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Compar ative Sensitivity of Human Acetylcholinester ase
toin vitro Inhibition by Synthetic Analogues of
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Using phosphoryl chloride as a substrate, some
phosphoramidate derivatives with the general formula
(Rl)(O)Pcl(Rz), [R1 = NMe,, OC¢Hs, OCsH.CH3 and R, =
N(CH,CsHs)(CH3), N(CH,CsHs)(C,Hs)] was prepared and
characterized by *H, *P and *C NMR and IR spectroscopy
and elemental analysis. Biochemical studies conducted to
evauation of sensitivities of human acetylcholinesterase to
inhibition of these compounds. Determination of human eryth-
rocyte acetylcholinesterase (hAChE) activity was carried out
according to the Ellman’s modified kinetic method.
Biomolecular rate constant (k;) of the selected compounds
towards the active site of hAChE ranged between 2.4 x 10
and 5.23 x 10" M™* min™ and their 1Cs, values varied from
2.33x 10"t0 1.99 x 10° mM. The differencein the inhibitory
potency of these compoundsisdiscussed with respect to their
hydrophobicity. A comparison of the k; and 1Cs, values for
inhibition of hAChE by these inhibitors revealed that hydro-
phobic, steric and electronic factor of phosphorus substituents
are important in potency of inhibitory on hAChE.

Key Words: Ellman’s method, Hydrophobicity, Human
acetylcholinesterase, | Cs, I nhibitor, ki, Phosphoramidate.

INTRODUCTION

Activation of the human complements system, amagjor line of defense
against infection (viruses, bacteria, fungi and certain parasites), require
the participation of serine esterases such as acetylcholinesterase (AChE)".
The widely used anticholinesterase insecticides such as phosphoramidate
compounds inhibit AChE by phosphorylation of a serine hydroxyl group
in the serine active site, located at the bottom of a deep narrow gorge?®.
Phosphoramidates and structurally related compounds have been subject
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of intensive study for more than a century”®. In the course of structure-
activity studies on AChE inhibitors and based on previous finding, it has
been obvious that the inhibitory potency of organophosphorus compounds
is dependent upon hydrophobicity, steric and electronic parameters. How-
ever, the preparation in high yield of them that has activity against a broad
range of insects and low mammalian toxicity, is considerable interest. In
our previousworks’ we discussed the synthesis, characterization, hydrolysis
and inhibition potency on human erythrocyte acetylcholinesterase activity
of novel thiono and seleno phosphoramidate compounds with low reactivity
toward hAChE. Based on spectroscopic data and hydrophobicity evaluation
we considered the differencesin hydrophabicity of thiono and seleno anal o-
gues of phosphoramidate compounds with identical leaving group may be
important than their electronic differencesin determining their effectiveness
as hAChE inhibitors’.

The present study eval uatesinhibitory potency of six phosphoramidate
compounds on human acetylcholinesterase (hWAChE). Thisinformation will
be used for the comparison of effects characteristic to the three sets of
structural parametersinvolved in the toxic actions of these compounds: (1)
variation in the P-substituents bonds of P-O and P-N, (2) variation in the
aromatic esters of P-OCsHs and P-OCsH,CH; and (3) variationintheamine
group of N-CH3 and N-C;Hs. In addition, information is provide on variation
toxicity between species for closely related compounds. The information
which is not permitting conclusions to be drawn at this time, may provide
the basisfor further studiesin pharmacology and/or enzymology. A detailed
understanding of these effectswill serves asthe basisfor rational design of
compounds with specific and predictable properties. Herein, four novel
phosphoramidates (CH3),NPOCIN(CH,CsHs)(CHs) (1a), (CH3).NPOCIN-
(CHzcaH 5) (CzH 5) (23.) ) (CH3) (CeHsCH 2) N P(O) (OCBH 5) Cl (lC) and
(C2Hs)(CeHsCH2)NP(O)(OCsHs)Cl (2¢) were synthesized and characterized
by *H, *C, *P NMR and IR spectroscopy and elemental analysis and two
phOSphOl’éTﬂi date (CHs)(C6H5CH2) N P(O) (OC6H4CH3)C| (1b), (CHs) (CGHSCH 2)-
NP(O)(OC¢H.CHs3)Cl (2b) were synthesized according to literature method™.
In vitro activity of hAChE after inhibition by six phosphoromidates was
measured and its kinetic parameters (inhibitory potency; | Cs, and biomole-
cular rate constants; ki) were determined. We &l so s multaneously performed
experimental determination of hydrophobicity of these compounds.

