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Abstract
The 5′-untranslated region (5′-UTR) of retroviral genomes contains elements required for genome
packaging during virus assembly. For many retroviruses, the packaging elements reside in non-
contiguous segments that span most or all of the 5′-UTR. The Rous sarcoma virus (RSV) is an
exception in that its genome can be efficiently packaged by a relatively short, 82-nucleotide segment
of the 5′-UTR called μΨ. The RSV 5′-UTR also contains three translational start codons (AUG-1,
-2 and –3) that have been controvertibly implicated in translation initiation and genome packaging,
one of which (AUG-3) resides within the μΨ sequence. We recently demonstrated that μΨ is capable
of binding to the cognate RSV nucleocapsid protein (NC) with high affinity (dissociation constant
Kd ~2 nM), and that residues of AUG-3 are essential for tight binding. We now report the solution
structure of the NC:μΨ complex, determined using NMR data obtained for samples
containing 13C,15N-labeled NC and 2H-enriched, nucleotide-specifically-protonated RNAs. Upon
NC binding, μΨ adopts a stable secondary structure that consists of three stem loops (SL-A, SL-B
and SL-C) and an 8-base pair stem (O3). Binding is mediated by NC’s two zinc knuckle domains.
The N-terminal knuckle interacts with a conserved U(217)GCG tetraloop (a member of the UNCG
family; N = A,U,G or C), and the C-terminal zinc knuckle binds to residues that flank SL-A, including
residues of AUG-3. Mutations of critical nucleotides in these sequences compromise or abolish viral
infectivity. Our studies reveal novel structural features important for NC:RNA binding, and support
the hypothesis that AUG-3 is conserved for genome packaging rather than translational control.
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Introduction
Retroviral genomes are selected for packaging during viral assembly with exquisite efficiency.
1 Two copies of the full-length, unspliced genome are selected from a cellular pool that contains
a ~100-fold excess of cellular mRNAs and spliced viral RNAs.1 Genome selection is mediated
by interactions between the nucleocapsid (NC) domains of the retroviral Gag polyproteins and
a packaging signal located within the 5′-untranslated region (5′-UTR) of the viral genome
called the Ψ-site.1–4 Nucleotides of the Ψ-site generally overlap with, or reside downstream
of, the 5′ splice donor site (SD), providing a potential mechanism for discriminating between
full-length and spliced viral transcripts.5 Ψ-site residues also usually overlap with elements
that promote RNA dimerization,6–9 suggesting that genome dimerization and packaging may
be intimately coupled.1,2,10 Dimerization-dependent conformational changes that expose NC-
binding residues in the Ψ-site of the Moloney murine leukemia virus (MLV) have been
proposed to regulate diploid genome packaging,11 and a similar mechanism may be utilized
by the human immunodeficiency viruses type-1 and –2 (HIV-112 and HIV-213).

Current understanding of the molecular mechanism of retroviral genome selection has been
obtained mainly from studies of MLV and HIV-1.14 Mutagenesis studies have identified
regions of the HIV and MLV 5′-UTRs that are essential for genome packaging. Deletion or
mutation of residues near dimer-promoting elements can severely attenuate genome selection,
although for both retroviruses, efficient packaging of heterologous RNAs requires most (MLV)
or all (HIV) of the the 5′-UTR.14 The Rous sarcoma virus (RSV), an alpharetrovirus that
induces connective tissue tumors in chickens via the integration of a viral src gene of cellular
origin,15 is unusual in that efficient RNA packaging can be directed by fragments of the 5′-
UTR comprising as few as 82 nucleotides.16 Deletions between the primer binding site (PBS)
and SD can significantly attenuate viral infectivity and genome packaging,17,18 whereas
deletions upstream19,20 and downstream17,21 of this region have little or no effect on
packaging. In addition, segments of the 5′-UTR between the PBS and SD were shown to
efficiently package heterologous RNAs into virus like particles.16,22–25 A 160-nucleotide
fragment of the RSV 5′-UTR, termed MΨ (Figure 1), is capable of directing heterologous RNA
packaging with efficiency that is only 2.6-fold less than that of the native, intact genome.24,
25 Although the L3 stem loop is required for infectivity of the virus, the actual sequence of the
L3 stem of MΨ appears not to be essential for genome packaging,26 and an even smaller 82-
nucleotide segment (μΨ) was more recently shown to direct RNA packaging with efficiency
equal to that of MΨ, Figure 1.16

The 5′-UTRs of the alpharetroviruses are also unusual in that they contain three translational
start codons (AUG-1, -2 and –3), two of which (AUG-1 and AUG-3) are critical for viral
replication and gene expression. AUG-3 resides within MΨ, Figure 1, and although some
studies suggested that RNA packaging efficiency may be coupled with translation efficiency
of the corresponding short open reading frames (ORFs),27–29 other studies indicated that these
process are not coupled,30 and that these AUG sequences may instead function by promoting
binding to Gag or inhibiting binding to the ribosome.30 Phylogenetic variability in the region
between AUG-3 and the gag open reading frame suggested that this region is structurally
heterogeneous and might adopt alternate conformations that differentially promote packaging,
splicing, or other RNA-dependent processes.31 Consistent with this hypothesis, we recently
demonstrated that RSV NC binds μΨ RNA with high affinity, and that mutation of AUG-3
substantially inhibits NC binding.32 We now report the solution structure of the NC:μΨ
complex, determined using a combination of isotope-edited NMR experiments. Our studies
show that AUG-3 and a conserved UNCG tetraloop participate directly in binding to the NC
protein, and that these binding sites are critical for viral fitness. The N- and C-terminal zinc
knuckle domains of the NC protein interact with these elements in a manner different from that
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observed in previously characterized NC:RNA complexes, indicating that the conserved
CCHC-type zinc knuckles can direct genome packaging via diverse structural mechanisms.

