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Summary

Uncoating is an early step of HIV-1 replication in which the viral capsid disassembles by p24
capsid (p24CA) protein dissociating from the viral complex. Although uncoating is required for
HIV-1 replication, many questions remain about the mechanism of this process as well as its
impact on other steps in viral replication. Here we describe a recently developed assay to study the
process of uncoating in HIV-1 infected cells. The CsA washout assay is a cell based assay that
utilizes the HIV-1 restriction factor TRIM-CypA to detect and inhibit infection of coated viral
complexes. Owl monkey kidney (OMK) cells are infected with a GFP reporter virus and TRIM-
CypA restriction is switched on at various times post-infection allowing the kinetics of uncoating
to be monitored in infected cells. This assay also can be used to examine the effect of different
viral or cellular factors on the process of uncoating.
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1. Introduction

Background

In the early stages of HIV-1 replication the viral membrane fuses with the target cell
membrane, resulting in the release of a viral complex into the cytoplasm of the cell. This
viral complex consists of the genomic RNAs and associated proteins surrounded by a
conical shell of p24CA protein called the capsid. For infection to progress, p24 capsid
(p24©A) protein must dissociate from the rest of the viral complex, a process referred to as
uncoating. Uncoating is required for HIV-1 replication, but the mechanistic details of this
process remain unclear. For example, it is not known if all p24€A proteins dissociate as the
capsid structure disassembles or if a subset of molecules remain associated with the
uncoated viral complex. Recent studies have largely focused on investigating the timing or
cellular location of uncoating and viral determinants that mediate this process.

Initially uncoating was thought to occur immediately following viral fusion as viral
complexes isolated from infected cells did not contain detectable levels of p24CA protein (1-
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3). However, poor capsid stability and detergent sensitivity likely caused premature p24CA
disassembly in these experiments as p24A has since been shown to localize with
cytoplasmic viral complexes when using more careful isolation methods (4). A more recent
model, based on biochemical data and fluorescence microscopy observations, suggests that
the intact capsid docks at the nuclear pore after completion of reverse transcription (5, 6). It
has also been proposed that uncoating takes place as the reverse transcribing viral genome is
transported toward the nucleus largely due to fluorescence microscopy observations that
both cytoplasmic reverse transcription complexes associated with and without p24€A protein
can be found on microtubules (7, 8).

Many uncoating studies have focused on the role of p24CA, Mutations in p24©A were
identified that both altered capsid stability and decreased infectivity indicating that overall
capsid stability is important for viral replication (9-13). The correct timing of uncoating
after viral fusion also seems to be important for infectivity as p24“A mutants that uncoat
more rapidly and mutants that uncoat more slowly than wildtype both decrease infectivity
(9). Finally, experiments have suggested that there is a complex interplay between uncoating
and reverse transcription of the viral genome. Some of the p24“A mutants with altered
capsid stability also displayed defects in reverse transcription in vivo which initially
suggested that uncoating occurs before reverse transcription (9). However, reverse
transcription products can be detected in viral complexes that still contain p24©A protein
using fluorescence microscopy (7). Furthermore, a recent study using two complementary
assays to detect uncoating in HIV-1 infected cells has shown that inhibition of reverse
transcription by nevirapine can prolong the process of uncoating (8).

Uncoating can be studied using three types of assays- in vitro, microscopy based, and cell
based. For in vitro uncoating assays viral capsids are purified, incubated, and then the extent
of uncoating is determined by comparing the relative amounts of particulate and soluble
p24CA protein (9, 14). In microscopy based uncoating assays coated viral particles are
directly detected in the cytoplasm of infected cells by staining with an antibody to p24©A (5,
8, 15). If this analysis is done at various times post-infection in conjunction with a marker
for the virus to detect uncoated viral complexes then the kinetics of uncoating can be
determined (8, 15). In the fate of the capsid assay, a cell based assay, infected cells are lysed
several hours post-infection and uncoating is assayed by comparing the amounts of
particulate and soluble forms of p24CA (16). Another cell based uncoating assay, the CsA
washout assay, has recently been developed and is the subject of this chapter (8).

