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Abstract—n-Alanine-p-alanine ligase (Ddl) catalyzes the biosynthesis of an essential bacterial peptidoglycan precursor p-alanyl-p-
alanine and it represents an important target for development of new antibacterial drugs. A series of semicarbazides, aminocarbon-
yldiazenecarboxylates, diazenedicarboxamides, and hydrazinedicarboxamides was synthesized and screened for inhibition of DdIB
from Escherichia coli. Compounds with good inhibitory activity were identified, enabling us to deduce initial structure—activity rela-
tionships. Thirteen diazenedicarboxamides were better inhibitors than Dp-cycloserine and some of them also possess antibacterial

activity, which makes them a promising starting point for further development.

© 2007 Elsevier Ltd. All rights reserved.

The emergence of bacterial resistance to antibiotic
therapy has become a global health threat.! To over-
come this problem, new antibacterial agents directed
toward novel targets have to be developed. The best
known and most validated target for antibacterial ther-
apy is the system of enzymes responsible for the con-
struction of peptidoglycan.® The late extracellular
stages of bacterial peptidoglycan biosynthesis are inhib-
ited by B-lactam and glycopeptide antibiotics. In con-
trast, the early intracellular biosynthetic steps have so
far received only marginal attention as potential drug
targets.!

Peptidoglycan is an essential macromolecular compo-
nent of the cell wall of both Gram-positive and
Gram-negative bacteria. Its main function is to provide
structural integrity by withstanding the internal osmotic
pressure. The glycan chains are composed of alternating
units of N-acetylglucosamine (GlcNAc) and N-acety-
Imuramic acid (Mur/NAc). The carboxyl group of Mur-
NAc residues is substituted in most bacteria by a
peptide unit, L-alanyl-y-D-glutamyl-meso-diaminopime-
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loyl(or L-lysyl)-p-alanine.® The final intracellular pepti-
doglycan precursor UDP-Mur/NAc-pentapeptide is
assembled by successive addition of r-Ala, p-Glu, m-
dpm or L-Lys, and p-Ala-p-Ala to UDP-MurNAc by
the action of Mur ligases (MurC, MurD, MurE, and
MurF, respectively). p-Ala-p-Ala ligase (Ddl) is respon-
sible for supplying the MurF substrate, the D-Ala-p-Ala
dipeptide.® In Escherichia coli, two isoforms of DdI exist
with 35% amino-acid sequence homology and similar
catalytic efficiencies and substrate recognition features:
DdIA and DdIB.* In the present work, we focused our
attention on DdIB, which is a more extensively charac-
terized enzyme than DdIA. For example, the crystal
structures of the wild-type E. coli DdIB and Y216F mu-
tant derivate have been previously reported.>® In con-
trast, no crystal structures are currently available for
the DdIA isoform. However, both DdIA and DdIB
show similar susceptibility to known inhibitors of D-
Ala-p-Ala ligase validating their potential as novel anti-
bacterial targets.*

The dimerization of D-alanine begins with an attack on
the first p-alanine by the y-phosphate of adenosine tri-
phosphate (ATP) to give an acylphosphate. This is
followed by attack by the amino group of the second
D-alanine, which eliminates the phosphate and yields
the product p-alanyl-p-alanine.”-® In Ddl mutants, this
reaction preferentially uses other amino-acid substrates
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with a D-configuration: VanA and VanB use D-lactate
and VanC uses D-serine.” This modification of the p-
Ala-p-Ala terminus leads to reduction in the binding
affinity of vancomycin and confers vancomycin
resistance.’

As Ddl is essential for bacteria development and has no
human counterpart, it is an important target for devel-
opment of new antibacterial drugs.!® The most impor-
tant inhibitor of Ddl is no doubt a structural analog
of Dp-alanine, the antitubercular agent bD-cycloser-
ine.*!12 A series of phosphinates, phosphonates, and
phosphonamidates have been developed as transition-
state analog inhibitors or as analogs of p-alanyl phos-
phate.!371¢ It was shown that transition-state mimetics
can be phosphorylated by Ddl and inhibit the reaction
by tight binding to the enzyme after this phosphoryla-
tion. Although their antibacterial activities are low, they
enabled the crystallographic determination of complexes
of E. coli DAIB with ADP/phosphorylated phosphinate
(pdb code 2DLN)> and ADP/phosphorylated phospho-
nate (pdb code 110V).® Using the de novo structure-
based molecular design software SPROUT, a cyclopro-
pane derivative was developed as an inhibitor of DdIB.!”
Recently, an allosteric inhibitor of p-alanine-p-alanine
ligase from Staphylococcus aureus was discovered by
high-throughput screening, and it was co-crystallized
with the enzyme.!? In addition, the crystal structure of
the apo form of Ddl from Thermus caldophilus has just
been resolved, providing insight into the substrate-in-
duced conformational changes, which could be impor-
tant for inhibitor design.'®

