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were analyzed by SDS-PAGE and the Coomassie blue staining
(Fig. 3B). Western blot analysis of Nafl(N) protein fragments
using anti-myc antibody and the purified MAb shows that pro-
tein fragments were thoroughly produced in E. coli, and the epi-
tope detected by the MADb was located at the overlapping re-
gion of protein fragments 1 and 2, between amino acid residues
64 and 88 (Fig. 3C).

We again constructed Nafl fusion protein fragments (Fig.
3A~C) with overlapping regions between amino acid residues
64 and 88 (Fig. 3D). Expression of Naf(N) protein fragments
was ascertained by SDS-PAGE, followed by Coomassie blue
staining (Fig. 3E) and Western blot analysis using anti-myc an-
tibody (Fig. 3F). According to the result of Western blot anal-
ysis using anti-Naf! MADb, as shown in Figure 3F, the MADb
was found to have a specific binding ability to Nafl(N) frag-
ment C. These results indicate that the epitope recognized by

253

anti-Nafl MAb was located at the amino acid residues 81-88
region of Nafl.

Endogenous Nafl expression and
subcellular localization

The ability of the anti-Nafl MAD to detect endogenous Nafl
in various cells was also investigated by Western blot analysis and
the immunofluorescent staining of cells followed by confocal mi-
croscopy (Fig. 4A,B). Cell lysates of unstimulated human PBL,
Jurkat, MT-4, Molt 4, 293, and U-937 cells were applied to 12%
gel SDS-PAGE, and immunoblotting with Nafl MAb showed en-
dogenous Nafl protein with the molecular weight of about 72 kDa
(Fig. 4A). Immunofluorescent staining of human PBL, Jurkat, MT-
4, and Molt-4 cells with anti-Nafl MADb, followed by the assess-
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Mapping of the Naf! epitope recognized by anti-Nafl monoclonal antibody (MADb). (A,D) Schematic representation of

N-terminally truncated Nafl fusion proteins. The fusion proteins contain 6 XXHis tag at N-terminus and myc tag at C-terminus.
The numbers refer to the position of amino acids in Nafl protein. (B,E) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Coomassie Brilliant Blue staining for the expression of Nafl fusion proteins from un-induced (—) or isopropyl-
p-thiogalactopyranoside (IPTG) induced (+) E. coli, transformed with control empty vector (EV) or with pMAL-6XHis-Naf]-
myc cDNAs. (C,F) Western blot analysis of induced bacterial lysates expressing Nafl fusion proteins. Lysates of induced E. coli
were electrophoresed in 12% acrylamide gels and immunoblotted with anti-Nafl MADb for the specific epitope (upper panels) or

anti-myc MAD for the protein input control (lower panels).
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ment under confocal microscope, showed predominantly cyto-
plasmic localization of endogenous Nafl (Fig. 4B).

DISCUSSION

In this report, we present the production and characteriza-
tion of an MAD specific for the cellular protein, Naf[/ABIN-1.
We used the baculovirus expression system to synthesize re-
combinant Naf [(N) protein. High Five cells were described to
achieve higher protein production when compared with Sf9
cells.t3) Previous reports showed that hexahistidine tagging
takes advantage of a high affinity to Ni-NTA resin in the pu-
rification procedure and does not interfere with the protein func-
tion.?”

The ability of anti-Naf!l MAD to recognize endogenous
Nafl protein in various cell lines was examined by Western
blotting and immunostaining. We also investigated the ex-
pression and localization of endogenous Nafl in human PBL
and other cell lines showing its cytoplasmic localization. Ac-
cording to previous reports, Nafl associates with HIV-1 vi-
ral proteins, Nef, and matrix in the yeast two-hybrid system

and pull-down assays using Nafl-overexpressed cell

Continued.

lysates.!!-2 HIV-1 Nef contributes substantially to AIDS
pathogenesis by augmenting virus replication and markedly
perturbing the T cell functions. Host cell activation by viral
protein Nef has been supposed to be a result of interaction
between Nef with cellular protein Naft, which is involved in
the signal transduction of host cells. Nafl has also been
known to interact with A20 zinc finger protein, previously
characterized as an inhibitor of NF-«xB activation and apop-
tosis. Nafl (ABIN-1) has been reported to inhibit NF-xkB—de-
pendent gene expression induced by TNF and IL-1. Nafl
blocks NF-«B activation by negative feedback regulation of
NF-«B, and it has also been suggested that Nafl has the po-
tential to inhibit TNF-induced activation of NF-«B upon
overexpression.?*20) However, most of these earlier experi-
ments were performed with Nafl-overexpressed cells because
of the lack of specific MAD to the endogenous Nafl. To in-
vestigate the Nafl-interacting proteins and their molecular
functions under physiological condition, anti-Nafl MAbD is
required to access endogenous Nafl in some specific exam-
inations, such as immunoprecipitation and immunostaining
assays. The improvement in understanding of the activation
and regulation of NF-«B has opened the way for the devel-
opment of new treatments in inflammatory diseases as well
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as in HIV infection. From a therapeutic point of view, ge-  HIV infection and various inflammatory diseases in human be-
netic engineering of specific human cells to express an NF-  ings.

