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Binding of Bis(5)-tacrine Produces a Dramatic Rearrangement in the Active-Site Gorge
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The X-ray crystal structures were solved for complexes Wibhpedo californicaacetylcholinesterase of

two bivalent tacrine derivative compounds in which the two tacrine rings were separated by 5- and 7-carbon
spacers. The derivative with the 7-carbon spacer spans the length of the active-site gorge, making sandwich
interactions with aromatic residues both in the catalytic anionic site (Trp84 and Phe330) at the bottom of
the gorge and at the peripheral anionic site near its mouth (Tyr70 and Trp279). The derivative with the
5-carbon spacer interacts in a similar manner at the bottom of the gorge, but the shorter tether precludes a
sandwich interaction at the peripheral anionic site. Although the upper tacrine group does interact with
Trp279, it displaces the phenyl residue of Phe331, thus causing a major rearrangement in the Trp279-
Ser291 loop. The ability of this inhibitor to induce large-scale structural changes in the active-site gorge of
acetylcholinesterase has significant implications for structure-based drug design because such conformational
changes in the target enzyme are difficult to predict and to model.

Introduction receptors, but also the selectivity for AChE versus BUChE or
for the PAS of AChE versus its catalytic anionic subsite (CAS).

taken together with postmortem data that revealed low levels It may, in pr_ir_](:_iple, be desirable to design inhibitors vv_it_h_either
of cholinergic markers in patients with Alzheimer's disease Proad specificity for all three targets or narrow specificity for
(AD),2 led to the cholinergic hypothesis, which postulates that NIy one of them. Recent articles have indeed described the
AD is associated with impairment of cholinergic transmisién. ~ Synthesis of selective inhibitors in this contékt?® The use of

It was, therefore, suggested that inhibition of acetylcholinesteraseChEIS is also being explored for the treatment of other dementias
(AChE), the enzyme responsible for the termination of synaptic and other neurological indicatiofsThe same considerations
transmission by rapid hydrolysis of the neurotransmitter ace- mentioned above in selecting a ChEI-type drug for the treatment
tylcholine (ACh), might provide symptomatic relief, at least for 0f AD should also be applied in selecting one for the treatment
early-stage AD patients. Indeed, all of the first-generation drugs of these other clinical targets.

approved for the management of AD were cholinesterase The bivalent ligand strategy involves the synthesis of drugs
inhibitors (ChEIsf® Butyrylcholinesterase (BUChE) is an in which identical or different pharmacophores are linked via a
enzyme with high structural homology to ACHEDespite its  suitable linker. This strategy takes advantage of the chelate
wide tissue distribution, its precise biological function remains effecg! to create a bifunctional ligand with enhanced affinity
to be establlsheaHoWeVer, whereas AChE levels in the brains for its target_ The geometry of the active-site gorge of AChE,
of AD patients are reduced, levels of BUChE are elevéted. \yith specific sites at its two extremiti@23 makes it a
Indeed, there is_ evidence that inhibition of _BuChE may also be particularly suitable target for applying this approach. Even
advantageous in the treatment of AD patiéhi3It has been  pefore the 3D structure of AChE was known, bivalent ligands,
demonstrated that AChE can accelerate the assemblyddA ¢ ,ch as decamethonit#h BW284C5125 and ambenoniufi

the amyloid fibrils, which are associated with plaque deposition | are described. which displayed both high affinity and high
in AD patients;'~** and that the functional site in this process selectivity for tﬁis enzyme. Recent examples of successful
is the peripheral anionic site (PAS) at the entrance to the aCtive'utiIization of this strategy includef.2’ the triazole-linked
site gorge. Indeed, the capacity of intact AChE to promafie A phenylphenanthridium-based inhibit’os,ynTZZPA6 which
assembly can be mimicked by a hydrophobic pept_ide, _part of displays a 77 fM binding constant faicAChE 28 and’ a more
whose sequence corresponds to the PABoopedo californica potent triazole analogue with a dissociation constant of 33 fM

