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Anthrax lethal factor (LF) is a critical virulence factor in the pathogenesis of anthrax. A structure-activity
relationship (SAR) of potential lethal factor inhibitors (LFi) is presented in which the zinc-binding group
(ZBG), linker, and backbone moieties for a series of hydroxypyrone-based compounds were systematically
varied. It was found that hydroxypyrothione ZBGs generate more potent inhibitors than hydroxypyrone
ZBGs. Furthermore, coupling the hydroxypyrothione to a backbone group via a thioamide bond improves
potency when compared to an amide linker. QM/MM studies show that the thioamide bond in these inhibitors
allows for the formation of two additional hydrogen bonds with the protein active site. In both types of
hydroxypyrothione compounds, ligand efficiencies of 0.29-0.54 kcal mol-1 per heavy atom were achieved.
The results highlight the need for a better understanding to optimize the interplay between the ZBG, linker,
and backbone to get improved LFi.

Introduction

Anthrax is one of the oldest documented diseases on record
known to infect animals and to this day poses a serious threat
to both animals and humans.1 Anthrax is caused by the Gram-
positive, rod-shaped bacterium Bacillus anthracis that is notori-
ous for its ability to form endospores. The bacteria adopt a
dormant spore structure when threatened by external factors and
can survive for decades in this state before entering a host. B.
anthracis spores are mostly soil-borne, and their dormant
longevity in the soil significantly contributes to their lethality.
Anthrax spores are hence among the most worrisome biological
weapons used, with recent attacks in the U.S. in 2001 sparking
significant concern.2-4

Anthrax infection can occur via three routes: inhalational,
gastrointestinal, and subcutaneous, with inhalational being the
most fatal. When B. anthracis spores are inhaled, they bind to
alveolar macrophages, which phagocytose the spores and traffic
them to regional lymph nodes. En route, the spores germinate
to pathogenic bacteria that release a potent anthrax toxin.5

Anthrax toxin is composed of three proteins: protective antigen
(PA, 83 kDa), edema factor (EF, 89 kDa), and lethal factor (LF,
90 kDa).a Independently the proteins are nontoxic but in concert
can induce cell death. PA first binds to one of two ubiquitous
receptors, ANTXR1 (tumor endothelium marker 8) or ANTXR2
(capillary morphogenesis protein 2).6,7 Once bound, PA is
activated by the cleavage of a 20 kDa N-terminal fragment by
membrane bound furin-like proteases. Upon activation, the 63
kDa PA oligomerizes to form a heptameric prepore to which

three molecules of LF and/or EF can bind.8 The complex then
undergoes receptor mediated endocytosis, and the low pH in
the endosome triggers a conformational change that converts
the prepore to a mature cation-specific pore. LF and EF are
translocated across the mature pore to the cytosol of the cell
where they exert their toxicity.9-14 EF is a calcium and
calmodulin dependent adenylate cyclase that causes elevated
levels of cAMP in the cytosol of infected cells and also plays
a role in impairment of the immune system. Together with PA,
EF forms the edema toxin (ETx).15,16 LF is a zinc-dependent
hydrolytic metalloenzyme that cleaves the N-terminus of
mitogen activated protein kinase kinases (MAPKKs) to disrupt
downstream signaling pathways and cause macrophage apop-
tosis. In combination with PA, LF forms the lethal toxin
(LeTx).15,17-19 There are several published reviews describing
the pathogenesis of anthrax via its toxins, and despite extensive
research in the field, the exact pathway via which LF imparts
toxicity is still somewhat unclear; nevertheless, this protein is
an important target for inhibition.19-22 Current therapies against
B. anthracis include FDA approved antibiotics such as ciproflax-
in that target the bacteria but are ineffective toward the toxins
secreted by the bacterium. Inactivation of the LF gene in B.
anthracis leads to a 1000-fold reduction in its virulence, which
suggests that anthrax pathology is largely dictated by LF.22

Several groups have been successful in developing potent
lethal factor inhibitors (LFi), some of which include known
matrix metalloproteinase inhibitors (MMPi).23-34 To date, some
of the most potent LFi carry a chelating hydroxamic acid zinc-
binding group (ZBG) similar to other zinc metalloprotease
inhibitors. Hydroxamic acids are known to be limited by poor
oral availability, limited zinc(II) ion selectivity, and poor
pharmacokinetics.35,36 To overcome the limitations of hydrox-
amic acids, the design of LFi that incorporate alternative ZBGs
merits investigation.

In this study we have focused on a three component strategy
to the design of an LFi: (i) a ZBG to chelate and inactivate the
catalytic Zn2+ ion, (ii) a backbone to interact noncovalently with
the LF active site, and (iii) a linker to connect the backbone to
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the ZBG. A similar overall scheme has been used in the
development of MMP and histone deacetylase (HDAC)
inhibitors.37,38 In the work presented here, the specific ZBGs
employed are derivatives of 3-hydroxy-2-methyl-4-pyrone (mal-
tol), 3-hydroxy-2-methyl-4-pyrothione (thiomaltol), 1-hydroxy-
pyridin-2(1H)-one (1,2-HOPO), and 1-hydroxypyridine-2(1H)-
thione (1,2-HOPTO). We have shown that these compounds
are effective ZBGs for inhibiting LF and other metalloprotein-
ases.39-44 The study presented here is focused on the synthesis
and structure-activity relationship (SAR) of the hydroxypyrone-
and hydroxypyrothione-based LFi. Different aromatic backbones
were attached to the ZBGs via an amide or a thioamide linkage.
The results presented elucidate the contribution of each com-
ponent to the potency of the different LFi. The potency of each
inhibitor was tested in vitro by using a fluorescence-based assay
that has been previously reported.40,45 The potency of each LFi
is reflected in calculated kinetic parameters such as IC50, Ki,
and ligand efficiency. In order to better understand the impor-
tance of the linker and backbone in protein-inhibitor interac-
tions, computational studies were performed to build three-
dimensional models of the inhibitors bound to the LF active
site. Our computational models are in agreement with the
experimental results and suggest a key role of the thioamide
group in stabilizing the protein-inhibitor complex.

Results

Synthesis of LFi. Our group has previously identified
alternative ZBGs that are more potent than simple hydroxamic
acids against LF.39,40 On the basis of these earlier findings, a
novel hydroxypyrothione-based (O,S metal-binding donor atom
set) LFi (AM-2S, 11b, Figure 1) was designed, synthesized,
and found to be moderately potent against LF (IC50 ) 13.9
µM).40 11b thereby inspired the design of additional hydroxy-
pyrone, hydroxypyrothione, N-hydroxypyridinone, and N-hy-
droxypyridinethione LFi shown in Figures 1 and 2. Compounds
1a (PY-2) and 9a (1,2-HOPO-2) were previously synthesized
and identified as potent nanomolar inhibitors against deep pocket
MMPs.46 Several similar compounds comprising hydroxypyrone
ZBGs (O,O metal-binding donor atom set), amide linking
groups, and a series of different backbone substituents were
synthesized (Scheme 1, Figure 2, 1a-10a).46 Compounds
1a-10a were universally found to be ineffective as LFi (vide
supra).

Because compounds 1a-10a were not potent LFi and our
previously reported inhibitor (11b) used a hydroxypyrothione

ZBG, compounds 1a-10a were similarly converted to their O,S
donor hydroxypyrothione analogues. Reaction of the hydroxy-
pyrone compounds 1a-10a with phosphorus pentasulfide
(P4S10) and hexamethyldisiloxane (HMDO) in benzene generates
two products as shown in Scheme 2. One major product contains
a single sulfur atom, designated (O,S,O) compounds, at the
pyrone carbonyl group. The second major product contains two
sulfur atoms, designated (O,S,S) compounds, with one sulfur
atom at the pyrone carbonyl group and the other at the amide
carbonyl linker group. This structural assignment was based on
the spectroscopic characterization of the compounds (1H NMR
and 13C NMR) and was unambiguously confirmed by an X-ray
crystal structure of compound 5c (vide infra).

Upon thionation of the hydroxypyrone (O,O,O) compounds,
the (O,S,O) compounds are produced first followed by produc-
tion of the (O,S,S) compounds. The pyrone carbonyl oxygen
of each compound reacts prior to conversion of the amide to a
thioamide linker, and therefore, the percentage of each major
product can be modulated by the reaction time. However, the
reactivity of each compound was found to also depend on the
backbone substituent. When 1a, with a biphenyl backbone, was
treated with P4S10 and HMDO for 3 h, the reaction yielded 1b
(O,S,O) in 16% and 1c (O,S,S) in 43% yield, respectively. When
1a was treated for about 1 h, 1b and 1c were obtained in 69%
and 2% yields, respectively. When 8a, with a simple ethyl
backbone was treated for only 30 min, the isolated products
consisted of 55% 8b (O,S,O) and 20% 8c (O,S,S). Similarly,
when the reaction time was extended to 1 h, 8b was obtained
in 25% yield, whereas 8c was isolated in a 43% yield. The
results obtained show that optimal reaction times have to be
considered for each compound of interest. An additional point
of interest is that the Rf values for the (O,S,O) and (O,S,S)
compounds tend to be very similar and chromatographic
separation can be challenging (hence, the poor to moderate
yields reported here).

