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Transmission Electron Microscopy Reveals an
Optimal HIV-1 Nucleocapsid Aggregation with
Single-stranded Nucleic Acids and the Mature HIV-1
Nucleocapsid Protein
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HIV-1 nucleocapsid protein (NCp7) condenses the viral RNA within the
mature capsid. In a capsid-free system, NCp7 promotes an efficient
mechanism of aggregation with both RNA and DNA. Here, we show an
analysis of these macromolecular complexes by dark-field imaging using
transmission electron microscopy. Thousands of mature NCp?7 proteins co-
aggregate with hundreds of single-stranded circular DNA molecules
(ssDNA) within minutes, as observed with poly(rA). These co-aggregates
are highly stable but dynamic structures, as they dissociate under harsh
conditions, and after addition of potent ssDNA or NCp7 competitive
ligands. The N-terminal domain and zinc fingers of NCp7 are both
required for efficient association. Addition of magnesium slightly
increases the avidity of NCp7 for ssDNA, while it strongly inhibits co-
aggregation with relaxed circular double-stranded DNA (dsDNA). This
DNA selectivity is restricted to mature NCp7, compared to its precursors
NCp15 and NCp9. Moreover, for NCp15, the linkage of NCp7 with the
Gag C-terminal p6-peptide provokes a deficiency in ssDNA aggregation,
but results in DNA spreading similar to prototypical SSB proteins. Finally,
this co-aggregation is discussed in a dynamic architectural context with
regard to the mature HIV-1 nucleocapsid. On the basis of the present data,
we propose that condensation of encapsidated RNA requires the C-
terminal processing of NCp. Subsequently, disassembly of the nucleocap-
sid should be favoured once dsDNA is produced by HIV-1 reverse
transcriptase.
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Introduction

In infectious human immunodeficiency virus type
1 (HIV-1) virions, the nucleocapsid architecture
confined within the cone-shaped capsid contains
two copies of the genomic RNA coated by the
mature nucleocapsid protein (NCp?7). This highly
condensed ribonucleoprotein complex provides
both the structures and functionality required for
infectivity.l’2 NCp7, characterized as an RNA/
DNA-binding and nucleic-acids chaperone protein,
contributes to both the stabilization and structural
rearrangements of the viral genome within virions
as well as during reverse transcription within
infected cells.”*

HIV-1 genomic RNA is incorporated into nascent
virions through interactions with the nucleocapsid
(NC) domain of Gag polyproteins. During viral
maturation, the viral protease (PR) catalyzes a
sequential and ordered processing of Gag, which
drives nucleocapsid assembly and its confinement
within the viral core.” Physical separation of the
capsid and nucleocapsid domains of Gag (MA-CA-
p2-NC-p1-p6) occurs via a rapid proteolytic cleavage
at the p2-NC site, which produces a transient NC
species, NCp15 (NC-p1-p6).° Thereafter, p6 removal
gives way to the transient accumulation of a 71
amino acid residue protein, NCp9 (NC-p1), while the
ultimate pl removal liberates the mature NCp7
(55 amino acid residues).” Complete processing of
NCp, along with the presence of the pl-sequence,
reverse transcriptase (RT), and integrase (IN), are
critical for both nucleocapsid condensation and
stabilization of dimeric viral RNA.”'° However,
the mechanism by which nucleocapsid condensation
occurs is not clearly understood. After maturation,
the HIV-1 conical capsid delineates an internal com-
partment that contains the nucleocapsid composed
of NCp7 (between 1500 and 5000 copies) bound to
a tRNAY*?-primed dimer of genomic RNA (9250 nt
per RNA monomer). Other viral components are
incorporated: RT (~100 dimeric copies), IN (~200
monomeric copies), viral protein R (Vpr) (~700
copies), Nef, PR,!'~1% and some cellular components,
notably small RNA species and a subset of cellular
proteins.'*'® The Gag-associated NC domain as
well as mature NCp7 have been shown to participate
in protein—protein interactions with RT, Vpr and
cellular proteins, such as actin, topoisomerase I and
APOBEC3G."" During reverse transcription and
migration to the host nucleus, stability of the HIV-1
genome and subsequent reverse transcription pro-
ducts requires the presence of functional NCp7,” as
HIV-1 mutants with an altered N-terminal domain’
or histidine to cysteine replacements in either of the
NCp zinc fingers resulted in unstable viral DNA.21/22
In contrast, the majority of NCp7 appears to be
dissociated from the full-length, linear double-
stranded viral DNA extracted from infected cells
within the reverse transcription/preintegration
complexes (RTCs/PICs).?>2> The loss of NCp7
versus an efficient retention of IN and Vpr within
RTCs and PICs suggests that nucleocapsid disas-

