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ABSTRACT: The nucleocapsid protein NCp7 of human immunodeficiency virus type 1 (HIV-1), which has 
key functions in the virus life cycle, possesses two zinc fingers of the CX2CX4HX4C type characterized by 
three successive loops containing a tetrahedrally coordinated zinc atom. The replacement of any cysteine 
by a serine in either finger has been shown to result in the production of noninfectious viruses, probably 
by impairing the biological functions of NCp7. In order to more precisely elucidate the structural role of 
the zinc finger motif, His23 was replaced by Cys in the proximal finger of the peptide (1 3-64)NCp7 which 
retains NCp7 activities in uitro. The peptide 13-64)NCp7 was synthesized by solid phase and 
studied by 2D 'H NMR and molecular modeling. The His to Cys modification causes important structural 
modifications of the N-terminal zinc finger which impair the spatial proximity of the two zinc fingers as 
shown by the disappearance of several interresidue NOEs. The side chains of ValI3, Lys14, Phe16, ThrZ4, 
Ala25, Trp3', Gln45, and Met4, which are thought to be involved in nucleic acid recognition, are no longer 
found clustered in the 1344)NCp7 mutant as they are in the wild-type NCp7 structure. In uitro, 

13-64)NCp7 is unable to tightly interact with the viral RNA or replication primer tRNALys.3. The 
Cys23(NCp7) mutation was introduced into an infectious HIV- 1 molecular clone, and virions produced upon 
DNA transfection into cells were analyzed for their viral protein and RNA compositions as well as for their 
infectivity. Results show that, while the c y ~ ~ ~ ( N C p 7 )  mutation does not impair virion production, viruses 
contain a low amount of degraded viral RNA and are not infectious. These findings suggest that a bona 
fide conformation of the HIV-1 NCp7 is critical for the packaging of viral RNA, its stability in virions, 
and virus infectivity. 

The nucleocapsid protein NCp7 of human immunodefi- 
ciency virus type I (HIV-l),l which is part of the C-terminal 
domain of the polyprotein precursor PrSSgag, is a small basic 
peptide (72 amino acids) tightly associated with the dimeric 
RNA genome in the core of the viral particle (Darlix et al.,  
1990). At this level, nonspecific interactions of NCp7 
molecules with the genomic RNA could ensure its protection 
from nucleases (Aronoff et al., 1993). NCp7 contains two 
motifs of the type CX2CXdHX4C also found in the nucleo- 
capsid proteins of other retroviruses (Henderson et al., 1981; 
Berg et al., 1986). The two CCHC domains of NCp7 bind 
zinc with high affinity (KA - loL3 M-l) (MCly et al.,  1991),. 
and the metal ions were shown by various methods, including 
EXAF studies, to be tetracoordinated to the three cysteines 
and the histidine (South et al., 1989, 1991; Summers et al.,  
1990; Fitzgerald & Coleman, 1991; Omichinski et al.,  1991; 
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Morellet et al., 1992; Summers et al., 1992) as initially 
proposed by Berg (1986). NMR studies have shown that the 
typical folding around the metal observed in isolated zinc 
fingers is conserved in the three-dimensional solution structure 
of HIV-1 NCp7 (Summers et al., 1992; Omichinski et af . ,  
1991; Morellet et al.,  1992) and nucleocapsid protein NCplO 
of murine leukemia virus (MuLV) (DCmCnC et al., 1994). 
Moreover, a temperature-dependent conformation of NCp7, 
characterized by a proximity between the two zinc fingers, 
was proposed to account for long-range NOEs between amino 
acids present in the zinc fingers (Morellet et al., 1992,1994). 

Zn vitro, NCp7 was found to promote the annealing of 
replication primer tRNALyS,3 onto the genomic RNA at the 
initiation site for reverse transcription (PBS) (Barat et al., 
1989; de Rocquigny et al., 1992) and to stimulate minus- 
strand DNA synthesis (Darlix et al.,  1990). Also, NCp7 was 
shown to activate viral RNA dimerization in vitro, a process 
most probably related to genomic RNA packaging in virions 
(Darlix et al., 1990). Zn uivo, NCp7, either as the free protein 
or as part of the PrSSgag precursor, was reported to direct 
genomic RNA packaging (Gorelick et al., 1988; GMtlinger 
et al., 1989;Aldovini &Young, 1990; Berkowitzet al., 1993). 

The CCHC zinc fingers of retroviral NC proteins were 
found to be of importance for genomic RNA packaging since 
point mutations of the conserved cysteine and histidine residues 
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in HIV-1 NCp7 (Gorelicket al., 1990; Dorfman et al., 1993) 
as well as in MuLV NCplO (Gorelick et al.,  1988; MCric & 
Goff, 1989) and RSV NCpl2 (MCric et al.,  1988; Dupraz et 
al.,  1990) resulted in a drastic reduction of packaged genomic 
RNA dimer in virions. However, since all of the mutations 
studied, like substitution of Ser for Cys or Ala for His, 
prevented the formation of the highly stable tetrahedral zinc 
coordination (Green & Berg, 1990; MCly et al., 1991), the 
role of the CCHC zinc finger and the extent of its specificity 
are poorly understood. 

In the present study, the role of the spatial arrangement of 
the CCHC zinc finger in the biological functions of HIV-1 
NCp7 in vitro and in vivo was investigated by substituting 
Cys for His23 in the first finger motif of NCp7. This change 
was expected to preserve the strong affinity of the mutated 
finger for the zinc atom since several proteins known to interact 
with nucleic acids contain zinc binding domains of the CCCC 
form [reviewed in Berg et al. (1990) and Angrand (1993)l. 
Accordingly, we have shown in a preliminary report that 
replacement of His23 by Cys in the isolated N-terminal finger 
of NCp7 led to a folded structure in which the four cysteines 
coordinated the zinc atom (Jullian et al.,  1993). Since (13- 
64)NCp7 was found to be as active as NCp7 in assays 
performed in vitro (de Rocquigny et al.,  1992), the 
(1 3-64)NCp7 mutant was synthesized by solid phase and its 
solution structure determined by 2D 'H NMR spectroscopy 
and molecular modeling. The mutant peptide is characterized 
by a folding of the N-terminal CCCC box similar to that of 
the mutated zinc finger alone (Jullian et al., 1993) but clearly 
different from the CCHC domains found in the native (1 3- 
64)NCp7. In particular, the disappearance of numerous long- 
range NOES observed in the wild-type protein suggests the 
occurrence of a structural modification in 1344)NCp7. 
Although the distal zinc fingers were shown to adopt the same 
conformation in both (13-64)NCp7 and 13-64)NCp7 
proteins, none of the lH NMR derived structures of 
(13-64)NCp7 were similar to that of the wild-type protein. 
In vitro, 13-64)NCp7 was found to be poorly active. 
This is probably due to an extensive inhibition of NC protein- 
RNA interactions caused by the His23 to Cys mutation. To 
investigate the effects of this Cys23 mutation in vivo, an 
infectious HIV-1 molecular clone with the C ~ S ~ ~ - N C  mutation 
was transfected into cells. HIV-1 mutant virions were 
produced but were shown to be noninfectious. 
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EXPERIMENTAL PROCEDURES 

