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Abstract—Botulinum neurotoxin serotype A (BoNTA) is highly toxic, and its antidote is currently unavailable. The essential
light-chain subunit of BoNTA is a zinc endopeptidase that can be used as a target for developing antidotes. However, the
development of high-affinity, small-molecule inhibitors of the endopeptidase is as challenging as the development of small-mol-
ecule inhibitors of protein—protein complexation. This is because the polypeptide substrate wraps around the circumference of
the endopeptidase upon binding, thereby constltutmg an unusually large substrate-enzyme interface of 4840 A2 To overcome
the large-interface problem, we propose using the zinc-coordination and bivalence approaches to design inhibitors of BoONTA.
Here we report the development of alkylene-linked bis-imidazoles that inhibit the endopeptidase in a two-site binding mode.
The bis-imidazole tethered with 13 methylene groups, the most potent of the alkylene-linked dimers, showed 61% inhibition
of the zinc endopeptidase of BONTA at a concentration of 100 uM. The results demonstrate the presence of a peripheral bind-
ing site for an imidazolium group at the rim of the BONTA active-site cleft. This peripheral site enables the use of the bivalence
approach to improve our previously reported small-molecule inhibitors that were developed according to the zinc-coordination

approach.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Botulinum neurotoxin serotype A (BoNTA) is a
M, ~ 150,000 protein produced by the spore-forming
anaerobic bacterium, Clostridium botulinum. The neuro-
toxin consists of a light chain (M, ~ 50,000) and a heavy
chain (M, ~ 100,000), covalently linked by a disulfide
bond. BoNTA poisoning inhibits the release of acetyl-
choline from presynaptic nerve terminals at neuromus-
cular junctions, thus causing flaccid paralysis and
leading to death by respiratory arrest or prolonged
mechanical ventilation with serious medical sequelae.’
Nonetheless, BONTA is used as an effective medical
treatment for a variety of cholinergic nerve—muscle dys-
functions.?? In addition to its useful medical applica-
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tions, BoONTA has gained notoriety as a potential
bioterror agent.* Currently there is no chemical antidote
to BoNTA. Therefore, effective small-molecule inhibi-
tors of BONTA are highly sought after as antidotes, as
well as potential medical tools for modulating the clini-
cal use of the toxin.

The light-chain domain of BoONTA is a zinc endopepti-
dase (hereafter referred to as the endopeptidase) that
specifically cleaves SNAP-25, a neuronal protein, that
is required for acetylcholine release,® and it has been
used as a target for developing small-molecule inhibitors
of BONTA.%7 However, the development of small-mol-
ecule inhibitors of the endopeptidase is as challenging
as the development of small-molecule inhibitors of pro-
tein—protein complexes. This is because, upon binding,
the substrate wraps around the circumference of the
endopeptidase constituting an unusually large sub-
strate—enzyme interface of 4840 A8 which requires
unusually high-affinity small molecules to block the
interface.
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To overcome the large-interface problem, we propose
ultimately combining an active-site zinc-coordination
approach with a bivalence approach that will generate
potent and selective small-molecule inhibitors of BoN-
TA. As a first step, we recently synthesized and reported
a BoNTA zinc endopeptidase inhibitor (1) with a K; of
12 uM, the most potent small-molecule inhibitor of the
BoNTA endopeptidase reported in the literature to
date.” To further improve 1, we have now exploited a
bivalence approach that tethers two weak inhibitors
producing a dimer with an affinity close to the product
of the affinities of the composites,’ !> and developed a
series of molecular probes to search for peripheral sites
or exosites® on the endopeptidase.

In this article, we report the design, synthesis, and test-
ing of a series of alkylene-linked bis-imidazoles that
inhibit the endopeptidase activity via a two-site binding
mode. The results demonstrate the presence of a periph-
eral binding site for an imidazolium group at the rim of
the BONTA active-site cleft, which opens a new route to
improving inhibitor 1 with the bivalence approach.

2. Results
2.1. Design

Although N,N’-bis-(imidazol-1-yl)-1,12-dodecane has
been found to be an inhibitor of histidine-containing
protein kinase'® and N,N’-bis(imidazol-1-yl)-1,10-dec-
ane and N,N’-bis-(imidazol-1-yl)-1,6-hexane are known
as guests of cyclodextrin,!” bis-imidazoles have not been
reported as inhibitors of BONTA or related endopeptid-
ases. To search for peripheral sites and their low-affinity
ligands that can be incorporated to inhibitor 1 for
improvement of binding, we focused on the design of
bis-imidazoles (2 and 3) for several reasons. First, imid-
azole is the most common, natural zinc coordinate in
proteins according to a reported survey of X-ray crystal
structures of zinc proteins.'® Thus, imidazole appeared
to be a suitable inhibitor molecule to coordinate the zinc
ion at the active site of the endopeptidase. The choice of

TsCl, N-methylmorpholine

imidazole as a zinc ligand in the active site of the endo-
peptidase was supported further by the reported crystal
structure of a BoONTA mutant in which the terminal
imidazole group of the hexahistidine affinity tag coordi-
nates the zinc divalent cation in the active site.® Second,
in developing inhibitor 1, we deduced from both compu-
tational and experimental studies that the amino group
of 1 interacts with the carboxylate group of Glu54 locat-
ed at the rim of the BONTA active-site cleft.” Replacing
the primary amino group with an imidazole would re-
duce the desolvation energy of 1 because the pK, of
the imidazole is lower than that of the amine and the
population of the imidazole in its neutral form is thus
higher than that of the neutral amine. Third, bis-imidaz-
oles are easy to synthesize.

2.2. Synthesis

Bis-imidazoles 2a-h were readily prepared according to
Scheme 1 by coupling two imidazoles in the salt form
with dibromoalkanes 4 or linkers!*2° obtained from
tosylation of alkyldiols 5 or bromoalcohols 7. Bis-imi-
dazoles 3a—h were made in good yields by activating
1 H-imidazole-5-carboxylic acid 9 with N-hydroxy-
succinimide and coupling 9 with o,w-alkyldiamines via
amidation (Scheme 2). The activated carboxylic acid
10 was found to be prone to polymerization due to the
free NH group of the imidazole, and it had to be stored
at 0 °C before the amidation. The resulting bis-imidaz-
oles (2 and 3) were converted into HCI salts by dissolv-
ing them in THF and purging the solution with HCI gas.

