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FIGURE 7: Change in the absorption spectra of NpHR during the
bleaching reaction by the addition of 50 mM OG at pH 1.5. The
concentrations of NaCl were 0 mM (A), 32 mM (B), and 256 mM
(C). The first spectrum obtained before the addition of OG, the
second spectrum obtasined after the addition of OG at 30 s, and
the following spectra obtained in 5-min intervals until 1 h are
shown. The final solution in the sample contained 50 mM OG, 2
mM DM, and 10 mM 6-Mix buffer. The pH was adjusted with
H,S0,.

When the pH is changed from 7 to 1.5, the An., of chloride-
free NpHR largely blue-shifted from 600 to 542 nm (Figure
7A). This absorbance at a low pH remained stable for at
least 2 h. The addition of 50 mM OG to the chloride-free
NpHR at the low pH induced a rapid decrease in absorbance
at the Anax (542 nm) and a subsequent increase in absorption
at 450 nm as well as the appearance of absorption (450 nm)
at a neutral pH. Similarly, the rate of increase at 450 nm
was reduced by the presence of the chloride anion (parts
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Table 1: Ratio of the Retinal Isomer Compositions of Several
Samples during the Bleaching Process by the Addition of OG in the
Dark

retinal isomer composition (%)

retinaloxime forms®

sample all-trans 13-cis retinal forms?
NpHR'* (NaCl free) 89 9 2
Liso (50 s)? 87 10 3
yellow species (30 min)® 57 9 35
yellow species (3 h)® 43 9 49

? Retinaloxime and retinal forms were extracted in the dark with
and without hydroxylamine by the denaturation treatment with organic
solvent (see the Materials and Methods). # Incubation time with 50 mM
0G.

A—C of Figure 7). However, it was clear that the production
of acidic L4so was strongly inhibited, which was in contrast
to the transient formation of 45 of the chloride-free NpHR
at a neutral pH (Figure 2), suggesting that the bleaching
process that occurs between Lisp and Isgo may be inhibited
by the protonation of NpHR. When the acidic Lsy was
neutralized in the absence of chloride, the recovery of
NpHR! (600 nm) and the formation of I35 were observed
at the same time.

Isomerization and Binding of the Retinal to the Protein.
The retinal isomer composition of various NpHR samples
was analyzed using HPLC; the results are shown in Table
1. The retinaloximes were produced by the cleavage of
Schiff-base bonds by the reaction with hydroxylamine
(30—33). Four isomers of retinaloximes identified as all-
trans (15-syn, 15-anti) and 13-cis (15-syn, 15-anti) were
detected. Four similar isomers have been detected when the
retinal was cleaved from pharaonis phoborhodopsin (33).
The HPLC elution pattern of these retinaloximes extracted
from chloride-free NpHR"® was similar to that of NpHR in
the presence of NaCl. After the addition of 50 mM OG to
the chloride-free NpHRP"® for 0, 50 s, 30 min, and 3 h, retinal
cleavage and an extraction treatment were carried out. These
incubation times corresponded to those of NpHRe, 1,5, at
the initial stage of the yellow species (380 nm pigment) and
to the latter stages of the yellow species (380 nm pigment),
respectively. As shown in Table 1, the composition of the
retinal isomers of NpHR®™ and lsso did not change. This
provided evidence that the large blue shift of Apax from 600
to 450 nm in the dark was not the result of the isomerization
of the retinal, e.g., in the case of the 9-cis configuration,
which has been detected in deionized bR in a pink membrane
under continuous illvmination (34). Similarly, retinaloximes
were extracted from the Iyso trapped at a low pH, suggesting
that the retinal isomerization of acidic Lyso in the dark and
its covalent binding as a Schiff base are similar to those of
the native structure (data not shown). In contrast, the yellow
species exhibited fewer all-frans retinaloxime forms and
more norretinaloxime forms, i.e., when extracted from NpHR
samples without hydroxylamine using only the organic
solvent with incubation time, which might be attributed to
the presence of the free retinal.

DISCUSSION

Bacteriorhodopsin and halorhodopsin exhibit two-dimen-
sional crystal packing in the lipidic phase. The crystal
structure of Halobacterium salinarum HR (HsHR), which
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is highly homologous to the NpHR used in the present study,
has a trimeric structure as the fundamental assembling unit
({11). In the present study, active recombinant NpHR was
successfully expressed in E. coli cells and was purified in
the solubilization state with a mild detergent, n-dodecyl--
D-maltopyranoside (DM). The apparent molecular weight of
the DM—NpHR estimated by gel-filtration chromatography
was 340 kDa, suggesting the assemblage of NpHR monomers
in the DM micelles. Using the apparent molecular weight
of DM—NpHR, the association number of NpHR monomers
contained in a single complex was estimated by various
methods. The molecular weight of the NpHR monomer is
32 000 Da according to ESI mass spectrometry (/4). Using
this value, the number of NpHR monomers was calculated
to be 10.6. The molecular weight of a single DM micelle is
75 600 Da, and the aggregation number of DM is 148 (35).
If the DM—NpHR complex were to be assembled together
as one DM micelle, the number of NpHR monomers would
be expected to be 8.3, although it is difficult to estimate the
accurate amount of the DM complex. It is known that the
visible CD spectrum of NpHR solubilized with DM detergent
indicates a bilobe pattern because of the intermolecular
exciton coupling of NpHRs (/5, 28). On the other hand,
discrete decreases in light scattering at the initial stage of
OG mixing were observed (Figure 2). Similarly, it has been
reported that solubilized HsHR obtained from the H. sali-
narum membrane has a single positive CD band in the visible
region when 0.5% OG is used (36). These findings addition-
ally suggest a decrease in the association number of NpHR
monomers in the OG micelle system.

The present study was the first to demonstrate, as based
on the resolubilization of the DM—NpHR by the addition
of OG detergent, that the chloride-free NpHR®"® gpecies (600
nm) bleached to the yellow species (Izg) by way of an
intermediate (Isso) at neutral pH. However, the formation of
intermediate Iiso was strongly inhibited by the chloride-
binding of NpHR, and yellow species Isg0 was also blocked
by the protonation of NpHR. The distribution of the released
retinal in the OG-resolubilized NpHR was identified using
extraction with an organic solvent and cleavage of the Schiff
base by reaction with hydroxylamine. In the absence of
chloride, the ratio of the free retinal increased during the
last half of the bleaching process (Table 1), which was
released from the Schiff base of NpHR. However, the
intermediate species (I4s0), which was generated transiently
at a neutral pH, did not lead to an increase in free retinals
released from the Schiff base. In addition, the all-frans/13-
cis isomerization ratio before and after the resolubilization
of NpHR by the addition of OG detergent was the same.

The bleaching and retinal binding of bR has been reported
under both dark and light conditions. In the case of
photobleaching of the purple membrane by OG detergent,
the primary absorbance showed a direct change to a yellow
species (380 nm); moreover, the structural intermediate with
a Amax Of approximately 450 nm was not observed (24). On
the other hand, under dark conditions, the structural inter-
mediate of bR, Lo, has been observed during the denatur-
ation process by the addition of an anionic detergent, SDS
(37). The stability of this intermediate at pH 5 was higher
than that at a neutral pH. This observation is thus similar to
the characteristics of Is50 of NpHR observed in the present
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study. In a previous study, it was concluded that this Lug of
bR would be expected to exhibit a loosely folded protein
structure. The formation rate constant and the wavelength
at the isosbestic point are both similar to those of NpHR.
Although the types of detergents used in these studies
differed in terms of being anionic or nonionic, the charac-
teristics of these results nonetheless appeared to be similar.
Previously, similar absorption spectra for recombinant wild-
type bR in DMPC/CHAPS/SDS-mixed micelles at an acidic
pH were observed (38). At pH 1.9, the absorption spectra
of bR displayed a transition to a species with a Ay, at 442
nm in the absence of NaCl. That study concluded that this
conversion represents the formation of a free protonated
Schiff base (PSB) because of the denaturation of the protein.
In contrast, in the presence of 2 M NaCl, a main peak with
a Amax at 566 nm was observed at pH 1.9. The results of that
experiment suggested that anions can stabilize the PSB of
the folded protein by electrostatic interactions. In our study,
the visible CD spectra of NpHR—Lysp did not produce exciton
coupling. However, the exciton coupling of NpHR could be
slightly recovered, even when the NpHR®" was reconstituted
from the acidic Isso by neutralization. These results suggest
that the I450 of the NpHR oligomer has loose packing around
the retinal instead of ordered intermolecular interactions,
resulting in the formation of a free PSB just like that of bR
in the mixed micelles; however, it should be noted that there
was a slight A, difference between the acidic intermediates
of bR and NpHR.

