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Recently, researchers have used acetylcholinesterase (AChE) as a reaction vessel to synthesize its own
inhibitors. Thus1 (synTZ2PA6), a femtomolar AChE inhibitor, which is formed in a 1:1 mixture with its
anti-isomer by solution phase reaction fr@&(TZ2) and4 (PA6), can be synthesized exclusively inside the
AChE gorge. Our computational approach based on quantum mechanical/molecular mechanical (QM/MM)
calculations, molecular dynamics (MD), and targeted molecular dynamics (TMD) studies answergswhy

the sole product in the AChE environment. Ab initio QM/MM results show that the reaction in the AChE
gorge occurs whe®azide and/acetylene are extended in a parallel orientation. An MD simulation started
from the final structure of QM/MM calculations keeps the azide’s and acetylene’s parallel orientations intact
for 10 ns of simulation time. A TMD simulation applied on an antiparallel azigeetylene conformation

flips the acetylene easily to bring it to a postion that is parallel to azide. A second set of QM/MM calculations
performed on this flipped structure generates a similar minimum-energy path as obtained previously. Even
a TMD simulation carried out on a parallel azidacetylene conformation could not deform their parallel
arrangement. All of these results, thus, imply that inside the AChE gorge, the azide gr8ugndfthe
acetylene group of always remain parallel, with the consequence thatthe only product. The architecture

of the gorge plays an important role in this selective formatiod.of

Introduction 1.7 x 10 M~! min~! in mouse AChE}. The corresponding
anti-isomer 3,8-diamino-6-phenyl-5-[6-[1-[2-[(1,2,3,4-tetrahy-
dro-9-acridinyl)amino]ethyl]-#-1,2,3-triazol-4-ylJhexyl]-phenan-
thridinium (2) is also a respectable but weaker AChE inhibitor.
These two triazole regioisomers differ in the nitrogen substitu-
tion positions on the 1,2,3-triazole and can be derived by thermal
reaction between a tacrine azide moiety, including a 2-carbon
linker 3 and a phenylphenanthridinium alkyne moiety including
a chain of six carbong (Figure 1). This thermal reaction at
room temperature proceeds very slowly and provides a mixture
of syn and anti-isomers:1:1. The crystal structures éfand2
complexed with mouse AChE (mAChE) have recently become
available® These two crystalline complexes differ mainly in the
PAS conformations, where the aromatic plane of gy&
phenanthridinium orients 90from its position in the anti
complex, and the Trp286 side chain in the syn complex
dislodges from the PAS surface and swings into the solvent. In
both the complexes, however, the tacrine moiety of the inhibitor

Acetylcholinesterase terminates the impulse signaling at
cholinergic synapses by rapid hydrolysis of the neurotransmitter,
acetylcholine (ACh). Symptomatic treatment of certain neu-
rological diseases can be achieved by controlled inhibition of
AChE. Acetylcholinesterase inhibitors are, thus, of therapeutic
importanceé* The active site of AChE is located at the base
of a long and narrow 20 A gorge. It consists of an esteratic
subsite containing the catalytic machinery, and an anionic subsite
responsible for binding the quaternary trimethylammonium
tailgroup of ACh® The catalytic functional unit of AChE is the
catalytic triad consisting of Ser 203, His 447, and Glu 334. The
structure of the gorge also reveals a constricted region halfway
up the gorge formed by the side chains of Tyrl24, Phe297,
Tyr337, and Phe338’ An allosteric site remote from the active
center and located at the rim of the got§elso plays an
important role in ligand binding. This site called the peripheral
anionic site (PAS) is composed of surface residues Tyr72,

Trp286, and His287. is placed nicely at the active center of the gorge with the triazole
The molecule 3,8-diamino-6-phenyl-5-[6-[1-[2-[(1,2,3,4-tet- moiety occupying the constricted reglgn. _
rahydro-9-acridinyl)amino]ethyl]H-1,2,3-triazol-5-yl]hexyl]- Molecule 1 can also be prgqlzlced in situ from precursor
phenanthridinium 1) is an ultra high-affinity inhibitor of ~ fragments by click chemistfy%-12 The click chemistry ap-
acetylcholinesterase (dissociation constigtis 77 fM to 410 proach uses the molecular structure of a target enzyme as a

fM depending on the AChE sour&é9-12 This is the highest  Scaffold to synthesize its own inhibitors. The method relies on
affinity reversible organic inhibitor of AChE known, with asso-  the simultaneous binding of two ligands, which contain reacting

