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Novel substrates for the kinetic assay of esterases associated with insecticide resistance 
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Abstract. Naphthalene thioesters were Synthesized as substrates for a continuous, non-disruptive kinetic assay of  
general carboxylesterase activity. The continuous nature of the assay is based on the production of  a soluble 
dianion chromophore from the reaction of  naphthalene thio with 5,5'-dithiobis (2-nitrobenzoic acid). Applications 
with 1- and 2-naphthalene thioacetates demonstrated their use in a fast, accurate kinetic microassay of  esterase 
activity, using porcine carboxylesterase as a model. These novel esters proved to be useful as substrates for the 
spectrophotometric assay of  insecticide-resistance in two aphid species and may be applicable to other esterase- 
based diagnostic procedures. 
Key words. Esterase; carboxylesterase; hydrolase; Myzus nicotianae; tobacco aphid; Myzus persicae; green peach 
aphid. 

The determination of  the structure of  field populations 
of  arthropod pests, with respect to the distribution and 
relative abundance of  different insecticide-resistant 
genotypes, is a key factor in the management of insecti- 
cide resistance. During the past decade interest has 
focused on the development of  biochemical detection 
methods for resistance I 3. These methods are more spe- 
cific than the traditional bioassay tests and are capable 
of  investigating individuals in a population. The advan- 
tage of  this approach is that it provides critical informa- 
tion on the microevolution of  resistance. 
Since the introduction of  organophosphorus (OP) and 
carbamic acid esters for insect control, great interest has 
been focused on insect hydrolases not only as target 
enzymes for insecticidal action but also because of  their 
role in insecticide detoxification. The detoxifying en- 
zymes are capable of  hydrolyzing insecticidal esters, 
thus conferring resistance in some insect species. The 
discovery of  insensitive acetylcholinesterase as a bio- 
chemical mechanism of OP- and carbamate-resistance 
in several dipterans, heteropterans and hemipterans 4 8 
has enabled scientists to use microassay techniques 
based on the Ellman's DTNB reagent, 5,5'-dithiobis 
(2-nitrobenzoic acid) 9, lo, and acetylthiocholine to detect 
different acetylcholinesterase genotypes in insect popu- 
lations i ~ - J 6 In addition, researchers 17 found lower rates 
of  methyl butyrate hydrolysis in OP-resistant compared 
to susceptible housefly strains. It was theorized that the 
genetic modification of  a particular esterase in OP-resis- 
tant flies increased its hydrolytic activity towards OPs 
and reduced its capacity to hydrolyze methyl butyrate 
as well as other non-insecticidal esters. It is noteworthy 
that OP-resistance could be monitored by measuring 
esterase activity alone instead of  using toxicity tests. 

An extremely sensitive colorimetric technique is avail- 
able to assay for esterase activity in mammalian ~8 and 
insect 19 tissues. The assay is based on the estimation of  
naphthol produced from the hydrolysis of  naphtholic 
esters. There are two major components of  this colori- 
metric procedure: 1) an azo dye which couples to naph- 
thol to produce a colored conjugate; and 2) a surfactant 
(usually dodecyl sulfate sodium salt, SDS) which solu- 
bilizes the naphtholic azo dye conjugate. Unfortunately, 
SDS is a protein-denaturing agent, known to inactivate 
the hydrolytic activity of  esterases; therefore, the appli- 
cation of  naphthotic esters is limited to end-point assays 
only. For  unknown reasons, naphtholic esters but not 
nitrophenolic and other esters 19 2l detect esterase activ- 
ity, that is negatively correlated with OP-resistance in 
houseflies 19 and is positively correlated with OP-resis- 
tance in aphids 2~ The introduction of  this simple and 
sensitive colorimetric assay for esterase activity, even 
with its limitations, has marked a breakthrough in our 
ability to monitor and study insect insecticide resis- 
tance. 
With all the advantages of  the naphthol-based assays, 
there are also limitations 2~'24. For example, SDS, com- 
monly used to solubilize the naphtholic azo dyes and 
terminate enzymatic reactions, does not always inacti- 
vate esterase activity 23. Furthermore, SDS retards the 
reaction between many diazonium salts and naphthols. 
Adding Fast Blue at the beginning of  enzyme reactions, 
to make the assay continuous in the absence of  SDS, 
also results in difficulties. For  example, the diazonium 
salt can effect enzyme, catalytic activity. The addition of  
Fast Garnet GBC salt to mosquito homogenates in the 
presence of  Triton X-100 immediately inactivated es- 
terase activity 24. The excessive insolubility of  the naph- 
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Figure 1. 1-Naphtyl thioacetate (left) and 2-naphthyl thioacetate 
(right) synthesized by the reaction of the corresponding naphthalene 
thiol with acetic anhydride in the presence of sulfuric acid as a 
catalyst. 

