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Previously, we purified a 59-kDa protein that binds to the KB motif of the Sarcophaga
lectin gene. Here we report its cDNA cloning and some of its characteristics as a novel
member of the Rel/Ankyrin-faniily. This protein, named SRAM, contained a Rel homol-
ogy domain, a nuclear localization signal and 4 ankyrin repeats, but lacked the Ser-rich
domain and PEST sequence that Relish contained. We found that SRAM was localized in
the nuclei of NIH-Sape-4 cells, which are an embryonic cell line of Sarcophaga. The Sar-
cophaga lectin gene promoter containing tandem repeats of the KB motifs was activated
in NIH-Sape-4 cells. In Drosophila mbn-2 cells, Dif alone activated this reporter gene
and a cooperative effect was detected when SRAM and Dif were co-transfected,
although SRAM alone did not activate it. This is the first report of a Rel/Ankyrin mole-
cule that exists in the nuclei.

Key words: ankyrin, insect immunity, KB motif, NF-itB/Rel family, Sarcophaga pereg-
rina.

Insects have developed self-defense systems that recognize
pathogens and destroy them through cellular reactions,
and that produce various antimicrobial peptides (1-3). This
defense system sans antibody, called insect immunity, has
been investigated vigorously in several insect species. Re-
cent studies have revealed that there is a common molecu-
lar basis between insect immunity and the innate immu-
nity of vertebrates (4,5).

Transcription factors of the NF-KB/Rel family are well-
investigated immune regulatory molecules involved in
mammalian as well as insect self-defense systems (6-11).
All NF-KB/Rel proteins have a Rel Homology Domain
(RHD), which is required for DNA-binding and dimeriza-
tdon of two subunits. Translocation from the cytoplasm to
the nucleus is a critical step needed for NF-KB to express
its transcription factor activity in response to various im-
mune stimuli. NF-KB is arrested in the cytoplasm by IKB, a
family of NF-KB inhibitors possessing ankyrin repeats.
Immune stimuli induce the dissociation of NF-KB/IKB com-
plex and degradation of IKB, resulting in migration of N F -
KB into the nucleus (.6-8). Precursors of NF-KB such as
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plO5 and plOO contain both RHD and ankyrin repeats like
IKB, but the ankyrin repeats are processed during matura-
tion. The resulting p50 or p52 forms homodimers as well as
heterodimers with other Rel family proteins and finally
with IKB to produce an N F - K M K B complex (12).

In insects, four Rel-related proteins (Dorsal, Dif and Rel-
ish in Drosophila melanogaster, and Gambif-1 in Anopheles
gambiae) have been cloned (2, 13-16). Dorsal, Dif and
Gambif-1 contain both a RHD and a transactivation do-
main, and are therefore assumed to be p65 (mnmmnlinn
RelA) homologues of insects. In contrast, Relish, which con-
tains a RHD and an inhibitory ankyrin domain, is thought
to be a plO5 or plOO homologue (15). Recently, Han and Ip
showed that the expression of a battery of Drosophila anti-
bacterial and antd-fungal protein genes is regulated differ-
entially with distinct heterodimeric or homodimeric combi-
nations of Dif, Dorsal, and Relish (17). Cactus, an IKB
homologue in Drosophila, is also able to regulate these
Drosophila Rel proteins (18).

We have been studying the mechanism of activation of
various immune protein genes in the flesh fly, Sarcophaga
peregrina (19-23). Previously, we reported the purification
and characterization of a 59-kDa protein (24) that binds
specifically to the KB motifs in the 5' upstream regions of
these immune protein genes. In this study, we report that
this 59-kDa protein named SRAM (Sancqp/w^a-derived
Rel/Ankyrin Molecule) is a novel member of the Rel/
Ankyrin-family proteins. We found that SRAM, in contrast
to known Rel family proteins, was localized in the nucleus
irrespective of immune stimuli. SRAM by itself did not acti-
vate the promoter of the Sarcophaga lectin gene in a Droso-
phila cell line, but it enhanced the activity of co-transfected
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Dif It could be a nuclear regulatory molecule that functions
cooperatively with Rel proteins or unknown co-factors to
modulate the tissue-specific and/or inducer-specific expres-
sion of the immune genes.

