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Murine leukemia virus (MLV) is currently the most widely used gene
delivery system in gene therapy trials. The simple retrovirus packages
two copies of its RNA genome by a mechanism that involves interactions
between the nucleocapsid (NC) domain of a virally-encoded Gag poly-
protein and a segment of the RNA genome located just upstream of the
Gag initiation codon, known as the 	-site. Previous studies indicated
that the MLV 	-site contains three stem loops (SLB-SLD), and that stem
loops SLC and SLD play prominent roles in packaging. We have devel-
oped a method for the preparation and puri®cation of large quantities of
recombinant Moloney MLV NC protein, and have studied its interactions
with a series of oligoribonucleotides that contain one or more of the
	-RNA stem loops. At RNA concentrations above � 0.3 mM, isolated
stem loop SLB forms a duplex and stem loops SL-C and SL-D form kis-
sing complexes, as expected from previous studies. However, neither the
monomeric nor the dimeric forms of these isolated stem loops binds NC
with signi®cant af®nity. Longer constructs containing two stem loops
(SL-BC and SL-CD) also exhibit low af®nities for NC. However, NC
binds with high af®nity and stoichiometrically to both the monomeric
and dimeric forms of an RNA construct that contains all three stem loops
(SL-BCD; Kd � 132(�55) nM). Titration of SL-BCD with NC also shifts
monomer-dimer equilibrium toward the dimer. Mutagenesis experiments
demonstrate that the conserved GACG tetraloops of stem loops C and D
do not in¯uence the monomer-dimer equilibrium of SL-BCD, that the tet-
raloop of stem loop B does not participate directly in NC binding, and
that the tetraloops of stem loops C and D probably also do not bind to
NC. These surprising results differ considerably from those observed for
HIV-1, where NC binds to individual stem loops with high af®nity via
interactions with exposed residues of the tetraloops. The present results
indicate that MLV NC binds to a pocket or surface that only exists in the
presence of all three stem loops.
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Introduction

Retroviruses have evolved highly ef®cient mech-
anisms for the speci®c packaging of their genetic
material. As retroviruses assemble in infected cells,
their genomes are selected from a cytosolic pool
that contains a substantial excess (�100-fold) of cel-
lular RNAs.1 Only full-length, unspliced genomes
are packaged, and spliced viral mRNAs that
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encode for envelope and accessory proteins are
ignored. In addition, retroviruses speci®cally pack-
age two copies of their RNA, even under
conditions in which packaging ef®ciencies are
diminished. This speci®city is mediated pre-
dominantly by interactions between the nucleocap-
sid (NC) domains of the assembling Gag
polyproteins and a segment of the viral genome
called the 	-site, which is located between the
50-Upstream Activator Sequence and the Gag
initiation codon.1 ± 4

Considerable effort has been made over the past
15 years to determine the mechanism by which ret-
roviruses package their genomes. Although many
recent studies have focused on the human immu-
node®ciency virus (HIV-1), there has also been
substantial interest in the murine leukemia virus
(MLV). MLV is currently the most widely used
gene delivery system in gene therapy trials, and
understanding the molecular basis for ef®cient gen-
ome selection and packaging is important for the
design of more effective vectors with higher viral
titers.5 In addition, MLV possesses attributes that
could potentially render biophysical and structural
studies of genome packaging more tractable. Thus,
MLV is a C-type retrovirus with a simple genome
that lacks inhibitory elements, requires only one
splicing event (to produce the env mRNA), and
does not encode for accessory proteins. MLV con-
tains a relatively simple NC protein that possesses
only a single CCHC-type zinc knuckle, a mini-
globular domain that is essential for genome selec-
tion and packaging (C-X2-C-X4-H-X4-C; C � Cys,
H � His, X � variable or other conservatively sub-
stituted amino acid) (Figure 1).6 ± 8 Also, as dis-
cussed below, the portion of the 	-site that is
critical for genome packaging is relatively short
(�100 nucleotides), and is thus potentially amen-
able to high resolution solution-state structural
studies.

In 1983, Mann and co-workers demonstrated
that genome packaging by MLV could be ablated
by deleting a 350 nucleotide segment of RNA
located just downstream of the env splice donor
site (nucleotides �210-560)9 (Figure 1). This seg-
ment is now commonly referred to as the MLV 	-
site. Subgenomic env mRNA lacks this segment
and is not packaged, providing a mechanism for
discrimination between spliced and unspliced viral
RNAs. The 	-site can be relocated to the 30-end of
the genome without severely affecting packaging,
indicating that 	 functions as an independent
packaging element.10 MLV constructs containing
deletions that extend into the 50 end of the 	-site
(i.e. deletions beginning at nucleotide 400) are also
packaged ef®ciently, indicating that principal
elements of the 	-site that signal for packaging
reside within residues 215-400.11 However, packa-
ging ef®ciency appears to be in¯uenced by nucleo-
tides both upstream5,12 and downstream13 ± 15 of the
	-site, presumably via interactions that occur inde-
pendent of, and possibly subsequent to, an initial
	-site mediated recognition event.
The secondary structure of the MLV 	-site has
been studied using a combination of site-directed
mutagenesis, chemical accessibility mapping, and
phylogenetic and computer modeling.16 ± 24 These
studies indicate that nucleotides 278 to 374 form
three stem-loop structures (Figure 1(a)). The ®rst
stem loop, SL-B, contains a fully self-complemen-
tary tetraloop (AGCU), and several studies indicate
that this stem loop facilitates RNA
dimerization.16,25 ± 29 Note that the boundaries of
the MLV dimer linkage site (DLS) have not been
precisely identi®ed, and it is possible that dimeri-
zation may also be promoted by sequences that
overlap with the 50-end of the 	-site (nucleotides
204-277),29 and also by stem loops SLC and
SLD.27,30 In fact, recent NMR studies have revealed
that isolated stem loop SL-D is capable of forming
a stable ``kissing complex'' that is mediated by
intermolecular hydrogen bonds between G and C
residues in the conserved GACG tetraloop, and it
has been suggested that stem loops SL-C and SL-D
may facilitate packaging indirectly by promoting
RNA dimerization.27,30

Recent mutagenesis experiments designed to
delete or disrupt base-pairing in stem loops B, C
and D led to substantial reductions in packaging
ef®ciency, but generally did not completely elimin-
ate packaging.18,21,22,24 This suggested to us that
these stem loops might play redundant roles in
genome selection. A similar view is emerging from
studies of HIV-1 genome recognition.31 Thus, the
HIV-1 	-site contains four stem loops (SL1-SL4;
see32 and references therein), and the NC protein is
capable of binding with high af®nity to individual
stem loops that contain a conserved GGNG tetra-
loop (G � guanosine, N � any ribonucleotide).31 ± 33

Solution-state structural studies revealed that tight
binding of HIV-1 NC to SL2 and SL3 is mediated,
at least in part, by speci®c hydrogen bonding, elec-
trostatic and hydrophobic interactions between the
zinc knuckles and exposed guanosine bases of the
RNA tetraloops. Since the 	-sites of both HIV-1
and MLV are composed of stem loops with G-con-
taining tetraloops, and since the NC proteins of
both retroviruses contain a conserved CCHC-type
zinc knuckle, we and others18 concluded that MLV
genome recognition might occur via similar NC-
tetraloop interactions.

