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Abstract—The structural features of an anthrax lethal factor inhibitor, N-oleoyldopamine (OLDA, 1) have been probed. The oleic
acid moiety is critical, but, more interestingly, the presence of the double bond and its geometry were found to play an essential role.
One compound, 5, was found to be an uncompetitive inhibitor of lethal factor (LF) with a K; value of 2.2 uM and a cell-based ICs,

value of 4.3 uM.
© 2008 Elsevier Ltd. All rights reserved.

The disease anthrax is caused by the Gram-positive bac-
teria Bacillus anthracis whose virulence results from
three secreted proteins: protective antigen (PA), lethal
factor (LF), and edema factor (EF).! PA binds to the
cellular receptor®? and, after furin cleavage,*> forms a
heptameric prepore® that binds LF and EF7!° and
transports them into the cytosol of the cell.!'"!3 Once
in the cytosol, lethal factor, a Zn2+-metallopr0tease,
cleaves members of the mitogen-activated protein kinase
(MAPK)-kinase (MEK) family,'*!> disrupting signal
transduction pathways and causing cell death.'®!” Cur-
rently, the only treatments for post-exposure infection
are antibiotics, such as ciprofloxacin and doxycycline,
which are effective at treating the bacterial infection,'
but do not afford protection against the toxins that still
persist.'8

Because LF has been shown to act as a key virulence
factor for anthrax pathogenesis,!” a number of studies
have focused on identifying LF inhibitors.'”3? Some
of the most potent LF inhibitors include peptide
hydroxamates that are based upon known metallopro-
tease substrates,! a hydroxamate from an SAR study
of a lead compound identified through high throughput
screening,’? and a catechin gallate isolated from green
tea.!” The above compounds demonstrated good cell-
based activity with ICsy values of 4 uM, 210 nM, and
<1 pM, respectively. The above compounds, along with
a handful of others,2%-27-2% are the few to inhibit LF sub-
strate cleavage in vitro as well as maintain activity in the
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lethal toxin challenge of macrophages, an important dis-
tinction since LF functions in the cytosol.!> Therefore,
there is a need to identify additional compounds that in-
hibit LF substrate cleavage, and enter and remain active
within cells.

Previous work in our lab identified N-oleoyldopamine
(OLDA) (Fig. 1, 1) as an uncompetitive inhibitor of
LF with a K; value of 3.0 £ 0.2 uM and almost equipo-
tent activity in the cell-based assay (ICs, value of
5.0 £ 0.2 uM). OLDA was found to have low cytotoxic-
ity itself, with complete cell viability up to 30 uM. A

Figure 1. Structures of analogs that probe the importance of length,
double bond conformation, and double bond presence in the oleic acid
moiety of OLDA (1).
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subsequent SAR study showed the importance of the in-
tact catechol for activity.33 The goal of the current study
was to determine the importance of features within the
hydrophobic tail of OLDA for inhibition and mecha-
nism of action.

In probing the role of the hydrophobic tail of OLDA on
activity, we first focused on three questions: the need for
the full-length oleic acid tail, the preferred geometry of
the double bond, and the role of the double bond on
activity (Fig. 1). In order to address the first concern,
we significantly truncated the tail of OLDA from oleic
acid to hexanoic acid (2).3* Compound 2 was synthe-
sized as previously described, and this general synthesis
scheme was employed for all of the compounds.3® This
modification led to a complete loss of LF inhibition
up to a concentration of 100 uM in a fluorescence assay
that monitors the proteolytic cleavage of an optimized
LF substrate (LF FRET assay), confirming the impor-
tance of the full oleic acid moiety for activity.

The second question that we addressed was the pre-
ferred conformation of the double bond in OLDA for
LF inhibition. Interestingly, switching the geometry of
the double bond from cis to trans (3)** led to a complete
loss of inhibition of LF up to a concentration of
100 uM. This may be due to a preferred conformation
of the oleic acid in which the tail may fold back onto it-
self for LF binding. Third, we replaced oleic acid with
stearic acid (4)** to probe the role of the double bond it-
self. Again, a complete loss of LF inhibition up to a con-
centration of 100 uM was observed, perhaps also due to
the loss of a preorganized conformation of the hydro-
phobic chain for binding to LF. An alternative possibil-
ity for the lack of activity with compounds 3 and 4 could
be potential aggregation of these agents, leading to loss
of potency. Recent work has shown that 0.01% Triton
X-100 can be used to prevent aggregation of inhibitors
in enzymatic assays.’® Therefore, 0.01% Triton X-100
was employed in the LF FRET assay with compounds
3 and 4, but, again, no inhibition was demonstrated
up to a concentration of 100 uM. These data indicate
that aggregation is most likely not the cause for lack
of efficacy.

