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ABSTRACT. The retroviral nucleocapsid (NC) protein is a multifunctional protein essential for RNA genome
packaging and viral infectivity. The NC protein, NCp8, of the human immunodeficiency virus type-ll
(HIV-2) is a 49 amino acid peptide containing two zinc fingers, of the type,@3X,-H-X4-C, connected

by seven amino acid residues, called the “basic amino acid cluster.” It has been shown that the N-terminal
zinc finger flanked by the basic amino acid cluster is the minimal active domain for the specific binding
to viral RNA and other functions. However, the structueetivity relationships of NCp8 have not been
investigated in detail. In the present study, the three-dimensional structure of a 29 amino acid peptide,
including the minimal active domain (NCp8-f1), was determined by two-dimensibifdMR spectroscopy

with simulated annealing calculations. A total of 15 converged structures of NCp8-f1 were obtained on
the basis of 355 experimental constraints, including 343 distance constraints obtained from nuclear
Overhauser effect connectivities, 12 torsion angleyt) constraints, and four constraints for zinc binding.

The root-mean-square deviation of the 15 converged structures wast0®94 A for the backbone
atoms (N, @, C) and 1.27 0.13 A for all heavy atoms. Interestingly, the basic amino acid cluster itself
was defined well, with a loop-like conformation in which three arginine residues in the cluster and one
arginine residue in the zinc finger are located approximately in the same plane of the molecule and are
exposed to the solvent. The structuictivity relationships are discussed on the basis of the comparison

of this well-defined structure with those of other NC proteins.

Nucleocapsid proteins (NGroteins), structural proteins  possess many other functions: they enhance binding of the
of retroviruses, are generated upon processing the gagRNA primer to the viral RNA, stimulate the reverse
polyprotein by the viral protease and are essential for varioustranscriptase, improve the efficiency of the integrase, and
steps during retroviral replication. The NC proteins specif- protect the RNA against nucleases. Each retroviral NC
ically discriminate the viral RNA from the cellular RNAs  protein has either one or two conserved zinc finger domain-
and facilitate dimerization and packaging of two RNA (s), with the amino acid sequence Cys®ys-X-His-Xs-
genomes into maturing viruses. In addition, the proteins Cys, which coordinate one zinc ion with very high affinity

(X represents amino acids that vary among the virusks) (
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Ficure 1: Amino acid sequences of the nucleocapsid protein of HIV-2 (NCp8), HIV-1 (NCp7), and Molony murine leukemia virus (NCp10).
The program ALSCRIPT42) was used to display the sequence alignment. The amino acid residues of NCp7 and NCp10 indicated by the
light blue boxes are identical with those of NCp8, and the residues of NCp8 done by the light blue boxes are identical with those of NCp7.

The three-dimensional structure of the NCp7 and its a Cgcolumn (4.6x 250 mm). The peptide’s identity was
fragment have been determined ¥y NMR spectroscopy  confirmed by analytical HPLC and TOF-MS spectra recorded
(6—9). These studies have shown that similar folding occurs on a Voyager-DE mass spectrometer (PerSeptive Biosys-
for the two zinc fingers in the presence of zinc, which is tems).
consistent with the structures determined by previous studies Circular Dichroism MeasurementsCircular dichroism
of the zinc fingers of NCp7 10, 11). Recently, the  (CD) spectra of NCp8-fl in the presence and absence of zinc
dynamical behavior of NCp71@) and the three-dimensional  were recorded on a Jasco J-600 spectropolarimeter. The
structure of the NCp7RNA complex (3) have been  spectra were acquired at 26 over 185-260 nm, using a
studied. These results indicate that the basic amino acidcuvette with a path length of 1 mm, a sensitivity of 50 mdeg/
cluster adopts a stable conformation in its complex form, ¢cm, and a scan speed of 100 nm/min. The concentrations
though that in its free state does not. of NCp8-f1 and ZnGl dissolved in HO were approximately

Despite a number of studies of the biological functions 15 and 17uM, respectively. The spectra were recorded
and the three-dimensional structure of NCp7, only a few digitally and each signal was averaged four times, followed
studies have been done for NCp8 of HIV-2. A competitive by subtraction of an equally signal-averaged solvent baseline
UV cross-linking assay of NCp8 and NCp8-derived synthetic by feeding through a data processor.
peptides {4) showed that the peptide corresponding to either  Anajytical Ultracentrifugation. Analytical ultracentrifugal
the first or second zinc finger flanked by the basic amino analyses, using the method of sedimentation equilibrium,
acid cluster interacts specifically with viral RNA. Although \yere performed with a Beckman XL-A analytical ultracen-
the secondary structure of the first zinc finger of NCp8 has trifuge and an An-60Ti rotor. The Zh-bound NCp8-f1 (1
been reported1), its three-dimensional structure has not mM, pH 5.8) was prepared by diluting a portion of the NMR
yet been determined. Thus, the determination of the three'sample (5 mM NCp8-f1). This diluted sample showed the
dimensional structure of NCp8 and the comparison of the same 1D!H NMR spectrum as that of the 5 mM sample
NCp8 and NCp7 structures would yield important informa- (data not shown). NCp8-f1 (1 mM), in the absence of zinc
tion to clarify the recognition mechanism of the viral RNA ¢ pH 3.0, was also prepared for comparison. For each
by NC proteins. sample, centrifugation was carried out at°ts The initial