2.3. Testing

HPLC-based assays®® were used to measure the inhibi-
tion of BONTA endopeptidase activity by bis-imidazoles
2 and 3, because these compounds contain aromatic
rings (Fig. 1) that would interfere with fluorescence-
based assays.?! According to the HPLC-based assays,
bis-imidazoles 2a—h demonstrated 8-61% inhibition of
the endopeptidase at a drug concentration of 100 pM
(Table 1), whereas imidazole alone showed no inhibition
of the endopeptidase at the same assay condition. In

Imidazole sodium salt

Ho-CHon o, > 50— CHono g o O PN N -Chan X
CH,Cly, rt. 1 - 5 days DMF, r.t., overnight \ / \ /
4a:n=9 5a:n=9 2a:n=9
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2a: n = 9, 2b: n = 10, 3a: m = 5, 3b: m = 6,
2c: n =11, 2d: n = 12, 3c: m =7, 3d: m = 8,
2e: n = 13, 2f: n = 14, 3e: m =9, 3f: m = 10,
2g: n = 15, 2h: n = 16. 3g: m = 11, 3h: m = 12.
Figure 1.

Table 1. Inhibition of the zinc endopeptidase of botulinum neurotoxin
serotype A by imidazole, its dimers (2 and 3), and NSC 357756

Inhibitor % inhibition at 100 uM
2a 821422
2b 19.4+£22(2)
2¢ 31.0£4.0 (2)
2d 56.7%£8.9 (2)
2e 61.0+1.9(2)
2f 56.4+25(2)
2g 559+4.4 (2
2h 58.2%0.6 (2)
NSC 357756 58.4+3.8(2)
3a 1.6 £ 0.8 (3)
3b 23108 (3)
3¢ 4.0+09 (3)
3d 1.9120.6 (3)
3e 24108 (3)
3f 36209 (3)
3g 59%£0.2(3)
3h 13.0+£2.0 (3)
Imidazole 0

addition, the inhibition of the endopeptidase by 2a-h
depends upon linker chain length; the maximal inhibi-
tion was achieved with a chain length of 13 methylene

H, N’ m‘NH2
— » 3a-h
DMF, r.t, 12 h

groups (Table 1). Compared to 2a-h, bis-imidazoles
3a-h exhibited much weaker inhibition of the endopep-
tidase at a drug concentration of 100 uM (Table 1);
maximal inhibition exhibited by the amide-containing
bis-imidazole was 13% in contrast to the 61% inhibition
by the amide-free bis-imidazole. Furthermore, none of
bis-imidazoles 2 and 3 exhibited significant inhibition
of the zinc endopeptidase from botulinum neurotoxin
serotype B (data not shown), which precludes the
possibility that the observed inhibition of the BONTA
activity by 2 and 3 was due to non-specific zinc
chelation.

2.4. Modeling

Studies to predict the three-dimensional model of a bis-
imidazole-bound BoNTA endopeptidase complex were
performed after the experimental studies of the imidaz-
ole dimers. This was because the alkylene-linked imidaz-
ole dimers are too flexible to be docked into the active
site of BONTA using conventional docking approaches.
Due to the limited computing resources, only the most
potent bis-imidazole inhibitor (2e) developed in this
study was docked to BoNTA using a three-step, di-
vide-and-conquer docking strategy (manuscript in prep-
aration). In the computationally predicted model, dimer
2e spans the active site of the endopeptidase with one
imidazole coordinating the zinc ion and the other imid-
azole simultaneously interacting favorably with the car-
boxylate of Glu54 (Fig. 2). The distance between the
zinc ion and the nitrogen atom at position-3 of the imid-
azole inside the active site is 2.1 A, while the distances of
the nitrogen atom at position-3 of the other imidazole to
the two carboxylate oxygen atoms of Glu54 are 2.93 and
2.67 A. The 12 torsions of the alkylene linker as defined
in Figure 2 are —153, —176, —171, 145, 97, 135, —149

Figure 2.
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170, —168, —179, 174, and —176 degrees of arc, respec-
tively. Assuming that the methylene group attached to
the zinc-bound imidazole is the first methylene group,
the third and sixth methylene groups have favorable
van der Waals interactions with the methylene group
of Glul63.

3. Discussion
3.1. Peripheral site for imidazolium

The endopeptidase inhibition assays showed that the
maximal inhibition was achieved when the two imidaz-
oles of 2 were tethered with 13 methylene groups, and
that the inhibition was reduced when the imidazoles
were linked with more or less than 13 methylene groups.
The results indicate that 2e, which contains a 13 methyl-
ene linker, inhibits the endopeptidase in a two-site bind-
ing mode. Consistent with the results of the inhibition
assays, independent computational studies suggest that
2e is able to span the active site of the endopeptidase
with one imidazole coordinating the zinc ion and the
other imidazole simultaneously interacting favorably
with the carboxylate of Glu54 (Fig. 2). The computa-
tionally predicted ionic interaction of 2e with Glu54 is
supported by our measured pK, value (6.68 £ 0.03) of
2e. Relative to a typical pK, value (4.4) of a glutamate,>?
the pK, value of 2e enables the imidazole in 2e to form a
salt bridge with Glu54. The involvement of Glu54 is fur-
ther supported by our measured pK, value (4.05 = 0.03)
of 3h, the most potent of the 3 series. The more acidic
pK, value of 3h impairs the ionic interaction of 3h with
Glu54 thus disabling the two-site binding of 3h. Like
imidazole alone, 3h and its homologues are poor inhib-
itors of the endopeptidase due to their inability to inter-
act with Glu54, despite the fact that the imidazole group
in 3 is a better zinc coordinator than that in 2. The latter
is because only the imidazole group in 3 is in an equilib-
rium with imidazolate that has a higher affinity for zinc
than imidazole according to the quantum chemical cal-
culations.®® In view of these results, we propose that
the endopeptidase of BONTA has a peripheral site for
imidazolium binding near Glu54.