«B inhibitor such as Nafl will offer a novel therapeutic tool

in gene therapy.

In conclusion, anti-Naf1 MAb will be an indispensable tool ACKNOWLEDGMENTS
in various immunoassay and functional investigations concern-
ing the endogenous Nafl. We hope this MAb may lead to new We thank Dr. Kazuo Terashima and Masami Koushi for their

findings and understanding of Nafl in many aspects relating to  excellent technical assistance in immunostaining and confocal

A.

FIG. 4. Nafl expression in human PBL, Jurkat, MT-4,
Molt-4, 293, and U-937 cell lines. (A) Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and Western blot analysis of cell lysates for the expres-
sion of endogenous Nafl using anti-Nafl monoclonal
antibody (MAD). (B) Subcellular localization of Nafl in
human PBL, Jurkat, MT-4, and Molt-4 cells by immuno-
fluorescence staining with anti-Nafl MAb or control 1gG
and assessment under confocal microscopy.
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Dimer formation of HIV-1 genomic RNA through its dimerization initiation site (DIS) is
crucial to maintaining infectivity. Two types of dimers, the initially generated kissing-
loop dimer and the subsequent product of the extended-duplex dimer, are formed in the
stem-bulge-stem region with a loop including a self-complementary sequence. NMR
chemical shift analysis of a 39mer RNA corresponding to DIS, DIS39, in the kissing-
loop and extended-duplex dimers revealed that the three dimensional structures of
the stem-bulge-stem region are extremely similar between the two types of dimers. There-
fore, we designed two shorter RNA molecules, loop25 and bulge34, corresponding to the
loop-stem region and the stem-bulge-stem region of DIS39, respectively. Based upon the
chemical shift analysis, the conformation of the loop region ofloop25isidentical to that of
DIS39 for each of the two types of dimers. The conformation of bulge34 was also found to
be the same as that of the corresponding region of DIS39. Thus, we determined the solu-
tion structures of loop25 in each of the two types of dimers as well as that of bulge34.
Finally, the solution structures of DIS39 in the kissing-loop and extended-duplex dimers
were determined by combining the parts of the structures. The solution structures of the
two types of dimers were similar to each other in general with a difference found only in
the Al6 residue. The elucidation of the structures of DIS39 is important to understanding

the molecular mechanism of the conformational dynamics of viral RNA molecules.

Key words: DIS, HIV-1, NMR, RNA, structure.

Abbreviations: DIS, dimerization initiation site; HIV-1, human immuneodeficiency virus type 1.

Two molecules of viral genomic RNA are packaged in a
dimeric state in the virion of human immunodeficiency
virus type 1 (HIV-1), and this dimer formation is crucial
to maintaining their infectivity (1-4). Accumulating evi-
dence from both in vivo and in viiro experiments has
shown that the specific sequence, the dimerization initia-
tion site (DIS) located close to the 5’ terminus of the
genomic RNA, is required for spontaneous dimerization
of HIV-1 RNA. DIS can form a stem-loop structure with
a self-complementary sequence in the loop and a bulge in
the stem (5, 6). The dimerization of DIS forms the kissing-
loop dimer as the first step; then, their intramolecular
stems are converted into intermolecular stems, generating
the extended-duplex dimer (7, 8). This two step dimeriza-
tion process is called the kissing-loop mechanism. The
kissing-loop dimer is converted into the extended-duplex
dimer by incubation at 55°C (9, 10) or by incubation at
physiological temperature with the HIV-1 nucleocapsid
protein, NCp7, which includes two basic regions and two
zinc-fingers (11). A number of experiments have been per-
formed to gain an understanding of the role of the zinc-
fingers as well as the basic regions (12-16). Our previous

*To whom correspondence should be addressed. Tel/Fax: +81-47-
478-0425, E-mail: gkawai@sea.it-chiba.ac.jp

Vol. 138, No. 5, 2005

results show that, for the two step dimerization from
the kissing-loop dimer to the extended-duplex dimer, the
two basic regions surrounding the N-terminal zinc finger of
NCp'7 have RNA chaperone activity by themselves, and the
zine fingers increase the efficiency of the activity (17, 18).

