AChE-Catalyzed Hydrolysis of Long-Chain Thiocholine Esters Bull. Korean Chen2088cVol. 24, No.1 65

Acetylcholinesterase(AChE)-Catalyzed Hydrolysis of Long-Chain Thiocholine Esters:
Shift to a New Chemical Mechanism

Dai Il Jung, Young Ju Shin, Eun Seok Leé Taesung Moon’ Chang No Yoon! and Bong Ho Leé”

Department of Chemistry, Dong-A University, Busan 604-714, Korea
"Department of Chemical Technology, Hanbat National University, Daejon 305-719, Korea
*Bioanalysis and Biotransformation Research Center, Korea Institute of Science and Technology, Seoul 136-791, Korea
Received October 23, 2002

The kinetic and chemical mechanisms of AChE-catalyzed hydrolysis of short-chain thiocholine esters are
relatively well documented. Up to propanoylthiocholine (PrTCh) the chemical mechanism is general acid-base
catalysis by the active site catalytic triad. The chemical mechanism for the enzyme-catalyzed butyrylthio-
choline(BuTCh) hydrolysis shifts to a parallel mechanism in which general base catalysis by E199 of direct
water attack to the carbonyl carbon of the substrate. [Selwoast,al.). Am. Chem. So2993 115 10477-