3.2. Bivalence approach to BoNTA Inhibitors

It is interesting to note that NSC 357756, the second
most potent small-molecule inhibitor identified from
high-throughput screen of 1990 chemicals deposited at
National Cancer Institute (NCI) diversity set,® showed
58% inhibition of the endopeptidase at the same assay con-
dition used for testing bis-imidazoles 2 and 3 (Table 1).
Simply coupling two imidazoles with a 13 methylene
linker resulted in an endopeptidase inhibitor that is as
potent as NSC 357756, an inhibitor that was identified
through the labor-intensive effort of screening the NCI
diversity set. This result demonstrates the power of the
bivalence approach and encourages its application to
the development of small-molecule endopeptidase inhib-
itors. Specifically, it suggests that the amino group of
inhibitor 1 be replaced by an imidazole group with a
chain that is long enough to permit the hydroxamate

group to coordinate the zinc ion and the imidazole
group to interact with Glu54, given the advantage of
the imidazole group described in Section 2.1. It also
suggests that dimer 2e can be improved by replacing
the N-alkylimidazole with a better zinc coordinate such
as 2-mercapto-3-phenylpropanamide.3*

4. Methods and materials
4.1. Synthesis

Melting points are uncorrected. Infrared spectra were
recorded on a Thermo Nicolet Avatar 370 FT-IR. 'H
NMR spectra were recorded on a Varian Mercury 400
(400 MHz) spectrometer. '3C NMR spectra were
recorded on a Varian Mercury 400 (100 MHz) spec-
trometer. Chemical shifts are reported in ppm from
the solvent resonance as the internal standard. Data
are reported as follows: chemical shift, multiplicity (s,
single; d, doublet; t, triplet; qr, quartet; qn, quintet, br,
broad; and m, multiplet), coupling constants (Hz), and
integration. Mass spectra were obtained on an HP5973
mass-selective detector with an SIS DIP-MS. Elemental
analyses were performed by Atlantic Microlab, Inc.
(Norcross, Georgia). Anhydrous THF and CH,Cl, were
obtained through activated alumina columns by the
Solv-Tech Inc. Anhydrous DMF was obtained by distil-
lation from CaH, under N,. All other commercially
obtained reagents were used as received. Flash chroma-
tography was performed on silica gel 60 (EM Science,
230-400 mesh).

4.1.1. General procedure for bis-(O-tosyl)alkanes (5). A
solution of diol 4 (4.0 mmol), N-methyl morpholine
(16.0 mmol), and p-tosyl chloride (8.8 mmol) in 25 mL
of anhydrous THF was stirred at room temperature
for 1-5 days. The solvent was then removed under
reduced pressure, and the mixture was dissolved in
dichloromethane, washed with 1 N NaHCOj; (3x 50 mL),
1 N HCI (3x 50 mL), and deionized water (3x 50 mL),
respectively. The organic phase was dried with anhy-
drous Na,SOy, filtered, and concentrated under reduced
pressure. The resulting mixture was purified by column
chromatography (hexanes/ethyl acetate 3:1) to give 2.

4.1.2. 1,9-Bis-(O-tosyl)nonane (5a).'****? Yield: 75%;
white powder; mp 75-76 °C; IR (KBr) cm™' 3069, 2941,
2849, 1466, 825, 663; 'H NMR (400 MHz, CDCl5) ¢
1.21-1.28 (m, 10H), 1.61 (qn, J = 7.2 Hz, 4H), 2.45 (s,
6H), 4.00 (t, J = 6.4 Hz, 4H), 7.34 (d, J = 8.0 Hz, 4H),
7.78 (d, J = 8.4 Hz, 4H); '*C NMR (100 MHz, CDCl;)
5 21.88, 25.50, 28.98, 29.00, 29.14, 29.33, 70.86,
128.11, 130.04, 133.41, 144.89; LREIMS C»3H3,04S,
requires 468.16. Found 468 (M™], 3%), 91 ([C;H,"],
100%); Anal. Caled for C,3H3,06S5: C, 58.95; H, 6.88;
N, 0.00. Found: C, 59.06; H, 7.01; N 0.00.

4.1.3. 1,12-Bis-(O-tosyl)dodecane (5d).2'-232%2% Yield:
80%; white powder; mp 68-69 °C; IR (KBr) cm™'
2926, 2853, 1358, 843, 669: 'H NMR (400 MHz, CDCl)
5 1.21-1.27 (m, 16H). 1.63 (qn, J = 7.1 Hz, 4H), 2.45 (s,
6H), 4.01 (t, J = 6.4 Hz, 4H), 7.34 (d, J = 8.0 Hz, 4H),
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7.79 (d, J = 9.2 Hz, 4H); '*C NMR (100 MHz, CDCl5) ¢
21.65, 25.33, 28.82, 28.92, 29.34, 29.41, 70.71, 127.89,
129.81, 133.22, 144.63; LREIMS C,cH3304S, requires
510.21. Found 510 ((M*], 4%), 91 ([C;H;"], 100%);
Anal. Calcd for C,6H3306S,: C, 61.15; H, 7.50; N,
0.00. Found: C, 61.08; H, 7.47; N, 0.00.

4.1.4. 1,15-Bis-(O-tosyl)pentadecane (5g).>5 Yield: 67%;
white powder; mp 72-73°C; IR (KBr) cm™' 2977,
2923, 2850, 1354, 839, 669; "H NMR (100 MHz, CDCl5)
0 1.21-1.31 (m, 20H), 1.63 (qn, J = 7.1 Hz, 4H), 2.45 (s,
6H), 4.01 (t, J=6.6 Hz, 4H), 7.34 (d, J = 8.8 Hz, 4H),
7.79 (d, J = 8.4 Hz, 4H); '*C NMR (100 MHz, CDCl;)
0 21.88, 25.55, 29.04, 29.16, 29.61, 29.72, 29.81, 29.84,
70.95, 128.12, 130.03, 133.42, 144.85; LREIMS
CoH 44045, requires 552.26. Found 552 ([M™], 5%), 91
([C7H;™], 100%); Anal. Calcd for Co9Hy406S,: C, 63.01;
H, 8.02; N, 0.00. Found: C, 63.12; H, 8.00; N, 0.00.

