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representative of results from at least two indepen-
cent donors. ICAM-1 was obtained from mouse
spleens by the tissue lysis procedure as previously
described (78) and was affinity-purified on a monoclo-
nal antibody BE-29G1-Sepharose (Pharmacia) col-
umn. Human peripheral blood mononuclear cells
were isolated from healthy donors as described [C. P.
Nielson, R. E. Vestal, R. J. Sturm, R. Haeslip, J. Allergy
Clin. Immunol. 88, 801 (1990)]. Monacytes were re-
moved from the cells by adherence to a T-175 culture
flask (Nunc, Demark) at 37°C and 8% CO,, for 30 min
in RPMI 1640 medium supplemented with 10% calf
serum. Recombinant human eotaxin, MIP-1a, MIP-
18, RANTES, MCP-1, MCP-3, IP-10, IL.-8, GRO-«,
C-X3-C-kine, DC-CK-1, MIP-3a, MIP-33, 6-C-kine,
[-309, SDF-1B, lymphotactin, and TARC were ob-
tained from R&D Systems (Minneapalis, MN) or Pepro-
Tech (Rocky Hill, NJ). Recombinant Il-8 was also pro-
vided by A. Rott (Sandoz, Vienna). Synthetic human
SDF-1ee, MIP-3e, MIP-3B, TARC, and C-X3-C-kine
were also prepared by two of the authors (M.A.S. and
D.A.T.) by chemical ligation [P. E. Dawson, T. W. Murr, I.
Clark-Lewis, S. H. B. Kent, Science 266, 776 (1994).
Synthetic SDF-1a was also provided by I. Clark-Lewis.
Chemokines were shown to be active by chemotaxis of
human peripheral blood lymphocytes, eosinophils, or
neutrophils, or of chemokine receptor-overexpressing
lymohoma cell lines. There were no detectable differ-
ences among chemokines obtained from different
sources in these assays.

. CD4~* cells were purified with the use of anti-CD4

Dynabeads and the DETACH-a-BEAD system (Dy-
nal, Lake Success, NY). Mouse monoclonal anti-
bodies to human CD45RO (clone UCHL1) and to
human CD45RA (clone HI100) were obtained from
PharMingen (San Diego, CA). Cells coated with
these monaclonal antibodies were remaoved by incu-
bation with microbeads conjugatec with antibodies
to mouse immunoglobulin, followed by magnetic de-
pletion (Miltenyi Biotec, Auburn, CA). A portion of
each precessed cell subpopulation was stained with
directly conjugated monoclonal antibodies and ana-
lyzed by flow cytometry to ascertain purity, which
was ~99% for CD4* cells and ~97% for baoth
CD45RA~ CD45RO* and CD45RA* CD45RO~
subpopulations.

C. R. Mackay, Adv. Immunol. 53, 217 (1993).

M. E. Sanders et al., J. immunol. 140, 1401 (1988).
E. L Berg, L. M. McEvoy, C. Berlin, E. C. Butcher,
Nature 366, 695 (1993); U. H. von Andrian, S. R.
Hasslen, R. D. Nelson, S. L. Erlandsen, E. C. Butch-
er, Celf 82, 989 (1995),

. M. B. Lawrence, E. L. Berg, E. C. Butcher, T. A,

Springer, Eur. J. immunol. 25, 1025 (1895).

PNAd was obtained from human tonsils with the tissue
lysis procedure previously described (78) and was affin-
ity-purified on a monoclonal antibody MECA-79-
Sepharose column. The inside walls of 100-ul microcap
capitlary tubes (Drummond, Broomall, PA) were coated
with PNAd or a combination of PNAd plus ICAM-1. For
double coatings, the tubes were coated first with 10 pul
of diuted ICAM-1 for 8 hours at 4°C, the unbound
ICAM-1 was removed, and the tubes were then coated
with diluted PNAd by incubation overnight at 4°C. For
single PNAd coating, only the second half of this proce-
dure was performed. Before flow experiments, un-
bound PNAd was removed and the entire inside of the
capllary was exposed to 100% calf serum at room
temperature for 6 min, To cocoat the PNAJ~ICAM-1
areas with immobilized chemokine (or medium alone as
acontrol), we added 10 l of 2 uM chemokine (in equil-
ibrated RPMI 1840 with 10% calf serum) through the
downstream end of the capillary and coaxed it into the
same position as the area coated with PNAJ and ICAM-
1. Care was taken that no chemokine touched the cap-
ilary upstream of the PNAd and ICAM-1. The tube was
then incubated for 5 min at ambient temperature. Im-
mediately before the experiment, the unbound chemo-
kine was washed out through the downstream end of
the tube by Infusing 5 ml of complete medium into the
upstream end. Washing in this direction prevented che-
mokine from contacting the upstream areas. Cells were
passed through the capillary in complete medium at a
density of 1.5 x 10° per milliiter. The rate of flow was

