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Human immunodeficiency virus (HIV) is a member of a subgroup of retroviruses 

that lead to HIV infection and ultimately result in acquired immunodeficiency syndrome 

(AIDS), one of the most fatal viral diseases in human history. There are two types of HIV: 

HIV type 1 (HIV-1) and HIV type 2 (HIV-2). HIV-1, which was discovered first, is much 

more contagious and virulent than HIV-2. In addition, HIV-1 is the cause of the majority 

of HIV infections all over the world. HIV-2 is less severe due to its relatively low 

infectivity. HIV viruses infect pivotal cells of the human immune system to lead to the 

failure of patient’s immune system. Dormancy of HIV viruses is comparatively long and 

the average survival time after HIV infection is 10 years without treatment. So far, 

millions of people around the world are suffering from HIV infection while there is no 

good way to treat it completely. Therefore, it is extremely important to study the process 

of HIV assembly to better understand the mechanism of HIV infection. 

HIV assembly is an extremely complicated multi-step process. It takes place at 

the plasma membrane and involves the polyprotein Gag, genomic viral RNAs and lipids 



 vii 

phospha-tidylinositol-(4,5)-bisphosphate (PI(4,5)P2). During the early stage of HIV 

assembly, Gag is all that is required to assemble into a spherical, membrane-enveloped 

immature virion with a diameter ranging from 100-150nm. The Gag has an approximate 

mass of 55kDa and consists of six structural domains. From N-terminus to C-terminus, 

they are matrix (MA), capsid (CA), spacer peptides 1 (SP1), nucleocapsid (NC), spacer 

peptides 2 (SP2), and p6, respectively. The three major functional domains are MA, CA 

and NC. MA domain prefers to interact with PI(4,5)P2 on the lipid plasma membrane 

during HIV assembly. CA-CA interactions form hexagonal lattices with an approximate 

spacing of 8nm in the immature virion. NC domain has a high affinity to bind with the 

RNA packaging signal (Ψ) located in the 5’-end of a dimeric viral RNA that 

subsequently forms the conical shape virus core. 

In this dissertation Atomic Force Microscopy (AFM) was utilized to study the 

morphology of Gag, ΨRNA, lipid PI(4,5)P2 as well as their different mixed complexes. 

They were imaged on either positively charged or negatively charged micas depending on 

the net charges carried by the respective materials. After achieving high quality AFM 

images in a liquid environment, programming scripts coded in MATLAB and 

Mathematica were used to analyze the data statistically. The sizes of the corresponding 

structures and the statistical distributions of Gag among monomer, dimer and tetramer 

complexes before and after mixing with either ΨRNA or PI(4,5)P2, or both were found. 

Then the binding principle of HIV Gag with ΨRNA and PI(4,5)P2 was investigated. 
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Chapter 1 
 

 Biological introduction 
 

 
1.1  Overview of human immunodeficiency virus Gag 

 
Human immunodeficiency virus (HIV) is a type of lentivirus, a member of a 

subgroup of retroviruses, which are single-stranded RNA viruses and contain two copies 

of their viral RNA genomes. HIV is a spherical membrane-enveloped virus with a 

reported diameter ranging from 100nm to 150nm. It initially buds from the plasma 

membrane of infected host cells as a noninfectious immature virion [1-5]. The formation 

 

Figure 1-1 Schematic diagram of the HIV-1 replication cycle. (Reprinted from Ganser-
Pornillos et al. (2008), with permission from Elsevier [2].) 
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process of infectious HIV has multiple steps and is usually considered to have three 

stages: (1) assembly, (2) budding and release, (3) and maturation [1-2, 6-8]. The 

schematic diagram of the HIV-1 replication cycle is shown in Figure 1-1 [2]. The first 

stage is the assembly where critical components are encapsulated to create an immature 

virion at the lipid plasma membrane. The second stage is the budding and release wherein 

 

Figure 1-2 HIV-1 immature and mature virions. (a) Schematic model of the immature 
virion. (b) Schematic model of the mature virion. (c) Electron cryotomography image of 
the immature virion. (d) Electron cryotomography image of the mature virion. (Reprinted 
from Ganser-Pornillos et al. (2008), with permission from Elsevier [2].) 
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the immature virion acquires the necessary lipids to form its envelope and buds from the 

plasma membrane. The last stage is the maturation where the immature virion adapts 

conformational changes and turns into a maturely infectious virus. The schematic models 

of the immature virion and mature virion as well as their electron cryotomography 

images are shown in Figure 1-2 [2]. The most important structural component of HIV is 

the genetic polyprotein precursor Gag, the group specific antigen, which is involved in all 

of the three stages of HIV formation. It has been well studied that the HIV immature 

virion has approximately 2500-5000 copies of Gag polyprotein [1, 4]. The approximate 

mass of Gag is 55kDa [8]. Gag has rod-like shape with a length of 20-30nm and a 

diameter of 2-3nm [3]. From N-terminus to C-terminus, Gag consists of six structural 

domains: matrix (MA) with amino-terminal myristylation (Myr), capsid (CA), spacer 

peptides 1 (SP1), nucleocapsid (NC), spacer peptides 2 (SP2), and p6, respectively [1-2, 

6-7, 9]. The schematic representation of full length Gag polypeptide is shown in Figure 1-

3. The three major functional domains of Gag are MA, CA and NC. The HIV Gag 

precursor in the immature virion is radically oriented. The N-terminal MA domain is 

bound to the inner leaflet of lipid membrane. The C-terminal NC domain binds with two 

copies of genomic viral RNA. The central CA domain interacts with each other forming a 

hexagonal lattice. Gag serves as the bridge to connect the lipid membrane and dimeric 

viral RNA and forms a scaffold with other Gags to support the structure of the immature 

HIV virion. In later stages, the immature HIV virion becomes a mature virion via 

proteolysis with the help of a viral protease through which the HIV Gag is cleaved into 

pieces with specific orders [10]. The first cleavage is expected to occur between SP1 and 
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NC. Next the MA-CA-SP1 segment will have cleavage at the linkage between MA and 

CA. The NC-SP2-P6 segment will split at linkage between SP2 and P6 followed by 

cleavage between NC and SP2. The cleavage between CA-SP1 will occur at last. The CA 

cleavage at both ends by the protease seems to prompt large conformational changes. 

 

Figure 1-3 Schematic representation of Gag. From N-terminus to C-terminus, six 
functional domains of Gag are matrix (MA) with amino-terminal myristylation (Myr), 
Capsid (CA), Spacer peptide 1 (SP1), Nucleocapsid (NC), Spacer peptide 2 (SP2), and P6, 
respectively.   

 

The N-terminal MA domain of HIV-1 Gag consisting of 104 amino acids contains 

five alpha helices and a triple-stranded beta sheet [11-13]. MA has a myristoylated fatty 

acid group at its N-terminus which is responsible for Gag assembly and targeting with the 

phospha-tidylinositol-(4,5)-bisphosphate (PI(4,5)P2) on the lipid membrane [14-15]. The 

14-carbon myristoylated group is initially sequestered in a hydrophobic cleft in the MA 

domain that later will be exposed to facilitate Gag binding with the lipid membrane. The 

exposure of the myristyl acid group triggered by PI(4,5)P2 which is abundant in the lipid 

plasma membrane. PI(4,5)P2 consists of a glycerol backbone with position 1’ attached to 

a saturated fatty acid chain, position 2’ attached to a unsaturated fatty acid chain, and 

position 3’ attached to a phosphoinositol headgroup. Myristoylated group exposure and 

PI(4,5)P2 binding are coupled. The MA domain binds with negatively charged 
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phosphoinositol headgroup through nonspecific electrostatic interaction and 2’ 

unsaturated fatty acid chain via specific interaction. The 1’ saturated fatty acid chain 

intrudes into the hydrophobic myristyl group and triggers the myristyl group to expose 

and insert into lipid membrane [16]. The MA domain can also bind with nucleic acids but 

with less affinity in contrast to the lipid PI(4,5)P2 [17]. It is reported cholesterol can 

increase the selectivity of MA domain binding with lipid plasma membrane containing 

PI(4,5)P2. MA domain can assemble into trimers which organize into hexamers on 

plasma membrane that interconnect with CA hexamers in the immature virion [18].  

The central CA domain of HIV Gag is responsible for adjacent Gag-Gag interaction. 

CA domain is separated into two parts, the N-terminal domain (CANTD) and the C-

terminal domain (CACTD) connected by a flexible linker. The arrowhead-like shaped 

CANTD containing seven alpha helices is essential for the formation of conical outer shell 

of the capsid core [2, 19-20]. The CANTD forms hexameric rings with an approximate 

spacing of 8nm [21-22]. The CANTD also forms pentameric rings which are not necessary 

for the immature virions but are indispensable for formation of a closed shell of the core 

that adopts a fullerene cone structure in the mature virus. The globular CACTD comprises 

a short 310 helix followed by a major homology region and four alpha helices [23-24]. 

The CACTD forms symmetric homodimers that link hexameric and pentameric rings into 

another layer of hexamers that is slightly smaller than the CANTD hexamers [22-23, 25]. 

Some studies showed that there is a third layer of hexamers formed by SP1. The spacing 

of each layer of hexamers decreases gradually across the sequential layers CANTD, CACTD 

and SP1.  The CA domain plays a vital role in the formation of both immature and mature 
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virions. In the mature virus, the mature capsid core consists of 1000-1500 copies of the 

mature CA protein assembled into a hexameric lattice with a spacing of 10nm rather than 

8nm which is the spacing of CA hexamers in the immature virions [4]. The mature CA 

hexamers are different from the immature compartments due to these different spacing 

distances and therefore must be rearranged during the stage of maturation.  

Although the NC domain is the smallest component of HIV Gag compared to MA 

and CA domains, it is critical for nucleic acid recognition and interaction with genomic 

viral RNA dimerization. The NC domain tethers Gag to RNA genome through 

nonspecific interaction as well as specific binding to the stem-loop 3 (SL3) in the 

packaging signal Ψ (ΨRNA) [26]. In the inner core of the mature virus, the genomic viral 

RNA is wrapped by about 1500-2000 copies of NC proteins [27]. Within the NC domain, 

there are two CCHC type zinc fingers which are crucial for specific ΨRNA binging and 

genomic viral RNA packaging [28-29]. The zinc finger has a pattern Cys- Cys- X2-Cys-

X4-His-X4-Cys, where X’s represent variable amino acid residues [8, 26]. The spacing 

distance between two zinc fingers is highly conserved which is important for NC 

functions [30]. Genomic RNA dimerization and packaging are coupled and require the 

presence of NC domain.  

 

1.2  Introduction to RNAs 
 

HIV-1 genome is principally a sequence of RNA that consists of 9173 nucleotides 

(~9kb) [9, 31]. HIV-1 genomic RNA involves in a lot of activities throughout virus 
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replication cycle, such as expressing transcription, facilitating genomic dimerization and 

transportation, signaling polyadenylation, mediating HIV genome packaging, initiating 

reverse transcription etc. The HIV-1 genome comprises 9 genes encoding 18 functionally 

distinct proteins, three of which encode the viral structural polyproteins Gag, Pol and Env 

that are common to all retroviruses [32]. All the 18 proteins encoded by the HIV-1 

genome and their corresponding gene names are listed in Table 1-1. The Gag polyprotein    

   

precursor is subsequently proteolyzed, in the presence of the enzymatic protein protease 

(PR) from Pol polyprotein, into individual proteins MA, CA, SP1, NC, SP2 and P6. The 

Pol polyprotein is later divided into reverse transcriptase (RT), RNase H, integrase (IN) 

and PR. The Env polyprotein will split into surface (SU, or gp120) and transmembrane 

(TM, or gp41). There are another 2 essential regulatory proteins: Tat and Rev, and 4 

accessory regulatory proteins: Nef, Vif, Vpr, and Vpu encoded by HIV-1 genome. HIV-1 

genome is always packed into the virion as a RNA dimer, i.e. two copies of full length 

~9kb RNA, which is 5’ capped and 3’ polyadenylated. At the 5’ untranslated region 
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(UTR) of HIV-1 genomic RNA, there are a variety of critical regions which are 

considered important for genome dimerization and binding with Gag: the transactivation 

response stem loop (TAR), the polyadenylation stem loop (polyA), the prime binding site 

(PBS) and the packaging signal domain Ψ.  

                                       

Figure 1-4 HIV-1 genomic RNA partial sequence structure: TARpolyA RNA.  

