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Human immunodeficiency virus type 1 (HIV-1) nucleocapsid protein
(NC) plays several important roles in the viral life-cycle and presents an
attractive target for rational drug design. Here, the macromolecular
reactivity of NC and its binding to RNA is characterized through determi-
nation of electrostatic and chemical descriptors derived from linear-
scaling quantum calculations in solution. The computational results offer
a rationale for the experimentally observed susceptibility of the Cys49
thiolate toward small-molecule electrophilic agents, and support the
recently proposed stepwise protonation mechanism of the C-terminal
Zn-coordination complex. The distinctive binding mode of NC to SL2
and SL3 stem–loops of the HIV-1 genomic RNA packaging signal is
studied on the basis of protein side-chain contributions to the electrostatic
binding energies. These results indicate the importance of several basic
residues in the 310 helical region and the N-terminal zinc finger, and
rationalize the presence of several evolutionarily conserved residues in
NC. The combined reactivity and RNA-binding study provides new
insights that may contribute toward the structure-based design of anti-
HIV therapies.
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Introduction

The human immunodeficiency virus type 1
(HIV-1) RNA genome encodes the Gag polyprotein,
which is processed into several mature proteins,
including the matrix protein, the capsid protein and
the nucleocapsid protein (NC), also known as
NCp7. The mature NC protein acts as a nucleic acid
“chaperone” during reverse transcription1–5 and
facilitates various nucleic acid rearrangements,
including annealing of the tRNA primer to the viral
RNA template,3,6–8 and minus and plus-strand
transfer.9–14 NC, a highly basic protein, contains two
copies of the CCHC-type Zn2þ-coordinating peptide
sequence, Cys-X2-Cys-X4-His-X4-Cys (X ¼ variable
amino acid residue), that are separated by a short
flexible linker sequence (see Figure 3). All known
ortho-retroviruses contain one or two copies of the

CCHC-type Zn2þ finger domains,3,15 also referred to
as zinc “knuckle” motifs. Recently, it has been
shown that NC’s zinc finger motifs are required
for optimal nucleic acid chaperone activity.16 – 19

The high-resolution NMR structures of HIV-1
NC bound to SL2 and SL3 stem–loops of viral
RNA reveal specific interactions between both
zinc fingers and the RNA bases.20,21 The distinc-
tive three-dimensional structure of NC’s zinc
fingers, their critical role in the viral life-
cycle,22 – 27 and their mutationally non-permissive
nature have made them attractive targets for
development of antiviral drug therapies.28 – 33

A series of organic compounds have been identi-
fied that can chemically modify the Zn2þ-binding
cysteine residues resulting in ejection of zinc ions,
disruption of the protein structure and ultimately
loss of viral infectivity.31,34 – 36 Several experiments
employing fluorescence spectroscopy and electro-
spray ionization mass spectrometry revealed that
the zinc ion ejection occurs at the carboxyl terminal
zinc finger first, and that Cys49 is the target of the
initial electrophilic attack.37 – 39 Furthermore, the
reaction rate of NC toward electrophilic attack
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was observed to be reduced upon its binding to
oligonucleotides.38

Computational studies performed to date have
been directed toward understanding the reaction
mechanism for electrophilic attack on NC’s zinc
fingers and their differential reactivity. Using small
model structures for the isolated zinc fingers, high-
level quantum chemical calculations (Hartree-Fock
and density-functional theory) have been carried
out to study the reaction path,40,41 and the relative
chemical reactivity of the zinc finger thiolate
groups.42 A protein docking study has also been per-
formed with a variety of small electrophiles to evalu-
ate the steric accessibility of both zinc fingers.30