EXPERIMENTAL

'H, 2C and *P NMR spectra were recorded on a Bruker 250 MHz
spectrometer. *H, 2C and *P chemical shiftswere determined relativeto TMS
and 85 % H3PO,, respectively, as external standards. IR spectra (KBr plate
and liquid) were obtained with a Bruker, Tensor 27 model spectrometer.
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UV measurements were performed by Unicam 8700 spectrophotometer.
GC spectrawere obtained with Agilent 6890 GC column.

Acetylthiocholine (ASCh), 5,5 -dithiobis(2-nitrobenzoic acid) (DTNB)
and human acetylcholinesterase (hRAChE); EC 3.1.1.7) were obtained from
Sigma Chemical Co. and used directly without further purification. Human
acetylcholinesteraswas diluted to 1:25 timein aphosphate buffer (Na.HPO./
NaH,PO.), 70 mM, pH = 7.4). All other reagents for enzymatic experiments
were purchased from Fluka. All the chemical and solvents for synthesis
were taken from Merck.

Synthesis

(CH3),NP(O)CI; (A): Synthesi zed and purified using reported method™.

General method (1a and 2a): A 100 mL round-bottom flask was
charged with 4.12 mmol of nucleophiles (R.NH), in 60 mL of benzene and
0.41 g (4.12 mmol) of EtsN and solution was cooled to 5 °C, A (1.32 g,
4.13 mmol) was added slowly to the solution. Mixture of reaction was
stirred at 5 °C for 1-2 h. The solution was then heated with aheating mantle
and wasrefluxed for 1 h. The solution wasfiltered and vol atiles were removed
and the remaining solid was purified by column chromatography. (SiO.,
hexane/ethyl acetate, 2/1 as eluents).

(CH3):NP(O)CI(N(CH2C¢Hs)(CHs) (1a): Yield, 81 %; Anal. calcd.
(%) for CioH1sNOPCI (246.68): C, 48.69; H, 6.54; N, 11.36. Found: C,
48.68; H, 6.55; N, 11.36. **P{*H} NMR (CDCl5) § = 9.66. '"H NMR: §; 2.58
(3H, d, *Jp.s = 11 Hz, CH3-N'"), 2.74 (6H, d, *Jp.s = 13.01 Hz, CHs-N), 4.25
(4H, g, *Jpy = 11.95, CH,-Ph), 7.28-7.42 (5H, m, H-Ph). *C NMR: §;
33.19(d, 2Jp.c = 3.47 Hz, CH3-N), 36.36 (d, 2Jr.c = 2.88 Hz, CH3-N), 52.56
(d, ?Jc =4.02Hz, CH,-Ph), 127.47, 128.26, 128.49, 137.32, (d, *Jp.c =5.4
Hz, ipso-C of Ph). IR (KB, Vima, cm™): 594 m (P-Cl); 701 s, 740 s (P-N);
1240 s (P=0).

(CH3).NP(O)CIN(CH2C¢Hs)(C:Hs) (2a): Yield, 79 %; Anal. calcd.
(%) for C1;H1sN,OPCI (260.71): C, 50.68; H, 6.98; N, 10.75. Found: C,
50.67; H, 6.99; N, 10.74. **P{*H} NMR (CDCls) § =9.45. '"H NMR: §; 1.11
(3H, t, SJH—H = 7.1 Hz, CHg-CHz), 2.74 (6H, d, 3Jp_H =13.13 Hz, CHg-N),
3.06 (2H, m, CH>-N), 4.31 (2H, m, CH,-Ph), 7.26-7.40 (5H, m, H-Ph). *C
NMR: 6, 12.67 (d, 3Jp_c =235 Hz, 13CH3'CH2-N), 37.22 (d, 2Jp_c =3.02 Hz,
CH3-N), 40.32 (d, “Joc = 3.65 Hz, CH-N), 48.85 (d, “Jo.c = 4.5 Hz, CH,-Ph),
127.566, 128.24, 128.591, 136.88 (d, *Jr.c = 4.9 Hz, ipso-C of Ph). IR (KBr,
Vimax, CM'Y): 596 m (P-Cl); 702 s, 734 s (P-N); 1243 s (P=0).

