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Online acetylcholinesterase inhibition evaluation by high-performance liquid chromatography-mass spectrometry hyphenated with an immobilized enzyme reactor

Introduction

Acetylcholinesterase (AChE) has a high specific activity for rapid hydrolysis of the neurotransmitter acetylcholine (ACh) and plays a key role in nerve signal transmission [START_REF] Sussman | Atomic structure of acetylcholinesterase from Torpedo californica: a prototypic acetylcholine-binding protein[END_REF]. Thus, inhibitors of AChE could be potential therapeutic candidates for treatments of some neurodegenerative pathologies such as Alzheimer disease (AD) [START_REF] Giacobini | Cholinesterase inhibitors: new roles and therapeutic alternatives[END_REF].

Therefore, important issues for finding new efficient treatments of neurodegenerative diseases may be the discovery of effective AChE inhibitors. As described by Shu-Yun Shi et al [START_REF] Shi | Coupling HPLC to on-line, post-column (bio)chemical assays for high-resolution screening of bioactive compounds from complex mixtures[END_REF], a typical traditional inhibitor screening method contains generally numerous steps which are always time-consuming, labor-intensive, expensive and even more, could cause a loss of activity during manipulation because of dilution or decomposition of metabolites [START_REF] Shi | Coupling HPLC to on-line, post-column (bio)chemical assays for high-resolution screening of bioactive compounds from complex mixtures[END_REF][START_REF] Hostettmann | Modern screening techniques for plant extracts[END_REF][START_REF] Wolfender | The potential of LC-NMR in phytochemical analysis[END_REF][START_REF] Shi | Coupling HPLC to on-line, post-column (bio)chemical assays for high-resolution screening of bioactive compounds from complex mixtures[END_REF][START_REF] Hostettmann | Modern screening techniques for plant extracts[END_REF][START_REF] Wolfender | The potential of LC-NMR in phytochemical analysis[END_REF].

To improve the efficacy and the accuracy of the inhibitor discovery, different strategies have been proposed. De Boer, A.R. et al [START_REF] De Boer | On-line coupling of high-performance liquid chromatography to a continuous-flow enzyme assay based on electrospray ionization mass spectrometry[END_REF] coupled an HPLC to a continuous-flow enzymatic assay using electrospray ionization mass spectrometry (ESI-MS) as readout for the screening of enzyme inhibitors in complex samples.

Based on this study, another on-line type method was proposed by de Jong et al. [START_REF] Jong | High-performance liquid chromatography-mass spectrometry-based acetylcholinesterase assay for the screening of inhibitors in natural extracts[END_REF] who described a LC-Q-ToF-MS methodology for the screening of AChE inhibitors in natural extracts. De Jong used a HPLC column to separate the molecular content of plant extracts which were mixed on-line first with AChE and then with ACh solutions.

The hydrolytic reaction was monitored by a Q-ToF MS detector in positive ion mode.

The result showed that this method was rapid, robust, and had a good precision for over 13 h. However, enzyme solutions would be consumed constantly and needed to be kept in ice which increases the analytical cost and complicates the analytical conditions.

