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The inhibition of human glutaminyl cyclase (hQC) has come into focus as a new potential approach for
the treatment of Alzheimer’s disease. The hallmark of this principle is the prevention of the formation of
Aβ3,11(pE)-40,42, as these Aβ-species were shown to be of elevated neurotoxicity and likely to act as a
seeding core leading to an accelerated formation of Aβ-oligomers and fibrils. Starting from 1-(3-(1H-
imidazol-1-yl)propyl)-3-(3,4-dimethoxyphenyl)thiourea, bioisosteric replacements led to the develop-
ment of new classes of inhibitors. The optimization of the metal-binding group was achieved by
homology modeling and afforded a first insight into the probable binding mode of the inhibitors in the
hQC active site. The efficacy assessment of the hQC inhibitors was performed in cell culture, directly
monitoring the inhibition of Aβ3,11(pE)-40,42 formation.

Introduction

The N-terminal modification of peptides by the generation
of a pGlua moiety from the corresponding glutamine pre-
cursors is an important process in the maturation of bioactive
peptides1-3 which is catalyzed by glutaminyl cyclases (QC).4

QCactivity is commonly found in nature.5-8 In the case of the
mammalian QC activity, the catalytic process is found to be
zinc-dependent9 whereas bacterial and plant QC catalysis
differs with regard to mechanism and the structure of
the catalyzing protein.10,11 The protein structure of human
QC is closely related to bacterial aminopeptidases and other
members of the zinc hydrolase family.12,13 In contrast to
structurally related aminopeptidases, mammalian QCs pos-
sess only one zinc ion in the active site adopting a tetrahedral
geometry.9,13,14

The protein sequence is highly conserved throughout the
different mammalian species, thereby having an identity
of 80-90%.15 The recently identified isoforms of the human
and murine enzymes have a high sequence homology and
show a close substrate specificity compared to the human
protein.16

Human QC activity is highly abundant in secretory and
neuronal tissue;17 it is preferentially found in brain regions
such as hippocampus and hypothalamus.7,17 Recent develop-
ments have related QC activity to the processing of the
β-amyloid peptides (Aβ) in the course of Alzheimer’s disease
(AD).18-20 It was shown that QC is probably the responsible
enzyme for the formation of N-terminal pGlu residues after
the liberation of the N-terminus of glutamate at position 3 of
the Aβ-peptide, thereby exhibiting a glutamate cyclase (EC)

activity.21 The formation of this modified Aβ species is likely
to be a crucial event in the initiation and the progress of the
disease, as these pGlu containing peptides exhibit an elevated
neurotoxicity and a tendency to aggregate.22-24

The application of inhibitors of QC as a new strategy for
the treatment of AD has proven to be successful in different
transgenic animal models.19,25 A reduction of the amount
of pGlu peptides as well as the total plaque loadwas achieved,
leading to a significant improvement of learning and
memory.19

Recently, we have presented the first generation of potent
QC inhibitors (Figure 1).26 The compounds were developed
without information of the target protein structure, postulat-
ing the contact of theN-alkylimidazole with the catalytic zinc
ion to be crucial for the inhibitory potency.
In this manuscript we describe further development of QC

inhibitors by means of a structure-based approach utilizing a
homology model of the enzyme. Furthermore, new active
compound classes could be identified by the bioisosteric
replacement of the unfavorable thiourea moiety.27-31 The
efficacy of the compounds regarding their ability to suppress
pGlu formation at the N-terminus of the Aβ-peptide was
shown in a cell-based model.

Figure 1. First potent hQC inhibitors.26
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Results and Discussion

Chemistry. The methylaminopropylimidazole precursors
were synthesized starting from 4-methylimidazole via a modi-
fied Gabriel synthesis,26 whereas a regioselective alkylation
route was applied in order to yield the respective methyl
substituted derivatives 6 and 8.
In the case of the 5-methyl derivative 6, 4-methyl-1-

H-imidazol was reacted with trityl chloride and triethyl-
amine according to Scheme 1, yielding 1-trityl-4-methylimi-
dazole (3) exclusively. After quaternation the resulting
1-trityl-3-[3-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)pro-
pyl]-4-methyl-1H-imidazol-3-ium chloride 4 was deprotected
yielding 5. The subsequent hydrazinolysis led to the 3-(5-
methyl-1H-imidazol-1-yl)propyl-1-amine 6.

The synthesis of 4-methyl derivative 8 (Scheme 2) startedwith
the alkylation of sodium 4-methyl-1H-imidazolate with 2-(3-
bromopropyl)isoindolin-1,3-dione. The resulting mixture of 2-
(3-(5-methyl-1H-imidazol-1-yl)propyl)isoindoline-1,3-dione
and 2-(3-(4-methyl-1H-imidazol-1-yl)propyl)isoindoline-1,3-
dione was reacted with trityl chloride, leading to a quaterna-
tion product only in the case of the 2-(3-(5-methyl-1H-imida-
zol-1-yl)propyl)isoindoline-1,3-dione (4). The quaternized
species could be separated bymeans of flash chromatography,
yielding 2-(3-(4-methyl-1H-imidazol-1-yl)propyl)isoindoline-
1,3-dione (7), which was then converted into 3-(4-methyl-
1H-imidazol-1-yl)propyl-1-amine (8) by hydrazinolysis.
The preparation of the thiourea (9 and 10) and the

thioamide (11 and 12) derivatives was accomplished accord-
ing to Scheme 3.26 The cyanoguanidine derivatives (13-21,
36-40, and 51) were prepared according to Scheme 4.32

Sodium cyanamide and the respective isothiocyanate were
reacted leading to a thiourea intermediate. The respective
1-alkylimidazol moiety was introduced by means of water-
soluble carbodiimide (WSCD). The nitrovinyldiamines

(22-30, 41-45, and 52) were obtained by a stepwise reaction
of 2,2-bis-methylthio-1-nitroethene with the corresponding
amines (Scheme 5).33 The synthesis of the 2-thioxopyrimi-
din-4(1H)-ones (31-35, 46-50, and 53) was accomplished
via the corresponding (5-alkyloxycarbonyl)arylthiourea de-
rivatives by the formation of an amide bond leading to a ring
closure at the 1-nitrogen of the thiourea moiety (Scheme 6).