(CH3CeH4O)NP(O)CI: (B), (CH3)(CeHsCH2)NP(O)(OCeH.CH3)CI
(1b), (CH3)(CeHsCH2)NP(O)(OCeH4CH3)CI (2b) and (CsHsO)P(O)Cl.
(C): Synthesized and purified using reported method™.
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General method (1c and 2¢): A 100 mL round-bottom flask was
charged with 4.12 mmol of nucleophiles (R.NH), 60 mL of benzene and
0.41 g (4.22 mmol) of EtsN and solutionwas coldto 5 °C, C (1.32 g, 4.13
mmol) was added slowly to the solution. Mixture of reaction was stirred at
5°Cfor 1-2 h. The solution was then heated with a heating mantle and was
refluxed for 1 h. The solution was filtered and volatiles were removed and
the remaining solid was purified by column chromatography. (SiO., hexane/
ethyl acetate, 2/1 as eluents).

(CeHsO)P(O)CIN(CH3)(CeHsCHy) (1c): Yield, 82 %; Anal. calcd.
(%) for CisHisNO.PCI (295.71): C, 56.87; H, 5.11; N, 4.74. Found: C,
56.88; H,5.12; N, 4.75. *'P{*H} NMR (CDCl5) § =13.93. '"H NMR: §; 2.72
(3H, d, J = 13.26 Hz, NCH3), 4.35 (2H, d, J = 10.5 Hz, CH,Ph), 7.27-7.38
(10H, m, H-Ph). ®*C NMR: §; 33.37 (d, 2Jrc = 3.77 Hz, CHs-N), 53.06 (d,
2Jp.c =4.40 Hz, CHz-N), 120.55 (d, 3Jp_c =531 HZ,), 125.88 (d, SJP.C =153
Hz,), 127.89 (s, °C); 128.33, 128.68, 129.92, 135.98, 150.01. IR (KBr,
Vma, CM'Y): 601 m (P-Cl), 725 s (P-N), 941 s (P-O), 1272 s (P=0).

(CeHsO)P(O)CIN(C:Hs)(CsHsCH>) (2c): Yield, 90 %; Anal. calcd.
(%) for CisHizNO.PCI (309.74): C, 58.17; H, 5.53; N, 4.52. Found: C,
58.17; H, 5.54; N, 4.51. *P{*H} NMR (CDCls) § = 13.74. '"H NMR: §; 1.16
(t, 3Jun = 7.13 Hz, C-CHy), 3.23 (m, N-CH,-C-), 4.42 (m, CH,Ph), 7.24-
7.37 (m, H-Ph). ®C NMR: §; 12.60 (d, 3Jp.c = 2.52 Hz, “CHsCH,-N);
40.36 (d, °Jp.c = 3.77 Hz, CH3-*CH,-N); 49.00 (d, “Jp.c = 5.03 Hz, CH,-N);
120.63, 125.82, 127.82, 128.30, 128.66, 129.89, 136.29, 150.10. IR (KBr,
Vimae, CMY): 603 m (P-Cl); 724 s (P-N); 939 s (P-0); 1278 s (P=0).
Kinetic studies

Acetylcholinester aseassay and inhibition experimentsmeasur ments:
Activity of the enzyme was measured at 25 °C by a modified Ellman's
method™. The reaction mixture for determination of 1Cs, values consisted
of: 20 uL of DTNB solution (3.11 x 10* M); X WL of Inhibitor (different
concentrations); 10 L of acetylthiocholine solution (2 x 10 M); (950-X)
pL of phosphate buffer; 20 L of hAChE solution. Theplot of Vi/V, (Viand
V, are the activity of the enzyme in the presence and absence of inhibitor,
respectively) against log [1], where [1] isthe inhibitor concentration, gave
the 1Cs, values of isolated compounds.