MATERIALS AND METHODS

Cells and Culture Media for Purification of SRAM—The
embryonic cell line of S. peregrina, NIH-Sape-4, was cul-
tured in M-M medium at 25'C as described by Komano et
al. (25). Briefly, NIH-Sape-4 cells were inoculated at a den-
sity of about 5 x 106 cells/ml in 4 liters of M-M medium in
a spinner flask and cultured with constant stirring and aer-
ation for 7 days. Cells were harvested when the cell density
reached about 4 x 106 cells/ml.

Purification of SRAM and Determination of Its Partial
Amino-Acid Sequences—SRAM was purified from NIH-
Sape-4, as described by Kobayashi et al. (24). Proteolytic
fragments of SRAM were obtained as follows. The purified
SRAM (33 txg) was subjected to SDS-polyacrylamide gel
electrophoresis, and blotted onto a poly (vinylidene difluo-
ride) filter paper. After staining the filter paper with Pon-
ceau S, the band corresponding to the SRAM was cut off
This filter strip was destained with 0.2 mM NaOH for 1
min, and then incubated for 30 min at 37'C with 0.5%
PVP-40 in 100 mM acetic acid. The filter strip was then cut
into small pieces ( l x l mm) and treated with 12 ng/ml
lysyl-C endopeptidase. The resulting peptides were re-
leased from the filter pieces by two 30 min sonications and
applied to an HPLC system with a reverse-phase column of
Synchropak RP-P (C18). The fractions containing each pep-
tide were lyophilized and subjected to automated sequence
analysis. By this procedure, the sequences of 10 peptides
were determined. These were: peptide 1, IVLSPHLLQHN-
(T/G)EK; peptide 2, LNYDVIFERMQEDPK; peptide 3, H -
HPETMETEWERFVNVK; peptide 4, DIFGNHAITFITPR-
YD; peptide 5, PYSVVDNEPSTDNXRN; peptide 6, N(D/
MXM/D)VAKGEETVLDNSAIFN; peptide 7, ETNPQIFK;
peptide 8, YLQNLSQYPESVK; peptide 9, KEELFENLLK;
and peptide 10, DYLLDK

Cloning Procedure and Sequencing ofcDNA—Two prim-
ers corresponding to IHPETMET and NHA1TF1T in pep-
tides 3 and 4, respectively, were synthesized as 5'-ATCCA-
CCCAGA(AG)AaAGCT)ATGGA(AG)AC-3' and 5'-GTGAT-
GAAGGTAAT(AGd^GC(AG)TG(AG)TT-3'. The PCR reac-
tions were performed with 0.5-1 nmol of each primer, 5 \ug
of template DNA (cDNA library of NIH-Sape-4 cells) and
AmpliTaqGold (Perkin Elmer) in 100 pJ of standard reac-
tion mixture. After activation of the polymerase for 9 min
at 95*C, we repeated the following 40 cycles (lmin at 95'C,
lmin at 40*C, 2 min at 72*C) with a final 5 min extension
at 72'C. A major band of about 100 bp was amplified. We
sequenced this product by a direct sequencing method and
found that it was a 92 bp DNA fragment derived from
SRAM cDNA. This fragment was used as a probe to screen
SRAM cDNA. To screen SRAM cDNA efficiently, a cDNA
library of NIH-Sape-4 cells containing -105 independent
clones was divided into sub-libraries, each library contain-
ing -103 independent clones. About 24,000 colonies of
Escherichia coli SOLR™ strain carrying recombinant
pBluescript (Stratagene), which were derived from 4 PCR-
positive sub-libraries, were transferred to duplicate sets of
nylon filters. The hybridization procedure was essentially

the same as that described by Nakanishi-Matsui et al. (23).
One hybridization positive clone with the probe DNA was
obtained and sequenced by the dideoxy chain termination
method of Sanger et al. (26) using a Taq Primer Cycle Se-
quencing Kit (Applied Biosystems). This clone contained a
3'-region of SRAM cDNA (about 1.3 kbp) and lacked a 5'-
region. This missing 5'-region was isolated by a 5'-RACE
method with CLONTECH Marathon™ cDNA amplification
kit, cloned with a pGEM™-T vector system I (Promega),
and sequenced. In this way we determined the complete se-
quence of SRAM cDNA.