AChE (TCAChE) 29 ) L
Thus, the design of second-generation ChEls for the treatmentfor eel AChE™ The development of bivalent AChE inhibitors

of AD should take into account not only the possible interaction ?esvig\?vf;t(:a,i\nt?g]ragﬁzgf of)rsuegr\sla;%rn '?n[?a\ dljeaisn geeln i;ect?]?;ly
with other targets, for example, nicotiftoor glutamatergit® i P pplying

strategy to AChE was that pharmacophores with weak affinities
- for AChE can serve as effective PAS-directed ligands when
* Corresponding author. Phone: 972-8-934-4531. Fax: 972-8-934-4159. . . . . S
E-mail: joel.sussman@weizmann.ac.il. incorporated into a bivalent drd@ Thus, in principle, one can
" Department of Structural Biology, Weizmann Institute of Science. design bivalent drugs, which, by spanning the active-site gorge,

The adverse effects of anticholinergic drugs on meniory,

: Department of Neurobiology, Weizmann Institute of Science. can inhibit the physiological actions of both the catalytic and
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IVirginia Tech. peripheral sites. Furthermore, because aromatic residues, which
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Figure 1. Structures of tacrine and bis(n)-tacrine derivatives.

Table 1. Inhibition and Selectivity of Tacrine and Bis-tacrine
Compounds Acting on Rat AChE and BuChE (from ref&37)

rat brain rat serum

AChE BUuChE selectivity
compd ICs0 (NM) ICs0 (NM) for AChE
tacrine 223t 11 92+ 2 0.40
2a 711+ 25 102+ 4 0.14
2b 254+ 55 152+ 17 0.60
2c 157+ 23 252+9 1.60
2d 28+ 5 329421 11.7
2e 3.8+ 04 119+ 6 31.6
2f 1.54+0.3 149+ 23 99.4
29 7.8+0.9 105+ 13 135
2h 31+3 155+ 25 4.9
2i 40+ 6 167+ 12 4.2

aThe 7-methylene linker results in the optimal spacing between tacrine
moieties?”:37 b Selectivity is defined as BUChE(k)/AChE(ICsp).

lacking in the homologous BuChES$2one can design bivalent
ligands with high selectivity for AChE relative to that for
BuChE.

Tacrine, as Cognex, was the first ChEl approved by the FDA
for the management of AE? It has, however, been replaced
by other ChEls because of its hepatoxiéityComputational
studied® suggested that tacrine interacts with AChE, not only
at the CAS, principally through a stacking interaction with
Trp84326 but also, with lower affinity, by interaction with the

Rydberg et al.

Table 2. Data Collection Parameters and Processing Statistics

2d 2f
space group P3:21 P3:21
wavelength (A) 0.933 1.514
oscillation angle (deg), exposure time (sec) 0.5,7 0.5, 1200
total number of frames 60 98
total number of reflections 179411 419866
unique reflections 34365 50434
overall redundancy 1.8 2.9
mosaicity (degrees) 0.53 0.43
resolution range (A) 3025 30-2.15
overall completeness 96.6% 92.3%
completeness in highest resolution shell 96.7% 75.6%
overallRmerge 5.0% 4.7%
Rmergein highest resolution shell 39.5% 51%

Materials and Methods

Crystallization and Data Collection. TCAChE was purified
and crystallized as describé¥.Inhibitors 2d and 2f were
synthesized and characterized as previously repéfted.

Soaking solutions were prepared by dissolvityand 2f in
40% PEG200 (v/v)/0.1 M MES buffer at pH 5.8, at concentra-
tions of 2 and 0.5 mM, respectively. TrigonBtAChE crystals
were transferred to L drops of soaking solution at 4C and
left overnight. The crystals were then transferred to oil, mounted
on a nylon loop, and flash cooled in an Oxford Cryosystems
cryostream.