Chemicals. In order to carry out NMR experiments, large 
quantities of (1344)NCp7 and of mutant 1344)NCp7 
were synthesized using the stepwise solid-phase method and 
Fmoc amino acids on an reprogrammed automatic Applied 
Biosystems 43 1A synthesizer as previously described (de 
Rocquigny et al., 1991). 

NMR Experiments. NMR samples were prepared by 
dissolving 16 mg of (1 3-64)NCp7 or 13-64)NCp7 in 
0.5 mL of 90% Hz0/10% D20 in the presence of 2.1 equiv 
of zinc chloride. The pH was adjusted to the desired value 
with small aliquots of 1 M NaOD or 1 M DC1. NMR data 
were collected on a Bruker AMX 600 spectrometer operating 
at 600 MHz for protons, with the carrier frequency set to the 
resonance of water. lH NMR chemical shifts were referenced 
to internal H2O. 2D NMR data were collected without sample 
spinning and at 20 "C except where noted. Irradiation of the 
water resonance was performed during relaxation delay and 
during the mixing time for NOESY experiments. Pulse 
sequences are described below. For most experiments, 5 12 

t l  values were usually acquired with either 64 or 128 scans 
per tl increment. 2D NMR spectra were recorded in the 
phase-sensitive mode using the time-proportional phase 
incrementation method (Marion & Wiithrich, 1983). The 
spectral width was about 12 ppm in both dimensions. Most 
of the 2D NMR data were then processed with zero filling 
to a final spectrum of 2048 X 1024 points. All free induction 
decays were multiplied by shifted sine-bell windows in both 
dimensions. Additional base-line corrections were performed 
using polynomial functions of standard Bruker software 
installed on a Bruker X32 computer. 

Phase-sensitive Clean TOCSY spectra (Braunschweiler & 
Ernst, 1983; Davis & Bax, 1985; Griesinger et al.,  1988) were 
obtained for aqueous samples with a total mixing time of 5 5  
and 87 ms. The extended MLEV cycle was preceded and 
followed by a 2.5-ms trim pulse to defocus magnetization not 
parallel to the spin lock axis. A DQF COSY experiment 
(Rance et al.,  1982) was also performed. NOESY spectra 
(Jeener et al., 1979; Macura et al., 1981) were recorded with 
mixing times of 100 and 200 ms at 20 OC and 200 ms at 30 
OC. No zero-quantum suppression technique was applied. 
The relaxation delay was 2 s. 

NMR-Derived Constraints. NOES observed in the 100- 
ms NOESY spectra were used as modeling constraints. 
Additional NOES observed in the 200-ms NOESY experiment 
were used as modeling constraints only when all possible spin 
diffusion pathways could bediscarded (Kochoyan et al., 199 1). 
The classification of NOEs as strong, medium, and weak was 
made on the basis of the their relative amplitude to cysteine 
geminal proton NOES used as the internal standard. 

Structure Calculations. A total of 636 distance constraints 
derived from NMR experiments were classified into three 
categories: 2.0-2.5,2.0-3.5, and 2.0-4.5 A corresponding to 
strong, medium, and weak NOEs, respectively. The interac- 
tions between the Cys and His residues and the zinc atoms 
were defined on the basis of cadmium-complexed metal- 
lothionein (Arseniev et al., 1988), leading to additional 
modeling constraints. As previously described (Morellet et 
al., 1992), the zinc atoms were introduced as pseudoatoms 
QZn linked to the sulfur atoms of the relevant Cys residues 
with a bond length of 2.3 A. In the second zinc finger, the 
distance between the QZn and the Nt2 atoms of His44 was 
constrained to 2.0 A. In each zinc finger domain, the distance 
between the QZn atoms was imposed to be less than 0.1 A, 
thus mimicking the unique zinc ion (Arseniev et al.,  1988). 

Introduction of classified NOES in the DIANA distance 
geometry package (Giintert et al., 1991a), with standard 
parameters as described by Giintert et al. (1991 b), produced 
a preliminary group of structures which was used to refine the 
set of NOE distance constraints. The 20 best structures based 
on an arbitrary final error function cutoff were then refined 
by energy minimization using the AMBER package (Pearlman 
et al., 1991) with a conjugated gradient method. A zinc force 
field derived from ab initio calculations was parameterized 
in the AMBER framework in order to take into account metal- 
protein interactions (Jacob, 1990). Moreover, a dielectric 
constant of 80 was used to minimize ion pair interactions 
overestimated in in vacuo simulations. Computer graphic 
representations were obtained using the INSIGHT molecular 
modeling package (BIOSYM Technologies 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. 

Fluorescence Parameters. Fluorescence experiments were 
performed in 50 mM Hepes (pH 7.5) and 0.1 M KCl with 
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Cy~~~(13-64)NCp7 or (13-64)NCp7 (6 X 10" M). Fluo- 
rescence spectra were obtained with a SLM 48000 spectrof- 
luorometer at 20 f 0.5 "C. The excitation wavelength was 
set at 295 nm for selective excitation of Trp residues. Quantum 
yields were determined using L-Trp in water (a = 0.14) as 
a reference (Eisinger & Navon, 1969). Zinc titration 
experiments were performed by following the fluorescence 
intensity changes at the maximum emission wavelength (351 
nm) as described (Mtly et al., 1991). 

