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Abstract

This paper reviews previously published data and presents new results to address the hypothesis 

that fluorinated aminophosphonates (FAPs), (RO)2P(O)C(CF3)2NHS(O)2C6H5, R = alkyl, inhibit 

serine esterases by scission of the P-C bond. Kinetics studies demonstrated that FAPs are 

progressive irreversible inhibitors of acetylcholinesterase (AChE, EC 3.1.1.7.), 

butyrylcholinesterase (BChE, EC 3.1.1.8.), carboxylesterase (CaE, EC 3.1.1.1.), and neuropathy 

target esterase (NTE, EC 3.1.1.5.), consistent with P-C bond breakage. Chemical reactivity 

experiments showed that diMe-FAP and diEt-FAP react with water to yield the corresponding 

dialkylphosphates and (CF3)2CHNHS(O)2C6H5, indicating lability of the P-C bond. X-ray 

crystallography of diEt-FAP revealed an elongated (and therefore weaker) P-C bond (1.8797 (13) 

Å) compared to P-C bonds in dialkylphosphonates lacking α-CF3 groups (1.805–1.822 Å). Semi-

empirical and non-empirical molecular modeling of diEt-FAP and 

(EtO)2P(O)C(CH3)2NHS(O)2C6H5 (diEt-AP), which lacks CF3 groups, indicated lengthening and 

destabilization of the P-C bond in diEt-FAP compared to diEt-AP. Active site peptide adducts 

formed by reacting diEt-FAP with BChE and diBu-FAP with NTE catalytic domain (NEST) were 

identified using peptide mass mapping with mass spectrometry (MS). Mass shifts (mean ± SE, 

average mass) for peaks corresponding to active site peptides with diethylphosphoryl and 

monoethylphosphoryl adducts on BChE were 136.1 ± 0.1 and 108.0 ± 0.1 Da, respectively. 

Corresponding mass shifts for dibutylphosphoryl and monobutylphosphoryl adducts on NEST 

were 191.8 ± 0.2 and 135.5 ± 0.1 Da, respectively. Each of these values was statistically identical 

to the theoretical mass shift for each dialkylphosphoryl and monoalkylphosphoryl species. The 

MS results demonstrate that inhibition of BChE and NEST by FAPs yields dialkylphosphoryl and 
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monoalkylphosphoryl adducts, consistent with phosphorylation via P-C bond cleavage and aging 

by net dealkylation. Taken together, predictions from enzyme kinetics, chemical reactivity, X-ray 

crystallography, and molecular modeling were confirmed by MS and support the hypothesis that 

FAPs inhibit serine esterases via scission of the P-C bond.
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1. Introduction

Organophosphorus (OP) compounds inhibit serine esterases by phosphylation of the active 

site serine [1,2]. Classical OP inhibitors of serine esterases are normally esters, thiol esters, 

acid halides, or acid anhydrides of pentavalent phosphorus-containing acids. The general 

structure of OP inhibitors is R1R2P(O)X, where R1 and R2 are usually simple alkyl or aryl 

groups that can be connected to phosphorus directly or through an intervening -O-, -S-, or -

NH- linkage. Of the three groups attached to phosphorus by sigma bonds, the one most 

favored for nucleophilic displacement by the esterase serine hydroxyl is denoted by X. In 

order for X to be a good leaving group, the P-X bond must be relatively labile and the anion 

of X must be comparatively stable.

Until recently, OP compounds with an α-sp3 carbon atom in a leaving group had been 

unknown. However, previous studies demonstrated that the P-C bond could be rendered 

labile by the introduction of electron-withdrawing fluorinated substituents on the α-carbon 

[3–5]. Furthermore, our preliminary results showed that fluorinated α-aminophosphonates 

(FAP) containing CF3 groups on the α-carbon progressively and irreversibly inhibited four 

serine esterases: acetylcholinesterase (AChE, EC 3.1.1.7.), butyrylcholinesterase (BChE, EC 

3.1.1.8.), carboxylesterase (CaE, EC 3.1.1.1.), and neuropathy target esterase (NTE, EC 

3.1.1.5.), consistent with P-C bond breakage [6,7]. The structure of FAPs and their proposed 

mode of inhibition and aging of serine esterases are shown in Scheme 1.