The importance of the distance between the catechol ring
and the tail was next investigated. With this in mind, one
methylene unit was removed between the aromatic ring
and the amide nitrogen of OLDA, yielding compound
5% (Fig. 2). This modification resulted in an inhibitor
that is equipotent with OLDA (ICs, value of
15 £ 1 uM), indicating that this feature of OLDA can
be a point of modification in future libraries. With this
in mind, and with the knowledge that hydroxamic acid
analogs of OLDA demonstrated potency,** we synthe-
sized a hydroxamic acid variant of 5 containing the above
truncation between the amide and the phenyl ring (6).3*
This modification led to an additional inhibitor of LF, al-
beit with reduced potency (ICsq value of 42 £ 1 puM).

Kinetic studies were undertaken to determine the mech-
anism of inhibition and K; values for 5 and 6. A Linewe-
aver—Burk analysis of 5 with LF37 produced data whose
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Figure 2. Structures of analogs with a truncation between the amide
and phenyl moiety of OLDA (1) or within a hydroxamate-containing
analog.

lines were parallel (Fig. 3), indicative of uncompetitive
inhibition (as did analysis of the non-double reciprocal
kinetics data). Compound 5 was found to have a K] va-
lue of 2.2 + 0.1 uM, a slight improvement as compared
to OLDA. Compound 6 was also found to be an uncom-
petitive inhibitor of LF with a K; value of 6.2 + 1.0 uM.
An uncompetitive mechanism of inhibition suggests that
these inhibitors, along with substrate, may co-occupy
LF to produce an inactive ESI complex. Uncompetltlve
inhibition may seem to be at odds with possible Zn**-
binding of the catechol m01ety It has been demon-
strated that Zn**, however, is not essential for substrate
binding to LF; 1ndeed a co-crystal structure of LF
(without zinc) and substrate has been obtained.3® The
true nature of this co-occupation awaits structural
elucidation.

Because LF functions in the cytosol,'® it is imperative
that compounds are not only active in vitro but also in
cyto. With this in mind, compound 5 was evaluated in

0.00 002 004 006 008 010 012 014 016 018
18]

Figure 3. Lineweaver—Burk analysis of compound 5 with LF
(12.5nM): (@) OpM 5, (W) 4.1 uM 5, (V) 8.2 uM 5; pH 7.4, Hepes
buffer, 25 °C.
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the lethal toxin challenge of macrophages.®® In this as-
say, PA, LF, and 5 were allowed to incubate with J774
macrophages for four hours, and cell rescue, as com-
pared to PA and LF alone, was quantified via the
MTT assay. Compound 5 was found to have good po-
tency in cyto with an ICsq value of 4.3 = 0.3 uM, thereby
providing another agent with anti-toxin and cell-based
activity.

In conclusion, the structural features of OLDA neces-
sary for LF inhibition have been probed. The oleic acid
tail of OLDA is critical, but, more interestingly, the
presence of the double bond and its geometry were
found to play an essential role. These studies, in addi-
tion to previous work that focused on the catechol ring
of OLDA, contribute to our understanding of the
importance of the functionality within OLDA for LF
inhibition.
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Characterization data for compounds 2—6.

Compound 2: "H NMR (300 MHz, CDCl3) § 6.79 (d,
J=28.1Hz, 1H), 6.75 (s, 1H), 6.54 (d, J = 8.1 Hz, 1H), 5.82
(s, 1H), 3.48 (q, J = 6.6 Hz, 2H), 2.65 (t, J = 6.6 Hz, 2H),
2.16 (t, J =17.5 Hz, 2H), 1.59-1.55 (m, 2H), 1.31-1.23 (m,
4H), 0.88 (t, J=6.6 Hz, 3H); MALDI MS: m/z 252.50
(M+H"), 274.42 (M+Na ).

