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Abstract--The nature of the inhibition of juvenile hormone esterase (JHE) from Trichoplusia ni (T. ni)
by 3-octylthio-l,l,l-trifluoro-2-propanone (OTFP) was studied and the kinetic data presented are
consistent with the mechanism of a slow and tight binding inhibitor. With the use of the above inhibitor,
it was demonstrated that the classical methods, i.e. Lineweaver and Burk, which are based on the
assumptions of a steady state are inadequate for determining the mechanism and the inhibition constants
for the reaction of OTFP with JHE. The reaction was shown to he reversible based on the non-steady
state kinetics with a dissocation constant (Ki) of ~ 1.2 x 10 -I° M. Values of 3.37 x 107 M -t min -t and
4.1 x 10 -3 min -t for the forward and reverse rate constants were calculated and indicate the nature of
slow binding inhibition in comparison to ordinary substrate reactions. An application of AckermannPotter plots of tight binding inhibition was presented, and their usefulness in measuring the enzyme molar
equivalency and its catalytic number towards JH-I and JH-III was evaluated. The molar equivalency of
JHE in T. ni haemolymph which hydrolyzes JH-III (at a final concentration of 5.0 x 10 -6 M) at a rate
of 33.8 nmol/min-ml was found to be 1.6 x 10 -6 M. The catalytic numbers for JH-I and JH-III were 37.1
and 19.4 min -~, respectively. These new kinetic parameters, in addition to the Michaelis constant (Km)
and the maximum velocity (Vm~x) were applied to a study of enzyme--substrate specificity and an
evaluation of the role of JHE in the regulation of JH-titre.

Key Word Index: Trichoplusia ni, juvenile hormone esterase, inhibition, substrate specificity, kinetics,
molarity, slow binding inhibitors, tight binding inhibitors, 3-octylthio-l,l,l-trifhioro-2-propanone

INTRODUCTION

The events which occur during the metamorphosis of
lepidopterous insects have long been in question.
Certainly one important event is the reduction in
juvenile hormone (JH) titre to levels which allow
the release of prothoracicotropic hormone (PTTH)
(Nijhout and Williams, 1974). It was widely assumed
that this decrease in J H titre was due entirely to a
cessation of J H production by the corpora allata,
thus it was surprising when Williams (1961) reported
that the apparent release of J H by corpora allata
from Hyalophora cecropia continued at a diminished
rate during the last larval stadium and did not cease
until pupation. Such observations were made subsequently on other species (see deKort and Granger,
1981, for review). It is now becoming more obvious
from in vitro assays of biosynthetic activity that
biosynthesis is reduced but certainly not terminated
during the last larval stadium (Kramer and Kalish,
unpublished; Granger et aL, 1982). Nijhout (1975)
further found in Manduca sexta that the mere absence of the corpora allata was not sufficient to
stimulate an early release o f P T T H . The above data
*On leave from the Department of Plant Protection, Assiut
University, Assiut, A. R. Egypt.
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then raise the question of how the J H titre is rapidly
reduced to levels which allow P T T H release.
In addition a prepupal burst of J H now has been
observed in a number of Lepidoptera, and Jones and
H a m m o c k (unpublished) have demonstrated that J H
has an apparent ecdysiotropic role which is critical
for the pupation of Trichoplusia ni. The obligate
appearance of J H in the prepupa at this time is
problematical because a short time later the insect is
very susceptible to teratogenic effects caused by physio!ogical levels of the hormone.
It is hypothesized that the rapid reduction in J H
titre observed at these two times is due in part to
hydrolysis of the methyl ester of J H catalyzed by a
large increase in JH esterase (JHE) activity. Evidence
for this hypothesis has come from many quarters (see
H a m m o c k and Quistad, 1981; H a m m o c k , 1984, for
review), but the most direct evidence arises from the
JH-like effects observed when J H esterase activity is
inhibited (Sparks and H a m m o c k , 1980; H a m m o c k
et al., 1984; Prestwich et al., 1984; Sparks et al., 1983;
Jones, unpublished). Thus, it becomes more important to understand the biochemical characteristics
and physiological actions of JHE.
This problem was aproached by precisely evaluating the kinetic characteristics of the J H E from T. ni
and then probing its action with a novel inhibitor,
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3 - o c t y l t h i o - l , l , l - t r i f l u o r o - 2 - p r o p a n o n e (OTFP). The
interaction o f this c o m p o u n d with J H E had been
shown earlier to d e m o n s t r a t e unusual kinetics
(Abdel-Aal et al., 1984). So in this study we provide
an explanation for the kinetic behaviour o f O T F P on
J H E and then use this p r o b e to d e m o n s t r a t e that J H E
is a highly active enzyme which occurs at a molarity
sufficient to lead to a rapid reduction in circulating
J H titre.
MATERIALS AND M E T H O D S

Haemolymph preparation
Larvae of Trichoplusia ni (T. ni) were reared at 14 hr L:
10 hr D, 28°C as described by Shorey and Hale (1965) and
modified by Roe et al. (1982). JHE analyses were performed
using plasma from T. ni larvae. Haemolymph was from
larvae having weights and developmental markers indicative
of the peak of prewandering JHE activity during development (Sparks et al., 1979; Jones et al., 1981, 1982).
Haemolymph was collected by piercing a proleg and drawing the blood into glass capillary tubes containing a few
crystals of phenylthiourea (PTU) to inhibit tyrosinases.
Plasma was then obtained by centrifuging the haemolymph
at 1000g for 5min at 23°C. The plasma was diluted with
sodium phosphate buffer (pH 7.4, I = 0.2 M with 0.01% w/v
PTU) at 4°C. All plasma dilutions are expressed as v/v. As
the JHE activity in the haemolymph of larvae drawn from
our culture gradually fluctuates over a period of months
(Wing et al., 1984) only two enzyme preparations were used
in the present work which varied ~ 2.5 x in their activity
towards JH-I and HI.
Enzyme assay
JHE activity was assayed by the partition method of
Hammock and Sparks (1977). For routine analysis a final
concentration of 5.0 x 10-6M JH-III was added to 100#1
diluted plasma and the reaction mixture was incubated for
10-15 rain at 30°C unless otherwise noted. Esterase assays
with JH-I as substrate were run using the same procedure
except that carbowaxed (polyethylene glycol, mol. wt 8000,
Aldrich Chemical Company, Inc.) tubes were used to prevent adhesion of JH-I to glass (Hammock et al., 1975;
Kramer et al., 1976). Preliminary experiments showed that
using carbowaxed tubes is critical when JH-I was used as
substrate, however, no effect was observed with JH-III even
when used at very low concentration (~10-SM). For
example rate of JH-I hydrolysis using an 8 x 10 -9 M substrate concentration was 40% lower when the tubes were not
carbowaxed. The racemic substrate [10 - 3H]JH-III,
l lCi/mmol or JH-I, 15.3 Ci/mmol, New England Nuclear
and unlabelled [2E, 6E]JH-III and JH-I, respectively (Calbiochem) was added in 1 #1 ethanol so that each assay
contained ~25,000 dpm/100 #1 reaction mixture. After incubation at 30°C, the enzyme reaction was halted by the
addition of 50#1 basic methanol (methanol-waterammonium hydroxide, 10: 9:1 respectively), pH 11.2 and
250 #1 isoctane or dodecane, and the radioactivity in the
aqueous phase was measured.