The CsA washout assay is based on experiments conducted in the Bieniasz lab studying the
HIV-1 restriction factor TRIM-CypA (17). TRIM-CypA inhibits HIV-1 replication by
binding to the conical capsid and therefore should only inhibit infection of coated viral
particles. (Figure 1; (18-20)). The drug cyclosporine A (CsA) blocks the interaction of
TRIM-CypA with the viral capsid and thus acts a switch for turning off TRIM-CypA
restriction (Figure 1; (18, 21, 22)). For this assay, owl monkey kidney (OMK) cells that
endogenously express TRIM-CypA are synchronously infected with VSV-g pseudotyped
HIV-GFP reporter virus in the presence of CsA (23). At various times post-infection CsA is
washed out and any viral complex that has an intact capsid, or has not uncoated, becomes
susceptible to TRIM-CypA restriction. Viral complexes that have uncoated, and therefore
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lack an intact capsid, are resistant to TRIM-CypA restriction and can infect the cell (Figure
2). Two days post-infection cells are harvested and subjected to flow cytometry for GFP to
determine the percentage of infected cells. The percentage of GFP positive cells at each
washout time point is representative of the percentage of uncoated virions at that time
because only uncoated particles can infect the cell during TRIM-CypA restriction.

Representative data from the CsA washout assay with ethanol (EtOH) washout as the
negative control is shown in Figure 3. The percentage of GFP positive cells is graphed for
each washout time point. This percentage increases over time, leveling off four to five hours
post-infection. This data can be normalized by setting the highest percentage of GFP
positive cells (4 or 5 hours) to 100% and the time at which 50% of the virions have uncoated
is calculated. In eight independent experiments uncoating initiated within the first hour after
viral fusion with an average half-life of 40 minutes (8). Wildtype HIV displayed an average
half-life of uncoating of 74 minutes in the CsA washout assay. However, the difference in
the half-life of uncoating between VSV-g pseudotyped and wildtype virus can be accounted
for by the differential rate of fusion of the two viruses (8). This result highlights the point
that rates of uncoating as measured in the CsA washout assay can be influenced by the
kinetics of viral fusion.

Compared to other uncoating assays the CsA washout assay has the benefit of being based
on infectivity. In order for an uncoating event to be scored as positive the virus not only has
to uncoat, but must be able to proceed through replication to reporter gene expression from
the integrated provirus. However, because the assay is based on infectivity uncoating is
detected through an indirect method using a restriction factor. As the mechanistic details of
TRIM protein restriction of HIV-1 replication are unclear it is possible that resistance to
TRIM-CypA restriction may occur before uncoating is completed. Therefore, given the
differing strengths and weaknesses of the various uncoating assays, we believe it is
important to use more than one assay to study uncoating when possible.

2. Materials

Cell lines: 293T cells, owl monkey kidney (OMK) cells
DNA plasmids: HIV-GFP, CMV-VSV-g

Cell culture media: Dulbecco’s Modified Eagle Media, 10% fetal bovine serum, 100
U/ml penicillin, 100 U/ml streptomycin, and 292 ug/ml L-glutamine

PEI: mg/ml in sterilized ddH,0, MW 25,000 (Note 1)

Cyclosporine A: prepared in ethanol at 5 mM, used at a final concentration of 2.5 uM,
store at —20°C

1At room temperature 1 mg/ml PEI is not completely soluble so when making the solution apply a low amount of heat until the PEI
goes into solution. Let the solution cool to room temperature before aliquoting. The PEI solution will now be cloudy and some white
precipitate may be visible. This is the optimal appearance and if the solution is not cloudy transfection will not be successful. Store 1
ml aliquots at —80°C. One tube may be used for multiple transfections provided it is stored at 4°C after thawing and its appearance

remains cloudy.
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Polybrene: prepared in ddH,0 at 10mg/ml, used at a final concentration of 5 ug/ul, store
at -20°C

CsA or EtOH media: Cell culture media, 1:2000 dilution of CsA or EtOH

Fix: 4 parts 1X phosphate buffered saline, 1 part 10% formaldehyde

Equipment: tissue culture incubator, tissue culture hood, centrifuge capable of spinning
96 well plates, 37°C water bath, flow cytometer capable of reading samples in a 96 well
plate format, multichannel pipette

3. Methods

3.1 Virus generation

Virus can be generated using other methods, but we prefer to use PEI transfection of 293T
cells. 293T cells are maintained in a tissue culture incubator under standard conditions at
37°C and in the presence of 5% CO,.

