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Abstract—A series of Muraymycin analogues was synthesized. These analogues showed excellent antimicrobial activity against
gram-positive organisms. These analogues also showed excellent inhibitory activity against the target peptidoglycan biosynthesis
enzyme MraY, the cell membrane associated transglycosylase responsible for the formation of Lipid II.
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Over the past years, a large number of naturally derived
semi-synthetic or synthetic antibiotics in various classes
such as glycopeptides, tetracyclines and macrolides,
have improved the quality of these compounds for the
treatment of infections caused by a broad range of bac-
teria. However, despite the historical success of this
strategy in combating bacterial infections, relatively few
antibacterial agents of microbial origin are currently
being pursued in the clinic. This is primarily attributable
to the considerable difficulty in identifying structurally
novel antibiotics with potent and selective antimicrobial
properties.! On the other hand, as a consequence to the
indiscriminate use of antibiotics, the emergence of
multi-drug resistant pathogens has resulted in an epi-
demic situation. This problem, therefore, necessitated
the search for new antibacterial agents by employing
different strategies, such as relying on advanced screen-
ing technologies, understanding structural basis for the
design of new generation of antibacterial compounds,?
or unraveling the understanding of resistance mechan-
isms® to current antibacterial agents in the hope that a
new generation of antimicrobial agents emerges.
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This paper outlines our approach to new antibacterial
agents, based on expanding the structure activity rela-
tionship of muraymycins*® (1a,b and 2ab) via the
development of synthetic routes toward the total synth-
esis of muraymycins, a novel class of peptidoglycan
biosynthesis inhibitors,® with potent activity against
gram-positive organisms with minimum inhibitory con-
centration (MIC) of 1-8 ug/mL. The new target analo-
gues differ from naturally occurring muraymycins by
replacement of the cyclic arginine amino acid with argi-
nine and by the removal of the 5-amino ribose sugar
moiety 3 as well as the removal of the lipophilic side
chain X (Fig. 1). During this process, we found that the
truncated muraymycins (19, Scheme 4) were as active as
the natural products against gram positive organisms.

A synthetic route was developed to allow for rapid
introduction of various amino acids and linkers in the
acyclic portion of muraymycins. The first amino acid
moiety (glycine) was planned to be introduced by aldol
reaction of an uridyl-5" aldehyde with a suitable glycine
derivative. Toward this end, aldehyde 47 was syn-
thesized from D-uridine. Aldol reaction between 4 and
an anion of dibenzylglycine tert-butyl ester,® generated
by treatment with LDA in THF at —78°C, afforded a
mixture of four diastereomers, which were separated by
chromatography (Scheme 1). The two major compo-
nents (5 and 6) were deprotected by catalytic hydro-
genation, to form their free amines (7 and 8). The
absolute stereochemistry of the newly created chiral
centers at positions 5 and 6 in 7 and 8 was deter-
mined by the X-ray crystallographic analyses of their
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Scheme 1. (a) (PhCH,),NCH,CO,Bu(f), LDA, THF, —78°C, 2 h,
then —30°C, 15 h; (b) Ha, 10% Pd/C, MeOH.

para-nitrophenyl urea derivatives, to be (7: 5R,6S5) and
(8: 55,65).°

To illustrate the methodology towards the assembly of
muraymycin analogues, compounds 7 and 8 were inde-
pendently used for further transformations as outlined
in Schemes 2—4. The requisite linker aldehyde 11a—h was
prepared in two steps from the protected amino acid
9a-h (R;=CBZ), which was coupled with aminopro-
pane diethyl acetal to give an amide 10a—h, followed by
acid treatment to form 11a-h (Scheme 2). The urea
moiety 17 was prepared in four steps from the FMOC
protected arginine 12 by the following processes: (a)
esterification, 13, (b) removal of the FMOC group, 14,
(c) urea formation, 16, with valine benzyl ester (15), and
(d) regeneration of the acid (Scheme 3).