4.1.5. 1,16-Bis-(O-tosyl)hexadecane (5h).24*¢-2% Yield:
90%; white powder; mp 79-81°C; IR (KBr) cm™!
2977, 2923, 2851, 1358, 838, 670; '"H NMR (100 MHz,
CDCl3) 6 1.21-1.31 (m, 22H), 1.63 (qn, J=7.2 Hz,
4H), 2.45 (s, 6H), 4.02 (t, J=6.4 Hz, 4H), 7.34 (d,
J=8.0Hz, 4H), 7.79 (d, J=8.0 Hz, 4H); '*C NMR
(100 MHz, CDCls) 6 21.65, 25.34, 28.83, 28.94, 29.40,
29.50, 29.60, 29.64, 70.72, 127.90, 129.80, 133.27,
144.62; LREIMS C39Hy4604S, requires 566.27. Found
566 ([M™], 32%), 91 ([C;H;"], 100%); Anal. Calcd for
C3oH4606S,: C, 63.57; H, 8.18; N, 0.00. Found: C,
63.42; H, 8.25; N, 0.00.

4.1.6. 1-Bromo-13-(O-tosyl)tridecane (7¢). A solution of
13-bromotridecanol-1 6e (2.5 mmol), N-methylmorpho-
line (5.0 mmol), and p-tosyl chloride (2.6 mmol) in
25 mL of anhydrous THF was stirred at room tempera-
ture for 2 days. The solvent was then removed under re-
duced pressure, and the mixture was dissolved in
dichloromethane, washed with 1N NaHCO; (3x
50mL), 1 N HCI (3x 50 mL), and deionized water (3x
50 mL), respectively. The organic phase was dried with
anhydrous Na,SQy, filtered, and concentrated under re-
duced pressure. The resulting mixture was purified by
column chromatography (hexanes/ethyl acetate 3:1) to
give 7e in 45% yield; white powder; mp 44-45 °C; IR
(KBr) cm™' 2920, 2953, 1597, 1354, 846, 665; 'H
NMR (400 MHz, CDCl3) 6 1.21-1.27 (m, 16H), 1.42
(qn, J=7.2 Hz, 2H), 1.63 (qn, J=7.0 Hz, 2H), 1.85
(qn, J =7.2 Hz, 2H), 2.45 (s, 3H), 3.41 (t, J= 6.8 Hz,
2H), 4.02 (t, J= 6.4 Hz, 2H), 7.34 (d, J = 8.2 Hz, 2H),
7.79 (d, J = 8.6 Hz, 2H); '>*C NMR (100 MHz, CDCls)
0 21.65, 25.32, 28.16, 28.76, 28.81, 28.91, 29.37, 29.42,
29.45, 29.50, 29.53, 32.83, 34.10, 70.71, 127.89, 129.79,
133.22, 144.62; LREIMS C,yH33BrOs;S requires
434.13. Found 435 (IM™], 30%), 433 (IM"], 30%), 263
(IM=TsO"], 99%), 261 ((M—TsO*], 100%); Anal. Calcd
for C,oH33BrOsS: C, 55.42; H, 7.67; N, 0.00; Found: C,
55.58; H, 7.71; N 0.00.

4.1.7. General procedure for bis-(/N-imidazolyl)alkanes 2.
A mixture of bis-tosylalkane 5, dibromoalkane 8, or
tosylbromoalkane 7 (2.0 mmol) and imidazole sodium
salt (4.4 mmol) in 15 mL of anhydrous DMF was stirred

at room temperature overnight. The solvent was re-
moved by distillation at reduced pressure. The resulting
brown syrup was purified by column chromatography
with silica gel 50% of which was saturated with NHj;
gas (Typical solvent system: dichloromethane/MeOH
(97/3)).

4.1.8. General procedure for bis-(/N-imidazolyl)alkane
hydrochloride salts 2. A solution of bis-(N-imidazolyl)al-
kane 2 (0.5mmol) in SmL of anhydrous THF was
purged with HCI gas for 10-15s. The solvent was re-
moved under reduced pressure and the hydrochloride
salt of 2 was dried under high vacuum at 70 °C.

4.1.9. 1,9-Bis-(imidazol-1-yl)nonane dihydrochloride (2a).
Yield: 37%; colorless oil; IR (KBr) cm™' 3100, 2930,
2856, 1575, 1457, 629; "H NMR (400 MHz, DMSO-
dg) 0 1.20-1.37 (m, 10H), 1.78 (qn, J=6.8 Hz, 4H),
4,16 (t, J= 7.0 Hz, 4H), 7.68 (s, 2H), 7,79 (s, 2H), 9,21
(s, 2H); '>*C NMR (100 MHz, DMSO-ds) & 26.21,
29.03, 29.43, 30.16, 49.13, 120.12, 122.66, 135.83; LRE-
IMS C;sHy4Ny (neutral form) requires 260.20. Found
259 (IM—H"], 35%), 179 (IM—(N-methyleneimidaz-
ole)*], 100%); Anal. Caled for C;sH,sCLN42H,0: C,
48.78; H, 8.19; N, 15.17. Found: C, 48.99; H, 8.12; N,
14.87.

