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Abstract: The active center of acetylcholinesterase (AChE), a target site for competitive inhibitors, resides
centrosymmetric to the subunit at the base of a deep, narrow gorge lined by aromatic residues. At the
gorge entry, a peripheral site encompasses overlapping binding loci for noncompetitive inhibitors, which
alter substrate access to the gorge. The click-chemistry inhibitor TZ2PA6 links the active center ligand,
tacrine, to the peripheral site ligand, propidium, through a biorthogonal reaction of an acetylene and an
azide that forms either a synl or an antil triazole. Compared with wild-type mouse AChE, a Tyr337Ala
mutant displays full catalytic activity, albeit with 2—3 orders of magnitude higher affinities for the TZ2PA6
synl and antil regioisomers, reflected in low femtomolar K4 values, diffusion-limited association, and
dissociation half-times greater than 1 month and 1 week, respectively. Three structures of each of the
co-crystallized synl and antil complexes of the Tyr337Ala mutant were solved at three distinct times of
crystal maturation, consistent with or exceeding the half-lives of the complexes in solution, while crystalline
complexes obtained from soaked Tyr337Ala crystals led to picturing “freshly formed” complexes. The
structures, at 2.55—2.75A resolution, reveal a range of unprecedented conformations of the bound
regioisomers, not observed in the wild-type AChE complexes, associated with concerted positional
rearrangements of side chains in the enzyme gorge. Moreover, time-dependent conformational remodeling
of the crystalline complexes appears to correlate with the dissociation half-times of the solution complexes.
Hence, for the tight-binding TZ2PA6 inhibitors, the initial complexes kinetically driven in solution slowly
form more stable complexes governed by thermodynamic equilibrium and observable in mature crystals.

1. Introduction

Acetylcholinesterase (AChE) rapidly terminates cholinergic
neurotransmission by catalyzing the hydrolysis of the neu-
rotransmitter, acetylcholine, at peripheral and central synapses.*
Inhibitors of AChE have been used for over a century in various
therapeutic strategies in certain neuromuscular, ophthalmic, and
cognitive disorders.? Competitive, reversible or irreversible
inhibitors of AChE bind the active center, which contains the
Glu/His/Ser catalytic triad and is located centrosymmetric to
the molecule at the bottom of a deep and narrow gorge.®
Noncompetitive, reversible inhibitors and activators bind the
peripheral anionic site (PAS), an alosteric surface site encom-
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passing overlapping subsites located at the gorge entrance.*
Some other inhibitors with an extended structure and harboring
two functional binding moieties bind at both sites and occupy
the gorge pathway.>® Such ligands typically display higher
affinities than those of the individual components and simul-
taneously inhibit ACh hydrolysis and impair PAS functionality.”

The 1,3-dipolar cycloaddition reaction between azides and
terminal akynes has become a potentially powerful approach
for drug discovery.® ' When reactants are attached to a
tetrahydroaminoacridine (tacrine) tricyclic moiety and a phe-
nylphenanthridinium moiety (propidium), respectively selective
for the active center and PAS of the enzyme, the biorthogonal
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10.1021/ja106820e © 2010 American Chemical Society



Variations on a Crystal Structure Theme

ARTICLES

Scheme 1. Structures of the antil- and syn1-TZ2PA6
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@The phenylphenanthridinium, triazole, and tacrine precursors and
moieties are shown from top to bottom. Note the distinctive 1,2,3-triazol-
4-yl versus 1,2,3-triazol-5-yl connections for the antil and synl isomers
formed by 1,3-dipolar cycloaddition.** synl TZ2PA6 = 3,8-diamino-6-
phenyl-5-[6-[1-[2-[(1,2,3,4-tetrahydro-9-acridinyl)amino] ethyl]-1H-1,2,3-
triazol-5-yl]hexyl]phenanthridinium; antil TZ2PA6 = 3,8-diamino-6-
phenyl-5-[6-[1-[2-[(1,2,3,4-tetrahydro-9-acridinyl)amino] ethyl]-1H-1,2,3-
triazol-4-yl hexyl] phenanthridinium; both CsHsNg).

reaction occurs at a considerable rate if conducted in situ, i.e.,
inside the active center gorge of AChE (Scheme 1).112

Moreover, from a series of reagent/building block combina-
tions, the AChE surface preferentially catalyzes the formation
of asynl-triazole regioisomer with defined substitution positions
and linker distances. Inhibition measurements revealed this
isomer to be a very high affinity, reversible inhibitor of AChE,
with association rate constants near the diffusion limit and a
sub-picomolar equilibrium dissociation constant (Kg) reflected
in the slow dissociation rate for mouse AChE (mAChE) (Table
1). The corresponding anti1 isomer, not formed by the enzyme
but generated in vitro, proved to be a respectable though weaker
inhibitor with “only” near-picomolar Kq value for mAChE.
Triazole formation, midway down the gorge, required the two
building blocks to be positioned to accommodate the gorge
geometry. This approach also permitted us to identify other
motifs, such as phenyltetrahydroisoquinoline, as candidate
peripheral site ligands.*®

Comparative crystallographic analysis of the synl- and anti1-
MAChE complexes reveadled distinctive orientations of the
phenyl phenanthridinium moieties associated with compensating
conformational changes of Trp286 at the enzyme PAS*
Moreover, the position of the triazole, along with regioisomer
preference, suggested that the phenol side chain of AChE
Tyr337 protruding into the active center gorge is a critical

(8) Kolb, H. C.; Sharpless, K. B. Drug Discovery Today 2003, 8, 1128—
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Taylor, P.; Finn, M. G.; Sharpless, K. B. Angew. Chem.,, Int. Ed. 2002,
41, 1053-1057.
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12818.
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Marchot, P. Proc. Natl. Acad. Sci. U.SA. 2004, 101, 1449-1454.

determinant of specificity. This prompted us to investigate, by
site-directed mutagenesis, the role of some of the conserved
aromatic side chains that line the active center gorge and
establish direct interactions with the bound antil and synl
isomers, as observed in the structures.** Following mutagenesis
of residue Trp286 at the gorge entrance,® we selectively
substituted the facing residues Tyr124 and Tyr337 in the
constricted region in the gorge and residue Tyr72 in the gorge
path, and then we characterized the mutants through kinetic
binding assays. Compared to mAChE, mutant Tyr337Ala was
found to display 2—3 orders of magnitude greater affinities for
the TZ2PA6 antil and synl isomers, leading to Ky values in
the low femtomolar range (Table 1).

