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Abstract The kinetic analysis of esterase inhibition by

acylating compounds (organophosphorus carbamates and

sulfonyl fluorides) is sometimes unable to yield consistent

results by fitting simple inhibition kinetic models to

experimental data of complex systems. In this work, kinetic

data were obtained for phenylmethylsulfonyl fluoride

(PMSF) tested at different concentrations incubated for up

to 3 h with soluble fraction of chicken peripheral nerve.

PMSF is a protease and esterase inhibitor causing protection

or potentiation of the organophosphorus-induced delayed

neuropathy and is unstable in water solution. The target of

the promotion effect was proposed to be a soluble esterase

not yet identified. A kinetic model equation was deduced

assuming a multienzymatic system with three different

molecular phenomena occurring simultaneously: (1) inhi-

bition, (2) spontaneous chemical hydrolysis of the inhibitor

and (3) ongoing inhibition (inhibition during the substrate

reaction). A three-dimensional fit of the model was applied

for analyzing the experimental data. The best-fitting model

is compatible with a resistant component (16.5–18%) and

two sensitive enzymatic entities (both 41%). The corre-

sponding second-order rate constants of inhibition

(ki = 12.04 9 10-2 and 0.54 9 10-2 lM-1 min-1, respec-

tively) and the chemical hydrolysis constant of PMSF

(kh = 0.0919 min-1) were simultaneously estimated. These

parameters were similar to those deduced in fixed-time inhi-

bition experiments. The consistency of results in both

experiments was considered an internal validation of the

methodology. The results were also consistent with a

significant ongoing inhibition. The proportion of enzymatic

components showed in this work is similar to those previously

observed in inhibition experiments with mipafox, S9B and

paraoxon, demonstrating that this kinetic approach gives

consistent results in complex enzymatic systems.
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Introduction

Discrimination of esterases in tissue preparations has been

achieved on the basis of their different sensitivities to

inhibition by organophosphorus compounds (OPs) and

other inhibitors. One of the best known examples is the

operative discrimination of the so-called neuropathy target

esterase (NTE) from other esterases in both neural and

extraneural tissues. NTE is operationally defined as the

fraction of phenylvalerate esterase (PVase) activity, which

is resistant to paraoxon (40 lM), but sensitive to mipafox

(50 lM), 20 min at 37�C (Johnson 1969, 1977). Brain NTE

is selectively inhibited by 1-(saligenin cyclic phospho)-9-

biotinyldiaminononane (S9B), which was the basis to the

isolation of NTE and to its molecular and genomic char-

acterization (Lush et al. 1998; Glynn et al. 1999; Kropp

et al. 2004).

Some sulfonyl fluorides, such as phenylmethylsulfonyl

fluoride (PMSF), can also covalently and irreversibly inhibit

NTE without inducing neuropathy. In fact when given to

hens at doses that block (inhibit) more than 30–40% of NTE,

they protect against the neurotoxic effect of a subsequent

high neuropathic dose of a neuropathic OP (Johnson 1987).

However, when ‘‘protective’’ NTE inhibitors such as PMSF
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are dosed after a low non-neuropathic dose of a neuropathic

OP (causing[40–50% NTE inhibition), its neurotoxicity is

‘‘potentiated’’ (Pope and Padilla 1990) or ‘‘promoted’’ (Lotti

et al. 1991), causing severe neuropathy. Although the target

of ‘‘potentiation’’ by PMSF remains unknown, it is suspected

to be another esterase related to peripheral nerve soluble

PVases (Moretto 2000; Moretto et al. 2001). However, the

global interaction of PMSF with nerve tissue esterases has

not been kinetically analyzed in detail, and it is necessary to

identify which are the relevant sensitive esterases to PMSF as

possible target(s) for promotion/potentiation of organo-

phosphorus-induced delayed polyneuropathy (OPIDP)

before isolation and molecular characterization. This is

precisely the purpose of the present work.

The kinetic analysis of the inhibition of esterases by

acylating compounds (organophosphates, carbamates and

sulfonyl fluorides) is sometimes unable to yield consistent

results by fitting simple inhibition kinetic models to the

experimental data in complex systems. An additional

problem for kinetic studies with PMSF comes its instability

in aqueous solutions due to spontaneous chemical hydro-

lysis (James 1978), and an additional hydrolysis caused by

the biological medium cannot be ruled out. One important

contribution of this paper is the introduction of the

hydrolysis of the inhibitor in the kinetic models for the

inhibition process.

In vitro experiments involve pre-incubating the enzyme

preparation with an inhibitor concentration (I) during

increasing inhibition times (t) and then incubating with a

substrate during the enzyme–substrate reaction time (ts) to

measure residual enzyme activity (E) (Fig. 1). Model

equations and approaches for analyzing the kinetic

behavior of multienzymatic systems in the presence of an

inhibitor, either with or without spontaneous reactivation,

have been recently reviewed (Estévez and Vilanova 2009).

However, the spontaneous hydrolysis of the inhibitor has

not yet been included in inhibition kinetic models. Usually,

the kinetic model assumes that inhibitor concentrations

remain constant while the experiment is underway because

the inhibitor is tested at least at nano- or micromolar

concentrations, while the tested enzyme should be within

pico- or femtomolar concentrations. A proposed model

equation can only be accepted when different inhibitor

concentrations are assayed and if consistent results are

obtained as follows: the best-fitting model possesses the

same number of components with the same amplitudes and

kinetic constants for each tested inhibitor concentrations

(Estévez and Vilanova 2009).