 

The first 104 nucleotides of HIV viral RNA consists of TAR from nucleotides 1-57 

and polyA from nucleotides 58-104 [33-34]. The mass of the TARpolyA RNA is around 

34kDa. The TARpolyA RNA sequence used in the experiments is shown in Figure 1-4 
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[28]. It plays an essential role in HIV genome packaging and reverse transcription. The 

TAR hairpin is responsible for Tat protein binding while the polyA hairpin contains the 

polyadenylation signal. Small-angle X-ray scattering (SAXS) study showed TAR and 

polyA hairpins extend into a stable coaxially stacked helices [33]. In addition to the 

dimerization initiation site (DIS) in Ψ, the TAR may also facilitate HIV genomic RNA 

dimerization only when the NC protein is present. This is because the exposure of the 

hidden palindromic sequence in the TAR hairpin requires the NC protein to form TAR-

TAR dimers [35].  

The packaging signal Ψ contains approximately 109 nucleotides, some reported 

nucleotides 241-350 while other study showed nucleotides 228-334 [32-33]. The mass of 

the ΨRNA is about 36kDa. The ΨRNA sequence used in the experiments is shown in 

Figure 1-5 where most of nucleotides are paired with each other [33]. It contains 4 stem 

loops SL1, SL2, SL3 and SL4. SAXS revealed ΨRNA adopts an unfolded conformation 

where all stem loops are open for later interaction with both viral and host elements. The 

ΨRNA binds with the NC protein and is crucial for packaging of HIV genomic RNA into 

the virus. Within the ΨRNA, SL1 contains a palindromic sequence DIS that is 

responsible for HIV genomic RNA dimerization and Gag binding at the early stage of 

HIV virus replication cycle [36-38]. SL2 includes the splice donor site (SD) that is used 

to produce all subsequent spliced message RNAs (mRNA) for production and translation 

of viral accessory proteins. SL3 is required for both viral RNA dimerization and 

packaging [39]. SL4 contains Gag start codon. Besides SL1, SL3 and SL4 are another 

two independent high affinity Gag binding sites [40]. 
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Figure 1-5 HIV-1 genomic RNA partial sequence structure: ΨRNA with stem loops SL1, 
SL2 and SL3.  

 

1.3  Introduction to lipid phosphatidylinositol-(4,5)-bisphosphate 
 
Phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2) belongs to the negatively charged 

lipid family known as phosphoinositide. PI(4,5)P2 has chemical formula C47H80O19P3 and 

molecular weight 1042g/mol. PI(4,5)P2 consists of a glycerol backbone with one 

saturated fatty acid chain at position 1’ and one unsaturated fatty acid chain at position 2’ 

and a phosphoinositol headgroup at position 3’. PI(4,5)P2 is an important component of 



 11 

host cell membrane and is enriched at the cytoplasmic leaflet of the plasma membrane. 

PI(4,5)P2 serves as a raft for HIV-1 Gag targeting to the plasma membrane and regulates 

the HIV virus assembly [41-42]. More specifically, PI(4,5)P2 directly binds with the 

myristylated MA domain of Gag through highly specific interaction. First, the 

phosphoinositol headgroup and the 2’ unsaturated fatty acid chain of PI(4,5)P2 insert into 

a hydrophobic pocket in the MA domain. Then this triggers the exposure of the 

myristylated group to intrude into the lipid membrane bilayer [16, 43-45]. The 1’ 

saturated fatty acid chain serves as an anchor for Gag targeting to plasma membrane 

although it does not interact with the MA domain. Therefore, there are two saturated fatty 

acid chain anchoring Gag-membrane binding, one is the myristylated group from the MA 

domain and the other is the 1’ saturated fatty acid chain from PI(4,5)P2 [1]. In summary, 

PI(4,5)P2 contributes to the Gag targeting to the plasma membrane via the interaction of 

the MA domain and promotes the virus assembly by enhancing the Gag multimerization.  
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Chapter 2 
 

 Interaction of Gag with ΨRNA and giant unilamellar vesicles  

containing lipid PI(4,5)P2 measured by confocal microscopy 

 
 
2.1 Introduction to confocal microscopy 
 

Confocal microscopy (CM), also known as confocal laser scanning microscopy, is an 

optical imaging technique with highly enhanced resolution. The principle of CM, 

invented in 1957 by Marvin Minsky, is to place an aperture at the confocal plane of the 

lens to eliminate out-of-focus light [1-4]. The schematic representation of the principle of 

 

 

Figure 2-1 Schematic representation of the principle of Confocal Microscopy (CM). 
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CM is shown in Fig 2-1. CM increases the contrast of microscope images for thick 

samples at different depths in the sample through the process of optical sectioning [5]. 

Optical sectioning enables researchers to reconstruct the three dimensional structures 

even for a deep imaged point in a thick sample. CM has a variety of advantages over 

conventional microscopes, including resolution enhancement, no artifacts, three 

dimensional image reconstruction, etc. On the other hand, CM also has a limitation in the 

depth of imaging which is essentially restricted by light penetration as well as signal to 

noise ratio [6]. CM is a scientific technique that is widely used in biological science, 

chemistry, quantum optics as well as materials science. 

A beam of laser light passes through an optical apparatus called an aperture and a 

beam splitter. The beam split by the beam splitter passes through a microscope convex 

lens and then is focused on a really small spot deep inside a thick sample. The imaged 

spot can be as small as about 500nm in diameter, which is limited by the wavelength of 

light used [6]. The same microscope convex lens collects the light reflected back from the 

sample and projects on to the beam splitter. The beam splitter reflects the light again to 

pass through a second aperture before being captured by a light detector. By using the 

aperture that has adjustable size and has to be placed properly, any out-of-focus light will 

be blocked. Only the light reflected back from the desirable focal spot on the thick 

sample can pass through so as to enhance the contrast of the microscope image and  

achieve higher resolution than conventional optical microscopes. On the other hand, CM 

can only scan one point at a time due to the exclusion of light by the confocal aperture. 

To restructure a three dimensional image of the thick sample, the focal spot is quickly 
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scanned in the horizontal plane and then moved in the vertical direction to virtually 

section the thick sample at different depths. All the points of the image in the same 

horizontal plane are collected and stacked with those in different horizontal planes to 

create a virtual three dimensional image of a thick sample [6]. 

The CM used in our experiments (Leica inverted SP5 confocal microscopy, Leica 

Microsystems Inc., Buffalo Grove, IL, US) is a fluorescence CM which uses dyes to 

fluoresce when excited by light. We used a CM 40× water immersion microscope 

objective in the experiments described below. The two exciting laser sources are HeNe 

and Argon to generate red and green lights with wavelength of 633nm and 488nm, 

respectively. Therefore, the spectrums of the collection light wavelength filters are 600-

700nm for the red light and 450-550nm for the green light. 

 

2.2 Materials and methods 

2.2.1 Materials 

The materials used to make the giant unilamellar vesicles (GUV) are cholesterol, 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-diphytanoyl-sn-glycero-

3-phosphocholine (DPhPC), and L-α-phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) 

(all  from Avanti Polar Lipids, Alabaster, AL, US) [7]. The fluorescent stain used to label 

the lipid membrane is 1,1'-dioctadecyl-3,3,3',3'-tetramethylin dodicarbocyanine 

perchlorate (DilC18). The dye used to label the Gag is DyLight 488 NHS-Ester (Thermo 

Fisher Scientific, Carlsbad, CA, US). Other chemicals used in our experiments are 

methanol, chloroform, urea, sucrose and glucose.  
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2.2.2 Preparation of giant unilamellar vesicles 

There are a variety of methods to make GUVs, including large unilamellar 

vesicles (LUV) fusion, electroformation and dehydration-rehydration [8-11]. The 

principle behind the different methods of making GUVs is similar. They all require 

dehydrating lipid films to swell and then rehydrating to produce GUVs. The typical size 

of GUV made from these methods ranges from 1µm to 100µm. In our experiments we 

tried both LUV fusion and dehydration-rehydration methods. LUV fusion is a very 

simple method to make GUVs. However, it is usually not able to produce sufficient 

GUVs as our experiments required. Although dehydration-rehydration method can 

generates vesicles as large as 50µm in diameters, it has a disadvantage over the LUV 

fusion method in that vesicles made by dehydration-rehydration are not always 

unilamellar. 

 

  

 

To produce GUVs via the LUV fusion method, first one needs to make LUVs 

through a standard technique called extrusion [12-16]. The procedure of LUV fusion is 

straightforward. Next, use glass syringes to make a mixed lipid solution in a glass vial 

with molar ratio of DPhDP : POPC : PI(4,5)P2 : cholesterol = 11 : 4 : 1 : 4. The detailed 
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recipe is given as in Table 2-1. To avoid contamination glass syringes rather than plastic 

pipettes have to be used to transfer lipids that are dissolved in chloroform. Then, a glass 

syringe is used to add 10µL 0.4mg/mL DilC18 to the mixed lipid solution. DilC18 is used 

to dye the GUVs. Use glass syringes to add 150µL methanol and 312µL chloroform to 

the mixed solution. Dry it using nitrogen gas and then put in vacuum for at least two 

hours to remove the chloroform. Add 1mL 0.2M sucrose to hydrate the lipid film formed 

on a Teflon disk to achieve the lipid concentration of 1mM. Sucrose is used to make 

GUVs heavier and does not participate in any reactions. Next we incubate the lipid

 

Figure 2-2 Mini extruder and its parts. (a) Extruder stand. (b) Extruder outer casing. (c) 
Internal membrane support. (d) O-ring. (e) 2 filter supports. (f) Polycarbonate membrane. 
(g) O-ring wedged into the O-ring channel on the internal membrane support. (h) Teflon 
bearing. (i) Retainer nut. (j) Two glass syringes. 
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solution in water bath at 55 0C for one hour. The lipid solution mixture is repeatedly 

frozen in liquid nitrogen and then thawed in hot water for at least 5 cycles. The next step 

is to use a mini extruder (Avanti Polar Lipids, Alabaster, AL, US) to generate the LUVs. 

The image of the mini extruder and all of its parts are shown in Figure 2-2. To use the 

mini extruder we first assemble it and then pre-warm the extruder assembly on a hot plate 

at 70 0C for 5 minutes. Load the fully hydrated lipid solution into one 1mL gas-tight glass 

syringe and gently insert into one end of the mini extruder. An empty 1mL gas-tight glass 

syringe is placed at the other end of the mini extruder. After 5 minutes to allow the 

temperature of the lipid solution to reach the equilibrium with the extruder assembly. The 

plunger of the syringe filled with lipid solution is slowly pushed until the lipid solution is 

fully transferred into the empty syringe. On repeating such transfers for about 10 times 

ensures that the lipid solution passes through the polycarbonate membrane. After which 

we inject the LUV solution into a clean glass vial. The LUV solution is kept at room 

temperature for 48 hours to allow LUVs to fuse into GUVs. The GUV solution is used 

immediately for experiments or stored in a refrigerator at -4 0C for later use within one 

week. 

The procedure of production of GUVs through dehydration-rehydration method is as 

follows. The first a few steps are similar to that of production of LUVs. First, use glass 

syringes to make a desirable lipid solution in a glass vial with molar ratio of DPhDP : 

POPC : PI(4,5)P2 : cholesterol = 11 : 4 : 1 : 4. The recipe is the same as in Table 2-1. 

Second, use a glass syringe to add 10µL 0.4mg/mL DilC18 to the mixed lipid solution. 

Then, use plastic pipettes to add 150µL methanol and 312µL chloroform to the mixed 
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solution. Drop 70µL mixed solution on a clean Teflon disk and spread out the solution by 

the tip of the pipette. Wait for 5minutes and then dry it gently under slow nitrogen gas 

flow to remove all air on its surface. Place the Teflon disk with the dry lipid film on top 

of it into a glass petri dish. Cover it with aluminum foil to block light and then keep it in 

vacuum for at least 6 hours. Remove the aluminum foil and transfer the glass petri dish 

into a glass container filled with distilled water. Add at least 1mL 0.2M sucrose to fully 

cover the lipid film on the Teflon disk. The addition of sucrose is just to make GUVs 

heavier so that they are less mobile when measured under CM. Seal the glass container 

with parafilms and blow argon gas carefully through the edge to eliminate air before 

completely sealing the container. Put the sealed glass container upon a hot plate, set the 

temperature at 75 0C. Incubate it in the warm water bath over night. Make sure the glass 

container has enough distilled water and that the parafilms have sealed the glass container 

completely. GUVs should form substantially after at least 12 hours incubation. Use a 

transfer pipette to collect GUVs into a clean vial. Clean up Teflon disk and other parts 

with ethanol and dry with nitrogen gas for next use. Use GUV solution for experiments or 

store it in a refrigerator at -4 0C for later use within one week. 