Analysis of Nucleocapsid Protein NCp7 Activity in Vitro. 
Preparation of HIV-1 RNA (positions 1-415) unlabeled or 
32P-labeled was carried out as previously described (Darlix et 
al.,  1990). Replication primer tRNALySq3 labeled with 32P 
was synthesized in vitro and subsequently purified by poly- 
acrylamide gel electrophoresis exactly as reported before 
(Barat et al.,  1991). Gel retardation assays were performed 
under conditions already described (Darlix et al., 1990; Bieth 
et al., 1990). Assays were in 10 pL containing 25 mM Tris- 
HCl (pH 7.5), 60 mM NaCl, 0.2 mM MgC12, 5 mM DTT, 
200 ng of 32P-HIV-1 RNA, and 0.1-10 pM NCp7, (13-64)- 
NCp7, or 13-64)NCp7. After 5 min at 37 "C, SDS 
(0.1% final), glycerol (10% final), and bromophenol blue 
(0.01% final) were added and the samples analyzed by 5% 
polyacrylamide gel electrophoresis (PAGE) in 50 mM Tris- 
borate (pH 8.3) at 20 OC. Autoradiography of the wet gel 
was for 3-6 h at 4 "C. 

Ultraviolet light (UV 252 nm) irradiation of the NC protein- 
RNA complexes was performed exactly as described in Darlix 
et al. (1 990) and de Rocquigny et al. (1 993). NC protein- 
primer 32P-tRNALyS,3 complexes were analyzed by 10% PAGE 
in the presence of 0.2% SDS. NC pr~tein-~~P-RNA complexes 
were digested for 30 min at 20 "C with 5 units of TI RNase, 
then incubated in 5 mM EDTA and 1% SDS for 2 min at 80 
"C, and analyzed by 15% PAGE/O.2% SDS. 

Annealing of replication primer 32P-tRNALyS,3 to the primer 
binding site (PBS) of the viral RNA was conducted exactly 
as described before (Barat et al.,  1989; de Rocquigny et al., 
1992). 

HIV-I DNA Mutagenesis and Construction. Two infec- 
tious HIV-1 molecular clones [HIV-1 LAI, a gift of Peden 
et al. (1991), and HIV-1 pNL4.3 (Adachi et al., 1986)] were 
used in these assays, and results were identical (see below). 
The 1299-bp Bss-ApaI fragment (positions 257-1 556)  of 
HIV-1 LA1 was cloned into pBluescript KS (Stratagene, La 
Jolla, CA). Subsequently, the His codon CAC was mutated 
to give the Cys codon TGT. Site-directed mutagenesis of the 
SphI-EcoRI fragment of HIV-1 pNL4.3 in M13mp19 was 
carried out according to a standard protocol (Kunkel, 1985). 
The mutated DNA fragments were verified by sequencing 
and reinserted into HIV-1 LA1 or pNL4.3. 

DNA Transfection and HIV- I Virion Analysis. Proviral 
DNA transfection of Cos7 cells was performed by the calcium 
phosphate mediated procedure (Chen & Okayama, 1987) 
using 5-10 pg of DNA. At day 3, supernatant from transfected 
cells was harvested, clarified by low-speed centrifugation (3000 
rpm, 15 min), and assayed for viral CAp24 core antigen by 
ELISA (kindly provided by V. Cheney and B. Mandrand, 
Biomtrieux) and reverse transcriptase (RT) activity using a 
modified protocol initially described by Goff et al. (1981). 
Virus titer was assessed by infecting 1 X lo6 human SupTl 
cells (Smith et al., 1984) with 1 mL of clarified supernatant 
and monitoring virion-associated RT activity 4-20 days after 
infection [see also Morellet et al. (1994)l. Remaining 
supernatant containing virions was ultracentrifuged through 
a 20% sucrose cushion in TNE [25 mM Tris-HC1 (pH 7 3 ,  
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FIGURE 1 : Scheme of the (1 3-64)NCp7 sequence showing the site 
of the His23 - Cys mutation (top). Selected regions of the 600-MHz 
IH NMR spectra of (a) (13-64)NCp7 and (b) C~s~~(13-64)NCp7. 
In each spectrum, the small peak around 10.2 ppm (*) corresponds 
to the minor population associated with the Pro62 cis conformation. 

50 mM NaCl, 1 mM EDTA]. Virion pellets were dissolved 
in TNE/ 1% SDS and the proteins fraction4 through a 5-1 5% 
gradient polyacrylamide gel in Tricine buffer (Schagger & 
von Jagow, 1987) and subsequently electrotransferred onto 
a nitrocellulose membrane. Immunoblot analysis was per- 
formed using a chemoluminescent procedure (ECL, Amer- 
sham) according to the manufacturer's instructions with 
CAp24/Mapl7, RTp66/p5 1 antisera, and NCp7 monoclonal 
antibodies (kindly provided by V. Tanchou and R. Bharous). 

Viral RNA from virus particles was isolated from con- 
centrated transfected cell supernatant after proteinase K 
treatment by phenol/chloroform extraction followed by 
ethanol precipitation. Samples were adjusted for equal 
amounts of Cap24 before electrophoresis of viral RNA in a 
0.7% agarose/MOPS/formaldehyde gel and then electrob- 
lottedontoanylonmembrane (HybondN, Amersham). HIV-1 
genomic RNA was probed with a nick-translated, 32P-labeled 
5.3-kb Sad-Sal1 fragment of the pNL4.3 plasmid cor- 
responding to the gag and pol sequences to probe the unspliced 
viral RNA. 

RESULTS 

N M R  Experiments. In the presence of 2 equiv of zinc, the 
spectrum of (1 3-64)NCp7 and 13-64)NCp7 at pH 
6.5 exhibited N H  resonances scattered over a wide range of 
frequencies, demonstrating that these peptides interacted with 
the metal and that the binding of zinc induced a folding of 
the finger domains into well-defined conformations (Figure 
la,b). 

