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ABSTRACT: The nucleocapsid protein (NCp7) of human immunodeficiency virus type 1 (HIV-1) contains
two highly conserved CCHC zinc fingers that strongly bind Zn2+ through coordination of one His and
three Cys residues. It has been suggested that NCp7 function is conformation specific since substitution
of any of the zinc coordinating residues in the zinc finger motifs leads to subsequent loss of viral infectivity.
To further determine the structural requirements necessary for this specific conformation, we investigated
by 1H 2D NMR and molecular dynamics simulations the structure of the distal finger motif of NCp7 in
which the zinc coordinating amino acid, His 44, was substituted by a noncoordinating Ala residue. While
the fold of the N-terminal part of this mutated peptide was similar to that of the native peptide, an increased
lability and significant conformational changes were observed in the vicinity of the His-to-Ala mutation.
Moreover, molecular dynamics simulations suggested a mechanism by which the variant peptide can
bind zinc ion even though one zinc-coordinating amino acid was lacking. Using the fluorescence of the
naturally occurring Trp37 residue, the binding affinity of the variant peptide to the (TG)3 model
oligonucleotide was found to be decreased by about 2 orders of magnitude with respect with the native
peptide. Modeling of the DNA:NCp7 complex using structures of the variant peptide suggests that the
residues forming a hydrophobic cleft in the native protein are improperly oriented for efficient DNA
binding by the variant peptide.

The nucleocapsid proteins are small, highly basic proteins
generated by processing of the Gag polyproteins during
retrovirus maturation. With the exception of spumaretrovi-
ruses (1, 2), the retroviral nucleocapsid proteins contain one
or two copies of a zinc finger motif characterized by the
sequence C-X2-C-X4-H-X4-C (X being a variable
amino acid residue) and thus also called the CCHC motif
(3). In human immunodeficiency virus type 1 (HIV-1),1 the

nucleocapsid protein NCp7 is characterized by two CCHC
motifs that bind Zn2+ with very high affinity (1013-1014 M-1)
(4, 5). Binding of Zn2+ results in a conformational change
from a flexible unfolded state to a highly constrained folded
structure in which the two CCHC motifs of NCp7 (6-8)
are very similar. In addition, due to the kink induced by Pro31

in the linker sequence between the two finger motifs, these
latter are thought to be spatially close and weakly interacting
with one another (7-10).

Coordination of Zn2+ has been shown to be necessary for
most NCp7 functions since potential antiviral agents that
disrupt the zinc binding motifs by ejecting Zn2+ (4, 11, 12)
and mutations that prevent Zn2+ binding lead to noninfectious
viruses (13-17). This may be partly due to the inability of
disrupted or mutated NCp7 sequences in the Gag polypro-
teins to selectively recognize and package genomic RNA
into new virus particles (8, 13-22). However, since these
finger motif disruptions or mutations lead to a much greater
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defect in infectivity than in genome packaging, it is likely
that Zn2+ coordination is also required for other NCp7
functions. In fact, an increasing amount of evidence shows
that Zn2+ coordination is also required for the nucleic acid
chaperone activity of NCp7, especially during the reverse
transcription steps (23-30). Although Zn2+ coordination to
the finger motifs is necessary for function, accumulating
evidence suggests that it is not sufficient. Indeed, substitution
of one of the CCHC motifs by either a CCHH or CCCC
motif, mutations that do not prevent binding of Zn2+ but
induce a different conformational arrangement around the
Zn2+ ion (31, 32), also lead to noninfectious viruses (22,
31, 33, 34). As when Zn2+ is absent, the non-native
conformations in the mutated zinc finger motifs of NCp7
hamper selective recognition of genomic RNA and induce
defective reverse transcription and integration (22, 28, 31,
33-35). A similar phenotype is obtained when one of the
Zn2+-coordinating residue is substituted by a noncoordinating
one (15). Recent investigations have shown that although
the binding constants of these mutants for Zn2+ are signifi-
cantly reduced as compared to the native protein, they remain
similar to other Zn2+ binding proteins (36). Among the four
Zn2+-coordinating residues of the distal finger motif of NCp7,
the substitution of His44 by an Ala residue is found to induce
the smallest decrease in the binding constant. Moreover, this
mutation still permits the tetrahedral coordination of the metal
ion with the vacant ligand position presumably occupied by
a water molecule. This suggests that loss of viral infectivity
is not related to the loss of Zn2+ binding (5).

To further explore the structure-activity relationship for
HIV zinc finger motifs,1H NMR and molecular modeling
were used to investigate the structural changes induced by
the substitution of His 44 by a non-zinc-coordinating Ala
residue in the HIV distal finger motif. The present work
shows that the three-dimensional structure of Ala44:NC(35-
50) peptide is different from that of the CCCC or CCHH
mutants, being characterized by high flexibility especially
for the residues close to the mutated position. This high
flexibility leads to an ensemble of conformations in which
the hydrophobic cleft that is critical for interaction of NCp7
with nucleic acids is not formed. This, in turn, explains the
significant decrease in affinity of Ala44:NC(35-50), with
respect to the native (35-50)NCp7 peptide, for an oligo-
nucleotide model. These findings are relevant for both finger
motifs of NC since the folding of these motifs is highly
similar and since mutations of the zinc coordinating residues
in both finger motifs induce similar infectivity losses.