controlied by a Harvard 33 syringe pump {(Harvard Ap-
paratus, South Natick, MA). Experiments were per-
formed at a flow rate of 1250 pl/min, which creates a
wall shear stress of ~2.0 dynes/cm? for a capillary with
an inner diameter of 1.025 mm, as calculated from Pai-
seuille’s law for newtonian fluidls with a viscosity of 0,01
poise. {Wall shear stress (dyne cm?) = mean flow ve-
locity (mm/s) X [8/tube diameter (mm)] X viscosity
(poise).} The interactions of cells with the coated areas
were recorded on videotape, and the behavior of indi-
vidual cells was analyzed frame by frame.

41, C. Berlin et al., Cell 80, 413 {(1995),
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Structure of the HIV-1 Nucleocapsid Protein
Bound to the SIL.3 W-RNA Recognition Element

Roberto N. De Guzman, Zheng Rong Wu, Chelsea C. Stalling,
Lucia Pappalardo, 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 ¥ RNA packaging signal has been determined by heteronuclear magnetic
resonance spectroscopy. Tight binding (dissociation constant, ~100 nM) is mediated by
specific interactions between the amino- and carboxyl-terminal CCHC-type zinc knuck-
les of the NC protein and the G” and G® nucleotide bases, respectively, of the G8-G7-
A8-G° RNA tetraloop. A® packs against the amino-terminal knuckle and forms a hydrogen
bond with conserved Arg®?, and residues Lys® to Arg’® 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.

Al retrovituses encode a gag polyprotein
that is produced in the host cell during the
late stages of the infectious cycle and di-
rects the encapsidation of two copies of
the unspliced viral genome during virus
assembly and budding (I). Concomitant
with budding, the gag polyproteins are
cleaved by the viral protease into the ma-
trix (MA), capsid (CA), and nucleocapsid
(NC) proteins, which rearrange during
maturation to form infectious particles
(2). Except for the spumaviruses, all ret-
roviral NC proteins contain one or two
CCHC-type zinc knuckle domains (Cys-
X;-Cys-X,-His-X,-Cys, where X = vari-
able amino acid) (3) (Fig. 1A). These
domains are critical for viral replication
and participate directly in genome recog-
nition and encapsidation (4, 5). Muta-
tions that abolish zinc binding lead to
noninfectious virions that lack their ge-
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nomes (4, 6), and mutations of conserva-
tively substituted hydrophobic residues
within the CCHC arrays can alter RNA
packaging specificity (5). In addition, en-
tire NC domains of HIV-1 and Moloney
murine leukemia virus (MoMuLV) have
been swapped, resulting in the specific
packaging of the non-native genomes (6).

Recognition of the HIV-1 genome oc-
curs by means of interactions between NC
and a ~120-nucleotide region of the un-
spliced viral RNA known as the W-site,
which is located between the 5’ long ter-
minal repeat and the gag initiation codon
(7). Extensive site-directed mutagenesis,
chemical modification, nuclease accessi-
bility mapping, and free energy computa-
tional studies indicate that the HIV-1
W.site contains four stem-loop structures,
denoted SL1 through SL4 (Fig. 1B) (8-
13). Although mutagenesis experiments
indicate that all four of these structures are
important for efficient encapsidation (13,
14), SL3 is of particular interest because
its sequence is highly conserved among
different strains of HIV-1 (10) despite het-
erogeneity at adjacent positions, and be-
cause linkage of SL3 to heterologous
RNAs is sufficient to direct their recogni-
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tion and packaging into virus-like parti-
cles (9).

