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S U M M A R Y  

The nucleocapsid protein of Moloney murine leukemia virus (NCpl0) is a 56-amino acid protein which 
contains one zinc finger of the CysX2CysXnHisX4Cys form, a highly conserved motif present in most 
retroviruses and retroelements. At pH -> 5, NCpl0 binds one zinc atom and the complexation induces a 
folding of the CysX2CysXnHisX4Cys box, similar to that observed for the zinc-binding domains of HIV-1 
NC protein. The three-dimensional structure of NCpl0 has been determined in aqueous solution by 
600 MHz 1H NMR spectroscopy. The proton resonances could be almost completely assigned by means of 
phase-sensitive double-quantum-filtered COSY, TOCSY and NOESY techniques. NOESY spectra yielded 
597 relevant structural constraints, which were used as input for distance geometry calculations with 
DIANA. Further refinement was performed by minimization with the program AMBER, which was modi- 
fied by introducing a zinc force field. The solution structure is characterized by a well-defined central zinc 
finger (rmsd of 0.747 + 0.209 A for backbone atoms and 1.709 + 0.187/k when all atoms are considered), 
surrounded by flexible N- and C-terminal domains. The Tyr 28, Trp 35, Lys 37, Lys 41 and Lys 42 residues, which 
are essential for activity, lie on the same face of the zinc finger, forming a bulge structure probably involved 
in viral RNA binding. The significance of these structural characteristics for the various biological functions 
of the protein is discussed, taking into accoun t the results obtained with various mutants. 

I N T R O D U C T I O N  

The retroviral nucleocapsid (NC) proteins, encoded by the 3' end of the gag  gene, are small 

basic single-stranded nucleic-acid-binding proteins (Covey, 1986). In avian, murine and human 
retroviruses, the N C  proteins have been shown to be involved in retroviral R N A  dimerization 
(Coffin, 1984; Prats et al., 1988, 1990; Bieth et al., 1990; Darlix et al., 1990), encapsidation (M6ric 
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and Spahr, 1986; Gorelick et al., 1988; M6ric and Goff, 1989) and annealing of the replication 
primer tRNA to the initiation site for reverse transcription onto the viral genome (Prats et al., 
1988). The NC protein of Moloney murine leukemia virus (MoMuLV), NCpl0, contains one 
CysXzCysX4HisX4Cys sequence, a motif which is shared by most retroviral NC proteins and 
which behaves as a zinc-binding domain (Berg, 1986). The nucleocapsid protein NCp7 of human 
immunodeficiency virus, HIV-1, which corresponds to the biologically active fragment of NCp 15 
(De Rocquigny et al., 1991) contains two zinc fingers. The role of these zinc fingers is still 
ambiguous and the molecular mechanisms accounting for the various NC protein function 
remain largely unknown. 

It was recently shown that, for HIV-1 NCp7 and MoMuLV NCpl0, only the peptide domains 
outside the zinc fingers are critical for RNA annealing activities (De Rocquigny et al., 1992,1993), 
supporting the proposed minor role played by the CCHC box of NCpl0 in inducing an interac- 
tion between tRNA vr~ and MoMuLV viral genome (Prats et al., 1991). On the other hand, the 
replacement, by site-directed mutagenesis, of a cysteine or a histidine residue belonging to the 
CCHC box resulted in a loss of infectivity due to a severe defect in viral RNA packaging 
(Gorelick et al., 1988; M6ric and Goff, 1989). In agreement with these results, both the zinc 
fingers and the flanking basic residues were shown to be necessary for the production of infectious 
MoMuLV virions (Housset et al., 1993). 

In vitro, the CCHC box of NCpl0 was shown to bind one zinc atom with a very high affinity 
(Kapp = 1.2 x 1013 M -1) (Cornille et al., 1990; Green and Berg, 1990; M61y et al., 1991). It has been 
inferred from UV and 113Cd NMR studies on Rauscher NCpl0 that the zinc atom is bound 
through a tetrahedral coordination mode (Roberts et al., 1989). This has also been confirmed by 
1H NMR studies in the case ofHIV-1 NCp7 (Summers et al., 1990; Omichinsky et al., 1991; South 
et al., 1991; Morellet et al., 1992), and by EXAFS experiments performed with an isolated zinc 
finger of NCp7 and with equine infectious anemia virus (EIAV) intact particles (Chance et al., 
1992; Summers et al., 1992). To date, most of the structural studies on retroviral zinc fingers have 
been carried out on the HIV- 1 NCp7 protein. However, the structure of MoMuLV NC proteins, 
such as NCpl0, could provide a useful murine model to study retroviral gene regulation by 
nucleocapsid proteins and to investigate the activities of putative antiviral drugs inhibiting the 
nucleocapsid functions. 

