer disc of HDL particles was induced as 
well.  
 
The starting structure for the simulations was created by certain 
modifications to the Δ (185-243) X-ray dimer structure of Mei and 
Atkinson89. It was made into as a full-length structure with “unhinged” N 
terminal regions and the C-terminal 59 residues added (Fig.12A). The 
H4-H6 region of the initial dimer was manually positioned on the thin 
side of the EM-derived density map, because the undulating character of 
the H4-H6 segment (a feature of the Mei and Atkinson structure) makes 
it fit well into the thin side of the map. Simulations were biased by using 
the EM-derived density map and eight structures were generated through 
eight independent runs. All the structures were thereafter assessed for the 
consistency with certain published features of the C terminus93 and also 
the data from cross-correlation experiments94–98. The best structure 
model was symmetrized and shown in Fig.12B. The same simulation 
procedure was also applied on another EM density map that was 
generated from a C8 initial map. The simulation result is in Paper A.  
 

 
Figure 12. Flexible fitting of apoA-I dimer structures into EM density map. A) The starting 

structure of apoA-I with an “open” N terminal region. B) The final structure model of apoA-I. 
Scale bar: 10 nm. 
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The final structure model of apoA-I dimer fits well to the EM density map. 
The H4-H6 region was from the abovementioned X-ray structure and 
kept unchanged during the simulations. Apart from the “fixed” length, the 
undulating structure of this region fits perfectly to the thin side of the 
map as well. The C-terminal residues 186-243 were manually added and 
flexible on the starting structure. After simulations, the C-termini of the 
two apoA-I chains tended to wrap tightly around the lipid disc and pack 
against each other. Close interactions between C terminal α-helices have 
been proposed to be present in HDL particles of various sizes93 and a 
H10-H10 interaction is present in the X-ray structure of Borhani et al99. 
The “unhinged” N-terminal segment (residues 1-66) became more 
compact and folded back to form a hairpin structure after simulations. It 
creates a thick side of the structure, which thus fits well to the EM-
derived density map. About the overall shape, the “edgy” feature of the 
EM map may also correspond to the α-helical segments of apoA-I 
molecule. 
 
In short, the negative staining results, including both NaPT and UF 
images, show a dispersed and homogenous sample preparation and 
provide an initial structural impression of rHDL disc. 3D maps were 
generated from cryo-EM data and they are the first 3D EM density maps 
of a nascent-like rHDL disc reconstructed. In addition, reasonable 
structures of apoA-I were created to fit into the EM maps through a 
multi-step simulation procedure. It is also the first time a full-length 
structure of apoA-I dimer is created. The results have provided some 
structural insights to the rHDL disc and deepened the understanding to 
the structure-function relationship of nascent HDL and thereby are 
significant for the structural and functional studies of lipoproteins. 
 
4.2 Paper B and Paper C 
 
In this study, both NaPT and UF were used for applying negative staining 
TEM. NaPT was used to visualize the functionality of monomeric and 
dimeric 5LO in different conditions and also investigate the role of Ca2+ in 
the activation of monomeric 5LO binding on nanodiscs. UF was used to 
verify the dimerization of 5LO molecules. In addition, an indirect 
visualization method was put forward to analyze the protein-membrane 
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binding by taking advantage of the unique feature of phosphotungsten 
(PT) stain. 
  
4.2.1 The indirect binding visualization method  
 
When negative staining TEM is applied to determine protein structure, 
stain artifacts are frequently induced. One particular artifact is the effect 
of PT stain on particles with phospholipid bilayer such as liposomes and 
nanodiscs. Particles assemble together to form a structure of long 
"rouleaux" or "stacks"81,85. The reason of the stacking formation is still 
unclear. It might occur because PT has multiple negative charges that can 
interact with the surface positive charges of phospholipids86. 
  
Here, we proposed a method to take advantage of the PT-induced 
nanodisc stacking for the study of membrane-binding proteins by TEM. 
In short, protein binding on the nanodiscs would prevent the nanodiscs 
from stacking. The hypothesis behind this protocol is that when a protein 
binds to a nanodisc, most of the phospholipid surface is not available for 
the interaction with the PT due to steric hindrance by the protein, which 
would prevent stack formation (Fig. 13). 
 

 
Figure 13. Principle of the indirect binding visualization method. A) Schematic of nanodisc 

stacking. B) Schematic of the method protocol. (From Paper B.) 
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4.2.2 Negative staining TEM for the analysis of monomeric 5LO-ND 
binding 

 
The membrane-binding protein 5-lipoxygenase (5LO) was used to 
demonstrate the above hypothesis. Since Ca2+ is essential in 5LO binding 
to membrane100–102, to exclude the effect of Ca2+ in stacking formation, it 
is induced as well in the analyses. A variety of samples including ND, 
ND+Ca2+, 5LO+ND, 5LO+ND+Ca2+ were stained by 2% NaPT and the 
EM images were showed in the Fig. 14. 
 