To explore the structural basis for such further increases in
otherwise very high affinities, we solved crystal structures of
the Tyr337Ala mutant and of its co-crystallized complexes with
the two TZ2PAG6 isomers. However, instead of solving asingle
structure from alone crysta for each complex asisusualy done,
from crystals of a same “litter” we collected distinctive data
sets at increasing crystal maturation times corresponding to
shorter than, equal to, and longer than the half-time for complex
dissociation in solution (ty). Structural analysis of the co-
crystallized Tyr337Ala complexes and their comparison with
the previously solved mAChE complexes provide evidence for
arange of torsional/rotational (antil) and compressive/extensive
(synl) rearrangements of the bound regioisomers associated with
compensatory reorientations of side chains within the enzyme
gorge, while the time course of conformational remodeling of
the complexes in the crystals appears to correlate with the
dissociation half-timesin solution. Analysis of crystalline antil
and synl complexes obtained from soaked Tyr337Ala crystals
led to picturing “freshly formed” complexes. Finaly, analysis
of a Tyr337Ala crystal soaked with mixed antil and synl
regioisomers led to a predominant synl complex, demonstrating
preferential trapping of the slowest dissociating ligand present
in amixture of related compounds. Hence, for the tight-binding
TZ2PAG inhibitors, the initial complex formed in solution and
observable from asoaked crystal continues to evolve in maturing
co-crystals to achieve lower energy states and better fit.

2. Experimental Methods

2.1. Preparation and Crystallization of the Complexes and
Data Coallection. The mAChE mutant Tyr337Ala, generated by
site-directed mutagenesis and expressed as a soluble protein in
HEK-293 cells,*® was purified by affinity chromatography using
decamethonium desorption and dialyzed and prepared as previously
described for mAChE.*® This mutant displays catalytic parameters
for ATCh (Kea, Kmy) similar to values for mAChE.*® The specific
activity of a concentrated, sterile-filtered solution was virtualy
unaltered after 1 year of storage on ice.

The TZ2PAG6 antil and synl isomers, synthesized and purified
astosylate salts as described,™* were kind gifts from K. B. Sharpless
and H. C. Kolb (Department of Chemistry and Skaggs I nstitute for
Chemical Biology, The Scripps Research Ingtitute, La Jolla, CA).
Titration of the isomer stock solutions was carried out spectropho-
tometrically (490 nm = 6000 M~* cm™2).*” The complexes for co-
crystallization were prepared using Tyr337Alaat ca. 5 mg/mL and

(15) Radi¢, Z.; Pickering, N. A.; Vellom, D. C.; Camp, S.; Taylor, P.
Biochemistry 1993, 32, 12074-12084.

(16) Marchot, P.; Ravelli, R. B. G.; Raves, M. L.; Bourne, Y.; Vellom,
D. C,; Kanter, J,; Camp, S.; Sussman, J. L.; Taylor, P. Protein ci.
1996, 5, 672-679.

(17) Bourne, Y.; Taylor, P.; Radi¢, Z.; Marchot, P. EMBO J. 2003, 22,
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Table 1. Inhibition or Binding Parameters® for mAChE and Several of Its Mutants and for Other Cholinesterases
antit synt
enzymes and mutants Kon (10" M~ min~7) kot (1075 min™") Ky (fM) Kon (10" M~" min~") kot (1072 min~") Ky (fM)
mMAChEP 25 220 8900 17 7.1 410
MAChE mutants
Tyr124GIn® 19 54 2800 12 39 370
Trp286AIa° 0.87 1800 210000 0.94 19 2000
Tyr337Ala° 16 0.066 4.1 1.3 0.013 1.0
Tyr72Asn/Tyr124GIn/Trp286Ala° 0.067 380 570000 0.056 77 140000
AChE, E. ectricus®® 18 250 14000 15 15 99
AChE, T. californica®® 3.2 23 720 14 11 7
AChE, D. melanogaster® 34 58 1700 2.0 72 3600
butyrylcholinesterase, mouse™? 0.69 32 460 0.36 2.6 720

aMeans of n > 3 individual values with SD < 30%, except for Tyr337Ala, where SD < 50%. ° From ref 14. ¢ This study. 9 Conserved Tyr72,
Asp74, Tyr124, Trp286, and Tyr337. ©Phe substitution for mAChE Tyr337. ' Glu, Tyr, and Met substitutions for mAChE Tyr72, Asp74, and Tyr124.

9 Asn, Arg, and Ala substitutions for mAChE Tyr72, Trp286, and Tyr337.

Table 2. Data Collection and Refinement Statistics

Tyr337Ala co-crystallized complexes soaked complexes
antit synt anti1 synt anti1 + synt

Maturation time/structure name: 1-wk 1-mth 10-mth 1-wk 1-mth 10-mth na? na® na?
Maturation vs t, for dissociation: 1 x tp 4 x by 42 x typ 0.2 x typ 0.8 x tp 8 x typ 0.15 x typ 0.03 x typ na?
Data Collection®

beamline (ESRF) 1D29 ID14-EH2 |ID14-EH1 |ID14-EH4 |D14-EH2 |D14-EH3 [D14-EH4 [|D14-EH3 |D14-EH3 ID14-EH3

wavelength (A) 0.979 0.933 0.933 0.975 0.933 0.931 0.975 0.931 0.931 0.931

resolution range (A) 20—265 20—2.60 20—255 20—265 20—260 20—265 20—275 20—28 20—2.7 25—-2.7

total observations 204 817 235515 255 182 233025 228 040 222 379 204 055 256 595 276 849 273523

unique reflections 57 806 63011 66 465 58 447 61576 59 477 52 292 49788 55109 54 760

multiplicity 35(3.6) 3.7 (3.7) 3.8 (3.8 4.0 (4.0 3.7 (3.7) 3.7 (3.7) 39(3.9 52 (5.1) 5.0 (4.8 5.0 (4.7)

completeness (%) 99.1 (99.1) 100 (99.4) 99.5(99.5) 99.7 (99.8) 98.9 (98.6) 99.0 (99.0) 99.8 (99.5) 99.8 (99.8) 99.8 (99.8) 99.7 (99.7)

