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The dimerization of viral RNA through noncovalent interactions at
their 5* ends is a key step in the life cycle of retroviruses. In
Moloney murine leukemia virus, three stem-loops are important in
this process. One is a self-complementary tetraloop (H1), but the
other two stem-loops (H2, H3) contain highly conserved GACG
tetraloops that are not self-complementary sequences. Using two-
dimensional NMR, we determined the structure of the H3 stem-
loop. Surprisingly, it forms a stable, homodimeric kissing complex
through only two intermolecular GzC base pairs. Cross-strand
interactions of the adenines adjacent to the intermolecular GzC
base pairs, plus unusual strong electrostatic interactions around
the base pairs, contribute to the unexpected stability. This struc-
ture shows how even stem-loops without self-complementary
sequences can facilitate the intermolecular recognition between
two identical RNAs, and thus initiate dimerization and encapsida-
tion of retroviral RNAs.

RNA dimerization is a key step in the life cycle of retroviruses
(1–4) and is closely tied to the RNA encapsidation process

(5–7). In Moloney murine leukemia virus, a dimer linkage
structure overlaps the encapsidation domain (8, 9), where there
are three conserved stem-loop structures (10) (Fig. 1A, H1, H2,
and H3). Based on in vitro dimerization studies (11, 12), the H1
stem-loop was postulated to trigger RNA dimerization through
base pairing of its self-complementary tetraloop. Two other
stem-loop structures containing loop sequences that are not
self-complementary tetraloops (H2, H3) also participate in this
process (13). Because the H2 and H3 are essential for RNA
packaging during encapsidation (9, 14), these two stem-loops
may be key structural elements in connecting the dimerization
and encapsidation processes. Both H2 and H3 hairpins contain
GACG tetraloops that are highly conserved among murine
type-C retroviruses (15) and that are thought to facilitate the
recognition between the two genomic RNAs (13). However, it is
not known how the H2 and H3 use their tetraloops in these
processes. In this study, by using high-resolution NMR, the
solution structure of the kissing complex of an 18-mer RNA
oligonucleotide mimicking the H3 GACG tetraloop motif (H3–
18; Fig. 1B) was determined. We found that GACG tetraloops
form stable loop–loop kissing complexes.

Methods
RNA Sample Preparation and Characterization. H3–18 RNA was
transcribed from DNA templates in vitro by using T7 RNA
polymerase (16). The preparation and purification of the RNA
(17) and of the 13C, 15N-labeled NTPs (18) has been described.
Native gel electrophoresis and RNA melting studies were done
as described (17). The purified RNAs were heated at 95°C for 1
min and cooled to room temperature. For 15N-14N filtered
nuclear Overhauser effect spectroscopy (NOESY) and 13C-12C
heteronuclear multiple quantum coherence (HMQC)-NOESY-
HMQC experiments, the same annealing procedures were done
after mixing unlabeled RNAs with labeled RNAs.

NMR Spectroscopy. NMR spectra were recorded on Bruker (Bil-
lerica, MA) DRX 500-MHz and Bruker AMX 600-MHz spec-
trometers. Spectra were processed by using FELIX 95.0 (Biosym

Technologies, San Diego). One-dimensional (1D) jump-return
experiments were done at various temperatures (Fig. 2). All of
the two-dimensional (2D) NMR spectra were recorded in the
same condition (100 mM NaCly0.1 mM EDTAy10 mM sodium
phosphate, pH 6.5). 2D NOESY, HNN-correlation spectroscopy
(COSY) (19), 15N-1H heteronuclear single quantum coherence
(HSQC), and 15N-14N filtered NOESY (20) spectra in 90%
H2Oy10% D2O were recorded at 10°C and 20°C. All other
spectra were recorded in 99.96% D2O. Double quantum filtered
(DQF)-COSY, phosphorus-decoupled high resolution DQF-
COSY, homonuclear total correlation spectroscopy, proton-
detected 31P-1H heteronuclear correlation spectroscopy HET-
COR, and natural abundance 1H-13C HMQC (21) were recorded
on the unlabeled H3–18. 2D 13C-12C HMQC-NOESY-HMQC
(22) was done at 10°C and 20°C.