Results and Discussion
NMR signal assignments for the NC:μΨ complex

1H NMR spectra obtained for μΨ in the absence of NC exhibited very broad lines, consistent
with exchange on the millisecond timescale between two or more RNA conformations. We
were unable to obtain assignable NMR spectra for the free μΨ RNA under various conditions
of salt ([NaCl = 5 to 100 mM, [MgCl2] = 0 to 5 mM), and temperature (15 to 35 °C). However,
high quality spectra were obtained upon addition of one equivalent of NC, which enabled
analysis of the NMR spectra.

NMR spectral assignments were made for complexes containing nucleotide-specifically
protonated, 2H-labeled μΨ RNA. Nucleotide-specific protonation significantly simplifies the
spectra, allowing for the identification of sequential nucleotides of a given type.33 In the case
of the RSV μΨ, there are relatively few examples of such sequentially repeating residues:
GGGGG (1), GGGG (1), GGG (1), GG (5), CCC (2), CC (1) and UU (4). Thus, a stretch of
five sequentially correlated guanosine residues (G211-G215) can be uniquely identified in the
NOESY data obtained for the NC:μΨ complex containing fully protonated guanosines and
perdeuterated U, C and A nucleotides (GH-μΨ; Supplementary Figure S1). Signals for the
remaining guanosines were sequentially assigned by comparisons with spectra obtained for
samples containing selectively protonated adenosines (AH-μΨ), uridines (UH-μΨ), and
cytidines (CH-μΨ). Representative 2D NMR data obtained for the NC:AH-μΨ complex
showing aromatic H8 and H2 to H1′ NOE connectivities are shown in Figure 2a. Partial
deuteration (~85%) of the purine bases gave rise to weak but observable internucleotide (but
not intranucleotide) NOE cross-peaks with the adenosine and guanosine H8 protons, which
facilitated or confirmed assignments for sequential N-to-G/A (N = any nucleotide) and G/A-
to-U/C stretches, Figure 2b. Representative data showing sequential NOE connectivities for
residues G187–G193 are shown in Figure 2b. Finally, 2D 1H NMR NOESY spectra were
obtained for fragments of μΨ corresponding to the predicted stem loops SL-A, SL-B and a
hairpin containing the stem residues of O3 tethered by a GAGA tetraloop (Figure 3), for
comparison with spectra obtained for the intact μΨ RNA. Except for the terminal nucleotides,
NMR chemical shifts and NOE cross-peak patterns observed for the fragments matched the
corresponding sub-spectral elements observed for μΨ. With this approach, 100% of the
aromatic C-H protons, 100% of the H1′, 73% of the H2′, 70% of the H3′, 61% of the H4′ and
36% of the H5′, H5″ protons were assigned.

Two sets of signals were observed for residues A197 and C201, indicating that these residues
exist in two different conformations. In both cases, one subset of signals was substantially more
intense, and NOEs associated with these signals were used for the structure calculations. For
A197 (part of AUG-3), the weaker set of signals includes a very intense intraresidue A197-H8
to H1′ NOE (Figure 2a, which is indicative of a syn glycosidic torsion angle) but no direct
intermolecular NOEs with the protein. The more intense set of signals includes a very weak
intramolecular H8 to H1′ NOE and intense NOEs with the protein, including A197-H8 to
His55-Hδ, His55-Hɛ, Cys60-Hα, Arg61-Hα (and sidechain protons) and Lys62-Hα (and
sidechain protons), and A197-H1′ to His55-Hɛ. Structures were calculated using distance
restraints derived from the latter set of NOEs. Only a single set of signals were observed for
U198 and G199 of AUG-3. An intense intraresidue G220-H8 to H1′ NOE and an unusually
downfield-shifted G220-H3′ signal (5.77 ppm; Supplementary Figure S2) are consistent with
results obtained previously for UNCG tetraloop RNA structures.34–37 The combined NOE
data are consistent with the secondary structure of μΨ shown in Figure 1.
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1H, 15N and 13C NMR signal assignments were made for all backbone and side-chain atoms
of residues Ala17 – Lys37 and Cys47 – Arg63 (which correspond to the N- and C-terminal
zinc knuckles, respectively) of the free RSV NC protein (15N,13C-labeled) from 3D 13C-edited
NOESY-HMQC and 15N-edited HSQC-NOESY NMR data. 1H and 13C signals were assigned
for these residues in the NC:μΨ complex, except for Gly25 and Gly28 of the N-terminal zinc
knuckle and Met53 and Gly54 of the C-terminal zinc knuckle, due to the broader linewidths
of NMR signals in the complex and severe overlap of the glycine Hα signals. Overlap also
precluded unambiguous assignment of Gln59. Most of the remaining residues of the N- and
C-terminal tails, as well as several residues in the linker that connects the zinc knuckles, could
not be unambiguously assigned for the free or RNA-bound NC protein due to rapid exchange
of backbone NH and water protons and apparent conformational flexibility. Large chemical
shift changes were observed for several of the NC protein NMR signals upon binding to μΨ,
including the aromatic protons of Tyr22, Tyr30 and His55, and these residues gave rise to
intermolecular NOEs. However, the intra-zinc knuckle NOE cross-peak patterns and intensities
were similar in the free and μΨ-bound NC protein, indicating that binding to μΨ does not affect
the folding of zinc knuckles. Portions of the 2D and 3D NOESY data obtained for the NC
complex with GH-μΨ and UH-μΨ are shown in Figure 4. No inter-knuckle NOEs were observed
for NC protein in the absence or presence of μΨ, indicating that the two knuckles form
independently folded domains and bind to separate regions of the μΨ RNA.

