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of its conformation space upon binding. The possible impli- 
cations of this observation for the development of synthetic 
vaccines will be outlined elsewhere.* This aspect of rec- 
ognition is often difficult to probe using natural amino acid 
replacements due to the difficulty of maintaining the steric 
and electrostatic features of the natural substrate for the 
receptor. In utilising the non-natural analogues of S- 
proline, the overall charge of the peptide analogues was 
maintained as were the number of hydrogen bonding sites 
available for interaction with the receptor. However, as 
judged by NMR methods, these non-natural amino acids 
modified the conformational mobilities of analogues. Their 
use as replacements for S-proline in other biologically 
important substrates, such as bradykinin, may allow some 
determination of the relative importance of dynamic prop- 
erties in systems involving the interaction of flexible pro- 
line-containing peptides with cellular receptors. 
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Zinc fingers and molecular recognition. Structure and nucleic acid binding studies 
of an HIV zinc finger-like domain 

Retroviruses encode for synthesis of a gag polyprotein of evidence provides support for the physiological relevance 
which binds to viral RNA and anchors it to the cell wag for of the zinc binding at the gag-stage of the retroviral life 
budding [l-3]. All retroviral gag proteins [and their nucleic cycle [7,8, ll-13].-We have-determined the structure of an 
acid binding protein (NABP’) proteolysis products] con- 
tain conserved amino acid sequences of the type C-X&- * Abbreviations: NABP, nucleic acid binding protein; 
X4-H-X& (X = variable amino acid residue) [4-6], which 
have been implicated in zinc binding [7,8]. Although 

RMSD, route mean square deviation; 2D NOESY, two- 
dimensional nuclear Overhauser effect spectroscopy; 

NABPs in the mature virus lack zinc [8,9], probably due ROESY, rotating frame Overhauser spectroscopy; and 
to the presence of internal disulfides [lo], a growing body DG, distance geometry. 
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Is-residue peptide with sequence of the first zinc finger- 
like domain from the gag protein ~5.5 of HIV. The peptide 
[Zn( pSSFl]t exhibits Type-I and Type-II NH-S tight turns, 
and is stabihzed both by coordination of the three Cys and 
one His residues to zinc and by extensive internal hydrogen 
bonding [14]. The folding of residues C(l)-F(2)-N(3)-C(4)- 
G(5)-K(6) is virtually identical to the folding observed by 
X-ray crystallography for related residues in the iron 
domain of rubredoxin [ 151; superposition of all main chain 
and Cys-side chain atoms of residues C(l)-K(6) of 
Zn(p55Fl) onto residues C(6)-Y(l1) and C 39)-V(44) of 
rubredoxin gives RMSDs of 0.46 A and 0.35 8. respectively 
[14], Conservatively substituted residues implicated in 
RNA binding [8,11] form a hydrophobic surface patch. 
Single-stranded oiigodeoxy~bonucleotide binding studies 
reported here confirm that these residues are involved in 
nucleic acid binding in vitro. The structural and nucleic 
acid binding results provide strong evidence for the pro- 
posed zinc finger-like motif in retroviral gene recognition. 

The amino acid sequence of p55Fl is V-K-C-F-N-C- 
G-K-E-G-H-I-A-R-N-C-R-A [l, 2,161. p55Fl binds one 
equivalent of zinc via the Cys sulfurs and His-N3 atoms 
[ 121. The ‘H NMR spectrum of the zinc adduct was assigned 
completely using established 2D NMR snectroscooic nro- 
cedures []7]. Two-dimensional NOES? data (obtained 
using a modified version of the published pulse sequence; 
see Refs. 18 and 19) used to determine interproton distance 
constraints were obtained using aqueous (90% H,O/lO% 
D20 and pure D,O) solutions with mixing times of &OOS, 
0.05,0.1,0.3, and 0.5 sec. Volume internals of all resolved 
and partially overlapping cross- and a&-peaks [ 14f in the 
2D NOESY spectra were calculated using FTNMR*. Cross- 
peak intensities in the NOESY data obtained with a mixing 
time of 1OOmsec were used to make initial interproton 
distance estimates. Cross-peaks resulting from direct inter- 
proton cross-relaxation were differentiated from peaks 
resulting from relay effects on the basis of signal phases in 
the 2D ROESY [20] spectra. Estimates of upper and lower 
interproton distance constraints were used as initial input 
for the distance geometry (DG) program, DSPACE*. Fam- 
ilies of structures were generated usin 
N(His-N3) distances of 2.3 and 2.0 

Zn-S(Cys) and Zn- 
x respectively [21]. 

Initial structures exhibited considerable backbone vari- 
ations with non-tetrahedral zinc coordination geometries. 