NMR Assignments and Structural Calculation for H3–18 RNA. All of
the slowly exchanging imino and amino protons, base protons,
and H19 sugar protons were assigned by using H2O NOESY and
D2O NOESY spectra, and were confirmed by 15N-1H HSQC and
natural abundance 1H-13C HMQC. All of H29, H39, most of H49,
and a few H59yH599 protons were assigned by using DQF-COSY,
TOCSY, proton-detected 31P-1H HETCOR, and high-resolution
DQF-COSY. A total of 528 distance constraints were used for
structural calculations. Because the two molecules in the dimer
seem to experience identical local magnetic environments evi-
denced by the presence of one set of cross peaks in H2O NOESY
and D2O NOESY, the same NOE constraints were used for both
molecules. Using D2O NOESY at different mixing times (50 ms,
100 ms, 150 ms, 200 ms, and 400 ms), distance constraints were
classified into four categories, 1.8–3.2 Å, 2.0–4.0 Å, 2.5–5.0 Å,
and 3.0–7.0 Å. Dihedral angle constraints for torsion angles d, x,
and « were obtained from analysis of DQF-COSY, D2O
NOESY, and 31P-1H HETCOR. The ribose rings were con-
strained to 39 endo conformations for all residues except for C10,
G1, and C18 that show intermediate puckering between 29 endo
and 39 endo. A-form geometry constraints were assumed for
torsion angles a, b, g, and z in the stems except for the closing
base pairs. Based on 31P chemical shifts, a and z were loosely
restrained to exclude a trans conformation for C10. The structure
was calculated by using the X-PLOR 3.1 package (23) with
restrained molecular dynamics (rMD). No symmetry constraints
were used. Three consecutive protocols were used for the
structural calculations: global fold, refinement, and final mini-
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mization (24). Fifty starting structures were generated with
randomized torsion angles and were subjected to the initial
round of global folding. Nineteen lowest energy structures were
then refined and energy-minimized using a rMD-simulated
annealing protocol (25).

Results
UV melting experiments on H3–18 RNA in 10 mM sodium
phosphate buffer, pH 6.5, 50 mM NaCl revealed two transitions:
a major transition with a melting temperature (Tm) of 82°C, and
a broad minor transition with a lower Tm. The concentration
dependence of the Tm of these two transitions was measured

over a 200-fold concentration range (5 mM to 1 mM) in 50 mM
NaCl. The Tm of the major transition did not change at all,
whereas the minor transition showed a marked increase of Tm
with increasing RNA concentration. A similar behavior of Tm
was also observed in 100 mM NaCl. The concentration depen-
dence indicates that the minor transition comes from the melting
of an intermolecular dimer. This interaction was surprisingly
strong; the dimer Tm was close to 60°C at RNA concentrations
above 0.5 mM in 100 mM NaCl. This is consistent with a native
gel electrophoresis result in which H3–18 runs as a monomer at
room temperature, but as a smeared dimer band at 4°C (data not
shown).

To determine the structural characteristics of the intermolec-
ular complex, NMR spectra of H3–18 were measured in condi-
tions corresponding to the dimer (RNA concentration 100 mM
or highery100 mM NaCly10 mM sodium phosphate buffer, pH
6.5). The spectra showed only one set of NOE cross peaks
corresponded to a single species, thus indicating the formation
of a symmetric dimer. Water NOESY spectra confirmed the base
pairing in the stem region by displaying all of the expected imino
peaks (Fig. 1B). Two G imino protons from the tetraloop also
showed sharp resonances, which indicate that the protons were
protected from fast exchange with the solvent. One of the G
imino protons (G8 in Fig. 1B) has a cross peak with the U imino
proton (U12) of the closing AzU base pair; its up-field chemical
shift (9.7 ppm) implies that it is protected but not hydrogen-
bonded. The other G imino peak (G11 in Fig. 1B) is in the range
of a normal GzC base pair (13.6 ppm), but has no cross peaks with
any other imino protons. This G imino proton shows cross peaks
with the two C10 amino protons (hydrogen bonded and nonhy-
drogen bonded), which indicates the formation of a Watson–
Crick GzC10 base pair. An HNN-COSY experiment (19) con-
firmed that the N1 of the G forms a hydrogen bond with N3 of
C10. The temperature dependence of the imino spectra (Fig. 2)
showed that melting of the tetraloop and the loop closing base
pair imino peaks (G8, G11, and U12) occurs near the Tm of the
minor transition in the UV melting study ('48°C). Using the
condition favoring the monomeric conformation (0.5 mM H3–
18, 25°C, 5 mM sodium phosphate, pH 6.5, no additional salt),
we confirmed that the G8, G11, and U12 imino peaks are absent
because of fast exchange with solvent in the monomeric form of
H3–18. Moreover, the stem imino peaks (G2, U3, G4, G5, and
G6) of the monomer H3–18 remain sharp and correspond to the
sharp imino peaks of the kissing complex (see the 48°C spectrum
in Fig. 2). This suggests that the observed minor transition at

