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Structure sf the HIV-1 Nucieocapsid Protein 
Bound to the S83 Q-RNA Recognition Element 
Roberto N .  De Gunman, Zheng Wsny Wu, Chelsea C. Stalling, 

Bucia Pappalards, Philip N. Borer,* Michael F. Summers* 

The three-dimensional structure of the human immunodeficiency virus-type 1 (HIV-1) 
nucleocapsid protein (NC) bound to the SL3 stem-loop recognition element of the 
genomic V f  RNA packaging signal has been determined by heteronuclear magnetic 
resonance spectroscopy. Tight binding (dissociation constant, -1 00 nM) is mediated by 
specific interactions between the amino- and carboxyl-terminal CCHC-type zinc knuck- 
les of the NC protein and the G7 and G9 nucleotide bases, respectively; of the G6-G7- 
As-G9 RNA tetraloop. As packs against the amino-terminal knuckle and forms a hydrogen 
bond with conserved Arg32, and residues Lys3 to Arglo of NC form a 3,, helix that binds 
to the major groove of the RNA stem and also packs against the amino-terminal zinc 
knuckle. The structure provides insights into the mechanism of viral genome recognition, 
explains extensive amino acid conservation within NC, and serves as a basis for the 
development of inhibitors designed to interfere with genome encapsidation. 

A11 retri>vlruses encode a gag polyproteln 
that 1s produced In the  llost cell iirlring the  
late stages of the  ~ntectli iu> cycle anti di- 
r e c t  tlic encapsliiatlnn of t ~ v o  copies o t  
tllc unsj7liccd viral geliollle iIur11l virus 
assemhli- ancl h~ l~ l i l iny  ( 1  ). Concomitant 
n.irh hliiciiny, the  rag iwlvproteins are 
clea\.ed hv the  viral proteasti into the  ma- 
t r ls  (LIA), callslil (CX), and nucleocapsld 
(KC)  proteins, LL-liich rearranFe iluring 
matliratlon to  form ~nt<ct ious  p<lrticles 
( 2 ) .  Except tor the  s p u r n a ~ i r ~ ~ s e s ,  all ret- 
roviral N C  prcite~nh colltain one or two 
CCHC- tvpe  : I ~ C  k n ~ ~ c k l e  domain> (C\-s- 
S,-C\~s-X4-H~s-S4-C\-h, \\.liere S = \.ari- 
:~l?le alninc> ;xc~il) ( 3 )  (Fiy. 1'4). These 
iiomalns are critical tor viral reylicatlon 
and participate clirectly 111 eencllne recoe- 
ni t lon ,mil encapsliiation (4, 5). Muta- 
t ~ o n s  that  aholisll : I ~ C  l i ~ n i l ~ ~ i g  lead to  
ncinlnfectio~~s virions that lack tlielr ge- 

lloliies 14. 6). and nlLltatlolis of conserva- ~ , , ,  

ti\-ely sul?stitutcd liydropllobic residues 
n l t h i n  the  CCHC arravs can  alter R N A  
packaging sycclt~clty- (5). I11 a d c i ~ t ~ o n ,  en-  
tlrc NC domains o t  HIV-1 and Mololicy 
murine leul tem~a virus IMoMuLV) have 
l ~ e e n  swapped, resulting 111 the  specltlc 
packaylng o t  the  non-natlve genomes (6) .  

Recognition o t  tile HIV-1 genome oc- 
curs hl- means of Interactions hetween N C  
and a --120-nucleot~Je regLon o t  the  LIII- 

spliceel viral R N A  kno\\in as the  'IT-site, 
mllicli is locateii hetween the  5' long t e ~ -  

d 

1n11ial repeat and the  g q  i n i t ~ ~ l t i c i ~ i  codon 
(7). Extellslve slte-ciirected mutacrenesis, 
chemlc,11 modification, nucleasz. accessl- 
llillty mapplnq, anil tree energ) compr~tx-  
tlonal studies i l ~ ~ i i c a t e  tha t  the  HIV-1 
'IT-slte c o n t a ~ n s  b u r  stem-looli structures, 
Lienoted SL1 througli SL4 (Flg. 1R) (8- 
13). Al t l io l~gh mut:~genesis esperiments 
Indicate that  all four of these structures are 