N M R  Assignment of CysZ3(1 3-64)NCp7. Sequence- 
specific assignment of 13-64)NCp7 protons was ob- 
tained by first identifying amino acid spin systems using direct 
and relayed through-bond connectivities, followed by the 
sequential assignment of resonances by means of short (<5 
A) through-space connectivities (Wuthrich, 1986). The first 
step was done using DQF spectra as shown in Figure 2 for the 
fingerprint region of 13-64)NCp7. The sequential 
assignment was carried out by identifying short-range NOES 
involving NH, aH,  and PH protons in the NOESY spectra. 
Ambiguities could generally be resolved using NOESY spectra 
recorded at 20 and 30 "C. For this 52 amino acid residue 
peptide, 49 d,N NOES were expected. Of these, only 37 were 
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FIGURE 2: Fingerprint region of the DQF COSY spectrum recorded for mutant CysZ3(13-64)NCp7 in HzO at pH 6.5 and 20 OC. Residues 
labeled with an asterisk correspond to the minor population associated with the Pro62 cis conformation. 

observed. The remaining connectivities were not observed 
due either to a partial saturation of the corresponding aH 
resonances or to resonance overlapping. This problem was 
overcome by using NH/NH and NHi+l/H@i connectivities. 
Prolines were sequentially assigned from Hai/H6i+l connec- 
tivities. As reported for native NCp7 (Morellet et al . ,  1992), 
evidence of cis-trans equilibrium was found for Pro62. Under 
the present experimental conditions, all amino acid residues 
within the sequence 56-64 of 13-64)NCp7 exhibited 
double resonances for their backbone and aliphatic protons 
(residues labeled with an asterisk in Figure 2). As for NCp7, 
the series of signals corresponding to Pro62 in the cis 
conformation formed the minor population. 13-64)- 
NCp7 lH NMR chemical shifts are listed in Table 1 
(supplementary material) and were compared with those of 
the native (1 3-64)NCp7 peptide. The chemical shift dif- 
ferences between the backbone protons of the Cys23( 13-30)- 
NCp7 N-terminal zinc finger (Jullian et al., 1993) and the 
corresponding protons in 13-64)NCp7 were very weak 
(data not shown), suggesting that the addition of the 30-64 
C-terminal region did not significantly modify the spatial 
arrangement of the four cysteine box. This is in contrast to 
results obtained for the native NCp7 in which a similar 
extension produced changes in the chemical shifts of aromatic 
residues in both zinc fingers (Morellet et al., 1992). Inspection 
of chemical shift differences between native (1 3-64)NCp7 
and mutant C Y S ~ ~ (  13-64)NCp7 (Table 1, supplementary 
material) reveals that the linker region RAPRRKG was also 
affected by the mutation His23 to C Y S ~ ~ .  Significant differences 
in chemical shifts of the P r ~ ~ * - L y s ~ ~  segment indicate that 
the protons of this region were in different chemical environ- 
ments in the two peptides. In contrast, the positions of NMR 
resonances corresponding to protons of the distal zinc finger 
are identical in (1 3-64)NCp7 and its Cys23 mutant (Table 1, 
supplementary material). 

N M R  Parameters of the Zinc Finger and Linker Domains 
of C ~ s ~ ~ ( 1 3 - 6 4 ) N C p 7 .  Comparison with (1 3-64)NCp7. (A) 
Proximal 13-30 Zinc Finger. As already observed with the 
mutant C Y S ~ ~ (  13-3O)NCp7 finger studied alone (Jullian et 
al., 1993), two segments (Phel6-LysZ0 and Ala25-Ala30) of 
intense NH/NH connectivities were seen in the proximal finger 
domain of 13-64)NCp7. The NMR constraints ac- 
counting for elements of secondary structure in 13- 
64)NCp7 and in the native peptide are available in supple- 
mentary material (Figure 1). Furthermore, a series of long- 
range NOES was observed in the NOESY spectra of 
CysZ3( 13-64)NCp7 but not in the native protein (Figure 3): 
N H ( C ~ S ' ~ ) / H ~ ( G ~ U ~ ~ ) ,  H a ( C y ~ ~ ~ ) / H @ ( A s n l ~ ) ,  Ha(Ala25)/ 
H@( Asn17), Ha(  Gly l 9, /H@( Lys 14), H@(Arg29) / H@( Alaz5), 
H a ( L y ~ ' ~ ) / H f l ( C y s ~ ~ )  and H f l ( C y ~ ~ ~ ) l N H ( A l a ~ ~ ) ,  Ha- 
( Ala30) /NH( L Y S ~ ~ ) ,  H ~ t ( A r g ~ ~ )  / H6( Asn 17), Ha(  Cysz8) / H6- 
(Asn17). 

(B) 31 -37 Linker Segment. The continuous stretch of NH/ 
N H  connectivities present on the NOESY spectra of the native 
(1 3-64)NCp7 was not seen for the mutated protein (Figure 
1, supplementary material) I Moreover, the NH/Ha signals 
were more intense for the mutated peptide, in agreement with 
a difference in the conformation of the linker in this peptide. 
Some cross-correlation peaks, not observed for (1 3-64)NCp7, 
were seen with the Cys23 mutant (Figure 3). 

(C) 36-64 C- Terminal Region. The backbone conformation 
of the distal zinc finger seemed to be almost unaltered by the 
His23 to Cys mutation. In contrast, the pattern of NOES 
involving residues of this zinc finger and protons of the 
N-terminal part of the two peptides was clearly different. 
Figure 4 shows that the NOES involving the H4 proton of W3' 
and the H@ protons of Phe16 found in (13-64)NCp7 as well 
as in NCp7 (Morellet et al., 1992, 1994) were not observed 
in 13-64)NCp7. The NOES @ p ' ( L y ~ ~ ~ ) / H 2 ( T r p ~ ~ )  
were present in both peptides, but neither the Hy(Arg32)/ 
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presence of two folded domains, corresponding to the zinc 
fingers, joined by a less constrained linker and surrounded by 
flexible N- and C-terminal regions. For the 50-64 C-terminal 
sequence, only sequential NOES were observed, except for 
the Phe56-Gly58 region. The 20 best structures, generated 
using DIANA calculations, were further minimized using 
AMBER as described (Morellet et a]., 1992, 1994). The 
final total energy was 140 f 12 kcal, which is in the range 
reported for proteins of similar size (Clore et ai., 1987). 

