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Replacement of His* by Cys in a zinc finger of HIV-1 NC,7 led to a
change in '"H NMR-derived 3D structure and to a loss of biological
activity
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The nucleocapsid protein NCp7 of human immunodeficiency virus type 1 (HIV-1), which is necessary for the formation of infectious virions,

contains two zinc fingers of the Cys-X,-Cys-X,-His-X,-Cys form. To elucidate the importance of this particular motif, well conserved in retroviruses

and retroelements, we substituted the histidine residue by a cysteine i the first zinc binding domam *VKCFNCGKEGHTARNCRA. The

structures of the mutated and native zinc complexed peptides were studied by two-dimensional 600 MHz 'H nuclear magnetic resonance (NMR)

1n aqueous solution. The nuclear Overhauser effects were used as constraints to determine the solution structures using DIANA software followed

by AMBER energy refinement. The results show that native and mutant peptides fold into non-identical three-dimensional structures, probably
accounting for the loss of retrovirus infectivity following the His-Cys point mutation.

HIV-1: Nucleocapsid NCp7; Mutagenesis; Peptide structure

1. INTRODUCTION

All retroviruses encode a polyprotein, the Gag pre-
cursor, which is ultimately processed into several struc-
tural proteins of the mature viral particle. Among them
is the nucleocapsid (NC) protein [1,2] which is a low
molecular weight, basic, single-stranded nucleic acid
binding protein. NC proteins were shown to be involved
in retroviral RNA dimerization [3,4] and encapsidation
[5-8]. as well as in the activation of the primer tRNA
annealing to the initiation site for reverse transcription
on the viral genome [9,10]. In addition, NC proteins
protect the retroviral genome from nucleases in a his-
tone-like manner [11,12]. Therefore, NC proteins repre-
sent an interesting target for the development of selec-
tive antiviral agents [13,14]. All NC proteins contain
one or two copies of a Cys-X,-Cys-X,-His-X,-Cys se-
quence (CCHX box) suggesting that this motif is essen-
tial for the functions of these proteins in the retroviral
life cycle. The CCHC boxes were shown to function as
zin¢ binding domains [15], as previously observed for
zinc fingers of related DNA-binding proteins [1]. This
hypothesis was supported by the demonstration that the
zinc atom is tightly bound to NC protein in HIV] and
HTLV1 viruses [16,17], and that the two CCHC do-
mains of HIV-1 NCp7 fold in a stable conformation,
induced by the zinc binding [18-21].
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A series of point mutations in the HIV-1 CCHC box,
which affected the zinc binding caused genomic RNA
packaging defect [5,7.22] and led to a loss of virion
infectivity in the case of the first CCHC box of Rous
Sarcoma Virus (RSV) NC protein [8]. These results sug-
gest that the three-dimensional structure of the zinc
fingers plays a critical role in the function of NC pro-
teins, accounting for the conservation of the Cys-X,-
Cys-X,-His-X,-Cys motif in retroviruses [1,2]. To inves-
tigate this hypothesis and with the aim of using the zinc
finger motif to design anti-HIV peptidomimetics, we
synthesized a mutant of the N-terminal CCHC box of
HIV-1 NCp7 in which the histidine residue was replaced
by a cysteine (Fig. 1). We report here the 'H NMR
derived three-dimensional solution structure of the (13~
30) H**C mutant and the differences with the wild type
zinc finger structure.

2. MATERIALS AND METHODS

2.1. Material and NMR sample preparation

In order to carry out NMR experiments, large quantities of native
and mutant (13-30) NCp7 were synthesized using the stepwise solid-
phase method and Fmoc amino-acids on an automatic reprogrammed
Applied Biosystem 431A synthesizer, as already described [23].

