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Abstract—A series of new phosphinate compounds were designed and synthesized as inhibitors of the D-glutamic acid-adding
enzyme (MurD) involved in peptidoglycan biosynthesis. They were tested against the MurD enzyme from Escherichia coli, allowing
initial structure-activity relationships to be deduced. Two compounds had ICs, values near 100 pM and constitute a promising

starting point for further development.
© 2005 Elsevier Ltd. All rights reserved.

The increasing emergence of pathogenic bacterial strains
with high resistance to antibiotic therapy constitutes a
serious public threat.! This has created an urgent need
for the development of new antibacterial agents directed
towards novel targets. One of the best known and most
validated targets for antibacterial therapy is the machin-
ery for peptidoglycan biosynthesis.>* However, the early
biosynthetic steps have received relatively little attention
as potential drug targets, even though this part of the
biosynthetic pathway utilizes essential enzymes that
have no mammalian counterparts.

Peptidoglycan is an essential macromolecular component
of the cell wall of both Gram-positive and Gram-negative
bacteria. Its main function is to preserve cell integrity by
withstanding the internal osmotic pressure. The glycan
chains are composed of alternating units of N-acetylglu-
cosamine (GlcNAc) and N-acetylmuramic acid (Mur-
NAc). The carboxyl group of MurNAc residues is
substituted in most bacteria by a peptide unit, L-alanyl-
v-D-glutamyl-meso-diaminopimeloyl(or  L-lysyl)-p-ala-
nine.* The enzyme MurD (UDP-MurNAc-L-alanine:
D-glutamate ligase), which catalyses the addition of
D-glutamate to the cytoplasmic peptidoglycan precursor
UDP-MurNAc-L-Ala, is present in all bacteria and is
highly specific for p-glutamate.* High specificity, ubiqui-
ty among bacteria and absence in mammals make MurD
a promising target for antibacterial therapy.’
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There have been several attempts to target MurD with
novel inhibitors.®!3 The most potent compounds were
designed as phosphinate transition state analogues.®’-!?
In all of them the phosphinodipeptide part, Ala-\y(PO,-
CH,)-Glu, was conserved. They differ in the moiety
mimicking the UDP-MurNAc part, for which a QSAR
study has recently been made.!* On the other hand,
phosphinate transition state analogues for MurD with
modifications in the peptide part have not been
reported.

We were interested in the design, synthesis and biologi-
cal evaluation of simplified phosphinate inhibitors of
MurD. For this purpose, we selected compound 27 as
the starting point for an exploratory structure—activity
relationship (SAR) study (Fig. 1). This compound,
although lacking the UMP moiety, still possesses good
inhibitory potency (ICsp =20 nM). As a first step we
sought a simple substitute for the phospho-sugar residue
as well as an appropriate replacement of the p-lactoyl
residue (‘linker’). Following this we introduced modifi-
cations into the phosphinodipeptide part of the inhibi-
tors. In lieu of phosphinoalanine, certain other
phosphino amino acids were incorporated and, in addi-
tion, the glutamic acid mimetic, 2-methylenepentane-
1,5-dioic acid, was truncated (Fig. 1).

The synthesis of phosphinate inhibitors 8a, 12a-g and
13a-j is presented in Scheme 1. The key intermediate,
the trimethyl ester of (r,p)-Ala-y(PO,-CH,)(1L,0)-Glu
(9), was prepared according to a known procedure.®
Acetaldehyde, diphenylmethylamine hydrochloride and
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Figure 1. Transition state of the reaction catalyzed by MurD (1) and the structure of the potent phosphinate inhibitor 2 (ICsy = 20 nM). Structural
features of the compounds synthesized are mentioned on the right-hand side.
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Scheme 1. Synthesis of phosphinate inhibitors 8a, 12a-g and 13a-j.

hypophosphorous acid were condensed into diph-
enylmethylaminophosphonous acid 3, which was
converted in two steps into Cbz N-protected o-amin-
oalkylphosphonous acid 5. In our hands, the
preparation of the methyl ester of N-protected o-amin-
oalkylphosphonous acids (e.g., 6) initially caused much
trouble. From the literature it is known that o-amin-
oalkylphosphonous acids are prone to oxidation,'® but
we found that compound 6 decomposed back to the
starting phosphinic acid 5. For this reason, the formation
of the methyl ester was carried out using EDC and dry
MeOH in an argon atmosphere, and the product was
used immediately in the next reaction step. From inter-
mediates 8 and 9 we obtained carbamate 8a, amides
12a-g and sulfonamides 13a—j. Alkaline hydrolysis of tri-
methyl ester 8 afforded compound 8a. From the crucial

intermediate amine 9 the synthesis proceeded in two
directions: the amino group was substituted by different
moieties mimicking the MurNAc residue of lead com-
pound 2 via either an amide (10a—g) or a sulfonamide
linkage (11a—j). The resulting trimethyl esters 10a-g
and 11a-j were converted, by alkaline hydrolysis, into
the target compounds 12a-g and 13a-j, respectively.

These compounds were tested for their inhibitory activity
on MurD from Escherichia coli."”'° Results are present-
ed as residual activity (RA) of the enzyme in the presence
of 1 mM inhibitor (Table 1). For the most active
compounds, ICs, values have also been determined.!”