 

2.2.3 Confocal microscopy measurement 

We need to dye the HIV Gag before the CM experiments. HIV Gag used in our 

experiments is unmyristoylated and lacks the P6 segment (GagΔP6, a generous gift from 

Dr. Alan Rein). We use GagΔP6 at 30µM concentration in 20 mM Tris- HCl pH 7.5 

buffer with 0.5 M NaCl, 10 % (v/v) Glycerol, 5 mM DTT. The procedure of labeling 
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GagΔP6 with DyLight 488 is as follows. First, add 70µL 0.67M borate buffer contained 

in the DyLight 488 microscale antibody labeling kit is added into a vial of DyLight 488. 

Next, 5µL 30µM GagΔP6 is added into the DyLight 488 vial to get 2µM dye labeled 

GagΔP6. Then, the vial is put on a vortex mixer and run for 5 minutes to make sure it is 

completely mixed. The vial is covered with aluminum foil and then incubated at room 

temperature for 1 hour. Next, 100µL purification resin is added in a spin column nested 

with a microcentrifuge collection tube. This is placed in a centrifuge with a balance and 

run at 1000g for 60 seconds to remove the storage solution. Discard the used 

microcentrifuge collection tube and put the spin column into a new collection tube. Then, 

75µL 2µM labeled GagΔP6 is added into the spin column and vortexed to allow the 

labeled GagΔP6 to fully mix with the resin. Centrifuge the spin column nested with the 

collection tube at 1000g for another 60 seconds to collect the purified labeled GagΔP6 at 

a concentration of 2µM. The labeled GagΔP6 can be stored at 4 0C in the dark for up to 

one month. 

Following the labeling 50µL of the 2µM labeled GagΔP6 is mixed with 50µL 

1mM GUVs containing 50µM PI(4,5)P2. The mixture is incubated at room temperature 

for 3 hours to get 100µL mixture of 1µM labeled GagΔP6 and 0.5mM GUVs containing 

25µM PI(4,5)P2. Then, use CM to measure (I) GUVs itself as control, (II) labeled 

GagΔP6 as control, (III) incubated GUVs with labeled GagΔP6 to confirm if GagΔP6 

reacts with PI(4,5)P2, and (IV) GagΔP6 interaction with PI(4,5)P2 in real time by first 

locating one GUV containing PI(4,5)P2 followed by adding labeled GagΔP6 while 

keeping tracking the same GUV. The procedure for the operation of CM is as follows. 
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Turn on the Leica inverted SP5 CM. Add one drop of distilled water on the chosen 40.0x 

water immersion objective lens and adjust its height. Adjust the holder and place a glass 

bottom culture dish (35 mm Dish, No. 0 Coverslip, 10 mm Glass Diameter, MatTek 

Corporation, Ashland, MA, US). For (I) add 190µL 0.2µM glucose and 10µL 1mM 

GUVs containing 50µM PI(4,5)P2. For (II) add 190µL 0.2µM glucose and 10µL 10µL 

2µM labeled GagΔP6. For (III) add 180µL 0.2µM glucose and 20µL mixture of 1µM 

labeled GagΔP6 and 0.5mM GUVs containing 25µM PI(4,5)P2. For (IV) add 180µL 

0.2µM glucose, 10µL 1mM GUVs containing 50µM PI(4,5)P2, and 10µL 2µM labeled 

GagΔP6 after locating one GUV. Set all parameters properly and try to locate a perfect 

GUV containing PI(4,5)P2 or GagΔP6 combined GUV containing PI(4,5)P2. 

 

 

Figure 2-3 10µL 1mM GUVs containing 50µM PI(4,5)P2 in 190µL 0.2µM glucose. (a) 
Green channel. (b) Red channel. (c) Overlap of green and red channels. The scale bar is 
20.0µm. 
 

GUVs containing PI(4,5)P2 labeled by DilC18 can be observed only in the red 

channel that corresponds to the detection spectrum of the light ranging from 600-700nm. 

Stable GUVs obtained through dehydration-rehydration method can be as large as 30µm 
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in diameter as shown in Figure 2-3. We have tried to add both NaCl and urea into GUVs. 

GUVs are stable and not sensitive to addition of both NaCl and urea when their 

concentrations are relatively low, 50mM for NaCl and 60mM for urea. However, GUVs 

are inclined to shrink and burst when the concentration of urea is 1M or higher. 

 

Figure 2-4 10µL 2µM labeled GagΔP6 in 190µL 0.2µM glucose. (a) Green channel. (b) 
Red channel. (c) Overlap of green and red channels. Blue arrows are added to help eyes 
to locate labeled GagΔP6. The scale bar is 20.0µm. 
 

The GagΔP6 labeled with the dye DyLight 488 can be observed only through the 

green channel that corresponds to the detection spectrum of the light ranging from 450-

550nm as for scenario (II). The labeled GagΔP6 is smaller than 1µm in diameter under 

CM so blue arrows have been added to help with the identification as shown in Figure 2-

4. It turns out this size of GagΔP6 is too large to be real and the precise size and shape of 

the GagΔP6 cannot be obtained by CM due to its optical resolution limit. In other reports, 

HIV Gag in an immature virion has a shape of a rod with length of 20-30nm and diameter 

of 2-3nm. For virus like particles formed by Gags they are only 25-30nm in diameter 

with shell thickness of 8nm [17]. Even for a complete immature or mature HIV virus, it is 
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only as large as up to 150nm in diameter [17-21]. The measured thickness of GUVs by 

CM is around 700nm on average while the actual thickness of the lipid membrane of 

GUVs is only 5nm. This is reasonable given that the resolution limit of CM is the 

wavelength of visible light, i.e. 500nm. Therefore, the actual size of GagΔP6 should be 

on the scale of tens of nm. 

 

 

Figure 2-5 20µL mixture of 1µM labeled GagΔP6 and 0.5mM GUVs containing 25µM 
PI(4,5)P2 in 180µL 0.2µM glucose. (a) Green channel. (b) Red channel. (c) Overlap of 
green and red channels. Blue arrows are added to help eyes to locate labeled GagΔP6. 
The scale bar is 20.0µm.  

 

For both scenarios (III) incubated GUVs containing PI(4,5)P2 with labeled 

GagΔP6 before CM measurement, and (IV) addition of labeled GagΔP6 after locating 

one GUV containing PI(4,5)P2 under CM, green punctae can be observed on the outer 

leaflet of the lipid membrane of GUVs containing PI(4,5)P2 as shown in Figure 2-5. 

These green punctae are considered to be GagΔP6 as reported in literature [7, 22-24]. As 

in the case of labeled GagΔP6, the size of these green punctae is less than 1µm in 

diameter as the resolution limitation of CM is about 500nm. Another proposed reason 
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could be that GagΔP6 molecules aggregate only upon the domain of lipid membrane of 

GUVs where PI(4,5)P2 is abundant so that the size of PI(,45)P2 domain is the upper limit 

of aggregated GagΔP6 size. For scenario (IV), it is exceptionally difficult to track the 

GagΔP6 when it approaches a GUV and then binds to the lipid membrane of the same 

GUV considering that the real size of GagΔP6 is far smaller than the resolution limit of 

the CM. The second reason is that keeping track of the same GUV before and after 

addition of GagΔP6 solution to the GUVs in glucose solution without perturbation is 

extremely difficult. The purpose of addition of sucrose inside the GUVs is to make them 

heavy and reduce the effects of perturbation. To offset the osmotic pressure resulting 

from sucrose inside GUVs, the same concentrated glucose was used as measuring solvent 

in which GUVs were added. It turns out heavier sucrose can increase the immobility of 

GUVs in solution but cannot completely eliminate perturbation when the GagΔP6 is 

added to the solution. As a control, GUVs without PI(4,5)P2 were used in these 

experiments in parallel and no green punctae can be observed on these GUVs. 

 

2.3 Conclusion 

GagΔP6 can react with GUVs only when GUVs contain PI(4,5)P2. Therefore, the 

binding sites of GagΔP6 upon the outer leaflet of lipid membrane of GUVs are 

considered to be the regions which are abundant in PI(4,5)P2. Both MA and NC domains 

of HIV Gag are positively charged and can bind with negatively charged lipids PI(4,5)P2. 

However, the MA domain has a much higher affinity to binding with lipids PI(4,5)P2 and 

NC is more likely to bind with RNAs when both lipids and RNAs are present [17,25].  As 
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reported by other researchers, it is acidic phospholipid PI(4,5)P2 that regulates HIV Gag 

localization to the plasma membrane and assembly [26-29]. PI(4,5)P2 can trigger 

myristate exposure of MA domain to enhance the binding when it is myristoylated. It can 

bind with the MA domain of HIV Gag even if it is unmyristoylated. Therefore, it is 

reasonable to conclude that the mechanism by which HIV Gag targets the lipid 

membrane is through the specific interaction between the MA domain of HIV Gag and 

the protein recruiting factor PI(4,5)P2 contained on the  GUVs. 
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Chapter 3 
 

 Morphology and statistics of GagΔP6 studied by atomic force microscopy 
 
 

3.1 Introduction to atomic force microscopy 
 

Atomic force microscopy (AFM) was first invented in 1986 by Binning, Quate 

and Gerber with a lateral resolution of 3nm and a vertical resolution less than 1Å in air 

[1-2]. AFM has emerged as a powerful tool to investigate topographic, elastic, electrical, 

and magnetic properties of different samples in a number of scientific disciplines, 

including physics, chemistry, biology, and materials science [3]. The force between the 

tip of the AFM probe and the sample can be as small as 10pN [4]. AFM’s atomic scale 

resolution and sensitivity of very small forces demonstrate that it is a perfect tool to 

investigate the morphology of soft biological samples on the scale of nanometers [5-9]. 

AFMs have three primary modes of operation:(1) Contact Mode, also called static mode, 

opposing to the other dynamic modes, (2) Tapping Mode, or intermittent contact mode, 

(3) and Non-contact Mode. The three major applications of AFM are measurements of 

forces, imaging, and matter manipulation. For force measurements, there are a lot of 

applications, including Coulomb force, Van der Waals force, bridge force, capillary force, 

depletion force, double-layer force, hydration force, hydrophobic force, solvation force, 

and steric force etc. The interaction between the tip of the AFM probe and the sample can 

be measured as a function of their mutual distance, the so-called force-distance curve [10-

11]. This force distance curve can be used to explore characteristics of enormous 

properties of a variety of materials through the measurement of stiffness, conductivity, 

and adhesion strength [12-17]. For imaging, the interaction of the tip of AFM probe and 
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the sample surface can be used to restructure the three-dimensional topographic profile of 

a sample surface. It is based on the motion of the tip with respect to the sample surface. 

For manipulation of matter, the force between the tip of AFM probe and the sample can 

be utilized to achieve specific purposes, such as moving molecules into a specific pattern 

and stimulating cells. AFM has the flexibility to either operate in air or in liquid. To 

achieve high resolution, AFM can also be used in vacuum and at low temperature [18-20].  

Figure 3-1: Schematic representation of Atomic Force Microscopy (AFM) 

    

      The AFM used in the experiments here is a multimode AFM with Nanoscope IIIa 

controller (Veeco Metrology, Santa Barbara, CA, US). We also used the peak force mode 

on dimension icon AFM (Bruker, Camarillo, CA, US). The schematic representation of 
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the AFM operation principle is shown in Figure 3-1 [21]. The sample is deposited on a 

substrate with atomically flat surface. The substrate is attached to an AFM metal 

specimen disc (TED PELLA, Redding, CA, US) mounted on a piezoelectric stage 

through magnetic force. The piezoelectric scanner can move the sample relative to the 

stationary tip vertically with high precision. AFM probes used were silicon nitride 

cantilevers with a sharp silicon tip at the end of the cantilever. The geometry of the tip is 

crucial to the AFM resolution. In particular the AFM probe used is MSNL (Bruker, 

Camarillo, CA, USA). MSNL has six cantilevers, with cantilever “A” on one side of the 

probe, and cantilevers “B”, “C”, “D”, “E”, and “F” on the other side of the probe. In the 

experiments, cantilever E was used. It is 140µm long and 18µm wide with a spring 

constant of 0.1N/m and a nominal tip radius of 2nm. It turns out the measured tip size for 

the cantilever E of the MSNL is around 6nm still too large to yield the correct size of 

GagΔP6. We also used a much sharper tip HI’RES-C19/CR-AU (MikroMasch USA, 

Watsonville, CA, USA). The probe HI’RES-C19/CR-AU is 125µm long and 22.5µm 

wide with a spring constant of 0.5N/m and a nominal tip radius less than 1nm. The image 

of the cantilever E and the tip of the AFM probe MSNL is shown in Figure 3-2. A thin 

laser beam is incident on the back of the cantilever and reflected to a mirror and then 

reflected upon a photodiode. The photodiode transfers the signal to the controller 

electronics controlled by a computer for feedback and analysis. During imaging, the tip 

scans horizontally and the piezo scanner moves vertically to maintain a relatively 

constant distance between the tip and the sample surface in contact mode, constant 

oscillating amplitude in tapping mode, or constant force threshold in peak force mode. 
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The vertical displacement of the piezo scanner is recorded by a computer to reconstruct a 

three dimensional topographic image of the surface of the sample.  