3e GLlrl.lan, YYb, C, Stall 1g iv,, SLl,e I ~ I I ~ ~ O L - ~ : I I I ~  tor efticlellt encapsidatlon ( 1  3 .  
11-ers tic:b:ard Hugr7es Medz; In;~:ute a-:i Departmen: iq), SL3 13 of par t i~r l lar  i l l t e re~ t  because 
of C l e c  s:r-/ ai-d 3oc-en-81st i  L n  %,erst; of Narj,Iar-d- its bequellce is llighly collser\.ecj 
Bal- i:o~e Coun-:, ;I,MBC: 1000 H l t on  C I C  5. 31-more,  
>MD 2.250. LSA iiifterent strains o t  HIV-1 ( I  2) despite het-  
-. 3aopaar:13al-:l F N 33rer 3eoar - l>7er r3 i~1 le i l j -1y  eroFenelty a t  adjacellt positions, anti I?r- 
S,rac-lse C~I-I!,~~SI-:, S,:-asuse, NY 132.14 d S 4  - came  llliltage o t  SL3 to  heterolngous 
'T3 r?ihon- 20 eso3n~ie-1ce shc.13 be addressee1 R N A >  1s suttlclent to i i~rect  thelr recognl- 



tion and packaging into virus-like parti­
cles (9). 

We prepared a 20-nucleotide RNA 
containing the sequence of SL3 (Fig. 1C) 
for NC-bhiding and structural studies by 
nuclear magnetic resonance (NMR) (15). 
RNA samples at natural isotopic abun­
dance and enriched in 15N and 13C were 
prepared with T7 RNA polymerase (15), 
and recombinant HIV-1 NC protein 
(strain NL4-3; unlabeled, 15N-labeled, 
and 15N,13C-labeled) was expressed in 
Escherichia coli and purified under nonde-
naturing conditions (16). Samples of 
RNA were titrated with protein to 
equimolar concentrations, affording a 1:1 
NC-SL3 complex with an apparent molec­
ular weight of 13.7 kD (17). Tight binding 
(dissociation constant Kd, —100 nM) (18) 
occurs in the slow exchange regime of the 
NMR chemical shift time scale. Analysis 
of the homo- and heteronuclear correlated 
NMR data enabled complete assignment 
of the protein and RNA signals and the 
identification of 59 direct intermolecular 
nuclear Overhauser effects (NOEs) (19). 
A portion of the two-dimensional (2D) 
NOE spectrum (Fig. 2A) shows intermo­
lecular NOEs from the aromatic protons of 
Phe16 and Trp3 / to A8 and G7, respective­
ly, as well as strong intramolecular NOEs. 
All intermolecular NOEs were assigned 
unambiguously in 3D pulsed-field gradient-
edited 13C-filtered,12C-detected NOE data. 
For example, Ala25-CH3 exhibits NOEs with 
A8-H1', A8-H2, A8-H8 (spin diffusion), and 
G9-H8; Ile24-8CH3 interacts with G9-H1' 
and G9-H8; and Lys26-Ha interacts with 
A8-H2 (Fig. 2B). 

A total of 719 experimental distance 
restraints (average of 19.4 restraints per 
refined residue) identified from the NOE 
data were used to generate an ensemble of 
25 distance geometry structures with the 
program DYANA (20). Stereo views of 
the best fit superpositions and statistical 
information for the structure calculations 
(Fig. 3) demonstrate that the calculations 
led to good convergence. The stem nucle­
otides (through the C5-G10 base pair) form 
an A helix (Fig. 4A). The G6 nucleobase 
of the G6-G7-A8-G9 RNA tetraloop stacks 
on the C5 base and forms a G6-06-G9-
NH2 hydrogen bond. The remaining tetra­
loop bases project away from the stem and 
interact directly with the NC protein (Fig. 
4B). 