Structure-Activity Relationship. The cyanoguanidines
13-21 (Table 1) were found to be of medium potency.
Compounds containing alkyl substituents like methyl (13)
and cyclopropylmethyl (14) exhibited a potency comparable
to that of phenyl (15), 4-bromophenyl (16), and 3,4-di-
methoxyphenyl (20) derivatives. A 6-fold decrease was
found for the 4-trifluormethylphenyl derived inhibitor
17. In contrast to that, the 4-isopropylphenyl- (18), the
4-methoxyphenyl (19), and the tethering of the 3- and 4-
methoxy substituent as in (21) had a slightly improved
potency.
The influence of the variable substituent was found to be

more pronounced in the case of the nitrovinyldiamine deri-
vatives (Table 1). In this case, the methyl derivative 22 was
found tobe inactive. The compoundswith aromatic substitu-
ents (24-27, 29, and 30) were of comparable potency with
exceptions found in the plain phenylnitrovinyldiamine (24)
and 4-methoxynitrovinyldiamine (28), which were found to
be less active. The character of the para-substituent at the
phenyl ring was of low influence in this group of compounds,
as the 4-chloronitrovinyldiamine and the 4-trifluormethyl-
phenylnitrovinyldiamine had comparable inhibitory po-
tency. Surprisingly 23, containing cyclohexyl substituents,
was found to be as active as the phenyl derivatives 24-27, 29,
and 30.
When the classes of the cyanoguanidines and nitrovinyl-

diamines are compared, major differences are foundwith the

Scheme 1
a

aReagents and conditions: (a) trityl chloride, NEt3, DMF, 12 h, room temp; (b) 2-(3-bromopropyl)isoindoline-1,3-dione, MeCN, 12 h, reflux;

(c) TFA (5%), MeOH, 3 h, reflux; (d) hydrazine, EtOH, 8 h, reflux, then 4 N HCl, 4 h, reflux.

Scheme 2a

aReagents and conditions: (a) 2-(3-bromopropyl)isoindoline-1,3-dione, DMF, 8 h, 90 �C; (b) trityl chloride, dichloromethane, 1.5 h 0 �C to room

temp; (c) chromatographic separation; (d) 7, hydrazine, EtOH, 8 h, reflux, then 4 N HCl, 4 h, reflux.
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alkyl-type derivatives 13, 14, 22, and 23with a preference for
the methyl substitution in the case of the cyanoguanidines
(13) and the cyclohexyl substitution in the case of the
nitrovinyldiamines (23). The trifluoromethylphenyl substi-
tuent, as in 17 and 26, having a lower electron density in the
aromatic ring, led to more active inhibitors when incorpo-
rated in a nitrovinyldiamine such as in 26. The 4-methoxy-
phenyl substitution was better accepted in cyanoguanidines
(19), whereas the 3,4-dimethoxyphenyl nitrovinyldiamine
inhibitor 29 was found to be more potent as the correspond-
ing cyanoguanidine equivalent 21.

The incorporation of the known thiourea motif26 into a
condensed ring system as thioxopyrimidine led to potent
compounds. Only little differences in the potency between
the derivatives were seen, depending on the ring size and the
character of the condensed ring (Table 2). The phenylthio-
phene (31) and the 3-methylthiophene derivative (32) as well
as the 2,3-dihydrobenzo[b][1,4]dioxin containing compound
(33) were of comparable potency. Only a little decrease of the
potencywas observed in the case of an extension or reduction
of the attached saturated ring (34, 35).
The introduction of a methyl group in position 4 of the

imidazole did not affect the inhibitory potency compared to
the nonsubstituted equivalents. This finding holds true for
all examples of themolecular scaffolds investigated (Tables 2
and 3). Only a slight improvement by 2-fold was visible in
the case of the thioamide 12 in comparison to the nonmethy-
lated analogue 2. In the case of the cyanoguanidine example
51 and the nitrovinyldiamine 52 the activity dropped by
a factor of 2.5 compared to the unsubstituted derivatives 21
and 30.

Scheme 3
a

aReagents and conditions: (a) 6 or 8, EtOH, 2 h, reflux; (b) 1-bromo-2-chloroethane, TEBA, KOH, 2 d, room temp; (c) KOH, ethylene glycol, 12 h,

reflux; (d) 6 or 8, CAIBE, NMM, THF, 5 min, -5 �C, 10 h, room temp; (e) Laweson0s reagent, 1,4-dioxane, 8 h, reflux.

Scheme 4
a

aReagents and conditions: (a) potassium cyanamide, EtOH, 2 h, reflux; (b) 3-(1H-imidazol-1-yl)propan-1-amine, 6 or 8, WSCD, DMF-EtOH, 2 h,

room temp.

Scheme 5a

aReagents and conditions: (a) 1,1-bis(methylthio)-2-nitroethene, EtOH, 24 h, reflux; (b) 3-(1H-imidazol-1-yl)propan-1-amine, 6 or 8, EtOH, 24 h,

reflux.

