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Summary 
The retrovirus Human Immunodeficiency Virus Type-1 (HIV-1) infects cells of the 

immune system causing their depletion and resulting in the Acquired 

Immunodeficiency Syndrome (AIDS). The viral capsid protein (CA) is essential for 

replication. Upon budding of a new HIV particle, CA is part of the Gag polyprotein 

which assembles into an immature virus lattice. During maturation, the viral protease 

cleaves Gag into single components and CA assembles into a mature capsid. The 

capsid protects the viral RNA genome which is reverse-transcribed into DNA, 

trafficked to the nucleus, and integrated into the host genome.  

Both immature and mature HIV capsid lattices need to maintain a delicate balance of 

stability to allow efficient assembly without compromising maturation or disassembly. 

The work described in this thesis shows that coordination of the small molecule inositol 

hexakisphosphate (IP6), which can bind to both the immature (via residues K158 and 

K227) and mature (R18 and K25) CA lattice is crucial. The data herein demonstrate 

the importance of these charged rings for viral replication and infection.  

In the mature capsid, R18 and K25 are thought to have a dual role. Both residues are 

important IP6 binders, and their mutation interferes with mature capsid formation. In 

addition, they are proposed to recruit dNTPs to facilitate encapsidated DNA synthesis. 

Here I show that infection and conical capsid formation of K25A can be rescued by 

compensating mutants without restoring the charged K25 ring. This suggests that K25 

is necessary for assembly but not for nucleotide import. In contrast, maintaining the 

positively charged R18 appears to be indispensable.  

In the immature lattice, lack of either of the positively charged rings is strongly 

destabilizing and results in aberrant assembly. However, simultaneous mutation of 

both lysine residues (K158 and K227) allows immature lattice formation, indicating that 

HIV immature assembly can become independent of IP6. Moreover, the immature 

lattice is more tolerant to changes in inositol phosphate levels compared to the mature 

lattice. Nevertheless, HIV-1 with a disabled IP6-enrichment mechanism is non-

infectious and my data suggest that this is because IP6 is important in the formation 

of mature cores that support productive infection.   
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Chapter 1 General Introduction 
1.1 HIV and AIDS 

The Acquired Immune Deficiency Syndrome (AIDS) was first described in 1981. It was 

characterised by people dying of infections that should have been cleared by the 

immune system1. Two years later, the human immunodeficiency virus 1 (HIV-1) was 

identified to cause AIDS2,3. Since then, HIV-1 has developed into one of the most 

serious global health challenges, and an estimate of 34.6 million people have died 

since the pandemic started4. Major progress has been made in fighting the disease. 

In 1996, the highly active antiretroviral therapy (HAART or cART) was introduced. 

HAART is a combination of three antiretrovirals that suppress viral replication5,6. 

Thenceforth, HIV-1 is no longer a death sentence, and a normal life expectancy can 

be reached if treated swiftly7. In 2020, 73% of the 37.6 million people living with HIV-

1 received antiretroviral therapy (ART). Nonetheless, this still led to 690 000 HIV-

related deaths. Moreover, 1.5 million people were newly infected with HIV4. Despite 

many efforts, an HIV-1 vaccine is still not available. Thus, further HIV research is 

essential to develop new drugs and vaccines.   

1.2 HIV genus, species and origin  

HIV-1 belongs to the Retroviridae family. All retroviruses have a single-stranded viral 

genomic RNA (ssRNA, vRNA) that is reverse transcribed into a double-stranded viral 

DNA (dsDNA or vDNA) intermediate. This vDNA is integrated into the host cell 

genome. Retroviruses are divided into seven groups: the alpha-, beta-, gamma-, delta-

, epsilonretrovirus, lentivirus, and spumavirus (Figure 1). HIV belongs to the 

lentiviruses, which are characterised by a long latency period and their ability to 

replicate in non-dividing cells8,9.  



2 General Introduction  

 

 

 

Figure 1: Phylogeny of retroviruses. adapted from10 

HIV-1 and the later discovered HIV-2 both lead to AIDS, with the latter being less 

infectious and pathogenic11-13. Transmissions of the simian immunodeficiency virus 

(SIV) from African primates to humans through primate blood or other fluids are 

thought to be the origin of the viruses14. Multiple transmission events seemed to have 

occurred and gave rise to various HIV subtypes. HIV-1 group M (main) is responsible 

for the HIV-1 pandemic and was most likely caused by a transmission event of 

chimpanzee SIV (SIVcpz) to humans14,15. Three other separate transmissions from 

chimpanzees or gorillas resulted in the subgroups N, O, and P. These subgroups 

appear to be restricted to West Africa14. Likewise, the subtypes (A-H) of HIV-2 

originate from transmissions from SIVsmm from the sooty mangabey monkeys14.  

1.3 HIV and AIDS 

The most common route of HIV infection is by sexual transmission, however, HIV is 

also transmitted through transfusion, needle sharing and maternal-infant exposure16. 

HIV primarily infects activated CD4+ T-cells in mucosal tissues. HIV can also infect 

myeloid cells e.g. macrophages and monocytes (including dendritic cells)17. Initially, 

the virus replicates at low levels in T-cells followed by a rapid replication and a 
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corresponding burst of viremia. This allows the virus to spread to lymphoid organs and 

other tissues16,18. Replication usually peaks after 3-5 weeks and is accompanied by a 

drastic loss of CD4+ T-cells and a short period called the acute HIV syndrome. This 

phase can be symptomatic, and some people experience flu-like symptoms. Around 

six weeks after infection, a neutralising antibody response is detected, and CD8+ 

cytotoxic T-lymphocytes are developing. Subsequently, the immune system gains 

control over viral replication that remains stable at the so-called viral set-point. The 

viral load at the set-point varies between individuals and determines the speed of 

disease progression16,19-21.  

At this stage of infection, the virus establishes a persistent viral reservoir even if the 

individual is treated with cART. Even though cART can nearly completely inhibit 

replication, it cannot clear HIV genomes integrated into the host cell genome. 

Therefore, the virus can replicate as long as the infected cells persist. Especially 

latently infected resting or memory CD4+ T-cells are maintained indefinitely and are 

thus a major problem for cART22,23. Once cART is stopped, the viral load usually 

rebounds in a few weeks which is why HIV positive people require cART for the rest 

of their lifes24. Importantly, patients diagnosed early and adhering to cART treatment 

for the rest of their lives will not develop AIDS and can live a normal life4,7.  

In untreated individuals, the virus can usually only be controlled for a limited amount 

of time because mutants that can evade the immune system arise quickly25-27. 

Increased activation of the immune system, accompanied by an increased turnover of 

CD4+ cells and other immune cells such as CD8+ T-cells, B-cells, NK cells, can initially 

counteract the viral escape variant and the corresponding progressive loss of CD4+-

cells. However, after several years at later stages of chronic immune activation, the 

immune system progressively loses its ability to regenerate immune cells to control 

viral replication16,28. With immune system exhaustion the final stage of the disease, 

AIDS, commences, and opportunistic infections can no longer be controlled16. Most 

people survive less than two years without treatment29.  
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1.4 HIV structure and life cycle overview 

1.4.1 HIV genome organisation  

The HIV genome has three open reading frames, gag (group-specific antigen), pol 

(polymerase) and env (envelope). HIV Gag consists of the matrix protein (MA), capsid 

protein (CA), spacer peptide 1 (SP1), nucleocapsid (NC), spacer peptide 2 (SP2), and 

the C-terminal peptide p6. During translation of gag in around 5-10% of cases, a 

frameshift leads to translation of the Gag-Pol fusion protein, which includes the 

protease (PR), integrase (IN) and reverse transcriptase (RT)30 (Figure 2). In addition, 

the virus encodes six regulatory proteins: negative factor (Nef), regulator of expression 

of virion proteins (Rev), trans-activator of transcription (tat), viral infectivity factor (Vif), 

viral protein R (Vpr) and viral protein U (Vpu)31,32. 

 

Figure 2: Map of HIV Gag-Pol precursor polyprotein. The polyprotein is processed into matrix (MA), 
capsid (CA), spacer region 1 (SP1), nucleoprotein (NC), spacer region 2 (SP2), p6, protease (PR), 
reverse transcriptase (RT) and integrase (IN). 

1.4.2 HIV virion 

HIV is surrounded by a lipid bilayer that is taken from the plasma membrane of an 

infected cell during viral budding. The structure of an immature HIV particle is shown 

in Figure 3 on the left and of the mature on the right. A newly released immature virion 

contains around 2500 Gag and 125 Gag-Pol molecules. Gag polymerises, the MA 

interacts with the membrane, and the NC interacts with two copies of the viral RNA 

genome. The immature Gag and Gag-Pol polyproteins are cleaved into the single 

protein components by the protease (PR) to form the infectious mature virus33. In the 

mature virion, the capsid proteins (CA) form a closed conical shell called the capsid 

(or core). For simplicity, the capsid protein will always be abbreviated as CA, whereas 

capsid always means the capsid core from here on. The capsid encloses two copies 
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of the viral RNA genome bound by the viral nucleocapsid (NC), reverse transcriptase 

(RT) and Integrase (IN)34,35. 

 

Figure 3: Organisation of immature and mature virus. The virion is enclosed by a lipid bilayer that 
contains the envelope glycoprotein gp120 and gp41. In the immature virus Gag which includes the 
structural proteins MA, CA, NC and Gag-Pol (also includes RT, IN, Pol) polymerise. The protease 
cleaves Gag and Gag-Pol, leading to major rearrangements in the virion. CA forms a conical capsid 
which encloses the viral RNA which is coated by NC, IN, and Pol. 

1.4.3 HIV life cycle overview 

During infection, viral envelope (Env) glycoproteins bind to the CD4-receptor and 

coreceptor CXC chemokine receptor type 4 (CXCR4) or CC chemokine receptor type 

5 (CCR5) and binding leads to fusion of the viral and the cellular membrane36 (Figure 

4). This results in release of the capsid containing the viral genome, RT and IN into 

the cytoplasm. The ssRNA genome is reverse transcribed into dsDNA by the RT whilst 

the capsid is transported to the nucleus using the cellular microtubule network37. The 

timing of capsid disassembly, called uncoating, is still highly debated. Most recent 

evidence suggests that the capsid remains largely intact until it enters the nucleus and 

possibly through the nuclear pore itself allowing infection of nondividing cells38. 

Reverse transcription may then be completed in the nucleus prior to uncoating39,40. In 

the nucleus, the vDNA is integrated into actively transcribed regions of the host cell 

genome by the IN. This integrated provirus either stays latent or is transcribed into 

mRNAs and translated to produce the viral proteins and full-length RNA. Viral 
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envelope glycoproteins traffic via the secretory pathway to the plasma membrane, 

whereas the structural proteins are synthesised in the cytosol. Gag and Gag-Pol 

recruit the unspliced non-translating vRNA, multimerize, and are targeted to the 

plasma membrane by a still-undefined pathway41,42. The immature virus buds by 

membrane scission using the host endosomal sorting complex required for transport 

(ESCRT) machinery. Gag and Gag-Pol are cleaved into the single protein components 

by the protease (PR) to form the infectious mature virus33, in which the CA assembles 

into the conical capsid43,44. 

 

Figure 4: Overview of the HIV infection cycle. The HIV envelope glycoproteins bind to receptors on 
the cell surface. The viral capsid core is released into the cytoplasm and trafficked towards the nucleus. 
During this time, the virus initiates reverse transcription. The completely transcribed viral genome is 
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then inserted into the host cell chromosome. This integrated provirus either stays latent or gives rise to 
viral proteins necessary for the generation of progeny virions. The virus then buds from the plasma 
membrane as an immature virus. Maturation leads to the formation of the conical capsid core. 

1.5 HIV viral proteins 

1.5.1 Matrix (MA) 

The MA is a 17 kDa protein that is essential to target Gag to the cell membrane and 

to allow proper incorporation of envelope glycoproteins. Near its N-terminus, the matrix 

protein has a highly basic region (HBR) which allows binding to the negatively charged 

phospholipid PI(4,5)P2 groups at the inner leaflet of the plasma membrane45-47. In 

addition, the MA carries a myristyl group (14-carbon fatty acid) at its N-terminus, which 

is a key interactor with the plasma membrane46,48.  

1.5.2 Capsid (CA) 

The conical capsid of the mature virus is formed by ~1500 24 kDa CA proteins, which 

are assembled into ~250 hexamers and exactly 12 pentamers (Figure 5). The latter 

provides the curvature necessary for a closed fullerene capsid core43,44. Each CA 

consists of an N-terminal domain (CANTD) and a C-terminal domain (CACTD) that are 

connected by a flexible linker. CANTD consist of a β-hairpin, five long and two short ⍺-

helices. ⍺-Helices 1, 2, and 3 of CANTD build an 18-helix inner-hexamer ring through 

intermolecular NTD-NTD interactions (Figure 5). The b-hairpin of CANTD can 

isomerise between an open and a closed conformation. An open state gives access 

to a positively charged pore in the centre of the hexamer49. CACTD is comprised of a 

310-helix and four ⍺-helices. CACTD forms a belt around the inner hexamer ring and 

connects the hexamers44,50,51. Interactions between the CANTD-CACTD domains 

stabilise the capsid51,52. In the mature capsid, seven CA pentamers are located at the 

wide and five at the narrow end of the core43. The NTD of pentamers is organised 

around the fivefold axis. The pentamer-hexamer CACTD dimer interface is similar to the 

interhexamer interface but with more rotations between individual CAs because of 

higher curvature53. The immature CA is described in Chapter 1.6.2. 
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Figure 5: The mature capsid. A model of the assembled capsid is shown on the left (taken from 54). 
Top and side views of structures the CA hexamer (PDB: 5HGN49) are shown on the right. The CANTD is 
coloured in beige, the CACTD in cyan and the β-hairpin in green.  

1.5.3 Spacer region 1 (SP1) 

SP1 is a stretch of 14 amino acids (aa) between the C-terminus of the CA and the N-

terminus of the NC. SP1 forms a 6-helix bundle with the C-terminal end of CA in the 

immature Gag-lattice55. The helix has to be unwound to allow proteolytic SP1 cleavage 

from the CA56,57. This is exploited by a class of drugs called maturation inhibitors which 

bind to the 6-helix bundle, thereby stabilising and rearranging it. This impairs proper 

maturation resulting in less infectious virus58-60. 

1.5.4 Nucleocapsid (NC) 

The 6.4 kDa nucleocapsid is required for RNA packaging. The NC has two zinc finger 

domains connected by a short basic linker. This allows specific binding of the 

conserved 5' leader of the viral genome (Ψ-sequence)61-65. This NC-RNA interaction 

then serves as a platform for Gag polymerisation and assembly in the immature 

virus66. In the mature virus, the cleaved NC condenses the RNA genome into the 

ribonucleoprotein complex (RNP) necessary for capsid stability and regulation of 
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reverse transcription67-69. Moreover, NC is a cofactor for the RT during viral DNA 

synthesis and is important for the completion of reverse transcription and DNA 

maintenance70-73. Furthermore, NC has a role in gRNA recombination and thus 

increases the rate resistance to antivirals emerges74,75.  

1.5.5 Spacer region 2 (SP2) 

The SP2 region does not seem to be necessary for virus maturation and infectivity, 

but processing and processing kinetics of NC-SP2-p6 appear to be important76.  

1.5.6 p6 

p6 is a 52 aa peptide. It regulates the interaction of Gag with the endosomal sorting 

complex required for transport (ESCRT). p6 has two motifs, the PT/SPA motif that 

binds to the tumour susceptibility gene 101 (Tsg 101)77-79 and the YPX(n)L late domain 

motif that recruits the apoptosis-linked gene 2 interaction protein x (ALIX)80,81. Both 

lead to the recruitment of the ESCRT machinery components, with ALIX seemingly 

playing a secondary role. However, a consensus model of ESCRT mediated virus 

abscission remains elusive to date (reviewed in 82). 

1.5.7 Protease (PR) 

The HIV protease is an 11 kDa homodimeric aspartic acid protease and a part of Gag-

Pol. It cleaves the precursor polyproteins Gag-Pol and Gag into the mature proteins. 

At the dimer interface, one catalytic aspartic acid residue (Asp25) from each of the 

protomers form the catalytic site83,84. Initial intramolecular PR cleavage within the Gag-

Pol precursors occurs upstream of the PR85. This is followed by PR auto-processing 

and results in a stable dimer with improved cleavage efficiency86,87. The timing of 

proteolytic cleavage is critical for the viral life cycle, and variations result in aberrant 

virus morphologies88. The order of proteolytic cleavage of Gag is described in chapter 

1.6.3 and Figure 9. The protease is a common target in ART since the mid-90s when 

several HIV-1 protease inhibitors were approved89.  

1.5.8 Reverse transcriptase 

The reverse transcriptase is a heterodimer consisting of the subunits p66 and p51. 

The p66 subunit is catalytically active, and its polymerase domain can carry out RNA- 
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and DNA-dependent DNA synthesis, whilst its RNaseH domain digests RNA. The p51 

unit plays a structural role90,91. 

RT recruits host tRNALys3 as a primer for the first DNA (-)-strand synthesis, which binds 

to the primer binding site (PBS) close to the 5’ end of genomic vRNA (Figure 6, step 

1). This initiates reverse transcription until the end of the ssRNA, and an RNA-DNA 

duplex is formed (Figure 6, step 2). The RNA is degraded by RNAse H, the ssDNA 

repetitive (R) sequence is revealed and can hybridise with a complementary repetitive 

sequence at the 3’ end of one of the ssRNAs, leading to (-) strand-transfer from the 5’ 

to the 3’ end (Figure 6, step 3). Then DNA elongation continues, and RNaseH 

continues to degrade RNA. Two purine-rich sequences called polypurine tracts (PPTs) 

at the central part of the HIV genome are resistant to RNaseH cleavage (Figure 6, 

step 4). The 3’ end PPT serves as a primer for (+)-DNA-strand synthesis (Figure 6, 
step 5). During elongation of the (+)-strand, the PBS of the tRNA is also used until the 

methylA of the tRNA blocks reverse transcription and generates the (+)-strand strong 

stop. The RNaseH degrades the tRNALys3 and the PPT, allowing the PBS sequence 

of the (+)-strand to anneal to the complementary sequence on the 3’end of the (-)-

DNA (Figure 6, step 6). Finally, both strands are extended, resulting in linear dsDNA 

with long terminal repeats at both ends (Figure 6, step 7). The (+)-strand displaces 

the DNA that was initiated at the cPPT and a single-strand cFlap is generated that 

might be removed by host proteins92-94.  

Similar to the PR, the HIV RT is one of the major targets in therapy. The following drug 

classes are used: Nucleoside RT inhibitors (NRTIs), Nucleotide RT inhibitors (NtRTIS) 

and non-nucleoside RT inhibitors (NNRTIs). NRTIs and NtRTIs compete with dNTPs 

and can be incorporated into the newly synthesised DNA strand, where they terminate 

DNA chain synthesis. In contrast, NNRTIs bind to a hydrophobic pocket close to the 

active site of the RT, leading to allosteric changes and thus RT inactivation95.  
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Figure 6: Scheme of reverse transcription. (1) Host tRNAlys3 binds to the primer binding site (pbs) 
near the 5' end of viral RNA where it serves as a primer for the synthesis of the first DNA strand ((-)-
strand). (2) RT of the (-)-strand is initiated in 3’-direction, and an RNA-DNA duplex is formed. The RNA 
is degraded by RNAseH. (3) The (-)-strand is transferred to the repetitive (R) sequence at the 3’-end of 
the RNA genome, and the (-)-DNA continues to be synthesised. (4) RNA is degraded with exception of 
a purine-rich sequence (ppt) resistant to RNAse H. (5) The PPTs serve as a primer for (+)-DNA strand 
synthesis and the RT also copies 18 nts of the tRNA. Then the tRNA and the ppts are removed by 
RNAseH, and a riboA is left at the 5’-end. (6) The strand is transferred via the pbs (leading to 
circularisation), and both strands are extended to generate dsDNA (7) with long terminal repeats (U3 –
R-U5) on both ends. The (+)-strand displaces the DNA initiated at the cPPT and the cFlap is generated. 
Figure adapted from 92,93.  

1.5.9 Integrase (INT) 

The vDNA must be integrated into the host cell genome, and HIV prefers to integrate 

into gene-rich, transcriptionally active regions96. Control of integration targeting is not 

completely understood but is known to be modulated by several factors by host cell 

factors and access to chromatin97. Retroviral integration is guided by the intasome 

nucleoprotein complex. This complex consists of multimeric assemblies of integrase 

at the ends of the viral DNA transcript. The complex initially catalyses processing of 

the 3' viral DNA ends. Next, it uses the resulting 3' hydroxyl group to cut the 
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chromosomal DNA and join the viral 3' ends to the chromosomal DNA. Finally, the 

intasome disassembles, and the 5' viral DNA ends are ligated to the chromosomal 

DNA with help of host cell factors. This process generates short duplications at both 

ends of the provirus97,98. Moreover, IN binding is important to localise the vRNA into 

the interior of the mature capsid and thus allows proper mature capsid formation99. 

Integrase strand transfer inhibitors (INSTI) are often used in modern ART 

treatments100. 

1.5.10 Envelope Glycoproteins (Env) 

Envelope glycoproteins enable fusion of the viral and the cellular membrane during 

infection. The precursor protein gp160 is expressed in the ER and glycosylated in the 

Golgi101. Next, the cellular endoprotease furin cleaves gp160 into gp120 and gp41 in 

the trans-Golgi. gp120 and gp41 then form non-covalently linked heterodimers. Three 

such heterodimers form the trimeric envelope glycoprotein on the viral surface102. 