10482] The long chain thiocholine esters such as hexanoylthiocholine (HexTCh), heptanoylthiocholine
(HepTCh), and octanoylthiocholine (OcTCh) are hydrolyzed by electric eel acetylcholinesterase (AChE). The
kinetic parameters are determined to show that these compounds have a lower Michaelis constant than BuTCh
and the pH-rate profile showed that the mechanism is similar to that of BUuTCh hydrolysis. The solvent isotope
effect and proton inventory of AChE-catalyzed hydrolysis of HexTCh showed that one proton transfer is
involved in the transition state of the acylation stage. The relationship between the dipole moment and the
Michaelis constant of the long chain thiocholine esters showed that the dipole moment is the most important
factor for the binding of a substrate to the enzyme active site.
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Introduction length of acyl chain of the substrate moves to butanoyl the
chemical mechanism changes to general base catalysis by
Acetylcholinesterase (AChE, EC 3.1.1.7) is a serineE199 of direct water attack on the scissile carbonyl gfdUp.
hydrolase that catalyzes the hydrolysis of the neurotransthe pH-Vina(V) profile for electric eel AChE-catalyzed
mitter, acetylcholine (ACh) to acetate and choline athydrolysis of benzoylcholine(BzCh) gave ajuf4.77. The
neuromuscular synapses.The elucidation of the kinetic pH-Vma/Km(V/K) profile for electric eel AChE-catalyzed
and chemical mechanisms of AChE-catalyzed hydrolysis ofhydrolysis of BUTCh gave a pkKalue of 4.72. These results
acetylcholine(ACh) is of importance for numerous academidndicate that E199 is involved in general base catdlysis.
and clinical reasons. For example, organophosphate inhibWith this in mind, we therefore undertook kinetic studies,
tors of AChE can be used as chemical warfare agents amH-rate profile, and solvent isotope effect studies to charac-
insecticides and specific inhibitors of this enzyme, such aserize the transition state and chemical mechanism under-
tacrine, donepezil, rivastigmine and huperzine A are used dging AChE-catalyzed hydrolysis of long chain thiocholine
anti-Alzheimer's Disease dru§isThe X-ray crystallographic — esters.
studies have shown that AChE has a deep and narrow active
site gorge that contains a catalytic tifdd-his catalytic triad Materials and Methods
is composed of a serine, histidine, and glutafiatéinetic
studies have shown that the bimolecular rate constant for Materials. Electric eel AChE, type V-S lyophilized powder,
ACh hydrolysis by AChE is diffusion-controlléd. and horse serum BuChE were purchased from Sigma
To elucidate the mechanism underlying AChE binding andChemical Co. and were used as received. Prior to use it was
action, less reactive long chain thiocholine esters are usatissolved in 0.1 M, pH 7.3 sodium phosphate buffer,
for kinetic studies. These substrates allow the involvectontaining 0.1 M NaCl. ATCh, BuTCh, 5,5'-dithio-bis-(2-
chemical steps to be rate determining. Studies of the pH-ratdtrobenzoic acid) (DTNB), and buffer components were
profile, solvent isotope effect, and proton inventory havealso purchased from Sigma Chemical Co. Deuterium oxide
shown that the chemical mechanism for ATCh and PrTCH99.8% D) was purchased from Aldrich Chemical Co. and
hydrolysis operate under conventional general acid-baseas used as received. Water used in experiments was
catalysis in which S200 attacks the carbonyl carbon of thelistilled and deionized by passage through a mixed bead ion-
substrate and H440 and E327 act as general badssthe  exchange column.
Synthesis of Thiocholine Esters
"Correspondence; Phone: +82-42-821-1542; Fax: +82-42-822-1562; Hexanoylthiocholine
e-mail: Ibh011@hanbat.ac.kr 2-Choroethyl thiohexanoate 0.61 g (0.01 mol) of ethyl-
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ene sulfide was dissolved in 3 mL of dry carbon tetrachlorideinto the active sites by Monte Carlo method, which considers
and 1.45 g (0.011 mol) of hexanoyl chloride was added. Théhe interaction energy between the ligands and the active
small formed precipitate was removed, and any remainingites. After docking the AChE-ligand complexes were
carbon tetrachloride was distilled off at ordinary pressuresubjected to molecular dynamics simulation to get optimum
The residue was chromatographed on silica gel (elment; conformations. Prior to molecular dynamics, the ligand
hexane) to yield 2-chloroethyl thiohexanoate (0.82 g, 42%)molecules were minimized using steepest descents for 200
as a colorless liquidH NMR (CDCk, 200 MHz):5 0.86-  steps and conjugate gradients 300 steps. The minimized
0.93 (m, 3H), 1.27-1.37 (m, 4H), 1.60-1.71 (m, 2H), 2.53-structures were then used as a starting point for 10-ps
2.60 (t, 2H), 3.19-3.26 (t, 2H), 3.56-3.64 (t, 2H) Mas®&z  molecular dynamics simulations at 300 K with a distance-
(rel. int, %): 195, 165, 151, 138, 131 (6), 115, 99 (100),dependent dielectric constant. The initial velocities were
71(30), 55(16), 51. taken from a Maxwell-Boltzmann distribution for target
Hexanoylthiocholine 0.59 g (0.01 mol) of anhydrous temperature. The leap-frog algorithm was used to integrate
trimethylamine was added to a mixture of 1.95 g (0.01 molthe equations of motion with an integration time step of 1 fs.
of 2-chloroethyl thiohexanoate and 10 mL of dry acetone,;The minimum energy conformations during molecular dyna-
cooled to -20 °C. After a week at room temperature, 10 mlmics were sampled and minimized for QSAR (Quantitative
of dry ether was added to precipitate the ester of thiocholin&tructure-Activity Relationships) analysis. All molecular
chloride still in solution. The precipitate was filtered off and mechanics and molecular dynamics calculations were carried
the residue was dried under reduced pressure to yieldut using Discover2.97 program (Msi Inc.) with CVFF
hexanoylthiocholine (2.54 g, 100%) as a hygroscopic whit§Consistent Valence Force Field) using nonbonded cutoff of
solid. 'H NMR (CDCk, 200 MHz): 6 0.84-0.95 (m, 3H), 13.0A.
1.34-1.36 (m, 4H), 1.60-1.76 (m, 2H), 2.62-2.69 (t, 2H),
3.45-3.52 (m, 2H), 3.56 (s, 9H), 3.76-3.90 (m, @) NMR Results
(CDCl;, 200 MHz):0 1.38 (C-6"), 22.1, 22.2 (-S-GHH,-),
25.0 (C-5%, 31.0 (C-4"), 43.9 (C-3), 53.4, 53.5, 53.6 (-NJgH The Kinetic Parameters for Thiocholine Esters The
65.2 (C-2, 199.0 (C=0). Massy/z(rel. int, %): 203, 159, long-chain thiocholine esters were hydrolyzed by electric eel

143, 114, 99(1), 87, 71(7), 58 (100), 51. AChE and the associated kinetic parameters are shown in
Other thiocholine esters were synthesized by the sam@able 1. These are compared to those of short chain

procedures. thiocholine esters such as ATCh and PrTCh. As shown in
Methods Table 1, the Michaelis constant,Kincreases with acyl

General *H NMR and®*C NMR spectra were recorded in length up to BuTCh and, thereafter, decreases as acyl group
CDCl; at 25°C on a Bruker AC 200 FT NMR spectrometer. length continues to increase. The trend fgrik to decline
GC-Mass spectra were obtained by using HP 5890 Il GCWith increasing acyl group length in the order ATCh >
MSD spectrometer. PrTCh >> BuTCh > HexTCh > HepTCh > OcTCh. Although