In the present study, the three-dimensional structure of therotor speed was set at 3000 rpm. The speed was then
minimal active domain of NCp8, NCp8-fl, has been increased to 48 000 rpm, that is, the maximum speed for
determined. In particular, the structure of the basic amino the cell. Scans were collected at 314 nm for both samples
aCid ClUSter was determined in deta" fOI‘ the fiI’St t|me The after 12 and 24 h Both scans were Compared to ensure that
Structure_actiVity relationships will be discussed, on the basis equi"brium had been reached. The partial Speciﬁc volumes
of the comparison of the structure of NCp8 with those of cajculated for zA-bound and z#t-free NCp8-f1 were
other NC proteins. 0.6940 and 0.7057 mL/g, respectively.

NMR SpectroscopyThe samples for NMR experiments
MATERIALS AND METHODS contained 5.0 mM NCp8-f1 and 5.5 mM Znh either 90%

Peptide SynthesisFmoc amino acids and other reagents H,0/10% ?H,O or 99.96%°H,0 at pH 5.8. Under these
used with the synthesizer were purchased from Applied conditions, the NMR spectra were well-resolved, and no
Biosystems Japan (Chiba, Japan). Other reagents for peptidaggregation was observed over a period of several months,
synthesis were purchased from Peptide Institute (Osaka,during which the oligomerization state of Zrbound NCp8-
Japan) or Kokusan Chemical Works Ltd. (Tokyo, Japan). f1 was examined using analytical ultracentrifugation, as
The standard solid-phase methodology was employed todescribed above. NMR measurements were performed using
synthesize NCp8-f1, using a Perkin-Elmer Applied Biosys- standard pulse sequences and phase cycling on a Bruker
tems Japan model 431A peptide synthesizer. The peptideDMX-500 or AMX-500 spectrometer operating at 500 MHz
was purified by a Shimadzu LC-8A system with a Cosmosil for the proton frequency. All two-dimensional NMR spectra
5C18-AR reversed-phasedolumn (20x 250 mm), and were acquired in a phase-sensitive mode, using the time-
its purity was confirmed by a Shimadzu LC-6A system with proportional phase incrementatiattf for quadrature detec-
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tion in the § dimension. NOESY spectrell, 18) were experimentally derived distance and torsion angle constraints,
recorded with mixing times of 80, 100, 200, and 300 ms at using a dynamically simulated annealing protocol starting
temperatures of 5, 15, and 2&. TOCSY spectra were from a template structure with randomized backbgrend
recorded using a MLEV-17 pulse schend&)(with isotropic 1 torsion angles.
mixing times of 50 and 80 ms. The suppression of the Evaluation Methods.The convergence of the calculated
solvent resonance was achieved using the WATERGATE structures was evaluated in terms of the structural parameters,
scheme in both the NOESY and TOCSY measurem@@)s ( that is, the rmsd from the experimental distance and dihedral
DQF-COSY @1) and PE-COSYZ2) spectra were recorded constraints, the values of the energy statisti€sof, Fror,
to obtain the constraints for the torsion angles and the Fepe, andE, ), and the rmsd from idealized geometry. The
stereospecific assignments. Selective irradiation during thedistributions of the backbone dihedral angles of the final
relaxation delay period was used to suppress the solventconverged structures were evaluated by the representation
resonance. The data sizes used for acquisition were §12 (t of the Ramachandran dihedral pattern, indicating the devia-
x 8192 () for DQF-COSY and PE-COSY and 5222048 tions from the sterically allowedy( y) angle limits ¢8).
otherwise, and the spectral width was 6250 Hz. The degrees of angular variation among the converged
Data processing was performed on either a Bruker X-32 structures were further assessed by using an angular order
UNIX workstation with UXNMR software or a Silicon parameterS (29). The order paramete® was calculated
Graphics INDIGO2 workstation using the program package using following equation:
NMRDraw and NMRPipeZ3). Phase-shifted sine-squared
window functions were applied prior to Fourier transforma- 1 N N
tion, with shifts froms/3 to /2 in both dimensions. Final S= —((Z sin 6))” + (Zl cos6,))"?
matrix sizes were 1028& 8192 real points for COSY and N = =
PE-COSY and 204& 2048 otherwise. _ ) )
To detect the slowly exchanging backbone amide protons, in WhICh N is the tqtal number of con\_/erged structures and
we recorded a NOESY spectrum with a mixing time of 200 6; is a particular dihedral angle of thé structure of the
ms and at pH 8.7. The intensity of each intraresidue-NH total number of structures.
C®H cross-peak was then compared with that obtained atRESULTS
pH 5.8. The chemical shifts of €l were not significantly
changed when the pH was changed from pH 5.8 to 8.7. Confirmation of the Zinc BindingThe CD andH NMR
Chemical shifts were referenced to the methyl resonance 1D spectra (data not shown) were measured to confirm the
of 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) used as zinc binding to NCp8-f1. The CD spectrum of NCp8-fl in
an internal standard. Complete sets of two-dimensional the absence of zinc at pH 3.0 is characteristic of a random
spectra were recorded at 46 and pH 5.8 (uncorrected meter  coil conformation. A'H NMR 1D spectrum obtained under
readings). the same conditions shows poor dispersion of the amide
Distance Constraints and Structure Calculationisiter- proton resonances, indicating that this peptide does not adopt
proton distance constraints were obtained from the NOESY an ordered conformation under these conditions. Upon the
spectra with a mixing time of 200 ms. Quantitative addition of 1.1 mol of ZnClper mole of the peptide and an
determination of the cross-peak intensities was based on theéncrease of the pH to 5.8, remarkable changes were observed
counting of the contour levels. All NOE data were divided in the CD spectrum: the minimum at 180 nm was decreased
into four classes, strong, medium, weak, and very weak, in intensity and shifted to 200 nm, and a new maximum
corresponding to distance upper limits of 2.5, 3.5, 5.0, and appeared at 220 nm. Such spectral changes were also
6.0 A, respectively, in the interproton distance constraints. observed in NCp78) and the first zinc finger fragment of
Pseudoatoms were used for nonstereospecifically assignedCp8 (15). Simultaneously, the amide and methyl proton
protons, and intraresidue and long-range correcting factorsresonances were better resolved in the presence®fian