With this aim, the complete IH NMR sequence-specific assignment of synthetic NCpl0 (De 
Rocquigny et al., 1991) has been carried out and its structure has been derived from distance 
geometry calculations. The results show similar 3D arrangements for NCpl0 and NCp7, includ- 
ing the spatial disposition of the aromatic residues present in the zinc fingers, suggesting that the 
molecular mechanisms which endow NC proteins with their functions are highly similar, if not 
identical. 

MATERIALS AND METHODS 

Material and NMR sample preparation 
In order to carry out NMR experiments, large quantities of NCpl0 were synthesized using the 

stepwise solid-phase method and Fmoc amino acids on an automatic reprogrammed Applied 
Biosystem 431 A synthesizer (De Rocquigny et al., 1991). To preserve the highly oxidizable 
cysteine residues of the protein (purity > 99.9%), all manipulations were carried out under argon. 
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NMR samples were prepared by dissolving 12.3 mg (3 mM) in 90% H20/10% D20 solution or in 
99.96% D20 in the presence of 1.5 equiv of zinc chloride, with the pH adjusted below 6 in order 
to slow down the exchange rate of amide protons. The spectrum of NCpl0 at pH 7 is not 
significantly modified, suggesting that the structure of the protein remains almost identical at 
physiological pH, as already discussed in the case of NCp7 (Morellet et al., 1992). 

NMR experiments 
All experiments were performed on a Bruker AMX 600 spectrometer, operating at 600 MHz 

for protons, with the carrier frequency set to the water resonance. Two-dimensional NMR 
spectra were obtained in the phase-sensitive mode using the time-proportional phase increments 
method (Marion and Wiithrich, 1983). Water peak suppression was achieved by irradiation of the 
solvent resonance during the relaxation delay (and during the mixing time for the NOESY 
spectra). Spectral widths were about 12 ppm in both dimensions. Spectra were recorded with 2K 
data points and 512 tl increments with 128 or 64 scans per increment (except for the DQF-COSY, 
where 4K data points were used and there were 1024 tl increments). All the 2D experiments 
described below were performed on both samples (H20 and D20 ). 

Two TOCSY spectra (Braunschweiler and Ernst, 1983; Davis and Bax, 1985) with total mixing 
times of 55 and 87 ms were recorded. The extended MLEV17 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 at 20 ~ was also performed (Rance et al.,1983). NOESY spectra (Jeener et al., 1979; 
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Fig.  1. A b o v e :  a m i n o  ac id  sequence  o f  ( 1 - 5 6 )  N C p l 0 .  Below:  aH N M R  s p e c t r u m  o f  N C p l 0  in  H 2 0  , b o u n d  to  zinc.  

T = 293 K,  p H  = 5.55. 
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Fig. 2. (A) Part of the TOCSY spectrum of NCpl0 in H20 (T = 293 K, %, = 87 ms, pH = 5.65), showing amide proton/ 
aliphatic proton scalar correlations. (B) Expanded plot of the boxed region in (A). 

Macura et  al., 1981) were recorded with mixing times of 60, 100 and 200 ms at 20 and 30 ~ No 
zero-quantum suppression techniques were applied. The relaxation delay was 2 s. 

In order to observe the slowly exchanging amide resonances, a NOESY experiment was per- 
formed at pH 8.7 since, at this pH, the amide protons whose resonances are still observable are 
Considered as hydrogen bonded or at least deeply buried and thus protected from the solvent. All 
free induction decays were multiplied by ~/6-shifted sine-bell window functions in both dimen- 
Sions. After zero-filling and double Fourier transformation, the digital resolution was 3.54 Hz/pt 
in the m2 dimension and 7.07 Hz/pt in the col dimension. Additional baseline corrections were 
performed using polynomial functions of standard Bruker software, installed on a Bruker X32 
computer. 

NMR-derived constraints 

NOEs observed in NOESY spectra obtained with 60 or 100 ms mixing time were used as 
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Fig. 3. Parts of the NOESY spectrum ('Cm = 100 ms, pH = 5.5) of NCpl0 in H20. (A) Through-space interactions between NH 
and aliphatic protons. Residues labelled vertically are those of the region D24K 42, encompassing the zinc finger. Relevarit 
NOEs for the zinc finger structure are pointed out. (B) NH/NH NOE connectivities. The three stretches of connectivities 
in the zinc finger region, as well as the NH/NH NOEs observed for the C-terminal part of NCpl0 are labelled. 

mode l l ing  const ra ints .  N O E s  ob t a ined  in the  N O E S Y  exper iment  p e r f o r m e d  at  200 ms were 

t aken  into  accoun t  on ly  when spin-di f fus ion pa thways  could  be d i scarded  ( K o c h o y a n  et al., 

1991). N O E s  were classified as strong,  m e d i u m  or  weak  on the basis o f  the relat ive ampl i tude  o f  

the cysteine geminal  p ro tons  used as an in ternal  s t andard .  