We have carried out studies of FAPs and their interactions with serine esterases using 

kinetics of irreversible enzyme inhibition, chemical reactivity, X-ray crystallography, 

molecular modeling, and peptide mass mapping with surface-enhanced laser desorption/

ionization time-of-flight mass spectrometry (SELDI-TOF MS). This paper reviews 

previously published data and presents new results from these studies to test the hypothesis 

that FAPs inhibit serine esterases by scission of the P-C bond.

2. Materials and methods

2.1. Chemicals and enzymes

FAPs [6], phenyl valerate, and N,N′ -diisopropylphosphorodiamidofluoridate (mipafox) 

were synthesized, purified, and characterized in the Institute of Physiologically Active 

Compounds Russian Academy of Sciences. The purity of all substances was ≥ 99% by 

NMR, thin-layer chromatography, and elemental analysis. Acetythiolcholine iodide and 
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butyrylthiocholine iodide were from Sigma-Aldrich Chemie GmbH (Taufkirchen, 

Germany). 4-Nitrophenyl acetate was from Acros Organics (Geel, Belgium). Human 

erythrocyte AChE, horse serum BChE, and porcine liver CaE were from Sigma Chemical 

Co. (St. Louis, MO). A stable lyophilized preparation of paraoxon-pretreated hen brain 

membrane fraction [8] was used as the source of NTE. Human recombinant NTE catalytic 

domain (NEST) incorporated into dioleoylphosphatidylcholine (DOPC)-containing 

liposomes was prepared as described [9] and obtained from Dr. Paul Glynn, MRC 

Toxicology Unit (Leicester, UK).

2.2. Enzyme activity and inhibition kinetics

Esterase activities were assayed according to cited methods with slight modifications. AChE 

and BChE activities were measured spectrophotometrically using acetylthiocholine and 

butyrylthiocholine, respectively, as substrates (25 °C, 0.1 M phosphate buffer, pH 7.5, λ 412 

nm) [10]. CaE activity was determined spectrophotometrically using 4-nitrophenyl acetate as 

substrate, (25 °C, 0.1 M phosphate buffer, pH 8.0, λ 405 nm) [11]. AChE, BChE, and CaE 

activities were followed kinetically by following the change in absorbance of each respective 

chromophore for 0.5 to 10 min depending upon the level of inhibition. NTE activity was 

assayed spectrophotometrically using phenyl valerate as substrate in a stopped assay of 20 

min incubation (25 °C, 0.05 M Tris/0.02 EDTA buffer, pH 8.0, λ 486 nm) following 

differential inhibition by paraoxon ± mipafox [12,13]. FAPs were dissolved in acetone and 

the solutions allowed to stand for at least 72 h before dilution in buffer and mixing with 

enzymes; preliminary studies have shown that full inhibitory potency is not reached before 

this time, despite no obvious changes in the NMR spectrum. For kinetic studies of 

irreversible enzyme inhibition, a sample of enzyme was preincubated with inhibitor (4–5 

inhibitor concentrations, final acetone concentration 1% v/v from stock solutions, a solvent 

concentration shown not to affect enzyme activity) for 4–6 different measured times using 

the same buffers and temperatures employed for the respective assays. The residual enzyme 

activity was then assayed in duplicate for each experiment. The slopes (k′) of each primary 

plot of log (% inhibition) versus time were calculated by linear regression. These values of k
′ were then plotted against inhibitor concentration [I], and the slope (k″) of the resultant 

secondary plot was derived by linear regression. The bimolecular rate constant of inhibition 

(ki) was calculated as a measure of inhibitory potency using the relationship, ki = 2.303k′/[I] 
= 2.303k″ [14,15]. Each value of k′ was obtained from a line through 4–5 points. Plotting 

and regression analysis were done using Origin 6.1 software.

2.3. Chemical reactivity

Chemical reactivity was studied by incubation of diMe-FAP or diEt-FAP with water in 

acetonitrile with or without the presence of catalytic amounts of bases: Et3N, CsF, or KF. 