were added to the distance restraints, respectiy, (In than in its absence. These results demonstrate that an ordered
addition, 0.5 A was added to the upper limits for distance conformation is induced in NCp8 upon zinc binding.
restraints involving methyl protons. Analyze the Oligomerization State of NCp8-fThe

The backbone NHC*H coupling constants were esti- oligomerization state of NCp8-fl in the presence of zinc,
mated from the DQF-COSY spectrum, and were converted under the conditions of the NMR measurements, was
to the backbone torsion angfeconstraints according to the analyzed by equilibrium sedimentation. Analytical runs in
following rules @5): for 3Jwn-cen less than 5.5 Hz and  the presence (pH 5.8) and the absence (pH 3.0) of zinc gave
greater than 8.0 Hz, th¢ angles were constrained in the similar results at the rotor speed of 48 000 rpm, and the
ranges of-65° + 25° and—120° 4+ 40°, respectively. The  calculated mass was about 1500 for both samples, which
range ofy! side chain torsion angle constraints and the indicates that NCp8-fl exists in a monomer state under both
stereospecific assignments of the prochifamethylene conditions.
protons were obtained by using th&s coupling constants Sequential Resonance Assignmenequence-specific
combined with the intraresidue NHCPH NOEs observed  resonance assignments were achieved according to the
with a mixing time of 200 ms 26). The 3J,s coupling standard method established by thtich and co-workers
constants were determined by inspecting the PE-COSY (30). Since valine, isoleucine, and histidine residues each

spectrum irfH,0. appear only once in the primary sequence of NCp8-f1, these
All calculations were carried out on an HP 9000/720 residues were used as starting points in the sequential
workstation with the X-PLOR 3.1 prograr@y). The three- assignment process. In particular, the spin systems fdr Val

dimensional structures were calculated on the basis of theand Il€ were assigned by the observation of the magnetiza-
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e c2 arginine residues were easily distinguished from the other
@ Fote ) 19 residues, on the basis of the observed cross-peaks between
B o . f1#oe ' NeH and CH, CPH, C'H, and CH, in the TOCSY
- 4.0 spectrum, and were used to confirm the sequence-specific

resonance assignments. Figure 2a shows thd-GIH
fingerprint region of the NOESY spectrum containing
sequential gh(i, i+1) connectivities. The interresidue NOE
cross-peaks were distinguished from the intraresidue ones
by comparing the NOESY spectrum with the TOCSY and
DQF-COSY spectra (Figure 2b). The Praesidue was
assigned by the observation of a strong sequential NOE
95 9.0 85 3.0 75 between the ARt C*H and the Pré® C°H,. The presence

@, ('H) (ppm) of this NOE cross-peak indicates that the #in NCp8-f1

adopts the trans configuration. Figure 3 summarizes the

sequential and medium-range NOE connectivities observed
caalf in the 200 ms NOESY spectrum, together with $gy—cey
%G 3 coupling constants as estimated below. The complete proton

o ("H) (ppm)

T
by
<

resonance assignments of NCp8-f1 are available as Support-
ing Information.