Enzyme assaysAChE-catalyzed hydrolysis of the thio- the reactivity of long chain thiocholine esters is much less
choline esters was monitored by following production of thethan ATCh, AChE is still needed to hydrolyze the substrates.
thio anion of nitrobenzoic acid at 412 nm by the Ellman'sWe confirm this as in the presence of 0.1 mM edrophonium
coupled assay. Assays were conducted on HP8452A orthese substrates were not hydrolyzed to any capacity.
HP8453A diode array UV-visible spectrophotometers andedrophonium is an active site directed inhibitor of AChE
the cell compartments were thermostatted by circulatingvith a K; in the submicromolar randgeThese substrates are
water or Peltier temperature controller, respectively. Thealso hydrolyzed by 25uM NaOH with an initial rate
kinetic parameters, V, K, and V/K were determined, asequivalent to that of AChE-catalyzed hydrolysis.
described previoush’. The pH values of buffers were pH-Rate Profile. The pH-rate profile for electric eel
measured on an Orion Model 420A pH meter that was
equipped with a glass combination electrode. To determingable 1 Kinetic Parameters for AChE-Catalyzed Hydrolysis of
pD values of the deuterated buffer, a value of 0.4 was addethiocholine Esters
to;h? metalsurted p"éf\fﬂl{[g’s- 4 Proton | orv Solvent Enzyme Substrate  K(mM) keat(S™)

olvent Isotope Effect and Proton Inventory Solven
isotope effects F\)Nere determined by measuriizlg the kineti(I:E E-AChE ATCH 0.11:+0.009 8800+ 200
PrTCH 0.15+0.01 366070

parameters in ¥ and RO bufferst* Proton inventories BUTCH 1.20+0.10 05 + 3
were determined by measuring rates in buffers of different BzCH 0.18+0.04 6.0+07
atom fraction of deuterium. The theory and experimental HexTCh  0.83 +0.09 53+ 3
procedure are well document&d.’ HepTCh 0.65+0.08 443
Ligand-Receptor Docking For the construction of AChE- OcTCh 0.48 +0.09 38+2
ligand complexes, the crystal structure of AChE-acetylcho- BuTCh 0.29+0.015 791+12
line complef was used. The conformations and locations ofHorse serum BUChE HexTCh ~ 0.12+0.003 482+ 14
ligand molecules in the active sites were determined by OcTCh ~ 0.11+0.008 387%13

using flexible docking. The ligand molecules were docked'Data taken from reference 12.
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Figure 1. pH-V/K profile for EE-AChE-Catalyzed Hydrolysif o Figure 3. Comparison of calculated and experimental-lpgK

HexTCh. V/K values were determined by first order kinetics. Thevalues of AChE-Catalyzed Hydrolysis of the long chain thiocholine

initial HexTCh concentration was 0.04 mM. esters. The detailed procedure is in the Materials and Methods
section.

Table 2 The kinetic parameters in,8 and BO buffers

Enzyme Substrate  P*Kp, P2V max P2VIK values for the electric eel AChE-catalyzed hydroysis of
EE-AChE  HexTCh 1.62+008 1.79:0.05 1.10+009 BUTCh, 4.72 +0.02.
OcTCh 128+001 1.39+005 1.08+006 Solvent Isotope Effect and Proton Inventory The

Human AChE HexTCh 2.04+0.03 1.71+0.05 0.87+0.07 Kinetic parameters are measured i®tand RO buffers and
Horse BUChE HexTCh 2.04+0.05 2.52+0.05 1.24+0.08 the isotope effects are calculated and shown in Table 2.

Discussion
AChE-catalyzed hydrolysis of the more reactive substrates
gives a typical sigmoidal curve. In contrast, the pH-V/K Although the studied long chain thiocholine ester sub-
profile for electric eel AChE-catalyzed hydrolysis of BUTCh strates proved not very reactive towards AChE, they were,
provided a complex sigmoidal curve. The pH-rate profile ofnevertheless, hydrolyzed by the enzyme. Without the pre-
electric eel AChE-catalyzed hydrolysis of HexTCh undersence of enzyme, these compounds are not hydrolyzed at a
V/K condition in which the substrate concentration is muchdetectable rate and, coadministration of active site directed
lower than the I value proved to be different from that of inhibitors blocked their enzyme-catalyzed hydrolysis. A
short chain thiocholine esters, as shown in Figure 1. Asimple comparison of the initial rates of the @tatalyzed
nonlinear least-square fit to the known equation givesa pKand AChE-catalyzed hydrolysis of HexTCh shows that the
value of 4.87 + 0.06? This value is similar to one of the pK enzyme catalyzed reaction is about ti@es faster than the
base-catalyzed reaction. This result is consistent with the
rate acceleration by the enzyme for AChE-catalyzed hydro-