 

Figure 3-2 Image of the cantilever E and the tip of AFM probe MSNL. (a) The optical 
microscope image of AFM probe MSNL with cantilever E highlighted. The scale is 
200µm. (b) The optical microscope image of the cantilever E with a scale of 100µm. (c) 
The SEM image of the tip on the cantilever E with a scale of 2µm.  

 

In general, biological samples are really soft and delicate so either tapping mode 

or peak force mode is preferred. In contrast to contact mode, tapping mode has 

advantages including high lateral resolution, smaller forces and less damage to soft 

samples. Peak force mode has similar advantages as tapping mode with precise control of 

the maximum force exerted on the sample. For AFM operation in tapping mode, a tip 

attached to the end of an oscillating cantilever scans across the sample surface. The 

cantilever is driven by a voltage to oscillate around its resonant frequency with the 

amplitude on nanometer scale. Operation can take place both in air and in fluid. To have 

more profound insight in understanding the binding mechanisms of HIV Gag with 
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various RNAs and membrane lipids, experiments were designed by operating AFM in 

tapping mode in fluid. In fluid, the cantilever may not oscillate at its resonant frequency, 

which is the case in our experiments. The tip E of the probe MSNL has a resonant 

frequency of ~36.41kHz in air while it resonates at ~9.36kHz in solution. For sharper tip 

HI’RES-C19/CR-AU, it has a nominal resonant frequency of 65kHz in air while it 

resonates at ~32.36kHz in liquid. 

The piezoelectric scanner responds to an applied voltage to either expand or 

contract. The ratio of piezo movement to piezo voltage is used to measure this response 

that is called sensitivity. Sensitivity usually is influenced by scan size due to piezo 

nonlinearities. This nonlinearity leads to the forward and reverse scanning directions 

behaving differently and results in hysteresis. Hysteresis has to be properly calibrated to 

eliminate feature distortion in AFM images. Another issue that is commonly associated 

with scan size is bow. Bow occurs because the piezo scanner is attached at one end while 

moving the sample at the free end. This leads the sample end to deviate from a horizontal 

plane. The bow effect increases with the scan size and can be eliminated from captured 

images through a software technique. Both scan size and scan rate affect imaging quality. 

Lowering scan rate can improve the quality of images while drifting of images plays a 

more and more important role. Therefore, we in general set the initial scan size to 

0.5~1um and scan rate to 1~2Hz for our experiments. Besides the scan size and scan rate, 

there are three other primary feedback parameters during real time operation that need to 

be adjusted to capture high quality images in tapping mode: setpoint, integral gain and 

proportional gain. Setpoint is a parameter to tell the feedback loop what amplitude it 
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needs to maintain during scanning in tapping mode. It is automatically acquired after 

measurement of the resonant frequency. To get good scanned images, the setpoint is 

adjusted such that the minimum force is applied during imaging while still maintaining a 

stable engagement of the tip on the sample surface. The amount of integrated error signal 

controlled by the integral gain and the amount of proportional error signal controlled by 

the proportional gain are used in feedback calculation. Initially, integral gain and 

proportional gain are set to 0.4 and 0.6 in tapping mode, respectively. The higher the 

integral gain is set, the better the tip will image the sample topography, and the higher the 

quality of the image. However, noise will be introduced if the integral gain is set too high. 

Proportional gain is typically set to 30% to 100% higher than the integral gain. All in all, 

setpoint, integral gain and proportional gain have to be adjusted collectively to make sure 

the captured AFM images are of high quality. In peak force mode, proper scan size and 

scan rate also have to be chosen. However, instead of adjusting setpoint, integral gain and 

proportional gain, feedback gain and peak force setpoint need to be adjusted. Before 

engaging, the initial values for feedback gain and peak force setpoint can be 10 and 10pN, 

respectively. Similar to tapping mode, simultaneous adjustment of feedback gain and 

peak force setpoint is required to obtain high quality images in peak force mode. As 

reported in other studies, the limiting factors to gaining high resolution images of soft 

biological samples in a fluid environment are the force between the tip and the sample as 

well as the sharpness of the tip. It is independent of whether the imaging mode is tapping 

mode or peak force mode [4]. If the height of the sample is not too high, we can also 
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adjust the z limit to a smaller value rather than the default value to achieve a better 

resolution in vertical direction.  

 

3.2 Experimental procedures 

3.2.1 Sample preparation 

The original HIV GagΔP6 is 30µM in the buffer containing 20 mM Tris- HCl, pH 

7.5, 0.5 M NaCl, 10 % (v/v) Glycerol, 5 mM DTT. The sample concentration is too high 

to observe individual GagΔP6 molecules. To dilute HIV GagΔP6 to 0.5µM properly for 

AFM imaging in liquid, we used the buffer whose recipe is given in Table 3-1. HEPES is 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, TCEP is Tris(2-carboxyethyl) 

phosphine hydrochloride (both HEPES and TCEP from Thermo Fisher Scientific, 

Carlsbad, CA, USA) and βME is β-Mercaptoethanol (Sigma-Aldrich, Merck KGaA, 

Darmstadt, Germany). 
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The original ΨRNA and TARpolyA RNA are in the same buffer as in Table 3-1 at the 

concentration of 74.18µM and 119µM, respectively. Both RNAs need to refold before 

using. After applying refolding protocol, 30µM RNAs are diluted to 0.5µM using the 

same buffer as in the Table 3-1 before AFM imaging as a control experiment. The 

protocol of refolding RNA is as follows. First, 22.2µL 74.18µM ΨRNA (or 13.8uL 

119µM TARpolyA RNA) is added into a clean vial. Next, 2.5µL 1M(PH 7.5) HEPES is 

added into the vial. Then, 20.3µL (or 28.7µL for TARpolyA RNA) DEPC-H2O is added. 

The temperature of the mixture is raised to 80 0C for 2 minutes and then at 60 0C for 

another 2 minutes using a water bath. Finally, 5µL 0.1M MgCl2 is added into the vial. 

Next, the mixture is kept at 37 0C for 5 minutes followed by ice for 30 minutes. This can 

be used immediately or stored at 4 0C for use up to a week. 

The substrate used throughout all AFM imaging experiments is mica which is 

atomically smooth with roughness of 0.1~0.2nm. We also tried other substrates, such as 

gold coated mica, platinum coated mica, and silicon wafer. The alternative substrates we 

tried have an advantage of electric neutrality over mica. However, they either have a bad 

adsorption of samples or the metal coating will become loose after a few hours of AFM 

imaging in liquid. Clean mica surface is negatively charged with charge density σ = -

0.33C/m2 in air and σ = -2.5mC/m2 in liquid [22-24].  Therefore, freshly cleaved raw 

mica is a perfect substrate for AFM imaging of HIV GagΔP6 because it is positively 

charged. However, both ΨRNA and TARpolyA RNA are negatively charged so that they 

cannot be observed directly on the raw mica. To overcome this repulsion between mica 

and RNAs, the mica had to be chemically treated to make its surface become positively 
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charged. There are usually two general approaches: using divalent cations as a bridge and 

chemical modification of mica [25-26]. The first major method is treatment of mica by 

divalent cations, including Mg2+, Co2+, Ni2+, or Zn2+ [27-32]. The major feature of the 

divalent cation assisted technique to adsorb RNAs is the simplicity of the preparation of 

RNA samples. The potential drawback of the divalent cation assisted technique is that it 

is not clear if the introduced divalent cations will change the RNA structure through 

reaction with RNAs. Divalent cation Mg2+ was applied for both ΨRNA and TARpolyA 

RNA. However, it did not work very well. The second primary method is chemical 

modification of mica using polylysine, 3-aminopropyltriethoxy silane (APTES), or 1-(3-

aminopropyl) silatrane (APS) [25, 33-34]. Polylysine did not work very well in the 

experiments and APS is not commercially available. Therefore, APTES was used in all 

the experiments to chemically modify the mica surface to make it become positively 

charged. The primary feature of the chemical modification of the mica method is that 

RNAs prepared on APTES treated mica are stable over a period of a few months without 

deterioration. While the disadvantage of chemical modification of mica method is that 

hydrolysis of APTES molecules occurs during real time AFM imaging in liquid, which 

leads to aggregation of APTES molecules [35]. The procedure of the preparation of 

APTES treated mica is as follows [25]. First, use double-sided tape to stick a 10mm in 

diameter mica (Ted Pella Inc., Redding, CA, USA) upon an AFM metal specimen disc 

with a diameter of 15mm. Second, use Scotch tape to cleave mica until the mica surface 

is complete and flat. Then, add 100µL APTES into a small plastic petri dish and place it 

at the bottom of a desiccator with a plastic net onto which the freshly cleaved mica is put. 
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Keep pumping to allow APTES to evaporate for 30 minutes. APTES treated mica is 

ready to use immediately or can be stored in a covered petri dish for later use within one 

month. 

 

3.2.2 Calibration of AFM 

Calibration of AFM probes had to be done before imaging HIV GagΔP6, RNAs, 

lipid molecules and their mixed complexes. Their sizes are either comparable to or 

smaller than the size of the tip. The comparable tip size will lead to feature broadening, 

which is one common type of widely known convolution effect [36]. The major factors 

with respect to the feature broadening are the pyrimadal geometry and curvature radius of 

the tip. The tips used have high aspect ratio and small tip radius. However, the tip size 

still had to be taken into account when analyzing the sizes of HIV GagΔP6, RNAs, lipids 

and their mixed complexes. Therefore, 2nm gold spheres were used to calibrate AFM 

probes due to the comparability of the heights of HIV GagΔP6 and two RNAs. Because 

the measured sample size also depends on the height of the sample, the actual tip size is 

given by equation (1) (Appendix A): 

λ = L – 1.46D       (1) 

Where λ is the actual tip size, L is the measured size of the sample, and D is the height of 

the sample. The effective tip size t for any sample is the difference between measured 

size of the sample and the height of the sample, as given by equation (2)(please see 

Appendix A for more details): 
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t = L – D =   λ + 0.46D                (2) 

For the 2nm gold spheres, after fitting to a normal distribution, the mean measured size 

(or diameter) L = 7.56 ± 0.09nm, the mean height D = 2.10 ± 0.02nm which is the actual 

diameter of the 2nm gold particle, as shown in Figure 3-3. The total number of samples 

was 419 and the experiment was repeated twice. Therefore, the actual tip size λ = 4.5nm 

according to the equation (1). The effective tip size for HIV GagΔP6 and other GagΔP6 

complexes, including GagΔP6-ΨRNA, GagΔP6-PI(4,5)P2, PI(4,5)P2-ΨRNA-GagΔP6, is 

tGag = 5.4nm given that the measured height of HIV GagΔP6 is 1.9nm according to 

equation (2). Similarly, the effective tip size for ΨRNA and TARpolyA RNA is tRNA = 

5.0nm given that the measured height of both RNAs is 1.1nm. 