We prepared a 20-nucleotide RNA
containing the sequence of SL3 (Fig. 1C)
for NC-binding and structural studies by
nuclear magnetic resonance (NMR) (15).
RNA samples at natural isotopic abun-
dance and enriched in N and ’C were
prepared with T7 RNA polymerase (15),
and recombinant HIV-1 NC protein
(strain NL4-3; unlabeled, '"N-labeled,
and ’N,*C-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 K;, ~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
Phe!® and Trp*” to A% and G7, respective-
ly, as well as strong intramolecular NOEs.
All intermolecular NOEs were assigned
unambiguously in 3D pulsed-field gradient—
edited PC-filtered,'*C-detected NOE data.
For example, Ala*>-CH; exhibits NOEs with
AS-H1", AS-H2, AS-HS8 (spin diffusion), and
G°-HS; Ile24—8CH3 interacts with G°-H1’
and G®-HS8; and Lys?*-Ha interacts with
AS.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 C*-G'? base pair) form
an A helix (Fig. 4A). The G¢ nucleobase
of the G®-G7-A%G” RNA tetraloop stacks
on the C? base and forms a G°-06-G?-
NH, 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 (F1 = Val'? to Ala®%
F2 = Gly* to Glu®!) separated by a basic
linker segment (Pro®'-Arg®?-Lys*>-Lys®*)
and flanked by NH;- and COOH-terminal
tails (Met! to Thr'? and Arg®? to Asn®®,
respectively). Residues Lys® to Arg!® of
the NH,-terminal tail form a 3, helix
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that binds within the RNA major groove,
and the zinc knuckles interact with the
exposed bases of the RNA tetraloop (Fig.
4A). GY interacts specifically with the F1
knuckle by binding to a hydrophobic cleft
formed by the side chains of conservative-
ly substituted residues Val'?, Phe!®, 1le?%,
and Ala?. The Phe!® and Ala?® backbone
NH groups located at the bottom of the
cleft form hydrogen bonds with G”-Q6,
and the Lys!*-CO backbone oxygen forms
a hydrogen bond with G°-H1 (Fig. 4C).
G7interacts in a very similar manner with
the FZ knuckle, with the nucleotide base
packing in a hydrophobic cleft formed by
conservatively substituted Trp*?, Gln*,
and Met*® side chains; the exocyclic G-

06 oxygen forms a hydrogen bond with
the backbone NH atoms of Trp*’ and
Met*, and the G7-H1 proton forms a
hydrogen bond with Gly*-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- A

quence of the HIV-1y 4.5 e E Kl E

NC protein showing the é (]; ('; é
zinc-binding modes of I Lo

the two CCHC-type zinc '|\I C\Zn’H ] A} l,(_c\z,{H @D,@
knuckles. Residues that *F_(F/ \CI:-N-K ‘*‘W—'Q/ “e-D-Ik
contact the RNA in the 1 .- = T o ! 55
NG-SL3 complex are de- M-Q-m-G-Eﬂ-F-rrN-Q-wK-T Y E@ R-A-P *J-L—K-K-G)k T-E-R-Q-A-N
noted by open letters; as- B C 7.3

terisks denote residues 6GGAG9
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lows: A, Ala; C, Oys; D, ota, 28V oty
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(B) Nucleotide sequence SL1 SL2 SL3 SL4

and secondary structure
of the HIV-1, 4.5 ¥-se-

quence (72). 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)
(18).
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DNA major groove (22, 23).

The base of the remaining tetraloop
nucleotide, A8, makes hydrophobic con-
tacts with the Ala?*-CH,, Phe!S-CBH,,
and Asn'”-CBH, groups of the F1 knuckle
(Fig. 4B) and forms a hydrogen bond with
the side-chain Ne-H proton of Arg>? (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 Arg*? to Gly results
in a reduction in genome packaging (to
10% of that found in the wild type) and
abolishes infectivity (25). Thus, the
Arg*?-A® hydrogen bond provides a ra-
tionale for the high conservation of Arg3?