Structure of the NC:μΨ complex
NMR chemical shifts and NOE cross-peak patterns of the SL-A and SL-B stem loops and O3
stem in the NC:μΨ complex were very similar to those observed for the isolated RNA
fragments, indicating that these elements form similar three-dimensional A-helical structures.
A total of 20 refined structures with target functions of 4.59±0.35 Å2 were calculated with
CYANA using a total of 680 1H-1H distance, 239 RNA torsion angle, 170 inter-phosphate,
and 608 H-bond restraints (4 restraints per H-bond), for an average of 28.5 restraints per refined
residue. Lower-limit inter-phosphate distance restraints were employed for longer A-helical
segments (SL-A and O3), which significantly increases the rate of production of structures
with low target functions and affords structures normal helical parameters and major groove
widths.33 Additional lower-limit restraints were employed to ensure that the closest approach
of non-neighboring phosphate atoms (Pi to Pi+n; n > 4) was greater than 6.0 Å. The O3 helix,
SL-C, and the stems of SL-A and SL-B are structurally well defined in the NC:μΨ complex.
Best-fit superpositions of the heavy atoms of the stems of O3, SL-A, SL-B and stem loop SL-
C afforded pairwise RMS deviations of 0.44 ± 0.13, 0.78 ± 0.20, 0.49 ± 0.18 and 0.70 ± 0.11
Å, respectively (Table 1 and Figure 5). Stem loop SL-A contains two mismatched base pairs
(U180•G188, A181•G187) and SL-B contains one mismatched base pair (A205•G209).
Residue U175 on the 5′ side of the SL-A stem forms a bulge, with the adjacent C174 and C176
co-stacked. The loop residues of SL-A and SL-B were not restrained during structural
calculations, and these regions therefore appear disordered. Standard sequential NOEs were
observed between G213 and G214, indicating that SL-B and SL-C are co-stacked. No other
inter-stem loop NOEs were observed, and as such, the relative positions and orientations of
the remaining stem loops were established loosely by stereochemical and van der Waals
restraints and intermolecular restraints to the NC protein. As such, the relative positions and
orientations of SL-B, SL-C, O3, and the NC zinc knuckles were reasonably well defined,
whereas the position and orientation of SL-A was poorly defined, Figure 6.

The U217GCG tetraloop of SL-C in NC:μΨ complex adopts a canonical UNCG tetraloop
structure similar to those observed in previous NMR34–37 and X-ray crystal38 structures.
U217 and G220 form a UG base pair that is stabilized by hydrogen bonding between the 2′-
hydroxyl proton of U217 and the O6 oxygen of G220, and between the the O2 oxygen of U217
and imino and amino protons of G220. In addition, the amino group of C219 is poised to form
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a hydrogen bond with the phosphate group of G218. G220 adopts a syn glycosidic torsion angle
and is stacked on top of G221, while U217 is stacked upon the C216•G221 base pair and C219
is stacked upon U217•G220 base pair. The base of G218 does not interact with the other
nucleotides of SL-C, but instead makes extensive contacts with the NC protein (see below).
Residues U224-A225-G226 of the linker that connects SL-C with the O3 stem fold back into
the minor groove of the SL-C stem, with A225-H2 in close proximity to C216-H1′ and Ala32
of the N-terminal zinc knuckle (see below), Figure 7.