Within the trimer, gp41 serves mainly as a transmembrane protein, whereas gp120 is 

on the surface. Viral entry is induced by gp120 binding to the CD4-receptor. 

Subsequent conformational changes within the trimer allow binding to the coreceptors 

CXCR4 or CCR5103,104. This induces conformational changes in the trimer triggering 

exposure of the gp41 N-terminal fusion peptide that is then inserted into the plasma 

membrane. Further gp41 rearrangement and refolding bring the viral and plasma 

membrane closer together, and a fusion pore is formed36,105. Fusion is thought to 

mainly occur at the plasma membrane but can also occur in endosomes via clathrin-

mediated endocytosis with the endosomal membrane when CXCR4 is present as a 

coreceptor106-109. 

1.5.11 Trans-Activator of Transcription (TAT) and Regulator of Expression of 
Viral proteins (REV) 

At the beginning of the HIV life cycle, transcription of the RNA genome is abortive, and 

the resulting RNAs are fully spliced. These initial transcripts are transported into the 

cytoplasm, where they give rise to TAT and REV proteins110. 

Trans-activator of transcription (TAT) is important for controlling HIV 

transcription111,112. TAT enters the nucleus where it binds to the TAR sequence at the 
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5’ end of viral transcripts. It then recruits several factors, including the RNA 

Polymerase II (RNAPII) elongation factor P-TEFb, into the super elongation complex 

(SEC). The kinase CDK9 is part of P-TEFb and phosphorylates the CTD of RNA pol 

II and other associated complexes. This is necessary to overcome the inhibitory state 

of RNA pol II and to allow efficient translational elongation113-116. TAT is also involved 

in other processes, and its uptake by neighbouring cells can cause inflammation and 

cytotoxicity117.  

Regulator of expression of viral proteins (REV) is necessary to transport unspliced or 

partially spliced vRNA into the cytoplasm. It enters the nucleus via its nuclear 

localisation signal and binds to the REV response element (RRE), a highly structured 

element in the env gene of unspliced or partially spliced viral RNA transcripts118,119. 

REV oligomerises and folds the RRE into the RNA stem-loop120. Cellular components 

are recruited, and the vRNAs are transported into the cytoplasm where the REV-RNA 

complex dissociates121,122. The unspliced mRNAs can then be packaged into virions 

to provide full-length genomes or are translated into viral proteins110. 

1.5.12 Negative Factor (NEF) 

NEF is a nonenzymatic accessory protein of HIV. It is N-terminally myristoylated and 

mainly associated with the plasma membrane and perinuclear membrane 

complexes123-125. NEF hijacks host proteins necessary for protein trafficking in 

endocytic and late secretory pathways to favour virus expression. NEF can, for 

example, hijack the clathrin-coated vesicle pathway (CCV) pathway leading to the 

downregulation of host proteins. It interacts with adaptors (AP-1, AP-2) and accessory 

proteins of the CCV to traffic the cellular proteins away from the cell surface. The 

proteins can then be rerouted to the endolysosomal system by NEF binding to 

components of the ESCRT machinery. This leads to downregulation of host cell factors 

such as SERINC3/5 or MHC-I and this downregulation interferes with virus recognition 

and killing of infected cells. NEF is also involved in other pathways such as COPI 

vesicles, where it appears to increase components of the endosomal/ exosomal 

pathway to increase its spread and influence autophagy. In addition, it can also 

increase loading of proteins into vesicles by influencing the affinity of sorting adaptors, 

and thus leads to upregulation of surface proteins (reviewed in 126,127).  
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1.5.13 Virion Infectivity Factor (VIF)  

VIF prevents Apolipoprotein B mRNA-editing catalytic polypeptide-like 3 (APOBEC3) 

incorporation into virions. The APOBEC3 family is an important host restriction factor 

against many viruses, with the subtypes s3G and 3F being the most important HIV-1 

restriction factors128. APOBEC3 is a cytidine deaminase that can be incorporated into 

virions. During reverse transcription, it turns cytosine into uracil at the (-)-strand of 

ssDNA129,130. VIF hijacks the host ubiquitin-proteasome pathway by acting as a 

substrate receptor for APOBEC in the Cullin-Ring E3 ubiquitin ligase complex, thereby 

inducing the degradation of APOBEC by the ubiquitin-proteasome pathway131-134.  

1.5.14 Viral Protein R (VPR) and Viral Protein U (VPU) 

VPR is packaged into virions by interacting with the p6 region of Gag135,136 and has 

many roles during viral infection. Proteomic studies have shown that VPR changes the 

proteome of the cell significantly by targeting multiple proteins for degradation by 

hijacking the ubiquitin-proteasomal system and other pathways137. This allows VPR to 

inhibit activation of the innate immune system138. It can furthermore modulate cell 

cycle arrest and apoptosis. It also reactivates HIV-1 from latency through 

transactivation of HIV LTRs. In addition, seems to involved in integration and reverse 

transcription and in many more processes, most of these are not fully understood yet 

(reviewed in 139,140). 

VPU is a transmembrane protein141, that downregulates host proteins by targeting the 

newly synthesised proteins for degradation via the proteasomal or lysosomal 

pathway142-145. In addition, it enhances the release of virions by antagonising the 

restriction factor tetherin that otherwise restricts the release of enveloped viruses from 

the membranes of infected cells143,146. In addition, it also plays a role in many other 

pathways including apoptosis, it influences the transport of host cell proteins from ER 

to Golgi, and it downregulates MHCII molecules (reviewed in 147). 
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1.6 The HIV capsid and IP6 during HIV infection 

1.6.1 Inositol-hexakisphosphate (IP6) 

Inositol phosphates (IPs) consist of a hexagonal carbon ring with phosphates 

attached. IPs are involved in many physiological functions such as signal transduction, 

trafficking, and gene expression148-151. IP6 is the most abundant inositol phosphate 

and is involved in trafficking and various nuclear processes152-154. Cellular levels have 

been measured between 24 – 47 µM in mammalian cells lines and tissues155. Although 

most IP6 is taken up via diet, IP6 can also be produced de novo in a complex and not 

fully resolved process156,157.  

The main pathway of IP6 synthesis is shown in Figure 7. Synthesis starts with Inositol 

a component of phosphatidylinositols in the cell membrane158. Hydrolysis of the 

inositol head group of the membrane enriched PI(4,5)P2 by phospholipase C (PLC) 

results in IP3 The inositol-polyphosphate multikinase (IPMK) adds phosphate 

molecules to IP3 to yield IP4 species I(1,4,5,6)P4, I(1,3,4,6)P4, I(1,3,4,5)P4 and finally 

(I1,3,4,5,6)P5. IP5 can also be generated in a secondary not fully resolved pathway 

by Inositol-tetrakisphosphatase (IPTK). IPTK can add 1- and 6- phosphate leading to 

I(3,4,5,6)P4 and I(1,3,4,5)P4 resulting in (I1,3,4,5,6)P5159-163. Addition of 2-phosphate 

to IP5 (I1,3,4,5,6)P5 by inositol-pentakisphosphate-2-kinase (IPPK) yields IP6164,165. 

Additional phosphates can be added to IP6, thereby generating pyrophosphates (PP-

IPs) involved in various signalling pathways166,167.   

IP levels are also regulated by the multiple inositol polyphosphatase 1 (MINPP1)168. 

MINPP1 removes 3- phosphate from I(1,2,3,4,5,6)P6 resulting in I(1,2,4,5,6)P5. 

I(1,3,4,5,6)P5 is catalyse into I(1,4,5,6)P4 and I(1,3,45)P4 dephosphorylation results 

in I(1,4,5)P3161,169,170.  
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Figure 7: Main pathway of IP6 biosynthesis. Phospholipase C (PLC) removes headgroup of 
PI(4,5)P2 to generate IP3. Phosphates are added by inositol-polyphosphate multikinase (IPMK) to 
generate IP5. The final 2-phosphate is added by inositol-pentakisphosphate 2-kinase (IPPK) to 
generate IP6. Multiple inositol polyphosphatase 1 (MINPP1) removes 3-phosphates of IP6, IP5 and 
IP4. 

Importantly, IPMK, IPPK and MINPP1 are found in all cells including CD4+ T-cells 171-

175. IPPK is present in the nucleus and cytoplasm, whereas IPMK is confined to the 

nucleus176,177. MINPP1 is restricted to the ER lumen and thus has limited access to 

higher-order IPs169,178-180. 

1.6.2 Assembly of the Immature Capsid  

HIV-Gag is trafficked to the plasma membrane where the MA domain interacts with 

the phospholipids at the inner leaflet181-183. The NC engages unspliced vRNA to 

package viral genomes into the viral particle that nucleates Gag polymerisation41,184. 

The immature Gag assembles into a hexameric lattice via inter-and intramolecular CA 

interactions (Figure 8 A). A stretch of 20 amino acids in Gag is conserved in 

retroviruses and is referred to as the major homology region (MHR) which is important 

for Gag hexamer assembly185,186. In addition, CACTD and SP1 form a six-helix bundle 

that stabilises the immature hexamer187,188 

Inositol hexakisphosphate (IP6) promotes efficient Gag assembly in vitro189. One IP6 

interacts with two positive lysine rings (K158 and K227) in the CACTD part of Gag 

(Figure 8 B)190. Mutation of the IP6 binding sites decreases HIV infection190 by 
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decreasing both particle production and virion infectivity191. Likewise, reduction of IP6 

levels by knocking out the IPMK or IPPK decreases HIV production190-192. Infectious 

virions in IPMK KOs package the same proportion of IP6 molecules suggesting that 

HIV can enrich IP6191. In IPPK KO, loss of the kinase results in increased IP5 levels191. 

Interestingly, IP5 was shown to partially substitute for IP6 in vivo and in vitro 190-192.  

 

Figure 8: Structure of the immature Gag. (A) Cryo-ET structure of the GagSp1 lattice. CA is colourd 
in beige and SP1 is coloured blue (PDB: 7ASL193) (B) CACTD-SP1 in complex with IP6 (PDB: 
6BHR190). 

1.6.3 Virus maturation  

The released immature virus particles undergo maturation to become infectious. Gag 

and Gag-Pol proteolytic processing by the PR proceeds in a highly ordered, 

processive cascade (Figure 9). First, the SP1 and NC junctions are cleaved, followed 

by cleavage between MA-CA, SP2-p6 and NC-SP2194-196. After MA-CA cleavage, the 

12 N-terminal residues of CA form the β-hairpin, which is a key structural feature of 

the mature lattice (salt bridge between Pro-1 and Aps51)197,198. However, the 

formation of the hairpin is not necessary for the assembly of the mature capsid 53. The 

NC condenses with the RNA and forms the ribonucleoprotein complex (RNP) within 

the capsid199. The final and slowest cleavage is between CA-SP1 and shifts the lattice 

to a mature form since it disrupts the 6-helix bundle formed by CACTD-SP1 that 

stabilises the immature lattice. Interfering with protease cleavage leads to aberrant, 

non-functional cores53,200. Finally, CA assembly into hexamers and pentamers to form 

a capsid that encloses the vRNA, RT and IN, however this transition is not fully 

understood.188,201. 
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Figure 9: Schematic of Gag processing by HIV-1 protease. The sequential order of proteolytic 
cleavage is shown. The first cleavage occurs between SP1 and NC, followed by cleavage between MA-
CA, SP2-p6 and NC-SP2. Final cleavage occurs between CA-SP1. 

However, it is unknown how the mature capsid assembles, and different models were 

proposed. The disassembly/reassembly model suggests that mature assembly only 

starts once Gag has been fully cleaved202-204. The displacive model claims that the 

mature lattice forms without liberating the CA protein205. A partially displacive model 

combines elements of both and hypothesises that assembly begins as soon as CA 

protein is freed at the edge of the immature lattice206. 

1.6.4 Infection and transport to the nucleus  

After membrane fusion, the capsid containing the viral genome is released into the 

cytoplasm. Capsid stability is crucial for productive infection. The HIV capsid is very 

fragile, and most point mutations lead to virions with a strongly decreased infectivity207. 

This was also observed with mutations that form viral particles with normal shape and 

amount but have a reduced or increased capsid stability suggesting that the kinetics 

of uncoating are tightly regulated208,209.  

Within the cytoplasm, an intact capsid core is crucial. It protects the viral DNA genome 

from DNA sensing host factors that could induce antiviral pathways210-212. In addition, 

reverse transcription primarily happens in the cytoplasm most likely in an at least 

largely intact capsid. An enclosed environment keeps the RT at a locally high 

concentration to ensure efficient reverse transcription which is beneficial because the 

RT dissociates and reassociates during reverse transcription208,213. In in vitro 

endogenous reverse transcription assay (ERT), dNTPs are supplemented to purified 
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capsids or permeabilised virions. This allows detection of reverse transcription within 

the capsids during the ERT experiment49,214. Reverse transcription within an intact 

capsid requires import of dNTPs into the interior of the capsid. It was therefore 

proposed that a positively charged pore in the centre of hexamers is important to 

recruit dNTPs and transport them into the capsid49. 

However, CA does not only protect the HIV genome and reverse transcription from the 

hostile host cytoplasm but also interacts with several host proteins in the cytoplasm, 

which are crucial for infection. The capsid hijacks the microtubule-depended transport 

to traffic to the nucleus215. The capsid was shown first shown to be moved along 

microtubules by the motor protein dynein216. Later more interactions with microtubule-

associated factors were identified. It binds to the dynein adaptor protein Bicaudal D2 

(BICD2) that activates dynein mediated transport217. CA interacts with microtubule-

associated proteins 1(MAP1) that promote efficient trafficking218. It associates with the 

fasciculation and elongation factor zeta 1 (FEZ1) to exploit the motor protein kinesin 

and promote kinesin trafficking towards to nucleus219,220.  

CypA is a host-peptidyl cis-trans isomerase that interacts with a conserved proline‐

rich loop of CA exposed in mature and immature viruses (called CypA binding 

loop)221,222. It preferentially binds to curved lattice and interacts with CA of three 

different hexamers223. Cytoplasmatic CypA has been shown to be essential for 

infection in certain cell lines e.g. in Jurkat T-cells and primary CD4+ cells224-226. It 

catalyses cis-trans isomerisation within the binding loop and has been postulated to 

induce conformational changes that could influence capsid stability. However, data 

supporting this hypothesis are contradictory37. CypA interaction may be involved in 

trafficking and nuclear entry, but the impact of the CA-CypA interaction seems to be 

dependent on the cell type227,228.  

IP6 is crucial to stabilise capsid cores by binding into the positively charged pore 

comprised of six arginine rings in the centre of hexamers229. The addition of IP6 to 

recombinant CA leads to the assembly of CA to cone-shaped capsids suggesting that 

IP6 promotes cone assembly190. In addition, IP6 was shown to influence the efficiency 

of reverse transcription in vitro in permeabilised viruses and purified capsid cores due 

to core stabilisation. In line with this, adding capsid components that destabilise the 
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capsid also inhibit ERT214,229,230. Depleting IP6 in target cells had little to no effect on 

HIV infection, probably because most of the bound IP6 will stay associated with the 

virus191,192 

The capsid is also a target for restriction factors. Tripartite motif 5 (TRIM)⍺ can bind to 

the HIV capsid and form hexagonally patterned higher-order structures231,232. This 

targets the capsids for degradation and thus inhibits reverse transcription233,234. In 

addition, TRIM5⍺ promotes signalling pathways to induce the immune system235,236. 

However, CypA can mask TRIM5⍺ binding sites237,238. In addition, the myxovirus 

resistance protein 2 can bind to the capsid and restrict HIV infection by inhibiting CA 

dependent nuclear import239-241.  

1.6.5 Nuclear import and Uncoating  

Once a capsid reaches the nuclear membrane, it has to pass through the nuclear pore 

complex (NPC). The NPC is composed of around 30 nucleoporins (NUPs) and 

mediates transport across the nuclear membrane allowing passive diffusion for small 

molecules and active transport of larger molecules via transport factors242. Nuclear 

transport of HIV is necessary to allow infection of non-dividing cells243. HIV-CA was 

first shown to bind to phenylalanine-glycine (FG) rich repeats in CPSF6 and nuclear 

pore proteins such as NUP153. As FG repeats are present in around ¼ of NUPs244, 

determining which proteins HIV-1 maintains FG binding for is complex. Nup358 and 

Nup153 are amongst the most well characterised nuclear entry cofactors for HIV-1 

infection. Nup358 is a multidomain protein that forms cytoplasmic filaments and is part 

of the RanGTPase for nuclear import242. It possesses a duplicated CypA domain at its 

extreme C-terminus, which binds to the CypA binding loop of CA and captures cores 

at the NPC227,245. Within the pore the capsid was show in interact with the FG repeats 

of various other NUPs and these interactions might facilitate translocation into the 

pore246,247. When the cores reach the nuclear basket, they are thought to interact with 

NUP153 located at the nuclear site of the NPC where it is integral for controlling 

transport for example quality control and retention of unspliced RNAs248,249. NUP153 

binds across a junction of neighbouring hexamers and promotes translocation250,251.  
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The cleavage and polyadenylation factor CPSF6 is an mRNA processing protein that 

is primarily located in the nucleus but can shuffle between the nucleus and 

cytoplasm252. It recognises the same site as NUP153 and might compete for the CA 

binding site250,251. This may allow cores to be released from the NPC into the 

nucleus253. However, certain mutants that do not interact with NUPs or CPFS6 can 

still enter the nucleus suggesting that alternative import pathways are used243,246,254. 

Transportin 1 (TRN-1) and Transportin 3 (TNPO3) are karyopherins believed to be 

important for HIV nuclear entry and translocation. It has been reported that they may 

bind CA directly255-257, but it is more likely that they interact indirectly through binding 

of FG-containing proteins or are required for transporting factors such as CSPF6 to 

the nucleus258,259. In addition, TPNO3 was shown to be involved in HIV integration260-

262.  

The timing of uncoating is highly debated. Recent data suggest that mostly intact cores 

are trafficked through the nuclear pore, followed by disassembly within the nucleus38-

40,263. Whether these cores are 100% intact cannot be resolved in these studies, 

however, it is now clear that nuclear pores are large enough to allow capsids to pass 

without disassembly, meaning that prior uncoating is not necessary. In the nucleus, 

intact capsids were rarely observed38. Furthermore, fully transcribed dsDNA was only 

observed in the nucleus thus nuclear import happens prior to RT completion39,40,263. 

This is line with previous suggestions, that uncoating is dependent on reverse 

transcription264-266. Atomic force microscopy (AFM) studies indicate that a pressure 

increase due to the increased size and stiffness of the dsDNA triggers progressive 

uncoating266,267. This was further supported by vitro RT assays, where some cores 

that completed reverse transcription were partially broken with DNA loops 

protruding214. Similar partially broken core structures were also observed in the 

nucleus, suggesting that local rupture by reverse transcription of the capsid might 

trigger uncoating38,263. This may happen close to the integration sites40. The fully 

reverse-transcribed HIV genome is then integrated into actively transcribed region 

gene-rich regions (euchromatin). This is directed by CPSF6-CA interaction264,268,269.  
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1.7 Aims of this thesis  

In 2001, the first report of IP6 induced assembly of Gag was published189, but the 

mode of IP6 interaction could not be determined270. Recent research gave valuable 

insights into IP6 binding to the mature and immature capsid; however, fundamental 

questions remain. Whilst current data suggests that IP6 is an important cofactor for 

HIV190-192, it remains unclear if it is essential for HIV-1 replication, and if so, whether it 

is required for immature or mature assembly or both. In the mature capsid, residues 

necessary for IP6 binding are also implicated in dNTP recruitment to allow reverse 

transcription, thus it is difficult to dissect these as separate functions and assess their 

relative importance49,271. In addition, the relationship between capsid binding drugs 

and IP6 has yet to be understood. The work in this thesis tackles these questions using 

a combination of structural, biochemical, and cellular methods.  
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Chapter 2 Materials and Methods 
2.1 Bacterial transformation 

Between 10 and 200 ng plasmid DNA was mixed with 50 µL chemically competent 

Escherichia coli DH10B, DH5α, XL-1 blue, BL21or C41 on ice. The mixture was 

incubated on ice for 15-30 min before heat shock at 42 ˚C for ~45 s, followed by 

incubation on ice for 3 min. Cells were then suspended in SOC or TY-media and plated 

on TYE agar containing the appropriate antibiotic(s) (100 µg/mL Ampicillin, 34 µg/mL 

Chloramphenicol, 50 µg/mL Kanamycin). If protein expression was planned for the 

following day, the cells were added directly into liquid 2xTY media containing the 

appropriate concentration of antibiotics. Plates and pre-cultures were incubated at 37 

˚C overnight (the pre-cultures were shaking at 200 rpm). 

2.2 Molecular cloning 

2.2.1 Gibson Assembly 

Cloning was mostly performed using Gibson Assembly272. Primers were designed 

using SnapGene (version 5.3.1) with primer overhangs of 15-25 bp and a melting 

temperature greater than 50˚C. Both vector backbone and insert were amplified by 

PCR using Q5 high-fidelity polymerase (New England Biolabs) and the PCR program 

shown in Table 1. 

Table 1 General PCR program for cloning. 