1

3.2 Virus titration

Seed out 293T cells in a 10 cm tissue culture dish so that they will be 80-90%
confluent on the day of transfection.

Next day, make transfection mixture by adding 6 ug HIV-GFP proviral plasmid, 4
ug CMV-VSV-g plasmid, and 40ul PEI to 1 ml Dulbecco’s Modified Eagle Media.
Flick tube gently to mix. Incubate at room temperature for 15 minutes.

Add transfection mixture dropwise to the 10cm dish. Gently rock the plate to mix.
Incubate cells for 24 hours.

Aspirate media from the 10cm dish. Add 10 ml of new warmed cell culture media.
Incubate cells for 16-18 hours.

Remove media from the 10cm dish by pipetting. Filter this viral supernatant using a
0.45 um syringe filter. (Note 2)

Aliquot filtered virus into cryovials and store at —80°C until use.

Virus is titrated under the same conditions as the CsA washout assay using a ¥ dilution
series in the presence of CsA or EtOH. OMK cells are maintained in a tissue culture
incubator under standard conditions at 37°C and in the presence of 5% CO». (Note 3)

1

Seed out OMK cells in a 96 well tissue culture plate at a concentration of 7500
cells/well. This will yield about 90% confluency on the next day. For each virus
tested at least 12 wells of a 96 well plate will be used with an additional 3 wells of
uninfected cells in cell culture media as a negative control for flow cytometry.

2293T cells are adherent but may dislodge from the plate during the collection of viral supernatant. If this happens pipette the viral
supernatant into a 15ml conical tube and centrifuge at 1,500 x g for 5 min to pellet the cells. Then carefully remove the media without
disturbing the pellet and filter through a 0.45 um syringe filter.

OMK cells are larger in size and grow slower than HeLa or 293T cells. OMK cells are used for this assay because they endogenously
express TRIM-CypA. Other cells lines could be used for the assay if TRIM-CypA is stably expressed.
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Next day, prepare 2X CsA media by adding 1ul CsA and 1 ul polybrene to 1ml cell
culture media. Prepare 1X CsA media by adding 0.5 ul CsA and 0.5ul polybrene to
1 ml cell culture media. Prepare 2X and 1X EtOH media the same way.

Aspirate media from one row of the 96 well plate (12 wells across). Add 100ul 2X
CsA media to the first well of a row. Add 100ul 1X CsA media to the next 5 wells.
Add 100ul 2X EtOH media to the next well. Add 100ul 1X EtOH media to the next
5 wells.

Add 100ul of virus to the first well of the row and pipette several times to mix with
the media (1/2 dilution). Transfer 100ul to the next well of the row and pipette to
mix (1/4 dilution). Continue serial dilution across the next 4 wells and discard the
last 100ul in a bleach solution.

Perform the same serial dilution with the EtOH test wells (second half of the row).
Place the plate in the centrifuge and spinoculate at 1200 x g at 16°C for 1.5 hours.

Make CsA and EtOH media. Store at 4°C until the plate is removed from the
centrifuge.

Remove the plate from the centrifuge and incubate at 37°C for 30 minutes. Place
CsA and EtOH media in the 37°C water bath.

Aspirate inoculation media from all wells and replace with 200ul warmed CsA or
EtOH media. Incubate cells for 2 days.

Aspirate media and add 100ul trypsin to each well. Incubate at 37°C until cells
detach with gentle tapping.

Add 100ul Fix to each well of a new 96 well plate.

Resuspend the trypsinized cells by pipeting. Add resuspended cells to
corresponding wells in the new 96 well plate that contain fix.

Wrap the edges of the plate in parafilm and then wrap the entire plate in foil. Store
at 4°C. Incubate fixed cells at 4°C for at least 4 hours to allow any residual virus to
fix. We typically fix the cells overnight and run flow the next day.

Run the fixed samples on a flow cytometer for GFP to determine the percentage of
infected cells.

