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ABSTRACT

The HIV-1 capsid core participates in several replica-
tion processes. The mature capsid core is a lattice
composed of capsid (CA) monomers thought to as-
semble first into CA dimers, then into ∼250 CA hex-
amers and 12 CA pentamers. CA assembly requires
conformational flexibility of each unit, resulting in
the presence of unique, solvent-accessible surfaces.
Significant advances have improved our understand-
ing of the roles of the capsid core in replication;
however, the contributions of individual CA assem-
bly forms remain unclear and there are limited tools
available to evaluate these forms in vivo. Here, we
have selected aptamers that bind CA lattice tubes.
We describe aptamer CA15-2, which selectively binds
CA lattice, but not CA monomer or CA hexamer, sug-
gesting that it targets an interface present and acces-
sible only on CA lattice. CA15-2 does not compete
with PF74 for binding, indicating that it likely binds
a non-overlapping site. Furthermore, CA15-2 inhibits
HIV-1 replication when expressed in virus producer
cells, but not target cells, suggesting that it binds a
biologically-relevant site during virus production that
is either not accessible during post-entry replication
steps or is accessible but unaltered by aptamer bind-
ing. Importantly, CA15-2 represents the first aptamer
that specifically recognizes the HIV-1 CA lattice.

INTRODUCTION

The HIV-1 capsid (CA) protein plays an indispensable role
in both early and late stages of viral replication, perform-
ing multifaceted functions that extend beyond housing the
viral RNA and proteins required for replication (1–8). The
capsid core facilitates reverse transcription and formation
of the pre-integration complex (2,3,9–11), enables transport
through the cytosol to the nucleus via interactions with a
variety of host factors (3,12–15), facilitates nuclear import
(1,3,8,16–20), delivers the pre-integration complex for in-
tegration into the host chromosome (18–25), and enables
HIV-1 to evade host innate immune surveillance during
replication (6,26–28). CA also plays a significant role in vi-
ral assembly and maturation (8,11,29,30). As disruption of
any of these events can significantly impact viral replication,
the viral capsid core is an important target both for better
understanding virus biology and developing new therapeu-
tics to combat the ongoing AIDS pandemic.

Prior work has highlighted the dynamic nature of the
viral capsid core. The mature capsid lattice is composed
of ∼1500 CA monomers thought to assemble first into
CA dimers, then into ∼250 CA hexamers and 12 pen-
tamers that facilitate the curvature of the mature capsid core
(31). Each CA monomer contains independently folded N-
terminal (CANTD) and C-terminal (CACTD) domains that
are connected by a flexible linker (32–35). Neighboring sub-
units in each hexamer and pentamer are connected by in-
termolecular CANTD–CANTD and CANTD–CACTD interac-
tions, while pairs of subunits between hexamers are con-
nected by dimeric and trimeric CACTD–CACTD contacts
(33–39). Interactions between the CANTD and CACTD regu-
late and stabilize the lattice in conjunction with a hydration
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layer composed of thousands of water molecules (40,41).
Assembly of CA into these independent states requires con-
formational flexibility of each CA protein (38,40), support-
ing the presence of unique, solvent-accessible binding sur-
faces on each assembly state. Replication events and thus
viral infectivity can be severely compromised by mutations
that impact lattice stability, alter interactions between or
among CA assembly states, or disrupt the hydration layer
(1,5,31,36,40,42–50). While destabilization must eventually
occur for successful replication, a delicate balance between
stability and dissociation must be maintained, demonstrat-
ing an intricate link between the capsid core and viral infec-
tivity (3,5,6,9,46,51).

Substantial developments in protein engineering, struc-
tural biology, and molecular modeling have led to an
improved understanding of the molecular architecture
and interaction surfaces of various CA assembly forms
(12,38,40,52–56). Indeed, several critical binding interac-
tions between CA and host factors have been defined.
These host factors include restriction factors such as
TRIM5alpha, TRIMCyp and MxB (27,57-67), and infec-
tivity factors such as Cyclophilin A (CypA), cleavage and
polyadenylation specific factor 6 (CPSF6), nucleoporin 153
(Nup153), and recently identified Sec24C (11,15,68–73).
Interestingly, several of these host factors share overlap-
ping binding sites at CA hexamer junctions that are lost
upon capsid core disassembly, illustrating the importance
of assembly state-specific interactions (74). Small molecules
also bind sites associated with specific assembly forms. The
recent discovery of the stabilizing role of inositol hexak-
isphosphate (IP6) (75–80) has facilitated important devel-
opments such as the recent demonstration of efficient re-
verse transcription and integration by capsid cores in a cell-
free system (2). The identification of small molecules that
bind CA has also contributed to our understanding of the
role of CA in HIV-1 replication. PF-3450074 (PF74), which
binds to a pocket found at the CANTD–CACTD interface of
assembled CA hexamers, has been shown to alter the sta-
bility of the CA lattice (71,81,82). PF74 seems to interfere
with the interaction of the capsid core and host proteins,
namely CPSF6 and NUP153 (69,71,74,82,83). Gilead com-
pounds, GS-CA1 and GS-6207, more recently described
CA-targeting small molecules that bind in the same pocket
as PF74, interfere with both nuclear import of viral DNA
and CA assembly (14,82,84). GS-6207 is currently in clinical
trials. Importantly, the ability of known restriction factors
and small molecules to specifically recognize different CA
assembly forms supports the presence of unique, biologi-
cally relevant binding sites present on these CA assembly
forms and underscores the importance of identifying novel
targetable sites.

Despite these advances, there are many unresolved ques-
tions regarding CA structural dynamics and their impact
on viral biology. Recent work supports the presence of par-
tial Gag hexamers at the edges of the immature Gag hex-
amer lattice, which could serve as substrates for proteolytic
maturation and contribute to assembly of the immature lat-
tice (53). However, further study is required to fully under-
stand the order in which immature lattice assembly occurs
and how it leads to activation of the viral protease, as well
as the assembly mechanisms underlying remodeling of pro-

teolytically cleaved CA into the mature capsid core. In ad-
dition, the mature capsid core may also undergo some de-
gree of remodeling to facilitate reverse transcription, nu-
clear entry and integration (2). Indeed, dissociation is re-
quired for access of the proviral DNA to the host chromo-
some during integration, although the degree of dissocia-
tion required and the location at which dissociation begins
remain controversial (18,19,21–25,51,85–88). Furthermore,
we still do not fully understand the broad spectrum of CA
interactions with host proteins and their implications for
virus replication, and previously undescribed interactions
and targetable surfaces likely exist. New tools are needed to
support studies of the contributions of CA assembly forms
to diverse replication events, to identify novel interaction
sites on different CA assembly forms, or to compete with
various host factors for binding to CA assembly forms.

To address these gaps, we sought to develop aptamers
that specifically target accessible binding sites present on
the assembled CA lattice. Aptamers are structured oligonu-
cleotides generated through an enrichment process termed
SELEX (Systematic Evolution of Ligands by EXponential
enrichment) to bind molecular targets. Through adoption
of highly structured 3D conformations, aptamers have been
shown to discriminate among very similar proteins (e.g. a
single amino acid change (89–91) or different conforma-
tions of the same protein (92–97)). Prior work has identified
aptamers targeted to various HIV-1 proteins, including nu-
cleocapsid (98), Gag polyprotein (99,100), integrase (101),
reverse transcriptase (89,102–105), and others (106–108).
Aptamers targeting the Gag polyprotein were demonstrated
to bind the Gag polyprotein as well as the matrix (MA) or
nucleocapsid (NC) components of Gag, likely due to the
presence of highly basic regions in these proteins. Notably,
some of the Gag aptamers were able to bind Gag and the
CANC portion of Gag, but not NC alone. However, they
were not reported to bind recombinant CA alone (99, 100)
and failed to bind the assembled CA lattice utilized here
(Supplemental Figure S1A). Thus, aptamers that specifi-
cally target HIV-1 CA or its assembly forms have not been
previously described. In this study, we report the identifica-
tion and characterization of aptamer CA15-2, which binds
specifically the HIV-1 CA lattice, but not the CA monomer
or CA hexamer. Binding was not dependent upon muta-
tions introduced into the CA lattice construct, as CA15-2
was also able to bind assembled native CA lattice tubes. We
also demonstrate that aptamer CA15-2 significantly inhibits
HIV-1 replication in producer cells, but not in target cells.