It has been reported that bR (39—42) contains a 9-cis
retinal under continuous illumination when it is transformed
at low pH or in the deionized state. These species exhibit
absorption at approximately 430—490 nm as is the case with
the bleaching intermediate (Iisa) of chloride-free NpHR.
However, this NpHR intermediate was produced under
conditions of nonillumination. As shown in Table 1, it was
found that the bleaching intermediate (I450) of chloride-free
NpHR contains all-trans and 13-cis retinals. In addition, a
comparison of the reference (31) in terms of the HPLC
elution pattern of retinaloxime isomers (all-trans-, 7-cis-,
9-cis-, 11-cis-, and 13-cis-retinals syn- and anti-oximes) with
that of the bleached NpHR in the dark concluded that the
bleaching intermediate (Luso) of chloride-free NpHR did not
contain a 9-cis retinal. Investigation of whether NpHR —Iyso
exhibits photoactivity is in progress.

In contrast, the process of the retinal binding of bacterio-
opsin (bO), which was reconstituted in the model lipid system
with an all-trans retinal, has been investigated under dark
conditions. bR was reconstituted with bO and the all-trans
retinal by way of the structural intermediates with . values
of 380 and 440 nm (22, 42, 43). These intermediates that
occur during the retinal-binding process are apparently
similar to those observed in our study. However, the previous
study concluded that the retinal-binding intermediate (L)
was constitated with the noncovalently bound retinal, because
the bR mutant with a substitution for Lys-216 at the retinal-
binding site had a similar absorption maximum at 440 nm
(22). In our study, it was found that the bleaching intermedi-
ate of NpHR —I4s0 has a covalently bound retinal, as identified
by the HPLC analysis of retinaloximes (Table 1). In addition,
NpHR—I4s0 at a low pH reverted to NpHR®e (600 nm
species) and rapidly exhibited a visible CD band with exciton
coupling by neutralization, as mentioned above. Thus, our
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results support the formation of free PSB, even in the
NpHR —Lisp intermediate. Although the Liso intermediate of
NpHR accumulated because of the addition of OG, the
bleaching process that led to the formation of Isg from Liso
strongly inhibited at an acidic pH. On the other hand, at pH
1.5, the absorbance of the chloride-free NpHR without OG
(542 nm) was stable, and this pigment gradually red-shifted
by addition of chloride (the opposite spectral shift of NpHR
at a neutral pH) such as a property of HsHR. There are only
two acidic amino acid residues (Asp156 and Asp252) close
to the retinal chromophore of NpHR. It is likely that the
PSB in the NpHR is highly protected by the local structure
that includes these two acidic residues. Future studies will
still be needed to clarify the roles played by these residues
and to elucidate the effects of the assembly of NpHR on its
stability and function.
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Abstract

IFN regulatory factor-4 (IRF-4) is a transcription factor that is involved in the development and the
functions of lymphocytes, macrophages and dendritic cells. Despite their critical roles in immune
system regulation, the target genes controlled by IRF-4 are poorly understood. In this study, we
determined the consensus DNA-binding sequences preferred for IRF-4 by in viiro binding site
selections. IRF-4 preferentially bound to the sequences containing tandem repeats of 5'-GAAA-3',
flanked by CpC, in most cases. IRF-4 repressed the promoter bearing tandem copies of the selected
binding sequence, while IRF-1 activated the same constructs. Interestingly, the IRF-1-dependent
transactivation is inhibited in the presence of IRF-4, but not IRF-2. A series of deletion mutants of
IRF-4 revealed that its DNA-binding domain was necessary and sufficient to antagonize the
IRF-1-dependent transactivation. This dominant negative action of IRF-4 over IRF-1 was also
observed in a natural promoter context, such as the TRAIL gene. These results indicate that IRF-4

acts as a natural antagonist against IRF-1 in immune cells.

Introduction

IFN regulatory factors (IRFs) constitute a family of transcription
factors that mediate IFN signaling, confer an anti-viral state
and modulate the immune system. Ten cellular members
and several virus-encoded IRF genes have been identified
to date. Some IRFs are immune cell specific, while others
are ubiquitously expressed (1-3). All IRFs, share significant
homology within the amino-terminal DNA-binding domain
(DBD), which is characterized by a winged helix-turn-helix
motif with five tryptophan repeats. Through this domain,
activation by IFN-o/B typically induces IRF family members
to bind to the IFN-stimulated response elements (ISRE) found
within IFN-responsive genes (4). Some IRF proteins also
contain the IRF association domain (IAD) within the carboxyl-
terminus, through which protein—protein interactions with IRFs
or non-IRF proteins are believed to occur. This domain is

common to IRF-3, IRF-4, IRF-5, interferon consensus se-
quence binding protein/iIRF-8 and ISGF3y/IRF-9, but not to
IRF-1, IRF-2, IRF-6 or IRF-7.

IRF-4 is a member of the IRF family, and its expression is
restricted to immune cells, such as lymphocyte, macrophage
and dendritic cells (5-9). It is not induced by IFNs, but rather
by antigen-receptor-mediated stimuli, such as plant lectins,
CD3 or IgM cross-linking (6). Consistent with its highly limited
expression, the deficiency in IRF-4 was manifested in very
specific manners in the immune system (10). As for B cell
function, the serum immunoglobulin levels were dramatically
reduced and the antibody responses were absent. |RF-4-
deficient T lymphocytes showed a reduced proliferative re-
sponse and lower cytokine production, and lacked cytotoxic
and anti-tumor responses (10). IRF-4 was essential for the T,,2
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response (11-13). Interestingly, this response seems to be
aftributable not only to IRF-4-expressing T,2 cells but also to
dendritic cells, as we recently discovered the importance of
IRF-4 in the development of CD11bMS" CD8u~ dendritic cells,
which are important to polarize T,,0 cells to T2 (14). In contrast
to the wealth of information about the physiological signifi-
cance mentioned above, the downstream molecules of IRF-4
have remained essentially uncharacterized.

IRF-4 was initially identified as a transcriptional activator.
This function was linked to a physical interaction with the
hematopoietic cell-specific transactivator, PU.1, on a compos-
ite Ets/ISRE element within the Ig\ light chain enhancer in B
cells (5). IRF-4 also associates with E47, Stat6, Bcl-6 and
NFATc2 to synergistically activate particular genes (11, 15,
16). On the other hand, IRF-4 was reported to function as
a transcriptional repressor when bound to the ISRE DNA
motifs of some genes (7). Thus, IRF-4 may serve as either an
activator or a repressor, depending on the context of the DNA-
binding sequences and/or the protein-interaction partners. To
clarify the former, we tried to determine the optimal DNA
sequence recognized by IRF-4 in the absence of protein-
interaction partners. Here we report that the selected binding
sequence was a defined derivative of the consensus ISRE.
We describe our functional characterizations of the selected
binding sequence both in vitro and in vivo.
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Methods

Cell culture

Hel a cells were grown in DMEM supplemented with 10% FCS
and 100 U mI™" penicillin-streptomycin in a 37°C incubator
with 5% CO, and 100% humidity. DMEM was purchased from
Sigma (St Louis, MO, USA). FCS was purchased from Life
Technologies (Rockville, MD, USA). 293 T cells were grown in
aMEM supplemented with 10% FCS and 100 U mi~" penicillin~
streptomycin in a 37°C incubator with 5% CO, and 100% hu-
midity. «MEM was purchased from GIBCO BRL (Gaithersburg,
MD, USA).