Determine the correct viral dilution to use by comparing the CsA and EtOH
reactions. Choose a dilution where the percentage of infected cells in the CsA
reaction is below 50% so that only one virus is infecting a cell. The percentage of
GFP positive cells in the corresponding EtOH reaction should be 0-0.1% indicating
that TRIM-CypA restriction is not saturated at that dilution. (Note 4)

dwe prefer viral dilutions that yield 30-40% GFP positive cells in order to observe changes in infectivity over a broad range. When
comparing two or more viruses we choose dilutions for each virus that yield similar infectivities.
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3.3 CsA washout assay

The assay takes place over 4 days from seeding out the OMK cells to harvesting the infected
cells. For the assay OMK cells are maintained in a tissue culture incubator under standard
conditions at 37°C and in the presence of 5% CO,.

1. Seed out OMK cells in a 96 well tissue culture plate at a concentration of 7500
cells/well to yield about 90% confluency on the day of the washout assay. For the
assay each experimental time point is performed in triplicate with a corresponding
EtOH control, also in triplicate. For each virus three wells are needed for the CsA
continuous treatment (positive control), and three wells are needed for continuous
EtOH treatment (negative control). For flow cytometry three wells of uninfected
OMK cells continuously incubated in cell culture media are used as a negative
control. (Note 5)

2. Next day, make spinoculation mastermix for each experimental condition in a 15
ml conical tube. For each well 100ul of spinoculation mix will be used. For one
reaction, add 0.05ul polybrene, 0.05ul CsA or EtOH, and the appropriate dilution of
GFP reporter virus to cell culture media to a total volume of 100ul. (Notes 6 and 7)

3. Aspirate media and add 100ul spinoculation media to each well using a
multichannel pipette.

4. Place the 96 well plate in a centrifuge cooled to 16°C. Spinoculate at 1200 x g at
16°C for 1.5 hours. (Note 8)

5. Make CsA and EtOH media. Store at 4°C until the plate is removed from the
centrifuge.

6. Remove the plate from the centrifuge and incubate at 37°C for 30 minutes. Place
CsA and EtOH media in 37°C water bath. (Note 9)

7. Aspirate spinoculation media from all wells. Replace with 100ul warmed CsA or
EtOH media. Perform washout for the zero hour time point by replacing the
spinoculation media with 200ul warmed cell culture media. Return the plate to the
tissue culture incubator until the 15 min time point.

8. Remove the plate from the incubator and perform washout for the 15 min time
point by aspirating the CsA or EtOH media and adding 200ul warm cell culture
media to each well. (Note 10)

SFor the assay presented in Figure 3 cells were seeded in 63 wells of a 96 well plate.

To synchronize infection the temperature of the media needs to be at or below 16°C (see note 8). Therefore, when preparing to make
the inoculation media only incubate the cell culture media in a 37°C water bath for 10-15 minutes, long enough to bring the
temperature up from 4°C but not to 37°C.

TOrder of addition is media, polybrene, CsA or EtOH, and then virus.

For VVSV-g pseudotyped virus, viral fusion is synchronized by the combination of spinoculation at 16°C, a temperature at which the
virus can only bind and endocytose, and then temperature shift to 37°C, by replacing the inoculation media with warmed media, to
allow completion of viral fusion. For virus with the wildtype HIV envelope spinoculation can be done at 23°C to achieve the
temperature arrested state of fusion, followed the same temperature shift to 37°C through media change.

The 30 minute incubation at 37°C is to allow the cells to recover from spinoculation. The media will warm a little, but the following
media change will provide the temperature change to allow viral fusion.

When performing the assay on more than one plate change the media on the plates in the same order so that the time lags between
the different washout time points is consistent from plate to plate. This is especially important for the early time points where there is
only a 15min interval.
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9. Continue washout in the same manner for the 30 min, 45 min, 1 hr, 2 hr, 3 hr, 4 hr,
and 5hr time points. Incubate cells for 2 days.

10. Aspirate media and add 100ul trypsin to each well. Incubate the plate at 37°C until
cells detach with gentle tapping.

11. Add 100ul Fix to each well of a new 96 well plate.

12. Resuspend the trypsinized cells by pipeting. Add resuspended cells to
corresponding wells in the new 96 well plate that contain fix.