Reductive amination of 7 with 11a using NaBH(OAc);
resulted in the expected formation of the uridyl-dipep-
tide 18a. This reaction proved to be applicable to var-
ious L-leucine and (2S,3S)-hydroxyleucine'® derivatives
(11b and 11c¢) exemplified by three combinations of R;

0

11d : Ry = PhCHy-, Ry = H
11e:Ry=H,Ry=H

11f: Ry = CO,CH,Ph, Ry = H
11g : Ry = CBZHN(CHy)3-, Ry = H
11h : Ry = tBUO,CCH,-, Ry = H

Scheme 2. (a) H,N(CH,),CH(OEt),, HOBT, EDC, DIPA, THF;
(b) HCI, THF.
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Scheme 3. (a) Isobutylene, ¢-H,SO,4, CH,Cly; (b) piperidine, rt, 1 h;
(c) 15, triphosgene, DIPA, rt; (d) TFA, CH,Cl,, 0°C.

and R, substituents of 11. Further progress of 18a was
achieved by removal of the CBZ group by catalytic
hydrogenation, to give the free amine 19a. Coupling
between 17 and 18a under the conditions using hydroxy-
benzotriazole (HOBT) and 1-(3-dimethylaminopro-
pyl)-3-cthylcarbodiimide (EDC) allowed for the
construction of the fully protected final target molecule
20a in good isolated yield (Scheme 4).'! In a similar
fashion, 20b and 20c were isolated. The (55,6S) diasterco-
mer 8 was also successfully converted to the corre-
sponding threonine intermediate 21a, then to the
unprotected amine 22a. This result suggests that the
stereochemical difference between 7 and 8 at the C5
position has no outcome in influencing the reductive
amination and deprotection steps under the reported
experimental conditions.

The antibacterial activity, as measured by the minimal
inhibitory concentration (MIC, pg/mL), of 18a and 19a
as well as 21a and 22a was evaluated in order to exam-
ine the effect of the protecting group (CBZ) on the
terminal amines (Table 1). Table 1 also illustrates the
stereochemical effect between 19a and 22a at the C5
position with regards to their antimicrobial activity.
Table 1 illustrates that both 19a and 22a were active in
the soluble peptidoglycan assay (SPG) with better
activity obtained for 22a (ICsq 11 pg/mL). This suggests
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a stereochemical preference for 5S. However, the MIC
values for 22a did not track with its SPG activity.
Compound 19a showed better MIC activity (4-8 pg/
mL) than 22a (8—>128 pg/mL) against various gram-
positive organisms.

Based on the above antibacterial data, a variety of ana-
logues 19a-h'?> were prepared by coupling between 7
and 1l1a-h, and were also evaluated for their anti-
bacterial activities (Table 2). A consistent trend was
observed in the analogues carrying PMB, TBS and zert-
butyl protecting groups, in that the terminal unpro-
tected amine forms possess varied antimicrobial activ-
ities (MICs 4->128 pg/mL) against gram-positive
organisms, although their CBZ forms somewhat lost
their activities. Remarkably, this trend extends to the
aspartate and lysine analogues (19f and 19g).

Table 1. Comparison of in vitro activity for two diastereomers

The role of various protecting groups in 18 and 20 with
respect to their antimicrobial activities (Table 2) was
studied by employing a stepwise deprotection strategy.
This approach was applied to leucine containing analo-
gue 18c (Scheme 5). Upon treatment of 18¢ with
nBuyNF, both TBS groups were removed to afford the
corresponding diol 23c. The CBZ group in 23c was
readily removed by catalytic hydrogenation, to form the
free amine 24¢. Hydrolysis of the tert-butyl ester in 23c,
followed by removal of the CBZ group, provided a
prototype of uracil protected derivative 26¢ via 25¢ for
antimicrobial evaluation.

Alternatively, the PMB group of the uracil ring in 18c
was removed by treatment with ceric ammonium nitrate
(CAN), to form the unprotected uracil 27¢. Catalytic
hydrogenation of 27¢ cleaved the CBZ group, to form