Data collection for thef/TCAChE complex was performed
at the Weizmann Institute, using a RIGAKU RU-H3R running
at 50 kV/100 mA with Osmic blue confocal optics at 120 K.
Diffraction images were recorded on a RAXISAVY (100 u
mode). Two crystals were used, and the data from both were
combined into a unified set. Data for tRe/TCAChE complex
were collected at the ESRF synchrotron in Grenoble, on
beamline ID14-2 at 100 K, with an ADSC Quantum4 CCD
detector. In both cases, the program STRATE®&WYas used
to identify the optimal data collection protocol. DENZO and
SCALEPACK3® were used to integrate and scale the data. Final
data collection results are summarized in Table 2. Data were
truncated with the CCP4 program TRUNCATE!! and a list
of randomly generated test reflections was added from a master
list for the trigonal crystal form offcAChE using CAD and

indole ring of Trp279 at the PAS. It was thus predicted that FREERFLAG#2 Reflections were OUtpUt with MTZ2VARIOUS
bis-tacrines in which the two pharmacophores were separatedi ;3 format suitable for CNS.

by a linker of a suitable length would have both greater

Structure Determination and Refinement for the 2f/

inhibitory potency and selectivity than tacrine itself, a hypothesis TcAChE Complex. The initial model for structure determina-
that was confirmed via the synthesis and testing of a series oftjon was taken from previous examples of the trigonal crystal

bis-(n)-tacrine congeners (Figure 1, Table43’ One of these
compounds, heptylene-linked bis-tacringf)(was indeed 150-
fold more active against rat AChE than tacrine and up to 250-
fold more selective for AChE than for BUCKE Pentylene-
linked bis-tacrine Zd) was less potent and selective tHrbut

form of TCAChE (based on PDB code 2ace) without solvent
molecules, and carbohydrate residues. Rigid body refinement
(CNS"®) was used to check the handedness of the data and to
account for slight deviations in cell constants. Initial electron
density maps ([2o-Fc andFo-Fc) were calculated, and the initial

was, nevertheless, an order of magnitude more potent and mord-o-Fc map was used to fit two tacrine moieties to the density

selective than tacrine itseif.

In the following, we present and analyze the crystal structures

of the complexes o2d and2f with TCAChE, viz. 2d/TcAChE
and2f/TcAChE, respectively. We show that the interactions of
2d with both the CAS and the PAS involve a drastic rearrange-
ment of the protein structure, especially in the vicinity of the
acyl binding pocket, whereas the binding2ifcan be accom-

modated with changes in the conformations of two side-chains

in the active-site gorge.

The structures of the two complexes, nan2djTcCAChE and
2f[TCAChE, have been submitted to the Protein Data Bank
(PDB), with accession codes of 2cmf and 2ckm, respectively.

observed in the gorge, using the Xfit progrémiHowever,
because no electron density was observed for the 7-carbon alkyl
linker, it was removed from the model. The side chains of
Trp279 and Phe330 were adjusted to move them from negative
electron density peaks to nearby positive electron density peaks.
Simulated annealirf§ was performed foflTCAChE with the
partial inhibitor model, followed by individual B-factor refine-
ment. At this stageRyork Was 23.5%, andRyee Was 27.2%.

As the map phases improved with subsequent refinement,
the linker chain was gradually built into the ligand electron
density, and water molecules were added. Refinement pro-
gressed until convergence Rf.. For the final refinement step,
occupancy for the ligand was set to 0.9 because of negative
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Table 3. Refinement Results
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carbohydrate moieties and 108 water molecules were fitted. The