As a ®rst step towards identifying the atomic
determinants of MLV genome recognition and
packaging, we prepared the recombinant NC
protein and a series of oligoribonucleotides corre-
sponding to segments of the 	-site for solution-
state biophysical and NC-binding studies. Surpris-
ingly, RNAs containing sequences of either single-
or double-stem loop fragments of the MLV 	-site
(SL-B, SL-C, SL-D, SL-BC, SL-CD) bind the NC
protein weakly, as determined by native gel elec-
trophoresis and 1H NMR spectroscopy. Tight NC
binding was only observed for constructs contain-
ing all three stem loops (SL-BCD). We also found
that the RNA dimerization equilibrium constant of
SL-BCD was unaffected by point mutations in the



Figure 1. (a) Representation of
the Moloney murine leukemia
virus (MLV) genome showing the
relative positions of the splice
donor (SD) and 	-site, as well as
the nucleotide sequence and pre-
dicted secondary structure of the
portion of the 	-site that is essen-
tial for genome encapsidation.
Nucleotides are numbered using
the ®rst residue after the 50-cap as
position 1. (b) Amino acid sequence
and zinc binding mode of the NC
protein.
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conserved GACG tetraloops of stem loops C and
D, and that NC binding was unaffected by point
mutations in all three tetraloops. These and other
results implicate a packaging mechanism that dif-
fers substantially from that utilized by HIV-1, in
which the initial recognition event involves the
stoichiometric binding of NC to an RNA binding
site (possibly a pocket) that is de®ned by all three
stem loops.

Results and Discussion

NC protein expression and purification

The native NC gene (obtained from the pNCA
Genome Library34) could not be readily expressed
due to the presence of several Arg and Pro codons
that are used rarely in Escherichia coli. A sequence-
optimized insert obtained by site-directed muta-
genesis was cloned into the pGEX expression
vector as a GST fusion gene, and the sequence of
the clone con®rmed by nucleotide sequencing
(Rockefeller Protein/DNA Technology Center).
This optimized clone over-expressed ef®ciently in
E. coli. Treatment of the resulting protein with Pre-
Scission protease to remove the GST tag afforded a
61-residue protein (referred to throughout this
paper as NC) that contains ®ve non-native residues
at the N terminus due to cleavage speci®city of the
PreScission protease enzyme: NH3

�- G P L G S A
1T V V S G Q K Q D 10R Q G G E R R R S Q 20L D
R D Q 25C A Y C K E K G H W A K D C P 40K K P
R G P R G P R 50P Q T S L 55L (the zinc knuckle is
underlined); yield �10 mg puri®ed protein
per liter of culture media. Coomasie-stained
SDS-PAGE of the puri®ed protein showed a single
band at about 7.0 kDa. The molecular mass of the
puri®ed 15N-labeled apoprotein (6880.2(�4.5) Da,
determined by ion-spray mass spectrometry) was
as expected (Mr calc � 6883.6 Da).

Preparation of RNA samples

Oligoribonucleotides SL-B, SL-C, SL-D, SL-BC,
SL-CD, SL-BCD, SL-BCmDm and SL-BmCmDm

(m �mutant; see Figure 2 for de®nitions) were
prepared using standard in vitro transcription
methods.35 Templates for SL-BCD (and its
mutants) were prepared from cDNA clones,
whereas the templates for the remaining stem loop
constructs were obtained synthetically (KECK
Foundation Biotechnology Research Center) and
puri®ed by denaturing polyacrylamide gel electro-
phoresis (PAGE). Reactions were optimized to give
maximum yields by incorporating non-native gua-
nosine bases at the 50 terminus (Figure 2(a)). RNA
samples were puri®ed by preparative scale dena-
turing PAGE,36,37 with yields typically in the range
of 1.0-3.0 mmoles of puri®ed RNA per 90 ml reac-
tion solution (see Materials and Methods for
details). Denaturing polyacrylamide gels showing
relative electrophoretic mobility and sample purity
are shown in Figure 2(b).



Figure 2. (a) RNA constructs used in the present studies. Non-native nucleotides that were added or modi®ed to
facilitate in vitro transcription (SL-B, SL-C, SL-D) or test oligomerization and NC binding modes (SLBCmDm, SL-
BmCmDm) are shown in red. (b) Denaturing PAGE results showing relative electrophoretic migration and sample
purity for the RNA constructs used in the present studies.
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Solution behavior and NC-binding studies of
isolated stem loops SL-B, SL-C and SL-D

Native PAGE experiments were conducted to
determine the oligomerization states of the isolated
stem loop constructs. As shown in Figure 3(a),
stem loop SL-B exhibits concentration-dependent
changes typical of the expected hairpin-duplex
equilibrium. Thus, a single band is observed at low
concentration that migrates with the electrophor-
etic mobility expected for a monomer. At higher
concentrations (>0.3 mM), a second band appears
that migrates at a rate expected for a dimer. Con-
centration-dependent changes were also observed
in the 1D 1H NMR spectra obtained in H2O and
2H2O, with several well resolved signals that are
diagnostic of the SL-B dimer appearing at RNA
concentrations above 0.5 mM (Figure 3(b)). Anal-
ysis of 2D NOESY and natural-abundance 1H-13C
HMQC NMR data obtained for both dilute and
concentrated solutions of SL-B afforded complete
assignment of the aromatic and H10 protons, as
well as a portion of the remaining ribose protons.
A portion of the 2D NOESY spectrum obtained for
SL-B at high concentration (2.0 mM) showing
sequential NOE connectivities for residues in the
center of the duplex form of SL-B is given in
Figure 3(c). Although a detailed 3D structural anal-
ysis of the hairpin and duplex forms of SL-B is
beyond the scope of this paper, it is important to
point out that the NOE cross-peak patterns and
intensities observed for the dimeric form of SL-B
are consistent with the expected duplex structure
(Figure 3(d)). In particular, the up®eld-shifted aro-
matic proton signals at 6.718 and 6.452 ppm,
assigned to the H2 protons of A293 and A289,
respectively, of the dimeric form of SL-B, exhibit
long-range NOEs diagnostic of an A-helical RNA
duplex (including A293-H2 to A289-H10, A293-H2
to A294-H10, A289-H2 to G290-H10 and A289-H2
to A293-H10). In addition, sequential H8/6(i) to
H10/20/30(i ÿ 1), H8/6(i) to H5(i � 1) and H8/6(i)
to H8/6(i � 1) NOEs were observed for residues
C283 to G298.