I/o(l) 125(4.0) 11.8(3.3) 158(42) 154(37) 139(36) 224 (36) 152 (36) 16.6(3.6) 17.1(3.6) 17.3(3.4)

Rym® 7.7(41.3) 88(463) 55(475) 65(46.8) 59(46.8) 54 (45.0) 7.2(482) 89 (544) 83(55.0) 8.4(56.2

B Wilson plot (A?) 57.2 61.7 58.3 68.8 66.5 65.8 71.8 72.0 65.9 68.9
Refinement ¢

R-factor/R-free (%) 19.3/22.8 19.2/23.3 19.1/22.1 19.7/245 19.2/235 20.7/249 19.9/23.9 19.9/246 20.2/23.2 20.1/24.4
Rmsd ©

bonds (A)/angles ©) 0.012/1.4 0.01/1.49 0.01/1.4 0.013/2.5 0.012/1.4 0.01215 0.0V1.39 0.011/158 001133 0.01/1.33

chiral volume (A3) 0.11 0.10 0.09 0.11 0.09 0.10 0.10 0.11 0.09 0.09
Mean B-factors (A)

main chain f 43.0 (48.8) 49.4 (54.3) 47.6 (52.8) 52.7 (58.7) 56.0 (60.8) 53.8(59.1) 51.3 (57.9) 55.5(61.7) 52.1 (60.0) 54.9 (60.1)

side chain 43.9 (50.3) 50.2 (55.4) 48.7 (54.3) 53.7 (60.3) 57.4 (62.4) 54.9 (60.1) 52.1 (59.2) 56.6 (63.2) 52.9 (60.9) 55.7 (61.2)

solvent/carbohydrate 27.21— 32.5/80.4 30.7/80.6 32.7/— 39.1/102.9 27.7/— 29.7/— 32.8/— 279/76.7 345/—

ligand/PEG 435/425 551/65.0 57.3/91.6 60.1/— 63.6/63.8 61.3/76.8 63.3/— 66.9/65.9 50.6/66.1 76.0/71.0
PDB accession code 2XUD 2XUG 2XUF 2XUH 2XUI 2XUJ 2XUK 2XUO 2XUP 2XUQ

ana, not applicable. ® Values in parentheses are those for the last shell. © Rym = Zhid 2i | Inai — {Iidl/ 2 Zi (Inii), where | is an individual reflection
measurement and (I) is the mean intensity for symmetry-related reflections. @ Rfactor = YIIF,| — |[FJUZ|F,|, where F, and F. are observed and
calculated structure factors, respectively. © Root-mean-square deviation from ideal values. f Values in parentheses are those for subunit B.

a 2-fold molar excess of each inhibitor (overnight equilibration,
4 °C). The unbound ligand was removed, and the complexes were
concentrated to ca. 10 mg/mL using ultrafiltration with controlled
rinsing. Total inhibition of activity of the complexes was assessed
spectrophotometrically*® using enzyme concentrations well above
the K¢'s.

The Tyr337Ala mutant and its preformed antil and synl
complexes were crystallized at 4 °C by vapor diffusion using
hanging drops (1 xL) and a protein-to-well solution ratio of 1:1
with PEG-600 25—35% (v/v) in 50—100 mM Hepes, pH 6.0—7.0,
or with PEG-550 MME 30% (v/v) in 50 mM sodium acetate, pH
7.5, as the reservoir solution. The crystals appeared rapidly, grew
to a suitable size within 1 week, and showed limited enlargement
thereafter. For each of the co-crystallized complexes, three data
sets were collected from crystals that appeared at the sametimein
the same drop (defined as the same “litter” of crystals) but were
flash-cooled at distinct maturation times roughly corresponding to
1 week, 1 month, and 10 months (referred to as “1-wk”, “1-mth”,

(18) Ellman, G. L.; Courtney, K. D.; Andres, V., Jr.; Featherstone, R. M.
Biochem. Pharmacol. 1961, 7, 88-95.
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and “10-mth” data sets and structures, respectively). For the co-
crystallized synl complex, two additional data sets diffracting to
ca. 3.0 A resolution were collected after 18 months (i.e., 15 x ty)
and 3 years (30 x typ) of crystal maturation, leading to synl
conformations similar to those observed in the 10-mth structure
(data not shown).

Formation of antil and syn1 complexes by soaking Tyr337Ala
crystals was carried out at 4 °C in 20 uL sitting drops made of
the well solution supplemented with 50 uM of antil, synl, or
both for 24—36 h. Soaks longer than 2 days led to ill-diffracting
crystals. All crystals were directly flash-cooled in the nitrogen
gas stream (100 K). They all belonged to the orthorhombic space
group P2;2,2; with unit cell dimensionsa = 79.7 A, b=1119
A, and ¢ = 226.5 A. Oscillation images were integrated with
DENZO,*® and data were scaled and merged with SCALAZ
(Table 2).

(19) Otwinowski, Z.; Minor, W. Methods Enzymol. 1997, 276, 307-326.
(20) CCP4, Collahorative Computational Project Number 4. Acta Crystal-
logr. 1994, D50, 760-763.



Variations on a Crystal Structure Theme

ARTICLES

2.2. Structure Determination and Refinement. The apo mA-
ChE structure (accession code, 1J06)*” without solvent was used
as a starting model to refine the structures of the Tyr337Ala mutant
and each of its antil and synl complexes with the program
REFMAC?! (Table 2). Rigid-body refinement was performed on
each of the two subunits in the crystalline dimer using all data
followed by cycles of restrained refinements. A random set of
reflections (2%, 2255 reflections) taken from the mAChE-SCh
complex structure (2HA2)?* was set aside for cross-validation
purposes. In each case, the resulting sigmaA-weighted 2Fo-Fc and
Fo-Fc electron density maps were used to position the inhibitor
and correct the protein model with the graphics program COOT.