The reaction mixture for determination of the biomolecular rate constant
(ki) was. DTNB, ASCh; solution of the enzyme and phosphate buffer (same
as above) plus varied concentration of inhibitors (1a, 2a, 1b, 2b, 1c and
2¢). Therate of hydrolysis of acetylthiocholine was monitored at 412 nm
at 1 mininterval for 20 min after the addition of enzyme. The biomolecular
rate constant (k;) were determined intriplicate by plotting the slopes against
concentration of inhibitors and resulting slope was analyzed by linear
regression.
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A test tube containing all of above materials except the inhibitor was
used to determine the activity of enzyme.

M easurement of hydrophobicity: Hydrophobic parameter of compounds
was determined by measurement of octanol-water partition coefficient by
shake-flask technique®. The agueous phase stock solution were shaken
with excess of octanol to presaturate them and were allowed to stand over-
night before use. The octanol stock solutions were also presaturated with
water, allowed to settle overnight and stored at 25 °C as was done with the
aqueous phase. The three concentrations (0.01, 0.05, 0.001 M) of solutes
were prepared in octanol and then 2.5 mL of these solutions was added to
500 mL water and shaken well. The reaction solution was allowed to stand
for 0.5 h, then, two phases were separated and GC instrument was used to
determine the concentration of compounds in octanol and water phase by
internal standard method.

RESULTSAND DISCUSSION

Asindicatein Scheme-l, we synthesized a series of phosphoramidates
with various subgtituents based on phosphory! chloride as a common starting
material. Preparation of these compoundsinvolved two subsequent nucleo-
philic displacements at the phosphoryl center (Scheme-11).
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The structure assignment of al the isolated products can be readily
deduced from their *H, 3'P and **C NMR spectroscopy. A summary of the
NMR parameters of these compounds are given in Table-1. It is obvious that
various parameters affect on **P chemical shifts, such as electronegativity
of substituents and bond angle™. Much attention has been given to the
variation of the *'P chemical shifts when changes in the electronegativity
of attached groups are made, the more electronegative groups cause
deshilding of the phosphorus atom. Herein, it seems above factor affect on
the chemical shift of phosphorus. The *P chemical shifts of synthesized
compounds migrateto lower field asthe el ectronegativity of the substituents
increase. *'P NMR spectraindicated that amount of deshilding in selected
compounds was. 1c > 2¢ > 1b > 2b > 1a > 2a. The '*H NMR spectra of
compounds 1b and 2b showed long-range coupling between phosphorus
and terminal methyl of p-cresol with "Jey = 2.20 and 2.34, respectively.
Similar phenomena have also been observed in some organophosphorus
compounds'®.

Themain absorption bandsin the IR spectraof the synthesized compounds,
together with their assignments are given in Table-1. The stretching vibrations
of v(P=0) appear in the range 1279-1232 cm™. The medium absorption
bands observed from 954 to 902 cm™ belongs to the v(P-N) stretching
vibrations of the amine nitrogen.

The elementd analysis confirmed *H, **C, *P NMR and IR spectroscopy
data for the synthesized compounds.

Enzymatic evaluation: Enzymatic experimentson compounds 1a, 2a,
1b, 2b, 1c and 2c were performed to illustrate the inhibition behaviour and
different biological activity characteristics of these 6 organophosphorus
compounds. The plot of Vi/V, against log [I], where [I] is the inhibitor
concentration, gave the | Cs, values of compounds 1a, 2a, 1b, 2b, 1cand 2¢c
were 2.33 x 10*, 1.58 x 10*, 1.40 x 102, 7.9 x 103, 3.16 x 10°, 1.99 x 10°
mM, respectively (Table-1).
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TABLE-1
SPECTRAL AND ENZYMATIC DATA FOR
COMPOUNDS 14, 2a, 1b, 2b, 1c AND 2¢c