Scheme 6a

aReagents and conditions: (a) 3-(1H-imidazol-1-yl)propan-1-amine,

6 or 8, EtOH, 2 h, reflux.
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A general improvement of the inhibitory potency was
observed when the methyl substitution was introduced at
position 5 of the imidazole ring (Table 4). An elevation of
10-fold was shown for the thiourea 9 in comparison to 1 and
10, up to 15-fold in the case of the thioamides 11 and 12, or
even 35-fold as for 11 and 2. The cyanoguanidine 39 was
found to be 5-fold more active as the unsubstituted 21 and
13-fold more active as the 4-methylimidazole 51. A com-
parable result was found for the nitrovinyldiamines with a
8.1-fold improvement in the case of 30 compared to 45 and
a 19-fold improvement for 52 compared to 45.

A similar result was found for the of 2-thioxopyrimidin-
4(1H)one class (Table 2). The 5-methylation as in 46 led to an
improvement of the activity by a factor of 17 in comparison
to 31 and a factor of 13 in comparison to 53, respectively.
The SAR investigation of 5-methyl-1H-imidazol-1-yl)pro-

pylamino inhibitors (Table 4) of the cyanoguanidine and
nitrovinyldiamine type features most of the compounds with
a QC inhibitory activity in the low nanomolar range, where
the differences in the activity of the compounds are found to
be low. In the case of the cyanoguanidines, the activity
difference between the most active compound 40 and
the most inactive compound 37 is only 4-fold. Therefore,
a 3,4-dimethylphenyl moiety (36) is as well tolerated as
a biphenyl (38) or a 3,4,5-trimethoxyphenyl substituent
(40). A slightly decreased activity was observed when the

3,4-dimethylphenyl in 36was exchanged by a dioxine as in 39
or a 3,4-dichlorophenyl as in 37. For the nitrovinyldiamines
the activity range was found to be even smaller with a 2-fold
difference between 45 as the most inactive compound and 43

as the most active inhibitor of this class. Therefore, the
character of the substituent had no major influence on the
inhibitory potency. For example, a compound containing
a cyclohexyl moiety (41) was found to be as potent as a
p-chlorophenyl- (42), a p-trifluoromethylphenyl- (43), an
R-naphtyl- (44), or even a 2,3-dihydrobenzo[b][1,4]dioxine
bearing substituents (45).
The class of the 5-methylimidazolpropyl-2-thioxopyrimi-

din-4(1H)-ones (Table 2) showed an activity range that is
comparable to that of the corresponding cyanoguanidines
(Table 4) with a factor of 5 between 50 and 47. For this class a
2,3-dihydro-2-thioxoquinazolin-4(1H)-one as in 46 was spa-
tially extendable by a 2-thioxo-2,3,5,6,7,8-hexahydro[1]-
benzothieno[2,3-d]pyrimidin-4(1H)-one as in 47, retaining
the inhibitory potency. The extension of the cyclohexyl
moiety of 47 into a cyclooctyl group as in 48 caused a slight
loss of activity. When the thieno part was substituted with a
benzyl moiety at position 6 as in 49, no influence on the
activity is detectable in comparison to the unsubstituted
analogues 46 and 47. However, the substitution at the 5-
position with a phenyl ring in 50 led to a slight loss of activity
by a factor of around 5 compared to 47 and 49.

Table 1
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Biology. The assessment for the efficacy of the different
hQC inhibitors was performed in a cell culture assay using
transfected HEK293 cells expressing human APP and hQC.
The APP expression construct featured a deletion of the
first two amino acids of the Aβ sequence leading to the
direct liberation of Aβ3-40,42 by β- and γ-secretase activity.34

The cotransfection with hQC caused the production of

Aβ3(pE)-40,42 in amounts of 5-20% of the total Aβx-40,42 as
quantified by an ELISA assay applying N-terminal specific
antibodies.35 In this setting, the effective hQC inhibitor 1

(PBD150)26,35 led to a 70% reduction of Aβ3(pE)-40,42 in
relation to the untreated controls, and therefore, 1 was used
as a benchmark for the assessment of the current inhibitors.
A total of 23 compounds was assessed regarding their

Table 2
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efficacy in the inhibition of Aβ3(pE)-40,42 formation on trans-
fectedHEK cells. Taking 1 as the benchmark for the potency
in hQC inhibition, the selection included hQC inhibitors
regarded as potent, such as 2, 9, 11, 46, 47, and 49, medium
potent such as 10, 33, 36, 38, 39, 40, 41, 42, 45, and 53, and
low potent inhibitors such as 51, 52, and 53. As a result, the
potency of the compounds at the isolated target was reflected
by the efficacy inhibiting the formation of pGlu containing
Aβ-peptides in general (Figure 2). The most potent hQC
inhibitors 2, 9, 11, 46, 47, and 49 inhibited the formation of
Aβ3(pE)-40,42 with an efficacy above 90% using the concen-
trations indicated. Compounds with a medium inhibitory
potency such as 10, 33, 36, 38, 39, 40, 41, 42, 45, and 53 were
found to be able to prevent the formation of Aβ3(pE)-40,42 by
30-70%, not generally paralleling their potency found dur-
ing hQC inhibition in vitro. For less potent compounds such
as 51, 52, and 53, aKi value on hQCabove 1 μMwas revealed
to be not effective in reducing the Aβ3(pE)-40,42 formation.
The most effective compound 47 led to a total blockage of
the Aβ3(pE)-40,42 formation at 1 μM.