Recently, the Poisson–Boltzmann method with
fixed force field charges was used to investigate the
protein packing density and classical electrostatic
screening of the Zn2þ-binding atoms in different
classes of zinc fingers.43 In this study, the relative
chemical reactivity of the zinc fingers, as well as the
individual thiolate groups was attributed solely to
the electrostatic screening due to the protein environ-
ment. While this approach is fast, it neglects the
explicit electronic and solvent-induced polarization,
as well as the contribution due to atomic multipoles.
Although the previous quantum studies shed light
on the chemical reactivity of NC’s zinc fingers, it
would be desirable to perform a quantum chemical
study of this system that simultaneously takes into
account the effect of the full protein environment,
solvation, and nucleic acid binding. It is an interest-
ing question as to what degree a “supermolecular”
approach is necessary to quantify chemical reactivity
indices associated with the NC zinc knuckles. Since
the C and N-terminal zinc coordination domains are
in moderately close proximity to one another, it is
likely that they have a mutual polarization effect. As
indicated by density-functional calculations42 in
the absence of solvation, the relative reactivity of the
zinc-coordinating thiolate groups is sensitive to the
size of the zinc domain model. In addition to this
size effect, spatial differences in the solvated macro-
molecular electrostatic potential of both the unbound
and RNA-bound forms (Figures 1 and 2), are
expected to influence the relative values of the reac-
tivity indices. These observations are suggestive
that the global protein and protein/RNA environ-
ment may play an important role in the relative reac-
tivity of the NC zinc knuckles; however, a systematic
study was not made here.

The present work focuses on the quantum charac-
terization of the NC-binding domain in the fully sol-
vated protein environment, in both unbound and
RNA-bound forms, using linear-scaling electronic
structure methods.44,45 Linear-scaling electronic
structure methods allow the determination of a host
of chemical properties that greatly extend the scope
of information obtainable from purely classical
models.46 These include response properties and
chemical reactivity indices that take into account
quantum many-body effects and provide an accurate
description of the electronic structure that governs
biomolecular interactions. In this work, the quantum

chemical descriptors applied to NC protein can be
divided into two classes: (1) descriptors used to
characterize electrostatic properties such as solvent-
polarized atomic charges, molecular electrostatic
potential maps, and proton potentials; and (2)
descriptors used to characterize chemical reactivity
such as atomic softness indices and local hardness
maps. The latter are related to the chemical softness
and hardness of inorganic chemistry and have
relation to the frontier orbital theory pioneered by
Fukui (see Methods for additional details).

The objective of the present study is to evaluate
the regioselective reactivity of HIV-1 NC and to
explore the electrostatic binding mode of NC to
SL2 and SL3 stem–loops, which are part of the
viral RNA genome packaging signal. Toward this
end, the electrostatic features of NC’s zinc finger
regions are evaluated by comparing the solvent-
polarized molecular electrostatic surface potential
at both finger regions and the solvent-polarized
atomic charges of Zn2þ-binding atoms. The relative
chemical reactivity of the zinc fingers and the Zn2þ-
coordinating thiolate groups are assessed by the
local hardness map and atomic softness indices. A
qualitative prediction of relative acidity of the zinc
finger thiols in the NC apoprotein is given by com-
paring their relative proton potentials, which have
been shown to correlate with experimental pKa

values (J.K. & D.M.Y., unpublished results).47

These results offer a theoretical basis for the
regioselectivity of the NC zinc finger domains
toward electrophilic attack. Finally, individual resi-
due contributions to the electrostatic binding of NC
to the SL2 and SL3 stem–loops are analyzed and
compared to mutational data to better understand
the origin of the NC–RNA interaction. Taken
together, these results offer new insights that may
contribute toward the rational design of anti-NC
HIV therapies.

Results and Discussion

Molecular electrostatic properties

The electrostatic potential, fð~rÞ; is a measure of
the degree of stabilization of a unit test charge at
the position ~r: A particularly useful descriptor for

Figure 1. Amino acid sequence of zinc knuckles in iso-
lated HIV-1 NC. The N-terminal (ZF1) and C-terminal
(ZF2) zinc-binding sequences span residues 13–30 and
35–51, respectively. The Zn2þ-coordinating residues are
in italics. Zinc and charged residues are indicated with
superscript þ (positive) or 2 (negative).
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biological macromolecules is a map of fð~rÞ on the
solvent-accessible (or solvent-excluded) molecular
surface, where interactions with molecules from
the environment are likely to take place.47 – 49 Such
an “electrostatic potential map” can be readily
visualized and used to probe the electrostatic
features over the binding interface. Figures 1 and
2 show the electrostatic potential maps of unbound
NC and the NC-SL3 RNA complex, respectively.
While in the unbound protein, the surface around
the N-terminal zinc finger (ZF1) clearly displays

more positive electrostatic potential (indicated in
blue) than that around the C-terminal zinc finger
(ZF2), the difference is much smaller in the
protein–RNA complex. Following the designations
used by De Guzman et al.,20 ZF1 (Val13-Ala30) con-
tains four basic and one acidic residues while ZF2
(Gly35-Glu51) has three basic and three acidic resi-
dues (Figure 3). Taking into account the charges on
cysteine and the Zn2þ, the overall formal net charge
of ZF1 is þ2 and that of ZF2 is 21 (Figure 3). The
more positive electrostatic potential around the