Tinoco and colleagues recently demonstrated
that SL-D can form a dimer that migrates with the
same rate as the monomeric species.30 In an elegant
study, these investigators used 13C-isotope editing
NMR experiments to show that the SL-D dimer is
actually a ``kissing'' species that is stabilized by
two intermolecular G �C base-pairs involving
Cyt365 and Gua366 of the conserved G363-A364-



Figure 3. (a) Native PAGE data
obtained for isolated stem loop SL-
B as a function of concentration; M,
monomer (hairpin); D, dimer
(duplex). Lanes 1-10 correspond to
RNA concentrations of 0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and
1.0 mM, respectively. (b) Portions
of 1D 1H NMR spectra obtained in
2H2O at 2.0 mM and 0.5 mM SL-B
concentration. Peaks marked * are
due to the duplex form of SL-B. (c)
Portion of the 2D NOESY spectrum
obtained for the SL-B duplex form
in 2H2O showing inter- and intra-
residue anomeric-to-aromatic pro-
ton NOE connectivities. (d) Dia-
gram showing the SL-B stem loop-
duplex equilibrium.
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C365-G366 tetraloop.30 Although the monomer-kis-
sing equilibrium was not detectable in the electro-
phoresis data (Figure 4(a)), it is readily observed in
the concentration-dependent 1D 1H NMR spectra.
An unusually up®eld-shifted 1H NMR signal at 2.8
ppm appears in the SL-D 1H NMR spectra
obtained at concentrations greater than 0.3 mM
(Figure 4(b)), and this signal (assigned to C368-
H40) is diagnostic of the kissing species,30

(Figure 4(c)). The NMR spectra obtained in our lab-
oratory for SL-D are fully consistent with the NMR
data and atomic-level structure that were recently
reported.30 Similar results were obtained for SL-C,
which contains the same tetralooop sequence as in
SL-D and is also capable of forming a kissing
species.

To determine if SL-B, SL-C or SL-D are capable
of binding to the MLV NC protein with signi®cant
af®nity, native gel-shift assays were performed. As
shown in Figure 5(a), titration of the individual
stem loop RNAs with NC resulted in a slight
smearing of the electrophoretic bands, but did not
lead to distinct new bands that would be character-
istic of tight binding. In addition, titration of SL-B,
SL-C and SL-D with NC under conditions that
favored either the monomeric or dimeric species
resulted in a broadening of the RNA NMR signals,
but did not lead to discrete new signals as had
been seen previously for HIV-1 NC binding to SL-
333 and SL2.31 Thus, the NMR data are consistent
with a weak binding interaction that is fast on the
NMR chemical shift timescale (milliseconds).

Solution behavior and NC-binding studies of
SL-BC and SL-CD

Since tight NC binding was not observed for the
isolated stem loops, RNA constructs were prepared
that contain two adjacent stem loops (SL-BC and
SL-CD). At concentrations below 0.1 mM, both



Figure 4. (a) Native PAGE data
obtained for isolated stem loop SL-
D as a function of concentration.
Lanes 1-10 correspond to RNA con-
centrations of 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, and 1.0 mM,
respectively. (b) Portions of 1D 1H
NMR spectra obtained in 2H2O at
2.0 mM and 0.2 mM SL-D concen-
tration. Peaks marked * are due to
the kissing dimer form of SL-D. (c)
SL-D stem loop - kissing dimer
equilibrium, as identi®ed originally
by Tinoco and co-workers.30
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constructs give rise to single electrophoretic bands
with mobilities expected for monomeric structures
(Figure 6). Whereas the electrophoretic behavior of
SL-CD is independent of RNA concentration
(Figure 6(b)), the electrophoresis data obtained for
SL-BC exhibits a second band at concentrations
above 0.1 mM that is consistent with an equili-
brium shift to a dimeric state (Figure 6(a)). The
apparent monomer-dimer equilibrium constant
(Kd � 0.5 mM) is very similar to the value of
Kd � 0.8 mM determined for the isolated SL-B
stem loop (Figure 3(a)). In addition, 1D 1H NMR
spectra obtained for SL-BC exhibit concentration-
dependent changes that are very similar to those
observed for SL-B, with new signals appearing at
Figure 5. Native PAGE results obtained for single-
and double-stem loop RNA constructs upon titration
with NC. (a) Titration of SL-B, SL-C and SL-D with NC
(lanes 3-4, 5-6 and 7-8, respectively). For comparison,
data obtained upon titration of the HIV-1 stem loop SL-
3 with the HIV-1 NC protein are also shown (lanes 1-2).
(b) Titration of SL-BC and SL-CD with NC (lanes 1-2
and lanes 3-4, respectively). Under the conditions
employed ([RNA] � 0.5 mM, 5 mM Tris-HCl, pH 7.0),
both the monomer and dimer forms of the stem loops
are present. Similar results were obtained at lower RNA
concentrations that favor the RNA monomers, and at
higher concentrations where the SL-B duplex and SL-C,
SL-D kissing complexes are favored (not shown).
6.72 and 6.45 ppm at concentrations above
0.3 mM. Although the 1H NMR spectrum of SL-BC
has not been independently assigned, the similarity
of the electrophoresis and 1H 1D NMR spectra
indicate that, at concentrations above 0.3 mM,
stem loop-B of the SL-BC construct forms a duplex
as observed in the isolated SL-B construct. It is
noteworthy that no up®eld NMR signal diagnostic
for the kissing species (2.8 ppm) was observed
under any conditions, which indicates that kissing
interactions do not contribute to the structure of
the SL-BC dimer. The fact that the dimerization
equilibrium constant for SL-BC matches that
observed for SL-B supports this conclusion. In con-
trast, the 1D 1H NMR spectra observed for SL-CD
at high concentrations did exhibit an up®eld signal
at 2.8 ppm, indicating that this construct is capable
of forming a kissing species.

As observed for isolated stem loops SL-B, SL-C
and SL-D, neither of the double-stem loop con-
structs exhibited signi®cant af®nity for the NC pro-
tein as measured by native PAGE NC titrations
(Figure 5(b)).

Solution behavior and NC-binding studies
of SL-BCD

In view of the above ®ndings that the MLV NC
protein binds with relatively poor af®nity to single-
Figure 6. Native PAGE data obtained for SL-BC (a)
and SL-CD (b) as a function of concentration. Lanes 1-10
correspond to RNA concentrations of 0.1, 0.2, 0.3, 0.4,
0.5, 0.6, 0.7, 0.8, 0.9, 1.0 mM, respectively.



