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Abstract 
 Human immunodeficiency virus type 1 (HIV-1) is a virus of global public health 

concern that weakens a host’s immune system by attacking their immune cells, increasing 

susceptibility to other diseases and often leading to the development of acquired immune 

deficiency syndrome (AIDS). The HIV-1 capsid is a dynamic molecular machine essential 

to productive infection as it functions in numerous events in the viral life cycle. The mature 

capsid consists of ~1500 copies of the monomeric capsid (CA) protein arranged within an 

extended lattice that contains about 250 hexamers and exactly 12 pentamers to form a 

fullerene cone shell. Structural stability of the capsid lattice is crucial for proper completion 

of early infection events. Many binding partners of the capsid modulate lattice stability with 

either promotive or restrictive effects. In this work, we used a clean biochemical system to 

elucidate important details about the HIV-1 capsid and its binding partners, including host 

cell factor polyglutamine binding protein 1 (PQBP1). This intrinsically disordered protein 

bridges viral capsid recognition with the recruitment of cGAS (cyclic GMP-AMP synthase), 

a pattern recognition receptor that stimulates downstream induction of interferon upon 

detection of cytosolic double-stranded DNA. We provide structural evidence of PQBP1 

binding to the capsid with the primary interaction occurring between the electronegative 

N-terminus of PQBP1 and the electropositive arginine-18 ring found within CA hexamers, 

though additional regions of PQBP1 may contribute to capsid binding. Furthermore, we 

demonstrate that PQBP1 binding promotes capsid lattice destabilization, likely as a result 

of PQBP1 self-association driven by C-terminal dimerization. Through structural 

determination of cross-linked CA pentamers bound to HIV-1 antagonist GS-CA1, we also 

demonstrate structural plasticity of the CA pentamer as evidenced by its hexamer-like 

conformation in complex with this ligand. All together, this dissertation reveals new and 

important details about the HIV-1 capsid and two of its many binding partners, allowing for 

a better overall understanding of capsid’s structural dynamics throughout infection.  
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Chapter 1: Introduction 

1.1 Human Immunodeficiency Virus 

Human immunodeficiency virus (HIV) attacks the body’s immune system by 

infecting CD4+ T-cells,1 dendritic cells,2 and macrophages,3 increasing susceptibility to 

other diseases and, when untreated, leads to the development of acquired immune 

deficiency syndrome (AIDS).4 Although significant advances to combat the virus have 

been made over the last three decades, HIV remains a substantial global public health 

concern: according to a report published by the World Health Organization at the end of 

2022, 39 million people were identified to be living with HIV, and 1.3 million were newly 

infected in that year alone.5 Preventative measures such as safe sex practices and pre-

exposure prophylaxis (PrEP) or post-exposure prophylaxis (PEP) medications are the 

most effective methods to reduce HIV transmission.6 Should a person become infected 

with HIV, the main source of treatment is the use of antiretroviral therapy (ART), which 

suppresses viral replication and thus decrease the clinical burden of infection.7 Consistent 

use of ART can robustly reduce viral loads in HIV-positive individuals such that they no 

longer transmit the virus.8 However, even though ARTs can mitigate disease progression, 

it cannot cure HIV infection. In addition to causing adverse side effects being susceptible 

to drug-resistance mutations, ART is not readily and consistently accessible to all infected 

individuals, particularly those in resource-poor communities.5,9 This poses a serious 

problem since these therapies must be continuously taken to prevent viral rebound and 

subsequent disease progression. As such, the need persists for more permanent, 

manageable, and accessible treatment options. 

HIV is a single-stranded, positive-sense RNA lentivirus of two types: type 1 (HIV-

1) and type 2 (HIV-2). HIV-1 accounts for more than 95% of all infections and is the cause 
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of the global HIV pandemic, whereas HIV-2 is more geographically limited as it is endemic 

to West African regions.10 HIV-2 is more than 55% genetically different from HIV-1 and 

demonstrates lower transmission rates and slower progression than HIV-1.10–13 HIV-1 will 

be the primary focus within this dissertation, but it should not go unsaid that equivalent 

knowledge about HIV-2 is imperative for a comprehensive understanding of HIV and its 

impact on global public health. 

The early stages of HIV-1 infection (Figure 1.1; reviewed in 15) begin with cellular 

entry of a mature viral particle, which occurs through receptor-mediated membrane fusion 

(reviewed in 14): the viral envelope glycoprotein Env binds to its CD4 receptor and a co-

receptor, either C-C chemokine receptor 5 (CCR5) or C-X-C chemokine receptor 4 

(CXCR4), on the host cell membrane. A hydrophobic peptide from one of Env’s subunits 

then inserts into the membrane and refolds to bring the viral and host cell membranes into 

close proximity. The membranes fuse, and the viral core is released into the cytoplasm.14 

This core particle consists of the viral genome, the nucleocapsid (NC) protein that coats 

the genome, replicative enzymes reverse transcriptase (RT) and integrase (IN), and the 

surrounding viral capsid. Cytoplasmic entry triggers activation of RT within the capsid, 

which begins reverse transcribing the viral RNA to form the reverse transcription complex 

(RTC).15 As reverse transcription continues, the viral core traffics to the nucleus along the 

host cell’s microtubule network,16–19 docking at the nuclear pore complex (NPC) before 

undergoing nuclear import.20–37 Once inside the nucleus, reverse transcription will finish, 

resulting in formation of the pre-integration complex (PIC). Viral capsid uncoating releases 

the PIC,38–40 in which the 5’ and 3’ ends of the fully reverse-transcribed, double-stranded 

viral DNA is primed by IN for insertion into transcriptionally active sites of the host cell 

genome.26,28,41–43 Proper completion of these so-called early events relies on the 

assembled HIV-1 capsid,44 which is essential for viral infectivity.21,45,46  
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Figure 1.1. Early events of the HIV-1 life cycle. HIV-1 infection is initiated upon virion binding to a CD4 
receptor and co-receptor (either CCR5 or CXCR4) on the plasma membrane of the host cell. Upon 
membrane fusion, the viral core is released into the cytoplasm. Reverse transcription begins, and the core 
is trafficked to the nucleus. Once the viral core arrives at the nucleus, it docks at the NPC and undergoes 
nuclear import. In the nucleus, the capsid uncoats, reverse transcription completes, and the provirus is 
integrated into host cell chromosomes. MA = matrix protein, NC = nucleocapsid protein.15  
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1.2 The HIV-1 capsid: Master regulator of post-entry events 

As noted above, the HIV-1 capsid has many functions in early infection events. 

Upon viral particle release into the cell, the capsid provides the molecular platform for 

reverse transcription,47,48 protects the reverse-transcribing viral genome from innate 

immune sensors,2,49,50 and interacts with the microtubule network to traffic the viral core to 

the nucleus.16–19 The capsid is the determining factor of HIV-1’s ability to infect non-dividing 

cells, facilitating nuclear import of the virus by directly docking at the NPC via interactions 

with nucleoporins (NUPs) and other import factors as the core is translocated into the host 

cell nucleus.15,20,21,23–30,32,33,37,51–60 The assembled capsid also functions in post-nuclear 

entry steps; it is thought to remain associated with the RTC until RT has finished and 

interacts with factors that target the virus to sites of DNA integration.32,61–63 Only when the 

capsid uncoats can integration of viral DNA into the host cell genome occur.41,64 

The HIV-1 capsid, specifically its structural stability, regulates successful 

completion of the events in the early viral life cycle. For example, premature capsid 

destabilization causes decreased RT activity, lack of viral nuclear import, and viral 

destruction as a consequence of early host cell detection and immune sensing.45,65–68 

Conversely, overstabilization of the capsid stalls RT, blocks nuclear import, and prevents 

integration by inhibiting viral uncoating.41,64 Additionally, many crucial interactions between 

the capsid and its binding partners during infection steps occur at interfaces that do not 

exist outside the context of a fully-assembled capsid,69 which will be discussed more in 

the following section. Thus, HIV-1 capsids with improper structural stability do not allow 

for productive viral infection. 
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1.3 Structural properties of the HIV-1 capsid 

The viral capsid is composed of around 1500 copies of the capsid protein (CA),70 

a 231-residue, highly helical protein with an N-terminal domain (NTD) and C-terminal 

domain (CTD) separated by a flexible linker (Figure 1.2A).71,72 Using extensive 

intermolecular interactions, the CA protein self-assembles into protein shell (the capsid) 

containing around 250 hexamers and exactly 12 pentamers. The CA hexamer and 

pentamer each have two concentric rings: an inner ring of NTDs and an outer ring of CTDs 

(Figure 1.2B)69,72–76 The inner ring interactions are mediated by N-terminal helices 1, 2 

and 3 of each protomer, which interact with one another to form a rigid helical core of 

either 18 or 15 helices in the hexamer or pentamer, respectively.72,75,77,78 Additionally, a 

crucial NTD-CTD interface forms between the NTDs and CTDs of neighboring 

protomers,72,75–77 an important feature that is unique to the mature assembled capsid.79,80 

The outer CTD ring is responsible for interacting with CTDs of other hexamers and 

pentamers to form the extended capsid lattice.72,75,77–79 The flexibility of CTDs is imperative 

for these interactions as it permits proper lattice curvature and closing to form the 

asymmetric fullerene cone shell (Figure 1.2C).72,74,77,78,81  

The HIV-1 capsid is a binding target for various factors that can assist or restrict 

infection, often by modulating capsid stability. Many of these binding partners interact with 

the capsid at one of two different sites found in CA oligomers: the arginine 18 (R18) ring, 

and the NTD-CTD interface. The former is an electropositive pore made of five or six 

arginine residues that form the binding site for molecules containing acidic motifs. These 

include inositol-6-phosphate (IP6; Figure 1.3A-C82), a host cell metabolite required for 

infection that can stabilize the capsid lattice throughout the viral life cycle,83 

deoxynucleotide triphosphates (dNTPs), which are transported into the capsid during 

reverse-transcription,84 fasciculation and elongation protein zeta 1 (FEZ1), a kinesin-1 
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cofactor that promotes cellular trafficking of the virus,17 and tripartite motif (TRIM) proteins, 

known restriction factors of HIV-1 that are thought to attenuate infection by prematurely 

uncoating the capsid upon binding.85 The other binding site is the NTD-CTD interface 

formed between CA monomers within pentamers and hexamers. This hydrophobic pocket 

binds molecules such as NUP153, which facilitates nuclear docking and import, and 

cleavage and polyadenylation specific factor 6 (CPSF6), which functions in nuclear import 

and in targeting viral DNA to transcriptionally-active chromatin. The NTD-CTD interface is 

also the target site of small molecule inhibitors, including PF74 (Figure 1.3D-F) and 

lenacapavir, which can both outcompete viral infection binding partners and modulate 

capsid stability as a means of restricting infection.30,55,86–88  

 

Figure 1.2. Structural components of the mature HIV-1 capsid. (A) Side view of a CA monomer. 
Secondary structural elements are labeled. Adapted from 77. (B and C) Structures of the mature hexamer 
and pentamer, respectively. NTDs are shown in orange, and CTDs are shown in blue. (D) Structure of the 
mature HIV-1 capsid, which is a fullerene cone shell formed by the extended lattices of ~250 hexamers 
(orange and blue) and 12 pentamers (yellow and blue). B, C, and D adapted from 75.  
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Figure 1.3. Structures of small molecules binding to different sites on CA hexamers. (A) Chemical 
structure of inositol-6-phosphate (IP6). (B) Side view ribbon diagram of a CA hexamer (yellow) with unbiased 
mFo–DFc difference density contoured at 2.2s (blue mesh), indicating the binding site of IP6. (C) Illustration 
of the CA hexamer’s electropositive pore formed by six R18 residues (magenta) binding to an IP6 molecule 
(orange). (D) Chemical structure of PF-350074 (PF74) with all three aromatic rings labeled (R1, R2, R3). 
(E) Top view of the CA hexamer with six PF74 molecules bound. Each CA monomer is represented by a 
different color, and PF74 is represented in white. (F) Unbiased mFo–DFc difference density contoured at 3s 
(magenta mesh) at the NTD-CTD (cyan and green, respectively) interface, indicating the binding site of 
PF74 (modeled in yellow). Figures adapted from 82 (A), 83 (B and C), and 30 (D-F). 
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1.4 Experimental recapitulation of HIV-1 capsid assembly states 

Although HIV-1 capsid assembly is well-characterized, the process of uncoating is 

much less understood and remains a topic of debate.15,89 Previous studies have suggested 

that the capsid uncoats in the cytoplasm either immediately after entry or gradually as the 

core is trafficked to the nucleus, though this would likely lead to host cell immune 

sensing.20,90–94 Other publications have proposed that the viral capsid can arrive at the 

nucleus fully intact but will undergo uncoating before import,21–23,54,95,96 citing the  ~40 nm 

diameter permeability barrier of the NPC as too small to allow the ~60 nm capsid to fit 

through.75,97,98 More recent data have indicated that a fully- or nearly-intact capsid can 

enter the nucleus before it uncoats,22,41,64,99–101 suggesting that structural rearrangements 

of the capsid and/or the NPC in addition to viral capsid plasticity are likely key to achieving 

import.102–106 Nevertheless, the biochemical and biophysical mechanisms of viral 

uncoating have yet to be determined. 