Structure calculation 
Dis tance  cons t ra in ts  were classified into  three categories:  2.0 2 .5 /~ ,  2 . 0 -3 .5 /~  and  2.0-4.5/i~, 

co r r e spond ing  to strong,  m e d i u m  and  weak  N O E s  respectively.  On  the basis  o f  c a d m i u m - c o m -  
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Fig. 4. Summary of short- and medium-range NOEs, involving the NH, H ~ and H ~ protons, as well as the H 5 protons of 

proline residues, observed for the Z n  2+ NCpl0 complex. The NOEs are classified as strong, medium and weak, corre- 
sponding to the thickness of the lines. 
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Fig. 5. Part of the NOESY spectrum (% = 200 ms, pH = 5.5) of NCpl0 in D20 , showing dcq~ i +1 connectivities between 
prolines and the preceding residues in the sequence. The unique nonsequential NOEs observed in the C-terminal part of 
NCp10 between the a-proton of Arg 5~ and the 13- and T-protons of Gln s2 are indicated. 

plexed metallothionein (Arseniev et al., 1988), additional constraints were added in order to 
define the interactions between the cysteine and histidine residues and the zinc atom. The zinc was 
introduced as a pseudoatom QZn, linked to the S v of each cysteine residue with a bond length of 
2.3 •. The distance between QZn and the N ~2 atom of His 34 was constrained to 2.0 A. The 
distance between two QZn atoms was imposed to be less than 0.1./k, the three QZn pseudoatoms 
mimicking the unique zinc ion. 

Structures were calculated using the distance geometry program DIANA (Giintert et al., 
1991a). Preliminary calculations generated a group of structures which were used to identify 
ambiguities in the assignment of NOESY spectra, and thus to determine a refined set of NOE 
distance constraints. Finally, DIANA was run with standard parameters and methodology, as 
described by Gfintert et al. (199 lb). The 20 best structures, according to the target function value, 
were then subjected to energy minimization with the AMBER software (Singh et al., 1986), using 
the conjugate-gradient method. A zinc force field derived from ab-initio calculations was parame- 
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Fig. 6. Diagonal plot of NOEs for the region D24-Q 52. Black boxes: backbone/backbone NOE; hatched circles: backbone/ 
side chain NOE; open circles: side chain/side chain NOE. 

terized in the AMBER framework in order to take into account metal-protein interactions 
(Jacob, 1990). 

The resulting structures were graphically analyzed with the INSIGHT molecular modelling 
software (BIOSYM Technologies, San Diego, CA) on a Silicon Graphics IRIS 4D35 worksta- 
tion. All structure calculations were performed on an IBM RS6000/550 workstation. 

C 

Fig. 7. Stereo representation of the DIANA-derived 20 superimposed zinc finger domains. 
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RESULTS 

NMR experiments 

The 1D 1H NMR spectrum of NCp10 in the presence of one equivalent of Zn 2+ (Fig. 1) 
exhibited marked dispersion of chemical shifts: downfield shifted C~H resonances and upfield 
shifted methyl resonances, reflecting the presence of a folded metal-complexed structure. Further- 
more, the spectrum of Zn-bound NCpl0 contains only a single set of resonances, indicating the 
presence of a unique species in solution. 

The methodology employed in the assignment of 2D NMR spectra is well established 

Fig. 9. Ribbon representation of  five out  of  the 20 calculated structures: the superimposition was performed with the 
backbone atoms of  the (26-39) zinc finger residues, as indicated by white color. The zinc a tom is represented as a star. 
Each structure is displayed with a different color for the extra zinc finger domain.  
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Fig. 10. Stereoview of the NCpl0 zinc finger domain. 

(Wtithrich, 1986). Spin systems for amino acid side chains were subsequently assigned, based on 
intraresidue connectivities identified in DQF-COSY and TOCSY spectra recorded in H20 and 
2H20 at 293 K. 

Fig. t 1. CPK representation of the bulge-like structure of NCp 10, evidencing the relative spatial disposition of the critical 
residues. Trp 35 and Tyr28: red; Lys 37, Lys 42 and Lys41: green. 
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In the TOCSY spectrum (Fig. 2), a total of 45 NH-CH a and NH-CH ~ cross peaks were 
obtained. The few missing NH-CH a and NH-side chain cross peaks may have been lost due to 
incomplete magnetization transfer, overlap of the resonances, or H20 signal irradiation. Due to 
the large number of overlapping resonances, identification of spin systems was done mainly using 
TOCSY and NOESY spectra and confirmed by DQF experiments. Total coherence transfer was 
more efficient for the residues belonging to the N- and C-terminal parts than for residues of the 
zinc finger domain. In contrast, dipolar relaxation was more efficient for the residues within the 
zinc finger sequence due to a lower degree of freedom of this sequence. The almost complete 
NMR assignment of NCp 10 was facilitated by the analysis of the (24-42) NCp 10 zinc finger alone 
(unpublished results). 