The fina structures, comprising one Tyr337Ala mutant and its
eight co-crystallized and three soaked complexes, comprise residues
Glul-Ala541 and Glud-Thr540 for the two respective enzyme
molecules in the asymmetric unit.*” High temperature factors and
weak electron densities are associated with the short Q loop
Cys257-Cys272 and the surface loop region Asp491-Pro498. In the
Tyr337Ala structure, traces of decamethonium and acetate arising
from the purification and crystallization procedures, respectively,
are detected in the active-site gorge of one subunit in the dimer, as
found in previous mAChE structures (accession codes, IMAA and
IN5R). The stereochemistries of the structures were analyzed with
MolProbity;?* with the exception of the catalytic Ser203, no residues
were found in the disallowed regions of the Ramachandran plot.
The rmsd’ s between the structures of apo mAChE, Tyr337Ala, the
antil- and syn1-mAChE complexes, and each of the antil- and
syn1-Tyr337Ala complexes are in the 0.15—0.32 A range for 534
Ca atoms. The atomic coordinates and structure factors of the
Tyr337Ala structure, the six 1-wk, 1-mth, and 10-mth structures
of co-crystallized anti1 and syn1 complexes, and the three structures
of antil and synl complexes obtained from soaked crystals have
been deposited with the Protein Data Bank (cf. Table 2 for accession
codes). Figures were generated with PyMOL .?®

2.3. Inhibition/Binding Studies. The Tyr124Gln and Tyr72Asn/
Tyr124GIn/Trp286Ala mutants of MAChE were expressed, se-
quence verified, and concentrated from the expression medium as
described.*>%? Kinetic analysis of antil and syn1 binding to these
along with the Tyr337Ala mutants used conventional procedures.
The association (Kon) and first-order dissociation rate constants (K)
and the equilibrium dissociation constants (Kq) of the antil and
synl isomers for Tyr337Ala were determined as described.*>*
Briefly, association rates were determined by direct stopped-flow
measurements of AChE tryptophan quenching upon inhibitor
binding, while dissociation rates were determined by spectropho-
tometric measurements of the time-dependent recovery of AChE
activity™® of the AChE—inhibitor complex diluted 5000-fold into
a 250 ug/mL solution of herring sperm DNA (Boehringer) or a
50—400 nM solution of the inactive mAChE mutants Ser203A1a%2
or Ser203AlalTyr337Ala, or amixture of both DNA and Ser203Ala
mutant. Both DNA and mA ChE mutants were used as a scavenger
to sequester the released inhibitor through its phenanthridinium
moiety (DNA) or overall structure (mAChE mutants). All measure-
ments were performed in 0.1 M NaPO,, pH 7.0, at 22 °C.

3. Results and Discussion

The mAChE mutants Tyr124GIn, Trp286Ala, Tyr337Ala, and
Tyr72Asn/Tyr124GIn/Trp286Ala were designed previously to
mimic tertiary structure of BChE in the PAS domain of mAChE

(21) Murshudov, G. N.; Vagin, A. A.; Dodson, E. J. Acta Crystallogr. 1997,
D53, 240-255.

(22) Bourne, Y.; Radit, Z.; Sulzenbacher, G.; Kim, E.; Taylor, P.; Marchot,
P. J. Biol. Chem. 2006, 281, 29256—29267.

(23) Emdley, P.; Cowtan, K. Acta Crystallogr. 2004, D60, 2126-2132.

(24) Davis, |. W.; Leaver-Fay, A.; Chen, V. B.; Block, J. N.; Kapra, G. J.;
Wang, X.; Murray, L. W.; Arendall, W. B.; Snoeyink, J.; Richardson,
J. S.; Richardson, D. C. Nucleic Acids Res. 2007, 35, W375-\W383.

(25) DeLano, W. L. The PyMOL Molecular Graphics System; Delano
Scientific: San Carlos, CA, 2002; http://www.pymol.org.

along with, for Tyr337Ala, the choline binding site.® Mutant
Trp286Ala was andlyzed for antil and synl binding in a
previous study,** while the other three mutants were analyzed
for antil and synl binding in the present study (Table 1).

3.1. Kinetic Analysis of TZ2PA6 Isomer Binding to the
mMAChE Mutants. Kinetic parameters recorded in solution for
antil and synl binding to the Tyr124GIn mutant led to similar
association rates and, hence, dissociation constants comparable
to those for MAChE (Table 1). For the Trp286Ala and triple
mutants, 5- to 340-fold greater dissociation constants dictated
by up to 30-fold slower association and 10-fold slower dis-
sociation were recorded, consistent with involvement of these
residues that line the active-site gorge in stabilization of either
of the anti- and syn-triazoles in MAChE. For the mutants,
particularly the triple mutant, conformationally distinct com-
plexes in the gorge confines can thus be expected from removal
of large aromatic side chains.

In contrast, for the Tyr337Ala mutant compared to mAChE,
similar association rates but much lower dissociation rates, by
3000-fold for the anti1 and 550-fold for the synl, were recorded,
whereas they were lowered by only 350- and 85-fold when
compared with Torpedo californica AChE, with its Phe
substitution for Tyr337 (Table 1). The resulting femtomolar
affinities largely reflect greater activation barriers and give the
TZPA isomers afree energy of binding similar to those of 1,1,1-
trifluoroacetophenone derivatives toward AChE or biotin toward
streptavidin, despite a higher number of non-hydrogen atoms
(Supporting Information, Figure S1).2° Compared with the anti1
isomer, the 4-fold greater affinity of the synl isomer for the
Tyr337Ala mutant also arises from a 5-fold lower dissociation
rate. Thisresultsin half-livesin solution of more than 1 month
(ty, = 37 days) for the synl complex and 1 week (ty, = 7.3
days) for the antil complex, compared with ty, values of 98
and 3 min for the respective mAChE complexes. This also
suggests that, in the crystallization setup, where dissociation is
largely precluded by the high protein concentration of the
complexes (10’—10°fold the K4 in the mother liquor, presum-
ably >10%-fold the K4 in the crystal), equilibrium would be
largely displaced toward complex formation, resulting in even
higher stability of the complexes.