2d of inhibitor molecule was refined at full occupancy.
resolution range (A) 30025 30-2.15 The initial difference map indicated a change in the confor-
number of protein atoms 4165 4142 mation of the loop from Phe284 to Arg289 relative to its
number of non protein atoms 171 272 conformation in nativ cCAChE. These residues were, therefore,
solvent (water) molecules 108 207 removed from the model during the early rounds of refinement
carbohydrate atoms 28 28 d refitted in st fi t d
inhibitor atoms 35 37 and refitted in s ages_as refinemen progrgsse s
Ruork (%) 21.3 211 At the end of refinement, a composite omit map was
Riree (%) o 25.7 A 24.9 A calculated for the entire structure. The inhibitor is shown in
rms bond deviation 0.015 0.0127 Figure 3a, and the region of the Phe284-Ser291 loop is shown
rms angle deviation 1.28 1.65 . .
protein main-chain average B-factor 66.5 43.0 in Figure 3b.
protein side-chain average B-factor 66.8 43.6
carbohydrate average B-factor 85.9 66.0 Results
water molecules average B-factor 65.3 47.7
ligand average B-factor 59.3 49.0 2f/[TcAChE Complex. The proximal tacrine ring oPf is

Figure 2. Simulated annealing omit difference map in the region of

the active site for th@f/TCAChE complex.2f is rendered with green

carbon atoms, and protein residues with magenta carbon atoms.

Contouring is at 3.6, within a radius of 2.0 A of the inhibitor atoms.

The Figure was created using Xfiand Raster3B®

bound at the CAS, sandwiched between Trp84 and Phe330, very
similarly to that in the tacrin@/cAChE structure (PDB code
1acj)3® No significant conformational changes in the residues
of the catalytic triad were detected, and the water molecule
observed in the native structure near the catalytic Ser200 is
retained.

The heptylene linker spans the aromatic gorge, connecting
the tacrine rings bound at the PAS and CAS. No changes in
the conformation of side chains lining the mid-portion of the
gorge are observed relative to the native structure (Figure 4).

The peripheral tacrine ring is bound at the PAS by stacking
between Tyr70 and Trp279. For this interaction to occur, the
side chain of Trp279 undergoes a®0° rotation aboujys, and
an~224 rotation abouyjy, relative to its conformation in native
TCcAChE (Figure 4).

2d/TcAChE Complex. The proximal ring of2d is bound in
the CAS similarly to the way it is bound both in tacrimfeAChE
and2f/TCAChE. However, the distance between Ser20Gad
H440-N2 is 3.7 A compared to 2.6 A i@f/ TCAChE, 2.7 Ain
native TCAChE (PDB code 2ace), and 3.3 A in tacrifeAChE
(PDB code 1acj). Thus, the catalytic triad is disrupted.

In 2d/TCAChE, the main-chain atoms of Phe331 are displaced
1 A toward the opening of the gorge, with respect to native
TcAChE, presumably to alleviate the potential steric clash of
its side chain with the distal tacrine moiety. The resultant 1.9
A shift in the position of the phenyl ring of Phe331 appears, in
turn, to produce an unfavorable steric contact with the side chain
of Phe288. The alleviation of this clash has dramatic conse-
guences, as discussed in the next section.

In 2d/TCAChE, the distal tacrine moiety is stacked against
the indole of Trp279. Interestingly, this interaction with Trp279
leaves the side-chain of this residue in its native conformation
(Figure 5), differing from its conformation in both the tacrine/

density (~40) for the tacrine bound at the PAS. Peak searches TCAChE and2f/TCAChE structures.

for water molecules were performed, with particular attention

The largest structural alterations, upon the bindin@ato

being paid to the region of the active site. Upon completion of TcAChE, are observed in the Trp279-Ser291 I6bphich bears
refinement, 207 water molecules had been added. Final refine-residues of both the acyl pocket and the PAS. The backbone
ment results are summarized in Table 3.
Finally, a simulated annealing omit map was calculated, C*) from their native positions, and the side-chains of Phe284,
excluding all atoms within a radius of 3.5 A around the ligand Phe288, and Phe290 are dramatically reoriented. The 1 A

(Figure 2).