Selected and amplified binding sites determination

Selected and amplified binding site (SAAB) selection was
done essentially as described by Blackwell and Weintraub
{17), using affinity chromatography. The ‘random’ oligonucle-
otide contained 20 random nuclectides flanked by the known
sequences o' and ‘a’, which could be recognized by the PCR
primers ‘b’ (5'-AGACGGATCCATTGCA-3') and ‘a' (5'-TCCG-
AATTCCTACAG-3'), respectively [sequences from Blackwell
and Weintraub (17)]. Double-stranded random oligonucle-
otides were generated by annealing 1.5 pg of the single-
stranded random oligonuclectide with 0.7 ug of the PCR
primer ‘a’, followed by filling-in with Klenow DNA polymerase.
The double-stranded oligonucleotides (0.4 pg) were incu-
bated with the glutathione-S-transferase (GST)-IRF-4 fusion
protein (400 ng) attached to glutathione-Sepharose beads
in binding buffer [10 mM HEPES-KOH (pH 7.9), 0.2 M NaCl,
0.5 mM EDTA, 0.5 mM dithiothreitol (DTT) and 0.5 mM
phenylmethylsulfonylfluoride (PMSF)] with 200 ug mi™!
poly(dG):poly(dC) at room temperature for 30 min. The beads
were recovered by brief centrifugation, washed twice with

binding buffer, suspended in 30 pl of H,O and incubated at
95°C for 5 min to release the oligonucleotides bound to the
GST-IRF-4 affinity beads. A 10-u aliquot was then used for
PCR amplification in a 25-pl reaction for 30 cycles of 94°C (30 s),
38°C (30 s) and 72°C (30 s). For subsequent rounds, a 10-pl
aliquot of the PCR was incubated with 40 ng of protein. After
five rounds of selection, the recovered oligonuclectides were
digested with BamH| and EcoRl, cloned into pBluescript
KS(+) and subjected to sequence analysis.

Plasmid constructions

To construct an expression plasmid for the GST-IRF-4 fusion
protein, the human IFN regulatory factor-4 (nIRF-4) cDNA was
inserted into the pGEX vector {(Amersham Pharmacia Biotech,
Uppsala, Sweden), via the BamHl and EcoRl sites. Flag-
tagged hIRF-4 cDNA was excised from the plasmid pBlue-
script Flag-hiRF-4 by Hindlil and Xbal digestions and then
ligated into the corresponding sites of the pcDNA3 vector
(Invitrogen, San Diego, CA, USA). Detailed information .about
the construction of the plasmid pBluescript Flag-hiRF-4 will be
provided upon request,

To prepare the hIRF-4 carboxyl-terminal deletion protein 1-129,
pcDNA3 Flag-hIRF-4 was digested with Fco81l and Xbal,
blunt ended by Kienow polymerase and then self-ligated. To
prepare the hiRF-4 carboxyl-terminal deletion proteins 1-200
and 1-336, pcDNA3 Flag-hIRF-4 was digested with Sacll or
Apal, blunt ended by T4 DNA polymerase and then self-
ligated. To prepare the hiRF-4 carboxyl-terminal deletion
protein 1-432, pBluescript Flag-hiRF-4 was digested with
Spel and Bgill, blunt ended by Klenow polymerase and self-
ligated to yield the plasmid pBiuescript Flag-hIRF-4 1-432.
This plasmid was digested with Hindlll and Xbal, and the DNA
fragment containing the Flag-hiRF-4 1-432 sequence was
recovered and ligated into the corresponding sites of pcDNAS.
The Ndel-Pvull fragment of pBiuescript Flag-hIRF-4 was
replaced by a linker DNA (5'-CGTTAACG-3'). Then, the
HindHl-Xbal fragment containing Flag-hIRF-4 116-450 was
recovered and ligated into the corresponding sites of pcDNAS.

Hurman IRF-1 and IRF-2 were amplified by PCR and inserted
into the Ndel and Notl sites, respectively, of the plasmid
pBluescript Flag-PAF49. The resultant plasmids, pBluescript
Flag-hIRF-1 and pBluescript Flag-hIRF-2, were digested
with BamHl and Noil, and then the Flag-hiRF-1 and Flag~
hIRF-2 fragments were ligated into the corresponding sites
of pcDNA3, respectively. For the construction of reporter
plasmids containing one, two or four copies of the selected
binding site, the double-stranded oligonucleotides (5'-
GCCCCGAAACCGAAACCATGC-3') were tandemly ligated
and cloned into the Smal site of the pGL2-Promoter vector
(Promega, Madison, WI, USA). The region of DNA containing
the DBD of IRF-4 was obtained by PCR with the following
primer set: 5'-GGAATCCATATGGGCAACGGGAAGCTCCGC-
CAGTGG-3'/5'-CCGCTCGAGTCCTTTTTTGGCTCCCTCAG-
GAAC-3'. The PCR product was digested with Ndel and Xhol,
and inserted into the corresponding sites of the expression
vector pET21a (+).

The human TRAIL promoter constructs were kindly provided
by B. Mark Evers, University of Texas Medical Branch (18).
Point mutations were introduced in the putative ISRE sites on



the TRAIL promoter by the Quick Change Site-Directed
Mutagenesis Kit, according to the manufacturer's instructions
(Stratagene, La Jolla, CA, USA).

The SAABpcir luciferase vector was constructed in the
pGL3 promoter vector with the concatemer consisting of four
tandem repeats of a candidate SAAB motif, ACACGAAACC-
GAAACCT, found in human dendritic cell immunoreceptor
(DCIR) gene promoter.

Protein preparation

Escherichia coli TG1 cells harboring pGEX hIRF-4 were grown
in LB medium at 30°C to an optical density of 0.6 at 600 nm,
and then isopropyl-B-p-thiogalactopyranocside was added to a
2 mM final concentration and the culture was further incubated
for 3 h. Cells were re-suspended in PBS supplemented with
0.5 mM PMSF, and then lysed by sonication. Cellular debris
was removed by ultracentrifugation. The supernatant was used
for the SAAB assay. For EMSA, E. coli BL21 (DE3) cells har-
boring the plasmid pET-hIRFADBD were grown, and the lysate
was prepared as described above. The lysate was applied to
a HisTrap column (Amersham Pharmacia Biotech), and then
the column was washed with PBS supplemented with 10 mM
imidazole. Bound proteins were eluted by PBS supplemented
with 200 mM imidazole. The eluted proteins were desalted
by passage through a PD-10 column {(Amersham Pharmacia
Biotech) in the presence of an assay buffer containing 20 mM
HEPES-KOH (pH 7.9), 100 mM KCI, 0.2 mM EDTA, 1 mM DTT
and 20% glycerol. Protein concentrations were determined
by the standard Bradford assay, and then the eluted proteins
were aliquoted and stored at —80°C.

Reverse transcription-PCR

Splenic T cells were enriched from a spleen cell suspension
by density-gradient centrifugation on Lympholyte-M (Cedarlane
Laboratories, Ontario, Canada), and then were negatively
selected with a Pan T Cell Isolation Kit (Miltenyi Biotec,
Germany). Total RNA was isolated from splenic T cells of
wild-type, IRF-17/~, IRF-4~/~ and IRF-1~ IRF-4~/~ mice, which
were either unstimulated or stimulated by Con A for 6, 12 and
24 h, using the ISOGEN reagent according to the manufac-
turer’s protocol (Nippon Gene, Tokyo, Japan). The first-strand
cDNA was synthesized using the ProSTAR first-strand RT-PCR
kit (Stratagene) with oligo(dT) primers. One microliter of the
first-strand cDNA reaction was used in a 20-ul PCR amplifi-
cation with the specific primers for murine DCIR (5'-GTGAT-
CCAGAGCCAGGAAGA-3'/5'-TCATCTGAGTGCCAGGATGT-
3') and B-actin (5'-TGGAATCCTGTGGCATCCATGAAAC-3'/
5'-TAAAACGCAGCTCAGTAACAGTCCG-3'),  respectively.
Cycling conditions were as follows: denaturing at 94°C for
60 s, annealing at 56°C for 60 s for DCIR and at 60°C for 60 s for
B-actin and extension at 72°C for 60 s.

Reporter assays

Hela or 293T cells (1.5 X 10°) were seeded into six-well plates
and transfected with 1 pg reporter plasmid and 1 ng pRLB-actin
as an internal control (19), together with up to 1 ug of pcDNAS,
pcDNASFlag-hIRF1 or pcDNAS3Flag-hIRF4. Twenty-four hours
after transfection, extracts were prepared from the transfected
cells and the luciferase activity was determined using the Dual
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Luciferase Assay kit, according to the manufacturer's protocol
(Promega). The luciferase activity was normalized with the
Renifia luciferase activity from the internal control, and is
represented as the relative luciferase activity.

