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Abstract-Mcthomyl analogues were synthesized by substituting alkyl moieties (C2-Cz1) in the place of the carbamic 
methyl. They were assayed on mitochondria isolated from male sterile (F,T) and male fertile (F,N) maixe. They had no 
action on F,N mitochondria. The heptadecyl (C,,) and heneicosanyl (C,,) derivatives had no conspicuous effect on 
F,T mitochondria. By contrast, the ethyl, propyl, butyl, nonyl, tridecyl (C,,) and pentadecyl (C,,) derivatives had the 
same type of activity as Methomyl on F,T mitochondria, namely stimulation of NADH oxidation and inhibition of 
malate oxidation. Moreover, the concentration at which they were maximally effective decreased from 10 mM 
(Methomyl) to 3 PM (tridecyl derivativek hence, the latter compound has a biological activity which is nearly the same 
as that of Helminthosporium maydis toxin. 

INTRODUCTION 

Maize (Zeu mays L.) with a mitochondrial gene for male 
sterility (Texas male sterile cytoplasm or T) is highly 
susceptible to Helminthosporium maydis race T (HmT). A 
hostapecitic pathotoxin produced by HmT was purified 
and showed the same specificity as HmT [l]. A growing 
body of evidence suggests that mitochondria are the site of 
toxin action [2]. On isolated mitochondria HmT toxin 
stimulates exogenous NADH oxidation and inhibits 
malate oxidation [2,3]. The insecticide Methomyl (S- 
methyl-N-methylcarbamoyl-oxythioacetimidte, Me-NH 
-CO-0-N=C(Me)-So Me) was found to mimic the 
action of HmT toxin, both in plants [4] and on isolated 
mitochondria [S]. The actions of HmT toxin and 
Methomyl on F,T mitochondria are thought to involve 
membrane permeation to NAD (and possibly to NADH) 
[6,7], as well as uncoupling [8]. According to this view, 
following addition of HmT toxin or Methomyl to mito- 
chondria oxidizing exogenous NADH, this substrate can 
enter the matrix and be oxidized by both the external and 
internal NADH dehydrogenases. It results in an increase 
in NADH rate of oxidation. As NAD is a cofactor of 
malate oxidation, inhibition of this reaction would be 
caused by NAD depletion in the matrix [7]. 

Purified Methomyl shows toxic and specific action 
against isolated mitochondria and on sprouting of corn 
seeds with a Texas cytoplasm 193. We also carried out 
studies on the activity of Methomyl analogues on these 
two systems. We showed that only the Z- and not the E- 
isomer of Methomyl mimics toxin activity in F,T mito- 
chondria [lo]. We also found that the efficiency of 
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Methomyl is governed by very stringent structural re- 
quirements and by the extent of its electron conjugated 
system [9,11,12]. For instance, substitution of the car- 
bamic methyl moiety by a phenyl group leads to an 
ineffective and non-selective compound. By contrast, 
substitution by an ethyl moiety gives a derivative that 
retains the selective action of Methomyl towards F,T 
mitochondria. Hence, we synthesized analogues with alkyl 
(C,-C,,) moieties in the place of the carbamic methyl, in 
order to see the resulting change in activity on F,T 
mitochondria. 

RESULTS 

Oxidative phosphorylation 

All derivatives were without any effect on F,N maize 
mitochondria (data not shown). Fig. 1 shows that most of 
them had basically the same type of action on F,T 
mitochondria as Methomyl, namely stimulation of 
NADH oxidation and inhibition of malate oxidation. 
Their action on suazinate oxidation was less characte.ristic. 