Anumber of three dimensional structural analyses using
NMR and X-ray methods have been performed to deter-
mine the conformation of each region of DIS, the loop
region in the kissing-loop (19, 20) or extended-duplex
dimers (21-24), as well as the bulge-out region (25-27).
However, our previous studies suggested that the 39mer
RNA sequence, DIS39, which covers the entire bulge and
loop regions, is necessary and sufficient for the two step
dimerization (28, 29). Thus, it is still relevant to determine
the structures of the kissing-loop and extended-duplex
dimers for DIS39 with the same sequence and conditions.

In the present study, we designed two shorter RNA mole-
cules, loop25 and bulge34; loop25 includes the loop-stem
region of DIS39, and bulge34 includes the stem-bulge-stem
region (Fig. 1), respectively we then determined the solu-
tion structures of loop25 in each of the kissing-loop and
extended-duplex dimers as well as bulge34. By combining
the structure parts, the solution structures of DIS39 in the
kissing-loop and extended-duplex dimers were able to be
determined.

583 © 2005 The Japanese Biochemical Society.
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Fig. 1. Secondary structure of a 39mer RNA corresponding
to the dimerization initiation site (DIS39) and its fragments
used in this study. (A) The kissing-loop and extended-duplex
dimers of DIS39. (B) The kissing-loop and extended-duplex dimers
of loop25, which is composed of the loop and stem of DIS39.
Modified residues are indicated by open characters. The sequence
of the self-complementary loop was modified to increase the dis-
persion of NMR signals, and a base pair was added to the stem. The
broken box indicates the part to be used for structure calculation.
(C) Bulge34 consists of the stem-bulge-stem region of DIS39 and
the connecting UUCG loop. The broken box indicates the part to be
used for structure calculation. Gray shading indicates the two base
pairs, C12-G26 and U13-G25, that are superimposed to combine
the structures of the kissing-loop or extended-duplex dimer region
and the stem-bulge-stem region. Asterisks indicate residues in the
other strand.

MATERIALS AND METHODS

RNA Synthesis, Purification and Preparation—Non-
labeled loop25 was synthesized chemically by the
phosphoramidite method with an automatic DNA/RNA
synthesizer, Expedite model 8909 (PerSeptive Biosystems
Ine., MA, USA). The protection groups were removed with
ammonia and tetra-n-butylammonium fluoride. Non-
labeled DIS39 and bulge34 were synthesized enzymati-
cally by the in vitro transcription reaction method with
AmpliSeribe T7 transcription kits (Epicentre Technologies
Co., W1, USA). Purification for each RNA sample was per-
formed by PAGE using 30 cm x 40 cm glass plates (Nihon
Eido Co. Ltd., Tokyo, Japan) under denaturing conditions,
and extensive desalting by ultrafiltration (Centricon YMS3,
Amicon Ine.,, MA, USA) was carried out. For stable iso-
topic labeling by the in vitro transeription with *3C- and
15N-labeled NTPs (Nippon Sanso, Tokyo, Japan), we used

S. Baba et al.

DIS39 rather than shorter loop25 and bulge34 because the
efficiency of in vitro transcription is better for larger RNA.

For the preparation of the kissing-loop dimer, DIS39 or
loop25 in water was incubated at 368 K for 5 min and
chilled on ice for 5 min. Then, the solvent was adjusted
to 1x PN-buffer [10 mM sodium phosphate (pH 7.0) and
50 mM NaCl] by adding concentrated buffer. For the pre-
paration of the extended-duplex dimer, DIS39 or loop25 in
1x PN-buffer was incubated at 368 K for 5 min and slowly
cooled to room temperature. Bulge34 was annealed by
heating at 363 K for 5 min and snap-cooling on ice. To
confirm the formation of the hairpin structure, the samples
were subjected to a native PAGE experiment. For NMR
measurements, RNA samples were dissolved in 10 mM
sodium phosphate buffer (pH 7.0) containing 50 mM
NaCl. The final concentration of chemically synthesized
loop25 was 1.8 mM. The concentrations of DIS39 and
bulged4 (transcripts) were 1.0 and 0.5 mM, respectively.
The concentration of the kissing-loop and extended-duplex
dimers of [G-13C/*®N] and [A-'3C/*®N] DIS39 were 0.4, 0.3,
0.2 and 0.1 mM, respectively.