The data of this work were obtained in peripheral nerve

of chicken because this is the animal model used for testing

and predicting organophosphorus-induced delayed neu-

ropathy in humans (OECD 418 and 419 testing guide) and

it is the classical animal model in studies of OPIDP and the

first animal model in which NTE (the target protein of

OPIDP) was found among the esterases of brain mem-

branes (Johnson 1969, 1982; Williams and Johnson 1981).

The in vivo promotion/potentiation effect of PMSF and

other promoters has been also assayed in chicken. Chicken

tissues also were chosen as the model system given the

extensive studies performed on chicken brain and periph-

eral nerve using paraoxon, mipafox (Barril and Vilanova

1997; Barril et al. 1999) and others inhibitors and because

chicken is a highly sensitive species to OPs for both cho-

linergic and delayed neuropathy effects.).

Highly sensitive esterases to paraoxon have been

described and kinetically characterized in the soluble

fraction of chicken peripheral nerve as measured with the

substrate phenylvalerate (Barril et al. 1999; Estévez et al.

2010). Kinetic behavior was characterized by a transitory

inhibition with spontaneous reactivation, which had been

also observed in cholinesterases (Eyer et al. 2008; Bazire

et al. 2011). It has been suggested that these esterases play

potential roles in toxicity and/or detoxication during low-

dose long-term exposure to organophosphorus compounds,

which warrants further toxicological and epidemiological

research (Barril et al. 1999; Estévez et al. 2011). Such

esterases are sensitive to the permanent inhibition by mi-

pafox (Estévez et al. 2004) and also to S9B (Estévez et al.

2010), a biotinylated OP used for the detection, labeling

and isolation of NTE (Glynn et al. 1994).

On the other hand, the target of promotion of OPIDP

was proposed to be in the soluble fraction of peripheral

nerve (Gambalunga et al. 2010).

This paper deals with the interaction of PMSF with all

esterases in the soluble fraction of chicken peripheral nerve

that can be detected with phenylvalerate used as the sub-

strate, but neither deals with OPIDP directly nor studies

NTE, which is a membrane-bound protein. A kinetic model

Inhibitor STOP 

ti tS

(510 nm)

t

Substrate

Absorbancetime

Fig. 1 Typical timing in an inhibition experiment. Enzyme prepara-

tion is treated with an inhibitor (PMSF) (first vertical arrow) and is

pre-incubated during the ‘‘inhibition time’’ (ti). Then, the substrate is

added (PV) (second vertical arrow) and incubated during the

‘‘substrate time’’ (ts) to allow the substrate–enzyme reaction to

measure the residual active enzyme. Finally, the reaction with the

substrate is stopped (third vertical arrow) by adding SDS/AAP

solution, and a color reagent is added before measuring absorbance.

Activity is referred to as a percentage over the absorbance of the

enzyme preparation without an inhibitor. The addition of a substrate

usually stops inhibition due to dilution and competitive substrate

protection, but in some cases, some ‘‘ongoing inhibition’’ may occur

during the ts
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has been developed that considers (1) a complex multien-

zymatic system, (2) the inhibition process (sulfonylation)

and (3) the concurrent hydrolysis of PMSF together with an

ongoing inhibition during the substrate reaction for the

most sensitive enzymatic component. These assumptions

are based on the experimental behavior observed, and the

results are compared with those obtained with several other

OP inhibitors.

Materials and methods

Chemicals

Phenylmethylsulfonyl fluoride (PMSF) was obtained from

Sigma–Aldrich S.A. (Madrid, Spain), and phenylvalerate

was purchased from Lark Enterprise (Webster, MA, USA).

A stock solution of 50 mM PMSF was prepared in DMSO

and dissolved in 50 mM Tris–HCl buffer (pH 8.0) con-

taining 1 mM EDTA immediately before the kinetic assays.

A stock solution of substrate phenylvalerate (16.8 mM) was

prepared in dried N,N-dimethylformamide and diluted

in water to 5.4 mM immediately before the enzymatic

assays. All the other chemicals were of analytical reagent

grades. Sodium dodecyl sulfate [SDS)/4-aminoantipyrine

(74.5 mM/1.23 mM)] was prepared in water and stored in a

dark bottle. Potassium hexacyanoferrate III (12.1 mM) was

prepared in water.

Preparation of the soluble fraction of chicken peripheral

nerve

A soluble fraction of sciatic nerves of chicken legs was

prepared as described by Estévez et al. (2004). In short, hen

sciatic nerves were obtained from a commercial slaugh-

tering house and kept in cold (0–5�C) Tris buffer until use

(before 1 h). The tissue was cleaned of fat and blood. The

sciatic nerve was homogenized with a Polytron homoge-

nizer (Kinematica Gmbh, Germany) using a PTA 10 s head

at 70% speed (3 times 9 30 s) in Tris buffer at a con-

centration of 200 mg fresh tissue/ml. Then, particulate and

soluble fractions were separated by ultracentrifugation at

100,0009g for 60 min at the 200 mg concentration of fresh

tissue per milliliter in 50 mM Tris–HCl buffer (pH 8.0)

containing 1 mM EDTA. For the inhibition process, this

fraction was either concentrated or diluted with buffer

(1/20) to obtain the desired concentration.