 
Figure 14. Negative staining EM images to reveal the effect of Ca2+ on the interaction of 

monomeric 5LO with nanodiscs. A) empty nanodiscs. B) nanodiscs with Ca2+. C) equimolar 
concentrations of monomeric 5LO and nanodiscs. D) equimolar concentrations of 

monomeric 5LO and nanodiscs with Ca2+. In each image, the magnified windows on the 
right are representatives of the majority of the particles in the main image. Scale bars are 10 

nm and 100 nm respectively. 
 

For empty nanodiscs, the sample presented homogeneity in size and 
shape and formed stacks as expected (Fig. 14A). The presence of Ca2+ in 
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the ND sample gives no major difference. In the EM image, similar stacks 
are still observed (Fig. 14B). Thus, the presence of Ca2+ hardly affects the 
stack formation of nanodiscs. In the sample of monomeric 5LO and 
nanodiscs incubated without Ca2+, nanodiscs still formed stacks after the 
NaPT staining (Fig. 14C). We presume that, in the absence of Ca2+, there 
is a lack of interaction between 5LO and nanodiscs, because the stack 
formation should not be possible if a protein (or other macromolecules) is 
bound on and (at least partially) covers the surface of the ND lipid 
bilayers. This presumption was further verified by staining the sample 
containing the complex of 5LO-ND formed in the presence of Ca2+. Only a 
few short stacks can be observed in the EM image and most particles 
present a “single particle” state (Fig. 14D). This shows that the presence 
of Ca2+ is necessary for the 5LO to bind on a lipid bilayer. In conclusion, 
the TEM results conformed well to our hypothesis. With the presence of 
Ca2+, 5LO binds to nanodisc and covers most of the phospholipid area, 
and the steric hindrance prevents the stacking formation of nanodiscs. 
 
The above NaPT images provide indirect evidence of the essential effect of 
Ca2+ in the formation of 5LO-ND complex. In order to have further direct 
visualization on it, 377 particles were boxed from five NaPT images in 
EMAN2 for 2D class averaging. A small gallery of 9 particle projections 
was generated (Fig. 4E in Paper B) and provides a rough idea about what 
the most representative particles in the images look like. 5LO has a nearly 
cylindrical shape with a long dimension of 9 nm and a diameter of 4.5 
nm103. The used ND has an outer diameter of around 12.5 nm and the 
thickness of a POPC bilayer is about 4nm at room temperature according 
to measurements in early studies104. Each 5LO particle is supposed to 
embed on one side of a nanodisc with its long dimension parallel to the 
POPC bilayer, forming a complex looks like a “bipartite” object at a nearly 
equivalent molar ratio of 5LO and ND105. Most projections show top views 
and tilted views of the complex and the “bipartite” feature is not able to 
be observed. Nevertheless, there is still one of them presenting a clear 
side view of the “bipartite” object, from which the presumed nanodisc and 
5LO can be seen. We believe that with a larger number of boxed particles, 
more 2D projections could show the side views of the 5LO-ND complex. 
  
Further, as a monotopic membrane protein, monomeric 5LO can bind to 
either side of the nanodisc bilayer. Theoretically, at least two 5LO 
molecules can be embedded in a nanodisc at the same time to form a 
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“tripartite” object when it is in a 5LO-sufficient environment. To detect 
the existence of two-5LO-on-one-ND complex and figure out its spatial 
conformation, NaPT was used to stain the samples of ND (0.8 μM) 
incubated with 5LO (1.6 μM) in the presence of Ca2+. The negative 
staining image and 2D class averages generated from 573 boxed particles 
were shown in Fig. 4F and 4G in Paper B. Comparing to the sample of 1:1 
molar ratio, the sample of 2:1 molar ratio shows even fewer stacks and 
slightly larger particles. Given a clearer visualization, many different 
particle conformations can be observed in the gallery of 2D class averages. 
Some of them seem to show “tripartite” objects, namely complexes 
formed by a nanodisc with one 5LO on each side of the bilayer viewed 
from the side. Apart from that, some other interesting features can also be 
observed in the class averages, such as two 5LO molecules binding on the 
same side of a nanodisc. Therefore, further research is needed to find out 
the clear binding mechanism of monomeric 5LO and nanodiscs. 
 