MATERIALS AND METHODS

NMR Measurements and Structure Calculation.The
Ala44:NC(35-50) peptide, prepared by solid-phase synthesis
(37) was dissolved in argon-degassed 90% H2O/10% D2O
to give a final concentration of 1 mM. ZnCl2 was added in
1.1-fold excess with respect to the peptide concentration. pH
was adjusted to 6.5 at room temperature. Two-dimensional
1H experiments were collected at 274 K with a Bruker DRX-
600. COSY, TOCSY (80 ms mixing time), and NOESY
(three different mixing times: 50, 200, and 400 ms) spectra
were recorded with 2K real points in t2 with a spectral width
of 7002 Hz and 512 t1 increments. In all experiments, the
water signal was suppressed using a WATERGATE se-
quence (38). The data were processed using the UXNMR

software (Bruker). Aπ/2 phase-shifted sine bell window
function was applied prior to Fourier transformation in both
dimensions. The final size of the matrixes was 2K× 1K
real points.

Spectra analysis was carried out using the XEASY
program (39). Experimental interproton distance restraints
based on NOE cross-peaks (mixing time of 200 ms) were
obtained by classifying peak volumes as strong, medium,
and weak, corresponding to upper distances of 2.5, 3.2, and
4.5 Å, respectively.

Two sets of 50 structures were generated using the
restrained simulated annealing protocol implemented in the
program X-PLOR 3.851 (40) starting from extended con-
formations. The first calculation was performed using only
NOE distances as experimental restraints, whereas the second
one included three additional Sγ-Zn distance restraints. The
structures of the second set were further refined using a slow
cooling restrained simulated annealing protocol (41). The
18 best structures were then chosen based on the following
selection criteria: good geometry, no NOE violations greater
than 0.3 Å.

Visualization and superposition of the structures were
performed using the MolMol program (42). The angular
order parameters were calculated using an in-house program.

Molecular Dynamics Simulations.Three molecular dy-
namics simulations of the Ala44:NC(35-50) peptide were
done using explicit solvent and periodic boundary conditions.
The initial coordinates for the simulations were obtained from
the native structure of the NCp7(12-53) protein of HIV-1
determined by Morellet et al. (7, 8) by solution NMR
spectroscopy. For each simulation, a different structure from
the NMR ensemble was used. The amino acids prior in
sequence to Gly35, and after Thr50, were deleted, leaving
only residues 35-50 of the C-terminal zinc finger. The point
mutation His44-to-Ala was introduced by replacing His44
by an Ala residue while keeping the same orientation. The
CHARMM program (43) and the CHARMM all-atom
protein parameter (44) set were used for all calculations. All
Cys residues were in the deprotonated state, consistent with
experimental results (5). The following protocol was used:
the protein was solvated by a 31.1 Å side length box of
TIP3P water; counterions were added to neutralize the overall
charge of the protein to obtain a neutral system. Four
additional NaCl ions pairs were randomly distributed around
the protein. Between 886 and 893 water molecules were
added to the system giving a total of 2898 or 2919 atoms,
respectively. A 13 Å nonbond list was used with the SHIFT
cutoff function for the electrostatics and the SWITCH cutoff
function for the van der Waals interactions. The water was
initially equilibrated around the fixed protein for 10 ps at
300 K. The constraints on the protein were removed and
the system was energy minimized for 100 steps of steepest
descent minimization. Initial velocities were assigned at 150
K and the system was heated to 300 K, the temperature of
the simulations. The three simulations were done for 4.7,
5.6, and 6 ns. All molecular dynamics simulations were
calculated on an Origin3800.

An average structure was calculated over every 25 ps
segment of the simulations. Global rotation was removed
by superposing the N- and C-terminal residues (residues 36:
41 and 38:50, respectively) and minimizing their RMS
difference. This follows the same procedure used to reorient
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and superimpose the NMR structures, thus allowing a
comparison to the NMR structures. From these average
structures, the RMS fluctuations averaged by residue were
calculated. The structures determined by NMR and the
structures from the molecular dynamics simulations were
used to calculate chemical shifts to compare to the experi-
mental data. Chemical shift data contain information of local
conformations that can be useful for validating and refining
structures. The empirical model developed by O¨ sapay and
Case (45, 46) was used to calculate the proton chemical shifts
in Ala44:NC(35-50). This model calculates the difference
in proton chemical shifts between random coil and folded
conformations of proteins and has been shown to give
satisfactory results for carbon-attached protons, but the results
for nitrogen-attached hydrogens are not as satisfying (45).
For that reason, we only compared carbon-attached hydro-
gens between the different structures. Each of the average
structures calculated from the simulations were used to
calculate the chemical shifts and an overall average difference
from experiment was calculated.

The average interproton distance,R, was calculated for
each configuration in the production phase of the simulation
using the formula:

where the brackets indicate an average over all conforma-
tions. Ambiguous NOEs were considered satisfied if one of
the two proton pairs satisfied the distance constraint.

The ART-2 algorithm implemented in the CHARMM
program (47) was used to cluster all the structures from the
molecular dynamics trajectories based on their backbone
dihedral angles. Average structures representing each cluster
were calculated.