As for the N-hydroxypyridinone-based (1,2-HOPO) inhibitors,
synthesis of 9a was previously reported;46 the synthesis of 10a
parallels the synthetic procedure for 9a (Scheme 3). Unlike the
hydroxypyrothiones described above, the syntheses of the
N-hydroxypyridinethione-based (1,2-HOPTO) inhibitors are not
derived from their O,O chelate analogues. The synthesis of
1-hydroxy-6-thioxo-1,6-dihydropyridine-2-carboxylic acid (HT-
DCA) in Scheme 4 is based on literature procedures with slight
modifications (see Experimental Section).47,48 Syntheses of 9b
and 10b from HTDCA are outlined in Scheme 4. The 4-phe-

Figure 1. ZBGs and linkers used in the LFi reported here. Abbreviations for each subset of compounds are shown in parentheses. The heteroatom
terminology used throughout is highlighted in the top three structures by the use of bold and italics atom labels. Shown in the bottom right is the
complete LFi 11b.
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nylbenzylamine and 4-fluorobenzylamine backbones are ap-
pended to HTDCA under standard amide coupling conditions.
EDCI (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) and
NHS (N-hydroxysuccinimide) were used as the coupling
reagents for 9b, whereas EDCI and HOBt (N-hydroxybenzot-
riazole) were the coupling reagents used in the production of
10b.

Single-Crystal X-ray Structure of 5c. To provide evidence
for the conversion of both carbonyl oxygen atoms to sulfur, an
X-ray diffraction study was performed on inhibitor 5c. Large
red plates of 5c were obtained by slow evaporation from a
concentrated solution of the compound in chloroform. The
crystal structure (Figure S1 and Table S2 of Supporting
Information) confirms the presence of the two expected sulfur
atoms. In addition to the measured electron density, the C-S
bond lengths confirm the correct identity of the sulfur atoms.
The thionyl C(4)-S(4) bond distance of 1.66 Å lies within the
range of C-S bonds from other hydroxypyrothiones (1.68 Å).42

The thioamide C(1)-S(1) bond distance of 1.68 Å is similar to
the average thioamide bond distance (1.67 Å) predicted from
the Cambridge Crystallographic Data Center (CCDC) and is
too long to be an amide C-O bond (∼1.22 Å).

In Vitro Potency. The in vitro potency of each inhibitor was
evaluated against LF using an established procedure with a
quenched fluorogenic substrate, where observed fluorescence

is directly proportional to LF activity.45 The IC50 values (Table
1) were calculated for each synthesized inhibitor as described
under Experimental Section. Kinetic parameters (Vmax, Km, Ki)
were also calculated using the same fluorogenic assay. Ad-
ditionally, ligand efficiencies of most inhibitors were calculated
from the respective Ki values (vide infra).49-51 Compounds
1a-8a (Table 1, column “a”), which consist of a hydroxypyrone
ZBG and amide linker (O,O,O), are ineffective against LF with
IC50 values greater than 100 µM. Compounds 1b-8b (Table 1,
column “b”), which consist of a hydroxypyrothione ZBG and
amide linker (O,S,O), show moderate potency against LF with
IC50 values ranging from 13 to >100 µM. Surprisingly,
compounds 1c-8c (Table 1, column “c”), which consist of a
hydroxypyrothione ZBG and thioamide linker (O,S,S), are
uniformly the most potent compounds with IC50 values in the
range 5-11 µM. Together these data show that (i) a hydroxy-
pyrone ZBG when coupled via an amide linker (O,O,O) is
ineffective against LF regardless of the backbone used, (ii) a
hydroxypyrothione ZBG when coupled via an amide linker
(O,S,O) can have moderate potency against LF depending on
the backbone substituent, and (iii) a hydroxypyrothione ZBG
when coupled via a thioamide linker (O,S,S) provides consistent
potency against LF with little influence from the backbone
group. The minimal effect of the backbone in compounds 1c-8c
is highlighted by inhibitor 8c, which utilizes only a simple ethyl

Figure 2. Structures of the inhibitors tested in this study. The heteroatom terminology used throughout is highlighted in the top three structures
by the use of bold and italics atom labels. Shown in the box is the complete LFi 1a (for clarity). Other inhibitors are hydroxypyrones with an amide
linker (1a-8a), hydroxypyrothiones with an amide linker (1b-8b), hydroxypyrothiones with a thioamide linker (1c-8c), N-hydroxypyridinones
with an amide linker (9a, 10a, below thick line), and N-hydroxypyridinethiones with an amide linker (9b, 10b below thick line).
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backbone and yet has a similar IC50 value compared to the rest
of the series that employ a variety of aromatic backbones. These
findings thus underline the importance of all three components,
the ZBG, linker, and backbone, and that each of these
components must be considered when optimizing LFi.

In order to confirm the importance of the ZBG and linker in
generating effective LFi, we synthesized four additional inhibi-
tors, based on N-hydroxypyridinone (9a, 10a) and N-hydroxy-
pyridinethione (9b, 10b) chelators. Compounds 9a and 9b
contain the same biphenyl backbone and amide linker found in
1a. Compounds 10a and 10b have the same fluorobenzyl
backbone and amide linker as compound 2a. Therefore, on the
basis of our earlier classification, 9a and 10a are (O,O,O)
inhibitors like 1a and 2a; 9b and 10b are (O,S,O) inhibitors
similar to 1b and 2b. Notably, the only difference between these
inhibitors lies in the use of a N-hydroxypyridinone (1,2-HOPO)
versus hydroxypyrone, or N-hydroxypyridinethione (1,2-
HOPTO) versus hydroxypyrothione ZBG. These heterocyclic
ZBGs are essentially isosteric and very similar in overall
composition. With that in mind, it was surprising to find that
whereas the (O,O,O) hydroxypyrones (1a, 2a) are less effective
than the (O,S,O) hydroxypyrothiones (1b, 2b), no substantial

differences are seen between the 1,2-HOPO (9a, 10a) and 1,2-
HOPTO (9b, 10b) compounds, with the latter inhibitors showing
very poor potency (>100 µM). The lack of potency of the 1,2-
HOPO and 1,2-HOPTO chelators may be due to (a) a signifi-
cantly different binding mode of these chelators to the active
site zinc(II) ion or (b) the significantly greater acidity of these
chelators relative to the hydroxypyrones and hydroxypy-
rothiones. In either case, this data show that the nature of the
ZBG is critical and that even small changes in structure can
result in large differences in efficacy.

Computational Modeling. In order to verify the structural
and energetic factors that are relevant for the differences in
observed potency, we built QM/MM optimized structures for
the bound complex between the LF active site and several of
the hydroxypyrothione inhibitors. Figure 3 displays the models
for the bound structures of inhibitors 1b, 1c, 3b, 3c, 4b, and 4c
in the active site of LF. Interestingly, optimized structures of
molecules 1b and 1c in the active site of LF presented very
similar configurations and no significant difference was observed
in the orientation of the backbone fragment or the amide and
thioamide linker groups. This is consistent with the observations
that 1b and 1c have similar IC50 values against LF. In contrast,

Scheme 1. Synthesis of Hydroxypyrone (O,O,O) Inhibitors (1a-8a)a

a Reagents and conditions: (a) RNH2, EDCI, HOBt, CH2Cl2, N2, room temp; (b) 1:1 HCl/CH3COOH, room temp.

Scheme 2. Synthesis of Hydroxypyrothione Analogues 1b (O,S,O) and 1c (O,S,S) Compoundsa

a Reagents and conditions: (a) P4S10, HMDO, benzene, 110 °C.

Scheme 3. Synthesis of N-Hydroxypyridinone 10aa

a Reagents and conditions: (a) EDCI, HOBt, CH2Cl2, N2, room temp; (b) 1:1 HCl/CH3COOH, room temp, 32%.
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even though the backbone fragments of 3b and 3c adopt similar
configurations, the ZBG relative to the amide/thioamide linker
groups shows distinct orientations. By comparing the structures
of 1c and 3c, we observed that the sulfur atom of the thioamide
group acts as a hydrogen bond acceptor, interacting with the
backbone amide N-H group of residues Lys392 and Gly393.
Similar hydrogen bonding was also observed in the optimized
structures of thioamide containing LFi: 2c, 7c, and 8c (Figure
S3). Figure 3 shows that although the two hydrogen bonds were
observed in the complexes of LF with 1b, 1c, and 3c, they were
not found with compound 3b. The distance between the amide
oxygen of 3b and the backbone N-H groups was greater than
4.0 Å (Figure 3). These observations are consistent with the
IC50 values obtained for these compounds (Table 1), where 3b
is clearly the least effective of these inhibitors (50.4 µM). Similar
interactions involving either Lys392 or Gly393 have already
been characterized in crystal structures of anthrax lethal factor
bound to small molecule inhibitors, which indicate that these
residues may play an important role in the inhibitor binding.32,33

Previous work suggested that the plasticity and flexibility of
the S1′ binding pocket allow the receptor to accommodate small
and large hydrophobic residues at the P1′ position.33 These
studies also indicate that the design of compounds with greater
complementarity to the S1′ pocket would lead to potent and
selective inhibition of LF. In order to explore interactions with

the S1′ binding pocket, inhibitors 4b and 4c were designed. In
fact, 4c shows a modest, ∼2-fold improvement in LF potency
when compared to 1c.

To further investigate the quality of our models, all optimized
structures were submitted to energy calculation procedures by

Scheme 4. Synthesis of N-Hydroxypyridinethione Inhibitors 9b and 10ba

a Reagents and conditions: (a) TFA, 30% H2O2, 80 °C, 94%; (b) Na+HS-, H+Cl-, 95 °C, 89%; (c) EDCI, NHS, CH2Cl2, 46%; (d) EDCI, HOBt, CH2Cl2,
95%.