ciation rate constants close to the diffusion limit (rate constant; Substrate functionalities, to adjacent sites on the protein; the
proximity of the ligands is then likely to accelerate the reaction

that connects them. Thus, the above 1,3-dipolar cycloaddition
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the syn complex occurs when the azide and acetylene are
extended in a parallel orientation, whereas they would have to
lie antiparallel to form the anti triazole complex. An MD
simulation (step 2) started from the final structure of the QM/
MM calculations on the syn complex keeps the stable parallel
orientation of azide and acetylene intact for a further 10 ns of
simulation time. A combination of MD and TMD simulations
(step 3) applied on the final structure from QM/MM calculations
on the anti complex flips the orientation of acetylene and brings
it parallel to that of azide. Note that the constraint due to TMD
was applied only on the phenanthridinium moiety and Trp286
side chain, keeping the alkane chain (to which acetylene is
attached) completely free. Finally, in step 4, another QM/MM
calculation was performed on the resultant structure from the
TMD simulation to obtain and compare the reaction energy
barrier with the previously obtained barrier from step 1. A very
consistent barrier height between step 1 and step 4 shows the
robustness of our approach.

4(PA6)

2 (anti-TZ2PA6) 1(syn-TZ2PA6)

Figure 1. Structures ofl and2 formed by the 1,3-dipolar cycloaddition
reaction. The tacrine, triazole, and phenylphenanthridinium moieties
in 1 and?2 are shown from bottom to top, respectively.

Basic Models and Preparation of the Systems

We started our study by performing density functional theory
QM/MM calculations on the crystal structures of themAChE
o . and2—mAChE complexes. The crystal structures were obtained
we demonstrate the applicability of a computational approach, fom the Protein Data Bank (pdb code: 1Q83 for syn confplex
the combination of ab initio quantum mechanical/molecular 5,q 1Q84 for anti compléx and were completed in the
mechanical calculations, §tandaro! molecular dynqmics, andfo"OWing way before carrying out QM/MM calculations on
targeted molecular dynamics studies to answer Whyg the them. The coordinates for missing residues Pro259, Gly260,
sole product in the mAChE environment. Gly261, Ala262, Gly263, Ala542, and Thr543 in both of the

QM/MM approaches have been demonstrated to be effectivestructures and for the missing side chains of Ser495, Lys496 in
in the accurate description of chemical bond formation and 1Q83 and of Glul, Arg493, Ser495, and Lys496 in 1Q84 were
breaking in enzymatic reactiof%'4In these approaches, a small modeled using the Insightll graphics packag&or both the
active part directly participating in the making and breaking of 1Q83 and 1Q84 models, hydrogens for heavy atoms were added
bonds is treated by quantum mechanical methods, whereas theyy Leap in the Amber 7.0 packadgwhereas hydrogens for
rest of the enzyme containing a large number of atoms is de- crystal conserved water molecules were added and optimized
scribed by molecular mechanical methods. Thus, the combinedby WHATIF.3! Added hydrogens were energy minimized for
QM and MM approach takes advantage of the applicability and 100 steps using the steepest descent algorithm. For histidine
accuracy of the ab initio QM methods for chemical reactions residues, calculations of the local electrostatic environment and
and the computational efficiency of the MM calculations. The the effective K, with WHATIF indicated that residues Hid381,
QM/MM boundary that very often bisects some covalent bonds Hid387, Hid405, and Hid447 should be protonated Mg
is treated by a pseudobond appro&tiwhere a one-free-valence  whereas the others are protonated at the epsilon nitrogen
atom with an effective core potential is constructed to replace position. Whether Hid or Hie is chosen is determined by the
the boundary atom of the environment part and to form a |ocal hydrogen bonding network. A set of partial atomic charges
pseudobond with the boundary atom of the active part. of the ligand isomers was obtained via quantum electronic

