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Abstract: The in situ click chemistry approach to lead discovery employs the biological target itself for
assembling inhibitors from complementary building block reagents via irreversible connection chemistry.
The present publication discusses the optimization of this target-guided strategy using acetylcholinesterase
(AChE) as a test system. The application of liquid chromatography with mass spectroscopic detection in
the selected ion mode for product identification greatly enhanced the sensitivity and reliability of this method.
It enabled the testing of multicomponent mixtures, which may dramatically increase the in situ screening
throughput. In addition to the previously reported in situ product syn-TZ2PA6, we discovered three new
inhibitors, syn-TZ2PA5, syn-TA2PZ6, and syn-TA2PZ5, derived from tacrine and phenylphenanthridinium
azides and acetylenes, in the reactions with Electrophorus electricus and mouse AChE. All in situ-generated
compounds were extremely potent AChE inhibitors, because of the presence of multiple sites of interaction,
which include the newly formed triazole nexus as a significant pharmacophore.

Introduction

The past decade has seen a paradigm shift in drug discover

from testing small numbers of “handcrafted” compounds an

natural products to high-throughput screening of large combi-

Only building blocks that adhere to the protein’s binding sites

);eact with each other to form highly potent inhibitors that
d simultaneously access multiple binding pockets within the

protein. These target-guided approaches avoid the classical

natorial libraries These developments have gone hand in hand SC€€ning of large compound libraries altogether, and hit

with dramatic improvements in methods for producing, handling,

and screening large numbers of compouhidsDespite these

achievements, challenges related to the synthesis, purification,
and diversity of compound libraries and the pharmacologica

properties of their members still exfst,and combinatorial
chemistry has not yet achieved its full potenti&Bince typically

more than 99% of all compounds in a library are inactive in a

given screen, methods for producing just the active compounds
are highly desirable. Target-guided synthesis (TGS) seeks to
address this challenge by using the target enzyme for assemblingg

its own inhibitors from a collection of building block reagents.
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identification can be as simple as determining whether a given
combination of building blocks has resulted in a product.
Follow-up tests for determining the inhibitory potency, bio-

| availability, toxicity, and the development of structthactivity

relationships (SAR) can then be limited to a small number of
target-generated compounds, which may dramatically improve
the efficiency of the discovery process.

The concept of target-guided synthesis was pioneered almost
20 years ago by Rideout et al.,, who observed a marked
ynergism between the cytotoxic effects of decanal Bnd
amino-guanidines, which was proposed to be due to the self-
assembly of cytotoxic hydrazones inside cél$! Since then,
several approaches to target-guided synthesis have been ex-
plored: (1) dynamic combinatorial chemisfis2! (2) stepwise
target-guided synthesi$23and (3) kinetically controlled target-
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guided synthesis*-3! The dynamic combinatorial chemistry  philes, metathesis catalysts etc.), which can react in many
approach introduced by Lehn et'dlrelies on building blocks “unproductive” pathways, including ones that destroy the
bearing complementary functional groups that react reversibly enzyme target. In contrast, the recently developed in situ click
with each other to form a thermodynamically controlled mixture chemistry approach to kinetically controlled T&%ises bio-

of products. In the presence of the enzyme, the equilibrium is orthogonal reactions and reagents, for example, the [1,3]-dipolar
skewed toward the compounds that show the highest affinity cycloaddition reactiof? between azides and acetylenes. This
toward the enzyme. Their identification requires the equilibrium system is especially well-suited for TGS, since (a) the reaction
to be “frozen” (e.g., by hydride reduction or by lowering the is extremely slow at room temperature, despite the very high
pH) before analysis by HPLC or MS can be performed. The driving force that makes it irreversible, (b) it does not involve
multistep variant of TGS makes only indirect use of the enzyme components that might disturb the binding sites (external
for inhibitor synthesig?23In the first step, a library of building  reagents, catalysts, byproducts), and (c) the reactants are inert
blocks is screened to identify candidates that bind to the enzyme.to biological molecules. Mock et al. had previously provided
In the second step, the building blocks with the highest affinity proof-of-concept by demonstrating that the azide/acetylene [1,3]-
are linked together using conventional combinatorial chemistry dipolar cycloaddition is accelerated by 4 to 5 orders of
approaches. The library of “divalent” molecules is then screened magnitude by the synthetic receptor cucurbituril to give

for high affinity inhibitors using traditional assays. The kineti-
cally controlled approach uses the enzyme target itself for the
synthesis of inhibitors by equilibrium controlled sampling of
various possible pairs of reactants until an irreversible reaction

exclusively theanti-triazole regioisomef3-3°

The biological target for the initial in situ click chemistry
study, acetylcholinesterase (AChE), catalyzes the hydrolysis of
the neurotransmitter acetylcholine and thus plays a key role in

induced by the enzyme essentially connects the pair that bestyg central and peripheral nervous sysits inhibitors have

fits its binding pocketg4—31
Recently, several successful applications of the kinetically
controlled approach to TGS have been reported. For example

Benkovic and Boger have developed multisubstrate adduct

inhibitors (MAI) of the enzyme glycinamide ribonucleotide
transformylase (GAR Tfase) by enzyme-templated alkylation
of one of its substrates with a folate-derived electrop#iiéd
More recently, Huc described a similar approach, in which
inhibitors of carbonic anhydrase were generated by alkylation
of a thiol with a-chloroketones in the presence of the zZn(ll)
enzyme?® Competition experiments revealed that the enzyme-
templated reaction had produced mainly the alkylation product
with the highest affinity for the target. Nicolaou and co-workers

have utilized a target-accelerated combinatorial synthesis ap-

proach to develop dimeric derivatives of vancomy®ift
Appropriately functionalized monomeric vancomycin derivatives
were subjected to olefin metathesis or disulfide formation in
the presence of vancomycin’s target, BAla-p-Ala or Ac,-
L-Lys-D-Ala-p-Ala, resulting in the formation of highly potent
dimers.

The scope of most TGS methods is limited because of their
use of highly reactive reagents (strong electrophiles or nucleo-
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been employed for over a century in various therapeutic
regimens and to investigate the role of acetylcholine in

'neurotransmissiof’:38The catalytic site of the enzyme is located

at the bottom of a 20 A deep narrow gorge. A second, peripheral
binding site is positioned at the other end of this gorge, near
the protein surfacé®*° A building block library of azides and
acetylenes based on the known site-specific inhibitors tacrine
(active site ligand) and phenylphenanthridinium (peripheral site
ligand) was developed to probe whether the enzyme would
combine selected pairs of complementary reagents to synthesize
its “divalent” inhibitors (cf. Scheme 2

A series of 49 binary mixtures of these reagents was incubated
with Electrophorus electricuAChE (electric eel AChE) at room
temperature for 6 days, potentially giving rise to 98 products.
Analysis of the crude reaction mixtures by desorption/ionization
on silicon mass spectrometiy(DIOS-MS) revealed only one
product, TZ2PA6, which was shown by HPLC to be only the
1,5-disubstituted triazole ¢yntriazole”) (Scheme 1). This
compound, formed by the enzyme, turned out to be the most
potent noncovalent AChE inhibitor known to date, wih
values between 77 fMTorpedo californica and 410 fM
(murine AChE). In contrast, thanti-TZ2PA6 isomer, not
formed by the enzyme, is less active by 2 orders of magnitude.