Standard phenylvalerate esterase activity (PVase) assay

Enzyme assays were carried out as previously described

(Estévez et al. 2004) following a procedure based on the

colorimetric method for the NTE assay, developed by

Johnson (1977), using phenylvalerate (PV) as a substrate.

One milliliter of tissue preparation and 0.1 ml of inhibitor

(buffer in controls) at the appropriate concentration were

pre-incubated for the corresponding time and then incu-

bated with 1 ml of substrate (phenylvalerate 0.54 mM) for

10 min. The reaction was stopped by adding 1 ml of a 2%

SDS solution with 1.23 mM aminoantipyrine and 0.5 ml of

12.1 mM potassium hexacyanoferrate III. After 10 min,

absorbance was read at 510 nm. Blanks and spontaneous

hydrolysis controls (samples without tissue) were included

in the same procedure.

Inhibition procedure

The PMSF inhibition kinetic data were analyzed in a

peripheral nerve soluble fraction at 37�C. A 1-ml volume

of peripheral nerve soluble fraction (at an equivalent con-

centration of 20 mg ml-1 of original fresh tissue) was

incubated with 100 ll PMSF to reach the indicated PMSF

concentrations at 37�C for the inhibition time indicated in

each experiment. Then, the substrate was added and incu-

bated for 10 min to measure residual enzymatic activity,

following the procedure described by Johnson (1977),

which was modified by Estevez et al. (2004). The residual

PMSF concentration in the presence of PV was 0.52 of the

initial concentration. The reaction was stopped; the results

were expressed as percentage of activity (E/E0 9 100) over

the control without an inhibitor and were plotted versus the

time (t) for each data set for the respective inhibitor con-

centration. Figure 1 shows the scheme of the inhibition

procedure.

Kinetics of reactivation after removing PMSF

by ultrafiltration

Inhibition and removal procedure: a 1.5-ml volume con-

taining the soluble fraction corresponding to 200 mg fresh

tissue/ml was incubated with 80 lM of PMSF for 30 min

at 37�C in a total volume of 1.65 ml. Controls were incu-

bated only with buffer, and the sample was incubated with

PMSF. Both the non-inhibited control and the pre-inhibited

samples were diluted to 15 ml with cold buffer to be then

subjected to two washes through Millipore ultrafree-15

biomax 50 K (15 ml) filters by centrifuging at

1,500–2,0009g and at 4�C. Centrifugation continued until

the sample volume was reduced to 0.15 ml. Concentrates

were diluted to 15 ml with cold buffer and filtered as

before. At the end of the process, buffer was added to

obtain the sample concentration used in the PVase assay

(soluble fraction from 20 mg of fresh tissue/ml). The

PVase activity lost in the process was around 23–25%.

The residual PMSF concentration was negligible (from the

above-indicated volumes, estimated to be approximately

Arch Toxicol (2012) 86:767–777 769
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7.2 nM) and was therefore unable to significantly inhibit

the remaining enzyme activity. This residual concentration

was estimated from two concentration steps at 0.15 ml and

three dilution steps at 15 ml. At the end of first step (one

dilution at 15 ml, one concentration at 0.15 ml and one

dilution at 15 ml), the residual concentration was estimated

to be 720 nM and to be 7.2 nM at the end of second step

(one concentration at 0.15 ml and one dilution at 15 ml).

Moreover, the actual concentration is much lower due to

the spontaneous hydrolysis of PMSF.

Reactivation: after diluting, ultrafiltrated samples were

incubated at 37�C, and 1 ml aliquots were taken at 0 min,

30 min and overnight (14 h and 27 min) to allow for

reactivation. The results are expressed as percentage of

activity (E/E0 9 100) over the control without the

inhibitor.

Computerized estimation of the kinetic parameters

Model equations were fitted to the experimental inhibition

kinetic data by a non-linear computerized method based on

the least-square principle using the Sigma Plot software,

versions 6 and 8. Equations were applied, and fits were

fulfilled according to the software user’s guide.

Model equation for inhibition

Model equations were applied according to the recom-

mendations provided in previous publications (Estévez and

Vilanova 2009).

In short, the concentration of a reversible non-covalent

Michaelis-like intermediate is considered negligible in this

paper as the low solubility of the inhibitor does not allow

concentrations to cause significant saturation (Aldridge and

Reiner 1972) and because similar values of residual

activity were obtained in inhibited samples when the

inhibitor is in the medium during the substrate reaction in

comparison with inhibited samples where the inhibitor is

removed. This supports the approach of using kinetic

models considering that the concentration of reversible

Michaelis-like intermediate is negligible. The reaction may

be expressed as follows:

E þ PX!ki
E�Pþ X ½1�

For the case of PMSF, the meaning of PX, E–P and X is

described in Fig. 2.

