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ABSTRACT. All retroviruses package two copies of their genomes during virus assembly, both of which
are required for strand transfer-mediated recombination during reverse transcription. Genome packaging
is mediated by interactions between the nucleocapsid (NC) domains of assembling Gag polyproteins and
an RNA packaging signal, located near thebd of the genome, callédf. We recently discovered that

the NC protein of the Moloney murine leukemia virus (MLV) can bind with high affinity to conserved
UCUG elements within the MLV packaging signal [D’Souza, V., and Summers, M. F. (208d)re

431, 586—-590]. Selective binding to dimeric RNA is regulated by a conformational RNA switch, in
which the UCUG elements are sequestered by base pairing in the monomeric RNA and do not bind NC,
but become exposed for NC binding upon dimerization. Dimerization-dependent structural changes occur
in other regions of thél-site, exposing guanosine-containing segments that might also bind NC. Here
we demonstrate that short RNAs containing three such sequences, ACAG, UUUG, and UCCG, can bind
NC with significant affinity Kq = 94—315 nM). Titration experiments with oligoribonucleotides of varying
lengths and compositions, combined with NMR-based structural studies, reveal that binding is strictly
dependent on the presence of an unpaired guanosine, and that relative binding affinities can vary by more
than 1 order of magnitude depending on the nature of the three upstream nucleotides. Binding is enhanced
in short RNAs containing terminal phosphates, indicating that electrostatic interactions contribute
significantly to binding. Our findings extend a previously published model for genome recognition, in
which the NC domains of assembling Gag molecules interact with multiple-X i—2-X-1)-Ggy elements

(X is a variable nucleotide) that appear to be preferentially exposed in the dimeric RNA.

As retroviruses assemble in infected cells, two copies of initiation codon (2—23). The W-site often overlaps with
their full-length, 3-capped, and'3polyadenylated genomes the major splice donor site, providing a potential mechanism
are selected from a cytosolic pool that contains a substantialfor discriminating between spliced and unspliced viral RNAs
excess{100-fold) of cellular and spliced viral MRNA4&) (13, 24). TheW-sites also generally overlap with sequences
Two RNA molecules are utilized during reverse transcription, that are important for RNA dimerization, which led to the
enabling the virus to overcome otherwise deleterious breakssuggestion that genome packaging and dimerization events
in the RNA strands and promoting genetic diversity and the may be closely coupledL( 8, 25—28).

evolution of drug resistant straing<7). Genome packaging Much of what is currently known about retroviral genome
is me(_jlated by mteractlo_ns between the nl_JcIeocapsudl(NC) ackaging has been obtained from studies of the Moloney
domains of the assembling Gag polyproteins and a segmenty rine leukemia virus (MLV). MLV is a simple retrovirus

of the viral genome called th&-site (1, 8—11). RNA that has been widely used in human gene therapy trials, and

packaging elements are generally located neartB@$of 45 recently been employed as a vector for the treatment of
the genome, between the primer binding site (PBS) and Gadgeyere combined immunodeficiency (SCIC29(30). Un-

derstanding the mechanism of RNA selection and packaging
 This research was supported by NIH Grant GM42561 and MARC is important not only for the development of new antiviral
U*STAR NIH Undergraduate Training Grant GM08663. D.Y. and A.S.-  strategies but also for facilitation of the design of more

M. are MARC U*STAR and HHMI Fellow/Meyerhoff undergraduate  offective gene delivery vectors with higher viral titeB1),
scholars, respectively.

* Atomic coordinates have been deposited as Protein Data Bank OUr laboratory has focused on ari00-nucleotide compo-
entries IWWD, 1IWWE, 1WWF, and 1WWG. nent of theW-site known as the “core encapsidation signal”
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HIV-1, human immunodeficiency virus type 1; ITC, isothermal titration ~ (32—34). WYCES contains three sterrloop motifs, one of
calorimetry; MLV, murine leukemia virus; NC, nucleocapsid protein; which (DIS-2) promotes dimerization via duplex formation,

NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; _ _ ;
NOESY, NOE correlated spectroscopy; PBS, primer binding site; SCID, and the other two (SL-C and SL-D) are capable of forming

severe combined immunodeficiency; TOCSY, total correlation spec- “kissing dimers” via intermolecular l:_)ase pairing of their
troscopy. conserved GACG tetraloop nucleotide35( 36). DIS-2
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that were examined, including those that appear to be
exposed in the dimerit-site, are surprisingly similar to
that observed for the NC complex with UAUCUG, with the
guanosine nucleobase inserted into a hydrophobic pocket,
and the nucleotides at positions— 2 andi — 3 packing
against the exposed side chain of Tyr 28. The primary
A-U determinants of NC binding thus appear to involve specific

Azl binding of an exposed guanosine to the hydrophobic pocket
cGyd-8 of the zinc knuckle domain, and additional hydrophobic and
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U electrostatic interactions involving the three upstream nucle-

otides and the adjacent phosphodiester groups. The strict

ACCGAAGC —1 requirement for an exposed guanosine, and the influence of

542 the nature and number of upstream nucleotides on binding
affinity, have implications regarding the mechanism of MLV
genome recognition and packaging.
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Monomer Dimer

Ficure 1. Secondary structure of a portion of the MIW-RNA
packaging signal proposed to undergo a conformational change upo
dimerization, based upon in vitro studies of the intdesite 42).
Nucleotides are numbered using the first residue after'thbafbas
position 1.

'MATERIALS AND METHODS

Sample PreparationMLV NC protein was prepared and
purified as described previousIgZ, 33). Gel-purified RNA

undergoes a register shift in base pairing upon dimerization, constructs were obtained from Dharmacon Inc. (Lafayette,
exposing a conserved UCUG element that binds NC with CO). All samples for NMR and ITC experiments were
high affinity (34). This element is sequestered by base pairing Prepared in Tris-HCI buffer [10 mM Tris (pH 7.0), 10 mM

in the monomeric RNA and does not bind NC. An additional NacCl, 0.1 mM ZnCj}, and 0.1 mMg-mercaptoethanol].
pseudopalindromic segment of the MLY-site was identi- Isothermal Titration CalorimetryDissociation equilibrium
fied recently that also promotes dimerization in vitro and constants for MLV NC binding to different RNA constructs
genome packaging in vivo (DIS-137, 38), and this segment ~ were determined by standard ITC methods using a VP-
was similarly shown to undergo a dimerization-dependent isothermal titration microcalorimeter (VP-ITC) (MicroCal
conformational change that exposes a conserved NC-bindingCorp., Northampton, MA) 44). NC concentrations varied
UCUG element in the dimeBd@). Structural studies revealed from 45 to 100uM, and RNA concentrations varied from 3
that, for NC complexes with both DIS-1 and DIS-2, all four to 5uM, as determined from U¥vis absorption measure-
nucleotides of the UCUG element interact with the single ments. Exothermic heats of reaction were measured at 30
CCHC zinc knuckle of NC. In both cases, the single °C for 25 injections of NC into 1.4 mL of RNA, and heats
guanosine is inserted into a hydrophobic cleft in a manner of dilution were measured by titrating NC into a buffer under
similar to that previously observed in HIV-1 N€RNA identical conditions. Baseline corrections were performed by
complexes §9—41). On the basis of these findings, we subtracting heats of dilution from the raw N&NA titration
proposed that genome packaging is regulated by a structuraldata, and binding curves were analyzed and dissociation
RNA switch mechanism, in which multiple protein binding constants determined by nonlinear least-squares fitting of the
sites are sequestered by base pairing in the monomeric RNAbaseline-corrected daté83). Binding data for p-UCUG
and become exposed upon dimerization to promote theexhibited saturation behavior near 1:1 NC:RNA stoichiom-
specific packaging of a diploid genoma4j. etries (at concentrations that afforded significant heats of