Structure Determination and Refinement for the 2d/

atoms in this region are displaced as much as 4.7 A (Asp285-

movement of Phe331, induced By (see above), results in a
disruption of its stacking interaction with Phe288. To avoid steric

TcAChE Complex. The startingTcAChE model was the same  clashes with Trp233 and Asn399, thé &f Phe288 moves 1.9

as that used for thaf complex. Rigid body refinement (CNS) A, and the side-chain is rotated70° abouty; (Figure 6). To
was used to check the handedness of the data and to accourdaccommodate these movements, the main chain from Trp279
for slight deviations in cell constants. Initial mags{F. and to Phe290 adopts a drastically altered conformation. At the distal
2F-F¢) showed unambiguous density for the inhibitor, allowing end of the loop, Phe290°Gnoves 0.6 A, with a concomitant
placement of both tacrine moieties and the linker group, making 180° rotation of the side-chain aboyt and the formation of
use of the XtalView prograrft: As refinement progressed, two  an edge-face interaction with the indole ring of Trp279.
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Figure 4. Comparison of the native conformations (cyan carbon atoms)
of selected residues in the active-site gorgeTGAChE with their
corresponding conformations in tH#/TCAChE complex (magenta
carbon atoms). The inhibitor is rendered with green carbon atoms. The
Figure was created with PyMOY..

Phe339, between 1le347 and Asn383 (which includes two
helices), and from Leu516 to Thr53%C{erminal) are all
substantially shifted from their positions in the native structure.
It should be noted that the second helix in the 1le34A8n383
segment and that in thé-terminal segment are both part of
the four-helix bundle involved in dimer formation.

Discussion

Increased Potency and Selectivity of 2f Results from the
Binding of the Distal Tacrine Ring at the PAS.The observed
increase in potency (150-fold) and selectivity (250-fold with
respect to BUChE) a2f over tacriné’ can clearly be ascribed
to the interaction of its distal tacrine with both Trp279 and Tyr70
at the PAS ofTcAChE. The nature of this interaction, assuming
the distal tacrine ring is protonated, would be both a cation-
and ar—xr stacking interaction. The—s stacking interactions
are estimated to provide2 kcal/mol of binding energy (see,
for example, Boehr et al., 2009, equivalent to a~50-fold
change in IGo. Hydrophobic interactions of the linker with gorge
residues and entropy gained in displacing gorge-bound water
molecules may also contribute to the enhanced affinity, although
this will be offset somewhat by the loss of entropic freedom of
the linker group. Moreover, the presence of the two binding
moieties greatly increases the selectivity for AChE over BUChE
because the latter does not possess a PAS. Somewhat longer
bis(n)-tacrines (e.g., with linker groups of 8 or 9 carbon atoms)
might be expected to make interactions similar to those made
Figure 3. (a) Simulated annealing composite omit map of fu# by 2f. This was indeed shown in a recent study that reported

TCAChE complex. The inhibitor carbon atoms are colored green, the crystal structure of the complex BEAChE with NF595, a
whereas those of the protein are magenta. Two water molecules are o _ X
shown as red spheres. Contouring is av1\8ithin a radius of 2.0 A close homologue df containing an 8-carbon spacéiBut the

around the inhibitor atoms and water molecules. (b) Simulated annealinglo_ngf':'r I'_nkers are likely to pay Iarge_r entropic costs Wher_‘
composite omit map for residues Pro263er291, overlayed with the ~ Pinding in the gorge. Thus, our analysis of the structural basis
final refined model. Contouring is at Ir3at a radius of 2.0 A from for both the binding mode and increased efficacgfafompared
each atom in the loop. The Figure was created using the same graphicgo those of tacrine supports the hypothesis generated by the
programs used for Figure 2. original computational analygisand rationalizes the optimal
The effect of this rearrangement on the surface of the active- binding of 2f.
site gorge is shown in Figure 7. The movement of Phe288 and Disruption of the Catalytic Triad in 2d/ TCAChE. Interest-
Phe290 expands the volume of the acyl binding pocket, as caningly, although the binding of the tacrine moiety to the catalytic
be seen in the lower part of the 3rd panel in Figure 7a and in site appears to be similar in the three structures solved
the side view in Figure 7b compared to the corresponding views (complexes of tacrine2d, and 2f with TCAChE), there are
for the native enzyme in the upper panels in both figures and significant differences in the position of the catalytic Ser200.