The N-terminal NC zinc knuckle binds to the UGCG tetraloop of SL-C—The RSV
NC protein contains two zinc knuckle domains that adopt canonical folds observed for all other
structurally characterized retroviral zinc knuckle domains.14 Best-fit superposition of the main
chain atoms of the N- and C-termainal zinc knuckle domains afforded pairwise RMS deviations
of 0.41 ± 0.05 and 0.36 ± 0.15 Å, respectively, Figure 5e,f. The nucleobase of G218 fits deeply
into a hydrophobic pocket defined by residues Tyr22, Tyr30, Leu20 and Gln31. Hydrophobic
residues at the same positions, which generally include at least one Trp or Phe residue, form
similar clefts on other structurally characterized zinc knuckle domains, including those of
HIV-1 and MLV NC.14,39 Representations showing the position and orientation of the N-
terminal zinc knuckle relative to the co-stacked stem loops SL-B and SL-C and the packing of
the G218 nucleobase with the aromatic side chains of Tyr22 and Tyr30 are shown in Figure 7.
The importance of these interactions is supported by site-directed mutagenesis studies using a
yeast three hybrid system, in which mutation of Tyr22 to Ile decreased the affinity of RSV NC
for MΨ by 97%.40 Binding is further stabilized by intermolecular hydrogen bonding with
backbone NH and O atoms located at the bottom of the pocket (G218-O6-Tyr22-NH; G218-
O6-Gln31-NH; G218-N1H-Leu20-O; G218-NH21-Leu20-O), Figure 7. This mode of
guanosine recognition and binding by CCHC-type zinc knuckles has been observed in HIV-1
and MLV NC-RNA and zinc knuckle-DNA complexes.11,41–43 In addition, the nucleobase
of G220 packs against the side chains of Tyr30 and Ala17, and the ribose moiety of C216 packs
against the side chain of Ala32, Figure 7b.

The C-terminal zinc knuckle binds A197 of AUG-3—The C-terminal zinc knuckle of
RSV NC also forms a canonical CCHC zinc knuckle backbone fold, Figure 5f. This domain
is unusual in that it does not contain residues with aromatic side chains (other than the zinc-
coordinating His55), nor does it contain a well-defined hydrophobic pocket. No NOEs were
observed between this zinc knuckle domain and guanosine residues, indicating that the domain
functions differently from the the previously characterized zinc knuckle domains. However, a
number of intermolecular NOEs were observed between this zinc knuckle and residues in the
linkers adjacent to stem loop SL-A (Supplementary Figure S3). The A197 nucleobase packs
against His55, Cys60, and Arg61, with the exocyclic amino group and N7 atom poised to form
hydrogen bonds with the carbonyl of Gln59 and the amide proton of Arg61, respectively. The
side chain of Arg61 is also posed to form a salt bridge with the 5′-phosphate of A197. Mutation
of the conserved A197 to G reduced the NC binding affinity of μΨ by ~10,000 times,32 and
this could be due in part to the inability of G to form these hydrogen bonds. These findings are
also consistent with mutagenesis studies showing that Arg61 is important for the high affinity
Gag-Ψ RNA binding in vitro and efficient genome packaging in vivo.40,44,45 The nucleobase
of A168 packs against the side chains of Leu49, Cys60 and Lys58, and appears to be stabilized
by a hydrogen bond between the A168 phosphate oxygen and Lys58 side chain amino group,
Figure 8.

Nucleobases interacting with NC are important for viral infectivity—To assess the
biological significance of the RSV NC:μΨ structure, we created mutations in the RNA
sequences that appeared critical for NC binding, and then introduced these mutations into an
infectious RSV viral DNA. Two days after transfection of the mutant DNA into chicken DF1
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cells, virus particles shed into the medium were collected and used to infect new DF1 cells,
and the spread of the virus was followed over time by a standard assay for reverse transcriptase
in the growth medium.46 Substitution of GAGA for the wild type sequence UGCG217–220 in
the tetraloop of SL-C resulted in a large decrease in the rate of viral spread, Figure 9, but did
not completely destroy infectivity. Ten days after infection, the sequence of the viral RNA
showed no reversion or compensatory mutations in psi or gag (not shown). Substitution of
CCU for AUG197–199 or for AUC168–170 (or for both) abrogated viral infectivity, since the
mutant viruses were unable to spread at all, Figure 9. These results provide strong support for
the relevance of the NC:μΨ structure in vivo.

Biological implications
Previous studies have shown that RSV MΨ and μΨ are capable of directing heterologous RNA
packaging with efficiencies near that of the full-length, wild-type genome.16,24,25 Studies
using yeast three hybrid assays suggest that RSV Gag binds MΨ and μΨ RNAs with similar
affinities,47 and the affinity of mutant Gag molecules for the Ψ-site appears to be intrinsically
related to the efficiency of packaging.16 Gag constructs that lack the matrix, capsid, or protease
domains bind MΨ with similar affinities and package viral RNA into virus-like particles with
high efficiency, indicating that interactions between the NC domain of Gag and μΨ serve as
the primary determinant of genome selection.44 RSV NC binds μΨ with unusually high affinity
(Kd ~2 nM), and truncated μΨ-derived RNAs that lack O3 or any of the stem loops bind NC
with substantially reduced affinities.32 These data collectively support the proposal that μΨ
functions as the minimal determinant for NC binding and genome packaging.16