MATERIALS AND METHODS

Reagents

Unless otherwise noted, all chemicals were purchased from
Sigma-Aldrich (St. Louis, MO). The 56N library for ap-
tamer selection, DNA templates for aptamer truncations
and all primers were ordered from Integrated DNA Tech-
nologies (Coralville, IA).

Plasmid constructs for expression and purification of
soluble HIV-1 CA hexamer (pET11a-CA (A14C, E45C,
W184A and M185A)), CA hexamer lattice (pET11a-CA
(A14C and E45C)), and CA monomer (pET11a-CA) were
kindly provided by Dr Owen Pornillos and Dr Barbie



Nucleic Acids Research, 2022, Vol. 50, No. 3 1703

Ganser-Pornillos at the University of Virginia. For the pur-
poses of the work described here, the CA hexamer lattice
will be referred to as the CA lattice to avoid confusion with
the soluble CA hexamer. The CMV-driven plasmid encod-
ing aptamer or control RNA sequences flanked by stabiliz-
ing structures for expression in mammalian cells was devel-
oped previously (109). To insert anti-HIV-1 CA aptamers
or controls into the expression plasmid, the aptamer ex-
pression plasmid was digested using EcoRI and ApaI (New
England Biolabs, Ipswitch, MA) and purified using agarose
gel extraction. DNA encoding aptamers or control RNAs
was amplified by PCR using appropriate primers to en-
able InFusion Cloning into Stellar competent cells (Takara
Bio USA, Inc., Mountain View, CA). Sequences of ap-
tamers, control RNAs and amplification primers are listed
in Table 1. All plasmids were confirmed by DNA sequenc-
ing. The HIV-1NL3-4-derived CMV-EGFP plasmid (pNL4-
3-CMV-EGFP) used in single-cycle infectivity assays was
kindly provided by Vineet KewalRamani (National Cancer
Institute [NCI]-Fredrick) and has been previously described
(109). The vesicular stomatitis virus glycoprotein (VSV-G)-
expressing plasmid, pMD-G, was obtained from Invitrogen
(Carlsbad, CA).

Biological resources

The human cell lines 293FT (Invitrogen, Carlsbad, CA)
and TZM-GFP (110) were maintained in standard culture
media containing Dulbecco’s Minimum Essential Medium
(Sigma, St. Louis, MO), 10% FBS (Sigma, St. Louis, MO), 2
mM L-glutamine (Gibco, Life Technologies, Grand Island,
NY), 1 mM non-essential amino acids (Gibco, Life Tech-
nologies, Grand Island, NY), and 1 mM sodium pyruvate
(Gibco, Life Technologies, Grand Island, NY). The 293FT
cells were cultured in 0.5 mg/mL G418 (Sigma, St. Louis,
MO). All cell lines were maintained at 37◦C in 5% carbon
dioxide with splitting approximately three times per week.

Expression and purification of HIV-1 CA proteins and
crosslinking of CA hexamers and CA lattice tubes

Purified, assembled HIV-1 CA lattice for the aptamer selec-
tion was kindly provided by Dr Owen Pornillos and Dr Bar-
bie Ganser-Pornillos at the University of Virginia. Post-
selection experiments were performed using newly purified
proteins, which were expressed and purified as previously
described (37,111). Briefly, the HIV-1 CA proteins were ex-
pressed by IPTG induction in Escherichia coli BL21(DE3)
cells for 6–12 h at 25◦C. The monomeric p24 CA protein
was purified using a Hi-Trap Q-Sepharose column after am-
monium sulfate precipitation. Homogenously purified pro-
tein fractions were concentrated and reconstituted in 25
mM Tris–HCl (pH 8.1) and 40 mM NaCl, flash frozen and
stored at –80◦C.

Soluble CA hexamers (pET11a-CA
(A14C/E45C/W184A/M185A)) and CA lattice tubes
(pET11a-CA (A14C/E45C)) were assembled as previously
described (34,37). Briefly, assembly was performed in vitro
by sequential overnight dialysis. Pooled and concentrated
fractions were dialyzed into assembly buffer (50 mM
Tris, pH 8.1, 1 M NaCl, and 200 mM �ME) followed

by dialysis into storage buffer (20 mM Tris, pH 8.1, and
40 mM NaCl). The integrity of the assembled CA lattice
tubes was verified using transmission electron microscopy
(TEM) with assistance from the University of Missouri
Electron Microscopy Core (Supplemental Figure S1B).
Diluted CA lattice was spotted onto grids and stained
with uranyl acetate (34,37). Tubes were visualized on the
JEOL JEM-1400 120 kV TEM. The purity and integrity
of monomeric p24, assembled soluble CA hexamers and
CA lattice were confirmed by non-reducing SDS-PAGE
(Supplemental Figure S1C). Importantly, for the purposes
of this study, all CA protein concentrations are reported in
terms of the total CA monomer.

Assembly of native capsid tubes

To determine the ability of compound 15 (112,113) to fa-
cilitate assembly of native CA at physiological salt concen-
trations, assembly of 200 �M native CA monomer into as-
sembled native CA lattice tubes was initiated in 1× bind-
ing buffer by adding compound 15 to a final concentration
of 20 �M from a 100 �M stock containing 10% DMSO.
Absorbance at 350 nm was monitored at 1 min intervals us-
ing a BioTek Synergy HT plate reader (BioTek Instruments,
Winooski, VT) for 120 min. In addition, the absorbance at
350 nm for negative control samples containing only the
capsid protein or the capsid protein and DMSO were also
monitored.

To prepare native CA lattice tubes for nitrocellulose filter
binding assays, 100 �M working stocks of compound 15
were prepared using a final concentration of 10% DMSO.
Native CA lattice tubes were assembled by incubating 200
�M CA monomer and 20 �M compound 15 in 1× binding
buffer at 37◦C for 1 h. Assembled tubes were pelleted by cen-
trifugation at 16000 x g for 5 min. The supernatant was re-
moved, and the pelleted tubes were washed with 1× binding
buffer containing 20 �M compound 15. The centrifugation
step was repeated, and the supernatant was removed. The
native capsid tubes were resuspended in 1× binding buffer
containing 20 �M compound 15 for subsequent binding as-
says.

CA lattice aptamer selection

Prior to the first round of selection, the double-stranded
56N library transcription template was generated from the
bottom strand of the 56N starting library in a 10 ml PCR.
The top strand of the 56N starting library transcription
template and all relevant primers are listed in Table 1. The
total transcript length is 104 nucleotides. The selection was
initiated using ∼1015 unique sequences in a 1 ml transcrip-
tion.