Table 1. IC50 Values of LFi Using a Fluorescence-Based Assaya

IC50 (µM)

compd a (O,O,O) b (O,S,O) c (O,S,S)

1 >100 13.2 ((0.9) 8.3 ((0.1)
2 >100 29.2 ((1.4) 9.2 ((0.2)
3 >100 50.4 ((2.4) 10.6 ((0.6)
4 >100 14.1 ((2.0) 5.0 ((0.2)
5 >100 33.5 ((2.3) 8.7 ((0.8)
6 >100 37.4 ((3.1) 6.6 ((0.8)
7 >100 >100 7.9 ((0.6)
8 >100 72.5 ((5.4) 11.4 ((0.7)
9 >100 >50b

10 >100 >100
a All values represent the average and standard deviation from at least

three independent experiments. b Determination of a more accurate IC50

value was precluded by the limited solubility of this compound.

Figure 3. QM/MM optimized structures of the complex between
anthrax LF (ribbons) and inhibitors 1b, 1c, 3b, 3c, 4b, and 4c (ball-
and-stick). Some active site residues (ball-and-stick) and catalytic
zinc(II) ion (gray sphere) are also shown.
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using the program Autodock 4.0.52 Because there is a good
agreement between the calculated structures and the experi-
mentally determined IC50 values, the calculated models were
used to obtain a rough estimation of the binding free energy of
molecules 1b, 1c, 2b, 2c, 3b, 3c, 4b, and 4c. Figure S2 of
Supporting Information shows the plot of log(IC50) value against
the estimated free energy of binding (∆G), which demonstrates
that the trend in potency is captured reasonably well by the
calculated models.

Discussion

Anthrax lethal factor is a zinc dependent endopeptidase that
cleaves MAPKKs 1-4, 6, and 7 to inhibit downstream pathways
that culminate in macrophage apoptosis. The Zn2+ ion in the
lethal factor active site is tetrahedrally coordinated via two
histidine residues (His686 and His690), one glutamic acid
residue (Glu735), and one water molecule. The bound water
molecule in this motif, which occurs in several different zinc
metalloproteases, is responsible for substrate cleavage.53 Our
goal is to exploit the presence of a metal ion and develop LFi
that can chelate and inactivate the catalytic zinc(II) ion while
optimizing the noncovalent interactions of the backbone com-
ponent with the protein active site. Most LFi and metalloprotein
inhibitors in the literature utilize a hydroxamic acid as the ZBG;
however, the poor pharmacokinetics of hydroxamates has made
the search for alternative chelators a prudent topic of interest.39,43

Of the previously reported ZBGs, hydroxypyrothiones were
determined to be the most potent against LF and thus were
incorporated into the LFi 11b as shown in Figure 1.40 11b
inspired the design of additional hydroxypyrothione inhibitors
as shown in Figure 2, along with their hydroxypyrone precur-
sors, to develop a structure-activity-relationship (SAR). The
overall goal was to design and synthesize different inhibitors
with variations in three key components (the ZBG, linker, and
backbone) and to analyze the contribution of each component
toward potency against LF.

Figure 2 shows the compounds that were synthesized for this
study which also include MMPi (1a and 9a) that were previously
reported.46 As shown in Figure 2, four different ZBGs (hy-
droxypyrone, hydroxypyrothione, N-hydroxypyridinone, N-hy-
droxypyridinethione), two different linkers (amide and thioa-
mide), and eight different backbones were assembled in different
combinations to generate 28 compounds. Table 1 lists the IC50

values of each compound against LF. As previously noted, the
N-hydroxypyridinone- (both O,O,O and O,S,O) and the hy-
droxypyrone-based (O,O,O) compounds are poor inhibitors of
LF. In contrast, the (O,S,O) hydroxypyrothione ZBG clearly
improves inhibition of LF, consistent with the earlier studies
on 11b.40

A three-dimensional structure of the bound complex formed
between 11b and anthrax LF showed the biphenyl backbone of
11b targeting a specific pocket in the LF active site.40 To
optimize the backbone interactions in LF, different substituted
and unsubstituted aromatic backbones were appended to the
ZBGs via an amide or thioamide linker. The hydroxypyrothiones
coupled via an amide bond (O,S,O) showed moderate potency
(consistent with 11b) with some variations depending on the
backbone group. However, the use of a thioamide linker with
a hydroxypyrothione ZBG (O,S,S) showed consistently im-
proved potency against LF, regardless of the backbone used.
These results suggested that the potency of the (O,S,S)
compounds was primarily a result of the ZBG and linker alone.
To improve potency by enhancing backbone interactions, we
targeted the S1′ pocket of LF with the design of inhibitor series

4a-c. The “bifurcated” biphenyl backbone of 4c was designed
to interact with the same pocket as found for 11b while also
targeting the S1′ pocket. Compound 4c showed a slight but not
pronounced improvement in inhibition compared to the other
LFi reported here. To confirm the dominance of the ZBG and
linker over the backbone in this series of LFi, compounds with
a simple ethyl backbone were prepared (8a-c). Indeed, the
potency of 8c showed that the backbone groups play a minimal
role in these compounds, and further design is required to fully
exploit additional protein-specific interactions.

To probe the specific interactions of the ZBG, linker, and
backbone in the active site, computational models for the binding
mode of several of the inhibitors were calculated using the
previously calculated 11b model as a starting point.40 QM/MM
minimization procedures were employed on each model in order
to take into account electronic effects in the interaction between
zinc(II), the active site residues, and the ZBG. The models show
a good agreement, at least qualitatively, with the experimentally
observed IC50 values. The optimized structures reveal that
different backbone fragments have little effect on the orientation
of the ZBG in the active site. The main structural difference
found in our models was in the orientation of the amide/
thioamide linker relative to the ZBG. The models show that
twisting about the bond between the ZBG and the amide group
(e.g., breaking planarity of the amide group and aromatic pyrone
rings) allows for formation of specific interactions between
residues Lys392, Gly393, and the oxygen/sulfur amide atoms
of the inhibitors. Dihedral angles between the amide/thioamide
groups and pyrone rings in 1b, 1c, 3b, 3c, 4b, and 4c were
found to be 71°, 62°, 28°, 98°, 61°, and 57°, respectively. The
hydrogen bonding is most pronounced in the inhibitor with bulky
backbones (1b,c and 4b,c), where the hydrogen-bonded amide/
thioamide linkers sit in essentially the same configuration (Figure
3). The smaller angle in 3b is consistent with the lack of
hydrogen bonding (Figure 3) with the protein active site
compared to the other LFi. It is important to note that QM
minimizations of the inhibitors, in the absence of protein and
solvation, converge to a planar thioamide-pyrone ring conju-
gated system. This was validated by minimizing the conforma-
tion of 5c, which converged to the structure found by crystal-
lographic analysis (Figure S1 of Supporting Information). The
hydrogen bond formed by the thioamide LFi was somewhat
surprising, as thioamides are known to be weaker hydrogen bond
acceptors compared to their amide analogues.54,55 However,
Allen and co-workers have shown that thioamides possess a
resonance induced hydrogen bonding potential that arises from
the lone pair of electrons on the neighboring nitrogen atom of
the amino group.54 This leads to a net increase in electronega-
tivity of the thioamide sulfur and a lengthening of the CdS
bond, which likely facilitates hydrogen bonding in these
molecules.

Despite the difference in potency among the (O,S,O) and
(O,S,S) compounds, the ligand efficiencies (LE) of both sets of
hydroxypyrothiones fall in a reasonably efficient, small window
of 0.28-0.54 kcal mol-1 per heavy atom.49-51 LE is the ratio
of the binding free energy of a ligand to the number of heavy
atoms in the ligand. LE is used to normalize the potency of
various ligands with respect to their molecular weight.49-51,56

In this way, LE is an important metric in controlling the size of
a druggable lead while maintaining potency. The LE of the
hydroxypyrothione ZBG (i.e., thiomaltol) is 0.58 kcal mol-1

per heavy atom and with the addition of a thioamide ethyl
linkage (8c) is 0.54 kcal mol-1 per heavy atom. The remaining
hydroxypyrothione LFi with aromatic backbones have an
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average LE of 0.33 kcal mol-1 per heavy atom. The potency
contributed by the thioamide bond is further reflected in the
similar LE values obtained for thiomaltol and 8c and remains
relatively consistent throughout the LFi series compared to their
amide analogues. As discussed above, the potency of the
thioamide-linked compounds may be attributed to the longer
CdS bond and twisting of the ZBG, which helps to introduce
hydrogen bonding with the protein active site.54,57

There is some concern about the clinical use of thioamides,
as in some cases they have been associated with hepatotoxic
effects.58,59 However, other studies have shown thioamides to
improve the stability of compounds against certain proteases.57,60,61

In this study, in addition to being more potent, the thioamide
LFi reported here meet certain drug discovery criteria, with
molecular weights of less than 500 Da, possessing less than 5
hydrogen-bond donors and less than 10 hydrogen-bond acceptors
with adequate ligand efficiencies.56 To further develop the
hydroxypyrothione ZBGs with a thioamide linker, we plan to
utilize our computational models to probe the active site and
further elaborate the (O,S,S) scaffold with more specific, protein-
interacting backbones.

Conclusion

In this report we have successfully shown the effect of the
ZBG and linker on the potency of a series of metal-chelating
LFi. Some of the compounds include potent, isoform-specific
MMPi (1a and 9a) that showed negligible activity against LF.
The active inhibitors identified here elicit the effect by tight
binding of the ZBG and strong hydrogen bonding to the protein
via a thioamide linking group. Even though at present we have
not identified an optimal backbone component, we have
succeeded in identifying a potent ZBG-linker scaffold from
which an optimized backbone can be grafted to obtain a new
class of highly potent LFi.