MD simulations have proven to be a valuable tool to structure calculations and is included in the Supporting Informa-
investigate the dynamic behavior of stable macromolecules attion. Using the Gaussian 98 progr&mvith the 6-31G* basis
finite temperature$®-18 However, a very large and complex set, we performed a Hartre&ock geometry optimization
conformational change that sometimes occurs in an enzymeprocedure. The atom-centered RESP charges were determined
structure, is unlikely to be observed in the time scale of an via fits to the electrostatic potentials obtained from the calculated
ordinary MD simulation (nanoseconds). TMDis a method wave functions. The missing interaction parameters in the
based on MD simulation and in principle is able to simulate ligands were generated using antechamber tools in Af$ber.
more elaborate conformational changes in proteins. Inthe TMD  After relaxing the added atoms using the Amber 7.0 package
method, the reaction coordinate is defined by a single mass-in the gas phase, each structure was solvated in a cubic box of
weighted root-mean-square target distance between a knownwater of 90 A in length. Eight sodium ions (as the ligand has
initial structure and a fixed final (target) structure. By gradually charge+1) were randomly placed in the solvent to neutralize
reducing the constrained target distance to zero, the system ishe —9 charge of the protein. A set of minimization and
driven from the reactant to product state without explicitly thermalization runs of the starting structures was performed to
defining the reaction pathway. TMD using a classical force field remove the initial strain. Both of the systems were then
has been applied previously to investigate conformational equilibrated by short MD simulations of 100 ps in the NPT
transitions of insulin, ras-p21, chymotrypsin, aspartate transcar-ensemble followed by a 200 ps run in the NVT ensemble. Al

bamylase, and other molecufés28

We start this work by performing ab initio QM/MM calcula-
tions on 1I-mAChE and2-mAChE complexes (step 1). The

minimization and MD steps were performed using the Amber
7.0 package with Amber force field4 A particle-mesh Ewald
summatioR® with a 8 A short-range cutoff was used to treat

structures of these complexes were taken from the Brookhavenlong-range electrostatics. SHAKE was used to constrain bond

Protein Data Bank. The results show that the cycloaddition in

lengths between heavy atoms and hydrogens. The time step used
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was 2 fs, and the system pressure was restrained to 1 atm, withmination of the corresponding vibrational frequencies. Given
a coupling time of 1.0 ps. The simulations were performed on that the determined minimum energy path is smooth and
eight processors of a Xeon 2.8 GHz linux cluster. The re- continuous, the energy maximum on the path with one and only
sulting structures were used to obtain the starting model for one imaginary frequency is the transition state (TS), whereas
the QM/MM calculations by deleting the water molecules the energy minima along the path with no imaginary frequencies
beyond 25 A from the triazole ring of the ligand. The total are characterized as the reactant or the intermediate. For the
number of atoms in the QM/MM models were then found to reactant, transition state, and intermediate state we further carried
be 10407 in 1Q83 and 10328 in 1Q84. out single-point high-level (MP2 and B3LYP) QM/MM calcula-
The enzyme-substrate systems were partitioned into a QM tions with a larger 6-3+G" basis set. Throughout the calcula-
subsystem and a MM subsystem, and a proper treatment of thetions, the pseudobonds were treated with the 3-21G basis set
boundary atoms was made by a pseudobond appfSach. and its corresponding effective core potential paraméterbe
Following this approach, a boundary atom B in the MM calculations were carried out using modified versions of the
subsystem was replaced by a pseudoaBypn which has one Gaussian 98 and the TINKER program® The MM model
free valance but a parametrized effective core potential, suchused is the AMBER 95 all-atom force fietland the TIP3P
that A — Bpp pseudobond mimics the covalent-8 bond at model for watei® For the QM subsystems, criteria used for
the QM—MM boundary (A stands for a boundary atom in the geometry optimizations follow Gaussian 98 defaults. For the
QM subsystem). With this pseudoatom, the QM subsystem now MM subsystem, the convergence criterion used is to have the
forms a closed-shell active part, which was treated quantum root-mean-square energy gradient be less than 0.1 kcal'mol
mechanically, and the rest of the atoms were represented by aA 1. In the MM minimization, only atoms within 20 A of the
molecular mechanical force field. The QM subsystem consists triazole ring were allowed to move. No cutoff for nonbonding
of the triazole ring, one methyl group on each side of the ring, interactions was used in the QM/MM calculations and the MM
and two pseudoatoms (replacing one methyl carbon each) for aminimizations.
total of 14 atoms. The total energy of the QM/MM system can ~ We also carried out MD simulations on the final structures
be written as follows. obtained from the QM/MM calculations in step 1. Each
QM/MM resultant structure was first solvated in a cubic box
Erota = Eqm(QM) + E;((MM) + EjpynnQM/MM) (1) of water of 90 A in length before carrying out simulations
) ] following a similar procedure as outlined above. The temperature
whereEqm(QM) is the quantum mechanical energy of the QM of the simulations was maintained at 300 K.
subsystem, anBimm(MM) is the standard molecular mechanical A humber of TMD simulations were also performed on the
interactions e_xcluswgly involving atoms in the MM subsystem. a1 structures of QM/MM calculations in step 1. TMD is a
The QM/MM interaction between the QM and MM subsystems  athod to induce a conformational transition relatively quickly

consists of three terms. by applying a time-dependent, purely geometrical restraint. The
(QM/MM) + TMD simulations were performed by introducing an additional
lectrostati constraint force in a normal MD simulation. It incorporates an
Eaw(QM/MM) + Eyiy —ponged QWMM) (2) energy restraint based on the mass-weighted root-mean-square
(RMS) distance of a set of atoms in the current conformation
where Emm-bonded QWMM) refers to the MM bond, angle,  \iip respect to a reference target conformation. The functional

and dihedral energy terms, which involve terms with at form of the RMS restraint energy can be written as follows.
least one atom from each subsysteBuv —bonded QM/MM),