Recent X-ray structures of both tlsgn andanti-TZ2PA6
mouse AChE complexes confirmed the multivalent nature of
the protein ligand interactions, with the tacrine moiety accessing
the active center of the enzyme and the phenylphenanthridinium
group the peripheral site (Figure ®)Interestingly, these studies
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Scheme 1. In Situ Click Chemistry Screening?
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Previous work only employed 16 reagents, which were tested in | OL)D
49 combinations, potentially giving rise to 98 products. In these NZ N
experiments, only syn-TZ2PA6 was detected.
syn-TZ2PA5 syn-TA2PZ5

< Double arrows indicate in situ reagent pairs

a Fifty-two binary mixtures of azide and alkyne building blocks were incubated with eel AChE, as indicated by the double arrows, potentiallyaiving ris
to 104 products. Previous work was done withBii5, potentially giving rise to 98 products from 49 reagent combinations, and prosgim§Z2PA6 as
the sole product of the in situ reaction with the enzythe.

revealed that the triazole unit, created by the azide/alkyne causing the enzyme to adopt a minor abundance conformation
cycloaddition, engages in hydrogen bonding and stacking in which the tryptophan residue swings out into the solvent to
interactions with amino acid residues in the wall of the gorge. make room for the ligand. This conformation has never been
Several important conclusions can be drawn from this observa-seen before in AChE X-ray structures of the free enzyme or its
tion. First, triazoles are not just passive linkers, but rather active inhibitor complexes. Thus, the in situ click chemistry approach
pharmacophores that may contribute significantly to protein allows one to identify conformations that associate with high
binding, as in the case of the in sigenerated produckyn affinity inhibitors and that would not be detected by conventional
TZ2PAG. Second, the tremendous rate acceleration by AZhE structural methods. These findings have interesting implications
is due not only to entropic effects, but also to an enthalpic for drug discovery, as it is possible to trap a flexible enzyme in
stabilization of the triazole-like transition state, leading to the a minor abundance conformation by an inhibitor, which is
observed product. In a more general sense, it appears likely thaformed inside its binding pockets through the irreversible
an “in situ hit” is a good binder, because the same entropic and reaction of complementary building blocks.
enthalpic factors that cause the observed rate acceleration may The goal of this study was to optimize the in situ approach
also stabilize the newly formed triazole in the complex and thus to drug discovery and to investigate its scope. We started by
add to the overall binding interactions, which also involve the optimizing the mass spectroscopy-based analysis method, since
two residues that are held together by the triazole linker. a highly sensitive and reliable method was deemed crucial for
The higher potency o$ynTZ2PA6 compared to the anti-  success. We then revisited the AChE system to search for
isomer manifests itself in a strikingly different binding mode additional in situ hits from binary azide/acetylene mixtures and
at the peripheral site. The phenylphenanthridinium moiety of from multireagent mixtures (combinatorial screening), to study
the tightly bound sysproduct inserts itself between tryptophan- the species dependence of product formation, and to determine
286 and tyrosine-72 residues near the gorge rim (Figure 1), syn/anti ratios and binding affinities for all products.

(42) The enzyme-free reaction under these conditiofg] = 4.6uM.; [PA6] Results and Discussion
= 24 uM) is extremely slow, taking several thousand years to reach 50% L. . . .
conversion at 18C (second-order rate constant at°f8in 1-BuOH,K = Optimization of the Analysis Method. Poor and variable

1.9 x 107> M~1 min~1 4. Apart from the expected entropic stabilization, ; ;
the transition state may also experience stabilization through hydrogen levels of purity of the acetylcholinesterase enzyme make great

bonding and stacking interactions with the protin. demands on the analytical techniques used to detect the

J. AM. CHEM. SOC. = VOL. 126, NO. 40, 2004 12811
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AChE Gorge
Peripheral Trp-286
Site syn-TZ2PA6
Tyr-72
Active
Center
Ser-203<
"}' Trp-86

Figure 1. Schematic representation of the binding interactions between ”

synTZ2PA6 and mouse AChE®

formation of templated inhibitors, especially when they are
tightly bound. In previous experiments, the DIOS-MS method
was found to be capable of detecting small quantities of new
molecules in the presence of large amounts of protein, but signal-

to-noise ratios were still very low. This issue has now been ™

resolved by purifying the samples before MS analysis using
standard LC/MS techniques with selected ion monitoring to
increase sensitivity even furthérhe analysis is extremely easy
to perform, allowing crude reaction mixtures to be screened
and products to be unambiguously identified by their molecular
weights and retention times

The new analytical method was validated on the known in
situ hit TZ2PA6. After incubating the building block§Z2 and
PA6 with eel AChE for 6 h, analysis by LC/MSSIM gave a
distinct product signal with a characteristic molecular weight
and retention time (Figure 2). Thus, the high sensitivity of this
analysis method allowed us to reduce the incubation time from
6 days to as little as 6 h, thereby significantly enhancing the
efficiency of lead discovery by in situ click chemistf§Control
experiments, in which mixtures of the same building blocks were
incubated in the presence of bovine serum albumin (BSA)
instead of AChE, or in the absence of any protein, failed to
give detectable amounts of triazole.

In Situ Lead Discovery. Encouraged by these results, we
decided to revisit the AChE system using a library of tacrine
and phenylphenanthridinium building blocksT¢P library”),
which contained one additional memb&Z5, compared to
previous work, and to screen for additional in situ hits with the

(43) The in situ screening experiments were generally performed with the
following concentrations: 1M for the enzyme, 4.6uM for tacrine
components, and 24M for phenylphenanthridinium components. Because
of the sensitive nature of the analysis method, the building block
concentrations can be reduced to as low adiifor tacrine reagents and
6 uM for phenylphenanthridinium reagents, without a significant loss of
intensity of the product peak. However, lowering the phenylphenanthri-
dinium component concentration to AM dramatically decreased the
reaction rate and makes the intensity of the product signal prohibitively
small.
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Figure 2. In situ hit identification by LC/MS-SIM, exemplified by the

TZ2/PAG6 pair. (A) TZ2 (4.6 uM) and PA6 (24 uM) after incubation with

eel AChE (1.04uM) at pH 7.5 for 6 h. (B)TZ2 andPAG6 incubated in the
presence of BSA (3 mg/mL) instead of AChE. The same trace is obtained
in the absence of any protein (note that the Y-scale of the BSA trace is
expanded 8.5 times compared to the eel AChE trace to clearly demonstrate
the absence of any product in this sample. (C) Authentic samJIZ2/PA6.

more sensitive LC/MSSIM method. In the “in situ screening
mode”, potential hits are identified by looking for significant
differences between the chromatograms of the enzyme reactions
and the control reactions (BSA in place of AChE, absence of
any protein). The potential hits are then validated by additional
control experiments (e.g., performing the enzyme reaction in
the presence of a known active site inhibitor) and eventually
by comparing retention times with synthetic samples (cf. Table
3). This screening procedure led to the identification of three
new hit compoundsTZ2PA5, TA2PZ6, and TA2PZ5—in
addition to the known hitTZ2PA6, by incubating 52 binary
tacrine- and phenanthridinium-based azide/acetylene mixtures
as illustrated in Scheme 1 (i.€Z5—8/TA1—3, PA2—6/TZ2—

6, andTA1—3/TZ2—6) with eel AChE for 1 day. All hits were
validated as described and by MALDI mass spectroscopy, which
revealed distinct molecular ions for the respective products in
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all four in situ reaction mixtures. Thus, onlyZ/PA andTA/
PZ combinations, noTZ/TA combinations, provided in situ
hits.