The segment between the PBS and Gag initiation codonbinding). For this RNA, the dissociation constant was
of the gammaretroviruses (which includes MLV) is enriched measured at NaCl concentrations of 10, 30, and 60 mM, and
in UCUG sequences, which occur at a frequency of ap- the value at no added NaCl was determined by eXtrapOlation
proximately one in 50 nucleotides (compared to one in 225 from a log[NaCl] versus lod{) plot.
nucleotides in the coding and LTR regions of the genome) NMR Spectroscopy:.wo-dimensional NOESY, = 120
(34). This raised the possibility that the ML\W-site might ms) @5, 46) and TOCSY ¢, = 70 ms) 47—49) data were
contain additional NC binding sites. Chemical acce- obtained for NC-bound AACAGU, CCUCCGU, CCGAAGC,
ssibility mapping experiments indicated that at least three and UUUUGCU RNA samples using Bruker AVANCE 800
additional guanosine-containing segments of¢hsite with MHz and DMX 600 MHz spectrometers (T&). *H NMR
sequences similar to UCUG are sequestered in the mono-=ignals for these small RNAs were readily assigned using
meric RNA and become exposed upon dimerization, includ- standard sequential assignment proced@@s MR signals
ing AACAGU, CCUCCGU, UUUUGCU, and CCGAAGC of the NC protein were readily assigned by analysis of one-
sequences (Figure 132, 43). To determine if these related dimensional (1D)'H RNA titration and two-dimensional
elements are capable of binding NC, isothermal titration (2D) NOESY NMR data, and by comparisons with the
calorimetry (ITC) and NMR-based structural studies have previously assigned NMR spectra obtained for the free and
been conducted with a series of short oligoribonucleotides UAUCUG-bound NC protein34). Chemical shift changes
corresponding to these and related RNA sequences. Ourobserved upon titration of NC with AACAGU, CCUCCGU,
findings reveal that NC can bind to a variety of %)-X -2 and UUUUGCU were very similar to those observed
Xi-1-Gy) sequences (X is any ribonucleotide), and that the previously for UAUCUG. Significantly broadeftH NMR
relative affinity depends significantly on the nature of the X spectra were observed for the NC complex with CCGAAGC,
nucleotides. The binding modes of several oligonucleotides which precluded its structure determination. It was not
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possible to readily determine if the broadening was due to Time (min)
exchange involving multiple binding modes (e.qg., structures 0 aaad0 60
with the different guanosines inserted into the guanosine 0.00+ P r
binding pocket) or conformational heterogeneity about a T ' ]W “ T
single binding mode. NMR data were processed with .05 AAAAAA (red) .
NMRPipe/NMRDraw §1) and analyzed with NMRView 1 ‘ CCCCCC (green)
(52). _éj 010 ' GGGGGG (blue) A
Structure CalculationsStructures were calculated and S VuuuLY (blackd ]
refined with CYANA (63) by parallel processing with a 28- 0.5 .
node Linux cluster. Interproton distance restraints for ]
intermolecular NOEs were determined by qualitative assess- 0204, . . . . . .
ment of cross-peak intensities in the 2D NOESY data. Upper-
limit distance restraints of 2.7, 3.3, and 5.0 A were employed % 0+ 7
for direct NOE cross-peaks of strong, medium, and weak 3 5 ]
intensity, respectively, except for NOEs associated with the E .
intraresidue H8/6 H2' (3.2 A) and H8/6-H3' (4.3 A) proton o “* .
pairs 32). Distance restraints for pseudoatoms were adjusted S 5l i
as described previousl$d). All of the intramolecular NOE E 1
cross-peak patterns and intensities observed for NC in the § “‘5'_ i
RNA complexes matched those observed previously for the T —
NC—UAUCUG complex, and for this reason, the intramo- 00 05 10 15 20 25 30
lecular NOE and hydrogen bond restraints employed for the Molar Ratio
NC—UAUCUG structure determination were used here Ficure 2: Representative ITC data obtained upon titration of
without modification. homooligomeric RNAs (shown) with the MLV NC protein.
Significant binding enthalpies were only observed for GGGGGG;
RESULTS AND DISCUSSION however, the near-stoichiometric binding observed at useful

concentrations, and the tendency of GGGGGG to form G-quartet
structures in the presence of NaCl, precluded a quantitative

Interactions of NC with Short RNA Oligome#evious determination of binding affinity and stoichiometry.