4.1.10. 1,10-Bis-(imidazol-1-yl)decane dihydrochloride
(2b). Yield: 45%; white powder; mp 132-134 °C; IR
(KBr) cm ™' 3068, 3022, 2932, 2857, 1545, 865, 636; 'H
NMR (400 MHz, DMSO-dg) 6 1.15-1.25 (m, 12H),
1.77 (qn, J = 6.8 Hz, 4H), 4.16 (t, J = 7.0 Hz, 4H), 7.68
(d, J=1.2Hz, 2H), 7.79 (d, J=1.2 Hz, 2H), 9.18 (s,
2H); '*C NMR (100 MHz, DMSO-ds) § 26.24, 29.03,
29.47, 30.15, 49.10, 120.14, 122.63, 135.87; LREIMS
Ci6HosNy4 (neutral form) requires 274.22. Found 273
(M—=H"], 51%), 193 ([M—(N-methyleneimidazole)'],
100%); Anal. Caled for C;¢H,3CI,N4: C, 55.33; H,
8.13; N, 16.13. Found: C, 55.09; H, 8.12; N, 15.74.

4.1.11. 1,11-Bis-(imidazol-1-yl)undecane dihydrochloride
(2¢). Yield: 43%; white powder; mp 138-139 °C; IR
(KBr) cm ™! 3392, 2928, 2856, 1576, 1547, 764, 628; 'H
NMR (400 MHz, DMSO-dg) 6 1.15-1.25 (m, 14H),
1.77 (gqn, J = 7.0 Hz, 4H), 4.17 (t, J = 7.0 Hz, 4H), 7.68
(d, J=1.6 Hz, 2H), 7.79 (d, J=1.6 Hz, 2H), 9.21 (s,
2H); '*C NMR (100 Hz, DMSO-ds) 6 26.23, 29.06,
29.57, 30.12, 49.14, 120.43, 122.65, 135.85; LREIMS
C,7H,gNy (neutral form) requires 288.23. Found 287
(IM—H"], 51%), 207 (IM—(N-methylenelimidazole)'],
100%); Anal. Calcd for C7H3qClLN4H,O: C, 53.82;
H, 8.50; N, 14.77. Found: C, 53.68; H, 8.49; N, 14.38.

4.1.12. 1,12-Bis-(imidazol-1-yl)dodecane dihydrochloride
(2d). Yield: 32%; white powder; mp 127-129 °C; IR
(KBr) cm™' 2923, 2854, 1472, 662; 'H NMR
(400 MHz, DMSO-dg) 0 1.15-1.25 (m, 16H), 1.72 (qn,
J=172Hz, 4H), 4.05 (t, J=7.2Hz, 4H), 7.31 (d,
J=1.6 Hz, 2H), 7.50 (d, J = 1.6 Hz, 2H), 8.48 (s, 2H);
13C NMR (100 MHz, DMSO-dg) 6 26.47, 29.13, 29.58,
29.67, 30.64, 48.29, 121.41, 124.22, 136.74; LREIMS
CisH30Ny4 (neutral form) requires 302.25. Found 301
(IM—=H"], 92%), 221 ([M—(N-methyleneimidazole)'],
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100%); Anal. Calcd for C;sH3,CI,N40.5H,0: C, 56.24;
H, 8.65; N, 14.58. Found: C, 56.43; H, 8.64; N, 14.26.

4.1.13. 1,13-Bis-(imidazol-1-yl)tridecane dihydrochloride
(2e). Yield: 39%; white powder; mp 117-118 °C; IR (KBr)
cm' 2921, 2853, 1567, 1474, 796, 636; 'H NMR
(400 MHz, DMSO-dg) 0 1.15-1.25 (m, 16H), 1.72 (qn,
J=72Hz, 4H), 4.05 (t, J=72Hz, 4H), 7.31 (d,
J=1.6 Hz, 2H), 7.50 (d, J = 1.6 Hz, 2H), 8.48 (s, 2H);
13C NMR (100 MHz, DMSO-d) & 26.43, 29.12, 29.54,
29.61, 30.68, 48.24, 121.42, 124.25, 136.75; LREIMS
Ci9H3,Ny (neutral form) requires 316.26. Found 315
(IM—H™], 69%), 235 ([M—(N-methyleneimidazole)'],
100%); Anal. Calcd for C;9H34Cl,N4-0.4H,0: C, 56.24;
H, 8.65; N, 14.58. Found: C, 56.43; H, 8.64; N, 14.26.

4.1.14. 1,14-Bis-(imidazol-1-yl)tetradecane dihydrochlo-
ride (2f). Yield: 41%; white powder; mp 150-152 °C; IR
(KBr) cm™! 3091, 3021, 2925, 2852, 1575, 1463, 868,
641; '"H NMR (400 MHz, DMSO-dg) 6 1.11-1.31 (m,
18H), 1.78 (qn, J=7.2Hz, 4H), 4.17 (t, J=7.0 Hz,
4H), 7.68 (s, 2H), 7.80 (s, 2H), 9.24 (s, 2H); '*C NMR
(100 MHz, DMSO-dg) 6 26.74, 29.23, 29.62, 29.78,
31.46, 47.75, 119.36, 128.04, 136.92; LREIMS
CyoH34Ny4 (neutral form) requires 330.28. Found 329
(IM—=H"], 76%), 249 ([M—(N-methylenelimidazole)*],
100%); Anal. Caled for C,yH3¢CI,N40.75H,0: C,
57.61; H, 9.07; N, 13.44. Found: C, 57.86; H, 9.00; N,
13.22.

4.1.15. 1,15-Bis-(imidazol-1-yl)pentadecane dihydrochlo-
ride (2g). Yield: 45%; white powder; mp 143-145 °C; IR
(KBr) cm ™' 3091, 2928, 2851, 1574, 1462, 640; '"H NMR
(400 MHz, DMSO-dg) 6 1.11-1.31 (m, 20H), 1.78 (qn,
J=7.2Hz, 4H), 4.16 (t, J=7.2 Hz, 4H), 7.68 (s, 2H),
7.78 (s, 2H), 9.18 (s, 2H); '*C NMR (100 MHz, DMSO-
dg) 0 26.49, 29.32, 29.80, 29.91, 29.99, 30.01, 30.36,
49.40, 120.74, 122.90, 136.04; LREIMS C,;H3¢Ny4 (neu-
tral form) requires 344.29. Found 343 ((M—H"], 75%),
263 (M —(N-methyleneimidazole)*], 100%); Anal. Calcd
for C,1H39CI,N40.25H,0: C, 59.77; H, 9.20; N, 13.28.
Found: C, 59.77; H, 9.20; N, 13.00.