The expected kinetic equation is as follows:

E ¼ E0 � e�ki�PX�t; ð1aÞ

E ¼ E0 � e�ki�I�t ðPX � IÞ: ð1bÞ

In a biological preparation, esterase activity may contain

several sensitive enzymatic fractions (E1, E2, E3, etc.), as

well as a resistant component (ER). For example, given a

situation of two sensitive enzymatic fractions (exponential

components) and a resistant component, the model

equation is expressed as follows:

E ¼ E10 � e�k1�I�t þ E20 � e�k2�I�t þ ER ð2aÞ

E ¼ E10 � e�a1�t þ E20 � e�a2�t þ ER ð2bÞ

where k1 and k2 are the second-order rate constants; E10

and E20 are the amplitude or proportion of the enzymatic

sensitive components at the initial time; a1 and a2 are the

parameters involving the rate constant and the inhibitor

concentration (a1 = k1�I and a2 = k2�I); and ER is the

resistant component. To properly fit the model to the

experimental data, the following restrictions are applied:

all the parameters are positive (k1, k2, E10, E20, ER [ 0)

and E10 ? E20 ? ER = 100%.

In a simple classical irreversible inhibition mechanism

by organophosphorylation or organosulfonylation (reaction

[1]), an exponential decay (Eq. 1a, 1b) is expected with

lines of E versus t lowering to the same residual level. The

decay rate depends on the inhibitor concentration (PX or I),

but long-term tendency is at the same residual level. This

tendency is expected to be zero if all the activity is sen-

sitive or to be at the residual level if a fraction of activity is

resistant to the inhibitor.

This model has been extended to consider not only a

multienzymatic system with a significant spontaneous

reactivation of the inhibited enzyme, but also possible

Name (Abreviature in reactions) Chemical structure

PMSF
(PX)

Phenylmethylsulfonide
(P-O-)

Fluoride
(X) F

-

Enzyme
(E)

E -CH2-OH
Serin protein

Tyrosine - protein

Sulfonylated enzyme

(E- P)

Fig. 2 Chemical structures of the different species involved in the

model reactions
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interference, which is the most sensitive component

undergoing additional ‘‘ongoing inhibition’’ during the

substrate reactions according to Estevez and Vilanova

(2009). These additional considerations are provided in

detail in the ‘‘Results’’ section.

Results

PMSF inhibition and reactivation on the esterases

of peripheral nerve soluble fraction

Figure 3 illustrates a fixed-time inhibition curve where

around 90% of activity is inhibited at 30 min with 500 lM

of PMSF and around 50% inhibition is obtained at 4–6 lM.

Inhibition of peripheral nerve soluble PVase activity

with PMSF shows a time-progressive inhibition, which is

coherent with covalent irreversible inactivation. Figure 4

presents the curves corresponding to the best fit according

to the F test of the individual curve for each PMSF con-

centration used. For a long inhibition time, curves do not

converge at the same residual activity point, but show a

parallel line tendency at a given level depending on the

inhibition concentration being used.

Although each curve apparently shows a good, graphical

fit with the experimental data, no consistent values for the

kinetic constants, numbers and the proportion of the

components have been obtained when each curve was

separately analyzed to a model with 1, 2, 4 and 5 expo-

nential components (as indicated in ‘‘Materials and meth-

ods’’) when considering only inhibition. Therefore, the data

cannot be interpreted with exponential decay models as

they consider only the inhibition by sulfonylation reaction.

The introduction of two exponential components and/or a

resistant component did not improve the consistency of the

results and their properties. The number and proportions of

sensitive components vary with the inhibition concentra-

tion. The first-order constants obtained in the inhibition

curves are not linearly dependent on the PMSF concen-

tration, and the values of the second-order kinetic constants

are not consistent.

Two possible interpretations of these observations are

(a) the spontaneous hydrolysis of PMSF (James 1978) and/

or (b) the existence of spontaneous reactivation (Estévez

and Vilanova 2009).

No spontaneous reactivation was observed in the

peripheral nerve soluble fraction pre-inhibited with PMSF

after removing the inhibitor by ultrafiltration. Activity

remained inhibited and at same activity level throughout

the assay. The values of the residual activity for three

independent samples were 16.9, 15.9 and 17.4% at 0 min

of reactivation time and 17.7, 17.6 and 17.6% at 867 min

of reactivation time. Therefore, no spontaneous reactiva-

tion took place, and the kinetic model did not contemplate

spontaneous reactivation. The residual activity was 16.3%

in the not ultrafiltrated control where the inhibitor was not

removed.

Fig. 3 PMSF fixed-time inhibition curve of the phenylvalerate esterase

activity of the peripheral nerve soluble fraction. Activity was assayed as

described in the ‘‘Materials and methods’’ section using a preparation

containing the soluble fraction of 20 mg fresh tissue/ml that was pre-

incubated with 0, 0.2, 0.6, 0.8, 1, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100 and