il ™ lysis of BzCH The affinity of long chain thiocholine esters
16 " to AChE is greater than that of short chain thiocholine esters.
; m The active site of BUChE is bigger than that of AChE and it
15 1 is therefore easier for BUChE to accommodate bigger sub-
14 i strates than AChE.
3| il s The Ky values of the thiocholine esters are well correlated
=l 3‘_ = to the inhibition of AChE by the thiocarbonate derivatives of
12 i | choline? As the length of alkyl group increases up to hexyl,
i : N the inhibition potency increases. Thesd®@f the choline
| m i ethylthiocarbonate is greater than 10 mM, while thg €
1.0 " choline hexylthiocarbonate is in the submicromolar range.
bl . Most of the inhibitors are competitive inhibitors. Thus, these
00 SIS T e compounds compete with substrates for the enzyme active
Atom fraction of Deuterium (%0:0) site. Choet al measured the Kg of choline esters for the

Figure 2. Proton Inventory of AChE-Catalyzed Hydrolysi§ o AChE-catalyzed hydrolysis of acetyithiocholffe Their

HexTCh. V values were determined by measuring initial rates ofesults show that as the length of the acyl group increases,
HexTCh hydrolysis under Mx condition, [HexTCh] =8 mM (=10  from pentanoyl to decyl, the value decreases. Based on
Km). this Choet al suggested the presence of a hydrophobic acyl
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pocket, separate from an acetyl-binding site, is in the activeenter of the aromatic gorde.Thus, dipole-dipole inter-
site. actions may play an essential role in the long range mole-

The pH-profile for the more reactive substrates, such asular recognition of AChE ligands. The hydrophobic region
ATCh or PrTCh, gives a pkvalue of 6.30 which indicates of long chain thiocholine substrates likely interacts with the
that the active catalytic triad S200-H440-E327 functions inenzyme much in the same way that the indanone group of
catalysis. The pH-rate profile for the electric eel AChE-E2020 interacts with the enzyme. The primary feature of
catalyzed hydrolysis of BUuTCh gave two plalues of 4.72  substrate binding to the enzyme can be characterized by a
and 6.30. Quinret al interpreted this result to mean that long substrate that possesses a dipole running through the
parallel mechanisms may operate in the AChE-catalyzedxis of the compound which slides down the narrow gorge to
hydrolysis of choline estefs? The pkK, value of 4.87 interact with the enzyme active site.
determined from pH-V/K profile study with HexTCh is  In summary, taken together, our results indicate that long
comparable to the lower pialue of BUTCh. The pivalue  chain thiocholine esters are substrates for AChE, and the
of 4.77 determined from pH-V profile for the AChE- chemical procedure involved in their hydrolysis is somewhat
catalyzed hydrolysis of BzCh is also comparable to thelifferent from the catalytic triad mechanism. Rather, the
value. procedure resembles a parallel mechanism in which a water

The kinetic solvent isotope effects show that protonmolecule attacks the carbonyl carbon of the substrate and the
transfer is involved in the deacylation step. The trend is thacylation step does not contribute to the rate determination.
same for human AChE and horse BuChE. The kineticThe dipole interaction plays a pivotal role to allow the
solvent isotope effect on the Michaelis constant, &d on  binding of the substrate to the enzyme active site to initiate
Vmax are approximately the same. Consequently, there ithe process.
only small kinetic solvent isotope effect on V/K. These
results imply that either the acylation step is not a rate Acknowledgment The authors thank much Dr. Quinn of
determining step or that there is no proton transfer involvedhe University of lowa for helpful discussion and comments.
in the transition state in the acylation step. Proton inventorie$his work was supported by the Korea Science and
on V and V/K of the AChE-catalyzed hydrolysis of HexTCh Engineering Foundation (KOSEF) through the Advanced
provide information to study protonic interactions in the Material Research Center for Better Environment at Hanbat
transition state. As shown in Figure 2, the proton inventorieNational University.
on both V and V/K (data not shown) are straight.
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