Evaw(QM/MM), andEnm(MM) are calculated with an MM force
field, andEqm(QM) + EelectrostaiéQM/MM) is calculated as the
eigenvalue of an effective Hamiltonian. The effective Hamil-
tonian describes the electrons of the triazole ring, two methyl Wherekmvp is the force constant is the number of constrained
groups, and the valence electrons from the two boundary atomsDrus represents the relative RMS distance for a selected
pseudoatoms. These electrons move in the potential generateget of atoms between the instantaneous conformat{nand
from the nuclei of the atoms in the QM subsystem, the point the referencec®et andd, is an offset constant in A. With the
charge of the MM atoms, and the effective core potential of decreasing ofl, (RMSD offset) as a function of the simulation
the boundary atoms. time, the conformational change is driven from the initial to
With each prepared enzymsubstrate system, an iterative the final targeted conformatidi.In this study, the conforma-
optimization proceduf® was applied at the B3LYP/6-31G  tional change is driven by applying RMSD restraints to all heavy
level. The reaction coordinate for step 1 QM/MM calculations atoms of the phenanthridinium moiety of the ligand and the
was chosen to be the simultaneous bond breaking of the twoTrp286 side chain of the enzyme.
C—N bonds in the triazole ring (Figure 1). Similarly, the reaction
coordinate for step 4 QM/MM calculations was chosen to be
the simultaneous bond formation of the two new T bonds We first present the results of QM/MM calculations carried
between acetylene and azide. This choice of reaction coordinateout on thel—mAChE and2—mAChE complexes. Figure 2
was based on the reaction mechanism of 1,3-dipolar cycload-displays the calculated minimum-energy paths along the reaction
ditions of azides and acetylenes as established from thecoordinate for the bond-breaking processes in the ligand. Note
pioneering work of HuisgefY. An iterative restrained minimiza-  that here we followed a back-calculation procedure in which
tion was then repeatedly applied to different points along the starting from1 or 2 in the enzyme environment, we broke its
reaction coordinate, resulting in an optimal path for the reaction C—N bonds to obtain3 and 4. Thus, in these calculations,
in the enzymatic environment and its associated potential energyessentially starting from the product state (P), we arrive at the
surface. Stationary points obtained along the minimum energy intermediate state (E.l) through the transition sté&eH | =
paths and Hessian matrixes for degrees of freedom involving E.I — P; E, enzyme], inhibitor). The intermediate state is the
atoms in the QM subsystem were calculated leading to deter-one where3 and 4 find themselves in close proximity inside

Eqmmr{QM/MM) = E

e

Erms = 0.5*Kpyp* M*[ Drys(X(1), Xtarge) - do]z 3

Results and Discussion
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T T TS T T(@ obtained at the B3LYP and MP2 levels, respectively, with a
801 o e 7] larger 6-31-G" basis set. These observations are, therefore,
ok oot i indicative of a good environment for the parallel azide and
acetylene inside the enzyme active site.
20 i Thus far we have two facts: (i) the click chemistry method
3 generates onlyl in the mAChE active site, starting from the
% 201 o precursor fragment8 and4, and (ii) moleculel is produced
o when the azide and acetylene group8 ahd4 align in parallel.
§ 0 Following these facts, we carried out an MD simulation on each
S 120 of the intermediate states (i.e., in Figure 3a and b), to test
=u=‘3 whether the enzyme and inhibitor will undergo conformational
=) rearrangements to keep/bring azide and acetylene in parallel
3 80| geometry. We call these MD simulations MD-I and MD-II for
L“:J the syn and anti intermediate state, respectively. Figure 4 shows
the average structure of the intermediate state obtained from
40~ MD-I (this simulation was carried out for 10 ns after solvating
the structure represented by Figure 3a in a box of water). In a
2. | | | close-up view, only the structures of the ligand fragments along
0 3 4 5 ) 7 with a few active site residues are displayed. The average