tholic diazo dye complex in an aqueous reaction mix- 
ture 18 interferes with the measurement of  the ab- 
sorbance, especially at high concentrations. The 
formation of  Schlieren lines adds to the error, especially 
when cuvettes are washed and used repeatedly. 
In the present study, new esterase substrates, chemically 
related to the conventional naphthyl acetates but able 
to generate an ionizable chromophore  with high solubil- 
ity in an aqueous reaction mixture, were developed to 
circumvent the problems associated with tradit ional  
naphtholic esters. This approach excluded the use of  
solubilizing agents like SDS, enabling enzymatic reac- 
tions to be monitored continuously. 1- and 2-naphthyl 
thioacetates (fig. 1) were synthesized by the reaction of  
the corresponding naphthalene thiol with acetic anhy- 
dride in the presence of  sulfuric acid as a catalyst  25. 
DTNB 9,~~ could then be used as a chromogen for the 
estimation of  the free thiol, the product  of  ester hydrol-  
ysis. The instantaneous reaction of free thiol with 
DTNB produces 2-nitro-5-thiobenzoic acid, a dianion 
chromophore,  which is highly soluble in water and 
readily quantified at 412 nm (fig. 2). The absorbance 
spectra (fig. 2) appeared to be identical to that  obtained 
from the reaction of  DTNB with other thiols 9'~~ The 
1-naphthyl thioacetate substrate was found to be more 
useful than its 2-isomer, because of  its higher water 
solubility and resistance to oxidation to the disulfide. 
The reaction of  DTNB with naphthalene thiols was 
found to be essentially instantaneous while at least 
10 min were needed for the completion of  reactions with 
1 naphthol.  The naphthalene thiolic azo dyes demon- 
strated maximum absorbance for the 1- and 2-isomers 
at 431.4 and 425.1 nm, respectively (fig. 2). Figure 2 
includes the absorbance spectra of  the naphtholic azo 
dye complexes for comparison.  
Naphthalene thioacetates were evaluated as esterase 
substrates in both an end point  and a kinetic microassay 
using porcine carboxylesterase 26. The table includes 
some kinetic parameters  for this reaction using 1- and 
2-naphthyl thioacetates as well as 1-naphthyl acetate. 
As expected, both  the kinetic and end point  assays of  
porcine carboxylesterase activity gave similar K~ and 
V .. . .  values for reactions with 1-naphthyl thioacetate. 
The V . . . .  values are almost the same for all the tested 
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Figure 2. Spectrophotometric scanning of the product of the 
reaction of 89.5 nmol/ml of A 2- and B 1-naphthalene thiol with 
525 nmol DTNB/mh Scans of the conjugates resulting from cou- 
pling the same concentrations of C 1- and D 2-naphthalene thiol 
and E 2- and F l-naphthol with Fast Blue B salt (0.084%, w/v) in 
the presence or SDS (0.357%, w/v) are also shown. All the chro- 
mophores were run in sodium phosphate buffer (l - 0.2 M, pH 7.4) 
at 30 'C, using an SLM Aminco DW-2000 Spectrophotometer 
(Urbana, IL USA) interfaced with an IBM computer. The optimal 
wavelength for the above scans are 411.1, 411.6, 431.4, 425.1,553.6 
and 604.2 nm, respectively. 

substrates irrespective of the structure of the leaving 
group and the assay procedure. It should be noted that  
V . . . . .  under steady state kinetics is the product  of  the 
catalytic turnover number and the molar  equivalency of  
the tested enzyme. Since the activity is calculated per mg 
protein, the second term is identical for all substrates. 
Consequently, the catalytic turnover number,  i.e., the 
first order rate constant  of  deacylation, was identical 
irrespective of the structure of the leaving group. The 
slightly larger values for the end point assay may indi- 
cate that  SDS did not  completely stop the enzymatic 
reaction in the time period between adding the SDS- 
Fast  Blue mixture and the absorbance reading. In 
summary, our results demonstrate  that naphthalene 
thioesters provide ~eproducible and accurate measure- 
ments of  esterase activity consistent with previous assay 
methods. These novel substrates are applicable to a 
continuous microassay for general carboxylesterase ac- 
tivity using microtiter plate technology (described in the 
footnote of  the table) and should all but negate the need 
for the tradit ional  naphthol-based,  end-point  car- 
boxylesterase assay. An example of the application of  
this new technology follows. 
The intensive use of  insecticides, as well as the introduc- 
tion of  cultivars resistant to the infestation of  aphids, 
has resulted in many new biotypes. Insecticide-resistant 
aphids have now become common, including those 
which reproduce entirely by parthenogenesis. The green 
peach aphid (GPA),  Myzus persicae (Sulzer), has re- 
ceived great attention due to its vast economic impor- 
tance as an agricultural pest and vector of  a multi tude 
of  viral diseases. Insecticide resistance in this species has 
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Table. Michaelis constant (Kin) and maximum velocity (Vm~• of 
the catalytic reaction of porcine carboxylesterase with selected 
naphtholic esters. 

