
J. Biochem. 119, 354-359 (1996)

Transmethylation Reaction Is Essential for Sarcophaga Lectin Gene
Activation1

Hiromi Sugiyama and Shunji Natori2

Faculty of Pharmaceutical Science, The University of Tokyo, Bunkyo-ku, Tokyo 113

Received for publication, October 18, 1995

Incubation of Sarcophaga fat bodies in buffered insect saline resulted in simultaneous
activation of multiple defense protein genes [Sugiyama, H. and Natori, S. (1991) Eur. J.
Biochem. 200,495-500]. In this study, we demonstrated that the addition of both adenosine
and homocysteine thiolactone to this medium abolished activation of these defense protein
genes. As S-adenosyl-homocysteine, a potent inhibitor of the transmethylation reaction, is
produced in the fat body under these conditions, methylation of a certain fat body protein
seems to be a prerequisite for the selective activation of insect defense protein genes.
Activation of the HSP70 gene was not interfered with S-adenosyl-homocysteine.

Key words: defense protein genes, NF-*B, transmethylation, insect, Sarcophaga lectin.

Insects are known to respond promptly to bacterial infec-
tion and/or body injury by producing various humoral
defense proteins (1). These are diverse sets of broad-spec-
trum antimicrobial proteins and lectins that are synthe-
sized by the fat body and/or hemocytes {2-13). Many of
these defense protein genes share a common upstream
motif similar to the binding site for NF-xB (14, 15) a
mammalian member of the Rel family of transcription
factors (16, 17). Sun and Faye purified a factor with NF-
xB-like properties (CIF) from Hyalophora cecropia pupae
(18). Recently, we purified a protein with a molecular mass
of 59 kDa that specifically binds to NF-xB-binding motifs
of the defense protein genes of Sarcophaga peregrina (19).
This protein is likely to be a NF-xB-like transcription
factor.

In a previous study, we demonstrated that the genes for
various Sarcophaga defense proteins, namely Sarcophaga
lectin, and sarcotoxins IA and HA, were activated when the
larval fat body was simply incubated in phosphate-buffered
insect saline (BIS) in vitro and the addition of 2-mercapto-
ethanol (2-ME) abolished activation of these genes (20).
Subsequently, we found that the glutathione (GSH) content
of the fat body decreased significantly under these condi-
tions (21). As the cellular GSH content is known to be
crucial for mammalian NF-xB activation (22), we speculat-
ed that a transient decrease in the GSH level in the fat body
is essential for NF-xB-like transcription factor activation.
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Abbreviations: BIS, buffered insect saline; 2-ME, 2-mercaptoeth-
anol; GSH, glutathione; DTT, dithiothreitol; Ado, adenosine; HcyTL,
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HSP, heat shock protein; SDS, sodium dodecyl sulfate; HPLC, high
performance liquid chromatography; RT, reverse transcription; PCR,
polymerase chain reaction; CHX, cycloheximide; DTNB, 5,5'-dithio-
bis(2-nitrobenzoic acid).

In this paper, we report a novel aspect of Sarcophaga
defense protein gene activation. We demonstrated that an
intracellular transmethylation reaction, possibly methyla-
tion of a certain protein, is a prerequisite for the specific
activation of defense protein genes in the fat body. We also
suggest that selective inhibition of the activation of these
defense protein genes in the fat body by 2-ME is partly due
to inhibition of the transmethylation reaction by 2-ME.

MATERIALS AND METHODS

Animals—Flesh flies, Sarcophaga peregrina, were kept
at 27"C with dried milk, sugar cubes, and fresh water. The
larvae were reared on pork liver and when they reached the
third instar, and crawled upward, they were collected,
washed well with water, and kept in a plastic container with
a small amount of water. Larvae could be used for experi-
ments for up to 3 days after leaving their food.