NMR Measuremenits—NMR spectra were recorded on
Bruker DRX-500 and DRX-600 spectrometers. Spectra
were recorded at probe temperatures of 283 to 303 K
and NMR data at 298 K were used for structure calcula-
tion. The imino proton signal of the G and U residues in
H,0 were distinguished from each other by the HSQC
selected and HSQC filtered 1D spectra measured with
3¢ and '°N-labeled DIS39. Exchangeable proton NOEs
were determined by 2D NOESY in HoO with a mixing
time of 150 ms using the jump-and-return scheme and
gradient pulses for water suppression. For resonance
assignments, well-established procedures were used (30).
The H2 protons of adenosine were assigned based on a 2D
HSQC experiment with natural abundance 3C. NOE dis-
tance restraints from non-exchangeable protons were
obtained from 2D NOESY experiments (mixing times of
50, 100, 200, and 400 ms) in Dy0. The intensities of the
NOESs between exchangeable protons were interpreted as
distances of 2.1-5.0 A. For loop25, distances were esti-
mated by analyzing the initial slope of NOE intensities
for mixing times of 25, 50, 100, 200 ms. Judgment of inter-
molecular NOE is described in the result section. Two
restraints (>5 A) were added to the distance restraints
based on the absence of NOE cross peaks in the case of
the kissing-loop dimer. For bulge34, the intensities of
NOEs due to nonexchangeable protons were interpreted
as distances with a margin of 1.5 to +1.5 A for the 100
ms 2D NOESY and -1.0 to +2.0 A for the 200 ms 2D
NOESY. Two restraints (>5 A) were added to the distance
restraints based on the absence of NOE cross peaks. The
formation of hydrogen binding of G:C, A:U or G:U base
pairs is interpreted as distance constraints as 1.8-2.1 A
for hydrogen and acceptor atoms and 2.8-3.2 A for donor
and acceptor atoms; G11:C27 to G14:C24, G11*:C27* to
G14*:C24% and G17:C22* to C22:G17* for loop25 in the
kissing-loop dimer, G11:C27* to G14:C24%, G11*:C27 to
G14%:.C24 and G17:C22*% to C22:G17* for loop25 in the
extended-duplex dimer, and G1:C39 to C5:G35 and
U9:A29 to G14:C24 for bulge34. Dihedral restraints were
obtained as described below. The absence of crosspeaks
between H1'-H2' in the 2D TOCSY and DQF-COSY experi-
ments was interpreted as the residue being in the C3'-endo
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conformation. On the other hand, the presence of strong
crosspeaks between H1'-H2' in the 2D TOCSY and DQF-
COSY experiments was interpreted as the residue being in
the C2'-endo conformation. The correction of sugar puck-
ering ig interpreted as dihedral restraints for vy as 40.00
20.00° (C3'-endo) or ~35.00 + 20.00° (C2'-endo). Based on
the sequential connectivity of the Watson-Crick and G-U
base pairs, the RNA-A conformation was assumed for the
stem region and dihedral restraints were introduced for
backbone torsion angles (o, B, v, 8, &€ and ) as the ideal
conformation with a margin of £10.00°. For loop25 in the
kissing-loop dimer, information about the C38'-endo confor-
mation (G11-G14, G17-C27), the C2-endo conformation
(A16) and RNA-A conformation in the stem region (G11-
U13, U18-A21, G25-C27) was used as the dihedral
restraints. For loop25 of the extended-duplex dimer,
information about the C8-endo conformation (G11-G14,
G17-C27) and RNA-A conformation in the stem region
(G11-U13, U18-A21, G25-C27) was used as the dihedral
restraints. For bulge34, the information about the C38'-endo
conformation (G1-G14, C24-A31, C34-C39) and RNA-A
conformation in the stem region (G1-C5, G11-G14, C24—
C27, G35-C39) was used as the dihedral restraints.

Structure Calculation—A set of 100 structures was cal-
culated using the simulated annealing protocol described
below with the Insightll/Discover package, and the amber
force field was used. The force constants were 100 kcal
mol™ A2 for distance restraints and 100 keal mol™
rad? for dihedral restraints. The starting coordinates
were randomized, and the randomized structures were
heated to 2,000 K in 5 ps, and the temperature was kept
to 2,000 K for another 5 ps. After that, all restraints were
increased to full values in 20 ps, then, decreased to 1/10 of
full values in 5 ps at 2,000 K. Van der Waals radii were
increased from 0.1 to 0.825 in 20 ps at 2,000 K. All
restraints were increased to full value again in 10 ps at
2,000 K. Scalings for non-bond interactions were increased
to full value in the next 20 ps at 2,000 K, and the tempera-
ture was kept to 2,000 K for another 5 ps. Then, the tem-
perature was gradually scaled to 300 K in 10 ps. After that,
the structure was heated from 300 to 1,000 K in 5 ps, and
the van der Waals radii were increased from 0.825 to 1 at
1,000 K, and then decreased from 1 to 0.825 at 1,000 K. An
additional 5 ps of dynamics was performed at 1,000 K, and
the temperature was gradually scaled to 300 K for 10 ps. A
final minimization step was performed, which included a
Lennard-Jones potential and electrostatic terms with a
dielectric constant of 7. The ten final structures with the
lowest total energies were chosen.