Fig. 1. Characterization of H3 stem loop sequence. (A) The secondary structure of the H1, H2, and H3 stem loops of Moloney murine leukemia viral RNA (10).
(B) The sequence and secondary structure of H3–18; note that the two terminal GzC base pairs are different from the native sequence. The imino proton region
of the water NOESY spectrum (mixing time 300 ms, 283 K, 100 mM NaCl, pH 6.5) of H3–18 confirms the base pairing. The G8 and G11 imino protons were assigned
based on the evidence described in the text.

Fig. 2. The imino spectra of H3–18 at different temperatures (0.1 mM RNA
concentration, 50 mM NaCl, pH 6.5, 1,024 scans). The melting of the G8, G11,
and U12 imino peaks occurs near the same temperature as the minor UV
melting transition (48°C), whereas the G imino protons from the stem still
show sharp peaks. The stem imino peaks G4 and G5 shift significantly with the
transition from dimer to monomer, but G2, U3, and G6 do not. Schematics of
a kissing dimer (20°C) and melted monomers (48°C) are shown.
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48°C in the UV melting experiment is because of the transition
from a kissing dimer to two monomers. The chemical shifts of G4
and G5 imino protons are down-field shifted in the monomer,
although G6 is not. This is presumably caused by local confor-
mational differences between the dimer and the monomer.
Overall, these indicate that the GzC base pair in the loop is
intermolecular.

To prove the existence of a loop–loop intermolecular complex,
and to rule out the possibility of a double-helix dimer, an 15N-14N
filtered-NOESY experiment (20) was done on a 1:1 mixture of
the 15N-labeled and unlabeled H3–18. The experiment was
designed to see only the cross peaks between protons attached
to 15N and protons attached to 14N. As shown in Fig. 3A, the cross
peaks between G imino and C amino protons for the Watson–
Crick GzC base pairs were observed only for the base pair in the
loop, not for the base pairs in the stem region. Therefore, only
the GzC base pair in the loop is intermolecular; it confirmed the
formation of a loop–loop symmetric kissing dimer rather than a
duplex RNA. 2D HMQC-NOESY-HMQC 13C-12C filtering ex-
periments (22) designed in a manner analogous to the 15N-14N
filtered-NOESY experiments showed medium intermolecular
NOEs (distance constraint 2.0 Å - 4.0 Å) between A9 H2 and
C13 H49, H59y599 further confirming a kissing dimer (Fig. 3B).

The intermolecular GzC base pair in the loop was assigned to
G11zC10 based on the following evidence. First, the regular D2O
NOESY showed strong NOEs between H19, H29 of G8 and H5
of C10 that were confirmed as intramolecular NOEs by the
absence of these NOEs in the 2D HMQC-NOESY-HMQC
13C-12C filtering experiments. This means that the G8 ribose is
near the C10 base in the same molecule, which is not a possible
geometry for the case of an intermolecular G8zC10 base pair.
Second, if G8 formed an intermolecular base pair with C10, it
would place an A9zA9 mismatch between the two G8zC10 base
pairs. This is not compatible with the fact that A9 H2 is close to
sugar protons of C13 of the other molecule shown by the
presence of the medium intermolecular NOEs between them

(Fig. 3B). Therefore, we can rule out G8zC10 and conclude that
the intermolecular GzC base pair in the loop must be G11zC10.

Using 2D NMR experiments (see Methods), most of the base
and sugar protons were assigned. In addition to the intermolec-
ular NOEs described above, several weak or very weak NOEs
between A9 H2 and G11 imino and H8 protons, U12 H19, H29,
and C13 H39, were also classified as intermolecular NOEs,
because they would be close enough only in the context of the
kissing dimer. In total, 32 intermolecular NOEs were used in the
structure calculation of H3–18 (16 NOEs for each stem-loop).

Fifty random structures were started in the structural calcu-
lation protocol using X-PLOR (23). Nineteen structures con-
verged with an rms deviation of 1.1 Å for the heavy atoms of the
kissing loops including both loop closing AzU base pairs (Table
1). Fig. 4A shows the superposition of the 12 lowest energy
structures. Because NOEs provide only short-range distance
constraints (less than 7 Å), the angle between the two helices in
the converged structures was variable (Fig. 4A). Few extremely
kinked loop conformations were excluded by adding negative
NOEs, based on the absence of the expected NOEs in the NMR
spectra.