Kinetic analysis
Steady state kinetics. K m (apparent Michaelis-Menten
constant) and Vma~ (maximal enzymic velocity) for JHE
activity in the haemolymph of T. ni were determined for
JH-I and JH-IH by using a double reciprocal treatment
(Lineweaver and Burk, 1934). JH concentrations varied
from 1.7 x 10 -s to 5.2 x 10-7M. The plasma used for
steady state kinetics was diluted to 0.033% with PTU buffer
since the enzyme activity at that time was high (the enzyme
hydrolyzed 5.0 x 10 -6 M of JH-I and JH-III at rates of 124
and 79 nmol/min-ml respectively). In order to estimate the
initial velocity accurately, the incubation time used was only

1 min at 30°C. Least squares linear regression analysis was
used for maximal fit of the experimental values from which
Km and V~x values were obtained. The same kinetic
treatment was also performed in the presence of
3-octylthio-l,l,l-trifiuoro-2-propanone (OTFP) as an inhibitor of JHE (Hammock et aL, 1984; Abdel-Aal et al.,
1984) to test the behaviour of this inhibitor under classical
steady state conditions. The inhibitor was added in 1/~1
ethanol solution to 100#1 diluted plasma and the reaction
mixture was pre-incubated for 10 min at 30°C. The reaction
was then started by adding JH-III as substrate and the
activity was measured after incubation for 1 min at 30°C.
Ackermann-Potter plot. The plasma used in this kinetic
treatment had a JHE activity of about 45 and
34nmol/min-ml respectively for JH-I and JH-III at a final
concentration of 5.0 x 10-6 M. In this treatment, various
amounts of plasma in a final reaction mixture of 100 vl were
pre-incubated with OTFP for a period of time sufficiently
long to approach equilibrium (30 min). Then the reaction
was started by adding 1/tl of JH-I or JH-III in ethanol
solution at a final concentration of 5.0 x 10-6M. The
activity was then measured at several times from 7.5 to
60 min depending on the substrate used and the enzyme
dilution. The velocity against the amount of plasma/assay
was plotted for a series of inhibitor concentrations
(2.5 x 10-1°-8.0 x 10-9 M). Control experiments received
only 1 #1 of ethanol and the assay was performed under
identical experimental conditions. The straight portion for
each curve (for inhibited enzyme) was fitted by regression
analysis to determine the molar equivalency of JHE and its
catalytic number to JH-I and JH-III according to the kinetic
treatments of Ackermann and Potter (1949) and Cha (1975).
Non steady-state kinetics. In this kinetic treatment the
same enzyme preparation that was used in the
Ackermann-Potter plot was diluted in PTU buffer so that
0.2% plasma was obtained. The diluted plasma was added
to a mixture of OTFP and JH-III. The inhibitor concentrations used were from 6.0 × 10 9 to 1.0 x 10 7 M, however, the substrate was kept constant at a final concentration of 5.0 x 10 -6 M. Ethanol was used as a solvent for
both substrate and inhibitor and never exceeded
2% of the reaction mixture. Equivalent volumes of ethanol
were added instead of the inhibitor solution for control
experiments. The reaction mixture was incubated at 30c'C
and at different time intervals from 6 to 72 min, 100 #1 were
withdrawn and added directly to the basic methanol and
isooctane mixture and agitated to stop the reaction and the
product was measured as described above. The relation
between the amount of substrate hydrolyzed/ml plasma was
plotted against the incubation time to give downward curves
for the inhibited enzyme with an asymptote (linear portion)
at long incubation times. The linear portions of the curves
were subjected to a linear regression analysis to calculi.re the
activity of inhibited and uninhibited enzyme for further
kinetic measurements (Cha, 1975; Morrison, 1982) as will be
mentioned later. Each data point in the present work
represents the mean of at least four replicates with an
average standard deviation of less than 5.0% of the mean.
RESULTS

J H E activity
The activity o f J H E from plasma o f T. ni towards
J H - ! and JH-III was examined using a single concentration (5.0 × 10 -6 M) o f each substrate and seven
enzyme concentrations. The enzyme c o n c e n t r a t i o n activity relationship is s h o w n in Fig. 1. As seen in this
Figure, higher esterolytic activity o f J H E towards
JH-I than towards J H - I H was always observed with
an average activity ratio o f 1.55. The fact that JH-I
is metabolized faster t h a n JH-III under these conditions has been reported before not only in T. ni
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Fig. 1. The dependence of JH acid production on the
concentration of plasma in the assay mixture. JH-I ((3) and
JH-III (O) were used as substrates with a final molar
concentration of 5.0 x 10-6. Each point represents the mean
of four replicates with an average standard deviation of less
than 5.0% of the mean.

are sensibly linear with r 2 of more than 0.98. These
plots were evaluated by linear regression analysis
from which K= and Vm~ were estimated to be
6.07 x 10-8 M; 177 nmol/min-ml and 3.05 x 10 -s M
and 85.0nmol/min-ml, respectively, for JH-I and
JH-III. The JH-I/JH-III Vm,x ratio is 2.08 which
agrees well with the activity ratio at a single substrate
concentration. It is interesting that very similar Vma,
values for JH-I and JH-III have been reported for the
same enzyme from the same insect species (Sparks
and Rose, 1983), however, the Km value was about
one order of magnitude higher. The substrate concentrations used to generate the reciprocal plot in
the present study were varied widely around the
calculated K~ value for each substrate (Fig. 2, inset).
Kinetics o f J H E inhibition

The inhibitory activity of OTFP on the hydrolysis
of JH-I and JH-III by JHE was examined under the
same experimental conditions. A 10min preincubation time at 30°C was used, and the reaction
was started by the addition of each substrate at a final
concentration of 5.0 x 10 - 6 M. The inhibition pattern (Fig. 3) seems identical in spite of the substrate
used indicating that the same enzyme system hydrolyzes both substrates.