Preparation of Affinity-Purified Antibody against
SRAM—Antibody against SRAM was raised by injecting
approximately 10 jig of the purified protein with complete
Freund's adjuvant into a male albino rabbit (Japanese
white) and then giving 3 booster injections of the same
amount of protein with incomplete Freund's adjuvant every
week. We performed affinity purification of the resulting
antibody with purified SRAM, essentially as described
before (27). For this, purified SRAM fraction (10 ng) was
first electrophoresed on a 10% polyacrylamide gel contain-
ing 0.2% SDS, and then the proteins were blotted onto a
poly (vinylidene difluoride) filter paper. The small region of
the filter, on which SRAM had been concentrated, was
excised and treated with 5% skim milk solution. The strip
of filter paper was then incubated in 1 ml of 2- to 3-fold—
diluted antiserum at 4'C for 15 h with gentle shaking. The
strip was rinsed well with rinse solution (10 mM Tris/HCl
pH 7.9, containing 150 mM NaCl, 1 mM EDTA, 0.1% Tri-
ton-X 100, 0.01% sodium azide and 0.25% skim milk), and
the antibody specifically bound to SRAM was extracted
with 0.2 M glyrine/HCl (pH 2.8). The resulting extract was
neutralized with 1 M KOH, and a final concentration of
10% bovine serum albumin was added.

For the preparation of the antibody against the ankyrin
domain of SRAM, the C-terminal half fragment of SRAM
was obtained by proteolytic digestion of recombinant
SRAM. Recombinant SRAM (50 jig) was incubated with 0.2
M£ of Trypsin in 50 \d of 10 mM Tris/HCl (pH 8.0) at 20*C
for 1 h and then the resulting fragment with the molecular
mass of 24 kDa was used as the antigen for affinity-purifi-
cation of the anti-SRAM-ANK antibody. The N-terminal
sequence of this proteolytic fragment starts at the 353th
amino acid (Val).

Preparation of Recombinant SRAM—The cDNA encod-
ing full-length SRAM (586 amino-acid residues) was cloned
into the His-Tag expression vector pET23d (Novagen). The
fusion protein, with His6 at its C-terminal, was expressed
in E. coli BL21(DE3) using the pET expression system, and
then purified to homogeneity with His-Bind Resin (Nova-
gen).

Electrophoresis Mobility Shift Assay—Binding reactions
were performed in the binding buffer [12 mM HEPES-
NaOH (pH 7.6), 12% glycerol, 0.1 mM EDTA, 60 mM KC1,
7.5 mM MgClj, 0.3 mM dithiothreitol], containing 20 finol
of ^-S'-end-labeled double-stranded DNA (catGGGAA-
TACCCtg) and various concentrations of purified recombi-
nant SRAM. When necessary, 300-fold excesses of specific
(catGGGAATACCCtg) or non-specific (catATTAACAAG-
Gtg) competitors were added. The reaction mixture was
kept on ice for 30 min and then analyzed by electrophoresis
with a non-denaturing 5% polyacrylamide slab gel at 4'C in
a solution of 45 mM Trisma base, 45 mM boric acid, and 1
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mM EDTA The gel was then dried and examined by auto-
radiography.

Indirect Immunofluorescence Staining—NIH-Sape-4 cells
were cultured for two days in the Grace's insect medium
(pH 6.0) (GIBCO), containing 5% fetal bovine serum (FBS).
Then the cells were suspended in 5% FBS/Grace's insect
medium at a density of approximately 106 cells/ml, and 20
(JLI of the suspension was placed in each well of a 12-well
multitest slide. The cells were treated with 100 jig/ml of
LPS from E. coli O55:B5 for 2 h when necessary, and then
fixed for 10 min by soaking the slide in 4% paraformalde-
hyde/0.02% glutaraldehyde/phosphate-buffered saline. The
slides were rinsed with phosphate-buffered saline and
blocked with 100 mM glycine/1% bovine serum albumin/
phosphate-buffered saline for 1 h at room temperature.
Then 15 \xl of affinity-purified antibody solution (5 |ig/ml)
was added to each well, and the slides were incubated for 2
h at room temperature. The slides were then treated with
FITC-labeled secondary antibody for 1 h at room tempera-
ture, washed, mounted, and examined with an Olympus
BH-2 fluorescence microscope.

