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that the salinity of the germinating media induced some 
changes in the composition of lipids in jojoba seeds and 
these changes are most likely from an indirect effect of 
salinity on lipid utilization. While we cannot be certain 
that individual metabolic pathways are being affected 
differently by increased salinity, if the same general path- 
way suffers a slower rate of metabolism because of an 
increase in the free energy of activation, we would expect 
the pathway to exhibit a greater degree of discrimina- 
tion among the different substrates. 
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Design of Enzyme-Targeted Agrochemicals 
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The deliberate and considered design of chemical pesticides to inhibit specific enzyme (protein) sites 
represents the next likely step in the pursuit of novel agrochemicals. The transition from the current 
procedure of random screening, or analogue synthesis, to enzyme-targeted design will occur through 
positive cooperativity rather than competition. Possible strategies through which the design of enzyme- 
targeted agrochemicals can occur are discussed. 

The pursuit of novel pesticidal compounds for appli- 
cation in agriculture is now at a critical point that will 

determine the future of this industry. In almost every 
case where a pesticide acts through specific enzyme inhi- 
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bition, the compound in question was obtained by acci- 
dent rather than design. The “accidental” discovery is 
referred to as random screening (Menn, 1983), and to 
date this has been the sustaining approach in the agro- 
chemical industry. The concept of designing pesticides, 
of all kinds, to act at  a predetermined and previously 
characterized site(s) represents the most controversial 
aspect in the future of novel agrochemical development 
(Menn, 1983; Menn and Henrick, 1985). The contro- 
versy arises not over the desirability of the products of 
this strategy but rather in the nature of the approach 
employed to synthesize them. 

To assess the potential of targeted agrochemical syn- 
thesis, we must first analyze the weakness of the alter- 
native, “random” approach. Reviews of the mechanism 
of random screening indicate a dramatic rise in the num- 
ber of compounds required for a successful discovery 
(Menn, 1983; Menn and Henrick, 1985). In 1956, a com- 
mercial product could be expected from screening 1800 
compounds; by 1978, the number had risen to as high as 
30 000. It  must be assumed that this trend has contin- 
ued in the last 10 years and is reflected in the decreas- 
ing number of chemical companies active in pesticide 
research (Menn, 1983). Despite this discomforting trend, 
the random approach has worked and the success of this 
strategy is the major reason we can now consider tar- 
geted synthesis (Baillie, 1985; Miller, 1985). For this rea- 
son, the transition from random screening to target-di- 
rected synthesis can be considered evolutionary rather 
than revolutionary. 

The close relationship between these two approaches 
is clearly demonstrated when we consider the first step 
required in any targeted synthesis program. The selec- 
tion of a target site for any pesticide must give overrid- 
ing consideration to the “lethality” of that site. In the 
context of industrial research, the difference between an 
enzyme inhibitor and a pesticide can be measured in mil- 
lions of dollars. The most promising target, therefore, is 
one at  which a known pesticide acts. I t  is no coinci- 
dence that discovery of the site of action of atrazine (Arn- 
tzen et al., 1983) and subsequent structural characteriza- 
tion of the site (Trebst, 1986) provoked renewed interest 
in the synthesis of photosynthetic inhibitors (Drabber, 
1987). Similarly, the neurotoxic activity of insecticides 
such as DDT encouraged the synthesis of second-gener- 
ation pyrethroids (Coats, 19821, e.g., fluvalinate. While 
this “piggyback” approach to targeted design does have 
heuristic appeal, it is not always the perfect solution. In 
many instances, the sins of the father are visited upon 
the children in the form of resistant pests. In other cases, 
the products of random screening are so unique that fur- 
ther exploitation of the site is impossible. The postemer- 
gent herbicide glyphosate is apparently an excellent exam- 
ple of the unique exploitation of an enzyme site (Stein- 
rucken and Amrhein, 1984). 