(Sparks et al., 1979; Wing et al., 1984) but also in
other lepidopterous larvae (Coudron et al., 1981; Roe
et aL, 1983). Although the JH-I/JH-III activity ratio
under saturation conditions (high substrate concentration) is expected to be due mainly to differences in
maximum velocity, this observation might reflect the
specificity in vivo very poorly since JH titres in larvae Double reciprocal plot
are extremely low and generally range below 10 ng/ml
As has been pointed out (Fig. 3) the enzyme
(Schooley et al., 1976; Mauchamp et al., 1979; Jones, sensitivity to inhibition of OTFP does not change by
unpublished data). Therefore, we have attempted to changing the substrate, thus most of the kinetic
determine the maximum velocity (Vmax) and Mi- studies have been performed with JH-III as substrat¢.
chaelis constant (Kin) for JHE from T. ni plasma The first kinetic analysis was the classical treatment,
using JH-I and JH-I|I as substrates. These values i.e. the double reciprocal plot (Lineweaver and Burk,
were calculated from double reciprocal plots (Line- 1934). Shown in Fig. 4 are the plots of uninhibited,
weaver and Burk, 1934) as shown in Fig. 2. The plots and OTFP-inhibited enzyme. These plots might
readily be considered diagnostic of non-competitive
inhibition. However, one may not conclude on the
0
basis of these plots alone that true non-competitive
x
inhibition occurred since the replot of the slope of
i
double reciprocal plots is not a hnear function of the
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Fig. 2. Double reciprocal plot of substrate concentration
against velocity for the hydrolysis of JH-I (O) and JH-m
(Q) by the haemolymph JHE of T. ni. The activity at each
substrate concentration was the mean of five replicates with
an average standard deviation of less than 5.0% of the mean.
Inset shows a theoretical curve based on a modified equation (V/V~ = [[S]/K~]/[[S]/Km + 1]) of Michaelis--Menten
equation. Included are experimental values for JH-I (©)
and JH-III (O) that have been calculated from double
reciprocal plots to show agreement with the theoretical
values.
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Fig. 3. Inhibition of JHE from T. ni by different OTFP
concentrations. The enzyme was pre-incubated with the
inhibitor for 10 min and the residual activity was measured
using JH-I (O) or JH-III ( O ) at a final concentration of
5.0 x 10-6 M. Percentage inhibition was calculated from the
average of four to five replicates of control and inhibited
enzymewith an average standard deviation of less than 5.0%
of the mean.
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T. ni can be accepted as tight binding inhibition.
Furthermore, the linear portion for each inhibitor
concentration is described by the equation of Cha
(1975):
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When [It] = 0 the above equation reduces to the
Michaelis-Menten equation. As the substrate concentration used (5.0 × 10 -6 M) is much higher than
/ ~ values for both substrates, the above equation can
be reduced to a simpler form:
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Fig. 4. Double reciprocal plot for the inhibition of JHE by
OTFP after a 10 rain pre-incubation using JH-III as substrate. The inhibitor concentrations used were: no inhibitor
(A);
6.25 x 10-~°M
(A);
1.25 x 10-9M
(I-q);
2.50 x 10-9 M ( I ) and 5.00 x 10-9 M (O). Note the downward curve of the points at high substrate concentrations
when inhibitor is present. The insert shows the relation
between the slope of reciprocal plots and the inhibitor
concentration.

In the Michaelis-Menten equation, Vmaxequals k 3E t .
Since a tight binding inhibitor approaches stoichiometric titration of the enzyme, the total enzyme
available is approximated by E t - It. Therefore,
equation (3) indicates that under conditions of tight
binding inhibition the asymptote in Fig. 5 intersects
the E,-axis (gl plasma/assay) at E t = I t and the V-axis
(pmol JH-III hydrolyzed/min) at - k 3 I t. This approach simplifies the evaluation of the enzyme molar
equivalency and its catalytic number, k 3. A replot of
the Et-intercepts against the molar inhibitor concentrations (which in this case equal the molar equivalencies of the enzyme) gives an apparent straight line

14

inhibitor concentration (Fig. 4, inset). This replot
should be linear for true, classical, non-competitive
inhibition (Segel, 1975). However, the non linearity of
such a replot has been explained as a characteristic of
competitive tight binding inhibitors (Cha, 1975; Morrison, 1969, 1982). The possibility that O T F P might
act as tight-binder of JHE from T. ni will be examined
in the following section.
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Ackermann-Potter plot
In order to test whether O T F P acts as a tight
binding inhibitor of JHE from T. ni, varying amounts
of the enzyme were incubated with several concentrations of the inhibitor for 30 rain at 30°C, after
which residual enzymic activity was assayed at
5.0 x 10 - 6 M of JH-III (Fig. 5) or JH-I (data not
shown). These data were plotted by the method of
Ackermann and Potter (1949) according to their
modified equation (Cha, 1975):
k3S
V= - [ - (Ki + It - Et)
2 ( g m -4- S)
+ ~/{(Ki + I, + Et)2 - 4ItEt }l