Ester a Assay Kin, gM V ...... 
tamol/min-mg protein 

2-NTA Kinetic 82 56.5 
1-NTA Kinetic 134 57.0 

End point 155 62.7 
I-NA End Point 76 68.6 

~1- and 2-NTA are the position isomers of naphthalene thioac- 
etate and I-NA is 1-naphthyl acetate. The steady state kinetics 
were run with at least 9 concentrations from 9.38 to 600 gM. The 
specific activity was the average of at least six replicates conducted 
on two separate occasions. The standard deviations were always 
less than 5% of the mean. A microplate assay in a reaction 
mixture of 200 gl was performed at 30 ~ in a Thermomax 
Microplate Reader interfaced with version 2.01 of SOFTmax from 
Molecular Devices Corp., Palo Alto, CA (USA). For the kinetic 
assay, 25 gl of 5 mM DTNB and 75 lal of the enzyme solution 
were added to each well. The enzymatic reaction was started by 
adding the substrate in 100gl of sodium phosphate buffer 
(! = 0.2 M, pH 7.4). The absorbance at 405 nm was monitored 
automatically at l0 s intervals and the activity calculated in the 
linear range. Only the concentrations (at least 6) which fell in the 
middle of the rectangular hyperbola generated from the plot of 
incubation time versus absorbance, were used to generate double 
reciprocal plots for the calculation of K m and V ...... . In the end 
point assay, the substrate was added to the enzyme and the 
reaction was incubated for 10 min. At the end of the incubation 
period, 25 gl of 3.4% SDS and 0.8% Fast Blue B salt in water was 
added. 10 min later, the absorbance was read at 450 and 595 nm, 
for 1-NTA and 1-NA, respectively. 

now been taken f rom bioassay to b io technology  27. The  

miles tone in the advancemen t  o f  our  knowledge  o f  

insecticide resistance in the G P A  has come  f rom the 

early finding 22 that  resistance is l inked to high esterase 

activity towards  1-naphthyl  acetate.  The  tobacco  aphid  

(TA)  has been recently identified as a new species, 

Myzus nicotianae Blackman,  closely related to the G P A ,  

but  with its own m o r p h o m e t r i c  characterist ics 2s. This  

new species, a l though often par thenogenet ic  2s'19, has 

also evolved resistance to most  of  the registered 

o r g a n o p h o s p h o r u s  insecticides in the southeas tern  

Uni t ed  States. Both red and green colored T A s  demon-  

strate this resistance 3~ 

The  above  described thioacetates  were tested as poten-  

tial d iagnost ic  substrates for  the detect ion o f  insecticide 

resistance in both  the G P A  and T A  31. The  esterase 

act ivi ty for susceptible and OP-res is tant  strains o f  these 

two species is shown in figure 3 and is in close agree- 

ment  with mala th ion  toxicity32; high esterase act ivi ty 

was always correlated to low susceptibility (h igh LCs0 

values), independent  o f  the species tested. 

Esterases f rom resistant and susceptible strains of  the 
G P A  and T A  were examined  33 using isoelectric focusing 

( IEF) .  The  IEF- reso lved  esterases (fig. 3) corre la ted 

favorab ly  with the general  esterase activity in aphid  

homogena tes ,  conf i rming the associat ion between insec- 

ticide resistance and high esterase activity. The  esterase 
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Myzus persicae Myzus nicotianae 

Figure 3. Activity of aphid esterases towards I-naphthyl thioac- 
etate (solid bars) and 2-naphthyl thioacetate (hatched bars). S 
represents the reference susceptible strains while R~ and R 2 repre- 
sent the OP-resistant strains. The resistance factors for malathion 
in R~ and R 2 were 3.5- and 3.8-fold, respectively, for the tobacco 
aphid; and 3.5- and 148-fold, respectively, for the green peach 
aphid. The lanes above the histograms are esterase banding pat- 
t e r n s  33 resolved by wide range isoelectric focusing (IEF, pH 
3.5 9.5). The anode is at the top. Note that the most acidic band 
in resistant tobacco aphids (a resistance associated esterase) is 
absent in the most OP-susceptible strain of the same species. It is 
not clear from this IEF analysis whether the same esterase is 
found in the green peach aphid. However, we have shown that the 
most anodic resistance associated esterase of the tobacco aphid 
exhibited some degree of cross reactivity with IgG for esterase 4 
from the British green peach aphid. 

banding pat tern  was identical for susceptible and resis- 

tant  GPAs;  however ,  the intensity o f  some bands  was 

s t ronger  in resistant  as compared  to susceptible aphids. 