4.2.3 Negative staining TEM for activity analysis of dimeric 5LO 
 
The dimerization of 5LO was observed by BN-PAGE, SEC or other 
experimental methods6. In order to provide direct visualization, the 
assumed dimeric 5LO was separated by SEC from the monomer before 
analysis. 1% uranyl formate (UF) was used to stain the sample because it 
has relative small grain size compared to NaPT and is able to reveal more 
details of the particle. Fig. 15A shows one of the EM images and from 
which some representative particles were selected and displayed in a 
magnified view. The particle has a dimension around 10 nm and a “dimer” 
appearance can be observed (from e.g. the selected particle in the right 
lowest box in Fig. 15A) although the overall sharpness of the raw EM 
image is quite low. To enhance the contrast and lower the noise 
interference, a total of 695 individual particles were picked from 39 UF 
images, and processed in EMAN2 for 2D class-averaging (Fig. 15B). Many 
generated projections indicate the presence of 5LO dimer with different 
orientations, for instance, from No.3 and No.4 projections (the two 
rightmost projections in the lower row), one shows the long dimensions 
of both 5LO molecules are parallel to the carbon film, while the other 
shows the long dimensions are nearly perpendicular to it. Note that some 
projections show strange features, such as a circular shape in No.7 
projection (upper row, the middle one). This may be artifacts induced by 
the stain or during the class-averaging process. 
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Figure 15. Purified 5LO dimers analyzed by negative stain TEM. A) Raw NS image with four 
boxed particles shown in magnified views. Stain: 1% UF. Scale bars are 100 nm and 10 nm, 

respectively. B) Class averages showing 5LO dimers. The box size is 27.6 nm. 
 

From the results above (Fig. 14D), it is clear that monomeric 5LO can 
bind to nanodiscs in the presence of Ca2+. However, native page 
electrophoresis showed no complex formation from 5LO dimer and 
nanodiscs (seen in Paper B). In order to further investigate the activity of 
dimeric 5LO and possible interactions with nanodiscs, the same indirect 
binding visualization method as for the monomer 5LO characterization 
was applied. A mix of 5LO dimers with nanodiscs were incubated with or 
without Ca2+, and stained by 2% NaPT. The results were very similar - 
nanodiscs formed long stacks in both cases regardless of whether Ca2+ 

was present or not (Fig. 6 in Paper B). This means the dimerization of 
5LO inactivates 5LO molecules and prevents them from binding to 
nanodiscs. 
 
In conclusion, negative staining data provides visual evidence to the 
interaction of 5LO and nanodisc. With the presence of Ca2+, monomeric 
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5LO particle can bind to the nanodisc to form a “bipartite” or “tripartite”, 
or even other conformational complex, depending on the molar ratio of 
5LO and nanodisc. To the contrary, 5LO dimers have no activity in 
binding to nanodiscs even with the presence of Ca2+. Further, the indirect 
binding visualization method proposed in this study provides an indirect 
visualization on membrane protein binding to membrane structure. It can 
be used to screen for different conditions like pH, temperature, buffers, 
and cofactor dependence of monotopic protein binding. In addition, the 
protein-ND complex can be treated with standard single-particle 
processing methods to get a rough morphology of the complex. 
 
4.3 Paper D 
 
In this paper, several experimental methods were applied for the 
structural studies of PepTSo2, a bacterial POT. Among these, the 
oligomeric state of PepTSo2 in detergent solubilized form was studied by 
negative staining TEM. The result of this part is described in this section. 
A total of 661 particles were boxed in EMAN2 and subsequently used for 
2D class averaging. As a result, 11 class averages were generated (Fig. 16). 
All the class averages presented a near square (or slightly rectangular or 
diamond) shape of particle with dimensions of about 12.4*12.4 nm (by 
comparing with the box size), which indicated a tetrameric arrangement 
of PepTSo2.  
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Figure 16. Negative staining TEM of PepTSo2. A) Monodisperse particles can be observed in 

the raw EM-image. The scale bar is 50 nm. B) A gallery of 11 class averages showing a 
tetrameric structure of PepTSo2 particles. The box size is 21.4 nm. 

  
The negative staining TEM constituted a small but significant part of the 
whole structural study of POTs. This immediate visualization of the 
naturally occurring tetramer of this particular channel is important for 
applying subsequent experimental methods and has provided strong 
support for the results from other analyses. In addition, since the same 
POT sample was used to analyze the binding capacity of Salipro particle 
to membrane protein in Paper E, the TEM result obtained in this study is 
also an informative assistance to the studies in that paper.  
 