In the past decades, immobilized enzyme reactor (IMER) was proposed to improve the enzymatic activity from inactivating processes and increase the enzyme stability [START_REF] Bartolini | Monolithic micro-immobilized-enzyme reactor with human recombinant acetylcholinesterase for on-line inhibition studies[END_REF]. V. Andrisano et al [START_REF] Andrisano | Determination of inhibitors' potency (IC50) by a direct high-performance liquid chromatographic method on an immobilised acetylcholinesterase column[END_REF] used an IMER hyphenated with a liquid chromatographic system. Each AChE inhibitor was injected together with the substrate (acetylthiocholine) into the IMER and detected by absorption spectrophotometry using Ellman's reagent [5,5'-dithio-bis(2-nitrobenzoic acid)]. The enzyme was not consumed and its stability was ameliorated and a system automation allowed a large number of compounds to be analyzed continuously [START_REF] Bartolini | Monolithic micro-immobilized-enzyme reactor with human recombinant acetylcholinesterase for on-line inhibition studies[END_REF][START_REF] Andrisano | Determination of inhibitors' potency (IC50) by a direct high-performance liquid chromatographic method on an immobilised acetylcholinesterase column[END_REF][START_REF] Bartolini | Choosing the right chromatographic support in making a new acetylcholinesterase-micro-immobilised enzyme reactor for drug discovery[END_REF][START_REF] Bartolini | Characterization of reversible and pseudo-irreversible acetylcholinesterase inhibitors by means of an immobilized enzyme reactor[END_REF]. Galanthamine hydrobromide was purchased from Euromedex (Souffelweyersheim, France), (-)-huperzine A was purchased from Sigma-Aldrich (St. Quentin Fallavier, France) and tacrine hydrochloride was purchased from Bio-Techne (Lille, France).

Lycoramine hydrobromide and lycorine hydrochloride were purchased from Ambinter (Orléans, France). Hypersil GOLD NH2 chromatographic Silica (5 μm) was kindly donated by Thermo Scientific (Illkirch-Graffenstaden, France).

The bulbs of Lycoris Radiata were purchased from Lotta Plants (Haarlem, Holland).

AChE immobilization

The procedure for immobilizing AChE was derived from the procedure reported by M. Bartolini et al. [START_REF] Bartolini | Choosing the right chromatographic support in making a new acetylcholinesterase-micro-immobilised enzyme reactor for drug discovery[END_REF] and F. Ibrahim et al. [START_REF] Ibrahim | Magnesium effect on the acetylcholinesterase inhibition mechanism: A molecular chromatographic approach[END_REF]. In brief, the Hypersil GOLD NH2 The formed Schiff base was reduced by pumping phosphate buffer (50 mM, pH=6) containing 0.1 M sodium cyanoborohydride for 2 h. The immobilized enzyme was then washed with phosphate buffer (50 mM, pH=6) for 1 h. 0.2 M ethanolamine in phosphate buffer (50 mM, pH=6) was then pumped through the phase for 3 h.

Then the column would be washed by pumping phosphate buffer (50 mM, pH=7.4)

for 1 h and finally with phosphate buffer (50 mM, pH=7.4) containing 0.1% (w/v) sodium azide during 0.5 h. The resulting IMER should be stored at 4°C in phosphate buffer (50 mM, pH 7.4) containing 0.1% (w/v) sodium azide when not in use.

An enzyme-free column was also fabricated with the same procedure as IMER but without enzyme.

The IMER enzyme activity was checked by measuring the apparent Km (Michaelis-Menten constant) and the apparent Vmax (the maximum turnover rate) (Data in Brief § 2.2.1).

The IMER enzyme stability was determined by injection 10 μl (n=3) of a saturated ACh solution (60 mM) during several days (Data in Brief § 2.2.1).

HPLC-IMER-MS bioanalytical device

The HPLC-IMER-MS bioanalytical device consisted of the HPLC separation part and the enzyme reaction part (Figure 1). A tee was used to combine the HPLC separation flow and the substrate flow before entering to the IMER. The HPLC separation part was composed of an UltiMate 3000 SD pump and an UltiMate 3000

Autosampler, both from Thermo Fisher Scientific (Villebon Courtaboeuf, France).

The enzyme reaction part consisted of a substrate pump, the IMER kept at a stable room temperature (25 °C) and a mass spectrometer. The specificity of the proposed system was evaluated by injection 20 µL (n=3) of the three inhibitor standards (40 μM each) mixture in the system (Figure 1) using an enzyme-free column instead of an IMER. Both the formed product (Cho) and the remaining substrate (ACh) were recorded in order to check whether there would be no-specific reaction between the stationary phase used to fabricate the IMER and the pumped substrate.