NMR samples were prepared by dissolving 9.4 mg of mutant (13—
30) NCp7 and 9.2 mg of native (13-30) NCp7 mn 90% H,0/10% D-O
and/or 100% D,0., in the presence of 1.5 equivalents of zinc chloride.
The pH was adjusted to 5.7 with small aliquots of 1 M NaOD or 1
M DCl.
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2.2. NMR experiments

All experiments were carried out on a Bruker AMX 600 spectrom-
eter operating at 600 MHz for protons, with the carrier frequency set
on the water resonance. All 2D NMR spectra were acquired in the
phase sensitive mode using the time proportional phase increments
method. Water peak suppression was achieved by irradiation of the
solvent resonance during the relaxation delay and during the mixing
time for the NOESY spectra. For most experiments, 512 t, values were
usually acquired with erther 64 or 128 scans per t, increment. Double
quantum filtered COSY (DQF-COSY) spectra [24] were obtained
using the standard pulse sequence and phase cyching. Phase-sensitive
NOESY spectra [25.26] were assessed using standard methods with
100 and 200 ms mixing periods. TOCSY experiments [27,28] were
performed with a total mixing time of 55 ms. For the mutant (13-30),
spectra recorded at 20° and 30° allowed to resolve the ambiguities
ansing from degeneracies of some resonances

2.3, NMR derived constramnts

For the mutant (13-30) NCp7, most NOEs were observed using 200
ms and 100 ms mixing times NOESY spectra. Some weak NOEs,
present only at a mmxung time of 200 ms. were considered only when
no spin diffusion pathway was evident [29]. NOEs intensities were
calibrated on the basis of the relative amplitude of the cysteine geminal
protons. used as an mternal standard

24, Structure calculations

The inter proton distance constraints were classified into three cat-
egories: 2.0-2 5, 2.0-3 5 and 2 0-4.5 A corresponding to strong. me-
dium and weak NOEs respectively. The DIANA distance geometry
package [30] was used with the protocol already described by Morellet
and co-workers [18] A total of 50 structures were gencrated and the
ten best. based on an arbutral final error function cut off, were refined
by energy minimization using the AMBER package [31]. A zinc force
field, obtained from ab-initio calculations and parameterized n the
AMBER framework, was used 1n the refinement procedures to ac-
count for zinc 10n/peptide interactions. Moreover a dielectric constant
of 80 was used to munimize ion pair interactions overestimated 1n in
vacuo calculations. Computer graphic representations were obtained
using the INSIGHT molecular modelling package (BIOSYM Tech-
nologies Inc., San Diego. CA) on a Personal IRIS 4D35 workstation
(Silicon Graphics Inc.). All structural calculations were performed on
a RISC System/6000-550 workstation (IBM).

3. RESULTS AND DISCUSSION

3.1. NMR experiments

The 1D 'H NMR spectra of mutant and native (13-
30) NCp7 in the presence of zinc display the wide chem-
ical shift dispersion characteristic of folded conforma-
tions (not shown). Moreover, in both cases, the observa-
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Fig. 1. Primary structure of the (13-30) zinc finger domain of HIV-1
NCp7. The site of pomnt mutation is circled.

tion of a single set of resonances indicates the presence
of a unique species in solution.

3.2. Sequential resonance assignment

The 'H chemical shifts of the native zinc finger stud-
ied here were closely related to those reported for the
corresponding protons in the entire NCp7 [17,18]. The
different spin systems were firstly identified using the
D,0 and H,O DQF COSY spectra, as well as the H,O
TOCSY spectra. Sequence specific assignments were
carried out by standard methods. The chemical shifts
for the mutant and native (13-30) NCp7 are listed in
Table 1. In this 18 amino acid peptide. 17 dalN sequen-
tial connectivities were expected. Of these, all but those
of 18 and NHI19 (due to partial saturation of the a
resonance situated at 4.83 ppm) and of 17 and NH18,
were observed. In that particular case, sequential as-
signment was achieved thanks to the NOE connectivi-
ties between the NH protons and the § ones of the
preceding residue. The NOESY spectra (mixing time of
100 ms) showing the amide to alpha protons connectiv-
ities of native and mutant (13-30) NCp7 are depicted in
Fig. 2A and 2B, respectively.