PCR Step Temperature (˚C) Time 

Initial denaturation (1x) 98 30 s 

Denaturation (35x) 98 10 s 

Annealing (35x) 72 30 s 

Extension (35x) 72 30 s kb-1 

Final extension (1x) 72 2 min 

 

After PCR, the products were treated with Dpn1 (New England Biolabs) for 3 h at 37°C 

to remove template DNA. They were then purified using the QIAquick PCR purification 
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Kit (QIAGEN). For Gibson Assembly, ~70 ng of the linearised vector was mixed with 

insert in a molar ratio of 1:3 to 1:7 and mixed with Gibson Assembly Master Mix (1x) 

(New England Biolabs) on ice. Reactions were incubated at 50 ˚C for 0.5-1h before 

transformation (of 5 µL maximal volume) into 50 µL E. coli DH5α or XL-1 blue cells. 

On rare occasions, plasmid was linearized using restriction digestion, followed by 

agarose gel purification using a DNA gel purification kit (QIAGEN). 

2.2.2 Site directed mutagenesis 

Point mutations and small deletions or insertions were introduced via QuickChange. 

Primers for most HIV CA mutants were designed by adding 20 – 25 up- and 

downstream of the mutation site and forward and reverse primers were fully 

complementary. Primers for pCRV Gag-Pol were generated using the site-directed 

mutagenesis protocol273 with a mutation site in the overlapping primer sequence. The 

overlapping primer sequence had a Tm of ~ 46 ̊ C and the non-overlapping sequences 

were 5-10 ˚C higher.  

Mutagenesis PCR was initially performed with Pfu Turbo polymerase (Agilent) using 

Pfu buffer and 10 mM dNTPs in a 50 µL format using 50 ng of plasmid DNA and 0.5 

µM of the forward and reverse primers each and the PCR program given in Table 2.  

Table 2 General PCR program for quick change mutagenesis. 

PCR Step Temperature (˚C) Time 

Initial denaturation (1x) 94 5 min 

Denaturation (35x) 94 1 min 

Annealing (35x) 56 1 min 

Extension (35x) 72 1 min kb-1 

Final extension (1x) 72 10 min 

For some plasmids, Pfu did not work efficiently. In those cases, mutagenesis was 

performed using the Q5Ⓡ Hot Start High-Fidelity Master Mix (New England Biolabs) 

with 25 µl Master Mix, 0.5 µM forward and reverse primer and 50 ng DNA in 50 µL.  
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Table 3 General PCR program for quick change mutagenesis. 

PCR Step Temperature (˚C) Time 

Initial denaturation (1x) 98 3 min 

Denaturation (35x) 98 30 min 

Annealing (35x) 72 1 min 

Extension (35x) 72 30 min kb-1 

Final extension (1x) 72 10 min 

 

After PCR, the samples were treated with Dpn1 (New England Biolabs) to remove 

input DNA, before 2-5 µL were transformed.  

2.3 Plasmid purification 

Plasmid DNA was purified from 2 mL cultures of E. coli cloning cells in 2xTY using the 

appropriate antibiotic. Cultures were grown over night at 37˚C and 200 rpm. Plasmid 

purification was performed using the QIAprep Spin Miniprep Kit (QIAGEN). Plasmids 

were validated by Sanger sequencing,  

2.4 Agarose Gels 

DNA samples were mixed with Purple Gel Loading Dye (New England Biolabs) to a 

final concentration of 1 X. Samples were loaded onto 1% agarose gels made with 1 X 

TBE buffer supplemented with 1:50,000 v/v ethidium bromide or SYBR-safe. Agarose 

gels were run in 1 X TBE buffer at 85 V for 45 min and visualised by ultra-violet 

transillumination or blue light transillumination for gel extraction.  

2.5 LDS-PAGE 

Protein samples in 1x LDS buffer (either containing 50 mM DTT or not) were loaded 

onto NuPAGE gels (Invitrogen, 10-, 12-, 15- or 17-well) after boiling for 2-10 min at 

>95 ˚C. Gels were run in MES buffer at 180 V for 40 min (in rare cases 60 min). 

Proteins were visualized using Instant Blue (Abcam).  
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2.6 Plasmids  

For protein production: Mutants of HIV CA and HIV-Hex in pOPT vectors were 

generated using QuickChange. HIV ΔMA-CANC was cloned into pET17b and 

mutations were generated using QuickChange. Ca-SP1 was cloned into pET17b with 

a SUMO-Tag via restriction digest and Gibson Assembly by Donna Mallery. The 

protease was ordered codon optimized as synthetic DNA (Integrated DNA 

technologies) and cloned into pET17b by Gibson assembly.  

For viral vector production: packaging plasmid pMDG2, which encodes VSV-G 

envelope (Addgene plasmid # 12259), pNL4-3-derived pCRV GagPol (HIV-1 clade 

B)274, and pCSGW275 were used. Mutagenesis of CA was performed using the 

QuickChange method (Stratagene) against pCRV GagPol. These are referred to as 

viruses in the main text.  

2.7 Protein expression and purification 

All cells were grown in 2xTY media supplemented with 2 mM MgSO4, 0.5 % glucose 

and 100 µg mL-1 ampicillin unless otherwise indicated. 

Capsid proteins were expressed in E. coli C41 cells. At an OD600= 0.7-1, expression 

was induced with 0.5 mM IPTG and incubated for 4 h at 37°C. The cells were 

harvested by centrifugation (4000 rpm, 20min). Cell lysis was done via sonication in 

lysis buffer (50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 20% BugBuster, Protease 

inhibitor tablets, 1 mM DTT) and centrifuged (24 000 rpm, 1 h). The supernatant was 

precipitated with 25% ammonium-sulphate (wt/vol) for 15-30 min at 4°C followed by 

centrifugation (13 000 rpm, 20 min, 4°C). The precipitated CA was resuspended and 

dialysed against dialysis buffer (50 mM MES (pH 6.0), 0-20 mM NaCl, 1mM DTT). The 

CA protein was further purified via a cation-exchange column (5ml HiTrapⓇ SP Fast 

Flow, GE Healthcare) with a gradient from 20mM -1M NaCl followed by size exclusion 

chromatography on a HiLoad 16/600 Superdex 75 prep grade column (GE Healthcare) 

with Tris pH 8.0, 20 mM NaCl, 1mM DTT. The protein was concentrated using a 

Vivaspin Turbo 15 (Sartorius) centrifugal concentrator with a 10-kDa cut-off.  
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The disulfide-stabilised CA hexamer was purified as previously described with minor 

modifications276,277. Briefly, CA protein with mutations (A14C, E45C, W184A, M185A) 

was expressed in E. coli C41 cells, lysed and cleared by centrifugation. The 

supernatant was precipitated in 25% ammonium-sulphate, and the pelleted material 

was resuspended in 50 mM citric acid (pH 4.5), followed by dialysis against the same 

buffer with 20 mM 2-mercaptoethanol. Afterwards, the protein was dialysed into 50 

mM Tris-HCl (pH 8.0), 1 M NaCl, 20 mM 2-mercaptoethanol. The reducing agent was 

removed by dialyzing against 50 mM Tris (pH 8.0), 1 M NaCl, and then finally into 20 

mM Tris (pH 8.0), 40 mM NaCl. Reassembled hexamers were identified by non-

reducing SDS–PAGE and were further purified via anion-exchange (2X 5ml HiTrapⓇ 

Q Fast Flow, GE Healthcare) followed by size exclusion chromatography (Superdex 

200). 

CA-SP1 proteins were expressed in E. coli. expression was induced with 0.4 mM IPTG 

at 37°C for 4 h. Bacterial pellets were resuspended in lysis buffer (100 mM Tris pH 

8.0, 200 mM NaCl, 1 mM DTT, 1 tablet/L protease inhibitor, bug buster, 20 mM 

Imidazole), lysed by sonication and the cellular debris was removed by centrifugation 

(1 h, 20000 rpm). The supernatant was filtered through a 0.2-μm filter, applied to a 

Ni2+ affinity resin, and eluted with imidazole. The eluted protein was dialysed overnight 

in the presence of ULP1 protease and applied to reverse Ni2+-chromatography to 

remove the SUMO tag and ULP1 protease. The protein was applied to S75 column in 

20 mM Tris-HCl, 20 mM Tris-HCl, pH 8, 50 mM NaCl, 1 mM DTT.  

The ΔMA-CANC protein was expressed as described previously with a few 

alterations278. ΔMA-CANC expression was induced with 0.5 mM IPTG and 10 µM 

ZnCl2 in E. coli C41 cells for 4 h at 25°C, lysed via sonication in lysis buffer (50 mM 

Tris-HCl pH 7.4, 500 mM NaCl, 1 mM DTT, 10 µM ZnCl2, 20% BugBuster, Protease 

Inhibitor Tablets). 0.1% PEI (v/v) was added, and the lysate was stirred for 10 min. 

The lysate then was centrifuged (24 000 rpm, 1h) and the supernatant was precipitated 

in 25% ammonium sulphate (wt/vol), followed by centrifugation (13 000 rpm, 20 min). 

The precipitated protein was resuspended in dialysis buffer (50 mM Tris-HCl pH 7.4, 

40 mM NaCl, 1mM DTT, 10 µM ZnCl2), dialysed into the same buffer and applied to a 

cation-exchange column (5ml HiTrapⓇ Q Fast Flow, GE Healthcare). The flow-
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through was precipitated with 0.1% PEI, followed by centrifugation and precipitation 

with 25% ammonium sulphate. The precipitate was resuspended in dialysis buffer and 

applied to a cation-exchange column (5ml HiTrapⓇ SP Fast Flow, GE Healthcare) and 

eluted with a gradient of 40 mM -1M NaCl.  

The HIV protease was purified as previously described279. Briefly, protease was 

expressed in E. coli BL21(DE3) cells for 4 h at 37°C. Cells were harvested by 

centrifugation, resuspended in PR buffer (20 mM Tris [pH 8.0], 0.1 M NaCl, 5 mM 

imidazole, 1 mM β-mercaptoethanol) supplemented with protease inhibitor tablets 

(Roche). After centrifugation, the pellet containing inclusion bodies was washed twice 

with 30 ml of PR buffer supplemented with 2 M urea and 1% Triton X-100 and once 

with water with subsequent centrifugation. The pellet was resuspended in PR buffer 

supplemented with 8 M urea and incubated overnight. The protein was purified on Ni 

(NTA) resin (Qiagen) and diluted with 20 mM Tris-HCl (pH 7.9), 100 mM NaCl, 5 mM 

imidazole, and 8 M urea. PR was refolded by stepwise dialysis against a solution 

containing 20 mM Tris-HCl (pH 7.9), 100 mM NaCl, 1 mM phenylmethylsulfonyl 

fluoride (PMSF), 10% glycerol, and 1 mM DTT, with gradually decreasing urea 

concentrations from 8 to 0 M.  

All proteins were snap-frozen as 100 µl aliquots and stored at -80°C. 

2.8 Western Blotting 

Proteins were transferred onto nitrocellulose membrane using an iBlot Gel Transfer 

Device (Invitrogen) using programme P1 for 7 min. Blots were blocked in either 5% 

(w/v) non-fat milk (Marvel) in PBS-T (PBS with 0.01% Tween 20) or 3 % BSA (Sigma 

Aldrich) in PBS-T. Antibodies were diluted in milk or BSA solutions given above and 

were incubated for at least 1 h. The membrane was washed with PBS-T.  For chemo-

luminescence detection, Amersham ECL, ECL Prime or ECL Select detection reagent 

(GE Healthcare Life Sciences) were used. Fluorescent blot detection was performed 

using the LI-COR Odyssey CLx imaging system. Band intensities were quantified 

using Image Studio Lite (LI-COR) software. If required, blot membranes were stripped 

using ReBlot Plus Strong Antibody Stripping Solution (Millipore).  
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2.8.1 Antibodies 

Anti-HIV-1 p24 (183-H12-5C) was obtained from the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH: Anti-HIV-1 p24 Monoclonal (183-H12-5C) (Cat# 3537) 

from Dr. Bruce Chesebro and Kathy Wehrly280,281, loading control COX IV (P/N 926-

42214) was obtained from Li-Cor Biosciences.  

2.9 Cell lines 

293T CRL-3216 cells were purchased from ATCC. All cells are regularly tested and 

are mycoplasma free. HEK293T and HeLa cell lines were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) with 10% FBS, 2 mM L-glutamine, 100 U/ml 

penicillin, and 100 mg/ml streptomycin (GIBCO) at 37°C with 5% CO2).  The MT4 and 

SupT1 T-cell lines were maintained in RPMI 1640 with L-glutamine (Corning) and 

supplemented with 10% FBS (GenClone), penicillin (100U/ml), and streptomycin (100 

mg/ml).  

2.10 Viral vector production 

Replication deficient VSV-G pseudotyped HIV-1 vector particles were produced in 

HEK293T cells using the packaging plasmid pMDG2, which encodes VSV-G envelope 

(Addgene plasmid # 12259), pNL4-3-derived pCRV GagPol (HIV-1 clade B)274, and 

pCSGW275 as described previously282.  

2.11 Infection experiments  

For infection experiments with 293T, cells were seeded at 1x104 cells per well into 96-

well plates and left to adhere overnight. The media was replaced with FluoroBrite-

DMEM (GIBCO) with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml 

streptomycin and 5 mg/ml polybrene. Indicated amounts of particles were added, and 

the plates were scanned every 8 h for up to 72 h in an IncuCyteⓇ (Satorius) to identify 

GFP-expressing cells. Transduction of HeLa cells was performed in presence of 5 

μg/ml polybrene in 6-well plates seeded with 105 cells per well. The plates were 

scanned at the indicated time points in an IncuCyteⓇ (Satorius) to identify GFP-

expressing cells. 
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2.11.1 IPMK and IPPK KO cells 

KO cells lines were produced by Donna Mallery (as described here 191). MINPP1 was 

located to the PM by inserting a sequence encoding the first 15 amino acids of Gnai2 

(MGCTVSAEDKAAAER) containing N-myristol and S-palmitoyl motifs on the N-

terminus of MINPP1. 

2.11.2 HIV quantification  

Vector genomes were quantified using the Cell-to-CT Kit (Invitrogen). 100 µl viral 

supernatant was centrifuged to pellet the viral particles, resuspended with 20 µl lysis 

buffer with DNaseI 1/100 and incubated at room temp for 10 mins. 2 µl Stop solution 

was added to terminate the reaction. 10 µl RT Buffer (2x) was mixed with 0.5 µl RT 

enzyme mix and 9.5 µl lysate and incubated at 37˚C for 1 h, followed by 95˚C for 5 

min. run on an ABI StepOnePlus Real-Time PCR System (Life Technologies) (37˚C 1 

hr, 95˚C, 5 min). The qPCR was performed on an ABI StepOnePlus Real-Time PCR 

System (Life Technologies) using 2 µl RT product, 5 µl TaqMan Fast Universal PCR 

Mix (ABI) and 0.5 µl GFP primer-probe (GFP) in a 10 µl reaction ((GFPF 

(CAACAGCCACAACGTCTATATCAT), GFPR (ATGTTGTGGCGGATCTTGAAG) 

and probe GFPP (FAM-CCGACAAGCAGAAGAACGGCATCAA-TAMRA). CSGW 

plasmid with calculated copies was used as a standard.  

The level of RT enzyme was quantified using either a colourimetric RT assay kit 

(Roche) according to manufacturer’s instructions or qRT-PCR as described previously 

with slight alterations283. In brief, 5 µl of viral supernatant was mixed with 5 µl lysis 

buffer (0.25% Triton X-100, 50 mM KCl, 100 mM Tris-HCl (pH 7.4), 40% glycerol) and 

0.1 µl RNase Inhibitor and incubated for 10 min at room temperature before diluting to 

100 µl with nuclease-free water. 2 µl of lysate was added to 5 µl TaqMan Fast 

Universal PCR Mix, 0.1 µl MS2 RNA, 0.05 µl RNase Inhibitor and 0.5 µl MS2 primer 

mix, to a final volume of 10 µl. The reaction was run on an ABI StepOnePlus Real-

Time PCR System (Life Technologies) with an additional reverse transcription step 

(42°C, 20 min) and followed by amplification.  
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2.11.3 qPCR for in-cell reverse transcription products 

Viral supernatants were treated with 250 U/ml DNase (Millipore) for 2 h to remove 

contaminating DNA. DNase treated viruses were added to cells as per infection 

protocol and incubated at 37°C. Cells were harvested at indicated time points and the 

DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen) according to the 

manufacturer’s instructions. 

Reverse transcription products were detected by qPCR from 2 µl DNA sample using 

TaqMan Fast Universal PCR Mix (ABI) and RU5 primers to detect strong-stop DNA40 

(RU5 forward: 5' CTGGCTAACTAGGGAACCCA-3'; RU5 reverse: 5'-

CTGACTAAAAGGGTCTGAGG-3'; and RU5 probe 5'-(FAM) 

TTAAGCCTCAATAAAGCTTGCCTTGAGTGC(TAMRA)−3') and GFP primers to 

detect first-strand transfer products (see above). Reverse transcription measurements 

are representative of 3 experiments with each point measured in triplicate. Results are 

represented as mean ± standard deviation. 

2.12 Preparation of HIV cores and encapsidated 
reverse transcription assay 

Purification of HIV cores and the encapsidated reverse transcription assay were 

performed as described previously229. Briefly, the supernatant containing VSV-G 

pseudotyped HIV-1 GFP was passed through a 0.45 µm nitrocellulose filter and 

pelleted through a 20% sucrose cushion (w/v) (28,000 rpm at 4°C, 2 h, Beckman 

SW32Ti rotor; Beckman Coulter Life Sciences). All following solutions were prepared 

in CPB (20 mM Tris (pH 7.4), 20 mM NaCl, 1 mM MgCl2). The pellets were 

resuspended in CPB and treated with DNase I for 2 h (Sigma Aldrich) at room temp. 

The resuspended virus was layered on top of a gradient of 80–30% sucrose gradient 

(5% steps) overlayed with 1% Triton X-100 in 15% sucrose and spun at 32,500 rpm 

at 4°C for 16hr with a Beckman SW40Ti rotor (Beckman Coulter Life Sciences). The 

gradient was fractionated, and the location of cores was determined via a RT activity 

assay (see above). Core-containing fractions were pooled, aliquoted and snap-frozen 

before storage at −80°C. For the ERT assay, viral cores were equalized (as 

determined by RT) by diluting them in 60% sucrose. 10µl diluted cores were mixed 
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with 100 mM Tris pH 8, 100 mg/ml DNase I or BSA (as a negative control), dNTPs 

and or IP6 (were added at indicated concentrations) in a final reaction volume of 20 

µl. Reactions were incubated at room temperature for 16 h. Reverse transcriptase 

products were detected using TaqMan Fast Universal PCR Mix (ABI) with RU5 primers 

to detect strong-stop DNA (described above). 

2.13 TRIM5 abrogation assay  

The assay was performed by Donna Mallery as described 49. GFP or RFP VSV-G 

pseudotyped HIV-1 virus was produced as described above and concentrated by 

ultracentrifugation. Viruses were titrated on FRhK-4 cells at the indicated ratios and 

infection monitored by measuring GFP and RFP expression in cells using an 

IncuCyteⓇ (Sartorius). 

2.14 Assembly Assays 

CA proteins were dialysed against 50 mM MES (pH 6.0), 40 mM NaCl, 1mM DTT over 

night at 4 °C. CA proteins at a final concentration of 25-200 µM were mixed with NaCl 

(final concentration 2.5 M) or IP6 (final concentration 25 µM-10 mM, Sigma) at 25°C.  

250 µM CA-SP1 proteins and the indicated IP6 concentrations and/or 0.5 mM or 1mM 

PF96 were mixed at 25 °C.  

ΔMA-CANC proteins were diluted into assembly buffer (20 mM Tris [pH 7.5], 140 mM 

KCl, 10 mM NaCl, 5 mM MgCl2, 10 mM TCEP) to 50-200 µM. Assembly of ΔMA-

CANC was initiated by adding 1:10 ssRNA GT25 and IP6, IP5, IP4, IP3 or IP2 (SiChem) 

at the indicated concentration. 

The increase in Abs350 was measured using a PHERAstar FSX Plate reader (BMG 

Labtech) in 384-well plate with shaking between each measurement at 25°C or 37°C. 

2.15 ΔMA-CANC Cleavage Assay 

100 µM ΔMA-CANC was assembled with ssRNA and 50 µM IP6 at 37°C for 2 h. The 

protein was diluted 1:2 with cleavage buffer (20 mM MES (pH 6.0), 140 mM KCl, 10 

mM NaCl, 5 mM MgCl2, 10 mM TCEP) and incubated for 1h at 37°C. Protease was 
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added to the assembly mixture at a 1:50 ratio to Gag and incubated at 25°C. Samples 

were taken at the indicated time points the reaction was stopped with NuPAGE® LDS 

Sample Buffer (Invitrogen) to stop the reaction, and then subjected to NuPAGE Novex 

4–12% Bis-Tris gel (Invitrogen) for cleavage products analysis and visualized by 

Coomassie blue staining. 

2.16 Differential Scanning Fluorimetry 

DSF measurements were performed using a Prometheus NT.48 (NanoTemper 

Technologies) over a temperature range of 20–95°C using a ramp rate of 2.0 or 

2.5°C/min. CA hexamer samples were prepared at a final concentration of 200 µM 

monomer in PBS in the presence or absence of 4 mM DTT. 200 µM ligands were 

added 1:1. 75 µM ΔMA-CANC was assembled with 1:10 ssRNA at 37°C for 2 h with 

and without 50 µM IP6. DSF measurements were performed at least three times.  

