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Chemical Self-Defense by Termite Workers:

Prevention of Autotoxication in Two Rhinotermitids

Abstract. Soldiers of the lower termites Prorhinotermes simplex and Schedorhino-
termes lamanianus (Isoptera, Rhinotermitidae) have electrophilic contact poisons
used in colony defense. Workers of these termites die when exposed to the defense
secretion of the other species, but survive when exposed to chemicals firom
conspecific soldiers. Detoxication occurs by an initial substrate-specific reduction of
the electron-deficient double bond of the nitroalkene (Prorhinotermes simplex) or
vinyl ketone (Schedorhinotermes lamanianus) followed by complete catabolism to

acetate.

Chemical defense has evolved numer-
ous times in the termite families Rhino-
termitidae and Termitidae (/). Three de-
fensive strategies are employed by
chemically armed soldier termites (2): (i)
biting, with the addition of an oily, toxic
or irritating secretion from the frontal
gland reservoir (Termitinae), (ii) brush-
ing a copious amount of a hydrophobic
contact poison onto the cuticle of an
attacker (Rhinotermitidae), or (iii) ejec-
tion of an irritating glue-like secretion
(Nasutitermitinae). Each of these modes
of chemical defense requires a strategy
for chemical self-defense (3), that is, a
mechanism for conspecifics to avoid in-
toxication. Termite workers of the spe-
cies Prorhinotermes simplex (Prorhino-
termitinae) survive exposure to vapors
and liquid forms of a volatile, toxic ni-
troalkene (4) secreted by conspecific sol-
diers during an attack on the colony.
Similarly, Schedorhinotermes Ilaman-
ianus (Rhinotermitinae) workers survive
exposure to volatile vinyl ketones (5)
produced by their soldiers in response to
disturbance. We now report that the
termite workers of these two species
have substrate-specific alkene reduc-
tases which, in the presence of a reduced
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nucleotide cofactor, catalyze the reduc-
tion of the electron-deficient double
bond of the unsaturated electrophilic
group. The saturated compounds are
subsequently recycled in vivo by way of
catabolism to acetate. This represents a
rare example of an electrophilic insecti-
cidal compound that is detoxified by

initial reduction rather than by oxidation

or conjugation (or both) (6, 7).
Radioactively labeled defense secre-
tion compounds were synthesized (Fig.

1) (8). Condensation of [1-'*Cltetradec-
anal (8) with nitromethane in methanolic
sodium methoxide (4) followed by stir-
ring the nitroalcohol with acetic anhy-
dride-pyridine gave (E)-1-nitro-1-[2-
14Clpentadecene (1) (0.05 mCi/mmole) in
37 percent chemical yield after chroma-
tography and recrystallization from cold
hexane. The vinyl ketone was prepared
(5, 6) by reaction of 11-[1-'*C]dodecenal
(8) with vinylmagnesium bromide fol-
lowed by oxidation of the allylic alcohol
with manganese dioxide to give 1,13-[3-
l4Cltetradecadien-3-one (3) (0.32 mCi/
mmole) in 53 percent yield after chroma-
tography. Unlabeled nitroalkene 1 and
vinyl ketone 3 were also prepared for
comparative toxicity studies and for
monitoring detoxication by gas chroma-
tography.

Twenty worker termites of Schedo-
rhinotermes lamanianus (9) were treated
with the labeled vinyl ketone [3-'*C]3 by
topical application of 100 pg per termite
and were held in sealed dishes for 24
hours at 27°C. The termites were then
homogenized in methanol, the extract
was centrifuged, and the supernatant
was subjected to reverse-phase high-
performance liquid chromatography
(10). Three peaks of radioactivity could
be observed during gradient elution from
water to methanol. Peak 1 (36 percent of
soluble radioactivity) eluted at the sol-
vent front and was shown to contain
[“Clacetate by purification of the p-
bromophenacyl derivative (8). Peak 2 (21
percent) cochromatographed with the
glutathione conjugate of 3 (8, //) under
these high-performance liquid chroma-
tography conditions; however, a higher
resolution separation (8) revealed the
absence of glutathione or cysteine conju-

“gates, and the identity of this peak is

uncertain. Peak 3 (43 percent) cochro-
matographed with starting vinyl ketone
3, but lacked the ultraviolet absorption at

Prorhinotermes simplex

|
CH4(CH,) g CHy C = CNO,

Fig. 1. Synthesis and detoxica-

tion of radioactively labeled 1.
soldier defense secretions.
(Top) Nitroalkene 1 is con-
verted first to nitroalkane 2
and then to acetate. (Bottom)
Vinyl ketone 3 is converted
first to ethyl ketone 4 and then
to acetate. Biosynthesis of the
nitroalkene 1 from acetate by
soldiers has also been demon-
strated (8). 1,

Na'“CN

4, Acp0, Py

Na'“CN

H

2. DIBAL; H3O
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Table 1. Interspecific toxicity {LDsy, median lethal dose) of defense substances to three species
of rhinotermitid workers. Twenty-five workers were exposed to pure synthetic compounds
impregnated in moistened cellulose pads in sealed dishes (8).

