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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.
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Introduction

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

interferon response upon recognition of cytosolic double-stranded DNA (dsDNA).1–3 The 

cGAS pathway functions as a first-line defense against DNA and RNA viruses, including 

HIV-1.4–7 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 reverse-transcribing viral particle.8,9

PQBP1 is an intrinsically disordered protein (IDP) of 265 amino-acid residues (Figure 1A) 

that is found both in the cell nucleus and cytoplasm.10–12 Being an IDP, PQBP1 lacks a 

well-ordered globular fold, apart from a small WW domain (Figure 1B);10,12,13 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 1A).8,9 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 

subunits.9 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,14 the 

capsid-stabilizing factor inositol hexakisphosphate (IP6),15,16 and the transport factor FEZ1, 

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

acidic motifs,9 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.

Results

PQBP1 Nt directly binds the HIV-1 CA hexamer

We purified recombinant, full-length PQBP1 (Supplementary Figure S1A) and characterized 

its binding to soluble, disulfide-crosslinked HIV-1 CA hexamers. As described before, 
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the crosslinked CA hexamer is held together by designed disulfides (A14C/E45C), 

which, in combination with mutations (W184A/M185A) that destabilize the extended 

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 disulfide-stabilized 

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 (Supplementary Figure S1B, 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 (Supplementary Figure S1B, orange curves). 

A sample containing both proteins revealed a shift in CA’s apparent Tm by around 2 °C 

(Supplementary Figure S1B, blue curves). This degree of thermostabilization in nanoDSF 

and DSF assays is generally accepted to indicate a direct binding interaction.19

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

their ability to increase thermostability of the CA hexamer. Because PQBP1 is an IDP, 

we used functional annotations (e.g., Figure 1A) rather than structurally-defined domains 

for fragment design (Figure 2A). Results show that the PQBP1 fragment spanning Nt 

(residues 1–46) shifted the apparent Tm of the hexamer (Figure 2B, compare magenta and 

black curves). In contrast, the WW domain, polar-rich domain (PRD) and C-terminal (Ct) 

fragments had no effect (Figure 2B, 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 2C and Table 1), indicating a relatively high-affinity 

complex in vitro. As noted previously,9 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 3A,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,9 so 

we performed the same experiments with an R18A mutant of the hexamer (Figure 3B,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 3D). These results 

are consistent with the interpretation that, similar to other acidic ligands,14–17 PQBP1 Nt 

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

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 cryoimages, and solved the structure by using the single-particle 
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averaging technique (Supplementary Figure S2A and Table 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) (Supplementary Figure S2B and Table 2). The CA 

residues are very well-defined, indicating that the map is of high quality (Supplementary 

Figure S2C). 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 4A,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)20 (see Methods and Supplementary Figure 

S3 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 4B), 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 canonical 

secondary structural motifs when complexed with their partners.21 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 (Supplementary Figure S3D). Secondly, although the peptide 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 

4C). Maps reconstructed from the extreme positions of these vectors (Supplementary Figure 

S3A–C and Table 2) show that the long axis of the peptide does not coincide with the 

channel center (Figure 4D). 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 4D, red asterisks).

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.

A tri-aspartate motif mediates 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 
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overlaps (Figure 5A). Results indicate that 15-mer peptides containing either the EEE or 

DDD motifs displayed measurable binding (Figure 5A and Supplementary Figure S4B), 

but two fragments containing the DDD motif bound with the highest affinities (85 nM for 

15–5 and 54 nM for 15–6) (Figure 5B and Table 1). Experiments with overlapping 10-mer 

and 20-mer fragments produced similar results (Supplementary Figure S4A,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 (Supplementary Figure S4C). 

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) (Supplementary Figure S4C). 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 5C). 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 expression (see Methods 

for details). As previously shown,9 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 (ΔNt) 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 ΔNt. Western blotting confirmed 

that all PQBP1-eYFP constructs expressed at comparable levels (Figure 5D). 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 context of hexamer binding in vitro is attenuated in 

the cellular context. Our interpretation is that functional binding in cells requires both acidic 

motifs (see also Discussion).

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.9 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 

capsids22, our results with the hexamer indicated that PQBP1 binding will be inhibited by 

the mM levels of IP6 that is present in these in vitro assemblies. Experiments were thus 

performed with A14C/E45C HIV-1 CA tubes (lacking the W814A/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.23 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 
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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 6A (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 6B), 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 6A, middle two rows; quantified in Figure 6B). 

Assuming that wild-type PQBP1 has similar levels 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 vitro.

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

~1% of input found in the pellet (Figure 6A, bottom row; quantified in Figure 6B). This 

result was unexpected, given Nt’s apparent nM-level affinity for soluble CA hexamers in the 

nanoDSF experiments (Figure 2C). 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. We also performed a competition 

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

with the CA tubes prior to centrifugation. Results show diminution of pellet-associated full-

length PQBP1 to background levels, which is consistent with binding competition (Figure 

6C). Altogether, these data 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 TRIM5α: the principal binding interaction between CA and the TRIM5α 
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 by24).