As a part of our efforts toward the discovery of new
small molecule inhibitors of the early steps of pepti-
doglycan biosynthesis,!”!*2° we screened our in-house
bank of compounds against DdAIB from E. coli. We
found that some diazenedicarboxamides inhibited
the enzyme, prompting us to synthesize a small fo-
cused library of structurally related compounds and
to evaluate their enzyme inhibitory and antibacterial
activities.

i
H,NNHCOR' (2)

Unsymmetrical diazenedicarboxamides are usually pre-
pared from alkyl aminocarbonyldiazenecarboxylates.
The latter are easily available by the oxidation of the cor-
responding 1,4-disubstituted semicarbazides (Scheme 1).
Thus, the addition of alkyl hydrazinecarboxylate 2 to the
isocyanate 1 results in the formation of 1,4-disubstituted
semicarbazide 3.2! Oxidation of 3 to give 4 can be per-
formed with either N-bromosuccinimide/pyridine?> or
ceric(IV) ammonium nitrate (CAN).2? The most conve-
nient route to unsymmetrical diazenedicarboxamides 6
(R! # R?) is a substitution of the alkoxy group in the
diazene 4 employing a primary amine 5 as a nucleo-
phile.>* On the other hand, the synthesis of sgfmmetrical
diazenedicarboxamides of type 6 (R'=R?) involves
treatment of dialkyl diazenedicarboxylates 7 with two
equivalents of the appropriate primary amine 5. A reduc-
tion of any diazenedicarboxamide with various thiols
leads to the formation of product 8.2°

Target compounds 3, 4, 6, and 8 were tested for inhibi-
tory activity on DdIB from E. coli.?®> The results are pre-
sented as residual activities (RA) of the enzyme in the
presence of 500 uM of each compound (Tables 1, 2,
and 4), and for the more active compounds, as ICs, val-
ues (Table 3). In a series of semicarbazides (3, Table 1),
aminocarbonyldiazenecarboxylates (4, Table 3), and
hydrazinedicarboxamides (8, Table 4), only some
aminocarbonyldiazenecarboxylates displayed moderate
inhibition at 500 uM, while the remainder were inactive.
In contrast, very potent inhibitors were obtained in the
series of diazenedicarboxamides (6, compounds in Table
3 are ordered according to their synthesis). With the sys-
tematic variation of substituents R' and R?, we were
able to deduce some initial structure—activity relation-
ships (SARs). In the set of compounds where the R'
substituent is 2-chloroethyl, all compounds were good
inhibitors of DdIB, with 1Cs, values between 119 and
236 uM (compounds 6aA, 6aB, and 6aD). Similar inhib-
itory activity was observed also for cyclohexyl derivative
6bD. Promising activities were obtained if the R! substi-
tuent is phenyl and R? is 2-, 3- or 4-picolyl (compounds
6¢cB, 6¢C, and 6¢D; ICsy values 111, 36, and 106 uM,

; ol I oxidation .l .
RIN=C=0 _ 2 = "5 R'NHCNHNHCOR' 5 R'NHCN=NCOR
1 4
H,NR? (5)
Il RSH I Il
RINHCNHNHCNHR2 <«——— R'NHCN=NCNHR?
8 6
I
R'OCN=NCOR'

7

Scheme 1. Synthesis of semicarbazides (3), aminocarbonyldiazenecarboxylates (4), diazenedicarboxamides (6), and hydrazinedicarboxamides (8).
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Table 1. DdIB inhibitory activity of semicarbazides 3

o)
Compound R! R? % inhibition at
500 pM?
3926 /v Me 5
Cl N
3b%’ O\ Me 1
>
3¢ O\ Et 1
>
NO,.
3d%° \©\ Et 1
s
3e* /@\ Et 0
cl \
.
3f \©\ Et 0
>

#Results represent means of two independent experiments. Standard
deviations were within +10% of the means.