Figure 7. Native PAGE data
obtained for SL-BCD (a) SL-
BCmDm (b) and SL-BmCmDm (c)
as a function of concentration.
Lanes 1-10 correspond to RNA con-
centrations of 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, 1.0 mM, respect-
ively. (d)-(f) Portions of 1D 1H
NMR spectra obtained for (d) SL-
BCD in 2H2O at 0.2 mM (bottom)
and 0.6 mm (top) concentration; (e)
SL-BCmDm at 0.2 mM (bottom)
and 2.0 mM (top) concentration;
and (f) SL-BmCmDm at 2 mM con-
centration. Peaks denoted with a *
are due to the duplex form of SL-B.
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and double-stem loop constructs of its cognate
	-site, we initiated studies of the 102 nucleotide
SL-BCD segment (Figure 2(a)). At RNA concen-
trations below 0.1 mM, SL-BCD migrates as a
single band at a rate consistent with a monomeric
species (Figure 7(a)). At RNA concentrations in the
range 0.1-0.6 mM, a second band appears that is
consistent with a dimeric species (Figure 7(a)), and
the apparent monomer-dimer equilibrium constant
(Kd � 0.5 mM) is essentially identical to those
observed for SL-B and SL-BC (Kd � 0.8 and
0.5 mM, respectively; for comparison see
Figures 3(a) and 6(a)). Interestingly, at RNA con-
centrations above 0.6 mM and temperatures at or
below 35 �C, solutions of SL-BCD form a solid gel,
precluding electrophoresis and NMR studies at
these higher concentrations. Solutions of SL-BCD
prepared with additional NaCl or MgCl2 salts
gelled at even lower concentrations.

1H NMR spectra obtained for SL-BCD at a RNA
concentration of 0.2 mM (which favors the mono-
meric form) exhibit relatively narrow 1H NMR
signals, and new signals appeared at 6.73 and 6.45
ppm as the concentration was increased
(Figure 7(d)). The new signals matched those
observed for the duplex forms of SL-B and SL-BC
(Figure 3(b)). No evidence for a kissing species
involving stem loops SL-C or SL-D was present in



Figure 8. Native PAGE data obtained after titration of
NC into (a) SL-BCD, (b) SL-BCmDm and (c) SL-
BmCmDm. Lane 1 corresponds to the above RNA con-
structs incubated without NC, and lanes 2-8 correspond
to the RNA solutions incubated with increasing amount
of NC (see Materials and Methods for details).
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the 1D 1H NMR spectra obtained for SL-BCD at
concentrations where signals attributable to the
B-duplex were clearly visible. These ®ndings are
consistent with in vitro MLV 	-RNA dimerization
studies, which showed that SL-C and SL-D do not
in¯uence the dimerization equilibrium constant of
MLV 	-RNA (but do accelerate the equilibration
process).27 A sample of SL-BCD prepared at a con-
centration of 0.6 mM and 37 �C (which eventually
gelled) exhibited a broad signal at 2.8 ppm that
matched the characteristic signal observed for the
kissing forms of SL-C, SL-D and SL-CD. Since the
signal that is characteristic of the kissing species is
only observed under conditions that lead to gel
formation, we attribute the kissing interactions to
intermolecular interactions between RNA dimers.
Thus, the electrophoresis and NMR data indicate
that SL-BCD dimerizes via conversion of stem loop
B to an intermolecular duplex, that kissing inter-
actions involving stem loops C and D do not con-
tribute to the stability of the dimer, and that the
kissing interactions that are detected at high
sample concentrations are due to inter-dimer inter-
actions that lead to aggregation.

Native gel electrophoresis/NC-titration assays
were conducted with SL-BCD at concentrations in
which both monomeric and dimeric species are
present. Unlike for all of the single- and double-
stem loop constructs, addition of sub-stoichio-
metric amounts of NC led to discrete new bands
with retarded mobilities relative to the SL-BCD
monomer and dimer bands (Figure 8(a)). The fact
that band shifts were observed for both the mono-
meric and dimeric forms of SL-BCD in the presence
of sub-stoichiometric amounts of NC indicates that
both forms of SL-BCD bind NC with similar af®-
nities. Further additions of NC resulted in a com-
plete shift of the monomer-dimer equilibrium to
the dimer species, as well as to a complete shift
from NC-free RNA to NC-bound RNA
(Figure 8(a)). 1H NMR spectra were obtained for
SL-BCD (0.2 mM) in the absence and presence of
one equivalent of NC. Signals at 6.73 and 6.45 ppm
that are diagnostic for duplex formation by stem
loop-B were not present in the absence of NC, but
appeared upon titration with NC (and incubation
at 35 �C for ten minutes) (Figure 9). In addition, no
up®eld signals diagnostic of a kissing species were
observed either in the presence or absence of NC
at the low RNA concentrations employed. These
data are consistent with the gel titration data, and
indicate that the NC-induced SL-BCD dimer is
stabilized by SL-B duplex formation. Sensitivity
problems associated with sample gelling prohib-
ited NMR studies at higher RNA concentrations,
even for samples prepared in the presence of NC,
and this has thus far precluded high resolution
structural studies of SL-BCD either free in solution
or bound to NC.

The af®nity of MLV NC for SL-BCD was deter-
mined quantitatively by isothermal titration calori-
metry (ITC). Titration of SL-BCD RNA with NC
gave rise to negative binding enthalpies that ®t to
1:1 binding isotherms (Figure 10(a)). As a control,
ITC data obtained for titration of NC to SL-CD,
which does not bind tightly, are also shown in
Figure 10(d). The dissociation constant for the NC-
SL-BCD complex, determined as the mean � stan-
dard deviation from three independent exper-
iments, is 132(�55) nM. This value is similar to the
dissociation constants observed for HIV-1 NC
binding to isolated stem loops SL2 and SL3
(110(�50) nM and 170(�65) nM, respectively).31

Thus, the electrophoresis, NMR and ITC data indi-
cate that SL-BCD is capable of binding one NC
molecule stoichiometrically and with high af®nity,
that the binding of NC to SL-BCD shifts the RNA
equilibrium toward the dimeric species, and that
the (NC:SL-BCD)2 dimer is stabilized by SL-B
duplex formation.