(3)
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where k 3 is the first order rate constant of the
degradation of the enzyme substrate complex to
products, S, It, and E t are the initial concentrations
of substrate, inhibitor and enzyme, respectively, and
K~ is the equilibrium dissociation constant for the
reaction of the enzyme with the inhibitor. The above
equation indicates that the plot of V against E t at
various levels of I t must be a curve having an
asymptote (linear portion) for a tight binding inhibitor. As seen in Fig. 5, and based on the above
assumption, the reaction of O T F P with the JHE from

p.I

plasma/assay

Fig. 5. Ackermann-Potter plot of the reaction of JHE with
OTFP. Various amounts of JHE were pre-incubated with a
reaction mixture that contained various concentrations of
OTFP. After a 30min pre-incubation the reaction was
started by the addition of JH-III at a final concentration of
5.0 × 10-6 M. Each datum point represents the mean of four
replicates with an average standard deviation of less than
5.0~o of the mean. The straight line portions of the curves
of the inhibited enzyme from the lowest four concentrations
of OTFP were extended to the X- and Y-intercepts by linear
regression analysis to calculate the enzyme molar equivalency and its catalytic number according to equation (3) in
the text.
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Fig. 6. Plot of the amount of enzyme (~1 plasma/assay)
against the expected molar equivalency of JHE. The results
of this Figure were taken from Fig. 5 using JH-III as
substrate (O) and a similar treatment using JH-I as substrate (O) according to equation (3) in the text.
with r 2= 0.973 (Fig. 6). The data for this plot were
calculated from Fig. 5 (JH-III as substrate) and from
a similar treatment (data not shown) using JH-I as
substrate. The intercepts used for drawing Fig. 6 and
those for calculating k 3 were measured from regression analysis of the linear portion of the enzyme
concentration velocity relationship (Fig. 5 for JHIII). From Fig. 6 the molar equivalency of JHE
comparable to 1/zl plasma per 100 pl reaction mixture was readily measured from the slope of the line
to be 1.6 x 10 -s M for both JH-I and JH-III. The
catalytic number, k3, i.e. the number of moles of
substrate converted to product per one mole of the
active centre per minute was calculated and averaged
to be 19 and 37 min -~ respectively for JH-III and
JH-I. The data that support these estimates were
acquired using substrate concentrations much higher
than Km and rates which approached those of VmaxThus, it has been demonstrated that the
Ackermann-Potter plot is applicable for inhibition of
JHE from T. ni by OTFP as diagnostic of tightbinding inhibition as well as the estimation of the
molar enzyme equivalency and its catalytic number
towards JH-I and JH-III. However, it should be
pointed out that the value of K~ cannot be estimated
readily from this plot. Therefore, a non steady state
kinetic approach (Cha, 1975; Morrison, 1982) has
been applied for K~ determination.
Non-steady state kinetic analysis

The Ackermann-Potter plot (Fig. 5) in addition to
the replot of the slope of double reciprocal plots
against the inhibitor concentrations (Fig. 4, inset)
gave evidence from two different kinetic treatments
for tight binding inhibition; however, it does not
exclude the possibility of slow tight binding inhibition
since a progressive time-dependent inhibition pattern
has been noted for inhibition of JHE from T. ni by
OTFP (Abdel-Aal et al., 1984). Cha (1975) derived an
equation (4) for slow binding inhibition which is
based theoretically on non-steady state or transient
state conditions between the inhibitor and the
enzyme:
P = Vst + (Vo -- Vs) (1 - e-kt)/k

(4)

where P is the amount of product formed, V0 and Vs
are the velocity of uninhibited enzyme and steady
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state velocity of the inhibited enzyme, t is time, k is
an apparent first order rate constant whose meaning
varies with the mechanism of inhibition. In order to
apply the above equation experimentally, the activity
of JHE from T. ni to 5.0 × 10 -6 M of JH-III in the
absence or the presence of various concentrations of
OTFP was traced for at least 72 min (Fig. 7). In these
cases the substrate and either ethanol or ethanolinhibitor solutions were added to the reaction mixture and the reactions were started by the addition of
enzyme. It should be noted that the same equation
can be applied also to reactions started by the
addition of substrate. Since no pre-incubation of
enzyme and inhibitor occurred, high inhibitor concentrations could be used, and the depletion of free
inhibitor due to binding with the enzyme would be
negligible. This condition makes a slow tight binding
inhibitor behave as a slow binding inhibitor. This
type of experimental procedure is usually satisfactory
for initial velocity determination of weak and reversible classical inhibitors. In the present case, however,
there is negligible difference in the very early reaction
velocities, regardless of the inhibitor concentration
despite the fact that profound differences in the
velocities become obvious after a few minutes (Fig.7).
This biphasic reaction pattern is in good agreement
with the velocity equation (equation 4) and fits all the
assumptions for slow binding inhibition (Cha, 1975;
Williams and Morrison, 1979; Morrison, 1982). Although the above equation is quite valid for determining k from which K~can be evaluated, it is difficult
to measure accurately the steady state velocity of

2000 1
1900 I
1800
1"/'00

No inhibitor

1600

6"Ox16gM

_~ 1 5 0 0
o.

.

t4oo

/

o,], l x 10-8M

2.SxlO-gM

'12OO-

/el"

1 1 0 0 --

`1ooo;_
H

900

t
1"

800 -

"~

700
600

300 I-

~./e 7 m/e
II/

.

~

,

]

5.0 X 10_aM

1.0x 10-7M

~f,'/,,

ZOO
100
l t I I t I 1 1 I I I
6 12 18 24 3 0 3 6 4 2 4 8 5 4 6 0 6 6 7 2
Incubotion time (rain)

I

Fig. 7. Time course of JH-III (5.0 x 10-6 M) hydrolysis by
JHE in the absence and presence of different concentrations
of OTFP. In each case the reaction was started by the
addition of the enzyme (no pre-incubation) and run four
times. Notice the concave downward curves in the presence
of the inhibitor which show that the lag period of enzyme
inhibition is consistent with equation (4) for slow binding in
the text.
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inhibited enzyme which might not be reached before
all of the substrate is depleted. However, the velocity
of the enzyme in the presence of a slow binding
inhibitor (V) can be related to that in the absence of
the inhibitor (V0) according to the following equation
(Morrison, 1982).
V = /I0/(1 + I/Kiapp)

(5)

Equation (5) can be converted to a linear form as
follows:

Vo/V = 1 + -

I

(6)

giapp

where I is the inhibitor concentration and K~appis the
apparent equilibrium dissociation constant between
the enzyme and inhibitor which equals Ki [ 1 + (S/KIn)]
The above equation is quite valid for determining
K~appif the steady state inhibited rates are acquired at
a constant substrate concentration. However, in the
present study (Fig. 7) these steady state rates started
at different substrate concentrations. Therefore K~app
in equation (6) was substituted by K~ [1 + (S/KIn)] to
give equation (7) which can be used to hold different
values
Vo/V = 1 q-