Hydrolysis of diEt-FAP to phosphoric acid diethyl ester and the sulfonamide, 

(CF3)2CHNHS(O)2C6 H5, was followed by 19F and 31P NMR [6]. Hydrolysis of diMe-FAP 

to phosphoric acid dimethyl ester and the corresponding fluorinated sulfonamide was 

followed by 19F NMR and 31P NMR; the fluorinated sulfonamide was isolated and its 

structure characterized by 1H and 19F NMR.
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2.4. X-ray crystallography

The crystal structure of diEt-FAP was solved as reported previously [16]. DiEt-FAP was 

recrystallized from petroleum ether and colorless plates were grown via evaporation from 

methanol at 22 °C. A 0.60 × 0.42 × 0.40 mm crystal was cut from a larger crystal and 

mounted on a standard Bruker SMART CCD-based X-ray diffractometer equipped with a 

LT-2 low temperature device and normal focus Mo-target X-ray tube (λ = 0.71073 Å) 

operated at 2000 W power (50 kV, 40 mA). X-ray intensities were measured at 113 (2) K 

with the detector placed 4.980 cm from the crystal. A total of 3030 frames were collected 

with a scan width of 0.3° in ω and φ and an exposure time of 20 sec/frame. Data integration 

yielded a total of 20001 reflections to a maximum 2θ value of 56.58° of which 4568 were 

independent and 4343 were greater than 2 σ(I). The final cell constants were based on the 

xyz centroids of 6691 reflections above 10 σ(I). For refinement, hydrogen atoms were 

treated as riding, with N—H distance = 0.88 Å and C—H distances in the range 0.95–0.99 Å 

with Uiso(H) = 1.2Ueq(N,C), 1.5Ueq(Cmethyl).

2.5. Molecular modeling

A combination of semi-empirical and non-empirical quantum chemical calculations were 

carried out with full geometry optimization on diEt-FAP, isosteric 

(EtO)2P(O)C(CH3)2NHS(O)2C6H5 (diEt-AP), which lacks CF3 groups, and related 

molecules using GAUSSIAN 98 [17]. Methods included parametric model 3 (PM3), density 

functional theory (DFT) with hybrid exchange-correlation functional B3LYP in basis set 

3-21G, and Hartree-Fock theory in basis set 3-21G [18,19]. Two conformations with 

different values of the torsion angle (O=P-C-N) around the P-C bond were considered and 

the one possessing the minimal energy was chosen. In both cases the initial conformations 

for geometry optimization were prepared interactively using PCMODEL [20] and 

subsequently optimized using the molecular-mechanical force field MMX. In addition, the 

relative strength of the P-C bond was compared between diEt-AP and diEt-FAP by 

calculating relative P-C bond energies with the aid of specially constructed isodesmic 

pseudo-reactions [21,22], as shown in Schemes 3 and 4.

2.6. Peptide mass mapping with surface-enhanced laser desorption/ionization time-of-
flight mass spectrometry (SELDI-TOF MS)

Samples were prepared for SELDI-TOF studies in a manner similar to that described by 

Doorn et al. [23,24]. Horse serum BChE (5 μg) or human recombinant NEST (0.5 μg) were 

incubated in 20 μL buffer (50 mM ammonium bicarbonate, pH 8.0), for 10 min at 25 °C 

with diEt-FAP (2.3 μM) or diBu-FAP (2.0 μM), respectively, in order to inhibit the enzymes 

by approximately 90%. Samples were diluted in buffer up to 1:50 by volume and stored at 

room temperature for 0 – 72 h to allow time for aging before trypsin digestion. Trypsin (0.5 

μL of 0.1 mg/mL in 1 mM HCl) was added at a ratio of 1:10–1:25 μg trysin:μg esterase and 

incubated 3 – 16 h at 37 °C.

Tryptic digest samples (1 μL) were spotted onto H4 (hydrophobic surface) chips (Ciphergen 

Biosystems, Inc., Fremont, CA), and allowed to dry at room temperature. Stock matrix was 

prepared as a saturated solution of α-cyano-4-hydroxycinnamic acid in a 1:1 (v/v) solution 

of acetonitrile and 1% (w/v) trifluoroacetic acid. Working matrix was prepared by diluting 
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the stock matrix 1:5 (v/v) in 1:1 (v/v) acetonitrile and 1% (w/v) trifluoroacetic acid. Working 

matrix (1μL) was placed on top of each spot and allowed to dry at room temperature. A 

PBS-IIc SELDI-TOF MS instrument (Ciphergen Biosystems, Inc., Fremont, CA) equipped 

with a nitrogen laser (337 nm, 4 ns pulse width) was used to acquire spectra. An acceleration 

voltage of 20 kV was used, and 150–200 laser shots were averaged for each spectrum.