Substance LDso (milligrams per dish at 48 hours)
tested R. flavipes P. simplex S. lamanianus
Nitroalkene 1 0.45 >'10 1.2
Nitroalkane 2 0.75 > 10 1.5
Vinyl ketone 3 0.05 0.11 0.60
Ethyl ketone 4 0.65 0.65 >3

219 nm. Peak 3 was more abundant after
the reaction mixture was incubated for 4
hours (peaks 1, 2, and 3—16:26: 58) and
was virtually absent after 48 hours
(peaks 1, 2, and 3—75:25:0).

The identity of the first-produced de-
toxication product contained in peak 3
was established by capillary gas chroma-
tography (/2) and by synthesis (8) as the
saturated ketone 4. The time course of
production of 4 was established by
incubation of 3 with tissue homogenates
containing different cofactors and then
monitoring the appearance of 4 and dis-
appearance of 3 by quantitative gas chro-
matography analysis (Fig. 2). Further-
more, reduction of the unconjugated
13,14 double bond was not detected dur-
ing those incubations, although this
product has now been detected (/2) in
the soldier secretion. The initial reduc-
tive detoxication of vinyl ketone 3 in
vitro was independent of added glutathi-
one but dependent on the presence of a
reduced nucleotide cofactor. Moreover,
the half-life of 3 in vitro was less than 1
hour in the presence of a tenfold excess
of NADH or NADPH (nicotinamide ade-
nine dinucleotide reduced or nicotin-
amide adenine dinucleotide phosphate
reduced) and the more electrophilic con-
jugated alkene was reduced selectively.

Topical application of 100 pg of the
labeled nitroalkene [2-'“C]1 to each of 20
workers of Prorhinotermes simplex (9)
was followed by incubation (24 hours),
homogenization, and analysis by high-
performance liquid chromatography (10)
and gas chromatography (/2) as de-
scribed above. Radioactivity peaks 1 (72
percent), 2 (4 percent), and 3 (24 percent)
were observed in the liquid chromato-
gram, corresponding to labeled acetate,
the glutathione conjugate of 1 and re-
duced starting material, respectively.
Gas chromatographic analysis of peak 3
confirmed that only the saturated nitroal-
kane 2 was present after 24 hours of
incubation,

The interspecific toxicities of the two
defense secretions and their reduced
forms were determined by exposing
workers of P. simplex, S. lamanianus,
and the eastern subterranean termite Re-
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ticulitermes flavipes to filter pads con-
taining unlabeled 1, 2, 3, or 4. Mortality
after 48 hours for these two compounds
is shown in Table 1. Exposure to the
vinyl ketone 3 (S. lamanianus soldier
secretion) results in rapid mortality of R.
flavipes even at low doses, whereas S.
lamanianus is kKilled slowly at 2 mg per
dish. An intermediate ability to detoxify
this ‘“‘unfamiliar’’ electrophilic com-
pound is shown by P. simplex. Exposure
to the nitroalkene 1 (P. simplex soldier
secretion) also causes mortality in R.
Aavipes, whereas P. simplex is unaffect-
ed even at high doses. Schedorhino-
termes lamanianus possesses an inter-
mediate ability to survive this electro-
philic toxin. The vinyl ketone 3 is more
toxic than 1 by an order of magnitude.
The saturated -detoxication products 2
and 4 showed lower toxicity for each of
the three species tested.

The reductive detoxication of electro-
philes by an insect is unprecedented and
surprising. We had begun this project
with the expectation that either mercap-
turic acids or glutathione conjugates (13,
14) would be isolated as the primary
detoxication products, in which addition

N
N

b
E [ NADPH /:?';'
0.8k
P
-
2 04}
E i
o Control  ,GSH  Blanks
0 30 60 90 180 360
Time {min)

Fig. 2. Cofactor requirements and time course
of reductive detoxication of vinyl ketone 3 by
tissue homogenates of Schedorhinotermes la-
manianus workers. Workers (100) were ho-
mogenized in 50 mM phosphate buffer (pH
7.2) containing 25 mM MgCl,, and incuba-
tions were performed with 1.3 mM vinyl ke-
tone 3 and added cofactors (closed symbols)
at the following concentrations: NADPH (tri-
angles), 10 mM; NADH (squares), 10 mM;
reduced glutathione (inverted triangles), 4
mM; and with no cofactors (circles). Blank
determinations on cofactor solutions lacking
tissue homogenates are shown as open sym-
bols. The natural detoxication product, satu-
rated ketone 4, was determined by quantita-
tive gas liquid chromatography of ethyl ace-
tate extracts of the incubation mixtures (/2).

of nucleophilic sulfhydryl groups to the
unsaturated systems would provide
more water-soluble, less reactive com-
pounds. Glutathione S-transferase activ-
ity has been found in flies (/5), caterpil-
lars (16), cockroaches (/7), and other
invertebrates (/8), and is implicated in
resistance to chloronitrobenzenes, diaz-
inon, and various organophosphorus in-
secticides (/5). Although these two ter-
mite species'do have glutathione S-trans-
ferase activity (8), this is clearly not the
primary mode of detoxication.