Transfection Experiment—DrosophUa mbn-2 cells were
cultured for 3 days at 25°C in Schneider's DrosophUa medi-
um (GIBCO) supplemented with 12% FBS, 100 U/ml peni-
cillin, and 100 fig/ml streptomycin. The cell suspension was
then diluted with fresh medium to adjust the cell density to
4 X 106 cells/ml. One millilitter of the resulting cell suspen-
sion was transferred to each well (3.5 cm diameter) of the 6
well-plate and the culture was continued for 24 h. The cul-
ture medium was then replaced with 1 ml of antibiotic-free
DrosophUa Serum Free Medium (GIBCO), and the cells
were transfected by the CELLFectin (GIBCO) lipofection
method. For this, 1 \ig of the expression vector [SRAM, dor-
sal, or Dif cDNA in the pPAC-pl vector (28)], 1 ug of the

reporter vector [(KB)3-Sarcophaga lectin promoter-lucifer-
ase] and 0.2 \ug of the fj-galactosidase expression vector
(pACHHO) (29) as an internal control for the transfection
efficiencies, were mixed in 200 \il of DrosophUa Serum Free
Medium containing 8 \d of CELLFectin. The total amount
of pPAC vectors was adjusted to 2 \ig with the pPAC-pl vec-
tor. This DNA solution was kept for 30 min at room tem-
perature, and then mixed with an additional 800 ul of
DrosophUa Serum-Free Medium. This mixture was added
directly to each well and incubated for 4 h. Then this trans-
fection solution was removed, and 2 ml of Schneider's com-
plete medium was added. The gene activities were assayed
48 h later. The cells from each well were collected and
washed, and then lysed in the reporter lysis buffer (Pro-
mega) for 10 min. Luciferase activity in the lysate was
measured in a luminometer (Lumat LB 9507; BERTH-
OLD) immediately after addition of the substrate Luciferin
(Promega), according to the protocol of the distributor. To
normalize transfection efficiency, fj-galactosidase activity in
the lysate was also measured, using O-nitro-phenol-fS-D-
galactoside as a substrate.

RESULTS

cDNA Cloning of SRAM—We isolated a cDNA clone for
SRAM. The longest open reading frame of this cDNA initi-
ated from an AUG codon at nucleotide position 66 and en-
coded a protein consisting of 586 amino-acid residues (Fig.
1A). All of the 10 peptides that were derived from purified
SRAM were included in this sequence, suggesting that this
putative protein was SRAM. However, the molecular mass
of this protein was calculated to be 67.8 kDa, whereas that
of purified SRAM determined by SDS polyacrylamide gel
electrophoresis is 59 kDa, as reported previously (24).

B
MLYSDrBVEFEIQPKQtrFBYRYESBKHMTBGILHG 35

OIDDSYPKVTLHLPAHQQNGDYYVIiCTLHRYMINM 70

RKIVLSPBLLQHMTEKHUlTDVItTRMClEDPKCPT 105

KKTWEFKNYVirRLKKTEYKSSIEKKKEPYHAKOL 140

PLSrDNLIXaiNLEHAQSLADCAQPWVCLGVTire 175

KNVWDKTYSLIAMTKYSCMIFPGPDLYIHRICNAK 210

G3INGGTSVirLI.rKLPSKLCPQISIKKIBPETMBT 245

EWERrVMVKQSDIFGNaAITFITPRTDMPQAHWEA 280

HUGBDEKvKISWrRMSTYRSMSVDPTYVREMfflH 315

fflSWDNEPSTDNTRPHIISHDNWSKQLERLHID 350
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ANK1 _
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ANK3