500 lM PMSF for 30 min. Then, the enzymatic activity was assayed

with phenylvalerate for 10 min. Percentages refer to the activity of the

sample pre-incubated with 0 lM PMSF. The curve was fitted with

exponential model equations by selecting the best-fitting multiexpo-

nential equation according to the F test
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Fig. 4 Kinetics of the time-progressive inhibition at different PMSF

concentrations. PVase activity was assayed as described in the

‘‘Materials and methods’’ section using a preparation containing the

soluble fraction of 20 mg fresh tissue/ml that was pre-incubated with

0, 0.2, 0.8, 4 and 10 lM PMSF (upper to lower plots) at the indicated

times. Then, enzymatic activity was assayed with phenylvalerate for

10 min. Percentages refer to the activity of the samples pre-incubated

with 0 lM PMSF at each time. Each curve was fitted with

multiexponential model equations by selecting the best-fitting equa-

tion according to the F test
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Extrapolating the data in Fig. 4 to the pre-incubation

zero time did not converge to 100%. This indicates that

ongoing inhibition during substrate incubation under the

assayed conditions is apparently significant, at least for the

highest inhibitor concentrations (4 and 10 lM). Therefore,

ongoing inhibition during substrate incubation needs to be

considered in the model, at least for the most sensitive

components (Estévez and Vilanova 2009; Estévez et al.

2010). This effect is not highly significant as it is only

approximately 10% of the highest inhibitor concentration.

Nonetheless, it could hinder the data analysis if not

considered.

The results of these observations suggest that PMSF

interacts with these esterases without spontaneous reacti-

vation and that PMSF is chemically spontaneously hydro-

lyzed while the experiment lasts. Therefore, the kinetic

model needs to consider (a) several components, (b) PMSF

hydrolysis and (c) ongoing inhibition.

A kinetic model considering inhibition,

the simultaneous hydrolysis of the inhibitor

and ongoing inhibition

The reactions to be considered are the following:

E þ PX!ki
E�Pþ X ½2�

PX !kh

½OH��
P� O� þ X ½3�

where PX is the inhibitor (PMSF in this case), X the leaving

group (fluoride in this case) and PO- the other hydrolysis

product (phenylmethylsulphonic acid in this case) (Fig. 2).

For a single enzyme component, the deduced model

equations are as follows:

Variation of E as a function on t :
dE=dt ¼ vdE ¼ � ki � E � PX;

ð3Þ

Variation of PX as a function on t :
dPX=dt ¼ vdPX2 þ vdPX3 ¼ �ki � E � PX � kh � PX;

ð4Þ

where ki is second-order inhibition constant, kh is the

chemical hydrolysis constant, E is the free enzyme con-

centration, PX is the inhibitor concentration, vdE is the

enzyme’s disappearance rate, vdPX2 is the inhibitor’s dis-

appearance rate through Reaction [2] and vdPX3 is the

inhibitor’s disappearance rate inhibitor through Reaction

[3].

By considering that the inhibitor’s disappearance rate

through Reaction [3] is higher than through Reaction [2],

the following approach is applied:

vdPX3� [vdPX2 then kh �PX � [ki �E �PX and then ki

�E �PX is negligible versus kh �PX:

The deduced equations become

dE=dt ¼ � ki � E � PX; ð5Þ
dPX=dt ¼ �kh � PX: ð6Þ

By rearranging Eq. 6, it is deduced that

dPX=PX ¼ �kh � dt; ð7Þ

while integrating Eq. 7, we obtain

ln PXj j ¼ c� kh � t;

then

PX ¼ A � e�kh�t;

when t = 0, PX = PX0 (the initial inhibitor concentration).

Therefore, A = PX0 and

PX ¼ PX0 � e�kh�t: ð8Þ

By substituting PX (Eq. 8) in Eq. 5, we see that

dE=dt ¼ � ki � E � PX0 � e�kh:t: ð9Þ

By rearranging the last equation, we achieve the following:

dE=E ¼ � ki � PX0 � e�kh�t � dt: ð10Þ

Then by integrating Eq. 10, we note that

ln Ej j ¼ ki

kh
� PX0 � e�kh�t þ C;

then

E ¼ B � e ki
khð Þ�PX0�e�kh�t

; ð11Þ

when t = 0, E = E0 (the initial free enzyme concen-

tration). Therefore,

E0 ¼ B � e ki
khð Þ�PX0 ;

and

B ¼ E0 � e�
ki
khð Þ�PX0 : ð12Þ

By substituting B (Eq. 12) into Eq. 11, we accomplish

E ¼ E0 � e�
ki
khð Þ�PX0 � e ki

khð Þ�PX0�e�kh�t
:

When rearranging the last equation, the equation below is

obtained for a sensitive enzymatic component:

E ¼ E0 � e e�kh�t�1�1ð Þ� ki
khð Þ�PX0 : ð13Þ

Analysis of the fixed-time inhibition curve considering

the simultaneous hydrolysis of the inhibitor

Models that consider inhibition with a simultaneous

spontaneous hydrolysis of the inhibitor were fitted to the

PMSF fixed-time inhibition data (Fig. 3). One, two and

three sensitive enzymatic components with or without a
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resistant enzymatic component were used. The model of

three sensitive enzymatic components was the best fit

according to the F test:

E ¼ E10 � eðe
�kh�30�1Þ� k1

khð Þ�PX0 þ E20 � eðe
�kh�30�1Þ� k2

khð Þ�PX0

þ E30 � eðe
�kh�30�1Þ� k3

khð Þ�PX0 ;

where kh is the spontaneous hydrolysis constant of the

inhibitor, E10 is the proportion (amplitude) of the most sen-

sitive enzymatic component, E20 is the proportion (amplitude)

of the second most sensitive enzymatic component, E30 is the

proportion (amplitude) of the third most sensitive enzymatic

component and 30 is the fixed reaction time. The following

restriction was applied: E10 ? E20 ? E30 = 100% and k1,

k2, k3, kh, E10, E20 and E30 [ 0.