Compd 18a 19a 21a 22a la
1Cso SPG (pg/mL) 32 32 10.7 10.7 —
Minimal inhibitory concentration (MIC) (ug/mL)
Gram-negative (10) >128 >128 64-128 >128 8-32
Candida albicans GC 4531 128 >128 32 128 —
Staphylococcus aureus GC 4536 >128 4 128 128 44
Staphylococcus aureus GC 1131 >128 8 128 128 4
Staphylococcus aureus GC 2216 >128 4 128 128 8
CNS* GC 4538 >128 4 128 128 2
CNS GC 4538 >128 4 128 128 1
CNS GC 4547 > 128 8 128 8 8
Enterococcus faecalis GC 842 128 4 64 >128 4
Enterococcus faecalis GC 2242 >128 8 64 128 32
Enterococcus faecalis GC 4555 >128 4 64 128 16
4CNS, coagulase-negative staphylococcus.
/ 0 Table 2. In vitro activity of muraymycin analogues
Rz
7 tBU\ © N\[]/N\PMB ¢, Compd  Gram-negatives (10)  Staphylococci (6)  Enterococci (3)
NH (@]
11a-h RsNH N 1856 HrES 19a-c 18b > 128 > 128 128
19 >128 4-16 4-8
18¢ >128 >128 >128
( 18a-h: R, = CBZ 19¢ > 128 4-64 4-16
19a-h: R3 =H 18d >128 128 128
19d >128 >128 16->128
18e >128 > 128 128
Ro tBu\ \ﬂ/ “PMB 19¢ 64—>128 4-8 4-8
N\)I\ )\(N R 18f >128 >128 >128
PR ~ TN 19f 128->128 16->128 4-32
)‘I TBSO OTBS 18g >128 >128 >128
19g 128->128 4-16 8
NH 18h > 128 > 128 > 128
41\ 20a-c 19h >128 >128 >128
HN™ "NHNO, 20a 64—>128 128 64-128
20b > 128 > 128 128->128
o 20c >128 >128 >128
R R 2 QH /\f 23c 128->128 128->128 128
a 12 Busg \ﬂ/ “PMB 24c¢ 128->128 >128 128->128
8§ — H NH 25¢ 128->128 >128 128
a  RyNH TN 26¢ 128-> 128 > 128 128
0 TBSG OTBS 27¢ 128->128 >128 64->128
28¢ 128->128 1-2 2
C 21a: Ry = CBZ 29¢ 128-> 128 ~128 128-> 128
22a:R3 =H 30c 128->128 >128 128->128
3lc 128->128 > 128 128->128
Scheme 4. (a) lla*h, NHBH(OAC)3, ACOH, THF, (b) Hz, 10% Pd/C, 32¢ 128—>128 =128 128—>128

MeOH; (c) 17, HOBT, EDC, THF.
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Table 3. In vitro activity of muraymycin analogues
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Organism Compd
19b 19e 19¢ 28¢
Minimal inhibitory concentration (MIC) (ng/mL)

Escherichia coli GC 4559 >128 >128 >128 >128
Escherichia coli GC 4560 >128 8 8 32
Escherichia coli GC 3226 >128 >128 128 >128
Serratia marcescens GC 4077 >128 >128 128 128
Morganella morganii GC 4531 >128 64 128 128
Klebsiella pneumoniae GC 4534 >128 128 >128 128
Enterobacter cloacae GC 3783 >128 >128 >128 128
Escherichia coli GC 2214 >128 >128 128 128
Pseudomonas aeruginosa GC 2214 >128 >128 >128 >128
Pseudomonas aeruginosa GC 4532 >128 >128 >128 128
Candida albicans GC 3066 >128 >128 >128 32
Staphylococcu aureus GC 4536 16 4 8 1
Staphylococcu aureus GC 1131 4 4 4 1
Staphylococcu aureus GC 2216 4 8 8 2
CNS GC 4538 4 4 8 1
CNS GC 4538 4 8 8 2
CNS GC 4547 16 4 16 2
Enterococcu faecalis GC 842 8 4 8 2
Enterococcu faecalis GC 2242 4 4 8 2
Enterococcu faecalis GC 4555 4 8 8 2

the free N-terminal analogue 28¢. Treatment of 27¢ with
TFA not only cleaved both TBS groups, but also
hydrolyzed the tert-butyl ester, to give 29¢. The process
of deprotection of 20c followed the condition described
above. Catalytic hydrogenation cleaved both the benzyl
and the NO, groups, while treatment with TFA

cleaved the tert-butyl ester and the two TBS groups
(Scheme 6).