Computational Chemistry

hQC Homology Model. The homology model of hQC was
developed using the X-ray structures of the aminopeptidase
fromAeromonas proteolytica (apAP, PDB codes 1amp and 1rtq)
and a hQC model (PDB code 1moi)12 lacking the information
regarding the catalytic zinc ion. After the superimposition36 of
the active sites of 1rtq and 1moi the catalytic zinc ion (Zinc 1)
with the attached water molecule was transferred to the homol-
ogy model 1moi. The template aminopeptidase contains two
catalytic zinc ions (Zinc 1 and Zinc 2). It was previously shown
that the hQC protein contains only one active zinc ion,9,37 a fact
that is meanwhile proven by the solution of the hQC protein
structure.13 In the case of the hQC homology model it was
postulated that the Zinc 1 of the aminopeptidase corresponds to
the zinc ion found in hQC, as for this position a greater zinc
affinity over position 2 is described.38,39 The template topology
of 1rtq on the loop region between T222 and S228 led to an
unfavorable superimposition of the side chain of the residue
Q304 of hQC (1moi) to the side chain fromC237 of apAP (1rtq).
In this conformation the access to the active site was blocked by
the side chain of Q304, making the binding of the known
inhibitor structures unlikely. An explanation was found in the
presence of a disulfide bridge between the C223 and C227 in the
structure of the aminopeptidase template, which is lacking the
hQC protein. For that reason the side chain of Q304 was turned
manually followed by a molecular dynamic simulation of

the whole loop. The hQC model (Figure 3) reveals the typical
“open sandwich” structure adopted from the aminopeptidase
template. The structural topology with a hydrophobic core
consisting of four parallel and two antiparallel β-sheets and
the surrounding eight R-helices represents the typical R/β-hy-
drolase fold. When the homology model of hQC and the
template aminopeptidase are compared, a high similarity was
found not only for the overall structure but also for zinc binding
site and for most of the active site amino acid residues as
represented by the rmsd values (Figure 3). Structural differ-
ences, resulting in higher rmsd values, were found in the loop
region (S288-D305), which was modified by MD simulation.
Further differences were visible at the position of W329 in the
hQC model that lacks an equivalent in the apAP structure.
Other differences between the template and the model were
found in areas away from the active site at the loopsK176-S187
and F204-D211.

The active site is characterized by a deep, tight, and angled
cleft, which is defined by the hydrophobic amino acids
W329, V302, D305 (not shown). This cleft opens in a bigger
cavity of about 8 Å � 8 Å � 10 Å defined by the distances
between the zinc ion and the atom OD1 of D248, the atom
CD1 of L249 and atom OD2 of D305, and between the atom
NE2 of H140 and atom OH of Y299, respectively. The zinc
ion, located at the bottom of this cavity, is coordinated by
H330, E202, D159, and the imidazole moiety of the inhibitor
(Figures 3 and 4). A stepwise strategy was applied for the
shaping of the active site of the homology model using the
different known inhibitor structures N-methyl imidazole,9

N-benzylimidazole,9 and compound 1. After each step aMD
simulation was performed, keeping only the amino acids in a
range of 4.5 Å around the respective inhibitor flexible. In the
first step the N3 of 1-methylimidazole was placed on the free
coordination site adopted by the coordinating water in the
case of the free enzyme. After the MD simulation the same
procedure was repeated with N-benzyl-imidazole and com-
pound 1, respectively. The resulting model was then visually
inspected, and the amino acids that were identified to have
geometry failures according to the Ramachandran plot were
adjusted stepwise followed by energy minimization steps.
The 3,4-dimethoxyphenyl moiety of compound 1 was found
to be localized at a region, which is formed by the hydro-
phobic side chains of the residues Y299, F325, P326 and the
acidic side chain of E327. This area corresponds to the
positions of F244, Y248, and Y251 in apAP, which are
involved in forming a hydrophobic pocket discussed to be
the S1-recognition site of aminopeptidases (Figure 3).40

Docking.The binding pose of the imidazole part of 1 resulting
from theMDsimulationwas usedas a substructure constraint for
the docking41 of the inhibitory molecules 1, 2, and 9-12. The
resulting poses were scored applying the ChemScore function
containing an explicit metal binding term. The visual inspection
of the docking results of 1 and 2 suggested an open space between
the imidazole and the active site in the near of the carbon 5, which
could be filled by additional substituents. In contrast to that, the
space surrounding the carbon 4 appeared tobe smaller (Figure 4).
Supporting this finding, the solutions of the scoring function for
the thiourea derivatives 1, 9, and 10 showed a preference of the
5-methyl compound 9 over the nonsubstituted derivative 1 and
the 4-methylated 10. The 5-methyl derivative 11 again was found
to have the highest score, followed by the unsubstituted imidazole
derivative 2 and the corresponding 4-methyl compound 12. The
low score for the 4-methyl derivatives was mainly caused by a
high contribution of the clash-term to the lower scoring value
(Supporting Information).41

Discussion

The bioisosteric replacement of the thiourea moiety by
cyanoguanidines and nitrovinyldiamines starting from 1 led

Table 3
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to compounds with a QC inhibiting potency in the submicro-
molar range. The most potent compounds, 21 for the cyano-
guanidines and 23 for the nitrovinyldiamines, were found to
be 10-fold less potent than the active compound 1, belonging
to the thiourea class. In general, the SARwithin the classes of
investigated compounds lacks deep activity clefts. An unex-
pected observation was made within the class of the nitrovi-
nyldiamines, wherein saturated carbocyclic substituents as in

23were found to be more potent as the corresponding phenyl
derivative 24. This finding stands in contrast to the SARof the
thioureas, where the cyclohexyl substituted thiourea deriva-
tive was found to be of equal potency as the respective
phenyl derivative.26 Differences in the SAR are visible when
comparing similar molecules belonging to different classes.
The methylcyanoguanidine 13 is 13-fold more active than the
corresponding nitrovinyldiamine 22; in contrast to this the

Table 4
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corresponding phenyl derivatives 15 and 24 display the same
potency. A possible explanation for this could be found in the
different bindingmode of the respective methyl derivatives 13

and 22. In this case, the cyano part of 13 could adopt the same
hydrophobic interactionwith the protein as the phenyl part of
15. This assumption is supported by the results of docking

Figure 2. Efficacy (% of inhibition of pGlu-Aβ3(pE)-40/43 formation, blue bars) of selected hQC inhibitors (1 μM) in hQC and NLE
overexpressing HEK cells compared with their hQC inhibitory potency (pKi, red dots).