13. Wrap the edges of the plate in parafilm and then wrap the entire plate in foil. Store
at 4°C. Incubate fixed cells at 4°C for at least 4 hours to allow any residual virus to
fix. We typically fix the cells overnight and run flow the next day.

14. Run the fixed samples on a flow cytometer for GFP to determine the percentage of
infected cells.

Bukrinsky MI, Sharova N, McDonald TL, Pushkarskaya T, Tarpley WG, Stevenson M. Association
of integrase, matrix, and reverse transcriptase antigens of human immunodeficiency virus type 1
with viral nucleic acids following acute infection. Proceedings of the National Academy of Sciences
of the United States of America. 1993; 90:6125-6129. [PubMed: 7687060]

. Fassati A, Goff SP. Characterization of intracellular reverse transcription complexes of human

immunodeficiency virus type 1. Journal of virology. 2001; 75:3626-3635. [PubMed: 11264352]

. Miller MD, Farnet CM, Bushman FD. Human immunodeficiency virus type 1 preintegration

complexes: studies of organization and composition. Journal of virology. 1997; 71:5382-5390.
[PubMed: 9188609]

. Forshey BM, Aiken C. Disassembly of human immunodeficiency virus type 1 cores in vitro reveals

association of Nef with the subviral ribonucleoprotein complex. Journal of virology. 2003;
77:4409-4414. [PubMed: 12634398]

. Arhel NJ, Souquere-Besse S, Munier S, Souque P, Guadagnini S, Rutherford S, Prevost MC, Allen

TD, Charneau P. HIV-1 DNA Flap formation promotes uncoating of the pre-integration complex at
the nuclear pore. The EMBO journal. 2007; 26:3025-3037. [PubMed: 17557080]

. Smith AE, Helenius A. How viruses enter animal cells. Science (New York, N Y. 2004; 304:237—

242.

. McDonald D, Vodicka MA, Lucero G, Svitkina TM, Borisy GG, Emerman M, Hope TJ.

Visualization of the intracellular behavior of HIV in living cells. The Journal of cell biology. 2002;
159:441-452. [PubMed: 12417576]

. Hulme AE, Perez O, Hope TJ. Complementary assays reveal a relationship between HIV-1

uncoating and reverse transcription. Proceedings of the National Academy of Sciences of the United
States of America. 2011; 108:9975-9980. [PubMed: 21628558]

. Forshey BM, von Schwedler U, Sundquist WI, Aiken C. Formation of a human immunodeficiency

virus type 1 core of optimal stability is crucial for viral replication. Journal of virology. 2002;
76:5667-5677. [PubMed: 11991995]

10. von Schwedler UK, Stray KM, Garrus JE, Sundquist WI. Functional surfaces of the human

immunodeficiency virus type 1 capsid protein. Journal of virology. 2003; 77:5439-5450.
[PubMed: 12692245]

11. Fitzon T, Leschonsky B, Bieler K, Paulus C, Schroder J, Wolf H, Wagner R. Proline residues in

the HIV-1 NH2-terminal capsid domain: structure determinants for proper core assembly and
subsequent steps of early replication. Virology. 2000; 268:294-307. [PubMed: 10704338]

12. Tang S, Murakami T, Agresta BE, Campbell S, Freed EO, Levin JG. Human immunodeficiency

virus type 1 N-terminal capsid mutants that exhibit aberrant core morphology and are blocked in

Methods Mol Biol. Author manuscript; available in PMC 2014 July 07.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hulme and Hope

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 8

initiation of reverse transcription in infected cells. Journal of virology. 2001; 75:9357-9366.
[PubMed: 11533199]

Tang S, Murakami T, Cheng N, Steven AC, Freed EO, Levin JG. Human immunodeficiency virus
type 1 N-terminal capsid mutants containing cores with abnormally high levels of capsid protein
and virtually no reverse transcriptase. Journal of virology. 2003; 77:12592-12602. [PubMed:
14610182]

Aiken C. Cell-free assays for HIV-1 uncoating. Methods in molecular biology (Clifton, N J. 2009;
485:41-53.