Fat-Body Culture in BIS—This was performed essen-
tially as described previously (20). Briefly, the fat body
was excised from each third instar larva under a binocular
microscope and rinsed well with ice-cold insect saline (130
mM NaCl, 5 mM KC1, and 1 mM CaCl2). Each fat body was
placed in 300 n\ BIS (10 mM NaH2PO4/Na2HPO4, pH 6.2,
2 mM NaHCO,, 1 mM MgCl2,5 mM KC1,1 mM CaCl2l and
120 mM NaCl). When required, 2-ME, dithiothreitol
(DTT), cysteine, adenosine (Ado), and L-homocysteine
thiolactone (HcyTL), at the indicated final concentrations,
were added to the culture medium. The tissues were
incubated in 24-well flat-bottomed tissue culture plates at
27"C for the indicated times in a humidified air atmosphere,
after which each fat body was removed from the medium,
frozen immediately on dry ice, and stored at — 80'C until
analyzed.

Northern Blot Hybridization—The RNA was extracted
from each fat body, as described elsewhere (20), and
subjected to electrophoresis using a horizontal slab of 1.2%
agarose gel containing 2.2 M formaldehyde in 20 mM 3-
[N-moipholino]propanesulfonic acid, 5 mM sodium ace-
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tate, and 1 mM EDTA, pH 7.0 (buffer A). Before applica-
tion to the gel, the RNA was heated at 60"C for 7 min in
buffer A containing 50% formamide and 2.2 M formalde-
hyde. After electrophoresis, the RNA was transferred from
the gel to nitrocellulose filter paper, as described by
Thomas (23), and hybridized with DNA probes labeled
with [a -3ZP]dCTP. The hybridization mixture consisted of
50% formamide, 5xNaCl/Cit [NaCl/Cit: 0.15 M sodium
chloride and 15 mM trisodium citrate], lxDenhardt's
solution [Denhardt's solution: 0.02% each of bovine serum
albumin, poly(vinylpyrrolidone) 40, and Ficoll 400], 50
mM sodium phosphate, pH 6.5, 100 //g/ml denatured and
sonicated salmon sperm DNA and 0.1% SDS.

Before hybridization, the filter was incubated without
probe DNA under the above conditions, except that 1%
glycine was added. Hybridization with a radiolabeled probe
was carried out at 42'C for 12-16 h, the filters were washed
with 2 X NaCl/Cit containing 0.1% SDS for 15 min at room
temperature, then with O.lxNaCl/Cit containing 0.1%
SDS for 15 min at 47*C, and finally autoradiographed at
-80*C.

A cDNA clone for Sarcophaga lectin, pLElO (24), was
used throughout to detect Sarcophaga lectin mRNA and
pTD20 (25), pS25 (26), and a fragment of Sarcophaga
HSP70 cDNA were used as controls to detect other fat body
protein mRNAs.

Cloning of a Fragment of Sarcophaga HSP70 cDNA—A
fragment of Sarcophaga HSP70 cDNA was amplified by
the RT-PCR and cloned. Briefly, each fat body was incubat-
ed in BIS containing 1 mM Ado and 1 mM HcyTL at 25*C
for 1 h. Then the temperature was increased to 37°C,
incubation was continued for 1 h and the total RNA was
extracted and used as a template for the RT-PCR. Sense
and antisense primers, based on the sequence of Drosophila
HSP70 were synthesized (27). The primers used were
5'-TCG ATG GTG CTG AC(G/C) AAG ATG AAG GA-3'
and 5'-CGT GCT AGA GGA GAG TGT GCG CTT-3' that
correspond to amino acids 118-126 and 269-276, respec-
tively. The PCR product (477 bp) was labeled with [32P]-
dCTP and used as a probe for Northern blotting hybridiza-
tion to detect HSP70 mRNA.