Description of the 30 Structure of C~s~~(I3-64)NCp7.  
Good convergence was achieved for c y ~ ~ 5 - c ~ ~ ~ ~  and Cy@- 
Cys49 domains, with pairwise root mean square deviation values 
of 0.9 f 0.4 and 0.9 f 0.2, respectively. The folding of the 
mutated zinc finger in 1344)NCp7 was found to be 
almost identical to that observed for the corresponding mutant 
CCCC box alone (Jullianet al., 1993). Thesequences Arg29- 
Gly35 and Arg52-Tyr64 did not converge to a unique confor- 
mation, in agreement with the absence of long-range NOEs. 
More detailed information about the similarities and differ- 
ences between the (1 3-64)NCp7 peptide and the Cys23 mutant 
is given below. The C y ~ ~ ~ - C y s ~ ~  fragment in the proximal 
zinc finger forms a type I11 p turn characterized by the dihedral 
angle values of Phe16 (a = -65 f 1 lo ,  9 = -28 f 15O) and 
of Asn17 (a = -58 f 6O, 9 = -56 f 10’). The side-chain 
amide proton of Asn17 appears to be hydrogen bonded with 
the carbonyl oxygen of GlyZ9, and the carbonyl oxygen of 
Cys” is pointing in a direction consistent with hydrogen 
bonding to the N H  of Gly19. This leads the H@and H y  protons 
of Lys14 to be in the vicinity of the Gly19 Ha protons. The 
Lys2o-Cys23 residues are involved in a type I11 @-turn 
conformation with dihedral angle values (a = -90 f 3 1 O ,  9 
= -31 f 93O) for GluZ1 and (a = -24 f 62O, 9 = -2 f 72’) 
for GlyZZ. The Thr24 carbonyl oxygen allows the formation 
of a hydrogen bond with the backbone amide protons of Arg26 
and Am2’. As shown in Figure 5 ,  the methyl groups of Thr24 
and Alaz5 are not close to the hydrophobic side chain of Phe16, 
in contrast to the situation found in NCp7 (Summers et al., 
1992; Morellet et ai., 1994). Superposition of the computed 
C y ~ ~ ~ - C y s ~ ~  backbone on the corresponding backbone struc- 
ture found in the native protein afforded a RMSD of 2.7 f 
0.7; this value decreased to 1.4 f 0.1 if only the segment 
15-22 was taken into account, in complete agreement with 
results of a preliminary study on the Cysz3( 13-3O)NCp7 zinc 
finger (Jullian et ai., 1993). The lower number of observed 
NOEs involving the Arg29-Gly35 residues in the mutant reflects 
the greater flexibility of the spacer as compared to that of the 
wild-type peptide. In agreement with the almost identical 
chemical shifts and internal NOEs observed in the two peptides, 
superposition of the region of 13-64)NCp7 
and (13-64)NCp7 yielded a mean pairwise RMSD of 1 .O f 
0.1 when only the backbone atoms were taken into account 
(Figure 2, supplementary material). Attention was paid to 
the side chain of T r ~ 3 ~ ,  as it has been proposed that the 
orientation of this residue in NCp7 could be biologically 
relevant (Morellet et ai., 1993). In the mutant C y ~ ~ ~ ( 1 3 -  
64)NCp7, two families of conformers could be distinguished 
on the basis of the dihedral angle of Trp37. Fifteen structures 
had x1 values between 17O and 82O and five between - 5 5 O  

and -120O. In the native peptide, all Trp37 x1 values were 
between 147O and 220O. Thus, thesidechain of Trp37 adopted 
different orientations and therefore sweeped distinct confor- 
mational spaces in the native and mutant peptides (Figure 2, 
supplementary material). As shown in Figure 6, the flexibility 
of the linker region of Cy@( 13-64)NCp7 permits the second 
zinc finger to sweep a larger area of conformational space, 
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FIGURE 3: Diagonal plot of NOES for the region Vl3-ES1 of the 
(upper part) mutant CYS*~( 1344)NCp7 and (lower part) native (1 3- 
64)NCp7. Symbols: 0, backbone/backbone NOE 0, backbone/ 
side-chain NOE; X, side-chain/side-chain NOE. 

FIGURE 4: Selected regions of the 200-ms NOESY spectra of (a) 
(13-64)NCp7, pH 6.5 in 90% H20/10% D20, and (b) CysZ3(13- 
64)NCp7, pH 6.5 in 90% H20/10% D2O at 20 OC. Comparison of 
cross peaks shows that the HB Phe16/H-4 Trp” NOE disappears in 
CysZ3( 1344)NCp7. 

H2( Trp3’) nor H y ( Arg32) /H7( Trp37) cross-correlation peaks 
were observed in the mutant. Moreover, supplementary NOES 
H ~ ( L Y s ~ ~ ) ,  Hy  ( L y ~ ~ ~ ) / H t l  ( T ~ P ~ ~ )  were found in the 
(13-64)NCp7. Thus, the replacement of His23 by Cysz3 
abolished the spatial proximity between the two zinc fingers 
and led to a reorientation of the linker region with respect to 
the second finger domain. The C-terminal region R52-Y64 of 
the C y 9  mutant was found, as was the case in the native 
protein, to adopt a flexible conformation with a helical element 
involving the F56-G58 region. 

Results of Structure Calculations. A total of 636 relevant 
distance constraints were used as input for the structure 
calculations (259 intraresidual and 377 interresidual). Of 
these, 194 were sequential, 96 medium-range and 87 long- 
range, constraints. No N H S  or NH-O hydrogen bonds were 
introduced. The distribution of the distance constraints as a 
function of the residue index (data not shown) confirms the 
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FIGURE 5: Stereoviewed comparison of the 13-30 zinc finger domain of Cys2’( 13-64)NCp7 (blue) and (1 3-64)NCp7 (yellow). The side chains 
of Val”, Phe16, Thrz4, and Ala25 are represented for both peptides, showing the conformational changes induced by the mutation. In 
contrast to the native zinc finger, the Thr24 and Ala25 in the mutant are not clustered with the other hydrophobic Val1’ and Phe16 side chains. 

FIGURE 6: Superposition of the first zinc finger of (1 3-64)NCp7 
(purple) upon six conformers of Cys2’( 13-64)NCp7 (blue). From 
the Cys28 position, the Cys2’( 1 3-64)NCp7 conformers sweep a region 
distinct from that found in the native peptide. Thus in the mutant, 
the Phe16 side chain is maintained away from that of Trp3’ (residues 
in yellow). In contrast, in the native ( 1  3-64)NCp7, the aromatic 
rings (residues in red) are in proximity. 

but in none of the conformers does it overlap the area occupied 
by the second zinc finger of the folded structure of (1 3-64)- 
NCp7. In the mutant, the mean distance between the aromatic 
centers of Trp37 and Phe16 ranged from 9 to 19 a, while a 
distance in the 4.8-7.1-A range was found in NCp7 (Morellet 
et al., 1994). As expected, a similar result was obtained when 
the C-terminal zinc fingers of (1 3-64)NCp7 and its Cys23 
mutant were superimposed. 