Dihedral Angles and Stereospecific Assignmemtgotal
of 10 backbone torsiop angles for NCp8-f1 were con-
strained: four residues (T¥p Alat®, Cy<?, and Arg®) with
H178 3JnH-con less than 5.5 Hz and six residues {Jlarg8, Cys'?,
) 2 i Set8, GIr?t, and Arg®) with 3Jyy-cen greater than 8.0 Hz.
o1z 5.0 Backbone dihedral constraints were not applied for residues
9.5 9.0 8.5 8.0 75 with 3Jyn-cen values between 5.5 and 8.0 Hz.

The stereospecific assignments together with the confor-
_ ) ) mations around the ©C? bonds for two of the 20
Ficure 2: Portions of the 500 MHz two-dimensional NMR spectra nondegeneraig-methylene protons in NCp8-f1, that is, G's

of 5.0 mM NCp8-F1 in 90% kD/10%2H,0 at pH 5.8 and 15C. . '
(a) Sequential gl(i,i+1) NOE connectivities for residues-29 in and Sef®, were established. Both havég§conformations

the NOESY spectrum observed with a mixing time of 200 ms. (b) about the €—C’ bonds, and thg* side chain torsion angle

The fingerprint region of the DQF-COSY spectrum corresponding was constrained in the range 6@ 40° (31).

to the same region as in spectrum (a). Intraresidue-R#H cross- Secondary Structure.The regular secondary structure

gﬁq"’i‘ﬁz i (ljagbeéergv"i‘girotnh: residue number by standard single-lettelg) o ments jn the NCp8-f1 molecule were identified according
to standard criteria, using the sequential and medium-range

tion transfer from CH to C’'H; of Val and that from CH to NOEs summarized in Figure 3. In the N-terminal region of

C’Hs; and CHjs for lle in the TOCSY spectrum. The six  NCp8-f1 (residues 48), rather intense sequentialxdand

T
R
h

Q2t

®; ("H) (ppm)
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FicUrRE 3: Summary of the sequential NOE connectivities and3h@-c« coupling constants observed in NCp8-f1. These structural
parameters were used for the sequence-specific assignments and the identification of secondary structure elements in NCp8-f1. The sequential
NOEs, qin, dun, and gy, and the medium-range NOEsudi i+2), dun(i,i+2), and dn(i,i+3), are indicated by bars between two residues.

The NOEs are classified as strong, medium, and weak according to the height of the filled bars. Valygscaf coupling constants are

indicated byt (>8.0 Hz) and (<5.5 Hz) symbols. Slowly exchanging backbone amide protons that are still observed in a NOESY spectrum

at pH 8.7 with intensities of more than half and of a quarter, relative to the corresponding resonances in a NOESY spectrum at pH 5.8, are
indicated by filled and open circles, respectively.
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Table 1: Structural Statistics for NCp8-fl

15 converged mean
structural parameter structures structure
RMS deviations from experimental distance constraints (A)
all (343) 0.014+ 0.003 0.008
intraresidue (94) 0.004 0.005 0.005
sequential (101) 0.00& 0.002 0.010
medium range|{ — j| < 5) (51) 0.019+ 0.005 0.009
long range|i —j| = 5) (93) 0.020+ 0.005 0.015
RMS deviation from experimental dihedral constraints (deg) (10) 04357096 0.294
energetic statistics (kcal ma)®P
Fnoe 3.61+1.45 1.88
Fior 40.53+ 0.32 40.2
Frepel 4.38+1.13 452
E —66.64+11.4 —67.6
RMS deviations from idealized geometry
bonds (A) 0.002+ 0.0002 0.002
angles (deg) 0.56%+ 0.014 0.559
impropers (deg) 0.374 0.020 0.354

aThe 15 converged structures refer to the final set of dynamical simulated annealing structures starting from 100 initial random structures; the
mean structure was obtained by restrained minimization of the averaged coordinates of the 15 individual structures. The number of each experimental
constraint used in the calculations is given in parenthédesoe, Fror, and Freper are the energies related to the NOE violations, the torsion angle
violations, and the van der Waals repulsion term, respectively. The values of the force constants used for these terms are the standard values, as
depicted in the X-PLOR 3.1. manudt, _; is the LennaretJones van der Waals energy calculated with the CHARMd) émpirical energy
functions.