I

(7)

S
K,(] +~mm)

of I and S. The value of S for each steady state
inhibited rate was calculated by taking the value of
S remaining after the pre-steady state phase. These
values in addition to the known value of Km
(3.1 × l0 -s M) were used to calculate I/[1 + (S/Km)].
A more sophisticated mutual depletion analysis does
not appear warranted. The values of V have been
calculated from the linear portions (in brackets) of
the curves in Fig. 7 by the means of regression
analysis. A plot of Vo/V against I/[l + (S/KIn)] according to equation (7) gave a straight line (Fig. 8)
with r 2 = 0.987 and slope of 1/Ki from which Ki was
calculated to be 1.2x 10-~°M. Similar K~ value
(9.7 x l0 -H M) was obtained when the data were
subjected to equation (6) assuming substrate concentration remained constant at 5.0 x l0 -6 M.
DISCUSSION
The activity and kinetic analysis of the JHE from
Trichoplusia ni hydrolyzing JH-I and JH-III and the
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Fig. 8. Replot of volv against I/(1 + S/Km) according to
equation (7) in the text. The initial velocity of the uninhibited reaction (II0) and the apparent steady state velocity
of the inhibited reaction were calculated from the control
enzyme and the straight line portions of inhibited enzyme
(Fig. 7) respectively by means of linear regression analysis.

kinetics of the enzyme inhibition by 3-octylthio1,1,1-trifluoro-2-propanone (OTFP) have been examined. The sensitivity of the enzyme to the inhibition
by OTFP is identical when either JH-I or
JH-III is used as substrate (Fig. 3). This indicates that
the same enzyme system is responsible for hydrolyzing both JH homologues. In agreement with the
results reported earlier, based on analytical isoelectric
focusing and other data (Sparks and Hammock,
1979; Wing et al., 1981, 1984) kinetic evidence indicates that a single enzyme is responsible for the
majority of JH hydrolysis in the haemolymph of
prewandering T. ni larvae.
It must be noted in this study that racemic substrates were used for all experiments and the reader
should keep this fact in mind when evaluating the
results. As shown in Fig. 7 the rate of hydrolysis of
JH-III (and also JH-I) by JHE is apparently linear
even after 75~ metabolism had occurred. Thus,
either JHE demonstrates only a minor degree of
enantioselectivity or the enantioselectivity for Km and
ks tend to cancel each other out. Further consideration of the stereo and enantioselectivity of JHE
from T. ni is beyond the scope of this manuscript.
The JH-I/JH-III activity ratio at a single substrate
concentration (5.0 x 10-6M) and different enzyme
concentrations (Fig. 1) shows higher specificity toward JH-I over JH-III. This observation was consistent with the specificity of JHE from other lepidopterous larvae (Coudron et al,, 1981; Roe et al., 1983). In
many cases, workers have compared the specificity of
the enzyme by determining the activities toward a
number of substrates at an arbitrarily fixed constant
and high concentration of each of these substrates.
Such values can be very confusing, for when in vivo
concentrations are low they may predict the true
specificity quite poorly. Therefore some other kinetic
parameters were determined in order to discuss the
relation between different estimates of specificity that
have been used in the literature, and their biological
significance.
The Km values for JH-I and JH-III calculated from
double reciprocal plots (Fig. 2) are one order of
magnitude lower than those reported before for the
same insect species (Sparks and Rose, 1983; Wing et
al., 1984). A similar K~ was obtained using the
integrated form of the Michaelis-Menten equation as
done previously with Galleria mellonella by Rudnicka
and Kochman (1984). Possibly higher Km values were
previously reported for JHE of T. ni because those
workers used higher plasma concentrations than in
the present study and all substrate concentrations
were above the KinPrevious studies in this laboratory showed the
potency of trifluoromethylketones as JHE inhibitors
(Hammock et al., 1982, 1984; Prestwich et al., 1984)
and that compounds having a sulphide bond beta to
the carbonyl group are highly active. OTFP was the
most active compound in the sulphide series (Hammock et al., 1984) and about 44 times more active
than TFT (1,1,1-trifluorotetradecan-2-one, the most
active compound in the series lacking the sulphide
bond) (Hammock et al., 1982). TFT was found to be
a reversible competitive inhibitor based on its behaviour on Lineweaver and Burk analysis (Hammock et
al., 1982), and its time independent pattern of in-
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hibition (Abdel-Aal et al., 1984). In the latter study,
however, OTFP showed time dependent and
progressive inhibition. A time dependent course of
inhibition is usually known to be a characteristic of
an irreversible type of inhibition (Aldridge, 1950;
Main, 1964; Smissaert, 1970). Recent evidence, however, has shown that reversible competitive inhibitors
can be time dependent and progressive inhibitors if
they are slow or slow tight binders (Cha, 1975; Cha
et al., 1975). The possibility that OTFP might act as
slow tight binder rather than an irreversible inhibitor
of JHE was first considered for at least two reasons.
First, TFT as an analogue of OTFP acts as a