These spectra show the chemical shift dispersion of
the NH and « resonances as well as the significant dif-
ferences between native and mutant peptides. Interest-
ingly, the chemical shift variations between both pep-
tides are not only observed at the mutation level but
occurred also all along the peptide chain. In fact, the
NOESY spectrum of native (13-30) NCp7 exhibits the
characteristic cross peaks of retroviral type zinc finger:
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Fig. 2. Portion of the NOESY spectra recorded for native (13-30) NCp7 (A) and for mutant (13-30) NCp7 (B) in H,O at pH 5.7 and 20°C with
a mixing time of 100ms, showing connectivities between NH and aH resonances.
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sequential amide to amide cross peaks from Phe'® to
Lys® and from Ala® to Cys®™, the pattern of CSH(15)/
NH18,19,20 connectivities and the numerous connectiv-
ities from the imidazole ring protons (C62H and CelH)
of His® to residues Lys®®, Asn”’ and Cys®™. For the
mutant (13-30) NCp7, we found a stretch of NH-NH
connectivities from Phe'® to Lys®® and from Asn” to
Arg®. Numerous long range NOEs present in NOESY
spectra of native (13-30) NCp7 were not observed in the
corresponding NOESY spectra for the mutant peptide.
In particular, the NOEs between the aromatic H, 4 pro-
tons of Phe'® and the B protons of Ala* which were also
observed in the NOESY spectra of the whole protein
(Morellet et al., in press), are no longer present for the
mutant (13-30) NCP7. On the other hand, some me-
dium NOEs were only observed in the case of the mu-
tant peptide. This is the case of the B protons of Lys"

Table 1
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and the a protons of Gly'’, and the 8 protons of Asn'’
and the a proton of Cys®™. Fig. 3 displays the diagonal
plot representation of NOEs for the mutant peptide
(below the diagonal) and for the native peptide (above
the diagonal). The differences evidenced in the NOEs
diagonal plot (Fig. 3) and in the backbone chemical
shifts (Fig. 4) provide strong evidence that the two pep-
tides fold into two different conformations.

At pH 8, the remaining amide resonances for mutant
(13-30) NCp7 are those of residues 15, 17, 19, 20, 23,
28, 29 and 30 and for the native peptide those of resi-
dues 17, 19, 20, 23, 28 and 30. For both peptides. the
resonances of the Hd of residue Asn'” were observed.

3.3. Structure description
(i) Wild-type CCHC zinc finger. Distance geometry cal-
culations using DIANA were performed with a total of

'H chemical shifts, § (ppm) for mutant (13-30) NCp7 and native (13-30) NCp7 at pH 5.7 and 20°C*

Residue NH CaH CSH Others
Val'? -r 3.84 (3.79) 2.18 (2.04) yCH, 0.99, 0.85 (1.03)
Lys" 8.79 (8 47) 404 (4.43) 1.61 (1.53) yCH, 1.01 (1.36)
1.19 1.48 (1.45) 6CH, 1.20 (1 64)
eCH, 1.87 (3.00)
Cys" 8.02 (8.33) 4.25 (4.09) 3.33 (278, 1.77)
Phe'® 8.83 (8.79) 4.37 (4.49) 3.23 (3.23) 2,6H 7.33 (7.32)
315¢(3.16) 3.5H 7.39 (7.39)
4H 7.39 (7.40)
Asn'’ 9.03 (9.60) 4.67 (4.74) 2.76 (3.16) SNH, (8.05) 8.28
253277 7.04 (7.00)
Cys'® 8.42 (8.84) 4.830 (4.70) 3.20 (3.26)
2.83 (2.57)
Gly"” 7.79 (7.90) 415 (4.17)
3.86 (3.82)
Lys™ 8.55 (8.17) 4.47 (4.43) 1.96 (1 89) yCH, 1.62 (1.62)
149 (1.49)
1.80 (1.83) 6CH, 1.73 (1.72)
&CH, 3.05 (3 05)
Glu* 8 81 (8.40) 4.29 (4.51) 1.93 (1.93, 1.88) yCH. 2.22 (2.28)
2.19 (2.16)
Gly* 8.38 (8.52) 3.97 (4.49)
3.86 (3.77)
Cys® 7.47 4.26° 3.03 (3.22)
His* 2H 2.74; 4H 7.06
Thr# 8.62 (8.22) 4.57 (4.69) 4.57 (4 49) SCH, 1.18 (1.19)
Ala® 8.78 (8.92) 4.34 (4.65) 1.48 (1.47)
Arg® 8.60 (8.10) 420 (4.13) 1.84 (1.83, 1.73) yCH, 1.63 (1.71); 1.67
6CH, 3.20 (3.24)
NH 7.20 (7 23)
Asn™’ 8.45 (7.94) 4.71 (4.98) 2.81 (3.02, 26.1) yNH, 7.75 (7.63)
6.89 (6 91)
Cys® 7.54 (7.50) 425377 2.92 (3.34)
2.86 (2.99)
Arg?® 7 94 (8.36) 4.43 (4.48) 1.96 (1.97) yCH, 3.13 (3.19)
1.57 (1.77)
6CH, 3.13 (3.19)
NH 7.20 (7.12)
Ala® 7.98 (8.43) 4.10 (4.05) 1.34 (1.31)