respectively). Compound 6cE with phenyl and the more
flexible N,N-dimethylamino-2-ethyl residue was com-
pletely inactive. The best inhibitors were those where
the R! is a substituted phenyl. Introduction of an m-
chloro substituent to R" of compound 6cC resulted in
a 2-fold increase in DdIB inhibition (compound 6eC,
ICso = 15 uM). If the halogen atom is introduced either
to the meta or para position of 6¢D, the activity also im-
proves (ICs, values of compounds 6eD and 6fD were 33
and 73 uM, respectively). Compounds 6hA and 6iA
where R! is 4-alkylphenyl and R* is 2-chloroethyl show
very good DdIB inhibition (ICsy values 49 and 25 uM,
respectively). If we compare the activities of these two
compounds with inhibitors 6aB and 6aD, we can con-
clude that in a series of 2-chloroethyl derivatives, inhibi-
tion is optimized if the second substituent of the
diazenedicarboxamide core is 4-alkylphenyl rather than
picolyl. The combination of 4-z-butylphenyl (as R') and
4-picolyl (as R?) substituents yielded an inactive com-
pound, 6jD. When both substituents R' and R* were
3-picolyl, the ICsy value of the symmetrical derivative
6kC remained above 120 uM. When we compare the
inhibitory activities of our diazenedicarboxylates with
the positive control, we saw that six of our compounds
are one order of magnitude more potent as inhibitors
than p-cycloserine. In our assay, the ICs, value for p-cy-
closerine was 314 uM.

Table 2. DdIB inhibitory activity of aminocarbonyldiazenecarboxy-
lates 4

(0]
Compound R! R? % inhibition at
500 uM*
4% | Me 7

<

Et 1

! O
\©\ Et 40
<

Cl
NO,
4d*?
4e* J@\ Et 33
Cl
.

4g C|/\/\ t-Bu 7

#Results represent means of two independent experiments. Standard
deviations were within £10% of the means.

To investigate the possible binding mode, a representa-
tive inhibitor, compound 6¢B, was docked into the DdIB
active site (pdb code 1TIOV), using AutoDock 3.0 with
the Lamarckian genetic algorithm.?® AutoDock calcu-
lated that the inhibitor could have a novel binding mode
as it occupies the binding sites of the phosphorylated
phosphinate inhibitor and partly also of ADP (Fig. 1).
As the binding site that accommodates the phosphory-
lated phosphinate is too small to bind our diazenedi-
carboxylates, the predicted binding pose is not
surprising. In addition, the carbonyl groups of the inhib-
itor could interact with Mg”* ions present in the active
site of the enzyme. The predicted final docked energy
was —13.37 kcal/mol.

Compounds that exhibited DdIB inhibitory activities
were further tested for their antimicrobial activities
(Table 3).3” The minimal inhibitory concentrations
(MICs) of each compound were determined against
E. coli 1411,>® and SM1411,% an acrAB deficient deriv-
ative of 1411 that exhibits increased susceptibility to a
range of antimicrobial agents,***! and S. aureus 8325-4.4?
2-Chloroethyl derivatives 6aA, 6aB, 6hA, and 6iA,
and the symmetrical 3-picolyl derivative 6kC did not
prevent the growth of any of the bacteria strains under
investigation. Compound 6aD prevented the growth of
E. coli 1411 and E. coli SM1411 at 128 ug/mL, but not
of S. aureus 8325-4. All of the remaining DdIB inhibitors
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Table 3. DdIB inhibitory activity of diazenedicarboxamides 6
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N_ N R?
R1/ Y AN -
0
6
Compound R! R? 1Cs0* (uM) MIC?* (ug/mL)

E. coli 1411 E. coli 1411 AcrAB™ S. aureus 8325-4
6aA™ o K 133 >256 >256 >256
6aB o > K 119 >256 >256 >256
6aD o 236 128 128 >256

N X
6bD | 121 256 256 128
,’\ / N
X
6cB* | 111 64 64 64
< >
N
x
6cC ©\ | 36 64 64 128
6D ©\ 106 64 32 128
<
6¢cE ©\ >500 ND ND ND
>
N
x
6eC /@\ ) | 15 64 64 256
a ’\ / NS
6eD @\ , 33 64 64 64
cl \
.
6fD \O\ 73 64 64 128
Pl
6hA )\©\ o > K 49 >256 >256 >256
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Table 3 (continued)
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Compound R! R? ICso (LM) MIC? (pg/mL)
E. coli 1411 E. coli 1411 AcrAB™ S. aureus 8325-4
6iA N 25 >256 >256 >256
Cl/v

6iD >500 ND ND ND

N N

X X
6kC | | 123 >256 >256 >256
p-cycloserine® 314 16 16 32

#Results represent means of two independent experiments. Standard deviations were within £10% of the means. ND, not done.

® positive control.