Experimental Section

Chemistry. Unless otherwise noted, all chemicals were pur-
chased from commercial suppliers (Aldrich and Fisher) and used
as received. Flash silica gel chromatography was performed using
Merck silica gel 40-63 µm mesh. Inert reactions were carried out
under a dinitrogen atmosphere. 1H/13C NMR spectra were recorded
at ambient temperature on a 300 or 400 MHz Varian FT-NMR
instrument, property of the Department of Chemistry and Biochem-
istry, University of California, San Diego. Mass spectra were
obtained at the Small Molecule Mass Spectrometry Facility in the
Department of Chemistry and Biochemistry at the University of
California, San Diego. Elemental analysis was performed by
NuMega Resonance Laboratories, San Diego, CA.

N-(Biphenyl-4-ylmethyl)-3-hydroxy-4-oxo-4H-pyran-2-car-
boxamide (1a). This compound was prepared as previously
reported.46

N-(Biphenyl-4-ylmethyl)-3-hydroxy-4-thioxo-4H-pyran-2-car-
boxamide (1b). To a solution of 1a (200 mg, 0.62 mmol) in
benzene (20 mL) was added P4S10 (0.366 equiv, 102 mg, 0.23
mmol) and HMDO (3.339 equiv, 336 mg, 442 µL, 2.07mmol), and
the mixture was heated to reflux at 105 °C for 3 h. Solid byproducts
were removed by vacuum filtration, and the filtrate was evaporated
in vacuo to a crude brown solid. The crude product was purified
via column chromatography (50% EtOAc/hexanes) to afford 1b
(33 mg, 0.10 mmol). Yield ) 16%. 1H NMR (400 MHz, CDCl3,
25 °C): δ ) 4.71 (d, J ) 6 Hz, NHCH2), 7.34 (t, J ) 7.2 Hz, 1H;
ArH), 7.42 (m, 5H; ArH), 7.57 (m, 4H; ArH), 7.72 (d, J ) 5.2 Hz,
1H; ArH), 7.92 (brt, 1H; CONHCH2), 9.73 (brs, 1H; ArOH). 13C
NMR (100 MHz, CDCl3, 25 °C): δ ) 43.6 (CH2), 125.7 (ArC),
127.1 (ArC), 127.4 (ArC), 127.6 (ArC), 128.3 (ArC), 128.8 (ArC),
132.4 (ArC), 136.0 (ArC), 140.5 (ArC), 140.9 (ArC), 147.4 (ArC),
151.6 (ArC), 160.9 (CdO), 190.5 (ArCdS). APCI-MS(-) m/z 336.11

[M - H]-. Anal. (C19H15NO3S ·H2O). C, H, N, S, respectively: calcd
64.21, found 64.51; calcd 4.82, found 4.94; calcd 3.94, found 3.89;
calcd 10.80, found 11.26.

N-(Biphenyl-4-ylmethyl)-3-hydroxy-4-thioxo-4H-pyran-2-car-
bothioamide (1c). 1c was obtained from 1a from the same reaction
as that of 1b (vide supra) as a dark-brown solid (94 mg, 0.27 mmol).
Yield ) 43%. 1H NMR (400 MHz, CDCl3, 25 °C): δ ) 5.01 (d, J
) 4.4 Hz, NHCH2), 7.35 (t, J ) 7.4 Hz, 1H; ArH), 7.42 (m, 5H;
ArH), 7.58 (m, 4H; ArH), 7.75 (d, J ) 5.2 Hz, 1H; ArH), 9.53
(brt, 1H; CONHCH2), 10.30 (brs, 1H; ArOH). 13C NMR (100 MHz,
CDCl3, 25 °C): δ ) 50.0 (CH2), 125.3 (ArC), 127.0 (ArC), 127.5
(ArC), 127.7 (ArC), 128.6 (ArC), 128.8 (ArC), 133.9 (ArC), 134.2
(ArC), 140.2 (ArC), 141.2 (ArC), 147.4 (ArC), 149.3 (ArC), 184.8
(CdS), 191.2 (ArCdS). APCI-MS(+) m/z 353.98 [M + H]+. Anal.
(C19H15NO2S2 · 0.65H2O). C, H, N, S, respectively: calcd 62.49,
found 662.29; calcd 4.50, found 4.45; calcd 3.84, found 3.66; calcd
17.56, found 17.40.

N-(4-Fluorobenzyl)-3-hydroxy-4-oxo-4H-pyran-2-carboxam-
ide (2a). To a solution of 3-(benzyloxy)-4-oxo-4H-pyran-2-car-
boxylic acid (BPCA)46 (500 mg, 2.0 mmol) in dichloromethane
was added NHS (1.0 equiv, 230 mg, 2.0 mmol), EDCI (1.0 equiv,
383 mg, 2.0 mmol), and 4-fluorobenzylamine (1.0 equiv, 250 mg,
227 µL, 2.0 mmol). The mixture was stirred overnight at room
temperature under N2 and then poured into a separatory funnel and
extracted with water and dichloromethane. The layers were
separated, and the organic layers were combined, dried over
anhydrous magnesium sulfate, filtered, and concentrated to an
orange oil. The crude oil was purified via silica column chroma-
tography (0-2% MeOH/CH2Cl2) to yield a yellow solid of the
benzyl protected product. To the yellow product was added 10 mL
of a 1:1 solution of concentrated HCl and glacial acetic acid. The
reaction mixture was stirred for 5 d and then concentrated in vacuo
to yield an off-white residue which was coevaporated with MeOH
and dried to yield an off-white solid (269 mg, 1.02 mmol). Yield
) 93%. 1H NMR (400 MHz, CDCl3, 25 °C): δ ) 4.46 (d, J ) 6
Hz, NHCH2), 6.32 (d, J ) 5.6 Hz, 1H; ArH), 6.90 (t, J ) 8.4 Hz,
2H; ArH), 7.20 (dd, J ) 3.6, 14, 2H; ArH), 7.67 (d, J ) 5.2 Hz,
1H; ArH), 8.11 (brt, 1H; CONHCH2). 13C NMR (100 MHz, CDCl3,
25 °C): δ ) 42.1 (CH2), 114.8 (ArC), 115.0 (ArC), 115.2 (ArC),
129.1 (ArC), 129.2 (ArC), 132.9 (ArC), 148.9 (ArC), 153.2 (ArC),
160.5 (ArC), 162.4 (ArC), 162.9 (CdO), 173.6 (ArCdO). ESI-
MS(+) m/z 264.02 [M + H]+. Anal. (C13H10FNO4) C, H, N.

N-(4-Fluorobenzyl)-3-hydroxy-4-thioxo-4H-pyran-2-carbox-
amide (2b). This compound was prepared from 2a according to
the procedure outlined for 1b. 2a (150 mg, 0.57 mmol) was treated
with P4S10 and HMDO for 1 h to yield an orange-red solid of 2b
(48 mg, 0.17 mmol). Yield ) 30%. 1H NMR (400 MHz, CDCl3,
25 °C): δ ) 4.63 (d, J ) 6 Hz, NHCH2), 7.02 (t, J ) 9.4 Hz, 2H;
ArH), 7.31 (m, 2H; ArH), 7.42 (dd, J ) 3.6, 6.4 Hz, 1H; ArH),
7.72 (dd, J ) 3.6, 6.4 Hz, 1H; ArH), 7.90 (brt, 1H; CONHCH2),
9.65 (brs, 1H; ArOH). 13C NMR (100 MHz, CDCl3, 25 °C): δ )
42.5 (CH2), 115.0 (ArC), 115.2 (ArC), 126.4 (ArC), 129.1 (ArC),
129.2 (ArC), 131.3 (ArC), 146.2 (ArC), 152.7 (ArC), 160.7 (ArC),
162.2 (ArC), 163.1 (CdO), 191.5 (ArCdS). APCI-MS(+) m/z
280.06 [M + H]+. Anal. (C13H10FNO3S) C, H, N, S.

N-(4-Fluorobenzyl)-3-hydroxy-4-thioxo-4H-pyran-2-carboth-
ioamide (2c). 2c was obtained from 2a from the same reaction as
that of 2b as a brown solid (47 mg, 0.16 mmol). Yield ) 28%. 1H
NMR (400 MHz, CDCl3, 25 °C): δ ) 4.94 (d, J ) 4.8 Hz, NHCH2),
7.06 (t, J ) 8.8 Hz, 2H; ArH), 7.35 (dd, J ) 2.8, 13.6 Hz, 2H;
ArH), 7.41 (d, J ) 5.2 Hz, 1H; ArH), 7.76 (d, J ) 4.8 Hz, 1H;
ArH), 9.50 (brt, 1H; CONHCH2), 10.18 (brs, 1H; ArOH). 13C NMR
(100 MHz, CDCl3, 25 °C): δ ) 49.4 (CH2), 115.8 (ArC), 116.0 (ArC),
125.2 (ArC), 129.8 (ArC), 130.0 (ArC), 133.8 (ArC), 147.4 (ArC),
149.1 (ArC), 161.2 (ArC), 163.7 (ArC), 184.8 (CdS), 191.1 (ArCdS).
APCI-MS(+) m/z 296.03 [M + H]+. Anal. (C13H10FNO2S2). C, H,
N, S, respectively: calcd 52.87, found 52.43; calcd 3.41, found 3.50;
calcd 4.74, found 4.55; calcd 21.71, found 21.32.