2 Chemical shifts measured relative to internal H,O (4.828 ppm).
bSignal for terminal NH;"* not observed.
¢ Signal for aH could not be assigned because of bleaching out by water resonance saturation.
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Fig. 3. Noe pattern of native (13-30) NCp7 (above the diagonal) and
mutant Cys~(13-30) NCp7 (below the diagonal). Solid boxes denote
NOES between backbone protons. open boxes NOES between side
chain and backbone protons, open circles between side chain protons.

202 relevant distance constraints distributed into 20
intra residual and 182 inter residual upper limits. The
distribution of the inter residual constraints was as fol-
lows: 69 were sequential (i + 1), 51 were medium range
(ii +2 = j =i+ 4),and 62 were long range interactions
(ij=i+5). The ten structures generated through
DIANA calculations were further minimized using
AMBER. For clarity, Fig. 5a shows a superimposition
of the 6 best conformations obtained after best fit of the
(15-28) backbone atoms: the root mean square devia-
tion (rmsd) is about 1.059 * 0.044 A. The final total
energy is 78.3 £ t1.6 kcal/mol.

The Cys'*-Cys'® fragment forms a type VII S-turn

characterized by the dihedral angle values of Phe'®
(¢=—97%62, y=39+9) and Asn"” (¢ =— 164 £ 2,
w =— 75 * 5).The Gly*~Ala™ residues are involved in
a type X S-turn with the dihedral angle values of His™
being ¢ =— 79 + 4, =79 £ 79 and Thr™, ¢ = 17 * 74,
w =—83%17. A type I § turn is observed for residues
Ala®-Cys™ with the following dihedral angle values for
Arg® (¢p=-71%24, w=35%22) and Asn”
¢ =—85 £ 20, v 60 + 28).
(ii) Mutant CCCC zinc finger. DIANA calculations
were performed as described for the native peptide (see
above) with a total of 237 relevant distance constraints,
including 91 intra residues. The remaining 146 inter
residual upper limits were distributed as follows: 73
were sequential (i, i+ 1), 28 were medium range
(i, i + = j =i+ 4), and 45 were long range interactions
(ij2i+5). Fig. 5b shows a superimposition of the 6
best conformations obtained after best fit of the (15-28)
backbone atoms: the root mean square deviation is
about 0.983 +0.168 A. The final total energy is
82.8 £ 1.7 kcal/mol.

The Cys'>~Cys'® fragment is involved in a type II1
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turn conformation, characterized by the dihedral angle
values of Phe'® (¢ =—67 =7, w =—27 + 8) and Asn"
(¢ =—56 £ 4,y =—51 £ 7), and stabilized by a tight hy-
drogen bond between the Cys'® carbonyl oxygen and
the Cys'® amide proton. The Lys®**~Cys> residues are
involved in a type III B-turn conformation with the
following dihedral angle values for Glu*' (¢ =-87 * 16,
w =—15+ 24) and Gly™ (¢ =—68 = 11. y =—87 % 12).