Soldiers of the advanced rhinotermi-
tines have evolved as unusual ability to
biosynthesize (8) lipid-soluble contact
poisons on the basis of the modification
of fatty acids into nitroalkenes, vinyl
ketones, and B-ketoaldehydes (/9). Each
minor soldier of S. lamanianus contains
300 g of a mixture of vinyl ketones,
sufficient to kill hundreds of biochemi-
cally unprotected arthropods (5). The
rapid reduction of endogenous electro-
philic compounds may be the result of
evolutionary pressures on termites to
develop detoxication pathways which
are nitrogen-conserving. The low dietary
nitrogen intake of termites has resulted
in a variety of nitrogen conservation
strategies (20). Indeed, detoxication of a
defense substance by reduction of the
cytotoxic moiety followed by the recy-
cling of its carbons by oxidative catabo-
lism represents an adaptation for the
avoidance of nitrogen loss inherent in the
excretion of glutathione or cysteine con-
jugates of insecticides (21).

S. G. SPANTON
G. D. PRESTWICH
Department of Chemistry,
State University of New York,
Stony Brook 11794
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Side-Effect Reduction by Use of Drugs That
Bind to Separate but Equivalent Binding Sites

Abstract. If two drugs cause the same molecular effect by binding to separate
noncompetitive binding sites, therapy with a mixture of the two drugs can provide a
given desired effect with a lower level of side effects than therapy with either drug

alone.

We recently demonstrated that ba-
trachotoxin-activated sodium channels
have at least two binding sites for local
anesthetics and that binding of a local
anesthetic at either or both sites prevents
ions from passing through the channel.
When we simultaneously applied two
local anesthetics, each with a specificity
for a separate site, we observed that the
drugs acted synergistically to block the
sodium channels (/). Synergism of two
local anesthetics was also observed by
Mrose and Ritchie (2). We have suggest-
ed the possible clinical usefulness of this
effect (7).

This type of synergism is quite gener-
al, and corresponds to the case of coop-
erative noncompetitive inhibitors in en-
zyme Kinetics (3). It occurs whenever (i)
there are two receptor sites, binding to
either or both of which causes the same
molecular effect; (ii) drugs are available
that have a specificity for each site; and
(iii) the dissociation constant for the
binding of each drug to its receptor does
not depend on whether the other site is
occupied.

Local anesthetics that are more potent
in terms of desired effects also have
stronger side effects (4). We considered
the case in which both this generalization
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and cooperative noncompetitive inhibi-
tion apply and calculated the relative
side effects for single-drug therapy and
for two-drug therapy with additive side
effects. We found that two-drug therapy
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Fig. 1. (A) Side effect-response curves. The
parameter R is the ratio of side-effect disso-
ciation constant to desired-effect dissociation
constant. For each R, the solid curve corre-
sponds to one drug and the dashed curve
corresponds to mixtures of two drugs that
bind to separate but equivalent sites. (B) Side-
effect ratio as a function of R and the fraction
of the maximum response.
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results in weaker side effects. The ratio
of side effects for two-drug therapy to
side effects for single-drug therapy can
be expressed as a function of the thera-
peutic ratio and the fraction of channels
(or other molecules) that must be inhibit-
ed.

Although mixed-drug therapy with the
intent of reducing side effects while
maintaining maximum desired effect has
been common medical practice for some
time, it generally has not been employed
for the case in which the side effects are
additive. In this report we explicitly con-
sider this case.

For two cooperative noncompetitive
inhibitors, the fraction of states that have
at least one drug bound is (3)

Fz =
(DVK)) + (Dy/K>) + (D1Dy/K(K>)
1 + (DVK)) + (Dy/K5) + (D\D+/K K>)
()

where D, and D, are the drug concentra-
tions at the receptor sites (which we will
refer to as dosage) and K, and K are the
respective dissociation constants.

Mathematically, the synergism be-
tween the two drugs occurs because the
cross-term in Eq. 1 increases F,. Using
the example of drugs that block sodium
channels, we can give a more physical
explanation for the synergism. After ap-
plication of the first drug, addition of a
second drug not only blocks additional
channels (as would increased dosage of
the first drug), it doubly blocks some
channels that would otherwise be singly
blocked. Since there is a lower probabili-
ty for a channel blocked by two drugs to
open than there is for a channel blocked
by one drug, the equilibrium is driven
toward more closed channels. At low
dosages of both drugs, the fraction of
channels with both sites occupied is
small, so there is relatively little syner-
gism. As the dosages increase, the rela-
tive fraction of doubly blocked channels
increases, as does the synergism.

Equation 1 represents the dose-re-
sponse curve for two drugs. If only one
drug is present, D, is zero and Eq. 1
reduces to the dose-response curve for
one drug binding to a single site:

F, = D\/(K; + D)) (2)

Comparison of Eqgs. 1 and 2 indicates
that only when the two dissociation con-
stants are approximately equal does ad-
ministration of a mixture of two drugs
result in a lower total dosage for a given
desired effect. Furthermore, reduction of
dosage per se is only important for ex-
pensive drugs. A more important advan-
tage of synergism is the reduction of
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