Table 4. DdIB inhibitory activity of hydrazinedicarboxamides 8

H H
R1/NYN\ LN/Rz
H
o)
Compound R! R? % inhibition at 500 pM*
N
X
8cC | 0
> F <
NTNK
8cE 2
|
N
X
8eC ) | 3
a \ / -

#Results represent means of two independent experiments. Standard deviations were within £10% of the means.

prevented the growth of all three bacteria strains, with
MICs between 32 and 256 pg/mL. The greater activity
seen against E. coli may be due to increased uptake of
the compound into these cells or to differences in the
susceptibility of the Ddl enzymes in E. coli and S. aure-
us. It is interesting to note that the best MICs were ob-
tained for the compounds where both substituents of the
diazenedicarboxamide core are aromatic. We can also
see that there is no strict correlation between DdIB
inhibitory activities and in vitro antimicrobial activities.
For this reason we have initiated further studies to
investigate the modes of antimicrobial action of our
inhibitors.

To conclude, we report the synthesis and activity of a
series of new diazenedicarboxamides as inhibitors of
DdIB from E. coli. Thirteen compounds were better
inhibitors than bp-cycloserine, and five of them had
ICso values below 50 uM and MIC values as low as
64 pg/mL against E. coli and S. aureus. As Ddl is essen-
tial and universal in prokaryotes, we predict antimicro-
bial activity against a wide range of bacteria. These
inhibitors are structurally distinct from both ADP and
D-alanine, so we expect that they inhibit Ddl by a novel
binding mode. As our diazenedicarboxamides also have
in vitro antimicrobial activities, they constitute a prom-
ising starting point for further investigations.
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Figure 1. Superimposition of the computer model of compound 6eC (in magenta) on the X-ray structure of phosphorylated phosphinate inhibitor (in
red), ADP (in yellow) and Mger (in cyan) bound to DdIB. The highest ranked position of the inhibitor, as calculated by AutoDock 3.0, is presented.
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Procedure for the preparation of aminocarbonylhydrazine-
carboxylates: synthesis of ethyl (4-fluorophenyl)aminocar-
bonylhydrazinecarboxylate (3f).

7 9

H H O
s o A
oy
s O H
4 c 10
3f
A solution of 4-fluorophenyl isocyanate (0.675mL,
6 mmol) in acetonitrile (4 mL) was added drop-wise to a
stirred solution of ethyl hydrazinecarboxylate (0.625 g,
6 mmol) in acetonitrile (4 mL) at 0 °C. The suspension was
stirred for 10 min at 0 °C and then for 10 min at rt. Solid
material was filtered off and washed with diethyl ether
(10mL), to provide 3f (1.369g, 95% yield): mp
190-191.5°C (methanol); TR 3260, 3060, 2980, 1730,
1680, 1630, 1560, 1240, 1030, 850cm™'; 'H NMR
(DMSO-dg) 6 1.19 (t, 3H, J = 7.1 Hz, H-13), 4.06 (q, 2H,
J=17.1Hz, H-12) 7.08 (m, 2H, H-3, H-5), 7.48 (m, 2H, H-
2, H-6), 8.02 (s, 1H, H-7), 8.75 (s, 1H) and 8.90 (s, 1H):
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23.

24.
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H-9 and H-10; 3C NMR (DMSO-dg) & 14.5 (C-13), 60.5
(C-12), 1150 (d, J=22.4Hz, C-3, C-5), 1203 (d,
J=52Hz, C-2, C-6), 136.0 (d, J=2.3 Hz, C-1), 155.7
and 156.9: C-8 and C-11, 157.3 (d, J = 238.0 Hz, C-4); MS
(EI) miz 241 (M*, 13), 137 (32), 110 (36), 104 (100), 83
(25). Anal. Calcd for C;oH,FN503 (241.22): C, 49.79; H,
5.01; N, 17.42. Found: C, 49.72; H, 4.99; N 17.69.
Typical preparation of aminocarbonyldiazenecarboxylates:
synthesis of t-butyl (2-chloroethyl)aminocarbonyldiazene-
carboxylate (4g).
3 7