Discussion

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

biochemical proof that PQBP1 is an HIV-1 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 FEZ1,14–17 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 the 15–6 
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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).25–27 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.24,28–36 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.

Methods

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 h. 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 min 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, 1 mM 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 β-mercaptoethanol. 

Samples were concentrated to 2–7 mg/mL and flash-frozen in liquid nitrogen for storage 

at −80 °C. The Nt-deletion (ΔNt) 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 
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mutant to be suitable for use in pull-down experiments because the CA band was still 

distinguishable in Coomassie-stained SDS-PAGE gels (Figure 6A).

Peptides corresponding to PQBP1 fragments (Supplementary Figure S4A) were obtained 

from a commercial source (Celltein) at > 95% purity (HPLC purification) and verified by 

mass 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.18.

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 2B, 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 described37. 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.

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 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.38.

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.8 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 × 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 h, 

followed by RT-qPCR analysis for ISG54 expression.4,8 The following siRNAs were used: 

siPQBP1 (5′-AAGCTCAGAAGCAGTAATGCA-3′), and non-targeting control (5′-AATC 
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GATCATAGGACGAACGC-3′). qPCR primers were described previously.8 5 ng of p24 or 

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

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 1.2/1.3c-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 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.3.3.1–3.39 

Raw movies were corrected for beam-induced motion using MotionCor2.40 CTF estimation 

was performed with CTFFIND441 for the 0° tilt data and Patch CTF for the 30° tilt 

data, both as implemented in cryoS-PARC. Initially, the two data sets were processed 

independently (Supplementary Figure S2A). 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) (Supplementary Figure S2B).

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) (Supplementary Figure S3B,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 subsets, 

but ever-decreasing particle numbers became limiting.

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 β-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.
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Coordinate modeling

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

3H47,18 which consists of a single chain of CA, was docked into this map, then refined 

in real space using Phenix,42 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,43 real-space 

refinement was performed with non-crystallographic symmetry restraints. The Nt density 

was left unmodeled.

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).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 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.44 Functional domains are shown in different colors and labeled.
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Figure 2. 
The N-terminal (Nt) region of PQBP1 directly binds soluble disulfide-stabilized HIV-1 CA 

hexamer. (A) Schematic of synthetic PQBP1 peptides spanning Nt, WW, PRD (polar-rich 

domain), and Ct (C-terminal region). (B) NanoDSF raw melting profiles (left panel) and first 

derivative curves (right panel) of HIV-1 CA hexamer in the presence of the indicated PQBP1 

constructs. Results are representative of at least two experiments. (C) Nt binding data were 

fit to a simple binding model. Results are representative of 4 independent experiments, each 

with 2–3 replicates.
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Figure 3. 
PQBP1 Nt binding to the hexamer is mediated by charge interactions. (A) and (B) NanoDSF 

raw melting profiles (left panels) and first derivative curves (right panels) of HIV-1 

CA hexamer (0.83 μM) containing non-mutated Arg18 (A) or R18A mutation (B), after 

incubation with 5 μM Nt peptide (magenta), or Nt DE-to-G mutant (purple), or without 

peptide (black). Data are representative of at least 3 technical replicates. (C) Summary of 

thermostabilization data, presented as mean ± S.D. of three independent experiments. (D) 
Representative 2D class averages of the indicated CA hexamers after incubation with 3-fold 

excess Nt peptide. Red arrows indicate the central channel.
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Figure 4. 
CryoEM structure of the CA hexamer bound to Nt. (A) Top view of the consensus 

map refined with C1 symmetry, colored according to local resolution. 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.
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Figure 5. 
High-affinity hexamer binding requires a tri-aspartate motif in Nt. (A) Sequence of Nt 

and positions of 15-mer peptides. (B) Binding data for peptides 15–5 and 15–6. Data 

are representative of three independent experiments, each in three replicates. (C) HIV-

dependent ISG54 induction by the indicated PQBP1-eYFP constructs in differentiated 

THP-1 cells, shown as mean ± S.D. Experiments were done in biological triplicate; shown 

is representative of two independent experiments. ***, p < 0.001 (two-way ANOVA). (D) 
Anti-YFP immunoblot of THP-1 whole cell lysates to detect expression levels of indicated 

PQBP1-eYFP constructs. EV, empty vector.
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Figure 6. 
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 (ΔNt 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) FL PQBP1 was incubated with Nt peptide and/or 

CA tubes as indicated, for 1 h at room temperature prior to centrifugation. Numbers indicate 

percentage of input FL PQBP1 in the pellet fraction. Representative of 2 independent 

experiments.
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