Recent NC binding studies showed that the UGCG tetraloop of SL-C is required for high-
affinity binding.32 Substitution of the UGCG residues by GAGA (a member of the GNRA
family; N=A,U,G or C and R = A or G) resulted in a ~1,500-fold reduction in the affinity of
RSV NC for μΨ RNA,32 whereas substitution of the loop residues of SL-A and SL-B by GAGA
residues did not affect binding.32 Consistent with these findings, the present studies reveal
that the loop residues of SL-A and SL-B do not interact with the protein or make long range
RNA-RNA contacts, and that the UGCG tetraloop of SL-C binds directly to the N-terminal
zinc knuckle of NC. Furthermore, mutating the tetraloop to GAGA causes a major decrease in
viral infectivity. UNCG tetraloops are widely distributed in biology,48 and together with
GNRA sequences comprise more than 70 percent of the tetraloops of large and small rRNAs.
49,50 These families of tetraloops form unusually stable hairpin structures, and in some cases
are known to participate in long-range RNA-RNA interactions.35,51–57 To our knowledge,
the present findings provide the first example in which a UGCG tetraloop participates directly
in protein-RNA interactions. The syn-conformation of the universally conserved tetraloop
guanosine (G220) appears to not only stablize the loop structure, but also allows greater
exposure of the G218 nucleobase, which binds to the hydrophobic pocket of NC’s N-terminal
zinc knuckle. This binding mode is reminiscent of that observed previously in HIV-1 and MLV
NC:RNA complexes, in which exposed guanosine nucleobases are inserted into hydrophobic
pockets and form hydrogen bonds with backbone NH and O atoms of the zinc knuckles.11,
42,43

While it is conserved in almost all alpharetroviruses and forms part of the NC binding site in
vitro in the Prague C (PrC) strain of RSV, the UGCG tetraloop appears not to be strictly required
for genome packaging and infectivity. Mutation of this sequence to UUUG did not substantially
diminish RNA packaging16, and in randomization studies of a 14 nucleotide stretch including
this sequence, infectious viruses were recovered with a variety of sequences different from the
canonical UNCG26. Furthermore, when we changed the tetraloop sequence to GAGA, the
resulting virus was still infectious, although it was compromised in replication. The same
GAGA mutation reduced the affinity of NC for the RNA by a thousand-fold in vitro32, but
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this reduction is substantially less than that brought about by mutation of the A in AUG-3.
Based on all of these results, it seems that the tetraloop is of secondary importance for Gag
binding in vivo.

The C-terminal zinc knuckle interacts with the RNA in a manner that has not been observed
in other retroviral NC:RNA complexes. This domain does not contain a hydrophobic pocket
and does not interact with exposed guanosine residues. Instead, the domain interacts with two
adenosine nucleobases, one (A168) associated with the linker that connects O3 and SL-A and
the other (A197 of AUG-3) located in the linker that connects SL-A and SL-B. The nucleobase
of A168 makes hydrophobic contacts with Leu49, Cys60 and Lys58, and binding appears to
be further stabilized by a salt bridge between the 5′-phospate of A168 and the side chain amino
group of Lys58. The nucleobase of A197 is poised to form hydrogen bonds with the backbone
NH and O atoms of Arg61 and Gln59, respectively, and its 5′-phosphate appears to form a salt
bridge with the side chain of Arg61. The nucleobase also appears to partially stack with the
aromatic side chain of the zinc-coordinating His55. These findings demonstrate that the
retroviral CCHC zinc finger scaffold can be used in significantly different ways to promote
RNA binding, and provide a potential explanation for why chimeric viruses containing
“swapped” NC domains are sometimes (but not always) capable of competitively packaging
the genome of the virus from which NC was derived.58

The present findings support the proposal that the AUG residues of AUG-3 are conserved to
promote genome packaging rather than translation initiation.30,59 Mutations and deletions
within and/or adjacent to the initiation codon of AUG-3 clearly can cause significant reductions
in RNA packaging16,27–29. For example, an RNA containing C195A, G199C and A200U
mutations was packaged with efficiency that was 50-fold lower than that of the same RNA
containing the native MΨ sequence and comparable to that of a negative control RNA lacking
an MΨ sequence16. In addition, mutation of A197 to G reduces the affinity of NC for μΨ by
a factor of ~10,000.32 Our findings demonstrate that A197 participates directly in NC binding.
The nucleobase of U198 packs against A200 and U224 in a manner that appears to stabilize
the fold of the μΨ RNA. The reason for the conservation of G199 is not obvious, as this
nucleotide did not exhibit inter-residue or intermolecular NOEs and does not appear to
participate in long-range RNA-RNA or RNA-protein interactions. It is conceivable this
guanosine is needed to stabilize an alternate conformation that is important for translation,
nuclear export, reverse transcription, or some other RNA-dependent function.

The phenotypes of the AUC168–170 and AUG197–199 viral mutants, namely the abolishment of
infectivity, support the role of the linker nucleotides on either side of SL-A as being critical
for virus replication. In our experience, few mutations in the viral Ψsite have such a drastic
effect. Taken together with the previous binding data32, the structure presented here and the
in vivo phenotype of the mutations make it likely that the role of AUC168–170 and of
AUG197–199 is to create a high-affinity binding site for the NC domain of Gag, and that this
binding site is essential for genome packaging.