Run-off transcription reactions were performed using the
Y639F mutant T7 RNA polymerase (114), in vitro tran-
scription buffer (50 mM Tris–HCl pH 7.5, 15 mM MgCl2,
5 mM DTT and 2 mM spermidine), and 2 mM each NTP.
Reactions were incubated at 37◦C for a minimum of 4
h and halted by adding an equal volume of denaturing gel
loading buffer (90% formamide and 50 mM EDTA with
trace amounts of xylene cyanol and bromophenol blue).
RNAs were purified by denaturing polyacrylamide gel elec-
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Table 1. Aptamer and primer sequences used in this studya

Name Sequence

56N Library Top Strandb GCCTAATACGACTCACTATAGGAAGAAGAGAATCATACACAAGA-(N)56-GGGCA
TAAGGTAGGTAAGTCCATA

56N Forward Primer GCCTAATACGACTCACTATAGGAAGAAGAGAATCATACACAAGA
56N Reverse Primer TATGGACTTACCTACCTTATGCCC
56N InFusion Forward
Primer

CCTTGTATCTGAATTCGAAGAGAATCATACACAAGA

56N InFusion Reverse
Primer

CACAATCCGTGACAGGGCCCTATGGACTTACCTACCTTATGCCC

Arb Forward Primer GCCTAATACGACTCACTATAGGGAAAAGCGAATCATACACAAGA
Arb Reverse Primer TATGGAATTAAATACCTTATGCCC
56N 5′ Anti-Leader TCTTGTGTATGATTCTCTTCTTCC
CA15-2 ggaagaagagaaucauacacaagaUCGACGUACCUCAGGGUGGUGUAUGACUGAGGUGAA

GACUGUGAACCAUGGCAUGCgggcauaagguagguaaguccaua
CA8-4 ggaagaagagaaucauacacaagaCCAGCGCGCGUCCAGUAACAGCCGGCCCAUGCCGCC

UACUGUCUUGCAGAUUCCACgggcauaagguagguaaguccaua
CA8-6 ggaagaagagaaucauacacaagaAACAAGUGAUUAAGGAAGGUGUAUAGGAGGCGAAUC

ACUGUAAGGUGUUGGAAUAgggcauaagguagguaaguccaua
CA10-2 ggaagaagagaaucauacacaagaCCAUCCCCCAACUUGUCAAGAGGGAAGGAGUGGGAA

AGGAAGACAAGGACAUGUGgggcauaagguagguaaguccaua
CA10-5 ggaagaagagaaucauacacaagaGGCGAAUUACACGACAAUCUGGACGACCUACACUAU

GAGAGGAGGGUAGAGUGGAAgggcauaagguagguaaguccaua
CA15-1 ggaagaagagaaucauacacaagaCCUACCUGUAUGAAAGAGACGAACCUAACUACAAUG

CUAGCAAUGGUGUAUGGUGCgggcauaagguagguaaguccaua
CA15-8 ggaagaagagaaucauacacaagaCCGUGCCCAGGGUCUUGCUGUAUGUAUGGUGCUGAU

CUACUGUAGCCAUGUGUAUGgggcauaagguagguaaguccaua
Scrambled CA15-2 ggaagaagagaaucauacacaagaGGAGGUGCAGGUGCAUAAUGCGUGAAGGCUCGGCCU

GUACACUCGAAGUACUUAGUgggcauaagguagguaaguccaua
Arbitrary RNA gggaaaagcgaaucauacacaagaAAUUUGGACUUUCCGCCCUUCUUGGCCUUUAUGAGG

AUCUCUCUGAUUUUUCUUGCGUCGAGUUUUCCGGgggcauaagguauuuaauuccaua
CA15-2 1-80 Stem Disrupt
(1-80*)

ggaagaagagaaucauacacaagaUCGACGUAGAGCAGGGUGGUGUAUGACUGAGGUGAA
GACUGUGAACCAUGGCAUGC

CA15-2 1-80 Stem Rescue
(1-80**)

ggaagaagagaaucauacacaagaUCGACGUAGAGCAGGGUGGUGUAUGACUGCUCUGAA
GACUGUGAACCAUGGCAUGC

CA15-2 25-104c GGUCGACGUACCUCAGGGUGGUGUAUGACUGAGGUGAAGACUGUGAACCA
UGGCAUGCgggcauaagguagguaaguccaua

CA15-2 25-80 GGUCGACGUAGAGCAGGGUGGUGUAUGACUGCUCUGAAGACUGUGAACCA
UGGCAUGC

CA15-2 25-60 GGUCGACGUAGAGCAGGGUGGUGUAUGACUGCUCUGAA
CA15-2 30-60 GUACCUCAGGGUGGUGUAUGACUGAGGUGAA

aThe constant regions for the RNAs are in lowercase. bThe T7 promoter is underlined. cFor CA15-2 transcripts beginning at position 25, two guanine
nucleotides (underlined) were added to the 5’ end to aid in in vitro transcription. The addition of these nucleotides did not alter the predicted secondary
structures represented in Figure S6.

trophoresis (6% TBE-PAGE, 8 M urea). Bands correspond-
ing to the expected product sizes were visualized by UV
shadow, excised, and eluted overnight in 300 mM sodium
acetate (pH 5.4) at room temperature. Eluates were ethanol
precipitated, resuspended in nuclease-free water and stored
at –20◦C until further use. RNA concentrations were deter-
mined using a NanoDropOne spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). For the first round of se-
lection, 5 nmol of RNA (∼3.0 × 1015 molecules) was used,
followed by 1.5 nmol RNA (∼9.0 × 1014 molecules) in sub-
sequent rounds. Prior to each selection round, the RNA was
refolded by heating to 90◦C for 90 s followed by cooling to
room temperature for 5 min. CA lattice solution was then
added, followed by addition of 10X binding buffer to a fi-
nal concentration of 1× (50 mM Tris–HCl [pH 7.5], 100
mM KCl, 50 mM NaCl, 1 mM MgCl2). For the first round
of selection, 1 nmol CA lattice was added to the refolded
RNA libraries in a final volume of 2 ml (2500 nM RNA to
500 nM lattice). In subsequent rounds, 300 pmol CA lat-
tice was added in a final volume of 1 ml (1500 nM RNA to
300 nM lattice). Binding reactions were incubated at 37◦C

for 15 min followed by partitioning of the bound versus
unbound RNA species from the CA lattice by centrifuga-
tion at 16 000 × g for 10 min at 4◦C. Following centrifu-
gation, the supernatant containing unbound RNA species
was removed and the CA lattice pellet was washed with 1X
binding buffer. The sample was then centrifuged again at 16
000 × g for 10 min at 4◦C. The wash step was performed a
total of two times. CA lattice-bound RNA was recovered
using phenol/chloroform extraction and ethanol precipi-
tation. The recovered RNA was reverse transcribed using
ImProm-II Reverse Transcriptase (Promega, Madison, WI)
and PCR amplified using Pfu DNA polymerase to generate
the transcription template for the next round of selection.

Library cloning into the aptamer expression plasmid

The double-stranded DNA templates for round 8, 10 and 15
libraries were cloned into an aptamer expression cassette as
described above (see Plasmids). The resulting plasmids were
purified from overnight cultures grown from single colonies
picked from ampicillin-containing agar plates. Sanger se-
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quencing was performed at the University of Missouri Ge-
nomics Technology Core to determine individual aptamer
sequences for each clone. Aptamers were named according
to the round and clone number. For example, aptamer 15-2
was the sequence present in the second colony picked from
the round 15 plate.

DNA templates and RNA transcription

RNA aptamers (Table 1) were generated each clone de-
scribed above for use in biochemical assays. Transcription
templates were generated by PCR amplification of the ap-
tamer expressing plasmids described above using Pfu DNA
polymerase, the 56N forward primer to append the T7 pro-
moter, and the reverse primer complimentary to the 3′ con-
stant region. Amplicon size was confirmed by agarose gel
electrophoresis. Amplicons were transcribed in vitro and pu-
rified as described above.

Nitrocellulose filter binding assays

In vitro transcribed RNA was treated with Antarctic phos-
phatase (Fermentas, Waltham, MA) to remove the 5’ ter-
minal phosphate and then labeled by T4 polynucleotide ki-
nase (New England Biolabs, Ipswitch, MA) in the presence
of � -32P-labeled ATP (PerkinElmer, Waltham, MA). Radi-
olabeled RNAs were gel-purified using denaturing PAGE
as described above. To evaluate dose-dependent binding
of aptamer libraries or individual aptamers to CA pro-
teins, 50 nM 5′-radiolabeled and refolded RNA was incu-
bated with varying concentrations of CA lattice, CA hex-
amer, or CA monomer in 1× binding buffer at 37◦C for 15
min. A separate aliquot of the same RNA was incubated
with 0 nM CA protein to determine non-specific nucleic
acid retention. RNA:protein complexes were partitioned
from unbound RNA by filtering samples through a pre-wet,
alkaline-treated nitrocellulose filter under vacuum and im-
mediately washing with 1 mL binding buffer. Radioactiv-
ity retained on the filter was counted by placing filters into
scintillation vials, adding 4 ml Emulsifier-safe liquid scin-
tillation fluid (Perkin Elmer, Waltham, MA), and counting
using a liquid scintillation counter. An unfiltered ‘No Wash’
sample was counted to determine the total amount of ra-
dioactivity present in each binding reaction. The fraction of
RNA retained on the filter was calculated by dividing the ra-
dioactivity retained on the filter by the radioactivity present
in the ‘No Wash’ sample. At least three replicates were per-
formed for each binding assay. To decrease non-specific nu-
cleic acid retention, nitrocellulose filters were pre-incubated
in 0.5 M KOH for 20 min, washed extensively with MilliQ
water, and then incubated in 1× binding buffer for at least
45 min as previously described (115).