The TOCSY spectra analysis readily allowed identification of seven NH resonances of the eight 
arginines (R 11, R 16, R 17, R 18, R 23, R 44, R 47 and R 5~ through NH/CH ~ correlation peaks (Fig. 2B). 

At pH 5.5, the NH and aliphatic resonances of R TM were found to overlap with those of R 5~ except 
for the H a proton. The N W  protons of these arginines were observed in H20 TOCSY spectra and 
could be unambiguously assigned for R 23, R 44 and R 5~ only. The three alanines (A 1, A 27 and A36), 
two threonines (T 2 and T53), two valines (V 3 and V 4) and three leucines (L 21, L 55 and L 56) are the 
10 methyl-containing spin systems of the NCpl0 protein. Identification of backbone resonances 
of  A 27 and A 36 could be achieved only with the help of NOESY spectra (Fig. 3A), whereas the two 
threonines T 2 and T 53 were readily identified (see Fig. 2A) through the downfield resonances of 
their H ~ protons, the valines V 3 and V 4 through the upfield resonances of their H ~ protons (Fig. 
2A) and the leucines L 2~, L 55 and L 56 through their nonequivalent upfield shifted H a proton (Fig. 
2A). Of the six lysines (K 8, K 3~ K 32, K 37, K 41 and K42), except for K 37 all NH resonance lines are 
directly visible in the TOCSY spectrum (Figs. 2A and B). For some of them (K 3~ K 32 and KS), a 
lack of total-coherence transfer occurs. The NOESY spectra (Fig. 3A) allowed identification of 
the missing resonances of K 3~ K 32, K 37, K 41 and K 42. The six glutamines QT, Q9, Ql2, Q25 and Q52 

were characterized by their side-chain connectivity patterns. Amide/aliphatic cross peaks were 
observable for all of them in TOCSY spectra (Figs. 2A and B). An intraresidue NOE connectivity 
between N W  2 and H v could be detected only for Q2S. The identification of E 15 was straightfor- 
ward (Fig. 2B), but E 31 could only be completely assigned through NOESY spectra (Fig. 3A). The 
resonances of the three aromatic residues of NCpl 0, i.e., H 34, W 35 and y28, were easily identified, 
all the more because their position within the zinc finger sequence causes shifting of their proton 
resonances to less crowded regions of the spectrum (Fig. 2A). Of the four aspartic acids (D 1~ D 22, 
D 24 and D3s), D 1~ and D 22 were recognizable through their downfield shifted (close to random coil 
values) H ~ resonances (Fig. 2A). Because the H ~ protons of D 24 are chemically equivalent, this 
residue was identified during the assignment step. Likewise, the resonances of D 38 (Figs. 2A and 
3A) could be assigned because the localization of this residue within the zinc finger sequence leads 
to unusual proton chemical shifts. The three cysteines (C 26, C 29 and C 39) were also identified at the 
sequential-assignment step (Fig. 3A). The three serines (S 5, S 19 and S s4) were easily identified in 
TOCSY and DQF spectra through the particular downfield resonance of their H ~ proton (Fig. 
2A). Of the six glycines, G 13, G 14, G 33, G4Sand G 48 could be identified from the large resonance 
splittings (resulting from large coupling constants) in the DQF-COSY spectra. G 6, whose H a 
protons are chemically equivalent, was assigned later, using NOESY interresidual connectivities. 
Finally, analysis of the aliphatic part of TOCSY and DQF spectra allowed the characterization 
of the five proline residues through their long side-chain connectivity patterns. 
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Sequential analysis of NMR spectra was performed by the usual assignment strategy, resulting 
in the nearly complete interpretation of the IH NMR spectra (Table 1). The sequential connectiv- 
ities, which were determined by using through-space NOE interactions, are depicted in Fig. 4. In 
this 56-residue protein, only 50 sequential dotN peaks were expected in the H20 NOESY spec- 
trum, because of the presence of the p40, p43, p46, p49 and p51 proline residues. Of these 50 expected 
peaks, only 37 were observed. The remaining 13 daN cross peaks could not be unambiguously 
determined due to overlap between intraresidue cross peaks or as a result of radio-frequency 
irradiation used for suppression of the water resonance. In six cases, this problem was overcome 
by using other sequential contacts, such as dNN (K3~ 31, A36/K 37, Q52/T53, d[3N (Rll/Q 12, S19/Q 2~ 
E31/K 32, QS2/TS~) and/or dTN connectivities. No sequential connectivities were observed for the 
following residue pairs: AI/T 2, T2/V 3, QT/K8, Qg/DI~ Q~Z/G13, 613/(} 14, WS/S I9. 