(0] CH3

6 CHj

5
0" “ch,

|
)
N
(0]
4g
NBS (979 mg; 5.5 mmol) was slowly added at rt to a
stirred mixture of z-butyl (2-chloroethyl)aminocarbonyl-
hydrazinecarboxylate (1.19 g, 5Smmol) and pyridine
(0.81 mL, 10 mmol) in CH»Cl, (7 mL). After continuous
stirring at rt for 30 min, HCI (1:1, 15 mL) was added and
two phases were separated. A CH,Cl, solution was treated
successively with 5% aqueous solution of Na,S,05 (7 mL),
saturated solution of NaHCO; (2x 7mlL), and water
(15 mL), then dried over anhydrous Na,SO,4 and evapo-
rated to dryness to give 4g (1.14g, 97% yield): mp
73-74 °C (dichloromethane/diethyl ether); IR 3266, 3059,
2991, 1763, 1734, 1564, 1537, 1435, 1372, 1255, 1194, 1144,
1057, 957, 825 cm™!; 'H NMR (CDCl3) 6 1.63 (s, 9H, H-
7), 3.75 (m, 2H, H-2), 3.83 (m, 2H, H-1), 6.75 (broad, 1H,
H-3); 3C NMR (CDCl;) § 27.7 (C-7), 42.6 and 42.7: C-1
and C-2, 87.1 (C-6), 159.0 and 160.0: C-4 and C-5; MS
(FAB) m/z 236 (M*+H, 5), 57 (100). Anal. Calcd for
CgH4CIN;O5 (235.67): C, 40.77; H, 5.99; N, 17.83.
Found: C, 40.78; H, 6.09; N 17.64.
Kosmrlj, J.; Kocevar, M.; Polanc, S. J. Chem. Soc., Perkin
Trans. 1 1998, 3917.
Procedure for the preparation of diazenedicarboxamides:
synthesis of N-(3-chlorophenyl)-N'-(3-picolyl)diazene-1,2-
dicarboxamide (6eC).

1

7
H (0]
oo P e n
3 1 12
4 H 13
6 (0] H N 15
5 14
6eC

Ethyl (3-chlorophenyl)aminocarbonyldiazenecarboxylate
(1.534 g, 6 mmol) was slowly added to the stirred solution
of 3-picolylamine (0.61 mL, 6 mmol) in acetonitrile (2 mL)
at 0°C. The reaction mixture was stirred at 0°C for
15 min. The solid material was filtered off and washed with
acetonitrile to give the diazene 6eC (1.412 g, 74%): mp
129-130 °C (ethyl acetate); IR 3338, 2939, 1741, 1713,
1546, 1504, 1428, 1189 cm ™~ '; '"H NMR (DMSO-dg) 6 4.54
(d, 2H, J=6.0Hz, H-11), 7.27 (ddd, 1H, J; =8.0 Hz,
J,=2.1Hz, J3=2.0 Hz, H-6), 7.41 (ddd, 1H, J, = 7.8 Hz,
J,=4.8Hz, J;=0.9 Hz, H-14), 7.45 (dd, 1H, J, = 8.2 Hz,
J>, = 8.0 Hz, H-5), 7.66 (ddd, 1H, J; =8.2 Hz, J, = 2.1 Hz,
J;=2.0Hz, H-4), 7.78 (ddd, 1H, J; = 7.8 Hz, J, = 2.4 Hz,
Jy;=1.7Hz, H-13), 7.86 (dd, 1H, J; = 2.1 Hz, J, = 2.0 Hz,
H-2), 8.52 (dd, 1H, J, =4.8 Hz, J, = 1.7 Hz, H-15), 8.60
(dd, 1H, J,=24Hz, J,=09Hz, H-16), 9.63 (t, 1H,
J = 6.0 Hz, H-10), 11.55 (s, 1H, H-7); '3*C NMR (DMSO-
dg) 6 41.2 (C-11), 118.1 and 119.0: C-2 and C-6, 123.6 (C-
4), 124.7 (C-14), 130.9 (C-5), 133.4 and 133.6: C-3 and
C-13, 135.4 (C-12), 138.9 (C-1), 148.6 and 148.9: C-15 and
C-16, 158.2 and 161.7: C-8 and C-9; MS (FAB) 318

25.

26.
27.
28.
> Strickler, J. C.; Pirkle, W. H. J. Org. Chem. 1966, 31, 3444.
31.
32.
33.
34.

35.
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(M*+H, 30), 123 (22), 107 (33). Anal. Calcd for
C14H,CINsO, (317.73): C, 52.92; H, 3.81; N, 22.04.
Found: C, 53.14; H, 3.88; N, 21.72.

Reduction of diazenedicarboxamides: synthesis of N-(3-
chlorophenyl)-N'-(3-picolyl) hydrazine-1,2-dicarboxamide
(8eC).

7 9

13 18
14
15

H H O
Cls o1 s i
3 1
YN\N TN = N
\ \
4 6 0] H H N ‘17
10 12
5 16
8eC

A suspension of the diazene 6eC (794 mg, 2.5 mmol) in
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