Mutations in the conserved GACG tetraloops
inhibit aggregation but do not affect
dimerization or NC binding to SL-BCD

Since the NMR data suggest that kissing inter-
actions involving SL-C and/or SL-D may be



Figure 9. Portions of the 1D 1H NMR spectra obtained
for SL-BCD at low concentration (0.2 mM) in the
absence (bottom) and presence (top) of one equivalent
of NC. Peaks denoted by the * symbol are due to the
duplex form of SL-B. These data demonstrate that NC
binding shifts the SL-BCD monomer-dimer equilibrium
toward the dimer species.
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responsible for aggregation of the SL-BCD dimer,
we hypothesized that mutating the conserved tet-
raloops should inhibit aggregation. Site-directed
mutagenensis experiments were performed by
PCR to mutate the GACG tetraloops of SL-C and
SL-D to GAGG, which are not capable of forming
kissing G �C base-pairs. The resulting mutated
RNA, designated SL-BCmDm, was obtained in
high yield and could be readily concentrated to
2 mM without aggregation or gelling. As shown in
Figure 7(b), SL-BCmDm exhibits a single electro-
phoretic band under native conditions at concen-
tratons below 0.1 mM that migrates at a rate
consistent with a monomeric species, and a second
band consistent with a dimer appears at RNA con-
centrations above 0.2 mM (apparent Kd for dimeri-
zation �0.5 mM). These data are very similar to
those obtained for SL-B, SL-BC and SL-BCD (see
Figures 3(a), 6(a) and 7(a), respectively). In
addition, the concentration-dependent 1D 1H NMR
spectra obtained for SL-BCmDm are essentially
identical to those obtained for SL-BCD (Figure 7(e)),
except that the 1H NMR signals do not become
broadened at high sample concentrations (up to
2.0 mM). Thus, the combined data con®rm that the
conserved GACG tetraloops of stem loops C and D
promote aggregation, but do not affect the dimeri-
zation equilibrium of SL-BCD.

Gel-shift NC titration assays were conducted
with SL-BCmDm to determine if the mutations in
the conserved SL-C and -D tetraloops affect NC
binding. As shown in Figure 8(b), NC binds to SL-
BCmDm with af®nity and stoichiometry that are
similar to those observed for binding to native SL-
BCD. Stoichiometric 1:1 binding isotherms were
observed in the ITC data obtained for SL-BCmDm,
and the resulting dissociation constant
(Kd � 133(�47) nM) is essentially identical to that
observed for NC binding to SL-BCD (Figure 10(b)).
These ®ndings indicate that the conserved tetra-
loops of stem loops C and D do not participate
directly in tight NC binding.

Mutation of the B tetraloop favors the SL-BCD
monomer but does not affect NC binding

The gel-shift data shown in Figure 8 indicate
that NC is capable of binding with similar af®nities
to both the monomeric and dimeric forms of SL-
BCD (and SL-BCmDm). Since the tetraloop nucleo-
tides of stem loop B must exist in substantially
different environments when the RNA is in the
monomeric and duplex conformations, we hypoth-
esized that these residues most likely do not inter-
act directly with the NC protein upon binding. To
test this hypothesis, and as an attempt generate a
construct that would not readily dimerize for
future high resolution solution-state structural stu-
dies, a mutant of SL-BCmDm was cloned in which
the tetraloop of stem loop B was substituted by the
GNRA-type tetraloop, GAGA. This class of
tetraloops (R � purine; A � adenine) form highly
stable structures and promote RNA hairpin for-
mation.38 ± 40 As shown in Figure 7(c), this mutant,
termed SL-BmCmDm, migrates on native gels at a
rate consistent with a monomeric species, even at
concentrations as high as 2.0 mM. As expected,
this triple mutant did not form gels or exhibit signs
of aggregation, even at the highest concentrations
examined (2.0 mM). SL-BmCmDm gave rise to
relatively sharp 1H NMR signals, even at high
NMR sample concentrations (Figure 7(f)), and did
not exhibit slow-exchange concentration-dependent
spectra over the concentration range examined (0.2
to 2.0 mM).

Addition of NC to SL-BmCmDm resulted in a
gel-shift consistent with the shift observed for NC
binding to the monomeric forms of SL-BCD and
SL-BCmDm (Figure 8(c)). No additional bands
indicative of dimer formation were observed in the
gels upon addition of NC. Isothermal titration
calorimetry measurements indicate that NC binds
to SL-BmCmDm with the same af®nity
(Kd � 157(�20) nM) as observed for binding to SL-
BCD and SL-BCmDm (Figure 10(c)). Thus, the
native gel electrophoresis and NMR data indicate
that the triple mutant forms a stable monomeric
species that does not aggregate, as designed, and
that the high-af®nity NC binding site has been
preserved.

Implications for Genome Recognition

As indicated above, deletion of stem loops B, C
or D from the MLV 	-site leads to signi®cant
reductions in the levels of RNA packaged relative



Figure 10. Representative isother-
mal titration calorimetry data
obtained for NC binding to (a) SL-
BCD, (b) SL-BCmDm and (c) SL-
BmCmDm. As a control, ITC data
obtained for titrations of NC to SL-
CD, which does not bind tightly to
NC, are shown in (d). Top panels:
Raw data with each peak corre-
sponding to the heat produced
upon addition of a 10 ml aliquot of
NC (80-90 mM). Bottom panels:
Binding isotherms obtained after
peak integration, normalization to
molar concentration and subtrac-
tion of dilution enthalpies.
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to wild-type levels, indicating that all three stem
loops are important for ef®cient packaging.18,21,22,24

Over the past 15 years, several laboratories have
made efforts to de®ne the roles of the individual
stem loops. There is now very strong evidence that
the mechanistic role of SLB in genome recognition
is to facilitate RNA dimerization,16,25 ± 29 and it has
been suggested that dimerization and packaging
events are closely coupled.16,41,42 Our data support
the proposal that the earliest stages of genome rec-
ognition may involve the binding of the NC-
domain of Gag to an equilibrium mixture of mono-
meric and dimeric 	-RNA, and that this binding
results in an equilibrium shift towards the dimer
form of the 	-site.43,44

The present data also indicate that stem loop B
plays a role in NC binding, since RNA constructs
that lack this stem loop exhibit relatively weak af®-
nity towards NC. However, the data presented
here indicate that the tetraloop residues of stem
loop B in SL-BCD do not contribute to tight NC
binding. Thus, NC binds with essentially identical
af®nities to SL-BCD and SL-BmCmDm, which con-
tain different tetraloop-B sequences. In addition,
NC binds with similar af®nities to the monomeric
and dimeric forms of SL-BCD, despite the fact that
the tetraloop-B nucleotides adopt substantially
different conformations (i.e. they exist as a tetra-
loop in the SL-BCD monomer and as an A-helix in
the dimer).