ACKETMPQriKPLIGLGCSLNAQD^GRTPLBIAI 455

SGDHDQIISTrEKYLQHLSQYPElSVKESrrKMLOA 490

YDttJGYTVI.BTAAIiKG]tIELPi;NmFCVDlJKIHv 525
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EDVKHJfEGXTVKDYLLDKTHHQTDDK 586
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Fig. 1. Primary structure of
SRAM and production of
recombinant. (A) Predicted
amino-acid sequence encoded by
the SRAM cDNA. The Rel
homology domain is underlined
and the ankyrin repeats
(ANKl^i) are boxed. A putative
nuclear localization signal is
shown in white on a black
ground. The nudeotide se-
quence data for SRAM has been
deposited in the DDBJ/EMBL/
GenBank nucleotide sequence
databases with the accession
number AB035929. (B) SDS-
polyacrylamide gel electropho-
retic profile of purified recombi-
nant SRAM. The gel was cali-
brated with bovine serum albu-
min (66 kDa), ovalbumin (43
kDa), and a-chymotrypsinogen
(26 kDa). (C) Immunoblot anal-
ysis of recombinant SRAM.
Lane 1, purified native SRAM
(0.4 ng); lanes 2, 3, lysates of E.
coli (2.6 (ig) without or with
SRAM expression vector, re-
spectively. (D) Electrophoresis mobility shift assay with various amounts of purified recombinant SRAM and the KB motif of the Sarcophaga
lectin gene. Competitor-, S and N indicate addition of no competitor, and a 300-fold excess of specific and non-specific DNA, respectively. The
arrowhead indicates the specific DNA-SRAM complex.

SRAM(ng) 18 9 4.5
competitor -SN-SN-SN
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Therefore, we expressed this cDNA in Escherichia coli and
synthesized a recombinant SRAM. The molecular mass of
purified recombinant SRAM examined by SDS polyacryla-
mide gel electrophoresis was 59 kDa (Fig. IB). Moreover,
the recombinant SRAM was recognized by antibody against
purified SRAM (Fig. 1C), and showed a specific binding
activity to KB element in the Sarcophaga lectin gene (Fig.
ID). These results indicate that this cDNA encoded SRAM.

SRAM as a Rel /Ankyrin-Family Protein—The deduced
amino-acid sequence of SRAM contained both a Rel homol-
ogy domain (RHD) in the N-terminal half and ankyrin
repeats in the C-terminal half A putative nuclear localiza-
tion signal (NLS) was found at the C-terminal end of the
RHD (Figs. 1A and 2A). In these respects, SRAM was simi-
lar to the mammalian NF-KB precursors, plOO (a precursor
of p52), plO5 (a precursor of p50), and a Drosophila Rel
family protein, Relish. However, there are several differ-
ences between known Rel/Ankyrin-family proteins and
SRAM (Figs. LA and 2A). First, known Rel/Ankyrin-family

proteins contain 6 or more ankyrin repeats, but SRAM has
only 4. Second, whereas plOO and plO5 have a Gly-rich
region that serves as a processing signal for the generation
of p52 and p50, such a characteristic region is not present
in SRAM. SRAM does not possess even a Ser-rich stretch,
which Relish has at the position corresponding to a Gly-
rich region of plOO or plO5 (30). The sequence of 95 resi-
dues between the NLS and the first ankyrin domain of
SRAM is unique, and is not like those of the same regions
of other Rel-family proteins. Several Ser residues were
found in this region, but the consensus phosphorylation
motif, (D/E/N)XXXDSGXXS, in the N-terminal region of
inhibitors of NF-KB (IKB-CX, IKB-0, IKB-E, and Cactus) for a
phosphorylation-induced proteolytic degradation in extra-
cellular stimuli, was not identified (6). Third, SRAM has a
short C-terminal region containing only 21 residues behind
the last ankyrin domain, but there was no PEST-like se-
quence (31) like those existing in plOO, plO5, and Relish for
protein turnover. These structural features suggested that
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Fig. 2. Comparison of SRAM with other Rel/Ankyrin-family
proteins. (A) Schematic illustration of SRAM and other Rel/Ankyrin-
family proteins of Drosophila with amino-acid sequence identity
among the RHD. (B) Comparison of amino-acid sequence of the RHD
of SRAM with those of other Rel family proteins. Identical residues
are shown in white on a black ground, and relatively conserved resi-

DNPQANNEANNGBDIKVKISWIRHSTYRSHSVDBYBVR
DKDVDREV-NVY-IEL-IRESDDBRSF-P-ALP R KP

BTLDITEPAKVFIQLRRPSD-G-VTSEALP E VP
RNTEITQ6VHVELKLVBPSD-G-ATSAPLP E YP

PH ADPSLQAPVRVSMQLRBPSDRELSFTEPME Q LP
KDIHITKPASVFVQ.LRRKSD--LETSEPKPLLIYP

310
446
326
357
300
352

dues (more than 50%) are shown in black on a gray ground. Amino-
acid residues essential for DNA binding and dimerization of NF-KB
(p65/p50) are underlined in red and blue, respectively. An asterisk in-
dicates the Cys residue involved in redox regulation of NF-KB. (C)
Phylogenetdc analysis of SRAM using the UPGMA method. The num-
bers in the tree denote genetic distances.
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SRAM was not a Sarcophaga homologue of plOO, plO5, or
Relish, but a novel member of the Rel/Ankyrin-family.