Detection of S-Adenosyl-L-Homocysteine—This was
performed essentially as reported by Gordon et al. (28).
Each fat body was homogenized in 200//I of 100 mM
methanesulfonic acid and the homogenate was centrifuged
at 8,000 X g for 15 min. The resulting supernatant (50 //I)
was subjected to HPLC using a Radial-Pak SCX cartridge
(Waters). S-Adenosyl-L-homocysteine (AdoHcy) was elut-
ed from the column with a linear gradient of buffer A (1 mM
NrL,COOH/HCOOH, pH4.0) and buffer B [0.2 M NR,-
COOH/HCOOH containing 0.8 M (NH4)2SO4, pH4.0].
Elution of the material was monitored by measuring A2S4 •

Assay of Protein Carboxyl Methylation in the Fat Body—
Carboxyl methylation of the fat-body protein was mea-
sured using a vapor-phase equilibrium procedure (29).
Each fat body was cultured in 300//I BIS containing
[methyl-3H] -Met for 30 min at 27'C, then washed with BIS
and homogenized in 500/^1 extraction buffer (10 mM Tris/
HC1, pH 7.2, 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 2mM EDTA). Then the
homogenate was centrifuged at l l ,000x </ for 15 min, the
methylated protein in the resulting supernatant was
precipitated with 5% trichloroacetic acid, treated with 1 N

NaOH for 40 h at 37*C, the resulting [3H]methanol re-
leased from the protein was trapped in a scintillation fluid
and its radioactivity was measured.

Analysis of Methylated Protein in the Fat Body—Each
fat body was cultured in 300//I BIS containing 30//Ci
[3H]Met and 100/^M cycloheximide (CHX) for 30 min at
27"C. When required, 2-ME, Ado, and HcyTL, at indicated
final concentrations, were added to the culture medium.
Then the fat body was washed well with BIS and homogen-
ized in 500 fi\ extraction buffer to prepare fat body extract.
The resulting extract was subjected to 15% SDS-polyacryl-
amide gel electrophoresis followed by fluorography.

RESULTS

Suppression of Sarcophaga Lectin Gene Expression by
Inhibition of the Transmethylation Reaction in the Fat
Body—As reported previously, 2-ME suppressed Sarco-
phaga lectin gene activation in the Sarcophaga fat body in
vitro (20). However, we found that DTT and cysteine did
not affect this reaction (Fig. 1). It is generally known that
2-ME is detoxicated by thiol S-methyltransferase in the
cell (30), whereas polar thiol compounds, such as DTT and
cysteine, are not methylated by this enzyme (31, 32).
Therefore, we examined the behavior of 2-ME by monitor-
ing the sulfhydryl group levels in the culture medium with
time and found that 2-ME disappeared rapidly (Fig. 2),
while without fat body, only a slight decrease of 2-ME by
auto-oxidation was observed. These results suggest that
2-ME entered the fat body cells (adipocytes) and was
detoxicated in situ by thiol S-methyltransf erase. As ex-
pression of the Sarcophaga lectin gene was suppressed only
in the presence of 2-ME, we concluded that methylation of
2-ME is closely related to Sarcophaga lectin gene expres-
sion.

In order to examine the relationship between the trans-
methylation reaction and Sarcophaga lectin gene expres-
sion in this system, we treated fat bodies with both Ado and
HcyTL to induce AdoHcy production in the fat body (33,
34). AdoHcy is a potent inhibitor of methyltransferase
(35), but as cells are not permeable to it, so a method of
producing AdoHcy in vivo from Ado and HcyTL has been
established (33, 34). As shown in Fig. 3A, the Sarcophaga
lectin gene was repressed completely in the presence of
both Ado and HcyTL, but neither component alone inter-

Fig. 1. Effects of 2-ME and DTT on Sarcophaga lectin gene
activation. Fat bodies were cultured in BIS for 2 h at 27"C in the
presence of 0.5 mM 2-ME or 10 mM DTT or 10 mM cysteine, then
RNA was extracted from the fat bodies and Sarcophaga lectin gene
expression was examined by Northern blot hybridization. Lane 1, fat
body cultured in BIS alone (control); lane 2, fat body cultured with
2-ME; lane 3, fat body cultured with DTT; lane 4, fat body cultured
with cysteine.
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fered with its expression. In the presence of both Ado and
HcyTL, sarcotoxin HA gene expression was also suppress-
ed (Fig. 3B), but the 25-kDa protein (a constitutive protein
of the fat body) gene expression was not affected (Fig. 3C).