To evaluate HIV-1 capsid uncoating, and how capsid stability can be affected by 

binding factors, it is imperative to understand the function of each level of capsid assembly. 

Though previous studies utilizing cell-based, genetic, and/or molecular biology techniques 

have been informative, many biochemical and biophysical details about each assembly 

state and their functions remain unclear. In order to assess these properties, we 

established a series of protein reagents that recapitulate each distinct assembly species 

in vitro. In addition to purifying monomeric CA, both soluble CA oligomers (i.e., hexamers 

and pentamers) as well as extended CA lattices in the form of tubes can be obtained.77,107 

Even more recently developed protocols allow for the isolation of entire replication-

competent viral cores.47 Employing these highly specific constructs allows us to 

systematically probe distinct characteristics of each level of assembly, revealing new 
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details that are fundamental to understanding the interactions of these proteins not just 

with one another but also with external binding partners. 

 

1.5 Dissertation overview 

This dissertation will discuss novel biophysical and biochemical details about the 

interactions between the HIV-1 capsid and its binding partners as well as the 

consequences of these interactions.  

Chapters 2 and 3 focus on polyglutamine binding protein 1 (PQBP1), a host protein 

recently described to be a binding partner of the HIV-1 capsid as part of innate immune 

sensing through the cGAS/STING pathway. Chapter 2 shows the first structural data of 

binding and elucidates the primary mode of PQBP1 interaction with the capsid. Chapter 3 

provides evidence for how PQBP1 self-association can promote both stable capsid 

binding and downstream signaling upon viral infection. These results give insight into how 

HIV-1 activates the innate immune response upon host cell entry.  

In Chapter 4, the first structure of the cross-linked CA pentamer bound to GS-CA1, 

a small molecule inhibitor from which lenacapavir is derived, is presented. Structural 

analyses demonstrate the hexamer-like characteristics of this pentamer, which may be a 

biologically relevant conformation required for proper capsid function.  

Collectively, this work reveals important details about the HIV-1 capsid, its binding 

partners, and the downstream consequences of binding. Understanding these capsid 

dynamics is fundamental to the study of post-cell entry viral events and will contribute to 

future therapeutic efforts focused on mitigating HIV-1 infection at large.  
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Chapter 2: Molecular determinants of PQBP1 binding to the 

HIV-1 capsid lattice 

This chapter was reformatted from The Journal of Molecular Biology: 

Piacentini, J., Allen, D.S., Ganser-Pornillos, B.K., Chanda, S.K., Yoh, S.M., 
and Pornillos, O. Molecular determinants of PQBP1 binding to the HIV-1 
capsid lattice. J Mol Biol. 436(4), 168409 (2024). 

 

2.1 Abstract 

 Human immunodeficiency virus type 1 (HIV-1) stimulates innate immune 

responses upon infection, including cyclic GMP-AMP synthase (cGAS) signaling that 

results in type I interferon production. HIV-1-induced activation of cGAS requires the host 

cell factor polyglutamine binding protein 1 (PQBP1), an intrinsically disordered protein that 

bridges capsid recognition and cGAS recruitment. However, the molecular details of 

PQBP1 interactions with the HIV-1 capsid and their functional implications remain poorly 

understood. Here, we show that PQBP1 binds to HIV-1 capsids through charge 

complementing contacts between acidic residues in the N-terminal region of PQBP1 and 

an arginine ring in the central channel of the HIV-1 CA hexamer that makes up the viral 

capsid. These studies reveal the molecular details of PQBP1’s primary interaction with the 

HIV-1 capsid and suggest that additional elements are likely to contribute to stable capsid 

binding. 

 

2.2 Introduction 

Cyclic GMP-AMP synthase (cGAS) is a pattern recognition receptor (PRR) that 

induces an interferon response upon recognition of cytosolic double-stranded DNA 
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(dsDNA).108–110 The cGAS pathway functions as a first-line defense against DNA and RNA 

viruses, including HIV-1.2,49,111,112 Reverse-transcribed HIV-1 DNA is one of the pathogen-

associated molecular patterns (PAMPs) that can be recognized by cGAS, but these 

nascent transcripts are normally sequestered and protected within the viral capsid. 

Activation of cGAS during HIV-1 infection requires polyglutamine binding protein 1 

(PQBP1), which binds to the capsid and recruits cGAS to the viral transcripts.113,114 

PQBP1 is an intrinsically disordered protein (IDP) of 265 amino-acid residues 

(Figure 2.1A) that is found both in the cell nucleus and cytoplasm.115–117 Being an IDP, 

PQBP1 lacks a well-ordered globular fold, apart from a small WW domain (Figure 

2.1B);115,117–119 this property makes it 

challenging to define the protein’s 

structure-function correlates. Previous 

studies have shown that PQBP1 

recognizes the HIV-1 capsid through its N-

terminal region, whereas cGAS 

recruitment and activation requires the 

WW domain as well as elements in the C-

terminal region (Figure 2.1A).113,114 

However, many details of these separate 

activities and how they mechanistically 

integrate to enable HIV-dependent cGAS 

signaling remain unknown. 

In this study, we focus on understanding the molecular mechanism by which 

PQBP1 binds and recognizes the HIV-1 capsid. Recent studies have revealed that PQBP1 

binding to the capsid requires Arg18 in HIV-1 CA, the viral protein that makes up the capsid 

Figure 2.1. PQBP1 is an intrinsically disordered 
protein (IDP). (A) Schematic of the protein primary 
sequence. Functionally-defined regions for capsid 
binding and cGAS recruitment and activation are 
indicated. (B) Ribbons representation of predicted 
PQBP1 structure by AlphaFold.119 Functional domains 
are shown in different colors and labeled. 
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subunits. Six Arg18 residues form a ring or annulus within the central channel of the CA 

hexamer, which is one of the oligomeric building blocks of the capsid. The Arg18 ring is a 

well-characterized binding site for acidic ligands, including nucleotide triphosphates,84 the 

capsid-stabilizing factor inositol hexakisphosphate (IP6),83,120 and the transport factor 

FEZ1, which contains poly-glutamate motifs.17 The N-terminal (Nt) region of PQBP1 also 

contains acidic motifs,114 leading to the inference that, analogous to the above ligands, 

PQBP1 also binds the Arg18 ring via charge complementation. However, direct 

demonstration of this interaction has not been reported and the corresponding amino-acid 

residue determinants have not been thoroughly defined. Likewise, whether and how other 

regions of PQBP1 contribute to productive capsid recognition have not been elucidated. 

To address these gaps in knowledge, we used purified PQBP1 proteins and disulfide-

stabilized HIV-1 CA assemblies to reconstitute PQBP1-capsid complexes in vitro for 

biochemical and structural analyses. Our results uncover the molecular details of the 

minimal binding interaction between PQBP1 Nt and the HIV-1 CA hexamer. Furthermore, 

we also report evidence that PQBP1 regions outside of Nt contribute to stable capsid 

binding. We propose that, similar to other well-characterized factors that target the HIV-1 

capsid, PQBP1 likely requires avidity for functional capsid recognition. 

 

2.3 Results 

2.3.1 PQBP1 Nt directly binds the HIV-1 CA hexamer 

 We purified recombinant, full-length PQBP1 (Figure 2.2A) and characterized its 

binding to soluble, disulfide-crosslinked HIV-1 CA hexamers. As described before, the 

crosslinked CA hexamer is held together by designed disulfides (A14C/E45C), which, in 

combination with mutations (W184A/M185A) that prevent assembly of the extended 



13 
 
capsid lattice, allow preparation of discrete hexamers in solution.18 These hexamers have 

been used in many studies of HIV-1 capsid-binding factors. To measure binding, we 

utilized nanodifferential scanning fluorimetry (nanoDSF), a technique used to measure the 

thermostability of folded proteins. In this experiment, protein unfolding is indicated by the 

shift in peak Trp fluorescence as these residues transition from hydrophobic (protein 

interior) to hydrophilic (exposed to solvent) environments. Since the CA hexamers contain 

Trp residues only in the N-terminal domain (NTD), their nanoDSF profiles report on the 

unfolding of the central NTD ring that contains the Arg18 ring. The hexamer displayed a 

single unfolding transition, with an apparent melting temperature (Tm) of 50.7±0.5 °C 

(Figure 2.2B, dark blue curves). On the other hand, purified PQBP1, which contains three 

Trp residues, displayed a non-canonical nanoDSF profile indicative of a largely unfolded 

state in solution (Figure 2.2B, orange curves). A sample containing both proteins revealed 

a shift in CA’s apparent Tm by around 2°C (Figure 2.2B, blue curves). This degree of 

thermostabilization in nanoDSF and DSF assays is generally accepted to indicate a direct 

binding interaction.121 

To begin mapping the binding determinants in PQBP1, we tested various 

fragments for their ability to increase thermostability of the CA hexamer. Because PQBP1 
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is an IDP, we used functional annotations (e.g., Figure 2.1A) rather than structurally-

defined domains for fragment design (Figure 2.3A). Results show that the PQBP1 

fragment spanning Nt (residues 1-46) shifted the apparent Tm of the hexamer (Figure 

2.3B, compare magenta and black curves). In contrast, the WW domain, polar-rich domain 

(PRD) and C-terminal (Ct) fragments had no effect (Figure 2.3B, compare green, blue 

and orange curves to black). Dose-response curve fitting showed that Nt binds the 

hexamer with an apparent dissociation constant (Kd) of around 500 nM (Figure 2.3C and 

Table 2.1), indicating a relatively high-affinity complex in vitro.  
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As noted previously,114 Nt contains clusters of acidic residues, and in particular two 

tripeptide motifs (25EEE27 and 34DDD36). To determine if these motifs contribute to the 

interaction, we tested an Nt construct harboring GGG substitutions for each of the motifs 

(Figure 2.4A,C). The mutant Nt did not bind the CA hexamer. 

The Arg18 ring of the HIV-1 CA hexamer has also been implicated in PQBP1 

binding,114 so we performed the same experiments with an R18A mutant of the hexamer 

(Figure 2.4B,C). None of the PQBP1 fragments, including Nt, induced thermostabilization 

in this case, confirming the importance of Arg18 in PQBP1 binding to the CA hexamer. 

Finally, we used cryoEM to compare 2D class averages of the non-mutated CA 

(Arg18) and R18A mutant hexamers. We observed extra density within the central channel 

of the non-mutated hexamer but not the R18A hexamer (red arrows in Figure 2.4D). These 

results are consistent with the interpretation that, similar to other acidic ligands,17,83,84,120 

PQBP1 Nt binds to the ring of six Arg18 residues located within the hexamer channel. 

 

PQBP1 peptide Apparent Kd (nM) Hill coefficient CA sp. activity 
Nt 503±66 1.6±0.1 0.8 
15-5 85.0±1.0 1.8±0.4 0.8 
15-6 54.0±0.4 3.0±0.2 0.8 

Note: Kd and Hill coefficient were treated as floating parameters during fitting, but not CA specific 
activity. Values are presented as mean±S.D. of four (Nt) or three (15-5 and 15-6) independent 
determinations. 