The sequence of horse serum BChE was acquired from the NCBI nr database 

(NP_001075319.1) [25]. The predicted tryptic digest peptides and corresponding m/z values 

(average mass) of their singly charged protonated molecules (MH+) were obtained from 

ProteinProspector version 5.3.2 [26]. Using these tools, the active site peptide and its m/z 
value were as follows (active site serine shown underlined): 

SVTLFGESAGAASVSLHLLSPR (2200.52). Each spectrum was internally calibrated using 

BChE tryptic digestion peptides and their m/z values (average mass) as follows: 437–452 

(2043.22), 248–268 (2222.48), 134–159 (2764.15), and 176–208 (3544.09).

The sequence of human NTE (PLPL6_HUMAN) was obtained from the UniProt/Swiss-Prot 

database [27], using isoform 2, which is the original sequence published by Lush et al. [28] 

(Q8IY17-2) and derived from the same cDNA clone (D16) used to produce NEST [9]. The 

sequence of human recombinant NEST contains residues 727–1216 of human NTE along 

with an N-terminal T7 tag and a C-terminal His6-tag [9]. Using ProteinProspector version 

5.3.2 [26], the sequence and m/z value (average mass) of the tryptic digest active site peptide 

were determined to be as follows (active site serine shown underlined): 

ALEEAGVPVDLVGGTSIGSFIGALYAEER (2922.28). External calibration for NEST 

spectra was carried out using the “All-in-1” peptide standards mix (Ciphergen Biosystems, 

Inc., Fremont, CA), containing the following peptides with m/z values indicated: [Arg8]-

vasopressin (1084.2), somatostatin (1637.9), dynorphin A [209–225] (porcine) (2147.5), 

ACTH [1–24] (human) (2933.5), insulin B-chain (bovine) (3495.9), insulin (human 

recombinant) (5807.6), and hirudin BKHV (7033.6).

The theoretical values for positive mass shifts of the peak corresponding to the active site 

peptide adducted with intact (dialkylphosphoryl) or aged species (monoalkylphosphoryl) 

were calculated to be as follows (average mass, Da): diethylphosphoryl (136.1), 

monoethylphosphoryl (108.0), dibutylphosphoryl (192.2), and monobutylphosphoryl 

(136.1). Calculated mass shifts take into account the mass of the serine hydroxyl proton lost 

in the organophosphorylation reaction and assume that the aged species is protonated 

because of the acidic conditions used for MS [29].

3. Results and discussion

3.1. Kinetics of esterase inhibition

Previous kinetics studies showed that all of the tested FAPs (R = Me, Et, iPr, Pr, iBu, Bu, 

iPe, Pe, and Hx) were irreversible progressive inhibitors for all of the investigated serine 

esterases (AChE, BChE, CaE, and NTE) [6]. Time courses of esterase inhibition were 

pseudo-first-order, and the slopes of the semilog plots were proportional to inhibitor 

concentrations as shown for a typical case in Fig. 1 (inhibition of AChE by diEt-FAP). This 

type of kinetic behavior is consistent with that exhibited by dialkylphosphates expected to 

Makhaeva et al. Page 5

Chem Biol Interact. Author manuscript; available in PMC 2016 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



organophosphorylate the active site serine by virtue of possessing candidate leaving groups 

with labile P-X bonds [7], such as the recently described dialkyl phosphorylated 1-

hydroxyperfluoroisopropanols (PFPs) [4]. Thus, the kinetics of inhibition of serine esterases 

by FAPs is consistent with organophosphorylation of the active site serine, which would 

require breaking the P-C bond of the inhibitors. As can be seen in Fig. 1, increasing 

concentrations of inhibitor gave primary kinetic plots with increasing levels of apparent 

zero-time inhibition, an effect that was observed to some degree across inhibitors and 

esterases. This effect could arise from a high-sensitivity component or from ongoing 

inhibition by the inhibitors after addition of substrate [7]; however, it would not have a major 

impact on the apparent ki values or the conclusions of the study.

The derived bimolecular rate constants of inhibition (ki) are presented in Table 1 [6]. 

Especially with R ≥ Pr, FAPs were strong inhibitors of esterases: ki > 105–106 M−1min−1. 