If a previously exploited enzyme site cannot be guar- 
anteed to give a product, then the next best thing is to 
exploit another enzyme in the same pathway. Several 
instances of this approach to selecting a target site can 
be found in the literature, one obvious example being 
the compound HOE-704 (Schulz et  al., 1988). This her- 
bicidal compound inhibits the second step in the biosyn- 
thesis of branched-chain amino acids, the enzyme aceto- 
lactate reductoisomerase. The first enzyme in this path- 
way, acetolactate synthase, is the site of action of the 
sulfonylurea (LaRossa and Schloss, 1984) and imidazoli- 
none (Shaner et al., 1984) herbicides. This method of 
target selection does not encounter the same problems 
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as the piggyback approach but often entails extensive 
biological/ biochemical investigation of enzymes not pre- 
viously characterized in the target pest. It is often the 
requirement of an extended period of apparently unpro- 
ductive biochemistry that raises the biggest objections 
to a target-directed synthesis program. 

Having selected a target enzyme, or receptor, and char- 
acterized its properties in vitro and, if possible, in vivo, 
we are faced with the difficult task of chemical synthe- 
sis based on a biological/biochemical precedent. The 
chemist can, in theory, exploit a t  least three existing lead 
structures: the substrate(s), the transition state, and the 
product(s). In the case of many enzymes, natural regu- 
lators might also provide a valuable lead structure (Chris- 
topherson and Morrison, 1985). The obvious target struc- 
ture to pursue is that of the transition state, if it can be 
determined, since this structure will always have the high- 
est affinity for the enzyme active site (Schloss, 1988). The 
synthesis of such compounds requires detailed informa- 
tion of the mechanistic route of the catalyzed reaction 
and usually involves complex synthesis of metastable tran- 
sition-state mimics. Excellent examples of this approach 
to inhibitor design include targets such as chorismate 
mutase (Bartlett et  al., 1988) and isopentenyl-diphos- 
phate isomerase (Muehlbacher and Poulter, 1988). Yet, 
despite the sophistication of the science involved, no com- 
mercial pesticides have yet been developed from a tran- 
sition-state design program. However, effective pesti- 
cidal transition-state mimics have been obtained by other 
means. For example, the herbicide gluphosinate (phosphi- 
nothricin) is a potent transition-state mimic that inhib- 
its the enzyme glutamine synthetase (Logush et  al., 1988). 
The existence of such compounds does suggest that the 
synthesis of transition-state analogues will eventually lead 
to commercial products. Substrate mimics, on the other 
hand, require less complex biochemical investigation of 
the target and, in some cases, less complex chemical syn- 
thesis. The limitation of substrate analogues often lies 
in the lack of specificity, since a given compound might 
often be the substrate of several enzymes. Furthermore, 
substrate mimics normally require relatively high con- 
centrations at  the active site. This last factor is often 
exacerbated by the subsequent accumulation of the nat- 
ural substrate during the process of inhibition. The syn- 
thesis of irreversible inhibitors (Muehlbacher and Poulter, 
1988) will, of course, overcome any accumulation of sub- 
strate. The synthesis of substrate analogues is essential 
in designing receptor ligands, where we can consider the 
natural ligand (hormone) as a substrate. This approach 
has been most actively pursued in the area of insecticide 
design, for example juvenoid analogues (Henrick, 1982), 
glutamate and GABA antagonists (Eldefrawi et al., 1985), 
and even neuropeptide analogues (Menn and Borkovec, 
1989). 

One final approach to target-directed synthesis is the 
design of suicide substrate compounds that, during the 
catalytic conversion, covalently attach to the enzyme active 
site. Such inhibitors often incorporate elements of the 
substrate, transition state, and product structures and 
are normally very specific and highly potent irreversible 
enzyme inhibitor (Waley, 1985). Although few exam- 
ples of this approach can currently be found in the list 
of agrochemicals, the literature does contain examples 
from other fields (Kuo and Jordon, 1983). 

A t  this stage in the evolution of pesticide design, not 
even the most ardent supporters would suggest that tar- 
geted synthesis is ready to replace random screening. How- 
ever, as the development of molecular modeling and molec- 
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ular  biology improves our  ability to probe protein s t ruc-  
ture-function, the g a p  between the possibilities and 
probabilities of th i s  s ta tegy will decrease. The ul t imate  
benefits of th i s  approach will be a much broader range 
of environmental ly  safe agrochemicals. 
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