NADH oxidation. On F,T mitochondria, heptadecyl 
(C,,) and heneicosanyl (C,,) derivatives were only mar- 
ginally effective on NADH oxidation (Figs l-3). They did 
not inhibit oxidative phosphorylation since they did not 
prevent establishment of state 3 (ADP phosphorylation) 
then state 4 (non-phosphorylative state). All other derivat- 
ives stimulated NADH oxidation in state 4. Their dose- 
response curves were bell-shaped (Fig. 2) and up to the 
tridecyl (C,,) derivative the longer the alkyl chain, the 
lower the concentration at which they were maximally 
effective: C, (Methomyl), 10mM; C,, 9-10mM; C,. 
4 mM; C,. 0.3 mM; C,, 7pM; C,,, 3 PM. Hence, the 
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Fig. 1. Action of some Mcthomyl derivatives on the oxidation of 
NADH, swzina te and malate by F,T mitochondria M, puritkd 
mitochondrin Substrates concentrations were NADH, 2 mM; 
stinate, 12.5 mM; malate, SO mM. ADPadditions wcreO.1 then 
0.2mM. Mcthomyl derivatives additions (D) were: C, 
(Methomyl), 10 mM; C,. 0.3 mM; Cl,, 3 pM; C,,, SO PM; C1,, 
0.1 mM. The numbers on the figure arc On consumption rates 
(nmol O&in/me protein). The data arc typical of experiments 

which were at least tripkatcd. 
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Fig. 2. Dose-response curves for stimulation of NADH oxida- 
tion in F,T mitoebondris by Methomyl derivatives. The corn- 
pounds arc indicated by the number of carbon atoms in their N- 
alkyl chain. Data are presented as explained in ‘Expetiental’and 

come from experiments that were at least triplicated. 

tridecyl (C,,) derivative and HmT toxin showed their 
maximum activity in the same concentration range. The 
pentadecyl (C, 5) derivative did not follow this trend since 
it was maximally effective at 50 PM. 

The extent of maximal stimulation of NADH oxidation 
decreased with increasing chain length. It was, as ex- 
pressed in percent of state 3 rate of NADH oxidation: C, 
(Methomyl), 157; C1, 95; C,, 89; C,, 84; C,, 79; C,,, 50; 
C,~,18;C,,andC,,,marginalandnotdetermined(HmT 
toxin, 161). 

Malate oxidation. At the pH we used (7.2) malate is 
prominently oxidized by malate dehydrogenase 1133. 
Methomyl as well as its analogues up to the pentadecyl 
(C, 3) derivative inhibited malate oxidation. This action is 
shown in Fig. 3, at concentrations corresponding to the 
maximal effect on NADH oxidation. The extent of state 4 
inhibition regularly decreased as chain length increased 
(ethyl, 68 %; tridecyl, 23 %). The C, , and C,, derivatives 
were without any effect and did not prevent a further 
phosphorylation cycle following ADP addition. 

I 

Fig. 3. Action of Methomyl derivativea on NADH, malate and 
succinrtc oxidation in F,T mitochondria. 

Mcthomyl derivatives were B in state 4 and the 
resulting rate of substrate oxidation wax expressed in Ye state 3. 
Results were normal&d to a state 3/state 4 ratio of 285. 

Effects of Methomyl derivativa on mslate and stinate 
oxidation were measured at the concentration which gave 
maximal stimulation on NADH oxidation. NADH, 0, tite, 0 ; 

succinnte. v. 

Fig. 4. n-Octanol/water partition cocf6ckmtx (Pow) of the 
Methomyl analogues ax a function of the numhcr of carbon 

atomx in their akyl chain. 

Succinate oxidation. Figure 3 shows that the ethyl and 
propyl analogues slightly inhibited succinate oxidation in 
state 4. The butyl, nonyl, tridecyl and pentadecyl ana- 
logues stimulated it (by 73 % in the case of the butyl and 
nonyl derivatives). The mitochondria were uncoupled in 
the presence of the ethyl to nonyl derivatives. and 
remained only partially coupled in the presence of the 
tridecyl and pentadecyl derivatives (data not shown). The 
C,, and C,, analogues were without any conspicuous 
action. 

In our experiments, Methomyl behaved as a poor 
uncoupler, as was also observed by Koeppe et al. 