We compared the amino-acid sequence of the RHD of
SRAM with those of known members of the Rel family in
insects and vertebrates (Fig. 2B). Three subdomains were
conserved relatively well. These were one N-terminal sub-
domain of the RHD (residues 13 to 25), and two C-terminal
subdomains (residues 201 to 228 and 247 to 271). The
former contains the essential amino acid residues for DNA
binding and the others are important for dimerization (32-
36). However, the other regions were different, except for a
few well-conserved residues. In the N-terminal DNA-bind-
ing subdomains of RHD, a Cys residue, indicated by an
asterisk, is well conserved among Rel-family proteins. This
Cys is known as a target for thioredoxin, a redox regulator
of the DNA-binding activity of NF-KB (37, 38). It is note-
worthy that this Cys is missing in both SRAM and Relish.
A phylogenetic comparison of the RHD of various Rel-fam-
ily proteins suggested that SRAM and Relish belonged to
the same subfamily, and that this subfamily had branched
off from the other Rel family early in the evolution of Rel-
family proteins (Fig. 2C). However, amino acid sequence
identity between RHD of SRAM and that of Relish was
only 23%.

Nuclear Localization of SRAM—The activity of the Rel
family transcription factors is regulated at the level of
nuclear translocation in response to microbial infection and
oxidative stress (39). NF-KB is normally localized in the
cytoplasm as an inactive form of NF-KB/IKB complex, but

translocated into the nucleus with dissociation and degra-
dation of IKB (6-8). As reported previously, we purified
SRAM from a nuclear extract of NTH-Sape-4 cells. These
cells were shown to synthesize constantly several immune
proteins including Sarcophaga lectin (24), when cultured in
M-M medium, because this medium contains yeast extract.
These immune protein genes are inactive when the cells
are cultured in modified Grace's insect medium, but the
genes are activated when microbial cell wall components
such as LPS or (3-1,3-glucan is added to the medium.

We performed immunofluorescence staining with affin-
ity-purified antibody against SRAM using NIH-Sape-4 cells
cultured in Grace's insect medium in the presence or ab-
sence of LPS. Immunofluorescence was detected mainly in
the nuclei, irrespective of the presence of LPS (Fig. 3A).
This distribution of SRAM was quite different from those of
other Rel-family proteins (6-8). We obtained the same re-
sult using antibody affinity-purified with the C-terminal
half of recombinant SRAM obtained by cleaving it between
NLS and the first ankyrin domain with trypsin (Fig. 3, B,
C, and D). These results indicated that much of SRAM was
localized in the nuclei, and confirmed the result of our
immunoblotting experiments with NIH-Sape-4 cells (data
not shown). Therefore, it is likely that, at least in the NIH-
Sape-4 cells, activation of immune protein genes does not
require migration of SRAM from the cytoplasm to the
nuclei. Similarly, we detected an intense signal of SRAM in
the nuclei of fat body cells of Sarcophaga larvae, regardless
of SRBC injection, which causes activation of various im-