2.17 Negative Stain  

For mature capsid assembly, 4-10 µl of sample was put onto a glow discharged 

carbon-coated grid (Cu, 400 mesh, Electron Microscopy Services) incubated for 2-

5min, washed once with water, and twice with 2% Uranyl-acetate and stained with 2% 

Uranyl-acetate for 3-5min. 

For immature assembly, 4-10 µl of sample was put onto a glow discharged carbon 

coated grid (Cu, 400 mesh, Electron Microscopy Services) incubated for 2-5min, 

washed twice with 2% Uranyl-acetate and stained with 2% Uranyl-acetate for 3-5min.  

Micrographs were taken at room temperature on a Tencai Spirit (FEI) operated at an 

accelerated voltage of 120 keV and Gatan 2k × 2 k CCD camera. Images were 

collected with a total dose of ~30 e-/A ̊2 and a defocus of 1–3 µm.  

2.18 Virus particle production for Tomography 

Virus-like particles were produced in HEK293T as described above. Supernatants 

were harvested and passed through a 0.45 µm filter followed by a 0.22-μm filter. The 

particles were concentrated by ultracentrifugation over a 20% (wt/vol) sucrose cushion 

(2 h at 28,000 rpm in a Beckman SW32 rotor; Beckman Coulter Life Sciences). The 



34 Materials and Methods  

 

 

pellet was resuspended in PBS. WT, K25A, K158A, T8I, K158/T8I mutant viruses were 

further purified by applying the resuspended particles to a 6-18% iodixanol gradient 

(1.2% increment steps and centrifuged for 1.5 h at 250,000 × g in a Beckman SW40 

rotor (Beckman Coulter Life Sciences)284. The virus-containing fraction was diluted in 

1:10 PBS and concentrated by ultracentrifugation (45 min,38,500 rpm in a Beckman 

SW40 rotor, Beckman Coulter Life Sciences). The pellet was resuspended in PBS and 

incubated at 4°C overnight to allow full resuspension.  

2.19 Cryo-Electron Tomography 

10-nm-diameter colloidal gold beads were added to the purified HIV-1 mutants. 4 µl 

sample-gold suspension was applied to a glow discharged C-Flat 2/2 3C (20 mA, 40 

s). Grids were blotted and plunge-frozen in liquid ethane with a FEI Vitrobot Mark II at 

15 °C and 100% humidity. Tomographic tilt series of K25A, K25A/T216I, K25A/N21S, 

KAKA, KAKA/T8I and WT were acquired between −40° and +40°with increments of 

3°, on a TF2 Tecnai F20 transmission electron microscope equipped with a Falcon III 

Direct Electron detector at 200 kV using Serial-EM under low-dose conditions at a 

magnification of 50000x and a defocus between -3 µm and -6 µm. Tomography of the 

R18G, K158A, K158A/T8I, T8I, IPMK and IPPK mutants was performed on a FEI Titan 

Krios transmission electron microscope at 300 kV equipped with a Gatan K2 summit 

direct electron detector and a Gatan Quantum energy-filter (GIF). Tilt series were 

acquired between −60° and +60° with increments of 3° using a dose symmetric 

scheme using Serial-EM[3]. Images were collected at a magnification of 33000x with 

10 frames per tilt and a total dose of ∼120 e−/Å2 across all of the tilts. Frames were 

aligned in SerialEM with a final pixel size of 3.667 Å per pixel in the unbinned image 

stacks. Tomograms were reconstructed using IMOD (4.9)285. The alignment of 2D 

projection images of the tilt series was performed using gold beads as fiducial markers, 

tomograms were reconstructed by back projection. Tilt-series of K158A, K158A/T8I, 

T8I were collected by Zunlong Ke. 
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2.20 Crystallisation  

CA hexamer protein was prepared exactly as described previously229. Crystals were 

grown at 17 °C by sitting-drop vapour diffusion in which 100 nl or 200 nl protein was 

mixed with 100 nl or 200 nl precipitant and suspended above 80 µl precipitant in the 

MORPHEUS I screen286.The K25A structure was crystallised and collected by Donna 

Mallery and solved by Leo James.  12 mg/ml hexamer were mixed with 1mM of myo-

IP5 and cryoprotected with precipitant supplemented with 20% MPD. Crystals were 

flash-cooled in liquid nitrogen and data was collected at beamline I24 at Diamond Light 

Source. The data sets were processed using the CCP4 Program suite287. Data were 

indexed and integrated with iMOSFLM and scaled and merged with AIMLESS288. 

Structures were solved by molecular replacement using the model 6ES8 in 

PHASER289 and refined using REFMAC5290. Between rounds of refinement, the model 

was manually checked and corrected against the corresponding electron-density 

maps in COOT291. The model and data were deposited in the PDB database with code 

6R6Q. 

The K25A/N21S and K25T/N21S hexamers at concentrations of 10-15 mg/ml were 

mixed with 1mM IP6 or ATP and cryoprotected with precipitant supplemented with 20% 

MPD. The structures were solved by molecular replacement using PHASER-MR 

implemented in the Phenix suite292 with the search model 6ES8. Model building and 

real-space refinement was carried out in COOT291 and refinement was performed by 

using phenix-refine toll in PHENIX and REFMAC5 iteratively292,293. Final figures were 

rendered in The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrödinger, 

LLC. 

2.21 TIRF Assays 

The affinity of Atto488-ATP (NU-805-488, Jena Bioscience) binding to CA lattices was 

measured using a capsid biosensor based on TIRF microscopy294,295. Briefly, CA 

structures were self-assembled using a mixture of CA A204C/A92E (for cross-linking 

and increased solubility, respectively) and AF647-labelled CA K158C and then 

captured on the surface of a coverslip. Binding of Atto488-ATP (10–500 nM) to 

surface-immobilized fluorescent CA assemblies was then imaged by TIRF microscopy 
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and quantified to obtain an equilibrium binding curve. The KD of the interaction was 

obtained by fitting the curve with an equilibrium binding model. 

Replication deficient HIV-1 virions without envelope protein were produced in 

HEK293T cells using pCRV-1 GagPol and pCSGW, biotinylated using EZ-Link Sulfo-

NHS-LC-LC-Biotin (Thermo Scientific, 21338) and purified as described 296,297. 

TIRF microscopy was carried out following the published method of Marquez et 

al296,297. Briefly, biotinylated viral particles were captured onto coverslips attached to 

microfluidic flow cells and imaged using a custom built TIRF microscope with an ASI-

RAMM frame (Applied Scientific Instrumentation), a Nikon 100 x CFI Apochromat TIRF 

(1.49 NA) oil immersion objective and NicoLase laser system. Immobilised virions 

were treated with imaging buffer containing 200 nM PFO, to permeabilize the lipid 

envelope, and Alexa Fluor 568-labelled CypA (0.5-1 µM), to detect the capsid. TIRF 

images were then acquired with a frequency of 1 frame/6 s using a 561 nm laser with 

a 20 ms exposure time for excitation and an Andor iXon 888 EMCCD camera for 

detection. Single-virion fluorescence traces were extracted from the TIRF image 

stacks using the JIM Immobilized Microscopy analysis package 

(https://github.com/lilbutsa/JIM-Immobilized-Microscopy-Suite) and further analysed in 

MATLAB (The MathWorks, Inc) using software adapted from previous work 298. Briefly, 

the duration and intensity of the CypA signal was extracted from fluorescence traces 

by step-fitting using change point analysis. The lifetime of each capsid was determined 

as the time difference between acquisition of Alexa Fluor 568-CypA upon 

permeabilization and loss of fluorescence upon capsid uncoating. 

TIRF assays were performed by K.M. Faysal from Till Böckings Lab.  

  



37 Role of the R18 and K25 ring in the mature capsid  

 

Chapter 3 Role of the R18 and K25 ring 

in the mature capsid 
3.1 Introduction  

CA proteins form a conical capsid made up of hexamers and 12 pentamers. At the 

centre of each hexamer is a positively charged pore. A ring of arginines at position 18 

(R18) within this pore, recruits, and binds to polyanions like IP6 and dNTPs49,229. IP6 

promotes the assembly of mature VLPs in vitro and stabilises mature hexamers190,229. 

Recruitment of dNTPs and their import into the interior of the capsid could be crucial 

to fuel DNA synthesis49. However, the importance of IP6 and nucleotide-binding on 

mature hexamers and their interplay is not understood. Moreover, it is difficult to pick 

these functions apart since mutating R18 in the mature capsid destroys both IP6 and 

dNTP binding49,229.  

A possible candidate to understand more about the role of the pore is the lysine ring 

K25. Mutating K25 leads to a significant reduction in HIV production and infection, but 

WT-like virions can still be observed299. Molecular dynamics studies suggested that 

K25 is involved in nucleotide import. It might facilitate nucleotide translocation from 

R18 into the capsid by creating a lower energy electrostatic potential barrier to the 

interior of the capsid. It was thus proposed that mutating K25 to alanine increases this 

energy barrier thereby reducing dNTP movement into the capsid300. Along these lines, 

another study suggested that K25 creates a second energy minimum in the pore if a 

second polyanion is present and it might be important to coordinate solvent molecules 

to nucleotides after dewetting of dNTPs at R18301. 

In addition, K25 could also be involved in IP6 binding. When crystal structures of the 

capsid hexamer crystal structures in complex with IP6 were solved, an additional 

electron density for a potential second molecule was observed in several data sets. 

However, the electron density in these data sets was too weak to build this additional 

ligand with confidence. This is due to the 6-fold symmetry within the pore leading to 

averaging of the data. As a result, the orientation of the axial phosphate in IP6 is 

ambiguous. To circumvent this problem, hexamers were crystallised in complex with 
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IP5, which only contains equatorial phosphates. In these structures, clear density for 

two molecules of IP5 was visible. Both IP5s were located at the centre of the pore in 

a planar conformation separated by ~10-12 Å. One molecule was co-ordinated above 

the R18 and a second one between the R18 and the K25 (Figure 10). 

 

Figure 10: Structure of IP5 bound to HIV CA hexamer. (A) (left) Structure of myo-IP5 ligand. Fo − 
Fc omit density (mesh) contoured at 2.0σ centred on IP5 bound to R18 and viewed down the 6-fold axis 
(right) and from the side (below). (B) Fo − Fc omit density (mesh) contoured at 2.0σ centred on a second 
IP5 molecule next to K25 (two rotamer side chains are shown). All six-symmetry equivalent IP5 
molecules are shown. (C) View showing the two IP5 molecules, one binding above R18 and one above 
K25. Note the second IP5 molecule is located closer to the K25 ring than R18. (D) Cross section through 
the hexamer, showing the central chamber where the IP5 molecules are bound. The β-hairpin is shown 
in green and the location of R18 and K25 in blue. The structure in this figure was determined by Donna 
Mallery and Leo James. 
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3.1.1 Aims  

K25 is implicated in virion production, infection and nucleotide import but there is little 

consensus on its role or mechanism of action. Similar to R18, K25 was suggested to 

be involved in dNTP and IP6 binding. Thus, it represents an ideal target for 

understanding more about the role of binding of both molecules in the mature capsid. 

In this project I used infection experiments, capsid assembly assays and cryo-ET to 

determine the role of K25 in the pore.  

Some figures in this section were published in302 and adapted for this thesis.  

3.2 Results  

3.2.1 K25 mutation impairs infection and reverse transcription  

To investigate the importance of the lysine ring, K25 was mutated to either arginine, 

alanine, asparagine, isoleucine, or serine. K25A, K25N K25I, and K25S mutants were 

significantly less infectious than WT (Figure 11 A). The infection-deficit was similar to 

R18G, a previously characterised IP6- and nucleotide-binding deficient mutant49,229 

(Figure 11 B). K25R was substantially more infectious than the other K25 mutants 

(Figure 11 A, B), highlighting the importance of a positive charge at this position for 

productive infection. Infectivity of K25R was similar to P38A, a known CA instability 

mutant208,209. 

To investigate whether the decreased infectivity resulted from impaired reverse 

transcription, varying amounts of mutant and WT Gag plasmid were transfected to 

create chimeric virions with a different number of mutant to WT CA per hexamer. It 

was shown that sequential removal of arginine at position 18 results in a dose-

dependent loss of infectivity and a corresponding loss of DNA synthesis49. Likewise, 

the decrease in the infectivity of K25A chimeric viral particles was dose-dependent 

(Figure 11 C). Viruses were infectious if at least 4 out of 6 lysines were predicted per 

hexamer, but with < 3 the infectivity decreased. Importantly, the loss of infectivity was 

closely paralleled with a reduction in DNA synthesis. Next, I performed a series of 

encapsidated reverse transcription (ERT) experiments. Fort this, I isolated viral cores 

and dNTPs to initiate reverse transcription in vitro. The input of cores was normalised 

by RT (Appendix Figure 1 B), and DNase was added to the experiments to degrade 
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all DNA that is not protected within cores. DNA synthesis in wild-type cores increased 

with increasing dNTPs concentrations (Figure 11 D). In contrast, K25A showed very 

little ability to carry out reverse transcription even at high dNTP concentrations. I then 

tested if introducing additional stability by titrating IP6 at a low dNTP concentration can 

rescue reverse transcription. Increased IP6 concentrations increased DNA products 

in WT cores up until 10 µM IP6. At higher concentrations, reverse transcription 

plateaued, similar to what was observed previously229. In contrast, the addition of IP6 

did not affect reverse transcription in K25A cores (Figure 11 E). ERT experiments with 

K25S mutant were like K25A, although a slight increase in RT products was seen upon 

adding increasing dNTP concentrations (Appendix Figure 2 A). IP6 did not increase 

K25S reverse transcription efficiency (Appendix Figure 2 B). This suggests that K25 

mutants are defective in either dNTP import or the ability to recruit IP6 to stabilise the 

capsid.  
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Figure 11: K25 is essential for reverse transcription and infection. (A, B) Infectivity of WT HIV and 
selected mutants in HEK293T cells. Infectivity is measured using an Incucyte and determined as the 
proportion of cell area that is GFP +ve at a given viral dose (in ng RT). Error bars in infection 
experiments depict mean ± SD of three replicates from one experiment representative of three 
independent experiments. (C) Matching infectivity (GFP +ve cell area) and reverse transcription (strong-
stop, RU5, at 4 hours post-infection) of chimeric viruses produced with an increasing ratio of WT:K25A 
Gag in Hela cells. Error bars in infection experiments depict mean ± SD of three replicates from one 
experiment representative of three independent experiments. (D) ERT assay measuring the synthesis 
of strong-stop DNA in the presence of DNase of WT and K25A cores at increasing concentrations of 
dNTPs in Hela cells. Error bars in infection experiments depict mean ± SD of three replicates from one 
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experiment representative of three independent experiments. (E) ERT assay measuring the synthesis 
of strong-stop DNA in the presence of DNase at 1 µM dNTPs of WT and K25A cores at increasing 
concentrations of IP6 in Hela cells. Error bars in infection experiments depict mean ± SD of three 
replicates from one experiment representative of three independent experiments. The experiments 
shown in panel (B) and (C) were performed by Donna Mallery. 

Next, I determined whether K25 mutants can bind to the ligands dATP, ATP, IP6, and 

IP5 by measuring the thermal stability of disulfide-linked capsid hexamers (Figure 12 

A, B). K25A was able to bind to all ligands, and a similar degree of stabilisation was 

observed as with WT protein (Figure 12 A). This stabilisation was only seen in 

hexamers, and when the disulfide bonds that stabilise the hexamers were reduced by 

DTT, no increase in melting temperature was measured. As expected, mutation of 

R18G leads to a loss of ligand binding since R18 is the main polyanion binder (Figure 

12 B). Thus, K25 does not significantly contribute to IP6-mediated stabilisation in pre-

formed hexamers.  

 

Figure 12: K25 is required for the production of HIV virions with mature capsid cores. (A) 
Changes of NanoDSF-derived melting temperature (ΔTm’s) of K25A, K25N, R18G and R18G/K25A in 
the presence of different polyanions compared to the respective disulfide-stabilised hexamers in 
absence of ligands. Error bars depict mean ± SD of technical replicates. (B) NanoDSF-derived melting 
temperatures (Tm’s) of WT or K25A disulfide-stabilised hexamers ± DTT and in the presence of different 
polyanions. Error bars depict mean ± SD of at least three technical replicates.  

3.2.2 K25 and R18 are necessary to form stable capsids 

I then tested the impact of K25 and R18 mutation viruses by electron cryotomography 

(cryo-ET). I purified WT and mutant viruses, prepared grids and collected tilt-series to 

generate tomograms. The majority of wild-type virions possessed visible mature 

capsids (Figure 13, Appendix Figure 3). Notably, I could not observe any cores for 

K25A. Most particles appeared to contain unstructured densities, and were, therefore, 

classified as ambiguous (Figure 13, Appendix Figure 4). In contrast to K25A, the 

majority of R18G virions contained cores. However, most were irregularly shaped, and 
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only very few were conical or tubular. Closer analysis revealed that compared to WT, 

R18G virions contained more additional higher-order structures besides single capsids 

(Appendix Figure 5). Especially multiple cores or cores with attached open or closed 

structures were present more frequently. Immature virions were similar in WT, K25A 

and R18G virions suggesting that K25A and R18G only affect the mature stage of the 

virus. However, this defect does not seem to be explained by impaired proteolytic 

processing since neither K25A nor R18G mutants show any obvious cleavage deficits 

(Appendix Figure 1 D, E).  

 

Figure 13: K25A virions cannot form capsids, whereas R18G can form irregular capsids. (A) 
Cryo-ET analysis of infectious WT, K25A and R18G HIV virions. A total of 203 WT, 50 K25A and 132 
R18G viral particles were analysed, and the frequency of each phenotype was plotted as a percentage. 
Virions were classified as either immature (pink), mature with a conical or tubular capsid (blue), mature 
with an irregular capsid (green) or ambiguous (yellow) and slices through tomograms (B) show 
representative examples of the viral morphologies observed in the different datasets. Scale bars: 100 
nm.  
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Although cryo-ET provides insight into capsid morphology, it does not reveal whether 

assembled cores are stable. A series of TRIM5 abrogation assays were carried out by 

infecting cells expressing rhesus macaque TRIM5. This assay uses the fact that 

TRIM5 binds to the capsid and the resulting TRIM5 restriction becomes saturated at 

a high multiplicity of infection. In the experiment, cells were infected with a consistent 

dose of WT virus that encodes a GFP reporter gene and different doses of mutant 

viruses encoding an RFP reporter gene. When increasing doses of WT RFP virus were 

added (Figure 14 B), a corresponding increase in GFP signal from the co-infecting 

WT GFP virus was measured (Figure 14 A). This occurs as TRIM5 becomes saturated 

by the RFP virus and no longer efficiently blocks GFP virus infection. In contrast, the 

K25A RFP virus gave poor RFP expression, and no increase in GFP expression from 

the co-infecting WT GFP virus was measured (Figure 14 A, B). Thus, K25A virions 

are not only poorly infectious but also have too few stable capsids to efficiently saturate 

TRIM5. The experiment was repeated with K25R. This mutant could saturate TRIM5 

in a dose-depended manner corresponding to an increase in the GFP signal. The 

saturation ability of the K25R RFP virus was ~ 1-log less efficient than WT virus. This 

closely correlates with its 1-log infectivity decrease (Figure 11) and suggests that 

K25R virus is less infectious because it has fewer stable capsids. R18G-RFP virus 

had a similar ability to saturate TRIM5 as K25R, but R18G-RFP infectivity was 

drastically lower compared to K25R (Figure 14 B). This agrees well with the cryo-ET 

data that showed the ability of R18G viruses to form capsid structures (Figure 13).  

To further confirm this theory, single-molecule TIRF microscopy was used to analyse 

the stability of the K25 mutant296,297. Virions are captured on a slide and permeabilised 

by a pore-forming toxin. Fluorescent-labelled CypA can then enter through the 

membrane pore and bind to capsid lattices. The fluorescence signal at locations of the 

viral particles through time is measured and allows estimation of the lifetime of each 

capsid (Figure 14 C, D). WT and K25A viruses were compared in the presence and 

absence of IP6. WT capsids had an intrinsic half-life of ~5-10 minutes, but the addition 

of IP6 stabilised the capsids (Figure 14 E). In contrast, most K25A capsids were short-

lived with a half-life of less than 1 minute. This was not changed by adding IP6. K25R 

was slightly more stable than K25A in the presence of IP6 but significantly less stable 
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than WT (Figure 14 E). R18G TIRF showed that 95% of the capsids were unstable 

capsids with a half-life of 1-2 min (Figure 14 F). In addition, IP6 had no effect on 

increasing the fraction of stable capsids and probably also hardly any effect on half-

life. 

Taken together, this data suggests that the ability of K25A mutants to from stable cores 

is strongly impaired. Although R18G mutants can form mature capsids, these were 

mainly irregular in shape and highly unstable.  