Anti-esterase activity was drastically reduced by α-branching; for R = iPr, ki ~ 101 

M−1min−1 (AChE and NTE) and ~ 102 M−1min−1 (BChE and CaE). Otherwise, there was a 

general trend of rising inhibitory potency against all of the esterases with increasing 

hydrophobicity of R-groups, reaching a maximum around R = Pe. A similar pattern of 

inhibitory potency against the same esterases was seen for a homologous series of dialkyl 

PFPs, which are expected to organophosphorylate the active site serine [4].

3.2. Chemical reactivity

New studies of chemical reactivity showed that a mixture of diMe-FAP and water in 

acetonitrile was stable during one month, whereas in the presence of bases (Et3N, CsF, or 

KF), the 19F NMR spectrum showed full hydrolysis in 1 h to the fluorinated sulfonamide 

and phosphoric acid dimethyl ester (Scheme 2). The fluorinated sulfonamide was isolated 

and characterized with 1H and 19F NMR. The essential features of the 1H NMR spectrum in 

CDCl3 (δ, ppm, J, Hz) were as follows: 4.69 d septets (1H, JHF = 6.5, JHH = 10.2, CHCF3); 

5.65 d (1H, JHH = 10.2, NH); 7.50 – 7.78 m (3H, o- + p-Har); 7.92 m (2H, m-Har). The 

essential feature of the 19F NMR spectrum in CDCl3 (δ, ppm, J, Hz) was as follows: 5.67 d 

(JHF = 6.6). These results are in agreement with those obtained earlier with diEt-FAP [6] and 

demonstrate the lability of the P-C bond.

3.3. X-ray crystallography

The X-ray crystal structure of diEt-FAP was recently solved [16]. In the crystal, two 

molecules of diEt-FAP form centrosymmetric hydrogen-bonded dimers via two 

intermolecular P=O—H-N bonds (Fig. 2). The structure also revealed an intramolecular N-H

—O=P hydrogen bond. The hydrogen-bonded dimers offer a potential explanation for the 

fact that FAPs require at least 72 h in acetone solution before reaching full potency as serine 

esterase inhibitors. Presumably, the bulky dimers would need to be fully dissociated into 

monomers before the compounds could gain access to the active site of esterases; however, 

this contention will require further investigation before it can be accepted or dismissed.

Notably, the P-C bond in each monomer was elongated (1.8797 (13) Å), and statistically 

identical in length to the P-C bond in the crystal structure of di-iPe-FAP (1.888 (4) Å) [30]. 

These values can be compared to the consistently shorter P-C bond lengths (1.803 – 1.822 
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Å) from crystal structures of a variety of dialkyl OP compounds lacking α-CF3 groups [31–

34]. The long P-C bond in diEt-FAP is consistent with its lability toward aqueous hydrolysis 

and the apparent scission of the bond that would occur to enable this and other FAPs to be 

irreversible progressive inhibitors of serine esterases.

3.4. Molecular modeling

To gain insight into the unusual lability of the P-C bond in FAPs, semi-empirical and non-

empirical quantum chemical calculations of bond length and bond strength were carried out 

for diEt-FAP and isosteric diEt-AP, which has CH3 groups in place of CF3 groups.

For P-C bond length computations, the initial conformations for geometry optimization for 

both diEt-FAP and diEt-AP were found using conformational analysis with the molecular-

mechanical force field MMX. Two conformations with different values of torsion angle 

around the P-C bond were explored and that with the zero torsion angle O=P-C-N (which 

possesses the lowest energy) was chosen. The P-C bond lengths of each compound 

calculated by three methods are listed in Table 2. All three methods predicted a considerable 

lengthening of the P-C bond in diEt-FAP compared to diEt-AP. This is in accord with 

experimental X-ray studies showing a significant increase in P-C bond length in diEt-FAP 

(1.8797 (13) Å) [16] and di-iPe-FAP (1.888 (4) Å) [30] compared to the standard length 

(1.803 – 1.822 Å) of P-C bonds in compounds lacking α-CF3 groups [31–34]. The longer P-

C bond found in the FAP compounds is weaker than P-C bonds of standard length. In this 

particular case, the lengthening of the P-C bond and its corresponding weakness can be 

explained by a strong electrostatic repulsion between the relative negatively charged 

oxygens at phosphorus and the fluorine atoms in the two CF3 groups. It should be noted that 

the non-empirical calculations in basis set 3-21G came closer to reproducing the 

experimental P-C bond lengths than did the semi-empirical PM3 calculations, and the 

Hartree-Fock method came closer than the DFT approach.