B .
R, XL

T TR [
el TS

for 2f/TCAChE, in the corresponding middle panels. While Ser200 @ interacts with His440 N in three structures,
The rearrangement of the Trp279-Phe290 loop also results(nativeTCAChE = 2.7 A, tacrineT cAChE = 3.3 A, 2f/TCAChE
in movements in the more distal parts of fhgdChE molecule = 2.6 A), the binding of2d appears to disrupt this interaction

(Figure 8). Thus, the backbone atoms between Lys325 andsuch that this distance becomes 3.7 A. Ser20pi®fact, is
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Figure 5. Comparison of the native conformations (cyan carbon atoms) of selected residues in the active-siteTggigaBiwith their corresponding
conformations in thd/TCAChE complex (magenta carbon atoms). The inhibitor is rendered with green carbon atoms. The model of the native
structure was taken from the results of the initial rigid body refinement. The Figure was created with PYMOL.

Figure 6. Stereoview of the Val281Ser291 segment in nativiicAChE (cyan) an®d/TcCAChE (magenta atoms for the protein and green carbon
atoms for the inhibitor). The Figure was created with PyMOL.

shifted towards the oxyanion hole, interacting with the main- TcAChE, the crystal structure (PDB code 2dfp) shows that the
chain nitrogen atoms of Ala201 (2.8 A), Gly118 (3.3 A), and isopropyl group of the covalently attached organophosphoryl
Gly119 (3.5 A), which are not noticeably displaced from their moiety, which resides in the acyl binding pocket, clashes with
native positions. the phenyl rings of Phe288 and Phe290. This results in the
Binding of 2d to TcAChE Induces Unique Reorientations displacement of the backbone atoms of the acyl pocket by almost
in the Active-Site Gorge. Despite the drastic rearrangements 5 A 52 although the phenyl rings of both Phe288 and Phe290
caused by the binding did, the inhibitor was, nevertheless, maintain orientations similar to those that they assume in the
shown to be 8-fold more potent and 30-fold more selective than native structure. There is, however, a substantial reorientation
tacrine in rat AChE’ Presumably, the energetics of the-xr of the side chain of Arg289, whose*@s displaced by 4.8 A.
stacking betwee@d and Trp279 and the newly formed edge Recently, the crystal structure of the complex of 9-dehydro-6-
face interaction between Phe290 and Trp279 are strong enoughO-demethyl-60-(8'-phthalimidooctyl)-galanthamine withcAChE
to overcome the energy barrier involved in reorientation. (PDB code 1w76) has been elucidatédlhe galanthamine
Only two previous examples of significant movement of the moiety of the ligand is positioned just like native galanthamine
acyl-binding loop have been observed in AChE crystal struc- in its complex with TCAChES>* Consequently, the bulky
tures, both of which differ from that seen in t2el/TcAChE phthalimido group is oriented towards the acyl binding pocket,
complex. In the conjugate produced by the interaction of the and produces disorder in the Asp285-Phe288 loop, demonstrat-
organophosphate, diisopropylphosphorofluoridate (DFP) with ing the high degree of flexibility of this loop and showing a
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(a) A
/_f_, _ 'S

Figure 7. (a) Stereoviews looking down the gorge TfAChE. The red color is the surface associated with Ser200r@e top panel shows the

surface for the native enzyme, the middle panel shows the corresponding surfaé@ChE, and the lower panel f&d/TCAChE. The surface
associated with the loop Trp279-Ser290 is colored cyan in the native structure afifdAChE and magenta i2d/TCAChE. The Figure was

created with DINO?? and rendered in POV-Ray. (b) Stereo side-view of gorge in ndtc&ChE (top panel) 2f/ TCAChE (middle panel), and
2d/TcAChE (bottom panel). This orientation is rotated roughly @€lative to Figure 7a and represents the view from the right side of Figure 7a.