Other parts in Paper D (not contributed by me), will not be further 
discussed in this thesis.  
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4.4 Paper E 
 
In this paper, a saposin-lipoprotein nanoparticle system, Salipro, was 
presented for the reconstitution of membrane proteins in a lipid 
environment. To demonstrate its applicability, a few membrane protein 
complexes were tested. Both NS-TEM and cryo-TEM were applied. The 
EM results from the work that I contributed to are described in this 
section. Other fascinating results from this study can be found in Paper E.  
 
4.4.1 Initial negative staining TEM analysis for Salipro solubilized 

mechanosensitive (MD) channels 
 
In order to more effectively detect the capacity of Salipro particle to 
integrate with membrane proteins, some initial NS analyses were 
performed, such as NS-TEM on the archaeal mechanosensitive channels 
T1 and T2 stabilized in detergent (results not shown in the published 
paper). The results were used to compare with the subsequent conditions 
for MS channels dissolved in Salipro environment. 
  
The NS results of DDM solubilized T2 are presented in Fig. 17A and B. 
The particles are slightly aggregated and show a variety of orientations. A 
few particles were selected and displayed in a gallery with magnified 
views (Fig. 17B). The observed particle dimensions with NS-TEM 
correspond quite well with the previously reported small MS channels 
that have three domains altogether about 12 nm long and 8 nm wide106. 
  
Another initial negative staining analysis before investigation of the 
Salipro solubilized MS channels was to check the condition of saposin-
lipid complexes (lipid-only Salipro particles). As a result, NS images 
showed monodisperse particles of saposin-lipid complexes, which 
indicated that the preparation method of Salipro worked well (Fig. 17C). 
  
These initial NS-TEM analyses were essential for the subsequent 
structural analysis of Salipro-T2 complex. As a comparison, it was found 
that the T2 channel solubilized by Salipro were more distinct than the 
particles embedded in the detergent (Fig. 2C&D in Paper E). 
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Figure 17. NS images of DDM solubilized T2 channel and lipid-only Salipro particle stained 
with 1% UF. A) NS image of T2 channel. The scale bar is 72 nm. B) The gallery of selected 
T2 particles. Mostly tilted views, top views and some side views are shown. The box size of 
magnified particles is 23 nm. C) NS image of lipid-only Salipro particle. The scale bar is 50 

nm.  
 

4.4.2 Negative staining TEM for Salipro-POT complex 
 
The same bacterial POT studied in Paper D was used for incorporation 
into a Salipro particle, hereafter denoted the Salipro-POT complex, in this 
study. Negative staining TEM was applied for the initial conformational 
analysis of Salipro-POT complex. The NS image is shown in Fig. 18A. 
Apart from a small portion of aggregates, particles mostly present a size 
homogeneity – a near square top view and an elongated side view. NS 
Images were processed in EMAN2. A total of 4287 single particles were 
boxed from 32 images and used for the following 2D class averaging (Fig. 
18B). An initial electron density map of Salipro-POT was generated, 
without imposing symmetry during the 3D reconstruction process (Fig. 
18C&D). The appearance and the dimensions of the square-shaped map 
are in good agreement with the homo-tetrameric membrane protein 
complex formed by this bacterial peptide transporter that mainly consists 
of transmembrane helices with only small loop regions14.  
 
Further, according to the size of the density map and the stoichiometry 
(Supplementary Figure 2E in Paper E) of the Salipro-POT, each particle is 
assumed to comprise four POT proteins and four Saposin A molecules. 
This suggests a significant flexibility of Saposin A to assemble into 
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homogenous and stable lipoprotein-complexes, by adapting to the size of 
the incorporated molecules (Fig. 18D). 

 

 
Figure 18. Incorporation of POT into Salipro particles. A) NS-TEM image of purified Salipro-
POT complex. The scale bar is 50nm. B) 2D reference-free class averages of Salipro-POT 

complex. C) Initial 3D map of Salipro-POT seen from the top (left) and the side (right), 
dimensions are indicated. D) Initial 3D model with the fitted X-ray structures of POT1 (pdb: 

4aps) and Saposin-LDAO (pdb: 4ddj). 
 

Based on the clear results of NS-TEM, high resolution cryo-TEM was 
further applied for the structural study of the Salipro-POT complex by the 
research group of Yifan Cheng in University of California, San Francisco 
where a direct electron detector and a microscope operating at 300 kV 
were used for data collection. A final resolution of 6.5 Å was achieved and 
the cryo-EM density map displayed well-resolved transmembrane helices 
of a tetrameric POT, together with a less-resolved, but obvious peripheral 
region corresponding to the Salipro scaffold (Fig.19). Details can be found 
in Paper E. 
 