To explore this issue, for each of the co-crystallized antil-
and synl-Tyr337Ala complexes, we collected complementary
data sets at increasing times of crystal maturation corresponding
to smaller, near, or greater the half-time values for complex
dissociation in solution (Table 2). Another set of complexes,
obtained by soaking Tyr337Alacrystalswith individual or mixed
inhibitors for times much shorter than the solution half-lives of
the respective complexes (cf. section 2.1), was aso analyzed
(Table 2).

3.2. Overall Fold of the Tyr337Ala Mutant. The structure
of the Tyr337Ala mutant is identical to that of mAChE (rmsd
0.28 A for 535 Ca atoms), except at the substitution position
where replacement of the bulky Tyr phenol ring by the small
Ala methyl group enlarges, by ~2.5 A, the gorge internal
diameter (Figure 1). Yet at this position the deviation for the
gorge walls is only ~0.5 A, indicating that the gorge shape is
virtually unaltered and supporting catalytic activity similar to
that of mMAChE (data not shown). For each of the antil- and
syn1-Tyr337Alacomplexes, 1-wk, 1-mth, and 10-mth structures
were solved (Table 2). In al six structures, the bound inhibitors

(26) Kuntz, I. D.; Chen, K.; Sharp, K. A.; Kollman, P. A. Proc. Natl. Acad.
Sci. U.SA. 1999, 96, 9997-10002.
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Figure 1. Overdl views of the Tyr337Ala subunit and bound TZ2PA6
inhibitors. (A) Overall view of the mAChE-Tyr337Ala molecule (white
ribbon), viewed down into the gorge. The catalytic triad residues Ser203,
Glu334, and His447 are displayed in orange at the center of the subunit.
Thelong Q2 loop Cys69-Cys96 isin cyan, PAS residue Trp286 in magenta,
the substituted Ala337 in red, and Trp86 at the base of the gorge in blue.
The three disulfide bridges respectively located in the long Q loop, the
short Q loop (Cys257-Cys272), and between helices a(4)7,8 and 10 in
the four-helix bundle are displayed as green bonds. (B) Close-up views of
the bound anti1 (top, yellow bonds and transparent molecular surface) and
synl isomers (bottom, orange bonds and surface) and surrounding side
chains in the 1-mth structures (same orientation as in panel A).

are well ordered, and their binding site may be deconstructed
into the same three discrete loci as found for the antil- and
syn1-mAChE complexes: (i) the active center at the base of the
gorge where the tacrine moiety binds; (i) an intervening site
in the constricted region within the gorge that associates with
the triazole moiety and adjacent methylene groups; and (iii) the
PAS at the gorge rim where the phenylphenanthridinium moiety
binds (Figure 1).** However, significant differences in the
conformations of the inhibitor molecules and the positions of
side chains within the gorge are observed between each pair
(antil versus synl) of the TZ2PA6-Tyr337Ala complexes.

3.3. Three antil-Tyr337Ala Complexes Obtained by
Co-crystallization. The binding of the anti1 isomer to Tyr337Ala
in the 1-wk structure (corresponding to 1-fold the ty,, for antil)
drastically differs from its binding to mAChE (Figures 2 and
3). At the bottom of the gorge, the tacrine moiety, athough
positioned similarly as in mAChE, is flipped upside-down and
tilted by ~25° compared to its position in the anti1- and synl-
MAChE complexes. As a result, the polar interaction that in
the anti1- and syn1-mAChE complexes occurs between the basal
tacrine N8 atom and the backbone carbony! of His447 is now
swapped to involve the opposite N7 atom at the basis of the
dimethylene linker connecting the tacrine and triazole.

At the region of constriction formed by the side chains of
Tyr124, Phe297, and Phe338 some 5—8 A into the gorge, where
the substituting Ala337 side chain is located, the hooked
conformation of the dimethylene chain dictates a distinct
positioning for the triazole, which in the Tyr337Ala mutant is
displaced by 3 A laterally into the gorge and oriented ~90°
away from its position in mAChE, as to mimic the tip of the
missing Tyr337 phenol ring (Figures 2 and 3). As aresult, the
triazole establishes stacking interactions in near-sandwich
conformation between the central 6-heterocycle ring of tacrine
and the Phe338 phenyl rings. In turn, the first methylene of the
hexamethylene linker that connects the triazole and phe-
nylphenanthridinium is positioned 2.3 A deeper into the gorge
and adopts an extended, linear conformation instead of the
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curved shape observed in the antil-mAChE complex. The large
differences in the triazole and hexamethylene positions in the
Tyr337Ala mutant compared to mMAChE are associated with
discrete positional rearrangement of the Tyr124 and Tyr341 side
chains that line the gorge wall.

At the PAS, the phenanthridinium intercalates between the
Tyr72 and Trp286 side chains while the Trp286 side chain,
dislodged from the PAS surface, adopts a solvent-exposed
position similar to its position in the syn1-mAChE complex
(Figure 2). However, compared to this complex, a ~180° flip
of the Trp286 side chain now induces a different, albeit still
parallel, stacking interaction with the phenanthridinium. In fact,
the intercalated phenanthridinium stabilizes an aternate minor
conformation of the Trp286 side chain, flipped by 150°,
reminiscent of that observed for the corresponding Trp279
residue in the TCAChE-NF595 complex.” The mode of binding
of the phenanthridinium ring at the PAS, which drastically
differs from that observed in the antil-mAChE complex, results
in a deeper positioning of the triazole into the gorge associated
with an extended conformation of the hexamethylene linker.

Andysis of the antil-Tyr337Ala complex in the 1-mth
structure (4-fold the ty;) compared to the 1-wk structure reveals
no significant differences in the isomer and enzyme conforma-
tions at the bottom of the gorge and the mid-gorge region of
constriction (Figure 2). Yet at the PAS, the Trp286 side chain,
dislodged from the PAS surface, is positioned midway between
the two alternate positions seen in the 1-wk structure, with no
significant difference in the orientation of the phenanthridinium.

In the anti1-Tyr337Ala complex in the 10-mth structure (42-
fold the ty,), the isomer and enzyme conformations are similar
to those in the 1-mth structure, whereas the Trp286 side chain
adopts a conformation similar to the minor aternate conforma-
tion observed in the 1-wk structure (Figure 2). Hence, even in
the crystalline enzyme, the Trp286 side chain retains sufficient
flexibility upon binding of a extremely potent ligand to undergo
multiple fluctuating orientations, here exemplified by a 50°
shutter-like movement of its indole ring in the 1-wk and 10-
mth structures.