The coloring of the enzyme surface is the same as that in Figure 7a. The carbon atoms of the enzyme are colored salmon and those of the inhibitor

are green. The expanded region of the acyl binding pocket is visible i@dtemplex. The Figure was created using the same process as for
Figure 7a.
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(b)

Figure 7. (cont.)

possible pathway from the active site to the bulk solvent. Thus, moiety at the bottom of the gorge and the phenathridinium group

the three crystal structures, taken together, provide evidence fomear its mouth pull the distal group downward, producing an

the ability of the acyl binding loop to adopt multiple conforma- unanticipated conformational chanteln the complex, the

tions of varying stability and suggest that its role in catalysis indole group of Trp286 (homologous to Trp279ToAChE) is

by AChE is worthy of more detailed study. dislodged from its native position, forming a sandwich type
Another example of inhibitor-induced movement involves the interaction with the phenanthridinium moiety and Tyr72 (ho-

complex between mouse AChE and #yerisomer of the gorge-  mologous to Tyr70 iTcAChE), although with the opposite face

spanning ligand, TZ2PA6 (PDB code 1g83), preparethtsjtu of the indole ring, relative to th@f/TCAChE structure. In

click chemistry?8 In this case, the linker between the tacrine addition, the main-chain atoms of the dipeptide Tyr341-Gly342
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Table 4. Comparison of Exocyclic Dihedral Angles (as defined in Figure 9) of Various Tacrine-Derived Inhibitors (Figure 10) in Complex with AChE

associated
energetic
penalty for4
tacrine-containing source organism dihedral (B3LYP/6-31G*,
ligand PDB code of AChE angle (deg) kcal/mol)
2d 2cmf Torpedo californica 135(CAS) 15
73 (PAS) 7.2
2f 2ckm Torpedo californica 68 (CAS) 7.2
—169 (PAS) 0.0
6 lode Torpedo californica 81 8.3
7 1ut@ Torpedo californica 89 9.0
(R)-8 1zgly Torpedo californica 113 55
(trigonal)
(+)-8 1zged Torpedo californica 45, 62 45,56
(orthorhombic)
synTZ2PA6 1983 Mus musculus 132, 127 2.7
anti-TZ2PA6 1984 Mus musculus 47,35 45,38

aThe complexes of ligandsand7 both feature near orthogonal dihedral angles that would create a significant energetic penalty in pristomettegltacrine
4. The complexes of ligand, syn andanti-TZ2PA6 possess dihedrals approaching adéviation from co-planarity with the tacrine unit, thereby incurring
a lower energetic cost.Wong, D. M., Brumsthein, B., Greenblatt, H. M., Carlier, P. R., Han, Y.-F., Pang, Y.-P., Silman, 1., Sussman, J. L. Unpublished
results.c Haviv et al., 20058 9 The crystal form has two molecules in the asymmetric unit; the values are given for each.

H 15
H .NH
NG~ DL
+ optimized
Y N-Odist
Q;I) H }il 27-204
HN 5 lo 4 5 110 4
\R 100 N ‘, 10, N “,
6 +\ 4a I3 8 +\ 4a 13
H HN HN
’1‘ ", n\CHa n\CHa
I 12 12
] 4 5
N
H” R Dihedral Angle 6 Additional constraint
(12-11-9-9a) = +80° (15-14-10-4a) = +90°
3

Figure 9. Resonance in protonatéttalkyltacrines3 and designation
of the dihedral angle in protonat®ddmethyltacrine4 and its formamide
complex5.

these carbon atoms was based on electron density considerations,
and no restraints were placed on the coplanarity of the exocyclic
nitrogen substituents. The final simulated annealing omit maps