competitive inhibitor and second, the formation of
covalently inhibited JHE by a ketone inhibitor is not
consistent with our knowledge of the inhibition of
serine hydrolases by substrate-like compounds (A1dridge and Reinder, 1975) or with the stability of the
trifluoromethylketone moiety. Before starting with
the kinetic analysis of slow tight binding inhibition,
Lineweaver-Burk analysis for the inhibition of JHE
by OTFP was first performed (Fig. 4). As seen in this
figure the double reciprocal plots might be considered
to support non-competitive inhibition. However, one
may not conclude on the basis of these plots alone
that "true" non-competitive inhibition occurred. This
misinterpretation can be predicted by the replot of
the slope of double reciprocal plots against the
inhibitor concentration which shows the appearance
of a non-linear replot (Fig. 4, inset). This replot must
be linear for classical non-competitive inhibition.
Furthermore, careful examination of Lineweaver and
Burk plots reveals that the lines are concave downward, non rectangular hyperbolas whose initial slopes
are greater than those at low substrate concentration.
This downward curve is very pronounced particularly
at high inhibitor concentrations and shows clearly the
nature of competitive inhibition since in contrast to
the regression lines, the activity of the inhibited
enzyme tends to be practically the same as the control
enzyme at high substrate concentrations. This clearly
shows the difficulties that can be associated with
graphical determination of the true slopes and intercepts particularly if a limited range of substrate
concentrations are used to generate simple computer
fitted plots. The behaviour of OTFP inhibition of
JHE on Lineweaver-Burk analysis is typical of a tight
binding inhibitor based on the assumptions of Morrison (1969). In order to understand directly the
nature of the OTFP reaction with JHE, two different
kinetic treatments for tight and slow binding inhibition were applied. The first one was the so-called
Ackermann-Potter plot (Fig. 5). This plot clearly
indicates that OTFP has characteristics of a stoichiometric inhibitor, however, as emphasized before
(Cha, 1975; Cha et al., 1975) apparent stoichiometric
or titrating inhibition does not necesarily indicate the
formation of a covalent bond (irreversible inhibition)
between the enzyme and the inhibitor, but it may be
explained by a very much slower equilibrium as
compared to the enzyme-substrate reaction. Although the Ackermann-Potter plot allows one to
show the tightness of the OTFP-JHE complex, measure the enzyme molar equivalency and calculate its
catalytic numbers to JH-I and JH-III, it has the
disadvantage of being invalid for measuring the Ki
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value for the inhibition reaction. The kinetics of slow
binding inhibition (Cha, 1975; Morrison, 1982) were
applied under zero time pre-incubation conditions.
These conditions allowed the use of high concentrations so that the depletion in the inhibitor concentration due to tight binding to the enzyme would be
negligible. It should be noted that when the reaction
was started with addition of the enzyme (no preincubation), the degree of inhibition was negligible,
but the enzymic reaction velocity decreased with time
(Fig. 7). This finding indicates that the formation and
dissociation of the E1 complex is markedly slower
than the reaction between the enzyme and substrate
which usually takes place within a fraction of a
second. The tendency of trifluoromethyl ketones to
hydrate in water due to the electronic induction of the
fluorine atoms as compared to hydrogen made Brodbeck et al. (1979) suggest that the rate limiting step
in acetylcholinesterase inhibition by these compounds is dehydration back to the keto form. However, this hypothesis seems unlikely to explain fully
the nature of the slow and tight binding inhibition of
JHE by OTFP for a least three reasons. First, the
trifluoromethyl ketone analogue (TFT) behaves completely as a classical competitive inhibitor based on
a double reciprocal plot (Hammock et al., 1982).
Second, supporting the rapid equilibrium between
TFT and JHE is the apparent time independent
pattern of inhibition shown by Abdel-Aal et al.
(1984) based on a time course of 1-10 min. Third,
four more analogues that have a beta-thioether group
were found to act as classical competitive inhibitors
(Abdel-Aal and Hammock, unpublished data).
Therefore these biphasic reaction tracings obtained,
i.e. initially fast, then slow might be due to the nature
of OTFP reaction with the enzyme and show one of
the major theoretical points developed for slow, tight
binding inhibition (Cha, 1975). The K~ calculated
from this kinetic treatment is 1.2 x 10 ~0M.
There are two basic mechanisms which can be
described by equation (4). The first mechanism assumes that the interaction of a competitive inhibitor
with the enzyme to form an enzyme-inhibitor complex (EI) is slow and simple. For the second mechanism, it is assumed that there is an initial rapid
interaction between enzyme and inhibitor to form El
which then undergoes a slow isomerization reaction
to form another complex (see Morrison, 1982). The
first mechanism (equation 8), is felt best to describe
the reaction of OTFP with JHE for at least four
reasons.
kl