The model describes three sensitive components, E1, E2

and E3 (44, 40 and 17%), with I50 (30 min) of 0.77, 17.10

and 564 lM, respectively. Table 1 provides the resulting

kinetic parameters in line (A). The I50 (30 min) value of the

sensitive component (Ei) was obtained by approximation

by applying the following equation:

%ActivityðEiÞ ¼ 100 � eðe�kh�30�1Þ� ki
khð Þ�PX0

The previously estimated kinetic constants were fixed, and

then successive iterations with different I values were

carried out in an electronic spreadsheet to obtain the PX0

value for the percentage of activity that equals 50 ± 0.1%.

Therefore, this I50 is the initial concentration required for a

50% inhibition in 30 min under the experimental condi-

tions in which the PMSF concentration decreases over time

due to hydrolysis.

Analysis of the time-progressive inhibition curves

by PMSF

The time-progressive inhibition data were analyzed by

considering inhibition with a simultaneous spontaneous

hydrolysis of the inhibitor with one, two or three enzymatic

components by contemplating the ongoing inhibition effect

in the most sensitive component.

It is reasonable to assume that ongoing inhibition is sig-

nificant only for the most sensitive enzymatic component.

Therefore, an additional exponential factor may be applied

to the most sensitive component to correct the effect (Est-

évez and Vilanova 2009; Estévez et al. 2010). This factor is

[e–ka0�PX], and it is added in the most sensitive component

(E1) equation (see Eq. 14). Parameter ka0 represents the

apparent first-order kinetic constant of the observed inhibi-

tion without pre-incubation caused by inhibition during the

substrate reaction time applied to measure activity. How-

ever, this additional factor is also modified because the PX

concentration changes during the whole reaction time

because of the hydrolysis. Thus, PX = PX0�e-kh�t (Eq. 8)

and the additional exponential factor are reflected as

e�ka
0 �PX0�e�kh�t

where t is the reaction time.

The model that considers inhibition with a simultaneous

spontaneous hydrolysis of the inhibitor was used for one,

two and three sensitive enzymatic components with or

without a resistant enzymatic component by considering

the factor for the ‘‘ongoing inhibition’’ effect in the most

sensitive component. The best-fitting model (according to

the F test) consisted in two sensitive enzymatic entities

plus resistant one:

E ¼ e�ka0 �PX0�e�kh�t
� �

� E10 � eðe
�kh�t�1Þ� k1

khð Þ�PX0

þ E20 � eðe
�kh�t�1Þ� k2

khð Þ�PX0 þ Er; ð14Þ

where k1 and k2 are the inhibition constants, E10, E20 and

Er are the proportions (amplitude) of enzymatic compo-

nents E1, E2 and E3, respectively, kh is the spontaneous

hydrolysis constant of the inhibitor and ka0 is the apparent

constant of ongoing inhibition.

For the purpose of obtaining a coherent solution in the

interactive computing estimation, some restrictions were

applied: (1) all the parameters (rate constants and ampli-

tudes) should have positive values ([0); (2) component 1 is

the most sensitive; therefore, k1 [ k2; and (3) the follow-

ing complementary restriction was also applied: E10 ?

E20 ? Er = 100%. A three-dimensional fitting (percent-

age of phenylvalerate esterase activity versus t and I) was

performed with the data described in Fig. 4. Table 1 pro-

vides the results (line B), and the deduced 3D surface is

plotted in Fig. 5. The system allows more than one solu-

tion, although this depends on the initial value in the

Table 1 Kinetic constants (ki) and the proportions of components obtained from the different inhibition experiments with PMSF on soluble

fractions of peripheral nerve

kh min-1 ka0 lM-1 E1 (%) k1 lM-1 min-1 I50
30 lM E2 (%) k2 lM-1 min-1 I50

30 lM E3/Er (%) k3 lM-1 min-1 I50
30 lM

(A) 0.1302 – (44) 0.1204 0.77 (40) 0.0054 17.10 (16.5) 1.63 9 10-4 563

(B) 0.0919 0.0719 (41) 0.1170 0.58 (41) 0.0100 6.79 (18) – –

The I50 values were calculated from the kinetic constants for each component. (A) Experiment for the time-progressive inhibition with four

different inhibitor concentrations in the range of 0 to 180 min (Fig. 4). (B) Experiment for fixed-time inhibition (30 min) with 25 different

inhibitor concentrations in the range of 0 to 500 lM. The R2 coefficients were 0.9964 (Exp A) and 0.9648 (Exp B). The meaning of the

parameters is indicated in ‘‘Results’’
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interactive computing estimation. The results were accep-

ted only if the kinetic constants and amplitudes were of the

same order of magnitude as in the fixed-time inhibition

experiment. The consistency of the results significantly

improved (according to the F test) if a correction factor for

the ongoing inhibition during the substrate reaction was

included in the most sensitive component.