PBMCs were prepared from blood according to the standard
Ficol Paque protocol, and were subjected to gene transfer
using the Nucleofector equipment, according to the manu-
facturer’'s recommendations (Amaxa Biosystems, Allemagne,
Germany). Typically, 2 x 10° PBMCs were used for the
Nucleofection with 1 pg reporter plasmid and 1 ng pRLB-
actin as an internal control, together with 1 pg of pcDNA3,
pcDNASFlag-hlRF1 or pcDNA3Flag-hiRF4, to keep the total
amount of plasmid at 3 pg. Cells were cultured in DMEM
containing 10% fetal bovine serum with antibiotics for 24 h after
Nucleofection, and then were harvested for the luciferase
assay.

Nuclear extract preparation

Nuclear extracts. were prepared according to the method of
Schreiber et al. (20). Briefly, 5 x 10° cells were treated with
250U mI= " IFN-y. After 12 h, the cells were washed with ice-cold
PBS, suspended in 200 pi of buffer A {10 mM HEPES-KOH
(pH 7.9), 10 mM KCI, 0.1 mM EDTA, 1 mM DTT and 0.5 mM
PMSF]and incubated onice for 15 min. The cells were then lysed
in the presence of 0.6% Nonidet P-40 by vortexing for 10 s.
The nuclei were collected by centrifugation for 15 s and were
suspended in 50 pl of buffer C [20 mM HEPES-KOH (pH 7.9),
400 mM NaCl, 1 mM EDTA, 1 mM DTT and 1 mM PMSF] at 4°C
for 15 min. The nuclear extracts were recovered after centrifu-
gation at 15 000 r.p.m. for 5 min and were stored at —80°C.

EMSA

The oligonucleotides used in this study had the following
sequences: SAAB1, 5'-GCCCCGAAACCGAAACCATGC-3',
and GBP-ISRE, 5'-GAATATGAAACTGAAAGTACTT-3'. The
double-stranded DNAs were labeled by a filling-in reaction
at the 5'-G overhangs with Klenow enzyme and [o-3?P]dCTP.
Binding reactions were conducted with 2 pl of nuclear extracts
in a 10-pl reaction containing 10 mM HEPES-KOH (pH 7.9), 50
mM NaCl, 0.1 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 10%
glycerol and 100 pug mi™" poly (dG):poly (dC). After a 20-min
pre-incubation on ice, the end-labeled probe (5000 c¢.p.m.)
was added, and the reaction was incubated at 25°C for 30
min. In some cases the reactions were further incubated with
anti-IRF-1 antibody (C-20; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) or anti-His antibody (His-probe; Santa Cruz
Biotechnology) at 25°C for 30 min. The binding reactions were
mixed with 1 pl of loading buffer (0.1% bromophenol blue, in
the same buffer as that used for the binding reactions) and
then electrophoresed on a non-denaturing 5% polyacrylamide
gel with 0.56X TBE at 25°C. The gels were dried and analyzed
using an image analyzer (BAS5000, Fuiji).

Results

Determination of the optimal DNA-binding
sequence of IRF-4

To determine the optimal DNA-binding sequence of IRF-4,
the SAAB selection assay was performed with recombinant
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GST-IRF-4 fusion protein (17). Oligonucleotides containing 20
random nuclectides, flanked by known sequences that could
be recognized by PCR primers, were annealed with one of the
PCR primers, and then converted to the double-stranded form
by the Klenow enzyme. The double-stranded oligonucleotides
were incubated with GST-IRF-4 attached to glutathione-
Sepharose beads. The beads were collected, and the bound
oligonuclectides were eluted and amplified by PCR. For
subsequent rounds, the PCR products were incubated with
GST-IRF-4 and the bound oligonucleotides were further
selected. Repeating the binding-selection cycle several times
should concentrate the oligonucleotides that have higher
binding affinity to IRF-4. The sequences of the oligonucle-
otides selected after five sequential SAAB rounds are shown in
Fig. 1. In general, all the selected oligonucleotides contained
one or two copies of the ISRE core sequence, 5'-GAAA-3'. Itis
interesting to note that CpC dinucleoctides are preferred for
the sequences flanking the core sequence.

To examine whether IRF-4 can bind to the selected
sequence, we performed an EMSA. As shown in Fig. 2, IRF-
4 can bind to one of the representative selected sequences
(SAAB1, 5'-GCCCCGAAACCGAAACCATGC-3"). The DNA-
protein complex was challenged by a competition with excess
amounts of unlabeled oligonucleotides. The SAAB1 sequence
competed well with the probe DNA (lanes 3-5), similar to the
ISRE of the guanine-binding protein gene (GBP), a well-known
sequence used as the target for IRF family proteins (7) (lanes
6-8). These results clearly demonstrate that the selected
sequence actually binds to IRF-4 with sufficiently high affinity.

Transcriptional repression by IRF-4

To examine whether the selected sequences function in vivo,
we constructed luciferase reporters containing one, two or four

CATGAGGAAACCGAAACCAC
CCCACAGAAACCGAAACCAG
CCCAGCGARACCGAAACCATG
CCCCCGARACCGAAACCATG
TACCCGARACCGAAACCATG
CCCACGARACCGAAACGACG
CCCCGAAACCGAAACTGGTG
CACCGARAACCGAATCCATGG
CACCCGAAACCGAATCCAGG
CCCCCGAAACCGRATCCAGG
CCACCGAAACCGAATCCGTG
CACCGAAACCGAATCCAGGG
CACCGAAACCGRATCCATGG
CACARCCGARACCGATACCACG
CACACCGARAGCGATACCAG
CACCGAAAGCGAATCCAGGG
CCCCGRAAAGCGAATCCATGG
CACCGARAGCGAATCCAGGG
CCCAGARATCGAAACCATAG

5’ -CA/CCGAAACCGAAR/.CCA-3’
C T

Fig. 1. SAAB determination for IRF-4. The sequences of 19 cloned
IRF-4-binding sites selected by five rounds of selection are shown. The
DNA sequences were aligned to develop a consensus sequence.
Homologous (>80%) sequences are in boldface. The consensus
sequence is also shown.

copies of SAABT1, and transfected them into HelLa cells
(Fig. 3). The promoter activity was increased, depending on
the SAAB1 copy number (Fig. 3A), probably due to the ac-
tivities of the intrinsic IRFs. Actually, IRF-1 could activate the
reporter activity, in an SAAB1 sequence-dependent manner
(Fig. 3B). In contrast, IRF-4 actively repressed the spontane-
ous activation of the SAAB1-Luc reporter gene (Fig. 3A). We
also examined the effect of IRF-2, but it showed only a marginal
repression of the SAAB1-Luc reporter gene (Fig. 3B). Next, we
compared the effect of IRF-2 or IRF-4 on IRF-1 transactivation
(Fig. 3C). IRF-2 is known to repress the IRF-1-mediated
induction of several genes, such as IFN-B and major
histocompatibility complex class | genes (1-3, 7). However,
IRF-2 did not repress the IRF-1-mediated transactivation of the
SAAB1-containing promoter. In contrast, IRF-4 reduced the
IRF-1-mediated activation of the promoter almost to the basal
level, even with only a small amount of the IRF-4 expression
vector DNA. These results suggest that the selected sequence
can serve as the target for the activation by IRF-1 and for the
repression by [RF-4.

The DBD of IRF-4 is necessary and sufficient for the
antagonistic effect against IRF-1

To examine the mechanism by which IRF-4 represses IRF-1-
mediated transactivation, we constructed a series of deletion
mutants of IRF-4 (Fig. 4). Structure-function analyses revealed

SAAB1 ISRE
competitor: - - —" | _—""]
aFlag-MAb: . + . . . . . .