Interestingly, all four hit compounds have the newly formed
triazole moieties separated by two methylene units from the
tacrine core. Other compounds with the same overall spacing
between tacrine and phenanthridinium moieties, but a different
location of the triazole (e.g.TZ6PA2), are not formed,
suggesting that the triazole-genesis event is critically linked to
a specific location in the protein’s gorge. This notion is
supported by the X-ray crystal structures ™@2PA6/mouse
AChE complexeg® which reveal that the triazole units are
tightly bound inside the gorge through hydrogen bonding and

stacking interactions (Figure 1). It is reasonable to assume that

these product-stabilizing interactions in that location also favor
the transition state leading to the product. Such active participa-
tion by the protein, in addition to entropic factors, would explain
the dramatic rate acceleration observed in this system, over tha
for the uncatalyzed cycloaddition reactit.

Species Dependencé&Ve decided to investigate the species
dependence of product formation, since the X-ray studies were
performed with mouse AChE, while eel enzyme was used for
the in situ screen (58% sequence identity and 70% residue
homology by NCBI Blast2¥445 Incubation of binary azide/
acetylene mixtures from th&-P building block library with
mouse AChE and analysis by LC/MSIM provided the same
four hit compoundsTZ2PA6, TZ2PA5, TA2PZ6, and
TA2PZ5—as before. Thus, not only is mouse AChE able to
make its inhibitors, it does so with the same building block
preferences as the eel enzyme.

Combinatorial in Situ Screening. In situ click chemistry
promises a big boost for lead discovery above all because it
eliminates the need for high-throughput screening of large
compound libraries, since the biological target itself has been
forced to generate its inhibitors, which can readily be identified.
Moreover, while previous experiments had used only binary
azide/acetylene mixturééwe have now found that the enzyme
is able to select and assemble the best inhibitors from more
complex mixtures of azide and acetylene building blocks. This
not only reduces the amount of enzyme per reagent combination
but also increases the screening throughput. Multicomponent
in situ click chemistry screening was made possible by the new
LC/MS—SIM method, because of its higher sensitivity and
greater reliability of product identification through chromato-
graphic separation of the reaction components. In a proof-of-
concept experiment, the azideZ2 and a mixture of four
phenylphenanthridinium building block®A2-PA5, were in-
cubated with eel AChE under standard conditions at°G7
overnight. LC/MS-SIM analysis of the reaction mixture showed
the expected compoun@Z2PA5 to be the sole product.
Encouraged by this success, we expanded this multicomponen
approach to the entire tacrine azide/phenylphenanthridinium
acetylene library. To avoid combinations with degenerate
molecular weights (e.gT,Z3PA5 has the same molecular weight
as TZ2PA6), which would complicate product identification,

(44) The computation was performed at the Swiss Institute of Bioinformatics
(SIB) using the BLAST network service. The SIB BLAST network service
uses a server developed at SIB and the National Center for Biotechnology
Information (NCBI) BLAST 2 software.

(45) Altschul, S. F.; Madden, T. L.; Stffier, A. A.; Zhang, J.; Zhang, Z.; Miller,

W.; Lipman, D. J.Nucleic Acids Resl997 25, 3389-3402.

Scheme 2. Synthesis of Triazoles as Reference Compounds for
the Determination of the syn/anti Ratio of in Situ Hits by HPLC?

CuSQy, Cu-powder N=N
EtOH/H,0 R1/§/N‘R2
R—=—H + Ng-Rp —| anti
Ro
neat, 80 °C N=N N-N
AR, * g AN

anti syn

a8 Equimolarsyn and anti-triazole mixtures were prepared by heating
neat mixtures of the corresponding azides and alkynes &E86r 6 days.
The pure anti-regioisomers were readily prepared by the copper(l)-catalyzed
reaction between the azide and alkyne reag¥rfts.

especially in view of the similar chromatographic behavior of
the TZ-PA compounds, we decided to conduct the experiment
in five batches: Mixtures of all five phenanthridinium acety-
lenes,PA2—PAG, were incubated with one tacrine azide at a
ime in the presence of mouse or eel AChE. Analysis by LC/

S—SIM revealed the expected hit§Z2PA5 and TZ2PA6
(cf. Supporting Information). These experiments demonstrate
that multicomponent screening is feasible, albeit at the cost of
a slightly reduced sensitivity.

Determination of the syn/anti Selectivity. The X-ray
cocrystal structures revealed that the more weakly bauntd
TZ2PAG6 has little effect on the enzyme conformation, whereas
the higher affinitysyn TZ2PA6 isomer, with its shorter spacer
length between the tacrine and phenanthridinium moieties (the
distance between the aromatic ring atoms of the tacrine and
phenanthridinium moieties that are connected to the linker is
1.52 A shorter in the syn-isomer, which is equivalent to about
one C-C bond), forces the enzyme into a very different, and
unprecedented conformation. This prompted the question of
whether AChE would compensate for the deletion of one
methylene unit iNTZ2PA5 by forming the “longeranti-triazole
instead of the “shorter” syn-isomer. Hence, we set out to study
the syn/anti selectivity for the formation diZ2PA5 and the
other new in situ hits by LC/MSSIM. These efforts greatly
benefited from the recently discovered Cu(l)-catalyzed process,
which provides pureanti-triazoles from azides and terminal
alkynes?47 Thus, TZ2PA5, TA2PZ6, and TA2PZ5 were
'synthesized each as a mixturesyit andanti-triazoles by the
thermal cycloaddition reaction and as isomerically pang-
triazoles by Cu(l) catalysis (Scheme 2).

Regioisomer assignment for the triazoles generated by AChE
was accomplished by comparing the HPLC traces from the in
situ reactions with authentic samples from the thermal and Cu-
()-catalyzed reactions (cf. Table 84" The new LC/MS-SIM
system allowed us to obtain reliable results with single injections
using only one-third of the amount of enzyme, compared to
the previously used and much less sensitive HPU® method.

We were able to confirm the original assignment of Hye
tgeometry for enzyme-generatd@2PA6,24 and we found all

the other products,Z2PA5, TA2PZ6, andTA2PZ5, from both

the eel and mouse AChE reactions to also contain almost
exclusivelysyntriazoles. Figure 3 exemplifies the results for
the TA2/PZ6 pair. While this is not surprising in the case of
TA2PZ6 in view of its similarity toTZ2PA6, we had expected

(46) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K.ABgew.
Chem., Int. Ed2002 41, 2596-2599.

(47) Tornge, C. W.; Christensen, C.; Meldal, MOrg. Chem2002 67, 3057
3064.
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A situ hits, synTZ2PA5, synTA2PZ6, and synTA2PZ5 are
close.Kq values span 3 orders of magnitude, which is mainly
due to an 1800-fold variability of dissociation rate constants
Kofi in the case of the eel enzyme, and 90-fold variability in the

J case of mouse AChE. In contrast, the on-rétgary only by

min a factor of 3.