The NC protein consists of two zinc 
knuckle domains (Fl = Val13 to Ala30; 
F2 = Gly35 to Glu51) separated by a basic 
linker segment (Pro31-Arg32-Lys33-Lys34) 
and flanked by NH2- and COOH-terminal 
tails (Met1 to Thr12 and Arg52 to Asn55, 
respectively). Residues Lys3 to Arg10 of 
the NH2-terminal tail form a 3 1 0 helix 

that binds within the RNA major groove, 
and the zinc knuckles interact with the 
exposed bases of the RNA tetraloop (Fig. 
4A). G9 interacts specifically with the Fl 
knuckle by binding to a hydrophobic cleft 
formed by the side chains of conservative­
ly substituted residues Val13, Phe16, He24, 
and Ala25. The Phe16 and Ala25 backbone 
NH groups located at the bottom of the 
cleft form hydrogen bonds with G 9 -06, 
and the Lys14-CO backbone oxygen forms 
a hydrogen bond with G9-H1 (Fig. 4C). 
G7 interacts in a very similar manner with 
the F2 knuckle, with the nucleotide base 
packing in a hydrophobic cleft formed by 
conservatively substituted Trp j 7 , Gin45, 
and Met46 side chains; the exocyclic G7-

06 oxygen forms a hydrogen bond with 
the backbone NH atoms of Trp37 and 
Met46, and the G7-H1 proton forms a 
hydrogen bond with Gly35-CO. Thus, 
both zinc knuckles bind specifically to 
exposed guanosines and form hydrogen 
bonds to groups that normally engage in 
Watson-Crick hydrogen bonding in A he­
lices, and this may serve as the primary 
mode by which CCHC zinc knuckles con­
tribute to sequence-specific RNA binding 
(21). This binding mechanism is substan­
tially different from that of CCHH-type 
zinc fingers from eukaryotic transcription 
factors; the latter mechanism mainly in­
volves interactions between side chains of 
a-helical residues and base pairs in the 

Fig. 1. (A) Amino acid se­
quence of the HIV-1 NL4.3 

NC protein showing the 
zinc-binding modes of 
the two CCHC-type zinc 
knuckles. Residues that 
contact the RNA in the 
NC-SL3 complex are de­
noted by open letters; as­
terisks denote residues 
involved in intermolecular 
hydrogen bonding. Ab­
breviations for the amino 
acid residues are as fol­
lows: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, He; K, 
Lys; M, Met; N, Asn; P, 
Pro; Q, Gin; R, Arg; T, 
Thr; V, Val; and W, Trp. 
(B) Nucleotide sequence 
and secondary structure 
of the HIV-1 NL4_3 ^-se­
quence (12). The dimer initiation and major splice donor sites are labeled DIS and SD, respectively, and the 
gag initiation codon (AUG) is given in open letters. (C) Sequence of the RNA construct used in our studies 
(15). 
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Fig. 2. (A) Portion of the 
800-MHz 2D NOE spec­
trum obtained for the 
NC-SL3 complex in D20 
solution. Intermolecular 
cross-peaks involving 
the aromatic protons of 
Phe16 (F1 knuckle) and 
Trp37 (F2 knuckle) are 
labeled. Strong intra­
molecular Trp37-Phe16 

cross-peaks (labeled) 
are indicative of inter-
knuckle packing in the 
complex. (B) Selected 
strips from the 800-MHz 
3D 13C-filtered,"^-de­
tected HMQC-NOESY 
data obtained for the 
NC-SL3 complex in D20 
showing unambiguously 
assigned intermolecular NOE cross-peaks associated with the lie-
protons. 
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DNA major groove (22, 23). 
The base of the remaining tetraloop 

nucleotide, A', makes hydrophobic con- 
tacts with the Ala2'-CH3, Phe16-CPH,, 
and AsnI7-CPH, groups of the F1 knuckle 
(Fig. 4B) and forms a hydrogen bond with 
the side-chain NE-H proton of Arg2 (Fig. 
4D). This arginine is highly conserved 
among the known strains of HIV-1 (sub- 
stituted by Lys in only three of 94 pub- 
lished sequences) (24), whereas most of 
the other basic sites in NC do not substan- 
tially discriminate between Arg and Lys 
residues. Mutation of Arg2 to Gly results 
in a reduction in genome packaging (to 
10% of that found in the wild type) and 
abolishes infectivity (25). Thus, the 
Arg3'-A' hydrogen bond provides a ra- 
tionale for the high conservation of ArgS2 
and its extreme sensitivity to site-directed 
mutagenesis. 