Figure 3. Left: Homology model of hQC. The colors correspond to rmsd values between the mass centers of the amino acids after structural
alignment with the aminopeptidase template 1amp. The binding pose of 1 afterMD simulation is shown. Right: Possible bindingmode of 1 at a
hydrophobic area formed by the amino acid residues: (1) F325, (2) P326, (3) E327, and (4) Y299 (orange) in the homology model. For
comparison prominent amino acids of the hydrophobic S1 pocket of apAP (1amp) are shown in white: (5) F248, (6) F244, and (7) Y251.

Figure 4. Left: Position of 1 after MD simulation. Shown are the residues of the metal-binding site and the catalytic zinc ion of the hQC
homology model (orange). The metal-binding site of apAP (white) bearing two zinc ions is shown for comparison. Right: Docking of 9 (pink)
and 10 (blue) in the active site. The van derWaals surfaces of the imidazoles are visualized. Amino acids (hQC/apAP) are as follows: (1) E201/
151, (2) E202/152, (3) H140/97, (4) D248/179, (5) H330/266, and (6) D159/117.
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investigations (not shown) and the bioisosteric replacement of
phenyl groups by cyano moieties, which is established to be
possible.28,29

2-Thioxopyrimidin-4(1H)ones were identified as potent
compounds in general, exhibiting inhibitory activities in the
lower micromolar range. For the investigated compounds
only little differences in the inhibitory potency were recogniz-
able, dependingon the size of the annulated saturated ring (see
compounds 33, 34, and 35).
The optimized potency of the 5-methylimidazole thiourea

was found to be consistent within the bioisosteric cyanogua-
nidines, nitrovinyldiamines, and the 2-thioxopyrimidin-4-
(1H)ones. The gain of potency ranges between a factor of 13
and 20, by comparing the 4-methyl derivatives with the
respective 5-methylimidazoles. This corresponds to an aver-
age gain of free binding energy of 1.57 ( 0.15 kcal/mol
comparing all 5-methyl derivatives with their corresponding
4-methyl analogues.42 The differences of the inhibitory po-
tency among the different 5-methylimidazoles were low. This
leads to the assumption that the effective binding of the
5-methylimidazoles as metal binding group overrules the
contribution of the different remaining parts of the inhibitor
molecules. 11 with a Ki value of 2.6 nM is the most potent
inhibitor of hQC described so far. A reason for the generally
elevated efficacy of the 5-methylimidazoles could be found in
an optimized binding due to sterical conditions as well as the
improvement of the metal binding properties of the imidazole
N3-nitrogen. The first hint supporting this hypothesis could
be the shift of the calculated pKa

43 of the imidazole N3-
nitrogen from 6.79 for 1 and 6.65 for 10 toward 7.33 for 9
pointing toward a better metal binding with a more basic,
electron rich coordination site.
The first insight into the possible binding mode of hQC

inhibitors gained by the development of a homology model
partly reflected the findings from the structure-activity re-
lationship studies of hQC inhibitors. Provided that the imi-
dazole acts as themetal-binding group via itsN3-nitrogen, the
length of the spacer between the imidazole and the molecular
scaffoldwas optimalwhen consistingof threemethylene units.
A shorter linker, like ethyl, would cause a steric clash with the
tight cleft formed by the amino acids W329, V302, and Y299
(not shown). This result is in accordance with previous
findings, wherein the ethyl derivative of 1 is 300-fold less
active.26 The thiourea motif with its ability to flip the thio
amidebondenables apossible interactionof the 3,4-dimethoxy-
phenyl moiety of the inhibitor with a pocket of the enzyme
formed by the side chains of the residues Y299, F325, P326,
andE327. The second zinc ion lacking in the hQCprotein, but
present in the aminopeptidase template, leaves a space that
can be filled by substituents located at position 5 of the metal-
interacting imidazole ring of the inhibitor. As this area of the
active site is highly conserved in the hQC sequence, the
resulting homology model has a high probability to reflect
the situation of the real hQC protein structure. A first proof
confirming this hypothesis can be found in the 10-fold higher
measured potency of the corresponding 5-methylimidazoles
as seen for the inhibitors 9 and 1.

The evaluation of the biological efficacy of the presented
hQC inhibitors was directed toward the ability of the suppres-
sion of the formation of Aβ3(pE)-40,42 generated by the coex-
pressed hQC. The inhibitory potency of the compounds at the
isolated target was found to be in good accordance with the
activity of the compounds on the cellular level.

The presented study led to novel inhibitors of hQC with
improved potency and activity in an in vitro cell system.
For the first time a cell based system assessing the hQC
inhibition potency in connection with the generation of
Aβ3(pE)-40,42 was used for the efficacy profiling. The results
again emphasize the high probability of hQC to be the
responsible enzyme for the cyclization of the N-terminal
glutamate of Aβ3,11(pE)-40,42 yielding Aβ3(pE)-40,42 because the
inhibitory potency and the efficacy in the cellular model were
found to be in good correlation. The characterization of the
most effective hQC inhibitors in transgenic animal models is
currently underway.