weak din NOES were observed. However, no othgyg dr AQQRKVIRCWNCGKEGHSARQCRAPRR
medium-range NOEs were observed, except for the d 2 | . - -
NOEs between Gfand Arg’. These observations indicate 1. ® , Oom
that no regular secondary structure is present in the N- 55 < E%D
terminal region of NCp8-f1. ] , BO. B

In the basic amino acid clustéPRAPRRQG?, two d,- ] Sl
(i,i+2) NOEs were observed, suggesting the presence of two
turn-like conformations. The At&Prc® bond is considered
to be fixed in the trans conformation, and not in equilibrium
between the cis and trans conformations, because no
significant changes were observed in the chemical shifts of
the amide protons in this cluster when the temperature was
increased from 278 to 313 K (data not shown). Interestingly,
several NOEs were observed between the backbone protons 10
in the basic amino acid cluster and the side chain protons of
the zinc finger (Trgf Asn'!, and Cy3%?), as shown in Figure
4. 5 |

Structure Calculations and d#aluation. The three- :'DE
dimensional structure of NCp8-f1 in solution was calculated . J!ID
on the basis of 12 dihedral and 343 distance constraints. The T ‘ ‘
343 distance constraints include 94 intraresidue and 245 1 3 10 15 20 % 2
interresidue NOE distance constraints, and an additional fourFIGURE 4: Diagonal plot of NOEs for the entire peptide: black
constraints between the zinc ion and the sulfur atoms of,Cys P0Xes, intraresidue NOEs; open boxes, backbone/backbone NOEs;
Cvsi2 d Cv& and between the zinc ion and the bf diamonds, backbone/side chain NOEs; crosses, side chain/side chain

ys*, and Ly NOES.
Hist” (9).

Simulated annealing calculations were started from 100 dran-type plot showing the backbone dihedral angles of
initial random structures. We selected 15 final structures residues 729 of the final 15 converged structures (see
with total energies of less than 65 kgabl~* and Lennard- Supporting Information), the( y) values fall in the allowed
Jones van der Waals energies of less th&3 kcatmol™. regions.

These structures showed good agreement with the NMR The convergence for the final set of 15 structures was
input constraints, with no NOE distance and torsion angle evaluated by the atomic rmsd values (Table 2). The rmsds
violations larger than 0.5 A and°5respectively. The from the averaged coordinate positions in the region of
structural statistics for the mean and the 15 converged residues 729 were 0.2% 0.04 A for the backbone atoms
structures were evaluated in terms of the structural param-(N, C% C) and 1.27 0.13 A for all heavy atoms. For the
eters, as shown in Table 1. The deviations from idealized same atom selection, the average pairwise rmsd values of
covalent geometry were very small, and the Lennard-Jonesthe 15 individual structures were 0.42 0.13 and 1.85+

van der Waals energies were large and negative, indicating0.28 A, respectively. However, for the N-terminal region
that no distortions and no nonbonded bad contacts existedof NCp8-f1 (residues 15), the rmsds were greater than 3
in the 15 converged structures (Table 1). In a Ramachan-A for the backbone atoms (N,*CC) and all heavy atoms
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Table 2: Root-Mean-Squared Differences for the 15 Converged Structures of NCp8-fl

atomic rmsd of 15 converged structures versus mean structure (A) average pairwise rmsd for 15 converged structures (A)

residues 729 residues 922 residues 729 residues 922
backbone
(N, C% C) 0.29+ 0.04 0.25+ 0.04 0.42+0.13 0.36+ 0.10
(N, C% C,0) 0.33+:0.04 0.31£ 0.05 0.47+0.11 0.44+ 0.15
all heavy atoms 1.2#0.13 0.88+ 0.16 1.854+0.28 1.28+0.24

2The rmsd values were obtained by best-fitting the backbone atom*(N\,®) coordinates for all of the residues of the 15 converged structures.
The numbers given for the backbone and all heavy atoms represent the meardvahaesiard deviations.

dihedral angles. The majority of the backbone dihedral
angles are defined welB(> 0.9), except for those of residues
1-6, Lys", Glu'5, and Gly®, which have lower angular order
parameters§ < 0.8). These data again confirm that the
N-terminal part of NCp8-f1 does not adopt an ordered
conformation. The relatively lo8values of Ly$*and GIu®
(Figure 5d) reflect the limited number of NOE distance
tesidue No. constraints for GI{# and GI\*® (Figure 5a).