The HIV-1 NC protein contains 14 
additional basic sites with conserved Arg 
or Lys residues (24), 10 of which partici- 
pate in intra- or intermolecular interac- 
tions in the NC-SL3 complex. Salt bridges 
involving the Lys38-G1~51 and Lys'4-G1~21 
pairs appear to stabilize the folding of the 
F2 and F1 domains, respectively, and a salt 
bridge between Lys33 and Glu4, appears to 
stabilize F2 knuckle-linker interactions. 
The side chain NH3+ of Lys47 is located 
between the 3'- and 5'-phosphodiesters of 
G7 in a manner that neutralizes repulsions 
and anchors the F2 knuckle to RNA. Sim- 
ilarly, Lys26 anchors the F1 knuckle to 
RNA through electrostatic interactions 
with the 3'-phosphodiester of G9. The 
side chains of LysZO, Arg29, Lys34, and 
Lys4' project into solution and do not 
form salt bridges in the complex. 

Conserved basic sites also exist at po- 
sitions 3, 7, 10, and 11 of the 3,, helix 
(24), and in the NC-SL3 complex these 
residues make the following electrostatic 
contacts with phosphodiester groups of 
the RNA stem: Lys3 . . . GI0 (3'-P), Arg7 
. . . C1 (3'- and 5'-P), Arg10 ... UZ (3'-P, 
5'-P, or both), and Lysl' ... G4 (3'-P) (Fig. 
4D). In addition to these nonspecific in- 
teractions, the side-chain carbonyl of 
Asn5 forms a hydrogen bond with the 
exposed exocyclic NH, proton of Cl1, and 
the Asn5-NH, group is poised to interact 
with the 2'-hydroxyl of G9 and the N7 
atom of GI0. Interestingly, Asn5 is also 
highly conserved among the known strains 
of HIV-1 (94% Asn and 3% Gln, com- 
pared with 33% Asn and 62% Gly for 
Asn8), and Asn5 is the only NC residue 
that makes specific hydrogen-bonding 
contacts with the RNA stem. Although 
site-directed mutagenesis of Asn5 has not 
been performed, its high conservation is 
consistent with the structural implication 
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that this residue is important for RNA 
recognition. 

Strong-intensity interfinger NOE 
cross-peaks observed in the complex, but 
not for the free protein (26), indicate that 
binding is also promoted by the formation 
of extensive intraprotein interactions (Fig. 
4B). The 3,, helix packs tightly against 
the F1 knuckle by hydrophobic interac- 
tions involving conservatively substituted 
Phe4 of the 3,, helix and ValI3 and Ilez4 of 
the F1 knuckle. In addition, the zinc 
knuckles pack tightly together as a result 
of hydrophobic interactions between 
Trp37 of F2 and Phe16, AsnI7, and GlyI9 of 
F1, and by a hydrogen bond from Trp37- 
 HE^ to the backbone carbonyl of Phe16. 
Finally, residues that link the two zinc 
knuckles ( P r ~ ~ l - L ~ s ~ ~ )  adopt a single con- 
formation that is stabilized by extensive 
hydrogen bonding (Asn17-NHE to Cys2'- 
Sy, Asn17-NHZ to Pro3'-CO, and AsnI7- 

061 to Lys33-NH). Mutations likely to 
destabilize the linker structure, such as 
Ala30 4 Pro and Pro3' 4 Leu, lead to 
poorly infectious and noninfectious parti- 
cles, respectively (25), and thus it appears 
that high-affinity binding to SL3 is medi- 
ated by the formation of extensive in- 
tramolecular interactions, in addition to 
the specific protein-nucleic acid interac- 
tions described above. These findings are 
analogous to those observed recently in a 
DNA complex with a three-zinc finger 
domain of transcription factor IIIA, where 
flexible linker segments become structured 
and numerous finger-finger contacts are 
made upon binding to DNA (23). 

The SL3 RNA-NC complex differs 
from other structurally characterized pro- 
tein-RNA complexes (27), most of which 
are characterized by purine-purine base 
pairs that widen the major groove and 
allow penetration of a-helical (28) or 