3-Hydroxy-N-(4-methoxybenzyl)-4-oxo-4H-pyran-2-carbox-
amide (3a). 3a was prepared according to the same procedure
outlined for 2a starting from BPCA (1.0 g, 4.1 mmol), EDCI (786

Thioamide Hydroxypyrothiones Journal of Medicinal Chemistry, 2009, Vol. 52, No. 4 1069



mg, 4.1 mmol), HOBt (554 mg, 4.1 mmol), and 4-methoxybenzy-
lamine (562 mg, 536 µL, 4.1 mmol) to yield an off-white solid of
3a (600 mg, 2.2 mmol). Yield ) 54%. 1H NMR (400 MHz, CDCl3,
25 °C): δ ) 3.81 (s, 3H; OCH3), 4.55 (d, J ) 4.8 Hz, NHCH2),
6.44 (d, J ) 6 Hz, 1H; ArH), 6.89 (d, J ) 8.8 Hz, 2H; ArH), 7.02
(brt, 1H; CONHCH2), 7.26 (d, J ) 9.6 Hz, 2H; ArH), 7.68 (d, J )
5.6 Hz, 1H; ArH). 13C NMR (100 MHz, CDCl3, 25 °C): δ ) 43.1
(CH2), 55.3 (OCH3), 114.3 (ArC), 115.5 (ArC), 128.5 (ArC), 129.4
(ArC), 135.9 (ArC), 149.6 (ArC), 153.0 (ArC), 159.4 (ArC), 163.1
(CdO), 173.6 (ArCdO). ESI-MS(+) m/z 275.98 [M + H]+. Anal.
(C14H13NO5) C, H, N.

3-Hydroxy-N-(4-methoxybenzyl)-4-thioxo-4H-pyran-2-car-
boxamide (3b). This compound was prepared from 3a according
to the procedure outlined for 1b. 3a (150 mg, 0.54 mmol) was
treated with P4S10 and HMDO for 1 h to yield an orange-red solid
of 3b (65 mg, 0.22 mmol). Yield ) 41%. 1H NMR (400 MHz,
CDCl3, 25 °C): δ ) 3.77 (s, 3H; OCH3), 4.56 (d, J ) 5.2 Hz,
NHCH2), 6.85 (d, J ) 8 Hz, 2H; ArH), 7.24 (d, J ) 8.4 Hz, 2H;
ArH), 7.36 (d, J ) 4.8 Hz, 1H; ArH), 7.64 (d, J ) 4.8 Hz, 1H;
ArH), 7.80 (brt, 1H; CONHCH2), 9.95 (brs, 1H; ArOH). 13C NMR
(100 MHz, CDCl3, 25 °C): δ ) 43.3 (CH2), 55.2 (OCH3), 114.1
(ArC), 125.9 (ArC), 128.8 (ArC), 129.1 (ArC), 132.0 (ArC), 146.9
(ArC), 151.6 (ArC), 159.1 (ArC), 160.8 (CdO), 190.6 (ArC)S).
ESI-MS(-) m/z 290.09 [M - H]-. Anal. (C14H13NO4S ·0.35H2O).
C, H, N, S, respectively: calcd 56.50, found 56.90; calcd 4.64, found
5.04; calcd 4.71, found 4.49; calcd 10.77, found 10.38.

3-Hydroxy-N-(4-methoxybenzyl)-4-thioxo-4H-pyran-2-car-
bothioamide (3c). 3c was obtained from 3a from the same reaction
as that of 3b as a dark-brown solid (20 mg, 0.07 mmol). Yield )
7%. 1H NMR (400 MHz, CDCl3, 25 °C): δ ) 3.82 (s, 3H; OCH3),
4.87 (d, J ) 5.6 Hz, NHCH2), 6.91 (d, J ) 8.8 Hz, 2H; ArH), 7.31
(d, J ) 8.4 Hz, 2H; ArH), 7.40 (d, J ) 4.8 Hz, 1H; ArH), 7.73 (d,
J ) 5.2 Hz, 1H; ArH), 9.38 (brt, 1H; CONHCH2), 10.33 (brs, 1H;
ArOH). 13C NMR (100 MHz, CDCl3, 25 °C): δ ) 49.8 (CH2),
55.2 (OCH3), 114.2 (ArC), 125.3 (ArC), 127.1 (ArC), 129.6 (ArC),
133.6 (ArC), 147.0 (ArC), 149.4 (ArC), 159.4 (ArC), 184.2 (CdS),
191.2 (ArCdS). APCI-MS(-) m/z 306.06 [M - H]-. Anal.
(C14H13NO3S2) C, H, N, S.

N-Benzhydryl-3-hydroxy-4-oxo-4H-pyran-2-carboxamide (4a).
This compound was prepared according to the same procedure
outlined for 3a starting from BPCA (1.0 g, 4.1 mmol), EDCI (1.2
equiv, 939 mg, 4.9 mmol), HOBt (1.2 equiv, 662 mg, 4.9 mmol),
and diphenylmethanamine (1.2 equiv, 898 mg, 844 µL, 4.9 mmol)
to yield a tan solid of 4a (732 mg, 2.3 mmol). Yield ) 56%. 1H
NMR (400 MHz, CDCl3, 25 °C): δ ) 6.37 (d, J ) 8 Hz, NHCH),
6.45 (d, J ) 5.2 Hz, 1H; ArH), 7.05 (brd, J ) 7.6 Hz, CONHCH2),
7.28-7.43 (m, 10H; ArH), 7.72 (d, J ) 6 Hz, 1H; ArH). 13C NMR
(100 MHz, DMSO-d6, 25 °C): δ ) 56.4 (CH2), 114.4 (ArC), 127.3
(ArC), 128.5 (ArC), 137.7 (ArC), 141.2 (ArC), 147.9 (ArC), 155.2
(ArC), 160.8 (CdO), 173.5 (ArCdO). ESI-MS(+) m/z 321.85 [M
+ H]+. Anal. (C19H15NO4 ·0.25H2O). C, H, N: calcd 70.04, found
70.09; calcd 4.79, found 5.16; calcd 4.30, found 4.47.

N-Benzhydryl-3-hydroxy-4-thioxo-4H-pyran-2-carboxam-
ide (4b). This compound was prepared from 4a according to the
procedure outlined for 1b. 4a (600 mg, 1.9 mmol) was treated with
P4S10 and HMDO for 3 h to yield a light-brown solid of 4b (90
mg, 0.27 mmol). Yield ) 14%. 1H NMR (400 MHz, CDCl3, 25
°C): δ ) 6.44 (d, J ) 8 Hz, NHCH), 7.30-7.38 (m, 10H; ArH),
7.41 (d, J ) 5.2 Hz, 1H; ArH), 7.70 (d, J ) 4.8 Hz, 1H; ArH),
8.27 (brd, J ) 7.2 Hz, CONHCH2), 9.72 (brs, 1H; ArOH). 13C
NMR (100 MHz, DMSO-d6, 25 °C): δ ) 56.5 (ArC), 127.4 (ArC),
127.5 (ArC), 128.5 (ArC), 132.5 (ArC), 140.9 (ArC), 147.0 (ArC),
153.5 (ArC), 161.9 (CdO), 191.9 (ArCdS). APCI-MS(+) m/z
338.18 [M + H]+. Anal. (C19H15NO3S ·0.6H2O). C, H, N, S,
respectively: calcd 65.54, found 65.60; calcd 4.69, found 5.05; calcd
4.02, found 4.02; calcd 9.21, found 10.33.

N-Benzhydryl-3-hydroxy-4-thioxo-4H-pyran-2-carbothioam-
ide (4c). 4c was obtained from 4a from the same reaction as that
of 4b as a dark-brown solid (216 mg, 0.61 mmol). Yield ) 32%.
1H NMR (400 MHz, CDCl3, 25 °C): δ ) 6.93 (d, J ) 7.2 Hz,
NHCH), 7.30-7.40 (m, 10H; ArH), 7.42 (d, J ) 5.2 Hz, 1H; ArH),

7.76 (d, J ) 5.2 Hz, 1H; ArH), 9.92 (brd, CONHCH2), 10.15 (brs,
1H; ArOH). 13C NMR (100 MHz, DMSO-d6, 25 °C): δ ) 61.7
(CH2), 125.5 (ArC), 127.6 (ArC), 127.7 (ArC), 128.6 (ArC), 139.2
(ArC), 139.7 (ArC), 147.7 (ArC), 184.4 (CdS), 191.1 (ArCdS).
APCI-MS(+) m/z 353.85 [M + H]+. Anal. (C19H15NO2S2 ·0.4H2O).
C, H, N, S, respectively: calcd 63.27, found 63.47; calcd 4.42, found
4.86; calcd 3.88, found 3.90; calcd 17.78, found 18.16.

3-Hydroxy-N-(2-methoxybenzyl)-4-oxo-4H-pyran-2-carbox-
amide (5a). This compound was prepared according to the same
procedure outlined for 3a starting from BPCA (500 mg, 2.0 mmol),
EDCI (1.2 equiv, 713 mg, 2.4 mmol), HOBt (1.2 equiv, 324 mg,
2.4 mmol), and 2-methoxybenzylamine (1.2 equiv, 329 mg, 310
µL, 2.4 mmol), to yield an off-white solid of 5a (355 mg, 1.3 mmol).
Yield ) 65%. 1H NMR (400 MHz, CDCl3, 25 °C): δ ) 3.86 (s,
3H; OCH3), 4.57 (d, J ) 3.6 Hz, NHCH2), 6.39 (d, J ) 5.2 Hz,
1H; ArH), 6.87 (q, J ) 7.2 Hz, 2H; ArH), 7.25 (m, 2H; ArH), 7.57
(brt, 1H; CONHCH2), 7.71 (d, J ) 6 Hz, 1H; ArH). 13C NMR
(100 MHz, CDCl3, 25 °C): δ ) 39.6 (CH2), 55.4 (OCH3), 110.5
(ArC), 115.5 (ArC), 120.8 (ArC), 124.5 (ArC), 129.6 (ArC), 130.1
(ArC), 136.1 (ArC), 149.7 (ArC), 152.8 (ArC), 157.6 (ArC), 163.0
(CdO), 173.7 (ArCdO). APCI-MS(+) m/z 275.88 [M + H]+. Anal.
(C14H13NO5) C, H, N.