*
> R

123 45 6 7 8

Fig. 2. Binding capacity of the selected sequence to IRF-4. Nuclear
extracts from Hel.a cells transfected with the Flag-tagged hIRF-4
expression plasmid were incubated with the radiolabeled IRF-4-
binding consensus sequence (SAAB1), in the absence (lanes 1-2) or
presence of a 6-, 10- or 20-fold excess amount of unlabeled SAAB1
(lanes 3-5) or ISRE of the GBP gene (lanes 6-8) as competitor DNAs.
An anti-Flag mAb was also included in the binding reaction to verify the
presence of the Flag-tagged IRF-4 protein (lane 2). The arrowhead
indicates the IRF-4-DNA complex, and the asterisk shows a supershift
signal that is formed by the binding of the antibody to the IRF-4-DNA
complex.
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Fig. 3. The selected binding sites serve as the target for IRF-4 and

- IRF-1. (A) Hela cells were transfected with reporter constructs
containing one, two or four copies of SAAB1, and either the IRF-4
expression plasmid (solid bars) or the empty vector (open bars).
Luciferase activity was assayed at 24 h post-transfection. The firefly
luciferase activity was normalized to the Renilla luciferase activity from
the internal control plasmid, which was transfected simultaneously.
Fold activations are indicated as relative values to the normalized
luciferase activity of the parental reporter plasmid pGL2-Promoter.
Each column represents the mean from three independent experi-
ments. {B) Luciferase assays were performed as described with the
reporter constructs containing one, two or four copies of SAAB1, and
the expression plasmid of IRF-1 (hatched bars) or IRF-2 (solid bars), or
empty vector (open bars). (C) IRF-4 antagonizes IRF-1-dependent
transactivation. Hel a cells were transfected with the reporter construct
containing four copies of SAAB1 (4 X SAABH), with (denoted by '+') or
without (denoted by ‘') 0.5 ug of the expression plasmid for IRF-1,
together with increasing amounts (0.125, 0.25 and 0.5 ug) of either
IRF-4 or IRF-2 expression plasmid. The total amount of DNA was held
constant by including an empty vector in the transfection mixtures.
Luciferase activities are presented as fold activation, as described
above.
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Fig. 4. The DBD of IRF-4 is necessary and sufficient for the repression
of IRF-1-mediated transactivation. The deletion mutants of IRF-4 are
schematically represented on the left. The functional domains of IRF-4
are defined as follows: DBD, DNA-binding domain (aa 1-150); Pro,
a proline-rich region (aa 151-237); 1AD, an IRF association domain (aa
238-410); I, a C-terminal autoinhibition domain (aa 411-450). Hela
cells were transfected with the 4 X SAAB1 reporter construct, with
(represented by solid bars) or without (represented by hatched bars)
0.5 pg of the IRF-1 expression plasmid, together with 0.5 pg of each
IRF-4 deletion construct or an empty vector. The luciferase assay was
performed as described in Fig. 3.

that IRF-4 contains the N-terminal DBD [located between
amino acids (aa) 1 and 150], the proline-rich region (aa 150~
237), the |IAD (aa 237-410) and the C-terminal autoinhibition
domain (aa 410-450) (1-3). Deletion of up to 321 aa from the
C-terminus of IRF-4 had no effect on the repression activity for
the IRF-1-mediated transactivation. In contrast, the removal of
115 residues from the N-terminus caused a complete loss of
the repression activity. These results clearly indicate that the
IRF-4 DBD is necessary and sufficient for the antagonizing
effect against IRF-1-mediated transactivation.

IRF-1 transactivates the TRAIL promoter

We next examined the effects of IRF-4 and IRF-1 on the SAAB
sequences in a natural promoter context in vivo. For this
purpose, we searched the human genome database for
sequences similar to the selected seguences in the known
gene promoter, and found that the human TRAIL gene
promoter contains two sequences, one (~129 to —140) that
exactly matches and another (+4 to —8) that is highly
homologous to one of the selected sequences (Fig. 5A). The
luciferase reporter construct containing a 1.6-kb fragment of
the human TRAIL promoter region (—1523) was dramatically
activated by IRF-1 (Fig. 5B). Deletion of the 5'-upstream
region up to —165 had no effect on the response to IRF-1,
indicating that this region contains the elements that can
confer the IRF-1 responsiveness to the promoter. We then
mutated the two SAAB-like sequences found in this region,
individually or simultaneously. Mutations in the distal site
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Fig. 5. The SAAB-like sequences in the human TRAIL promoter
respond to IRF-1. (A) Schematic representation of luciferase reporter
constructs containing the human TRAIL promoter. The SAAB-like
sequences and the corresponding mutations are indicated. (B) 293T
cells were co-transfected with the TRAIL promoter-luciferase reporter
plasmid with an internal control luciferase vector, together with
pcDNA3Flag-hIRF-1 or an empty pcDNA3 vector. After 24 h, the
luciferase activity was analyzed. The results shown are the averages of
three independent experiments with standard deviation.

(—140 TCTTTCAGACGC —129) resulted in more than a 50%
reduction in the transactivation by IRF-1. When we introduced
mutations in the proximal site (—8 TCATTCGCACGC +4), the
response of the promoter to IRF-1 was reduced to one-tenth of
that of the wild-type promoter. it should be noted that this
region does not include the consensus initiator sequence,
which functions as a core promoter element for some
particular genes (22), suggesting that the mutated sequence
did not violate the basal promoter activity. When the distal and
proximal sites were mutated simultaneously, the promoter
compiletely lost the ability to respond to [RF-1, indicating
a synergistic activity of these sites. These results clearly
demonstrate that the SAAB-like sequences found in the
human TRAIL promoter actually serve as the target of IRF-1,
and suggest that TRAIL gene expression is regulated by IRF
family transcription factors.

Dominant action of IRF-4 over IRF-1 on human TRAIL
gene expression

Next, we examined the effect of IRF-4 on the transactivation of
the human TRAIL promoter by IRF-1. To do this, the TRAIL-
luciferase construct was introduced into 293T, together with
the expression vectors of IRF-1 and/or IRF-4. As shown in
Fig. 6A, IRF-1 activated the TRAIL promoter, while IRF-4 alone
showed marginal transactivation of the promoter. Co-trans-
fection of IRF-4 and IRF-1 reduced the promoter activity
significantly. As expected, IRF-2 failed to reduce the promoter
activity of the TRAIL gene activated by IRF-1 (Fig. 6B). We also
examined whether a similar finding would be obtained with
PBMC, in the natural context. To do this, the TRAlL-luciferase
construct was introduced into PBMCs, together with the
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Fig. 6. The repression of IRF-1-mediated transactivation by IRF-4 in
the human TRAIL promoter. (A) 293T cells containing the human
TRAIL-luciferase constructs were co-transfected with the IRF-1 and/for
IRF-4 expression vector. After a 24-h incubation, the luciferase activity
was analyzed. The results shown are the averages of three in-
dependent experiments with standard deviation. (B) Experiments
were done as in (A), with the exception that [RF-2, but not IRF-4,
expression vector was used. (C) Experiments were done as in (A), with
the exception that PBMCs were used.

expression vectors of IRF-1 and/for IRF-4. As shown in Fig. 6C,
IRF-1 activated the TRAIL promoter in PBMCs, while IRF-4
alone showed marginal transactivation of the promoter. Co-
transfection of IRF-4 and IRF-1 reduced the promoter activity
to the same extent, as observed for IRF-4 only. These results



indicate that IRF-4 works as a dominant negative effector to
IRF-1 in the natural promoter context in vivo.

Expression of the DCIR gene is regulated by IRF-1
and IRF-4

We also searched the mouse genome database, and found
that the 3’-UTR of the murine DCIR gene contains a sequence
highly homologous to the selected consensus sequence (5'-
ACACGAAACCGAAACCT-3"). We thus analyzed DCIR mRNA
induction following Con A stimulation in mouse splenic Tcells.
As shown in Fig. 7A, real-time reverse transcription-PCR
revealed that the DCIR mRNA was induced by the Con A
treatment in the wild-type splenic Tcells. The Con A-dependent
induction of the DCIR mRNA was augmented in the IRF-4-
deficient cells. In contrast, the DCIR mRNA was not induced in
IRF-1-deficient cells. Consistently, we demonstrated that IRF-1
transactivates .the SAAB-like motif of DCIR, and this was
inhibited by the presence of IRF-4 (Fig. 7B). These results
suggest that the expression of DCIR strictly depends on the
concerted actions of IRF-1 and IRF-4.