These results suggest strongly that defense protein gene
expression is inhibited specifically when the transmethyla-
tion reaction is inhibited by AdoHcy. In order to confirm
this, we examined the effect of AdoHcy on the expression of
the Sarcophaga HSP70 gene, which is also inducible. When
third instar larvae were heated at 37, 39, and 41'C for 1 h,
the Sarcophaga HSP70 gene in the fat body was activated

Fig 2. Reduction of the 2-ME concentration in the fat-body
culture medium. Fat bodies were cultured in BIS containing 0.5 mM
2-ME Medium samples were taken after various incubation times
and the amount of thiols remaining in the medium was determined as
follows, 50 n\ of the culture medium was mixed with 150 fi\ of 0.5
mM DTNB solution dissolved in 0 15 M phosphate buffer (pH 7 5)
containing 6 3 mM EDTA and measured A,,, The values were
normalized on the basis of the fat-body protein leveL The points and
bars represent the means and standard errors of the values of 6
measurements. Open circles indicate the values with fat body, and
closed circles, without fat body, respectively

significantly (Fig. 4A), whereas no appreciable activation of
the Sarcophaga lectin gene was detected (Fig. 4B). These
results indicate that the HPS70 gene was activated selec-
tively when Sarcophaga larvae were heated over 37'C.

Next, in order to examine the effect of AdoHcy on HSP70
gene expression, we first induced AdoHcy production in the
fat body at 25'C and then increased the culture medium
temperature to 37'C to activate the HSP70 gene. As shown
in Fig. 5, the HSP70 gene was activated at 37'C even in the
presence of AdoHcy, whereas under the same conditions,
the Sarcophaga lectin gene was not activated at all. These
results demonstrate clearly that AdoHcy selectively inhib-
ited activation of the Sarcophaga lectin gene, but not that
of the HSP70 gene.

Evidence for the Production of AdoHcy and Suppression
of Protein Transmethylotion in the Fat Body by Treating It
with Ado and HcyTL In Vitro—It became evident that
treating the fat body with Ado and HcyTL selectively

B

Fig. 4 Sarcophaga HSP70 gene activation. Third instar larvae
were heated m a water bath for 1 h, the fat bodies were harvested, the
RNA extracted and analyzed by Northern blot hybridization using the
477-bp fragment of Sarcophaga HSP70 cDNA (A) or Sarcophaga
lectin cDNA (B) Lane 1, control larvae (not heat treated), lane 2,
larvae heated at 37'C; lane 3, larvae heated at 39'C; lane 4, larvae
heated at 41'C Arrows indicate HSP70 mRNA (1.92 kb) and
Sarcophaga lectin mRNA (1 25 kb), respectively
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Fig. 3 Effect of AdoHcy produced in vivo on defense protein
gene expression. Fat bodies were incubated in BIS in the presence of
various concentrations of Ado and HcyTL for 2 h at 27'C, the RNA
was extracted from each fat body and expression of the Sarcophaga
lectin (A), sarcotoxin HA (B), and the 25-kDa protein (C) genes were
examined by Northern blot hybridization.

Fig. 5 Effect of AdoHcy on HSP70 gene activation. Fat bodies
were treated first with 1 mM each Ado and HcyTL for 2 h at 25'C in
BIS, then the temperature was increased to 37'C and incubation was
continued for 1 h, the RNA was extracted from each fat body and
Sarcophaga lectin (A) and HSP70 gene (B) expression was examined
by Northern blot hybridization The fat bodies from which RNAs were
extracted were treated as follows: lane 1, control (no incubation); lane
2, incubated in BIS at 25'C for 3 h; lane 3, incubated in BIS containing
Ado and HcyTL for 3 h at 25'C; lane 4, incubated in BIS containing
Ado and HcyTL for 2 h at 25'C and then at 37*C for 1 h.
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suppressed Sarcophaga lectin gene activation Therefore,
we investigated whether AdoHcy was actually produced in
the fat body under these conditions. Fat bodies treated with
Ado and HcyTL were homogenized, and the resulting
extracts were subjected to HPLC to detect AdoHcy. As
shown in Fig. 6, a clear AdoHcy peak was detected only in
the extracts of fat bodies treated with Ado and HcyTL,
indicating that AdoHcy was synthesized by and accumulat-
ed in the fat body.