Description of the Three-Dimensional StructurEigure
6a shows a stereopair representation of the best-fit superposi-
tion of the backbone atoms (N*CC) of all of the residues
for the 15 converged structures of NCp8-f1, which was
obtained by best-fitting the backbone atom (N, C, O)
R AT coordinates for residues-28. Residues Hi$-Cys’?2 adopt
0 5 10 15 20 25 one turn of a helical conformation. In Figure 6, parts b and
residue No. c, the side chains of the residues coordinating to the zinc
are presented along with the backbone atoms. The side
chains of Cy¥, His'’, and Cy& converge very well,
indicating that the tight binding of the zinc ion with these
residues stabilizes the compact, knuckle-like conformation
of the zinc finger.
&= To determine which nitrogen atom of FisN¢ or N° is
15 20 25 bound to the zinc ion, we performed two types of distance
residue No. geometry calculations. The 10 converged structures obtained
by the first set of calculations without constraints on the zinc

ion were very close to those shown in Figure 6. The second

set of calculations was performed with the same distance

constraints as those used to obtain the structures in Figure

I I 6, except for the connections between His and the zinc ion,

l " " where the distance constraints of 2.0 A were used between
5 10 15 2

the His N’ and the zinc, rather than between the HisaNd
o ) o the zinc. The structures calculated with these modified
FiGURe 5: Backbone variability by residue. (a) Distribution of the  constraints had total energies of more than 120-kual

number of experimental distance constraints as a function of the o
sequence position of NCp8-fi: filled bars, intraresidue NOES; and were not converged. These results clearly indicate that

hatched bars, sequential NOES; stippled bars, medium-range NOEsthe zinc ion is coordinated to the His via,Nis found in the
open bars, all long-range constraints. (b and c) Distributions of the zinc finger of NCp7 9).

rmsd of the backbone (b) and all heavy atoms (c) from the mean

structure as a function of residue number are shown together with DISCUSSION

their standard deviations. (d) Filled bars, the order parangtér For the NC proteins of HIV-1 and HIV-2, the first zinc
the ¢; shaded bars, the order paramegaf they, 0= randomly  finger and the basic amino acid cluster are essential for their
distributed, and ¥ perfectly aligned. . . _— - .

biological activities and are referred to as the minimal active
(not shown). These large values confirm the absence of andomain. However, the precise three-dimensional structure
ordered conformation in this region. The distribution of the of this basic amino acid cluster in the domain has not yet
atomic rmsds for the 15 converged structures about the mearbeen determined, even though many structural analyses have
structure, as a function of the residue number, is shown for been performed on the domain, and the structures of the zinc
the backbone atoms (Figure 5b) and all heavy atoms (Figurefinger regions have been precisely determined for the NCp7
5c). The backbone structure is well-defined throughout all of HIV-1 (7—9). In the present study, we have determined
of the residues of the zinc finger and the basic amino acid the precise three-dimensional structure of this domain,
cluster, that is, Il6Gly?°. The convergence was further including the basic amino acid cluster. Below, we will
assessed by thep,(vy) spacing for all selected structures. discuss the structureactivity relationships of the minimal
Figure 5d shows the distribution per residue of the order active domain of NCp8 in comparison with those of NCp7
parameterS, indicating the homogeneity of the backbone and other NC proteins.

(b)

©

RMSD (A)
[\ W N
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(@) & \a
33

b
(c) . ,,}‘)
| : A
J
(d)

Ficure 6: Stereopairs for the 15 converged structures of NCp8-f1. These are the results of the best-fit superposition of the backbone atoms
(N, C%, C, and O) for all of the residues of the molecule, drawn by using MIDAS RI8s (a) Stereopair of backbone heavy atoms (N,

C», and C) for the complete sequence. (b) Stereopair of backbone heavy atonts @4d) and all side chain atoms for the residues lle

to Gly?® at the same orientation as in (a). (c) Stereopair for the same sequence as in (b) obtained ntai®f about the vertical axis

of stereopair (b). (d) Representation of strong observed NOEs (blue dashed lines) and the putative hydrogen bonds (red dashed lines)
between the zinc finger (green) and the basic amino acid cluster (dark brown) in NCp8-f1.

