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a b s t r a c t

The human immunodeficiency virus type 1 (HIV-1) nucleocapsid (NC) protein plays an essential role in
several stages of HIV-1 replication. One important function of HIV-1 NC is to act as a nucleic acid chaper-
one, in which the protein facilitates nucleic acid rearrangements important for reverse transcription and
recombination. NC contains only 55 amino acids, with 15 basic residues and two zinc fingers, each hav-
ing a single aromatic residue (Phe16 and Trp37). Despite its simple structure, HIV-1 NC appears to have
optimal chaperone activity, including the ability to strongly aggregate nucleic acids, destabilize nucleic
acid secondary structure, and facilitate rapid nucleic acid annealing. Here we combine single molecule
DNA stretching experiments with ensemble solution studies of protein-nucleic acid binding affinity,
oligonucleotide annealing, and nucleic acid aggregation to measure the characteristics of wild-type (WT)
and aromatic residue mutants of HIV-1 NC that are important for nucleic acid chaperone activity. These
in vitro results are compared to in vivo HIV-1 replication for viruses containing the same mutations.
This work allows us to directly relate HIV-1 NC structure with its function as a nucleic acid chaperone
in vitro and in vivo. We show that replacement of either aromatic residue with another aromatic residue
results in a protein that strongly resembles WT NC. In contrast, single amino acid substitutions of either
Phe16Ala or Trp37Ala significantly slow down NC’s DNA interaction kinetics, while retaining some helix-
destabilization capability. A double Phe16Ala/Trp37Ala substitution further reduces the latter activity.
Surprisingly, the ensemble nucleic acid binding, annealing, and aggregation properties are not signifi-
cantly altered for any mutant except the double aromatic substitution with Ala. Thus, elimination of a
single aromatic residue from either zinc finger strongly reduces NC’s chaperone activity as determined by
single molecule DNA stretching experiments without significantly altering its ensemble-averaged bio-
chemical properties. Importantly, the substitution of aromatic residues with Ala progressively decreases
NC’s nucleic acid chaperone activity while also progressively inhibiting viral replication. Taken together,
these data support the critical role of HIV-1 NC’s aromatic residues, and establish a direct and statistically
significant correlation between nucleic acid chaperone activity and viral replication.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The nucleocapsid protein (NC) of HIV-1 performs functions
in many of the steps of viral replication (Thomas and Gorelick,
2008). As a domain of Pr55Gag it binds to and directs packaging
of genomic RNA (D’Souza and Summers, 2005), as well as place-
ment of the primer tRNALys,3 (Hargittai et al., 2004) during viral
assembly. When the viral protease (PR) cleaves Gag during matu-
ration, the evolving precursor and mature forms of the NC protein
(NCp15, NCp9, and NCp7) facilitate formation of a stable dimer of
the genomic RNA (Feng et al., 1996; Fu et al., 1994; Fu and Rein,
1993), which is essential for reverse transcription and subsequent
infection processes (Kafaie et al., 2008).

The NC protein of HIV-1 is a small, highly basic nucleic acid
binding protein that contains 15 basic residues out of a total of
55 amino acids and two strictly conserved zinc-binding motifs of
the form –Cys–X2–Cys–X4–His–X4–Cys–. Its amino-terminal tail
contains a region of high charge density, which is known to con-
tribute significantly to its ability to aggregate nucleic acids (Darlix
et al., 1995; Lapadat-Tapolsky et al., 1993, 1995; Le Cam et al.,
1998; Stoylov et al., 1997). Each zinc finger contains a CCHC motif,
each of which coordinates one zinc ion. Additionally, the other
amino acid residues in these motifs are almost completely con-
served as well (Leitner et al., 2003; Thomas and Gorelick, 2008).
This sequence conservation indicates important roles in viral repli-
cation. Of particular interest for the current report is the aromatic
residues present in the first loop of each motif, a Phe at position
16 in the amino-terminal zinc binding motif and a Trp at position
37 in the carboxy-terminal Zn2+-finger (Fig. 1A). It is important to
note that in virtually every other orthoretrovirus, the second amino
acid of the amino-terminal zinc-binding motif is aromatic, although
the aromatic residue is less well conserved in the carboxy-terminal
motif. Thus, due to their high conservation, it is presumed that
these aromatic residues play a critical role in NC function, which
we investigate in this work.