Sequential connectivities between the five prolines and their preceding amino acids were deter- 
mined from the H~/Hi~+I (Fig. 5) and NHi/Hi~+I NOE peaks. The resonances of the H ~, H v and H ~ 
protons of p46, p49 and pS~ were somewhat overlapping, thus assignment was tentatively done on 
the basis of the H~/NHi+~ and then of the H~/Hi ~'v'~ cross-peak identification. These NOEs are 
characteristic of proline residues in a trans conformation. No evidence of an equilibrium between cis 
and trans forms of proline could be detected. After sequential assignment, medium- and long- 
range connectivities supplying secondary and tertiary structure information were searched in the 
NOESY spectra. The corresponding cross-correlation signals are depicted in Figs. 4 and 6. 

A1-Q25 : N-terminal sequence 
The rather intense sequential dowN connectivities are characteristic of an extended structure 

(Wfithrich, 1986) for this part of the molecule (Fig. 4), except for the DZ2-Q 25 segment for which 
medium- and long-range NOEs were found (Figs. 4 and 6). The chemical shifts listed in Table 1 
provide additional evidence for the absence of regular secondary structure elements in this region, 
since most of the chemical shifts are very similar to those of random coil sequences. Interestingly, 
the NH e2 chains of Q25 also exhibited interresidual connectivities with the aliphatic chain of K 3~ 

C6-Ce9. �9 zinc finger domain 
This sequence corresponds to the unique zinc finger of NCpl0 and a comparison of the NOE 

pattern with those observed in the first and second zinc fingers of NCp7 from HIV-1 (MN strain) 
(South et al., 1990; Summers et al., t990) and HIV-1 (LAV strain) (Omichinski et al., 1991; 
Morellet et al., 1992) gives insight into the similarities and differences between these zinc-com- 
plexed domains. As for the two zinc fingers of NCp7, two segments of intense NH/NH connectiv- 
ities were observed in NCpl0: A27-D 31 and A36-C 39. The major differences between the NMR 
data of the NCpl0 and NCp7 zinc fingers appeared in the middle-range NOE patterns, whereas 
the long-range NOEs were well conserved. Only three medium-range NOEs (Ni/Ni+ 2 (28/30) and 
(36/38), oq/[3i + 3 (36/39)), characteristic of regular secondary structure, were found for the NCpl0 
zinc finger instead of the 10 reported for each zinc finger of NCp7 (Summers et ai., 1990; 
Omichinski et al., 1991; South et al., 1991; Morellet et al., 1992). Not enough medium-range 
NOES were present in any turn in the N-terminal part of the zinc finger, although all the slowly 
exchanging amide protons present at pH 8.0, and probably involved in hydrogen bonds in the 
NCp7 zinc fingers, are also present at pH 8.7 in the NCpl0 zinc finger (NH 26, 28, 29, 30, 31, 32 
and 39). Interestingly, the NH resonance of A 27 is also still observable at pH 8.7, which was not 
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reported for the corresponding residue in HIV-1 zinc fingers. On the other hand, the C-terminal 
part of the NCp 10 zinc finger exhibited d(Ni, Ni+ 2) and d(~i, J3i + 3) NOE patterns characteristic of 
helical segments. Although not all the possible NOE patterns which describe this type of turn are 
present, the A36-C 39 segment could adopt the same 3~0 helical corner already found in one of the 
two zinc fingers of NCp7. This was confirmed by the presence of the same exchanging amide 
protons at pH 8.7 in the NCpl0 (NH 38, 39) and NCp7 zinc fingers and consequently, the same 
hydrogen bonds are probably present in this part of NC proteins. Most of the long-range NOEs 
of the two zinc fingers of NCp7 are also found in the case of the unique fingers of NCp 10, as, for 
example: H~(Cz6)/NH(K3~ HI3(C26)/NH(E3~), I-I~(C~6)/He~(H34), H~(G3~)/H~(H34). We also 
observed the NOEs between the side chains of Y28-K4~ and y28_p43, corresponding to the NOEs 
reported for NCp7 between the side chains of yl7-A 3~ and N37-R 32, which confirms the conservation 
of the mutual orientation of N- and C-terminal parts in both zinc fingers. Interestingly, a few NOEs 
were found in NCpl0 that had no equivalent in NCp7 zinc fingers, namely NOEs involving the 
imidazole ring protons of H 34 and the backbone protons of p40 and K 41, the side-chain protons of 
C 39 and the side-chain protons of K 42, the aromatic protons of y28 and the backbone protons of K 42. 

p4O L56.. C-terminal sequence 
The sequential attribution obtained by using NH resonances is interrupted in the C-terminal 

region at the level of the proline residues (p40, p43, p46, p49 and psi). The medium-range NOE 
patterns and the slowly exchanging amide protons present at pH 8.7 (NH 41 and 42) support the 
presence of a conformationally restricted short domain (C 39 K42), whereas medium and strong 
dc~N connectivities, associated with small dNN cross peaks (Figs. 3B and 4) between successive 
amino acids, are characteristic of random coil structure in the p43-L56 segment (Wright et al., 
1988). Nevertheless, the possibility of a turn involving residues RS~ s2 was suggested by the 
NOE H~(RS~ (Fig. 5). 