These structures were then used to back-calculate theor- 
etical 2D NOESY spectra using the program BKCALC.* 
A single cross-relaxation rate constant was used, which 
afforded accurate simulation of the experimental NOE 
build-up curves for all resolved geminal protons, including 
the Giy-cu protons, the /3 protons of the three Cys and two 
Asn residues, as well as for the slowly-exchanging amide 
protons of Asn. The theoretical spectra generated with 
BKCALC contained a number of NOE cross-peaks not 
observed in the experimental spectra, and minimum inter- 
nuclear distance constraints were added to the constaints 
list for the appropriate proton pairs. The above cvcle was 
then repeated until the- experimental and theoretical 2D 
NOESY spectra were visuallv identical. Structure refine- 
ments were made by adjusting the interproton distance 
constraints to obtain a match between the experimental 
and theoretical NOE build-up curves and auto-peak decay 
curves. 

No hydrogen bonding or ligand-Zn-lig~d bond angle 
constraints were utilized at any point in the refinement 
process. Each of the final structures refined to a total 
penalty (penalty = squared sum of the covalent and exper- 
imental bounds violations) of less than 0.21 AZ, using 226 
interproton distance constraints with bounds for the 72 
observable distances typically in the range * 0.05 A. 

* Previously called Zn(p71sM); see Ref. 12. 
t Hare Research, Inc., Woodinville, WA 98072. 

Anomalous results were obtained only for the C-terminal 
Ala, which gave intra-residue NOE build-up curves that 
were all very strong and could not be fit with the -60 see-’ 
cross-relaxation rate constant. All other residues gave self- 
consistent inter- and intra-residue NOE build-up profiles. 
No inconsistent NOES were observed between three or 
more protons that would be indicative of dynamic exchange 
between multiple structures. 

Eight superpositioned final structures are shown in Fig. 
1. Pairwise RMS deviations for backbone atoms of all but 
the first two and last two residues, for all backbone atoms, 
and for all atoms in the structures are in the ranges 0.07 to 
0.25& 0.20 to 0.73.& and 1.10 to 1.90A respectively. 
Although not implicitly invoked, all of the final structures 
exhibit tetrahedral or near-tetrahedra1 Zn coordination 
geometries, with ligand~l)-Zn-ligand(2) bond angles in the 
range 96-117”. To facilitate comparison of our structural 
results as they pertain to other retroviral gag proteins, an 
internal numbering scheme is utilized here wherein the first 
cysteine in the zinc domain is designated as C( 1). 

Residues C(l), F(2), N(3), C(4), G(S), and K(6) fold in 
a manner nearly identical to the folding observed for related 
residues that bind iron in the X-ray crystal structure of 
rubredoxin 1151. The N(3) and Cf4) backbone amide nro- 
tons of Zn(pS5Fl) are oriented in a ‘manner consistent with 
hydrogen bonding to the C(1) sulfur in what has been 
described as a Type-I NH-S tight turn [15]. The N-HE side 
chain amide proton of N(3) appears to be hydrogen bonded 
to the C(14) sulfur, consistent with the slow chemical 
exchange rate observed for this proton. The C(4) e-carbon 
serves as a corner between the Type-I tight turn and a 
short, orthogonally-directed Type-II NH-S tight turn, with 
hydrogen bonding between the amide of K(6) and the 
C(4) sulfur. The carbonyl oxygen is pointing in a direction 
consistent with hydrogen bonding to the amide hydrogen 
of C(l), and the amide hydrogen of G(5) exhibits hydrogen 
bonding to the C( 1) carbonyl oxygen. Superposition of all 
backbone and Cys side chain atoms of residues C( 1) through 
K(6) of a representative Zn(p55Fl) DG structure onto 
the respective atoms of residues C(6) through Y(11) and 
residues C(39) through V(44) of rubrkdoxin gives ‘RMSDs 
of 0.46 A and 0.35 A resnectivelv. This foldine olaces the 
@ protons of the K(6) side chain in the vicinitycbi the H(9) 
imidazole-Hz proton, and also positions the K(-I) (Y proton 
in the vicinity of the E(7) (Y proton. The G(8) e-carbon 
provides a corner for a 3r0 turn, with the pro-R o-H in close 
proximity to the E(7) carbonyt oxygen. Backbone atoms 
including the carbonyl of G(8) through the amide of I( 10) 
form a @-Iike stretch. None of the backbone atoms within 
this stretch appear to be involved in hydrogen bonding. 

The A(ll) o-carbon serves as a corner that leads to a 
Type-II tight turn comprising residues A(11) through 
C(14). This tight turn is stabilized by apparent hydrogen 
bonding between the A(1 1) carbonyl oxygen and the C( 14) 
amide proton, and by coordination of the C(14) sulfur to 
Zn. The methyl group of A(11) is located directly above 
the F(2) and N(3) backbone atoms, and the pseudo-plane 
made by the backbone atoms of the Type-II tight turn is 
nearly perpendicular to the pseudo-plane made by the 
backbone atoms of the Type-I NH-S tight turn (see Fie. 2). 
The backbone amide protons of V( -2): K( - 1):and Ru(+ i) 
were not observed in the 2D NOESY soectra due to raoid 
exchange, and the conformation of the-N- and C-terminal 
residues of Zn( p55Fl) were determined with less accuracy. 