E + I.

" E1

(8)

k2

First, the initial velocity is independent of the OTFP
concentration (Fig. 7). Second, following dialysis,
spontaneous reactivation of OTFP-inhibited enzyme
was monophasic through total regeneration (AbdelAal et al., 1984). Third, the kinetic data that were
generated in the above reference failed to fit the Main
and Iverson (1966) kinetic treatment which is based
on assumptions similar to those outlined in the
second mechanism. Fourth, the apparent (pseudo)
first order rate constants (k') for the reaction of
OTFP with JHE from T. ni were calculated from the
time-course inhibition data of Abdel-Aal et al. (1984)
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expected /5o value for OTFP from the following
relationship.
0.693

(9)
ktt
The expected 150 for 10min pre-incubation time is
8
0.3
1.7-2.1 × 10 9 M which is almost identical with the
experimental value, 2.3 × 10 -9 M, which was found
.~ o.2
by Hammock et al. (1984).
o, 4
In conclusion OTFP acts as a slow tight binding
inhibitor of the JHE from T. ni with a K~ value of
/
more than two orders of magnitude lower than the
I I I I I I L I I I I f
m o.o
2 3 4 5 6 7 8 9 t 0 11 12 ~3
o
K m values for JH-I and JH-III. This difference compares
favourably with many of the most potent
I(nM)
transition state analogues (Wolfenden, 1976). Based
Fig. 9. Relation between the apparent (pseudo) first order on the belief that transition state analogues must
rate constant and the concentration of OTFP. The values on function as tight binding inhibitors (Williams and
this plot were calculated from the time course of inhibition
Morrison, 1979), the slow binding inhibition of JHE
of JHE from T. ni by OTFP (Abdel-Aal et al., 1984).
by OTFP can be explained since the forward reaction
would then be slow because the inhibitor would lack
many of the essential structural features of the suband found to vary as a linear function of OTFP
concentration (Fig. 9); a condition that is restricted strate or its transition state, while the reverse isomerto the first mechanism.
ization reaction would be even slower because that
If one assumes that the inhibition reaction is a rate is not enhanced by product formation. The
simple one represented by equation (8) and if the K~ stability of the J H E - O T F P complex may help gain
insight into the transition state of the J H E - J H comestimated above is correct, the dissociation constant
of the E1 complex (k2) should follow logarithmic plex using fluorine nuclear magnetic resonance. Furthermore, a comparison of the three dimensional
decay kinetics with a first order rate constant =
K~ × k~. Taking into consideration the value of kl as structures of classical inhibitors, slow tight binding
calculated before (3.37 x 107M -l min -~, Abdel-Aal inhibitors and acylating inhibitors might be a good
starting point to shed some light on the detailed
et al., 1984), then k2 must equal 4.1 x 10 -3 min -1 . To
illustrate the significance of these parameters let us
mechanism of JH hydrolysis by JHE and the
configuration of the JHE active site(s) under acticalculate the half time (t0.5) for the dissociation which
vated conditions.
is 0.693/k2 or 169 min. On the other hand, the rate of
association may be considered as pseudo-first order
An appropriate model of the dynamic regulation of
with regard to E with a rate constant of kl L Assume JH titre in T. ni requires information regarding JH
I is 5.0 × 10-gM which is about two times the biosynthesis, distribution, metabolism and elimi150 value (Hammock et al., 1984), then the nation. However, the information generated above
allows us to begin to construct a more limited model
pseudo-first order constant is (5.0× 1 0 - g M ) ×
(3.37 x 107 M -1 min -~) = 0.17 min -I . Therefore the describing the capability of the haemolymph to hydrolyze JH. During the prewandering peak of JHE in
t0.5 value for the association reaction is 4.08 min. The
comparative half times for association and dis- the haemolymph and other tissues, JHE may be
sociation of the E1 complex explains the progressive considered the key factor in determining the rate of
JH catabolism. Although JHE has been studied
inhibition of JHE by OTFP (Abdel-Aal et al., 1984).
Furthermore, if the enzyme is pre-incubated with the extensively in different insect species, very little
inhibitor before adding the substrate, the observed information is known about its substrate specificity
(Hammock, 1984) and no information is at present
velocity will be due to the unbound free enzyme alone
and any contribution by enzymes in the EI complex available on the JHE molarity. The present study
to the reaction velocity will be negligible because the considers the use of enzyme inhibitors for the deterrate of the dissociation of E1 complex is too slow. mination of the molar equivalency of JHE based on
Therefore OTFP would appear to completely inac- kinetic treatments. The molar equivalency of JHE
tivate a certain fraction of the enzyme and resemble was found to be 1.6 × 10 -6 M in T. ni haemolymph.
a non-competitive inhibitor on Lineweaver-Burk This estimate of molarity came from a pool of
haemolymph collected from larvae between 3 and
plots (Fig. 4) as defined by Dixon and Webb (1964).
5 hr after lights on 2 days after the emergence of
On the other hand, when the reaction starts with
addition of the enzyme (Fig. 7), the initial velocity larvae in their last stadium and metabolized JH-I and
approaches that of the uninhibited enzyme since no
JH-III at 45 and 34 nmol/min-ml respectively when
significant inactive EI complex forms due to a slow assayed at 5.0 × 10-6M with a 500-fold dilution.
rate of association. However, as the reaction pro- Assuming that JHE from T. ni has only one catalytic
gresses, the inhibited velocity starts to decrease site, one can calculate the molarity of the purified
as more E1 complex is formed. It is worth
enzyme. In their study Yuhas et al. (1983) purified
noting that Fig. 9 resulted in values of 7.1 x 10 - u M,
JHE from T. ni haemolymph about 436-fold with a
4.1 x 107 M -1 min -~ and 2.9 x 10-3min -~ respec- recovery of 28~. They finally obtained 0.03 mg
tively for Ki, kt and k2 in a good agreement with protein/ml which gave a single band when electrothe aforementioned values. Furthermore, k~, phoresed on a SDS-polyacrylamide gel and had a
3.4-4.1 x 107 M - t m i n -~ can be used to calculate the molecular weight of 48,000. After correcting for the
o

o.4

/"

150 =
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percentage recovered, this amount of protein is equivalent to 2.2 x 10 -6 M JHE in the haemolymph. This
calculated value is in good agreement with the value
calculated from the haemolymph preparation used in
this study (1.6 x 10-6 M). The same calculations applied to the 2630-fold purified JHE from Galleria
mellonella haemolymph (Rudnicka and Kochman,
1984) with a molecular weight of 60,000 (McCaleb et
al., 1980) resulted in an estimate of 9.5 x 10 -7 M JHE
in the haemolymph. It is worth noting that the
calculated molarity based on the kinetic treatments is
the same for the same enzyme preparation and is
indendent of the substrate used (Fig.6). These data
support the concept that in T. ni one major enzyme
hydrolyzes both JH-I and JH-III during the last
larval stadium.
JHE activity in the haemolymph of T. ni increases
over a dynamic range of more than 10-fold from
approximately the time of eedysis to the last larval
stadium until the activity peaks early on day two. It
then decreases over 100-fold by late day 3 only to
increase again to yield a peak of JHE in postwandering larvae. The absolute activity of JHE in a
single developmental stage of T. ni (and some other
Lepidoptera) shifts during the year, although the
JHE pattern during development remains the same.
However, using the data of Wing et al. (1981) molarity varies
from undetectable
levels to
,-,2.0 x 10-6M during the last larval stadium. Even
near the time of ecdysis to the last stadium, the
molarity is over 1.0 x 10 -7, and as discussed later,
the presence of such an active enzyme even at this low
titre will play a significant role in the catabolism of
JH.