The O3 stem, which is conserved among the alpharetroviruses,16 is important for both genome
packaging and NC binding. Mutations that disrupt O3 stem base pairing lead to dramatic
reductions in packaging, which can be restored by co-variational mutations24, and point
mutations in the O3 stem can inhibit interactions with RSV Gag.47 Deletion of the O3 stem
results in a significant decrease in the affinity of NC for μΨ32. The present studies demonstrate
that the O3 stem does not interact directly with NC. Instead, O3 appears to promote NC binding
by stabilizing a tertiary structure that is required for high-affinity binding, probably by
maintaining the close proximity of the linker residues that are involved in NC binding.
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As indicated above, we have been unable to obtain quality NMR spectra for the free μΨ RNA
due to conformational heterogeneity and exchange at unfavorable interconversion rates. Mfold
calculations indicate that μΨ can adopt two secondary structures with similar free energies.
One secondary structure matches that shown in Figure 1, and the other contains the same O3
stem structure but different conformations for stem loops A, B and C. Although we were unable
to identify the conformations of the free RNA, it is tempting to speculate that both structures
exist in equilibrium in the absence of NC, and that NC binding shifts the equilibrium toward
the observed structure shown in Figure 1. This model would be consistent with the proposal
that μΨ adopts different structures for translation initiation and genome packaging.30,59 In
the absence of NC, the alternate conformation that is responsible for line broadening might
play a role in translation initiation. As Gag concentrations increased, the RNA would be shifted
by NC binding from the conformation responsible for translation initiation to the observed
conformation that directs packaging. Additional studies of the free μΨ and MΨ RNAs, and of
RNA constructs with mutations designed to stabilize the putative alternate conformation,
should provide insights into the nature and function of the free RNA heterogeneity.

Materials and Methods
Sample preparation

RSV NC was expressed as a GST fusion protein in E. coli BL21 codon plus (DE3)-RIL strain
(Invitrogen), and purified by affinity chromatography on Glutathione Sepharose 4B (GE
Healthcare) under non-denaturing conditions as previously described.32 Isotopic enrichment
with 15N and/or 13C was readily achieved by growing the transformed bacteria in minimal
media supplemented with 15NH4Cl and/or 13C glucose (Cambridge Isotopes).

μΨ RNA fragments O3(f), SL-A(f) and SL-B(f) were obtained from Dharmacon Research Inc.
with 2′-o-bis (acetoxyethoxy)-methyl (ACE) protection. All these RNAs were de-protected
following manufacturer recommendations and ethanol precipitated prior to NMR studies.
μΨ RNA was synthesized by in vitro transcription with T7 RNA polymerase and purified by
denaturing gel electrophoresis as described.32 Specifically, selectively protonated RNA
samples (AH-μΨ, UH-μΨ, GH-μΨ, CH-μΨ) were prepared using a combination of three
deuterated NTPs (~85% perdeuteration, Silantes GmbH) and the respective protonated NTP
(Sigma-Aldrich) with yields typically in the range of 7–11 mg of purified RNA per 15 mL
RNA reaction. Both NC and RNA samples were prepared in Tris-d11-HCl buffer (5 mM at pH
7.0, 5 mM NaCl, 0.1 mM ZnCl2 in 2H2O) for NMR studies. The concentrations of NC and
RNA were estimated by the optical absorbance at 280nm and 260nm, respectively. Samples
of the 1:1 NC:μΨ complex were prepared by titrating 6.0 mM NC protein into 0.8–1.3 mM
μΨ RNA. The completeness of the titrations was confirmed by native polyacrylamide gel
electrophoresis. Usually a sample volume of 225–250 μL in a Shigemi tube (Shigemi, Inc.)
was used for NMR data collection.

NMR spectroscopy
NMR data were collected with Bruker AVANCE (800 MHz, 1H) and DMX (600 MHz, 1H)
spectrometers, processed with NMRPipe/NMRDraw60 and analyzed with NMRView.61 All
homonuclear experiments were collected using the States method for quadrature detection in
the indirect dimensions.62 Water suppression was accomplished with flip-back pulses,63
pulsed field gradients,64 or presaturation pulses during the relaxation delay.

NMR experiments of the free NC protein, except for the 3D 1H-13C HMQC-NOESY, were
collected at 25°C. All other experiments were done at 35°C. Backbone signals of the free NC
protein were assigned using standard triple resonance methods,65 and side chain signals were
assigned from 3D 1H-15N HSQC-NOESY (τm = 200 ms), 3D 1H-13C HMQC-NOESY (τm =
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200 ms) and 4D 15N, 13C- edited NOESY (τm = 200 ms) data.66,67 Signal assignments of NC
protein in the NC-μΨ complex were obtained from a 3D 1H-13C HMQC-NOESY (τm = 85 ms)
spectrum of a sample containing 13C, 15N-labled NC bound to unlabeled μΨ. μΨ RNA
assignments were obtained by analyses of 2D NOESY (τm = 85 ms) spectra for AH-μΨ, UH-
μΨ, GH-μΨ, CH-μΨ (containing protonated A, U, G and C, respectively, with the remaining
nucleotides perdeuterated) and fully protonated μΨ bound to unlabeled NC, respectively. 2D
ROESY data (25 ms mixing time) were obtained to identify chemical exchange cross-peaks
and distinguish direct and relayed NOEs.68–70 A mixing time of 200 ms was used in 2D
NOESY experiments for μΨ fragments O3(f), SL-A(f) and SL-B(f).