Table 2 also demonstrates the SAR studies using the
leucine analogue 18c. When the TBS groups are
removed, the antibacterial activity was lost. However, in
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Table 4. The inhibitory activity of muraymycin analogues against
MraY or MurG

Compd 100 pg/mL 50 pg/mL 25 pg/mL 12.5 pg/mL  6.25 pg/mL

2a +2a
19a
19b
19¢
19d
19¢
19f
19¢
19h
22a
28¢
32¢

+

+ + +

|+ 4+ +++ 1 +++
L+ 4+ +++ 1 ++
[
[
[

2+ indicates reduced production of lipid II relative to the control
(judged by intensity) on the film, thus indicating inhibition of either
MraY of MurG. Since muraymycin Al inhibited the production of
labeled lipid I and II due to inhibition of MraY, its closely related
analogues might be considered inhibitors of MraY.

the unique case of 28¢ in which the PMB group in the
uracil ring was removed, the MIC value is restored upon
removal of the CBZ group. This result was consistent
with earlier observations.

More extensive in vitro activities (MICs) of selected
compounds (19b, 19e, 19g, and 28c¢) are shown in Table
3. Compound 28c demonstrated good antimicrobial
activity against various gram-positive organisms.

The inhibition of lipid II formation by muraymycin
analogues is summarized in Table 4. With the exception
of 19d and 19h, most of the compounds of this type
inhibited lipid II formation. This was most significant
for 19¢, where the inhibition was observed as low as 25
pg/mL. These results corresponded well to the in vitro
antimicrobial tests, that 19a,b,c.e,g inhibited lipid II
formation also showed moderately good antibacterial
activity against gram-positive isolates (MIC 4-16 g/
mL). Compounds 19d and 19h did not inhibit lipid II
formation, and showed poor antibacterial activities
(MIC 16—> 128 pg/mL). These results indicated that the
substitution at Ry in 19 has significant impact on the
inhibitory activity of target and bacteria. Overall, com-
pound 28c was the most potent one tested. It inhibited
lipid IT formation at concentrations as low as 12.5 ug/
mL, although 28c¢ has the same substitutions as com-
pound 19¢ with iso-propyl at R; and hydrogen at R».

In conclusion, we have demonstrated the establishment
of a versatile methodology towards the synthesis of
various muraymycin analogues. The SAR in this series
establishes useful trends. Importantly, we have shown
that smaller fragments of the natural products provide
an excellent avenue for further development of potent
antimicrobial agents.

Method for In Vitro Antibiotics Evaluation

The in vitro activities of the antibiotics were determined
by the broth dilution method as recommended by the
National Committee for Clinical Laboratory Standards

(NCCLS).!3 Muller-Hinton II broth (MHBII: BBL
Cockeysville, MD, USA) was the medium employed in
the testing procedures. Microtiter plates containing
serial dilutions of each antimicrobial agent were incu-
bated with each organism to yield the appropriate den-
sity (10° CFU/mL) in a 100-pL final volume. The plates
were incubated for 18-22 h at 35°C in ambient air. The
minimum inhibitory concentration (MIC) for all iso-
lates was defined as the lowest concentration of anti-
microbial agent that completely inhibits the growth of
the organism as detected by the unaided eye.

Determination of Lipid II Formation and Soluble
Peptidoglycan

The biological assay determining lipid II formation uti-
lizes S. epidermides membrane to catalyze the late steps
in cell wall biosynthesis including those performed by
MraY, the MurNAc pentapeptide translocase, and
MurG, the UDP-N-acetylglucosamyl transferase.
According to the reported method (J. Bacteriol. 1991,
173, 4625-4636), the formation of lipid II is assessed
using radiolabeled UDP-N-acetylglucosamine, S. epi-
dermides membranes, compound, UDP-MurNAc pen-
tapeptide, and ['*C]-UDP-N-acetylglucosamine. The
reaction was incubated at room temperature for 30 min
and was terminated by boiling in a water bath for 1 min.
The samples of each reactions were analyzed by separa-
tion using TLC. The plates were exposed to film, and
inhibition of lipid II formation was monitored by com-
paring the area of the experimental sample to the area
of the control. The soluble peptidoglycan was deter-
mined using a 96-well format to quantitate the produc-
tion of radioactive labeled peptidoglycan by S.
epidermides. The method was modified from that of
Boothby et al. (1971).
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