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 Lys*4-Glu®! and Lys!4-Glu?!
pairs appear to stabilize the folding of the
F2 and F1 domains, respectively, and a salt
bridge between Lys** and Glu* appears to
stabilize F2 knuckle-linker interactions.
The side chain NH;* of Lys*7 is located
between the 3’- and 5’-phosphodiesters of
G’ in a manner that neutralizes repulsions
and anchors the F2 knuckle to RNA. Sim-
ilarly, Lys?® anchors the F1 knuckle to
RNA through electrostatic interactions
with the 3’-phosphodiester of G°. The
side chains of Lys?°, Arg?®, Lys**, and
Lys*! 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: Lys® --- G1° (3'-P), Arg’
... C! (3'- and 5'-P), Arg'® --- U? (3'-P,
5'-P, or both), and Lys!! - - - G* (3’-P) (Fig.
4D). In addition to these nonspecific in-
teractions, the side-chain carbonyl of
Asn® forms a hydrogen bond with the
exposed exocyclic NH, proton of C!!, and
the Asn®-NH, group is poised to interact
with the 2’-hydroxyl of G° and the N7
atom of G!°. Interestingly, Asn’ 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
Asn®), and Asn® is the only NC residue
that makes ' specific hydrogen-bonding
contacts with the RNA stem. Although
site-directed mutagenesis of Asn® 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
Phe* of the 3,, helix and Val'? and Ile?* of
the F1 knuckle. In addition, the zinc
knuckles pack tightly together as a result
of hydrophobic interactions between
Trp®” of F2 and Phe', Asn'?, and Gly'® of
F1, and by a hydrogen bond from Trp*’-
Hel to the backbone carbonyl of Phe!S.
Finally, residues that link the two zinc
knuckles (Pro3!-Lys**) adopt a single con-
formation that is stabilized by extensive
hydrogen bonding (Asn!’-NHE to Cys?-
Sy, Asn!'’-NHZ to Pro®'-CO, and Asn!’-

031 to Lys**-NH). Mutations likely to
destabilize the linker structure, such as
Ala*® - Pro and Pro*' — 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 HIV-1 NC-SL3 RNA complex (backbone C, Ca,
and N atoms of residues Lys® to GIu3' of NC, and all heavy atoms of SL3 RNA nucleotides C' to G4,
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 = 0.05 A2; maximum, 0.42
A2; minimum, 0.25 A2. Individual violations: average maximum, 0.11 % 0.02 A; maximum, 0.17; average
number of violations (>0.1 A} per structure, 2.8 + 0.3. Pairwise root-mean-square deviations relative to
mean atom positions: RNA residues C' to G (all heavy atoms), 0.59 + 0.10 A; NC residues Lys® to
Glu®' (backbone heavy atoms), 0.36 + 0.11 A; backbone atoms of NC (Lys® to Glu®") plus all heavy
atoms of RNA (C' to G'4), 0.63 = 0.11 A; all heavy atoms of residues Lys® to Glus? plus C' to G4,

093 + 0.12A.
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B-sheet (29) segments, or by combinations
of interactions (30). In the NC-SL3 com-
plex, non-A-helical torsion angles associ-
ated with the G° phosphodiesters lead to a

Phe16

Fig. 4. (A) Ribbon diagram of the HIV-1
NC-SL3 W-RNA complex. Color code: 3,,
helix, purple; F1 knuckle, blue; linker seg-
ment, yellow; F2 knuckle, green; zinc at-
oms, white spheres; RNA, gray, except for
the G® (light green), G7 (pink), A® (violet),
and G° (orange) nucleobases. (B) Space-
filing image of the NC protein [rotated
~90° relative to (A)] showing the G®-F1,
AB-F1, and G”-F2 interactions, the orienta-
tion of the 3,, helix in the RNA major
groove, and the extensive intra-NC inter-
actions that occur upon RNA binding [col-
ors as in (A)]. (C) GRASP image showing

kink in the RNA backbone and a widen-
ing of the major groove, allowing penetra-
tion of the smaller 3,, helix. The structure
of the tetraloop differs markedly from

. ; \ S Arg10
- y - - -

% Arg7
&

the nature of G? nucleobase binding to the hydrophobic cleft of the F1 knuckle (intermolecular hydrogen
bonds are shown in green). G binds the F2 knuckle in a similar manner. (D) Space-filing representation

of the SL3 RNA in the NC-SL3 complex [same orientation as in (A)] showing relative proximities of

conserved NC basic residues (blue) to the RNA phosphodiesters (red). Conserved residue Asn®, which
forms hydrogen bonds with C''-NH,, G'°-N7, and G®-02', is shown in purple, and the hydrogen bond

between conserved Arg®? and A? is also shown.
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those of the GNRA class (31), in which
three of the bases are stacked and involved
in intramolecular hydrogen bonding. In
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
SL1+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
W.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-
viral agents that eject zinc from the zinc
knuckles (34), at least two of which are
undergoing clinical trials for the treatment
of acquired immunodeficiency syndrome
(35). Our studies provide the basis for an
alternative rational drug design strategy
that involves the development of inhibi-
tors that interfere with genome recogni-
tion and packaging by competing with the
NC or RNA binding sites.
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