The secondary structures of stem loops SL-C and
SL-D are conserved among the C-type retroviruses
(although the nucleotide sequences vary), and both
contain a highly conserved GACG tetraloop. This
conservation led to the proposal that stem loops C
and D form a physiologically relevant ``double
hairpin motif''.19 Yang and Temin originally
showed that mutations designed to disrupt base-
pairing in either the upper portion of the SL-C
stem or the entire SL-D stem of spleen necrosis
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virus (SNV, a C-type retrovirus that is closely
related to MLV) lead to signi®cant reductions in
viral titers (which correlate with reductions in gen-
ome packaging).24 Wild-type packaging levels
could be restored by compensatory mutations
designed to restore base-pairing in the stems.
However, a double-hairpin construct designed to
be structurally similar to the native stem loops,
and containing the native loop and bulge nucleo-
tides but different nucleotides in base-pairing pos-
itions, was poorly packaged. This indicates that the
nucleotide sequence of at least some portions of
the stems is important for packaging, and is fully
consistent with our ®ndings. In addition, mutation
of either of the conserved GACG loops individu-
ally to AUAU did not signi®cantly affect packa-
ging, but the simultaneous mutation of these loops,
or the mutation of the SL-C loop to GGGG, led to
signi®cant reductions in viral titers. These and
other results indicated that ef®cient packaging
requires at least one of the conserved GACG tetra-
loops, that the two stem loops are not functionally
equivalent, and that the nature of base-pairing in
at least some portions of the stems is important.24

More recently, Barklis and co-workers demon-
strated that the simultaneous deletion of stem
loops B and C in MLV reduces genome packaging
to ca. 3 % of wild-type levels, and that deletion of
either individual stem loop leads to a ca. 80 %
reduction in packaging relative to wild-type
levels.21 In addition, insertion of RNAs containing
either stem loops C through D or B through D into
non-packaged heterologous RNAs was suf®cient to
direct their packaging into virions at levels of ca.
50 % and 70 % of wild-type levels, respectively.22

Based on these studies, it was concluded that stem
loops C and D function as a core encapsidation sig-
nal,22 which is consistent with the proposal for a
functional double hairpin motif.

Additional deletion, insertion, and mutagenesis
studies are also consistent with the proposal that
stem loops SL-C and SL-D play a prominent role
in packaging.18 Thus, mutations designed to dis-
rupt the base-pairing in SL-D led to severe
reductions in RNA encapsidation (<5 % of wild-
type levels) and poor replication kinetics, and com-
pensatory mutations designed to restore base-pair-
ing in the SL-D stem using non-native sequences
restored replication kinetics to wild-type levels.18

Interestingly, similar mutations of nucleotides in
the upper portion of stem loop C had little or no
effect on replication kinetics. These results indi-
cated that SL-D is more sensitive to mutations than
SL-C, and that base-pairing of the upper half of
SL-C is not critical for packaging.18

The data presented here are generally consistent
with the above in vivo mutagenesis results, and
together can be used to derive a model for the
early stages of MLV genome recognition and
packaging. First, it is clear that SL-BCD can exist as
an equilibrium mixture of monomeric and dimeric
species, and it is likely that both monomeric and
dimeric forms of the MLV genome are present in
the cytosol of the infected cell (although the equili-
brium may be shifted greatly toward the dimer).
The NMR and mutagenesis data presented here
provide strong evidence that the dimer is stabilized
by an A-helical duplex formed by residues of stem
loop B, and that kissing interactions observed for
isolated stem loops C and D do not contribute to
the stability of the dimer. These results are fully
consistent with previous in vitro studies involving
much larger RNA constructs, which showed stem
loop B is required for the formation of stable MLV
RNA dimers, and that mutations of the tetraloop
residues of stem loops C and D do not affect the
monomer-dimer equilibrium constant.27 Our data
clearly demonstrate that NC is capable of binding
with similar af®nity to both the monomeric and
dimeric forms of SL-BCD, and they con®rm pre-
vious observations that NC shifts the monomer-
dimer equilibrium toward the dimer. Thus, the NC
domain of Gag may bind to both monomeric and
dimeric 	-sites in vivo, and thereby shift the equili-
brium to the dimer species.

Second, since tight NC binding was observed
only for constructs that contain all three stem
loops, but not for any of the single- or double-stem
loop RNA constructs, it seems likely that all three
stem loops contribute to the NC binding site. Of
course, it is also possible that NC might bind to
only two of the stem loops in a site that is only
formed when the third stem loop is present. For
example, it is possible that stem loop B positions
stem loops C and D in a manner necessary for
them to bind tightly to NC. This latter model
might explain why heterologous RNAs that con-
tain stem loops C and D are packaged into virus-
like particles.22 The construct employed in those
studies included a signi®cant fraction of stem loop
B (beginning with residue 285), and it is conceiva-
ble that tight NC binding requires only a portion
of stem loop B, perhaps even only a few nucleo-
tides, in order to properly orient the stems of SL-C
and SL-D for NC binding.

Third, since mutations in the three tetraloops do
not affect the af®nity of NC for SL-BCD, the bind-
ing site probably comprises a pocket or surface
that is formed by stem residues. The data argue
against a binding mechanism that involves NC
interactions with residues of the tetraloops, since
binding is uaffected by the substitution of nucleo-
tides in SL-B (AGCU to GAGA), SL-C (GACG to
GAGG) and SL-D (GACG to GAGG). These ®nd-
ings are consistent with the previous observation
that the C and D tetraloops can be independently
mutated (to AUAU) without affecting genome
packaging in vivo.24

Fourth, since SL-BCD binds stoichiometrically to
a single NC protein, our data predict that the
initial complex that forms in vivo and is stable
towards packaging may consist of a dimeric 	-site
with two bound Gag molecules. Additional NC
domains of assembling Gag molecules would then
bind non-speci®cally to other portions of the RNA
as the virus forms, consistent with the observation



Figure 11. Proposed model for the early stages of
MLV genome recognition and packaging that is consist-
ent with the present data and previously published bio-
chemical and in vitro mutagenesis results. In this model,
the NC domain of the MLV Gag protein binds tightly
and stoichiometrically to a high af®nity site formed by
stem loops -B, -C and -D of 	. NC may interact with all
three stem loops, or may bind to a site on one or two of
the stem loops that is only formed when all three stem
loops are present. The bases of the tetraloop nucleotides
probably do not contribute to the NC binding site. NC
binding shifts the monomer-dimer equilibrium toward
the dimer species, facilitating the packaging of two
copies of the genome. Intermolecular interactions
between the capsid (CA) and/or matrix (MA) domains
of Gag, which forms oligomers both in the absence and
presence of RNA, may facilitate this process. The con-
densation of additional Gag molecules likely leads to
additional, non-speci®c and lower-af®nity interactions
between their NC domains and the RNA. Although the
MLV 	-site can function as an independent unit in gen-
ome packaging, other regions of the genome may con-
tain NC binding sites that contribute to high packaging
ef®ciency.
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that both viral and non-viral RNAs can promote
particle assembly.45,46 A diagram showing the gen-
eral aspects of this packaging model is shown in
Figure 11.

