Pergamon

science (@)oineet:

Bioorganic & Medicinal Chemistry Letters 13 (2003) 1557-1560

BIOORGANIC &
MEDICINAL
CHEMISTRY

LETTERS

Macrocyclic Inhibitors of the Bacterial Cell Wall Biosynthesis
Enzyme Mur D

James R. Horton,? Julieanne M. Bostock,” Ian Chopra,® Lars Hesse,

b

Simon E. V. Phillips,® David J. Adams,? A. Peter Johnson® and Colin W. G. Fishwick®*

aDepartments of Chemistry, University of Leeds, Leeds, LS2 9JT, UK
Biochemistry and Molecular Biology, University of Leeds, Leeds, LS2 9JT, UK

Received 17 October 2002; revised 15 January 2003; accepted 10 February 2003

Abstract—Computer-based molecular design has been used to produce a series of new macrocyclic systems targeted against the
bacterial cell wall biosynthetic enzyme MurD. Following their preparation, which involved a novel metathesis-based cyclisation as
the key step, these systems were found to show good inhibition when assayed against the MurD enzyme.
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The widespread emergence of bacterial resistance to
existing antibiotics has generated an urgent need for the
discovery and development of novel antibacterial agents
active against previously unexploited targets. The later
stages of bacterial peptidoglycan synthesis have been
extensively exploited as drug targets,' most notably
through the development of B-lactam- and glycopeptide
antibiotics. However, early biosynthetic steps have
received relatively little attention as potential drug tar-
gets even though this part of the biosynthetic pathway
offers essential enzymes that have no mammalian coun-
terparts.>>

Peptidoglycan contains chains of alternating N-acetyl-
muramic acid (MurNAc) and N-acetylglucosamine
(GIcNAc) residues, cross-linked through pentapeptide
side chains attached to MurNAc. The pentapeptide
chain sequence is L-Ala (occasionally L-Gly)-D-Glu-X-
D-Ala-D-Ala where X is usually a diamino acid and
often meso-diaminopimelic acid (m-Dpm) or L-Lys. The
biosynthesis of peptidoglycan is a complex three stage
process. The first stage involves the assembly of the
uridine diphosphate-MurNAc—pentapeptide 1 by
enzymes located in the cytoplasm, or at the inner sur-
face of the cytoplasmic membrane.* The D-glutamate
ligase or MurD enzyme catalyses the addition of D-glu-
tamate to UDP-MurNAc-L-Ala 2 to give UDP-Mur-
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NAc-L-Ala-D-Glu 3 which is then converted to 1 by the
successive actions of MurE and MurF (Scheme 1).

Previous work by Tanner® and Gegnas® has shown that
several phosphinates developed as transition state iso-
steres for the amide bond formed by the ligase have
potentially useful inhibitory properties. We were intri-
gued by the possibility of applying a molecular design
approach using the available X-ray crystallographic
data for MurD’ to produce a novel class of MurD
inhibitor and report here the successful preparation and
biological evaluation of such systems.

Our approach was inspired by an initial inspection of
the active site within the X-ray crystal structure of
MurD containing the bound substrate 27 which sug-
gested that it may be possible to omit much of the
sugar portion of 2 to yield 4 (Scheme 2) whilst still
retaining binding due to the presence of the ligand/
protein contacts within the remaining part of the
molecule.

The active site was further analysed using the de novo
molecular design programme SPROUT.® This revealed
the presence of a hydrophobic region within the binding
cavity (Fig. 1) which was not being utilized in binding of
the natural substrate. Further analysis using SPROUT
indicated that the binding of the simplified substrate
analogues 4 could be increased by placing alkyl groups
within this hydrophobic region. An attractive entropi-
cally favorable extension would be to incorporate these
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Scheme 2. Simplification of MurD substrate reveals macrocyclic
structures 5.

Figure 1. Overlay of natural substrate 2 (light) and macrocyclic inhib-
itor 5 (n=1) showing the position of the hydrophobic region (shaded).

as part of a chain connecting the original N-acetyl- and
L-alanyl groups, respectively, as in § (Scheme 2).

Further modelling studies predicted that medium sized
ring systems based on structure S (R=H) would adopt
conformations in the active site that would favour con-
tacts between the ligand and residues Thr16 and Asn138
(Fig. 2).