3-Hydroxy-N-(2-methoxybenzyl)-4-thioxo-4H-pyran-2-car-
boxamide (5b). This compound was prepared from 5a according
to the procedure outlined for 1b. 5a (400 mg, 1.4 mmol) was treated
with P4S10 and HMDO for 2.5 h to yield a reddish brown solid of
5b (290 mg, 1.0 mmol). Yield ) 76%. 1H NMR (300 MHz, CDCl3,
25 °C): δ ) 3.90 (s, 3H; OCH3), 4.65 (d, J ) 5.7 Hz, NHCH2),
6.90 (q, J ) 7.8 Hz, 2H; ArH), 7.28-7.35 (m, 2H; ArH), 7.40 (d,
J ) 4.8 Hz, 1H; ArH), 7.68 (d, J ) 5.7 Hz, 1H; ArH), 8.08 (brt,
1H; CONHCH2), 9.88 (brs, 1H; ArOH). 13C NMR (75 MHz, CDCl3,
25 °C): δ ) 39.9 (CH2), 55.4 (OCH3), 110.4 (ArC), 120.7 (ArC),
125.0 (ArC), 125.8 (ArC), 129.4 (ArC), 129.9 (ArC), 133.4 (ArC),
147.0 (ArC), 152.1 (ArC), 157.6 (ArC), 161.4 (CdO), 191.7
(ArCdO). ESI-MS(+) m/z 292.00 [M + H]+. HRMS calcd for
C14H13NO4S: 291.0560. Found: 291.0563.

3-Hydroxy-N-(2-methoxybenzyl)-4-thioxo-4H-pyran-2-car-
bothioamide (5c). 5c was obtained from 5a from the same reaction
as that of 5b as a dark-brown solid (90 mg, 0.29 mmol). Yield )
21%. 1H NMR (400 MHz, CDCl3, 25 °C): δ ) 3.90 (s, 3H; OCH3),
4.99 (d, J ) 5.2 Hz, NHCH2), 6.93 (q, J ) 7.2 Hz, 2H; ArH), 7.33
(q, J ) 8 Hz, 2H; ArH), 7.40 (d, J ) 5.2 Hz, 1H; ArH), 7.73 (d,
J ) 5.2 Hz, 1H; ArH), 9.70 (brt, 1H; CONHCH2), 10.43 (brs, 1H;
ArOH). 13C NMR (100 MHz, CDCl3, 25 °C): δ ) 45.4 (CH2),
55.1 (OCH3), 110.3 (ArC), 120.4 (ArC), 122.9 (ArC), 125.7 (ArC),
129.5 (ArC), 130.2 (ArC), 133.6 (ArC), 146.4 (ArC), 150.1 (ArC),
157.4 (ArC), 183.6 (CdS), 191.8 (ArCdS). APCI-MS(+) m/z
307.91 [M + H]+. Anal. (C14H13NO3S2 ·0.5H2O). C, H, N, S,
respectively: calcd 53.15, found 52.90; calcd 4.46, found 4.49; calcd
4.43, found 4.12; calcd 20.27, found 20.44.

3-Hydroxy-N-(3-methoxybenzyl)-4-oxo-4H-pyran-2-carbox-
amide (6a). This compound was prepared according to the same
procedure outlined for 3a starting from BPCA (500 mg, 2.0 mmol),
EDCI (1.2 equiv, 713 mg, 2.4 mmol), HOBt (1.2 equiv, 324 mg,
2.4 mmol), and 3-methoxybenzylamine (1.2 equiv, 329 mg, 310
µL, 2.4 mmol) to yield a tan solid of 6a (330 mg, 1.2 mmol). Yield
) 60%. 1H NMR (400 MHz, CDCl3, 25 °C): δ ) 3.79 (s, 3H;
OCH3), 4.57 (d, J ) 4.8 Hz, NHCH2), 6.52 (d, J ) 6.0 Hz, 1H;
ArH), 6.82-6.92 (m, 3H; ArH), 7.24 (t, J ) 7.8 Hz, 1H; ArH),
7.60 (brt, 1H; CONHCH2), 7.81 (d, J ) 5.2 Hz, 1H; ArH). 13C
NMR (100 MHz, CDCl3, 25 °C): δ ) 43.5 (CH2), 55.3 (OCH3),
113.2 (ArC), 113.4 (ArC), 113.7 (ArC), 120.1 (ArC), 130.0 (ArC),
136.0 (ArC), 138.1 (ArC), 149.6 (ArC), 153.1 (ArC), 159.9 (ArC),
163.1 (CdO), 173.6 (ArCdO). APCI-MS(+) m/z 275.96 [M +
H]+. Anal. (C14H13NO5) C, H, N.

3-Hydroxy-N-(3-methoxybenzyl)-4-thioxo-4H-pyran-2-car-
boxamide (6b). This compound was prepared from 6a according
to the procedure outlined for 1b. 6a (40 mg, 0.15 mmol) was treated
with P4S10 and HMDO for 40 min to yield a brown solid of 6b (40
mg, 0.14 mmol). Yield ) 95%. 1H NMR (300 MHz, CDCl3,
25 °C): δ ) 3.81 (s, 3H; OCH3), 4.64 (d, J ) 6.0 Hz, NHCH2),
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6.83-6.89 (m, 2H; ArH), 6.92 (d, J ) 7.8 Hz, 1H; ArH), 7.28 (d,
J ) 7.8 Hz, 1H; ArH), 7.41 (d, J ) 5.4 Hz, 1H; ArH), 7.70 (d, J
) 4.8 Hz, 1H; ArH), 7.86 (brt, 1H; CONHCH2), 9.74 (brs, 1H;
ArOH). 13C NMR (75 MHz, DMSO-d6, 25 °C): δ ) 42.4 (CH2),
55.0 (OCH3), 112.5 (ArC), 113.2 (ArC), 119.5 (ArC), 127.8 (ArC),
129.5 (ArC), 131.7 (ArC), 139.6 (ArC), 154.1 (ArC), 159.3 (ArC),
161.9 (ArC), 163.4 (CdO), 192.4 (ArCdS). ESI-MS(+) m/z 292.05
[M + H]+. HRMS calcd for C14H13NO3S: 291.0560. Found:
291.0556.

3-Hydroxy-N-(3-methoxybenzyl)-4-thioxo-4H-pyran-2-car-
bothioamide (6c). This compound was prepared from 6a according
to the procedure outlined for 1c. 6a (450 mg, 1.6 mmol) was treated
for 2 h to yield a dark-greenish-brown solid of 6c (126 mg, 0.43
mmol). Yield ) 27%. 1H NMR (400 MHz, CDCl3, 25 °C): δ )
3.83 (s, 3H; OCH3), 4.93 (d, J ) 5.2 Hz, NHCH2), 6.89-6.92 (m,
2H; ArH), 6.96 (d, J ) 8.0 Hz, 1H; ArH), 7.30 (t, J ) 8.0 Hz, 1H;
ArH), 7.42 (d, J ) 5.2 Hz, 1H; ArH), 7.76 (d, J ) 5.2 Hz, 1H;
ArH), 9.47 (brt, 1H; CONHCH2), 10.26 (brs, 1H; ArOH). 13C NMR
(75 MHz, CDCl3, 25 °C): δ ) 50.4 (CH2), 55.3 (OCH3), 113.6
(ArC), 113.9 (ArC), 120.4 (ArC), 125.2 (ArC), 129.2 (ArC), 130.2
(ArC), 133.9 (ArC), 136.8 (ArC), 147.5 (ArC), 160.0 (ArC), 185.3
(CdS), 197.0 (ArCdS). APCI-MS(+) m/z 307.96 [M + H]+. Anal.
(C14H13NO3S2 · 0.55H2O). C, H, N, S, respectively: calcd 52.99,
found 52.83; calcd 4.48, found 4.57; calcd 4.41, found 4.40; calcd
20.21, found 21.52.

N-Benzyl-3-hydroxy-4-oxo-4H-pyran-2-carboxamide (7a). This
compound was prepared according to the same procedure outlined
for 3a starting from BPCA (575 mg, 2.3 mmol), EDCI (1.0 equiv,
441 mg, 2.3 mmol), HOBt (1.0 equiv, 311 mg, 2.3 mmol), and
benzylamine (1.0 equiv, 246 mg, 251 µL, 2.3 mmol) to yield a tan
solid of 7a (294 mg, 1.2 mmol). Yield ) 52%. 1H NMR (400 MHz,
CDCl3, 25 °C): δ ) 4.63 (d, J ) 6 Hz, NHCH2), 6.46 (d, J ) 5.2
Hz, 1H; ArH), 7.04 (brt, 1H; CONHCH2), 7.34-7.41 (m, 5H; ArH),
7.69 (d, J ) 6 Hz, 1H; ArH). 13C NMR (100 MHz, CDCl3, 25 °C):
δ ) 43.6 (CH2), 115.5 (ArC), 128.0 (ArC), 128.1 (ArC), 129.0
(ArC), 135.9 (ArC), 136.5 (ArC), 149.6 (ArC), 153.0 (ArC), 163.1
(CdO), 173.5 (ArCdO). APCI-MS(+) m/z 246.00 [M + H]+. Anal.
(C13H11NO4) C, H, N.