Finally, these studies indicate that the mechan-
isms used by different retroviruses to package their
genomes may be substantially different, even
though recognition is mediated, at least in part, by
a common structural motif (i.e. the CCHC zinc
knuckle). Earlier studies demonstrated that HIV-1
NC can bind tightly to isolated stem loops, and
that the zinc knuckles of the HIV-1 NC protein
interact speci®cally with exposed guanosine bases
in the conserved GGNG tetraloops. In contrast, the
MLV NC protein does not bind tightly to isolated
stem loops, but instead exhibits high af®nity for
RNA constructs that contain stem loops B, C and
D. In addition, the MLV NC protein appears to
bind to a site that is formed by the stems or bulges
of the three stem loops, and does not appear to
interact with the tetraloops. These ®ndings provide
an explanation for the interesting genome packa-
ging data obtained recently for chimeric virions
that contain ``swapped'' NC domains. Thus, an
HIV-1 mutant, in which the native NC domain
was substituted by MLV NC, speci®cally packaged
RNAs containing the MLV 	-packaging element.6

Our present ®ndings are fully consistent with this
observation, since the NC proteins of HIV-1 and
MLV appear to recognize and bind tightly to
targets with completely different structures (i.e.
exposed loops in HIV-1 	-site and a stem-derived
pocket in MLV). Substitution of the Rous sarcoma
virus (RSV) NC domain by that of MLV also led to
the preferential packaging of the MLV genome,47

but the swapping of the NC domains of HIV-1 and
mouse mammary tumor virus (MMTV) (in which
both NC domains contain two zinc knuckle
domains) did not lead to a reversal in genome
packaging.48 As mentioned earlier, the MLV NC
domain contains a single CCHC zinc knuckle,
whereas the NC proteins of HIV-1, RSV and
MMTV all contain two zinc knuckles. It is therefore
possible that retroviruses with two zinc knuckles
per NC protein select their genomes by a common
mechanism that involves NC binding to exposed
tetraloops, whereas genome packaging by the
C-type retroviruses proceeds via NC binding to a
pocket formed by multiple stem loops. The present
®ndings lay the groundwork for high-resolution
structural studies of the minimal high-af®nity NC
binding site in the MLV packaging signal, and
suggest new in vivo mutagenesis experiments to
test aspects of the proposed packaging mechanism
(underway).

Materials and Methods

Cloning of recombinant MLV NC protein

The recombinant gene for NCp10 was optimized for
codon usage by site-directed mutagenesis of pCNA tem-
plate (kindly supplied by Goff) using a commercial anti-
biotic selection protocol (GeneEditor Kit; Promega). The
mutagenic oligonucleotides, 50-A A C A G G A T C G T
C A G G G C G G C G A A C G T C G T C G T T C C C
A A C T C G-30, 50-A A A C C A C G T G G C C C T C
G T G G C C C A C G T C C G C A G A C C T C C C-30
were obtained from Gibco BRL. The base alterations in
the gene were checked by dideoxynucleotide sequencing.
Oligonucleotides MLV-NCf (50-G C A A G G G A T C C
G C C A C T G T C G T T A G T-30) and MLV-NCr (50-G
T T G T C C T C G A G T T A C A G G A G G G A G G
T-30), containing BamHI and XhoI restriction sites,
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respectively, were used in a PCR to amplify the NCp10
gene from the optimized pCNA DNA. The PCR was per-
formed with Ready to Go PCR beads (Amersham Phar-
macia Biotech) and consisted of 35 cycles at 94 �C for one
minute, 55 �C for one minute, and 72 �C for 1.5 minutes
followed by a ®nal extension at 72 �C for ten minutes.
The PCR-ampli®ed fragment was gel-puri®ed with Gel-
extration Kit (Qiagen), digested with BamHI and EcoRI
(New England Biolabs), and ligated with likewise
digested vector pGEX-6p-1 (Amersham Pharmacia Bio-
tech) using T4 DNA ligase (New England Biolabs). Plas-
mid pMLV-NC was then transformed into DH5 E. coli
using heat shock. Transformants were screened for pre-
sence of insert by plasmid mini-preps (Quick- Spin DNA
Extraction kit, Qiagen) and restriction enzyme digestion.
The clone used for overexpression of the fusion protein,
pMLV-NC was veri®ed by purifying the plasmid and
sequencing the complete insert by the dideoxynucleotide
method.

Expression and purification of the MLV NC protein

The fusion protein was expressed in E. coli,
BL21pLysS and puri®ed by af®nity chromatography on
glutathione-Sepharose (Amersham Pharmacia Biotech).
GST-NC protein expression was induced with 1 mM iso-
propyl b-D-thiogalactoside (IPTG) (four hours, 37 �C),
bacteria were collected by centrifugation (8000 rpm, ten
minutes) and were washed once in phosphate-buffered
saline (PBS). All protein manipulations were performed
at 4 �C. The bacterial pellet was re-suspended in PBS and
lysed by sonication. The nucleic acids were precipitated
using 10 % polyethylene imine, the debris pelleted by
centrifugation (18,000 rpm, 20 minutes) and the resulting
supernatant was passed through glutathione-Sepharose
beads. The beads were washed with ®ve column
volumes of PBS and two column volumes of the clea-
vage buffer (50 mM Tris-HCl (pH 7.0), 150 mM NaCl,
1 mM DTT). Cleavage of N-terminal GST protein from
GST-NCp10 fusion was done overnight using the
enzyme PreScission protease (Amersham Pharmacia Bio-
tech). Completion of digestion was monitored by sodium
dodecyl sulfate-PAGE. The puri®ed NC protein was
exchanged into the buffer (5 mM Tris-HCl, 0.1 mM
BME, pH 7) using centricon-3 (Millipore) and concen-
tration was determined by optical absorbance at 280 nM.

Preparation of RNA samples

Plasmid construction

pMLV-BCD: Polymerase chain reaction (PCR) was
performed on pCNA which contains the proviral DNA
of MLV with oligonucleotide MLV-BCDf (50-G T C G A
A T T C T A A T A C G A C T C A C T A T A G G C G
G T A C T A G T T A G C-30), carrying an EcoRI site and
a T7 RNA polymerase promoter, and oligonucleotide
MLV-BCDr (50-A A A G G A T C C G T T A A C C C T
G G G A C G T A T C C C A-30), carrying a BamHI site
and a HpaI site. The HpaI site was added to produce a
blunt-end cut after the desired sequence with minimal
incorporation of non-native sequences. The ampli®ed
product was inserted in the pUC19 plasmid after EcoRI
and BamHI digestions (Promega). pMLV-BCmDm: The
plasmid pMLV-BCD (from above) was used as a tem-
plate for making the mutations in stem loops C and D.
Site-directed mutagenesis was carried out by the PCR
method. The oligonucleotide MLV-BCmDmr (50-A A A
G G A T C C G T T A A C C C T G G G A C C T C T C
C C A G G G T T G C G G C C G G G T G T T C C G A
A C T C C T C A G-30) was used to introduce the
mutations G to C (bold) and also contained the BamHI
and HpaI sites required for cloning the mutated SL-BCD
insert into pUC19. The oligonucleotide for the 50primer
was MLV-BCDf (above). This fragment was inserted into
pUC19 digested with EcoRI and BamHI. The resulting
plasmid was named pMLV-BCmDm. pMLV-BmCmDm:
Site-directed muatgenesis using PCR was performed
using pMLV-BCmDm as a template to mutate stem loop
B. Oligonucleotides used were MLV-BmCmDmf: (50- A
G T G A A T T C T A A T A C G A C T C A C T A C T
A T A G G C G G T A C T A G T T G A G A A A C T A
G C-30), carrying the mutations AGCU to GAGA (bold) ,
an EcoRI site and the T7 polymerase promoter, and
MLV-BmCmDmr (50-A G A G G A T C C G T T A A C
C C T G G G A C-30), carrying the BamHI and HpaI site.
The plasmid derived after inserting the fragment into
pUC19 digested with BamHI and HpaI named pMLV-
BmCmDm.