studies of NC binding to the 101-nucleotidECES core
encapsidation signal identified an unpaired UCUG segment poorly to AAAAGA (K¢ = 5.0 + 0.6 uM), but exhibits
that connects stefrloop motifs DIS-2 and SL-C as a high-  increased affinity for CCCCGCKy = 620 & 50 nM) and
affinity NC binding site 84). A prominent feature of the  yyuuGU (Ky = 370+ 40 nM). Thus, NC binding appears
NC—WCFSstructure is the binding of G309 [here termed)5(  to be favored by oligonucleotides containing a single
to a hydrophobic pocket, with its N1H, NH21, and O6 groups guanosine and upstream pyrimidines. Note, however, that

forming hydrogen bonds with backbone NH and O atoms the affinity of NC for UUUUGU is still more than 3 times
located at the back of the pocket. Similar interactions were weaker than for UAUCUGKy = 95 =+ 25 nM; Table 1),

observed in previous NERNA (40, 41) and NC-DNA (39, which contains a single upstream adenosine.

54) structures. In addition, the U 1) nucleotide packs To test for position dependence of the guanosine, binding
against the Leu 21 and Ala 27 side chains and thie-CZ) studies were conducted with RNA constructs containing five
and U{ — 3) nucleotides pack against the side chain of Tyr yridines and a single guanosine (Figure 3b). Tightest NC
28, and several Arg and Lys side chains appear to participatebinding was observed for UUUUUG and UUUUGH{~
in electrostatic and/or hydrogen bonding interactions with 400 nM) (Table 1). Constructs with fewer upstream nucle-
phosphodiesters, ribose oxygen, and nucleobase gradps ( otides exhibited reduced affinities, with UUUGUU,
To assess the contributions of these interactions to NC yyGuuu, UGUUUU, and GUUUUU yielding dissociation
binding, ITC studies of NC binding to a series of short RNAS cgonstants of approximately 0.73, 1.5, 2.8, and BIg,
were performed. No heats of binding were detected for respectively (Table 1). These findings indicate that the
homooligomers of C, U, or A (Figure 2). Titration of  affinity for NC is considerably enhanced by the presence of
GGGGGG with NC resulted in a significant exothermic 5t |east three upstream nucleotides relative to the guanosine.
binding enthalpy that reached saturation at an NC:RNA ratio  Tg further evaluate the determinants of NC binding,
of approximately 1:1. Under these conditions, it was not yariants of the native UAUCUG linker were prepared for
possible to accurately calculate the binding constant, and poorTc measurements. As shown in Figure 4a (and summarized
sensitivity precluded attempts to obtain ITC data at lower jn Taple 1), the UCUG RNA that lacks-3and 3-phosphates
sample. concentrations. The susceptibility of guanosine binds to NC with relatively poor affinityq = 7.8 &+ 0.6
homooligomers to formation of quartet st_ructures in the uM). Addition of the upstream A(— 4) nucleotide results
presence of saltssp) precluded an estimation of the NC jn an ~30-fold increase in affinity ks = 250 + 30 nM).
binding constant from NaCl-dependent binding plots (as was an additional~2.5-fold increase in affinity is observed upon
possible for 5p-UCUG). addition of the U{ — 5) nucleotide Kq = 954+ 25 nM), and
The above studies indicate that at least one exposeda further~2-fold increase is obtained upon addition of the
guanosine is required for tight NC binding. This finding was downstream U(+ 1) (Ky = 56 £+ 13 nM). Electrostatic
confirmed by studies of NC binding to a series of oligori- interactions appear to play a significant role in NC binding,
bonucleotides containing only U, A, or C nucleotides and a since addition of a‘3phosphate to UAUCUG led to a more
single guanosine. As shown in Figure 3a, NC binds relatively substantiat-2.5-fold increase in affinityq = 38+ 7 nM).
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Ficure 3: Representative ITC data obtained upon titration of short oligoribonucleotide homopolymers containing a single guanosine
substitution with NC. (a) Dependence of binding affinity on nucleotide composition, which decreases in the following order: AAAAGA
(Kg= 5.0+ 0.6 uM) < CCCCGC Kqg = 620+ 50 nM) < UUUUGU (K4 = 370 £ 40 nM). (b) NC binding depends on the position of

the guanosine in oligoribonucleotides containing only uridines and a single G nucleotide.