The relative strength of the P-C bond was compared between diEt-FAP and diEt-AP by 

calculating relative P-C bond energies with the aid of specially constructed isodesmic 

pseudo-reactions [21,22]. Such reactions were first devised as a way of separating bonds so 

that the number of bonds of a given type remain the same but their relationship to one 

another changes. The main advantage of isodesmic reaction is that contribution of all factors, 

which are difficult to compute and which are roughly additive with respect to the number of 

chemical bonds of certain types, are mutually cancelled. As a result, the difference in 

enthalpy in isodesmic reaction is approximately equal to the difference in ground-state 

energy (computable using quantum chemical calculations), while the difference in free 

energy only correlates with the difference in ground-state energy. However, if the difference 

of changes in ground-state energy computed for a pair of very close isodesmic reactions is 

considered, additional entropic contributions are also cancelled, and the difference in free 

energy changes between such isodesmic reactions can be approximated by the difference of 

the corresponding changes in ground-state energies (which are computed in quantum 

chemical calculations) taking place in the course of these reactions.

In the hypothetical isodesmic reaction shown in Scheme 3, the energy change for diEt-FAP 

was determined to be −9.5 kcal/mol by the HF/3-21G method and −3.2 kcal/mol by the DFT 
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B3LYP/3-21G approach. In contrast, in the hypothetical isodesmic reaction depicted in 

Scheme 4, the energy change for diEt-AP was predicted to be +3.8 kcal/mol (HF/3-21G) and 

+2.2 kcal/mol (DFT B3LYP/3-21G). This means that the P-C bond in diEt-FAP is 

destabilized in comparison with the P-C bond in diEt-AP by 13.4 kcal/mol (HF/3-21G) or 

5.3 kcal/mol (DFT B3LYP/3-21G). In spite of some quantitative distinctions between results 

provided by the Hartree-Fock and DFT approaches, both show the same tendency. Taking 

into account that the HF/3-21G method reproduces the experimentally determined length of 

the P-C bond much better than the DFT calculation, it is tempting to speculate that the true 

value of the P-C bond energy destabilization is closer to that of the HF/3-21G method.

By comparing the pseudo-reactions shown in Schemes 3 and 4, one can see that in both 

cases an attractive interaction between the oxygen atoms at phosphorus and the hydrogen 

atom at the NH-group is broken; indeed, the crystal structure of diEt-FAP has an 

intramolecular N-H—O=P hydrogen bond [16]. Considered in isolation, disruption of an 

attractive force might account for a positive sign in the energy change of a pseudo-reaction, 

such as occurred for the reaction shown in Scheme 4. However, because these attractive 

interactions would be expected to be approximately equivalent in diEt-AP and diEt-FAP, 

their disruption cannot account for the destabilization of the P-C bond in diEt-FAP. 

Therefore, the obvious cause of this destabilization is the very strong electrostatic repulsion 

between the partial negative charges of oxygen atoms at phosphorus and the partial negative 

charges of the fluorine atoms in the CF3 groups. The strongly negative value of the 

calculated energy change in the pseudo-reaction shown in Scheme 3 supports this assertion.

Thus, using quantum chemical calculations, the P-C bond in diEt-FAP was predicted to be 

longer and destablilzed in comparison to the P-C-bond in isosteric diEt-AP; these effects are 

attributed to the strongly electron-withdrawing CF3 groups on the α-carbon.

3.5. SELDI-TOF MS

To test the hypothesis that FAPs inhibit serine esterases via organophosphorylation of the 

active site serine and then undergo aging by net loss of an alkyl group as depicted in Scheme 

1, adducts on the active site peptide were identified by SELDI-TOF MS in tryptic digests of 

horse serum BChE treated with diEt-FAP and human recombinant NEST treated with diBu-

FAP. Except as specified otherwise, values of m/z refer to average masses (in Da) of singly 

charged protonated molecules (MH+).