The Structure of NCp8-f1.The conformation of the  bond network as that in NCp74(). The His’-Glu?! region
N-terminal region of the zinc finger seems to be stable, as adopts a helical conformation. This conformation is also
suggested by the observation of HN* NOESY cross-peaks  found in the corresponding region of NCalFlf and NCp10
for Cys and Asr’-Lys' even at pH 8.7 (Figure 3). Itis from Moloney murine leukemia virus3p) (Figure 1).
possible that this region is stabilized by the same hydrogeninterestingly, for most of the NC proteins, the position
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(a)

(b)

Ficure 7: (@) Stereopairs of backbone heavy atoms (N, &d C) and the side chains bound with zinc for the 15 and 20 converged
structures of NCp8-f1 (dark brown) and NCp7 (gray), respectively. The zinc-bound side chains of NCp8-f1 and NCp7 are colored red/
purple and blue/green, respectively. These are the results of the best-fit superposition of the backbone atyn® (b, tbe residues of

the zinc finger region of the molecules. The NCp7 structure coordinates were extracted from the Brookhaven Protein Data Bank entry
1AAF. (b) is obtained by a J0rotation about the vertical axis of the stereopairs (a). The side chains & Agn'l, Seté and GIf!
(NCp8-f1), and Ph¥, Asnl?, lle?*, and Asi’ (NCp7) are presented instead of the side chains bound with zinc.

corresponding to A§ of NCp8 is occupied by a basic amino  conformation of the C-terminal regions, and the direction
acid residue33). Taken together, it is likely that the helical of the side chains of T#§ and Asi! of NCp8 are rather
conformation enables the basic amino acid residue to different from those corresponding to NCp7. The confor-
protrude from the knuckle of the zinc finger and makes it mational difference of the C-terminal region would result
easy for this residue to interact with RNA or other proteins. from the fact that 11&* of NCp7 is sterically larger than Sér

The basic amino acid cluster, AfGly*, also adopts a  of NCp8, which induces the different position of the zinc
well-defined conformation (Figure 6). Figure 6d shows the jons.

mean structure of the cluster together with that of the A .
; ) o The most significant difference between the two structures
- 12
N-terminal region of the zinc finger, Tt Cys™ Th‘? 16 . lies in the basic amino acid cluster region: the cluster of
NOESY cross-peaks are observed between the side chai d I-defined : h h
atoms of the N-terminus of the zinc finger and the backbone Cp8-f1 adopts a well-defined conformation, whereas that
of NCp7 does not. Recently,’8N NMR relaxation study

atoms of the cluster. The strong observed NOEs are NCp7 (L2) has been reported where the conformation of the

represented by blue dashed lines in Figure 6d. It is basi / id cluster is di d. This stud luded
noteworthy that the side chain of Adprotrudes in the center asic amino acid clusteris discussed. IS study conclude
that the conformation of the cluster of NCp7 was not stable

of the cluster. In addition, the signals of A$MN°H were

observed even at pH 8.7 (data not shown). These results2nd the solution behavior of the cluster might be considered
indicate that the local structure of the cluster is stable. The &S @ rapid equilibrium between several different conforma-

conformation of the cluster is likely to be stabilized by the tions. If the basic amino acid cluster of the full-length NCp8
hydrogen bonds between the cluster and the zinc finger: Pehaves like that of NCp7, then the reasons why the cluster
between Arg’ O and AsA! N°H and between Cy30 and of NC_p8—f1 adopts a well-defined conformation _Would be
Asn't N°H (the red dashed lines in Figure 6d), as suggested €xplained as follows. Because the conformation of the
by the short distances between these atoms in the mearf>-terminal region of the zinc finger of NCp8-f1 is different
structure. from that of NCp7 as mentioned above, and/or NCp8-f1 does

Structural Comparison with NCp7 from HIV-1Figure not contain the second zinc finger, it becomes easy for the
7, parts a and b, show the best-fit superposition of thesecluster to locate in the vicinity of the N-terminal region of
structures in NCp8-f1 (dark brown) and in NCp7 (gray), the zinc finger. This conformation of the cluster would
which were fitted using the backbone atom (N%, @) correspond to one of the several equilibrium conformations
coordinates in the zinc finger regions. For the zinc finger, which has been observed in NCpl2). Furthermore, the
the conformations of the two N-terminal regions are similar hydrogen bond between ASiN°H and the backbone oxygen
to each other. However, the position of the zinc ions, the in the cluster may stabilize the conformation.
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It is not certain whether the conformation of the basic
amino acid cluster of the full-length NCp8 is stable unlike
that of NCp7. However, the three-dimensional structure of
NCp8-f1 determined in this study is significant for the
biological activity, because NCp8-fl itself interacts specif-
ically with viral RNA (34). Below, we will discuss the
structure-activity relationships of NC proteins in more detail.