4.1.16. 1,16-Bis-(imidazol-1-yl)hexadecane dihydrochlo-
ride (2h). Yield: 90%; white powder; mp 137-138 °C; IR
(KBr) ecm™! 2920, 2850, 1585, 1471, 654; '"H NMR
(400 MHz, DMSO-dg) 6 1.11-1.31 (m, 22H), 1.78 (qn,
J=17.2Hz, 4H), 4.16 (t, J=7.2 Hz, 4H), 7.68 (s, 2H),
7.78 (s, 2H), 9.18 (s, 2H); *C NMR (100 MHz,
DMSO-dg) 6 26.23, 29.05, 29.54, 29.65, 29.72, 29.76,
30.10, 49.15, 120.50, 122.63, 135.78; LREIMS
Cy,H3gNy (neutral form) requires 358.31. Found 357
(IM—H"], 68%), 277 ([M—(N-methyleneimidazole)'],
100%); Anal. Caled for C,Hy4oCLN4: C, 61.24; H,
9.34; N, 12.98. Found: C, 61.01; H, 9.45; N, 12.81.

4.1.17. N-Succinimidyl-4-(5)-imidazolecarboxylate (10).
A solution of imidazole-4-(5)-carboxylate 9 (50 mmol),
EDCI (50 mmol), N-methylmorpholine (100 mmol),
and N-hydroxysuccinimide (50 mmol) in 60 mL of anhy-
drous N,N-DMF was stirred at room temperature for 2
days. The solvent was then removed under reduced pres-
sure. The resulting mixture was dissolved in dichloro-

methane (100 mL), washed with 1 N NaHCO; (3x
50mL), 1 N HCI (3x 50 mL), and deionized water (3x
50 mL), respectively. The organic phase was dried with
anhydrous Na,SQ,, filtered, and concentrated under re-
duced pressure. The resulting mixture was purified by
column chromatography (hexanes/ethyl acetate 3:1) to
give 10 in 83% yield; white powder; mp 188-190 °C;
IR (KBr) cm™' 3162, 3012, 2962, 2820, 2661, 1735,
1197, 943, 659; '"H NMR (400 MHz, DMSO-dy): 6
2.86 (s, 4H), 7.97 (s, 1H), 8.26 (s, 1H), 13.08 (br, 1H);
13C NMR (100 MHz, DMSO-d;): & 26.16, 127.76,
139.23, 171.29, 173.48 ; LREIMS CgH;N;04 requires
209.04. Found 209 (IM™], 14%), 95 ([imidazolylcarbon-
yI™], 100%).

4.1.18. General procedure for bis-{/V-[1 H-imidazole-4-(5)-
carboxamido]}alkanes 3. A solution of N-succinimidyl-4-
(5)-imidazolecarboxylate 10 (22 mmol) and bis(ami-
no)alkyne (10 mmol) in 20 mL of anhydrous THF was
stirred at room temperature overnight. The solvent
was removed by distillation at reduced pressure and
the brown syrup obtained was purified by column chro-
matography with silica gel (Gradient dichloromethane
100%—dichoromethane/MeOH 9:1) to give 3.

4.1.19. General procedure for bis-{/V-|1 H-imidazole-4-(5)-
carboxamido]}alkane hydrochloride salts 3. A solution
of Dbis-{ N-[1 H-imidazole-4-(5)-carboxamido]}alkane 3
(5 mmol) in 5 mL of anhydrous THF was purged with
HCI gas for 10-15 s. The solvent was removed under re-
duced pressure and the hydrochloride salt of 3 was dried
under high vacuum at 70 °C.

4.1.20. 1,5-Bis-{/N-[1 H-imidazole-4-(5)-carboxamido|}-
pentane hydrochloride (3a). Yield: 58%; white powder;
mp 194-195 °C; IR (KBr) cm™! 3245, 3091, 2868, 1651,
1543, 1326, 820, 626; "H NMR (400 MHz, DMSO-d;)
0 1.39 (qn, J=7.2 Hz, 2H), 1.56 (qn, J = 7.2 Hz, 4H),
3.26 (gr, J=6.4Hz , 4H), 8.88 (s, 2H), 9.09-9.13 (m,
2H); °C NMR (100 MHz, DMSO-dg) ¢ 23.79, 28.45,
38.49, 120.17, 128.03, 135.59, 156.96; LREIMS
C3H§NgO> (neutral form) requires 290.15. Found 290
(IM™], 9%), 95 ([imidazolylcarbonyl™], 100%); Anal.
Calcd for C13H20C12N602‘0.25H201 C, 4246, H, 561,
N, 22.86. Found: C, 42.73; H, 5.62; N, 22.57.

4.1.21.  1,6-Bis-{/N-[1 H-imidazole-4-(5)-carboxamido]}-
hexane hydrochloride (3b). Yield: 24%; white powder;
mp 258-260 °C; IR (KBr) cm ™! 3234, 3062, 2935, 2869,
1667, 1552, 1448, 827, 629; 'H NMR (400 MHz,
DMSO-dg) 6 1.30-1.35 (m, 4H), 1.52 (gqn, J = 6.0 Hz,
4H), 3.25 (qr, J= 6.4 Hz, 4H), 8.30 (s, 2H), 9.08 (br,
2H), 9.10 (s, 2H); '*C NMR (100 MHz, DMSO-d;) ¢
26.05, 28.83, 38.68, 120.10, 128.28, 135.60, 157.10; LRE-
IMS C,4H,)NgxO, (neutral form) requires 304.16. Found
304 ([M™], 6%), 95 ([imidazolylcarbonyl*], 100%); Anal.
Calcd for C14H22C12N602'0.75H201 C, 4303, H, 606,
N, 21.51. Found: C, 43.16; H, 6.19; N, 21.17.