Structure calculations
Upper interproton distance bounds of 2.7, 3.3 and 5.0 Å were employed for NOE cross-peaks
of strong, medium and weak intensity, respectively, which were qualitatively assessed
following intensity normalization of the different NOE data sets. Structures were calculated in
torsion angle space with CYANA71 (http://www.las.jp/index_eg.html) starting from random
initial angles (involving both protein and RNA). We were unable to obtain residual dipolar
couplings for the NC:μΨ complex (due to severe line broadening in the presence of the
alignment media). Therefore, loose inter-phosphate restraints were therefore employed to limit
the approach of phosphate atoms across the major grooves of A helices to 8 Å or greater, and
to limit the approach of all other long-rang P(i)-to-P(i+4) distance to 6 Å or greater.33 Structure
figures were generated with PyMol (DeLano, W.L. The PyMOL Molecular Graphics System
(2002): http://pymol.sourceforge.net).

Cell culture and assay for viral infectivity
DF1 cells were maintained in Dulbecco’s modified Eagle’s medium plus 5% fetal calf serum,
5% NuSerum, 1% heat inactivated chick serum, and vitamins and antibiotics. Viral spread was
analyzed using a standard reverse transcriptase assay. For the experiment with the GAGA
mutation, replicate values represent samples taken from a single infection. The experiment was
repeated once with similar results. For the CCU mutations, replicates were taken from three
independent infections initiated on the same day. In all cases the virus was collected from 1.5
mL of culture medium by first filtering through a 0.45 μm filter, and then centrifuging the virus
through a 20% sucrose cushion. One third of the resuspended virus was submitted to a reverse
transcriptase assay as described previously (ref Stewart et al 1990) with poly(A) RNA as a
template, oligo(dT) as a primer, and [α-32P] dTTP at a specific activity of 2 x 104 μCi/μmol.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Representation of the Rous sarcoma virus (RSV) genome showing relative locations of the
primer binding site (PBS), splice donor (SD) site and MΨ RNA packaging signal. (b) Predicted
secondary structure of the MΨ packaging signal (Prague C strain). Nucleotides are numbered
using the first residue after the 5′ cap as position +1. (c) Predicted secondary structure of μΨ
RNA used in this study. Non-native nucleotides that were added to facilitate in vitro
transcription are shown in red. (d) Amino acid sequence and zinc binding mode of the RSV
NC protein. Non-native residues derived from the PreScission protease cleavage site (used to
cleave GST during purification) are shown in light grey.
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Figure 2.
(a) Portion of the 2D NOESY spectrum obtained for A-protonated μΨ (AH-μΨ) bound to NC
showing the NOE cross-peaks associated with the fully protonated adenosines and partially
protonated guanosine residues. The H1′/H8 (more intense) and H1′/H2 (less intense) cross-
peaks from one adenosine residue appear as pairs and are labeled by residue numbers. The
sequential H1′/H8 cross-peak from an adenosine residue to the following partially protonated
guanosine residue is connected by a dashed line. (b) Representative portions of 2D NOESY
data obtained for selectively-protonated (from top to bottom are G, G, A, G, C, C, G and G,
respectively, protonated) μΨ RNA bound to NC showing the sequential H1′ to H8 (G187
through G190, C191 through G193) and H8 to H5 (from G190 to C191) NOEs.
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Figure 3.
(a) Secondary structures of the μΨ RNA fragments used to facilitate the assignment of the
intact μΨ. The fragments corresponding to the O3 stem, SL-A and SL-B are named as O3(f),
SL-A(f) and SL-B(f), respectively. Non-native residues are shown in red. In O3(f), non-native
residues in the termini corresponding to those in the intact μΨ (see Figure 1) were added as
well as a GAGA tetraloop in order to form a stable hairpin. In SL-B(f), two additional GC and
AU base pairs were added to stabilize the stem. (b)–(d) Portion of the 2D NOESY spectrum
obtained for O3(f), SL-A(f) and SL-B(f), respectively, showing the sequential H1′-to-aromatic
proton NOE cross-peaks. In O3(f), non-native residues at the 5′ terminus are labeled as G-2
and G-1 and residues at the 3′ terminus are labeled as G+1, U+2 and U+3, respectively. The
GAGA tetraloop residues are labeled as Gi, Ai+1, Gi+2 and Ai+3, respectively. In SL-B(f),
the non-native residues are labeled as G-2, A-1 and U+1 and C+2, respectively.
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Figure 4.
Top: Representative strips from the 3D 13C-edited NOESY-HMQC obtained for 13C, 15N-
labeled NC bound to unlabeled μΨ showing the intermolecular NOEs associated with NC N-
terminal zinc knuckle residues Arg16 and Ala32, respectively. Bottom: Overlay of the 2D
NOESY spectra obtained for GH-μΨ (black) and UH-μΨ (red) bound to NC showing the
intermolecular NOEs from SL-C tetraloop residues U217, G218 and G220 to NC N-terminal
zinc knuckle aromatic residues Tyr22 and Tyr30.
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Figure 5.
(a)–(d) Stereoviews of the best-fit superpositions of the stems of O3, SL-A, SL-B and stem-
loop SL-C (including the UGCG tetraloop), respectively, from the ensemble of 20 refined
NC:μΨ structures. Disordered loop nucleotides U182-G186 (SL-A), G206-A208 (SL-B) and
the bulge residue U175 (SL-A) are also shown (b and c). (e),(f) Stereoviews of the best-fit
superpositions of the main chain atoms of the N- and C-terminal zinc knuckle domains,
respectively, from the ensemble of 20 refined NC: μΨ structures.
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Figure 6.
(a) Superposition of the 20 NC:μΨ structures showing the relative convergence of the
secondary structure elements. The figure was generated by superpositioning the carbon atoms
of the SL-C stem. The relative positions of SL-B (green), SL-C (brown) O3 (red), the linkers
(orange), and the NC zinc knuckles (slate) are fairly well defined by the NMR data, but the
position of SL-A (purple) is poorly defined. (b,c) Stereo views (differing by a 90 degree
rotation) of a representative structure (with lowest target function), colored as in (a), showing
the relative positions of the NC and μΨ secondary structures.
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Figure 7.
(a) The N-terminal NC zinc knuckle (NC-F1) binds to the UGCG tetraloop of SL-C (brown),
which itself co-stacks with stem loop SL-B (green). (b) Binding is mediated, in part, by the
insertion of G218 between the aromatic side chains of Tyr22 and Tyr30, and by hydrogen
bonds with backbone atoms of the zinc knuckle (dashed green lines). (c) Linker residues U224,
A225 and G226 fold back and pack in the minor groove of SL-C. Long-range intra- and inter-
molecular NOEs involving the A225-H2 proton are shown with arrows.
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Figure 8.
Surface (a) and stick (b) representations of the C-terminal NC zinc knuckle (NC-F2) bound to
the linker residues (orange) proximal to stem loop SL-A (purple). (c) Expanded view of the
NC-F2 binding site showing the packing of A168 and A197 against the side chains of Leu49
(green) and His55 (blue), respectively. Hydrogen bonds are shown as dashed green lines.
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Figure 9.
Virus infectivity monitored by RT assays. Compared with wild type virus (circles), mutant
virus in which the SL-C tetraloop sequence was changed from UGCG217–220 to GAGA
exhibited slower growth kinetics (squares). Mutant viruses in which the sequences
AUC168–170 and/or AUG197–199 on either side of SL-A were changed to CCU were not
infectious (diamonds, crosses, or plus symbols).
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Table 1
Statistics for 20 calculated RSV NC:μΨ structures