34. Three synl-Tyr337Ala Complexes Obtained by
Co-crystallization. The binding of the synl isomer to the
Tyr337Ala mutant in the 1-wk structure (0.2-fold the ty, for
synl) also differs from its binding to mAChE, despited having
asimilarly oriented tacrine at the base of the gorge (Figures 2
and 3). At the region of constriction, the triazole is shifted (by
1 A) deeper into the gorge, where it undergoes a near-parallel
stacking interaction with the tacrine central amino-substituted
ring. In turn, the hexamethylene linker is also shifted down (by
~1.5 A) into the gorge, afeature that resembles the differences
seen in the positions of the linker between the antil and synl
isomers bound to mAChE.**

At the PAS, the dlightly deeper position of the triazole causes
the synl phenylphenanthridinium to adopt yet another distinct
conformation, not observed in either structures of the antil-
Tyr337Ala or antil- and syn1-mAChE complexes (Figures 2
and 3). The phenanthridinium, here oriented perpendicular to
the gorge axis with one face buried some 2 A deep into the
gorge and the other face exposed to the solvent, totally occludes
the gorge entry. One of the distal rings is anchored to the
Leu289-Arg296 loop region, with the nitrogen hydrogen bonded
to the Ser293 and Arg296 carbonyl atoms, while the opposite

(27) Colletier, J. P.; Sanson, B.; Nachon, F.; Gabellieri, E.; Fattorusso, C.;
Campiani, G.; Weik, M. J. Am. Chem. Soc. 2006, 128, 4526—7.
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Y337A
co-crystals

Y337A

Y337A
soaked
crystals

wit mAChE
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Figure 2. Close-up views of the TZ2PA6-Tyr337Ala complexes. Bound antil (A, yelow) and synl (B, orange) in the 1-wk, 1-mth, and 10-mth structures (l€ft to right)
oriented asin Figure 1B. The respective 2.55—2.8 A resolution find 2F, — F. electron density maps are contoured &t 1o (cyan). The key interacting side chains are colored
blue, green, and megenta (blue nitrogens, red oxygens) for those thet respectively interact with the tacrine, triazole, and phenanthridinium moieties of the isomers. The
catalytic His447 is displayed in light orange, and the side chain of Ala337 isin red. Water molecules mediating ligand interactions are shown as red spheres. Hydrogen bonds
between mAChE-Tyr337Ala, the bound isomers, and the water molecules are shown as dotted lines. (C) Bound antil (eft, yellow), synl (middle, orange), and antil/synl
(right, yellow and orange, respectively) in the structures obtained by crysta soeking. The soaked synl, when bound, adopts two conformations. Soaking an antil/synl
mixture leads to a predominant synl and a low-abundance antil, as demonstrated by the positive peks above 3.50 (red) in the difference density maps around the triazole
moiety. (D) The anti1 and synl isomers as bound to MAChE (PDB codes, 1Q84 and 1Q83).2* The side chain of Tyr337 is shown in red. The molecular surfaces
of the isomers are displayed in transparency.

J. AM. CHEM. SOC. m VOL. 132, NO. 51, 2010 18297



ARTICLES

Bourne et al.

ArY337

H447
anti 1-wk vs syn wt

¢ C¥FI

A/Y337
syn 1-wk vs syn wt

Figure 3. Comparison of the most divergent Tyr337Ala and mAChE
complexes. (A) Overall view (left) and close-up view (right) of the tacrine
and triazole binding regions of overlaid antil in the 1-wk structure (yellow
bonds) and anti1 bound to mAChE (light orange bonds). (B) Overall view
(left) and close-up view (right) of the tacrine and triazole binding region of
superimposed antil in the 1-wk structure (yellow bonds) and synl bound
to mAChE (light orange bonds). (C) Overall view of superimposed synlin
the 1-wk structure (orange bonds) and syn1 in mAChE (light orange bonds).
The side chains of Trp286 and of Tyr72, Tyr124, and Tyr341, which adopt
distinctive positions in the complexes, are displayed in magenta/pink and
in green/light green, respectively. The side chain of Ala/Tyr337 isin red,
and that of Trp86 in blue. The short arrow in the framed figures points to
a water molecule in the 1-wk structure of the antil-Tyr337Ala complex
that mimics the triazole N2 nitrogen atom in the syn1-mAChE complex.
Superimpositions were made according to all Ca atoms in the Tyr337Ala
or mAChE subunit.

distal ring weakly establishes an edge-to-face interaction with
the Tyr341 phenol ring. The exocyclic phenyl ring in the
phenanthridium inserts between the Tyr341 and Trp286 side
chains, while the Trp286 side chain, in the typical orientation
of apo mAChE, establishes van der Waals interactions with the
phenyl ring. The newly positioned phenylphenanthridinium
induces a ~40° arc motion of the Tyr72 phenol ring and a 30°
tilt of the Tyr341 phenyl ring, respectively located on each side
of the gorge entrance compared to their respective positionsin
the syn1-mAChE structure. In fact, the final density maps revea
additional electron density in the vicinity of the phenyl ring
that could correspond to an aternate, minor abundance con-
formation of the synl phenanthridinium, not observed in the
other antil- or syn1-Tyr337Ala complex structures.
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Anaysis of the synl-Tyr337Ala complex in the 1-mth
structure (0.8-fold the ty,) reveals, for the bound tacrine and
triazole at the base of the gorge and the hexamethylene linker
at the region of constriction, positions and orientations similar
to thosein the 1-wk structure (Figure 2). At the PAS, however,
the phenanthridinium ring is oriented ~115° away from its
position in the 1-wk structure as to match the orientation
previously observed in the syn1-mAChE complex (Figure 3).
Conseqguently, the Trp286 side chain is dislodged from the PAS
surface and swings toward the solvent to adopt a conformation
that will be retained in the 10-mth structure (8-fold the ty,)
(Figure 2). Hence, in two distinctively matured crystals grown
from the same syn1-Tyr337A complex, two distinct conforma-
tions of the phenanthridinium ring were trapped at the PAS.
Moreover, the ligand pose and enzyme conformation observed
in the 10-mth structure are essentialy retained in even older
complexes (cf. section 2.1), consistent with a thermodynamic
equilibrium being attained at maturation times matching the
solution half-lives.