Table 1: Dissociation Equilibrium Data for N(RNA Complexe3 data; Figure_é}b). llt t_hus appears tha? binding is faCi”tat.ed
RNA (M by the specific binding of a guanosine to the guanosine
_ KeM) n pocket of the zinc knuckle, by interactions between the
ééé%%p(\: b'Q-d'Q-g not iiztg[Ct‘atdd nucleotides at positions— 1,i — 2, andi — 3 and the
Yy bi;]r:ji%gn%? Jotectod hydrophobic surface of the zinc knuckle [with.G, preferred
GGGGGG b over other nucleotides], and by electrostatic interactions
AAAAGA 5000 + 600 1.0 involving the phosphodiesters of the UCUG and adjacent
UUUUGU 370+ 40 1.0 i ) ) )
position of guanosine Interactions of NC withW-Site FragmentsChemical
GUUUUU 3600-= 800 1.0 accessibility mapping studiedZ, 43) revealed that residues
UGUUUU 2800+ 100 1.0 468-542 of the MLV leader undergo a conformational
Bgﬁggg %ggoiiggoo %(1) change upon dimerization, with at least four short guanosine-
UUUUGU 410+ 40 10 containing segments being sequestered by base pairing in
UUUUUG 4004+ 30 1.1 the monomeric RNA and exposed in the dimer (AACAG,
context dependence of UCUG CCUCCGU, UUUUGP?'CU, and CCG*AAGS4C) (Fig-
Agggg Zggiiggoo if ure 1). The ITC studies described above suggested to us that
UAUCUG 95+ 25 12 these segments might also be able to bind NC. As shown in
UAUCUGU 56+ 13 1.1 Figure 5 and summarized in Table 1, short RNA oligomers
UAUCUG-P 38+ 7 1.0 containing these sequences are, in fact, capable of binding
P-UCUG 29+ 16 0.9 ; ; - ; L
. o NC with moderate to high affinity. In particular, the affinity
potential NC binding sites itV . )
AACAGU 250+ 40 11 of the CCUCCGU construct (94 24 nM) is essentially
CCcuccGU 94+ 24 1.0 identical to that observed for UAUCUG (956 25 nM). NC
UUUUGCU 170+ 40 1.0 binding to these RNAs was subsequently monitored by 1D

a Dissociation equilibrium constants determined by isothermal titra- *H NMR spectroscopy, with AACAGU, UUUUGCU, and
tion calorimetry and reported as the meanthe standard deviation CCUCCGU exhibiting slow chemical exchange between free
f;‘om t\r/:/o experiments. Indcfases where thg standard deviatiorr: was lessgjnd NC-bound RNA species on the NMR chemical shift time
than the errors estimated from estimated uncertainties in the protein L .
and RNA concentrations, error estimates based on the latter calcﬁlaltionsSCaIe (_m"“_seconds)' Relatlvely_broad spet_:tra_wgre_obs_erved
are reported. The lettan denotes the number of NC binding sites  UpON titration of CCGAAGC with NC, which is indicative
calculated during data fittind.Saturation binding at 1:1 NC:RNA  of conformational averaging between multiple bound struc-
ratios, and the tendency of the RNA to form G-quartets in the presencetures (possibly with the different guanosines bound to the

of added NacCl, precluded a quantitative determination of the dissocia- nosine-bindin k A h. further NMR i
tion equilibrium constantt Determined by extrapolation from ITC data guanosine-binding pocket). As such, furthe studies

obtained in the presence of NaCl (10, 30, and 60 mM). with this RNA were not possible.