Yamashita M, Perez O, Hope TJ, Emerman M. Evidence for direct involvement of the capsid
protein in HIV infection of nondividing cells. PLoS pathogens. 2007; 3:1502-1510. [PubMed:
17967060]

Stremlau M, Perron M, Lee M, Li Y, Song B, Javanbakht H, Diaz-Griffero F, Anderson DJ,
Sundquist WI, Sodroski J. Specific recognition and accelerated uncoating of retroviral capsids by
the TRIM5alpha restriction factor. Proceedings of the National Academy of Sciences of the United
States of America. 2006; 103:5514-5519. [PubMed: 16540544]

Perez-Caballero D, Hatziioannou T, Zhang F, Cowan S, Bieniasz PD. Restriction of human
immunodeficiency virus type 1 by TRIM-CypA occurs with rapid kinetics and independently of
cytoplasmic bodies, ubiquitin, and proteasome activity. Journal of virology. 2005; 79:15567—
15572. [PubMed: 16306627]

Sayah DM, Sokolskaja E, Berthoux L, Luban J. Cyclophilin A retrotransposition into TRIM5
explains owl monkey resistance to HIV-1. Nature. 2004; 430:569-573. [PubMed: 15243629]
Sebastian S, Luban J. TRIMbalpha selectively binds a restriction-sensitive retroviral capsid.
Retrovirology. 2005; 2:40. [PubMed: 15967037]

Forshey BM, Shi J, Aiken C. Structural requirements for recognition of the human
immunodeficiency virus type 1 core during host restriction in owl monkey cells. Journal of
virology. 2005; 79:869-875. [PubMed: 15613315]

Nisole S, Lynch C, Stoye JP, Yap MW. A Trim5-cyclophilin A fusion protein found in owl
monkey kidney cells can restrict HIV-1. Proceedings of the National Academy of Sciences of the
United States of America. 2004; 101:13324-13328. [PubMed: 15326303]

Towers GJ, Hatziioannou T, Cowan S, Goff SP, Luban J, Bieniasz PD. Cyclophilin A modulates
the sensitivity of HIV-1 to host restriction factors. Nature medicine. 2003; 9:1138-1143.
O’Doherty U, Swiggard WJ, Malim MH. Human immunodeficiency virus type 1 spinoculation
enhances infection through virus binding. Journal of virology. 2000; 74:10074-10080. [PubMed:
11024136]

Methods Mol Biol. Author manuscript; available in PMC 2014 July 07.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Hulme and Hope

Hela cells

OMK cells

@ TRIM-CypA

OMK cells

TRIM-CypA
CsA

Uncoating
—3 W ——
Infected cell
> e
' — 3 — )
. . Uninfected cell
o®e e @e e
@ Uncoating @ | ®
¢ B e =

°é ?

o‘,

Infected cell

Figure 1. Rationale of the CsA washout assay
HIV uncoats and infects HeLa cells which can be assayed using flow cytometry when a GFP

reporter virus is used (top panel). In OMK cells TRIM-CypA binds to the capsid and

restricts HIV infection (middle panel). HIV can infect OMK cells in the presence of
cyclosporine A (CsA) which binds TRIM-CypA and prevents its binding to the HIV capsid

(bottom panel).
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Washout CsA at various time post-infection

Time 0

0.5

-

2 3
Ao Ao
00 oo
o v, 1
Mo i
000 vih o1

o
x %

Determine % infected cells by flow cytometry

Figure 2. Schematic of the CsA washout assay
HIV GFP reporter virus infects OMK cells in the presence of CsA. When CsA is washed out

at various times post-infection coated viral complexes are restricted by TRIM-CypA, while
uncoated particles can continue through the replication process to infect cells. The
percentage of infected cells, and thus the percentage of uncoated viral complexes, at each
time of CsA washout is determined by flow cytometry.
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Figure 3. Representativeresults from the CsA washout assay
The CsA washout assay was conducted using an HIV GFP reporter virus (HIV-GFP).

Graphed is % of GFP positive cells at each time point of CsA washout, with each data point
representing an average of three wells. The presence of CsA in the media continuously is a
positive control. Ethanol (EtOH) washout and continuous treatment are negative controls.
Error bars denoted standard error among triplicate wells.
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