The range in dissociation constants is largest for the eel
enzyme, where the free binding energy changes by 4.3
kcal/mol (295 K) from the tightest bindesynTZ2PA6 (99
A/ \ fM), to the weakest compoun@nti-TA2PZ5 (140 000 fM).

i t—— In the case of the mouse enzyme, the free energy difference
between the best bindeynTZ2PA6 (410 fM), and the weakest
inhibitor, anti-TA2PZ5 (44 000 fM), is only 2.7 kcal/mol. We

E ET
,f\ /\ were able to derive a linear free energy relationship from the
/ \ / binding data, which allows us to calculate binding energy
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changes upon modifying the ligand structure, for example, from
min synTZ2PAG6 to anti-TA2PZ5. The mean values for the energy

increments for each structural modification are summarized in
Table 2. Further details are provided in the Supporting Informa-

A
! [ /\ tion.
miﬂ_ J L/ \ The energy differences derived from the linear free energy
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relationship closely match the experimental values. For example,

e'E N min synTZ2PA6 was calculated to be 4.3 kcal/mol more tightly
z: /\ bound tharanti-TA2PZ5 in the eel AChE case (3.1 kcal/mol
z \ - . . .
20 | \ for syn-to-anti isomerization, plus 0.15 kcal/mol for linker
210 f shortening, plus 1.0 kcal/mol for inversion of triazole orienta-
20 J L_{_ tion), whereas the difference is only 3.0 kcal/mol in the mouse
'“n - ‘“""“"““"’“‘“1:7‘“: enzyme case (1.9 kcal/mol for syn-to-anti isomerization, plus
g 2 0.7 kcal/mol for linker shortening, plus 0.4 kcal/mol for
. / inversion of triazole orientation). The fact that a linear free
oo | \ energy relationship can be successfully applied suggests that

250 / the inhibitors are stabilized by largely independent multipoint
zz; U ;__ interactions with the protein, and the data indicate that not only
b m ] ® % min the tacrine and phenanthridinium moieties but also the triazole

Figure 3. Regioisomer determination for mouse AChE-derived in situ hits. ing are involved in binding. Consequently, the triazole appar-

The in situ productTA2PZ6, was compared by LC/MSSIM to authentic ently functions as an independent pharmacophore.
samples from the thermal and the Cu(l)-catalyzed reacffo(s) anti-

TA2PZ6 prepared by the Cu(l)-catalyzed reaction. (B) Co-injectioardf- Many of the structureactivity trends revealed in Table 1
TA2PZ6 prepared by the Cu(l) catalysis and a mixturesgft and anti- are species-dependent. In general, eel AChE rate constants are
TA2PZ6 prepared by the thermal reaction. (C) Mixturesyi and anti- more dependent on the triazole substitution pattern, while mouse

TA2PZ6 prepared by the thermal reaction. (D) Co-injectionTéf2PZ6 : e P
prepared by the in situ click reaction and a mixturesyrt andanti-TA2PZ6 AChE is more sensitive to changes in linker length. For example,

prepared by the thermal reaction. (E) In situ click chemistry reaction. (F) the syn/anti preference is much greater for eel AChE (average
Co-injection of the in situ click chemistry reaction amahti-TA2PZ6, preference: 3.1 kcal/mat 0.3 kcal/mol, 200-fold) than for

prepared by the Cu(l)-catalyzed reaction. mouse AChE (average preference: 1.9 kcal/mol 0.4
kcal/mol, 26-fold). Also, the inversion of triazole ring orientation
the shorter linker inTZ2PA5 and TA2PZ5 to cause a switch ~ (TZ2PA6 — TA2PZ6, TZ2PA5 — TA2PZ5) leads to a marked
into the “anti-mode”, which would have extended the linker by increase of the dissociation rate in the case of the eel enzyme
approximately 1.5 A. These results suggest that the stereoelec{1.0 + 0.2 kcal/mol, 5.5-fold), while the effects for the mouse
tronic requirements for effective catalysis of the cycloaddition enzyme were less pronounced (&4.4 kcal/mol, 2-fold). For
inside the enzyme gorge are very strict. We are in the processthe syntriazole inhibitors, which are the products of the in situ
of investigating this further by X-ray crystallography. click reactions, the shortening of the linker between the triazole
Binding Measurements.The equilibrium dissociation con- ~ and phenanthridinium moieties from sisy(xTZ2PA6, syn-
stants for thesyn-andanti- TA2PZ6, TA2PZ5, TZ2PA5, and TA2PZ6) to five methylene groupssynTZ2PAS5, syn-
TZ2PAG%* isomers, calculated as the ratios of their first-order TA2PZ5) has only a very small effect on the dissociation
dissociation and second-order association rate constants, aréonstantskq for the eel enzyme~0.12 kcal/mol, 0.8-fold),
listed in Table 1, along with the corresponding free energy of While it leads to a 5-fold increase in the case of mouse AChE
binding values. All eight compounds were respectable inhibitors (0-97 kcal/mol). In contrast, for thenti-triazoles, the shortening
of both mouse and eel AChE, with dissociation constants in Of the linker reduces the binding affinity for both the mouse
the femtomolar and picomolar range. Even though the femto- and eel enzymes.
molar potency of the original in situ-generated inhibiteyn- The observed species-specific differences of rate and binding
TZ2PA6, remains unsurpassed for both enzymes, the new in trends indicate that the two enzymes interact differently with
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Table 1. Interaction Constants and Free Energies of Binding (—RT In Ky at T = 295 K) of Triazole Inhibitors with Acetylcholinesterases
kon koﬁ Ky —RTIn Ky
inhibitor (10 M=t minY) (min™t) (fM) (kcal mol™) AChE source

TA2PZ5 syn 15 0.0081 540 16.6 Electrophorus
15 0.045 3000 15.6 mouse

anti 0.98 1.4 140 000 13.3 Electrophorus
1.1 0.50 44 000 14.0 mouse

TZ2PA5 syn 0.76 0.00077 100 17.5 Electrophorus
12 0.028 2300 15.7 mouse

anti 0.90 0.38 42 000 14.0 Electrophorus
1.3 0.43 33000 14.1 mouse

TA2PZ6 syn 12 0.010 830 16.3 Electrophorus
14 0.0086 610 16.5 mouse

anti 14 1.4 100 000 135 Electrophorus
1.7 0.71 42 000 14.0 mouse

TZ2PA6 syn 15 0.0015 99 17.6 Electrophorus
1.7 0.0071 410 16.7 mouse

anti 1.8 0.25 14 000 14.7 Electrophorus
25 0.22 8900 14.9 mouse

Table 2. Energy Increments for Structural Changes

mean A (-RTIn Ky)

structural change (kcal mol 1) AChE source
syn— anti 3.1+0.3 Electrophorus
19+04 mouse
P6— P5 0.15+0.38 Electrophorus
0.69+ 0.45 mouse
TZ—TA 1.0+0.2 Electrophorus
0.37+ 0.36 mouse

SA(—RTIn Kg)2
43(4.3)
3.0(2.7)

2 (syn— anti + P6—
P5+TZ—TA)

Electrophorus
mouse

a Energy difference values calculated from increments are shown in bold
typeface; experimental values are in parentheses.