Besides the molarity of the enzyme, the catalytic
number has been calculated from the AckermannPotter plot to be 19.4 and 37.1 min -m respectively for
JH-III and JH-I (Table 1). Also listed in this Table
are some other kinetic parameters that have been
generated directly from kinetic treatments or from
mathematical relations of the enzyme substrate
reactions.
The JH-I/JH-III specificity ratios have been calculated from different parameters (Table 1) to show
their relation, meaning and biological significance.
First, as described before, the specificity was calculated from the activity ratio at high and saturating
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concentration (5.0 x 10 -6 M) of each substrate and
resulted in a higher specificity (1.6 times) for JH-I
than JH-III. The activity at such high substrate
concentrations which are about 82 and 164 times
the Km values for JH-I and JH-III, respectively,
showed approximate Vmax as the velocity equation
( V = Vm, S/Km + S) reduces to V = Vm~. Therefore,
the activity ratio at a single constant substrate concentration closely approaches the Vmaxratio which is
2.1 in favour of JH-I hydrolysis. Furthermore, as the
velocity is proportional to the concentration of the
enzyme substrate complex, V = k 3 [ E S ] , and at an
extremely high substrate concentration (V = Vmax),
all the enzyme should be in the form of an enzyme
substrate complex and then Vm~ = k3[Et]. This situation indicates that the ratios of the Vm,x'Susing JH-I
and JH-III as substrates must be equal to the ratios
of k3's. Interestingly, both ratios are very close to 2.0
and agree very well with the theoretical interpretation. On the other hand the activity ratio at
5.0 X 10 - 6 M of each substrate (1.6) approaches the
k3 and Vmaxratios. It is quite clear that this specificity
is real under zero order kinetics (S >>Km) where all the
enzyme is saturated or oversaturated with the substrate. The question at issue is to what extent, if any,
these specificity ratios express the specificity under in
vivo conditions. Although there are large differences
in the absolute concentration of circulating hormones
between different insect species (deKort and Granger,
1981) even at the same developmental stage (Trautmann et al., 1976), reported JH titres in the last larval
stadium of lepidopterous larvae are generally below
10ng/ml (Schooley et al., 1976; Mauchamp et al.,
1979; Schooley, personal communication) and range
from about 10-400 pg/g of tissue in T. ni (Jones,
unpublished). Assuming homogeneous distribution
of JH in tissues of T. ni and an average unit density,
a molar concentration of about 3.4x 10 -N1.4 x 1 0 - 9 equivalents of JH-I, which is far below
the Km value of JHE to JH-I. Under such conditions,
the velocity equation reduces to the form
( V = Vmax[S]/Km) in which Vmax/Km represents a
pseudo-first order rate constant (ks) for the overall
reaction which follows first order kinetics with regard
to IS]. Therefore, the best measure for substrate
specificity for an enzyme that is known to be at high
concentration in comparison to its substrate(s) under

Table 1. Kinetic parameters and substrate specificity of juvenile hormone esterase
(JHE) from Trichoplusia ni hydrolyzing JH-I and JH-III
k4

I

JHE + J H ~

k,

k3

J H E . J H - - - , J H E + Products

[ k2 k s = k4 [JHE]
Kinetic parameter
KI(M)
Vm,, (nmol/min-ml)
k 3 (min- 1)

JH-I

JH-III

JH-I/JH-III

6.1 x 10 -8
177
37.1

3.1 x 10 -s
85.0
19.4

2.0
2.1
1.9

6.1 x 10s

6 . 4 x l0 s

1.0

k 5 = -~_~ (min -1)

2.9 x 103

2.8 × 103

1.0

0.693 .
t05 = ~
(mm)

2.4 x 10 -4

2.5 x 10 -4

1.0

k3
k4=~(M-

i

i
min- )

m
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protein and JH-I. Therefore Ks is useful for comin vivo conditions is the first order rate constant
(ks = Vmax/Km) that governs the reaction under such paring substrate affinity with an enzyme, but the real
conditions. As has been discussed earlier the k3/Km measure of the ability of an enzyme to clear a
can be used instead which represents the second order substrate from a pool is a function of its Kr, and k 3
for the overall reaction is irreversible with JHE yet
rate constant (k4) for the overall reaction when both
enzyme and substrate concentrations are comparable reversible with the binding protein.
There is some question regarding the true kd of the
and much lower than Km values. The advantage of
using k3/Km as a specificity measure is that it is JH carrier protein under in vivo conditions (Wing et
independent of the enzyme concentration and prepa- al., 1984; Law, personal communication), but even if
ration. Interestingly, in contrast to the specificity the k d is much slower one can argue that JHE will still
value measured from the activity ratio, Vmax ratio, be a very effective scavenger of JH. JHE and the
and k3 ratio which all showed higher preference for carrier protein obviously interact to control the titre
JH-I than for JH-III, the specificity calculated from of JH in the tissues. Since the binding activity of JH
the first or second order rate constants showed equal in haemolymph varies over a limited range while JHE
specificity of the enzyme to both substrates, which activity varies dramatically during the last larval
indeed expresses the substrate specificity under in vivo stadium, the latter changes are more likely to lead to
conditions where the reaction mechanism is bi- large changes in JH titre. However, since JHE shows
molecular and follows pseudo-first order kinetics equal specificity for JH-I and JH-III under physiological conditions while the carrier protein binds
with regard to the substrate.
There appears to be a single low molecular weight JH-III very poorly, one can anticipate that the relaJH carrier molecule in the haemolymph of T. ni tive speed of hydrolysis of JH homologues in the
(Sparks and Hammock, 1979; Wing et al., 1984). The haemolymph will be determined by the JH carrier
molarity of binding sites was estimated previously as rather than JHE.
There is a limited range over which the kinetic
2.9 and 3.0 x 10 -6 M for JH-III and JH-I with Kd's
of 3.7 x 10-6M and 4.2 × 10 -7 M, respectively properties of a biological catalyst can vary. Those of
(Hammock et al., 1977). Wing et al. (1981) reported JHE (apparent high affinity for the substrate, but a
that the dynamic range of fluctuation of binding sites low to moderate turnover) are appropriate for a very
is rather limited in the last larval stadium and using effective scavenger of JH at physiological concena pool of haemolymph Wing et al. (1984) estimate a trations. These properties explain why almost total
Kd of 6.9 x 10-7M for JH-I with an association inhibition of JHE is required before in vivo effects are
constant (k,) of 4.5× 1 0 5 M - ' m i n -1 and a dis- observed (Sparks and Hammock, 1980; Abdel-Aal et
sociation constant (ka) o f ~ 0 . 3 min -~ using excess al., 1984). Thus, JHE does not appear to be a likely
JH to displace the label from the carrier molecule. target for inhibitors if one wishes to disrupt insect
Since a large excess of hormone was used for these development in the field. However, precocious instudies, the racemic nature of the hormone should duction of JHE could lead to profound developmental effects. One can further argue that even less
not influence the above estimates of equilibrium and
kinetic parameters greatly.
specialized esterases are likely to have an important
Although the JH binding protein is about twice the role in JH catabolism, although their role is
maximal concentration of JHE, calculated from the insignificant by comparison when JHE is present.
present work, the 10-fold higher affinity of JH-I to
JHE than that of JH-I to the binding protein favours Acknowledgements--This work was supported in part by
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