Negative control

The specificity of the proposed system was evaluated by injecting 20 µL (n=3) of a negative control (lycorine, 100 μM) which has no AChE inhibition activity [START_REF] Mcnulty | Structure-activity studies on acetylcholinesterase inhibition in the lycorine series of Amaryllidaceae alkaloids[END_REF].

Sensitivity and dose-response relationship

The sensitivity of the HPLC-IMER-MS bioanalytical device was evaluated by the limit of detection (LoD) defined as the minimum injected AChE inhibitor quantity that triggered the corresponding ACh peak signal-to-noise ratio (S/N) above 3. 20 μL (n=3) of the mixed three inhibitors of concentration ranging from 5 μM to 100 μM were injected in the HPLC-IMER-MS bioanalytical device. The LoD was evaluated and the dose-response relationship was determined by plotting the inhibitor corresponding ACh peak area against the injected quantity of each inhibitor.

Repeatability

The repeatability was determined by injecting, within one day, 20 μL (n=6), of a 40 μM mix of the three inhibitors and by calculating the related standard deviation (RSD) of the inhibitor corresponding ACh peak area.

Preparation of the Lycoris Radiata extract

Lycoris Radiata was extracted by the modified procedure reported by Yongqiang Tian et al. [START_REF] Tian | Comparative Analysis of Amaryllidaceae Alkaloids from Three Lycoris Species[END_REF]. Briefly, the bulbs of Lycoris Radiata were cut into small pieces and frozen overnight in a -21°C freezer. The frozen bulb pieces were ground by Spex Certiprep™ Cryogenic Freezer/Mill™ (Fisher scientific). 5 g of the frozen ground powder was macerated with 100 mL of Ethanol for one night, sonicated for 30 min and the solvent recovered after filtration. After 3 repetitions of the 30 mins' extraction, the 3 extracts were combined. The filtrate was evaporated by rotary evaporator at 40°C. The residue was dispersed in 50 mL of 5% HCl and defatted 3 times by 50 mL diethyl ether. The pH of the aqueous phase was then adjusted to about 10 with ammonium hydroxide solution (30-33% NH3 in H2O) and further extracted 3 times by 50 mL dichloromethane. The organic phases were combined, dried with anhydrous Na2SO4, and evaporated to dryness with rotary evaporator at 40°C. The residue was dissolved in 4 mL of 75% MeOH and stored at 4°C until further use. Prior to analysis, the extract was diluted to one fifth with 75% MeOH and Results and discussion The inhibitor corresponding ACh peak area (A) was determined for each injection. ATA> AHuA> AGL was observed which meant that the HPLC-IMER-MS bioanalytical device classified the anticholinesterase inhibition potencies as follow: TA > HuA > GL. For GL, this obtained lowest inhibition potency position is in agreement with the published literature [START_REF] Forsberg | Continuous flow immobilized enzyme reactor-tandem mass spectrometry for screening of AChE inhibitors in complex mixtures[END_REF][START_REF] Vanzolini | Acetylcholinesterase Immobilized Capillary Reactors-Tandem Mass Spectrometry: An On-Flow Tool for Ligand Screening[END_REF]. For HuA and TA, this inhibition potency order is also in agreement with Alcalá,M et al for the human AChE in vitro test [START_REF] Alcalá | Characterisation of the anticholinesterase activity of two new tacrine-huperzine A hybrids[END_REF].

Mobile phase composition

The mobile phase composition is of high concern as it could influence both HPLC separation, IMER activity, system sensitivity and ESI source efficiency.

pH plays an important role on all enzymatic biochemical reaction.

Considering its activity and stability, the working IMER pH value has been reported to be about 7.4 [START_REF] Andrisano | Determination of inhibitors' potency (IC50) by a direct high-performance liquid chromatographic method on an immobilised acetylcholinesterase column[END_REF]. For this HPLC-IMER-MS bioanalytical device, the mobile phase moving through IMER is a combination of the HPLC eluent and the ACh buffer solution. Formic acid has been added to the mobile phase to give a sharper peak shape of the three inhibitor standards. The pH values of different proportions of formic acid aqueous mobile phases mixed with ACh buffer solution were evaluated in order to adjust the on-line mixed mobile phase pH close to 7.4.