Fluorescence Measurements and Titrations.Fluorescence
titrations and anisotropy measurements were performed at
293 K on a SLM48000 spectrofluorometer. Excitation and
emission wavelengths were 295 and 350 nm, respectively.
Fluorescence titrations were performed by adding increasing
oligonucleotide concentrations to a fixed amount of peptide,
in 50 mM Hepes, 0.1 M NaCl, pH 7.5. Fluorescence
intensities were corrected for dilution, buffer fluorescence,
and screening effects due to the presence of nucleic acid.
The average numberν, of moles of peptide bound per mole
of oligonucleotide, is calculated from the fluorescence
intensities using

whereLt andNt designate the total concentration of peptide
and oligonucleotide, respectively,I t is the fluorescence at
the plateau when all the peptide is bound, andI0 and I
correspond to the fluorescence intensities of the peptide in
the absence and in the presence of a given concentration of
oligonucleotide, respectively. Furthermore, the free peptide
concentration,L, is deduced byL ) Lt - νNt. Since the
affinity of the peptides was rather low, the plateau of
fluorescence,It, could not be determined experimentally and
was therefore calculated from a nonlinear fit of the following
equation:

whereKobs corresponds to the observed binding constant.
The number,n, of peptide binding sites was taken to be 1.

RESULTS

NMR. (a) Ala44:NC(35-50) Assignment.The solution
structure of the Ala44:NC(35-50) mutant peptide at pH 6.5
in the presence of an excess of zinc was investigated by
proton NMR. One-dimensional spectra recorded at room
temperature revealed broad resonances that are likely due
to conformational exchange that occurs in the peptide.
Improvement of the spectrum quality was obtained by
decreasing the temperature down to 274 K. Therefore, Ala44:
NC(35-50) structural study was performed at this temper-
ature.

Sequence specific assignment was carried out by standard
methods using COSY, TOCSY, and NOESY spectra. The
TOCSY fingerprint of Ala44:NC(35-50) peptide is shown
in Figure 1. This spectrum shows that the signals arising
from the different amino acid spin systems are well resolved.
However, additional peaks corresponding to a minor con-
formation are also present. As judged from relative HR-HΝ
cross-peak intensities, this minor conformation represents less
than 10% of the population. In particular, this minor
conformation is clearly observed for the spin system of Thr50
by the presence of exchange cross-peaks in the TOCSY
spectrum (Figure 1). Exchange cross-peaks were only
observed for the C-terminal residues, for which peak
intensities of both major and minor conformations were 3-4
times higher than for the rest of the peptide. A minor
conformation could also be deduced for Cys49 from sequen-
tial connectivities on the NOESY spectrum. Although no
further sequential NOE between minor peaks could be
observed, it appears that the backbone of the eight C-terminal
residues, including the mutated alanine, experience confor-
mational exchange. The aliphatic region of spectra revealed
that Lys38 side chain also adopts several conformations, one
of them being more populated than the others. All backbone
and side chain resonances were unambiguously assigned for
the major conformation. The complete proton assignment is
reported in Table 1.

(b) Ala44:NC(35-50) Is Partially Folded and Binds Zinc.
The chemical shift dispersion observed for Ala44:NC(35-
50) indicates that the peptide adopts a folded conformation
in the presence of zinc. For instance, the Cys39 amino proton
frequency (7.65 ppm) differs significantly from the expected
“random coil” values (8.6-7.8 ppm). The qualitative inter-
pretation of interresidue NOE data (Figure 2) also supports
the conclusion that Ala44:NC(35-50) is structured in
solution. Four long range connectivities indicate that the
N-terminus is close to the C-terminus. In particular, NOEs
were observed between Trp37 side chain and Thr50 HR, and
between the side chains of (Trp37-Asp48) and (Lys38-
Cys49) couples. Another five medium and long-range NOEs
were observed within the Cys36-Lys41 fragment, suggesting

I ) I0 -
(I0 - It)

Lt
x

(1 + (Lt + nNt)Kobs) - x(1 + (Lt + nNt)Kobs)
2 - 4LtnNtKobs

2

2Kobs

(3)

R ) 〈r-6〉-1/6 (1)

ν ) (I0 - I)/(I0 - It)xLt/Nt (2)
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that a short turn brings Cys36 and Cys39 cysteines in close
vicinity. In the peptide fragment spanning from Ala44 to
Lys47, the lack of short-range NOE is suggestive of local
flexibility.

Using NOE data as distance restraints, structure calcula-
tions were carried out to further characterize the Ala44:NC-
(35-50) fold. A first set of 50 structures were generated by
simulated annealing using 77 distance restraints and exclud-
ing the zinc ion. The subsequent analysis of side chains
positions clearly indicated that the three cysteine residues
are involved in zinc binding. A second set of 50 structures

was then calculated for the peptide with zinc. Zinc coordina-
tion was fixed by setting the distance between zinc and
cysteine Sγ atoms to 2.3 Å. The 18 best structures are shown
in Figure 3A. They all satisfy the set of restraints within
experimental error (no interproton distance violations greater
than 0.3 Å and average RMSD of NOE restraints equal to
0.029( 0.001 Å) and display small deviation from idealized
covalent geometry (the average RMSD are 0.0025( 0.0009
Å, 0.36 ( 0.08° and 0.25( 0.1° for bonds, angles, and
impropers, respectively). The average final total energy is
18 ( 10 kcal/mol.

The atomic RMSD distribution of the individual structures
about the mean coordinate position is 1.9( 0.4 Å for the
backbone atoms. It decreases to 1.2( 0.6 Å if only residues
35-41 and 48-50 are considered (Figure 3B), indicating
that the relative position of the N- and the C-terminal parts
of the peptide is reasonably well defined.

