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Abstract

The stability of the HIV-1 core in the cytoplasm is crucial for productive HIV-1 infection. 

Mutations that stabilize or destabilize the core showed defects in HIV-1 reverse transcription and 

infection. We developed a novel and simple assay to measure stability of in vitro-assembled HIV-1 

CA-NC complexes. This assay allowed us to demonstrate that cytosolic extracts strongly stabilize 

the HIV-1 core (Fricke et al., J Virol 87:10587–10597, 2013). By using our novel assay, one can 

measure the ability of different drugs to modulate the stability of in vitro-assembled HIV-1 CA-

NC complexes, such as PF74, CAP-1, IXN-053, cyclosporine A, Bi2, and the peptide CAI. We 

also found that purified CPSF6 (1–321) protein stabilizes in vitro-assembled HIV-1 CA-NC 

complexes (Fricke et al., J Virol 87:10587–10597, 2013). Here we describe in detail the use of this 

capsid stability assay. We believe that our assay can be a powerful tool to assess HIV-1 capsid 

stability in vitro.
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1 Introduction

In its simplest definition, uncoating is the shedding of monomeric capsid proteins from the 

retroviral core or ribonucleoprotein complex. Because only ~40 % of the total capsid in the 

virion comprises the retroviral core [1–3], a simple model is that the monomeric capsid is in 

dynamic equilibrium with the assembled capsid (viral core). This implies that the core might 

exist in a meta-stable state only when the soluble capsid is in high concentration, keeping the 

equilibrium shifted toward the core formation by mass action. The fact that complexes 

containing capsid have been detected in the cytoplasm of cells early during infection implies 

that cellular factors might be involved in stabilization of the core [4, 5].

The capsid protein is required for the successful completion of several early steps of HIV-1 

replication: (1) successful infection requires that capsid uncoating occurs during or after 

reverse transcription [6–9]; (2) elegant experiments have shown that the capsid sequence is 

the genetic determinant for the ability of lentiviruses to infect nondividing cells [10–13]; and 

(3) the stability provided by the capsid protein assembled into the viral core is important for 

the occurrence of reverse transcription and productive infection [14–16].

Over the years, sensitive assays to biochemically measure core stability have been 

developed, such as the “fate of the capsid” assay that measures core stability during infection 
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of cells over time [6, 7, 17]. Even though this assay is widely used [7, 8, 14, 17–23], it is 

intensive and laborious and a more rapid assay to measure core stability is desirable.

Here we present a rapid and simple assay to measure capsid stability in vitro using in vitro-

assembled HIV-1 CA-NC complexes as a surrogate for the HIV-1 core [24]. This assay will 

assist the evaluation of drugs or proteins that change the stability of capsid. Furthermore, 

this assay could be used to identify novel cellular factors that bind to the HIV-1 core.

2 Materials

Prepare all solutions using ultrapure water and analytical grade reagents. Prepare and store 

all reagents at room temperature (unless indicated otherwise). Diligently follow all waste 

disposal regulations when disposing waste materials.

2.1 Capsid Assembly

1. 1 M Tris–HCl, pH 8. 0.

2. 5 M NaCl.

3. 10 mg/ml oligo (TG) 25 (store at −20 °C).

4. HIV-1 CA-NC protein purified as described previously [25].

2.2 Stability Assay

1. Destabilization buffer (DB) 5× : 50 mM Tris–HCl (pH 8.0), 300 mM NaCl, 2 

mM MgCl 2, 10 % (v/v) glycerol, 0.5 % (v/v) (NP-40). Make fresh every time.

2. Stabilization buffer (SB): 10 mM Tris–HCl (pH 8.0), 10 mM KCl, 2 mM MgCl 

2, 0.5 mM DTT. Store at 4 °C for up to 1 week.

3. PBS 1×.

4. Human 293 T cells.

5. Refrigerated tabletop centrifuge.

6. CAI peptide (amino acid sequence, ITFEDLLDYYGP) and the CAIctrl peptide 

(amino acid sequence, IYDPTLYGLEFD) (95 % purity) [26]. Prepare stock 

solutions at 10 mM in dimethyl sulfoxide (DMSO). Store at −20 °C.

7. PF74 (PF-3450074), stock solution 100 mM in DMSO (store at −20 °C) [27].

8. CPIPB (4-{2-[3-(3-chlorophenyl)-1H-pyrazol-4-yl]-1-[3-(1H-imidazol-1-

yl)propyl]-1H-benzimidazol-5-yl}benzoic acid dihydrochloride) stock solution 

of 20 mM in DMSO [28–30]. Store at −20 °C.

9. CPSF6 (1–321) purified as described previously [31].

2.3 Differential Ultracentrifugation

1. 70 % (w/v) sucrose (ACS reagent > 99%purity) in 1× PBS.