\ 
53. This 

seems to contradict Klein and Koeppe’s results [8 , which 
showed that Methomyl permeabilizea the inner mito- 
chondrial membrane to H + ions. The discrepancy could 
be due to an inhibition of the succinatedriven electron 
flow, the inhibitory action concealing the stimulation 
brought about by the uncoupling. Indeed. Methomyl 
inhibited state 3 succinate oxidation (data not shown). 

n-OctanolJwater partition co&cients 

Figure 4 shows that the n-octanol/water partition 
coefficients of the Methomyl analogues regularly in- 
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creased with the alkyl chain length. They were: C, 
(Methomyl), 0.9; C,, 9; C,, 28; C,, 68; C,, 355; C,,, 768; 
C,,, 1162; C,,, 1653; Csi, 3058. 

DISCUSSION 

The most striking feature of our results is given by the 
ethyl-tridecyl Methomyl analogues. First, the longer their 
N-alkyl chain, the lower the concentration at which the 
analogues were maximally active. In the case of the tridecyl 
derivative, this concentration was about the same as for 
HmT toxin. Secondly, these compounds retain the select- 
ive action of Methomyl (and HmT toxin) towards F,T 
maize mitochondria. In other words, they are without any 
action against F,N (male fertile) mitochondria, while they 
stimulate NADH oxidation and inhibit malate oxidation 
in F,T mitochondria. 

The increase in the N-alkyl chain length results in a 
tremendous increase in lipophilicity since the n- 
octanol/water partition coefficient of Methomyl (C,) is 0.9 
whereas that of the tridecyl derivative is 768. The target of 
Methomyl is probably located in the inner mitochondrial 
membrane [7]; hence, these compounds equilibrate with 
their target in a lipophilic environment. The higher their 
lipophilicity, the higher their partition into the mito- 
chondrial membrane, the higher their concentration in 
the vicinity of the target and the greater their occupancy 
of the active site. This would explain why from the ethyl to 
the tridecyl derivatives we observed a decrease in the active 
concentrations. 

This hypothesis is in line with the work of Susuki et al. 
114,153 who studied the biological activity of synthetic 
HmT toxin analogues. They found that the selective action 
of the derivatives was governed by strict requirements 
about the relative position of the /I-ketol moieties: they 
were more active if they were spaced by -(CH,),- or 
- (CH&- bridges. Moreover, as in our study, there was a 
clear relationship between the length of the alkyl chain in 
the analogues and the concentration at which they were 
active. Hence, li~ph~icity plays a great part in the activity 
of both HmT toxin and Methomyl derivatives. 

However, this view cannot account for two of our 
results. Firstly, the pentadecyl derivative is far less active 
than the tridecyl derivative in spite of a higher partition 
coefficient, and the even more lipophilic heptadecyl (C, ,) 
and heneicosanyl (C,,) analogues were virtually inactive 
(Fig. 2). Secondly, although the ethy1 derivative is about 10 
times more lipophilic than Methomyl (C,), it is neverthe- 
less maximally active at the same concentration. 

As far as the ethyl derivative and Methomyl are 
concerned, one can notice that the 8rst compound is 40% 
less active than Methomyl in stimulating NADH oxida- 
tion (Figs 2,3 and 5). The ethyl moiety has a slightly higher 
electron-donating effect than the methyl moiety as shown 
by the pK, values of the alkyl organic acids [ 163. Hence 
the replacement of methyl by ethyl in Methomyl can be 
expected to perturb the conjugated electron system which, 
as we have shown [S-12], takes a part in the ineraction 
with the target. As this perturbation is limited, it results in 
a decrease in activity, not a complete loss. This could 
explain why the higher li~ph~~ty of the ethyl analogue, 
as compared to Methomyl, is not paralleled by a higher 
biological activity. 

In order to explain the low to zero activity of longchain 
Methomyl derivatives, it is helpful to have a look at Fig. 3 
which summarizes the actions of the whole series on the 
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Fig. 5. Relation&p between the deputy of Methomyl 
derivatives and their action on NADH oxidation in F,T 
mitochondria. 