The structural motif of the kissing loops contains two tandem
intermolecular Watson–Crick G11zC10 base pairs capped by the
A9 bases (Figs. 4B and 5A). This is quite different from the
previously observed kissing dimers that contain six base pairs
(26–28). The thermodynamic stability of this kissing complex
was determined from the concentration dependence of Tm of
the minor transition (29). The calculated standard enthalpy,
DH°, was 229 kcalzmol21, and the standard free energy at 37°C,
DG°, was 26.5 kcalzmol21 in 50 mM NaCl. This corresponds to
the stability of four GzC base pairs (59CGCG39y39GCGC59)
based on nearest neighbor parameters (29). The detailed struc-
ture shows the origin of this unusual stability. As seen in Fig. 5A,
the two A9 bases partially stack on the tandem G11zC10 base
pairs. Each adenine also has cross-strand interactions with the
stem of the other molecule, as shown by the intermolecular

Fig. 3. NMR evidence for the formation of the kissing complex of H3–18. (A) A comparison between the 15N-14N filtered-NOESY (Left) and the usual unfiltered
water NOESY (Right). Both were done at 10°C (mixing time 300 ms, 100 mM NaCl, pH 6.5). The C13, C14, C15, and C17 cross peaks in the unfiltered water NOESY
are between the two C amino protons and the G imino protons in the GzC base pairs for the stem. The C10 cross peaks are from the intermolecular G11zC10 base
pair. Only the G11zC10 cross peaks are seen in the left spectrum. (B) A comparison between the 2D 13C-12C HMQC-NOESY-HMQC (Left) and the regular D2O NOESY
(Right) in 100 mM NaCl, pH 6.5. Only cross peaks with black boxes in the right spectrum appear in the left spectrum showing the intermolecular NOEs; this indicates
intermolecular interactions between A9H2 and C13 ribose protons.
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NOEs between A9 H2 and sugar protons of U12 and C13. The
two A9 base rings can act as barriers that protect the two
intermolecular G11zC10 base pairs. The importance of A9 was
supported by our mutational study showing that replacing A9 by
U disrupts the dimer formation, as seen by native gel analysis.
Purine bases in similar positions are also important in the kissing
complex of SL1 in HIV-1 (28, 30).

Several unusual characteristics were observed for the G11zC10
base pairs. Most converged structures, including the energy-
minimized average structure, show that the C10 amino protons
are positioned not only in hydrogen bond distance and angle (less
than 2.2 Å and 180° 6 60°) with the cross-strand keto group of
G11 of the Watson–Crick base pair, but are also very close to the
keto group of the same-strand G11 (Fig. 5B). These extra
hydrogen bond-like electrostatic interactions around C10 amino
protons might explain the down-field chemical shift of the
hydrogen-bonded C10 amino proton (8.8 ppm) compared with
the other hydrogen-bonded C amino protons. This unusual
positioning of the C10 base is consistent with the observation
that its H5-H6 NOE peak is weaker than others, and that C10
ribose has a mixture of 39 endo and 29 endo ribose conformations,
implying that C10 is dynamic. All of the other residues have 39
endo sugar conformations with the exception of the 59 and 39 end
sugars. Fig. 5B also shows that one of the amino protons of G8
is near the N7 of G11, which is consistent with the NMR
observation that the G8 amino protons are slowly exchanging
with water and that they show well-separated chemical shifts (7.8
ppm, 7.2 ppm). Although the position of base G8 is not clearly

Table 1. Structural determination statistics for the 19 converged
structures of the H3-18 RNA kissing complex

Number of NOE distance restraints
Total number of the NOEs 528
Intramolecular-Intranucleotide NOEs 182
Intramolecular-Internucleotide NOEs 298
Intermolecular NOEs 32
Kissing loop with closing base pairs 170
Negative NOEs 16

Dihedral angle restraints (d, x and « for all residues,
a and z for C10)

194

A-form geometry dihedral restraints (a,b,g,z) for the
stems except for closing bps