To determine the apparent dissociation constant (KDapp)
using nitrocellulose filter binding assays, ∼20 000 counts-
per-minute (cpm) of 5′-radiolabeled and refolded RNA was
incubated with varying concentrations of CA lattice (0 nM
CA lattice to determine non-specific binding, or 10 to 7500
nM CA lattice) in 1× binding buffer at 37◦C for 15 min.
The nitrocellulose filter binding assay was then performed
as described above. The values for the fraction of RNA
retained on filter were fit to a 1:1 binding curve model

(Y = Bmax*X/[KD + X]) using GraphPad Prism 6.2. In
the equation, Bmax is the maximum specific binding, KD is
the dissociation constant, X is the CA concentration (total
monomer), and Y is the fraction of RNA retained on filter.
Binding assays were performed in triplicate.

To determine whether aptamer CA15-2 retained bind-
ing to CA lattice when an antisense oligonucleotide was
annealed to either its 5′ or 3′ constant region, 50 nM 5′-
radiolabeled CA15-2 RNA and 62.5 nM antisense oligonu-
cleotide were mixed on ice in 1× binding buffer. For ther-
mal renaturation and annealing of the antisense oligonu-
cleotide to the aptamer, the samples were transferred into
a preheated aluminum insert within a dry heat block set to
90◦C for 1 min, then the aluminum insert was removed from
the heat block and placed on the benchtop and allowed to
cool to 37◦C. 2 �M CA lattice (or 0 nM CA lattice to deter-
mine non-specific binding) was then added to each reaction,
and the reaction was incubated at 37◦C for 15 min. The ni-
trocellulose filter binding assay was then performed as de-
scribed above to determine fraction RNA retained on filter.
Experiments were performed at least three times.

To evaluate the effect of IP6 on CA15-2 binding to CA
lattice, 50 nM 5’-radiolabeled and refolded CA15-2 or ar-
bitrary RNA was incubated with 1 �M CA lattice at vary-
ing concentrations of IP6 (0 to 200 nM IP6) in 1× binding
buffer at 37◦C for 15 min. The nitrocellulose filter binding
assay was then performed as described above to determine
the fraction RNA retained on filter. These experiments were
performed in triplicate.

To evaluate the effect of high salt concentration on CA15-
2 binding to CA lattice, 50 nM 5’-radiolabeled and refolded
CA15-2 or arbitrary RNA was incubated in varying con-
centration of assembled CA lattice (0–1000 nM CA lattice)
in high salt binding buffer (50 mM Tris–HCl [pH 7.5], 100
mM KCl, 1 M NaCl, 1 mM MgCl2) at 37◦C for 15 min.
Nitrocellulose filter binding assays were performed as de-
scribed above in triplicate.

To evaluate the ability of CA15-2 to bind assembled na-
tive CA lattice tubes, nitrocellulose filter binding assays
were performed in the presence of 20 �M compound 15 for
stabilization of the native CA lattice tubes.

Size exclusion chromatography for the complex of the CA lat-
tice with aptamers

To determine whether CA15-2 forms stable complex with
CA lattice, 100 nM refolded RNA (CA15-2 or Arbitrary)
was combined with 1000 nM of CA lattice and incubated
in 1× binding buffer for 30 min. Size exclusion chromatog-
raphy (SEC) analysis was then performed using a Superdex
200 Increase 10/300GL column. RNA alone and CA lattice
alone were also analyzed to define the peaks corresponding
to the complex of RNA and the CA lattice. Experiments
were performed in triplicate and representative curves of
one experiment are shown in Figure S3A.

Dye conjugation to antisense oligos

The 56N reverse primer with a 5’-amino group attached
to a C-6 alkyl chain (5’ amino modifier C6) was pur-
chased from Integrated DNA Technologies (Coralville, IA)
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and used in a dye conjugation reaction with Cy5-NHS es-
ter (Lumiprobe, Hunt Valley, MD). The conjugation re-
action, subsequent reverse-phase HPLC purification, and
concentration/buffer exchange of the Cy5-labeled 56N re-
verse primer were performed as described previously (116).

Electrophoretic mobility shift assays (EMSA) competition
assays

2 �M CA lattice was preloaded with increasing concen-
trations of refolded, unlabeled competitor RNAs (25–200
nM) in 1× binding buffer at 37◦C for 10 min. A separate
sample with 0 nM competitor was prepared in parallel to
determine the maximum binding of aptamer CA15-2. A
10× annealing reaction containing 500 nM CA15-2 and 450
nM Cy5-labeled 56N reverse primer in 1X binding buffer
underwent the same thermal renaturation and annealing
described. The annealed CA15-2:Cy5-labeled 56N reverse
primer complex was then added to the binding reaction to
a 1× final concentration (50 nM CA15-2 and 45 nM Cy5-
labeled 56N reverse primer) and incubated at 37◦C for 15
min. 4× native loading dye (2× tris-borate [TB], 50% glyc-
erol) was added to each reaction to a final concentration of
1×, and the samples were run on a 2% 0.5× TB-agarose gel
at 8 V/cm. Gels were scanned for Cy5 fluorescence using
the Typhoon FLA 9000 phosphoimager (GE Healthcare,
Chicago, IL). The fraction of CA15-2 annealed to Cy5-
labeled oligo retained in wells relative to No Competitor
was quantified using Multi Gauge software (Fujifilm) using
the following equation: (intensity of signal retained in well
– intensity of signal in well of RNA only lane)/(intensity
of signal retained in well of the no competitor lane – inten-
sity of signal in well of RNA only lane). Experiments were
performed in triplicate.

Nitrocellulose filter binding competition assays

To determine whether an unlabeled competitor was able
to compete with 5′-radiolabeled CA15-2 for binding to the
CA lattice, varying concentrations of unlabeled competitor
(2.5–160 nM) were incubated with 250 nM CA lattice in 1×
binding buffer at 37◦C for 10 min. A separate sample with
0 nM competitor was prepared in parallel to determine the
maximum binding of aptamer CA15-2. Unlabeled competi-
tor RNAs (CA15-2, Arbitrary, Scrambled CA15-2, or yeast
tRNA [Invitrogen, Carlsbad, CA]) were first refolded as de-
scribed above. PF74 (Sigma Aldrich, St. Louis, MO) work-
ing stocks were prepared using a final concentration of 10%
DMSO. 10 nM 5′-radiolabeled and refolded CA15-2 was
then added to the binding reaction, which was incubated
at 37◦C for 15 min. Nitrocellulose filter binding assays were
performed and the fraction of radiolabeled CA15-2 retained
on the filter was calculated as described above. To calculate
the relative % radiolabeled CA15-2 retained on filter, the
fraction of radiolabeled CA15-2 retained on filter at each
concentration of competitor was divided by the fraction ra-
diolabeled CA15-2 retained on filter when no competitor
was present (0 nM) and multiplied by 100%. The assays were
done in triplicate.