Figure 2. The electrostatic potential map of the NC-SL3 RNA complex. The surface is rotated to give the best view of
the solvent-exposed Zn2þ-coordinating sulfur atoms (shown as white spheres). The N-terminal zinc finger (ZF1) is at
the bottom of the Figure, while the C-terminal finger (ZF2) is at the top. The electrostatic potential is given in units of
kT=e (T ¼ 298 K), and the color scale is adjusted to allow the best view of the difference electrostatic potential on zinc
knuckle regions.
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ZF1 region reflects this difference in the total net
charge. Upon RNA binding, the electrostatic inter-
action of the basic residues of NC with the RNA
backbone and bases serves to decrease the positive
surface potential on NC. Since the N terminus has
more electrostatic contacts with SL3 RNA (see
later discussions on binding energies), the electro-
static potential in the ZF1 region is lowered more
upon RNA binding, resulting in similar electro-
static potential for the two zinc-binding regions in

the complex. This effect is also seen for NC binding
to SL2 RNA (data not shown).

Quantum mechanically derived solvent-
polarized atomic charges provide useful
information about the distribution of electrons in a
solvated biological macromolecule. Table 1 gives
the average atomic charges and RMS deviations
due to conformational variations on the Zn2þ-coor-
dinating atoms in the NC and NC-SL3 RNA
complex. The atomic charge differences between

Figure 3. The electrostatic potential map of NC. The surface is rotated to give the best view of the solvent-exposed
Zn2þ-coordinating sulfur atoms (shown as white spheres). The N-terminal zinc finger (ZF1) is at the bottom of the
figure, while the C-terminal finger (ZF2) is at the top. The electrostatic potential is given in units of kT=e (k ¼
Boltzmann constant, e ¼ atomic unit of charge, and T ¼ 298 K), and the color scale is adjusted to allow the best view
of the difference electrostatic potential on zinc knuckle regions.
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the unbound and bound form are small, of the
order of 1022 e (e is atomic unit of charge). In both
the unbound and the RNA-bound complex, the
Cys15 sulfur atom of ZF1 carries the most negative
charge, and the Cys49 sulfur of ZF2 the least nega-
tive charge. Variations in charge reflect, in part,
difference in the electrostatic potential in the polar-
ized macromolecule. Negative charge will tend to
accumulate in more electropositive regions and
vice versa. The atomic charge variations observed
here are consistent with a recent Poisson–
Boltzmann study that uses a static charge model,43

which found that the Cys49 thiolate experienced
the least positive screening from the protein

environment, whereas Cys36 and Cys15 thiolate
groups experienced the most positive screening
(also apparent from the electrostatic potential map
in Figure 1). The relative magnitude of the zinc fin-
ger thiolate charges is a result of the interplay of
the solvent polarization with the protein electro-
static environment. Despite the fact that the Cys49
thiol is solvent-exposed, it resides in close proxi-
mity to the negatively charged neighbor Asp48.
The net effect of this is to destabilize the negative
charge on the thiolate relative to that on the other
zinc-binding thiolate groups.

RNA binding results in a small change (less than
0.05 e) in the thiolate partial charges. The largest

Figure 4. The local hardness map of NC. The surface is rotated to give the best view of the solvent-exposed Zn2þ-
coordinating sulfur atoms (shown as white spheres). The color scheme is 20.5 (red) to 0.0 (blue). The local hardness
is given in units of kT=e (T ¼ 298 K).
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change occurs on Cys36, increasing the thiolate
charge from 20.478 e in NC to 20.432 e in the
NC-SL3 RNA complex. For both unbound and
SL3 RNA-bound protein, the RMS deviations of
partial charges for the conformational variations
in the NMR ensemble structures are of the order
of 1023 e, with the exception of the Cys49 thiolate
group, where the RMSD is about 0.01 e. The notice-
able charge variation on the Cys49 thiolate group is
consistent with the pronounced conformational
flexibility of the nearby carboxyl terminus,20 and
the ability of the chemically softer Cys49 thiolate
to accommodate local charge fluctuations,50 as can
be seen in the discussions on chemical reactivity
indices.