Variations in angular order parameters indicate that only
fragment 36-41 is internally well defined. These findings
are consistent with the lack of experimental restraints in the
region surrounding the mutation and also with the internal
mobility revealed by the observation of exchange peaks in
the NMR spectra.

The experimental structure of Ala44:NC(35-50) deter-
mined by the present NMR studies was compared to the
experimental structure of the native C-terminal finger of the
NCp7 protein (representative model from the Protein Data
Bank entry 1ESK). A best-fit superposition of all backbone
heavy atoms of the mutant peptide structure to those of the
wild type resulted in a good overlap of both the zinc ion
and the cysteines side chain positions (an RMSD of 1.7(
0.4 Å for Câ, Sγ, and Zn atoms) even though the overall
RMSD for the backbone heavy atoms was rather poor (3.8
( 0.4 Å) (Figure 3C, left). A best-fit superposition of the
backbone atoms of residues Gly35-Gly40 (N-terminal end)
of both peptides yields a much better RMSD value, namely,
1.4 ( 0.2 Å. In this latter orientation (Figure 3C, right), the
position of the metal ion binding site with respect to the
backbone position of the N-terminal in Ala44:NC(35-50)
is different from that observed in the wild-type peptide; the
zinc atom is shifted in the former case by about 3.4 Å. The
comparison shows that the N-terminal end encompassing the
first two cysteines is not affected by the mutation, although
the zinc ion is displaced. In contrast, the C-terminal part

FIGURE 1: Fingerprint of the TOCSY spectrum of Ala44:NC(35-
50) at pH 6.5 and 274 K. The spectra were calibrated using an
external sample of 2,2-dimethyl-2-silapentane-5-sulfonate (DSS).
Dotted lines denote two minor conformations for Thr50. Exchange
cross-peaks between HN of Thr50 in minor conformations and HR
of Thr50 in the major conformation are shown with stars (/).

Table 1: 1H NMR Chemical Shift (ppm) of Ala44:NC(35-50) in
H2O at pH 6.5 and 274 K

residue HN HR Hâ others

G35 3.55-3.84
C36 8.46 4.48 3.12-3.02
W37 9.00 4.41 3.33-3.55 Hδ1 7.59 Hε3 7.51

Hε1 10.32 Hú3 7.14
Hú2 7.44 Hη2 7.23

K38 8.09 3.69 1.24 Hγ 0.52 Hδ 1.35
Hε 2.75

C39 7.65 4.82 2.71-3.13
G40 8.13 3.84-4.13
K41 8.24 4.27 1.73-1.83 Hγ 1.43-1.57

Hδ 1.68 Hε 2.65
E42 8.86 4.46 1.93-2.07 Hγ 2.31
G43 8.72 3.83-4.16
A44 8.54 4.26 1.40
Q45 8.67 4.31 2.05-2.18 Hγ 2.41 Hε 7.26-7.68
M46 8.37 4.49 2.06-2.12 Hγ 2.50-2.58
K47 8.37 4.32 1.70-1.82 Hγ 1.43 Hδ 1.69

Hε 2.99
D48 8.58 4.68 2.69-2.84
C49 8.12 4.39 2.62-2.91
T50 8.00 4.23 4.29 Hγ2 1.21

FIGURE 2: Experimental restraints based on NOE connectivities A
total of 77 NOE connectivities are distributed into 18 intraresidues
and 59 interresidues restraints (49 sequential, four medium range,
and six long range). Peak classification as strong, medium, and
weak is specified by the thickness of the lines. The star (/) indicates
the His-Ala mutation position. (A) Relative intensities of four
medium range (between amino acids i and i+[1-4]) and 29
sequential cross-peaks. Ni,Ri, and âi represent amide,R- and
â-protons of amino acid i, respectively. (B) Amino acids involved
in the six observed long range (between amino acids i and i+[>4])
connectivities.
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(between residues 44 and 49) is strongly perturbed by the
His:Ala mutation leading to a local unfolding of the
polypeptide chain.

Molecular Dynamics Simulations.Although the NMR data
are consistent with previous fluorescence spectroscopy results
showing that the Ala44:NC(35-50) mutant is able to bind
zinc ions (36), no detailed picture of the zinc coordination
was obtained from the NMR data. To gain further insight
into the structure and dynamics of the peptide and more
specifically into the zinc coordination, molecular dynamics
simulations were done.

(a) Molecular Dynamics Simulations Confirm that Ala44:
NC(35-50) Binds Zinc Ion.The backbone RMS coordinate
difference (RMSD) from the initial structure, excluding the
N- and C-terminal residues, were calculated from three
molecular dynamics simulations as a function of time; the
time series are shown in Figure 4A. Each configuration in
the simulation was reoriented with respect to the initial
conformation by minimizing the backbone RMSD to remove
the effects of global rotation. In two simulations of the Ala44:
NC(35-50) peptide, there are relatively small changes in
the RMSD as a function of time, suggesting that the
introduction of the mutation does not strongly perturb the
native structure of the peptide. This is reasonable since we
are replacing a more bulky group, His, by a less bulky group,
Ala. In the third simulation of Ala44:NC(35-50), there are
more significant conformational changes as measured by the
increase in RMSD to over 3 Å. Two structural transitions
occur during the simulation, notably at 2 and 4 ns. Both
transitions involve changes in backbone conformation of
residues 43-47, which undergo a small change in conforma-
tion during the first transition, followed by more significant
conformational changes in the second. Clustering the struc-