 

Figure 14: K25 and R18 mutant capsids are unstable. (A, B) TRIM5 abrogation assay in FRhK-4 
cells. Cells expressing rhesus TRIM5 were infected with a consistent dose of WT GFP-expressing virus 
and increasing doses of RFP-expressing WT, K25A and K25R viruses. The level of infection of each 
virus (green symbols for GFP (A), red symbols for RFP (B)) was determined as the proportion of cell 
area that was GFP or RFP positive. Increasing doses of WT RFP virus results in an increase in RFP 
positive cells but also in GFP positive cells, because TRIM5 becomes saturated with RFP virus and no 
longer restricts infection by the GFP virus. Viruses that do not contain capsids capable of recruiting and 
maintaining TRIM5 binding will not saturate. Error bars depict mean ± SD of three replicates from one 
experiment representative of two independent experiments. (C) Schematic of the capsid uncoating 
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assay using TIRF microscopy and the CypA paint method. Immobilized viral particles are permeabilized 
in the presence of fluorescently labelled CypA while recording fluorescence traces at the locations of 
single virions (1). CypA binds to the capsid, resulting in the appearance of a stable fluorescence signal 
(2). Capsid disassembly results in the disappearance of the CypA signal (3). (D) Example traces for a 
capsid that disassembles (left) and a capsid that remains intact (right) during the acquisition time. The 
fluorescence traces (magenta) are analysed by step fitting (black) to extract lifetime (Δt) and intensity 
(I) for each capsid. (E, F) Capsid survival curves generated from single-virion uncoating traces. CA 
K25A mutant capsids fall apart rapidly and IP6 does not stabilise CA K25A or K25R capsids, unlike wild 
type capsids (E) and R18G (F). The experiments shown in panel (A, B) were performed by Donna 
Mallery and in (C-F) by K.M. Rifat Faysal. 

3.2.3 Mutation of K25 and R18 impairs IP6 dependent mature capsid assembly 

To determine if the specific loss of IP6 coordination is the reason for reduced 

assembly, I carried out in vitro assembly reactions using recombinant CA protein. I 

first induced assembly of WT, K25A, K25R, K25N, P38A, and R18G CA by adding 2.5 

mM NaCl. High salt was previously shown to induce the formation of capsid tubes303. 

I then monitored the kinetics of assembly by measuring the absorbance at 350 nm 

over time and collected samples at the end of each experiment for analysis via 

negative stain electron microscopy (Figure 15). K25A, K25R, and K25N mutant 

viruses were capable of assembling capsid tubes like WT (Figure 15). Assembly 

kinetics were similar, but K25A showed an initial lag phase. This suggests that the 

mutation of K25 does not impair the CA structure to an extent where it is no longer 

able to form higher-order assemblies. In line with previous work, the instability mutant 

P38A assembled slightly faster than WT209, and R18G mainly formed small spheres51. 
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Figure 15: K25 mutants can assembly in high salt conditions. In vitro assembly reactions were 
monitored in real-time by measuring the absorbance at 350 nm. (A, B) Assembly reactions using 75 µM 
capsid protein and 2.5 M NaCl in 50 mM MES pH 6.0 (C) Negative stain EM images of material taken 
from (A, B). Scale bars: 200 nm. 

Next, I assembled WT at low salt conditions and added increasing amounts of IP6 

(Figure 16 A). I observed a striking dose-dependent increase of assembly upon 

titration of IP6. In negative stain micrographs, WT CA formed conical and tubular 

capsids reminiscent of mature HIV cores under IP6 conditions (Figure 16 B), similar 

to a previous report190. I then chose the highest IP6 concentration to compare the 

assembly of WT CA to the mutants K25A, K25N and K25R. K25A and K25N were not 

able to assemble, whereas K25R assembled, albeit slower (Figure 16 C). K25R was 

able to form conical capsids, but in line with the decreased absorbance, I observed a 

reduced yield of cores in micrographs (Figure 16 E). K25R cores also appeared to be 

larger than WT cores. Like R18G, K25A and K25N could not form any capsid 

structures. However, P38A formed cores with similar kinetics and morphology as WT. 

Since K25A and K25N were able to assemble under high salt conditions, I increased 

CA and IP6 concentrations (Figure 16 D). At 200 µM capsid and 6 mM IP6, K25N 

formed tubes and cores (Figure 16 D, E). In contrast, only a slight increase in 

absorbance was measured for K25A CA, but no tubes or cores could be found in 

negative stain EM. Finally, the K25A assembly was measured for 24 h (Figure 16 F). 

At 10 mM IP6, the WT reaction was complete within 10 minutes, while the K25A 

absorption reached a plateau after ~ 10 hours. Negative stain electron microscopy 
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showed tubes similar to CA assembled at high salt conditions (Figure 16 G). This 

suggests that K25A mutants are severely impaired for IP6-driven assembly of capsid 

tubes, while capsid cones do not form or do so too rarely to be detected by in vitro 

methods.  

 

Figure 16: K25 is required for IP6-mediated assembly of HIV CA. In vitro assembly reactions were 
monitored in real-time by measuring the absorbance at 350 nm. (A) Assembly reactions using 50 µM 
WT and mutant capsid protein and increased IP6 concentrations (50-1250 µM). (B) Negative stain EM 
images of material taken from (A), Scale bars: 200 nm. (C) Assembly reactions using 100 µM WT and 
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mutant capsid protein with 1.25 mM IP6 and (D) 200 µM WT and mutant capsid protein with 6 mM IP6 
in 50 mM MES pH 6.0, 40 mM NaCl (E) Negative stain EM images of material taken from (C, D). (F) 
Assembly reactions of 250 µM WT or K25A CA in 50 mM MES pH 6, 100 mM NaCl and a range of IP6 
concentrations up to 10 mM and corresponding negative stain EM images (G), Scale bars: 200 nm. The 
experiments shown in panel F and G were performed by Wang Peng.   

Finally, I mutated both K25 and R18. The double mutant R18G/K25A assembled into 

spheres in high salt conditions similar to R18G (Figure 17) suggesting that R18G has 

a more dominant effect in high salt conditions. Interestingly, at very high CA and IP6 

concentrations, only R18G can be induced to form spheres and a few tubes and cones. 

In contrast, R18G/K25A cannot assemble into stable higher-order structures. This 

suggests that the presence of K25 might allow some IP6 binding because if it only 

were a crowding effect, the double mutant should assemble more efficiently as less 

repulsive charges are present in the hexamer.   

 

Figure 17: R18G has a more dominant effect on mature assembly. In vitro assembly reactions were 
monitored in real-time by measuring the absorbance at 350 nm. (A) Assembly reactions using 75 µM 
WT and mutant capsid protein and 2.5 M NaCl (B) Negative stain EM images of material taken from 
(A). (C) Assembly reactions using 400 µM capsid protein with 9 mM IP6 (D) Negative stain EM images 
of material taken from (C), Scale bars: 200 nm.    

3.2.4 Introducing K25 compensatory mutants  

To dissect K25’s involvement in reverse transcription from its impact on capsid 

assembly, passaging experiments of K25A virions were performed by Alex Kleinpeter. 

The compensatory mutant T216I was discovered at the CTD-CTD interhexamer 

interface (Figure 18 A). In addition, an N21S mutant was detected which is located 

within the hexamer pore in-between the R18 and the K25 ring (Figure 18 B). Both 

T216I and N21S could rescue the K25A infection (Figure 18 C, D). Interestingly, 
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mutation of K25A to threonine was also observed, and K25T was also significantly 

more infectious than K25A. This was surprising given that K25S is infection deficient 

(Figure 11 A). If N21S and T216I were added to the K25T background, infectivity was 

close to WT levels. Interestingly, none of these mutations compensates for the loss of 

the positive K25 charge. Changing residue N21 to lysine and thus re-introducing a 

second positively charged ring in the pore could not rescue infection to the same extent 

as the N21S mutant but increased infection by 2-log compared to K25A (Appendix 
Figure 6 A).  

 

Figure 18: K25 Escape mutants. (A, B) Crystal structures with position of T216 highlighted in green 
(A) and N21 in orange (B) (PDB: 5HGN49). (C, D) Infectivity of WT HIV and selected mutants in 
HEK293T cells. Infectivity is measured using an Incucyte and determined as the proportion of cell area 
that is GFP +ve at a given viral dose (in ng RT) after 72h. Error bars in infection experiments depict 
mean ± SD of three replicates from one experiment representative of three independent experiments. 
Experiments for panel (C) and (D) were performed by Donna Mallery.  

3.2.5 K25 compensatory mutants allow mature core formation 

To test the influence of the compensating mutants T216I and N21S on K25A core 

formation, I purified K25A/N21S and K25A/T216I virions and performed cryo-ET. I 
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classified the virions as either immature, mature with conical, tubular or irregular 

capsids or as ambiguous when I could not identify any capsid (Figure 19). As 

described above, most mature WT virions contained conical capsid (46%), whereas 

for the K25A mutant no mature cores could be observed. Importantly, the addition of 

either N21S or T216I allowed the formation of conical and tubulure capsids. However, 

more ambiguous particles (N21S/K25A: 29% K25A/T216I: 21%, WT: 7%) and a higher 

amount of irregularly shaped cores were present (31% or 29% compared to 21% for 

WT). This shows that the compensatory mutants N21S and T216I can largely rescue 

the K25A mature assembly defect, with T216I being slightly more efficient. 

 

Figure 19: Escape mutants can rescue mature core formation in virions. Cryo-ET analysis of a 
total of 203 WT, 67 K25A/T216I, 146 N21S/K25A, and 50 K25A virions. (A) Virions were classified as 
immature (pink), mature with conical (dark blue) or tubular cores (light blue), mature with an irregular 
but closed structure (green), or ambiguous (partial or no lattices; yellow), and their frequency was 
plotted as a percentage of all viruses. Representative slices through tomograms of mutant viruses for 
each category are shown as a gallery in (B), Scale bars: 100 nm.  

To test how the compensatory mutants impact assembly, I carried out in vitro capsid 

assembly experiments with recombinant CA protein and measured the absorbance at 

350 nm over time. First, I added 2.5 mM NaCl to WT, K25A, K25A/T216I and 

N21S/K25A CA protein. K25A/T216I assembled slightly faster than WT, whereas 

N21S/K25A assembled marginally slower (Figure 20 A). Most reactions resulted in 
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the formation of tubes of varying lengths (Figure 20 C) with exception of N21S/K25A 

CA that mainly formed spheres. K25T assembled into tubes quicker than WT (Figure 

20 B, C). Similar to the K25A background, K25T/T216I assembled the fastest, whereas 

N21S/K25T was the slowest. In negative stain micrographs, cone-shaped capsids and 

a few spheres were visible for K25T/T216I, whereas N21S/K25T mainly formed 

spheres. This suggested, that N21S promotes pentamer formation at high salt. Indeed, 

CA carrying N21S alone assembled into spherical particles quickly (Figure 20 B, C).  

Next, I investigated whether the escape mutants could rescue IP6-induced assembly 

of K25A cores. I chose conditions where WT assembled quickly. As expected K25A 

did not assemble and neither did N21S/K25A (Figure 20 D). However, K25A/T216I 

CA formed cores, albeit with slower kinetics than WT. Increasing capsid and IP6 

concentrations allowed N21S/K25A assembly into conical capsids (Figure 20 E, F). A 

slight increase in absorbance was visible with K25A, but no proper higher-order 

structures could be observed via negative stain EM. This shows that T216I and N21S 

escape mutants rescue IP6 induced formation of K25A capsids, albeit not to WT levels 

WT. In contrast to K25A, K25T was able to assemble albeit significantly less efficient 

than WT (Figure 20 G, H). Like K25T, CA carrying K25T/T216I or N21S/K25T 

assembled into cores and tubes, with K25T/T216I showing the fastest assembly 

kinetics (Figure 20 G, H). N21S assembled efficiently into mostly spheres and 

occasionally small tubes, further suggesting that N21S enhances pentamer assembly. 

Finally, I measured the assembly of N21K mutants (Appendix Figure 6 B, D). 

Interestingly, lower capsid concentrations were necessary for IP6 induced assembly 

of N21K/K25A compared to the N21S and T216I escape mutants, suggesting that a 

2nd positively charged ring in the pore increases assembly efficiency in vitro. Summing 

up, the assembly and cryo-ET data suggest that both T216I and N21S can 

compensate for the K25A assembly defect and T216I seems to be more efficient.  
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Figure 20: Escape mutants can rescue mature core formation in vitro. In vitro assembly reactions 
were monitored in real-time by measuring the absorbance at 350 nm. (A, B) Assembly reactions using 
75 µM capsid protein and 2.5 M NaCl in 50 mM MES, pH 6.0. (C) Negative stain EM images of material 
taken from (A, B), Scale bars: 200 nm. (D) Assembly reactions using 200 µM WT and mutant capsid 
protein with 1.25 mM IP6 and (E) 400 µM capsid protein with 10 mM IP6 in 50 mM MES pH 6.0, 40 mM 
NaCl. (F) Negative stain EM images of material taken from (D, E). (G) Assembly reactions using 200 
µM WT and mutant capsid protein with 1.25 mM IP6 in 50 mM MES pH 6.0, 40 mM NaCl. (H) Negative 
stain EM images of material taken from (G), Scale bars: 200 nm.  

3.2.6 Crystal structures of N21S hexamers 

To investigate how compensating mutants may be rescuing assembly by altering 

packaging within hexamers, I solved crystal structures of N21S/K25T and N21S/K25A 
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hexamers. N21S/K25T and N21S/K25A hexamers were crystallised in presence of 

ATP and IP6 Figure 21, Table 3. The densities corresponding to the ligands are 

shown in Figure 21. As mentioned in the introduction, the six-fold symmetry makes 

ligand modelling challenging because the ligands can occupy six different positions 

which are averaged. However, it was apparent that the ligands only seemed to interact 

with the R18 ring. In addition, no obvious interaction of the serine at position 21 was 

observed, suggesting that it might not be involved in hexamer formation. Thermal 

stability measurements of the hexamers showed that the K25A/N21S and K25A/K25T 

hexamers had a similar melting temperature to WT and were all able to bind to the 

ligand ATP, IP6 and IP5, and a similar degree of stabilisation was observed as with 

WT protein (Appendix Figure 7). 

 

Figure 21: Crystal structures of hexamers with ligands. (A) Crystal structure of N21S/K25T hexamer 
in complex with IP6. Fo − Fc omit density (mesh) contoured at 1.0σ around the pore show ligand 
binding. (B) Crystal structure of N21S/K25A hexamer in complex with ATP. Fo − Fc omit density (mesh) 
contoured at 1.0σ. Residue R18 is coloured green, N21S cyan and K25T/K25A purple.  

3.2.7 K25 compensatory mutant capsids are stable and allow reverse 
transcription 

To assess capsid stability, TRIM5 abrogation assays were carried out by infecting cells 

expressing rhesus macaque TRIM5. Co-infection of increasing K25A/N21S or 
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K25A/T216I RFP virus with a single dose of WT GFP virus resulted in a corresponding 

increase in GFP signal, suggesting that these virions can form stable capsid in cells 

(Figure 22 A). Finally, the ability of the K25A escape mutants N21S and T216I to 

reverse transcribe was investigated. In cells infected with K25A virions very little 

reverse transcription were measured after 8h. In contrast, K25A/N21S and 

K25A/T216I virions were able to reverse transcribe, albeit less efficiently than WT 

(Figure 22 B).  

 

Figure 22: Escape mutants form stable capsids and can reverse transcribe. (A) TRIM5 abrogation 
assay in FRhK-4 cells. Cells expressing rhesus TRIM5 were infected with a consistent dose of WT 
GFP-expressing virus and increasing doses of RFP-expressing WT and mutant viruses. The level of 
infection of each virus was determined as the proportion of cell area that was GFP positive. Increasing 
doses of WT RFP virus results in an increased GFP positive cells if TRIM5 becomes saturated with 
RFP virus and no longer restricts infection by the GFP virus. Error bars depict mean ± SD of three 
replicates from one experiment representative of two independent experiments. (B) Amount of reverse 
transcription products (GFP products) in Hela cells at the indicated time points. Error bars depict mean 
± SD of three replicates from one experiment representative of two independent experiments 
Experiments for this Figure were performed by Donna Mallery. 

3.3 Discussion 

3.3.1 Role R18 in the mature capsid 

HIV capsids contain positively charged pores that can bind multiple polyanions, 

including IP6 and dNTPs49,190,191,229. Mutation of either K25 or R18 results in a dramatic 

loss in infectivity. R18 was identified as the primary IP6 and dNTP binding site, and 

mutation of R18 was accompanied by strongly decreased reverse 

transcription49,190,191,229. Consistent with previous reports, my cryo-ET data showed 

that mutation of R18 allows the formation of mature capsids in virions albeit with 

irregular shapes304,305. Removal of the positive R18 charges promoted sphere 
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formation in vitro, possibly due to an increased frequency of pentamer incorporation304. 

Packing in the pentamer pore is tighter, thus, electrostatic repulsion of the R18s is 

likely more destabilising in pentamers. Indeed, a recent cryo-ET study suggested that 

the IP6 density above the R18 ring seemed to be more pronounced in pentamers 

compared to hexamers, which was attributed to tighter binding306. As a result, 

formation of hexameric tubes is preferred in the absence of IP6, whereas removal of 

R18 favours pentamer formation. The altered incorporation of pentamers into forming 

cores can also explain the irregularly shaped capsids observed in tomograms of R18G 

virions. Moreover, these capsids are highly unstable and likely fall apart quickly once 

the capsid is released into the cytosol. The remaining R18G capsid fragments still 

appear to saturate TRIM5 to some extent, but they cannot carry out efficient reverse 

transcription resulting in unproductive infection. This highlights the importance of IP6 

binding for capsid stability, but it makes it impossible to determine whether R18 is 

involved in dNTP recruitment and import. However, the fact that no compensatory 

R18G mutants were discovered so far suggests that the decreased infection might not 

only be caused by reduced stability. More research into possible R18G rescue mutants 

is necessary to answer these questions.  

3.3.2 Role of K25 in the mature capsid 

Mutating residue K25 provides another avenue to investigate the interplay between 

IP6 and dNTPs. It was proposed that K25 is necessary for the directional import of 

nucleotides after they are recruited by R18300,301. In line with this, mutation of K25 

results in loss of reverse transcription both in purified capsids and in cells. However, 

cryo-tomography on HIV virions showed that mature capsid formation is strongly 

impaired in K25A mutants as none could be found in my data. K25A capsids were 

highly unstable in TRIM5 abrogation studies and single-molecule TIRF assays, and 

the addition of IP6 failed to rescue stability in the latter. In vitro assembly experiments 

demonstrated that K25 is involved in IP6 induced capsid assembly. K25A, K25R and 

K25N were capable of forming capsid tubes in the presence of high salt with similar 

kinetics and morphology as WT but IP6-induced formation of cores was lost in K25A 

and significantly reduced in K25R and K25N. Thus, K25 mutants appear to be distinct 

from other mutations affecting capsid stability. For example, the instability mutant 
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P38A had a similarly reduced infectivity as K25R but was able to form cores in IP6 

conditions efficiently. Although IP6 binding to K25 was observed in crystal structures, 

no loss of IP6-mediated stabilisation was observed upon mutating K25 in NanoDSF 

experiments with cross-linked hexamers, in contrast to R18G mutation. This confirms 

that R18 is the primary nucleotide-binding site and suggest that IP6 does not bind K25 

in cross-linked hexamers or that binding does not stabilise them. Taken together, 

these data corroborate that K25 is involved in the IP6-driven assembly of mature 

capsid cores either by recruiting a 2nd IP6 or by maintaining IP6 in the capsids, possibly 

by holding to or passing the molecule between the rings. This likely explains why no 

K25A mature capsids were observed in virions.  

The K25A compensatory mutants N21S, N21K, K25T and T216I could largely rescue 

infection and core formation in cells and in vitro. Importantly, these mutants also 

allowed reverse transcription, suggesting that K25 does not seem to be essential for 

nucleotide import. However, this does not explain why K25 mutation interferes with 

assembly. K25:IP6 interactions might be necessary to stabilise pentamers and thus 

allow the formation of conical cores rather than just tubes. If K25 were only a 

destabilising force then K25A should form pentamers more efficiently similar to R18G, 

nevertheless, the fact that K25A assembles tubes but not cones in vitro indicates that 

K25 is participating in an interaction that actively stabilises pentamers. Interestingly, 

MD simulations also suggested a possible second IP6 binding site comprised of the 

K25/E28/E29/K30 and R162 in pentamers306. However, E29A is as infectious as WT 

virus302 and a positive charge at position K25 does not appear to be required for core 

formation since the mutants N21S, K25T and T216I do not restore the K25 charge but 

nonetheless allow capsid assembly. Moreover, although N21K mutants assembled 

most efficiently in vitro, they did not rescue infection to the same extent as the T216I 

and N21S mutants. The latter compensatory mutants appear to allow core formation 

through different mechanisms. N21S sphere formation in vitro indicates an increased 

propensity to form pentamers. Since sidechains cannot be identified in cryo-EM 

pentamer structures, it is not obvious how this stabilisation occurs. Therefore, I 

modelled the possible side-chain arrangement within a pentamer based on an EM 

structure of HIV-1 capsid pentamers in intact virions (5MCY307) Within the pentamer 

N21 is in close proximity to M39 (Figure 23) and steric repulsions might disfavour 
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pentamer formation. However, mutation to the smaller serine (N21S) might allow 

easier accommodation of the residues in the pentamer. This could explain, why N21L 

was shown to have an assembly defect in turbidity assays, but N21A appeared to 

assemble with similar efficiency as WT304,308. Thus, adding the pentamer-favouring 

N21S mutant to the hexamer-favouring K25A could restore conical core formation. 

Interestingly, the feline immunodeficiency virus (FIV) capsid looks similar to the N21S 

mutant as it contains a K18, S20 and E25 motif in the pore (Appendix Figure 8) and 

also forms spheres in high salt conditions but conical cores in virions309,310.  