Structure-Activity Relationship of the Minimal Acte
Domain. Both NCp8 and NCp7 have two successive zinc
fingers linked by the basic amino acid cluster. Many
investigations of the biological functions of the NCp7-derived
peptide and the mutant peptide have indicated that both the
first zinc finger and the basic amino acid cluster are essential
for specific RNA binding b, 35, 36). Deletions of short
sequences containing these basic residues lead to a complete
loss of nucleic acid binding activity in vitr®86, 36). Point
mutations in the basic amino acid clusttiRAPRKKG?®,
lead to a very poorly infectious virus (A30P) or a noninfec-
tious virus (P31L and R32G), and the replacement of
$2RKK3* by SSS results in a decrease of the virus titer by
100-fold ). On the other hand, the NC protein of Moloney
murine leukemia virus, NCp10, plays same role in the viral
replication as NCp7 and NCp8 though it has only one zinc
finger (Figure 1). The zinc finger and the flanking basic
residues of NCpl0 were shown to be necessary for the
production of infectious virions. Among others, the tys
and Lyg? residues, which follow the zinc finger, are critical
for virus infectivity (37). Furthermore, the substitution of a
glycine residue for Ty#, which corresponds to T#pin
NCp8-f1, leads to an inhibition of virus replication through
an alteration in viral genomic RNA bindin@®). Therefore,
comparison of the structures of NCp8-f1 and NCp10 would
yield important clues for elucidating the structural role of
the minimal active domains of NCp8 and NCp?7.

Figure 8a shows the locations of Ard\rg?°, Arg?6, Arg?’,
and Trg?in the mean structure of NCp8-f1, and Figure 8b
is the surface charge representation of NCp8-f1, with the
same orientation as that in Figure 8a. These figures show
that all five of these residues are located approximately in
the same plane of the molecule, and that the four arginine
residues are exposed to the solvent. The three-dimensional
structure of this region is in accord with that of NCpB2)
in the following two respects. (1) The four arginine residues,

AIG" Argz‘?,_Argze, and Arg, of NCp8-fl are almpst agghe FiGURE 8: CPK (a) and electrostatic potential (b) representations
same positions as those of the four 'ys'”?‘ residues;®Lys of residues 11&Gly?® of NCp8-f1. (a) Basic amino acid residues
Lys¥, Lys*, and Lys? of NCp10, respectively. Among  angd Trp are drawn in blue and red, respectively. (b) Positive and
others, Arg® (and the corresponding L$/sin NCp10) is neutral potentials are drawn in blue and white, respectively. These
located in the helix in the C-terminal region and protrudes figures were prepared using the program GRASH.(
from the zinc finger knuckle to the solvent. (2) In both
structures, the aromatic residue in the N-terminal region of amino acid cluster adopts a stable conformation, and that
the zinc finger (Tri°in NCp8-f1 and Ty#in NCp10) isin ~ Lys', Phé® Lys®* and Arg? form an active surface.
close proximity to two basic residues in the cluster @&rg Furthermore, the side chain of Adncorresponding to Ash
and Arg’ in NCp8-f1, and Ly$' and Lyg? in NCp10), of NCp8, is connected, by hydrogen bonds, to the backbones
despite the fact that the positions of these residues in theof Prc** and Ly$? in the basic amino acid cluster. These
primary sequence are not in agreement with each other aspbservations Suggest that the structure of the active surface
shown in Figure 1. On the basis of these facts, it may be of NCp8-f1, determined in the present study, is similar to
concluded that the configuration of these basic amino acid that of NCp7 in the RNA-bound form.
residues and the aromatic residue is important for the specific In the structure of the complex of NCp7 with SL3 RNA,
recognition of the RNA. the second zinc finger of NCp7 does not contact a wide area
A recent heteronuclear NMR stud{3) determined the  of the SL3 RNA (L3). This observation is in good agreement
three-dimensional structure of NCp7 bound with the SL3 with the observation that the NCp7-derived peptide, consist-
stem-loop recognition element. It was shown that the basic ing of the second zinc finger and the basic amino acid cluster,
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does not exhibit specific RNA binding activitg$, 39). On

the other hand, the NCp8-derived peptide that includes the
same region, the second zinc finger and the basic amino acid
cluster, has the ability to recognize viral RNA specifically
(40). In NCp7, residues LysArg'® form a 3° helix upon
complex formation and are inserted into the major groove
of the RNA stem. However, the N-terminal region of NCp8,
consisting of six amino acid residues, would be too short to
form a similar 3° helix. These observations suggest that
the RNA recognition mechanisms may be slightly different
between NCp8 and NCp7. Therefore, it would be important
to study the structure of NCp8 and its complex with RNA,
and to compare them with the other retroviral NC proteins
to clarify the mechanisms underlying specific RNA recogni-
tion and other biological functions.
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SUPPORTING INFORMATION AVAILABLE

One table of NMR chemical shifts 3H resonances of
NCp8-f1 and one figure, a Ramachandran plot of the
backbone conformationaly( ) angles for all residues of
the 15 converged structures of NCp8-f1; the circle€y (
indicate glycine residues and the crosse} ifdicate other
residues (3 pages). Ordering information is given on any
current masthead page.
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