FIGURE 3: Ala44:NC(35-50) NMR structures. (A) Stereoview of
Ala44:NC(35-50) NMR ensemble showing CR, C, and N backbone
atoms. Best-fit superposition of the backbone heavy atoms of
Gly35-Lys41 and Asp48-Thr50 residues in the 18 conformers
used to represent the structure. (B) Angular order parameterSand
RMSD as a function of sequence. Angular order parametersSwere
calculated for psi (light gray bars) and phi (dark gray bars) Ala44:
NC(35-50) angles. AnSvalue close to zero means that the angle
distribution in the structure ensemble is random whereas anSvalue
equal to 1 characterizes a rigid torsion angle. The black curve
indicates the RMSD from the average structure for the Ala44:NC-
(35-50) ensemble (best-fit superposition of backbone heavy atoms
of residues Gly35-Lys41 and Asp48-Thr50). RMSD were cal-
culated for the backbone heavy atoms. (C-D) Superposition of
Ala44:NC(35-50) (black) and wild-type NC(35-50) (grey) struc-
tures (PDBID: 1ESK). Displayed are peptide backbones, side
chains of Ala, His, and Cys residues and zinc ions. The average
NMR structure of Ala44:NC(35-50) was fitted to a representative
conformer of the native protein (PDB entry 1ESK) using the
backbone heavy atoms of either residues 35:50 (C) or residues 35:
40 (D).

FIGURE 4: (A) Time series of RMSD values for the backbone atoms
of the Ala44:NC(35-50) peptide from the molecular dynamics
simulations. The RMSD was calculated for every coordinate set in
the trajectory relative to the initial conformation and a running
average of every 20 data points was plotted. The results are given
individually for the three simulations. (B) Differences in the HR
chemical shifts between the experimental values and the values
calculated using the NMR structures (black bar) and the average
values from the simulation structures (grey bar). The dashed lines
represent the estimated accuracy of the theoretical model used for
the chemical shift calculations.
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tures from these three simulations using the criteria specified
in the methods section yielded seven cluster centers. In all
simulations, the zinc ion remains bound to the peptide.

(b) Simulated Structures Are Consistent with NMR Data.
The model of Ösapay and Case (45, 46) was used to calculate
the HR chemical shifts from both the experimental and
simulated structures of Ala44:NC(35-50). Good agreement
with the experimental chemical shift data was found when
using the experimental structures as indicated by the mean
differences between the calculated and the experimental
values for each residue (Figure 4B). Only the HR of Thr50
shows a large deviation from the experimental value. This
is likely due to a large degree of conformational flexibility
of this C-terminal residue that is not extensively sampled in
the family of NMR structures. The RMSD between the
calculated and the experimental chemical shifts for the
experimental structures was 0.4 ppm; however, if the Thr50
HR is excluded, the value is 0.3 ppm. Other residues that
also show deviations that exceed the accuracy of the model
(0.2 ppm) are the HR protons of Trp37 and Lys38. The
chemical shifts calculated using the structures from the
molecular dynamics simulations are in better agreement with
the experimental chemical shifts than the chemical shifts
calculated from the experimental NMR structures (Figure
4B); the average RMSD for all HR protons was 0.21 ppm.
As with the NMR structures, larger deviations from the
experimental values were observed for the Trp37 and Lys38
residues, suggesting insufficient sampling of the aromatic
ring conformation.

Interproton distances for proton pairs corresponding to the
experimental NOEs were calculated from the molecular
dynamics simulations. These were compared to the upper
and lower bounds of the NOEs restraints used in the structure
determination; the comparison was made between protons
belonging to residues separated by more than one residue
(i, i ( x; x > 1). Overall, the results are satisfactory as there
are only a few violations of the long-range NOEs; in one of
the simulations, there were four violations, and in the other
two simulations only three violations were found. In all three
simulations, two violations involved the pair between the
HR of Thr50 and the side chain Hú2 of Trp37 and the pair
between the Hâ proton of Asp48 and the Hδ1 proton of
Trp37. This suggests that the simulations are probably not
sufficiently long to sample all the possible rotamers of Trp37.

(c) Larger Atomic Fluctuations Are ObserVed in the
Vicinity of the Point Mutation.The atomic fluctuations were
calculated and averaged by residue for every 25 ps segment
of the molecular dynamics trajectories. Each structure was
reoriented relative to the backbone atoms of residues 36:41
and 48:50 to remove global rotation. An overall average
value was calculated, and the results are shown in Figure 5.
The most flexible part of the peptide is found in the region
of the His44 mutation, while the N- and C-termini of the
peptide are less flexible than the region around the mutation.
This is consistent with the experimental structures where the
most structurally variable region of the peptide is around
the His44 mutation and the least variable region is the
N-terminal end of the peptide. This increased flexibility in
the region of the mutation explains why fewer long-range
NOEs involving residues in this region of the peptide are
observed experimentally.