Chemical reactivity indices

The local hardness, hð~rÞ; is a measure of chemical
reactivity at a position ~r; and satisfies a reciprocal
relation with the local softness (see Methods). In
this work, the local hardness is approximated as
the electrostatic potential due to a charge density
related to the local softness51,52 (i.e. not of the
molecular charge density). The local hardness and
atomic softness indices are a set of properties of

similar type to the molecular electrostatic potential
and atomic charges, but they provide information
about local chemical reactivity of the molecule. In
an analogous way to the electrostatic potential
map described earlier, a “local hardness map” on
the solvent-accessible (or solvent-excluded)
molecular surface can be visualized graphically
and used to identify regions of greater nucleo-
philicity (i.e. large magnitude of the local hard-
ness). The local hardness map of NC (Figure 4)
shows that the surface region around ZF2 displays
a larger local hardness value (indicated in red)
than the ZF1 region. This indicates that the electron
density of the highest-lying occupied molecular
orbitals (HOMOs) are more concentrated in ZF2,
and consequently that ZF2 is likely to be more
susceptible to electrophilic attack than ZF1.

The atomic local softness indices provide a con-
venient measure of nucleophilicity of individual
atoms, with the atoms exhibiting a large value of
local softness index expected to be more reactive.
Table 2 shows the average and RMS deviations of
the atomic local softness indices on the Zn2þ-coor-
dinating atoms of NC and NC-SL3 RNA. The
largest average atomic local softness index resides
on the Cys49 thiolate (0.227), and is significantly
larger than those on other thiolate groups, indicat-
ing the Cys49 thiolate to be the most nucleophilic
among all the zinc-binding thiolate groups.
Additional calculations (data not shown) showed
that the HOMO indeed originates from Cys49,
with the largest orbital coefficient located on the
sulfur atom of this residue. The large RMS devi-
ation of the local softness index on the Cys49 thio-
late is consistent with the pronounced charge
fluctuation on this atom as discussed earlier. A
large conformation-dependent fluctuation of the
local softness on Cys49 thiolate was also observed
in a gas-phase density-functional study42 based on
isolated model zinc finger structures derived from
an NMR structure of the free NC (PDB 1AAF). Evi-
dently, the conformational fluctuation of the local
protein environment can have a profound impact
on the frontier orbitals. In the RNA-bound protein,
as expected, the magnitude of local softness indices
on the Zn2þ-coordinating atoms is much smaller
(Table 2), since the high-lying occupied orbitals
are located mainly on the negatively charged
RNA. Nevertheless, within the protein, the set of
most reactive atoms remains the same.

The local hardness map and local softness
indices both suggest that ZF2, and in particular
the Cys49 sulfur atom, is the most susceptible
toward attack by electrophilic agents. These results
are in accord with the experimental observation
that Cys49 is the most reactive cysteine of NC
toward small electrophilic drug candidates37,38 and
are consistent with the previous study based on
density-functional theory.42 The results presented
here underscore the potential applications of new
information derivable from linear-scaling elec-
tronic structure methods in structure-based drug
design.

Table 2. Atomic softness indices on the Zn2þ-coordinat-
ing atoms in NC and the NC-SL3 RNA complex

Residue Atom NC NC-SL3

Cys15 Sg 1.504(0.998) 0.079(0.038)
Cys18 Sg 1.758(1.265) 0.023(0.017)
His23 Ne2 0.022(0.005) 0.017(0.002)
Cys28 Sg 0.493(0.410) 0.018(0.004)

Cys36 Sg 1.657(1.022) 0.479(1.290)
Cys39 Sg 0.972(1.097) 0.245(0.729)
His44 Ne2 0.060(0.025) 0.024(0.026)
Cys49 Sg 5.101(2.139) 1.496(1.800)

Atomic softness indices (J.K. & D.M.Y., unpublished results)
derived from linear-scaling calculations in solution using the
PM3 Hamiltonian.78 RMS deviations due to conformational vari-
ations in the NMR ensemble structure are included in parenth-
eses. Units are in e.