Fluorescence Studies. As the intrinsic fluorescence of (1- 
55)NCp7 has been shown to be greatly increased in the 
presence of zinc (Summers et al., 1992), a zinc titration of 
C Y S ~ ~ (  13-64)NCp7 was performed and compared to that of 
the unmodified (1 3-64)NCp7 (Figure 3, supplementary 
material). Since both Trp37 and Trp61 are in the C-terminal 
region of the peptides, the fluorescence increase is thought to 
essentially reflect the binding of zinc to the C-terminal finger. 
The titration curve of (13-64)NCp7 was nearly linear with 

a plateau for 2 equiv of zinc, indicating that the binding 
affinities of both fingers are similar. In contrast, the zinc 
titration of the C-terminal finger Cys23( 13-64)NCp7 was 
essentially complete at a 1.25: 1 zinc to peptide ratio, suggesting 
that the affinity of the N-terminal CCCC finger for zinc was 
slightly decreased. Assuming that the C-terminal finger 
affinity& is about 10’3 M-l as for the related NCplO protein 
(MCly et al., 1991) and that the binding of zinc is not 
cooperative, we determined that the affinity K1 of the 
N-terminal finger was decreased by about 1 order of magnitude 
(Figure 3, supplementary material). Moreover, the quantum 
yield of C Y S ~ ~ (  13-64)NCp7 in the presence of an excess of 
zinc (Q = 0.121 f 0.007) was significantly lower than that 
of (1 3-64)NCp7 (Q = 0.160 f 0.006), suggesting that the 
environment of either or both Trp37 and Trp61 residues is 
modified. Finally, the accessibility of Trp residues to iodide 
(an external fluorescence quencher) was found to be signifi- 
cantly larger in C Y S ~ ~ (  13-64)NCp7 than in (1 3-64)NCp7 
(data not shown), in agreement with the results of the ‘H 
NMR study. 

The C ~ s ~ ~ ( 1 3 - 6 4 ) N C p 7  Mutant Poorly Interacts with 
HIV-1 RNA and Primer tRNALYs13 in Vitro. We investigated 
the consequences of modifying the first zinc finger of the NC 
protein on the in vitro nucleic acid binding and annealing 
activities of C Y S ~ ~ (  13-64)NCp7. The binding of C Y S ~ ~ (  13- 
64)NCp7 to HIV-1 32P-RNA (positions 1-41 5 )  was examined 
by 5% polyacrylamide gel electrophoresis in the presence of 
0.1% SDS (see Experimental Procedures). NCp7 as well as 
(1 3-64)NCp7 was able to form stable viral NC protein-RNA 
complexes under our in vitro conditions (see Figure 7, lanes 
2-4 and 5-7, respectively). In contrast, C Y S ~ ~ (  13-64)NCp7 
formed unstable NC protein-RNA complexes only at a high 
NC protein to viral RNA ratio (Figure 7, lanes 8-10). A 
basic, but inactive NCp 10-derived peptide of MoMuLV was 
unable to form nucleoprotein complexes (lanes 11 and 12; de 
Rocquigny et al., 1993). 

To confirm that the His23 to Cys mutation caused an 
inhibition of NC protein-RNA interactions, ultraviolet light 
irradiation at 252 nm was used since it has been shown that 
UV light links proteins to nucleic acids when reactive groups 
are no more than 0.1 nm apart (Havron & Sperling, 1977). 
NCp7 and (1 3-64)NCp7 stably interacted with replication 
primer tRNALySq3 and HIV- 1 32P-RNA since complexes 
formed of NC protein-RNA at a 1:l ratio as well as high 
molecular weight nucleoprotein complexes were observed 
(Figure 8, lanes 3-5). C Y S ~ ~ (  13-64)NCp7, however, was very 
poorly active since only low levels of NC protein-RNA 
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FIGURE 7: Gel retardation assays of viral NC protein-RNA 
nucleoprotein complexes. Experiments with HIV-1 32P-RNA of 41 5 
nucleotides and NC protein were carried out as described in 
Experimental Procedures. The various NC peptides were NCp7 (wild 
type 1-72) at 0.15,0.34, and 0.6 pM (lanes 2-4, respectively), (13- 
64)NCp7 at 0.2, 0.5, and 1 p M  (lanes 5-7, respectively), CYS*~- 
(1 3-64)NCp7 at 0.2,0.5, and 1 pM (lanes 8-10, respectively), and 
(1-42)NCplO of murine leukemia virus as a basic inactive peptide 
at 1 and 2 pM (lanes 1 1 and 12, respectively). The ribonucleoprotein 
complexes are shown (NCpRNA) as well as free viral RNA. The 
arrow indicates the direction of electrophoresis. Autoradiography 
was for 3 h. 
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FIGURE 8: UV cross-linking analysis of the interactions of C Y S ~ ~ -  
(13-64)NCp7 with primer tRNALps3. Lanes: 1, NCp7 at 0.3 p M  
bound to 32P-tRNALpp3 without UV irradiation; 2, free tRNALm3 
UV irradiated for 5 min; 3, NCp7 at 0.2 pM bound to tRNALm3 and 
UV irradiated; 4 and 5,  (13-64)NCp7 at 0.1 and 0.3 p M  bound to 
tRNALps3 and UV irradiated; 6 and 7, Cy~~~(13-64)NCp7 at 0.2 
and 0.4 pM bound to tRNALpJ and UV irradiated; 8, MuLV (1- 
42)NCplOat 1 pM bound to tRNALpv3 and UV irradiated. Samples 
were processed and analyzed as reported in Experimental Procedures. 
The 1 : 1 NC protein-tRNA nucleoprotein complex (NC-tRNA), free 
tRNA, and molecular mass markers in kiludaltons (kDa) are 
indicated. The arrow shows the direction of electrophoresis. Auto- 
radiography was for 14 h. 

complexes were formed in the presence of primer tRNALF*’ 
(Figure 8, lanes 6 and 7; lane 8 corresponded to the inactive 
NCp10-derived peptide) or HIV-1 32P-RNA (not shown). As 
expected, C Y S ~ ~ (  1344)NCp7 did not efficiently promote the 
annealing of primer tRNALYSl3 onto the primer binding site 
of the viral RNA (data not shown). 

These results clearly show that substitution of Cys for His23 
in the first zinc finger of HIV- 1 nucleocapsid protein resulted 
in a strong inhibition of the viral RNA binding and annealing 
activities of the HIV- 1 (1 3-64)NCp7 protein in vitro. These 
observations prompted us to examine the consequences of the 
His23 to Cys mutation on virus production and infectivity. 