Using the ensemble of average structures from the simula-
tions, we calculated the dihedral angle order parameter (S)
for the backbone dihedral angles. These results show that in
the vicinity of the mutation, where the larger backbone RMS
fluctuations were observed, the order parameter is decreased
corresponding to a greater variation in the backbone dihedral
angles. Dihedral angles are internal coordinates, and they
are, therefore, independent of the global reorientation used
in calculating the average structures and the RMS fluctua-
tions. The variation ofS along the peptide chain resembles
that observed for the experimental structures; however, in
the case of the experimental structures, there is a greater
dispersion of values. This is probably because the ensemble
of NMR structures samples a greater range of conformational
space than that sampled by the simulations. Conformational
exchange in the more stable region of the protein is likely
to occur on a time scale longer than the time scale of the
simulations.

(d) Zinc Binding and Local Unfolding.The molecular
dynamics simulations of Ala44:NC(35-50) provide further
proof that the mutant peptide is able to bind zinc ion. In all
three simulations, which started from different initial struc-
tures and conditions, zinc remained bound to the peptide via
the three Cys residues. Analysis of the zinc binding site
during the molecular dynamics simulations suggests several
possible mechanisms. These are illustrated by the structures
presented in Figure 6, which present two structures of Ala44:
NC(35-50), one in which the peptide is near the native
conformation and one in which the peptide backbone is more
than 3.0 Å RMSD from the native structure. In the former
case (Figure 6A), the average structure shows that the
backbone carbonyl oxygen atoms reorient toward the zinc
ion and provide a favorable electrostatic environment to
replace the fourth ligand. The relative distance between the
zinc ion and the carbonyl oxygens decreased significantly
over the course of the simulation to values as low as 4.2 Å
while, at the same time, exhibited large fluctuations. This
motion involves significant backbone motion, suggesting
possible multiple conformations of the mutant zinc finger

FIGURE 5: Angular order parameterS and RMS fluctuations as a
function of sequence for the simulation structures. Angular order
parametersSwere calculated for psi (light gray bars) and phi (dark
gray bars) Ala44:NC(35-50) angles. AnS value close to zero
means that the angle distribution in the structure ensemble is
random, whereas anSvalue equal to 1 characterizes a rigid torsion
angle. The black curve indicates the average RMS fluctuations from
the ensemble of Ala44:NC(35-50) structures from the simulations
after superposition of residues Gly35-Lys41 and Asp48-Thr50.
The RMS fluctuations were calculated for the backbone atoms only.
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peptide in the vicinity of the mutated residue. In addition,
the zinc ion undergoes a displacement in its position relative
to the native peptide; this was also suggested by the NMR
structures of Ala44:NC(35-50). In the simulation in which
the peptide undergoes more significant conformational
change and the Ala44 residue is further from the zinc binding
site, water moves into the first solvation sphere of the ion
and stabilizes the zinc binding by forming hydrogen bonds
to neighboring residues (see Figure 6B). This is consistent
with fluorescence studies, which suggest that a water
molecule moves into the vacant ligand position (36).

Ala44:NC(35-50) Shows a Decreased DNA Binding
ActiVity. In previous reports, it has been demonstrated that
the binding site of NCp7 is approximately 5-7 nucleotides
and that NCp7 shows a strong affinity for TG-rich oligo-
nucleotides (48, 49). For these reasons, (TG)3 was selected
as a representative target oligonucleotide. The binding
process was monitored by following the intrinsic fluorescence
of Trp37, since it has been shown that the fluorescence of
Trp37 is strongly quenched due to stacking interactions with
the G residues (49-53).

As expected, addition of increasing concentrations of (TG)3

to a fixed concentration of NC(35-50) induced a large
decrease of Trp37 fluorescence (Figure 7). Fitting the titration
data with eq 3 provided an apparent binding constant,Kobs,
of 3.0 ((0.3)× 104 M-1 and a maximum quenching extent
of about 40%. The affinity of NC(35-50) for (TG)3 was
about 2 orders of magnitude smaller than the native protein
one (49), confirming that the two finger motifs are required
for high affinity (54).

By substituting NC(35-50) with Ala44:NC(35-50), a
much smaller Trp37 fluorescence decrease was observed
when (TG)3 was added (Figure 7). For example, a 0.2 mM
concentration of (TG)3 decreased the fluorescence of Ala44:
NC(35-50) by less than 5% as compared to about 40% in
the case of NC(35-50)NC. This suggests either that Ala44:
NC(35-50) binds to (TG)3 with a very small affinity or
alternatively that the binding of (TG)3 does not affect Trp37
fluorescence in the mutated peptide. To discriminate between
these two hypotheses, the fluorescence anisotropy of Ala44:
NC(35-50) was measured in the presence of 0.3 mM (TG)3

and compared to the fluorescence anisotropy of the peptide

in the absence of (TG)3. Since the molecular weight of the
(TG)3/Ala44:NC(35-50) complex is more than twice that
of the free peptide and since Trp37 fluorescence is almost
unaffected in the presence of 0.3 mM (TG)3, a significant
increase in fluorescence anisotropy would be expected if the
complex forms. In sharp contrast, we observed only a
marginal change of the fluorescence anisotropy, strongly
suggesting that only a small fraction of the Ala44:NC(35-
50) molecules are complexed in the presence of 0.3 mM
(TG)3.

Because of the small Ala44:NC(35-50) fluorescence
decrease in the tested concentration range of (TG)3, an
estimation ofKobs from Figure 7 is possible only if we fix
the value of the fluorescence quenching that accompanies
the complex formation. Assuming that formation of the
(TG)3/Ala44:NC(35-50) complex induces the same fluo-
rescence decrease than with NC(35-50), we found thatKobs

(≈200 M-1) would be about two orders of magnitude lower
than the NC(35-50) one.