P Qv 9+ [ )
Compounds d € J ElogP M
(ppm) ‘>’ © \>’ © (mM) min-l)
(CH,),NPOCIN(CH,C,H,)(CH,) (1a) 9.66 1239 594 202 2.33x10" 2.40x10°
(CH,),NPOCIN(CH,CyH5)(C,Hs) (2a) 945 1242 59 237 1.58x107 5.20x10°

(CH,CH,0)POCIN(CH,CH,)(CH,) (1b) 12.88 1272 601 4.36 1.40x10? 1.59x102
(CH,CH,0)POCIN(CH,CH5)(C;Hq) (2b) 12.11 1278 603 4.95 7.90x10° 8.48x1072
(CeH-0)POCIN(CH,C,H:)(CHs) (1c) 1393 1269 600 3.81 3.16x10° 2.16x10"
(CeH:0)POCIN(CH,C,H:)(C,H,) (1¢) 13.74 1279 601 4.24 1.99x10° 523x10"

AsshowninFig. 1theleast squareslinear regression of In of thefraction
of remaining AChE activity vs. time (min) resulted in aline at each inhibitor
concentration with sope= -k, (the apparent rate of AChE inhibitor phospho-
rylation). A double reciprocal plot of the inhibitor concentration vs. Kapp
resulted in alinewith slope = 1/k;. The k; values of the selected compounds
varied from 5.23 x 10 t0 4.8 x 10° M min™* (Table-1). log P were deter-
mined to illustrate the hydrophabicity of selected inhibitors 1a, 2a, 1b, 2b,
1c and 2c and it were 2.02, 2.37, 4.36, 4.95, 3.81 and 4.24, respectively
(Table-1).

The purpose of thisstudy to comparethein vitro sensitivities of hHAChE
inhibition by 6 phosphoramidate compounds. Two different approaches
were used to assess hAChE sensitivity to inhibition by the phosphoramidate
compounds®™*. In thefirst, the concentration of inhibitor required to cause
50 % inhibition (ICs) of hAChE. The second approach required determi-
nation of the pseudo first-order rate constant (k;) for enzyme inhibition.
The k; is ameasure of inhibitory power the phosphoramidate compounds.

The inhibition potency of the synthesized compoundsindicatesthat an
increasing of the inhibitory effect on the hAChE isasfollow: 2c > 1c > 2b
> 1b > 2a > la. This order was obtained by the comparison of 1Cs, and k;
values.

The ICs values of the tested compounds varied between 2.33 x 10*
and 1.99 x 10° mM (Table-1). These results are in accordance with those
previously reported values for other phosphoramidate compounds®.
Biomoulecular rate constants (ki) for inhibition of hAChE were between
2.4 x10%and 5.23 x 10 Mt min™.

The inhibitory potency of organophosphorus compounds is dependent
upon the leaving group, charge on phosphorus atom, hydrophobicity, stereo-
chemistry and phosphorus atom substitutes. This behaviour is determined
with respect to their structural features as well as hydrophobicity, electronic
and steric parameters'#,
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Fig. 1. Inhibitation of human erythrocyte AChE by selected phosphoramidate com-
pounds at different concentration. Inhibitor concentration (mM) were, la:
0.010253, 0.0061, 0.0047, 0.00295, 0.0025, 0.00205; 2a: 0.015335, 0.013, 0.01,
0.008, 0.006; 1b: 0.064, 0.117785, 0.045, 0.035, 0.02, 0.0125; 2b: 0.28, 0.343,
0.16, 0.116, 0.08, 0.07; 1c: 0.85, 0.65, 0.35, 0.3, 0.175, 0.15 and 2c: 2.951, 1.4,
0.8,0.7,0.6,0.2

Certain organophosphorus inactivates AChE by reaction at a nucleo-
philic serine hydroxyl to form a phosphoserine linkage, concomitant with
the gjection of the living group®®#. In all the synthesized compounds, with
attention bonding energy in IR spectra, chlorine atom of P-Cl bond is the
best leaving group in accord with similar compound. (EtO).P(O)Cl is a
known AChE inhibitor with chloride as the suggested leaving group®®.
Hence, inhibition of hAChE by sel ected compounds probably was resulted
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from lability of P-Cl bond that phosphorylate the active site of hAChE by
phosphoryl residue. This mater is confirmed by the thermochemical bond
energies in phosphorus compounds™. As shown in Table-1, v(P-ClI) for all
the compounds is very close to each other. Therefore different inhibitory
potency of these compounds can not be relevant to leaving group.