Discussion

The soluble peripheral nerve samples and complex kinetic

model have been used in this work because the knowledge

about the kinetic behavior of the interaction of peripheral

nerve soluble esterases with PMSF is necessary in order to

identify the relevant carboxylesterases in the potentiation

of the delayed neuropathy before purifying them for iso-

lation and molecular identification and characterization.

This paper provides evidence that micromolar concen-

trations of PMSF, a protease and esterase inhibitor causing

both protection and potentiation of the organophosphorus-

induced delayed neuropathy, is able to inhibit about 85% of

the total soluble phenylvalerate esterases in chicken

peripheral nerve (the animal model for predicting OPIDP

in humans) in a time-progressive manner, suggesting

covalent irreversible binding by sulfonylation. The kinetic

behavior is coherent with the existence of two sensitive

esterase components plus a resistant one.

The concentration of reversible Michaelis-like complex

can be considered negligible in order to simplify the kinetic

model because after pre-incubation with 80 lM PMSF for

30 min at 37�C and removing the inhibitor by ultrafiltration,

the residual activity was about 17% and was similar to the

residual activity of the preinhibited non-ultrafiltrated con-

trols where the inhibitor was not removed. PMSF-inhibited

esterases were not reactivated, suggesting permanent

covalent binding; therefore, spontaneous reactivation is not

considered in the mathematical modeling for inhibition

kinetics.

The mathematical equations for a simple kinetic model

(E ? I ? EI) has not proved to be an appropriate data fit

in the time-progressive inhibition curves. The curves in

Fig. 4 tend to reach a ‘‘plateau’’ and do not converge at the

same point, even though no spontaneous reactivation is

detected (Estévez and Vilanova 2009).

PMSF is spontaneously hydrolyzed in Tris pH 8.0

solutions (James 1978), which is the most likely cause of

these apparent steady states reached at long inhibition

times (around 80 min) because PMSF progressively dis-

appears and the inhibition rate decreases until it stops

when the inhibitor concentration comes close to zero.

Another kinetic model is then required when the esterase

inhibition and the spontaneous hydrolysis of PMSF are

considered to occur simultaneously. Binding to sensitive

esterases is not usually considered to be significant to

modify the inhibitor concentrations if it is tested at initial

levels from nanomolar concentrations upwards, as indi-

vidual sensitive active proteins are within a picomolar or

femtomolar concentrations. The concentration of active

centers is expected to be lower than 0.2–2 nM because

the inhibitor S9B is able to inhibit the 50% of the two

PMSF-sensitive enzymatic components at these levels of

concentration in 30 min (Table 2). PMSF is tested in the

time-progressive inhibition study (Fig. 4) at 200, 400,

4,000 and 10,000 nM concentrations; therefore, the PMSF

concentrations are at least between 100 and 5,000 times

higher than the possible active centers for binding, and

consequently, although the binding to proteins cannot be

excluded, it is reasonable to consider that the disappear-

ance of PMSF along the time of the experiment is mainly

due to the chemical hydrolysis. Therefore, the inhibitor

concentration is usually regarded as constant in inhibition

studies with organophosphorus compounds. However, it is

well known that PMSF is unstable in the aqueous solu-

tions as used in biochemical studies as a serine protease

inhibitor. This instability is an advantage when used as a

research tool in, for instance, protein purification

schemes, because proteases or esterases are permanently

inhibited, while the compound disappears from the med-

ium without disturbing further studies with biological

preparations.
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Fig. 5 Representation of the inhibition kinetics of soluble peripheral

nerve PVases by PMSF. The inhibitory surface obtained by fitting the

3D model equation to all the data corresponding to PMSF inhibition

at different concentrations and times. The surface reflects the result of

the best model according to the F test. It corresponds to a model with

three enzymatic components. Details are provided in ‘‘Materials and

methods’’
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A reasonable approach which assumes that PMSF’s

disappearance due to PVase inhibition is negligible versus

PMSF’s chemical hydrolysis was considered in order to

solve the differential equations in the kinetic model. The

model predicts the same number of components, with

equivalents amplitude and kinetic constants between the

fixed-time and the time-progressive inhibition experiments

(Table 1). The mathematical model applied in this work

could be useful for analyzing the inhibition by other

compounds that are spontaneously hydrolyzed in studies

with esterases and proteases.

A 3D fit is the best tool to fit equations to the time-

progressive inhibition data in this complex model (Estévez

et al. 2004). Furthermore, it simultaneously takes into

account all the data at different concentrations and inhi-

bition times. The ‘‘ongoing inhibition’’ effect is considered

for the most sensitive enzymatic component (Estévez and

Vilanova 2009; Estévez et al. 2010).

The half-life of 20 lM PMSF was calculated to be about

35 min at pH 8.0 (Tris–HCl, pH 8.0) and 25�C (James

1978). Therefore, the hydrolysis constant at 25�C is esti-

mated to be 0.0198 min-1. For the biological preparations

at 37�C in the inhibition experiments, it is estimated to be

comparable, but with some higher values (around

0.0919–0.1302 min-1; see Table 1). The higher tempera-

ture (37�C) in the assay conditions in addition to a possible

enzymatic hydrolysis and/or binding to other esterases or

proteins (such as proteases) as well to other biochemical

components in the solution may increase the global

hydrolysis rate of PMSF in the biological preparations.