 

Figure 23: Model of WT and N21S pentamer. Model of a CA pentamer, generated using 
monomers from the hexamer in Figure 10 A and the pentamer cryo-EM structure 5MCY311. 

T216I was previously shown to partially restore infection, replication, reverse 

transcription and stability of the P38A mutant. It was speculated that T216I might 

stabilise the CTD-CTD interface to compensate for structural changes induced by 

P38A209. In addition, CA tube stability of P38A/T216I was increased compared to WT 

in vitro and seemed to slow down core disassembly of P38A312. Since IP6 binding and 

hexamer stability appear to be interdependent, the increased stability introduced by 

T216I will most likely allow IP6 binding to R18 and thus allow capsid formation.  

While the details of how K25 participates in assembly are of interest, perhaps the more 

important question is why HIV has evolved this particular mechanism. The data above 

suggest that IP6-stabilisation at position K25, whether in hexamers or pentamers, is 

not a requirement for assembly. In addition, it does not seem to be necessary for 

reverse transcription. However, the escape mutants are not as infectious as WT, 
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indicating that K25 plays a role in allowing optimal capsid stability to allow ordered 

uncoating and reverse transcription. Interestingly, FIV appears to be less IP6 

dependent, suggesting that changes in the pore influence IP6 dependency313. Thus, 

as discussed in the outlook, the IP6 dependency of different retroviruses might help to 

answer these questions.  

  



60 Maturation Inhibitors  

 

 

Chapter 4 Maturation Inhibitors 
4.1 Introduction 

Full proteolytic cleavage of the immature lattice is crucial to produce a mature 

infectious virion53,200. The final cleavage occurs between CA and SP1 and shifts the 

viral lattice from immature to mature (Figure 9)188,201. The CA-SP1 cleavage site is 

buried within the six-helix bundle (called 6HB) and unfolding of the 6HB is necessary 

for PR-cleavage314. This is exploited by a class of drugs called Maturation inhibitors 

(MIs). MIs stabilise the immature lattice and slow down CA-SP1 proteolytic cleavage. 

The resulting altered Gag processing was shown to reduce infectivity315-317. 

HIV can acquire resistance mutations for MIs that increase CA-SP1 processing by 

decreasing the stability of the immature lattice318,319. These escape mutants differ for 

different MIs. For example, BVM selects for mutations around K227316,318, whereas for 

the structurally distinct MI, PF96, mutations occur around K158320,321. The BVM 

analogues 7m and 7r select for mutations around both the K158 and K227 lysine 

rings319. Interestingly, these are the residues that package IP6 in the immature lattice: 

K158 engages the 5-equatorial phosphates while K227 interacts with the axial 

phosphate190. Removal of the lysine rings decreased virus production and infectivity 

and mutation of K158 has a more pronounced effect than K227229. In line with that, MI 

escape mutants around K158 are generally less replication-competent than their K227 

counterparts318,321. 

The correlation between mutations that confer escape from MIs and their proximity to 

IP6 binding residues is striking. A structure of the immature hexamer in complex with 

BVM obtained by microelectron diffraction suggested that the IP6-coordinating residue 

K227 may be directly involved in BVM binding (Figure 24 A)58. This predicted that IP6 

and MIs would bind competitively. Cellular data showed the opposite, and when 

viruses were produced in cells produced in presence of the MIs PF96, BVM, and the 

BVM analogue 7m, no reduction in IP6 incorporation was observed (Figure 24 B). 

Moreover, the MI PF96 restored the infectivity of the IP6 deficient mutant K158A 
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(Figure 24 C) and increased IP6 incorporation (Figure 24 D). Thus, the MI seems to 

be needed to compensate for the lattice-destabilizing effect of K158A.  

Upon passaging IP6-binding-deficient mutants, compensatory mutations that stabilise 

the lattice were obtained. The mutant T8I is located in the SP1 region and was 

previously shown to stabilise the CA-SP1 six-helix bundle318,321. T8I on top of the 

escape mutants was able to restore virus production and infection (Figure 24 E and 

F) as well as IP6 incorporation (Figure 24 G).  

Figures in this section were published in 322 and adapted for this thesis.  
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Figure 24: Relationship between immature Gag lattice stability, MI sensitivity and IP6 
incorporation. (A) Model of an immature hexamer showing the binding sites of IP6 and BVM. Based 
on 6BHR190 and 6N3U323. (B) IP6 incorporation of purified virions produced in the presence of the 
indicate MIs and 3H inositol expressed as % total counts per minutes (CPM) of 3H inositol–containing 
species quantified by scintillation counting. Data are presented as mean ± standard error of the mean 
from a minimum of three independent experiments. (C) Infectivity of WT and K158A viruses produced 
in presence of 5µM BVM or PF96 in HEK293T cells. Data are normalized to quantity of input virus (30pg 
RT). Error bars depict mean ± SEM of at least two replicates from three independent experiments. (D) 
IP6 in cooperation in WT and K158A virions as a % of total CPM in the presence or absence of MI 
PF96. Error bars depict mean %CPM ± SEM from at least two independent experiments. Statistics were 
performed using the students t-test (WT versus K158A, ****P < 0.0001; K158A versus K158A/T8I, *P = 
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0.011). (E) Virus release efficiency of the K158A and K158A/T8I Gag mutants calculated based on the 
level of p24 in purified virions expressed as a percentage of p24 and Pr55 expression in HEK293T 
producer cells and p24 expression in purified virions. Data are normalized to give the efficiency relative 
to WT virus. Error bars depict the SEM from three independent experiments. (E) Infectivity of the 
mutants shown in (D). (G) IP6 incorporation as % total CPM in WT, T8I, K158A or K158A/T8I viruses. 
Error bars depict IP6 as % total CPM ± SEM from at least two independent experiments. Statistical 
analysis was performed using the students t-test. Experiments shown in panel (B-G) were performed 
by Donna Mallery and Alex Kleinpeter (E-F). 

4.1.1 Aims 

The aim of this chapter was to investigate the impact of the escape mutants and the 

T8I compensatory mutants on virus morphology and assembly behaviour. I used cryo-

ET to assess the phenotype of K158A virions alone and in combination with the 

compensatory mutant T8I. In addition, I used an in vitro assembly assay of 

recombinant CA-SP1 protein, to investigate the differences in assembly and IP6 

binding of those mutants.  

Tomogram collection was performed by Zunlong Ke and CA-SP1 protein purification 

was performed by Leo Kiss according to my instructions. 

4.2 Results  

4.2.1 Assembly of K158A and K158A/T8I VLPs 

It was previously shown that IP6 cannot promote the immature lattice formation of 

lysine mutant K158A in vitro190. Therefore, I wanted to test if adding the second site 

mutant T8I restores assembly of recombinant CA-SP1 protein to VLPs in vitro. First, I 

compared assembly kinetics of WT and T8I in presence of IP6. T8I assembled 

significantly faster than WT CA-SP1 (Figure 25 A), while both formed immature VLPs 

with similar morphology as assessed by negative stain EM (Figure 25 E). Titration of 

IP6 with WT and T8I CA-SP1 revealed that T8I CA-SP1 assembled efficiently even at 

low IP6 concentrations (125 µM). In contrast, WT CA-SP1 assembly was reliant on 

higher IP6 concentrations (Figure 25 B). Strikingly, T8I assembled faster at 125µM 

IP6 than WT at 1 mM. Next, I tested whether T8I could restore K158A CA-SP1 VLP 

assembly (Figure 25 C). However, no assembly was observed, suggesting that in the 

in vitro system, T8I can only enhance assembly if the IP6 binding site K158A is 

present. Since T8I and PF96 both lead to enrichment of IP6 in K158A mutant virions 

in cell experiments, I tested whether adding all these components would allow K158A 
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assembly (Figure 25 D). Remarkably, the addition of both PF96 and IP6 allowed 

K158A/T8I to assemble. Negative stain EM confirmed that immature VLPs were 

formed (Figure 25 F). This supports that IP6 binding to K158A can be restored 

indirectly by increasing the stability of the immature lattice. It also shows that PF96 

and IP6 can act synergistically to increase immature VLP assembly of WT CA-SP1, 

consistent with the IP6 incorporation data suggesting that IP6 and PF96 are not 

competitive (Figure 24 D).  

 

Figure 25: Rescue of IP6 binding–deficient mutant K158A restores the assembly of single 
capsids. In vitro assembly reactions using 250 μM WT and mutant CA-SP1 recombinant protein in 50 
mM TRIS-HCl (pH 8.0), 50 mM NaCl, 1 mM dithiothreitol (DTT) were monitored in real time by 
measuring the absorbance at 350 nm (Abs350). (A) Assembly of WT and T8I CA-SP1 into VLPs in the 
presence and absence of 1 mM IP6. (B) Assembly of WT and T8I with indicated concentration of IP6. 
(C) Assembly of WT, K158A, T8I and T8I/K158A with 1mM IP6. (D) Assembly of WT and K158A/T8I 
with 1 mM IP6 and/or 0.5 or 1 mM PF96. (E) Negative stain images of material taken from (A), Scale 
bars: 200 nm. (F) Negative stain EM images of material taken from (D), Scale bars: 200 nm. 
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4.2.2 Second site compensatory mutant rescues mature core formation 

To test the influence of T8I on mature capsid formation, I carried out a series of cryo-

electron tomography (Cryo-ET) experiments. I purified WT, T8I, K158A, and 

K158A/T8I viruses and prepared grids. Tomograms were collected from multiple grids 

per sample. I used this data set for 3D-tomographic reconstructions on 60-130 virions 

per mutant. Then, I divided the virions into the categories: immature, mature with a 

conical or tubular capsid, mature with an irregular capsid, and ambiguous, when no 

clear lattice was observable (Figure 26 A, Appendix Figure 9, Appendix Figure 10, 

Appendix Figure 11). Most WT virions were mature, with only ~ 5 % displaying an 

immature lattice. Most WT cores were conical or tubular, while in a minor fraction 

(28%) cores had an irregular shape. A larger fraction of immature virions (13%) was 

observed for the T8I mutant. This was expected because T8I was previously shown 

to stabilise the six-helix bundle and thus slows down CA-SP1 proteolytic 

processing321,324,325. K158A/T8I immature virions were also increased compared to 

K158A alone (7% and 2% respectively). Interestingly, K158A and the double mutant 

K158A/T8I showed fewer conical or tubular capsids than WT (43% and 34% 

respectively, vs 52% for WT). However, this does not quantitively account for the 

infection defect in K158A or the rescue observed with K158A/T8I. To gain deeper 

insight into the mature virions observed by cryo-ET, I subdivided them into five 

categories – single, multiple and multi-layered cores, and cores with additional 

structures that were either open or closed (Figure 26 B). Mature WT viruses contained 

a single capsid core in most cases (88%), and only a small fraction (11%) of additional 

structures were observed. Strikingly, most K158A virions contained other structures 

such as multiple cores, multi-layered cores, or cores with additional open or closed 

structures (Figure 26, Appendix Figure 9). This suggests that K158A leads to a 

capsid over-assembly phenotype. Importantly, when T8I was added to K158A the 

number of virions with additional structures decreased, and the majority of virions 

(64%) had a single capsid (Figure 26, Appendix Figure 10). Thus, adding T8I seems 

to counteract the K158A over-assembly phenotype. This might be due to increased 

IP6 levels in the double mutant virions since T8I rescues IP6 incorporation into the 

immature lattice. IP6 may be required to ensure proper conical core formation, as has 

been demonstrated in vitro190. In addition, many of the K158A virions showed a density 
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outside of cores that may represent unpackaged RNA genome (Appendix Figure 12, 
Appendix Figure 2). A similar phenomenon of condensed RNP located outside empty 

core structures has been reported for HIV virions that have undergone complete but 

delayed CA processing88. Taken together, the data presented here show that K158A 

mutation impacts mature core formation in virions but can be rescued by the addition 

of T8I.  
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Figure 26: T8I restores the K158A deficiency in assembling single capsids. (A) Cryo-ET analysis 
of WT, K158A, K158A/T8i and T8I virion morphologies. Capsids were classified into the indicated 
categories. A total of 64 WT, 69 T8I, 127 K158A, and 119 K158A/T8I tomograms was analysed, and 
the percentage of each category was calculated. Virions were classified as immature (pink), mature 
with conical or tubular cores (cyan), mature with an irregular but closed structure (green), or ambiguous 
(partial or no lattices; grey), and their frequency was plotted as a percentage of all viruses. 
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Representative slices through tomograms of WT and mutant viruses for each category are shown as a 
gallery. (B) Virions with mature lattices were further subdivided into single cores (light blue), multi-
layered cores (dark blue), cores with additional open structures (light orange), cores with additional 
attached closed structures (dark orange), or multiple cores (dark green), and their frequency was plotted 
as a percentage of mature viruses. Representative tomograms of mutant viruses for each category are 
shown as a gallery, Scale bars: 100 nm. 

4.3 Discussion  

IP6 binding is important for immature hexamer formation, and thus for efficient HIV-1 

infection. IP6 is recruited into assembling virions via two lysine rings (K158 and K227) 

within immature Gag hexamers, and mutation of the K158 ring abolishes immature 

VLP formation in vitro. Introducing additional stability in the immature lattice, for 

instance by the stability mutant T8I or by adding MIs like PF96, can restore infectivity 

of K158A mutant virions. In vitro assembly showed that T8I assembled remarkably 

faster in vitro than WT (Figure 25), suggesting it is more efficient in enriching IP6. 

However, K158A/T8I did not assemble in vitro, probably because the assay used does 

not recapitulate all components of immature assembly, for instance, the interaction 

between the nucleocapsid (NC) domain of Gag and the viral RNA. Remarkably, the 

presence of PF96 allowed K158A/T8I assembly. This confirms that K158A assembly 

can be restored by increasing the stability of the immature lattice. Moreover, it also 

shows that PF96 and IP6 can act cooperatively to increase immature VLP assembly 

of WT CA-SP1, similar to the reported effect of BVM326. It also explains why the MI 

can restore both infectivity and IP6 incorporation into the K158A virus. 

Analysis of cores via cryo-ET revealed many additional structures in K158A virions 

that were largely missing in K158A/T8I virions. This is in line with previously published 

thin-section EM data where K158A virions contained irregularly shaped cores and 

multiple cores305. This suggests that IP6 may be required to ensure the formation of a 

single conical core, as has been demonstrated in vitro190. In line with this, K158A cores 

were shown to be highly unstable but the addition of T8I increased capsid stability 

most likely by restoring IP6 binding322. However, it is worth mentioning that K158A 

capsid protein assembled into cylinders in high salt, but in contrast to WT, the K158A 

cylinders tended to aggregate in vitro and it was speculated that the removal of K158 
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might introduce a new hydrophobic surface enabling aggregation304. This may 

contribute to the over-assembly phenotype observed in my tomograms.  

Taken together, the data presented in this chapter suggests that because the K158 

mutant packages less IP6 and is therefore less stable than wild-type, it can escape 

MIs, which can otherwise make immature hexamers hyperstable and defective for PR-

mediated cleavage. The reduced capsid stability of the lysine mutants also explains 

why PF96 promotes their infectivity; it restores hexamer stability and IP6 binding. The 

second-site mutations behave like MIs, stabilising the immature hexamers and 

restoring infectivity and IP6 incorporation.  
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Chapter 5 IP6 dependency of immature 

and mature capsid 
5.1 Introduction  

In the previous chapters, I have established the importance of IP6 for producing 

infectious viral particles. IP6 is recruited into virions during immature assembly by two 

lysine rings (K158 and K227) and promotes VLP assembly190,191,322. Mutation of either 

K158 or K227 prevents IP6 enrichment, decreases virion production and results in a 

profound loss of infectivity191,322. In the mature capsid, one or two IP6s are coordinated 

by two charged rings (R18 & K25), and these residues were shown to be essential for 

productive infection229,271,327. HIV’s dependence on IP6 can also be investigated by 

interfering with the inositol phosphate metabolism for instance by knocking out the IP6 

generating kinases IPMK or IPPK or overexpressing the phosphatase MINPP1 (the 

inositol phosphate metabolism pathway is shown in Figure 7). To understand the 

effect of these manipulations, the cellular IP profile in KOs +/- MINPP1 overexpression 

were measured. KO of IPMK reduced IP6 levels by ~ 10-fold compared to WT cells, 

whereas KO of IPPK reduced IP6 levels > 50-fold, while IP5 was unaffected (Figure 

27 A). Overexpression of full-length MINPP1 (MINPP1 FM1) resulted in further 

reduction of IP5 and IP6 in both KOs. Interestingly, the amount of IP4 was significantly 

higher in IPPK KO + MINPP1 than in the IPMK KO cells, while IP6 levels were > 5-

times lower (Figure 27 A). In line with previous publications, KO of IPMK or IPPK 

decreased viral production191,192,313 and further reduction of IP6 levels by 

overexpressing MINPP1 nearly abolished viral production313, especially when MINPP1 

was localised to the plasma membrane (MINPP1 PM1) (Figure 27 B). Virions 

produced in IPPK or IPMK KOs showed no or only a modestly reduced infectivity. 

However, infectivity was reduced substantially when virions were produced in KOs 

plus MINPP1 overexpression. Similar to what has been observed for viral production, 

this effect was exacerbated by targeting MINPP1 to the plasma membrane in the IPPK 

KO background (Figure 27 C, D). The production and infectivity data suggest that HIV-

1 actively recruits IP6 at the plasma membrane during immature Gag lattice assembly 
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and viral budding. Reduced IP6 incorporation, as found in the IPMK KO knockout, 

combined with MINPP1 has a dramatic effect on Gag processing leading to an 

accumulation of uncleaved Pr55 Gag (Figure 27 E).  

 

Figure 27: Altering IP composition in producer cells changes HIV-1 particle production, Gag 
processing and infectivity. (A) 293Ts, CRISPR KOs of IPMK or IPPK191, or KOs over-expressing 
either full-length (FM1) or plasma-membrane targeted (PM1) MINPP1 were grown in tritiated inositol. 
IP species were extracted and separated by SAX-HPLC in HEK293T cells. The proportion of each IP 
species as a fraction of the total IP2-IP6 concentration. (B) HIV-1 production, as measured by RT 
activity, expressed as a percentage of virus production in HEK293T cells. (C-D) Infectivity of viruses 
from (B) plotted against quantity of input virus. (E) Gag cleavage efficiency of WT purified virions, 
calculated as the relative amount of p24 (CA), p41 and Pr55Gag as a percentage of total Gag. Error 
bars depict SEM from three experiments. Experiments in this figure were performed by Donna Mallery. 

IP6 incorporation into the virion can also be reduced by mutating both lysine rings in 

the immature lattice simultaneously (K158A/K227A or KAKA). This has a smaller 

impact on production than mutation of the individual lysine residues (Figure 28 A). 

However, KAKA mutants displayed markedly reduced infectivity, with a ~100-fold 

lower infectivity than WT and therefore lie between K158A and K227A. Interestingly, 
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in contrast to the single mutants, addition of the CA-SP1 stability mutant T8I does not 

rescue infectivity (Figure 28 B) and the KAKA mutant failed to incorporate IP6 (Figure 

28 C).  

 

Figure 28: HIV-1 can become independent of IP6 for immature particle assembly. (A) Virus release 
efficiency of Gag mutants, calculated as the percentage of particle-associated p24 (CA) as a fraction of 
total (cell- + particle-associated Gag) normalised to WT virus in HEK293T cells. Error bars depict the 
SEM from at least three independent experiments. WT vs K158A p=0.0017(**), WT vs K227A 
p=0.003(**), WT vs KAKA p=0.058(ns). (B) Infectivity of Gag mutants normalised to the quantity of input 
virus [per 30 pg of reverse transcriptase (RT) in HEK293T cells. Error bars depict the SEM from three 
independent experiments. C) Viruses produced in cells supplemented with tritiated inositol were purified 
and inositol phosphate species extracted and fractioned by SAX-HPLC in HEK293Ts. The counts per 
minute (CPM) of IP6 shown as a fraction of total CPM in the sample. Error bars depict mean CPM ± 
SEM from at least two independent experiments. Experiments in this figure were performed by Donna 
Mallery and Alex Kleinpeter (A). 

5.1.1 Aims 

The aim of this chapter was to investigate whether IP6 is essential for immature or 

mature assembly or both.  

First, I investigated the impact of significant IP6 reduction in virions by analysing the 

morphology of viruses produced in IP6 depleted cells via cryo-ET. I then determined 

if other IPs can functionally replace IP6 in the immature and the mature capsid by 

measuring capsid assembly in presence of IP5, IP4, IP3 and IP2. In addition, I 

measured the stability and cleavage behaviour of immature VLPs assembled with 

different IPs.  