Thereis considerable evidence from QSAR studiesthat hydrophaobicity
plays an important role in the action of awide variety of inhibitors of verte-
brates cholinesterase and the decrease in hydrophaobicity value tends to
increase with 1Cs,"*"%24, The octanol /water partition coefficient (log p) is
the standard quantity to characterize the hydrophobicity/hydrophilicity of
amolecule®™. In the synthesized compounds, replacement of methyl group
by ethyl group increase hydrophaobicity and a so, the hydrophobicity decrease
when phenolic groups were replaced by amine groups and log p values
varied from 2.02 to 4.95.

Electrophilicity of phosphorusatom increasesitsreactivity toward nucleo-
philic such aswater or active site of serine of hAChE, is also the reason of
different inhibitory for selected compounds®#. P NMR spectrafor these
compounds showed that phosphorus chemical shift of compounds varied
from 9.45 to 13.93 ppm (chemical shiftsare1c>2c > 1b > 2b > 1a > 2a).
The 1c and 2¢ have the larger amount of chemical shift than 1a, 2a, 1b and
2b. The ICs and k; values also indicate that these compounds have the
largest affinity toward the active site of hAChE. An explanation for the
greater inhibition of hAChE by the 1c and 2c perhapsis more el ectronegativy
of phosphorus substituents, which resultsin correspondingly greater reduction
in el ectron density around phosphorus atom. Thiseffect enhancesthe electro-
philicity of phosphorus and thereby increasesitsinhibitory potency. When
the phenol group in 1c and 2c replaced by MeN as an electron donor
group inthe laand 2a, inhibitory of them drastically decreased. The greater
inhibitory potency of 1c and 2c relative to 1b and 2b is perhaps due to the
low electron density of phenolic group in 1c and 2¢ than p-cresol group in
1b and 2b.

Surprisingly, the compounds with R, = N(CH3)(CH.CsHs), (1a, 1b and
1c), which have a lower amount of phosphorus chemical shifts are the
more potent inhibitor than the compounds with R, = N(C;Hs)(CHCsHs),
(2a, 2b and 2c). This mater was perhaps due to hydrophobicity of phosphorus
substituents.

It is known that, substitution of ester moiety (-OR) with amino group
(-NRy) in organophosphorus compounds decreased anticholinestrases
activity®?’. Herein replacement of amino group of compounds 1a and 2a
by p-cresol (in 1b and 2b) or phenal (in 1c and 2c) must increase activity
toward the active site of hAChE. Thiswas confirmed by the comparison of
| C5 value of selected compound. 1 Cs, for compounds (C,HyO)(C,HsNH)P(O)
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(0-2,5-dichlorophenyl) and (C;sHsNH).P(O)(0-2,5-dichlorophenyl) obtained
2.5x10°and 7.3 x 10° M for hAChE, respectively, which is comparable
to previous results’,

In summary, some phosphoramidate compounds 1a, 2a, 1c and 2c were
synthesized and characterized. The kinetic parameters (ICs and k;) and
hydrophobicity of 1a, 2a, 1b, 2b, 1c and 2c were determined. The present
analysis of the factorsthat influence the differencein reactivity of selected
inhibitors of hAChE indicated that the hydrophobicity may be as important
astheir electronic effect determining their effectiveness as AChE inhibitors.
Theinhibitory potency of the synthesized compounds decreased fromfollo-
wing order: 2c > 1c > 2b > 1b > 2a > 1a. The Michaelis-Menten plots
indicate anirreversibleinhibitory for compounds 1a, 2a, 1b, 2b, 1cand 2c.
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