IH NMR chemical shift changes observed for the binding
In fact, addition of a 5phosphate to UCUG resulted in a of NC to AACAGU, UUUUGCU, and CCUCCGU were
dramatic~250-fold increase in affinityq = 29 + 16 nM, very similar to the changes observed upon binding to
as determined by extrapolation of NaCl-dependent binding UAUCUG (34), and representative portions of 2D NOESY
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Table 2: Structural Statistics for MLV NERNA Complexes

AACAGU CCcuccauU UUUUGCU UAUCUG
NMR-derived restraints
no. of NC intramolecular restraints
intraresidue 22 22 22 22
sequential|{ — j| = 1) 42 42 42 42
medium-range|{ — j| = 2, 3) 46 46 46 46
long-range (i — j| = 4) 51 51 51 51
H-bond restraints (4 per H-bond) 40 40 40 40
no. of RNA restraints
intraresidue 30 35 35 21
sequential 3 8 4 4
intermolecular NOE 37 37 35 42
intermolecular H-bond 12 12 12 44
total no. of restraints per refined residue 16.1 17.6 17.2 17.9
target function (&)
mean+ SD 0.14+ 0.04 0.18+ 0.02 0.14+ 0.03 0.32+ 0.07
minimum 0.09 0.11 0.07 0.14
maximum 0.21 0.21 0.19 0.43
restraint violations
average sum upper distance violation (A) 8.2 0.9+ 0.1 0.7+ 0.2 1.0£0.2
average maximum upper distance violation (A) 0:609.03 0.12+ 0.05 0.13+ 0.04 0.11+ 0.05
average sum of VDW violations (A) 1503 1.5+0.2 1.1+ 0.2 2.3+0.3
average maximum VDW violation (A) 0.1+ 0.04 0.13+ 0.04 0.12+ 0.03 0.27+ 0.09
average sum of lower distance violations (A) &D.1 0.3+ 0.1 0.2+ 0.1 0.4+ 0.1
average maximum lower distance violation (A) 0:8%.02 0.06+ 0.02 0.05+ 0.01 0.08+ 0.02
structure convergence (A)
NC (Leu 21-Pro 43)
main chain atoms 0.34 0.12 0.38+ 0.11 0.26+ 0.06 0.32+0.11
all heavy atoms 0.74 0.09 0.86+0.12 0.73+ 0.07 0.74+ 0.10
RNA
residues X%-3-G 0.74+0.17 0.77+0.13 0.94+ 0.25 0.79% 0.14
all RNA residues 1.2%0.27 1.66+ 0.37 2.22+ 051 3.40+ 0.57
(a) Time (min) (b) Time (min)
00 (_’, 30 A0 59 60 0 10 20 30 40 50 60
. T 1 I M I ' 1 ' 1 T ' 1 v
_ ”WT LU 1
0.1 - . .
J 014 .
é} 024 UAUCUG  (black) I I
?_ | AUCUG  (green) { 024 5'p-UCuUG -
UCUG  (blue) 10mM NaCl {red)
03+ |1 UAUCUGU (magenta) 1 30mM NaCl (blue)
4 UAUCUG-3'p (orange) 034 60mM NaCl (green) |
_04-_ T T T T T T T -_ 0—_ T T I T T T _:
% 27 1 4] |
£ 6 1 B .
5 1 123 3
o 104 ] 16 E
o 1 ] E :
£ 147 ] 203 3
5 5 243 3
§ -18 . = =
- - _28_ —
I ' I ’ I ! T ! I N I ' 1 ! I ! T T T T T T T T T
00 05 10 15 20 25 30 35 40 0.0 05 10 15 20