 

Table 2.1. Binding parameters for PQBP1 peptides and disulfide-stabilized HIV-1 CA 
hexamer 
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2.3.2 CryoEM structure of the HIV-1 CA hexamer bound to PQBP1 Nt 

 To directly visualize binding of PQBP1 Nt to the HIV-1 CA hexamer, we vitrified 

samples in cryoEM grids, collected cryoEM image data, and solved the structure by using 

single-particle averaging techniques (Figure 2.5A and Table 2.2). The hexamers had a 

marked preferred orientation on the grids, and so we combined particle sets picked from 

images collected at 0° and 30° tilts. An initial consensus map of the CA hexamer bound to 

Nt was refined to a nominal resolution of 3.3 Å (according to the gold-standard 0.143 cut-

off) without imposing symmetry (C1) (Figure 2.5B and Table 2.2). The CA residues are 

very well-defined, indicating that the map is of high quality (Figure 2.5C). The extra density 

within the central channel that we attribute to Nt appears as an elongated blob that has 

proteinaceous features but is less well-defined than CA densities (Figure 2.6A,B). The 

peptide density is not 6-fold symmetric. Our interpretation is that even though the ordered 

peptide segment is only 3% that of the CA subunits, it is sufficiently well-ordered to 

contribute to the alignment. However, the peptide remains the average of multiple bound 

orientations, indicating that the 6-fold symmetric features of the CA ring still dominates 

particle alignment. 

In an attempt to improve the Nt densities, we tested a variety of post-alignment 

processing and 3D classification strategies. None had sufficient power to resolve a unique 

peptide orientation, but 3D variability analysis (3DVA)122 (see Methods and Figure 2.7 for 

details) highlighted some key features. Firstly, the consensus map indicates a single 

peptide chain bound within the central channel of the hexamer. We could observe evenly 

spaced ridges in the peptide density (dashed lines in Figure 2.6B), which we interpret to 

be consistent with a helical configuration. Although requiring further confirmation, this 

feature would be consistent with the typical IDP behavior of binding-induced folding into 
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canonical secondary structural motifs when complexed with their partners.123 In principle, 

the density can also accommodate two chains in elongated or strand configuration. 

However, 2D class averages (face views only) confirmed that the hexamers predominantly 

contain a single density feature in the central channel, and only a very small proportion 

(<1%) contains two peptide densities (Figure 2.7D). Secondly, although the peptide 
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Figure 2.5. CryoEM structure determination of soluble disulfide-stabilized HIV-1 CA hexamer in 
complex with PQBP1 Nt. (A) Single particle averaging workflow. (B) Fourier shell correlation curves for 
the final local refinement of Nt-bound CA hexamer. (C) Density for the CA portion of the consensus map 
(blue mesh), with coordinate model (green sticks). 
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density in the consensus map is centered within the hexamer, the peptide is actually 

positioned asymmetrically. This key point is illustrated by modes of variation, derived from 

3DVA, that run along vectors perpendicular to the central axis of the hexamer channel 

(Figure 2.6C). Maps reconstructed from the extreme positions of these vectors (Figure 

2.7A-C and Table 2.2) show that the long axis of the peptide does not coincide with the 

channel center (Figure 2.6D). Thirdly, the maps clearly indicate direct contacts to the CA 

Arg18 sidechains. Notably, the 3DVA subset maps show contacts to only one or two, and 

not all six, Arg18 residues (Figure 2.6D, red asterisks). 
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Figure 2.6. CryoEM structure of the CA hexamer bound to Nt. (A) Top view of the consensus map 
refined with C1 symmetry, colored according to local density. The peptide in the central channel is 
encircled. (B) Orthogonal side views of the peptide density. Arrows indicate apparent contacts between 
the peptide and Arg18. Dashed lines indicate evenly spaced ridges that we interpret to be consistent with 
a predominant helical configuration. (C) Orthogonal views of central slices through the major 3D variability 
component for the consensus map, as determined by 3DVA analysis. Positive (red) and negative (blue) 
values indicate different positions of the peptide relative to the central hexamer channel. (D) 
Reconstructions of particle subsets, without further alignment, revealing two peptide orientations 
determined by 3DVA. Circles indicate densities for CA helix 1 surrounding the central channel. Black dots 
indicate the central axis of the hexamer channel. Arrows indicate clearly defined contacts between the 
peptide and Arg18. 



20 
 

 

In summary, our cryoEM structure empirically establishes that Nt indeed binds 

within the CA hexamer channel and directly contacts Arg18. Unfortunately, resolving the 

bound peptide structure within its 6-fold symmetric binding site is pushing the limits of the 

single-particle averaging technique, and will have to await further studies.  
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Data collection  
Magnification 81,000x   
Voltage 300 kV   
Electron dose 50 e/Å2   
Defocus range 0.5 to 2.5 µm   
Pixel size 1.08 Å   
Image processing and map calculation 
 Consensus 3DVA Frame 0 3DVA Frame 1 
Symmetry imposed C1 C1 C1 
No. of particles 312,788 154,820 157,280 
Map resolution / FSC threshold 3.3 Å / 0.143 3.5 Å / 0.143 3.5 Å / 0.143 
Map resolution range* (Å) 2.4-31.4 Å 2.3-9.7 Å 2.3-10.0 Å 
Coordinate modeling and refinement 
Initial model PDB 3H47 
Model resolution / threshold 3.2 Å / 0.143 
Map sharpening B-factor 109 Å2 
Mean real-space cross-correlation (CC) 0.81 
No. of non-hydrogen atoms 9,678 
Protein residues 1,260 
Mean B-factor 74.26 Å2 
RMSD bond lengths 0.002 Å 
RMSD bond angles 0.443° 
MolProbity score / clash score 1.61 / 4.89 
Poor rotamers 2.71% 
Ramachandran favored / outliers / z-score  98.9% / 0% / 2.36 

Table 2.2. CryoEM data collection, structure refinement, and coordinate modeling statistics 
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2.3.3 A tri-aspartate motif is required for PQBP1 Nt binding to the HIV-1 CA 

hexamer 

Assuming an a-helix configuration, the bound Nt density would be consistent with 

at most 15 amino-acid residues, i.e., one-third of Nt. To more precisely determine the 

portion of Nt that binds the hexamer, we used nanoDSF to test 15-mer peptides with 10-

residue overlaps (Figure 2.8A). Results indicate that 15-mer peptides containing either 

the EEE or DDD motifs displayed measurable binding (Figure 2.8A and Figure 2.9B), but 

two fragments containing the DDD motif bound with the highest affinities (85 nM for 15-5 

and 54 nM for 15-6) (Figure 2.8B and Table 2.1). Experiments with 10-mer and 20-mer 

fragments produced similar results (Figure 2.9A,B). To confirm the importance of Asp over 

Glu, we generated variants of peptide 15-6 (EIIAE DYDDD PVDYE), which bound the 

hexamer with highest affinity. As expected from results with Nt, substitution of the DDD 

motif for AAA abolished binding (Figure 2.9C). Interestingly, a peptide containing only Asp 

residues (DIIAD DYDDD PVDYD) afforded higher thermostabilization of the CA hexamer 

compared to a peptide containing only Glu residues (EIIAE EYEEE PVEYE) (Figure 

2.9C). These results suggest that, in addition to the charge complementing interactions 

with Arg18, steric requirements help to define binding specificity of peptide ligands to the 

CA hexamer, at least in vitro. 

To confirm the importance of the above acidic motifs in Nt for PQBP1-mediated 

sensing of HIV-1, we assayed for HIV-dependent ISG54 induction in the monocyte-like 

THP-1 cell line differentiated with PMA (phorbol 12-myristate-13-acetate), an established 

model system for human macrophages (Figure 2.8C). Cells stably expressing the 

indicated siRNA-resistant PQBP1-eYFP constructs were transfected with siRNA against 

endogenous PQBP1, then infected with HIV-1, followed by RT-qPCR analysis for ISG54  
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expression (see Methods for details). As previously shown,114 control experiments with 

cells expressing wild type, full-length (FL) PQBP1-eYFP induced >4-fold higher ISG54 

mRNA expression compared to mock-infected cells (positive control), whereas the Nt-

deletion mutant (DNt) had attenuated (<2-fold) response (negative control). We then tested 

E-to-G and D-to-G full-length PQBP1-eYFP mutant constructs, in which either the 25EEE27 

or 34DDD36 motif was substituted for GGG. Both mutants induced ISG54 levels comparable 

to DNt. Western blotting confirmed that all PQBP1-eYFP constructs expressed at 

comparable levels (Figure 2.8D). These data confirm the importance of the acidic motifs 

in Nt for PQBP1-mediated innate immune responses to HIV-1. Taken together, our 

aggregate data also indicate that the pronounced difference between DDD and EEE in 
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context of hexamer binding in vitro is attenuated in context of PQBP1’s overall anti-viral 

activity in cells. Our interpretation is that functional binding in cells requires both acidic 

motifs (see also Discussion). 
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Figure 2.9. Thermostabilization of HIV-1 CA hexamer by PQBP1 Nt peptide fragments. (A) Primary 
sequences of 20-mer (blue), 15-mer (purple), and 10-mer (green) peptides. All were obtained by chemical 
synthesis, with N-terminal acetylation (except for peptides starting with proline) and C-terminal amidation. 
(B) Thermostabilization of the indicated hexamers by 20-mer, 15-mer, and 10-mer peptides, presented as 
mean±S.D. of three independent experiments. (C) Thermostabilization of the indicated hexamers by 
variants of the 15-6 peptide, presented as mean±S.D. of three independent experiments. 
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2.3.4 Binding of PQBP1 to the HIV-1 capsid lattice 

In cells, the functional target of PQBP1 is the assembled capsid, and indeed 

PQBP1 is shown to colocalize with incoming HIV-1 cores.114 We therefore extended our 

binding studies by using full-length recombinant PQBP1 protein and HIV-1 capsid-like 

assemblies in vitro. Although IP6-induced HIV-1 CA fullerene cones are more accurate 

mimics of actual viral capsids,124 our results with the hexamer indicated that PQBP1 

binding will be inhibited by the mM levels of IP6 in these assemblies. Experiments were 

thus performed with A14C/E45C HIV-1 CA tubes (lacking the W184A/M185A mutations of 

the soluble, crosslinked CA hexamer) because these tubes can be reconstituted in almost 

any buffer solution (i.e., without IP6) once the disulfide crosslinks form.107 The disulfide-

crosslinked tubes are established to be functional mimics of the HIV-1 capsid and have 

been used in many published pull-down binding studies. We incubated CA tubes with full-

length recombinant PQBP1 (with PQBP1 at 6-fold excess over CA hexamers), and then 

assessed binding by visualizing the protein fraction associated with pelleted CA tubes 

after centrifugation. As shown in Figure 2.10A (top row), substantially greater amounts of 

PQBP1 pelleted with CA tubes than without. Densitometry quantification indicated that 

17±6% (N=9) of input PQBP1 pelleted with the CA tubes (Figure 2.10B), which is the 

theoretical saturation point assuming 1 binding site per CA hexamer. However, this 

number does not take into account contributions from non-specific binding. To estimate 

non-specific binding, we used the Nt-deletion and DE-to-G PQBP1 mutants, which 

pelleted with CA tubes at lower levels than wild-type PQBP1 (Figure 2.10A, middle two 

rows; quantified in Figure 2.10B). Thus, assuming that wild-type PQBP1 has the same 

level of non-specific binding to the CA tubes as the mutants, our combined pull-down 

results indicate that the PQBP1 molecules occupy around half of the available sites in the 

CA tubes, which in our view is reasonably efficient binding in  
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vitro. 

Interestingly, the Nt peptide did not bind CA tubes efficiently in this experiment, 

with only ~1% of input found in the pellet (Figure 2.10A, bottom row; quantified in Figure 

2.10B). This result was unexpected, given Nt’s apparent nM-level affinity for soluble CA 

hexamers in the nanoDSF experiments (Figure 2.3C). We surmised that Nt may 

dissociate from the CA tubes during centrifugation or that the central channel of the CA 

hexamer may be more resistant to peptide insertion in context of the assembled capsid 

lattice. In an attempt to distinguish between these possibilities, we performed a 

competition experiment in which equal amounts of Nt and full-length PQBP1 protein were 

Figure 2.10. PQBP1 binding to the HIV-1 capsid lattice in vitro. (A) Indicated combinations of PQBP1 
constructs (50 µM) and disulfide-stabilized CA tubes (50 µM in terms of CA subunits, which is equivalent 
to 8.3 µM of hexamer) were incubated for 1 h at room temperature, then centrifuged. Load, Supernatant, 
and Pellet fractions were analyzed using SDS-PAGE and Coomassie staining. Representative of 9 (FL, 
full-length PQBP1), 3 (DNt mutant), 3 (DE-to-G mutant), or 4 (Nt peptide) experiments. (B) Band intensities 
for pelleted PQBP1 in the presence of CA tubes after subtraction of matching negative controls in the 
absence of CA tubes, reported as mean±S.D. (C) CA tubes were incubated with both FL PQBP1 and Nt 
(50 µM each), prior to centrifugation. Representative of 2 independent experiments. 
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incubated with the CA tubes prior to centrifugation. Results show diminution of pellet-

associated full-length PQBP1 to background levels (Figure 2.10B), which indicates that 

Nt is capable of binding the tubes. More important, these data also suggest that other 

regions of PQBP1, outside of Nt, are likely contributing to stable association of the full-

length protein with the CA tubes. This result is reminiscent of TRIM5a: the principal binding 

interaction between CA and the TRIM5a capsid-binding module (the SPRY domain) is 

insufficient for stable binding to the assembled capsid lattice and requires contributions 

from other regions of the protein (reviewed by ref. 85). 