Experimental Section

Chemistry. Starting materials and solvents were purchased
from Aldrich and Maybridge Co. All chemical structures were
confirmed by 1HNMR and high-resolution mass spectrometry.
The purity of the compounds was assessed by HPLC and
confirmed to be g95%. The analytical HPLC system consisted
of a Merck-Hitachi device (model LaChrom) utilizing a Li-
Chrospher 100RP 18 (5 μm), analytical column (length 125mm,
diameter 4mm), and a diode array detector (DAD)with λ=214
nm as the reporting wavelength. The compounds were analyzed
using a gradient at a flow rate of 1 mL/min, where eluent A was
acetonitrile and eluent B was water, both containing 0.1% (v/v)
trifluoroacetic acid and applying the following gradient:method
A, 0-min f 5% A, 5-17 min f 5-15% A, 15-27 min f
15-95% A, 27-30 min f 95% A; method B, 0-15 min f
5-50% A, 15-20 min f 50-95% A, 20-23 min f 95% A;
method C, 0-20 min f 5-60% A, 20-25 min f 60-95% A,
25-30 min f 95% A. The purities of all reported compounds
were determined by the percentage of the peak area at 214 nm.
Semipreparative HPLC was performed on a Merck-Hitachi
device (model LaChrom) equipped with a SP250/21 Nucleosil
100-7 C18 semipreparative column (Machery-Nagel). The com-
pounds were eluted using the same solvent system as described
above, applying a flow rate of 8 mL/min.

ESI mass spectra were obtained with a SCIEX API 365
spectrometer (Perkin-Elmer) utilizing the positive ioniza-
tion mode. The high resolution positive ion ESI mass spectra
were obtained from a Bruker Apex III 70e Fourier transform
ion cyclotron resonance mass spectrometer (Bruker Daltonics,
Billerica, MA) equipped with an Infinity cell, a 7.0 T super-
conducting magnet (Bruker, Karlsruhe, Germany), an rf-only
hexapole ion guide, and an external electrospray ion source (API
Apollo, voltages: end plate, -3.700 V; capillary, -4.400 V;
capillary exit, 100 V; skimmer, 1.15 V; skimmer, 2.6 V). Nitro-
gen was used as drying gas at 150 �C. The sample solutions were
introduced continuously via a syringe pump with a flow rate of
120 μL h-1. All data were acquired with 256K data points and
zero-filled to 1024K by averaging 32 scans.

The melting points were detected utilizing a Kofler melting
point device and are not corrected. The 1H NMR spectra were
recorded at a Varian Gemini 2000 (400MHz) or at a Bruker AC
500 (500MHz) when 500MHz is indicated. DMSO-d6 was used
unless otherwise specified. Chemical shifts are expressed as parts
per million (ppm) downfield from tetramethylsilane. Splitting
patterns have been designated as follows: s (singulet), d (doub-
let), dd (doublet of doublet), t (triplet), m (multiplet), and br
(broad signal).

3-(5-Methyl-1H-imidazol-1-yl)propan-1-amine 6. Step A. 4-
Methyl-1-trityl-1H-imidazole 3. 4-Methyl-1H-imidazole (36.53
mmol, 1 equiv) was dissolved in 120 mL of dimethylformamide,
and triethylamine (73.06 mmol, 2 equiv) and chlorotriphenyl
methane (40.1 mmol, 1.1 equiv) were added. The mixture was
stirred for 3.5 h. The precipitate was filtered off and thenwashed
by means of ice-cooled dimethylformamide (2 � 50 mL) and
water (2� 50mL).After the solvent was removed, the remaining



7078 Journal of Medicinal Chemistry, 2009, Vol. 52, No. 22 Buchholz et al.

product was dried over P4O10. Yield: 10.65 g (98.2%). The
product was used without further purification.

Step B. 1-Trityl-3-[3-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-
yl)propyl]-1,4-dimethyl-1H-imidazol-3-ium Bromide 4. 4-Meth-
yl-1-trityl-1H-imidazole (3) (32.85 mmol, 1 equiv) was sus-
pended in acetonitrile (10 mL), and 2-(3-bromopropyl)iso-
indoline-1,3-dione (32.85 mmol, 1 equiv) was added. The mix-
ture was kept under reflux overnight. The organic solvent was
removed. Purification was achieved by flash chromatography
using silica gel and a CHCl3/MeOH gradient. Yield: 10.65 g
(63.44%).

Step C. 2-(3-(5-Methyl-1H-imidazol-1-yl)propyl)isoindoline-
1,3-dione 5. 1-Trityl-3-[3-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)-
propyl]-1,4-dimethyl-1H-imidazol-3-ium bromide (4) (7.86 mmol)
was dissolved in a stirred solution containing methanol (20 mL)
and trifluoroacetic acid (4 mL). The mixture was kept under
reflux overnight. The solvent was removed, and the remaining
oil was purified by flash chromatography using silica gel and a
CHCl3/MeOH gradient. Yield: 2.05 g (97.0%).

Step D. 3-(5-Methyl-1H-imidazol-1-yl)propan-1-amine 6.
2-(3-(5-Methyl-1H-imidazol-1-yl)propyl)isoindoline-1,3-dione
(5) (8.92 mmol, 1 equiv) and hydrazine monohydrate (17.84
mmol, 2 equiv) were dissolved in dry ethanol (50 mL). The
mixture was kept under reflux overnight. Then this mixture was
concentrated down to a volume of 25 mL. After that hydro-
chloric acid (concentrated, 55 mL) was added and the mixture
was heated to 50 �C and kept at this temperature for 30min. The
formed precipitate was filtered off. The filtrate was cooled down
to 0 �C, and solid NaOH was added until a final pH of 10-12
was reached. The aqueous solution was extracted by means of
trichloromethane (3 � 50 mL). The combined organic layers
were dried over Na2SO4 and filtered, and the solvent was
removed. The product was purified bymeans of flash chromato-
graphy using silica gel and a CHCl3/MeOH gradient. Yield:
0.74 g (60%). 1H NMR (500 MHz, CDCl3): δ 1.79-1.85 (m,
2H), 2.18 (s, 3H), 2.69-2.72 (m, 2H), 3.89-3.92 (m, 2H), 6.73 (s,
H), 7.24 (s, solv), 7.38 (s, H). ESI-MS m/z: 140.3 (M þ H)þ,
279.4 (2M þ H)þ. HPLC (214 nm, method A): tR dead time
(100%).