Structure calculations 

A total of 597 NOE-derived distance constraints were used for DIANA calculations: 237 were 
intraresidual and 360 were interresidual. The latter set contained 179 sequentiaI (i,i+l), 66 me- 
dium-range (i,i+2 >- j -> i+4) and 115 long-range (i,j -> i+5) distance constraints. The long- 
range interactions were only observed in the (24-42) sequence, which constitutes the zinc finger 
domain (Fig. 6). 

A set of 20 structures was generated using the distance geometry program DIANA and 
optimized using the program AMBER. The final total average energy was 85 + 14 kcal 
mol -~ (Fig. 7). 

The three-dimensional structure of (1-56)NCplO 

Figure 8 shows the local variability and the related conformational space available for the 
backbone and side-chain atoms. A ribbon representation of five calculated structures is shown in 
Fig. 9. The zinc finger core (residues 26-39) displays a high degree of structural definition, with 
a backbone rmsd of 0.747 + 0.209/k and an rmsd of 1.709 + 0.187 A when all atoms are consid- 
ered. The rmsd are higher for residues 1-23 and 43-56. It is interesting to note that low rmsd 
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values are observed for the side chain of the zinc ligand residues and for the two aromatic amino 
acids. Following the zinc finger domain is the 4~ sequence, which is also well defined with all 
atom rmsd values lower than 1.0 f~. Lower values of 0.946 + 0.186 ~ and 0.517 + 0.211 /~ are 
found for the backbone atoms of residues 13-17 and 49-52, respectively. The latter tetrapeptide 
is involved in a kink, defined by the dihedral angle values of R 5~ (~ = -70 + 18; ~ = 125 + 12) and 
p51 (q~ = -80 + 3; ~ -- -5 + 23). When the backbone atoms of the NCpl0 zinc finger were super- 
imposed onto the N- and C-terminal HIV-1 zinc fingers, the rmsd were found to be 1.427 + 
0.058 ft  and 1.473 + 0.059/k, respectively. 

Description of the (24~12 ) zinc finger domain 

The 3D arrangement of the zinc finger is stabilized by numerous hydrogen bonds involving the 
backbone amide protons of residues 22, 23, 24, 26, 27, 28, 29, 35, 38 and 42, in agreement with the 
NMR data (see below). For residues 22, 23 and 24, the amide protons are involved in H-bonds 
with the oxygen atoms (ODI-22, OD2-22, O-20), (O-21, O-31) and (O31, O-32), respectively. The 
amide protons of the C 26 and C a9 residues form hydrogen bonds with the carbonyl oxygens of D 24 
a n d  A 27. The NH 27 is hydrogen bonded with the sulfur atom of the C 26 residue. Residues C 2 6 - y  28 

form a ~-type local conformation, as can be concluded from a hydrogen bond between 026 and 
NH 28 and the dihedral angle values of A 27 (~ = --80 +--- 39; ~ = 78 --+ 82). 

T h e  G33-W35 segment forms a ~t-turn, defined by the dihedral angle values of  H34 (~) = 65 +--- 12; 
= --37 + 27) and a tight hydrogen bond between the 0 33 and NH 3s atoms. It is of interest to 

note that the corresponding G z2 and G 43 residues in both NCp7 zinc fingers were reported to form 
a 310 corner (Summers et al., 1990; South et al., 1991). The W35-D 38 residues are involved in a 
type-III turn, characterized by a hydrogen bond between the 035 and NH 38 atoms, and the 
dihedral angle values of A 36 (1~ = -53 + 4; ~ = -37 + 7) and K 37 (~ = -57 + 3; ~ = 37 + 7). A 
similar turn has not been reported for NCp7 zinc fingers (South et al., 1990; Summers et al., 1991) 
and it was not observed when the NCp 10 (24-42) peptide was studied alone (unpublished results). 
The residues C39-K 42 form a type-I turn, with the dihedral angle values of p40 being 
(~ = -64 + 10; ~t --- -25 + 33) and K 4~ (~ = -111 + 26; ~ = 6 + 35), which is stabilized by a 
hydrogen bond between 0 39 and NH 42. 

It is interesting to note that no standard NH" "S turns (Adman et al., 1975) are observed in this 
3D zinc finger structure. We have previously noted that the NH" S turns observed in the NCp7 
zinc finger peptides were not found in the intact protein (unpublished data). We observed the 
same phenomenon when we studied the (2442) peptide alone and compared its local folding to 
the segment in the entire protein (not shown). This shows that the N- and C-terminal domains 
induce some local structural modifications, even if they do not modify the global folding of the 
zinc finger. This is in agreement with previously reported fluorescence data (M61y et al., 1993). 