 

Figure 3-3 AFM tip calibration with 2nm Au Sphere. (a) AFM image of 2nm Au sphere 
on mica in tapping mode in liquid, the scan size is 250nm×250nm. (b) Histogram of 2nm 
Au sphere for the measured size (top) and the measured height (bottom). Shown in red 
are normal distribution fits to the peaks. The total number of samples was 419. 
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3.2.3 Setup of AFM 

The procedure of setup of the multimode AFM Nanoscope IIIa operation in tapping 

mode in liquid is simple and given as following [37]. First, place a freshly cleaved mica 

(or APTES treated mica for RNAs and lipids) that is mounted on the AFM metal 

specimen disc by double-sided tape on the piezo scanner. Second, put a 30µL drop of 

following sample solution on the mica: (I) 0.5µM ΨRNA, (II) 0.5µM TARpolyA RNA, 

(III) 0.5µM GagΔP6, (IV) mixture of PI(4,5)P2-DPhPC-POPC (0.5µM : 5µM : 5µM) 

complex, (V) mixture of GagΔP6-ΨRNA (0.5µM : 0.5µM) complex, (VI) mixture of 

GagΔP6-TARpolyA RNA (0.5µM : 0.5µM) complex, (VII) mixture of GagΔP6-

PI(4,5)P2 (0.5µM : 0.5µM) complex, (VIII) and mixture of PI(4,5)P2-ΨRNA-GagΔP6 

(0.5µM : 0.5µM : 0.5µM) complex. Then, mount the cantilever probe upon the fluid cell 

and adjust it into proper position. Make sure the tip is completely immersed in the 

solution, which is critical for laser alignment when operating AFM in liquid. The laser 

signal will be lost if it is initially aligned in air and then submerged into the solution. Care 

is taken to fully immerse the cantilever probe to eliminate any optical interfaces. Align 

the laser by adjusting two knobs on top of the multimode scanner and the angle of the 

reflection mirror. Make sure the signal “SUM” is as large as possible, at least 4V for 

imaging in liquid. Adjust “VERT” and “HORZ” for vertical and horizontal position of 

the laser signal to make sure both of them are around 0V. For tapping mode, auto tune 

has to be implemented for the tip to get the correct resonant frequency and drive 

amplitude. For the sharp tip HI’RES-C19/CR-AU, it has a nominal resonant frequency 

around 65kHz in air and ~32.36kHz in liquid, which was obtained by auto tune. After the 
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auto tune is complete, proceed to the next step if drive frequency is around 32.36kHz. 

Before engaging, we need to check the setup of initial parameters, such as z limit, 

samples/line, scan size, scan rate, integral gain, proportional gain and amplitude setpoint. 

Set z limit to 1µm rather than the default value of 3.57µm. Reducing the z limit can 

increase the resolution in the vertical direction. Set samples/line to 512 rather than 256 to 

enhance the resolution in the horizontal direction. Set scan size to 1µm and scan rate to 

2Hz at first. Initially, integral gain, proportional gain and amplitude setpoint are set to 0.4, 

0.6 and 0.36V, respectively. Move the tip to approach the sample and then engage. When 

imaging adjust the amplitude setpoint such that the trace and retrace lines are matching. 

The force exerted on the sample should be as small as possible. Integral gain can be 

increased to enhance the signal to improve the resolution. However, the noise will 

increase if the integral gain is set too high. Proportional gain is usually set to 30% to 100% 

higher than the integral gain. Therefore, all the parameters aforementioned have to be 

adjusted collectively to achieve the best resolution. 

For the dimension icon AFM, the procedure of setup is more complicated but the 

principle is very similar. There is no need to auto tune for the peak force mode. Instead of 

tuning integral gain, proportional gain and amplitude setpoint, feedback gain as well as 

peak force setpoint should be adjusted to acquire images with high resolution. In both 

tapping mode and peak force mode, the force exerted on samples should be as small as 

possible to prevent soft samples from being damaged. 
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3.2.4 AFM measurement of structure and statistical analysis 

3.2.4.1 ΨRNA 

For scenario (I) 0.5µM ΨRNA on APTES treated mica(+), the AFM image is 

shown in Figure 3-4. The motivation of measuring ΨRNA is to serve as a control before 

adding it into GagΔP6. In Figure 3-4(a), AFM imaging of ΨRNA shows that most of 

ΨRNA molecules seem to have inverted “L” shape. As shown in Figure 3-4(b), the most 

 

Figure 3-4 0.5µM ΨRNA on positively charged mica(+). (a) AFM image with a scan size 
of 500nm×500nm. A few ΨRNAs are boxed: monomer (red) and dimer (green). (b) 
Histogram for length (left), width (middle), and height (right). Shown in red are normal 
distribution fits to the peaks. (c) Three dimensional smooth histogram, where monomer 
and dimer are indicated by red arrows. The total number of samples was 551. 
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frequent height is 1.1nm. The total number of samples was 551 and the experiment was 

repeated twice. This height is shorter than the height of double-stranded RNA found by 

Ares et al. and by Andersen et al. but higher than that found by Bussiek et al., and 

comparable to that found by Hansma et al. [4, 26, 38-39]. There are two peaks for length 

and two peaks for width. The three dimensional smooth histogram in Figure 3-4(c) shows 

that the length and width of monomer are less than those of dimer. After fitting each peak 

to a normal distribution for length and width, the percentages of monomer and dimer are 

74% and 26%, respectively, as given in Table 3-2. The length of ΨRNA monomer is 

around 18nm given that ΨRNA contains 109 nucleotides so each nucleotide is only 

0.17nm, which is much less than expected. RNAs most commonly adopt either A-form or 

B-form DNA conformation. The rise per base pair for A-form and B-form are 0.26nm 

and 0.34nm, respectively [40-42].  Given that most of ΨRNA nucleotides are self-paired 

with each other as shown in Figure 1-5, ΨRNA should be double-stranded with 55 base 

pairs and the rise per base pair is 0.33nm that resembles the B-form DNA conformation. 

The length of ΨRNA dimer is around 35nm, which is approximately twice as long as that 

of ΨRNA monomer. This means ΨRNA dimer consists of two ΨRNA monomers 
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connecting head to head. This assumption is reasonable given that DIS is located in the 

SL1 loop of ΨRNA as shown in Figure 1-5. The width of ΨRNA monomer is around 

1nm consistent with the height/width of ΨRNA. The width of ΨRNA dimer is roughly 

4nm that is much larger than two-fold of the width of ΨRNA monomer. This is probably 

because the junction of two ΨRNA monomers is wider than expected. Another 

explanation is due to the algorithm used to compute the dimension of a sample, which is 

discussed in Appendix B. 

   

Figure 3-5 0.5µM TARpolyA RNA on positively charged mica(+). (a) AFM image with a 
scan size of 500nm×500nm. A few TARpolyA RNAs are boxed: monomer (red). (b) 
Histogram for length (left), width (middle), and height (right). Shown in red are normal 
distribution fits to the peaks for length and height. Width is fit to a gamma distribution 
due to its non-negativity and skewness to right. (c) Three dimensional smooth histogram, 
where monomer is indicated by a red arrow. The total number of samples was 504. 
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3.2.4.2 TARpolyA RNA 

For scenario (II) 0.5µM TARpolyA RNA on APTES treated mica(+), the AFM 

image is shown in Figure 3-5. Similarly, the motivation of measuring TARpolyA RNA is 

also to serve as a control before adding it into GagΔP6. In Figure 3-5(a), AFM imaging 

of TARpolyA RNA shows that most of TARpolyA RNA molecules seem to have 

inverted “L” shape just like ΨRNA. As shown in Figure 3-5(b), the most frequent height 

of TARpolyA RNA is 1.1nm as well. The total number of samples was 504 and the 

experiment was repeated twice. This height is the same as that of ΨRNA in the AFM 

measurement. Unlike ΨRNA, TARpolyA RNA only has monomer as shown in Figure 3-

5(b) and (c). The length of TARpolyA RNA monomer is around 17nm slightly less than 

that of ΨRNA monomer. This is reasonable given that ΨRNA contains 109 nucleotides 

while TARpolyA RNA only has 104 nucleotides. Similar to RNA, TARpolyA RNA 

should also be doubled-stranded as shown in Figure 1-4. It is noteworthy that the height 

of TARpolyA RNA peaks at 1nm with positive skewness. Therefore, we fit the height of 

TARpolyA RNA to gamma distribution, Gamma(α, β) with α = 1.7 and β = 1.2, rather 

than normal distribution. According to gamma distribution, the mean should be equal α/β 

= 1.7/1.2 ≈ 1.4nm, which is consistent with the width peak around 1nm. 

 

3.2.4.3 GagΔP6 

For scenario (III) 0.5µM GagΔP6 on negatively charged mica(-),  the AFM image 

is shown in Figure 3-6. The motivation of measuring GagΔP6 is to serve as a control 
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before addition of RNAs and lipids. In Figure 3-6(a), AFM imaging of GagΔP6 shows 

that most of GagΔP6 molecules have ellipsoidal shape rather than the expected rod-like 

 

Figure 3-6 0.5µM GagΔP6 on negatively charged mica(-). (a) AFM image with a scan 
size of 500nm×500nm. A few GagΔP6s are boxed: monomer (red), dimer (green) and 
tetramer (blue). (b) Histogram for length (left), width (middle), and height (right). Shown 
in red are normal distribution fits to the peaks. (c) Three dimensional smooth histogram, 
where monomer, dimer, and tetramer are indicated by red arrows. The total number of 
samples was 858. 

 

shape. Some studies shows HIV GagΔP6 is supposed to adopt a compact conformation 

such that MA and NC domains of GagΔP6 are close to each other even though both of 

them are positively charged [43-45]. The hydrodynamic radius, Rh, of GagΔP6 given by 
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three different hydrodynamic tests are 3.6nm, 3.8nm, and 4.1nm, respectively. The radius 

of gyraton, Rg, of GagΔP6 is best estimated to be 3.4nm by the small angle neutron 

scattering (SANS). The Rg of GagΔP6 when it is 25nm straight rod is supposed to be 

7.2nm [45]. The average Rg of GagΔP6 in solution measured by SANS is also a 

monotonically increasing function of GagΔP6 concentration, with maximum of Rg = 5nm 

at extremely high concentration, which means GagΔP6 molecules are in monomer-dimer 

equilibrium [44]. Our AFM results were consistent with these reports except that 

tetramers were also observed besides monomers and dimers. The presence of tetramers 

rather than trimmers was confirmed by gel electrophoresis as discussed in a later section. 

As shown in Figure 3-6(b), the most frequent height is 1.9nm which is consistent with the 

expectation that the diameter of Gag is around 2~3nm[43]. The total number of samples 

was 858 and the experiment was repeated twice. It might seem counterintuitive to have 

three peaks for length while having only two peaks for width. To have more profound 

insight in comprehending this phenomenon, a three dimensional smooth histogram is 

plotted as shown in Figure 3-4(c). It is clear that monomer and dimer have the same 

width so in the width histogram they are represented together and correspond to the first 

peak at around 6nm. The statistical analysis also confirmed this assumption the 
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first peak of the width histogram is the sum of monomer and dimer as given in Table 3-3. 

After fitting each peak to a normal distribution for length and width, the percentages of 

monomer, dimer, and tetramer are 59%, 35%, and 6%, respectively. Monomer is around 

10nm long and dimer is around 20nm long while both are about 6nm wide. Tetramer is 

around 29nm long and 13nm wide. Therefore, GagΔP6 monomer based on the shorted 

width should have a “C” like shape [43]. Again based on the AFM measured dimensions 

the model of the GagΔP6 dimer has two monomers connecting back to back through CA-

CA interaction. GagΔP6 tetramer is formed by two dimers in some compact form. The 

proposed models of GagΔP6 monomer, dimer, and tetramer are shown in Figure 3-7.     

           

Figure 3-7 Models of GagΔP6. (a) Monomer, (b) Dimer, (c) Tetramer.  MA domain is in 
red, CA domain is in yellow, and NC domain is in green. 
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2µM GagΔP6 on the negatively charged mica was also investigated. In contrast to 0.5µM 

GagΔP6, the percentages of GagΔP6 dimer and tetramer are higher when the 

concentration is 2µM. This also confirmed the conclusion that the weighted average size 

of GagΔP6 in solution is a monotonically increasing function of GagΔP6 concentration 

[44]. The later gel electrophoresis experiments also confirmed this conclusion. 

 

3.2.4.4 PI(4,5)P2-DPhPC-POPC 

For scenario (IV), a mixture of PI(4,5)P2-DPhPC-POPC (0.5µM : 5µM : 5µM) 

complex on APTES treated mica(+), the AFM result is shown in Figure 3-8. Our 

motivation is to measure PI(4,5)P2 itself as a control. But PI(4,5)P2 is much smaller than 

GagΔP6 given that PI(4,5)P2’s mass is only about 1kDa. It is unable to use AFM to 

 

Figure 3-8 AFM image of lipid mixture of PI(4,5)P2-DPhPC-POPC (0.5µM : 5µM : 5µM) 
complex. (a) AFM image with a scan size of 1µm×1µm. (b) The line delineated in (a). 
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measure individual PI(4,5)P2 directly. So, we measured the mixture of PI(4,5)P2-

DPhPC-POPC. Alternatively, lipid bilayers can also be easily formed on self-assembled 

monolayers (SAMs), which are most widely studied nanostructures [46-54]. In Figure 3-

8(a), there are three distinguishable regions. The brightest spots correspond to PI(4,5)P2 

because the concentrations of the other two lipids are 10 times higher than that of 

PI(4,5)P2 and the area of brightest spots is much less than the areas of another two 

regions. The areas of the other two regions are similar since their molar concentrations 

are the same and molecular weights are close to each other. At room temperature, DPhPC 

is in solid phase and POPC is in liquid phase. In Figure 3-8(b), the line crossed from 

yellow (high) domain into brown (low) domain with a thickness difference of about 1nm. 