 
Figure 19. High resolution 3D EM density map of the Salipro-POT complex shown in two 

views. Crystal models of tetrameric bacterial transporter (in red, PDB ID: 4TPH) were fitted 
into the map. The peripheral density indicates saposin molecules (in orange). On the side 
view, to show α-helices more clearly, a part of saposin density was removed by changing 

contour. 
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In this study, I was responsible for most of the NS-TEM analyses. They 
are important initial steps for analyzing the ability of Salipro particles in 
stabilizing and solubilizing membrane proteins and have provided 
essential supports for the subsequent high-resolution structural analyses, 
thereby push forward the whole Salipro project. 
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5. Discussion 
 
5.1 Visualization difference caused by different negative 

staining conditions 
 
Negative staining is an easy, rapid and conventional technique commonly 
used to initially study the morphology and structure of proteins and 
complexes in electron microscopy. Heavy metal salts derived from 
molybdenum, uranium or tungsten are commonly used as stains. 
However, depending on the stain used and the preparation conditions, 
the obtained NS images can present a large visualization difference. 
Therefore, understanding the features and behaviors of different stains, 
in order to select the most suitable stain for each research project, is 
essential for progress to the whole project. 
  
In this thesis, NaPT and UF were used to stain different samples. The 
most direct comparison for these two stains is displayed in the NS images 
on rHDL (Fig. 9). In the UF image, most of the rHDL discs adsorb to the 
supporting carbon film on their flat planes; while in the NaPT image, 
most rHDL discs form stacks similar to a pile of coins viewed from the 
side, forming a so-called “rouleaux” structure81,86. These particles were 
adsorbed on the carbon film perpendicular to their flat planes. Therefore, 
even for the same sample, different stains can lead to rather different 
results. In this case, the usage of UF is perfect for presenting well 
separated top views of rHDL particles, while side views can be easily 
observed in NaPT images. In addition, the unique staining artifact 
induced by NaPT – stacking formation of nanodiscs – is possible to be 
used as an indirect visualization method in detecting the binding of 
membrane proteins to the membrane.  
 
Further, even when using the same stain, it seems that a minor 
modification to the conventional staining protocol could result in a 
different staining behavior. As mentioned above, the stacking formation 
is a typical artifact when NaPT is used as the stain. However, after 
introducing a water washing step before the addition of NaPT stain, both 
the number and length of stacks were significantly diminished (Fig. 20A). 
In contrary to the UF image that mostly shows particle top views and the 
conventional NaPT image that mostly shows particle side views (within 



 

48 

 

long stacks), the “washed” NaPT image provides the visualization of 
different “views” of particles, i.e. all angles of the particles from top views, 
tilted views to side views. This effect of water washing would disagree 
however with the plausible explanation of the stacking formation due to 
charges of the phosphotungstate ions directly interacting with the lipid 
bilayers as shown in Zhang’s paper85. But as they also mentioned in the 
same paper, high buffer salt concentration promotes stacking formation, 
while little or no salt result in few and short stacks. This might explain the 
impact of water washing on the formation of stacks, however, the exact 
role of buffer salts is still unclear. 
 

 
Figure 20. Raw EM image and 2D class-averages of rHDL using NaPT water-washing 

staining protocol. A) Raw image collected by electron microscope JEOL 2100F at 66,500x 
magnification. Boxes show examples of a top view (top), a single side view (bottom) or a 
tilted view (middle). Scale bar: 100 nm. Box size: 20 nm. B) Gallery of 2D class-averaged 

projections of rHDL particle generated from EMAN2. 99 projections of 1868 particles 
showing views from all angles. Box size: 17.5 nm. 

 
In addition, the unique feature of viewing all angles of the nanodiscs in 
the images of “washed” NaPT stained nanodiscs, makes it feasible to pick 
individual particles from them and subsequently display particles with 
different “views” in a gallery through 2D class averaging in EMAN2 (Fig. 
20B). The 2D class averages of particle can be used for further image 
analysis as well. 
  
5.2 Comparison of the size and shape of the rHDL 

particle subject to different sample preparation 
protocols 

 



 

49 

 

Since the “views” of rHDL particles vary in EM images according to 
difference sample preparation protocols – between cryo-EM and NS 
protocols, or even between NaPT and UF protocols, and in order to have a 
more comprehensive understanding about the size and shape information 
of rHDL particles, it is worth comparing the particles obtained from 
different protocols. Zhang et al found a tendency of particle shape toward 
ellipticity based on statistics for the geometry of rHDL 9.6 nm particles 
consisting of apoE4 and POPC86. For our rHDL discs consisting of apoA-I 
and POPC, a statistical measurement was likewise applied on the 
standard UF, “washed” NaPT and cryo-EM data as well. Due to the low 
contrast but rather large number of raw particles, we performed the 
measurement on the 2D class-averaged particle projections instead of on 
the raw particles. 
  