This modelling also indicated that the sterecochemical
configuration at the carbon bearing the methyl group
was not important for binding and it was decided to
synthesise macrocycles possessing (S) absolute stereo-
chemistry at this centre (as in Fig. 2). It was reasoned
that macrocycles 5 should be accessible via hydrogena-
tion of the double bond in olefins 6. These should be
accessible from dienes 7 via use of an olefin metathesis
type ring closure. The required dienes are derived from
N-acylation of tripeptides 8 which are based on the
commercially available allyl glycine (Scheme 3).
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Scheme 3. Retrosynthetic analysis of macrocycles 5.
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According to the modelling studies, it appeared that
binding of macrocycles 5 should be optimum for
X=0H, due to a hydrogen bonding contact of this
hydroxyl with Thrl6 (Fig. 2). Additionally, this
binding model indicated that an ‘R’ absolute stereo-
chemistry at the exocyclic carboxyl residue in 5
would also favour binding. It was decided to pro-
duce a range of heterocycles 5 which could test these
predictions.

The required dienes 7 were obtained in good yields via
coupling of either hex-5-en- or pent-6-enioc acids with
either alanine- (leading to X=H) or serine (giving
X =0H) derived esters respectively followed by further
coupling of an L-alanine residue to yield the corresponding
dipeptides. Coupling of these to either D- or L-allyl glycine
esters (leading to ‘R’ or ‘S’ absolute stereochemistry
respectively at the exocyclic carboxyl in macrocycles 5)
gave dienes 7. Carboxylic acids were protected as either
methyl or 7-butyl esters. Methyl esters were cleaved using
IN lithium hydroxide and t-butyl esters were deprotected
with a 50% trifluoroacetic acid in dichloromethane solu-
tion. Cleavages with lithium hydroxide proceeded in
yields of 60-70% and with trifluoroacetic acid in greater
than 90%. All couplings were performed in solution
using HATU and standard peptide coupling protocols.
Yields for the individual couplings were consistently
over 90%.

For the synthesis of macrocycles 5, ring closing
metathesis of dienes 7 was performed using Grubbs
catalyst® and following an initial column-based chro-
matographic purification, the cyclised systems 6
(R=Me) were obtained in pure form following HPLC.
Hydrogenation of the resulting alkene from the
metathesis reaction was facile and generally could be
accomplished either directly over the Grubbs catalyst
or subsequently by using activated palladium on char-
coal (Scheme 4). Final ester hydrolysis gave the desired
macrocycles 5 (R=H).

wn/
i/

., NH Grubbs ’

o) NH N\ 0 U
ROzc)W RO,C

7 6
n Chirality at (*) X Yields of 5§
(R = Me) (%)
2 S H 21
2 R H 55
3 S H 58
3 R H 58
2 S O'Bu 22
2 R 0'Bu 25

Scheme 4. Metathesis-based cyclisations.

Table 1. Binding of macrocycles 5 (R =H) to MurD
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Entry n Chirality at (*) X I1Cs (uM)
1 2 N H 5.1 (£1.4)
2 2 R H 1.5 (£0.1)
3 3 N H 3.2 (£0.1)
4 3 R H 1.5 (£0.1)
5 2 S OH 23(£1.2)
6 2 R OH 0.7 (£0.3)
7 2 S O'Bu 9.0 (£0.1)
8 2 R O'Bu 1.9 (£0.2)

Biological evaluation'® of macrocycles 5 (R=H) was
performed against isolated Escherichia coli MurD
enzyme and is summarised in Table 1.

Analysis of the data in Table 1 reveals some interesting
trends. In all cases, systems having ‘R’ absolute stereo-
chemistry at the exocyclic carboxyl (and thus derived
from p-allyl glycine) display strongest affinity for MurD
(entries 2, 4, 6 and 8) compared to the corresponding S-
derivatives in keeping with the modeling predictions.
Additionally, in the °S” series (X=H), affinity increases
upon increasing ring size which may reflect the
increased hydrophobic contribution to binding resulting
from the location of alkyl chain fragments within the
hydrophobic region of the cavity. The system possessing
an hydroxy group (X=OH, derived from a serine
amino acid) and ‘R’ absolute stereochemistry at the
exocyclic carboxyl exhibits the greatest affinity for
MurD (entry 6). This lends further support to the pro-
posed mode of binding of these macrocycles which pre-
dicts a hydrogen-bonding contact of this hydroxyl group
to Thr16 within the enzyme. The observation that the tert-
butyl ethers in both the ‘R’ and S’ series not only show
affinities lower than the corresponding methyl-containing
compounds (entries 1 and 2) but also lower than the cor-
responding alcohols (entries 5 and 6) may suggest that the
tert-butyl groups are too bulky for them to be favourably
located in the part of the cavity containing Thr16.

In conclusion, molecular modeling techniques have been
used in conjunction with X-ray crystallographic data to
design a novel class of MurD inhibitor based on a
cyclised peptidic framework. A straightforward syn-
thetic approach from readily available precursors and
based on an olefin metathesis strategy has been devel-
oped. In vitro binding studies of a number of these sys-
tems with isolated MurD enzyme reveals them to posses
useful affinity for the enzyme and supports the model of
binding of these systems within the active site of the
enzyme.
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