To determine whether compound 15 was able to com-
pete with 5′-radiolabeled aptamer CA15-2 prior to perform-

ing binding assays using compound 15-stabilized, assem-
bled native CA lattice tubes, 10 �M working stocks of com-
pound 15 was prepared using a final concentration of 10%
DMSO. 1 �M unlabeled CA15-2 RNA or compound 15
was incubated with 1 �M assembled CA lattice in 1× bind-
ing buffer for 10 min at 37◦C. A separate sample with no
competitor added was prepared in parallel to determine the
maximum binding of aptamer CA15-2 to CA lattice. 50 nM
5′-radiolabeled and refolded CA15-2 was then added to the
binding reaction, which was incubated at 37◦C for 15 min.
Nitrocellulose filter binding assays were performed as de-
scribed and the fraction of radiolabeled CA15-2 retained
on the filter was calculated as detailed above.

Microscale thermophoresis (MST)

The binding affinities of aptamer CA15-2 or the arbi-
trary RNA control for CA lattice, CA hexamer, and CA
monomer were determined by measuring thermophoresis
of Cy5-labeled RNAs in the presence of increasing concen-
trations of each individual capsid protein. Cy5-labeleing of
the RNAs was performed using the Label IT Nucleic Acid
Labeling Kit according to the manufacturer’s instructions
(Mirus Bio, Madison, WI). Unreacted dye was removed us-
ing a Sephadex G-25 spin column provided with the kit.
The ratio of RNA to dye was determined by measuring
absorption at 260 nm for the RNA and 650 nm for the
dye (molar absorbance: 250 000 M−1 cm−1). An average
of 5 dye molecules were incorporated per RNA. Prior to
performing MST experiments, nitrocellulose filter binding
assays were performed as described above using the Cy5-
labeled RNAs to ensure that Cy5 labeling did not alter
the observed binding phenotypes. Reaction mixtures con-
taining 100 nM Cy5-labeled aptamer CA15-2 or arbitrary
RNA and increasing concentrations of the individual CA
proteins (1–1000 nM) were prepared in binding buffer (50
mM Tris–HCl [pH 7.5], 100 mM KCl, 50 mM NaCl, 1 mM
MgCl2) containing 0.1% Pluoronic acid. Reaction mixtures
were incubated for 30 min at room temperature and then
loaded into capillaries. Thermophoresis was monitored on
a Monolith NT.115 MST instrument (NanoTemper Tech-
nologies GmbH, Munich, Germany) at 20% LED power
and high MST power with 20 s MST-on time, and data
were analyzed with MO.Affinity software (version 2.3) us-
ing a 1:1 binding model (Nano Temper Technologies, CA).
The final data were plotted using GraphPad Prism (Version
6.0) (GraphPad Inc., La Jolla, CA). Experiments were per-
formed at least three times.

Producer cell assay

For experiments evaluating the effects of aptamer CA15-2
on a single cycle of HIV-1 replication at the producer cell
stage (90,109), 293FT cells were co-transfected with pNL4-
3-CMV-GFP (250 ng), pMD-G (100 ng) and aptamer- or
non-binding RNA control-expressing plasmids at the indi-
cated dosages using polyethylenimine (PEI; 1 �l of 1 mg/ml
PEI per �g DNA). After 48 h, supernatants containing
VSV-G-pseudotyped viruses produced in the presence of
aptamers or controls were harvested. Cellular debris was re-
moved by centrifugation and viral supernatants were frozen
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at –80◦C. Infectivity was determined by adding equal vol-
umes of viral supernatant per sample to TZM-GFP cells
such that the arbitrary RNA control infectivity levels were
∼10%. Infected cells were collected 48 h post-infection and
fixed with 2% paraformaldehyde. The number of infected
cells was determined by measuring the number of GFP-
positive cells using an Accuri C6 Flow Cytometer (BD Bio-
sciences, Franklin Lakes, NJ). The number of GFP-positive
cells was normalized to p24 ELISA values and to the ar-
bitrary RNA control to determine the relative infectivity
for each sample. Biological replicates for these experiments
were performed at least three times and each experiment in-
cluded two technical replicates.

Target cell assay

For experiments evaluating the ability of aptamer CA15-
2 or the arbitrary RNA control to protect cells from in-
fection by pseudotyped HIV-1 particles (90), viruses were
first produced in the absence of aptamer or controls by
co-transfecting 293FT cells in 10 cm dishes with pNL4-
3-CMV-GFP (250 ng) and pMD-G (100 ng) complexed
with PEI. Virus was harvested 48 h post-transfection as
described above. Separately, aptamer- or arbitrary RNA
control-expressing plasmids (1000 ng) were transfected
into fresh target 293FT cells using PEI. At 48 hr post-
transfection, the aptamer- or control-expressing cells were
challenged with virus produced in the absence of aptamer.
Infected cells were harvested 48 hr later, fixed with 2%
paraformaldehyde, and analyzed by flow cytometry for ex-
pression of EGFP as described above. Experiments were
performed at least three times.

Data availability/sequence data resources

All aptamer sequences utilized in this work are listed in Ta-
ble 1. The full sequence of the pcDNA3.1-based aptamer
expression plasmid is available upon request.

Statistical analysis

To determine whether there was a statistically significant
difference between two sets of samples, P values were cal-
culated using an unpaired t test computed by GraphPad
Prism.

Web sites/data base referencing

Structure prediction throughout this work was performed
using the NUPACK web server (www.nupack.org) (117).

RESULTS AND DISCUSSION

Selection of RNA aptamers with affinity to the assembled
HIV-1 CA lattice

The viral capsid core is a complex target that contains a
variety of potential binding sites for aptamers and other
novel ligands. Some of these sites are uniquely present in
viral capsid cores because they lie at the junctions between
hexamer or pentamer units; others are present within indi-
vidual CA hexamers, pentamers, or monomers. However,

intact viral capsid cores are difficult to isolate with the pu-
rity and quantity required for aptamer selection. Therefore,
we utilize an in vitro assembled, stabilized HIV-1 CA lattice
(referred to here as CA lattice) as a surrogate for the lattice
present within the viral capsid core (37). The A14C/E45C
CA double mutant forms disulfide bonds between adjacent
CA monomers within a hexamer, and these cross-linked
hexamers assemble into hyperstabilized CA lattice tubes at
high salt concentrations (Supplemental Figure S1B). Im-
portantly, due to the cross-linking, these stabilized tubes can
be removed from high salt buffers without disrupting the
lattice and have been shown to maintain interactions with
lattice-binding host factors (65). In addition, the CA lattice
tubes can be pelleted by centrifugation, enabling partition-
ing of bound versus unbound RNAs during the aptamer
selection process. Aptamer-targetable sites on the CA lat-
tice include those present on the CA monomer, CA hex-
amer and/or CA lattice (Figure 1A).

To identify CA lattice-binding aptamers, the refolded
56N RNA library was incubated with CA lattice, fol-
lowed by pelleting of CA lattice to partition bound versus
unbound RNA sequences. Unbound sequences were dis-
carded with the supernatant, while bound sequences were
recovered from the pellet after washing. Recovered RNA
was reverse transcribed and PCR amplified to restore the
T7 RNA polymerase promoter (see Table 1). The resulting
dsDNA was then used for in vitro transcription to generate
the RNA library for the next round of selection (Figure 1B).
A total of 15 rounds of selection were performed.

We determined the binding profiles of the RNA libraries
from rounds 8, 10 and 15 to different HIV-1 CA assem-
bly forms using nitrocellulose filter binding assays, includ-
ing CA lattice (selection target), soluble CA monomer,
and soluble CA hexamer (Supplemental Figure S1C). The
CA monomer expression construct contains no mutations,
while the soluble CA hexamer construct contains the same
A14C/E45C mutations as the CA lattice, along with two
additional alanine mutations (W184A/M185A) that abol-
ish higher order lattice assembly (37). As expected, the three
aptamer libraries exhibited dose-dependent binding to CA
lattice as compared to the starting library (Figure 1C). In
contrast, there was no significant change in dose-dependent
binding of the aptamer libraries to either the CA monomer
(Figure 1D) or CA hexamer (Figure 1E), indicating that
most of the RNA species in these libraries recognize epi-
topes that are uniquely present on CA lattice.