For each particle projection, both the lengths of the longest axis and the 
perpendicular axis to it were measured. The measurement results were 
displayed in three different histograms (Fig. 21): 1. The distribution of the 
longest axis lengths (as the “longest diameter”). 2. The distribution of the 
perpendicular axis lengths (as the “shortest diameter”). 3. The 
distribution of the longest-axis-length to perpendicular-axis-length ratios 
(L-P ratio, indicating the particle shape).  
 
Since each projection contains different numbers of particles, in order to 
present the statistical results more accurately, each bar in the histograms 
represents the percentage of particles, instead of the absolute number of 
them, within the particular range comparing to the total number of 
particles. It is worth noticing that not all histograms display the 
measurement results from all the three data sets. In Fig. 21B, only the 
cryo and “washed” NaPT data were used to measure the “shortest 
diameter” of projections. This is because in both cryo and “washed” NaPT 
images, rHDL discs can be visualized from a variety of orientations, 
whereas only top views of the particle are presented in UF images. The 
term “shortest diameter” here to some extent indicates the thickness of 
rHDL discs. It is only meaningful when the side views of particle can be 
observed. Likewise, in Fig. 21C, only the L-P ratio distribution of UF data 
was shown. Because this ratio indicates the particle shape (seen from the 
top), it makes no sense if particle views apart from the top view are 
measured. 
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Figure 21. Three histograms indicate different size and shape distributions for UF, washed 

NaPT and cryo particles. A) The distribution of the projection longest diameters. B) The 
distribution of the projection shortest diameters. C) The distribution of the L-P ratios. 

 
For UF data, the statistical analysis of the longest diameter shows that 
most particles have a longest axis length between 110-120Å and the peak 
population (29%) occurs at 110-115Å (Fig. 21A). The measurement results 
also show that most of the particles (75%) have an L-P ratio between 1 
and 1.1, which indicates a nearly circular particle shape (Fig. 21C). For 
“washed” NaPT and cryo data, the projections rather represent particle 
orientations including top, tilted and side views. Fig. 21B provides a 
glimpse into the particle thickness. In Kucerka’s paper the POPC bilayer 
thickness was measured to be 4 nm in solution of unilamellar vesicles 
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(ULVs) or multilamellar vesicles (MLVs)104. The minimum value of 
shortest diameter for both “washed” NaPT and cryo data is in the range of 
4.5 -5 nm, slightly thicker than their measurement result. In addition, Fig. 
21A shows that almost 18% of the “washed” NaPT particles (327 out of 
1868 particles) are smaller than the expected size (9.6 nm) and 30% (327 
out of 1868 particles) are larger than 115 Å, whereas about 52% of cryo 
particles have the longest diameters within the range 95-110 Å. For the 
histogram of the shortest diameter (Fig. 21B), 34% of the “washed” NaPT 
particles show a reasonable thickness measure of 45-60 Å, and nearly half 
of the cryo particles are within this range.  
 
In conclusion, regarding to the particle size, UF data show mostly top 
views of rHDL disc with an average size slightly larger than the particles 
from the other two data sets. However, it has to be pointed out that the 
top views in UF images might have become flattened as the sample is 
dried, a common effect when NS is applied, which would affect the overall 
size of the particle. Nevertheless, as the most “authentic” data, cryo 
particles present the best match to the ideal size of 9.6 nm. On the other 
hand, for the particle shape, UF data show a nearly circular particle shape 
as most of the particles have an L-P ratio between 1 and 1.1. However, in 
cryo-TEM images, most particles are presented in side views and tilted 
views (that would appear elliptic). Top views with a nearly circular shape 
are hard to find. In order to explain the visualized difference between 
cryo-EM and NS particles, one of the two possibilities are plausible: one is 
that rHDL disc has an ideally circular top view as shown in the UF image, 
and that such ideal view is hard to detect under cryo-conditions. This 
could be due to e.g. low contrast of particles in the ice, preferred 
orientations of particles in the ice or some other reason; the other one is 
that rHDL disc does have a slightly elliptical top view as shown in the 
cryo-image, and the reason for the highly circular shape of UF particle is 
because of stain artifacts. A nearly circular shape of HDL disc seems to 
gain a large extent of consensus as several published models 
proposed94,98,107. However, there are also some results suggesting an 
elliptical shape of HDL disc108,109. 
 
The analysis regarding the size and shape of the rHDL disc indicates to 
some extent the challenge of applying cryo-EM in particular but also NS 
on a somewhat dynamic particle, less than 250 kDa. The use of statistical 
evaluations on a disc-like particle that has a thickness has to be made 
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with care. We believe that with a further more comprehensive statistical 
analysis and more quality data, a clearer and more specific conclusion can 
be drawn out. 
 