Table 1. Atomic charges on the Zn2þ-coordinating atoms
in NC and the NC-SL3 RNA complex

Residue Atom Charge (NC) Charge (NC-SL3)

Cys15 Sg 20.512(5.63 £ 1023) 20.489(6.67 £ 1023)
Cys18 Sg 20.459(2.24 £ 1023) 20.469(7.74 £ 1023)
His23 Ne2 0.062(8.76 £ 1023) 0.066(9.99 £ 1023)
Cys28 Sg 20.415(7.07 £ 1023) 20.443(6.79 £ 1023)

Cys36 Sg 20.478(4.94 £ 1023) 20.432(4.86 £ 1023)
Cys39 Sg 20.476(8.14 £ 1023) 20.486(9.19 £ 1023)
His44 Ne2 0.065(6.10 £ 1023) 0.067(6.86 £ 1023)
Cys49 Sg 20.408(1.39 £ 1022) 20.424(1.45 £ 1022)

CM2 charges76 derived from linear-scaling calculations in sol-
ution using PM3 Hamiltonian.78 RMS deviations due to confor-
mational variations in the NMR ensemble structure are
included in parentheses. Units are in e.
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Relative proton potentials

The electrostatic potential at a proton position
(neglecting the contribution of the proton itself) is
a useful index that reveals the relative stability of
the proton. Consequently, for macromolecules, the
potentials at the titratable proton positions offer
information about the relative acidity and basicity
for a particular protonation state. In systems
where titratable sites are weakly coupled, proton
potentials may provide a useful indication of the
ordering of pKa values. (Note, this is not the same
as the calculation of pKa shifts or a complete
titration curve that require an ensemble average
over all relevant protonation states, a typically
much larger calculation.53,54) Table 3 gives the com-
puted relative proton potentials and experimental
pKa values of the zinc-binding thiol groups in ZF2
of the NC apoprotein. These quantities appear to
be well correlated, although the correlation may
not be statistically significant. Notably, the proton
on the thiol of Cys49 has the most negative poten-
tial and the one on the imidazole of His44 the
least. The trend in the relative magnitudes of pro-
ton potentials correlates well with the order of
measured pKa values on the Zn2þ-coordinating
residues of the (35-50)NC peptide, a model peptide
corresponding to ZF2.55 The significantly more
negative proton potential on the Cys49 thiol can
be attributed to the negative charge of the neigh-
boring residue Asp48 that has been suggested
elsewhere55 to give rise to the unusually high pKa

of Cys49. The theoretical results in the present
work support the model suggested by Bombarda
et al., that Cys49 may act as a switch in a stepwise
Zn2þ dissociation mechanism of ZF255,56 and offers
yet another rationale for the high susceptibility of
Cys49 to electrophilic attack.

Protein side-chain contributions to the
electrostatic-binding energy

Finally, we examine the distinctive binding
mode of NC to the SL2 and SL3 RNA stem–loops
of the packaging signal on the basis of protein
side-chain contributions to the electrostatic binding
free energies. The protein backbone contributions

are relatively small (data not shown) in compari-
son to those from the side-chains and will not be
considered here. This study was carried out using
the two available high-resolution NMR structures
of NC-SL2 RNA21 and NC-SL3 RNA.20 Protein
side-chain contribution to the electrostatic binding
energy is defined as the change in the electrostatic
component of the binding free energy (including
the solvent contribution) upon switching off the
charge on the corresponding side-chain group
(isosteric group). Thus, a positive contribution
implies a stabilization of the NC–RNA complex.
Here, the approximation is made such that the
structure of the protein and RNA in the unbound
(dissociated) state remains unchanged from their
bound state. Hence, the present method does not
take into account the conformational relaxation
that occurs upon dissociation. Nevertheless, the
“rigid structure” approach has been proved useful
in estimating the electrostatic contribution of salt-
bridges to protein stability,57 – 59 protein–protein
binding60,61 and ligand–DNA interactions.62 Con-
sidering that the NC–RNA-binding free energy is
highly dependent on salt concentration,18,63 – 65 and
the binding is mainly electrostatically driven at
low ionic strength,66 it is apparent that electro-
statics play an essential role in NC–RNA binding.
Thus, examination of the electrostatic component
of the binding free energy in terms of individual
amino acid side-chain contributions can provide
insight into the nature of specific NC–RNA inter-
actions and the origin of conservation of certain
amino acid residues.