Sanger sequencing of plasmids generated from cloning of
Rounds 8, 10 and 15 (Table 1) did not reveal obvious conver-
gence. However, in preliminary screens to evaluate binding
of a subset of the individual clones to CA lattice (Supple-
mental Figure S2), aptamer CA15-2 consistently exhibited
strong, dose-dependent binding to CA lattice, and we chose
to focus on aptamer CA15-2 for further characterization.

Aptamer CA15-2 binds to the assembled CA lattice but not
the soluble CA hexamer or CA monomer

Binding of aptamer CA15-2 to different CA protein assem-
bly forms was evaluated using nitrocellulose filter binding
assays, electrophoretic mobility shift assays (EMSA), mi-
croscale thermophoresis (MST), and size exclusion chro-

http://www.nupack.org
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Figure 1. CA lattice aptamer selection. (A) Potential binding interfaces for CA-binding aptamers that are associated with the CA monomer (diamonds),
CA hexamer (squares), and CA lattice (circles. (B) Schematic representation of the HIV-1 CA lattice aptamer selection created using BioRender.com. The
starting dsDNA library containing the T7 promoter and a 56-nucleotide random region flanked by 5′ and 3′ constant regions was transcribed using T7
RNA polymerase. The RNA library was incubated with assembled HIV-1 CA lattice tubes (transmission electron microscopy image of the lattice tubes is
shown) in a binding reaction. Library partitioning via pelleting was performed to separate the bound RNA (pellet) from the unbound RNA (supernatant).
Bound RNA was recovered, reverse transcribed into cDNA, PCR-amplified, and transcribed to generate the RNA library to be used in the next round
of selection. (C–E) Binding of aptamer libraries from rounds 8, 10 and 15 to the HIV-1 capsid lattice (C), CA monomer (D) and CA hexamer (E) was
evaluated using nitrocellulose filter binding assays (n = 3). Binding for each library set was compared to the starting library for determination of statistical
significance; ns (P > 0.05), ** (P < 0.01), *** (P < 0.001). Statistical significance for each round (500 and 1000 nM CA lattice) is as follows: Round 8 (**,
***), Round 10 (**, **) and Round 15 (***, ***). Throughout this study, CA concentrations for all assembly forms are given in terms of total monomer.

matography (SEC). The purity of each protein is repre-
sented in Supplemental Figure S1C. Aptamer CA15-2 ex-
hibited a significant mobility shift in the presence of CA
lattice via both EMSA (Figure 2A) and SEC (Supplemen-
tal Figure S3A). It also exhibited dose-dependent binding to
CA lattice in nitrocellulose filter binding assays (Figure 2B
and C) and MST assays (Figure 2D). In contrast, the arbi-
trary control RNA showed little or no interaction with CA
lattice (Figure 2B–D and S3A) (109). Furthermore, aptamer
CA15-2 showed no evidence of binding to CA monomer
(Figure 2E and S3B) or to CA hexamer (Figure 2F and S3C)
in contrast to positive control, PF74, which bound both the
CA monomer and CA hexamer (data not shown). Collec-
tively, these data demonstrate specificity of aptamer CA15-2
for CA lattice.

When binding of aptamer CA15-2 to the CA lattice
was evaluated using nitrocellulose filter binding assays at a

wider range of CA protein concentrations (10-7500 nM), an
apparent dissociation constant (KDapp) for aptamer CA15-
2 was determined to be 502 ± 57 nM, while the appar-
ent kD for the arbitrary control was greater than 7.5 �M
(Figure 2C). In a similar experiment performed using MST
at a CA protein concentration range of 0.1–1000 nM, ap-
tamer CA15-2 was observed to bind the HIV-1 CA lat-
tice with an equilibrium dissociation constant of 350 ±
50 nM, while the arbitrary control demonstrated no bind-
ing (Figure 2D). Notably, the apparent kD values ob-
tained here may not be representative of the true CA-
binding strength of aptamer CA15-2. Due to the hetero-
geneity of the CA lattice tubes, which likely contain vary-
ing numbers of binding sites depending on tube length
and diameter, CA concentrations were calculated based
on the total number of CA monomer (p24) present. Fi-
nally, to confirm aptamer CA15-2 binding to CA lattice,
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Figure 2. Specific binding of aptamer CA15-2 to the HIV-1 CA lattice. (A) An electrophoretic mobility shift assay demonstrates formation of a complex
between Cy5-labeled aptamer CA15-2 and CA lattice. (B, C, E and F) Nitrocellulose filter binding assays were used to evaluate binding of radiolabeled
aptamer CA15-2 or arbitrary RNA to the CA lattice (B and C; n = 8), hexamer (E; n = 6) and monomer (F; n = 3). Statistical comparisons were made
between CA15-2 and the arbitrary control. *** (P < 0.001). (D) Microscale thermophoresis assays were used to confirm aptamer CA15-2 binding to the
CA lattice using Cy5-labeled CA15-2 and the indicated concentrations of CA lattice.

we examined the aptamer-CA lattice complex using SEC,
where we observed the retention volume of the complex
to be ∼7 ml as compared to ∼15 ml for aptamer CA15-2
alone and ∼20 ml for CA lattice alone (Supplemental Fig-
ure S3A). Collectively, these results demonstrate that ap-
tamer CA15-2 specifically binds to CA lattice, likely at pro-
tein interfaces that are uniquely present on CA lattice but
that are not present on the CA hexamer or CA monomer
(Figure 1A).

Unlabeled CA15-2, but not other unlabeled nucleic acids,
competes with labeled CA15-2 for binding to CA lattice

To confirm the binding specificity of aptamer CA15-2 to
CA lattice, we performed competition assays using ap-
tamer CA15-2 annealed to Cy5-labeled antisense oligonu-
cleotide (EMSA) or radiolabeled aptamer CA15-2 (nitro-
cellulose filter binding assays) paired with a panel of un-
labeled competitors. Unlabeled competitor was first incu-
bated with CA lattice prior to addition of Cy5-labeled ap-
tamer CA15-2. For the EMSA, 0–200 nM unlabeled com-

petitor was used, along with 50 nM aptamer CA15-2 and
2 �M CA lattice. For the nitrocellulose filter binding as-
says, 0-160 nM unlabeled competitor was used with 10
nM aptamer CA15-2 and 250 nM CA lattice. The frac-
tion of Cy5-labeled aptamer CA15-2 that bound in the ab-
sence and presence of increasing concentrations of unla-
beled competitor was then compared to determine the im-
pact of the competitor on the complex between aptamer
CA15-2 and CA lattice. As expected, the relative amount
of Cy5-labeled CA15-2 bound to CA lattice decreased as
the concentration of unlabeled aptamer CA15-2 increased
(Figure 3 and S4). Notably, the relative amount of labeled
aptamer CA15-2 bound to CA lattice when unlabeled ap-
tamer CA15-2 was present was significantly different from
the amount present when unlabeled nonspecific RNAs were
present in the binding reaction, even at the highest con-
centrations of unlabeled competitor. Unlabeled nonspecific
RNAs used included Arbitrary RNA (Figure 3, S4 and
S5A), a 3′ truncation of Arbitrary RNA (Arbitrary 1–80nt;
Figure 3 and S4), Scrambled CA15-2 (Figure 3, S4 and
S5B), and yeast tRNA (Supplemental Figure S5C). These
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Figure 3. Competition of unlabeled competitors with Cy5-labeled aptamer CA15-2 for binding to CA lattice. (A) Electrophoretic mobility shift assays were
used to determine the ability of unlabeled competitors to compete with Cy5-labeled aptamer CA15-2 for binding to the assembled CA lattice. Unlabeled
full length CA15-2 was able to compete for binding to a greater degree than non-binding control RNAs (Arbitrary (FL), Arbitrary (1–80), and Scrambled
CA15-2). (B) The fraction CA15-2 retained in wells relative to No Competitor was quantified using Multi Gauge software (Fujifilm) using the following
equation: (intensity of signal retained in well – intensity of signal in well of RNA only lane)/(intensity of signal retained in well of No Competitor lane –
intensity of signal in well of RNA only lane). Values are the mean ± SD for three experiments.

results between specific and non-specific competitors are
consistent with a model in which unlabeled aptamer CA15-
2 blocks binding by labeled aptamer CA15-2 via saturation
of specific interaction sites on CA lattice. Minimal com-
petition was observed with all other non-specific RNAs in
the nitrocellulose filter binding assay (Figure S5). The ex-
periment utilized a low concentration of radiolabeled ap-
tamer CA15-2, where binding would not be saturated. Thus,
specific binding in this case would be lower than maximal
binding. This is particularly relevant due to the possibility
that binding affinity may be underrepresented by our ap-
parent Kd determinations in Figure 2, as discussed above.
Notably, defining the minimal binding structure of ap-

tamer CA15-2 may improve the observed apparent binding
affinity.