5.3 Comparison of different techniques in solubilization 

and stabilization of membrane proteins 
 
A major challenge in membrane protein study is to provide a lipid-like 
environment to keep the protein stable and monodisperse in solution. 
Detergent micelles have been used to solubilize membrane proteins for 
long time, but they often have adverse effects on protein activity, stability 
and solubility and can easily interfere with experimental setups110–112. An 
alternative to detergents could be so called SMALPs (styrene maleic acid 
lipid particles) that in fact can solubilize lipid membranes where integral 
membrane proteins are stabilized and trapped inside113. Another 
commonly used tool in membrane protein study is liposome, but its 
applicability is limited by e.g. low solubility, short half-life, high 
production cost, leakage or fusion of encapsulated molecules70. An 
important drawback regarding integral membrane proteins is the 
topology after reconstitution into liposomes. How to make the 
reconstitution so that all transmembrane proteins have the same 
orientation? As was recently shown, one way to do this could be to 
express the target protein in mammalian cells under such conditions that 
extracellular vesicles are produced containing the target. These would all 
have the same orientation. A further advantage would be the presence of 
native lipids. As this is similar to a semi-purification step, further 
purification by any of the methods discussed here could be made114. Other 
systems like amphipols and maltose-neopentyl glycol-3 analogs have 
been shown to have the ability to stabilize membrane proteins and 
binding tightly to them115,116. However, they do not provide a lipid 
environment, which is essential for the structure and function of 
membrane proteins. 
 
A variety of lipid-based scaffolding systems have been developed to 
solubilize and stabilize membrane proteins in an aqueous 
environment5,117–124. One of the mature techniques is the nanodisc. As the 
engineered version of discoidal HDL particles, nanodiscs provide an 
amphiphilic environment that can keep membrane proteins soluble and 
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stable. A wide spectrum of membrane proteins, especially integral 
membrane proteins such as cytochrome P450125, G-protein coupled 
receptors (GPCRs)126–128, ion channels129–131, transporters132–136, pores and 
toxins137,138 have been studied with nanodisc system since the technique 
was established more than 15 years ago3. These proteins have a large size 
range, varying from containing only one transmembrane helix to more 
than 20. By the pre-customization of MSPs, nanodiscs have allowed for 
the detailed study of multiple lipid-protein interactions. Apart from 
scaffolding proteins, the lipid composition of nanodiscs can be controlled 
and altered as well. This allows for investigation of the effects of different 
lipids on various membrane proteins, and also provides the opportunity 
to study many biochemical processes that require specific lipid 
compositions of the membrane for full functionality139,140. In addition, 
membrane proteins incorporated into the nanodisc system form 
nanodisc-solubilized membrane protein libraries that reflect the 
membrane proteome and also provide assistance in disease 
interventions141,142.  
 
In this thesis, empty nanodiscs were used as nanoscale mimics of the 
membrane to interact with 5-Lipoxygenase – a peripheral membrane 
protein. It is essential for the study of 5LO activation. This indicates that 
nanodisc is also a useful tool in studies of the binding of peripheral 
membrane proteins or soluble proteins to a membrane surface. Thus, the 
nanodisc system is a robust means for the investigation of membrane 
proteins and their interaction with lipids. Finally, they may be used to 
build complexes of a transmembrane protein and soluble binding 
partners.   
 
In some cases a membrane surface is needed for this interaction.  Since a 
nanodisc has a relatively rigid structure because of known lipid 
composition and MSP type, it is an appropriate option for the study of 
membrane proteins with known sizes. Otherwise, it might turn into a 
disadvantage when the size or conformational information of the 
membrane protein of interest is unknown. In this case, another 
nanoparticle, Salipro, with a more flexible structure, is possible for usage. 
A typical Salipro particle is a small complex with two saposin molecules 
and lipids, which can be used for incorporation of small-sized membrane 
proteins or proteins with a small transmembrane part. Unlike the 
apolipoprotein belt in a nanodisc with a pre-determined length, the 
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number of saposins in a Salipro particle varies according to the target 
protein. It makes Salipro particle flexible in structure hence can adapt to 
a wide range of incorporated protein sizes. For example, when binding to 
the relatively large membrane protein tetrameric PepTSo2, four instead of 
two, saposin molecules form the Salipro scaffold to stabilize the protein. 
In addition, Salipro can also perform well in stabilizing viral membrane 
proteins e.g. HIV-1 spike, which is highly unstable in detergent143–145. This 
approach may be applicable to other membrane proteins of enveloped 
viruses, which provides Salipro potentials to play a positive role in 
immunology. In addition, the relatively small size of saposin makes it 
impossible to largely affect the revealing of structural features of the 
incorporated membrane protein.  
 