3-(4-Methyl-1H-imidazol-1-yl)propan-1-amine 8. Step A.

2-(3-(4/5-Methyl-1H-imidazol-1-yl)propyl)isoindoline-1,3-dione.
4-Methyl-1H-imidazole (36.53 mmol, 1 equiv) and sodium
hydride (60% in mineral oil, 36.53 mmol, 1.0 equiv) were
dissolved in 80 mL of dimethylformamide. The mixture was
stirred at room temperature for 2 h until the formation of
hydrogen gas deceased. 2-(3-Bromopropyl)isoindoline-1,3-
dione (34.70 mmol, 0.95 equiv) was added, and the mixture
was stirred at 90 �Covernight. The solvent was removed, and the
remaining residue was purified by means of flash chromatogra-
phy using silica gel and a CHCl3/MeOH gradient. Yield: 6.1 g
(62.0%) of a mixture of 2-(3-(4-methyl-1H-imidazol-1-yl)pro-
pyl)isoindoline-1,3-dione and 2-(3-(5-methyl-1H-imidazol-
1-yl)propyl)isoindoline-1,3-dione.

Step B. 2-(3-(4-Methyl-1H-imidazol-1-yl)propyl)isoindoline-
1,3-dione 7. A mixture consisting of 2-(3-(4-methyl-1H-imidazol-
1-yl)propyl)isoindoline-1,3-dione and 2-(3-(5-methyl-1H-imidazol-
1-yl)propyl)isoindoline-1,3-dione (22.65 mmol, 1 equiv) and trityl
chloride (13.6mmol, 0.6 equiv) was dissolved in 40mLof dichloro-
methane and kept at a temperature of 0 �C for 10 min and 1.5 h at
room temperature. The solvent was removed, and the remaining
solidwaspurifiedbymeansof flash chromatographyusing silica gel
and a CHCl3/MeOH gradient. Yield: 0.92 g (15.1%).

Step C. 3-(4-Methyl-1H-imidazol-1-yl)propan-1-amine 8.
2-(3-(4-Methyl-1H-imidazol-1-yl)propyl)isoindoline-1,3-dione
(7) (3.42 mmol, 1 equiv) and hydrazine monohydrate
(6.84 mmol, 2 equiv) were dissolved in 20 mL of ethanol, and
the mixture was stirred for 12 h under reflux. The mixture was
kept under reflux overnight and then concentrated to reach
a volume of 25 mL. Hydrochloric acid (concentrated, 55 mL)
was added, and the mixture was heated up to 50 �C and kept

at this temperature for 30 min. The formed precipitate was
filtered off. The filtrate was cooled down to 0 �C, and solid
NaOH was added until a final pH of 10-12 was reached. The
aqueous solutionwas extracted bymeans of CHCl3 (3� 50mL).
The combined organic layers were dried over Na2SO4 and
filtered, and the solvent was removed. The product was purified
bymeans of flash chromatography using silica gel and a CHCl3/
MeOH gradient containing aqueous ammonia (2% v/v). Yield:
0.31 g (65.1%). 1H NMR (500 MHz, CDCl3): δ 1.82-1.87 (m,
2H), 2.19 (s, 3H), 2.67-2.71 (m, 2H), 3.91-3.95 (m, 2H), 6.60 (s,
H), 7.24 (s, solv.), 7.33 (s, H). ESI-MS m/z: 140.3 (M þ H)þ,
279.4 (2M þ H)þ. HPLC (214 nm, method A): tR = 0.2 min
(100%).

Synthesis of the Compounds 9-12. The synthesis was accom-
plished as previously described.26

General Procedure for the Synthesis of the Cyanoguanidines
13-21, 36-40, 51. All reactions were performed at a Buchi
Synchor parallel synthesizer. A typical reaction mixture con-
sisted of sodium cyanamide (0.26 g, 4.0 mmol, 1 equiv), and the
corresponding isothiocyanate (4.0 mmol, 1.0 equiv) was dis-
solved in 10 mL of ethanol. The mixture was shaken for 3 h
under reflux and then cooled to room temperature. Either
3-(1H-imidazol-1-yl)propyl-1-amine, 3-(5-methyl-1H-imidazol-
1-yl)propyl-1-amine (6), or 3-(4-methyl-1H-imidazol-1-yl)pro-
pyl-1-amine (8) (each, 4.8 mmol, 1.2 equiv) and N1-
((ethylimino)methylen)-N3,N3-dimethylpropan-1,3-diamin-
hydrochloride (WSCD, 0.92 g, 4.8 mmol, 1 equiv) and di-
methylformamide (5 mL) were added. The mixture was shaken
for 3 h at room temperature, and after that the organic solvent
was removed. The remaining oil was dissolved in trichloro-
methane (30 mL), and the organic layer was washed once with
water (20 mL), dried over Na2SO4, and filtered off, and the
solvent was removed. Purification was performed by applying
flash chromatography on basic aluminum oxide using a
CHCl3/MeOH gradient.

General Procedure for the Synthesis of the Nitrovinyldiamines

22-30, 41-45, 52. A typical reaction batch consisted of 1,1-
bis(methylthio)-2-nitroethene (0.70 g, 4.2 mmol, 1 equiv) and
the corresponding primary amine (4.0 mmol, 1 equiv) dissolved
in ethanol (20 mL). The mixture was stirred for 24 h under
reflux. 3-(1H-Imidazol-1-yl)propyl-1-amine or 3-(5-methyl-1H-
imidazol-1-yl)propyl-1-amine (6) or 3-(4-methyl-1H-imidazol-
1-yl)propyl-1-amine (8) (each, 4.2 mmol, 1 equiv) was added,
and the mixture was stirred for 24 h under reflux. The solvent
was removed, and the resulting oils were purified by means of
flash chromatography using silica gel as the solid phase and a
CHCl3/MeOH gradient.