Representative mass spectra of control and treated BChE samples are shown in Fig. 3. Panel 

A is a spectrum of a control digest. The peak at m/z 2200.4 corresponds to the BChE active 

site peptide. Panel B is a spectrum of a treated BChE digest. The peak at m/z 2200.2 

corresponds to the BChE active site peptide, whose relative intensity has decreased while 

new peaks have appeared at m/z 2335.6 and 2307.7, corresponding to the active site peak 

with a dimethylphosphoryl and monoethylphosphoryl adduct, respectively. The new peak at 

m/z 2357.6 corresponds to a sodium adduct of the dimethylphosphoryl active site peptide 

where Na+ replaces H+ in the protonated molecule for a net gain in average mass of 22 Da. 

Sodium adducts are relatively common in SELDI spectra [35]; when observed in the present 

study, they were associated with peaks corresponding to intact or aged FAP adducts of the 

active site peptide.
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Fig. 4 shows representative mass spectra of tryptic digests of NEST samples. Panel A is a 

spectrum of a control digest. The peak at m/z 2920.4 corresponds to the unmodified active-

site peptide; the peaks at m/z 2964.9 and 3203.2 correspond to prominent tryptic digest 

peptides of NEST. Panel B is a spectrum of a diBu-FAP-treated NEST digest. The peak at 

m/z 2922.3 corresponds to the active site peptide, whose relative intensity has decreased 

while new peaks have appeared at m/z 3114.3 and 3058.4, corresponding to the active site 

peptide with a dibutylphosphoryl and monobutylphosphoryl adduct, respectively. The peaks 

corresponding to NEST digestion peptides at m/z 2965.4 and 3203.7 remain prominent as 

they were in the control spectrum.

Table 3 summarizes the MS results for the two esterases and FAPs investigated in the current 

study. The observed and theoretical differences in average mass agree in each case, 

consistent with formation of a dialkylphosphoryl adduct and aging by net dealkylation to 

form a monoalkylphosphoryl adduct. Our low-resolution linear-mode MS experiments do 

not provide unequivocal proof of the structure of the adduct and its location on the active site 

serine as other recent work using higher-resolution MS and MS sequencing has done for a 

variety of OP inhibitors of BChE [36]. Nevertheless, our data are certainly consistent with 

these other studies as well as with our previous work on BChE [37] and NEST [38] inhibited 

with diisopropylphosphorofluoridate, which is known to organophosphorylate the active site 

serine of serine esterases and undergo aging by net dealkylation.

Thus, our MS data support the hypothesis that both BChE and NEST are inhibited by 

scission of the P-C bond, in agreement with our predictions from enzyme kinetics, chemical 

reactivity, molecular modeling, and X-ray crystallography studies.

4. Conclusions

P-C bonds are so exceptionally stable in most phosphonates that their cleavage can be 

accomplished only with the aid of specific enzymes, such as bacterial carbon-phosphorus 

lyase [39,40]. However, previous work on the X-ray crystal structure of di-iPe-FAP showed 

that the C-P bond was elongated relative to phosphonates without CF3 groups on the α-

carbon [30], and theoretical considerations predicted that this bond would be weaker than 

customarily found in phosphonates [6]. This finding prompted further work on FAPs, which 

is presented in the present paper.

Enzyme kinetics studies showed that FAPs were progressive irreversible inhibitors of serine 

esterases, including AChE, BChE, CaE, and NTE [6]. Chemical reactivity of diMe- and 

diEt-FAP showed that the P-C bond could be hydrolyzed in the presence of base catalysts to 

form the corresponding phosphoric acid dialkylesters and the fluorinated sulfonamide. X-ray 

crystallography of DiEt-FAP revealed an elongated P-C bond as found in the previous work 

on di-iPe-FAP [16]. Molecular modeling using semi-empirical and non-empirical quantum 

chemistry methods predicted an elongated and destabilized P-C bond in diEt-FAP relative to 

isosteric diEt-AP, which lacks CF3 groups on the α-carbon. Finally, SELDI-TOF MS studies 

showed that diEt-FAP and diBu-FAP reacted with BChE and NEST, respectively, to produce 

intact dialkylphosphoryl and monoalkylphosphoryl adducts on the active site peptide, 
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consistent with organophosphorylation via C-P bond cleavage and aging via net 

dealkylation.