RESULTS AND DISCUSSION

Analysis of the NMR Spectra of DIS39, Loop25 and
Bulge34—Our previous NMR study revealed that the two
types of dimers of DIS39 prepared as described in “MATERI-
ALS AND METHODS” correspond to the kissing-loop and
extended-duplex dimers (37). NMR spectra of DIS39 in
each of the kissing-loop and extended-duplex dimers
were measured in Dy0, and the signals due to H1', H6/
H8 were assigned by the sequential assignment method
(Fig. 2). Figure 3A shows the difference in the chemical
shift of H1', H6/HS8 between the two types of dimers. It was
found that the difference is concentrated in the loop region.
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Interestingly, structures of the stem-bulge-stem region of
the kissing-loop and extended-duplex dimers were extre-
mely similar, even though the stems are formed by intra
and inter molecules. This was also shown by analysis of
the TOCSY spectrum; differences are located in the loop
regions. Most residues were adapted to the C3'-endo con-
formation except for G32, G33 in the bulge-out region of
both forms, Al16 in the kissing-loop dimer and A15, A16 in
the extended-duplex dimer, which might be a mixture of
the C2'-endo and C3'-endo conformations.

To reveal further authentic structure, two RNA mole-
cules were designed; loop25 includes the loop region and
bulge34 includes the stem-bulge-stem region (Fig. 1, B and
C). Loop25 was constructed to determine the authentic
structure of the loop region. In order to increase the dis-
persion of the NMR signals, the sequence of the loop was
modified from GCGCGC to GUGCAC. One base pair was
added by replacing A31 by C31 in the stem to increase the
stability of the kissing-loop dimer. It is noted that the loop
sequences of GCGCGC and GUGCAC correspond to those
of HIV-1 subtypes B and F (32), respectively, and both
sequences have dimerization activity (6, 8, 10). The chemi-
cal shifts of loop25 were compared with those of DIS39 in
each of the kissing-loop and extended-duplex dimers
(Fig. 3, B and C). For both conformations, the chemical
shifts for most of the stem region and A15, A16 and A23
were strikingly similar between the loop25 and DIS39. Due
to the base alterations, the chemical shifts of the self com-
plement loop were slightly different for both dimers. The
chemical shift of H8 was shifted more than 0.2 ppm due to
the addition of the terminal base pair. It is noteworthy
that the chemical shift difference in loop25 between the
kissing-loop and extended-duplex dimers (Fig. 3D) was
almost identical to that of DIS39 (Fig. 3A). These results
indicate that the structures of loop25 in the kissing-loop
and extended-duplex dimers are essentially identical to
those of DIS39. Upon analysis of the TOCSY spectrum,
it was found that most of the residues were adapted to
the C3'-endo conformation except A15 and Al6 for the
extended duplex dimer and A16 for the Kkissing loop
dimer, and these results also agree with the results for
DIS39. _

Bulge34 was constructed to determine the authentic
structure of the stem-bulge-stem region. Bulge34 consists
of the stem-bulge-stem region of DIS39 and the connecting
UUCGG loop. The NMR signals of bulge34 were assigned by
the sequential assignment technique. The chemical shift of
HY’, H6/HS of bulge34 were compared to those of DIS39 in
the kissing-loop dimer (Fig. 3E). The chemical shifts for the
stem-bulge-stem regions of bulge34 and DIS39 were iden-
tical, although the chemical shifts of the residues adjacent
to the loop were slightly different by reflecting the differ-
ence in the closing loop sequences. Upon analysis of the
TOCSY spectrum, it was found that most residues were
adapted to the C8'-endo conformation except for G32, G33
in the bulge-out region and C in the UUCG loop, and that
the conformation in the stem-bulge-stem region also
agreed with that of DIS39. These results indicate that
the structure of the stem-bulge-stem region of bulge34 is
identical to that of DIS39.