2. Ultracentrifuge.
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3. SW55 Rotor.

4. SW55 centrifuge tubes.

2.4 PAGE and Western Blot

1. 1× SDS sample buffer: 60 m M Tris–HCl (pH 6.8), 2 % (w/v) SDS, 5 % (v/v) β-

mercaptoethanol, 0.02 % (w/v) bromophenol blue, 9 % (v/v) glycerol.

2. 5× SDS sample buffer: 0.3 M Tris–HCl (pH 6.8), 10 % (w/v) SDS, 25 % (v/v) β-

mercaptoethanol, 0.1 % (w/v) bromophenol blue, 45 % (v/v) glycerol. Store 

aliquots at −20 °C.

3. 10 % (w/v) polyacrylamide NuPAGE gel.

3 Methods

To measure HIV-1 core stability, we developed an assay that measures the stability of HIV-1 

CA-NC complexes in vitro (Fig. 1). The assay consists of determining the stability of in 

vitro-assembled HIV-1 CA-NC complexes in the presence of different agents such as 

proteins or small-molecule inhibitors to subsequently measure the remaining amount of 

assembled HIV-1 CA-NC complexes using a sucrose cushion. To measure whether an agent 
stabilizes the capsid, in vitro-assembled HIV-1 CA-NC complexes are incubated with the 

agent in question in destabilization buffer (Fig. 1). The total amount of stabilized capsid 

complexes is measured using a sucrose cushion, and the amount of stabilized complexes is 

compared to complexes obtained in the absence of the agent in question. To measure 
whether an agent destabilizes the capsid, in vitro-assembled HIV-1 CA-NC complexes are 

incubated with the agent in stabilization buffer (Fig. 1). The amount of destabilized capsid 

complexes is measured by subtracting the amount of complexes obtained in the presence of 

the agent from the amount of complexes obtained in the absence of the agent.

3.1 Capsid Assembly

1. Add 2.5 μl 1 M Tris–HCl (pH 8.0), 5 μl 5 M NaCl, and 10 μl oligo(TG) 25 to 25 

μl of 10–20 mg/ml purified CA-NC protein (see Note 1).

2. Add 7.5 μl water to the suspension. The mixture is incubated for 5 min at room 

temperature. Successful assembly is noted by the appearance of white complexes 

in solution. The size of the complexes can be determined by dynamic light 

scattering (see Note 2).

3.2 Stabilization Assay

1. Prepare up to six Eppendorf test tubes with 400 μl stabilization buffer. Add 

additional 100 μl stabilization buffer in the first test tube. To the other test tubes, 

add 100 μl of 5× destabilization buffer. Final volume is 500 μl.

2. Add the indicated agents to test tubes 3–6 (Fig. 2a). Incubate 3 μl of in vitro-

assembled HIV-1 CA-NC complexes in the presence of PF74, CAI peptide, 

CAIctrl peptide, or purified CPSF6 (1–321) (Fig. 2a). As a second example, the 

ability of CPIPB to change the stability of in vitro-assembled HIV-1 CA-NC 
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complexes is determined. For this purpose, incubate 3 μl of in vitro-assembled 

HIV-1 CA-NC complexes in the presence of different concentrations of CPIPB 

(Fig. 3) (see Note 3).

3. Incubate 3 μl of in vitro-assembled HIV-1 CA-NC complexes with the different 

agents at room temperature for 1 h (see Notes 4 and 5).

4. Store an aliquot of this mixture at −20 °C for further analysis, henceforth 

referred to as “input.” For this purpose, add 5× SDS sample buffer. Proceed with 

ultracentrifugation below.

3.3 Destabilization Assay

1. Culture 293 T cells in DMEM containing 10 % FBS and antibiotics (penicillin 

and streptomycin) in an incubator calibrated at 37 °C and 5 % CO 2. Cells are 

detached from nearly confluent dishes with trypsin-EDTA. Five million cells are 

seeded in 10 ml medium in 100 mm plastic culture dishes and cultured for 1 day 

prior to the assay. The next day, cultures will have grown to approximately 100 

% confluence.

Discard the media by decanting and add 400 μl of stabilization buffer (see Note 

6).

2. Scrape the cells on the 100 mm plate using a cell scraper and transfer cells into 

1.5 ml tube.

3. Incubate sample for 15 min on ice.

4. Centrifuge with maximum speed using a 4 °C refrigerated tabletop centrifuge.

5. Carefully take the tubes from the centrifuge and transfer the supernatant (cell 

extract) into a fresh tube.

6. Prepare up to six test tubes and fill the first two with 400 μl stabilization buffer. 

Add 400 μl of cell extracts resuspended in stabilization buffer into test tubes 3–6. 

Add additional 100 μl of stabilization buffer in the first test tube. To the test tubes 

2–6, add 100 μl of 5× destabilization buffer.