Table 3. Analytical HPLC Conditions for Selected Compounds

elution solvent mixture

retention time
compound A (%) B (%) C(%) D(%) (min)
TZ2PA62  syn 56 44 28.4
anti 56 44 34.6
TZ2PA52  syn 56 44 19.2
anti 56 44 25.2
TA2PZ62  syn 54 46 20.8
anti 54 46 29.9
TA2PZ5%  syn 56 44 20.6
anti 56 44 24.7
TZ2PAGPC gradient  gradient 7.8
TZ2PA5bPC gradient  gradient 7.6
TA2PZ6bC gradient  gradient 7.7
TA2PZ5bC gradient  gradient 7.6
TA2¢ gradient  gradient 7.2
TZ2¢ gradient  gradient 7.3
PA5® gradient  gradient 8.6
PAG° gradient  gradient 8.4
pz5e gradient  gradient 8.5
pzee gradient  gradient 8.7

a Analytical HPLC column Cyclobond | 2000 DMP (18 4.6 mm)

peripheral site and ending with Trp86 at the bottom of the gorge.
Thus, more global properties of the gorge, such as its overall
shape or flexibility, not directly and exclusively determined by
conserved interior residues, may be responsible for the observed
trends.

Experimental Section

General. Reactions requiring anhydrous conditions were run under
nitrogen in glassware flame dried under vacuum. Reagents were
purchased from Acros or Aldrich and were used as received. Reaction
progress was monitored by TLC using Merck silica gel 60 F-254 with
detection by UV. Silica gel 60 (Merck 4863 um) was used for column
chromatography. The preparation of the library of tacrine and phen-
ylphenanthridinium building blocks was published in a previous
article?*

Instrumentation. *H NMR and 3C NMR spectra were recorded
with Bruker DRX-600, Bruker DRX-500, or Varian Inova-400 spec-
trometers. Proton magnetic resonant¢ MR) spectra were recorded
at 600, 500, or 400 MHz. Data are presented as follows: chemical
shift (ppm), multiplicity & = singlet,d = doublet,t = triplet, g =
quartet,quin = quintet,m = multiplet), coupling constant (Hz), and
integration. Carbon magnetic resonandéC(NMR) spectra were
recorded at 150, 125, or 100 MHz. Data f6€ NMR are reported in
terms of chemical shifts (ppm). Infrared spectra were recorded on an
Avatar 370 Fourier transform spectrometer (IR) and are reported as
follows: wavenumbers (cn), description (w= weak, m= medium,

s = strong, b= broad). High-resolution mass spectra (HRMS) were
recorded at the mass spectrometry facility at The Scripps Research
Institute, La Jolla, CA. HPLC was performed on an Agilent 1100 LC/
MSD with an Agilent 1100 SL mass spectrometer, using four different
elution solvents: elution solvent A (0.05% TFA in®l), elution solvent

B (0.05% TFA in CHCN), elution solvent C (1% Mg/formic acid

in H,O, pH = 7.5), and elution solvent D (MeOH).

General Procedures for in Situ Click Chemistry Experiments.
Determination of Acetylcholinesterase ConcentrationsThe con-

preceded by a Phenomenex C18 ODS guard column. Isocratic elution atcentrations of the eel and mouse enzymes were calculated in terms of

0.5 mL-min~%, ® Mixture of syn and anti-triazoles.c Analytical column
Zorbax SB-C8 (2.1x 50 mm) preceded by a Phenomenex C18 ODS guard
column. Flow rate 0.3 mimin—1. At 0 min, elution solvent mixture A/B=
100/0, at 10 min, elution solvent mixture AB 0/100, at 18 min, elution
solvent mixture A/B= 0/100.

the products of the in situ reactions and their anti-congeners.

While this may not be seen as surprising in view of the relatively

low sequence identity (58%) between the two enzymes, detailed

analysis of the primary structures reveals a fully conserved
interior of the active center gorge starting from Trp286 of the

molarity of active sites based on quantitative measurements of enzyme
activity. Commercially available preparationsiiectrophorusAChE

were found to contain approximately 10% active enzyme. The
concentration was determined by quantitative measurement of AChE
activity using the Ellman assay as previously descrii&bncentrations

of highly purified preparations of mouse AChE, prepared from
expression in HEK cells using a recombinant cDRA? containing

(48) All samples were analyzed by LC/MSIM with electrospray detection
on a Cyclobond | 2000 DMP column (4.6 100 mm, preceded by a
Phenomenex C18 ODS guard column) using isocratic elution conditions.
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practically homogeneous enzyme, were determined by quantitative column. The injection volume was #30 uL, and the components
measurement of AChE activity using the Ellman assay and comparing were eluted using a gradient (flow rate at 0.3-min™%; at 0 min elution

that activity to previously determined valde®f k. in quantitative
agreement with band intensities in gels of polyacrylamide gel electro-
phoresis.

In Situ Click Chemistry Screening Procedure for Binary Reagent
Mixures. The tacrine component (i.eTZ2 through TZ6 or TAl
throughTA3 dissolved in MeOH) was added tol uM solutions of
ElectrophorusAChE (type V=S, Sigma) or mouse ACHE®in buffer
(2 mM ammonium citrate, 100 mM NacCl, pH 7.3—7.5) followed
immediately by one of the phenylphenanthridinium components (i.e.,
PA2 through PA6 and PZ5 through PZ8, respectively) and mixed.
The final concentrations were as follows: eel or mouse AChM1
tacrine component: 4.&M; phenylphenanthridinium component:
24 uM; MeOH: 1.5%. Under these conditions, approximately 99.5%
of the active sites are in complex with the tacrine component
(Kq(tacrine)= 18 nM for mAChE4), and 95% of the peripheral binding
sites are in complex with the phenanthridinium reag&a¢gropidium)
= 1100 nM¥). Each reaction mixture was incubated at &7 for at
least 6 h. Samples of the reactions were injected directly()5nto
the LC/MSD instrument to perform LC/MSSIM analysis (Zorbax SB-

solvent mixture A/B= 100/0; at 10 min elution solvent mixture A/B
= 0/100; at 18 min elution solvent mixture A/8 0/100). The mass
spectrometer was set to the positive ion mode with selected ion
monitoring of only the expectedvz. Under these conditions, in situ
click chemistry products derived from binary building block mixtures
are readily detectable aft h ofincubation in the presence of enzyme.
Regioisomer Determination.The sensitive LC/MS SIM method
was employed for determining the regioisomer distribution of the in
situ click chemistry productsTZ2PA6, TZ2PA5, TA2PZ5, and
TA2PZ6. The assignment was accomplished by comparing the retention
times of the in situ products with authentic samples, prepared by thermal
cycloaddition (yielding an approximately 1:1 mixture of regioisomers)
and copper-catalyzed azide/acetylene reaction (yielding pure anti-
regioisomers). The in situ reaction mixtures were injected directly- (15
80 ulL) into the LC/MS as well as co-injected with the reference
compounds. Comparison of all traces revealed that the syn-isomers were
formed preferentially in situ. The chromatography was performed on
a 100 x 4.6 mm Cyclobond | 2000 DMP column, preceded by a
Phenomenex C18 ODS guard column. The MS detector settings used

C8 reverse-phase column, preceded by a Phenomenex C18 guardvere the same as those for the screening of reactions.

column, electrospray ionization and mass spectroscopic detection in

Synthesis of Building Blocks and Reference Compounds.

the positive selected-ion mode, tuned to the expected molecular mass CAUTION! All of the compounds described here (and especially

of the product). The cycloaddition products were identified by their
retention times and molecular weights. Control experiments in the

the most potent polyvalent inhibitors) are potentially neurotoxic. They
must be handled with extreme care by trained personnel.

absence of enzyme or in the presence of BSA instead of enzyme failed Tacrine Building Block TA2. A mixture of 9-chloro-1,2,3,4-

to produce product signals. For the BSA experiments, AChE was
substituted for bovine serum albumin (3 mg/mL). Methanol (1:1
dilution) was added to the reaction mixture prior to LC/MSIM
analysis to prevent precipitation of the expect@dPA triazole product.