Thus, the structures of DIS39 for two types of dimers can
be determined by determining the structures of loop25 and
bulge34, and combining them.
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Fig. 2. 2D NOESY spectra of the
(A) kissing-loop and (B) extended-
duplex dimers of DIS39 measured in
D,0 at 25°C with a mixing time of
200 ms. Cross-peaks between aromatic
H6/H8 protons and ribose H1' protons
are shown, and the sequential NOE con-
nectivity is indicated.
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Structure Determination—The loop region of loop25 in
the kissing-loop dimer: To determine the structure of the
loop region of DIS39 in both the kissing-loop and extended-
duplex dimers, the NMR signals of loop25 were further
analyzed and structural information was collected. The
structure of the loop region consisting of the nine nucleo-
tide loop and the stem with four base pairs was determined
as shown by the broken box in Fig. 1B. A total of 286
distance restraints, 76 hydrogen bonding distance
restraints, 140 dihedral restraints (Table 1), and 136 chiral
restraints were used for the structural calculation. Three
NOEs in the loop region, H2(A21)-H1'(U18), H2(A21)-
H1'(G19) and H2(A21)-H8(G19), were judged to be inter-
molecular by analysis of the imino proton spectra. Four
NOEs in the stem-loop linking region were considered to
be intermolecular or intramolecular based on the results of
the isotope filter NMR measurement (data not shown), and
it was concluded that two NOEs, H2(A23)-H1' (G17),
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H2(A16)-H1' (G16), are intermolecular and three NOE,
H8(A16)-H1' (Al16), H8(A16)-H2' (A16), are intramolecu-
lar. One NOE in the stem-loop linking region was consid-
ered to be intermolecular or intramolecular in the
structure calculation, and it was concluded that this
NOE, H2(A23)-H2(A15), is intramolecular. Each restraint
is used twice for two molecules. The structures were cal-
culated by the restrained molecular dynamic calculation
with the simulated annealing method. The structure was
defined with a heavy atom r.m.s.d. of 2.14 A for the ten
converged structures (Fig. 44, left panel), and the mini-
mized average structure is shown in Fig. 4A (right panel).
Although the overall convergence was not very good, the
self-complementary region was well defined with 0.76 A,
and the stem-loop linking region was defined with 1.86 A.
The structural statistics are summarized in Table 1.

The loop region of loop25 in the extended-duplex dimer:
The loop region of loop25 in the extended-duplex dimer was
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Table 1. NMR restraints and structural statistics.
Number of restraints
loop25 in the loop25 in the
ldssinlgg—loop dimer exterlljded—duplex (%%liif)
(17 mer x2) dimer (17 mer x 2)

Distance restraints 286 384 345
imino-imino 12 12 10
intra residue 154 182 163
intra molecule 106 174 170
inter molecule 12 16 -
>5 A 2 0 2

Hydrogen bonding distance restraints 76 76 58

Dihedral restraints 140 138 126
3'-endo 30 30 28
2'-endo 2 0 0
RNA-A stems 108 108 98

r.m.s.d. from the idealized geometry (A) _

Bonds (A) 0.00897 + 0.00004 0.00803 + 0.00020 0.00775 £ 0.00015
Angle (°) 2.43+£0.23 2.33+0.05 2.24 +£0.07
Impropers (°) 1.57+0.10 1.82+0.64 1.53 £0.21

Heavy-atoms r.m.s.d. (A)?

All 2.14 1.45 1.98
Stem-loop linking region® 1.86 1.31
Bulge region® 1.90

®Averaged r.m.s.d. between an average structure and the 10 converged structures were calculated. The converged structures did not
contain experimental distance violations >0.2 A or dihedral violations >5°, "The stem-loop linking region consists of residues 14 to
17, 22 to 24, 14* to 17* and 22% to 24*, “The bulge region consists of remdues 6 to 10 and 28 to 34. Asterisks indicate residues in

the other molecule.

determined (broken box in Fig. 1B). A total of 384 distance
restraints, 76 hydrogen bonding distance restraints, 138
dihedral restraints (Table 1) and 136 chiral restraints were
used for the structure calculation. For the stem-loop link-
ing region, H2 of A23 was connected by intermolecular
NOEs to H1’ and H2 of A15, H2 of A16 and H1' of G17.
The structures were calculated by the restrained molecular
dynamic calculation with the simulated annealing method
described above. The structure was well defined with a
heavy atom r.m.s.d. of 1.45 for the ten converged structures
(Fig. 4B, left panel), and the minimized average structure
is shown in Fig. 4B (right panel). The stem-loop linking
region was defined with 1.31 A. The structural statistics
are summarized in Table 1.