Figure 5 shows the average and conformational
root-mean-squared deviations of amino acid side-
chain contributions to the electrostatic binding
free energy of NC-SL2 (upper) and NC-SL3
(lower). While the NC-SL3 binding is mainly
stabilized through the interaction of the 310 a-heli-
cal side-chains with the RNA, the NC SL2-RNA

Table 3. Comparison of calculated relative proton
potentials and experimental pKa values of Zn2þ-coordi-
nating residues in the NC apoprotein

Residue pKa
a f

Cys36 8.0 ^ 0.2 23.278
Cys39 8.8 ^ 0.2, 8.2 ^ 0.3, 8.7 ^ 0.3 23.241
His44 6.4 ^ 0.1 20.217
Cys49 9.3 ^ 0.2 25.053

f is the relative electrostatic potential (V) at the proton from
thiol or imidazole of the Zn2þ-coordinating residues in the NC
apoprotein.

a Experimental values were obtained from 1H NMR spectro-
scopic studies of the (35-50)NC apopeptide.56

Figure 5. NC amino acid side-chain contributions to
the electrostatic-binding energy in NC:SL2 RNA (top)
and NC:SL3 RNA (bottom). The error bars indicate the
RMS deviations in DDGel due to conformational
variations in the NMR ensemble structure. The labeled
residues are discussed in the text.
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binding seems to be dominated by the contribution
from the side-chain of Lys26, which forms a salt-
bridge with the negatively charged RNA phospho-
diester backbone. The large electrostatic stabiliz-
ation from the conserved basic residues, Arg7,
Arg10, and Lys11 of the 310 a-helix in the NC-SL3
complex, is a consequence of the favorable electro-
static contacts between their side-chains and the
RNA phosphodiester backbone, which are absent
from the SL2 complex as they project away from
the RNA. However, electrostatic contact is not the
only determining factor, as solvent and local
electrostatic environment can also modulate the
electrostatic interaction. The Lys26 side-chain lies
on the interface between the SL2-RNA and NC
protein, whereas it is partially exposed to solution
in the SL3 complex. Not surprisingly, the most
destabilizing groups in both complexes are the
Cys15 and Cys36 side-chains, the sulfur atoms of
which bear the most negative charges according to
our calculations (Table 1).

The role of basic residues in NC functions has
been investigated experimentally. Mutageneses of
several basic residues in the N-terminal region
including Arg7, Arg10, and Lys11 resulted in a
strong decrease in viral infectivity with an
observed defect in proviral DNA synthesis.67 In
vitro studies have also revealed an important role
for NCs basic residues in nucleic acid binding.66,68

An early study showed Arg residues at positions
3, 7, 10, 29, and 32 are essential for the specific
binding of NC to the viral RNA-packaging site.68

Based on fluorescent studies with poly(eA), NC
residues Arg7, Lys20, Lys26, and Lys41 were pro-
posed to be involved in electrostatic contacts with
the RNA.66 Our data generally support these
experimental findings. Although sizable RMS
deviations in the calculated values due to the con-
formational fluctuations in the NMR ensemble are
observed, the deviations do not change the relative
contribution of individual residues to the binding
energy.

Conclusion

Here, the regioselective reactivity of HIV-1 NC
toward electrophilic attack is investigated with a
set of quantum mechanically derived macro-
molecular descriptors. The electrostatic potential
map reveals the ZF2 region to be more electro-
negative than the ZF1 region, making it more
accessible by electrophiles. Upon RNA binding,
the potential in the ZF2 region becomes less
electronegative and resembles that in the ZF1
region. Among all six Zn2þ-coordinating sulfur
atoms in the unbound protein, the sulfur atom of
Cys49 carries the least negative charge, and the sul-
fur of Cys15 the greatest. The destabilization of the
negative charge on Cys49 can be mainly attributed
to the negatively charged neighboring residue
Asp48. The surface region around ZF2 exhibits an

increased value of local hardness, indicating it to
be the most reactive region toward electrophiles.