Next, we examined the efficiency of protein methylation
under these conditions. Fat bodies were labeled with
[methyl-3H] Met in the presence of Ado and HcyTL and the
radioactive methyl groups that transferred to carboxyl
groups of proteins were trapped as [3H]methanol (29), the

0.08-

B

5 10 IS

retention time ( mln )

Fig 6. Accumulation of AdoHcy in fat bodies treated with Ado
and HcyTL. Fat bodies were incubated in BIS containing 1 mM each
Ado and HcyTL for 30 min at 27'C, then homogenized, and the
amount of AdoHcy in each homogenate was analyzed by HPLC. (A)
Fat body incubated in the presence of Ado and HcyTL. (B) Fat body
incubated in the absence of Ado and HcyTL. (C) Unincubated fat
body. (D) Elution profile of standard compounds, a, Ado (1 nmol), b,
AdoHcy (lnmol), c, HcyTL (10 nmol); d, methanesulfonic acid
background (2 /zmol) The arrows indicate AdoHcy peaks

radioactivity of which was measured. As summarized in
Table I, alkaline-labile methylester formation of fat-body
protein (carboxyl methylation) {36) was inhibited by 75%
in the presence of 1 mM both Ado and HcyTL. We assumed
this inhibition was due to AdoHcy produced under these
conditions. We also examined the effect of 2-ME on this
methylation reaction and found that it was inhibited by 55%
in the presence of 1 mM 2-ME. These results suggest that
both AdoHcy and 2-ME {37) inhibit the protein carboxyl
methylation reaction in the fat body, which results in
suppression of Sarcophaga lectin gene expression. This
transmethylation reaction was not required for the expres-
sion of the inducible HSP70 gene, suggesting that it is a
specific reaction needed for expression of the genes regulat-
ed by Rel family transcription factors.

Analysis of Methylated Protein in the Fat Body—To
examine methylated protein in the fat body, we cultured fat

TABLE I Effects of Ado+HcyTL and 2-ME on protein carbox-
yl methylation. Fat bodies were labeled with [methyl-'H]Met in the
presence of both Ado and HcyTL or 2-ME for 30 mm, and the
radioactivity of the methyl groups transferred to the protein was
measured as described previously Protein carboxyl methylation was
calculated as the volatile radioactivity relative to the total radioactiv-
ity, and expressed as a percentage The means of duplicate measure-
ments with deviations are shown.

Treatment

None
Ado+HcyTL
2-ME

Concentration
of reagent

(mM)
0
1 0
1 0

Protein carboxyl
methylation

5 1±1 4
1 3±0.1
2 3 ± 0 6

A cone, of CHX (mM)

0 0.03 0.3 3

Reduction of
carboxyl methylation

0
75
55

B cone, of CHX (pM)

0 12.5 25 50 100 200

r

Fig 7 Effect of CHX on Sarcophaga lectin gene expression
and protein synthesis. (A) Fat bodies were cultured in BIS contain-
ing indicated concentrations of CHX for 2 h at 27'C. Then RNA was
extracted from the fat bodies and Sarcophaga lectin gene expression
was examined by Northern blot hybridization. (B) Fat bodies were
incubated in BIS containing indicated concentration of CHX and 10
li Ci [MS)Met for 30 min at 27'C Labeled protein was analyzed by
SDS-polyacrylamide gel electrophoresis followed by fluorography.
Each lane contained 60 //g protein.
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Fig 8 Fluorography of methylated protein. Fat bodies were
cultured in BIS containing 100 y. M CHX and 30 ft Ci [methyl- 3H] Met
in the presence of 1 mM 2-ME or 1 mM each of Ado and HcyTL for 30
min at 27*C Fat body extract was prepared and analyzed by SDS-
polyacrylaraide gel electrophoresis followed by fluorography Each
lane contained 50 /xg protein Arrows A to D indicate proteins of
which methylation was inhibited by 2-ME Lane 1, fat body cultured
in BIS (control) alone, lane 2, fat body cultured with 2-ME, lane 3, fat
body cultured with Ado and HcyTL.