HIV-I Virions with a His23 to Cys Mutation in NC Are 
Noninfectious. The importance of the conformation of the 
first NC zinc finger of HIV-1 was investigated in vivo by 
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FIGURE 9: Infectivity of the HIV-1 Cysu-NC mutant on human sup 
TI cells showing the absence of infectivity measured by the amount 
of CAp24 in the medium. 

substituting Cys for HisZ3 in two infectious HIV-1 molecular 
clones using site-directed mutagenesis (HIV-1 LA1 and 
pNL4.3; see Experimental Procedures). Wild-type HIV- 1 
DNA and C ~ S ~ ~ - N C  DNA were introduced into Cos7 cells 
by transfection, and the virions produced were analyzed for 
their protein and RNA content and their infectivity. 

Equivalent levels of wild-type and Cys23 HIV- 1 virions were 
produced by cells transfected with wild-type and CysZ3-NC 
DNA, as determined by CAp24 ELISA and reverse tran- 
scriptase (RT) activity (see Experimental Procedures). Virus 
infectivity was examined upon infection of human SupTl cells 
and subsequent formation of syncitia and release of virion- 
associated RT activity. The HIV-1 C ~ S ~ ~ - N C  mutant was 
not infectious 3 weeks after cell infection (Figure 9), while the 
infectious titer of the wild-typevirus was lo6 infectious particles 
per 10 ng of CAp24 when measured by the end-point dilution 
procedure. 

The protein content of HIV-1 CysZ3-NC virions was 
examined by SDS-PAGE and immunoblotting (see Experi- 
mental Procedures). Mature GAG proteins as well as some 
PrSSgag precursor were found to constitute the major core 
proteins of both the wild-type and C ~ S ~ ~ - N C  virions. 

HIV-1 viral RNA from the C ~ S ~ ~ - N C  mutant and wild- 
type virions was analyzed by northern blot (see Experimental 
Procedures) and the unspliced genomic RNA detected using 
a 32P-DNA probe corresponding to the gag and pol sequences. 
The content of genomic RNA in C ~ S ~ ~ - N C  mutant virions 
was reduced to about 15% of the wild-type level (Figure 10; 
compare lanes 1 and 3). The virion genomic RNA of HIV- 1 
and other retroviruses is known to be susceptible to nuclease 
degradation [see Coffin (1 984) and Darlix et al. (1 99 1 )], and 
only a fraction of genomic RNA was full length in wild-type 
virions (lane 3). Interestingly, the genomic RNA present in 
C ~ S ~ ~ - N C  mutant virions was extensively degraded and no 
full-length genomic RNA could be observed (lane 1). 

DISCUSSION 

Various types of zinc binding domains, differing by the 
ratio of cysteine/histidine residues and by the number of amino 
acids present between the metal binding ligands, have been 
found in proteins that have been implicated in nucleic acid 
recognition (Berg et al., 1990; Angrand, 1993). In the case 
of retroviruses, a zinc finger domain of the CX2CX4HX4C 
form is highly conserved. The aim of the present study was 
to investigate the structural role played by this metal binding 
domain in the various functions of the HIV-1 NCp7. For this 
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FIGURE 1 0  Northern blot analysis of the genomic RNA present in 
the Cys23-NC mutant virions. Virions were collected and the genomic 
RNA was purified as described in Experimental Procedures. Northern 
blot analysis was performed according to a published procedure. The 
unspliced genomic RNA was detected by means of hybridizing a 
32P-labeled probecorresponding to thegag and pol sequences of HIV- 
1.18s and 28s indicate the position of ribosomal 18s and 28s tRNA 
of 2000 and 5000 nt, respectively. M is mack infection. Electrophoresis 
was from top to bottom. Autoradiography was for 24 h. 

purpose, the histidine residue in the first zinc finger was 
replaced by Cys and thesolution structureof the mutant CysZ3- 
(1344)NCp7 studied by 2D IH NMR spectroscopy. In a 
preliminary study we showed that the replacement of HisZ3 
by Cys in the proximal zinc finger of NCp7 in the (13-30)- 
NCp7 peptide did not preclude the binding of ZnZ+ but did 
produce a change in its structure, resulting in a drastic 
modification of the spatial orientation of numerous side chains 
(Phe16, ThrZ4, AlaZ5) and of the short CysZ3-CysZ8 domain 
preceding the linker region (Jullian et al., 1993). This was 
interpreted to result from a spatial rearrangement of the 
peptide backbone to allow tetrahedral coordination of the zinc 
ion by the four cysteines (Jullian et al., 1993). The present 
study shows that the introduction of the HisZ3 to Cys mutation 
in the active (1 3-64)NCp7 did not significantly alter its affinity 
for the zinc ion as shown by fluorescence studies. In addition, 
while the folding of the C-terminal zinc finger was not affected 
by the HisZ3 to Cys change, large structural modifications of 
the entire C Y S ~ ~ (  1344)NCp7 peptide were observed. Thus, 
in addition to a conformational change in the proximal finger, 
similar to that already observed in the N-terminal finger alone, 
the mutation induced a modification in the spatial orientation 
of the short linker region with a subsequent increase in the 
distance between both zinc fingers. Indeed, the distance 
between the aromatic ring centers of Phe16 and Trp37, as 
evaluated by fluorescence, increased from 4.8-7.1 A in the 
native protein (Morellet et al., 1992, 1994) to between 9 and 
18 A in the CysZ3 mutant. This is in agreement with the 
disappearance of the NOE effects between Phe16 and Trp37 
and more generally between the protons of the linker and the 
zinc finger domains (Figures 3 and 4). The small or medium 
NOEs accounting for the spatial proximity between the two 
zinc fingers of NCp7 were not observed in other studies 
(Omichinski et al., 1991; South & Summers, 1993). This 
could be due to differences in the conditions of NMR studies 
(concentration of NCp7, pH, temperature, etc.) as recently 
discussed in detail (Morellet et al., 1994). Nevertheless, the 
biological relevance of the internally folded structure of NCp7 
is supported by an increase in the intensities of several 

interfinger NOEs occurring in the complex between NCp7 
and a single-stranded oligonucleotide belonging to the HIV 
genome (Dtmtnt et al., manuscript in preparation). 