Compound 3: '"H NMR (200 MHz, CDCl;) 6 6.79 (d,
J=28.1Hz, 1H), 6.75 (s, 1H), 6.54 (d, /= 8.1 Hz, 1H), 5.65
to 5.52 (m, 2H), 5.37 (s, 1H), 3.48 (q, J = 6.6 Hz, 2H), 2.65
(t, J=6.6 Hz, 2H), 2.16 (t, J = 7.5 Hz, 2H), 2.05 to 1.99
(m, 4H), 1.59 to 1.55 (m, 2H), 1.29 to 1.27 (m, 20H), 0.88
(t, J=6.6 Hz, 3H); MALDI MS: m/z 418.41 (M+H"),
440.30 (M+Na™).

Compound 4: '"H NMR (300 MHz, CDCl3) 6 6.79 (d,
J=28.1Hz, 1H), 6.75 (s, 1H), 6.54 (d, /= 8.1 Hz, 1H), 5.58
(s, 1H), 3.48 (q, J = 6.6 Hz, 2H), 2.65 (t, J = 6.6 Hz, 2H),
2.16 (t, J = 7.5 Hz, 2H), 1.59 to 1.55 (m, 2H), 1.29 to 1.25
(m, 28H), 0.88 (t, J=6.6 Hz, 3H); MALDI MS: m/z
420.71 (M+H"), 442.73 (M+Na™).
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Compound 5: "H NMR (300 MHz, CDCl;) & 6.79 (d,
J=28.1Hz, 1H), 6.75 (s, 1H), 6.54 (d, J = 8.1 Hz, 1H), 5.87
(s, 1H), 5.36 to 5.30 (m, 2H), 4.31 (d, J = 5.7 Hz, 2H), 2.16
(t, J=7.5Hz, 2H), 2.05 to 1.99 (m, 4H), 1.59 to 1.55 (m,
2H), 1.29 to 1.27 (m, 20H), 0.88 (t, J=6.6 Hz, 3H);
MALDI MS: m/z 404.43 (M+H"), 426.42 (M+Na™).
Compound 6: "TH NMR (300 MHz, Acetone-dg) o 7.89 (s,
1H), 7.77 (d, J=9.0 Hz, 2H), 7.35 (d, J=9.0 Hz, 2H),
5.36 to 5.30 (m, 2H), 4.45 (d, J=4.2 Hz, 2H), 2.16 (t,
J=17.5Hz, 2H), 2.05to 1.99 (m, 4H), 1.59 to 1.55 (m, 2H),
1.29 to 1.27 (m, 20H), 0.88 (t, J = 6.6 Hz, 3H); MALDI
MS: miz 431.40 (M+H"), 453.28 (M+Na™).

FRET assay conditions (ICsp): Compounds 2-6 (0.6%
DMSO) were incubated with 50 nM LF (List Biological
Laboratories) in assay buffer (65puL) for 1h before
addition to 4 uyM MAPKKide (List Biological Laborato-
ries) in assay buffer (10 uL). Fluorescent measurements
were performed over 10 min (excitation and emission of
485 nM and 590 nM, respectively). Assay buffer consisted
of 20 mM Hepes, pH 7.4.
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Kinetic assay conditions (K;): Compounds 5 and 6
(1.6% DMSO) were incubated with 12.5nM LF (List
Biological Laboratories) in assay buffer (65 puL) for
1 h before addition to 6-12uM MAPKKide (List
Biological Laboratories) in assay buffer (10 pL).
Fluorescent measurements were performed over
10 min (excitation and emission of 485nM and
590 nM, respectively). Assay buffer consisted of
20 mM Hepes, pH 7.4.
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Liddington, R. C. Nature 2001, 414, 229.

Lethal toxin challenge conditions: J774A.1 cells were
allowed to grow to confluency in 96-well plates before
3nM PA, compound 5 (0.6% DMSO), and 0.61 nM LF
(List Biological Laboratories) were added. Cells were
allowed to incubate with the PA/LF/compound mixture
for 4h at 37°C before MTT was added. Cells were
allowed to incubate for an additional 1.5 h at 37 °C before
cell viability was determined.
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