Figure 8. C*trace of regions affected by the binding2sf to TCAChE. > : ! 2
The native structure, with selected side-chains, is shown in cyan, andare also consistent with noncoplanarity of the exocyclic nitrogen
the structure of the complex is shown in magenta. The Figure was substituent, and the B-factors of the linker carbon atoms are

created with PyMOL*! comparable to the exocyclic nitrogen. Attempts to impose

coplanarity on the exocyclic nitrogen substituent caused distor-
tion of the ring carbon C9, with little movement of the linker
carbon atom (data not shown). So the conformation of the linker
complex. appears to be secure. These results are also consistent with the
Orientation of the Alkylene Tether with Respect to the crystal structures of complexes with AChE of similar com-
Tacrine Ring. The endocyclic nitrogens of the catalytic-site  pounds (Table 4 and Figure 10).
tacrine units in thed and 2f/TCAChE complexes are 2.9 and To estimate the energetic penalty associated with these
3.0 A, respectively, away from the carbonyl oxygen of His440. deviations from coplanarity, we performed density functional
On the basis of these distances, it can be inferred that the tacringheory calculations (B3LYP/6-31G*//B3LYP/6-31G*)on pro-
moieties in the catalytic-site are protonated and donate atonatedN-methyl tacrine 4), determining optimized geometries
hydrogen bond to the His440 carbonyl oxygen. This is consistent as the dihedral anglé was varied from 0 to 360in 10°
with the fact that the conjugate acid of tacrine haska pf increments (see Supporting Information for computational
9.8 and such a hydrogen bonding interaction would contribute details). These calculations estimate thatAke 14C° structure

(Tyr334-Gly335 inTCAChE) and the side-chain of Tyr337
(Phe330 inTCAChE) adopt unexpected conformations in the

to ligand affinity. A protonatedN-alkyl tacrine, 3, would be
expected to have maximal resonance stabilization ifNtaky!

is only 1.5 kcal/mol above the global minimum, suggesting that
the conformation adopted by the catalytic site tacrine ireile

substituent were roughly coplanar with the ring system (Figure TcCAChE complex is low in energy. However, the adoption of

9).

a 70 dihedral angle by puts it 7.2 kcal/mol higher than the

An intermediate dihedral angle is seen for the catalytic tacrine global minimum. Thus, it appears that a significant energetic

unit in the 2d/TCAChE complex (dihedral angle 135, i.e.,

45° out of coplanarity). However, for the catalytic tacrine unit
of the 2f/TCAChE complex, a large deviation from coplanarity
is seen (68). It should be noted that in both cases, the fit of

penalty is associated with the conformation of the catalytic site
tacrine in the2f/TCAChE complex. This energetic penalty is
not significantly reduced at B3LYP/6-315*//B3LYP/6-31G*,

and the explicit inclusion of a formamide moiety (Figure 9,
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Figure 10. Structures of compounds compared in Table 4. (10)

formamide comple%) to model the hydrogen bonding interac- (11)

tion with the His440 carbonyl reduces the penalty only slightly

to 6.1 kcal/mol. A similar dihedral angle (783is observed for

the presumably protonated peripheral site tacrine unit of the

2d/TcAChE complex. At this time, we are not able to account  (12)

for these two unexpected dihedral angles in the tacrine dimer/

TCAChE complexes.

Conclusions (13)
In summary, we have shown that the structural basis for the

observation thaf is an optimal inhibitor is that it forms (14)

favorable sandwich type stacking interactions in both the PAS

and CAS with minimal protein rearrangemed, which is less

potent, has only a one-sided stacking interaction in the peripheral (15)

site and induces a conformational change in the protein
backbone near the acyl binding pocket. The structural changes
to the native enzyme observed in the two complexes as well as
other complexes discussed in the text, highlight the limitations
of inhibitor design based on the structure of the native enzyme.

(16)
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