Reaction Coordinate (A) structure from the simulation was obtained by superposing the
Figure 2. Determined minimum-energy path along the reaction €nzyme-inhibitor conformations onto that in the starting
coordinate for the (a) syn complex and (b) anti complex. The reaction structure and taking the mean of the atom positions at every 10
coordinate is the simultaneous bond breaking of the twd\®onds ps interval during the 10 ns run. This Figure clearly shows that
in the triazole ring ofl and 2 to get back to3 + 4 (see Figure 1). 3 and 4 with parallel azide and acetylene find a very good

Here, we follow a back-calculation procedure by which starting from : . . . "
the product state { or 2), we reach the intermediate stat® ¢ 4). enwronmenlt n thg act[ve site gorge of AChE and remain stable
for a long simulation time.

The activation energie€(s — Es+4) are obtained at various high-level
(B3LYP and MP2) QM/MM calculations and are tabulated in Table 1.~ The ligand structures in simulation MD-II (starting struc-
ture: Figure 3b), however, undergo some conformational
the protein gorge from which an accelerated reaction takes placerearrangements. The average structure shows that @& C
in the framework of click chemistry. Figure 3 represents the yector of the acetylene group (Figure 3b) rotates anticlockwise
geometries of these intermediates in both systems. This Figurepy apout 76. During the 10 ns simulation, we also found that
clearly implies that the cycloaddition in the syn complex occurs the phenanthridinium moiety and the protein residue Trp286
when the azide and acetylene are extended in a parallelyndgergo much larger fluctuations than those observed in the
orientation, whereas they would have to lie antiparallel in the \p-| simulation. These results suggest that a conformational
formation of the anti triazole complex. Now let us look back at  transition could take place in the proteitigand structure over
Figure 2. The determined minimum-energy path for the syn 5 jonger simulation time. We then introduced TMD in our study
complex (Figure 2a) is very smooth as the geometry changesiq induce the conformational transition relatively quickly. A
along the reaction coordinate. The potential energy barriers series of TMD simulations were initiated from the resultant
(for the forward reaction) are computed to be 18.06 and 14.41 strycture of MD-II. These TMD simulations necessarily perform
kcal/mol for the syn and anti complex,respectively, at the 3 pest-fit of the phenanthridinium moiety and Trp286 of the
B3LYP/6-31G level. A more accurate estimate of these barriers gjmy|ation structure to the phenanthridinium moiety and Trp286
can be obtained using a larger 643% basis set. The calculated  of the syn intermediate state (the target structure). Remember
values are 13.35 and 7.94 kcal/mol for the syn and anti that these are the PAS sites where th@eAChE and2-mAChE
complexes, respectively, at the level of B3LYP/6+33", and X-ray structures mainly differ. It is also worth mentioning that
9.08 and 4.34 kcal/mol for the syn and anti complexes, gyring the TMD simulations, the alkane chain 4to which
respectively, at the MP2/6-31G" level (see Table 1). Although  5cetylene is attached was kept completely free. Also note that

a comparison of these barrier heights suggests that a reactionne TMD simulations in this series differ from each other only
of the acetylene and azide moieties should be relativeley i, the force constankrup.

favorable in the anti geometry, we will show below that the
protein environment strongly disfavors this geometry and forces
the reaction to occur only through a parallel acetylene-azide
geometry. These values of the barrier heights can also be h simulation ti 1 N h f ional
compared to the experimental activation barrier estimated from enough simulation time, say 1 ns. Note that a conformationa
K ) ) transition even at a smaller value of force constant is feasible,
the value ofk; (E + 1 = El = P). According to the enzymatic ;¢ that takes a longer time. With a successive increment of
reaction rate theory, the relationship betwee_n the free energyq 5 kcal mott A2, we picked up the lowest force constant,
of activation and the rate constant can be written as foltws. krvo = 2.0 kcal mot! A—2 that could induce the desired
olen " transition. At this value of the force constant, the phenanthri-
k(T) = (kgT/h)(c))™ "exp[-AG,(T)/RT] (4) dinium moiety and Trp286 reach the target structure in just 1
ns of simulation time. More importantly, the flexible alkane
WhereAGﬁf is the standard-state molar free energy of activa- chain in4 reorganizes itself (note that no TMD was applied on
tion. If we assume that the entropic contribution @ is it) in a manner that brings the acetylene group parallel to the
negligible, the experimental value of the activation barrier comes azide group of3. We call this structure CONFKgmp. We
out to be 11.27 kcal/mol. This value corroborates our computed continued this simulation for another 10 ns and noticed that
energy barriers of 13.35 and 9.08 kcal/mol for the syn complex the acetylene and azide groups maintain their parallel alignment