These comparative data, combined with the structures of
mA ChE bound with the same inhibitors, demonstrate that despite
a femtomolar affinity, distinct conformations of the inhibitor
coupled to conformational adaptations at the PAS exist, some
of minor abundance, and thus reflect the behavior of the enzyme
in solution. This is well exemplified by the presence of two
alternate conformations of the Trp286 side chain in the synl-
Tyr337Ala complex in the 10-mth structure, of which one is
similar to that in the 1-mth structure (Figure 2).

3.5. antil- and synl-Tyr337Ala Complexes Obtained by
Crystal Soaking. Compared with the anti1-Tyr337Ala structures
obtained by co-crystallization, that obtained from a crystal
soaked for atime 7-fold shorter than the complex half-life (Table
2; cf. section 2.1) shows a similar mode of binding for the anti1
isomer as found in the 1-wk structure, with only dight variations
in the hexamethylene linker conformation and the Trp286 side-
chain orientation at the PAS (Figure 2). In contrast, compared
with the syn1-Tyr337Ala structures obtained by co-crystalliza-
tion, that obtained from a soaked crystal (here for a time 30-
fold shorter than the complex haf-life; Table 2) reveals two
aternate conformations of the phenanthridinium ring at the PAS,
of which each matches the orientation respectively identified
in the syn1-Tyr337Ala 1-wk and 1-mth structures (Figure 3).
Hence, crystal soaking procedures led to picturing freshly
formed complexes resembling more the complexes observed at
crystal maturation times shorter than the solution half-lives.

In turn, the structure derived from soaking an equimolar anti 1/
synl mixture reveals that the synl isomer was predominantly
trapped in the active-site gorge, the anti1 isomer being present
in lower abundance only (Figure 2). This is consistent with the
kinetic data showing the higher affinity of the synl isomer to
reflect at least a 10-fold lower dissociation rate. Hence, either
isomer can occupy the active-site gorge at the same rate, but
the synl complex, owing to its slower dissociation rate, prevents
anti1 from binding again. Moreover, in this complex the bound
synl adopts the most energetically favorable conformation
observed in the mature synl-Tyr337Ala 1-mth and 10-mth
structures. Hence, “dynamic combinatorial X-ray crystallogra-
phy” (or DCX) on alimited scale can be used to select, from a
mixture of structurally related high-affinity inhibitors, the dowest
dissociating one. This observation, aong with the reported
binding selectivity of crystalline TCAChE for the soaked (R)-
versus (S-enantiomers, with otherwise similar affinities, of
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bifunctional inhibitors E220?® and tacrine-(10)-hupyridone,®®
argues for a structure-based approach to conduct inhibitor
discovery and optimization.

3.6. Implications of Structure Variation. Comparison of the
structures obtained for complexes of MAChE and its Tyr337Ala
mutant with the TZ2PA6 antil and synl regioisomers empha-
sizes the key role of the triazole located midway in the gorge
in dictating the orientation of the phenanthridinium at the PAS.
This is consistent with our previous proposal that the 1.5 A
positional shift between the antil and synl triazoles within the
mA ChE gorge influences the orientation of the phenanthridinium
ring. Here we show that, in the absence of the protruding Tyr337
side chain, the antil triazole adopts a deeper position within
the gorge of the mutant, roughly equivalent to that observed
for the synl isomer bound to MAChE and resulting in asimilar
orientation of the intercalated phenanthridinium ring. Similarly,
the deeper positioning of the synl triazole in the Tyr337Ala
mutant compared to its position in MAChE results in a new
orientation of the phenanthridinium ring, which seems to be
fluctuating between two distinct orientations, as exemplified in
the 1-wk and 1-mth structures (Figure 2).

The Tyr337Ala mutant is the only one of our screened
mutants where the affinities of both the synl and antil
complexes increase rather than decrease over the wild-type
enzyme, afeature that suggests that the presence of the aromatic
ring places some steric constraints around the triazole. Indeed,
mutation of the facing Tyrl24 only moderately affects the
binding affinitiy of the two inhibitors, consistent with the
structures of the complexes (Table 1). Since the ligands bind at
near the diffusion rate limitation, the enhanced affinity is
reflected in a slower dissociation rate.

A comparison of the multiple structures points to the large
differences in the overall conformation of the inhibitor bound
to the mutant. Importantly, these conformations are not specific
to the crystalline phase but rather could reflect the fact that
reactants, when simultaneously bound, induce these minor
abundance conformational changes. Indeed, a combination of
flexibility of reactant chain length and subtle rearrangements
of the key interacting side chainsis required for the 1,3-dipolar
cycloaddition reaction to occur. Therefore, the conformational
fluctuations seen in the trapped inhibitor could reflect the
conformational behavior of reactants. Decay of fluorescence
anisotropy experiments along with an overlay of al available
MAChE crystal structuresin complex with ligands or conjugates
argue toward this point (Z. Radi€, unpublished data).

However, what remains obscure is whether the freeze-frame
inhibitor synl, initially tailored in the AChE active-site gorge
and formed in situ,** comes from a minor abundance complex
of the reactants and its formation is driven by proximity of the
reactive azide or alkyne, or if reactant binding itself selects a
dominant conformation. Our data highlight the dynamic behavior
of the AChE gorge, most particularly near its rim, and are
consistent with the concept of protein breathing motions that
are altered by the reactants. In the crystal, local packing forces
do not modify the thermodynamic energy balance, selecting
different conformations. Indeed, whereas the rigid anti1 isomer
adopts an elongated conformation within the gorge and has to
fold into a hook in the catalytic pocket and rotate its top and
bottom moieties in opposite directions (like a classic pepper

(28) Kryger, G.; Silman, |.; Sussman, J. L. Sructure 1999, 7, 297-307.