Lastly, I determined whether the KAKA mutant assembles independent of IP6 in vitro 

and what impact the KAKA mutation has on mature capsid formation by cryo-ET.  
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5.2 Results 

5.2.1 Virions produced in IP5/IP6-depleted cells show aberrant morphology 

To investigate the impact of IP6 depletion on particle production, I used cryo-ET to 

analyse particles produced in IPPK and IPMK KOs cells over-expressing full-length 

MINPP1. These cells contain high IP3 and IP4 but low IP5 and IP6 levels (Figure 27 

A). I classified all particles that possessed Gag structures into immature and mature 

with conical, tubular, or irregular cores. Surprisingly, the proportion of mature conical 

capsids of virions produced in IPPK/FM1 cells was only slightly reduced, and no 

reduction was seen in IPMK/FM1 cells compared to WT (Figure 29 A, B). However, 

more irregular cores were present in both KOs. I further subclassified the mature 

particles into single cores or multiple cores, multi-layered cores and cores with 

additional open or closed structures (Figure 29 C, D). Mature capsid cores formed by 

virion produced in the IPPK or IPMK KO cells had more additional structures for 

example multiple or multi-layered cores in virions, when compared to WT. However, 

the magnitude of the morphology defects revealed by cryo-ET does not explain the 

severe infectivity defect of virions produced in the KO/FM1 cells. During analysis, I 

realised that the number of virions on KO/FM1 grids appeared to be significantly lower 

compared to what was expected by RT quantification. This would suggest that 

particles contain viral proteins but are not able to from visible Gag assemblies. 

Therefore, I quantified all membrane-enclosed particles that had identifiable VSV-G 

surface protein. I divided them into clearly identifiable virions, vesicles with structured 

or unstructured density, filamentous structures, and partial densities (Figure 29 E, F). 

VSV-G positive particles from KO/FM1 cells were more likely to appear ‘empty’ or 

contain only partial or unstructured density.  
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Figure 29: HIV-1 particles produced in IP5/IP6-depleted cells display aberrant morphology and 
are often empty. (A-D) Cryo-ET on HIV-1 virions produced in IPMK and IPPK KO cells while MINPP1 
was overexpressed. Tilt series were collected, and reconstructions performed to assess capsid 
morphology. A total of 131 WT, 34 IPPK FM1, 48 IPMK FM1 and 163 KAKA virions were analysed. (A) 
Virions were classified into the categories: Immature (pink), Mature Conical (dark blue), Mature Tubular 
(light blue), Mature Irregular (green). (B) Slices through tomograms show representative examples of 
the viral morphologies, Scale bars: 100 nm. (C) Virions with mature lattices were further subdivided 
into: Multiple Cores (dark green), Single Cores (cyan), Cores with additional closed structure (orange), 
Cores with additional open structure (light orange), Multi-layered Cores (blue). (D) Slices through 
tomograms show representative examples of the viral morphologies, Scale bars: 100 nm. (E) All 
vesicles with visible VSV-G surface protein on the grid were categorized into: Virions (black), Partial 
density (gray), Empty (orange), Structured density (blue), Filament structures (dark pink), Partial density 
(light pink). (F) Slices through tomograms show representative examples of the viral morphologies, 
Scale bars: 100 nm. 

This suggests that lack of IP6 and/or the incorporation of smaller IPs results in the 

production of aberrant vesicular particles without an organised capsid structure. 
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Aberrant particles may form when immature or mature Gag does not polymerize 

efficiently. This might be due to incomplete or altered cleavage or insufficient IP6 levels 

to allow the formation of cores. Thus, part of the infectivity defect of KO/FM1-produced 

virus may be due to an increase in the number of aberrant particles resulting in an 

over-estimate of the number of true virions. 

5.2.2 Lower IPs can promote immature but not mature capsid assembly 

Thus, I compared the ability of different IPs to promote in vitro assembly of immature 

and mature VLPs to understand how different IPs could give rise to defects in HIV-1 

particle production and infection. I started by looking at immature assembly with a 

ΔMA-CANC construct, comprising part of the matrix (MA) domain and all of the capsid 

(CA) and nucleocapsid (NC) domains326. In presence of RNA and an IP concentration 

of 50 µM, IP5 and IP6, but not IP2-4, promoted immature assembly (Figure 30 A, D). 

IP6 promoted assembly substantially faster than IP5 with a shorter lag time. IP4 

assembly only occurred at elevated concentrations (Figure 30 B, C, D). Neither IP2 

nor IP3 were able to stimulate immature VLP formation under these conditions. To test 

the importance of Gag concentration, I increased the amount of DMA-CANC in the 

reactions while maintaining a stoichiometry of 1 IP molecule per 1 immature Gag 

hexamer. At 50 µM DMA-CANC, only IP6 stimulated immature assembly, whereas at 

100 µM IP5 and at 150 µM IP4 were also assembly competent (Appendix Figure 14). 

There were clear differences in assembly efficiency and kinetics, with reduced particle 

formation by smaller IPs at equivalent Gag and IP concentrations.  
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Figure 30: Immature particles assemble more slowly with smaller IPs. In vitro assembly of 
immature VLPs using recombinant ΔMA-CANC protein. IPs at the indicated concentrations and 7.5 µM 
RNA were added to 75 µM ΔMA-CANC and assembly monitored through absorbance changes at 350 
nm at 25°C. IPs at 50 µM (A), 100 µM (B) or 200 µM (C) were added. (E) Negative stain images of the 
final assembly reactions in (C), Scale bars: 200 nm. (E) In vitro assembly at 37°C. Indicated IPs were 
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added at equimolar ΔMA-CANC concentration or 12.5 µM, to achieve a stoichiometry with immature 
hexamers of 6:1 or 1:1 respectively. (F) Negative stain images of the final assembly reactions shown in 
(E), Scale bars: 200 nm. 

Subsequently, I tested the temperature-dependency of immature VLP assembly 

kinetics and efficiency. Whilst IP3 was not able to assemble VLPs at 25°C (Figure 30 

A-C), at 37 °C with 75 µM DMA-CANC, IPs from IP3 to IP6 were all able to stimulate 

the formation of immature VLPs, albeit with decreasing kinetics (IP6>IP5>IP4>IP3). 

IP2 was not able to assemble at these conditions (Figure 30 E, F). In addition, lower 

concentrations of IPs were necessary to promote efficient assembly at 37°C. IP6 

assembled efficiently at a stoichiometry of 1 molecule IP6 per 1 immature hexamer 

and increasing the IP concentration further did not enhance assembly (Figure 30 E). 

This is consistent with there being only one assembly-promoting IP bxinding site per 

immature hexamer. Next, I added sub-stoichiometric amounts of IP6 to 75 µM DMA-

CANC and monitored its assembly (Figure 31 A). Assembly plateaued at a lower 

absorbance when less IP6 was added and at a ratio of 0.25:1 (IP6: hexamer) about 

half the signal of a ratio of 0.5:1 was measured. Moreover, adding more IP6 to either 

condition to achieve a stoichiometric ratio of 1:1 immediately restarted assembly and 

a similar final yield was reached. As expected, addition of more IP6 to the 1:1 assembly 

condition did not restart assembly since all available CANC was already assembled. 

In contrast, increasing the concentration of IP3 and IP4 beyond a 1:1 stoichiometry 

increased both the rate and efficiency of assembly. This might be due to a lower affinity 

because lower IPs have fewer phosphates to engage with the lysine rings in immature 

hexamers. Thus, a higher concentration might be required to drive assembly to 

completion. To test this, I assembled DMA-CANC in the presence of 12.5 µM IP3 and 

IP6 (Figure 31 B). When the assembly plateaued, I added a further 12.5 µM of either 

IP. Additional IP3 did not have an effect but the addition of IP6 restarted assembly of 

plateaued IP3. However, upon addition of an excess 500 µM IP3 to the plateaued IP3 

assembly, assembly resumed to the same level as the IP6 condition (Figure 31 C). 

Taken together, immature assembly kinetics are fastest with IP6, followed by IP5, IP4 

and IP3 most likely due to decreasing DMA-CANC affinities.  
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Figure 31: Stoichiometry of immature assembly. In vitro assembly reaction of 75 µM ΔMA-CANC 
and RNA with indicated IP concentrations at 37°C. (A) In vitro assembly reaction with an IP6 to immature 
hexamers ratio of 1:1 (12.5 µM), 0.5:1 (6.25 µM) or 0.25:1 (3.12 µM). Once assembly had plateaued, 
additional IP6 was added to achieve 1:1 stoichiometry, resulting in similar final yields by absorbance. 
(B) In vitro assembly with 75 µM ΔMA-CANC and 12.5 µM (1:1 stoichiometry) IP3 or IP6. At the 
indicated time point, an additional 12.5 µM of IP3 or IP6 was added. When additional IP6 but not IP3 is 
added to the reaction there is a renewed increase in absorbance indicative of further assembly. (C) As 
with (B), but at the indicated time point excess IP3 is added (500 µM) leading to a resumption in 
assembly to IP6-stimulated levels. 

Since virions produced in IPMK and IPPK KOs overexpressing MINPP1 cells showed 

aberrant cleavage (Figure 27 E), I reasoned that different IP molecules could influence 

the stability of the immature lattice. Thus, I measured the thermal stability of immature 

VLPs assembled with different IPs. WT VLPs assembled in presence of IP6 showed 

a > 15 °C increase in melting temperature (Tm) relative to unassembled protein. The 

stability of VLPs decreased with lower IPs (IP6 >IP5>IP4 >IP3) (Figure 32 A, 

Appendix Figure 15 ). I then tested whether this reduced stability contributes to 

altered Gag processing in an in vitro cleavage assay. I added purified HIV-1 protease 

to immature VLPs that had been assembled in vitro with different IPs and assayed the 

cleavage reaction over time (Figure 32 C). Figure 32 B shows a scheme of proteolytic 

cleavage and the molecular weights of the cleavage products. I also used tartrate as 

a control, since it was previously shown to induce VLP assembly314. As expected, 

cleavage of IP6-assembled VLPs started with NC cleavage and ended with SP1 

liberation from CA. Processing of VLPs assembled in the presence of IP5 was very 

similar. However, VLPs formed with smaller IPs, most noticeably with IP3 or IP2 or 

tartrate, displayed differences in the processing sequence. In particular, SP1 cleavage 

began much earlier, immediately after liberation of NC, and proceeded more quickly 
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than in the presence of IP6. As a result, multiple cleavage products were observed. 

On example was a band possibly corresponding to ΔMA-CA, a cleavage intermediate 

rarely produced under normal processing conditions, that only occurs due to 

premature SP1 liberation. This is consistent with the reduced thermal stability of VLPs 

assembled with smaller IPs and supports the importance of IP in stabilising the six-

helix bundle within SP1 and hence the hexameric lattice. Taken together, the data 

presented here suggest that usage of IP3 or IP4 by virions produced in cells lacking 

IP5 and IP6 will result in a less stable immature lattice and altered Gag processing. 

 

Figure 32: Immature particles assembled in presence of smaller IPs are less stable and have 
altered Gag processing relative to VLPs assembled in the presence of IP5 or IP6. (A) 
Thermostability of in vitro assembled VLPs with 7.5 µM µM RNA, 75 µM ΔMA-CANC and 12.5 µM IP 
was measured by differential scanning fluorimetry (DSF). The change in melting temperature (ΔTm) 
was calculated with respect to the thermostability of unassembled ΔMA-CANC protein. Curves are 
shown in Appendix Figure 15)(B) Schematic of Gag processing by HIV-1 protease: The ΔMA-CANC 
construct is the starting material used for in vitro assembly and proteolysis experiments throughout this 
work. The sequential order of proteolytic cleavage and the MW of the cleavage products are shown. 
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(C) In vitro assembled VLPs but with an additional condition including 375 µM Tartrate rather than IP 
and unassembled ΔMA-CANC were incubated with recombinant HIV-1 protease for the indicated times 
and analysed by SDS PAGE. The probable cleavage products, based on size, are indicated. Triangles 
point to additional cleavage products that are not present in particles assembled with IP6. 

Based on the immature assembly experiments presented above, I wondered whether 

lower IPs could also promote mature VLP assembly. Although the lower IPs increased 

the melting temperature and thus bind to pre-formed hexamers (Appendix Figure 13), 

only IP6 was able to promote efficient mature capsid assembly even at very high IP 

concentration (2.5 mM) (Figure 33). IP5 was only capable of promoting assembly to 

a small extent as was IP4 although slower. No assembly was observed for IP3. IP5 

and IP4 cores were rare in negative stain and often small and non-conical. This 

establishes that depletion of IP6 impacts mature assembly significantly more.  

 

Figure 33: Mature cores only assemble efficiently with IP6 (A) In vitro assembly of mature VLPs 
using 150µM recombinant CA protein and 2.5 mM of the indicated IP. (B) Negative stain EM images of 
the final assembly reactions shown in (A), Scale bars: 200 nm. 

5.2.3 Immature VLP assembly can be IP6 independent 

IP6 levels within virions can also be manipulated by removing residues in the immature 

lattice responsible for its enrichment - K158 and K227. The double lysine mutant, 

KAKA, produces more virion than either single lysine mutant alone, to approximately 

75% WT, but it remains significantly impaired for infection (Figure 28). The increased 

production of the KAKA mutant suggests its Gag lattice forms more readily than to the 

single mutants.  

I investigated the assembly of WT and KAKA DMA-CANC protein proteins in vitro. WT 

immature particles assembled only in presence of both IP6 and RNA, whereas RNA 

alone was sufficient to drive assembly of the KAKA mutant (Figure 34 A) as described 
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previously328. As expected, IP6 did not enhance KAKA assembly as this mutant does 

not contain the lysine rings required to bind IP6. However, assembly of KAKA was 

slower compared to WT with IP6. This observation contrasts with previous work 

suggesting KAKA assembly is more efficient than WT328. Negative stain analysis 

showed that KAKA VLPs were similar in size and shape to WT assembled with IP6 

(Figure 34 B). I then tested the effect of the SP-1 mutant T8I on assembly (Figure 34 

C, D). T8I assembled efficiently with IP6 and RNA, and like WT it did not form VLPs 

without IP6. KAKA/T8I DMA-CANC assembled in the absence of IP6 with increased 

kinetics compared to KAKA. As expected, the addition of IP6 did not enhance 

KAKA/T8I VLP assembly. This data suggests that immature hexamer stability is crucial 

factor in VLP assembly velocity.  

To assess the stability of KAKA VLPs, I measured the increase in thermal stability 

upon VLP assembly (Figure 34 E). WT VLPs assembled in the presence of IP6 and 

RNA showed a ~12 °C increase in melting temperature (Tm) relative to unassembled 

protein. No increase in melting temperature was observed in the absence of IP6 as no 

WT assembly occurred under these conditions. Mutant SP1-T8I VLPs assembled with 

IP6 and RNA achieved a higher melting temperature than WT. KAKA VLPs assembled 

with RNA only, displayed an increased melting temperature of ~8 °C. As expected, 

this was not further increased in presence of IP6. The Tm of KAKA/T8I VLPs 

assembled with RNA only was slightly increased compared to KAKA. No further effect 

could be measured in the presence of both RNA and IP6. This shows that IP6 is 

required for optimal assembly and stability of immature HIV-1 VLPs. However, if IP6 

recruitment is impaired, e.g., by mutating one lysine ring, then an uncharged immature 

hexamer core lacking both lysine rings is preferred.  
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Figure 34: HIV-1 immature assembly can become independent of IP6. (A) In vitro assembly of 
immature VLPs using recombinant ΔMA-CANC protein 7.5 µM RNA was added to 75 µM ΔMA-CANC 
and assembly monitored through absorbance changes at 350 nm. (B) Negative stain EM of samples of 
the final assembly reactions shown in (A), Scale bars: 200 nm. (C) Kinetics of immature VLP assembly 
of ΔMA-CANC mutants using 10 µM RNA and 100 µM ΔMA-CANC. (D) Negative stain EM of samples 
of the final assembly reactions shown in (C), Scale bars: 200 nm. (E) The thermostability of in vitro 
assembled VLPs of (C) was measured by differential scanning fluorimetry and expressed as a change 
in melting temperature (Tm) compared to unassembled ΔMA-CANC. 

The ability of the KAKA mutant to undergo immature particle assembly in vitro 

suggested that its reduced infectivity may be due to defective mature core formation 

as a consequence of reduced IP6 levels within the virion. I, therefore, used cryo-
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electron tomography (cryo-ET) to examine the structures of capsids in purified virions 

(Figure 35). WT, KAKA and KAKA/T8I virions were classified into immature or mature 

virions. The latter was subdivided into conical, tubular or irregular capsid or ambiguous 

virions with no proper Gag structure (Figure 35 A, B). KAKA virions had fewer conical 

capsids than WT and an increased proportion of irregular or tubular mature capsids. 

In addition, more ambiguous virions were observed. However, this does not explain 

the infectivity defect. I further analysed the mature virions and classified possible 

substructures (Figure 35 C). This showed that KAKA mostly contained single cores 

similar to WT. This is in contrast to virions of the single mutant K158A where additional 

structures were observed often (Figure 35 C, Figure 26). The K158A infection and 

processing defects were previously shown to be rescued by the second-site 

compensating mutation SP1-T8I, which stabilises the six-helix bundle at the centre of 

the immature Gag hexamers and restores IP6 enrichment into virions322. Addition of 

T8I to K158A was also shown to reduce the presence of additional structures (Figure 

35 C, Figure 26). In contrast, addition of SP1-T8I had little effect on KAKA (Figure 35 

A-C). This is in line with the in vitro assembly data and suggests that the KAKA mutant 

is already capable of forming a stable immature hexameric Gag lattice. 
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Figure 35: KAKA can form immature and mature capsids. (A-B) Cryo-ET of indicated HIV-1 
mutants. Tilt series were collected, and reconstructions performed to assess capsid morphology. A total 
of 163 KAKA, 187 KAKA/T8I, 69 T8I, 127 K158A and 119 K158A/T8I virions were analysed. (A) Virions 
of the indicated Gag mutants were classified into the indicated categories: Ambiguous (orange), 
Immature (pink), Mature Conical (dark blue), Mature Tubular (light blue), Mature Irregular (green). (B) 
Example tomograms of the virions quantified in (A), Scale bars: 100 nm. (C) Virions with mature lattices 
were further subdivided into: Multiple Cores (green), Single Cores (cyan), Cores with additional closed 
structure (orange), Cores with additional open structure (light orange), Multi-layered Cores (blue). 

The KAKA mutation also rescued Gag processing in virions produced in IP6-depleted 

cells; irrespective of kinase KO or MINPP1over-expression, KAKA achieved similar 

Gag cleavage efficiency as virions produced in WT cells (Appendix Figure 16 C). I, 

therefore, used a proteolytic cleavage assay to monitor KAKA cleavage efficiency 

(Figure 36). WT and mutant ΔMA-CANC was assembled in the presence of IP6, RNA 

and tartrate to promote VLP formation of all constructs (Appendix Figure 17). 

Processing of the mutant VLPs proceeded slightly differently compared to WT. SP1 

liberation from K158A VLPs occurred earlier, and multiple cleavage products were 

visible. K227A and KAKA cleavage was more similar to WT but, SP1 appeared to be 

cleaved slightly faster than WT. The CA-SP1 band was more dominant in the WT 

reaction and persisted longer, whereas for the mutants CA-SP1 was cleaved earlier. 

Processive proteolytic cleavage is depended on immature lattice stability, and 
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cleavage of SP1 is crucial to shift the lattice to a mature form to allow infectious particle 

formation329. Thus KAKA, but not K158A, appears to be able to assemble a stable 

immature lattice allowing ordered WT-like proteolytic cleavage.  

 

Figure 36: KAKA rescues cleavage defect in vitro. In vitro assembled VLPs assembled in 375 µM 
Tartrate, IP6 and RNA were incubated with recombinant HIV-1 protease for the indicated times and 
analysed by SDS PAGE. The probable cleavage products, based on size, are indicated.  

 Making the immature lattice IP6-independent by mutating the lysine residues also 

made viral production independent of IP6 levels in producer cells (Appendix Figure 

16 A). However, IP6 depletion dose-dependently decreases the infectivity of all lysine 

mutants (Appendix Figure 16 B). Despite KAKA virions having a reduced ability to 

enrich IP6 into virions, IP6 can still be incorporated passively into virus particles in WT 

cells. However, in IP6 depleted cells the pool of IP6 available for passive incorporation 

into KAKA virions is drastically reduced and thus, mature capsid assembly might be 

impaired. 

5.2.4 Mature and Immature Assembly require a different concentration of IP6 

To understand how immature and mature capsid formation is impacted by IP6 levels, 

I carried out in vitro mature assembly reactions with recombinant CA. I measured the 

maximal absorbance values (Amax) corresponding to maximal assembly. A range of 

different CA and IP6 concentrations were measured to calculate the concentration 

necessary for half-maximal absorbance for mature assembly (AbsMA). An AbsMA of 224 

± 17 µM was calculated for mature assembly (Figure 37 A). Likewise, the half-maximal 

absorbance for immature assembly (AbsIA) was measured using DMA-CANC in the 

presence of RNA. The calculated AbsIA constant was 2.8 ± 1.4 µM IP6 (Figure 37 B). 

This data shows that immature VLP assembly occurs at IP6 concentrations ~ 100-fold 

below what is required for mature VLP assembly. As cellular concentrations of IP6 are 

22-44 µM155, immature assembly can occur efficiently in producer cells. In stark 
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contrast, mature capsids formation cannot. Moreover, this strongly implies that mature 

capsid formation must be more sensitive than immature assembly to any reduction in 

cellular IP6 levels.  