DISCUSSION

In the present study, the structure of the C-terminal zinc
finger motif of NCp7, Ala44:NC(35-50), where the native
zinc-binding His residue has been mutated to an Ala residue

FIGURE 6: Average structures from the molecular dynamics simulations of the Ala44:NC(35-50) that illustrate the ligation of zinc in the
mutant protein. In (A), the carbonyl oxygen atoms along the backbone reorient toward the zinc ion, while in a more unfolded protein (B)
water molecules move into the first solvation shell of the zinc ion while making hydrogen bonds to the protein.

FIGURE 7: Binding of NC(35-50) and Ala44:NC(35-50) to (TG)3.
The concentration of NC(35-50) (filled squares) and Ala44:NC-
(35-50) (empty squares) was 9µM. The solid lines represent the
fits of the experimental points to eq 3 with the parameters given in
the text.
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was investigated by NMR spectroscopy, molecular dynamics
simulations, and fluorescence studies.

The NMR study performed at 274 K provides evidence
that the three-dimensional structure of the N-terminal region
of the mutant peptide is reminiscent of the wild type. The
comparison of a peptide to the full-length protein in
addressing the consequences of mutating of a zinc-binding
residue is justified by the fact that HIV zinc finger motifs
are independently folded domains (6). The lower temperature
was necessary to narrow the NMR signals and permit1H
signal assignment; at higher temperatures, the signals
broadened indicating conformational exchange. The short and
medium range NOE pattern observed for Ala44:NC(35-50)
and the one published for the wild type domain within a
larger construct containing the two zinc binding domains of
NCp7 (6, 55) are similar in the region spanning Gly35 to
Gly40. This demonstrates that the loss of the zinc coordinat-
ing His residue does not affect the N-terminal part of the
zinc binding domain. Moreover, the orientation of the three
remaining Cys residues suggests that the mutant peptide
continues to bind zinc ion. Replacing His 44 by an Ala had
a dramatic effect on the structure and dynamics of the peptide
in the vicinity of the mutation. Slow conformational exchange
led to a poorly defined solution structure of the peptide in
this region. The NMR data also showed that the conformation
of the C-terminal part of the mutant differed significantly
from that of the native structure in the region of residues
44-49, where the NMR studies suggest a local unfolding
of the peptide.

Comparison of the structures from the simulations to the
native structure indicates that most of the conformational
changes are limited to the vicinity around the His-to-Ala
mutation. The simulation results confirm that the mutation
of the native His 44 to an Ala has little effect on the structure
of the N-terminal end of the peptide, since in all simulations
it remains close to the native structure. The simulations also
confirm that the mutation significantly perturbs the structure
of the peptide in the region of residues 44-49. In this region
of the peptide, the simulations predict large-scale confor-
mational changes that lead to a local unfolding.

Substitution of His44 by Ala reduces the binding constant
of this mutant for Zn2+ relative to the native peptide (36).
From the molecular dynamics simulations, a structural model
emerges for zinc binding by the mutant peptide. The
conformational changes associated with the mutation, in part,
compensate for the loss of the zinc-coordinating interactions
due to the mutation. The conformational changes observed
in the simulations include the reorientation of the backbone
carbonyl oxygen atoms in the vicinity of the mutation to
provide a favorable electrostatic environment that stabilizes
the zinc ion. In addition, water molecules moved into the
first solvation sphere of the zinc ion and made hydrogen
bonds to the peptide further stabilizing the zinc ion binding.
The entry of water into the peptide core upon unfolding has
been observed in numerous protein unfolding simulations
(56-58) and the exchange of a zinc-binding Cys for a water
molecule has been observed in simulations of other zinc
finger proteins (59). This suggests that zinc bound water may
play an important role in the folding of zinc finger proteins
by forming hydrogen bonds to the flexible polypeptide chain,
reducing its mobility and allowing for the local rearrange-
ments that are necessary to form the native structure.

A consequence of the structural changes due to the point
mutation is the reorientation of certain amino acid side chains
that are critical for nucleic acid binding. In the structure of
native NCp7, a hydrophobic cleft is formed by residues
Trp37, Gln45, and Met46 that belong to the oligonucleotide-
binding site. In the structure of NCp7 complexed with
ACGCC (60), Trp37 inserts between the C2 and G3 bases
and stacks on the latter. Additional hydrophobic contacts are
made by Gln45 and Met46 and involve the aromatic protons
of C2, G3, and C4. In the NMR structures of the mutant
peptide, as well as in the simulation structures, this hydro-
phobic cleft is not present. In every structure of the NMR
ensemble, Gln45 and Met46 side chains were not found near
Trp37 and in the simulated structures, the hydrophobic cleft
is either structurally perturbed or not formed at all; the latter
is particularly true for those structures in which local
unfolding of the backbone occurred; see Figure 8A. To assess
the possible consequences arising from these structural
differences from the native conformation, a structure of
Ala44(35-50)NCp7 Ala44:NC(35-50) determined by simu-
lation was superimposed on the native NC(35-50) structure
within the complex NC(12-53)-ACGCC (PDBID: 1BJ6,
60); see Figure 8B. From this superposition, it is clearly
shown that the side chains of Lys47, Met46, and Gln45 are
in a different orientation relative to the native structure. The
reorientation of these side chains strongly perturbs the
formation of the hydrophobic cleft and thereby may reduce
the affinity of the mutant peptide for nucleic acids. This
hypothesis was checked by titrating both the wild-type NC-
(35-50) peptide and the Ala44:NC(35-50) mutant with the
model (TG)3 oligonucleotide.