When 10 mL of 0.01% formic acid aqueous solution mixed with 20 mL of 15 mM NH4HCO3 (pH=7.9), the pH value of the mixture was 7.5 which suggested that when 0.1 mL/min were used as the HPLC flow rate and 0.2 mL/min as the substrate pump flow rate, the pH of the combined mobile phase in the IMER would be about 7.5, value being considered as sufficiently near from 7.4 [START_REF] Andrisano | Determination of inhibitors' potency (IC50) by a direct high-performance liquid chromatographic method on an immobilised acetylcholinesterase column[END_REF][START_REF] Forsberg | Continuous flow immobilized enzyme reactor-tandem mass spectrometry for screening of AChE inhibitors in complex mixtures[END_REF] to be accepted as working conditions.

The ACh concentration played a key role for the sensitivity of this bioanalytical device. With an increase of ACh concentration from 150 μM to 600 μM, the LoDs of the inhibitor corresponding ACh peak were reduced from 0.8 nmol to 0.3 nmol for GL and HuA, and from 0.6 nmol to 0.1 nmol for TA (table 1).

As ACh and its hydrolysate, choline, are non-volatile compounds, 600

μM ACh are considered already as a very high concentration for continuous infusion into the MS source. Therefore, ACh concentrations higher than 600 µM were not investigated to avoid too high noise led by overcharging the MS detector.

With consideration of all the presented conditions, for the HPLC separation part of the HPLC-IMER-MS bioanalytical device, the final mobile phase of HPLC used consisted in 25 % Methanol/75% H2O containing 0.01 % formic acid at a flowrate of 0.1 mL/min (Data in Brief § 2.2.2). For the enzyme reaction part, a 15 mM NH4HCO3 buffer containing 600 μM ACh (pH=7.9) was used at a flow rate of 0.2 mL/min. The final flow passing through the IMER was 0.3 mL/min.

Specificity

IMER

AChE inhibitor standards were injected into the enzyme-free column which was fabricated by the same way as the IMER but without immobilized enzyme (see part 2.2). When the enzyme-free column was used, the ACh signal intensity (Figure 3, panel C) remains very high (about 1.25 x 10 7 ) clearly indicating that no ACh hydrolysis occurs in the enzyme-free column (Figure 3).

On the same way, no choline could be observed giving evidence that the chromatographic silica (NH2) used for enzyme immobilization presented no analytical interference.

Negative control

To confirm whether only the AChE inhibitor could trigger the corresponding ACh peak, 2 nmol of lycorine (negative control) which had no inhibitory activity, was injected in the HPLC-IMER-MS bioanalytical device.

There was no corresponding ACh peak appearing (chromatogram not shown) which showed this device having a good specificity for the AChE inhibitors.

Sensitivity and dose-response relationship

LoDs of the inhibitor corresponding ACh peaks were 0.3 nmol for GL and HuA, 0.1 nmol for TA.

The dose-response relationship plots (Figure 4), for GL, HuA and TA showed an increase of the inhibitor corresponding ACh peak areas with the augmentation of the injected inhibitor quantities until they reached a maximum near 1,2 and 1.6 nmol depending on the inhibitor. Above these limits, the inhibitor corresponding ACh peak areas remained constant with the quantity of inhibitor injected. This constant value depended on the chemical structure of the inhibitor and then on its inhibitory strength.

According to the dose-response relationship plots, the stronger the inhibitor was, the higher was the maximum inhibitor corresponding ACh peak area.