Fig. 3. Stereo view of the best fit superposition of the HN-1 NC-SL3 RNA complex (backbone C, Ca, 
and N atoms of residues Lys3 to GluS1 of NC, and all heavy atoms of SL3 RNA nucleotides C1 to GI4; 
NC in red and RNA in white). Distance restraints: total, 719; average number of restraints per refined 
residue, 19.4; intraresidue, 100; sequential, 162; medium and long range, 158; intermolecular, 59; 
hydrogen bond (four per hydrogen bond), 240. Target function: mean, 0.37 -c 0.05 A2; maximum, 0.42 
A2; minimum, 0.25 A2. Individual violations: average maximum, 0.1 1 i 0.02 A; maximum, 0.1 7; average 
number of violations (>0.1 A) per structure, 2.8 2 0.3. Paiwise root-mean-square deviations relative to 
mean atom positions: RNA residues C1 to GI4 (all heavy atoms), 0.59 2 0.10 A; NC residues Lys3 to 
GluS1 (backbone heavy atoms), 0.36 2 0.1 1 A; backbone atoms of NC (Lys3 to GluS1) plus all heavy 
atoms of RNA (C1 to GI4), 0.63 2 0.1 1 A; all heavy atoms of residues Lys3 to GluS1 plus C1 to G14, 
0.93 2 0.12 A. 
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p-sheet (29) segments, or by combinations kink in the RNA backbone and a widen- those of the GNRA class (31), in which 
of interactions (30). In the NC-SL3 com- ing of the major groove, allowing penetra- three of the bases are stacked and involved 
plex, non-A-helical torsion angles associ- tion of the smaller 3,0 helix. The structure in intramolecular hydrogen bonding. In 
ated with the G9 phosphodiesters lead to a of the tetraloop differs markedly from this respect, the NC-SL3 complex is sim- 

ilar to that of the bacteriophage MS2 coat 
protein-operator stem-loop structure in 
which exposed tetraloop bases participate 
in specific intermolecular hydrogen bond- 
ing (32). In general, protein-RNA inter- 
actions occur by means of an adaptive 
binding mechanism in which flexible 
RNA nucleotides become ordered upon 
binding (27), and this also appears to be 
the case for the SL3 RNA (33). 

Retroviral genome recognition occurs 
in the cytosol before budding, and its 
mechanism is difficult to study and ap- 
pears complex. Although SL3 alone is suf- 
ficient to direct packaging of heterologous 
RNAs (9), its deletion from the native 
genome does not fully abrogate packaging 
(13). Deletion of stem loops SL1, SL3, and 
SLl+SL3 reduces packaging to 19%, 
12%, and 5%, respectively, of that found 
in the wild type (13). Also, isolated SL1, 
SL3, and SL4 RNAs have affinities of 
-100 to 200 nM for the NC protein 
(compared with -50 nM for the intact 
Y-site) (12). Thus, it is likely that in vivo 
packaging involves more than one gag 
polyprotein, and in this regard, the inher- 
ent flexibility of NC may permit binding 
of different gag proteins to the other stem 
loops through different subsets of inter- 
and intramolecular interactions. 

In summary, the NC-SL3 structure pro- 
vides a rationale for the high conservation 
of more than 50% of the amino acids in 
NC, explains the available mutagenesis 
data, and reveals molecular-level details 
associated with HIV-1 genome recogni- 
tion. The NC protein plays essential roles 
in both early and late stages of the viral 
replication cycle and is thus an attractive 
antiviral target. The mutationally intoler- 
ant CCHC domains of the HIV-1 NC 
protein are susceptible to attack by anti- 

Fig. 4. (A) Riboon ci~agrani of the HIV 1 viral agents that eject zinc from the zinc 
NC SL3 ' I r  RNA complex Color code 3, knuckles (34), at least two of which are 
tiel~x purple F l  knuckle blue Ilnker seg 
rnent \ellow F2 knuckle greeri zlrlc at 

undergoing clinical trials for the treatment 

oms wh~te spheres RNA grab except for of acquired immunodeficiency syndrome 
the (3' 111gt1t green) G (pink) A (v~olet) (35). Our studies provide the basis for an 
and G (orange) nucleobases (Bi Space- alternative rational drug design strategy 
f~lling rnage of the NC prote~n [rotated that involves the development of inhibi- 

90 relative to (A)] showing the G -FA tors that interfere with genome recogni- 
A' F1 and G F2 ~nteract~ons ttie orienta tion and packaging by competing with the 
t~on of the 3 ,  riei~x i r i  the RNA major NC or RNA binding sites. 
groove and the extens~ve ntra NC Inter 
actions that occur upon RNA bnding [col 
ors as n [All ~ C I  GRASP Image show~ng - = %*%-- 
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