Molar Ratio Molar Ratio
Ficure 4: (a) Nucleotide extensions proximal and distal to the native NC-binding UCUG element are important for high-affinity binding
(see Table 1 for a summary of dissociation constants). Addition of a non-native phosphate’ gtaiédh significantly enhances binding.
(b) ITC data obtained in the presence of added NaCl (concentrations shown) and used to estimate the dissociation copstiGa.5
NC binding is clearly influenced by electrostatic effects.
data obtained for these complexes are given in Figure 6. Inand Arg 18. All residues at position— 2 exhibit strong
all cases, the ¢z H8 proton exhibited intermolecular NOEs intensity nucleobase H8/6 NOEs with the aromatic protons
to the Trp 35 aromatic, Ala 27 methyl, Ala 36 methyl, and of Tyr 28, as well as moderate to weak intensity NOEs with
Leu 21 side chain protons, and thg)@Gl1' proton exhibited the side chain protons of Ala 27, Ala 36, and Lys 42. Finally,
intermolecular NOEs to the side chain protons of Leu 21, residues at positiom — 3 exhibit strong nucleobase and
Trp 35, and Arg 23. For all residues at position- 1, ribose proton NOEs with the side chain protons of Tyr 28,
intermolecular NOEs were observed between the nucleobases well as weak intermolecular NOEs with the side chain of
H8/6 protons and the side chain protons of Ala 27, Leu 21, Lys 30. All RNAs except AACAGU also exhibited weak
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Ficure 5: Representative ITC data obtained upon NC titration of short, G-containing segments of th&’/Mit¥ that are believed to be
sequestered by base pairing in the monomeric genome and exposed in the4fiméil(elements bind NC with significant affinity,
although not as tightly as the conserved and unusually abundant UCUG (see Table 1 for dissociation constants).

NOEs between the— 3 nucleobase and Lys 41 side chain NOE cross-peak patterns and intensities observed for these
protons. For AACAGU, the A3 H2 proton exhibited RNAs are very similar to those observed previously upon
intermolecular NOEs with the Tyr 28 aromatic, Cys 28,H  NC binding to UAUCUG 84).

and Lys 30 side chain protons. Nucleotides at positien In view of the similarities in the NOE cross-peak patterns

1 exhibited very weak NOEs with the Trp 35 aromatic and intensities observed for the NC complexes with
protons, as well as relatively weak internucleotide NOEs, AACAGU, UUUUGCU, CCUCCGU, and UAUCUG, itis
suggesting that these residues may interact transiently withnot surprising that the NOE-based structure calculations
the protein and probably do not adopt a single, well-defined afforded very similar three-dimensional structures (Figures
conformation. Nucleotides that precede residue 3 also 7 and 8). In all cases, the nucleobase of the guanosine at
exhibited weak internucleotide NOEs and also are not positioni is inserted into a hydrophobic cleft formed by the
conformationally defined by the NMR data. Overall, the side chains of Trp 35, Ala 27, Ala 36, and Leu 21; the
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FiGUrRe 6: (a—c) Portions of 2D NOESY data obtained for NRNA complexes. The RNAs (labeled) correspond to segments of the MLV
W-site that bind NC with significant affinity and are believed to be exposed in the dimeric (but not the monomeric) genome (Figure 1). For
comparison, the relevant portion of the 2D NOESY spectrum obtained previously for the NC complex with UAUCUG is shown in panel
d.

nucleobase at position— 1 packs against Ala 27 and Leu independent packaging element3). Fragments of¥# as

21, and the nucleobases at positions 2 andi — 3 pack small as the~100-nucleotide core encapsidation signal can
against the side chain of Tyr 28. Together with the ITC independently direct the packaging of heterologous RNAs
results, these structural data indicate that the following factorsinto viruslike particles Z1), although packaging efficiency
are important for RNA binding to NC. (1) An exposed is diminished relative to that of the full-lengt¥i-site. Our
guanosine is essential for tight binding. In all cases examinedrecent studies indicate that NC can bind with high affinity
thus far, the guanosine nucleobase binds to the hydrophobido a UCUG element within th&##°ESRNA, and that binding
guanosine-binding pocket by a combination of hydrophobic is regulated by a conformational RNA switch that sequesters
and hydrogen bonding interactions (Figure 8). (2) The ribose the UCUG element in the monomeric RNA and exposes it
and nucleobase moieties of the three upstream nucleotidesn the dimer 84). The RNA conformational change results
make contacts with hydrophobic residues on the surface offrom a register shift within two pseudopalindromic stem
the zinc knuckle. (3) Affinity is increased further by loop motifs (DIS-1 and DIS-2) that re-optimizes base pairing
electrostatic interactions with the phosphodiester groupsupon dimerization. Earlier chemical accessibility mapping

immediately upstream and downstream of the X -2 and free energy calculations indicated that these structural
Xi-1-Gg segment. (4) NC binding is sensitive to the position changes also occur in the intaét-site @2, 43). Residues
of the guanosine and nature of the X residues @f,XX -3 467-542 of the W-site were also proposed to change