In Situ Click Chemistry Screening Procedure for Multicompo-
nent Incubations. A methanolic solution (11.@L) of phenylphenan-
thridinium building blocksPA2—PAG (stock solution contains 4Qavi
of each building block) was added to a solution of mouse AChE
(2.1 mL of 1uM AChE, 2 mM ammonium citrate, 100 mM NaCl, pH
= 7.3-7.5). This mixture was then distributed into five different
Eppendorf vials (198:L per vial), and each sample was mixed with
one of the tacrine building block§Z2—TZ6; 2.0 uL of a 1.92 mM
methanolic stock solution). The final concentrations were as follows:
mouse AChE: 1uM; tacrine component: 19.2M; phenylphenan-
thridinium component: 4.M; MeOH: 2%. Each reaction mixture
was incubated at 37C for at least 24 h. Samples of the reactions were
injected directly (15:L) into the LC/MSD instrument to perform LC/
MS—SIM analysis. The cycloaddition products were identified by their
retention times and molecular weights.

LC —MS Analysis. Although the analysis by DIOS-MS, as described
previously?* required only submicroliter amounts for a single measure-
ment, the results suffered from poor signal/noise ratios. In contrast,
the LC/MS method with selected ion monitoring is considerably more
sensitive, with detection limits in the nanomolar range. The eluent
contains 0.05% TFA, which results in fast denaturation of the enzyme

tetrahydroacridine (1.0 g, 4.61 mmol), but-3-ynylammonium chloride
(0.54 g, 5.05 mmol), and triethylamine (0.93 g, 9.2 mmol) in pentanol
(3 mL) was heated at reflux for 16 h. The reaction mixture was diluted
with CH.Cl,, washed with saturated NaHGQolution, dried over
MgSQ,, and concentrated. The residue was purified by chromatography
(EtOAc/MeOH= 9/1) to give pure alkyndA2 (1.06 g, 4.23 mmol,
92%).'H NMR (400 MHz, CQOD): ¢ 8.44 d, J= 8.6 Hz, 1H), 8.04

(d, J=8.1Hz, 1H), 7.95¢ J= 6.4 Hz, 1H), 7.84 J= 7.5 Hz, 1H),
7.56 ¢, J = 7.5 Hz, 1H), 3.921f, 2H), 3.04 (m, 2H), 2.76-2.60 (M,
4H), 2.51 ¢, J = 2.1 Hz, 1H), 1.811f,, 4H) ppm;*3C NMR (400 MHz,
CDsOD): ¢ 156.8, 152.0, 138.6, 133.4, 126.1, 125.8, 120.0, 116.7,
1125, 82.1, 74.1, 46.8, 28.8, 25.06, 22.3, 21.1, 20.6 ppm;-uy¥y
(H.O/CH;CN/TFA = 40/60/0.05): Amax (relative intensities) 248
(100%), 346 (43%) nm; IR:v 3340 (br), 3220 (s), 2940 (m), 2860
(m), 1620 (s), 1580 (w), 1560 (w), 1500 (m), 1470 (m), 1400 (w),
1350 (w), 1260 (m), 1120 (w), 1080 (w), 1030 (m), 950 (w), 830 (m)
cm; HRMS (ESI-TOF) calcd for GHigN, (MHT), 251.1543; found,
251.1547.

Phenylphenanthridinium Building Blocks. Building blocksPAS5,
Pz6, and PZ5 were prepared according to previously reported
methods**

PA5: H NMR (500 MHz, CQOD): ¢ 8.64 d, J = 9.1 Hz, 1H),
8.54 (d, J = 9.2 Hz, 1H), 7.88-7.76 (n, 3H), 7.64-7.52 m, 3H),
7.40-7.34 (n, 2H), 6.46 @, J = 2.2 Hz, 1H), 4.521 J = 7.9 Hz, 2H),
2.22 ¢, J=2.5Hz, 1H), 2.16-2.12 (m, 4H), 1.44-1.32 (n, 4H) ppm;

and release of product on the column (we have obtained a linear *C NMR (500 MHz, CQOD): 6 160.2, 153.1, 149.7, 136.5, 133.7,

correlation between the concentratiorsgit TZ2PA6 and its LC/MS-
SIM signal in the presence of an excess of mAChE, cf. Supporting
Information, section 2). This allows the compound, eTgZ2PA6, to

132.3, 130.8, 130.1, 129.9, 129.6, 126.8, 126.0, 123.9, 121.5, 119.7,
110.4,99.8, 84.5,70.1, 54.9, 29.4, 28.7, 26.5, 18.2 ppm:-u¥ (HO/
CH3CN/TFA = 40/60/0.05): Amax (relative intensities) 293 (100%), 324

be readily detected in the presence of the enzyme at concentrations a§30%) nm; IR: v 3360 (m), 3240 (m), 2960 (s), 2930 (s), 2870 (m),

low as 4 nM, which corresponds to 0.4% of the used enzyme active

1730 (s), 1620 (s), 1580 (w), 1490 (m), 1470 (m), 1260 (s), 1160 (m),

site concentration. The analyses were performed on an Agilent 11001080 (m), 1030 (s), 830 (w) cm; HRMS (ESI-TOF) calcd for

LC/MSD instrument by reverse-phase HPLC using ax3@.1 mm

CaeH2eNs (MT), 380.2127; found, 321.2126.

Zorbax SB-C8 column, preceded by a Phenomenex C18 ODS guard PZ5: H NMR (500 MHz, CBOD): 6 8.62 d, J = 9.1 Hz, 1H),

(49) Radic, Z.; Pickering, N. A.; Vellom, D. C.; Camp, S.; Taylor, P.
Biochemistryl993 32, 12074-12084.