The stem-bulge-stem region of bulge34: A structural
determination was performed for bulge34 except for the
UUCG loop (broken box in Fig. 1C). A total of 345 distance
restraints, 58 hydrogen bonding distance restraints, 126
dihedral restraints (Table 1) and 120 chiral restraints were
used for the structure calculation. Two NOE restraints (>5
A), H2(A31)-H1(U9) and HI'(A31)-H1'(U9), were added to
the distance restraints based on the absence of NOE cross
peaks. The structures were calculated by the restrained
molecular dynamic calculation with a simulated annealing
protocol. The structure was defined with a heavy atom
r.m.s.d. of 1.98 for the ten converged structures (Fig. 4C,
left panel), and the minimized average structure is shown
in Fig. 4C (right panel). Although the overall convergence
is not very good, the stem regions are well defined with 0.83
or 0.78 A, respectively. The bulge region was defined with
1.90 A. The structural statistics are summarized in Table 1.

The two types of dimers of DIS39: Solution structures of
DIS39 were then constructed by combining the structure

parts. The structures of the kissing-loop or extended-duplex
dimer region and stem-bulge-stem region were combined
by superimposing two base pairs, C12:G26 and U13:G25
(Fig. 1, gray area). The left panels of Fig. 5 show the ten
structures prepared by using the minimized average struc-
ture of the stem-bulge-stem region (Fig. 4C, right) and each
of the ten lowest energy structures of the loop region (Fig. 4,
A or B, left) superimposed by the loop region. The right
panels of Fig. 5 show the structures prepared using the
minimized average structure of the stem-bulge-stem region
(Fig. 4C, right) and the loop region (Fig. 4, A or B, right). The
relative angles between the stem-bulge-stem regions differ
between the kissing-loop and extended-duplex dimers as
shown in the right panels of Fig. 5. However, the fluctua-
tions of the relative angles are rather large and the ranges
overlap between the two dimers as shown in the left panels
of Fig. 5. In fact, the values of the residual dipolar coupling
for the stem-bulge-stem region are similar between the
kissing-loop and extended-duplex dimers (to be published).
A preliminary normal mode analysis suggested the exis-
tence of hinge motion, and, in order to reveal the dynamic
properties of the dimers, a molecular dynamics analysis, as
well as the thermodynamics analysis (33), is required. The
most obvious local difference was observed for A16; for the
kissing-loop dimer, A16 was close to the same residue in the
other molecule (Fig. 6A, left) and did not stack above A15 of
the same molecule nor G17 of the other molecule (Fig. 6A,
right), whereas for the extended-duplex dimer, A16 was
apart from the same residue of the other molecule
(Fig. 6B, left) and stacked between A15 and G17 (Fig. 6B,
right).

Structural Comparison with Related Structures—
Ennifar et al. (20) determined the crystal structure of
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Fig. 4. Solution structures of each part of DIS39. Left panels
show the superimposition of the 10 lowest energy structures and the
right panels show the minimized average structures. (A) The loop
region of loop25, as shown by the broken box in Fig. 1b, in the

the kissing-loop dimer. The present structure is similar to
the crystal structures in general, except for A15 and Al6.
In the present structure, A15 stacks on G14 and A16 inter-
acts with the same residue in the other molecule (Fig. 6A,
right). On the other hand, in the crystal structure, A15 and
G16 are flipped out (20). 1t is noted that the numbering
system of DIS39 is used for other structures for conveni-
ence, and position 16 is occupied by A or G depending on
the strain. A15 and A16 (or G16) might be flexible and can
be flipped out even in solution. Mujeeb et al. (19) deter-
mined the solution structure of the kissing-loop dimer. In
this structure, A16 interacts with A15 and C24 in the other
molecule, and, as a result, the distance between the two
stems is relatively short. Thus, this restricted interaction
makes the global structure different from the present
structure and the crystal structure. However, the location
of A15 is similar in the two solution structures. The differ-
ence in the conformation of A16 between the two solution

Vol. 138, No. 5, 2005

kissing-loop dimer. Each strand is colored in red or blue. (B) The
loop region of loop25 in the extended-duplex dimer. (C) The stem-
bulge-stem region of bulge34.