The largest value of the local softness index is
found on the Cys49 sulfur atom, offering a ration-
ale for its particularly high susceptibility toward
electrophilic attack, consistent with experimental
observations.37,38 Large softness indices are also
found on other Zn2þ-coordinating thiolate groups,
suggesting their increased reactivity as compared
to the rest of the atoms in the protein. Upon RNA
binding, the magnitude of local softness indices
on the Zn2þ-coordinating thiolate groups decreases
but they remain the most nucleophilic atoms
within the protein.

The relative proton potentials of the ZF2 Zn2þ-
coordinating residues in the apoprotein have been
shown to correlate well with the experimental pKa

values. In particular, the most negative relative
proton potential on Cys49 is consistent with its
unusually high pKa value, which again can be
attributed to the acidic neighbor Asp48, and sup-
ports the hypothesis that Cys49 may act as a switch
for a stepwise Zn2þ dissociation mechanism in an
acidic cellular environment.56,57

The electrostatic binding energy calculations
emphasize the importance of several basic residues
in the 310 helical region and ZF1 of NC for stabiliz-
ing binding to SL3 RNA, whereas Lys26 appears
to be the most important residue in the electrostatic
binding of NC to SL3 RNA. The distinctive electro-
static binding mode of NC to SL2 and SL3-RNA
revealed from our calculations is striking and sup-
port the idea20,21 that NC–RNA binding is adaptive
and occurs via different sets of interactions, in
accord with NC’s multiple nucleic acid-binding
functions in the viral life-cycle. These results also
help to rationalize the presence of evolutionarily
conserved residues in NC. The macromolecular
descriptors and electrostatic binding energy calcu-
lations reported here provide new insights that
may be useful in the design and optimization of
anti-HIV therapeutics.

Methods

Structure preparation

The NMR ensemble of 25 NC:SL3–RNA complexes
(PDB 1A1T, about 1500 atoms including hydrogen
atoms) were used as starting structures. The hydrogen
positions of the protein:RNA complexes were optimized
using the CHARMM27 program69,70 with the
CHARMM22 force-field for proteins.71 and CHARMM27
force-field for nucleic acids.72 The parameters for zinc
were taken from Stote & Karplus.73 The non-bond inter-
actions were evaluated with a distance-dependent
dielectric function ðe ¼ rÞ and no cut-offs (no explicit
water molecules were included). Each structure was
relaxed with 100 steps of steepest descent on a semiem-
pirical quantum surface using the linear-scaling divide-
and-conquer semiempirical program with the linear-scal-
ing COSMO solvation method.44,74 The PM3 Hamiltonian
was used as the PM3 parameterization was previously
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shown to give experimentally agreeable geometries for
zinc complexes.75 In the linear-scaling quantum geome-
try optimization, the subsystems were chosen to be
single amino acid or nucleotide residues and the buf-
fer/matrix cut-off of 6 Å/7 Å were applied. The SCF con-
vergence criterion was set at 1025 kcal mol21 atom21. The
same procedure was applied to obtain the quantum opti-
mized structures from the NMR ensemble of 20
NC:SL2–RNA complexes (PDB 1F6U). The relaxed struc-
tures were used in the binding energy calculations.

Atomic softness index and local hardness map

Here, the calculations of the local hardness and the
atomic local softness indices are briefly described.
A detailed discussion of the methods, implementation
and test-case validation will be given elsewhere. Chemi-
cal hardness and softness are two fundamental quan-
tities in inorganic chemistry.50

The chemical hardness h is defined rigorously in den-
sity-functional theory as the second derivative of the
energy with respect to the total number of electrons
with the external nuclear potential v held fixed (in some
conventions, a factor of 1/2 is included). A commonly
employed measure of the chemical hardness, which can
be derived with a finite difference approximation is the
difference between the ionization potential (IP) and
electron affinity (EA):51,52

h ¼
›2E

›N2

� �
v

< IP 2 EA ð1Þ

The chemical softness is the inverse of the hardness
S ¼ 1=h:

A related quantity defined in density-functional
theory that has a close connection with frontier orbital
theory is the Fukui function, defined as f ð~rÞ ¼
½›rð~rÞ=›N�v: The Fukui function describes the sensitivity
of the electron density with respect to total number of
electrons, and integrates to unity ð

Ð
f ð~rÞd3r ¼ 1Þ: Some-

times the left f2ð~rÞ and right fþð~rÞ derivatives are distin-
guished to emphasize that electrons being taken from
the system (left derivative) may come from a different
region than where those added to the system (right
derivative) may go; the middle derivative defined as the
average f 0ð~rÞ ¼ 1=2½fþð~rÞ þ f2ð~rÞ�: In other words, if elec-
trons are added to (or taken from) the system, the Fukui
function fþð~rÞ (or f2ð~rÞ) indicates spatially where the
electron density is likely to increase (or decrease) as a
result. Consequently, the Fukui function can be regarded
as a reactivity index that provides information about the
spatial susceptibility of nucleophilic ðfþÞ; electrophilic
ðf2Þ or radical ðf 0Þ attack. The Fukui function can be
approximated using a finite difference/frozen orbital
approximation as:

f ð~rÞ^ . ^
1

DN
½rð~r;N ^ DNÞ2 rð~r;NÞ� ð2Þ

where f ð~rÞ2; f ð~rÞþ are the left and right Fukui functions
that give rise to probable sites for electrophilic and
nucleophilic attack, respectively. From a frontier-orbital
perspective, the left and right Fukui functions represent
approximately the HOMO and LUMO densities,
respectively. For biological macromolecules, due to a
large number of electrons and many nearly degenerate
states close to the frontier orbitals, a DN value larger
than 1 is used in the finite difference approximation
(DN ¼ 5 was used in the current work).

The local softness is related to the chemical softness S

and Fukui function(s) f ð~rÞ by sð~rÞ ¼ Sf ð~rÞ: By applying
an electron density partition scheme, such as Mulliken
population or CM2 charge mapping76 (used in this
work), the Fukui function and local softness can be
“assigned” to atoms resulting in an atomic Fukui index
and atomic softness index, respectively. The present
work focuses on electrophilic attack of the NC zinc
fingers, and hence the local softness index derived from
f2 are used throughout the discussion.

A quantity related to the local softness sð~rÞ is the local
hardness hð~rÞ: The local hardness can be approximated
as the electrostatic potential due to the Fukui function:

hð~rÞ .
ð

f ðr~0Þ

l~r 2 r~0l
dr~0 ð3Þ

For visualization purpose, it can be mapped onto a
molecular surface in the same fashion as the molecular
electrostatic potential. A surface area with a large magni-
tude of local hardness implies a region of increased
chemical reactivity.

Calculation of electrostatic properties, reactivity
indices and electrostatic binding energies

The 19 structures with the lowest heat of formation
(less than 210,000 kcal/mol) after 100 steps of steepest
descent quantum energy minimizations were chosen for
the subsequent single-point linear-scaling PM3 calcu-
lations of the atomic charges, electrostatic potential,
atomic softness indices and local hardness on the iso-
lated NC protein and the SL3-RNA bound NC protein.
Here, a buffer/matrix cut-off of 8 Å/9 Å was used. In
the atomic charge and atomic softness index calculations,
the CM2 charge model76 was used. The solvent-polarized
potentials were computed on a 64 £ 64 £ 64 grid and
then mapped onto a molecular surface and graphically
displayed with program GRASP.77

In the NC:RNA-binding energy calculations, the
linear-scaling smooth COSMO program was used.45,74

The electrostatic-binding free energy was computed as:

DGel
bind ¼

Gel
totðprotein:RNAÞ2 ½Gel

totðproteinÞ þ Gel
totðRNAÞ�

ð4Þ

where Gel
tot ¼ Gel

gas þ DGel
solvation; Gel

gas is the gas-phase
electrostatic energy, and DGel

solvation is the electrostatic
component of the solvation free energy. The protein
side-chain contribution to the electrostatic binding
energy for the ith amino acid were obtained as DDGel

i ¼
DGðoffÞi 2 DGðonÞi; where DGðoffÞi and DGðonÞi represent
DGbindel with the charges on the ith amino acid side-
chain “switched” off and on, respectively.
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