N-Benzyl-3-hydroxy-4-thioxo-4H-pyran-2-carboxamide (7b).
This compound was prepared from 7a according to the procedure
outlined for 1b. 7a (250 mg, 1.0 mmol) was treated for 1.5 h to
yield a mustard-brown solid of 7b (85 mg, 0.32 mmol). Yield )
32%. 1H NMR (300 MHz, CDCl3, 25 °C): δ ) 4.51 (d, J ) 6 Hz,
NHCH2), 7.15-7.20 (m, 1H; ArH), 7.23 (s, 3H; ArH), 7.24 (s, 1H;
ArH), 7.27 (d, J ) 4.4 Hz, 1H; ArH), 7.58 (d, 7.04, J ) 4.4 Hz,
1H; ArH), 8.29 (brt, 1H; CONHCH2), 9.80 (brs, 1H; ArOH). 13C
NMR (75 MHz, DMSO-d6, 25 °C): δ ) 43.3 (CH2), 126.3 (ArC),
127.4 (ArC), 127.5 (ArC), 128.5 (ArC), 131.5 (ArC), 136.7 (ArC),
146.4 (ArC), 152.2 (ArC), 161.7 (CdS), 191.1 (ArCdS). APCI-
MS(+) m/z 262.05 [M + H]+. HRMS calcd for C13H11NO3S:
261.0454. Found: 291.0455.

N-Benzyl-3-hydroxy-4-thioxo-4H-pyran-2-carbothioamide (7c).
This compound was prepared from 7a according to the procedure
outlined for 1c. 7a (180 mg, 0.73 mmol) was treated with P4S10

and HMDO for 2.5 h to yield a dark-red solid of 7c (24 mg,
0.09 mmol). Yield ) 12%. 1H NMR (400 MHz, CDCl3, 25 °C):
δ ) 4.961 (d, J ) 5.2 Hz, NHCH2), 7.347-7.393 (m, 5H; ArH),
7.409 (d, J ) 5.2 Hz, 1H; ArH), 7.744 (d, J ) 5.2 Hz, 1H; ArH),
9.473 (brt, 1H; CONHCH2), 10.305 (brs, 1H; ArOH). 13C NMR
(100 MHz, CDCl3, 25 °C): δ ) 50.021 (CH2), 125.403 (ArC),
128.042 (ArC), 128.149 (ArC), 128.855 (ArC), 133.563 (ArC),
135.079 (ArC), 146.847 (ArC), 149.639 (ArC), 184.477 (CdS),
191.316 (ArCdS). APCI-MS(+) m/z 278.08 [M + H]+. Anal.
(C13H11NO2S2 ·0.5H2O). C, H, N, S, respectively: calcd 54.52, found
54.69; calcd 4.22, found 4.62; calcd 5.71, found 4.89; calcd 22.39,
found 21.89.

N-Ethyl-3-hydroxy-4-oxo-4H-pyran-2-carboxamide (8a). This
compound was prepared according to the same procedure outlined
for 3a starting from BPCA (500 mg, 2.0 mmol), EDCI (1.2 equiv,
713 mg, 2.4 mmol), HOBt (1.2 equiv, 324 mg, 2.4 mmol), and 2
M ethylamine in THF (1.2 equiv, 1.2 mL, 2.4 mmol) to yield an

off-white solid of 8a (210 mg, 1.2 mmol). Yield ) 64%. 1H NMR
(400 MHz, CDCl3, 25 °C): δ ) 1.26 (t, J )7.4 Hz, 2H; CH2CH3),
3.47 (p, J ) 7.2 Hz, 2H; NHCH2CH3), 6.46 (d, J ) 5.2 Hz, 1H;
ArH), 6.75 (brt, 1H; CONHCH2), 7.71 (d, J ) 5.6 Hz, 1H; ArH).
13C NMR (100 MHz, CDCl3, 25 °C): δ ) 14.6 (CH2CH3), 34.6
(CH2CH3), 115.5 (ArC), 136.0 (ArC), 149.5 (ArC), 152.9 (ArC),
163.2 (CdO), 173.7 (ArCdO). ESI-MS(+) m/z 184.09 [M + H]+.
HRMS calcd for C8H9NO4: 183.0526. Found: 183.0525.

N-Ethyl-3-hydroxy-4-thioxo-4H-pyran-2-carboxamide (8b).
This compound was prepared from 8a according to the procedure
outlined for 1b. 8a (107 mg, 0.6 mmol) was treated with P4S10 and
HMDO for 25 min to yield a reddish-brown solid of 8b (30 mg,
0.15 mmol). Yield ) 25%. 1H NMR (300 MHz, CDCl3, 25 °C): δ
) 1.26 (t, J ) 7.4 Hz, 2H; CH2CH3), 3.50 (p, J ) 7.0 Hz, 2H;
CH2CH3), 7.42 (d, J ) 5.2 Hz, 1H; ArH), 7.71 (brt, 1H;
CONHCH2), 7.70 (d, J ) 5.2 Hz, 1H; ArH), 9.86 (brs, 1H; ArOH).
ESI-MS(+) m/z 222.02 [M + Na]+. HRMS calcd for C8H9NO3SNa:
222.0195. Found: 222.0193.

N-Ethyl-3-hydroxy-4-thioxo-4H-pyran-2-carbothioamide (8c).
This compound was prepared from 8a according to the procedure
outlined for 1c. 8a (165 mg, 0.90 mmol) was treated for 2.5 h to
yield a dark-brown solid of 8c (77 mg, 0.36 mmol). Yield ) 40%.
1H NMR (400 MHz, CDCl3, 25 °C): δ ) 1.38 (t, J ) 7.4 Hz, 2H;
CH2CH3), 3.81-3.88 (m, 2H; CH2CH3), 7.41 (d, J ) 5.2 Hz, 1H;
ArH), 7.74 (d, J ) 4.8 Hz, 1H; ArH), 9.21 (brt, 1H; CONHCH2),
10.44 (brs, 1H; ArOH). 13C NMR (100 MHz, CDCl3, 25 °C): δ )
12.9 (CH2CH3), 41.1 (CH2CH3), 125.3 (ArC), 133.7 (ArC), 147.1
(ArC), 149.3 (ArC), 184.6 (CdS), 191.4 (ArCdS). APCI-MS(+)
m/z 216.01 [M + H]+. Anal. (C8H9NO2S2). C, H, N, S, respectively:
calcd 44.63, found 44.89; calcd 4.21, found 4.70; calcd 6.51, found
6.51; calcd 29.79, found 30.34.

N-(Biphenyl-4-ylmethyl)-1-hydroxy-6-oxo-1,6-dihydropyridine-
2-carboxamide (9a). This compound was prepared as previously
reported.46

N-(4-Fluorobenzyl)-1-hydroxy-6-oxo-1,6-dihydropyridine-2-
carboxamide (10a). To a solution of 1-(benzyloxy)-6-oxo-1,6-
dihydropyridine-2-carboxylic acid (BDCA)46 (200 mg, 0.82 mmol)
in dichloromethane was added EDCI (1.0 equiv, 157 mg, 0.82
mmol), HOBt (1.0 equiv, 111 mg, 0.82 mmol), and 4-fluoroben-
zylamine (1.0 equiv, 93 µL, 0.82 mmol). The mixture was stirred
overnight at room temperature under N2 and then poured into a
separatory funnel and extracted with water and dichloromethane.
The organic layers were combined, dried over anhydrous magne-
sium sulfate, filtered, and concentrated to give the benzyl-protected
intermediate. The intermediate was dissolved in 10 mL of a 1:1
solution of concentrated HCl and glacial acetic acid. The reaction
mixture was stirred for 5 d and then concentrated in vacuo,
coevaporated with MeOH, and dried to yield an off-white solid
(55 mg, 0.21 mmol). Yield ) 26%. 1H NMR (400 MHz, CDCl3,
25 °C): δ ) 4.51 (d, J ) 5.6 Hz, 2H; NHCH2), 6.88 (q, J ) 9.0
Hz, 2H; ArH), 7.23 (m, 4H; ArH), 7.41 (t, J ) 8.0 Hz, 1H; ArH),
9.66 (br t, 1H; CONHCH2). APCI-MS(+) m/z 263.01 [M + H]+.

2-Bromopyridine-6-carboxylic Acid 1-Oxide (BCAO). The
synthesis is based on a modified literature procedure.48 To
6-bromopicolinic acid (6-BPA) (2.0 g, 9.9 mmol) was added a
solution of 26 mL of trifluoroacetic acid and 4 mL of 30% hydrogen
peroxide. The reaction mixture was heated to reflux at 80 °C for
7 h under N2. The solution was concentrated in vacuo and the
concentrate was added to 200 mL of water, which resulted in the
immediate formation of a precipitate. The precipitate was vacuum-
filtered and dried to afford an off-white solid (2.03 g, 9.3 mmol).
Yield ) 94%. 1H NMR (400 MHz, DMSO-d6, 25 °C): δ 7.69
(t, J ) 8.0 Hz, 1H; ArH), 8.24 (dd, J ) 6.0, 10.4 Hz, 1H; ArH),
8.30 (dd, J ) 5.6, 10.4 Hz, 1H; ArH). ESI-MS(-): m/z 215.86 [M
- H]-.