The results for compounds 8a and 12a-g are shown in
Table 1. Compound 8a had previously been prepared
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Table 1. MurD inhibitory activity of carbamate- and amide-substitut-
ed phosphinates 8a and 12a-g
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and evaluated as an inhibitor of MurD from Streptococ-
cus pneumoniae with ICsg 100 pM.'2 From our RA value
we estimate that the ICsy of this compound for the en-
zyme from E. coli is almost one order of magnitude
greater. This relatively large difference could be ex-
plained by different assay conditions as well as by differ-
ences in the active sites of MurD from E. coli and S.
pneumoniae.

The introduction of the frans-cinnamoyl moiety in com-
pound 12a resulted in a higher inhibitory activity than in
compound 8a. This trend was also observed in com-
pound 12b, which possesses a 3-hydroxy group on the
trans-cinammoyl residue. Further improvement was
achieved with compound 12¢, in which the trans-cinna-
moyl moiety was further substituted by the 3,4-methy-
lenedioxy ring. Since this 1,3-benzodioxolyl fragment
proved to be a promising pharmacophore, we prepared
two new compounds in which the same pharmacophore
was connected to the phosphinodipeptide by two differ-
ent linkers. For compound 12d, the shorter, flexible

methylene group was used. For compound 12e, the p-al-
anyl residue was introduced in order to mimic the p-lac-
toyl residue of inhibitor 2. However, both compounds
were found to be less effective inhibitors (Table 1).

In spite of these results, compounds 12f and 12g, in
which the nitrobenzylsulfonyl moiety is linked to the
D-alanyl residue, were prepared. The latter, with a nitro
group at the para position, exhibited the strongest inhib-
itory activity (ICso = 78 uM). Its meta analogue, 12f,
inhibited the enzyme about 2 to 3 times less strongly
(Table 1).

The sulfonamides 13a—j consist of key phosphinodipep-
tide Ala-¥W(PO,-CH,)-Glu substituted by several func-
tionalized phenylsulfonyl and benzylsulfonyl moieties
(Table 2). The most active compounds in this series were
found to be 13i and 13h, with the m-nitrobenzylsulfonyl

Table 2. MurD inhibitory activity of sulfonamide-substituted
phosphinates 13a—j
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Table 3. MurD inhibitory activity of phosphinates 14-16 with
branched side chains and comparison with phosphinoalanine deriva-

tive 8a
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and o-nitrobenzylsulfonyl substituents, respectively.
Their positional isomer 13j inhibited the enzyme to a
lesser extent, as did the homologue of 13i (m-nitrophenyl
substituted derivative 13b). However, all of them were
less potent than compound 12g.

1. MeONa/MeOH

In order to study the importance of the phosphinoala-
nine residue, we prepared analogues of 8a in which it
was replaced by phosphinovaline (14), phosphinoleucine
(15) and phosphinoisoleucine (16). These compounds
were synthesized by a procedure similar to that de-
scribed in Scheme 1, using an appropriate starting alde-
hyde, but with some improvements which will be
published elsewhere. All compounds inhibited MurD
less than the parent compound 8a (Table 3). Thus,
replacement of the phosphinoalanine side chain by bulk-
ier ones decreases the inhibitory activity, presumably
due to the small volume of the L-alanine-binding subsite.

In order to determine the importance of the y-carboxyl-
ate group of the phosphinodipeptide glutamate residue,
we prepared compounds 21, 22 and 23 as analogues of
12¢, 12g and 8a, respectively, but lacking the glutamic
acid side chain. The synthesis of these truncated ana-
logues is similar to that presented in Scheme 1, using
methyl acrylate instead of dimethyl 2-methylenepen-
tanedioate 7 (Scheme 2). Compounds 21-23 did not
inhibit MurD (Table 4), confirming our previous
hypothesis® that the presence of the glutamate residue,
or its appropriate mimetic, in this type of inhibitor is
essential for strong inhibition.

In the complex of MurD with its product UDP-
MurNAc-L-Ala-D-Glu  (MurD - UMAG, pdb entry
4UAG),” the a-carboxylic acid of p-glutamic acid is
H-bonded to Lys348 and Thr321, the y-carboxylate is
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Scheme 2. Synthesis of the truncated phosphinates 21-23.
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Table 4. MurD inhibitory activity of truncated compounds 21-23 and comparison with that of their non-truncated analogues
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held in place by hydrogen bonds with Ser415 and Phe
422, and the amide bond between lactoyl moiety and
L-Ala interacts with the side chain of Asn138.2° The ab-
sence of inhibition by truncated analogues 21-23 is con-
sistent with the loss of binding energy of the two
hydrogen bonds provided by the y-carboxylate group.
We can thus expect that the best phosphinate inhibitors
found here (12¢, 12f and 12g) bind the enzyme in a sim-
ilar manner as UMAG. It is possible that they utilize
their substituted aromatic rings to interact also with
Leul5, Thr16 or GInl62, which are the residues that
bind the phospho-sugar part of UMAG.

In the present paper, we reported the synthesis and
activity of a series of new phosphinate inhibitors of
MurD from E. coli. A common feature of all the active
compounds is the N-substituted phosphinodipeptide
Ala-y(PO,-CH,)-Glu, both alanine and glutamate resi-
dues being essential in this series. Compounds 12¢ and
12g had ICsq values near 100 uM. Since they consist of
mixtures of four diastereoisomers, the actual 1Cs, for
the one most closely mimicking the L-Ala-p-Glu stereo-
chemistry is presumably lower than that observed. These
compounds constitute promising starting points for
further structural modifications.
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