NMR-derived restraints
 1H-1H distance restraints
  Intraresidue 326
  Sequential (|i-j|=1) 182
  Long range (|i-j|>1) 141
  Intermolecular 31
 Hydrogen-bond restraints 608
 Torsion angle restraints 239
 Inter-phosphate restraints 170
Average restraints/refined residue 28.5
 Target function (Å2)
 Mean ± SD 4.59±0.35
 Minimum 4.02
 Maximum 5.39
 Restraint violations
 Av. upper distance viol. (Å) 0.028 ± 0.004
 Av. max. upper distance viol. (Å) 0.38 ± 0.03
 Av. lower distance viol. (Å) 0.008 ± 0.002
 Av. max. lower distance viol. (Å) 0.09 ± 0.03
 Av. sum of VDW viol. (Å) 14.0 ± 1.3
 Av. max. VDW viol. (Å) 0.72 ± 0.07
 Av. torsion angle viol. (deg.) 0.043 ± 0.062
 Av. max. torsion angle viol. (deg.) 0.57 ± 0.85
 Structure convergence (Å)2 All heavy atom Main chain atoms
 μΨ (C160-G234) 5.69±1.86
 O3 (C160-C167,G227-G234) 0.44±0.13
 SL-A (C171-C174,C176-A181,G187-G196) 0.78±0.20
 SL-B (C201-A205,G209-G213) 0.49±0.18
 SL-C (G214-C223) 0.70±0.11
 NC-F1 (Arg16-Lys37) 1.04±0.14 0.41±0.05
 NC-F2 (Arg46-Lys62) 1.16±0.22 0.36±0.15

1
Statistics for the 39 NC residues (Arg16-Lys37, Arg46-Lys62) restrained during the structure calculations.

2
Reported as average pairwise RMS deviations for the 20 refined structures.

Cartoon of a representative NMR structure of the Rous sarcoma virus nucleocapsid protein (slate) bound to the cognate μΨ RNA packaging element.
Cysteine and histidine residues that bind zinc (gray spheres) are shown in yellow and blue, respectively, and independently structured regions of the RNA
are displayed in brown, green, red and purple colors.
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