Repeatability

0.8 nmol inhibitors were injected in the HPLC-IMER-MS bioanalytical device (n=6). The RSDs of the GL, HuA and TA corresponding ACh peaks for were 4.8%, 3.6% and 3.4% respectively which can be assumed as a good repeatability for such an HPLC-IMER-MS bioanalytical device [START_REF]Bioanalytical Method Validation Guidance for Industry -FDA[END_REF].

IMER stability

The stability of the AChE in IMER may influence the performance of this bioanalytical device. The stability plot (Data in Brief § 2.2.1) showed that the IMER enzyme activity decreased quickly down to 67% of its initial activity during the first 4 days and then keep relatively stable for more than two months under the daily use conditions. The enzyme activity then slowly diminished to about 51% of its initial activity during the third month.

3.7

Application of the HPLC-IMER-MS bioanalytical device to plant extract

The major active constituents from Lycoris herbs were reported to be amaryllidaceae alkaloids (AAs). Among the AAs, GL and lycoramine were found to have anticholinesterase activities [START_REF] Tian | Comparative Analysis of Amaryllidaceae Alkaloids from Three Lycoris Species[END_REF]. As the Lycoris Radiata extract was a complex matrix, the HPLC conditions used for the ACh standard inhibitors could not give a satisfactory separation for this extract. Based on the literature [START_REF] Tian | Comparative Analysis of Amaryllidaceae Alkaloids from Three Lycoris Species[END_REF] 

Conclusion

Herein an online HPLC-IMER-MS bioanalytical device was developed for the screening of AChE inhibitor candidates. It could help to compare qualitatively the anticholinesterase inhibitory strenghs of inhibitors. It could also be applied for the discovery of cholinesterase inhibitors in natural resource. Thanks to this HPLC-IMER-MS bioanalytical device, the dihydro-latifaliumin C was firstly reported to have a cholinesterase inhibition activity. 
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 31 Bioanalytical device The purpose of this study was the development of a bioanalytical device for the screening of AChE inhibitors. ACh passed continuously through the IMER containing immobilized AChE to result in choline (Cho). When no AChE inhibitors were eluted through the IMER, there would be constant MS signals of formed Cho (m/z 104) and of remaining ACh (m/z 146). When an AChE inhibitor eluted out of the chromatographic column and passed through the IMER, the quantity of the formed Cho decreased, meanwhile the quantity of remaining ACh increased. This phenomenon was reflected in the appearance of a negative peak on the extracted chromatogram at m/z 104 (Cho) or of a positive peak on the extracted chromatogram at m/z 146 (ACh). Therefore, the activity of AChE inhibitor can be evaluated either by the Cho MS signal (m/z 104) or by the ACh MS signal (m/z 146) (Figure 2). When infused into MS at the same concentration, the ACh signal is 10 times higher than the choline one (data not shown). That's why, the positive MS peak of ACh (m/z 146) was used to monitor the inhibitory potencies of compounds analyzed by this online HPLC-IMER-MS bioanalytical device. Three widely known AChE inhibitors: GL, HuA and TA, were chosen to develop this system. When 10 μL of a fixed concentration (50 μM) of these three inhibitors were injected, GL, HuA and TA were well chromatographically separated (Data in Brief § 2.2.2). Driven by the chromatographic flow, the 3 separated inhibitors were mixed, one after the other, with the substrate solution (tee) and passed through the IMER. The extracted ion chromatogram (EIC) shown in Figure 2 (panel C), presented three inhibitor-corresponding ACh peaks at retention time (tR) of= 3.9; 5.0 and 9.0 min respectively. During the first 3 minutes of run, the continuous formed choline signal (panel B) was observed with an intensity of about 2 x 10 5 . No ACh signal (panel C) can be detected during this first 3 minutes of run indicating that all pumped ACh has been hydrolyzed. The corresponding EICs for GL (m/z 288), HuA (m/z 243) and TA (m/z 199) were presented in panels D, E and F respectively.