3.4. Comparison of native and mutant zinc finger

To assess the contribution of the histidine mutation
to the chemical shift variations, the local effects of the
histidine ring current on the chemical shifts of spatially
close protons were estimated from the NMR-derived
structure of the native zinc finger. However, the a pro-
ton of Thr™, the NH of Arg® whose resonances were
expected to be upfield shifted following the replacement
of His™ by Cys were found at lower fields (+0.12 and
0.42 respectively). This chemical shift variation between
both peptides confirms the NMR-derived structure evi-
dencing a spatial rearrangement of the mutant zinc fin-
ger.

The superimposition of the mutant CCCC zinc finger
onto the CCHC native one showed rmsd values of
around 2.902 + 0.030 A when all the backbone atoms
were considered between Cys'® and Cys™. When the
backbone atoms of residues Cys'* to Gly™ were super-
imposed. the rmsd decreased to 1.413 £ 0.022 A (Fig.
6). As already suggested by the NOE patterns (Fig. 3),
the global folding of the (15-22) segment are similar for
both native and mutant peptides (Fig. 6). Thus. particu-
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Fig. 4. Plot of the differences of the chemical shifts of the NH (black
boxes) and a protons (hatched boxes) between native (13-30) NCp7
and mutant Cys™(13-30) NCp7.
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Fig. 5. Stereo view of the backbone atoms of* (a) the native and (b) the mutant zinc finger: the same orientation is respected for residues from V'3
to G¥.

lar attention was paid to the (23-28) region in order to
characterize the structural differences between the two
zinc fingers. The His*— Cys mutation introduces a
local distortion in the polypeptide backbone at the level
of the (23-28) segment, characterized by the rmsd val-
ues of 2.437 + 0.037 A. A tight hydrogen bond involv-
ing the carbonyl oxygen of Thr** and the amide hydro-
gen of Arg™ was only observed for the mutant peptide
(Fig. 6).

It is of interest to note that all four cysteine zinc
fingers reported to date bird zinc through a tetrahedral
geometry [32-34]. This structural requirement probably
accounts for the different polypeptide chain folding ob-
served for the wild-type and the mutant zinc fingers.
The *His — Cys mutation occurring in a sequence pre-
ceding the short spacer, linking together the two zinc
fingers of NCp7, will change the spatial orientation of
this latter.

It is noteworthy that the three-dimensional structure
of the (1-72) NCp7 is characterized by a particular

orientation of one zinc finger relative to the other, re-
sulting in the spatial proximity of Phe'® and Trp*’ aro-
matic residues [18]. This biologically relevant folding is
favoured by a Pro’®! residue located in the short se-
quence RAPRKKG linking together the two zinc fin-
gers. Thus, a synthetic NCp7 with a p-Pro®' residue was
shown to loss its annealing activities in vitro in agree-
ment with a disapearence of the spatial interactions be-
tween Phe'® and Trp’ observed by NMR spectroscopy
(Morellet et al., in press). Moreover, this spatial prox-
imity is important for in vivo infectivity, since replace-
ment of the Pro*' residue by a leucine led to non-infec-
tious viral particles (Morellet et al., in press).

4. CONCLUSION

Complete 'H resonance assignments of wild-type and
mutant C? zinc fingers have been determined by two-
dimensional NMR spectroscopy. Both zinc fingers
adopt different three-dimensional structures in the pres-

Fig. 6: Superimposition of a carbon chain of residues from V'* to G** the arrow indicates the site of point mutation. From the arrow, the top
ribbon corresponds to the mutant Cys® (13-30) NCp7.
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ence of zinc, as illustrated by the variations of proton
chemical shifts. The structural differences occur in the
polypeptide backbone corresponding to the segment
“CTARNC* which follows the site of point mutation
and precedes the linker sequence ?RAPRKKG™ in the
entire NCp7. This is expected to induce a change in the
mutual orientation of the two zinc fingers. Experiments
are currently in progress to determine the three dimen-
sional structure of the mutant H*C (1-72) NCp7, but
preliminary biological tests seem to indicate a loss of
activity following mutation of this well conserved zinc
coordinating residue.
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