sembly and PIC assembly are directly interconnected
during the reverse transcription process but the
underlying mechanism is poorly understood.

The mature nucleocapsid protein (NCp7) is a
small, basic and flexible polypeptide containing two
highly structured zinc-finger domains separated by
a proline-rich linker.?6?® The rigid zinc finger
structures are each stabilized via coordination of a
zinc ion by the two highly conserved C-aa,-C-aay-H-
aas-C (CCHC) motifs.?? They have been implicated
in specific recognition of single-stranded (ss) nucleic
acid regions and in nucleic acid chaperone
activity.***! The positive charges, especially those
in the N-terminal sequence and the linker, are
involved in the non-specific binding to nucleic
acids and in the nucleic acid chaperone activity of
NCp.** The nucleic acid chaperone activity of
NCp7* has been shown to be necessary for viral
RNA dimerization,*2° tRNADS3 annealing,‘%’37
and throughout reverse transcription.>* NCp7 and
NCp9 (the ultimate precursor that behaves like
NCp? in vitro) non-specifically bind to nucleic acids
in vitro with decreasing affinity from RNA to single-
stranded DNA (ssDNA) and finally to double-
stranded DNA (dsDNA).*® They cover RNA or
ssDNA lattices with occluded site sizes of 6-7 nt and
8 nt, respectively.”” High-affinity binding of NCp?7 is
observed with HIV-1 RNA hairpins, and RNA
hairpin aptamers,”***! and with oligodeoxyribo-
nucleotides containing either TG repeats***® or
central flap-derived G-quartet structures.** Even
though there is no detectable cooperativity, multiple
binding of NCp7 occurs under saturating conditions
with HIV-1 Psi-associated RNA hairpins* and
parallel G-quadruplexes.**

A peculiar property of NCp7 and NCp9* (a one
residue extended form of NCp9 at the C terminus) is
the formation of nucleoprotein complexes of high
molecular mass: with both their flexibility and their
polycationic properties, these NCp capture nucleic
acids lattices in vitro under saturating protein
conditions. The corresponding aggregates have
been observed with NCp and tRNALYs? 46 RNA or
rRNA,** and DNA.*" With NCp9* and a model
RNA (poly [rA]),*” transmission electron microscopy
(TEM) and quasi elastic light-scattering similarly
show in vitro spherical aggregates that fall within a
narrow distribution of sizes, after a salt-dependant
ordered growth due to fusions of small aggregates.*’
They form at an NCp9*:occluded-site stoichiometric
ratio of 1:1 and occur for a concentration of NCp9* in
the micromolar range.” Optimum formation
requires either 150 mM sodium or a combination of
50 mM sodium and 5 mM Mg**, which is similar to
the salt concentration for optimum HIV-1 RT activity,
in vitro.*” Such an avidity between NCp9* and
nucleic acids constitutes a distinctive feature over
the prototypical single-stranded nucleic acid binding
proteins like the Escherichia coli single-stranded
binding (SSB) or phage T4 gene 32 proteins, which
cover, spread out and maintain their DNA lattices
individually.””" Therefore, in order to approach
both the architecture of the HIV-1 nucleocapsid and
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