Xi—2-Xi-1Gi)-Xi+1) sequences, with the tightest binding conformation upon dimerization in a manner that exposes
observed for the ¥X.4-UCUG-X1) and the weakest binding  four additional short, guanosine-containing segments. Here,
observed for the AAAAGA sequence. we have shown that short, unstructured oligoribonucleotides
Implications for Genome RecognitidBonsiderable effort ~ with sequences of three of these segments are capable of
has been made to identify the molecular determinants andbinding NC with significant affinity, and that all bind to the
mechanisms of retroviral genome recognition and packaging, CCHC zinc knuckle in a manner that is very similar to that
with MLV receiving much attention (see refs 8—11, 28, observed upon binding to UCUG-containing RNASs.
and 56—58 and references therein). Early studies demon-  Perhaps the most biologically significant finding from this
strated that a 350-nucleotide segment of the viral RNA, study is that tight binding by the MLV nucleocapsid protein
located just downstream of therw splice donor site does not explicitly require a UCUG sequence. Related
(nucleotides~210-560), is essential for genome packaging sequences can bind NC with affinities approaching that
(59). This segment, which is commonly termed tiifesite, observed for UCUG, depending on the nature of the residues
can be relocated to the &nd of the genome without severely upstream of the guanosine. This observation significantly
affecting packaging, suggesting thdf functions as an increases the number of sites within the MLV genome that
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NC:rAACAGU

NC:rUUUUGCU

Ficure 7: NMR structures determined for NC complexes with AACAGU, CCUCCGU, and UUUUGCU. This figure was generated by
superpositioning the backbone heavy atoms of NC residues Le®2143.

can potentially function in NC binding. It is important to  (60). Taken together, these results indicate that MLV genome
note that very few guanosines were predicted to exist in packaging proceeds via interactions between multiple NC
exposed, unstructured segments of the monomeric MLV 5 domains and multiple RNA binding sites, and suggest the
leader (based on chemical accessibility mapping and freefollowing general mechanism. (i) Gag molecules do not bind
energy calculations), and that the number of such exposedin significant numbers to the monomeMé-site, due to the
segments increases significantly upon dimerizatiti) 43). sequestration of guanosine-containing segments by base
In addition, RNA constructs that includ® and 462 pairing. (ii) The W-site forms a dimer, exposing multiple
additional downstream nucleotides (call¥d-) are packaged = UCUG and related guanosine-containing-%-X—2-X -1y

more efficiently thanW-only RNAS, suggesting that ad- G segments. Dimerization may be catalyzed by the NC
ditional downstream elements also play a role in packaging domains of full-length Gag, or by processed NC proteins
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Ficure 8: AACAGU, CCUCCGU, UUUUGCU, and UAUCUG
RNAs bind the zinc knuckle of the MLV NC protein in a similar
manner, with the nucleobase of;Gnserted into the guanosine-
specific hydrophobic pocket, tHe— 1 nucleotide packed against
Leu 21 and Ala 27, and the— 2 andi — 3 nucleotides packed
against the Tyr 28 side chain. This figure was generated by
superpositioning the zinc knuckles of each of the independently
determined structures. Only the surface of the zinc knuckle of the
NC—UAUCUG complex is shown.

that appear to exist in the cytosol of infected cells. (iii) Gag
molecules bind cooperatively to the unstructured, guanosine-
containing segments. These elements appear to be closely
spaced and highly abundant in the dimeéHesite, allowing

the Gag-W complex to be stabilized by both GagNA

and Gag-Gag interactions. (iv) The ML\W-site contains
multiple dimer-promoting elements (DIS-1, DIS-2, SL-C, SL-
D, and possibly additional elements), and it is conceivable
that dimerization (and Gag binding) may proceed in a
sequential, stepwise manner. Experiments aimed at testing
this model using both in vivo and in vitro assays are
underway.
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