Taken together, the data from enzyme kinetics, chemical reactivity, X-ray crystallography, 

molecular modeling, and MS strongly support the hypothesis that inhibition of serine 

hydrolases by FAPs proceeds by organophosphorylation of the active site serine, which 

would require P-C bond cleavage. Additional studies of FAPs are in progress, including 

corroborative enzyme kinetics experiments, X-ray crystallographic structure determinations, 

and extended MS investigations.
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Figure 1. 
Kinetics of irreversible inhibition of AChE by diEt-FAP. A. Primary kinetic plots showing 

linear inhibition with time at different inhibitor concentrations. B. Secondary kinetic plot 

showing linear relationship of slopes of primary plots (k′) as a function of inhibitor 

concentration.
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Figure 2. 
X-ray crystal structure of diEt-FAP showing centrosymmetric hydrogen-bonded dimers and 

the elongated P-C bond (1.8797 Å).
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Figure 3. 
Representative SELDI-TOF mass spectra of BChE digests. A. Control BChE: the peak at 

m/z 2200.4 corresponds to the active site peptide. B. BChE treated with diEt-FAP: the 

relative intensity of the peak at m/z 2200.2 corresponding to the active site peptide has 

decreased, while new peaks at m/z 2335.6 (intact diethylphosphoryl adduct) and 2307.7 

(aged monoethylphosphoryl adduct) have appeared. Values of m/z are average masses of 

singly charged protonated molecules (MH+) in Da. The peak at m/z 2357.6 corresponds to a 

Na+ adduct (MNa+) of the peak at 2335.6.
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Figure 4. 
Representative SELDI-TOF mass spectra of NEST digests. A. Control NEST: the peak at 

m/z 2921.4 corresponds to the active site peptide; peaks at m/z 2964.9 and 3203.2 

correspond to prominent NEST digest peptides found in control and treated digests. B. 

NEST treated with diBu-FAP: the relative intensity of the peak at m/z 2922.3 corresponding 

to the active site peptide has decreased, while new peaks at m/z 3114.3 (intact 

dibutylphosphoryl adduct) and 3058.4 (aged monobutylphosphoryl adduct) have appeared. 

Values are average masses of singly charged protonated molecules (MH+) in Da.
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Scheme 1. 
Proposed mode of inhibition of a serine esterase (EOH) by FAP compounds.
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Scheme 2. 
Chemical reactivity of diMe-FAP: base-catalyzed hydrolysis.
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Scheme 3. 
Isodesmic reaction with diEt-FAP.
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Scheme 4. 
Isodesmic reaction with diEt-AP, which lacks CF3 groups.
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Table 2

Calculated P-C bond length in diEt-FAP and diEt-AP using quantum chemical methodsa

Methodb diEt-FAP, P-C length (Å) diEt-AP, P-C length (Å)

PM3 2.022 1.881

DFT B3LYP/3-21G 1.923 1.868

HF/3-21G 1.887 1.836

a
diEt-FAP = (EtO)2P(O)C(CF3)2NHS(O)2C6H5. diEt-AP = (EtO)2P(O)C(CH3)2NHS(O)2C6H5.

b
PM3 = parametric model 3; DFT B3LYP/3-21G = density functional theory with hybrid exchange-correlation functional B3LYP in basis set 

3-21G; HF/3-21G = Hartree-Fock theory in basis set 3-21G.

Chem Biol Interact. Author manuscript; available in PMC 2016 April 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Makhaeva et al. Page 23

Table 3

Differences in average mass of MH+ ions of active site peptides from intact or aged adducts of BChE with 

diEt-FAP or NEST with diBu-FAPa

BChE NEST

Data Type diEt-FAP intact diEt-FAP aged diBu-FAP intact diBu-FAP aged

Observed 136.1 ± 0.1 (9) 108.0 ± 0.1 (5) 191.8 ± 0.2 (2) 135.5 ± 0.1 (2)

Theoretical 136.1 108.0 192.2 136.1

a
Observed data are expressed as means ± SEM (n) of average masses (in Da). All observed values were statistically identical to their respective 

theoretical values (p > 0.05, one-sample t-test). Calculated mass shifts take into account the mass of the serine hydroxyl proton lost in the 
organophosphorylation reaction and assume that the aged species is protonated because of the acidic conditions used for MS [29]. Intact adducts 
are dialkylphosphoryl; aged adducts are monoalkylphosphoryl.
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