Two of the most striking structural features exhibited by 
Zn( p55Fl) are (1) the presence of at least seven internal 
hydrogen bonds within the 14-residue zinc binding domain, 
and (2) the similarity of the first six residues to related 
residues in the iron domain of rubredoxin. The presence 
of a GIy residue at position 5 appears to stabilize Type-II 
NH-S folding [lS]. This requirement is consistent with the 
conservative evolutionary substitution of glycine at position 
5 in retroviral gag proteins. In addition, steric requirements 
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Fig. 3. Space filling representation of Zn(p55Fl) DG structure 1, showing the spatial relationships 
between the side chains of the conservatively substituted amino acid residues that have been implicated 
in genomic RNA recognition. Methyl groups are displayed as spheres. The figure was generated with 
RASTEIUD using the Shapely Model coloring scheme (backbone atoms, white; basic side chains, blue; 
acidic side chains, red; hydrophobic side chains, green; hydrophilic side chains, brown; sulfur atoms, 
yellow; zinc, purple). Reprinted with permission from BiochemCrry 29: 32%340,1990. Copyright (1990) 

American Chemical Society. [Ref. 141. 
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Fig. 1. Superposition (in stereo, obtained using DSPACE) of eight independently generated Zn( p55Fl) 
structures. Reprinted with permission from Biochemistry 29: 329-340,199O. Copyright (1990) American 

Chemical Society. [Ref. 141. 

associated with the 3,a turn at position 8 explain the con- N(13) residues in the same general spatial location, forming 
servative substitution of glycine at this position. Thus, rhe what may be best described as a hydrophobic patch with 
structural constraints associated with the zinc-binding motif 
provide a rationale for the conservative placement of Gly 

adjacent positively charged and amide-containing groups 

residues at positions 5 and 8 [14]. 
(see Fig. 3). The orientation of these conservatively sub- 
stituted side chains is consistent with the proposal that these 

The backbone folding implicitly positions the side chains residues participate directly in gene recognition by binding 
of the conservatively substituted F(2), I(lO), R(12) and to specific RNA structures (8,111. In this regard, we have 

Fig. 2. Stereo diagram of DG StNCtUrC 1 showing all backbone atoms and the side chain atoms (except 
protons) for residues C(l), C(4), H(9) and C(14). Dashed lines indicate hydrogen bonds. Reprinted 
with permission from Biochemistry 29: 329-340, 1990. Copyright (1990) American Chemical Society. 

[Ref. 141. 
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Fig. 4. Portions of the ‘H NMR spectra obtained for (A) d(TITGGTTT), (B) Zn(p55Fl), and (C) a 
mixture of the solutions used to obtain (A) and (B). Signal assignments were made using 2D NOESY 

and HOHAHA data (not shown). 

obtained 1D (Fig. 4) and 2D (not shown) ‘H NMR spectra 
for a solution containing Zn( p55Fl) and d(TTTGGTTT) 
(Fig. 4). Signals for the His aromatic and most of the 
other protons of Zn( p55Fl) are largely unaffected by the 
presence of oligonucleotide, but the F(2) aromatic and 
I( 10) methyl proton signals exhibit significant upfield shifts 
of ca. 0.5 and 1 .O ppm respectively. In addition, the G-H, 
signals of d(TITGGTIT) are broadened significantly and 
shifted to lower field, whereas the T-H6 and T-CH3 proton 
signals are affected only moderately. These preliminary 
studies confirm that nucleic acid binding via the con- 
servatively substituted hydrophobic residues is possible, at 
least in isolated finger-like peptides. In fact, the upfield shift 
observed for the F(2)-aromatic and I(10) methyl protons 
(brown and dark green spheres, respectively; Fig. 3) and 
the downfield shift observed for the A(ll) methyl protons 
(light green sphere, Fig. 3) are consistent with a tentative 
binding model involving intercalation of a nucleobase 
between the F(2) aromatic and I(10) methyl groups. 

The structure of Zn(p55Fl) differs considerably from 
structures predicted [22] and found [23,24] for the classical 
DNA-binding zinc finger motif. In particular, the short 
amino acid sequence between C(4) and H(9) precludes 
the formation of a helical nucleic acid-binding “finger” 
structure within the major loop. Instead, it appears that 
the functionally important nucleic acid binding regions of 
the retroviral motif are the four-residue tight turns, which 
may be best described as “knuckles” rather than “fingers”. 
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