The first TMD simulation we carried out had a force constant
krmo = 0.5 kcal mott A2, This force was found to be too
small to induce any conformational transition within a long
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(a) (b)
Figure 3. Geometries of the intermediate states obtained from QM/MM calculations on the (a) syn complex and (b) the anti complex. The protein
residues are omitted for clarity.
Table 1. Calculated QM/MM Potential Energies for the 1,3-Dipolar
Cycloaddition Reaction in mACHE
MP2/6-34G" B3LYP/6-31+G" B3LYP/6-31G

/MM /MM /MM
1-mAChE Complex
transition state 66.44 70.84 77.59
intermediate state 57.36 57.49 59.53
AH* 9.08 13.35 18.06
2—mAChE Complex
transition state 91.83 92.52 96.87
intermediate state 87.49 84.58 82.46
AH* 4.34 7.94 14.41

n - —

All energies are in units of kcal/mol. Gly122
throughout. We also noticed much smaller fluctuations in the
PAS residues. The average structure obtained from the last 10
ns TMD run resembles Figure 4 very closely.

To further check the stability of the transformed structure,
we performed an ordinary MD simulation starting from the
structure, CONFIGyp. In this simulation all of the TMD o
restraints were taken off, letting every atom including the
phenanthridinium moiety and Trp286 go free. The dynamics
of the molecules were then observed for 10 ns. Figure 5 shows
the average structure of the system obtained in this MD
simulation. The average structure as well as the visual inspection
of the dynamics of the molecules again indicate that the
acetylene and azide groups always tend to remain parallel to
each other in the AChE environment.

To test how good the transformed structure CONF&IS,
we carried out QM/MM calculations on the structure represented Figure 4. Average structure of the syn intermediate state obtained
by Figure 5. This is the structure obtained by transforming the o a 10 ns MD simulation. In a close-up view, only the structures of

. . . . the ligand fragments (ball-and-stick) along with a few active site
antl-lntermedlate state to the syn |nt§rmed|ate state by 8 residues (licorice) are displayed. The color scheme: cyan, C; blue, N;
combination of TMD and MD simulations. The QM/MM o4 0O: and white, H.
calculations are performed by a procedure similar to that
described above. The reaction coordinate was chosen to be theninimum-energy path along the reaction coordinate for the bond
simultaneous bond formation of the two new—N bonds formation betweer8 and4. Note the difference between this
between acetylene and azide (€1 and C2-N3) to formsyn Figure and Figure 2a. Here, starting from the intermediate state
triazole (see Figure 3). Figure 6 displays the calculated (closely residing3 and 4 inside the protein gorge), we reach
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Gly122

Trp86 His447 Ser203

Figure 5. Average structure of the anti-intermediate state obtained Figure 7. Average structure of the syn intermediate state obtained

from combined TMD and MD simulations. The target structure for om0 5 10 ns TMD simulation. The target structure constitutes the PAS
the TMD simulation constitutes the PAS residues of the syn intermediate residues of the anti-intermediate state. The color scheme is similar to

state. The color scheme is similar to that in Figure 4. that in Figure 4.

I ! ! ! |
20 TS

of 4 completely free. In this series, the lowest force constant
that can induce a conformational transition was found to be 4.0
kcal mott A—2, Figure 7 shows the average structure of this
system obtained from a 10 ns simulation run. Two important
points that need to be noted from these TMD simulations are
the following. Although the phenanthridinium moiety and
Trp286 reach the target structure, the flexible alkane chadn in
does not respond to the applied restraints with the acetylene

Energy Difference (kcal/mol)

805 + -+ + ” L > group still remaining parallel to the azide group®fWe also
Reaction Coordinate (A) needed a force that was two-times larger to induce the
Figure 6. Determined minimum-energy path along the reaction conformational transition in this system compared to that in the
coordinate for the bond formation betwe8rand4 to obtainl. previous series of TMD simulations. These observations imply
that the intermediate state of the syn complex with parallel
the product state through a transition state (stepR # 1 = acetylene and azide groups lies lower in the potential energy