 

2.4 Discussion 

Our finding that Nt binds the central channel of the CA hexamer provides a formal 

biochemical proof that PQBP1 is a capsid-binding protein, because the hexamer only 

exists in context of an assembled capsid. Our results also indicate that binding involves 

charge complementation between acidic residues in PQBP1 and the basic Arg18 ring in 

the central channel of the HIV-1 CA hexamer. Other host cell factors, including nucleotide 

triphosphates, IP6, and FEZ1,17,83,84,120 have been previously shown to bind to the Arg18 

site via charge interactions. The addition of PQBP1 to the list highlights the importance of 

the Arg18 ring in HIV-1 capsid multifunctionality. 

While our biochemical and structural data show that a tri-aspartate (DDD) motif in 

context of a small peptide represents the “minimal” PQBP1 binding element for the HIV-1 

CA hexamer, the surrounding sequences are also clearly important. Specifically, a 46-mer 

peptide (Nt) binds with 10-fold weaker affinity to the CA hexamer than a 15-mer peptide. 

We surmise that this difference might be explained by the need to thread the peptide 

through the hexamer channel. Since the DDD motif is located in the middle of both Nt and 
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the 15-6 peptide, binding would be more inefficient with the former because more residues 

will need to be threaded, increasing the probability of dissociation before the DDD motif 

can make contact with the Arg18 ring. This model can explain why multiple acidic motifs 

are found in both PQBP1 and FEZ1, i.e., to maintain productive contacts. Furthermore, 

our cryoEM structure suggests that the bound portion of Nt might fold into a helix. Although 

pending confirmation, binding-induced folding of PQBP1 would contribute additional 

stabilization to the interaction. We envision that PQBP1 acts in analogy to a grapnel or 

grappling hook, and that the Nt peptide segment that we observe in our cryoEM map 

represents a secure anchor point for PQBP1. Our observation of a minor subpopulation 

of hexamers containing two peptide densities can be interpreted as a hairpin configuration 

of Nt in an intermediate stage of insertion into the hexamer channel. 

In cells, small molecule ligands for the Arg18 ring are thought to be at considerable 

excess over protein factors (e.g., IP6 is estimated at 20 µM or more, and nucleotide 

triphosphates are collectively at around 10 mM).125–127 These numbers indicate that 

productive protein binding to the HIV-1 capsid is not just determined by simple 

thermodynamic parameters. Indeed, many protein factors are now shown to stably bind 

to the HIV-1 capsid through avidity, and an important emerging concept is that the capsid 

acts as a multivalent recruitment platform for both pro-viral and anti-viral proteins.85,128–136 

Along these lines, we find that the PQBP1 Nt peptide does not sustainably bind to HIV-1 

CA tubes to withstand centrifugation, whereas full-length PQBP1 does. We propose, in 

line with other capsid-binding factors, that other regions of PQBP1 outside of Nt also 

promote stable binding through avidity. Further studies are now required to delineate these 

regions in PQBP1 and determine how they promote capsid recognition and eventual cGAS 

activation. 
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2.5 Methods 

2.5.1 Protein production 

Full-length PQBP1 protein was sub-cloned into pET16b (Novagen) with a C-

terminal His-tag and Gly-Gly linker. Transformed BL21(DE3) E. coli cells were induced 

mid-log phase with 1 mM IPTG for 4.5 hours. Cells were pelleted, resuspended in buffer 

(50 mM Tris, pH 8.0, 500 mM NaCl, 1 mM TCEP) supplemented with a protease inhibitor 

tablet (Roche), and then lysed by a combination of lysozyme treatment and sonication. 

The soluble fraction was filtered into a gravity column packed with Ni-NTA beads (Qiagen) 

and incubated for 30 minutes at 4°C. Following a wash of the beads, protein was eluted 

with resuspension buffer containing increasing concentrations of imidazole (50-300 mM). 

Appropriate fractions as determined by SDS-PAGE were pooled and dialyzed overnight 

at 4°C into 20 mM Tris, pH 8.0, 100 mM NaCl, 1mM TCEP. The sample was then loaded 

onto a HiTrap Q FF column (GE Healthcare) and eluted with a linear NaCl gradient. Protein 

fractions identified via SDS-PAGE were pooled for overnight dialysis at 4°C into the final 

protein buffer of 20 mM Tris, pH 8.0, 100 mM NaCl, and either 1 mM TCEP or 5 mM b-

mercaptoethanol. Samples were concentrated to 2-7 mg/mL and flash-frozen in liquid 

nitrogen for storage at -80°C. The Nt-deletion (DNt) and DE-to-G PQBP1 mutant proteins 

were prepared in the same way. We found that the DE-to-G mutant was somehow prone 

to proteolysis, and thus the preparation contained significant amounts of lower-MW 

fragments. We judged this mutant to be suitable for use in pull-down experiments because 

the CA band was still distinguishable in Coomassie-stained SDS-PAGE gels (Figure 

2.10A). 

Peptides corresponding to PQBP1 fragments (Figure 2.9A) were obtained from a 

commercial source (Celltein) at >95% purity (HPLC purification) and verified by mass 
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spectrometry. All peptides were N-terminally acetylated and C-terminally amidated, except 

for Nt and those starting with proline, which were modified only at the C-terminus. Freeze-

dried peptides were reconstituted in water or PQBP1 buffer to generate 30-50 mM stock 

solutions prior to use. 

Disulfide-crosslinked A14C/E45C/W184A/M185A CA hexamers with or without the 

R18A mutation, and disulfide-crosslinked A14C/E45C CA tubes were prepared as 

previously described.77 

2.5.2 Nanodifferential scanning fluorimetry 

CA hexamers were briefly incubated (5 min) with PQBP1 constructs, loaded onto 

capillaries, and melting profiles (both raw curves and first derivative curves) were obtained 

using a Tycho NT.6 (NanoTemper), except for data shown in Figure 2.3B, which were 

obtained with a Prometheus (NanoTemper). Dose-response curves were obtained by 

serially diluting Nt peptide into 0.83 µM of hexamer (equivalent to 5 µM of CA subunits), 

or 15-mer peptide into 0.083 µM of hexamer. Each first derivative profile was fit as a sum 

of two Gaussian curves (corresponding to bound and unbound species) using Excel 

(Microsoft), as described.65 Bound fractions were calculated from the area under each 

Gaussian curve. The dose-response data were then fit to a simple cooperative model, 

using the equation y = ymax * [Nt]n/(Kd
n + [Nt]n), where Kd is the apparent dissociation 

constant, n is the apparent Hill coefficient, and ymax is the specific activity of CA. 

2.5.3 Pull-down assays 

CA tubes (50 µM in terms of CA subunits, which is equivalent to 8.3 µM in terms 

of CA hexamers) were incubated without or with 50 µM of indicated PQBP1 constructs for 

1 h at room temperature. Pellet and supernatant fractions were separated in a 

microcentrifuge at maximum speed (~21,000 g) for 30 min at room temperature. Fractions 



31 
 
were analyzed by using SDS-PAGE with Coomassie staining; pre-cast Mini-Protean 15-

well 4-20% gradient gels (Biorad) and a standard protocol were used for uniform staining. 

Band quantification was performed with Fiji.137 

2.5.4 ISG54 induction assay 

THP-1 cells stably expressing both wild-type and mutant PQBP1-eYFP fusion 

proteins (with silent mutations conferring resistance to siRNAs targeted against 

endogenous PQBP1) were generated as described previously.113 siRNA were introduced 

into PMA-differentiated THP-1 cells using Stemfect RNA transfection kits. Typically, 5 pmol 

of siRNAs and 0.17 µL of Stemfect were used per 2.5 x 104 cells. Forty-eight hours after 

siRNA transfection, cells were infected with VSV-G pseudotyped HIV-1 virus in the 

presence of VLP-VPX for 16 hours, followed by RT-qPCR analysis for ISG54 

expression.111,113  The following siRNAs were used: siPQBP1 (5’-

AAGCTCAGAAGCAGTAATGCA-3’), and non-targeting control (5’-

AATCGATCATAGGACGAACGC-3’). qPCR primers were described previously.113 5 ng of 

p24 or 2.5 RT units of HIV-1 were used per 25,000 cells in 100 µL of media.  

2.5.5 CryoEM structure determination 

CA hexamers (50 µM) were incubated with 3-fold excess of Nt peptide at room 

temperature for 1 h. Samples (4 µL) were diluted, and then applied to glow-discharged 

1.2/1.3 c-flat 300-mesh copper grids. The grids were briefly blotted manually, and then 

plunge-frozen in liquid ethane using a home-built device. CryoEM data were collected at 

the University of Virginia Molecular Electron Microscopy Core, using a Krios 

(ThermoFisher) operating at 300 kV and equipped with an energy filter and K3 direct 

detector (Gatan). Images were collected using EPU (ThermoFisher) at a pixel size of 

1.08 Å in counting mode, with a total dose of 50 electrons/Å2 over 40 frames, and target 
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defocus of −0.5 to −2.5 µm. Two data sets were collected, one at 0° tilt (3,612 images) 

and a second at 30° tilt (936 images). 

All image processing and map calculations were performed in cryoSPARC v.3.3.1–

3.138 Raw movies were corrected for beam-induced motion using MotionCor2.139 CTF 

estimation was performed with CTFFIND4140 for the 0° tilt data and Patch CTF for the 30° 

tilt data, both as implemented in cryoSPARC. Initially, the two data sets were processed 

independently (Figure 2.5A). After template-based picking, particles for ab initio 

calculation were selected through two or three rounds of reference-free 2D classification. 

Ab initio maps (n=4) were calculated using default parameters and C6 symmetry applied. 

One class from each data set was selected then refined in a single round, with C1 

symmetry. At this point, the two particle sets (659,056 total) were combined by 

reconstructing a single map with C1 symmetry. After local refinement, the particle set was 

separated into bound and unbound hexamers, using a 3D Variability Analysis (3DVA) run 

in cryoSPARC (as described below). The Nt-bound hexamer (312,788 particles) was first 

reconstructed without further alignment, and then subjected to one round of local 

refinement in C1 symmetry, yielding a final consensus map at nominal resolution of 3.3 Å 

(0.143 cutoff) (Figure 2.5B). 

The consensus map was further processed through another round of 3DVA, which 

defined alternative positions of the Nt peptide. Each new particle set was reconstructed 

without further alignment, resulting in two ligand-bound maps (154,820 and 157,280 

particles), each at nominal resolution of 3.5 Å (at the 0.143 cut-off) (Figure 2.7B,C). Note 

that odd and even particle assignments that were set after ab initio calculations were kept 

throughout this analysis, thus maintaining gold-standard conditions. We also confirmed 

that similar proportions of particles from tilted and untilted images were maintained. In 

principle, 3DVA could have been performed with each new map to define additional 
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subsets, but ever-decreasing particle numbers became limiting. 

2.5.6 3D variability analysis  

Variability modes were calculated inside a mask that included the central part of 

the hexamer and excluded all CA density except for the b-hairpin and helix 1, with filter 

resolution set to 4 Å. Non-overlapping particle subsets were subsequently defined using 

a 3D Variability Display run in “intermediates” output mode, with number of frames set at 

2 and width at 0. 