structures may reflect the difference in the sequence of the
stem adjacent to the loop and/or in the sample condition,
including the salt concentration. The NOE connectivity
determined in the present study agrees in general with
those of Dardel et al. who analyzed the structure of the
stem-loop region in the kissing-loop dimer by NMR (34).
Girard et al. (21) and Mujeeb et ol. (22) determined the
solution structures of extended-duplex dimers. In these
two structures, as well as in the present structure, Al5,
A16 and A23 form a zipper like structure (Fig. 6B, right).
On the other hand, in the case of the crystal structure of
the extended-duplex dimer, G16 forms a G:A base pair and
A15 is flipped out, and it was assumed that this in-out
bulge transconformation is magnesium-dependent (23).
Structures of the stem-bulge-stem region were shown by
Lawrence et al. (26) and Yuan et al. (27). In the solution
structure determined by Lawrence et al. (26), continuous
stackings were formed for each strand, G6-C8 and
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Fig. 5. Solution structures of the (A) kissing-loop and (B)
extended-duplex dimers of DIS39. Left panels show the struc-
tures constructed by combining the structures of the loop (the 10
lowest energy structures of the kissing-loop or extended-duplex
dimers) and the stem-bulge-stem (minimized average structure)
regions. Right panels show the structures constructed by combining

(G30-C34. Yuan et al. (27) showed that G7 and A31 form a
base pair, and that G33 is not always stacked on G32 or
C34, and, in general, the present structure is identical to
the latter structure. Greatorex et al. (25) showed that the
bulge region is too flexible to determine the conformation.
These conformational differences may be caused by differ-
ences in the stability of the terminal stem. Lawrence et al.
(26) adopted a stable 7 base-pair stem, and their structure
forms an ordered conformation in the bulge region. In con-
trast, Greatorex et al. (25) adopted an unstable 4 base-pair
stem and the bulge region is flexible. Yuan et al. (27)
adopted a 4 base-pair stem and a flanking adenosine

the minimized average structures of the loop and stem-bulge-stem
regions. The two regions were combined by superimposing two base
pairs, C12-G26 and U13-G25 (Fig. 1, gray area). Each strand is
colored in red or blue and views from two different directions are
shown.

residue at the 3’ terminal that must stabilize the stem.
In the present study, a 6 base-pair stem was used.
Mechanism of the Two Stem Dimerization—Between the
kissing-loop and extended-duplex dimers, A16 shows the
most drastic change in interaction with other residues,
suggesting that Al6 is the key residue in the two step
dimerization reaction. The difference in the A16 conforma-
tion among structures with different sequences and deter-
mined under different conditions as described above, also
suggests the importance of this residue. Mujeeb et al. (19,
22) also pointed out the flexibility around the junction of
the loop and the stem of DIS in the kissing-loop and
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c22
A23
c24
G17*
A16 A15 G114
Cc22
A23
C24
G17%
A16* G14*
A15*

Fig. 6. Structures of the linking regions. (A) Regions linking the
stem and loop in the kissing-loop dimer. The left panels show the
positions of Al15, A16, and A23 in the entire structure in a stereo
view, and the right panels show residues linking the stem and loop.

extended-duplex dimers. Imino proton signals due to
U9:A29 and U10:A28 are much broader than other signals
in the stem region, and no imino proton signal due to
C8:G30 was observed. Thus, the stem between the loop
and bulge is destabilized by the bulge region. Qur previous
experiments also showed that the bulge region is required
for the two-step dimerization to adjust the thermal stabi-
lity of DIS, and Greatorex et al. (25) also indicated that the
flexibility of the bulge region is critical based on the fact
that mutations in the bulge region strongly affect the
melting temperature, as well as the fact that none of the
wild-type sequences in the bulge region that increase the
melting temperature is ever found in wild-type viruses.
Thus, the conformational conversion from the kissing-
loop dimer to the extended-duplex dimer might require
two factors, the movement of A16 and the modest stability
of the stem caused by the presence of the bulge region.

In the present study, a set of structures corresponding to
the initial and final structures of the two-step dimerization
of DIS are provided; these structures will promote studies
to elucidate the molecular mechanism of the conforma-
tional change in the two-step dimerization, including an
analysis of the interaction between DIS and NCp7, in addi-
tion to the molecular dynamics approach.

Vol. 138, No. 5, 2005

Asterisks indicate residues in the other strand. (B) Regions linking
the stem and loop in the extended-duplex dimer. (C) The bulge
region linking the two stems.

Coordinates: The structure has been deposited in the
Protein Data Bank (accession code 2D17: the stem-
bulge-stem region of bulge34, 2D18: the extended-duplex
dimer of loop25, 2D19: the kissing-loop dimer of loop25, -
2D1A: the extended-duplex dimer of DIS39 and 2DI1B:
the kissing-loop dimer of DIS39).
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