(50) Marchot, P.; Ravelli, R. B. G.; Raves, M. L.; Bourne, Y.; Vellom, D. C.;
Kanter, J.; Camp, S.; Sussman, J. L.; Taylo?Ritein Sci.1996 5, 672—
679.
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8.59 @, J = 9.2 Hz, 1H), 7.83-7.72 (m, 3H), 7.68-7.54 (m, 3H),
7.38-7.32 (m, 2H), 6.46 (I, J = 2.4 Hz, 1H), 4.521 J = 8.1 Hz, 2H),
2.06-1.88 (n, 2H), 1.78-1.26 (m, 6H) ppm;*C NMR (500 MHz,
CDsOD): ¢ 159.9, 152.7, 149.5, 136.4, 133.8, 132.3, 130.8, 130.1,
129.8,129.4,126.7,126.1,123.8, 121.2,119.8, 110.4, 99.8, 52.1, 31.0,
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29.4,29.1, 24.8 ppm; U¥vis (H,O/CH;CN/TFA = 40/60/0.05): Amax
(relative intensities) 292 (100%), 324 (30%) nm; IR3440 (w), 3360

(100%), 334 (51%) nm; IR 3340 (br), 2930 (m), 2870 (w), 2100
(s), 1730 (w), 1700 (w), 1590 (s), 1520 (w), 1490 (w), 1450 (m), 1370

(m), 3240 (m), 2930 (s), 2860 (s), 2090 (s), 1640 (s), 1630 (s), 1500 (m), 1350 (m), 1230 (m), 1180 (m), 1160 (m), 1040 (w), 950 (m), 840

(m), 1470 (w), 1260 (s), 1160 (s), 1030 (s), 830 (W) énHRMS
(ESI-TOF) calcd for GiHpsNg (M*), 397.2141; found, 397.2130.

PZ6: 'H NMR (600 MHz, CR:OD): 6 8.63 @, J = 9.1 Hz, 1H),
8.56 @, J = 9.2, 1H), 7.82-7.76 (n, 3H), 7.64-7.54 (m, 3H), 7.39-
7.33 (m, 2H), 6.48 @, J = 2.4, 1H), 3.46-3.29 (m, 2H), 2.06-1.88
(m, 2H), 1.80-1.62 (m, 4H) 1.22-1.58 (n, 4H) ppm;=*C NMR (600
MHz, CD:OD): 6 160.3, 153.0, 149.7, 136.5, 133.8, 132.3, 130.9,

130.1, 129.9, 129.6, 126.8, 126.0, 123.8, 121.6, 119.7, 110.4, 99.8

52.4,30.9, 29.7, 27.5, 27.1, 26.9 ppm; Yvis (H,O/CH;CN/TFA =
40/60/0.05): Amax (relative intensities) 292 (100%), 324 (28%) nm;
IR: v 3450 (w), 3360 (m), 3240 (m), 2930 (s), 2860 (m), 2100 (s),
1640 (m), 1630 (m), 1500 (m), 1460 (w), 1260 (s), 1160 (s), 1030 (s),
830 (w) cnT?; HRMS (ESI-TOF) calcd for @H27:Ng (M), 411.2297;
found, 411.2292.

General Procedure for the Preparation of Regioisomerically Pure
synTriazoles. Azide (50umol) and alkyne (5@«mol) were dissolved

(m) e HRMS (ESI-TOF) caled for GH4sNg (M), 647.3611; found,
647.3597.

anti-TA2PZ6: *H NMR (500 MHz, CQxOD): 6 8.64 @, J= 9.2
Hz, 1H), 8.60 ¢, J = 9.2 Hz, 1H), 8.03¢, J = 8.4 Hz, 2H), 7.82
7.34 (m, 11 H), 6.48 ¢, J = 2.2 Hz, 1H), 4.76-4.37 {m, 4H), 4.30-
4.13 (n, 2H), 2.88 6, 2H), 2.78-2.67 (M, 4H), 1.88-1.72 (m, 6H),
1,41-1.16 (n, 6H) ppm; UV-vis (H,O/CHCN/TFA = 40/60/0.05):

' max (relative intensities) 248 (86%), 292 (100%), 334 (48%) nm; IR:
v 3330 (br), 3360 (m), 2940 (m), 2870 (w), 2100 (s), 1730 (w), 1700
(w), 1590 (s), 1520 (w), 1490 (w), 1450 (m), 1370 (m), 1230 (m),
1160 (m), 1120 (w), 1060 (s), 950 (m), 830 (m) TMHRMS (ESI-
TOF) calcd for GoHasNg (M), 661.3767; found, 661.3756.

anti-TA2PZ5: *H NMR (400 MHz, CD;OD): 6 8.71-8.23 (m,
4H), 7.677.12 (n, 11 H), 6.45 ¢, J 2.2, 1H), 4.46-4.2 (m, 6H), 3.01
(s, 2H), 2.62 ¢, J = 7.42 Hz, 2H), 1.951.72 (m, 6H), 1.38-1.20 (M,

in methanol (1 mL), and the solvent was subsequently removed under6H) ppm; UV-vis (H;.O/CHCN/TFA = 40/60/0.05): Amax (relative

reduced pressure. The residue was heated in an oven—t280°C

intensities) 248 (95%), 292 (100%), 334 (51%) nm; R3340 (br),

for 4—7 days, affording the corresponding triazole as a syn/anti mixture 2940 (m), 2840 (w), 2100 (s), 1690 (w), 1590 (s), 1520 (w), 1480 (w),
of approximately 1:1. The regioisomers were separated by semiprepara-1450 (m), 1350 (m), 1250 (m), 1180 (m), 1160 (m), 1040 (s), 950 (m),

tive HPLC (Cyclobond | 2000 DMP, 250x 10 mm) to yield
regioisomerically pure triazoles.

synTZ2PA5: H NMR (600 MHz, CQOD): ¢ 8.62 @, J=9.1
Hz, 1H), 8.56 @, J = 9.2 Hz, 1H), 8.24¢, J = 8.2 Hz, 2H), 7.74
7.16 (, 11 H), 6.45 ¢, J = 2.0 Hz, 1H), 4.661 J = 7.3 Hz, 2H),
4.37 (m, 2H), 4.18 ¢, J = 7.2 Hz, 2H), 2.97¢ 2H), 2.57 (, J= 6.9
Hz, 2H), 1.93-1.76 (m, 6H), 1,41-1.12 (m, 6H) ppm; UV-vis (HO/
CH;CN/TFA = 40/60/0.05): Amax (relative intensities) 248 (98%), 292
(100%), 333 (52%) nm; IR 3340 (br), 2950 (m), 2840 (m), 1640
(w), 1620 (w), 1580 (m), 1520 (w), 1500 (w), 1450 (w), 1410 (w),
1320 (w), 1260 (w), 1230 (w), 1110 (w), 1020 (s) chHRMS (ESI-
TOF) calcd for GiHasNs (M), 647.3611; found, 647.3595.

synTA2PZ6: *H NMR (500 MHz, CQOD): 6 8.62 @, J = 9.1
Hz, 1H), 8.57 ¢, J = 9.2 Hz, 1H), 8.24¢, J = 8.2 Hz, 2H), 7.72
7.12 m, 11 H), 6.41 ¢, J = 2.2 Hz, 1H), 4.76-4.37 (m, 4H), 4.30-
4.13 (n, 2H), 2.83 6, 2H), 2.78-2.60 M, 4H), 1.93-1.76 (m, 6H),
1,41-1.12 (n, 6H) ppm; UV-vis (H,O/CHCN/TFA = 40/60/0.05):
Amax (relative intensities) 248 (97%), 293 (100%), 334 (55%) nm; IR:
v 3310 (br), 2930 (m), 2860 (m), 1690 (w), 1620 (m), 1590 (m), 1520
(w), 1490 (w), 1450 (m), 1410 (w), 1340 (m), 1260 (m), 1180 (w),
1150 (w), 1050 (s), 950 (w), 830 (w) crh HRMS (ESI-TOF) calcd
for CyoHasNg (M), 661.3767; found, 661.3753.