i

antl-SRAM Ab

LPS

FITC

Fig. 3. Immunohistochemistry of SRAM in NIH-Sape-4 cells
with or without LPS treatment. (A) NIH-Sape-4 cells were cul-
tured in Grace's insect medium containing 5% FBS for 6 h in the pres-
ence (+) or absence (-) of LPS. They were then subjected to immuno-
fluorescence staining with affinity-purified antibody against SRAM.
FITC and DAPI indicate immunofluorescence and nuclear staining,
respectively. Light shows the blight field. (B) SDS polyacrylamide gel
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electrophoretic profile of SRAM (50 jig) digested with trypsin. The ar-
rowhead denotes the 24-kDa proteolvtic fragment containing the an-
kyrin domain of SRAM. (C) Immunoblotting of the same digests (0.5
mj) with affinity purified anti-SRAM-ANK antibody. The band indi-
cated by the arrowhead corresponds to the 24-kDa proteolytic frag-
ment. (D) The same experiment as in (A), but with affinity-purified
anti-SRAM-ANK antibody.
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Fig. 4. Transfection of the reporter
gene containing the Sarcophaga lectin
gene promoter. (A) NIH-Sape-4 cells were
transfected with the luciferase reporter
gene under the control of the 5' upstream
regulatory element of the Sarcophaga lec-
tin gene. The reporter constructs contained
3 tandem repeats of an intact KB motif of
the Sarcophaga lectin gene (GGGAATAC-
CC) or its mutated copy (ATTAATACCC),
as illustrated at the bottom. Luciferase ac-
tivity is indicated as i-fold levels of induc-
tion. (B) mbn-2 cells were transfected with
SRAM, Dorsal, and Dif alone, or cc-trans-
fected with SRAM and Dorsal or SRAM
and Dif together, with the reporter con-
struct containing intact KB motifs. Luci-
ferase activity is indicated by i-fold levels
of induction compared with mock transfec-
tion.

mune protein genes in the fat body (data not shown).
Effect of SRAM on the Promoter Activity of the Sarcoph-

aga Lectin Gene—Previously, we demonstrated that SRAM
binds to the KB motif of the Sarcophaga lectin gene, and
that the transcription of the Sarcophaga lectin gene in the
nuclear extract of NIH-Sape-4 cells is specifically inhibited
by the DNA fragment containing this motif (24). These re-
sults suggest that SRAM participates in the transcription
of the Sarcophaga lectin gene by binding to the KB motif
We examined the effect of an anti-SRAM antibody on tran-
scription of the Sarcophaga lectin gene in the nuclear
extract of NIH-Sape-4 cells. However, no appreciable inhibi-
tion of the transcription of the Sarcophaga lectin gene was
detected when anti-SRAM antibody was added to the reac-
tion mixture (data not shown). So we performed luciferase
assay using transfected NIH-Sape-4 cells. When luciferase
reporter vectors driven by the 5'-upstream regulatory
region of the Sarcophaga lectin gene containing 3 tandem
repeats of the KB motif or its mutated one were transfected
into NIH-Sape-4 cells, the reporter activity with intact KB
motifs was about 30 times higher than that found with
mutated ones (Fig. 4A). These results suggest that SRAM
indeed participates in the expression of the Sarcophaga lec-
tin gene in Sarcophaga.

We intended to examine the effect of transiently overex-
pressed SRAM in NIH-Sape-4 cells on the expression of the
reporter gene containing intact KB motifs. However, overex-
pression of SRAM in these cells was technically very diffi-
cult Therefore, we performed the same experiments using
Drosophila malignant hemocyte line, mbn-2 cells (40), be-
cause an overexpression system of exogenous proteins
driven by the Drosophila actin-5C promoter had been
established in these cells (28). Overexpression of SRAM in
these cells was confirmed by immunoblotting. No signifi-
cant enhancement of luciferase activity was detected when
SRAM alone was overexpressed (Fig. 4B). Considering the
possibility that SRAM might function as a heterodimer
with other Rel-family proteins, we performed a co-transfec-
tion assay with Dorsal or Dif Dif alone gave an 8.6-fold
increase in reporter activity, and co-transfection of Dif and

SRAM enhanced reporter activity 12-fold compared with
the level of mock transfection (Fig- 4B). Reporter activity
with expression of Dorsal alone was almost the same as
that with SRAM alone, but we detected a small increase in
reporter activity with their co-transfection. As these results
are reproducible, we assume that there is a positive inter-
action at least between SRAM and Dif, but that the inter-
action between SRAM and Dorsal is very weak, if it occurs
at all. Almost the same results were obtained with Droso-
phila embryonic cell line SL-2 cells (data not shown).