7. Add the agents/drugs you would like to assay to test tubes 4–6. In this example, 

the well-known HIV-1 capsid drug PF74 and the peptides CAI and CAIctrl are 

tested (Fig. 2b) (see Note 3).

8. Add 3 μl of in vitro-assembled HIV-1 CA-NC complexes to all test tubes, and 

incubate the mixture at room temperature for 1 h (see Notes 4 and 5).

9. An aliquot of this mixture, henceforth referred to as “input,” was stored at −20 

°C for further analysis. For this purpose, add 5× SDS sample buffer.

3.4 Ultracentrifugation

1. Prepare six centrifuge tubes containing 3 ml 70 % sucrose at 4 °C (see Note 7). 

Check the sucrose levels and if necessary adjust using a 200 μl pipette (keep the 

tubes in the cold room until needed).
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2. Load the sample from Subheading 3.2, step 4 above carefully on top of the 

sucrose cushion (see Note 8).

3. Centrifuge at 100,000 × ℊ (30,000 rpm using a SW55 rotor) for 1 h at 4 °C.

4. Aspirate the supernatant carefully and resuspend pellet in 1× SDS loading buffer 

(see Note 9).

3.5 PAGE and Western Blot

1. Load input and pellet with a molecular size marker on a 10 % acrylamide 

NuPAGE gel.

2. Analyze gel by standard western blot using anti-p24 antibodies against HIV-1 

capsid and anti-FLAG antibodies to detect CPSF6 (1–321).

4 Notes

1. The protein should assemble within 5 min; the solution turns into a white 

suspension. These complexes could be used for at least 5 days.

2. The capsid should be assembled at least one night before the experiment and 

stored at 4 °C.

3. If the drug is soluble in an organic solvent, then add the same amount of solvent 

to the control in test tubes 1 and 2.

4. Use the 10 μl pipette about halfway into the solution and slowly add the capsid.

5. Do not shake the tube during the incubation time.

6. Remove remaining media using vacuum aspirator.

7. Use a serological 5 ml pipette and load 3.0 ml of the 70 % sucrose solution into 

the SW55 tube. Consider that the 5 ml serological pipette retains at least 0.5 ml 

of the sucrose.

8. Mix the sample carefully before applying to the sucrose cushion by pipetting 

once up and down.

9. First remove the supernatant carefully, change the tip and remove the sucrose 

layer, and allow time for the sucrose to move down from the tube walls.
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Fig. 1. 
Diagram of the stabilization assay. In vitro-assembled HIV-1 CA-NC complexes, shown here 

as tubular structures, are formed by monomeric recombinant HIV-1 CA-NC fusion proteins 

under highly ionic conditions and recapitulate the surface of the HIV-1 core. When HIV-1 

CA-NC complexes are incubated in destabilization buffer, they disassemble spontaneously. 

Disassembled capsids are layered on top of a 70 % sucrose cushion; however, the 

disassembled capsid does not cross the cushion after spinning at 100,000 × g for 1 h. In 

contrast, incubation of HIV-1 CA-NC in stabilization buffer preserves the assembled 

structures, which pellet when layered onto a 70 % sucrose cushion with spinning at 100,000 

× g for 1 h. Input, a fraction of the sample layered onto the sucrose cushion before the 

centrifugation step. Pellet, a fraction of the capsid pelleted after the sample has been 

centrifuged at 100,000 × g for 1 h. Input and pellet samples were analyzed by Western 

blotting using anti-p24 antibodies.
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Fig. 2. 
PF74 and CPSF6 (1–321) increase the stability of in vitro-assembled HIV-1 CA-NC 

complexes, whereas the CAI peptide decreases the stability. In contrast, the CAI peptide 

with a randomized sequence (CAIctrl) did not show an effect on the stability of HIV-1 CA-

NC complexes. The stability of HIV-1 CA-NC complexes in destabilization buffer 

(stabilization assay) (a) or destabilization buffer in cell extracts (destabilization assay) (b) 

supplemented with 10 μM PF74, 50 μM CAI, or CAIctrl peptide was measured. The assay 

without cellular extract was performed additionally using 10 μg of the protein CPSF6 

(amino acids 1–321).
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Fig. 3. 
The capsid drug CPIPB (4-{2-[3-(3-chlorophenyl)-1H-pyrazol-4-yl]-1-[3-(1H-imidazol-1-

yl)propyl]-1H-benzimidazol-5-yl}benzoic acid dihydrochloride) stabilizes in vitro-

assembled HIV-1 CA-NC complexes. The stability of HIV-1 CA-NC complexes in 

destabilization buffer using increasing concentrations of the drug CPIPB was measured. 

CPIPB has been shown previously to strongly increase HIV-1 capsid crystallization and 

competes with the novel restriction factor M×B for binding to the HIV-1 capsid [29, 30].
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