Pow, n-octanol/water partition coefficient. CM, molar concen- 
tration at which a derivative is maximally active. Stim, stimu- 
lation of NADH oxidation in percent of the previous state 3 rate. 

oxidation of NADH, malate and succinate by F,T maize 
mitochondria. Figures 3 and 5 show that as the chain 
length of Methomyl analogues increases, the extent to 
which they stimulate NADH oxidation decreases. The 
same pattern is observed with the inhibition of malate 
oxidation by the analogues. The decrease is slight from 
ethyl to nonyl derivatives, then becomes sharper with the 
tridecyl derivative. Hence, the longer the aIky1 chain, the 
less effective the interaction with the target; a critical 
length is observed for 13-15 carbon atoms. As the 
electron-donating properties in the alkyl series are very 
close for the moieties longer than ethyl [16]. they cannot 
account for the observed decrease in biological activity, 
Steric hindrances might be responsible for it. 

Another explanation takes into account the location of 
the putative Methomyl target in the mitochondrion. As it 
very probably is a protein in the inner membrane 171, 
Methomyl analogues have Rrst to go through the mito- 
chondrial outer membrane to reach their target. They 
undergo successive partitions between the suspension 
medium, the outer membrane, the inter-membrane space, 
and finally the inner membrane. It allows the analogues 
with an average lipophihcity to reach the target in 
sufficient amounts to be active. By contrast, one can expect 
that the more lipophilic compounds are extensively ac- 
cumulated in the outer membrane, but not readily released 
into the intermembrane space. Hence, they would tend to 
be blocked in the outer membrane and reach the inner 
membrane only in limited amounts. 

As a conclusion, we can draw the following hypothesis. 
The increase in the alkyl chain length of Methomyl 
analogues could affect their biochemical activity in three 
ways: the resulting increase in lipophilicity favours their 
accumulation in the vicinity of their site of action in the 
~t~hon~ inner membrane; for the most ~~p~~ 
derivatives, the increase in lipophilicity can aIso have 
an adverse effect since they could be blocked in the mito- 
chondrial outer membrane; the increased chain length 
might decrease the effectiveness of their interaction with 
the target. 

The relative importance of each of these three factors is 
expected to vary according to the alkyl chain length. In this 
view, for the ethyl to nonyl derivatives the interaction with 
the target is partly decreased; their concentration in 
the inner mitochondrial membrane compensates for the 
loss in atity and allows them to act at low concentra- 
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tions in the suspension medium. For the tridecyl derivat- 
ive, the interaction is further decreased but its high 
lipophilkity still favours its activity. For the pentadecyi 
analogue, the interaction with the target is drastically 
lowered and its high ~~phi~i~ity only partially com- 
pensates for that, since it makes the chemical be retained 
in the outer mitochondrial membrane. For the heptadecyl 
and heneicosanyl derivatives the loss of affinity for the 
target is complete and they are anyway accumulated in the 
outer mitochondrial membrane. 

EXPERIMENTAL 

Methomyl amlogues. These were obtained by reaction of alkyl 
isocyanates with the corresponding oximes. The oximes were 
obtained from the appropriate ketones [17]. Al compounds 
synthesized had analytical and spectroscopic data (IR, ‘H and 
r3C NMR) in agmement with the structure. 

n-Octanol/H~O fmrtitioa coclgcients. The partition co&c&t 
(Pow) of Methomyl was determined spectrophotometrically at 
234 nm. The partition coe8icient.s (Pow) of Metbomyl analogues 
were determined from their R,s on reversed-phase HPLC [ 183. 
The relationship between Pow and the R, is: log(Pow) = o log (k’) 
+ h, where a and & are parameters depending on the chromatog- 
raphic system and are obtained from compounds of known Pow 
and k’ = (t,-r&!tD where t, is the B, of the compound under 
study and c0 the B, of a compound which does not interact with 
the stationary phase. 