The change in the fluorescence properties of Trp37
demonstrated that the binding activity toward DNA of Ala44:
NC(35-50) is strongly decreased relative to the native
peptide and that only a small fraction of Ala44:NC(35-50)
molecules are complexed to (TG)3. The simulation results
further suggest that two possible mechanisms of complex-
ation to the (TG)3 oligonucleotides are possible. The first is
that Trp37 in the locally unfolded peptide continues to insert
between the C2 and G3, but because Gln45 and Met46 are
not in the good orientation for optimal binding, the additional
hydrophobic contacts are lost and a reduced binding affinity
is observed. A second possibility is based on the observation
that near-native structures of Ala44:NC(35-50) were stable
during the molecular dynamics simulations. Assuming that
these conformations are accessible and populated, then it is
the near-native conformation that interacts with the nucleic
acid, although in a nonoptimal way.

The prevention of the hydrophobic cleft formation and the
consequent decrease in the binding affinity of the distal finger
motif for nucleic acids may well explain the dramatic
decrease in viral RNA encapsidation when His44 was
substituted by an Ala residue in viral particles (15). Interest-
ingly, similar results were obtained when either His23 was
substituted by a Cys residue (31, 61) or when Cys28 was
substituted by a His (32) in the proximal finger motif. Indeed,
these mutations have been shown to not preclude the binding
of zinc but to modify the side chain orientations of Val13,
Phe16, Thr 24, and Ala25, preventing the formation on the
N-terminal finger motif of the hydrophobic cleft for nucleic
acid binding. This has been shown in turn to dramatically
decrease the binding of the mutated protein to nucleic acids
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and prevent efficient viral RNA recognition (22, 31, 33). It
thus follows that in addition to the central role of the aromatic
residues (Phe16 and Trp37) (49, 60, 62, 63), the hydrophobic
patches on both finger motifs are required for strong binding
to nucleic acids. This may notably be critical for the proper
recognition and selection of viral RNA among the cellular
RNAs, which is thought to be achieved by Gag-NC
molecules binding to the SL1, SL2, and SL3 domains of
genomic RNA encapsidation sequence. This conclusion is
in line with structural data on SL2/NCp7 (63) and SL3/NCp7
(62) complexes showing that these hydrophobic patches are
involved in the binding of NCp7 to the loop sequences of
both SL2 and SL3 domains.

However, since the reduction in RNA packaging in viruses
with mutated NCp7 sequences is far less than the reduction
in infectivity and since the reduction in RNA packaging for
viruses with a His23f Cys mutation in the NCp7 sequence
(22) is under debate, this strongly suggests that the two
hydrophobic patches may be involved in other NCp7
functions. A likely candidate would be NCp7 chaperone
activity during the reverse transcription or integration steps.
Indeed, it has been reported that the His23f Cys mutation
decreases the binding of NC to the TAR sequence involved
in first stand transfer of the reverse transcription mechanism
(30), impairs the chaperone activity of NCp7 during reverse
transcription (28), and reduces the synthesis as well as the
protection of complete proviral DNA (33, 34). Similarly, the

Cys28f His mutation has been shown to induce a strong
reduction of NCp7 chaperone activity during reverse tran-
scription (28). Accordingly, it is suggested that the hydro-
phobic cleft formed by the hydrophobic patches on the two
NCp7 finger motifs may constitute at least in part, the
molecular support for NCp7 chaperone properties. Moreover,
in addition to its effect on the hydrophobic patch, the His23
f Cys mutation results in a modification of the relative
orientation of the two zinc finger motifs (31). The subsequent
increase in the distance between both zinc fingers may
additionally account for loss of activity. It is likely that the
conformational changes afforded by the His44f Ala
mutation also disrupt the interaction between the two finger
motifs and thus further contribute to an improper recognition
of the nucleic acids targets and an impaired NCp7 activity
on them.

Together with previous data, our results highlight the
importance of the limited conformational space imposed by
the four highly conserved zinc coordinating residues in each
HIV-1 zinc finger motif. It appears that the highly folded
and constrained backbone structure imposed by the coordina-
tion of the four zinc coordinates to zinc in both finger motifs
is required for providing a proper orientation of the hydro-
phobic and aromatic residues that form the interacting surface
with the nucleic acid targets. It is also likely that the proper
orientation of the surface residues contribute to keep the
fingers in close proximity to optimize the interacting surface.

FIGURE 8: (A) Stereoview of three structures of the Ala44:NC(35-50) peptide from the molecular dynamics simulations that show the
variation in orientation of side chains Gln45, Met46, and Lys47 due to changes in the backbone conformation. (B) Stereoview of Ala44:
NC(35-50) superposed on the (35-50) sequence of the native NCp7 complexed to ACGCC. The backbone of the native peptide is shown
in gray and that of the mutant peptide is shown in gold. Side chains of the native peptide are shown in gray (Trp37, His44, Met46, and
Lys47); side chains of the mutant peptide are shown in gold (Ala44, Met46, and Lys47). For the sake of clarity, the orientation of the Trp
37 side chain was not shown for the mutant peptide.
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