 

Figure 37: Half-maximal assembly for mature and immature capsid assembly. (A) In vitro mature 
assembly kinetics with 75 µM CA and 50-1500 µM IP6 are shown on the left. The maximum assembly 
at different IP6 concentrations was fitted to equation I: Y=Amax*Xh/(AbsMAh + Xh); where Amax is the 
maximum assembly, AbsMA is the half maximal assembly and h is the Hill slope. Fitting gave a AbsMA 
of 217 ± 16 µM. Error bars depict mean Amax ± SD of at least three independent measurements. EM 
images of negatively stained samples of the final assembly reactions are shown on the right, Scale 
bars: 200 nm. (B) In vitro immature VLP assembly with 75 µM CANC and a range of IP6 concentrations. 
Data) were fitted as to give a AbsIA of 2.8 ± 1.4 µM. Error bars depict mean Amax ± SD of at least three 
independent measurements. EM images of negatively stained samples of the final assembly reactions 
are shown on the right, Scale bars: 200 nm. 

5.3 Discussion 

The data shown here highlights the importance of IP6 in the HIV-1 replication cycle. 

IP6 binds to and promotes assembly of both immature VLPs and mature capsids. In 

vitro assembly kinetics showed that IP6 concentrations have to be significantly higher 

to promote mature assembly compared to immature assembly. This might be 
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necessary, because the immature CANC protein has the ability to form mature 

particles in vitro190. However, the cellular IP6 concentration of 24-47 µM measured in 

mammalian cell lines155 is too low to support mature assembly. Thus, mature assembly 

can only occur within virions where IP6 has been enriched. Tritiated inositol 

measurements suggest there over 300 IP6 molecules per virion229. If 300 IP6 

molecules were present in a 120 nm virion, the concentration would be around 0.55 

mM IP6 suggesting a 10-fold enrichment within the virion. Thus, if 1500 CA monomers 

assemble into a capsid, 1–2 IP6 molecules per hexamer would be present in a fully 

assembled capsid. This is consistent with there being two known binding sites per 

hexamer provided by R18190,229 and K25327.  

Previous experiments have tested the dependence of HIV-1 on IP6 by knocking out 

biosynthetic IP kinases191,192,313. It was shown that IPMK or IPPK KO results in mild 

infection and production defects. IP6 appears to be efficiently recruited by the lysine 

rings into the immature Gag lattice even at low cellular concentration, thereby 

enriching IP6 into virions. This would allow mature assembly even if cellular IP6 levels 

are reduced. Over-expression of the phosphatase MINPP1 reduces the levels of IP5 

in IPPK KOs and IP6 in IPMK KOs such that they are at level well below the 

concentration required for immature assembly, while IP3 and IP4 levels remain 

unchanged or even increased. This leads to a severe impact on viral production, Gag 

processing and particle infectivity. In vitro assembly data showed that immature VLPs 

can assemble with IP5 and to a lesser extent IP4 at close to WT kinetics or slower with 

IP3. In contrast, mature assembly is only efficient in presence of IP6 and strongly 

decreased with IP5 or IP4. This highlights that mature assembly is far more dependent 

upon IP6 than immature assembly. If IP6 is not enriched into virions then there will 

only be enough molecules to stabilise 10-30 % of hexamers in the capsid, thus risking 

post-entry premature capsid collapse. Taken together, these results strongly support 

the critical importance of IP6 in HIV-1 replication.  

IP6 incorporation can also be depleted by mutating one or both of the lysine rings of 

the immature hexamer. Unlike the single mutants, mutation of both rings (KAKA) does 

not have a substantial defect in particle production or Gag processing. In addition, 

KAKA can assemble into immature VLPs in the absence of IP6. This demonstrates 

that there is no intrinsic structural requirement for IP6 in building an immature HIV-1 
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Gag lattice. Meanwhile, cryo-ET of KAKA virions shows that mature capsids can also 

form in absence of IP6 enrichment, albeit in ¼ of cases compared to WT. Capsid 

formation within KAKA virions may be driven by the extremely high local CA 

concentration. However, these capsids are most likely very unstable once this 

concentration drops. Thus, as soon as virions release their capsid into the cytoplasm, 

the capsid will likely disassemble immediately. As a result, KAKA shows a strong 

reduction in infectivity compared to WT. Interestingly, infectivity of KAKA lies between 

K158A and K227A. Whilst K227A can enrich some IP6, KAKA and K158A have lost 

this ability, explaining their reduced infectivity. KAKA is probably more infectious than 

K158A because it does not show the same over-assembly phenotype as K158A (see 

chapter 4) which most likely has a negative impact on infection.  

However, the fact that there are no natural KAKA isolates330 indicates that enriching 

IP6 into virions provides an important selective advantage for HIV-1 transmission. 

KAKA virus is essentially independent of IP6 at the level of immature assembly and 

also rescues the cleavage defects observed with WT Gag expressed in IP6-deficient 

cells. Nevertheless, it has a profound infectivity defect that strongly suggests that IP6 

is required for mature capsid assembly and/or stability. This is further supported by 

the fact that the infectivity defect of KAKA is exacerbated by IP6-depletion in producer 

cells. Interestingly, the KAKA mutant seems to be very similar to Rous sarcoma virus 

(RSV). The immature capsid of the RSV does not possess the basic rings found in 

HIV and RSV immature assembly is consequently IP6 independent. However, IP6 is 

essential for mature capsid formation and is coordinated by a ring of lysine and 

arginine residues in mature hexamers. Viral infectivity and release is even more 

sensitive to IP6 depletion than WT HIV-1331. This is most likely because like in the 

KAKA mutant IP6 cannot be enriched but is only passively incorporated into the budding 

virus. Whether there are mutations equivalent to KAKA in the mature capsid that make 

mature assembly IP6 independent remains to be determined.  
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Chapter 6 Conclusions and outlook 
6.1 Conclusions 

In this thesis, I aimed to investigate the role IP6 plays in mature and immature HIV-1 

assembly and whether it is essential for HIV-1 replication.   

Chapter 3 describes the role of two positively charged rings, R18 and K25, in the 

mature hexamer. Both residues were proposed to recruit dNTPs to facilitate 

encapsidated DNA synthesis and removal of these rings strongly reduces 

infectivity49,271. Since clustering of charges is destabilising, it was also proposed that 

R18 recruits the metabolite IP6 to allow capsid assembly190,229. Whilst R18 engages 

IP6 at the top of the pore, K25 can simultaneously bind a second IP6 molecule. 

Mutation of R18 leads to irregularly shaped and unstable mature capsid in virions and 

IP6 cannot drive assembly of capsid cones in vitro. Likewise, mutation of K25 results 

in a severe defect in capsid assembly and stability. Monitoring both the kinetics and 

morphology of capsids assembled in vitro revealed that while mutant K25A can still 

form tubes in presence of IP6, the ability of IP6 to drive assembly of capsid cones has 

been lost. This suggests that recruitment of a second IP6 by K25 drives the assembly 

of conical capsids or that K25 can help to maintain IP6 in capsomers. Due to the 

strongly decreased capsid stability, it cannot be directly tested whether R18 and K25 

are involved in nucleotide import because the reverse transcription defect that results 

from their removal could be explained by unstable cores that disassemble rapidly 

during infection. In contrast to R18G, capsid formation of K25A can be rescued by 

compensating mutants without restoring the charged K25 ring. These compensatory 

mutants also largely rescue infection and allow reverse transcription. This suggests 

that K25 is not essential for capsid assembly and nucleotide import, but rather 

enhances capsid assembly. Why HIV-1 has evolved to utilise two charged rings, 

whereas other lentiviruses have just one, is both an interesting question itself and may 

yet help to address exactly what roles the rings play.  

Chapter 4 describes the role of IP6 in the context of immature lattice stability. The 

immature Gag hexamer recruits IP6 to promote immature lattice assembly and provide 

stability. Lattice stability has to be carefully modulated to allow processive proteolytic 
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cleavage. This is exploited by a class of drugs called maturation inhibitors which 

stabilise the immature lattice and thus interfere with cleavage to reduce infectivity. It 

was shown that IP6-binding deficient virions are resistant to the maturation inhibitor 

PF96. Importantly, PF96 and IP6 do not compete for binding to immature hexamers, 

but PF96 can act with positive co-operativity to restore IP6 incorporation into virions 

with impaired IP6 binding. Likewise, passaging experiments yielded compensatory 

mutants that stabilise the immature lattice and can also rescue IP6 incorporation, 

assembly and infectivity of IP6-binding-deficient mutants. This indicates that HIV can 

maintain IP6 binding by altering the stability of the immature Gag lattice. Thus, 

designing MIs that mimic IP6 but block its incorporation may provide more potent 

antiretrovirals that are more challenging for the virus to escape from.  

Chapter 5 shows that the immature lattice is required to recruit IP6 into immature 

virions to catalyse mature capsid assembly. An HIV-1 Gag mutant, which lacks both 

the positively charged amino acid residues responsible for binding IP6, does not enrich 

IP6 but allows immature lattice formation and viral production. However, without 

sufficient IP6 molecules inside each virion, HIV-1 can no longer build a stable mature 

capsid and becomes non-infectious. Moreover, manipulating the availability of cellular 

inositol phosphates reveals that HIV-1 cannot functionally replace IP6, as substitution 

with other IPs profoundly slows mature assembly kinetics and results in virions with 

gross morphological defects. These results suggest that HIV-1 enriches IP6 into 

virions not because it is essential for the assembly of an immature lattice but because 

it is needed to form and stabilise a mature capsid. 

6.2 Outlook 

As established in this thesis, IP6 might play several roles in HIV replication. It may be 

necessary to maintain ideal capsid stability in the cytoplasm, withstand nuclear import 

and ensure ordered uncoating in the nucleus. Another possibility is that IP6 binding is 

required to build a mature capsid that contains a charged pore capable of importing 

dNTPs for encapsidated reverse transcription. The positively charged pores 

necessary for dNTP import and translocation are a destabilising feature if they are not 

masked by IP6. While this thesis shows that K25 does not seem to be essential for 
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efficient reverse transcription, it cannot prove or disprove if the pore is necessary for 

dNTP import.  

One approach to gain further insights into the necessity of IP6 is the investigation of 

other retroviruses. It is becoming increasingly evident that IP6 binding is evolutionarily 

conserved in lentiviruses and possibly in other retroviruses (phylogeny of retroviruses 

is shown in Figure 1). The Gag proteins of the lentiviruses HIV-1, HIV-2, simian 

immunodeficiency virus (SIV), feline immunodeficiency virus (FIV), equine infectious 

anaemia virus (EIAV), and bovine immune deficiency virus (BIV) all have conserved 

lysine residues (equivalents to K158 and K227 in HIV-1) in their immature lattice. In 

vitro assembly assays have shown that the immature assembly of these lentiviruses 

can be induced by IP6313,332. In line with this, the production of HIV-1, HIV-2, SIV, and 

FIV was reduced in IPMK or IPPK KO cells191. Another study confirmed that for SIVmac 

production and infectivity, IP6 or IP5 are essential in producer but not target cells313. 

However, IP6 did not seem to be necessary for FIV or EIAV production as no effect 

was observed when IPPK or MINPP1 were added313,332. Nevertheless, it should be 

noted that in neither study the abundance of inositol phosphate species was 

quantified. Although IP6 binding to immature EIAV Gag is identical to HIV, EIAV can 

form immature VLPs in absence of IP6 in vitro, because unlike in HIV-1, its 6 -helix 

bundle is stable in the absence of IP6332. However, the formation of immature EIAV 

VLPs was substantially increased by IP6 addition, suggesting that whilst IP6 may not 

be critical for non-primate lentiviruses, it significantly enhances assembly and 

production. So far, the IP6 dependence of the mature capsids has not been 

investigated for other lentiviruses than HIV-1. They all have at least one positively 

charged ring in the hexamer, but it is likely that the IP6-dependence for mature 

assembly might differ. All lentiviruses can infect non-dividing cells, so they can pass 

through an intact nuclear envelope333,334 suggesting that they either have similar 

capsid stability to HIV-1 to be imported via the same pathways or they use different 

pathways. Thus, investigating their stability could provide valuable insights into 

different infection pathways which might also potentially be used by HIV.  

Interestingly, although the immature capsid of the alpharetrovirus rouse sarcomavirus 

(RSV) does not possess the basic rings found in lentiviruses, IP6 depletion in cells 

reduces infectivity and release. Although, RSV immature assembly was shown to be 
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independent of IP6 in vitro, infectious particle production was sensitive to IP6 

depletion. This was partly explained by a reduced particle release and the observation 

that in the mature capsid IP6 is coordinated by a ring of lysine and arginine residues 

and is involved in mature capsid formation 331. Beta- and gamma-retroviruses do not 

have lysine residues in the immature that could bind IP6. Not surprisingly, IP6 does 

not seem to be required for the production or assembly of the Gammaretrovirus Murine 

Leukemia Virus (MLV) or the Betaretrovirus Mason-Pfizer Monkey Virus 

(MPMV)313,335. It is worth mentioning that the mature capsid of lentiviruses and 

alpharetroviruses are presumed to be closed43,50,331. In contrast, the IP6 independent 

gamma retrovirus MLV does not form a closed capsid shell, thus nucleotides might be 

able to pass through gaps into the capsid336. 

It would be of great interest to investigate why certain viruses have evolved to use IP6 

and, conversely, why certain viruses appear to be IP6-independent. This thesis 

showed that the immature HIV-1 lattice can become IP6 independent, but the mature 

cannot. Investigation of whether that holds true for more retroviruses would provide 

valuable insights into mature capsid assembly. In addition, it might be possible to 

generate compensatory mutants of R18 mutants based on structural insights gained 

by other retroviruses. Such data could reveal whether mature HIV assembly can 

become IP6-independent and if so, whether this would still allow encapsidated reverse 

transcription. In addition, it could give insights into the physical properties of mature 

capsid assembly e.g. HIV-1 mainly forms conical particles, whereas RSV forms highly 

pleomorphic particles331. In addition, it might be worth investigating these observations 

and IP6 levels in general in primary T-cell macrophages and dendritic cells.  

Understanding why viruses use IP6 will improve our knowledge of how infectious 

retroviral particles are formed, which co-factors they use and when they disassemble. 

Importantly, this could lead to the development of new antiviral drugs. Since the HIV 

capsid is very conserved this could be a useful option for the long-term antiviral 

treatment.  
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Appendix Figure 1: (A) RT assay of viral supernatant. Error bars depict mean ± SD of three replicates 
from one experiment representative of three independent preps. (B) Fold reduction of RT present in 
viral supernatant of mutants compared to WT in 2 biological replicates. (C) RT assay to show similar 
incorporation of the enzyme in WT and K25A cores for ERT experiments. (D) Western-blot of purified 
virions showing that WT and mutants have similar levels of p24 processing, consistent with normal 
maturation. (E) Western-blot of infected cells showing that WT and mutants have similar levels of p24. 
Error bars depict mean ± SD of three replicates from one experiment representative of three 
independent core preps. All experiments of panels except (C) were done by Donna Mallery. 
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Appendix Figure 2: (A) ERT assay measuring the synthesis of strong-stop DNA in the presence of 
DNase of WT and K25S cores at increasing concentrations of dNTPs. (B) ERT assay measuring the 
synthesis of strong-stop DNA in the presence of DNase at 1µM dNTPs of WT and K25S cores at 
increasing concentrations of IP6. Error bars in infection experiments depict mean ± SD of three 
replicates from one experiment and representative of three independent experiments. 

 

Appendix Figure 3: Representative tomogram slices of WT virion. Scale bar: 100 nm.  
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Appendix Figure 4: Representative tomogram slices of WT virion. Scale bars: 100 nm. 
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Appendix Figure 5: Cryo-ET Analysis of R18G and WT additional structures. Virions with mature 
lattices shown in Figure 13 were further subdivided into: Multiple Cores (green), Single Cores (cyan), 
Cores with additional closed structure (orange), Cores with additional open structure (light orange), 
Multilayered Cores (blue). Scale bars: 100 nm. 
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Appendix Figure 6: N21K mutants (A) Infectivity is measured using an Incucyte and determined as the 
proportion of cell area that is GFP +ve at a given viral dose (in ng RT).Error bars in infection experiments 
depict mean ± SD of three replicates from one experiment and representative of three independent 
experiments. (B-E) In vitro assembly reactions were monitored in real-time be measuring the 
absorbance at 350 nm. (B) Assembly reactions using 75 µM capsid protein and 2.5 M NaCl in 50 mM 
MES, pH 6.0 and the corresponding negative stain images (D). (C) Assembly reactions using 75 µM 
capsid protein and 1.25 mM IP6 in 50 mM MES, pH 6.0 and the corresponding negative stain images 
(E). Scale bars: 200 nm.  
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Table 3: Crystallographic data table for CA hexamer structures shown in Figure 21, Statistics in 
highest resolution shell are shown in parentheses.  
 

N21S/K25T+ ATP N21S/K25A+ IP6 
Wavelength 0.9999 0.9999 
Resolution range 45.79  - 2.05 (2.123  - 2.05) 46.14  - 1.94 (2.009  - 1.94) 
Space group P 6 P 6 
Unit cell 89.895 89.895 56.619 90 90 

120 
90.8 90.8 56.973 90 90 120 

Total reflections 32212 (3164) 36398 (3791) 
Unique reflections 16478 (1632) 18461 (1935) 
Multiplicity 2.0 (1.9) 2.0 (2.0) 
Completeness (%) 99.79 (99.03) 92.50 (98.77) 
Mean I/sigma(I) 6.84 (1.27) 10.44 (1.33) 
Wilson B-factor 33.92 31.17 
R-merge 0.06781 (0.6452) 0.04929 (0.7308) 
R-meas 0.0959 (0.9125) 0.06971 (1.034) 
R-pim 0.06781 (0.6452) 0.04929 (0.7308) 
CC1/2 0.996 (0.42) 0.998 (0.362) 
CC* 0.999 (0.769) 0.999 (0.729) 
Reflections used in 
refinement 

16478 (1634) 18461 (1935) 

Reflections used for R-free 793 (86) 972 (117) 
R-work 0.1967 (0.2903) 0.2090 (0.3147) 
R-free 0.2424 (0.3316) 0.2465 (0.3555) 
CC(work) 0.954 (0.749) 0.955 (0.661) 
CC(free) 0.911 (0.575) 0.842 (0.610) 
Number of non-hydrogen 
atoms 

1787 1735 

  macromolecules 1599 1597 
  ligands 31 138 
  solvent 157 205 
Protein residues 205 0.007 
RMS(bonds) 0.009 0.96 
RMS(angles) 1.31 98.99 
Ramachandran favored (%) 97.99 1.01 
Ramachandran allowed (%) 1.51 0 
Ramachandran outliers (%) 0.5 0 
Rotamer outliers (%) 0 4.71 
Clashscore 5.26 35.52 
Average B-factor 38.29 35.02 
  macromolecules 37.39 41.28 
  ligands 56.65 75.55 
  solvent 43.87 40.74 



124 References  

 

 

 

Appendix Figure 7: A) NanoDSF-derived melting temperature (ΔTM’s) of WT and mutant hexamers 
B) Changes of NanoDSF-derived melting temperature (ΔTM’s) of WT hexamers in presence of different 
IPs compared to the disulfide-stabilised hexamer in absence of ligands. Error bares depict mean SD of 
technical replicates. 

 

 

Appendix Figure 8: Comparison of the FIV and HIV mature hexamers. The FIV (5NA2) 337 mature 
hexamer is coloured in blue and residues corresponding to R18, N21, and K25 are labelled. The HIV 
structure from Figure 10 A is coloured in grey.  
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Appendix Figure 9: Representative tomogram slices of K158A virions. Scale bars: 100 nm. 
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Appendix Figure 10: Representative tomogram slices of K158A/T8I virions. Scale bars: 100 nm. 
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Appendix Figure 11: Representative tomogram slices of T8I virions. Scale bars: 100 nm. 
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Appendix Figure 12:Example tomograms of K158A virions. Densities corresponding to possible RNPs 
are indicated by arrows. Scale bars: 200 nm.   

 

Appendix Figure 13: Changes of NanoDSF-derived melting temperature (ΔTM’s) of WT hexamers in 
presence of different IPs compared to the disulfide-stabilised hexamer in absence of ligands. Error 
bares depict mean SD of technical replicates.  
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Appendix Figure 14: In vitro assembly of immature VLPs using recombinant DMA-CANC protein. IPs 
at the indicated concentrations and 7.5 µM RNA was added to 75 µM DMA-CANC and assembly 
monitored through absorbance changes at 350 nm at 25°C. IP6 (A), IP5 (B) and IP4 (C) were added. 

 

 
Appendix Figure 15: NanoDSF-derived melting curves of WT MA-CANC in presence of different IPs. 
Error bares depict mean SD of technical replicates. 

 

Appendix Figure 16: Simultaneously reducing cellular IP6 and the ability of HIV-1 to enrich it 
into virions amplifies infectivity defects. (A) Virus release efficiency of Gag mutants from either 293T 
cells or IPMK KOs overexpressing FM1, calculated as the percentage of particle-associated p24 (CA) 
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as a fraction of total (cell- + particle-associated Gag) normalised to WT virus. Error bars depict the SEM 
from at least three independent experiments. (B) Infectivity of Gag mutants normalised to the quantity 
of input virus as determined by 32P RT assay and relative to WT HIV-1. Error bars depict the SEM from 
three independent experiments. (C) Gag cleavage efficiency of WT and KAKA purified virions, 
calculated as the relative amount of p24 (CA), p41 and Pr55Gag as a percentage of total Gag in particle 
lysate. Experiments for panels (A) and (B) were performed by Alex Kleinpeter, Experiments for panel 
(C) were performed by Donna Mallery.  

 

Appendix Figure 17: Negative stain EM of VLPs formed with ΔMA-CANC, IP6, RNA and tartrate. Scale 
bars: 200 nm.  

 

Appendix Figure 18 