Fluorescence experiments confirmed that the replacement 
of HisZ3 by Cys in C Y S ~ ~ (  1344)NCp7 led to an increase in 
the Trp accessibility to iodine as compared to the wild-type 
NCp7 (Mtly et al., 1994). In a recent NMR study, South 
and Summers (1993) have shown that the pentadeoxynucle- 
otide ACGCC corresponding to a ribonucleotide sequence 
found in the genomic RNA packaging domain (Aldovini & 
Young, 1990) interacts with the N-terminal finger of NCp7 
(MN strain). The side chains of ValI3, PheI6, Ile24 (Thr24 in 
our case), and Ala25 were shown to be involved in the complex 
which appeared stabilized both by an electrostatic interaction 
between the positively charged ArgZ6 side chain and a nucleic 
acid phosphodiester group and by an hydrogen bond involving 
the carboxyl oxygen of Lys14 and the guanosine N 1 H atom 
(South & Summers, 1993). Interestingly, residues Trp37, 
L Y S ~ ~ ,  Gln45, and MetM, which lie on the same side of the 
molecule as Val13, LysI4, PheI6, Thr24, and AlaZ5 in the folded 
structure of (13-64)NCp7 (this study) and NCp7 (Morellet 
et al., 1994) and which are thus good candidates for 
interactions with target nucleic acids, are scattered in the 
mutant CysZ3( 1344)NCp7 in all DIANA conformers (Figure 
6). Moreover, the replacement of HisZ3 by Cys in CysZ3- 
(1 344)NCp7 induced a change in the spatial orientation of 
the CysZ3-CysZ8 segment, thus increasing the size of the 
hydrophobic cleft formed by the Val13, Phe16, Thr24, and AlaZ5 
side chains (South & Summers, 1993; Morellet et al., 1994) 
(Figure 5 ) .  

These structural changes prevent efficient nucleic acid 
recognition as shown in vitro by a low level of viral RNA 
binding as measured by gel mobility and UV cross-linking 
assays (Figure 7). The drastic reduction in RNA binding 
affinity of CysZ3( 1344)NCp7 resulted in the in uitroinability 
of this peptide to promote the annealing of replication primer 
3ZP-tRNALysv3 to the primer binding site of the HIV-1 RNA 
(Figure 8) and to promote dimerization of the 1-415 HIV-1 
genomic segment that contains the packaging-dimerization 
signal (not shown). In vitro experiments have indicated that 
the zinc fingers of NCp7 are not directly required for RNA 
dimerization and annealing of the primer tRNALyS*3 to the 
PBS. However, the V13K, R30APRKK34, and TS0ERQAN- 
FLGKIWPSYU sequences, which correspond to the basic 
domains flanking the metal binding motifs, have been 
specifically implicated in the RNA annealing activities of 
NCp7 (de Rocquigny et al., 1992). The low RNA binding 
affinity observed in vitro with CysZ3( 1344)NCp7 suggests 
that the overall structural change observed by IH NMR 
prevents at least one of the basic regions from interacting 
with its nucleic acid target. In vivo, Cos cells transfected with 
HIV-1 DNA containing the His23 to Cys mutation generated 
normal levels of viral particles. However, these viral particles 
were completely noninfectious, even though they contained 
mature proteins indicating that the gag and gag-pol polypro- 
teins had been packaged and processed into the virions. In 
addition, a comparative northern blot analysis showed that, 
despite a drastic reduction in binding to RNA in vitro, the 

mutant viruses presented only a 6-fold reduction in 
genomic RNA levels. This result supports the notion that the 
N- and C-terminal domains of NCp7, either in the free protein 
or as part of the gag polyprotein precursor, participate in 
genomic RNA packaging or that domains of the gag 
polyprotein, outside the NCp7 sequence, should be able to 
encapsidate small amountsof theviral RNA (Oertle & Spahr, 
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1990; Aronoff et al., 1993; Berkowitz et al.,  1993). It is 
interesting to note that the impairment of genomic RNA 
encapsidation observed with this HIV- 1 N C  mutant is similar 
to that seen with the mutant in which the proximal zinc finger 
was mutated so as to hinder tetrahedral coordination of the 
metal and subsequent folding of the CCHC motif (Aldovini 
& Young, 1990; Gorelick et al.,  1990; Dorfman et al . ,  1993). 

As there is no absolute correlation between the level of 
virion infectivity and the amounts of encapsidated RNA [see 
also Dorfman et al. (1993)], the lack of virus infectivity of 
the CysZ3 mutant could be due to additional factors. N C  
protein has been shown to be important for the protection of 
genomic RNA from nuclease degradation in avian retroviruses 
(Aronoff et al.,  1993). Therefore, the loss of infectivity of the 

mutant might be due, at least in part, to the inability 
of Cys23(NCp7) to protect the genomic RNA from nuclease 
digestion. This is supported by the absence of full-length 
RNA in the viral particles produced by the mutant and by the 
strong reduction in RNA binding of C Y S ~ ~ (  13-64)NCp7 in 
vitro. 

It is interesting to notice that another type of mutation, i.e., 
the replacement by D-Pro or Leu for the Pro3' residue located 
in the short spacer linking the two zinc fingers, did not modify 
the folding of these domains but induced a change in their 
mutual orientation. This was shown to result in a 2-fold 
reduction in RNA annealing activities in vitro. In vivo, the 
Leu3l mutation led to noninfectious virions which contained 
normal levels of viral RNA but no gag-pol precursor (Morellet 
et al.,  1994). Taken together, all these findings show that the 
integrity of the two zinc fingers is essential for efficient RNA 
recognition in vivo but that the nature of the linker and 
probably its role in directing the conformation of NCp7 is 
critical for encapsidation of gag-pol precursor into virions. 
All these results could be taken into account for the rational 
design of compounds aimed at blocking one of the functions 
of NCp7. 
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SUPPLEMENTARY MATERIAL AVAILABLE 

A table of the chemical shifts of the CysZ3( 13-64)NCp7 
and (1 3-64)NCp7 peptides at pH = 6.5, T = 20 OC, a summary 
of the short- and medium-range NOES involving NH, aH, 
and PH protonsobserved for the C Y S ~ ~ (  13-64)NCp7 and (1 3- 
64)NCp7 peptides, a figure representing a stereoview of the 
36-49 domains of the Cysz3( 13-64)NCp7 and (1 3-64)NCp7 
peptides, and the zinc titration of the fluorescence of the C Y S ~ ~ -  
(1 3-64)NCp7 and (1 3-64)NCp7 peptides (7 pages). Order- 
ing information is given on any current masthead page. 
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