General Procedure for the Synthesis of 2-Thioxopyrimidine-
4(1H)-ones 31-35, 46-50, 53. A typical reaction batch consisted
of 3-(1H-imidazol-1-yl)propan-1-amine (4.0mmol, 1 equiv) or 6 or
8 (each, 1.43mmol, 1 equiv), and the corresponding isothiocyanate
(1 equiv) was dissolved in dry ethanol (20 mL) and heated under
reflux for 3 h. After the solvent was removed the products were
purified by means of flash chromatography using silica gel and a
CHCl3/MeOH gradient.

Inhibitor Testing. QC activity was evaluated fluorometrically
in a coupled assay according to the method previously de-
scribed.44 Gln-AMC served as substrate and pyroglutamyl
peptidase as auxiliary enzyme. After conversion of Gln-AMC
into pGlu-AMC by QC the pGlu-AMC was hydrolyzed by
pyroglutamyl peptidase (pGAP). The generated AMC was
detected with excitation/emission wavelengths of 380/460 nm.
The described assay was modified as follows for the use in a
higher throughput:

The used buffer consisted of 50 mM Tris-HCl (ROTH,
Karlsruhe, Germany), with pH 8.0, adjusted with HCl. The
substrate H-Gln-AMC hydrobromide (AMC: 7-amido-4-
methylcoumarin; BACHEM, Bubendorf, Switzerland) was
used in a concentration of 0.625 mM. The auxiliary enzyme
pGAP from Bacillus amyloliquefaciens (10 units, 25 units/mL;
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Qiagen, Hilden, Germany) was prediluted 1:10 in Tris-HCl.
Human glutaminyl cyclase (QC, EC 2.3.2.5) was recombinantly
expressed in Pichia pastoris and purified as previously de-
scribed.45 The protein concentration was adjusted to be 0.6
mg/mL, and the hQC solution was prediluted to 1:1250 in Tris-
HCl. A typical reactionmixture consisted of 100μLof substrate,
100 μL of the inhibitor (stock solution in DMSO), resulting in a
final DMSO concentration of 5%, and 25 μL of pGAP. After
incubation in NUNC 96 flat bottom transparent microwell
plates (Nunc, Roskilde, Denmark) for 10 min at 30 �C the
reaction was started by adding 25 μL of the hQC solution.
All enzyme activity measurements were performed in triplicate.
A GENios Pro multifunctional microwell plate photometer
working on Magellan software, version 4.0 (top and bottom
reading, TECAN, Switzerland), was used to monitor the pro-
gress curves for 20 min at 30 �C. Pipetting steps were accom-
plished using a Tecan Genesis Freedom 200 workstation
(Gemini software, version 4.0; TECAN, Switzerland). The
kinetic data were evaluated using GraFit (version 5.0.4, Eritha-
cus, Horley, U.K.).

Cell Based Assay. The inhibition of Aβ3(pE)-40,42 formation
was evaluated in HEK293 cells overexpressing mutated human
amyloid precursor protein APP(NLE) and human glutaminyl
cyclase (hQC)35 according to the following protocol: Human
embryonic kidney cells HEK293 were cultured inDMEM (10%
FBS) (Invitrogen) in a humidified atmosphere of 5% CO2 at
37 �C. Then 250 000 cells/500 μL were seeded per well in a
24-well plate. After 24 h the cells were transfected with 0.8 μg of
APP-NLE vector, 0.8 μg of hQC vector, and 4 μL of Lipofecta-
mine 2000 (Invitrogen) in 100 μL of OPTIMEM for 5 h. The
cells were further cultivated in the DMEM medium. The next
day, cells were incubated in the assaymedium (DMEM,without
phenol red, without FBS) containing an appropriate amount of
QC inhibitor or control. The inhibitor stock solution (10 mM)
was therefore diluted stepwise with DMSO (Sigma-Aldrich,
Taufkirchen, Germany) and medium. The final DMSO concen-
tration was 0.01%. The inhibitor concentration in the medium
was 1 μMusing five replicates. After 24 h of the inhibitor appli-
cation the supernatant (250 μL) was collected and readily mixed
with 25 μL of complete mini protease inhibitor cocktail (Roche,
Basel, Switzerland) supplemented in addition with 10 mM
AEBSF (Roth, Karlsruhe, Germany). After centrifugation
(2000g for 5 min) 2 aliquots (120 μL) of supernatant were
collected and the total AβX-40,42 andAβ3(pE)-40,42 concentrations
were determined using specific sandwich ELISAs (IBL,
Hamburg, Germany) according to the manufacturers advices.

Computational Chemistry. All calculations were performed
using the software packages MOE, version 2007.08 (CCG,
Montreal, Canada); GOLD, version 4.0 (CCDC Software
Ltd., Cambridge, U.K.); SYBYL, verssion 8.0 (Tripos CL, St.
Louis, MO); ProSa2003, version 4.0 (CAME, Salzburg,
Austria);46,47 PROCHECK, version 3.5.4 (European Bioinfor-
matics Institute, Cambridge, U.K.)48 on a 9 CPU computer
cluster with CentOS 4.6 operation system installed.

hQC Homology Model. The Charmm22 force field (MOE,
version 2007.08) was set as default for all modeling steps, if not
mentioned otherwise. The implicit general Born solvation49 was
turned on in all MD simulations (Supporting Information).

Docking. The imidazole residue of the inhibitor 1 obtained
from the homology model was used as a scaffold constraint. All
docking runs were performed 20 times for each molecule not
allowing early termination using the ChemScore as the scoring
function implemented in the software GOLD. The best-ranking
poses were used for further analysis of the docking solutions
(Supporting Information).
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