Because the carbon chain of DPhPC is longer than that of POPC, the yellow domains 

correspond to DPhPC and the brown domains correspond to POPC. This 1nm difference 

in height between two different lipids is consistent with those values found by others [55-

58]. 

 

3.2.4.5 GagΔP6-ΨRNA 

For scenario (V), a mixture of GagΔP6-ΨRNA (0.5µM : 0.5µM) complex on 

negatively charged mica(-),  the AFM result is shown in Figure 3-9. The motivation of 

measuring GagΔP6-ΨRNA complex is to investigate the effect of addition of specific 

ΨRNA to GagΔP6. According to current models the NC domain binds with ΨRNA and 

this interaction is specific and is a critical step in the formation of HIV [59]. Figure 3-9(a) 
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is the AFM image of GagΔP6-ΨRNA complex. As shown in Figure 3-9(b), the most 

frequent height of GagΔP6-ΨRNA complex is 1.9nm that is the same as the height of 

GagΔP6. The total number of samples was 895 and the experiment was repeated twice. 

  

Figure 3-9 Mixture of GagΔP6-ΨRNA (0.5µM : 0.5µM) complex on negatively charged 
mica(-). (a) AFM image with a scan size of 500nm×500nm. A few GagΔP6-ΨRNA 
complexes are boxed: monomer (red), dimer (green) and tetramer (blue). (b) Histogram 
for length (left), width (middle), and height (right). Shown in red are normal distribution 
fits to the peaks. (c) Three dimensional smooth histogram, where monomer, dimer, and 
tetramer are indicated by red arrows. The total number of samples was 895. 

 

This height is reasonable given that the height of GagΔP6 and ΨRNA are 1.9nm and 

1.1nm, respectively. Similar to GagΔP6, GagΔP6-ΨRNA also has three peaks for length 

and two peaks for width. The difference is the ratio of dimer and tetramer increased 
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Figure 3-10 Models of GagΔP6-ΨRNA complexes. (a) Dimer, (b) Tetramer. MA domain 
is in red, CA domain is in yellow, NC domain is in green, and ΨRNA is in cyan. 
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compared to GagΔP6 itself. As shown in Figure 3-9(c), the dimer predominates over 

monomer as opposed to GagΔP6. After fitting each peak to a normal distribution for 

length and width, the statistical analysis shows the percentages of monomer, dimer, and 

tetramer are 35%, 49%, and 16%, respectively, as given in Table 3-4. The monomer 

decreased by 24%, the dimer increased by 14% and the tetramer increased by 10%. The 

length of monomer increased by roughly 1nm. The lengths of dimer and tetramer 

increased by about 2nm. The monomer and dimer still shared the width around 7nm. The 

width increased by about 1nm for monomer, dimer, and tetramer, which makes sense 

given the width of ΨRNA is around 1nm. The models for GagΔP6-ΨRNA complex 

dimer and tetramer are given in Figure 3-10. The increases in both length and width can 

be explained by the addition of ΨRNA given the size of ΨRNA in Table 3-2. The 

conclusion of the effect of addition of ΨRNA to GagΔP6 is that ΨRNA can bind with 

GagΔP6 and facilitate GagΔP6 multimerization given the increases in percentages of 

dimer and tetramer. 

 

3.2.4.6 GagΔP6-TARpolyA RNA 

For scenario (VI), a mixture of GagΔP6-TARpolyA RNA (0.5µM : 0.5µM) 

complex was measured. The motivation of measuring GagΔP6-TARpolyA RNA complex 

is to see the effect of addition of non-specific TARpolyA RNA to GagΔP6 and compare 

the difference between adding TARpolyA RNA and the case of addition of specific 

ΨRNA. It is unable to observe any statistical difference for GagΔP6-TARpolyA RNA 
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complex on negatively charged mica(-) in contrast to GagΔP6. In addition, particles 

observed on APTES treated mica(+) for GagΔP6-TARpolyA RNA complex resemble the 

shape of TARpolyA RNA, which means either TARpolyA RNA does not react with 

GagΔP6 or TARpolyA RNA reacts with GagΔP6 but not facilitate GagΔP6 

multimerization. The experiments were repeated twice. Webb et al. reported HIV 

GagΔP6 can bind with both ΨRNA and TARpolyA RNA but with distinct binding 

mechanisms [59]. They proposed that HIV GagΔP6 binds with TARpolyA RNA through 

both MA and NC domains while with ΨRNA only through NC domain and leaves MA 

domain free to later interact with lipid membrane. Other studies also showed that HIV 

GagΔP6 can bind with both ΨRNA and non-Ψ RNAs but the selective binding with 

ΨRNA is more energetically favorable than other non-Ψ RNAs for HIV virus assembly 

[60-62]. The conclusion based on our data is that it is highly likely that HIV GagΔP6 

interacts with ΨRNA and TARpolyA RNA through different mechanisms such that 

ΨRNA facilitates GagΔP6 multimerization while TARpolyA RNA does not. 

 

3.2.4.7 GagΔP6-PI(4,5)P2  

For scenario (VII), a mixture of GagΔP6-PI(4,5)P2 (0.5µM : 0.5µM) complex on 

negatively charged mica(-), the AFM image is shown in Figure 3-11. The motivation of 

measuring GagΔP6-PI(4,5)P2 complex is to explore the effect of addition of lipid 

PI(4,5)P2 to GagΔP6. The current understanding is that both MA and NC domains of 

Gag can bind to PI(4,5)P2. The size is in between GagΔP6 and GagΔP6-ΨRNA. As 
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shown in Figure 3-11(b), the most frequent height of GagΔP6-PI(4,5)P2 complex is still 

1.9nm, same as GagΔP6 and GagΔP6-ΨRNA. The total number of samples was 903 and 

the experiment was repeated twice. Unlike GagΔP6-ΨRNA, monomer is still 

predominant as shown in Figure 3-11(c). After fitting each peak to a normal distribution 

for length and width, the statistical analysis shows the percentage of monomer decreased 

by 12%, the percentages of dimer and tetramer both increased by 6% compared to the 

case of GagΔP6, as given in Table 3-5. The length and width of monomer, dimer, 

  

Figure 3-11 Mixture of GagΔP6-PI(4,5)P2 (0.5µM : 0.5µM) complex on negatively 
charged mica(-). (a) AFM image with a scan size of 500nm×500nm. A few GagΔP6-
PI(4,5)P2 complexes are boxed: monomer (red), dimer (green) and tetramer (blue). (b) 
Histogram for length (left), width (middle), and height (right). Shown in red are normal 
distribution fits to the peaks. (c) Three dimensional smooth histogram, where monomer, 
dimer, and tetramer are indicated by red arrows. The total number of samples was 903. 
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Figure 3-12 Models of GagΔP6-PI(4,5)P2 complexes. (a) Dimer, (b) Tetramer. MA 
domain is in red, CA domain is in yellow, NC domain is in green, and PI(4,5)P2 is in 
purple. 
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tetramer all increased by about 1nm. This is probably because of the size of PI(4,5)P2 

attached to the ends of both MA and CA domains of HIV GagΔP6. The models for 

GagΔP6-PI(4,5)P2 complex dimer and tetramer are given in Figure 3-12. The increases 

in percentages of dimer and tetramer indicate that PI(4,5)P2 can bind with GagΔP6 as 

reported by other studies [63-69]. But the increases in percentages of dimer and tetramer 

are less than the case of addition of ΨRNA. Therefore, our conclusion is that PI(4,5)P2 

facilitates GagΔP6 multimerization to a lesser extent compared to ΨRNA.   

 

3.2.4.8 PI(4,5)P2-ΨRNA-GagΔP6 

For scenario (VIII), a mixture of PI(4,5)P2-ΨRNA-GagΔP6 (0.5µM : 0.5µM : 

0.5µM) complex on negatively charged mica(-), the AFM result is shown in Figure 3-13. 

According to the prevailing model the lipid interacts with the MA domain of GagΔP6-

ΨRNA complex leading to a conformational change [59]. In these experiments we study 

the effects of the inclusion of PI(4,5)P2 to the GagΔP6-ΨRNA complex. For the mixture 

of PI(4,5)P2-ΨRNA-GagΔP6, PI(4,5)P2 and ΨRNA were mixed first followed by 

addition of GagΔP6. Unlike the cases of GagΔP6, GagΔP6-ΨRNA, and GagΔP6-

PI(4,5)P2, there are only two peaks for the length histogram as in Figure 3-13(b). The 

width histogram still has two peaks as before. To better understand the reason for missing 

one peak for the length histogram, a three dimensional smooth histogram is plotted as 

shown in Figure 3-13(c). It turns out that the dimer and tetramer have the same length at 

around 24nm. The total number of samples was 616 and the experiment was repeated 
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twice. This overlap is explained from the fact that there are only two peaks for the length 

histogram. The monomer and dimer have the same width around 7nm. After fitting each 

 

Figure 3-13 Mixture of PI(4,5)P2-ΨRNA-GagΔP6 (0.5µM : 0.5µM : 0.5µM) complex on 
negatively charged mica(-). (a) AFM image with a scan size of 500nm×500nm. A few 
PI(4,5)P2-ΨRNA-GagΔP6 complexes are boxed: monomer (red), dimer (green) and 
tetramer (blue). (b) Histogram for length (left), width (middle), and height (right). Shown 
in red are normal distribution fits to the peaks. (c) Three dimensional smooth histogram, 
where monomer, dimer, and tetramer are indicated by red arrows. The total number of 
samples was 616. 

 

peak to a normal distribution for length and width, the distribution weights among 

monomer, dimer, and tetramer can be decoupled. The percentage of the first peak of the 

length histogram is 17% that is corresponding to the monomer. The percentage of the 
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second peak of the length histogram is 83% that is the sum of the dimer and tetramer. The 

percentage of the first peak of the width histogram is 68% that is the sum of the monomer 

and dimer. The percentage of the second peak of the width histogram is 32% that is the 

tetramer. Therefore, the percentages of monomer, dimer, and tetramer are 17%, 51%, and 

32%, respectively, as given in Table 3-6.  The substantial increases in the percentages of 

dimer and tetramer indicate that both ΨRNA and PI(4,5)P2 can bind with GagΔP6 and 

collectively facilitate HIV GagΔP6 assembly as reported by other studies [37, 67]. 

Another noteworthy difference is the width of tetramer increased to 22nm rather than 

13nm for GagΔP6 or 14nm for GagΔP6-ΨRNA and GagΔP6-PI(4,5)P2. This significant 

change of the shape indicates that some conformational changes occurred when both 

ΨRNA and PI(4,5)P2 are present [70-71]. The average spacing between GagΔP6 

molecules in dimer and tetramer is about 7nm, which is close to the value found in other 

literature [72-73]. The proposed models for PI(4,5)P2-ΨRNA-GagΔP6 complex dimer 

and tetramer are shown in Figure 3-14. PI(4,5)P2-ΨRNA-GagΔP6 means PI(4,5)P2 and 

ΨRNA were mixed first followed by the addition of GagΔP6. When there are three 

elements, GagΔP6, ΨRNA, and PI(4,5)P2, the order of mixing them might matter. To see 
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if this is the case, other mixing orders were also studied, including GagΔP6-ΨRNA-

PI(4,5)P2 and GagΔP6-PI(4,5)P2-ΨRNA. Regardless of the order of mixing, the size and 

size fractions of the monomers, dimers and tetramer were found to be the same. This is 

reasonable given that eventually the MA domain of GagΔP6 binds with the binding sites 

PI(4,5)P2 on the lipid membrane and the NC domain of GagΔP6 binds with the dimeric 

viral RNA in the complete immature HIV virion [74-77]. The conclusion for this case is 

when both ψRNA and PI(4,5)P2 are present, GagΔP6  undergoes conformational changes 

consistent with the model [59]. Given the order of the lipid PI(4,5)P2 or ΨRNA addition 

resulted in no changes to the different complex populations measured, we conclude that 

the proposed order of Gag interaction might not be critical to the formation of HIV.  