The  T A  showed some qual i ta t ive  differences in that  one 

o f  the resolved esterases was apparen t ly  missing in the 

susceptible strain. 

Conven t iona l  susceptibility tests (bioassays)  mon i to r  

the rate o f  deve lopment  of  resistance, and mult iple  

discr iminat ing dosages can roughly identify the p ropor -  

t ion o f  resistant  phenotypes ,  regardless of  the mecha-  

nism of  resistance. However ,  knowledge o f  the 

mechan i sm o f  resistance is certainly a m o n g  the most  

impor t an t  factors which guide decisions for the imple- 

men ta t ion  o f  ra t ional  resistance m a n a g e m e n t  strategies. 

It  was previously repor ted  that  genetic and biological  

factors  proceed independent  o f  managemen t  strategies 

dur ing the step-wise mic roevo lu t ion  o f  resistance 34. 

However ,  we believe that  unders tand ing  the mechan ism 

of  resistance and its dis t r ibut ion a lhong  field popula-  

t ions will help in the judic ious  use o f  insecticides. This 

managemen t  strategy will indirectly cont ro l  bo th  the 

genetic and biological  factors responsible  for resistance. 

De tec t ion  methods  for insecticide resistance which are 

directly related to genetic factors in individual  insects 
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will be the m e t h o d  of  choice for unders tand ing  the 

genotypic  archi tecture o f  popula t ions  and responses to 

pesticide use. 

In several a r t h ropod  species f rom different orders 17,35, 

o rganophospha te -  and carbamate-res is tance  is some- 

how l inked to esterase activity toward  surrogate  sub- 

strates. End po in t  assays, using 1-naphthyl  acetate  as an 

esterase substrate,  have been used mos t  f requent ly to 

m o n i t o r  this resistance. However ,  this approach  only 

discr iminates  between resistant and susceptible al- 
lozymes based on activity 36,3v. The novel  naphtha lene  

thioesters  repor ted  here make  avai lable a cont inuous  

microassay for carboxylesterases  wi thou t  changing  sig- 

nificantly the basic premise o f  the t radi t ional  1-naphthyl  

acetate  substrate.  Accuracy  is improved  because of  the 

abili ty o f  mul t ip le  measurements  at different t ime inter- 

vals; only a single measuremen t  is made  in an end-poin t  

measurement .  A cont inuous  assay also allows for the 

measuremen t  o f  the initial tu rnover  rate,  and the calcu- 

la t ion o f  K m and Vmax f rom the same reaction.  End-  

poin t  assays can in t roduce  errors in quant i f icat ion since 

rates can inadver tent ly  be measured  outs ide of  the lin- 

ear range for the assay. 

In summary,  resistance to insecticidal esters, especially 

OPs, has been associated with higher  esterase act ivi ty in 
several insect species 1 3,20 22,38 41 In mos t  o f  the cases, 

the elevated esterase activity, even towards  non-insecti-  

cidal esters, is due to specific genes that  sort with 

resistance in insect populat ions .  The  naphtha lene  

thioesters  described here provide  a new detect ion 

m e t h o d o l o g y  for measur ing  elevated esterase act ivi ty in 

insects like that  o f  aphids.  The  moni to r ing  of  resistance- 

associated esterases in insect popula t ions  should be a 

useful tool  in measur ing  no t  only the level o f  activity 

but  also the catalyt ic features o f  these enzymes so that  

this in format ion  can be incorpora ted  into managemen t  

strategies for insecticide resistance 42. In addit ion,  there 

are a number  o f  appl icat ions for these new substrates in 

o ther  fields. Esterases can be specific markers  o f  T-cells 
in humans  and other  animals  43 and act as models  for 

the study of  regula tory  mechanisms for prote in  synthe- 

sis, expression and metabo l i sm 44. Besides provid ing  in- 

creased sensitivity in the kinetic assay o f  esterases in 

solution,  the use o f  these substrates under  native condi-  

t ions coupled  with the p roduc t ion  o f  insoluble conju-  

gates, make  these c o m p o u n d s  powerful  and versatile 

research tools for the character iza t ion  o f  esterases in 

animal  or  p lant  tissues and on solid suppor t  matrices. 

The  lat ter  feature  may  al low us to res t ructure  the tradi- 

t ional  esterase assay me thodo logy  for new applicat ions 

in research and applied agricul ture and medicine.  
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