In the sequences of other retroviral NC proteins which have a unique zinc finger, the aromatic 
residues are well conserved: a tyrosine residue is found just before the second cysteine zinc ligand 
for the NC proteins of Feline leukemia virus type-2 (FeLV-2) (Copeland et al., 1984), Gibbon ape 
leukemia virus (GALV) (Delassus et al., 1989) and Spleen necrosis virus (SNV) (Weaver et al., 
1990). Moreover, the location of a tryptophan residue just after the histidine zinc ligand is also 
conserved in these related viruses. It is interesting to note that, in our 3D model, the distance 
between the aromatic rings of the corresponding y2S and W 35 residues is about 10.847 + 0.640/~. 
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When the 24-42 peptide was studied alone, this distance increased to 14.908 + 0.487 ]~ (unpub- 
lished results), further suggesting, as previously discussed, some local changes induced by the 
N-and C-terminal domains. These data are in agreement with fluorescence studies, which indicat- 
ed a distance around 13 ~ between y28 and W 35 (M61y et al., 1993). Both y28 and W 35 a r e  on the 
surface of the zinc finger and situated on the same side (Fig. 10). The structural changes concern- 
ing the side-chain positions probably arise due to additional NMR-derived constraints, involving 
the side-chain protons of Y 28 and p43 (Fig. 6). The aromatic rings of Y 28 and p43 are 9.705 + 0.160 

apart, accounting for the experimental NOEs. 
As shown in Fig. 11, the 3D folding of the CCHC box induced a proximity between y28 and the 

K 4~ and K 42 residues, while the distance between the basic K 37 residue and W 35 is about 4 A. 
Moreover, all these residues located at the surface of the finger are situated on the same side (Figs. 
10 and 11). The N- and C-terminal domains tend to turn away from this core. Nevertheless, 
residues R 16, R 17 and R ~8 are found in the direction of y28 for about 17 structures out of 20. The 
smallest distance between the 16RRR segment and the zinc finger core is around 7 A. 

DISCUSSION AND CONCLUSIONS 

The ~H NMR-derived 3D structure of MoMuLV NCpl0 in aqueous solution is characterized 
by a well-defined zinc finger domain, surrounded by flexible N- and C-terminal regions. The zinc 
complexation leads to a large scattering of proton chemical shifts, especially those corresponding 
to the amide, ~- and aromatic protons, and to a pattern of medium- and long-range NOEs similar 
to that reported for the two zinc finger domains of HIV-1 NCp7 (Summers et al., 1990; South et 
al., 1991; Morellet et al., 1992; Omichinski et al., 1992). This particular zinc-induced folding 
structure of the CCHC box very likely plays an important role, since mutations of any zinc ligand 
residue of M oMuLV NCp 10 induced a strong impairment of genomic RNA packaging (Gorelick 
et al., 1988). Likewise, mutations affecting the cysteine or histidine residues were reported to be 
lethal in the case of Rous Sarcoma virus (RSV) NC protein (Dupraz et al., 1990). 

In addition, point mutations affecting various conserved amino acids other than the zinc 
ligands in CCHC boxes of NC proteins, such as replacement of Tyr 28 or Trp 35 in NCpl0 by a 
glycine residue, led to an inhibition of virus replication through alteration of viral genomic RNA 
packaging (M6ric and Goff, 1989). The distance between the Tyr 28 and Trp 35 aromatic rings, 
located on the solvent-accessible surface of the quasispherical zinc finger core of the protein, is 
about 10.8 ,~ (Fig. 10). The same distance was also found between two aromatic rings in drugs 
able to intercalate or bis-intercalate into DNA, following the usual excluded-site model (Delbarre 
et al., 1987). Interestingly, a recent 1H NMR study of the interaction between the N-terminal zinc 
finger of NCp7 and the oligonucleotide d(ACGCC), present at the 3' end of an identified segment 
of the Psi packaging signal, showed that the phenylalanine and isoleucine residues, which corre- 
spond to Tyr 28 and Trp 35 in NCpl0, form a cleft, making the Phe 16 side chain a possible candidate 
for intercalation between C-G or A-C base steps (South and Summers, 1993). 

The replacement by valine of the glycine residue positioned just before the histidine zinc ligand 
(GIy 33 in NCpl0) and highly conserved in NC proteins was shown to induce a decrease in the 
genomic RNA encapsidation (M6ric and Goff, 1989). In our 3D model, Gly 33 is involved in a 
y-turn conformation, while in both the N- and C-terminal zinc fingers of HIV-1 NCp7, the 
corresponding Gly 22 and Gly 43 were shown to form a 310 corner in the polypeptide chain (unpub- 
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lished results). In addition to its tendency to be involved in a turn-like conformation, the inherent 
flexibility of glycine may be important to allow correct spatial orientations of critical residues, 
such as Tyr z8 and Trp 3s. Changes of this particular glycine in a sterically larger residue in RSV NC 
led to virus particles containing RNA material, but unable to replicate (Dupraz et al., 1990). 
These modifications probably induce conformational constraints incompatible with the biologi- 
cally active structure of the CCHC box. 