Discussion

In the present study, we tried to establish the range of {RF-4
activity by determining the DNA sequences recognized by
IRF-4. The in vitro binding site selection revealed several
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Fig. 7. Transcriptional regulation of DCIR by IRF-1 and IRF-4.
(A) Splenic Tcells were prepared and treated with Con A for 0, 6 and
12 h, and the quantities of DCIR mRNA were determined by real-time
PCR. The results shown are the average of three independent amp-
litications from the same samples with standard deviation. (B) The
SAABpcir luciferase activity was determined 48 h after transfection of
the reporter construct together with the combination of IRF-1 and IRF-4
cDNAs. The results shown are the average of three independent
experiments with standard deviation.
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features specific to IRF-4. IRF-4 preferentially bound to the
sequences containing tandem repeats of 5’-GAAA-3, which
in most cases are flanked by CpC. Although IRF-4 exhibited
similar preferences to the SAAB1 and GBP-derived ISRE in the
EMSA, our recent fluorescent anisotropy measurements and
calorimetric studies clearly demonstrated the IRF-4 prefer-
ence for the former; the K, value to the CCGAAA was ~0.3 uM,
whereas the GBP-derived GGGAAA was ~4 uM (23, C. Kojima
et al., unpublished results).

A similar binding-selection study was reported previously
for IRF-1 and IRF-2, and the selected common sequence was
5'-G(A)AAA G/C T/G GAAA G/C T/C-3' (24). This sequence
contains two copies of the core sequence 5-GAAA-3', with
varied spacer sequence lengths. Although the tandem repeat
of the 5'-GAAA-3’core sequence is the same, [RF-4 requires
amore stringent spacer length as well as the sequence. In this
regard, IRF-1 is quite tolerant to variations in the recognition
sequences, which partly explains its wide variety of biological
functions. Fine-tuning of the target gene responses by
recognition sequence variation was also reported for other
members of the IRF family. For example, IRF-3 binds to
5'-GAAA(C/G)C/G)GAAAN(T/C)-3', whereas IRF-7 binds to
5'-GAAATIN(C/T)GAAAN(T/C)-3" (25). IRF-3 is sensitive
to the replacement of a single nucleotide within the GAAA
core sequence, whereas IRF-7 has a wider recognition
capacity. Such differences in the target sequence preference
may lead to the exclusive primary induction of IFN-B by IRF-3
and the subsequent continuous expression of IFN-o. gene
family members by IRF-7, in the host defense system against
viral infection (26, 27). It thus may be possible to consider that
a particular set of genes bearing IRF-4-SAAB or related
sequences are regulated by the concerted actions of JRF-1
and IRF-4 in immune cells.

With the knowledge accumulated to date, it is possible to
predict the genome-wide distribution of transcription factor-
binding sites in silico. We could actually find sequences
refated to IRF-4-SAAB within the promoter regions of several
genes (data not shown). Among them, we demonstrated that
two [RF-4-SAAB-related sequences, found in the promoter
region of the human TRAIL gene, were necessary for the
transactivation by IRF-1. Importantly, IRF-4 dominantly con-
trolled the TRAIL promoter activity over the action of IRF-1.
Sequential deletion analyses of IRF-4 revealed that aa 1-129,
corresponding to the DBD, were sufficient to repress the IRF-
1-dependent transactivation (Fig. 4). This result is consistent
with the previous study demonstrating that an IRF-4 mutant,
consisting of only the DBD, blocked IFN-o/B- and IRF-1-
mediated activation (28). Interestingly, we could not detect the
dominant action of IRF-4 over IRF-1 in embryonic caricinoma
cells, such as P19 (data not shown), suggesting that the action
of IRF-4 may be cell-type specific, even though it can be
successfully expressed by transfection. It is also interesting to
note that IRF-2, a well-known transcriptional repressor on
ISRE, does not show this activity on either the SAAB1 or TRAIL
promoter. Although the repressive activity of IRF-2 and IRF-4
was previously demonstrated on the ISREs of the IFN-B and
H-2Ld promoters (7), we consider SAAB to be the first ISRE
to be negatively regulated by IRF-4, but not IRF-2.

IRF-4 also seems to regulate the expression of the DCIR
gene (29). DCIR, also called C-type lectin superfamily 6
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(CLECSF8) (30) or lectin-like immunoreceptor (31), is a trans-
membrane protein containing an extracellular lectin-like
domain and an intracellular immunoreceptor tyrosine-based
inhibitory motif (32). DCIR mRNA is expressed strongly in
peripheral blood leukocytes, with moderate quantities in the
spleen, lymph nodes and bone marrow, and at very low levels
in the thymus (29). Although puritied blood T cells did not
express DCIR mRNA, we observed the weak but reproducible
induction of DCIR in splenic T cells by Con A treatment. This
induction was dependent on IRF-1, since no induction was
observed in IRF-1-deficient T cells. In IRF-1-deficinent sple-
nocytes, it rather seems that DCIR was up-regulated at basal
level, but repressed after the Con A treatment. It is possible
that IRF-4 induced by Con A is involved in this repression (6).
Indeed, IRF-4 seemed to repress the induced expression of
DCIR, because the knockout of IRF-4 resulted in the
augmentation of DCIR induction by Con A treatment. It is
also possible that IRF-4 competitively represses IRF-1- and
potentially other activators, including IRFs under certain
physiological conditions. Since IRF-4 is exclusively expressed
in the CD11b"9" CD8uw~ dendritic subset, but not in the
CD11b"" CD8a* dendritic subset (14), the active repression
of DCIR by IRF-4 in the former subset would be involved in the
development of CD11b"9" CD8a~ dendritic cells.

IRF-4 is unigue among the IRF family members because it is
not induced by IFN, but by antigen stimuli. Further research to
investigate the role of IRF-4 in immune cells, particularly in
terms of its ability to bind the IRF-4-SAAB sequence, may
reveal the regulatory nature of IRF-4 in the IFN system.
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ABSTRACT

NMR  structure of the first identified ligand,
naphthyridine-azaquinolone (NA), complexed with the
CAG-CAG triad is reported. The determined structure
revealed the invasive ligands binding to the A-A
mismatch and flanking G-C base pairs, causing the
widowed cytosines to flip out from n-stack. Hydrogen-
bond pairs between NA and DNA, naphthyridine-
guanine and azaquinolone-adenine, are well stacked in
the right-handed DNA helix, showing stractural
mimicry of Watson—Crick base pairing. This is the first
observation that the small molecular ligand induced the
base flipping of the nucleotide base in the Watson-Crick
base pair.

INTRODUCTION

Trinucleotide repeat expansions in genomic DNA are the

molecular basis of a growing number of hereditary diseases.

The characteristic feature of these diseases is a
phenomenon termed as anticipation. A longer repeat length
would lead to the increasing disease severity and
decreasing age at onset in succeeding generations. The
mechanism of (CAG)p, (CTG)p, and (CGG), repeats

expansion is considered to correlate to the increased
stability of the metastable hairpin form consisting of
CXG/CXG triads involving X-X mismatches. Ligands
binding to (CXG), repeats would be important molecular
probes for determining the repeat length and the repeat
expansion mechanism. Here we show the solution structure
of the first identified ligand, naphthyridine-azaquinolone
(NA), complexed with the CAG/CAG triad.

RESULTS AND DISCUSSION

Complex formation between NA and an 11-mer DNA
duplex containing CAG-CAG was monitored by 'H one-
dimensional imino proton spectra while NA was titrated
(Figure 1). Signals from free DNA and the NA-DNA
complex were observed separately on a slow-exchange

[NAJ/[DNA] I IA” *“*
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Figure 1. One dimensional 1H spectra of 0.1 mM unlabeled {1-
mer CAG-CAG at different NA concentrations at 275 K. The
concentration ratios of NA to DNA are shown at left.

Figure 2. NMR structures of NA-CAG/CAG complex. 30
complex structures are superimposed focusing on A6, G7, Al7,
G18, NAI, and NA2 residues.
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timescale.  The stoichiometry was easily and
unambiguously determined to be 2:1 (NA:DNA), and no
intermediate was observed. NMR spectra of the NA-DNA
complex were recorded using “C"*N-labelled DNA. The
determined solution structure of the complex revealed the
invasive ligands binding to the A-A mismatch and flanking
G-C base pairs, causing the widowed cytosines to flip out
from z-stack (Figure 2). Hydrogen-bond pairs between NA
and DNA, naphthyridine-guanine and azaquinolone-
adenine, are well stacked in the right-handed DNA helix,
showing structural mimicry of Watson—Crick base pairing
(Figure 3). This is the first observation that the small
molecular ligand induced the base flipping of the
nucleotide base in the Watson-Crick base pair.