In short, the abovementioned techniques all have their own advantages 
and limitations. To select the most appropriate one depends on the 
specific research object and purpose. For instance, if a membrane surface 
is necessary, e.g. for the study of peripheral proteins, then nanodiscs 
might be the suitable tool to use. If solubilization and stabilization of a 
transmembrane protein is the only purpose, rather than studying its 
interaction mechanism on cellular membrane, then other tools could be 
used. 
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6. Conclusions 
 
In this thesis, transmission electron microscopy (TEM), as the technique 
performed in all the studies, produced massive and quality results on 
revealing the structural information of different proteins or complexes, 
which were either the fundamental part or essential support in each study. 
TEM, in particular cryo-TEM, is thus a potent tool in achieving high 
resolution information of biomacromolecules, thereby pushing forward to 
the understanding of their function mechanisms in living body. With the 
unending technical developments with regard to microscopes and 
detectors, TEM is getting increasingly powerful and useful. Apart from 
the application on conventional structural studies (direct visualization), 
TEM was also used for indirect visualization on protein-membrane 
binding by taking advantage of the unique stain artifact of NaPT. This 
specific method was fully discussed and believed to have a general use in 
relevant fields. In addition, several nanoparticle scaffolds, including 
nanodisc and Salipro were investigated for their binding capacities with 
peripheral and integral membrane proteins. It provided us a 
comprehensive understanding on the solubilization and stabilization of 
membrane proteins and the mechanisms that membrane proteins 
binding to the membrane, which may give us insights in e.g. possible 
ways of drug delivery.     
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7. Future work 
 
7.1 Increase the structural resolution of the EM density 

map of rHDL disc 
 
The 3D EM density map of rHDL disc reconstructed from cryo data has a 
moderate resolution at around 17 Å. At this resolution level, few 
structural details can be observed. In order to know the conformation of 
the apoA-I dimer, especially about the N- and C- termini, the structural 
resolution of the EM map needs to be improved. This can be achieved 
through multiple ways such as improving the quality of collected cryo 
images and increasing the number of picked rHDL particles. All the cryo 
data were manually collected in a JEOL 2100F electron microscope 
equipped with a CCD camera. Nowadays, state-of-the-art equipment such 
as Titan Krios with a K2 Summit detector is available for cryo-TEM. The 
built-in data auto-collecting program also allows a massive data collection. 
In order to accurately determine alignment parameters for single 
particles in normal cryo-EM a certain molecular mass is needed. rHDL is 
at the lower limit. However, recent applications of phase-plates in order 
to increase contrast, have shown that the structure of molecules as small 
as hemoglobin can be determined to high resolution146. In addition, more 
intelligent and powerful functions are included in the updated versions of 
EMAN2 and RELION, which have made them more capable in image 
processing and thereby achieving good results. 
   
7.2 Optimize the structure of apoA-I dimer 
  
The simulation procedure used to create the structure of apoA-I dimer is 
a relative novel method. There is still room for improvements. Likewise, 
the proposed apoA-I structure can also be further assessed using 
additional experimental data. We believe that, with a more structurally 
resolved EM density map, the optimization of simulated structure is 
possible.  
   
7.3 Study the 5LO-ND binding with the presence of other 

proteins 
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The Ca2+ mediated recruitment of 5LO to nuclear membranes is an 
important step in the production of inflammatory mediators of the 
leukotriene family. The 5LO-ND binding results obtained in this study 
have offered a glimpse of this step. To further reveal details of the 
complete mechanism, the structure of 5LO colocalized on the membrane 
next to the 5LO scaffold protein FLAP will be essential. In other words, 
the nanodisc will be used as the substitution of membrane again and 
incorporate with 5LO and FLAP at the same time to form a FLAP-5LO-
ND complex. 
 
7.4 Expand the applicability of the indirect binding 

visualization method 
 
The indirect binding visualization method proposed in the study can be 
easily applied and the membrane interaction can be visualized 
immediately. An extension of the protocol could be to investigate 
nanodiscs containing a transmembrane protein (TMP) in the nanodisc 
bilayer. NaPT induced stacking of the TMP-nanodiscs could be compared 
to empty nanodiscs containing the same lipid composition. In addition, 
the relative simplicity of making large amounts of empty nanodiscs also 
allows the use of this method to screen for different conditions like pH, 
temperature, buffers, lipids and cofactor dependence of monotopic 
protein binding.  
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