Table 1 shows how both the inhibition (and the corre-

sponding I50 for 30 min) and PMSF hydrolysis constants

are consistent between the fixed-time and time-progressive

inhibition protocols. The results of the fixed-time experi-

ment (Fig. 3) and the time-progressive inhibition experi-

ment (Fig. 4) must be considered as a whole, although they

are two different assays with different designs. Similar

kinetic parameters are obtained in these two independent

experiments. This is considered as internal validation

strongly supporting the value of the results and the applied

kinetic model.

In short, it is concluded that the mathematical model

developed herein indicates that peripheral nerve soluble

PVases with PMSF behave as three different enzymatic

entities, two of them are PMSF sensitive of a 41–44% and

40–41% amplitude (I50 = 0.58–0.77 and 7–17 lM, respec-

tively, for a 30-min incubation time) and that around

16.5–18% of total activity may be considered resistant

to the highest tested PMSF concentration in the time-

progressive inhibition assay.

The number and amplitudes (proportion) of the activity

components obtained with PMSF by 3D fitting in the time-

progressive inhibition data and fixed-time inhibition data

are equivalent to those obtained for the inhibition with

mipafox, paraoxon and S9B in the same fraction and tissue

(Estévez et al. 2004, 2010, 2011; Table 2).

However, the relative sensitivity of the time-progressive

inhibition components for mipafox, paraoxon, S9B and PMSF

differs (Table 2). The first component (EI) is the most sensi-

tive one for PMSF and mipafox, whereas the second compo-

nent (EII) is the most sensitive one for S9B and paraoxon.

Both sensitive components (EI and EII) showed spontaneous

reactivation after the inhibition with paraoxon (Estévez et al.

2011), EI is permanently inhibited with S9B, and EII is

spontaneously reactivated after the inhibition with S9B

(Estévez et al. 2010). The component EI might be related to

the so-called soluble NTE (Escudero et al. 1997) because it is

permanently inhibited with mipafox, S9B and PMSF but it is

spontaneously reactivated after the inhibition by paraoxon.

In any case, both components are highly sensitive

enzymes if compared with other esterases as, for example,

the neuropathy target esterase bound to brain membranes

(Milatovic et al. 1997). The consistency of the results

obtained in the experiments performed with PMSF versus

those obtained with mipafox, paraoxon and S9B on the

same fraction and tissue may be considered as an internal

validation of the strategies followed to characterize kinetic

behavior.

Table 2 Comparison of the sensitivity of the different components discriminated by inhibition with PMSF, S9B, mipafox and paraoxon

EI (%) Sensitivity I50
30 EII (%) Sensitivity I50

30 EIII (%) Sensitivity I50
30 lM

PMSF (a) (41–44) ??? 0.58–0.77 lM (40–41) ?? 6.79–17.10 lM (16.5–18) – –

Paraoxon (b) (41) ?? 6–12 nM (37) ??? 0.24–0.26 nM (22) ? 740 nM

S9B (c) (52) ?? 5 nM (33) ??? 0.20 nM (15) ? 83 nM

Mipafox (d) (47.8) ??? 11–12 nM (36.6) ?? 69–71 nM (15.6) – –

The I50 values are indicated (for 30 min) with the proportion of the component in parentheses (%). EI is E1 showed in (a) and (d) and E2 showed

in (b) and (c). EII is E2 showed in (a) and (d) and E1 showed in (b) and (c). EIII is R or E3 in (a), (b), (c) and (d). Note that in those reports, ‘‘E1’’

was assigned to the most sensitive for the studied compound

(a) From the data in this paper. (b) From the 3D fitting in the paper of Estevez et al. (2011). (c) From the 3D fitting in the paper of Estevez et al.

(2010). (d) From the 3D fitting in the paper of Estevez et al. (2004)

(???) the most sensitive; (??) mid sensitive; (?) the least sensitive; (–) resistant
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Enough evidence is available showing that molecular

target for the already mentioned potentiation/promotion

of neuropathy is not the membrane-bound protein NTE

(Milatovic et al. 1997). Such a ‘‘promotion/potentiation’’

phenomenon may be significant for our understanding of

the potential neurotoxicological consequences of the

exposure to environmental pollutants that are not regarded

as neurotoxicants. PMSF is a promoter of delayed neu-

ropathy after systemic (Lotti et al. 1991; Pope and Padilla

1990) or local dosing in the peripheral nerve of a low non-

neuropathic dose of neuropathic OP (Carrera et al. 1992),

and based on the differential sensitivity to neuropathic

versus promoter compounds, some authors have suggested

that the molecular target for the potentiation/promotion of

neuropathies (such as OPIDP) could be among the PVases

present in the soluble fraction of peripheral nerve (Moretto

2000; Gambalunga et al. 2010). This work proves that most

soluble PVases of peripheral nerve can be time-progres-

sively inhibited by PMSF in an irreversible and permanent

manner. Its chemical insults to these esterases remain after

the compound has disappeared from the medium, and the

toxicological meaning of such interactions remains

unknown. With the results of this work, we now have the

appropriate criteria to monitor the isolation of PMSF-sen-

sitive esterases for their further molecular identification

and for more robust toxicological studies in order to

understand their toxicological involvement through both in

vivo and in vitro studies.
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