2.5.7 Coordinate modeling 

The consensus map was refined for one additional round with C6 symmetry 

applied. PDB 3H47,77 which consists of a single chain of CA, was docked into this map, 

then refined in real space using Phenix,141 with a single round of morphing and 3H47 as 

reference. The other five CA subunits were then fit by copying the first chain, and then 

docked into the C1 consensus map. After manual inspection and minor rebuilding in 

Coot,142 real-space refinement was performed with non-crystallographic symmetry 

restraints. The Nt density was left unmodeled. 

2.5.8 Data deposition 

The consensus map has been deposited at the EMDB (EMD-41711) and the 

coordinate model of the CA hexamer has been deposited at the PDB (8TY6). 
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Chapter 3: PQBP1 Ct is required to induce HIV-1 capsid lattice 

destabilization 

3.1 Introduction 

As described in the previous chapter, PQBP1 Nt binds to the electropositive Arg18 

pore of HIV-1 CA hexamer found within the capsid lattice.114,143 Although this interaction 

represents the minimal requirements for binding, the complete interaction network 

between full-length PQBP1 and the HIV-1 capsid remains undefined, as do the 

consequences of binding. This interaction network is likely determined by the dynamic 

structural nature of PQBP1 since it is an IDP. Though many biophysical characteristics of 

this protein continue to be elusive, PQBP1 is thought to have the potential to self-

associate, including by undergoing dimerization at its C-terminus.115 This highly 

conserved, semi-ordered region has been shown to be important for both endogenous 

functions of PQBP1 and the stimulation of cGAS signaling upon HIV-1 infection.113,117 

However, the details of how PQBP1 self-association may affect the HIV-1 capsid after 

binding in order to bridge capsid recognition and cGAS recruitment & downstream 

signaling are still unknown. 

This chapter describes results from an ongoing project focused on elucidating the 

biochemical consequences of PQBP1 binding to the HIV-1 capsid and how PQBP1 self-

association contributes to these effects. Cryo-electron tomograms of cross-linked CA 

tubes incubated with PQBP1 show tube decoration and confirm a direct binding 

interaction. Pull-down assays performed after extended incubation periods demonstrate 

an increase in soluble CA signal, but only in the presence of full-length (FL) PQBP1. CA 

solubilization indicates capsid lattice disruption induced by PQBP1 binding and is 

consistent with negative stain electron microscopy (EM) images showing altered CA tube 
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morphology. Mass photometry data reveal the propensity for PQBP1 to self-associate, in 

particular by dimerizing at its Ct. Finally, experiments performed with a PQBP1 construct 

in which Ct was replaced with a leucine zipper recapitulate self-dimerization and cGAS 

signaling stimulation observed with PQBP1 FL. Taken together, these data suggest that 

Ct dimerization contributes to PQBP1 induced destabilization of the HIV-1 capsid lattice, 

thus facilitating cGAS signaling during HIV-1 infection.  

 

3.2 Results 

3.2.1 Cryo-tomography analysis of PQBP1 binding to the HIV-1 capsid lattice 

To examine the structure of FL PQBP1 bound to the extended HIV-1 capsid lattice, 

pelleted samples of A45C/E45C cross-linked CA tubes were incubated for an hour in the 

presence of PQBP1 FL and then prepared for cryo-electron tomography (cryo-ET). Twenty 

tomograms were collected and await further processing for structural determination. 

Although additional control experiments should be performed, preliminary images from 

these data show potential decoration of cross-linked CA tubes by PQBP1 (Figure 3.1). 

 

 

 

 

 

A

B

Figure 3.1. PQBP1 FL decorates cross-linked CA tubes. A and B are two representative tomograms 
representative. Left-to-right images show the same CA tube(s) in the presence of equimolar PQBP1 FL across 
different field views along the z-axis. Possible PQBP1 decoration is indicated by the pink arrows. 
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3.2.2 PQBP1 binding induces capsid lattice destabilization 

In order to assess the consequences of PQBP1 binding, pull-down experiments 

were performed after both one hour and overnight incubation between PQBP1 FL and 

cross-linked CA tubes. As previously shown, PQBP1 FL presence in the pellet was 

observed after one hour, indicating that the protein is binding to and being pulled down by 

the cross-linked CA tubes.143 However, there was also a modest increase in soluble CA 

signal when PQBP1 was present, indicating that destabilization of the capsid lattice may 

occur upon PQBP1 binding. Indeed, after overnight incubation, minimal PQBP1 FL was 

observed in the pellet, and there was a substantial increase of soluble CA that 

corresponded to a decrease of pelleted CA (Figure 3.2A). The latter observation is 

particularly striking; cross-linked CA tubes normally pellet completely as they have almost 

100% assembly efficiency and are extremely stable once assembled (Figure 3.2D).107 

Since the tubes are stabilized by engineered disulfide bonds, control experiments were 

performed to test the effect of reducing agent. Though there is ~2.2 mM βme in the final 

pulldown sample buffer, the tubes have demonstrated resistance to βme concentrations 

of up to 4 mM (Figure 3.2D), indicating the reducing agent is not causing tube 

destabilization. As an additional control, PQBP1 binding and destabilization effects were 

abolished by addition of 40 μM IP6 (Figure 3.2E), which competitively binds at the same 

site on CA hexamers as PQBP1.83 These results suggest that FL PQBP1 binding leads to 

capsid lattice destabilization. 

Pull-downs were repeated with PQBP1 constructs containing a C-terminal deletion 

(ΔCt; residues 1-211) or N-terminal deletion (ΔNt; residues 47-265). PQBP1 ΔCt pelleted 

with the cross-linked tubes after an hour, but there was no increase in soluble CA signal 

after overnight incubation (Figure 3.2B), indicating that Ct is required to observe the 

destabilization phenotype. Pull-downs performed with PQBP1 ΔNt demonstrated non-
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specific binding (as determined previously143) and no increase in soluble CA signal after 

overnight incubation (Figure 3.2C). 
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Figure 3.2. PQBP1 binding results in capsid lattice destabilization. (A-C) Pull-down results between 
PQBP1 FL (A), ΔCt (B), or ΔNt (C) and cross-linked CA tubes after indicated incubation times, as analyzed 
by SDS-PAGE and uniform Coomassie staining. (D) Pull-down control results of cross-linked CA tubes 
incubated overnight (ON) in the presence of βme. Assembly confirmation of the cross-linked CA tubes is 
determined by comparing protein sizes in reducing (high [βme], sample boiled) vs. non-reducing (no βme, 
sample not boiled) conditions as seen in the right-most lanes, reproducibly demonstrating the nearly 
perfect efficiency of assembly.107  (E) Pull-down results of PQBP1 FL and CA tubes samples with 40uM 
IP6 added prior to incubation for one hour (left) or ON (right). All presented data are representative of at 
least three independent experiments for each set of conditions. 
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Pelleted pull-down samples of CA tubes after one hour incubation with or without 

PQBP1 FL and/or 40 μM IP6 were visualized using negative stain EM. Images show that 

while CA tubes alone are mostly straight and elongated (Figure 3.3A), CA tubes in the 

presence of PQBP1 appear distorted, e.g. wavy, pinched, wobbly (Figure 3.3B). In 

general, CA tubes incubated with PQBP1 were less numerous and appeared more fragile 

than pelleted CA tubes alone. However, the addition of IP6 restored CA tube fidelity, even 

in the presence of PQBP1 (Figure 3.3C). These results are in agreement with the 

observations made from pull-down data and visually confirm that PQBP1 FL can affect 

capsid lattice stability when bound. 

Taken together, these data suggest that PQBP1 induces HIV-1 capsid lattice 

destabilization as a consequence of binding, but only when PQBP1 retains its C-terminus. 

 

Figure 3.3. Binding of PQBP1 affects CA tube morphology. Negative stain EM images of pelleted 
cross-linked tubes CA alone (A) or in the presence of PQBP1 FL without (B) or with (C) the addition of 
40uM IP6 after one hour of incubation. Images are representative of at least two independent experiments 
for each condition, and all scale bars show 100nm. 
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3.2.3 PQBP1 self-association is mediated by Nt and Ct 

The result that Ct is necessary to observe capsid lattice destabilization implicates 

Ct in destabilizing the HIV-1 capsid, though its role in this process was unclear. Previous 

data have shown that while Nt is crucial for PQBP1 binding to the capsid, it is not the only 

region of the protein contributing to these interactions,143 thus Ct may also be involved in 

PQBP1 binding. Additionally, incubation of Nt with PQBP1 FL in the absence of CA tubes 

causes the full PQBP1 protein to pellet, indicating the formation of higher-order 

assemblies.143 This observation, as well as the prediction of Ct to be a potential site of 

self-interaction,115 suggest that self-association of PQBP1 is critical to understanding the 

behavior of PQBP1, especially in the context of HIV-1 capsid binding. 

To investigate PQBP1 self-association capabilities, additional pull-downs were 

performed on 50 μM FL PQBP1 samples mixed with various amounts of Nt in the absence 

of CA tubes. Addition of 20-fold excess Nt caused sample turbidity indicative of higher-

order self-association. Analysis of the supernatant and pellet fractions after centrifugation 

revealed that the pellet consisted primarily of full-length PQBP1 (Figure 3.4A). 

Interestingly, the pellet contained only trace amounts of Nt (last lane in Figure 3.4A). 

Interpreted through the standard nucleation-propagation model of higher-order assembly, 

the simplest explanation of this result is that Nt binding to full-length PQBP1 nucleates the 

process, which is then propagated by additional full-length PQBP1 molecules.  

To examine this further, we used mass photometry (MP) to analyze self-association 

of PQBP1 at lower protein concentrations. Full-length PQBP1 was largely monomeric at 

30 and 50 nM, with only small traces of apparent dimer and trimer species, if at all (Figure 

3.4B). Addition of 30 nM or 1 µM Nt to 30 nM of full-length PQBP1 induced greater 

amounts of PQBP1 dimer in a concentration-dependent manner Figure 3.4C), confirming 

our findings with the pull-down experiments that Nt induces PQBP1 self-association.  
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Since PQBP1 Ct is the proposed self-association site, experiments focused on this 

region of the protein were also performed. Analysis of ΔNt MP data showed this construct 

as primarily dimeric with minimal monomer species at both 30 and 100 nM (Figure 3.4D). 

Furthermore, Ct on its own also exists as a dimer, with the caveat that the monomer peak 

is below the limit of detection for this method (Figure 3.4E). These collective results 

suggest that PQBP1 dimerizes at its C-terminus. 

Overall, these results indicate that PQBP1 harbors a self-association property – 

likely Ct dimerization – that is hidden but is unmasked by deletion of Nt or by addition of 

Nt peptide in trans.  

  

Figure 3.4. PQBP1 Ct self-association is unmasked by Nt. (A) PQBP1 FL (50µM) was incubated with 
indicated amounts of Nt peptide for 1 h at room temperature, then centrifuged. Load (L), Supernatant (S), 
and Pellet (P) fractions were analyzed using SDS-PAGE and Coomassie staining. Representative of three 
independent experiments. (B-E) Mass photometry profiles of PQBP1 FL (B), FL incubated with or without 
Nt peptide (C), ΔNt (D), and Ct (E). Bars are histogram counts, and curves are Gaussian fits. M, monomer; 
D, dimer. Profiles are representative of at least 2 independent measurements. Data kindly provided by D. 
Allen and S. Yoh. 
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3.2.4 PQBP1 Ct dimerization is required for cGAS signaling 

In order to determine the role of Ct dimerization within the context of PQBP1’s 

function in bridging capsid recognition and cGAS signaling, a plasmid construct was 

designed and commercially synthesized such that PQBP1 Ct was replaced by the leucine 

zipper (LZ) sequence from Cre binding protein (CREB), which is known to form a stable 

homo-dimer (Figure 3.5A).144 The construct was purified using a protocol adapted from 

previous methods (Figure 3.5B-D),143 and MP experiments were performed with 30 nM 

quantities of both PQBP1-LZ and PQBP1 ΔCt. The profile of ΔCt looks similar to that of 

FL in that it is primarily monomeric with little to no multimers (Figure 3.5E; teal). 

Importantly, PQBP1 LZ resembles the MP profile of ΔNt as it is mainly dimeric with trace 

amounts of both monomer and other higher-order species (Figure 3.5E; blue), which 

validates dimerization of the leucine zipper region of the protein. Interestingly, PQBP1 LZ 

forms a dimer even without the addition of Nt peptide or the deletion of Nt, indicating that 

the LZ substitution promotes a more stable dimeric state, as intended. 