(29) Haviv, H.; Wong, D. M.; Greenblatt, H. M.; Carlier, P. R.; Pang, Y .-
P.; Silman, I.; Sussman, J. L. J. Am. Chem. Soc. 2005, 127, 11029—
11036.

mill) to become shorter, the highly flexible synl isomer adopts
a compacted and torturous conformation that can easily be
compressed or extended (like a spring), depending on the
position of the triazole into the gorge that influences the
orientation of the phenanthridinium at the PAS. The modes of
interaction between the isomers and the Tyr337Ala mutant of
MAChE, dominated by apolar interactions with contribution
of conserved bridging water molecules, are similar for each of
the six co-crystallized complexes, indicating that the overall
shape rather than a particular mode of interaction might be a
predominant factor for this gain in affinity. At the PAS, the
intercalation of the phenylphenanthridinium between the Trp286
and Tyr72 side chains, so far only seen for the synl isomer
bound to mAChE™ and now extended to the anti1 isomer bound
to Tyr337Ala, could significantly contributes to the large gain
in affinity. Indeed, this peculiar conformation at the PAS could
favor anearly parallel rather than an antiparallel orientation of
the azide and alkyne reactants (synl over antil), causing the
bond distance between the tacrine and phenanthridium moieties
to be shortened by ~1.2—1.4 A.

4. Conclusions

The conformational and positional differences observed
throughout the four structures of the anti1-Tyr337Ala complex
on one hand and four structures of the syn1-Tyr337Alacomplex
on the other hand (one soaked and three co-crystallized
complexes in each case) appear to follow the increasing ratio
of maturation time to dissociation half-time and, hence, the time
required for optimal stabilization of the respective crystalline
complexes. These differences are particularly critical for the
phenylphenanthridinium/hexamethylene portion of theinhibitors
and surrounding enzyme residues in the upper part of the gorge
and at the PAS, whereas the triazole/dimethylene/tacrine portion
and surrounding residues at the bottom of the gorge adopt a
definitive conformation and position perhaps as soon as each
complex forms. These observations are consistent with the
requirement for a more rigid active center to ensure substrate
specificity and rapid hydrolysis, while a more flexible PAS and
gorge rim offer a wide range of recognition and binding
capacities for allosteric regulation of catalysis.

The high affinities of the synl- and anti1-Tyr337Ala com-
plexes, with their dissociation times exceeding those of nucle-
ation and crystal growth, afford a unique opportunity to examine
conformationa states dictated by ligand association, akinetically
dominated process, and those that reflect attainment of ther-
modynamic equilibrium, achieved by slow isomerization of the
complex and/or multiple association and dissociation steps
leading to the slowest dissociating ligand becoming the domi-
nantly bound one. A critical question is the conversion from
the kinetically driven ligand poses to those found at longer times
of equilibrium. Free ligand concentrations are high in the
soaking experiments, but they are extremely low when co-
crystals are formed at a stoichiometry of one ligand per active
site. Hence, for the co-crystals one can exclude unbound ligand
in the bulk solvent participating in the conversion in confor-
mational states. This leaves two possibilities: (i) the conversion
occurs in situ in the crystal, analogous to a unimolecular
isomerization, or (ii) dissociation occurs into the limited space
of the crystal solvent channels and then reassociation ensues,
allowing the more slowly dissociating complexes to become
dominant over time. Since isomerization of the complex and
the dissociation process would both require Boltzman energy,
they may be kinetically indistinguishable without assessing the
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presence of free ligand in the system. However, the very high
protein concentrations in the crystal and surrounding solution
(cf. section 3.1), along with the low temperature used for crystal
formation and maturation (cf. section 2.1), most likely preclude
complex dissociation. This suggests in crystallo isomerization
to be the main conversion process from the kinetically driven
complexes observed from the younger crystals to the thermo-
dynamically driven equilibrium observed from the older crystals.

Distinctive large- or small-scale conformational changes of
part or al of a crystaline receptor or enzyme have been
evidenced by comparing structures solved from distinct crystal
forms, crystallization conditions, complexes, or any combination
of these.X*30~3% Alternative conformations of subunits within
a same oligomeric protein have been reported, 3 and alterna-
tive conformations or binding positions of a bound ligand
rdative to its binding site have been described or predicted 3637

(30) Grochulski, P.; Li, Y.; Schrag, J. D.; Bouthillier, F.; Smith, P.; Harrison,
D.; Rubin, B.; Cygler, M. J. Biol. Chem. 1993, 268, 12843-12847.

(31) Grochulski, P.; Li, Y.; Schrag, J. D.; Cygler, M. Protein ci. 1994, 3,
82-91.

(32) Tanaka, T.; Ames, J. B.; Harvey, T. S.; Stryer, L.; Ikura, M. Nature
1995, 376, 444-447.

(33) Ames, J. B.; Ishima, R.; Tanaka, T.; Gordon, J. |.; Stryer, L.; Ikura,
M. Nature 1997, 389, 198-202.

(34) Hansen, S. B.; Sulzenbacher, G.; Huxford, T.; Marchot, P.; Taylor,
P.; Bourne, Y. EMBO J. 2005, 24, 3635-3646.

(35) Hibbs, R. E.; Sulzenbacher, G.; Shi, J; Talley, T. T.; Conrod, S.; Kem,
W. R.; Taylor, P.; Marchot, P.; Bourne, Y. EMBO J. 2009, 28, 3040—
3051.

(36) Gao, F.; Bern, N.; Little, A.; Wang, H. L.; Hansen, S. B.; Tdley,
T.T.; Taylor, P.; Sine, S. M. J. Biol. Chem. 2003, 278, 23020-23026.

(37) Wang, H. L.; Geo, F.; Bren, N.; Sine, S. M. J. Biol. Chem. 2003,
278, 32284-32291.
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Yet, to our knowledge, our study is the first to report a range
of alternative conformations for both the ligand and protein in
“same litter” crystalline complexes equilibrated over time
periods consistent with or greater than their half-lives. Since
kinetic and thermodynamic rules governing complex remodeling
can still apply in the crystalline state, and since multiple poses
of bound ligands of nearly equivalent free energy can be found
in the structures, our data also suggest that references to “the
crystal structure” of a ligand—protein complex should be
interpreted as “a crystal structure” (i.e., perhaps among severa
possible) of this complex.
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