4.1.22. 1,7-Bis-{N-[1 H-imidazole-4-(5)-carboxamido]}-
heptane hydrochloride (3c). Yield: 33%; white powder;
mp 176-178 °C; IR (KBr) em~! 3254, 3096, 3019,
2854, 1684, 1559, 1341, 842, 629; "H NMR (400 MHz,
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DMSO-dy) 6 1.25-1.34 (m, 6H), 1.51 (gqn, J = 6.0 Hz,
4H), 3.25 (qr, J = 6.6 Hz, 4H), 8.21 (s, 2H), 8.93 (t,
J=5.4Hz 2H), 9.04 (s, 2H); '*C NMR (100 MHz,
DMSO-dy): o 26.37, 28.41, 28.89, 38.75, 120.02,
128.45, 135.68, 157.23; LREIMS C;5H»,N¢O, (neutral
form) requires 318.18. Found 318 ([M ], 10%), 95 ([imi-
dazolylcarbonyl™], 100%);  Anal.  Caled  for
C15H24C1,Ng05-0.75H,0: C, 44.51; H, 6.34; N, 20.76.
Found: C, 44.58; H, 6.53; N, 20.46.

4.1.23. 1,8-Bis-{/N-[1 H-imidazole-4-(5)-carboxamido|}-
octane hydrochloride (3d). Yield: 41%; white powder;
mp 143-144°C; IR (KBr) cm™! 3254, 3101, 2929,
2853, 1683, 1560, 1339, 831, 629; '"H NMR (400 MHz,
DMSO-dg) 6 1.19-1.30 (m, 8H), 1.46 (qn, J = 6.0 Hz,
4H), 3.16 (qr, J = 6.7 Hz, 4H), 7.55 (s, 2H3)’ 7.67 (s,
2H), 7.83 (s, 2H), 12.40 (br, 2H); *C NMR
(100 MHz, DMSO-d¢) 6 26.34, 28.63, 28.85, 38.74,
12009, 12826, 13556, 157; LREIMS C16H24N(,02 (neu—
tral form) requires 332.20. Found 332 ([M*], 10%), 95
([imidazolylcarbonyl™],  100%); Anal. Calcd for
Ci6Ho6C1LNgO,: C, 47.41; H, 6.47; N, 20.73. Found:
C, 47.03; H, 6.81; N, 20.43.

4.1.24. 1,9-Bis-{/N-[1 H-imidazole-4-(5)-carboxamido]}-
nonane hydrochloride (3e). Yield: 23%; white powder;
mp 152-154°C; IR (KBr) cm™' 3246, 3088, 2928,
2849, 1669, 1560, 1336, 846, 629; 'H NMR (400 MHz,
DMSO-dg) 6 1.21-1.35 (m, 10H), 1.51 (qn, J = 6.4 Hz,
4H), 3.24 (qr, J=6.5Hz, 4H), 8.27 (s, 2H), 9.02 (¢,
J=5.4Hz 2H), 9.12 (s, 2H); '*C NMR (100 MHz,
DMSO-dg) 6 26.41, 28.69, 28.87, 28.92, 38.81, 120.07,
12807, 13563, 15695, LREIMS C17H26N602 (neutral
form) requires 346.21. Found 346 ((M"], 12%), 95 ([imi-
dazolylcarbonyl™], 100%);  Anal. Caled  for
C17H28C12N602'2H20: C, 4484, H, 708, N, 18.46.
Found: C, 45.12; H, 6.94; N, 18.13.

4.1.25. 1,10-Bis-{/N-[1 H-imidazole-4-(5)-carboxamido]}-
decane hydrochloride (3f). Yield: 48%; white powder;
mp 192-193 °C; IR (KBr) cm ™' 3257, 3097, 2923, 2850,
1668, 1555, 1345, 840, 628; 'H NMR (400 MHz,
DMSO-dg) 6 1.23-1.32 (m, 12H), 1.50 (qn, J = 6.0 Hz,
4H), 3.24 (qr, J = 6.4 Hz, 4H), 8.16 (s, 2H), 8.84 (s, 2H),
8.96 (s, 2H); '*C NMR (100 MHz, DMSO-d) ¢ 25.70,
26.40, 28.72, 28.95, 38.71, 119.98, 135.66, 157.51; LRE-
IMS C,gH»gNxO, (neutral form) requires 360.23. Found
360 ([M 1], 12%), 95 ([imidazolylcarbonyl ], 100%); Anal.
Calcd for C;gH3qCI,NgO,0.75H,0: C, 48.38; H, 7.10; N,
18.81. Found: C, 48.59; H, 7.28; N, 18.51.

4.1.26. 1,11-Bis-{/N-[1 H-imidazole-4-(5)-carboxamido|}-
undecane hydrochloride (3g). Yield: 53%; white powder;
mp 194-196°C; IR (KBr) cm™' 3337, 3096, 2922,
2849, 1649, 1556, 1343, 839, 628; 'H NMR (400 MHz,
DMSO-dg) 6 1.21-1.35 (m, 14H), 1.49 (qn, J = 6.0 Hz,
4H), 3.23 ggr, J=6.3 Hz, 4H), 8.07 (s, 2H), 8.70-8.72
(m, 4H); °C NMR (100 MHz, DMSO-ds) 6 26.43,
28.76, 29.00, 29.04, 38.62, 120.04, 130.15, 135.65,
158.36; LREIMS C;9H3¢NgO, (neutral form) requires
374.24. Found 374 (IM"], 15%), 95 ([imidazolylcarbon-
yl™], 100%); Anal. Calcd for C;oH3,Cl.N¢O,: C, 51.01;
H, 7.21; N, 18.78. Found: C, 50.91; H, 7.59; N, 18.64.