Strong NA binding to the CAG-CAG triad induced
formation of the NA-bound hairpin form in long (CAG),
repeats. Given the ability of NA to bind CAG repeats, a
sensor in which NA was immobilized on an SPR chip was
created, and its utility was assessed for diagnosis of the

CAG repeat length by SPR analysis. SPR analyses of the

binding of d(CAG),,, d(CAG)y and d(CAG); to the
immobilized NA dimmner showed that signal intensities
increased with repeat length. The SPR intensities of
d(CAG);y were stronger than those of d(CAG),, and
d(CAG) at a wide range of DNA concentrations (1),
suggesting that it may be possible to use the NA-
immobilized SPR sensor for the rapid diagnosis of CAG
repeat length.

CONCLUSION

NA-CAG-CAG complex structure determined by NMR
provides the theoretical basis to design and optimize the
CXG triad binding ligands. In fact, the similar structural
feature has been found in the complex of naphytiridine-
dimer with CGG triad (2). Currently, there is no effective
therapeutic agent for treating diseases caused by triplet
repeat expansion. The discovery of the small-molecular
ligand NA, which binds with high affinity to repeat sites,
may be a substantial substantial step toward developing
effective therapeutic agents for these hereditary diseases.

ACKNOWLEDGMENTS -

This work was partially supported by a Grant in Aid for
Scientific Research (A) from the Japan Society for the
Promotion of Science to K.N., Health and Labour Sciences
Research Grants for Research on Advanced Medical
Technology from the Ministry of Health, Labour and
Welfare to K.N. and C.K., and CREAST, Japan Science
and Technology Agency to K.N.

Guanine

8-azaquinolone

Naphthyridine Adenine

Ny 0O FN/
I/ P N

N AN
: & | H j
'il T }g NH S
z [ :
H,N | N .0 ,;, ,?
N N o)
//)' N0
AN 7
Guanine 8-azaquinolone

Figure 3. Superimposed NMR structures for the hydrogen
bonding between guanine and naphthyridine (top) and adenine
and 8-azaquinolone (middle). Naphthyridine chromophore is
complementary in hydrogen bonding surface to guanine,
whereas 8-azaquinolone is complementary to adenine (bottom).
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ABSTRACT

We have studied complexations of functional nucleic
acids and metal ions, by means of NMR spectroscopy.
In the case of hammerhead ribozymes, they have a
metal ion-binding motif in their core sequences. Upon
the metallation of N7 of a guanosine in an RNA duplex
modelled after hammerhead ribozymes, 20 ppm higher
field shift of N7 was observed in 1-dimensional (1D) *N
NMR spectra. It was found that metal ion binding to
nucleobases were detectable with SN NMR
spectroscopy.

INTRODUCTION

Biologically active RNA molecules utilize metal
ions to fold into specific conformation or to form a
catalytic center. In order to reveal their mechanisms
of actions, it is important to establish methodologies
for detecting metallations of nucleic acids. In the
conserved core region of hammerhead ribozymes,
there is a metal ion-binding motif (the A9/G10.1 site)
in which N7 of guanosine (G10.1) is metallated (1-3).
Therefore, the A9/G10.1 motif is suitable for
establishing methodologies for the detection of
nucleobase metallations. Furthermore, in order to
understand the mechanism of hammerhead ribozymes,
it is becoming important whether the metal ion at this
motif is a catalytic center or just a structural
constituent (4-6). Therefore, it is obviously important
to study the interaction between metal ions and the
metal ion-binding motif.

RESULTS AND DISCUSSION

We chemically synthesized series of RNA oligomers as
shown below.

GALQ: (GGACGAGUCC)
UGAAI10: r(GGAUGAAUCC)

where the metallated guanosine (G10.1) and corresponding
residues are in bold characters. In the case of GA10, we
also synthiesized stable isotope labelled RNA oligomers.

f(GGACGAGUCC)
r(GGACGAGUCC)

(GGACGAGUCC)
GGACGAGUCC)

where underlined residues are uniformly "°N- and “C-
labeled guanosine residues. By using these RNA oligomers,
titration experiments were performed (7-10). It was found
that the chemical shift of N7 of guanosine was suitable for
the detection of a nucleobase metallation, since the large
chemical shift change was observed for N7(G10.1) (Table
1). More importantly, "N NMR spectroscopy (chemical
shifts or J-coupling) seems to be applicable for other metal-
nucleic acid complexes, such as mercury mediated T-T
base-pair (T-Hg-T) (11).

We also examined roles of this metal ion at the motif,
using an RNA oligomer with a motif of hammerhead
mutants. The Mg™-titration for this mutant motif (G10.1-
CI1.1 to A10.1-U1L.1) revealed that its affinity to Mg*'
was drastically reduced, although the ribozyme with this
mutant motif is known to retain enzymatic activities. This
observation suggests that the metal ion at the A9/G10.1
site is not a catalytic center of hammerhead ribozymes.
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Table | Summary of the N, C and 'H NMR data

Metal ligand Metal Residue  §(N7)*/ ppm 5(C8)"/ ppm & (H8)*/ ppm Yman” /Hz  Ref.
GA10° cd* G10.1 -19.6 (3.0 eq) +2.3 (2.5eq) +0.38 (4.5eq) not detected ~ 7-9
GAL0® Mg** G10.1 N.D. +0.5 (1.0eq) +0.12 (4.5eq) n.a. 8-10
GA10° [Co(NHs) P G10.1 N.D. <+0.1 (1.0eq) +0.25 (1.5eq) na. 8.9
GAI0¢ Na* G10.1 N.D. <+0.1 230 mM)* 40,12 (800 mM)®  na. 8,9
RNA decamer® cd* G10.1 ~-20(6.0¢eq) N.D. N.D. N.D. 12
RNA decamer® Zn2* G10.1 ~-20 (4.0 eq) N.D. N.D. n.a. 12
RNA decamer® Mg* G10.1 -6.5 (10.0 eq) N.D. N.D. n.a. 12
RNA decamer® [CO(NH3)(,]3" G10.1 <-1(6.0eq) N.D. N.D. n.a. 12
Inosine’ Zn? n.4, -15.2 (0.7 eq) N.D. N.D. n.a. 13
Inosine’ Hg” n.a. -4.8 (0.75 eq) N.D. N.D. not detected 13
Guanosine' Zn* n.a. -20.1 (1.0 eq) N.D. N.D. n.a. 14
Guanosine’ Hg** n.a. -20.5 (1.0 eq) N.D. N.D. N.D. 14
Guanosine (calc.)® Zn*' n.a. -14.8 N.D. N.D. -36.5" 15
Guanosine (calc.)® Mg*' n.a. -15.3 N.D. N.D. 5.6" 15
DNA dodecamer’  Zn?* . G4 N.D. +2.5 (8.0eq) +0.20 (8.0eq) N.D. 16
DNA dodecamer’  Zn*' G3 N.D. +1.5 (8.0eq) +0.05 (8.0eq) N.D. 16
d(TGGT) Pt(en)Cl, G3 N.D. +1.1 (1.0eq) +1.04 (1.0eq) N.D. 17
d(TGGT) Pien)Cly G2 N.D. +0.2 (1.0eq) +0.26 (1.0eq) N.D. 17
UGAA1Q* Mg** A10.1 N.D. N.D. <+0.01 (1.0eq) n.a. 8,9

not detected: J-coupling was not detected, although trials for its detection have been made. n.a.: not applicable. N.D.: not determined. * Chemical
shift perturbations from the non-metalated state. Negative and positive values indicate higher- and lower-field shifts, respectively. The numbers in
parentheses beside the perturbation values indicate the molar ratios of [CdCL]/[motif or nucleoside].  Jcoupling between metalated nitrogens (°N)
and metal ions (=1/2), such as '"Cd and ""Hg. ° (GGACGAGUCC),. * Chemical shift perturbations from basal solution (40 mM Na’). © RNA
decamer: ((CGGUUGAGGC) 1(GCCGAAACCG) The metal cation binding motif is underlined, and the metalated guanosine is shown in boldface, '
Titration experiments were performed in dimethy! sulfoxide (DMSO). ® Theoretical values from molecular orbital calculations. © The quadrupole

moments of “Zn and *Mg are so large that experimental J-coupling values are not available currently. ' DNA dodecamer:
d(ATGGGTACCCAT), ’ One Pt(en)Cl, (en = ethylenediamine) forms two covalent bonds with the two successive guanosines of
d(TGGT). X {GGAUGAAUCC), | {GGAGGACUCC),
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ABSTRACT

The DNA duplex with tandem TT mismatches in the
presence of Hg(Il) has been studied by NMR
spectroscopy. For this study, we synthesized decamer
duplex with two successive T°T mismatches (TT10).
From two-dimensional (2D) 'H-'H NOESY spectrum of
TT10 in complex with Hg(Il), we were able to trace
sequential NOE walks between base protons and
anomeric protons (H1"), and assigned all of them. Based
on these assignments and NOESY spectra, we could
assigned all the non-exchangeable protons of TT10 in
the presence of Hg(II).