In addition to zinc finger domains, most of the retroviral NC proteins possess a large number 
of basic residues. The Lys 41 and Lys 42 residues which follow the zinc finger sequence in MoMuLV 
NCp 10 and which are part of the minimal peptide sequences retaining fuI1 NCp t 0 activity in vitro 
(De Rocquigny et al., 1993) have been reported to be critical for virus infectivity (Housset et al., 
1993). Thus, mutants in which both Lys 41 and Lys 42 were replaced by neutral residues were 
replication defective (Housset et al., 1993). It is interesting to observe that, in the 3D structure of 
NCp 10, these biologically relevant basic amino acids are located on the surface of the zinc finger 
and in the proximity of the Tyr 28 residue (Fig. 9). 

Thus, the Tyr 28, Trp 35, Lys 37, Lys 41 and Lys 42 residues constitute a sort of bulge on which a 
nucleic acid sequence could coil, the complex being stabilized by salt bridges between the charged 
lysines and the phosphate groups of the nucleotides and possible intercalation of the aromatic 
residues into the single-stranded genomic RNA (Karpel et al., 1987). Moreover, Van der Waals 
interactions between the hydrophobic side chains of the residues belonging to the bulge and RNA 
bases could stabilize the protein-RNA complex (Summers et al., 1992). The size of the bulged 
structure is compatible with fluorescence studies, indicating that NCpl0 could cover about six 
residues along the nucleic acid chain when stoichiometrically bound to single-stranded RNA 
(Karpel et al., 1987). 

In the solvated structure of NCpl0, the strongly constrained zinc finger domain appears 
flanked by rather flexible N- and C-terminal domains. Nevertheless, the NOEs between the 
a-proton of R 5~ and the ~- and y-protons of Q52 suggest that the C-terminal pentapeptide Pro 49- 

Arg-Pro-Gln-Thr 53, which has been shown to be necessary for complete NCpl0 function in vitro 
(De Rocquigny et al., 1993), is probably involved in a bent structure. 

It has been reported that the addition of the N- and C-terminal sequences to the finger domain 
of NCpl0 increased the zinc affinity by about one order of magnitude (M61y et al., 1993). This is 
probably due to the increased structural constraints induced in the zinc finger by the surrounding 
sequences (unpublished results). However, fluorescence studies indicated that the C-terminal 
chain was not in direct or indirect interaction with the Trp 35 environment (M61y et al., 1993), a 
result which is confirmed by our data showing that the C-terminal chain did not contact the 
biologically relevant domain defined by Trp 35, Tyr 28 and the triplet of lysine residues. 

Given these findings, and because of their flexibility, the domains surrounding the zinc finger 
may function as arms, anchoring the viral RNA onto the NCpl0 bulged structure. In NCp7, this 
spatial arrangement appears to be a necessary condition for full in vitro activity, since synthetic 
peptides corresponding to the N- and C-terminal domains no longer have in vitro activity if they 
are not linked at least by a flexible Gly-Gly spacer (De Rocquigny et al., 1993). This C-terminal 
domain of HIV-1 NCp7 was also found to contain small sequences, endowed with some elements 
of secondary structure (Morellet et al., 1994), supporting similar structure-function relationships 
between both proteins. These domains, rich in proline and basic amino acids, have been identified 
as structural motifs, able to interact with the minor groove of A" T-rich sequences of DNA 
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(Reeves and Nissen, 1990). The sequence of NCpl0 following the CCHC box, i.e. K41KPR- 
GPRGPRP 51, has a number of analogies with the nonlinear sequence V13K - R3~176 
of NCp7, which forms a spatially continuous domain induced by the folding of the two successive 
zinc fingers. 

The 3D structure of the NCp 10 zinc finger is very similar (global folding), if not identical (local 
modifications), to those reported for the two zinc finger domains of HIV-1 NCp7. Structure- 
activity relationships tend to indicate that both the zinc finger and the basic residues are involved 
synergistically in NCpl0 activities (De Rocquigny et al., 1993), as was also proposed for HIV-1 
NCp7 (De Rocquigny et al., 1991; Morellet et al., 1994). Thus, it has been recently suggested that 
an additional function of NC protein is to protect, in a histone-like manner, RNA from degrada- 
tion by nucleases in the virions and that this function requires the presence of the CCHC box 
(Aronoffet al., 1993; Bowles et al., 1993). Our bulge-like model induced by the zinc finger folding 
may explain the ability of NCpl0 to bind and protect nucleic acids. Since similar structural and 
biological properties have been reported for HIV-1 NCp7 and MoMuLV NCpl0, it is of interest 
to use the NCpl0 murine model to better understand the HIV-1 NCp7 functions. Investigations 
are currently in progress to understand more fully NCpl0-RNA interactions and particularly to 
define the NCpl0 zinc finger role and the possible participation of Tyr z8 and Trp 35 residues in 
nucleic acid interaction. 
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