body in BIS in the presence of 100 /*M CHX and labeled
proteins with [3H] Met. Under these conditions, no appre-
ciable protein synthesis was detected, but activation of the
Sarcophaga lectin gene was not affected by CHX (Fig. 7).
Therefore, proteins are labeled only by transmethylation
under these conditions. As is evident from Fig. 8, various
proteins were methylated and this transmethylation reac-
tion was inhibited almost completely by AdoHcy, but partly
by 2-ME. As pointed out by arrows A to D, methylation of
some proteins seemed to be inhibited preferentially in the
presence of 2-ME. Possibly, these proteins are related to
the activation of the Sarcophaga lectin gene.

DISCUSSION

In a previous study, we demonstrated that when Sarco-
phaga larval fat bodies are simply incubated in a phos-
phate-buffered insect saline, various defense protein genes
are activated selectively, mimicking gene expression in
acute phase reactions, such as those in response to bacterial
infection or body injury (20). We found that this gene
activation was inhibited specifically by 2-ME, but once the
gene had been activated, 2-ME no longer inhibited its
transcription, suggesting that oxidation of the sulfhydryl
group of a fat body protein is a prerequisite for Sarcophaga
lectin gene activation (20).

In this study, we further investigated Sarcophaga lectin
gene activation in this system. AdoHcy is known to be a
potent inhibitor of transmethylation (35). We induced
AdoHcy synthesis in fat bodies by culturing them in
medium containing Ado and HcyTL (33, 34). Under these
conditions, Sarcophaga lectin gene expression, but not
HSP70 gene expression, was inhibited selectively and the
cellular transmethylation reaction was inhibited markedly.
Thus, transmethylation reaction seems to be also a prereq-

uisite for the activation of Sarcophaga defense protein
genes.

We found that the transmethylation reaction of certain
fat body proteins was also inhibited significantly when fat
bodies were cultured in the presence of 2-ME. Therefore,
inhibition of Sarcophaga lectin gene expression by 2-ME is
a complex reaction and may not be simply due to prevention
of the oxidation of sulfhydryl group of a fat body protein. As
2-ME is known to be methylated by the transmethylation
reaction and detoxicated in the cell (30-32), the fat bodies
may become deficient in the methyl donor (S-adenosyl-
L-methionine) when they are cultured in the presence of
2-ME, due to preferential use of the donor to detoxicate
2-ME. Consequently, the transmethylation reaction of a
certain fat body protein essential for defense protein gene
activation is blocked, resulting in suppression of their
activation. This transmethylation reaction may be needed
only for activation of defense protein genes.

It has been suggested that Rel family transcription
factors participate in insect defense protein gene activation
(38). The NF-xB-binding motif in the 5'-upstream region
of the Sarcophaga lectin gene was found to be essential for
accurate transcription initiation of this gene in vitro and we
assume that the 59-kDa protein that binds specifically to
this sequence participates in this reaction (19). This
protein is likely to be a Rel family transcription factor, such
as NF-xB. Law et al. showed that 5'-methylthioadenosine,
an inhibitor of several S-adenosyl-methionine dependent
methylation reaction, inhibited the lipopolysaccharide
induced NF-xB activation in mouse 70Z/3 pre-B lympho-
cytes (39).

The cellular concentration of GSH is known to be crucial
for NF-xB activation (22), and we have demonstrated that
the GSH level of the fat body decreases significantly when
Sarcophaga larval body wall is injured and when fat bodies
are cultured in vitro in BIS (21). However, nothing is
known of the mechanism that regulates the cellular GSH
level in the fat body. We assume that methylation of a
certain fat body protein is needed for the induction of GSH
metabolism in the fat body that we reported previously
(21), and this methylation is preferentially inhibited by
2-ME. This transmethylation reaction may be triggered by
integumental injury and/or bacterial infection of Sarco-
phaga larvae. The same transmethylation reaction appear-
ed to be activated when a fat body was simply cultured in
BIS.
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