We also evaluated competition between aptamer CA15-
2 and PF74, a small molecule that inhibits HIV-1 replica-
tion (71,74,81) and that binds CA in a pocket located at the
CANTD–CACTD interface of assembled hexamers with a Kd
of 176 ± 78 nM (71). Radiolabeled aptamer CA15-2 did not
compete with PF74 for binding to CA lattice at any of the
concentrations tested (20–1280 nM; Supplemental Figure
S5D), suggesting that aptamer CA15-2 does not share an
overlapping binding site with PF74. This interpretation is
further supported by the lack of binding observed for ap-
tamer CA15-2 to CA hexamer (Figure 2E and S3B).
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Involvement of the 3′ and 5′ constant regions of aptamer
CA15-2 in binding to the CA lattice

The 56N library design included constant regions at the
5′ and 3′ ends for amplification during the selection pro-
cess. To determine whether either constant region is re-
quired for aptamer CA15-2 binding to CA lattice, antisense
oligonucleotides were separately annealed to each end of
aptamer CA15-2 as represented in Figure 4A. The predicted
CA15-2 structure was generated using NUPACK(117). Af-
ter oligonucleotide annealing, binding to CA lattice was
evaluated using nitrocellulose filter binding assays. Anneal-
ing of an antisense oligonucleotide to the 3’ constant re-
gion did not significantly alter binding of aptamer CA15-2
to CA lattice as compared to the no oligonucleotide con-
trol (Figure 4B), indicating that sequestration via formation
of a double-stranded region at the 3′ end does not disrupt
the proper folding of aptamer CA15-2 into a CA lattice-
binding structure. In contrast, when an antisense oligonu-
cleotide was annealed to the 5′ constant region, binding to
CA lattice was significantly decreased as compared to the
no oligonucleotide control (Figure 4B). This indicates that
sequestration of the 5′ constant region via formation of a
double stranded region interferes with the proper folding of
aptamer CA15-2, ultimately blocking binding to CA lattice.

To further define the sequence requirements for aptamer
CA15-2, we tested the ability of truncated aptamer variants
to bind CA lattice. Structures for each variant were pre-
dicted using NUPACK (Supplemental Figure S6A–K) and
the variants are named according to the nucleotides remain-
ing after truncation. As shown in Figure 5A, full-length
CA15-2 (1–104) and truncation 1–80 demonstrated signif-
icant binding to CA lattice in nitrocellulose assays (P <
0.001), consistent with the oligonucleotide annealing data
above. Interestingly, truncation 25–104 also demonstrated
significant binding, suggesting that the 5′ constant region
is not required for binding. Thus, the disruption of bind-
ing upon annealing of the 5′ antisense oligonucleotide ob-
served above (Figure 4B) may indicate that annealing intro-
duced steric hinderance that disrupted the binding struc-
ture. Notably, binding was abolished in truncation 25–80,
which removes both the 5′ and 3′ constant regions. This sug-
gests that while there is not a specific requirement for either
constant region, each constant region can contribute to the
functional binding structure in the absence of the other.

Interestingly, truncation 1–60 demonstrated a greater de-
gree of binding as compared to truncation 1–70 (Figure
5A; P < 0.001). These results were corroborated by EMSA-
based competition assays, wherein the full-length aptamer
(1–104) and truncations 1–80 and 1–60 competed with full-
length CA15-2 for binding, as shown by the decrease in mo-
bility shift with increasing competitor concentration (Fig-
ure 5C and S6). It is possible that 1–60 generates a stabilized
structure capable of binding CA lattice, albeit to a lesser de-
gree than 1–104 or 1–80, which may not be formed by 1–70.
Truncations 1–50, 1–40, 25–80, 25–60 and 30–60 did not
bind significantly over the arbitrary control (Figure 5A).

The predicted secondary structures of all active trun-
cations of aptamer CA15-2 include a stem-loop structure
from approximately position 25-62. We tested the impor-
tance of this stem by either disrupting the stem (1-80*) or

Figure 4. Contributions of the 5´ and 3´ constant regions to aptamer
CA15-2 binding to the CA lattice via antisense oligonucleotide annealing.
(A) The secondary structure of aptamer CA15-2 was predicted using the
NUPACK web server (117). Red lines indicate binding sites for anti-sense
oligonucleotides used to sequester the 5´ and 3´ constant regions. Aster-
isks indicate the location of stem disruption or stem restoration mutations
evaluated in Figure 5. (B) Antisense oligonucleotides were annealed to ei-
ther the 5´ or 3´ constant regions of aptamer CA15-2, followed by bind-
ing analysis using nitrocellulose filter assays. Statistical comparisons were
made against the binding values for the arbitrary control. Values are the
mean ± SD for three experiments.

restoring the stem (1-80**) (Figure 4A (asterisks), 5A, and
5B (yellow highlight)). Disruption of the stem resulted in
binding that was not statistically different from the arbi-
trary control, whereas restoration of the stem demonstrated
significant binding (P < 0.01) as compared to the arbitrary
control (Figure 5A). However, there was not a significant
difference in binding between the disrupted stem and the
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Figure 5. Contributions of the 5´ and 3´ constant regions to aptamer CA15-2 binding to CA lattice via truncations. Binding of aptamer CA15-2 and various
truncations of aptamer CA15-2 was evaluated using nitrocellulose filter binding assays (A) and electrophoretic mobility shift assays (B). (A) Aptamers or
control RNAs were radiolabeled, incubated with CA lattice, and evaluated using nitrocellulose filter binding assays. Values are the mean ± SD for three
experiments. Statistical comparisons were made for each truncation versus the level of binding for the arbitrary control. ns (P > 0.05), *** (P < 0.001). (B)
Mutations introduced for disruption or restoration of a predicted stem structure in CA15-2 are shown in yellow. (C) Electrophoretic mobility shift assays
were used to determine the ability of unlabeled truncated aptamers to compete with Cy5-labeled aptamer CA15-2 for binding to CA lattice. The fraction
of Cy5-labeled, full-length aptamer CA15-2 retained in wells relative to No Competitor was quantified using Multi Gauge software (Fujifilm) using the
following equation: (intensity of signal retained in well – intensity of signal in well of RNA only lane)/(intensity of signal retained in well of No Competitor
lane – intensity of signal in well of RNA only lane). Experiments were repeated three times.
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restored stem, and restoration of the stem did not restore
binding to the level of 1–80. Thus, aptamer CA15-2 likely
adopts a different structure than predicted by NUPACK or
has specific nucleotide requirements. Collectively, these data
suggest that the nucleotides required for aptamer binding
reside within nucleotides 1–60, as the truncated aptamer (1–
60) retained binding activity, albeit to a lower extent. The re-
duction of target affinity displayed by 1-60 is consistent with
previous reports (118). Notably, our results also suggest that
additional residues located within nucleotides 80–104 also
play an important role, either by stabilizing the active fold
or through additional contacts with the target molecule.