4.1.27. 1,12-Bis-{/N-[1 H-imidazole-4-(5)-carboxamido]}-
dodecane hydrochloride (3h). Yield: 23%; white powder;
mp 201-203°C; IR (KBr) cm ™' 3298, 3087, 2919,
2851, 1659, 1576, 841, 625; 'H NMR (400 MHz,
DMSO-dg) 6 1.21-1.32 (m, 16H), 1.50 (qn, J = 6.4 Hz,
4H), 3.24 (qr, J=6.4 Hz, 4H), 8.22 (s, 2H), 8.94 (t,
J=54Hz, 2H), 9.06 (s, 2H); >*C NMR (100 MHz,
DMSO-dg) 6 26.42, 28.74, 28.90, 29.01, 29.02, 38.78,
120.03, 128.41, 135.64, 157.18; LREIMS C,,H3,N¢O,
(neutral form) requires 388.26. Found 388 (IM'],
10%), 95 ([imidazolylcarbonyl®], 100%); Anal. Calcd
for C20H34C12N602' 125H20 C, 4964, H, 760, N,
17.37. Found: C, 49.65; H, 7.63; N, 17.11.

4.2. Botulinum neurotoxin inhibition assays

Assays of BONTA protease activities were done at 37 °C
and contained 0.5 mM substrate, 1 mM dithiothreitol,
25 uM ZnCl,, 0.5 mg/mL bovine serum albumin, 0.5
1.5 pg/mL recombinant BoNTA light chain, 40 mM
HEPES, and 0.05% Tween, pH 7.3. Substrate for BoN-
TA was a peptide containing residues 187-203 of SNAP-
25.3% Inhibitors were dissolved in dimethylsulfoxide at
10 times the final assay concentration, then diluted into
the assay mixture containing substrate, followed by
addition of light chain (i.e., inhibitor and light chain
were not preincubated). Assay times and light chain
concentrations were adjusted so that less than 10% of
the substrate was hydrolyzed. Assays were stopped by
acidification with trifluoroacetic acid and analyzed by
reverse-phase HPLC as described.? Elemental analyses
showed that some test compounds contained small
amounts of water. Such water was ignored in preparing
the solutions of the test compounds as the percentages
of the water content in the active inhibitors were within
the system errors of the assays.

4.3. Modeling of the 2e-bound endopeptidase of BoONTA

4.3.1. Modeling of bis-imidazole 2e and the zinc-bound
endopeptidase. The geometry of bis-imidazole 2e was ob-
tained by geometry optimization at the Hartree-Fock?3®
(HF) electronic structure level with the 6-31G(d) basis
set by the Gaussian 98 Program.3”-3® The RESP charges
and force field parameters of 2e were generated by the
ANTECHAMBER module of AMBER 7 program®
using the geometry optimized at the HF/6-31G(d) level.
The 3D structure of a truncated, zinc-containing endo-
peptidase (residues 1-429, 453-471, and 497-544) was
modified from an available crystal structure BoNTA
(PDB code: 3BTA)* using a published procedure.’

4.3.2. Modeling of the zinc- and 2e-bound endopeptidase.
Step 1: compound 2e was first divided into 1-methylim-
idazole and 1-dodecylimidazole. The RESP charge*' on
the nitrogen atom at position-3 of 1-methylimidazole
was changed from —0.537 to —1.000, and the RESP
charges on the two neighboring carbon atoms were in-
creased by +0.2315 (the difference between 1.000 and
0.537 divided by 2) to maintain charge neutrality.
1-Methylimidazole was manually placed at the active
site in such a way that the nitrogen atom at position-3
of the imidazole coordinates the zinc ion and the orien-
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tation of 1-methylimidazole was made to be consistent
with the geometry of histidinyl imidazoles found in a
survey of crystal structures of zinc proteins with a zinc
complex comprising three His residues and one Glu or
Asp.'® The complex generated by manual docking was
optimized by performing a 50-step energy minimization
on 1-methylimidazole followed by a 50-step energy min-
imization on the complex. The resulting complex was
further optimized by a 500-ps molecular dynamics
simulation.

Step 2: 1-dodecylimidazole was manually docked into
the 1-methylimidazole-bound active site of the complex
obtained at Step 1. The two fragments of dimer 2e were
converted back to dimer 2e by removing one hydrogen
atom at each end of the two 1-alkylimidazoles and con-
structing a covalent bond between the two terminal
methylene groups. The linker conformation of dimer
2e was fully extended at this stage. The resulting com-
plex was optimized by the same procedures used in Step
1, except that the simulation was carried out for 1500 ps.
The charge of the zinc-bound nitrogen atom remained
to be —1.000 at this step in order to facilitate the search
of the desired linker conformation.

Step 3: the refined complex derived in Step 2 was refined
first with a 1500-step energy minimization of the inhib-
itor only and then with 97 different molecular dynamics
simulations (2.0 ns for each simulation with a time-step
of 1.0 fs and different initial velocities). In energy mini-
mization and molecular dynamics simulations, the
RESP charges on the zinc-bound nitrogen atom and
the two neighboring carbon atoms were restored. Of
the 97 simulations, 27 simulations had the 1-alkyl imid-
azole of 2e coordinate the zinc divalent cation ion in a
four-ligand coordination state during the entire 2.0-ns
simulation period, 46 simulations had the 1-alkyl imid-
azole replaced by Glu223, and 24 simulations had the
1-alkyl imidazole replaced by a water molecule. An aver-
age structure of 13,500 instantaneous trajectories ob-
tained at 1.0 ps intervals during the last 500-ps period
of the 27 simulations was used as a plausible 3D model
of the endopeptidase in complex with 2e.

4.4, Single or multiple molecular dynamics simulations

The single or multiple molecular dynamics simulations
were performed according to a published protocol’
using the parallel PMEMD module of the AMBERS
program*® with the Cornell et al. force field (parm99.-
dat).3® The zinc- and 2e-bound endopeptidase complex
was neutralized with two chlorides.

4.5. Determination of pK, values of 2e and 3h

The pK, values were determined by pION INC (5 Con-
stitution Way, Woburn, MA, USA 01801) using poten-
tiometry with 30-50% MeOH as a cosolvent in three
titrations. The detectable pK, range was conservatively
estimated from 4 to 10. The reported errors were three
times the standard deviation that arose out of non-linear
regression analysis. Two pK, values (6.68 +0.03 and
7.36 + 0.03) were detected for 2e. The second, relatively

basic pK, value of 2e resulted from the intramolecular
hydrogen bond of the two terminal imidazoles. One
pK, value (4.05 £ 0.03) was detected for 3h.
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