To test the functional role of PQBP1 Ct dimerization in cGAS signaling, a proximal 

ligation assay (PLA) between FLAG-tagged cGAS and CA was performed (as previously 

described114) in HIV-1 infected THP-1 cells stably expressing PQBP1 FL, ΔCt, and LZ. 

Colocalization of cGAS and CA was observed in the presence of PQBP1 FL but not in the 

absence of PQBP1 even during infection, recapitulating previous results that PQBP1 is 

required to induce cGAS signaling upon HIV-1 infection.113 However, there was no 

significant cGAS-CA colocalization with PQBP1 ΔCt during infection, indicating the 

importance of Ct for downstream recruitment of cGAS. PQBP1 LZ rescued cGAS signaling 

activity as evidenced by the restored colocalization of cGAS and CA, indicating that self-

association of PQBP1 at its C-terminus is necessary for the stimulation of cGAS. These 

data, paired with the MP results, suggest that PQBP1 can dimerize at its C-terminus and 
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that this dimerization is crucial to the induction of cGAS signaling.  
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dimeric interaction are colored in green.144 (B) SDS-PAGE gel of fractions containing PQBP1 LZ (~31kD) 
after ion exchange chromatography demonstrate the successful characterization of this construct. (C) 
Mass photometry profiles of 30nM PQBP1 ΔCt (teal) or LZ (blue). Bars are histogram counts, and curves 
are Gaussian fits. M, monomer; D, dimer. Profiles are representative of at least 2 independent 
measurements. (D) PLA dots per THP-1 cell infected with HIV-1 in the presence of VLP-Vpx and the 
indicated PQBP1 constructs. Cells were paraformaldehyde-fixed for analysis 2 hours post-infection with 
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3.3 Discussion 

The data presented in this chapter confirm previous results that full-length PQBP1 

protein can bind to the extended HIV-1 capsid lattice beyond just the minimal requirements 

of PQBP1 Nt and the R18 pore of CA hexamers. Interestingly, our results also demonstrate 

that prolonged incubations of CA tubes in the presence of PQBP1 leads to lattice 

destabilization as a consequence of PQBP1 binding. Our negative stain EM images 

reinforce the notion that PQBP1 itself is causing lattice disruption upon binding since CA 

tubes become warped after PQBP1 incubation, but only when IP6 is not present to 

outcompete PQBP1 as a capsid binding partner. Furthermore, the destabilization 

phenotype is dependent upon the Ct of PQBP1. 

Our results also reveal that PQBP1 has a propensity for self-association that is 

unmasked by manipulating Nt. At lower (nM) PQBP1 concentrations, we find that excess 

Nt peptide in trans or Nt deletion promotes PQBP1 dimerization. Additionally, at higher 

(μM) concentrations, we find that Nt induces formation of higher-order (pelletable) species 

of PQBP1. Since PQBP1 ΔNt, FL (in certain conditions), and likely Ct itself exist as dimers 

in solution while ΔCt is primarily monomeric, the simplest explanation is that PQBP1 

dimerization occurs at the C-terminus. This is in agreement with the predicted structural 

properties of Ct as it possesses a semi-ordered helical region with the potential to self-

associate.115 Based on these data, a simple model for PQBP1 self-association in vitro is: 

1) In context of full-length PQBP1, Nt inhibits self-association, perhaps by binding to or 

otherwise sequestering Ct in cis. 2) Deletion of Nt or addition of Nt peptide in trans 

releases or exposes the Ct, promoting PQBP1 self-dimerization. 3) Self-association at low 

protein concentrations is limited to dimerization, with higher-order species forming at 

higher protein concentrations. An important corollary of this model is that the previously-

described insertion of Nt into the CA hexamer channel could be expected to have the 
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same effect as Nt deletion and promote PQBP1 self-association. Combined with CA 

multivalency, the net effect would be to drive self-association of PQBP1 molecules on the 

capsid surface. The formation of these higher-order PQBP1 assemblies may provide 

mechanical stress sufficient to break apart the capsid lattice, resulting in capsid 

destabilization.  

Additionally, by using an engineered PQBP1 construct that is confirmed to undergo 

spontaneous dimerization via a C-terminal leucine zipper, we showed that cGAS signaling 

upon HIV-1 infection requires dimerization of PQBP1. These results suggest that the self-

association of PQBP1, not just binding of the protein itself, facilitates cGAS signaling 

during infection. Formation of higher-order PQBP1 assemblies may increase local cGAS 

concentrations required to reach the signaling threshold.108 Furthermore, since capsid 

lattice destabilization is a consequence of PQBP1 self-association, cGAS recruited to 

capsid-bound PQBP1 would have access to the viral dsDNA that becomes exposed to the 

cytoplasm to stimulate downstream signaling. These results support a model that PQBP1 

does not just bridge capsid recognition and cGAS recruitment but also serves as a 

signalosome, or a higher-order signaling platform as seen across biology.145 

To complete this project, there are several experiments that will be performed. 

Cryo-electron tomograms of PQBP1 FL binding to the extended capsid lattice will be 

processed for structural determination, and additional data will be collected as needed. 

For quality control purposes, pull-downs between CA tubes and PQBP1 in the presence 

and absence of IP6 will be repeated, and negative stain EM images of CA tubes in the 

conditions seen in Figure 3.3 will be quantified. To biochemically confirm that PQBP1-

induced destabilization of CA tubes depends upon Ct dimerization, pull-down assays will 

be performed as described with the PQBP1 LZ construct.  

As a general note, exploring a different model system other than cross-linked or 
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IP6-stabilized tubes may be necessary for these and other experiments. Even though 

cross-linked tubes are useful in some circumstances, their stability can translate to rigidity 

that does not always recapitulate the flexibility of the capsid lattice and may conceal 

behaviors that would otherwise be observed. An alternative to assembling tubes through 

cross-linking is assembling them either in high salt conditions or with the addition of IP6, 

but such assemblies cannot be faithfully applied to these studies since both high salt and 

IP6 outcompete PQBP1 for binding to the capsid lattice.17,50 While other extended capsid 

assembly intermediates have been characterized in the literature,146 a promising capsid 

reagent for future experiments is purified viral cores.47  

Regardless, the data collected thus far preliminary give rise to a possible 

explanation for how PQBP1 is able to bridge capsid recognition and cGAS signaling during 

HIV-1 infection: upon binding to the HIV-1 capsid, PQBP1 undergoes Ct dimerization and 

additional formation of higher-order assemblies, ultimately disrupting the capsid lattice 

while simultaneously serving as a cGAS recruitment platform to facilitate downstream 

signaling. Further studies are now required to more precisely delineate how PQBP1 Ct 

dimerization leads to higher-order self-association and how these properties promote both 

capsid recognition and eventual cGAS activation. 

 

3.4 Methods 

3.4.1 Protein production 

For preparation of PQBP1-LZ, a synthesized plasmid containing a gene encoding 

the first 211 residues of PQBP1, a four-alanine linker, the CREB leucine zipper 

sequence,144 a Gly-Gly linker, and a C-terminal 6-His tag within a pET30a vector was 

obtained (GenScript). Sequence confirmation and protein expression levels of this 
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construct upon 1mM IPTG induction of BL21 (DE3) E. coli cells at mid-log phase were 

confirmed before performing large-scale overexpression for 4.5 hours. Cells were pelleted, 

resuspended in buffer (50mM Tris-pH 8.0, 500mM NaCl, 1mM TCEP) supplemented with 

a protease inhibitor tablet (Roche), and then lysed by a combination of lysozyme treatment 

and sonication. The soluble fraction was filtered into a gravity column packed with Ni-NTA 

beads (Qiagen) and incubated for 30 min. at 4°C. Following a wash of the beads, protein 

was eluted with resuspension buffer containing increasing concentrations of imidazole 

(50-300mM). Appropriate fractions as determined by SDS-PAGE (Figure 3.5B) were 

pooled and dialyzed overnight at 4°C into 20mM Tris-pH 8.0, 500mM NaCl, 1mM TCEP 

The sample was then run through a HiTrap Q FF column (GE Healthcare). Protein 

fractions identified via SDS-PAGE (Figure 3.5C) were pooled for overnight dialysis into 

20mM Tris-pH 8.0, 500mM NaCl, 5mM βme and concentrated before injection onto a 

Superdex 75 Increase 10/300 size exclusion column (Cytiva). Protein-containing fractions 

identified by SDS-PAGE (Figure 3.5D) were pooled and concentrated to ~1mg/mL before 

flash-freezing in liquid nitrogen for storage at -80°C. Prior to this protein being used for 

experiments, it was thawed and sequentially dialyzed for 9 h. first into 20 mM Tris-pH 8.0, 

250mM NaCl, 5mM βme and then into the final buffer of 20 mM Tris-pH 8.0, 100mM NaCl, 

5mM βme. Since we found that this protein was prone to precipitation when lowering the 

salt concentration from 500mM, it was spun at 20,000xg for 10 min. before being flash-

frozen for storage or used for experiments. The above protocol was adapted from previous 

methods, which is how all other PQBP1 proteins were prepared.143 Disulfide-crosslinked 

A14C/E45C CA tubes were prepared as previously described.77 

3.4.2 Electron microscopy  

To prepare samples, CA tubes (50 µM in terms of CA subunits, which is equivalent 

to 8.3 µM in terms of CA hexamers) were incubated without or with 50 µM of indicated 
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PQBP1 constructs at room temperature for an hour. Pellet and supernatant fractions were 

separated in a microcentrifuge at maximum speed (~21,000xg) for 30 min. at 4°C, and the 

pellet was resuspended in 20mM Tris-pH 8.0, 100mM NaCl. 

For negative stain EM, samples were applied to carbon film grids and stained with 

2% uranyl acetate. Data were collected using a Spirit (Tecnai) operating at 300kV. 

For cryo-ET, samples were diluted and applied to glow-discharged 1.2/1.3c-flat 

300-mesh copper grids. The grids were briefly blotted manually and then plunge-frozen in 

liquid ethane using a home-built device. CryoET data were collected at the University of 

Virginia Molecular Electron Microscopy Core using a Krios (ThermoFisher) operating at 

300kV and equipped with an energy filter and K3 direct detector (Gatan).  

3.4.3 Pull-down assays 

CA tubes were incubated with or without equimolar quantities of indicated PQBP1 

constructs, either at room temperature for an hour or overnight at 4°C. Pellet and 

supernatant fractions were separated via centrifugation and were analyzed by using SDS-

PAGE with Coomassie staining. Pre-cast Mini-Protean 15-well 4-20% gradient gels 

(Biorad) and a standard protocol were used for uniform staining. This protocol was 

adapted from a previously used method.143 

3.4.4 Mass photometry 

Mass Photometry measurements were determined using the Refeyn 

TwoMP system (Refeyn Ltd, Oxford, UK). Recombinant PQBP1 proteins were diluted in 

binding buffer (20mM HEPES, 100mM KCL, 2.5mM MgCl2, pH 8) at indicated 

concentrations (10-200nM) at room temperature. High Precision No. 1.5H glass coverslips 

were cleaned and 20 ul of the diluted sample were loaded onto silicone gaskets 

chambers (CultureWellTM reusable gasket, Grace Bio-Labs). Samples were read for 60 
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seconds in regular view using AcquireMP software (Refeyn Ltd, Oxford, UK). Binding buffer 

was used to focus and determine background noise. Data was analyzed using 

DiscoverMP software (Refeyn Ltd, Oxford, UK) and linear mass calibration standards were 

generated from BSA or Gel Filtration Standard (Bio-Rad). Representative histograms were 

fitted with Gaussian Curves.  Data are representative of at least two independent 

experiments. 