1-Hydroxy-6-thioxo-1,6-dihydropyridine-2-carboxylic Acid
(HTDCA). The synthesis is based on a modified literature proce-
dure.47 BCAO (3.0 g, 14.0 mmol) was dissolved in a 50 mL solution
of Na2S ·9H2O (3.3 g, 14 mmol) at 70 °C. To this yellow solution
was added 14 mmol of NaHS in 50 mL of water, and the pH was
adjusted to 10. The resulting reaction mixture was heated to reflux
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at 95 °C for 6 h under N2 and acidified while still hot with
concentrated HCl to pH 2. The solution was concentrated in vacuo
and the resulting precipitate was vacuum-filtered to yield a crude
yellow crystalline solid. The crude acid was partially dissolved in
dichloromethane and extracted 2× with 5 M NaOH. The aqueous
phase was acidified to pH 1 with concentrated HCl and was further
extracted 3× with dichloromethane. The organic phase was dried
over anhydrous magnesium sulfate that was then vacuum-filtered
off. The filtrate was concentrated to yield a pure bright-yellow solid
(2.1 g, 12.3 mmol). Yield ) 88%. 1H NMR (400 MHz, CDCl3, 25
°C): δ 7.48 (t, J ) 8.0 Hz, 1H; ArH), 7.67 (dd, J ) 5.6, 10.4 Hz,
1H; ArH), 8.18 (dd, J ) 6.0, 9.6 Hz, 1H; ArH). APCI-MS(+): m/z
172.12 [M + H]+. HR-EI-MS calcd for C6H5NO3S 170.9984.
Expected 170.9985. Anal. (C6H5NO3S) C, H, N.

N-(Biphenyl-4-ylmethyl)-1-hydroxy-6-thioxo-1,6-dihydropy-
ridine-2-carboxamide (9b). To a solution of HTDCA (105 mg,
0.6 mmol) in dichloromethane was added NHS (1.0 equiv, 70 mg,
0.6 mmol), EDCI (1.0 equiv, 117 mg, 0.6 mmol), and 4-phenyl-
benzylamine (1.0 equiv, 112 mg, 0.6 mmol). The mixture was
stirred overnight at room temperature under N2 and then poured
into a separatory funnel and extracted with saturated NaHCO3 and
dichloromethane. The organic layers were combined, dried over
anhydrous magnesium sulfate, filtered, and concentrated to a yellow
residue. The crude residue was purified via silica column chroma-
tography (1% MeOH/CHCl3). Maltol (3-hydroxy-2-methyl-4H-
pyran-4-one) was first run through the column to remove any metal
impurities in the silica. The compound 9b was isolated as a yellow
solid after removal of solvent (94 mg, 0.3 mmol). Yield ) 46%.
1H NMR (400 MHz, CDCl3, 25 °C): δ 4.73 (d, J ) 6.0 Hz, 2H;
NHCH2,), 7.33 (t, J ) 6.4 Hz, 1H; ArH), 7.42-7.59 (m, 9H; ArH),
7.67 (dd, J ) 6.4, 10.0 Hz, 1H; ArH), 8.32 (dd, J ) 6.0, 10.0 Hz,
1H; ArH), 11.17 (t, J ) 5.8 Hz, 1H; NHCH2). APCI-MS(-): m/z
335.04 [M - H]-. Anal. (C19H16N2O2). C, H, N, S, respectively:
calcd 67.84, found 67.36; calcd 4.79, found 5.06; calcd 8.33, found
8.13; calcd 9.53, found 9.32.

N-(4-Fluorobenzyl)-1-hydroxy-6-thioxo-1,6-dihydropyridine-
2-carboxamide (10b). The synthesis of 10b was performed as
described for 9b, starting from HTDCA (50 mg, 0.3 mmol), EDCI
(1.0 equiv, 56 mg, 0.3 mmol), HOBt (1.0 equiv, 39 mg, 0.3 mmol),
and 4-fluorobenzylamine (1.0 equiv, 36 mg, 33 µL, 0.3 mmol).
Yield ) 95%. 1H NMR (400 MHz, CDCl3, 25 °C): δ 4.65 (d, J )
6.0 Hz, 2H; NHCH2,), 7.01 (t, J ) 8.8 Hz, 2H; ArH), 7.34 (qd, J
) 3.2, 4.8 Hz, 2H; ArH), 7.43 (t, J ) 8.4 Hz, 1H; ArH), 7.66 (dd,
J ) 6.4, 10.4 Hz, 1H; ArH), 8.30 (dd, J ) 6.8, 9.6 Hz, 1H; ArH),
11.13 (t, J ) 5.6 Hz, 1H; NHCH2). APCI-MS(-): m/z 276.96 [M
- H]-.

Single-Crystal X-ray Diffraction. A single crystal of 5c suitable
for X-ray diffraction structural determination was mounted on a
nylon loop with Paratone oil and placed under a nitrogen cold
stream (100 K). Data were collected on a Bruker P4 diffractometer
using Mo KR radiation (λ ) 0.710 73 Å) controlled using the APEX
2.0 software package. A semiempirical method utilizing equivalents
was employed to correct for absorption.62 The data collection was
solved and refined using SHELXTL suite. All hydrogen atoms were
fixed at calculated positions with isotropic thermal parameters, while
all non-hydrogen atoms were refined anisotropically.

Inhibition Assays. The compounds were dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 50 mM. Serial dilutions
of the inhibitor were made from this stock and were diluted 500×
in LF buffer (20 mM HEPES, 1 mM CaCl2, 0.1 mg/mL BSA,
0.01% Tween-20, pH 7). The assay was carried out in 96-well
plates. Each well contained a total volume of 100 µL ) 25 µL
buffer, 10 nM (30 µL) recombinant LF (List Biological Labora-
tories), 20 µL LFi, and the reaction was initiated by the addition
of 3 µM (25 µL) fluorogenic LF substrate (Cou)-N-Nle-Lys-Lys-
Lys-Lys-Val-Leu-Pro-Ile-Gln-Leu-Asn-Ala-Ala-Thr-Asp-Lys-(QSY-
35)-Gly-Gly-NH2 (Calbiochem) after a 35 min incubation period
at 25 °C. Kinetic measurements were recorded every minute for
15 min with excitation and emission wavelengths at 380 and 450
nm, respectively.

Construction of an Inhibitor/Anthrax LF Complex Model.
Our starting structure was the complex from Lewis et al.,40 in which
11b is in the anthrax lethal factor (LF) active site. The 6-methyl
group of 11b was replaced with a hydrogen atom to construct
inhibitor 1b. The inhibitor 1c was obtained by replacing the carbonyl
oxygen atom of 1b with a sulfur atom. The atomic charges for
both 1b and 1c were derived by fitting to HF/6-31G* electrostatic
potentials (ESP) using the RESP module. Other force parameters
for the two inhibitors were adapted from the standard force field
by following the general parametrization procedures outlined in
AMBER manual.63,64 After the added atoms in the gas phase were
relaxed, each structure was immersed in a cubic TIP3P water box
and neutralized by addition of Na+ counterions using the AMBER
Leap module. This led to the [1b ·LF] (or [1c ·LF]) simulation
system of 55 268 atoms. MD simulations were conducted in the
NPT ensemble at 300 K and 1 atm. The SHAKE algorithm65 was
used to constrain all bond lengths involving hydrogens. A 10.0 Å
cutoff was used for nonbonded interactions, and the neighbor pair
list was updated every 10 steps. The long-range electrostatic
interactions were treated with the particle mesh Ewald method.66

The two prepared systems were first equilibrated with a series of
minimizations interspersed by short MD simulations, and then two
snapshots from two models were selected for the following QM/
MM investigations. These selected structures were first minimized
using the MM method and then optimized with the B3LYP(6-31G*)
QM/MM calculations using an iterative minimization approach.67

QM/MM Minimization Calculations. The pseudobond ab initio
QM/MM approach68,69 has achieved great success in accurate
modeling of the chemistry at an enzyme active site while properly
including the effects of the enzymatic environment. It has been
applied to various enzyme reactions, including enolase,70 acetyl-
cholinesterase,71 4-oxalocrotonate tautomerase,72 kinase,73 and
methyl transferase.74 The QM/MM approach divides the whole
enzyme-substrate system into a QM and a MM subsystem. The
active site of the enzyme was described by a QM Hamiltonian,
and the influence of the remainder of the protein and the solvent
was included via a coupled MM potential. The code combining
the modified Gaussian 9874 and Tinker 3.675 was utilized for all
the calculations. An efficient iterative optimization procedure67 was
repeatedly applied to minimize the enzyme-substrate system into
a local minimum. For each minimization cycle, the large MM
subsystem was relaxed with the truncated Newton method in
Cartesian coordinates while the small QM subsystem was treated
using the quasi-Newton minimizer at the B3LYP/6-31G* level in
redundant internal coordinates. For the QM/MM calculations on
the [1b ·LF] and [1c ·LF] models, the QM subsystem consists of
the side chain of His422, His426, Glu471, zinc(II), and 1b (or 1c),
resulting in a total of 70 QM atoms. Geometry optimizations for
both the QM subgroups were at the B3LYP(6-31G*) level, with
the boundary between the QM and MM subsystems treated using
the pseudobond approach.69 The scheme used in our QM/MM
calculations corresponds to a good compromise between accuracy
and computational cost. While being economical for the large
system size, B3LYP is quite reliable for geometry optimizations
including those of Zn(II) complexes, which is the primary issue in
this work. More accurate schemes are available where computational
requirements may be more demanding.76 All other atoms are
described by the classical MM force fields. Similarly, we con-
structed the [2b ·LF] and [2c ·LF], [3b ·LF] and [3c ·LF], and
[7b ·LF] and [7c ·LF] QM/MM models.
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