synTA2PZ5: H NMR (400 MHz, CQOD): 6 8.68-8.23 (m, 4H),
7.77—7.10 (m, 11 H), 6.45 ¢, J = 2.3 Hz, 1H), 4.56-4.17 (M, 6H),
3.01 6 2H), 2.62 {, J = 7.48 Hz, 2H), 1.931.79 (m, 6H), 1,38~
1.15 m, 6H) ppm; UV-vis (H,O/CH;CN/TFA = 40/60/0.05): Amax
(relative intensities) 247 (97%), 293 (100%), 334 (53%) nm; bR:
3350 (br), 2940 (m), 2850 (w), 1620 (w), 1590 (m), 1520 (w), 1480
(w), 1460 (m), 1410 (m), 1350 (m), 1250 (m), 1180 (w), 1160 (w),
1080 (w), 1020 (s), 950 (w), 830 (w) crh HRMS (ESI-TOF) calcd
for CsHaaNg (M), 647.3611; found, 647.3596.

General Procedure for the Synthesis of Isomerically Pureanti-
Triazoles. An aqueous CuSQsolution (100 mM, 25L) and copper
powder (2 mg) were added to a solution of azide £5@ol) and alkyne
(50 umol) in ethanol (20QuL). The reaction mixture was stirred at
room temperature for 24 days. Theanti-triazole was purified by
semipreparative HPLC.

anti-TZ2PA5: H NMR (600 MHz, CQOD): ¢ 8.62 @, J= 9.1
Hz, 1H), 8.56 ¢, J = 9.2 Hz, 1H), 7.96¢, J = 8.6 Hz, 2H), 7.72
7.24 (m, 11 H), 6.38 ¢, J = 2.3 Hz, 1H), 4.70% J = 7.8 Hz, 2H),
4.37 M, 2H), 4.21 {, J = 6.1 Hz, 2H), 2.91§ 2H), 2.53 ¢, J= 7.4
Hz, 2H), 1.88-1.72 (m, 6H), 1,41-1.16 (n, 6H) ppm; UV-vis (H,O/
CHsCN/TFA = 40/60/0.05): Amax (relative intensities) 248 (96%), 292

830 (m) cnt%; HRMS (ESI-TOF) calcd for GGH4aNg (M), 647.3611;
found, 647.3596. Table 3 shows analytical HPLC conditions for selected
compounds.

Determination of AChE —Inhibitor Association and Dissociation
Rate Constants.The association rate constanks, were determined
by following the rate of quenching of the intrinsic AChE tryptophan
fluorescence upon inhibitor binding using the stopped-flow techrfijue.
For femtomolar and low picomolar inhibitors, we determined the first-
order dissociation rate constanksq by measuring the return of AChE
activity upon 5000-fold dilution of 56100 nM concentrations of
AChE—inhibitor complex into 25@:g/mL solution of calf thymus DNA
(USB Corp., Cleveland, OH) using the Ellman as%afrhe DNA
sequesters the free phenanthridinium ion upon its release from the AChE
complex through intercalation, thus preventing its reassociation with
AChE when inhibitor concentrations in the reactivation medium are
above theirKy. High picomolar inhibitors dissociated faster, and the
reactivation medium contained no DNA, but substrate acetylthiocholine
and thiol reagent DTNB were added to the reactivation medium for
continuous monitoring of enzyme activity immediately upon dilution
of AChE—inhibitor complex. The dissociation constants were deter-
mined by nonlinear fitting of the first-order increase in enzyme activity
up to 100% of the AChE control activity in mixture containing no
inhibitor. Alternatively,kq values of fast dissociating inhibitors were
determined using stopped-flow techniques, by following the partial
return of intrinsic tryptophan fluorescence caused by dissociation of
the AChE-inhibitor complex upon mixing with high concentration
(100 uM) of competing ligand (ambenonium or other tight binding
ligand) to prevent inhibitor reassociation.

All experiments were performed in at least triplicate with the standard
error of determination smaller than 20% of the mean value. The
measurements were performed in 0.1 M phosphate buffer pH 7.0 at
22°C on a SX.18 MV stopped-flow instrument (Applied Photophysics)
or Cary 1E UV~vis spectrophotometer (Varian).

The equilibrium dissociation constants for tfsyn- and anti-
TA2PZ6, TA2PZ5, andTZ2PAS5 isomers, calculated as the ratios of
their first-order dissociation and second-order association rate constants,
are listed in Table 1, along with the dissociation constants for the
TZ2PA6 isomers obtained previousty.

(51) Radic, Z.; Taylor, PJ. Biol. Chem2001, 276, 4622-4633.
(52) Ellman, G. L.; Courtney, K. D.; Valentino Andres, J.; Featherstone, R. M.
Biochem. Pharmacoll961, 7, 88—95.
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Conclusions the stage for medium- or even high-throughput screening. We
We have optimized the in situ click chemistry approach to are currently completing a search for novel and druglike AChE

lead discovery and increased its scope using acetylcholinesteras;l:,nhibitors based on this method and are investigating other

as the target. The application of LC/MSIM for product enzyme and receptor t_argets, such. as HIV protease, carbonic

identification greatly enhanced the sensitivity and reliability of anhydrase, and nicotinic acetylcholine receptors.

the method and allowed the incubation times to be decreased

from 6 days to as little as 6 h. Three new AChE inhibitors, in

addition to the known compoun@Z2PA6, were identified from

a library of tacrine and phenanthridinium azide and acetylene

reagents, which contained the building blocks from previous
24 i ihi

work and the newPZ5.% All inhibitors, TZ2PAG, TZ2PAS, initial experiments. This work was supported by the Swiss

TA2PZ6, andTA2PZ5, were produced with almost complete  \jajiona| Science Foundation and the Novartis Research Foun-

selectivity for thesyntriazole isomer by both eel and mouse dation (R.M.), by the Skaggs Foundation (H.C.K., A.K., R.M.)

enzymes. This is a surprising discovery fOZ2PAS and 5 he NIH (K.B.S. and P.T., Grants No. R-37GM18360 and
TA2PZ5, in view of their reduced linker lengths. Theyn DAMDC17C-02-2-0025 to P"I')

triazoles, formed by the enzyme, are more than 100 times more

potent than the corresponding anti-isomers. Detailed binding  supporting Information Available: LC/MS—SIM traces for
studies revealed all in situ hit compounds to be extremely potentin sjtu click chemistry and control experiments, experimental
AChE inhibitors, with dissociation constants in the femtomolar deta”sl LC/MS-SIM traces for regioisomer determination, and
range, due to the multivalent nature of the binding interactions, taples with free energy increments for structural modifications.

which also involve the newly formeslyntriazole heterocycle  This material is available free of charge via the Internet at
as an active pharmacophdfeThe LC/MS-SIM technique http://pubs.acs.org.

enables the testing of multicomponent mixtures, thereby dra-
matically increasing the efficiency of the method and setting JA046382G
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