E.l — P). The product isl. The minimum-energy path is seen surface and that the anti-intermediate state can overcome the
to be very smooth with a well-defined transition and product barrier to transform to the syn structure more easily. We also
state. The calculated potential energy barrier at the B3LYP/6- found that no matter what the conformations of the PAS residues
31G QM/MM level is 20.4 kcal/mol compared to the value of are, the acetylene and the azide inside the AChE gorge always
18.06 kcal/mol from Figure 2a. Thus, a very consistent barrier tend to remain parallel to each other. And if they remain parallel,
height and a smooth minimum-energy path similar to that in according to our QM/MM results, the only possibility is the
Figure 2a strengthen our finding that inside the AChE active formation ofsyntriazole. This explains wh¥ is the sole product

site, the azide group & and the acetylene group dfalways in an AChE environment.
try to go parallel. It also indicates that our chosen reaction  We then tried to find the possible reasons why the acetylene
coordinate is well defined beyond the transition state. and azide groups prefer to remain parallel in the active site.

Another series of TMD simulations initiated from the resultant The structure of the AChE gorge shows a constricted region,
structure of MD-I has also been performed, where an applied ~5—8 A from the active site base and formed by the side chains
RMSD restraint best fits the phenanthridinium moiety and of Tyrl24, Phe297, Tyr337, and Phe338. The lengths of the
Trp286 of the simulation structure to the phenanthridinium alkane chains it8 and4 are such that the acetylene and azide
moiety and Trp286 of the anti-intermediate state, representedgroups fall in this region of constriction. Figure 8 shows a
by Figure 3b. These simulations again differ form each other topography of this region along with the favorable locations of
in the force constankryvp. As before, we keep the alkane chain 3 and 4 in the gorge. The azide group & finds a stable
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Figure 8. Topography of the constricted region in the active site gorge
of AChE. The favorable positions & and4 around this region are
also shown.

4000 6000 8000

t(ps)
Figure 9. Distance between the acetylene carbod ahd Gly122-N

as a function of time from the TMD simulation of the anti-intermediate
state.

0 2000 10000

arrangement in this region by protruding inward to form
hydrogen bonds (H bonds) with Tyrl24 and Tyr337. The

Senapati et al.

H bond with Gly122. The time evolution of the distances
between the acetylene carbon and -6y has a similar pattern
and, therefore, is not included in the Figure. A number of water-
mediated H bonds with the adjacent residues in the parallel
orientation of acetylene also help it to acquire stability in this
region. Moreover, the aromatic rings of Tyr 124, Phe297,
Tyr337, and Phe 338 in the constricted region are placed in
such an orientation that they inducerasr stacking stabilization

to thez-systems of acetylene and azide.

Now let us think about the consequences of this parallel
orientation.3 and4 react to producé. The triazole moiety of
this isomer inserts into the Tyr124Tyr337 parallel sandwich
and provides a greater surface complementarity with the gorge
walls, leading to a tightly bound complex (the dissociation
constant of thel—-mAChE complex is about 20 times less
than that of the anti comple€y. The anti-triazole, however,
adopts an elongated flat shape and cannot find such a sur-
face complementarity with the gorge walls. Thus, the architec-
ture of the AChE active site gorge along with the linker dis-
tances of3 and 4 favor the formation ofl in the AChE
environment.

Summary and Conclusions

Recently, researchers have used AChE as a reaction vessel
to synthesize its own inhibitor. Thug, an ultra high-affinity
inhibitor of AChE, which is formed in amz1:1 mixture with
its anti-isomer by solution phase reaction fr@and4, can be
synthesized exclusively (with no formation of the anti-isomer)
and with an accelerated rate inside the protein gorge. In this
work, we demonstrate the applicability of a computational
approach to answer why is the sole product in the AChE
environment.

Ab initio QM/MM calculations on the X-ray structures of
1-mAChE and2—mAChE complexes (step 1) show that the
cycloaddition reaction in the syn complex occurs when the azide
of 3and the acetylene dfare extended in a parallel orientation,
whereas they would have to lie antiparallel for the formation
of the anti complex. An MD simulation (step 2) started from
the final structure of the QM/MM calculations on the syn
complex keeps the parallel orientation of the azide and acetylene
intact for 10 ns of simulation time. A combination of MD and
TMD simulations (step 3) applied to the final structure from

hydroxyl groups of these protein residues maintain stable QM/MM calculations on the anti complex flip the orientation
hydrogen bonding with the N2 and N3 atoms of azide. A water- of acetylene and brings it parallel to azide. A second set of
bridged hydrogen bond was also found to persist between theQM/MM calculations (step 4) performed on this flipped structure

azide-N3 and the Gly-121 backbone.
The acetylene group dfalso gains stability in the constricted
region when it protrudes inward. In this arrangement, it