 

Figure 3-14 Models of PI(4,5)P2-ΨRNA-GagΔP6 complexes. (a) Dimer, (b) Tetramer. 
MA domain is in red, CA domain is in yellow, NC domain is in green, ΨRNA is in cyan, 
and PI(4,5)P2 is in purple. 
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3.3 Gel electrophoresis 

3.3.1 Introduction to gel electrophoresis 

Gel electrophoresis is a widely used technique for analysis of macromolecules 

and their fragments, including DNAs, RNAs, and proteins, by separating them based on 

their sizes and charges [78-85]. The principle of gel electrophoresis is that charged 

macromolecules travel through a porous substance under an electric field. The electric 

field generated from two opposite electrodes will generate electric force on charged 

molecules to move through the gel. Smaller molecules will migrate faster and travel a 

longer distance in a fixed time than larger molecules because smaller molecules have 

lower friction when passing through the pores of the gel. Molecules with different sizes 

and masses will have different speeds in passing through the pores of the gel and then 

form distinct bands on the gel. This is how the gel electrophoresis method sieves different 

molecules. After different molecules form distinct bands they can be compared with the 

standard marker in order to determine their molecular weights. There are a variety of 

types of gels. Two most commonly used gels are agarose and polyacrylamide gels. 

Agarose gels have lower resolving power than polyacrylamide gels. The advantage of 

agarose gels over polyacrylamide gels is that agarose gels have larger range of separation. 

Polyacrylamide gels are generally used for proteins given their very high resolving power 

resulting from the uniform pore size of polyacrylamide gels. The typical sizes of proteins 

can be separated by polyacrylamide gels range from 1-100kDa depending on the 

concentration of resolving gels [86-87]. The concentration of resolving gels usually 

ranges from 6%-15%. The stacking gel is typically 5%. Lower percentage gels have 
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larger pores that are better suited for resolving larger molecules, while higher percentage 

gels are used to resolve smaller molecules. Both native proteins and denatured proteins 

can be used in gel electrophoreisis. For large proteins denaturing might be necessary to 

get  good resolution of the size. Depending on if molecules run in their native state 

wherein molecules preserve higher order structures or denaturated state where a chemical 

denaturant is added to break their high order structures, different procedure will apply. 

For denaturating proteins, sodium dodecyl sulfate polyacrylamide is used in the gel 

electrophoresis and is referred to as SDS-PAGE. 

 

3.3.2 Protocol of gel electrophoresis 

The SDS-PAGE usually comprises acrylamide, bisacrylamide, SDS, and a buffer 

with proper pH. In the experiments, tris-glycine SDS-PAGE was used for proteins with 6% 

resolving gel and 5% stacking gel. The recipes of Tris-Glycine SDS-PAGE are given in 

Table 3-7. Here SDS is sodium dodecyl sulfate, APS is ammonium persulfate, and 
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TEMED is N,N,N’,N’-tetramethylethylenediamine. In general, one SDS molecule is 

approximately bound to two amino acids regardless of the sequences of polypeptides.  

Therefore, the migration of SDS bound proteins is proportional to the molecular weight 

of proteins. The procedure of SDS-PAGE of proteins used in the experiments is given as 

follows. First, prepare 10mL 6% resolving gel and 4mL 5% stacking gel based on the 

recipes for Tris-Glycine SDS-PAGE as given in Table 3-7. APS and TEMED should be 

added later for 5% stacking gel. Second, add about 7mL 6% resolving gel solution into 

the gel equipment Mini-PROTEAN II Cell (BIO-RAD, Hercules, CA, USA). Then, add 

1mL isopropanol on top to remove air bubbles at the surface of resolving gel solution. 

Wait for 20 minutes and then remove the isopropanol. Add 40µL 10% APS and 4µL 

TEMED to the stacking gel solution. Place about 3mL 5% stacking gel solution above the 

resolving gel solution and put a 10-well Mini-Protean comb (BIO-RAD, Hercules, CA, 

USA) and wait for 30 minutes. Mix the sample solutions with dye bromophenol blue 

(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) to the desired concentration. Seal 

all the sample solutions with parafilms and then boil them in a water bath for 5 minutes. 

Assemble the gel electrophoresis equipment properly. Add enough 1X SDS-PAGE 

loading buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) into the casket. Remove the 

comb gently. Add the dyed sample solutions into each comb slot carefully. Add enough 

1X SDS-PAGE loading buffer into the chamber that surrounds the casket. Make sure 

there are bubbles generated at the bottom of the gel electrophoresis equipment. Set V = 

120V, I = 100mA, T = 75minutes, and K in “Volts” mode. Start to run the gel and wait 

until the color has almost reached the bottom. Disassemble the equipment to get the gel 
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with distinct bands located at different positions. Use a plastic wedge plate to cut the top 

part of the gel. Put the gel into the transfer buffer (48 mM Tris, 39 mM glycine, 1.3mM 

SDS, 20%(v/v) methanol) in a clean container and then place it on a rotator with speed of 

2 for 20 minutes. Cut one piece of Amersham Hybond 0.45µm PVDF blotting membrane 

(GE Healthcare Life Sciences, Pittsburgh, PA, USA) into the same size as the gel plate. 

Cut one corner to distinguish the orientation. Soak two pieces of blot papers with the 

transfer buffer in a clean container for 20 minutes. Soak the blotting membrane with pure 

methanol for 5 minutes. Then dump the methanol and add the transfer buffer to soak for 

20 minutes. Place the blotting paper on the semi-dry transfer cell. Put the blotting 

membrane atop of the blotting paper. Place the gel plate on top of the blotting membrane. 

Put another blotting paper atop of the gel. Remove air bubbles by rolling a tube over the 

blotting paper. Add a little bit transfer buffer on top of the blotting paper. Set V = 24V, I 

= 100mA, T = 28minutes, and K in “Volts” mode, and start to run the gel. Add 0.5g dry 

milk to 10mL 1X Tris-buffered saline (TBS, 50 mM Tris-Cl, pH 7.5 150 mM NaCl) 

buffer to get 5% milk TBS. Put the blotting membrane into a clean container, add all the 

5% milk TBS buffer. Incubate for 1 hour on a rocking platform with speed of 2 in a 

freezer. Discard the 5% milk TBS. Add 10mL reusable first antibody (goat anti-HIV P24 

in 5% milk TBS, 1:500) and incubate overnight on a rocking platform with speed of 2 in 

a freezer. Wash the blotting membrane with 1X TBS buffer every 10 minutes for three 

times. Prepare 10mL 5% milk TBS with addition of 5µL second antibody (rabbit anti-

goat secondary antibody). Add it into the blotting membrane and incubate for 90 minutes. 

Dump the milk TBS and wash the blotting membrane with 1X TBS buffer every 10 
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minutes for three times. Add enough developing solution (10mL 1M Tris-HCl(pH 9.5), 

2mL 5M NaCl, 0.5mL 1M MgCl2, 33µL 50mg/mL NBT (nitro-blue tetrazolium 

chloride), and 16.5µL 50mg/mL BCIP (5-bromo-4-chloro-3'-indolyphosphate p-toluidine 

salt) to completely cover the blotting membrane. Wait until bonds appear. Wash the 

blotting membrane with 1X TAE (40mM Tris, 20mM acetic acid, and 1mM EDTA 

(Ethylenediaminetetraacetic acid)) buffer. Dry the blotting membrane with nitrogen gas. 

Take a picture for the blotting membrane and analyze it using software ImagJ. 

 

3.3.3 Analysis of gel electrophoresis outcomes 

The motivation of implementing gel electrophoresis measurement is to justify 

whether the third peak in the AFM measurements correspoinds tetramers or trimers. The 

 

Figure 3-15 6% Tris-Glycine SDS-PAGE. (a) GagΔP6 (2µM). (b) GagΔP6 (0.5µM). (c) 
GagΔP6-ΨRNA (0.5µM : 0.5µM). (d) GagΔP6-ΨRNA (0.5µM : 2µM). (e) GagΔP6-
ΨRNA (2µM : 0.5µM). (f) PI(4,5)P2-ΨRNA-GagΔP6 (0.5µM : 0.5µM : 0.5µM). (g) 
PI(4,5)P2-ΨRNA-GagΔP6 (2µM : 0.5µM : 0.5µM). (h) 50kDa Protein marker. (i) Protein 
standards. The rightmost is the criterion of molecular weight of protein standards. Bands 
corresponding to monomer, dimer, and tetramer are indicated on the left. 
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result of Tris-Glycine SDS-PAGE is shown in Figure 3-15. As the 50kDa protein marker 

indicates the bottom bands correspond to the 50kDa monomer. This is because the mass 

of Gag monomer is about 55kDa and the ratio of P6 segment to the entire Gag is 6/55 

[88]. Therefore, the mass of GagΔP6 is around 50kDa. The middle bands are just above 

the 75kDa pink criteria and align with the 100kDa criteria, which means they are dimers. 

Since the approximate mass of the GagΔP6 dimer should be 100kDa. The top bands are 

in between the criterion 150kDa and 250kDa, which means they are tetramers with 

approximate molecular weight of 200kDa or 236kDa if including one ΨRNA. This result 

confirmed what we found in AFM measurement were tetramers rather than trimers. As 

shown in Figure 3-15(a) and (b), the percentages of dimer and tetramers increased as the 

concentration of GagΔP6 increased from 0.5µM to 2µM. This result confirmed the 

conclusion that the average radius of gyration Rg of GagΔP6 in solution measured by 

SANS is a monotonically increasing function of GagΔP6 concentration. This is 

reasonable because the size of the tetramer is greater than the size of the dimer, which is 

greater than the size of the monomer [37]. As shown in Figure 3-15(b) and (c), or (a) and 

(d), the percentages of dimer and tetramers increased with the addition of ΨRNA for the 

same concentration of GagΔP6. This also confirmed the AFM measurement where 

ΨRNA can bind with GagΔP6 and facilitate GagΔP6 multimerization. As shown in 

Figure 3-15(c) and (f) and (g), the percentages of dimer and tetramers increased even 

more when both ΨRNA and PI(4,5)P2 were added. Similar to ΨRNA, the more PI(4,5)P2 

the more favorable for GagΔP6 multimerization. Base on the result of gel electrophoresis, 

our conclusion is the third peak in the AFM measurements were tetramers. 
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3.4 Summary 

In this dissertation, the interaction of GagΔP6 with ΨRNA and PI(4,5)P2 was 

investigated by CM measurement, AFM measurement, and gel electrophoresis 

measurement. In the CM measurement, GagΔP6 selectively bound with PI(4,5)P2 on the 

leaflet of GUVs. As the AFM measurement showed GagΔP6 can not only bind with 

either ΨRNA or PI(4,5)P2, but simultaneously interact through a conformational change. 

Either ΨRNA or PI(4,5)P2 can facilitate GagΔP6 multimeration. In contrast to ΨRNA, 

PI(4,5)P2 facilitates GagΔP6 multimeration to a lesser extent. When both ΨRNA and 

PI(4,5)P2 are present, GagΔP6 multimeration can be further enhanced. As confirmed by 

the gel electrophoresis measurement, the third peak in the AFM measurement 

corresponds to tetramer rather than trimer. Selective and cooperative binding of HIV 

GagΔP6 with both ΨRNA and PI(4,5)P2 leads to a high local concentration of GagΔP6. 

GagΔP6 localization in turn results in GagΔP6 undertaking conformational changes that 

is crucial for HIV virus assembly. 
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Appendix A 
 

AFM tip calibration 

 

Figure A-1 AFM tip calibration. (a) Schematic representation of the tip and a spherical 
sample. The red curve is the trajectory of the tip when it scans from left to right as 
indicated by the arrow on left. (b) The configuration of the tip after it is placed into the 
AFM probe holder (fluid cell if imaging in liquid). 

 

As shown in Figure A-1(a), λ is the actual tip size, L is the measured size of the 

sample, D is the height of the sample which is a sphere. α and β are effective front and 

back angles of the tip which are related to actual front angle FA and back angle BA of the 

tip FA through the tilt angle, θ, of the AFM probe holder (fluid cell if imaging in liquid) 

as shown in Figure A-1(b). 