INTRODUCTION

Watson-Crick base pair is essential for the stability and
specificity of duplex formation. Additional stable and
selective base pairs would increase the capacity of DNA for
information storage and might allow generation of DNAs
with novel function. As one of efforts to develop such an
unnatural base pair, a strategy that hydrogen bonding
interactions are replaced by metal-dependent pairing of two
nucleobases have recently reported. Most of this type of
base pair had developed by artificial nucleobase (1-10).
Recently, it was reported that thymine-thymine (TeT)
mismatches in a duplex form a stable Hg(Il)-mediated TeT
base pair (11). Using DNA oligomer include tandem T+T
mismatches, highly selective and sensitive mercury(Il)
sensor has developed (12). Originally, it was reported that
the Hg(Il)-mediated TeT base pair had been suggested by
pH titration, UV, CD and NMR spectroscopic methods (13-
19). However, its definitive structure has not been
elucidated, to date. For this reason, T°T mismatches
became interesting target for structural studies again. We
have already reported resonance assignments of non-
exchangeable protons in a Hg(ll)-free state DNA duplex
including TeT mismatches, by using NMR spectroscopy
(20). In this study, we assigned non-exchangeable proton
resonances in a DNA oligomer with TsT mismatches in the
presence of Hg(ll), as well as its exchangeable proton
resonances in the absence of Hg(1l).

MATERIALS AND METHODS

Two DNA decamers of 5’-CGCGTTGTCC-3’ and 5°-
GGACTTCGCG-3>  were  synthesized by  the
phosphoramidite method on an automated DNA/RNA
synthesizer (ABI model 392). Each oligomer was purified
by C18 reversed-phase column (COSMOSIL 5C18-AR-
300, nakalai tesque, Japan) on HPLC system, with a linear
gradient of acetonitrile. For the exchange of counter ions,
cach oligomer was adsorbed onto an anion-exchange
column (UNO-Q; Pharmacia Biotech, Uppsala, Sweden).
The column was washed with more than 10 column
volumes of MILLI-Q water (MILLIPORE, USA) to wash
out triethylammonium ions. The oligomer was eluted with
2M NaCl to make Na’ the counter ion. Finally, excess
NaCl was removed by a Gel filtration column (TSK-GEL
G3000PW; TOSO, Japan) with MILLI-Q water as the
mobile phase. The final solution contained only the
oligomer and the counter ion (Na" ion). Each oligomer was
quantitated by UV absorbance at 260 nm after digestion by
nuclease P1.

1 2 3 45 6 7 8 9 10
TT]0'5'-CGCGTTGTCC-3'
-G CGCTTCAGG-S5
20 19 18 17 16 15 14 13 12 11
Scheme 1

In order to prepare NMR solutions of a Hg(Il)-bound
DNA oligomer, we made solutions containing 2.0 mM
TT10, 40 mM NaClO, and 4.8 mM HgClO,. Then these
solutions were passed through chelating resin (chelex; BIO-
RAD, USA), for the removal of trace amount of
paramagnetic metal cations and excess Hg(lf). Solution
conditions for the NMR measurements of a Hg(Il)-free
DNA oligomer contains 2.0 mM TT10 and 40 mM NaClO,.
Two-dimensional (2D) 'H-'H NOESY spectrum  were
recorded on Bruker DMX500 spectrometer, at 293 K, 8192
* 2048 complex points for a spectral width of 10000 *
10000 Hz (Hg(I)-free state), and on Bruker DMXS800
spectrometer, at 293 K, 8192 * 2048 complex points for a
spectral width of 8013 * 8013 Hz (Hg(IT)-bound state).
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Figure 1. - 2D 'H-"H NOESY spectta of TT10 in the presence
of Hg(1l). The solid and broken lines indicate the sequential NOE
walks between H6/H8 and H1 resonances. Intraresidue NOE
cross peaks were labeled with their residue numbers. Unlabeled
strong NOESs correspond to intraresidue H3-H6 NOE cross peaks
of cytidines.

RESULTS AND DISCUSSION

Sequential resonance assignments .of TT10 have been
carried out in the presence of Hg(Il). Figure 1 shows
sequential NOE connectivities between base protons
(H6/H8) and anomeric protons (HI1’) in the NOESY
spectrum. As apparently from Figure, sequential NOEs
were traceable through the both strands unambiguously.
Based on these assignments, we also assigned all the
resonances of other non-exchangeable protons. In
combination with a DQF-COSY spectrum, we assigned all
H2' and H2" protons, stercospecifically. However, we were
not able to perform stereospecific assignments of H5' and
H5" protons. It should be mentioned that the assignments of
all non-exchangeable proton resonances from NOESY
spectra were consistent with each other, as well as those
from the DQF-COSY spectrum.

Then we measured a 2D NOESY spectrum of Hg(Il)-free
TT10, as well. From the spectrum, four imino proton
resonances observed around 11 ppm were found to be
imino protons of T*T mismatches. From NOE
connectivities of imino proton resonances, they were
assigned except for those at terminal base-pairs.

In conclusion, we unambiguously assigned most of non-
exchangeable proton resonances of TT10 in the presence
and absence of Hg(IT). '
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ABSTRACT

Naphthyridine-dimer (ND) specifically recognizes
G.G mismatch DNA (Figure 1). However, its detailed
recognition mechanism is not clear, Here a DNA
oligomer d(CTAACGGAATG) / d(CATTCGGTTAA)
complexed with ND was studied by NMR. The
stoichiometry of DNA to ND was determined to be 1:2
at NMR concentration (2.5 mM). Proton resonances
were completely assigned including HS’ and H5” using
'H-'H and 'H-"C 2D spectra of the complex. These
spectra showed that four naphthyridine rings are
staked in the helix and form hydrogen bonds with the
four G residues in CGG / CGG region. These results
indicate ND can specifically recognize the CGG / CGG
sequence.

INTRODUCTION

For detecting single nucleotide polymorphism (SNP),
naphthyridine-dimer (ND) has been developed and
characterized as the novel sensor for the surface plasmon
resonance (SPR) array (I, 2). ND recognizes G.G
mismaiches, and is applicable to various important
sequences which include G.G mismatch such as the G-rich
telomeric repeat sequence (3). Our resent studies revealed
that (CAG), triplete repeat sequences which have A.A
mismatches are recognized by ND like drug, naphthyridine-
azaquinolone (NA) (4). From ESI-TOF mass analysis, ND
binds d(CTAACGGAATG) / d(CATTCGGTTAA) at two
different stoichiometries, DNA:ND = 1:1 and 1:2 (5). The
1:2 mode is dominant when six-fold ND is present. The
detailed recognition mechanisms and the reason why the
stoichiometry is differet are not clear. The other key aspect
is the ND linker structure which connects two naphtyridine
rings. The modification of the ND linker changes binding
characters such as thermo-stability and specificity to G.G
mismatch (6, 7). Thus, the modification of the linker
potentially can control the specificity to CGG / CGG

"sequence. In this study, using 'H-'H NOESY spectra of
ND-DNA complex, the structural aspects of ND-DNA
complex were studied to reveal the G.G mismatch

HyC Y e Nkfu\/\NH/\/JJ\NH Y g CHy

Figure 1. Naphthiridine-dimer (ND). Four nitrogen atoms of
naphthiridine rings form hydrogen bonds with imino and amino
protons of G. Two amide NH atoms form hydorogen bonds with
carboxyl oxygen atoms of G.
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Figure 2. Sequential NOEs of d(CTAACGGAATG) /
d(CATTCGGTTAA) complexed with two NDs. Imino protons
of nucleic acid bases and four amide protons of NDs are shown
in this region.

recognition mechanism. Especially, the stoichiometry and
the linker structure were carefully investigated.

RESULTS AND DISCUSSION

The ND titration experiments to 2.5 mM
d(CTAACGGAATG) / d(CATTCGGTTAA) duplex were
carried out monitoring the imino-proton region, The peak