Template preparation

All plasmids were ampli®ed using DH5a. The plas-
mids were extracted form the cells using the Plasmid
Mega Kit (Qiagen) and linearized with HpaI enzyme
(New England Biolabs) at 2 mg/unit for four hours at
37 �C. The cut DNA was then extracted twice with phe-
nol-chloroform and precipitated with ethanol. The pellet
was washed with 70 % (v/v) ethanol, and the DNA was
dissolved in sterile distilled water. The DNA templates
for making RNA SL-B, SL-C, SL-D, SL-BC and SL-CD
were ordered from KECK oligonucleotide facility at Yale.
The templates were designed with having the T7 promo-
ter at the 30of the complementary sequence of the tran-
script required. The templates were mixed with the 1.5
times of the top strand of T7 promoter (50-T A A T A C
G A C T C A C T A T A-30), heated and then cooled to
anneal the two strands so as to form the double-stranded
promoter.

RNA synthesis

RNA oligonucleotides were synthesized by in vitro
transcription using the method previously described36

with T7 polymerase and puri®ed to a single resolution
by gel electrophoresis.37 The DNA transcripts were tran-
scribed in vitro by T7 RNA polymerase in 30 ml reactions
containing the optimized amount of template, 20 mM
MgCl2, 2 mM spermidine, 80 mM Tris-HCl (pH 8.1),
4 mM of each NTP, 2 mM DTT, and 0.3 mg T7 polymer-
ase. Reactions were incubated for three hours at 37 �C,
and quenched with 25 mM EDTA. The RNA was etha-
nol precipitated, air dried and re-suspended in water.
After denaturation at 96 �C for ®ve minutes, the RNA
was puri®ed by electrophoresis on urea-containing poly-
acrylamide denaturing gels. The concentration of each
sample was determined by measuring the optical absor-
bance at 260 nM.

Native polyacrylamide gel electrophoresis

RNA dimerization studies

All RNA constructs except SL-BCD were prepared at
a 1 mM stock solution in 5 mM Tris-HCl (pH 7.0). For
dimerization the RNA was diluted to different concen-
trations ranging from 1 mM to 0.1 mM in the dimeriza-
tion buffer to a ®nal volume of 10 ml. The RNA was
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heated at 90 �C for two minutes and chilled for two min-
utes on ice. The samples were then incubated at 37 �C for
30 minutes. At the end of the incubation time all samples
were put on ice and mixed with 2 ml of 50 % glycerol.
4.0 mg of each sample was loaded on the gels, and elec-
trophoresed at 200 V at 4 �C in 1� TB buffer. After stain-
ing with Stains-all the gels were photographed using the
1� Kodak camera. Peak areas, corresponding to the
monomeric and dimeric forms, were quanti®ed by using
the NIH Image 1.62 program, and the fraction of the free
monomer was de®ned as the area of the monomer peak
divided by the sum of the areas of the monomeric and
dimeric forms.

NC-RNA binding studies

All RNA samples were prepared at 0.5 mM stock sol-
ution in 5 mM Tris-HCl (pH 7.0), heated at 90 �C for two
minutes and cooled on ice. 0.5 ml of a 2 mM stock NC
solution was added to 5 ml of SL-B, SL-C, SL-D, SL-BC
and SL-CD, to give a ratio of 1:0.5 RNA:NC. Increasing
amounts of 2 mM NC; 0.25 ml, 0.5 ml, 0.75 ml, 1.0 ml,
1.25 ml, 1.5 ml and 1.75 ml were added to 5 ml of SL-BCD,
SL-BCmDm and SL-BmCmDm in a ®nal reaction mix-
ture of 7 ml with 5 mM Tris-HCl (pH 7.0). 5 ml of 50 %
glycerol was added to each mixture and 3 mg of each
sample were loaded onto native gels and electrophor-
esed at 4 �C in 0.5� TB buffer. The gels were stained
with Stains-all and photographed using a Kodak digital
camera.

Isothermal titration calorimetry

Dissociation constants for MLV NC binding to SL-
BCD, SL-BCmDm and SL-BmCmDm were determined
by standard ITC methods using a VP-Isothermal
Titration Calorimeter MicorCalorimeter (VP-ITC) (Micro-
Cal Corp. Northampton, MA).49 RNA and the NC
samples containing buffer (5 mM Tris-HCl (pH 7.0),
10 mM NaCl, 0.1 mM BME) were degassed prior to
titration. Protein and RNA concentrations were estab-
lished using UV-Vis absorption measurements. Exother-
mic heats of reaction (mcal/second) were measured at
30 �C for 25 injections of NC protein (80-100 mM) into
1.41 ml of RNA (5 mM). The heats of dilution were
obtained by titrating the identical protein sample into a
cell containing sample buffer and subtracted from the
raw data prior to analysis. Heats of dilution were typi-
cally 0.03 mcal/second and the maximum heats of bind-
ing were 0.3 mcal/second, giving an apparent signal-to-
noise ratio of 10. The syringe mixing speed was 310 rpm
as recommended by the vendor. Binding curves were
analyzed by non-linear least squares ®tting of the
baseline-corrected ITC data to a single binding
site model (ITC Origin program, V2.8, MicroCal,
Northampton, MA). Binding constants are reported as
the mean � standard deviation obtained from three
independent titration experiments.

NMR spectroscopy

NMR data were collected with Bruker AVANCE 800
MHz and DMX 600 MHz spectrometers, processed with
NMRPipe/NMRDraw50 and analyzed with NMRView.51

NMR data were collected at 35 �C unless otherwise
noted. Proton resonance assignments for free and bound
RNA constructs were obtained from 2D NOESY
(tm � 200 ms),52,53 2D TOCSY (tm � 70 ms)54 ± 56 and 2D
natural abundance 1H-13C HMQC.57
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