 α = FA + θ 

β = BA - θ 

HN = λ 

OP = !! 
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PS = OP sinβ 

OS = OP cosβ 

MQ = OS = !! cosβ 

NM = PM tanβ = (PS + SM) tanβ = !! tanβ (sinβ + 1) 

NQ = NM + MQ = !! tanβ (sinβ + 1) + !! cosβ = !! (secβ + tanβ) 

Similarly, 

QZ = !! (secα+ tanα) 

L = HN + NQ + QZ = λ + !! (secα+ tanα + secβ + tanβ) 

For θ = 100, FA = BA = 200, then α = 300 and β = 100, hence, 

 L ≈ λ +1.46D 

Therefore, the actual tip size is 

λ = L – 1.46D       (1) 

And the effective tip size t for a sample with the height of D is  

t = L – D =   λ + 0.46D                (2) 
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Appendix B 
 

Algorithm of computation of the sample size 

 
Figure B-1 Schematic diagram of a sample with defined length and width. 

 

The size of the sample is computed by a MATLAB script. First, a proper 

threshold value is selected to compute the height of the sample. The threshold value is a 

cutoff to avoid the background noises. The height is the distance from the highest point of 

the sample to the cutoff plane. After the cutoff plane is set, the boundary of the sample 

can be obtained from the intersection of the sample and the cutoff plane. From that the 

length of the sample is defined as the distance between two furthest points on the 

boundary. The width is defined as the distance between the two parallel lines restricting 

the object perpendicular to the direction of the length.  
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Appendix C 
 

MATLAB script to analyze raw AFM image data 

 

clear all; 

syms N threshold filter elpcut range tipsize; 

N=512; % number of pixeles 

range=1000.0; %scan size in nm 

pixel=range/N; % each pixel size 

tipsize=2.0; %nm 

threshold=0.1; %preliminary height cutoff in nm 

area=40.0; % minimum gag size in nm^2 

filter=area/pixel/pixel; % minimum gag size in pixel^2 

elpcut=10.0; %length/width ratio cutoff 

lmin=2.0; % actual minimum length in nm  

lmax=50.0; %actual maximum length in nm  

wmin=2.0; % actual minimum width in nm  

wmax=30.0; % actual maximum width in nm  

hmin=0.5; % actual minimum height in nm 

hmax=3.5; % actual maximum height in nm 
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files = dir('*.txt'); 

filename = {files.name}; 

nf=length(filename); 

fileID = fopen('data.csv','w'); 

for k=1:nf 

    disp(files(k).name); 

    file=fopen(files(k).name); 

    img_char=fscanf(file,'%c');  

    img_num=str2num(img_char); 

    fclose(file);  

    for i=1:N 

        for j=1:N 

            img_raw(i,j)=img_num(j+(i-1)*N,1); 

        end 

    end 

    img_raw=transpose(img_raw); 

    img_raw=rot90(img_raw); 

    raw_ave=sum(sum(img_raw))/N/N; 

    fprintf('%s%f\n','raw data average=',raw_ave) 
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    figure 

    subplot(2,2,1); 

    image(img_raw,'CDatamapping','scaled') 

    title('raw data') 

    colorbar 

    count=0; 

    for i=1:N 

        for j=1:N 

            if img_raw(i,j)<threshold/calibration/10 

                img_base(i,j)=img_raw(i,j); 

                img_data(i,j)=0.0; 

                count=count+1; 

            else img_base(i,j)=0.0;   

                 img_data(i,j)=img_raw(i,j); 

            end 

        end 

    end 

    base_ave=sum(sum(img_base))/count; 

    fprintf('%s%f\n','base plane average=',base_ave) 



 85 

    subplot(2,2,2); 

    image(img_base,'CDatamapping','scaled') 

    title('base plane') 

    colorbar 

    img_data(1,:)=0.0; 

    img_data(:,1)=0.0; 

    subplot(2,2,3); 

    image(img_data,'CDatamapping','scaled') 

    title('preliminary selected data') 

    colorbar 

    label=zeros(N); 

    k=0; 

    for i=2:N 

        for j=2:N 

            k=max(max(label))+1; 

            if img_data(i,j)==0.0 

               label(i,j)=0.0; 

            elseif img_data(i-1,j)==0.0&&img_data(i,j-1)==0.0 

                label(i,j)=k; 
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            elseif img_data(i-1,j)*img_data(i,j-1)==0.0 

                label(i,j)=max(label(i-1,j),label(i,j-1)); 

            else label(i,j)=min(label(i-1,j),label(i,j-1));  

                idx=find(label==max(label(i-1,j),label(i,j-1))); 

                label(idx)=min(label(i-1,j),label(i,j-1)); 

            end 

        end 

    end 

    max_temp=max(max(label)); 

    disp(['preliminary total number=' num2str(max_temp)]) 

    k_new=1; 

    edge=0.0; 

    %[number,peak_x,peak_y,peak_z,long axis,short axis] 

    for k=1:max_temp 

 idx=find(label==k) ;            

edge=ismember(k,label(2,:))+ismember(k,label(:,2))+ismember(k,label(N,:))+ 

ismember(k,label(:,N)); 

            [l,s]=dimension(idx,N); 

            [peak_z,I]=max(img_data(idx)); 
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         peak_idx=idx(I); 

         l=l*pixel-tipsize; %long axis=length in nm 

         s=s*pixel-tipsize; %short axis=width in nm 

         h=peak_z-base_ave;  %peak_z=height in nm 

         if size(idx,1)<=filter||edge>0.0||l/s>elpcut||l<=s||l<=lmin||l>=lmax||s<=wmin|| 

s>=wmax||h<=hmin||h>=hmax 

             label(idx)=0.0; 

         else disp(['now, process point number: ' num2str(k_new)]) 

              label(idx)=k_new; 

              %DATA(k_new,1)=k_new; % label No. 

             %DATA(k_new,2)=ceil(peak_idx/N); %peak_x 

             %DATA(k_new,3)=mod(peak_idx,N);  %peak_y 

              DATA(k_new,1)=l; %length 

             DATA(k_new,2)=s; %width 

             DATA(k_new,3)=h; %height 

              k_new=k_new+1; 

         end 

    end 

    max_filtered=max(max(label)); 
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    disp(['filtered total number=' num2str(max_filtered)]) 

    subplot(2,2,4); 

    image(label,'CDatamapping','scaled') 

    title('label matrix') 

    colorbar 

    DATA=transpose(DATA); 

    fprintf(fileID,'%10s,%10s,%10s\r\n','Length/nm','Width/nm','Height/nm'); 

    fprintf(fileID,'%5.1f,%5.1f,%5.1f\r\n',DATA); 

    clear DATA; 

end 

fclose(fileID); 

DATA=importdata('data.csv'); 

figure 

    subplot(1,3,1); 

    histogram(DATA(:,1),15) 

    title('Histogram of Length') 

    xlabel('Length/nm') % x-axis label 

    ylabel('Frequency') % y-axis label 

    subplot(1,3,2); 
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    histogram(DATA(:,2),15) 

    title('Histogram of Width') 

    xlabel('Width/nm') % x-axis label 

    ylabel('Frequency') % y-axis label 

    subplot(1,3,3); 

    histogram(DATA(:,3),15) 

    title('Histogram of Height') 

    xlabel('Height/nm') % x-axis label 

    ylabel('Frequency') % y-axis label 
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Appendix D 
 

Mathematica script to plot histogram and fit distribution 
 

 
ClearAll["Global`*"]; 

SetDirectory[NotebookDirectory[]]; 

data = Import["data.csv"]; 

n = Length[data]; 

bins = 20; 

cutoff = 0; (*cutoff in height in nm*) 

t = 5.4; (*effective tip size for GagΔP6.*) 

For[i = 1, i <= n, i++, data[[i]][[1]] = Abs[data[[i]][[1]] - t]; data[[i]][[2]] = 

Abs[data[[i]][[2]]] - t]; 

l = Table[Abs[data[[i]][[1]]], {i, 1, n}];(*l= GagΔP6 length in nm*) 

w = Table[Abs[data[[i]][[2]]], {i, 1, n}];(*w= GagΔP6 width in nm*) 

h = Table[data[[i]][[3]] + cutoff, {i, 1, n}];(*h= GagΔP6 height in nm*) 

lh = Histogram[l, {"Raw", bins}, AxesLabel -> {"Length/nm", "Frequency"}]; 

wh = Histogram[w, {"Raw", bins}, AxesLabel -> {"Width/nm", "Frequency"}]; 

hh = Histogram[h, {"Raw", bins}, AxesLabel -> {"Height/nm", "Frequency"}]; 

GraphicsRow[{lh, wh, hh}, PlotLabel -> "Histogram of 0.5µM GagΔP6 on Mica(-)"]; 

(*Length fitting*) 

n1 = 590; 

n2 = 350; 
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n3 = 60; 

sortdata = Sort[data, #1[[1]] < #2[[1]] &]; 

monomer = Table[sortdata[[i]], {i, 1, n1}]; 

l1 = Table[monomer[[i]][[1]], {i, 1, n1}]; 

lh1 = Histogram[l1, bins, AxesLabel -> {"Length/nm", "Frequency"}]; 

dimer = Table[sortdata[[i]], {i, n1 + 1, n1 + n2}]; 

l2 = Table[dimer[[i]][[1]], {i, 1, n2}]; 

lh2 = Histogram[l2, bins, AxesLabel -> {"Length/nm", "Frequency"}]; 

trimer = Table[sortdata[[i]], {i, n1 + n2 + 1, n}]; 

l3 = Table[trimer[[i]][[1]], {i, 1, n3}]; 

lh3 = Histogram[l3, bins, AxesLabel -> {"Length/nm", "Frequency"}]; 

peak1 = Mean[l1]; 

s1 = StandardDeviation[l1]; 

peak2 = Mean[l2]; 

s2 = StandardDeviation[l2]; 

peak3 = Mean[l3]; 

s3 = StandardDeviation[l3]; 

distl = MixtureDistribution[{n1, n2, n3}, {NormalDistribution[peak1, s1], 

NormalDistribution[peak2, s2], NormalDistribution[peak3, s3]}]; 

(*Width fitting*) 

nw1 = n1 + n2; 

nw2 = n – nw1; 
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sortWidth = Sort[data, #1[[2]] < #2[[2]] &]; 

width1 = Table[sortWidth[[i]], {i, 1, nw1}]; 

w1 = Table[width1[[i]][[2]], {i, 1, nw1}]; 

wh1 = Histogram[w1, {"Raw", bins}, AxesLabel -> {"Width/nm", "Frequency"}]; 

width2 = Table[sortWidth[[i]], {i, nw1 + 1, n}]; 

w2 = Table[width2[[i]][[2]], {i, 1, nw2}]; 

wh2 = Histogram[w2, {"Raw", bins}, AxesLabel -> {"Width/nm", "Frequency"}]; 

peakw1 = Mean[w1]; 

sw1 = StandardDeviation[w1]; 

peakw2 = Mean[w2]; 

sw2 = StandardDeviation[w2]; 

distw = MixtureDistribution[{nw1, nw2}, {NormalDistribution[peakw1, sw1], 

NormalDistribution[peakw2, sw2]}]; 

(*Height fitting*) 

peakh = Mean[h]; 

sh = StandardDeviation[h]; 

disth = MixtureDistribution[{n, 0}, {NormalDistribution[peakh, sh], 

NormalDistribution[peakh, sh]}]; 

lhf = Show[lh, Plot[1.45 n*PDF[distl, x], {x, Min[l], Max[l]}, PlotStyle -> {Red, 

Thick}]]; 

whf = Show[wh, Plot[0.86 n*PDF[distw, x], {x, Min[w], Max[w]}, PlotStyle -> {Red, 

Thick}]]; 
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hhf = Show[hh, Plot[n*PDF[disth, x], {x, Min[h], Max[h]}, PlotStyle -> {Red, Thick}]]; 

GraphicsRow[{lhf, whf, hhf},  

 PlotLabel -> "Histogram of 0.5µM GagΔP6 on Mica(-)", Frame -> All, FrameStyle -> 

Purple] 

lengthWidth = Table[{data[[i]][[1]], data[[i]][[2]]}, {i, 1, n}]; 

Histogram3D[lengthWidth, ChartElementFunction -> "GradientScaleCube", AxesLabel -> 

{"Length/nm", "Width/nm", "Frequency"}, PlotLabel -> "3D Histogram of 0.5µM 

GagΔP6 on Mica(-)"]; 

SmoothHistogram3D[lengthWidth, AxesLabel -> {"Length/nm", "Width/nm", 

"Density"}, PlotLabel -> "3D Smooth Histogram of 0.5μM GagΔP6 on Mica(-)"] 