generates a minimum-energy path and barrier height similar to
those obtained in step 1. Even a TMD simulation carried out
on a parallel azideacetylene conformation could not deform

maintains a number of H bonds with the adjacent residues, apartthe parallel arrangement of acetylene and azide. All of these

from gaining an electrostatic stabilization due 3e-azide,

results, thus, imply that inside the AChE active site, the azide

Tyr337, and Phe338. As an example, Figure 9 explores the of 3 and the acetylene of always remain parallel, with the
possibility of the formation of H bonds between the acetylene consequence thdtis the only product. The architecture of the
and its adjacent residues Gly121 and Gly122. The H-bond AChE active site gorge is found to play an important role in

interaction,=C---H—N is modeled on the basis of the partial

this selective formation of.

charges of the atoms, where the acetylene carbon serves as an We previously have reported an induced fit in mAChE upon
acceptor, and GhyN serves as the donor. Note that there exists binding 1 using a combined molecular dynamics and ligand

other H bonds, for examplesC—H-+-Ogyy in this region (@

protein docking stud§* Using a fragment-based docking

acceptor, acetylene carbon donor). Figure 9, however, plots theapproach? we found that although the fragmeabf 1 can be

distance between the acetylene carbon and GiNas a
function of time by analyzing the trajectories of the TMD

accommodated nicely at the bottom of the active center gorge
(with its azide group protruding inward in the constricted

simulation that had been carried out on the anti-intermediate region), the fragmen# cannot be fit owing to strong steric

state. As is clear from this Figure, except for the initial 1 ns
time, which was required to flip the acetylene orientation from

clashes with the PAS residues. The fragméwf 2, however,
can fit nicely with no steric clashes but in a nonparallel

antiparallel to parallel, the acetylene maintains (an intermittent) orientation of its acetylene group with respect to the orientation
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of previously docked3—azide. Recall tha8 has a similar to 141.231 for 2secbutyl-4,5-dihydrothiazole). These factors
conformation in both complexes (Figure 3). may help the energetically favorable hydrophobic effect to

On the basis of these results and the results from the X-ray outweigh the entropic term in our case. Note that the hydro-
structure, the entire mechanism of this reaction can be predictedPhobic effect is proportional to the protein/ligand surface areas
as follows. The moiet with its azide group protruding inward ~ buried in the interfacé’
in the constricted region first binds to the active center of AChE
(3 has a higher affinity thad; Kq ~1.8 x 1078 M for 3 and Acknowledgment. S.S. gratefully acknowledges Professor
~1.1 x 1076 M for 419. The moiety4 then enters into the gorge  Hartmuth C. Kolb for providing a topographic picture of the
with a nonparallel orientation of the acetylene group (similar enzyme (Figure 8). We thank Dr. Zoran Radic, Professor
to 4 in Figure 3b). Acetylene, in the constricted region, Hartmuth C. Kolb, Professor Palmer Taylor, and Professor Barry
immediately flips to a parallel orientation to acquire better Sharpless for helpful discussions. This work was supported in
stabilization. A parallel orientation &azide andi—acetylene  part by NIH, NSF, the Howard Hughes Medical Institute, the
then led the exclusive formation df. The corkscrew-like National Biomedical Computation Resource, the NSF Center
topology of this isomer shortens the linker distancé b about for Theoretical Biological PhySiCS, the W. M. Keck Foundation,
1.5 A, as is found in the X-ray structufeAs a result of the ~ and Accelrys, Inc.
reduced linking distance, the phenanthridinium moiety is pulled
deeper into the gorge, where it sterically clashes with the Trp286  Supporting Information Available:  Complete References
indole at the PAS surface. This causes the phenanthridinium30 @nd 32, and the partial atomic charges on the ligand isomers.
moiety and Trp286 side chain to be dislodged from their original Th|§ material is available free of charge via the Internet at
positions and attain a conformation similar to the one found in hitp://pubs.acs.org.
the syn complex (induced fit in mACHE.

As part of the entire mechanism of the cycloaddition reaction (1) Kandel, E. R.; Schwartz, 3. H.; J LT Blincioles of N |
H H H anael, e. R.; Schwartz, J. A.; Jessell, |. Inciples o eural
in ACh_E, in this work, we succes;fully show that bec_:aL_Jse_of Science3rd ed.; Appleton & Lange. Norwalk, CT, 1991.
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groups always align parallel in the constricted region. Following ~ (3) Dunnett, S. B.; Fibiger, H. C. Role of forebrain cholinergic systems
in learning and memory: relevance to the cognitive deficits of aging
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