98

Base planarity restraints 32
Total number of restraints 852
rms deviation for all heavy atoms relative to the

average structure, Å
The kissing loop with closing base pairs

(A7–U12, A79–U129)
1.1 6 0.2

Stem 1 (G1–G6, C13–C18) 1.5 6 0.5
Stem 2 (G19–G69, C139–C189) 1.2 6 0.6

NOE violations, Å 0 (. 0.2Å)
Angle violations, ° 1 (. 5°)
Mean deviation from covalent geometry

Bond length, Å 0.004
Angles, ° 0.81
Impropers, ° 0.16

Fig. 4. The structure of the H3–18 kissing complex. (A) The superposition of the 12 lowest energy structures, the curvature and the joining angle of the two
stems are variable, although each stem shows reasonable rms deviation when superimposed separately (Table 1). The loop closing base pair A7zU12 is featured
in sky-blue. (B) A stereoview of the averaged and energy-minimized structure of the H3–18 kissing complex.
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visible in Fig. 5A, the structure shows that the G8yG89 imino
protons are well protected from solvent by neighboring nucle-
otides. This is consistent with the up-field chemical shifts of
G8yG89 imino protons described earlier.

Fig. 6 shows important stacking interactions around the
kissing loops. The consecutive stacking of A9 bases sandwich the
two GzC base pairs (Fig. 6 Left). There is considerable intermo-
lecular stacking between the base of A9 and the ribose ring of

C13 (Fig. 6 Middle), which accounts for the unusual up-field
chemical shifts of H49 (2.8 ppm) and H59yH599 (3.8, 4.1 ppm) of
C13. The bases on the ends of the tetraloop (G8, G11) stack on
the closing A7zU12 base pair; G8 base stacks on A7 base and G11
base stacks on the ribose of U12 (Fig. 6 Right). This explains the
U12 sugar H19 up-field shift of 3.9 ppm. Because each G8 base
stacks with the A7 base in the same molecule, the RNA strand
undergoes an abrupt change in direction between G8 and A9 to

Fig. 5. The structural characteristics of the H3–18 kissing complex. (A) A close view of the kissing loop region. The protons involved in the strong cross-strand
interactions (A9 H2 and C13 H49, H59y599) are shown in yellow. (B) The network of hydrogen bonds and possible hydrogen bond-like electrostatic interactions
around the intermolecular GzC base pairs. The blue lines represent the observed hydrogen bonds that are typical in Watson–Crick GzC base pairs, and the red lines
represent the hydrogen bond-like strong electrostatic interactions.

Fig. 6. Important stacking interactions around the kissing loop. The stacking between the A9 base and the intermolecular G11zC10 base pair (Left). The
hydrogen bonds in the G11zC10 base pairs are shown as blue dotted lines. The stacking between the A9 base and the C13 ribose with its H49 and H59y599 protons
featured in green (Middle). The stacking between G8 base and the A7zU12 base pair, and the stacking between the G11 base and the U12 ribose with its H19
in yellow (Right). The same stacking is observed in both hairpins.
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close the loop. The break between G8 and A9 is consistent with
about 1 ppm up-field shift of the A9 phosphorus compared with
the chemical shifts of the stem phosphorus nuclei. Overall, these
inter- and intramolecular stacking interactions and hydrogen
bond-like strong interaction network around the two GzC base
pairs contribute to the unusual stability of the kissing complex.

Discussion
We found that the tetraloop sequence (59GACG39) forms an
extra-stable kissing complex, although the sequence is not
self-complementary. This may explain how the stem-loops H2
and H3 facilitate the dimerization and encapsidation processes
of the viral RNA in Moloney murine leukemia virus (13). We
speculate that strong kissing contacts between these stem-loops
in two identical RNAs (H2zH2, H3zH3, or H2zH3) can be used
as nucleation sites that allow other critical regions such as H1 to
interact to complete the dimerization. This explains why the
presence of H2 and H3 makes the dimerization process about
seven times faster than the dimerization in their absence (13).
Kissing complexes are well known to speed up base pair forma-
tion in naturally occurring antisense mechanisms (31).

There are changes in the secondary structure and the tertiary
folding of RNA during the dimerization process (10); further
changes may occur when the dimerized RNAs are packaged in
the encapsidation process. The formation of the kissing complex
through the conserved GACG tetraloops may be anchoring
points that help initiate the conformational rearrangement of
the RNA and facilitate its interaction with nucleocapsid proteins
(6, 12). This study demonstrates a two base-paired RNA kissing
complex that provides insight on the mechanism of the dimer-
ization and the encapsidation of retroviral RNAs. It illustrates
once again the surprises that RNA can provide.
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