Numerous NMR studies have been performed on HIV-1 NC, both
with the free- and nucleic acid bound-protein forms (Amarasinghe
et al., 2000, 2001; Bazzi et al., 2011; de Guzman et al., 1998; Lee
et al., 1998; Morellet et al., 1994, 1998, 1992; South and Summers,
1993; Summers et al., 1990; Tisne et al., 2001). Based on these
studies, three key observations have been made: first, the protein
becomes more structured when bound to nucleic acids; second, the
Trp residue in the carboxy-terminal zinc finger and the Phe residue
in the amino-terminal zinc finger form hydrophobic platforms and
interact with nucleobases through both stacking and hydrogen
bonding interactions; third, the two zinc fingers are in close spa-
tial proximity. Intercalation of the aromatic residue at position 37
with nucleobases is also supported by Trp-fluorescence quenching
studies (Mely et al., 1994). Based on additional biophysical charac-
terizations, the aromatic residues play a non-electrostatic role in
the binding of NC to nucleic acids (Avilov et al., 2008; Bourbigot
et al., 2008; Fisher et al., 2006; Godet and Mely, 2010; Lam et al.,
1994; Mely et al., 1993), so that eliminating these residues virtu-
ally eliminates this component of binding (Fisher et al., 2006; Remy
et al., 1998; Urbaneja et al., 1999). Intriguingly, these experiments
have demonstrated that elimination of these aromatic residues can
be just as detrimental to interactions between NC and nucleic acids
as elimination of the zinc-binding residues.

HIV-1 NC functions as a nucleic acid chaperone, facilitating
the rearrangement of nucleic acids into the structure of lowest
energy, which should contain the maximum number of base pairs
(Levin et al., 2005; Rein et al., 1998; Tsuchihashi and Brown, 1994).
These nucleic acid rearrangements are essential for many viral
replication processes, including reverse transcription and recom-
bination (Anderson et al., 1998; Bampi et al., 2004; Mark-Danieli
et al., 2005; Negroni and Buc, 1999, 2001). They are especially
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Fig. 1. Sequences of wild type (A), F16W (B) W37F (C), F16W/W37F (D), F16A (E),
W37A (F), and F16A/F37A (G) HIV-1 NC proteins. Substitutions are denoted by
orange text and highlighted with an arrow, while basic residues are presented in
blue and zinc coordinating residues in red.

important given the recently characterized complex structures
formed by HIV-1 genomic RNA in vivo (Watts et al., 2009). There are
a number of steps that require significant rearrangement of nucleic
acid secondary structure during retroviral reverse transcription:
tRNA primer annealing, genome dimer formation, minus-strand
transfer, plus-strand transfer, and whenever recombination occurs
during reverse transcription. For example, HIV-1 NC can accelerate
tRNA annealing (Hargittai et al., 2004) and minus-strand transfer by
over three orders of magnitude in vitro (You and McHenry, 1994).

We have shown that HIV-1 NC’s nucleic acid chaperone activity
is composed of three major components: nucleic acid aggregation,
nucleic acid destabilization, and rapid protein-nucleic acid interac-
tion kinetics (Cruceanu et al., 2006a,b; Levin et al., 2005; Vo et al.,
2006; Williams et al., 2001, 2002a,b). We have also shown that
NC proteins from other retroviruses exhibit only some of these
activities, suggesting that HIV-1 NC has optimal chaperone activ-
ity relative to that of other NC proteins (Stewart-Maynard et al.,
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