DISCUSSION

Previously, we purified a 59-kDa protein that binds specifi-
cally to the KB motif of the Sarcophaga lectin gene (24). In
the present study we isolated cDNA for the 59-kDa protein
and found that it was a Rel/Ankyrin-family protein, re-
named SRAM. When we compared the structures of Droso-
phila Relish and SRAM, the latter contained fewer ankyrin
repeats and lacked a Ser-rich domain and a PEST se-
quence. The cleavage site of Relish that separates RHD and
ankyrin repeats is present in this Ser-rich domain (15). The
PEST sequence is believed to be required for metabolism
and turnover of Relish. Moreover, unlike with Relish, much
of SRAM seems to localize in nuclei as an intact protein,
irrespective of immune stimuli. This is a unique feature of
SRAM. No other Rel/Ankyrin-family protein is known to
function in this way within nuclei. Usually, ankyrin repeats
are cleaved off and RHD moves into the nuclei as a homo-
dimers or heterodimers in response to various immune
stimuli. Thus, SRAM is likely to be a novel member of Rel/
Ankyrin-family.

In our previous paper, we demonstrated that the DNA-
binding activity of SRAM in a nuclear extract of NTH-Sape-
4 cells was clearly enhanced when the cells are treated
with LPS in advance (24). Thus, SRAM in the nuclei seems
to be activated in situ when the cells were treated with
LPS. Generally, the redox potential of Rel protein is
believed to alter its DNA-binding activity (37,41). However,
the Cys residue that is assumed to be involved in redox reg-
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ulation in Rel-family proteins is substituted for Ser in
SRAM. Therefore, SRAM is likely to be activated by a
mechanism other than redox regulation.

It is clear that the KB motif is important for the activa-
tion of the Sarcophaga lectin gene in NIH-Sape-4 cells,
because the luciferase reporter vector driven by the 5'-up-
stream regulatory region of the Sarcophaga lectin gene
containing 3 tandem repeats of the KB motif was expressed
in these cells in a KB motif-dependent manner. As SRAM is
the only protein so far known that binds to this motif in
Sarcophaga, we assume that SRAM participates in the ac-
tivation of the Sarcophaga lectin gene in NIH-Sape-4 cells.
However, overexpression of SRAM alone did not enhance
the expression of the same reporter gene in Drosophila
mbn-2 cells. SRAM might require another factor that is
present in NIH-Sape-4 cells, but not in mbn-2 cells, for the
expression of this reporter gene. We co-expressed Dif or
Dorsal with SRAM in mbn-2 cells and found that Dif alone
was sufficient for the expression of the reporter gene. How-
ever, when Dif was co-expressed with SRAM, expression of
the reporter gene was always enhanced. Unlike Dif, Dorsal
alone did not seem to affect expression of the reporter gene.
When Dorsal was co-expressed with SRAM, expression of
the reporter gene tended to be enhanced. However, since
the basal level of expression of the reporter gene with Dor-
sal or SRAM alone was about the same as that for mock
transfection, and since the effect of co-transfection of Dorsal
and SRAM was to double this level at most, it is difficult to
assess the effect of the co-transfection of Dorsal and SRAM
in this system.

As SRAM enhances the effect of Dif in mbn-2 cells, we
speculate that SRAM functions cooperatively with the Sar-
cophaga homologue of Dif in the transcription of the Sar-
cophaga lectin gene. SRAM could also interact with
Sarcophaga homologues of Dorsal, Relish and Gambif-1.
Recently, it was reported that different combinations of Rel
proteins control the activity of various immune protein
genes (27). Another possibility is that SRAM interacts with
transcription factors other than Rel-family proteins. In Sar-
cophaga, a factor named ATBP, which binds to the AT-
stretches located in the 5' upstream region and the first
intron of the Sarcophaga lectin gene, has been identified
(22,23). STAT protein (42,43) and GATA factor (9) are also
known to be involved in the immune response of Droso-
phila and Anopheles.

Phylogenetic analysis suggests that SRAM is the closest
Rel/Ankyrin-family protein to Relish. Hultmark et al. have
discussed the possibility that the ancestral Rel-family pro-
tein contained both the RHD and ankyrin repeats like Rel-
ish, but that it eventually lost its ankyrin repeats to yield
Dorsal and Dif (15). SRAM might have evolved from the
same ancestral protein by loosing a part of its ankyrin
repeats and gaining a novel activation mechanism.

We thank Drs. J A Hoffman and J.M. Reichhart for the Dorsal
plasmid, and Dr. Y. Engstrom for the Dif plasmid. We also thank
R. Steward, and D. Hultmark for reagents and/or discussions.
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