  solution was also modified to make the on-line mixed mobile phase pH equal to 7.5.The LoD value under the new experimental conditions was evaluated by analyzing a series of GL standard solutions of different concentrations. The results showed that this LoD value augmented from 0.3 to 0.6 nmol. The decrease of the sensibility of the system for GL was possibly due to the higher MS noise level derived from the use of the acetate buffer instead of formic acid in the mobile phase.After injection of the extract of Lycoris Radiata, 3 inhibitor-correspondingACh peaks which correspond to 3 alkaloids were observed (Figure5. Panel C). The 3 alkaloids were respectively GL, lycoramine and dihydro-latifaliumin C and were further confirmed by their MS/MS spectra (Data in Brief § 2.2.3) according to the study of Yongqiang Tian et al.[START_REF] Tian | Comparative Analysis of Amaryllidaceae Alkaloids from Three Lycoris Species[END_REF]. Besides GL, two other alkaloids were identified thanks to their retention times, molecular mass and available bibliographic data. The GL (tR = 19 min), presented smaller peak area than that of lycoramine (tR = 15 min). GL and lycoramine have very similar molecular structure and should then have similar MS response. The smaller peak area of GL may signify a lower concentration compared to lycoramine, but the GL induced a stronger ACh peak than lycoramine. Thus, GL could have a stronger inhibition potency than lycoramine. This result is in good agreement with the publication of Irwin R.L. et al.[START_REF] Irwin | 3rd, Cholinesterase inhibition by galanthamine and lycoramine[END_REF]. The third ACh peak would probably correspond to dihydro-latifaliumin C (tR = 7 min) which has never been reported to have anticholinesterase activity. It is the first time that a cholinesterase inhibition activity is demonstrated for this compound. To confirm inhibitory strengh result of lycoramine and GL, equimolar of lycoramine and GL standard mixture has also been injected in the bioanalytical device, the relative inhibitory strengh order by injecting the standards is in agreement with by injecting the extract test. As the dihydro-latifaliumin C does not have a reference standard on the trade and to confirm the existence of dihydro-latifaliumin C, the plant extract was injected into a UPLC-MS-Q-ToF for the identification (Data in Brief § 2.2.3).

  

  

  

  

  

  Unfortunately, this method can only analyze one compound at a time, and it cannot be applied to a mixture or natural plants extracts.

	Herein, a rapid, robust and economic bioanalytical device was proposed. It
	composed of a classical HPLC chromatographic separation part coupled on-line to an
	IMER in which an enzymatical reaction takes place continuously with the help of a
	HPLC pome pumping continuously the substrate (ACh) solution. Three known AChE
	2. Experimental
	2.1. Chemicals and reagents
	AChE (from Electrophorus electricius, EC 3.1.1.7), acetylcholine chloride, choline
	chloride, ammonium hydroxide solution (30-33% NH3 in H2O), ammonium acetate,
	glutaraldehyde 25% aqueous solution, ethanolamine, sodium cyanoborohydride,
	sodium azide, anhydrous sodium sulfate, potassium phosphate dibasic, potassium
	phosphate monobasic were purchased from Sigma-Aldrich (St. Quentin Fallavier,
	France). Tris(hydroxymethyl)aminomethane was purchased from Euromedex
	(Souffelweyersheim, France). Ammonium hydrogen carbonate, formic acid and HPLC
	grade methanol (MeOH) and absolute ethanol (EtOH) were purchased from Fisher
	scientific (Illkirch-Graffenstaden, France). Water was from a Milli-Q purification
	system, Millipore (Bedford, MA, USA).

inhibitors, galanthamine (GL), tacrine (TA) and huperizine A (HuA) were used to develop this biological device. Specificity, sensitivity, dose-response relationship and repeatability of the proposed system were investigated. The proposed device was then applied to analyze a Lycoris Radiata extract.

Table 1 . Effect of ACh concentrations on the LoD values for the 3 standard inhibitors
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	150	0.8	0.8	0.6
	300	0.6	0.6	0.4
	600	0.3	0.3	0.1