3.4.5 Proximal ligation assay 

THP-1 cells stably expressing both wild-type and mutant PQBP1-eYFP fusion 

proteins, as well as possessing silent mutations conferring resistance to siRNAs targeted 

against endogenous PQBP1,  were generated as described previously.113,114 These cells 

were fixed after 2 hours post-infection in 4% PFA, in PBS for 20 min, permeabilized with 

0.2% Triton X-100 in PBS, and subjected to the PLA assay according to the 

manufacturer’s protocol for the Duolink in situ detection reagents red kit (DUO92008, 

Sigma-Aldrich). Antibody incubations were used at 1;400 dilution: anti-rabbit HIV1 p24 

(Abcam-ab32352) and mouse anti-FLAG® M2 antibody (Sigma). PLA dots were detected 

using Nikon A1R HD confocal with 60X objective. Analysis was done using ImageJ. This 

protocol was adapted from previous methods.114 
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Chapter 4: The hexamer-like cross-linked CA pentamer 

binds ultra-potent capsid inhibitor GS-CA1 

4.1 Introduction 

The HIV-1 capsid is a fullerene cone, made of variable numbers of viral CA protein 

hexamers and twelve CA pentamers.74 The pentamers occupy sites of high curvature, 

called declinations, exactly 12 of which are required to form a completely closed capsid 

shell. The HIV-1 CA protein does not normally form discrete hexamers and pentamers in 

solution, but we have previously developed a disulfide crosslinking strategy to generate 

these reagents for biochemical studies and structure analysis through X-ray 

crystallography.76,77,107 We found two sets of disulfides – N21C/A22C and P17C/T19C – 

which, combined with mutations (W184A and M185A) that prevent stable assembly of 

capsid-like particles (CLPs), allowed purification and crystallization of discrete, soluble 

HIV-1 CA pentamers.76,107 The disulfide-stabilized CA pentamers are distinct from the 

pentamers found in actual HIV-1 capsids.147 Nevertheless, the crosslinked pentamers can 

bind to small molecule inhibitors that target the HIV-1 capsid, specifically the compounds 

PF-3450074 (PF74) and GS-CA1.30,148 The crosslinked pentamers without the 

W184A/M185A mutations assemble into 30-nm spherical CLPs that are hyperstable in 

vitro,107 and thus have attracted interest as nanocages with potential utility in medicine 

and materials science.149,150 Particularly relevant here, the N21C/A22C spheres seem 

especially amenable for use in high-throughput screening for capsid-binding small 

molecules.150  

GS-CA1 is the parental compound of the newest anti-HIV drug,148,151 which was 

approved for clinical use in the United States in 2022 with the generic name lenacapavir 

(LEN). The natural target of GS-CA1 is the CA hexamer within the assembled HIV-1 
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capsid. X-ray crystal structures of LEN in complex with the CA hexamer indicate that the 

compound binds to the so-called NTD-CTD interface, which consists of the N-terminal 

domain (NTD) and C-terminal domain (CTD) of adjacent CA subunits.151,152 GS-CA1 

makes close contacts with both the NTD and CTD, and binds with very high affinity (Kd = 

380 pM) to the hexamer.148 We have shown before that the NTD-CTD interface of disulfide-

stabilized HIV-1 CA pentamers is very similar to that of the hexamer.76 Indeed, GS-CA1 

also binds to the N21C/A22C pentamer with very high affinity (Kd = 270 pM).148 In this 

study, we determined the X-ray crystal structure of the N21C/A22C pentamer in complex 

with GS-CA1, and confirm that drug binding occurs in the same manner as the CA 

hexamer. Our work provides further support for the idea that crosslinked N21C/A22C 

assemblies are useful biochemical surrogates for identifying and characterizing capsid-

binding ligands.  

 

4.2 Results 

4.2.1 GS-CA1 binds to the cross-linked HIV-1 CA pentamer 

We first tested for binding of GS-CA1 to the N21C/A22C-crosslinked CA pentamer, 

by using nanodifferential scanning fluorimetry (nanoDSF). In this assay, tryptophan 

fluorescence was used to monitor protein thermal melting in the presence and absence of 

equimolar amounts of drug (5 μM protein and 5 μM GS-CA1, which represents a 5-fold 

excess of drug over pentamer). Disulfide-crosslinked CA hexamer77 and unassembled wild 

type (WT) CA monomer were used as comparative controls. As expected from previous 

studies,148 GS-CA1 significantly thermostabilized, by around 12 °C, both the cross-linked 

pentamer and hexamer, but not the unassembled CA protein (Figure 4.1A). First 

derivative melting curves showed that all the pentamers in the sample bound to the drug 
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(Figure 4.1B, compare blue and black curves). Interestingly, the bound species was 

polydisperse. This result could indicate lack of saturation of the five available binding sites 

per pentamer, or that denaturation of the disulfide-stabilized pentamer is a multi-step 

process. In either case, the nanoDSF experiments confirmed that the cross-linked CA 

pentamer binds GS-CA1 at sufficient stoichiometry, and thus samples suitable for crystal 

structure determination could be produced. 

4.2.2 Structure of the disulfide-stabilized CA pentamer in complex with GS-CA1 

The pentamer-drug complex crystallized in space group P21212, with two 

pentamers in the asymmetric unit (Figure 4.1C, Table 4.1). The previously described 

unbound pentamer was in P21, with unrelated crystal packing.76 The quality of the electron 

density map varied for different parts of the protein-drug complexes. Densities for all ten 

NTDs were generally of high quality (e.g., Figure 4.1D), but four CTDs were of 

Figure 4.1. Analysis of GS-CA1 binding 
to cross-linked CA pentamer. (A) 
Apparent melting temperatures (Tm) of the 
indicated CA constructs in the presence of 
GS-CA1 (blue) or DMSO control (black). 
Error bars represent the standard 
deviation of triplicate measurements. P, 
crosslinked pentamer; H, crosslinked 
hexamer; M, unassembled CA monomer. 
(B) Melting profiles of crosslinked 
pentamer, shown as first derivative curves. 
Representative of three independent 
measurements. (C) View of two 
pentamers in the P21212 asymmetric unit. 
CA protein is rendered as ribbons (yellow). 
Nine bound drug molecules are rendered 
as spheres (pink). (D) Electron density for 
the NTD (blue mesh, 2mFo-DFc, 1.2s), 
illustrated for helices 3 and 4 in chain F, 
which is representative of all 10 protein 
chains. (E) Variable electron density for 
the CTD (blue mesh, 2mFo-DFc, 1s), 
illustrated for helices 9 and 10 in chain B 
(left) and chain C (right). 
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Table 4.1. Structure determination statistics 

Values in parentheses are for the highest resolution shell.  

Data Collection  
   Beamline APS 22-ID 
   Wavelength, Å 1.000 
   Data processing program HKL2000 
   Space group P21212 
   a, b, c, Å 137.49, 149.46, 157.11 
   a, b, g, ° 90, 90, 90 
   Resolution range, Å 50-3.46 (3.58-3.46) 
   Rmeas 0.11 (>1) 
   Rp.i.m. 0.04 (0.50) 
   CC1/2 1.00 (0.70) 
   Mean I/s(I) 19.7 (1.0) 
   Completeness, % 95.8 (90.0) 
   Average multiplicity 9.9 (6.5) 
   Wilson B factor, Å2  

Phasing  
   Phasing program MOLREP 
   Method Molecular replacement 
   Search model PDB entry 3p05 

Model Refinement  
   Refinement program Phenix 
   Resolution range, Å 40.94-3.46 (3.58-3.46) 
   No. of unique reflections 24,887 (641) 
   No. of reflections for Rfree 1,273 (37) 
   Rwork 0.23 (0.25) 
   Rfree 0.29 (0.26) 
   No. of non-H atoms  
      Protein 14,550 
      GS-CA1 900 
   Average B factor, Å2  
      Protein 43.26 
      GS-CA1 32.47 
   R.m.s.d., bond lengths, Å 0.003 
   R.m.s.d., bond angles, ° 0.570 

Validation and Deposition  
   Ramachandran favored, % 96.21 
   Ramachandran outliers, % 0 
   Ramachandran Z-score  
   Rotamer outliers, % 0.93 
   MolProbility clashscore 5.13 
   PDB code  
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much poorer quality, particularly in helices 9 and 10 (e.g., Figure 4.1E); as described 

before for disulfide-stabilized HIV-1 CA hexamers, this is due to both the inherent flexibility 

of the CTD and amplified flexibility caused by the W184A and M185A mutations in helix 

9.77 

Density for bound GS-CA1 was observed at each of the ten crystallographically 

independent NTD-CTD interfaces. Again, there was variation in the drug electron 

densities, which did not track with density quality for the CTD and more likely reflects 

differing occupancies. Importantly, ligand positions were also within the best-defined 

regions of the map, as illustrated in Figure 4.2A. For nine of the ten positions, drug 

densities were sufficiently well-resolved to justify modeling. All nine modeled copies of GS-

CA1 adopted the same configuration relative to, and made the same interactions with, 

each of their binding sites. 

Comparison with published crystal structures of the CA hexamer in complex with 

LEN151,152 revealed the same binding pose (Figure 4.2B), and that key interactions are 

preserved: a difluorinated phenyl ring is buried in a hydrophobic pocket lined by Leu56, 

Met66, Leu69, and Ile73 in the NTD (Figure 4.2C); drug nitrogen atoms make hydrogen 

bonds with Asn57 (Figure 4.2D); and a substituted pyrazole ring stacks against Arg173 in 

the CTD (Figure 4.2E). There are three minor chemical differences between GS-CA1 and 

LEN (circled in Figure 4.2B and 4.2F): a cyclopropyl ring in GS-CA1 is a methyl group in 

LEN, and two CHF2 (difluoromethyl) groups in GS-CA1 are CF3 (trifluoromethyl) in LEN. 

Of these, only the CHF2/CF3 group attached to the pyrazole ring is likely to contribute 

significantly to interactions with the protein, being buried in a hydrophobic subpocket lined 

by Tyr169 and Leu172 in the CTD (Figure 4.2F). LEN is more metabolically stable than 

GS-CA1, with improved anti-viral potency.148,151,153 Our structural observations are 
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consistent with findings from biochemical studies that the cross-linked CA pentamer and 

hexamer bind to GS-CA1 and related ligands with similar affinities.30,148 

4.2.3 Structural comparison of HIV-1 CA hexamers and pentamers 

Next, we compared our cross-linked CA pentamer to other X-ray and cryoEM 

structures of the HIV-1 CA hexamer and pentamer. While some of this analysis has been 

done previously at low resolution,147 we perform here a more systematic comparison and 

include recent high-resolution cryoEM structures.124,154,155 Using PDB 3p05 (unbound 

crosslinked pentamer) as reference, we superimposed the two assembly interfaces that 

hold together the capsomers from structures listed in Table 4.2. The NTD-NTD interface 

(Figure 4.3A) consists of helix 2 of one subunit packing against helices 1 and 3 of the 

Figure 4.2. GS-CA1 structure bound to CA pentamer. (A) Apparent melting temperatures (Tm) of the 
indicated CA constructs in the presence of GS-CA1 (blue) or DMSO control (black). Error bars represent 
the standard deviation of triplicate measurements. P, crosslinked pentamer; H, crosslinked hexamer; M, 
unassembled CA monomer. (B) Melting profiles of crosslinked pentamer, shown as first derivative curves. 
Representative of three independent measurements. (C) View of two pentamers in the P21212 
asymmetric unit. CA protein is rendered as ribbons (yellow). Nine bound drug molecules are rendered as 
spheres (pink). (D) Electron density for the NTD (blue mesh, 2mFo-DFc, 1.2s), illustrated for helices 3 and 
4 in chain F, which is representative of all 10 protein chains. (E) Variable electron density for the CTD (blue 
mesh, 2mFo-DFc, 1s), illustrated for helices 9 and 10 in chain B (left) and chain C (right). 
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adjacent subunit, whereas the NTD-CTD interface (Figure 4.3B) consists of helix 8 from 

the CTD packing against helices 3 and 4 of the interacting NTD. Figure 4.3C is a scatter 

plot of the RMSDs for crystallographically independent interfaces; similar structures 

cluster together in this plot. Figure 4.3D plots the average of RMSDs for each type of 

capsomer, indicating degree of similarity to the reference structure. Results show that: (1) 

GS-CA1 binding does not significantly perturb the structure of the cross-linked pentamer, 

as evidenced by clustering of these structures in the scatter plot (Figure 4.3C) and by 

average RMSDs <1 Å (Figure 4.3D). (2) The cross-linked pentamer is similar to both 

cross-linked and native hexamers, regardless of drug-binding status, again evidenced by  
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Figure 4.3. Structural comparison of HIV-1 CA capsomers. Crosslinked pentamers are colored in blue, 
WT pentamers in orange, crosslinked hexamers in green, and WT hexamers in yellow. For each structure, 
equivalent Ca residues were superimposed with PDB 3h47 as reference. (A) Superposition of NTD-NTD 
interfaces in helices 1, 2, and 3. (B) Superposition of NTD-CTD interfaces in helices 3, 4, and 8. (C) Scatter 
plot of the RMSDs derived from the superpositions (left panel). Each symbol indicates a 
crystallographically independent structure extracted from PDB models listed in Table 4.2. A zoomed-in 
view of the graphical region within the dotted lines is shown in the right panel. (D) Average of the RMSDs 
for each group of structures. Error bars indicate standard deviations. 
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Table 4.2. HIV-1 CA structures used for comparisons in Figure 4.3 

 

clustering (Figure 4.3C) and by low RMSDs (Figure 4.3D). (3) The cross-linked pentamer, 

and both the crosslinked and WT hexamers, have very different NTD-NTD and NTD-CTD 

interfaces from the native pentamer. The WT pentamers form cluster widely separated 

from all the others (Figure 4.3C) and have RMSDs ~10 Å (Figure 4.3D). These 

observations provide further evidence that the cross-linked pentamer and WT hexamer 

are functionally equivalent, whereas both are functionally distinct from the WT pentamer. 