Aptamer CA15-2 binds native CA lattice tubes

Aptamer CA15-2 was selected against CA lattice containing
mutations A14C/E45C. To determine whether these mu-
tations were required for binding, we sought to evaluate
binding to native CA lattice tubes. Common methods for
assembly of native tubes rely on inclusion of IP6 or high
concentrations of salt; however, these conditions abolished
aptamer CA15-2 binding (Supplemental Figure S7). PF74
analog, compound 15, provides stabilization to allow for as-
sembly of native CA tubes under physiological salt condi-
tions (Supplemental Figure S8A). As we previously demon-
strated that PF74 is unable to compete with aptamer CA15-
2 for binding (Supplemental Figure S5D), we performed
similar competition experiments with compound 15, fol-
lowed by binding assays using native CA lattice tubes as-
sembled in the presence of compound 15. As shown in Sup-
plemental Figure S8, compound 15 is unable to compete
with aptamer CA15-2 for binding to the assembled CA lat-
tice (Supplemental Figure S8B) and aptamer CA15-2 is able
to bind assembled native CA lattice tubes significantly over
the arbitrary control, similarly to the assembled CA lattice
used in the selection (Supplemental Figure S8C). These re-
sults demonstrate that binding of aptamer CA15-2 is not
dependent upon the presence of the A14C/E45C mutations.

Aptamer CA15-2 inhibits HIV-1 infectivity at the producer
cell stage but not at the target cell stage

To investigate whether intracellular expression of aptamer
CA15-2 affects HIV-1 replication, we performed single-
cycle infectivity assays using VSV-G-pseudotyped HIV-1 as
previously described (109). In principle, such effects could
occur during the efferent phase of the viral replication cy-
cle (virus assembly and release) or the afferent phase (en-
try and infection). To examine these stages separately, we
first determined the effect of aptamer CA15-2 during virus
production by producing VSV-G-pseudotyped HIV-1 par-
ticles in cells that expressed either aptamer CA15-2 or
the arbitrary RNA control (Figure 6A). Aptamer or arbi-
trary control RNA-expressing plasmids were co-transfected
into 293FT cells along with the proviral plasmid, pNL4-3-
CMV-EGFP and pMD-G which expresses VSV-G. Viruses
were harvested 48 hr post infection and were used to in-
fect fresh, non-aptamer-expressing TZM-GFP target cells.
TZM-GFP cells produce GFP upon infection, increasing
the intensity of the GFP signal. Total virus production, as
measured by p24 ELISA, was slightly elevated for aptamer-

Figure 6. Aptamer CA15-2 effects on HIV-1 replication in producer cells.
(A) Schematic depiction of the producer cell assay to evaluate aptamer ef-
fects when present during virus production created using BioRender.com.
(B) p24 amounts were determined using ELISA for each sample and nor-
malized to the arbitrary control for comparison. (C) Viral supernatants
generated in aptamer-expressing cells were used to infect fresh TZM-GFP
cells. Relative infectivity was determined by normalizing the percentage of
EGFP positive cells to the amount of p24 present in each sample, followed
by normalization to the arbitrary control. Values are the mean ± SD for
five experiments.

expressing cells, but the difference was not statistically sig-
nificant (Figure 6B). In contrast, relative infectivity, as mea-
sured by the percentage of EGFP-positive cells normalized
to p24 and the arbitrary control, was more than five-fold
lower for aptamer CA15-2 compared to the arbitrary con-
trol (Figure 6C). Collectively, these results demonstrate that
aptamer CA15-2 inhibits virus replication as compared to
the arbitrary control when present during virus production
and that these effects are not due to a decrease in viral par-
ticle release.

In contrast with the producer cell assay, we did not ob-
serve any reduction in infectivity when 293FT cells were first
transfected with plasmids that expressed aptamer CA15-
2 or the arbitrary control RNA prior to challenge with
VSV-G-pseudotyped virus produced in the absence of ap-
tamer (Figure 7). These results suggest that aptamer CA15-
2 is unable to protect cells from incoming virus infection
at the dose of aptamer used here. It is possible that ap-
tamer CA15-2 can interact with the incoming viral capsid
core, but that these interactions do not significantly impact
post-entry steps of replication or capsid core stability. Alter-
natively, aptamer CA15-2 may not be present in a cellular
location that enables interaction in target cells or may in-
teract with a binding interface that is either not present or
not accessible on the incoming viral capsid core but that is
present and accessible during or after virus assembly in the
producer cell.
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Figure 7. Aptamer CA15-2 effects on HIV-1 replication in target cells. (A) Schematic depiction of the target cell assay to evaluate aptamer effects on
incoming virus created using BioRender.com. (B) Viral supernatants generated in the absence of aptamer were used to infect 293FT cells transfected for 48
h with plasmids for expression of the arbitrary control or CA15-2. Infectivity was determined by flow cytometry analysis of the number of EGFP-positive
cells in each sample. Values are the mean ± SD for three experiments.

There are many possibilities for the mechanism under-
lying the antiviral activity of CA15-2, on which we specu-
late here. As the level of p24 in the viral supernatant was
similar in aptamer CA15-2 and the control samples, the de-
fect does not appear to manifest in altered production of
viral particles. It is possible that aptamer CA15-2 may im-
pact genome packaging, virus assembly, encapsidation of a
necessary host factor, virus maturation, or capsid stability,
all of which are important for virus infectivity and would
impact the ability of the virus to perform downstream repli-
cation steps. Recent work has suggested that the immature
lattice is formed via recruitment of Gag dimers to the site of
assembly to form hexamers, which then assemble into the
immature lattice (53). We have demonstrated here that ap-
tamer CA15-2 binds specifically to CA lattice but not to CA
monomer or CA hexamer assembly forms. If the assembling
immature lattice is available and accessible within the cell
during virus production, it is possible that aptamer CA15-2
interacts with the assembling immature lattice. This inter-
action could drive specific incorporation of CA15-2 into vi-
ral particles, where CA15-2 could redirect the assembly pro-
cess, resulting in defective viral particles. Alternatively, ap-
tamer CA15-2 could be non-specifically incorporated into
particles, providing an opportunity to interact with the lat-
tice during remodeling that occurs as part of viral matura-
tion to redirect the assembly process, leading to the replica-
tion defect. Indeed, we have previously demonstrated that,
at the dosage of aptamer expression plasmid utilized in
these experiments, aptamers, including non-binding con-
trols, can be non-specifically encapsidated into viral parti-
cles (90). Further experiments are needed to elucidate these
potential mechanisms.

Conclusions on CA lattice-targeting aptamers as new tools
for interrogating the role of CA in HIV-1 replication

Aptamers offer several advantages over small molecules and
antibodies in that they can fold into a variety of different
structures, can be selected to display increased target affinity
and specialized binding characteristics, and be easily mod-

ified for a variety of applications. In the case of RNA ap-
tamers, specifically, they can also be expressed in cells as
RNA transcripts. These advantages allow aptamers to en-
gage in a variety of binding mechanisms, to outcompete
other binding interactions, to achieve proper cellular local-
ization, and to aid in visualization of cellular processes. Re-
cent developments in our understanding of HIV-1 assembly
and CA structure, as well as the availability of stabilized CA
lattice tubes, provided a unique opportunity for the identi-
fication of aptamers capable of selectively binding the CA
lattice. The work presented here details the successful selec-
tion of aptamers that bind CA lattice. We further character-
ized aptamer CA15-2, which binds CA lattice, but not CA
monomer or CA hexamer, suggesting that aptamer CA15-
2 binds an interface that is present on CA lattice, but not
on CA monomer or CA hexamer. We found that aptamer
CA15-2 was able to inhibit viral replication when expressed
in producer cells, but not when expressed in target cells,
opening the door to further examination of the mechanisms
underlying viral inhibition by aptamer CA15-2. Aptamer
CA15-2 and other aptamer clones from the same aptamer
population represent new tools for discrimination of CA lat-
tice from other CA assembly forms. Importantly, aptamers
that recognize accessible sites specific to CA lattice or other
CA assembly forms provide an opportunity to investigate
impact of these interactions on diverse steps of HIV-1 repli-
cation, to further examine CA interactions with host fac-
tors, and to identify potentially novel interaction surfaces
present on CA assembly forms, all of which could increase
our understanding of viral biology and inform development
of therapeutics.
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