Thecoetlicients were determined by using an Ultrasphere ODS 
C,, column (Alteck) operated at Zoo0 psi in a Waters 6ooo A 
chromatogmph. One % formic acid was introdmed in samples to 
determine r,,. 

Due to their wide range of lipophilicity, Methomyl analogues 
had to bt studied with two different mobile phases, namely 67 % 
EtOH for the C&-C, analogues and 96% EtOH for the C$- 
C,, analogues. With 67 % EtOH the reference compounds were 
Methomyl and the herbicides Fenuron (N,Ndimethyl-N’- 
phenylure.a), Mcthoxuron [N’-(3shloro4methoxyphenyl)= 
N,Ndimethylurea] and Monuron [N’+chlorophenyl)N,N- 
dimethylurea]. Their log(Pow) were respectively: - 0.03, 0.72, 
1.52 and 1.66. In this system, the relationship between log(Pow) 
and k’ was: log(Pow) = 1.35 k’+ 2.71, (r2 = 0.98). With 96% 
EtOH the reference compounds were C,H, and the herbides 
Monuron, Diuron [N’-(3,4diihlorophenyl)-N-Ndimethylurea] 
and Terbutryae EN-(l,ldimethylethyI)-N’dhyl-6-(mcthylthiob 
1,3.5-triaxine-2,4-diaminc) Their log(Pow) were respectively: 
2.13, 1.66, 2.60 and 3.74. In this system the relationship between 
log(Pow) and k’ was: log(Pow) = 0.89 k’ + 3.43, (r’ = 0.85) 

Prepururion and ussay ofmitochondria. They were prepared by a 
conventional method [lo] and further purified on a Percolf 
gradient [ 193. They were assayed in the same conditions as in [ iO] 
except that we used an assay medium devoid of bovine serum 
albumine (BSA). It is known that lipophilic compounds and in 
particular pesticides can extensively adsorb on BSA [20,21]; this 
phenomenon could have biased the results with the present 
Methomyl analogues which greatly differ in their lipophilicity. 
The absence of BSA in the reaction medium lowered the 
respiratory control ratio; however, it was consistently above 2.5 
with NADH as substrate. The reaction medium was 3OOmM 
mannitol, IO mM KC), 5 mM MgCI,, 10 mM KPi, pH 7.2, Qo, 
was 150-180 nmol0, min/mg protein for state 3 NADH oxida- 
tion. Puritied maixe mitochondria were used throughout this 
study since their susceptibility towards Methomyl did not 

demease with time. By contra& washed mitochondria rapidly 
lose their susceptibility as first described by Pbam and Gregory 
[22] and experienced by ourseNes [ 10,ll J_ 

In order to study the stim~ation of NADH oxidation by 
Methomyl analogues, about 0.25 m&ml mitochondrial protein 
was suspended in the respiratory medium, the reaction was 
started by addition of 2 mM NADH,a first phosphorylation cycle 
wasinitiated byO.1 mM ADPand thecompound under study was 
added 1 min after return to state 4 conditions (ADP depleted). As 
some Methomyl analogues induced a non-linear enhancement of 
NADH oxidation, their effect was measured in linear conditions 
2 min aRer their addition to the reaction medium. The stimu- 
lation they brought about was cxprespcd as a percent of the 
previous state 3 rate of oxygen consumption to avoid the 
interference that an uncoupling action [S] would have introduced 
in determinations based on state 4 measurements, The action of 
HmT toxin was determined in the same way. 

There were some variations in respiratory control ratios 
between ditTerent mitochondrial preparations as well as in the 
extent of the stimulation of NADH oxidation. Although they 
were limited (s.dds were lower than 20% of the mean), in order to 
present in Fig. 2a comprehensive view of the activity of 
Methomyl analogues, we had to normalire both respiratory 
control ratios and the stimulations of NADH oxidation. As 
reference values we choose 2.85 and 157% respectively for , 
respiratory control ratio and stimulation of NADH oxidation by 
1OmM Methomyl (a 10mM Methomyl control was done for 
each preparation). 
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