 

 

Capsomer Bound 
drug PDB Method 

No. of 
NTD-NTD 
interfaces 

No. of 
NTD-CTD 
interfaces 

Reference 

Crosslinked 
pentamer 

None 3p05 X-ray 5 5 Pornillos et al. (2011) Nature 469, 
424 

GS-CA1 TBD X-ray 10 10 This study 

WT 
pentamer 

None 7urn CryoEM 1 1 Schirra et al. (2023) Nat Struct 
Mol Biol 30, 383 

None 8ckw CryoEM 1 1 Stacey et al. (2023) Proc Natl 
Acad Sci USA 120, e2220557120 

Crosslinked 
hexamer 

None 3h47 X-ray 1 1 Pornillos et al. (2009) Cell 137, 
1282 

None 3h4e X-ray 12 12 Pornillos et al. (2009) Cell 137, 
1282 

PF74 4qnb X-ray 1 1 Bhattacharya et al. (2014) Proc 
Natl Acad Sci USA 111, 18625 

PF74 4u0e X-ray 1 1 Price et al. (2014) PLoS Pathog 
10, e1004459 

BI-2 4u0f X-ray 1 1 Price et al. (2014) PLoS Pathog 
10, e1004459 

LEN 6v2f X-ray 6 6 Link et al. (2020) Nature 584, 614 

LEN 6vkv X-ray 3 3 Bester et al. (2020) Science 370, 
360 

WT 
hexamer 

None 4xfx X-ray 1 1 Gres et al. (2015) Science 349, 99 
None 4xfy X-ray 1 1 Gres et al. (2015) Science 349, 99 

None 7urn CryoEM 2 2 Schirra et al. (2023) Nat Struct 
Mol Biol 30, 383 

None 8ckv CryoEM 1 1 Stacey et al. (2023) Proc Natl 
Acad Sci USA 120, e2220557120 

None 8ckx CryoEM 6 6 Stacey et al. (2023) Proc Natl 
Acad Sci USA 120, e2220557120 

PF74 4xfz X-ray 1 1 Gres et al. (2015) Science 349, 99 

LEN 8g6o CryoEM 2 2 Highland et al. (2023) Proc Natl 
Acad Sci USA 120, e2220545120 
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4.3 Discussion 

Although interactions of the HIV-1 CA hexamer with many of its known binding 

partners have been well-characterized, the CA pentamer’s ability to interact with the same 

ligands and the consequences of these interactions remain poorly understood. The key 

conclusion from this study is that the disulfide-crosslinked HIV-1 CA pentamer 

recapitulates hexamer-like functional characteristics. Specifically, the crosslinked 

pentamer binds ligand, such as GS-CA1, in the same manner as the hexamer. Due to 

their favorable characteristics compared to hexamer-containing and hexamer-only 

assemblies, the 30-nm spheres made of crosslinked CA pentamers may be attractive 

functional surrogates of the hexamer.150 

Although distinct from the native pentamer, we suggest that similarities with the 

hexamer warrant further studies, to determine whether the alternative configuration 

adopted by the crosslinked pentamer represents a biologically functional state of HIV-1 

CA. It is possible that specific molecular triggers, such as a high-affinity ligand or host 

factor binding, might allow conformational switching of the native pentamer into this 

configuration. For example, we speculate that such a switch might be relevant to the 

“capsid remodeling” process that is proposed to occur during the nuclear import step of 

HIV-1 replication.102,104 

 

4.4 Methods 

4.4.1 Protein production 

HIV-1 CA proteins were expressed and purified as described previously.156 Soluble 

pentamers were generated as described.107 In brief, purified CA protein harboring the 
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N21C, A22C, W184A, and M185A mutations was sequentially dialyzed (at 4 °C and for 8-

12 h each step), first into assembly buffer (50 mM Tris-pH 8.0, 1 M NaCl, 100 mM b-

mercaptoethanol), then into assembly buffer without mercaptoethanol to allow the disulfide 

bonds to form, and finally into crystallization buffer (20 mM Tris, pH 8.0). 

4.4.2 Nanodifferential scanning fluorimetry 

Protein samples (0.4 mM stock) and drug (10 mM stock in DMSO) were diluted to 

5 µM concentrations in 20 mM Tris, pH 8.0, 100 mM NaCl, and then incubated for 5 mins. 

Melting profiles were measured by using a Tycho NT.6 (NanoTemper). First derivative 

curves and apparent melting temperatures (Tm) were determined from raw curves using 

the manufacturer’s software. 

4.4.3 Crystallization 

Protein-drug samples were prepared by incubating 0.4 mM of crosslinked 

pentamers and 1 mM GS-CA1 overnight at room temperature. GS-CA1 was directly 

diluted from a 50 mM stock in DMSO, which resulted in significant drug precipitation. The 

protein-drug mixture was crystallized in sitting drops at 20 °C. Crystals formed within 48 h 

in 0.1 M HEPES, pH 6.8, 21 (v/v) % PEG 8000, and 10% (v/v) ethylene glycol at a 1:1 

sample to precipitant ratio. 

4.4.4 Structure determination 

Crystals were cryoprotected with 25% (v/v) ethylene glycol in mother liquor and 

flash-frozen in liquid nitrogen. Diffraction data were collected on beamline 22-ID at the 

Advanced Photon Source. Indexing, integration, and scaling were performed with HKL-

2000.157 The crystals belonged to space group P21212, with two pentamers in the 

asymmetric unit. The structure was solved by molecular replacement with MOLREP,158  
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using as search model PDB entry 3p05.76 Iterative refinement and model building were 

performed using Phenix159 and Coot.141 Initial model building was performed with 10-fold 

non-crystallographic symmetry (NCS) maps, calculated separately for the NTD and CTD. 

The drug was built and refined only after complete refinement of the protein. NCS 

restraints were used throughout the refinement process. Structure validation was 

performed using MolProbity160 as implemented in Phenix. Figures were prepared using 

PyMOL (Schrödinger Scientific). 

4.4.5 Structure comparisons 

Pair-wise alignments of published structures (Supplementary Table 1) of 

crosslinked pentamers, wild type (WT) pentamers, crosslinked hexamers, and WT 

hexamers – with or without bound drug – were performed with PyMOL, using chains E 

and F of PDB 3p05 as reference. RMSDs were calculated for corresponding Ca atoms. 

The following residues were used for alignment: NTD-NTD interface, helix 1 (a.a. 17-29), 

helix 3 (a.a. 49-56), and helix 2 (a.a. 34-44); NTD-CTD interface, helix 3 (a.a. 49-56), helix 

4 (a.a. 63-73), and helix 8 (a.a. 161-174). 
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Chapter 5: Conclusion 

5.1 Summary of results 

The HIV-1 capsid is a dynamic molecular machine essential to post-cell entry viral 

events. This work systematically employed a series of biochemical reagents that 

recapitulate various levels of capsid assembly to assess interactions with important 

binding factors and their related consequences. The results reveal novel biochemical and 

biophysical details fundamental to understanding capsid dynamics and their larger role in 

early HIV-1 infection. 

We show the first structural evidence of the HIV-1 capsid binding to PQBP1, a host 

cell protein recently identified to bridge capsid recognition and activation of the cGAS 

innate immune sensing pathway upon viral entry. Our thermostability and structural data 

demonstrate that the primary mode of this interaction is through charge complementation 

between the electronegative N-terminus of PQBP1 and the arginine 18 pore found within 

the CA hexamer. Pulldown assays confirm binding of full-length PQBP1 to the extended 

capsid lattice and also suggest that additional regions of PQBP1 may be contributing to 

capsid binding. Furthermore, pulldown assays performed with CA tubes after extended 

periods of FL PQBP1 incubation demonstrate increases in levels of soluble CA, which can 

be interpreted as capsid lattice destabilization as a consequence of PQBP1 binding. 

Negative stain EM images of CA tubes from these experiments appear damaged, 

reinforcing pulldown results. However, these effects no longer occur when the C-terminus 

of PQBP1 is not present.  

We also investigate PQBP1’s propensity to self-associate as an intrinsically 

disordered protein. Pulldown assays of FL PQBP1 incubated with increasing amounts of 

Nt show that self-association of the protein can be unmasked by the N-terminal region of 
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PQBP1. Mass photometry data confirm these results and demonstrate that PQBP1 

undergoes dimerization, likely at its C-terminus. In-cell experiments performed with a 

characterized PQBP1 construct that C-terminally dimerizes via a leucine zipper indicate 

that C-terminal dimerization of PQBP1 is required to induce cGAS signaling upon viral 

infection. 

The collective data suggest a potential mechanism for how PQBP1 can bridge 

capsid recognition with cGAS recruitment to the virus to induce downstream signaling: 

after viral entry, PQBP1 binds to the capsid primarily through contacts between its N-

terminus and the R18 pore within CA hexamers, which may be reinforced by additional 

interactions via other regions of the protein. Nt binding to the capsid frees PQBP1 Ct to 

dimerize, and this self-association induces conformational changes and/or mechanical 

stress sufficient to promote capsid lattice destabilization. PQBP1 self-association can also 

serve as a platform for cGAS recruitment, enabling multiple cGAS molecules to bind at 

sites of capsid lattice breakage and bringing them into close proximity of the reverse-

transcribing viral genome. These local concentrations of activated cGAS would then reach 

the signaling threshold necessary to induce downstream events.  

Finally, we solved the structure of small molecule inhibitor GS-CA1 in complex with 

the cross-linked HIV-1 CA pentamer. Though binding interactions between CA hexamers 

and small molecule inhibitors including but not limited to GS-CA1 have been previously 

elucidated, we provide the first evidence of GS-CA1 binding to a CA pentamer. Structural 

and thermostability data reveal the hexamer-like characteristics of the cross-linked CA 

pentamer, which adopts a conformation alternative to the canonical CA pentamer. These 

results contribute to the mounting body of evidence supporting CA pentamer structural 

plasticity, a characteristic of the HIV-1 capsid that may have important functional 

relevance. 
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5.2 Impacts and future directions 

Additional studies focused on PQBP1 should aim to elucidate a more complete 

molecular understanding of how capsid recognition occurs; while we describe the primary 

interactions between PQBP1 and the capsid and note that other interactions contribute to 

stable binding, these regions and the resulting complex(es) that form remain to be fully 

characterized. Our pulldown assays, which distinguish genetically separate functionalities 

of binding and destabilization based on length of incubation (short times show binding, 

long times show destabilization), should be particularly useful for these studies. We also 

successfully used functional replacement of distinct PQBP1 regions to assess self-

association properties, specifically the dimerization propensity of Ct. Both of these 

approaches will be informative in further work not just with PQBP1 but also in determining 

how cGAS and further higher-order complex formation generates the proposed anti-viral 

signaling platform threshold. Once these biochemical details have been uncovered, they 

should be validated in vivo. 

The alternative CA pentamer should also continue to be investigated for functional 

relevance during infection. Unpublished findings from our group demonstrate that this 

conformation can be obtained multiple ways in vitro through cross-linking or point 

mutations (e.g. R18L, K25A), giving a toehold for in-cell experiments that may reveal 

important functional information. 

In conclusion, the data presented in this dissertation establish the fundamental 

molecular bases of important interactions of the HIV-1 capsid and set the foundation for 

future mechanistic studies, including potential development of therapeutics that target the 

HIV-1 capsid to mitigate viral infection.  
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