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Phosphonate inhibitors of antigen 85C, a crucial enzyme involved
in the biosynthesis of the Mycobacterium tuberculosis cell wall
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Abstract—The first phosphonate inhibitors of antigen 85C––a major protein component of the Mycobacterium tuberculosis cell wall
possessing mycolyltransferase activity were prepared using structure-based design. These potential novel antituberculosis agents,
consisting of a phosphonate moiety, hydrophobic alkyl chain and a simple trehalose-mimicking aromatic structure, were designed as
tetrahedral transition-state analogue inhibitors of antigen 85C, which catalyzes the key mycolyltransferase reaction involved in cell
wall biosynthesis.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Tuberculosis (TB), an infection caused by Mycobacte-
rium tuberculosis, is the leading cause of death from a
single infectious agent in the world.1 Due to pathogenic
synergy with HIV and the emergence of drug-resistant
and multidrug-resistant TB, the disease has been
spreading at a steady rate over the last decade.2 There
are 8 million new TB cases with 3 million deaths per year
worldwide.1 The rapid spread of TB has intensified the
need for new and more effective chemotherapeutic
agents with novel mechanisms of action to combat the
emergence of drug resistance and shorten the duration
of chemotherapy.3

Since the mycobacterial cell wall envelope is essential for
viability and virulence, an understanding of the bio-
chemistry of its formation has become increasingly
important in the search for new antimycobacterial drug
targets.4 The mycobacterial cell wall consists of three
major components forming the mycolyl-arabinogalac-
tan-peptidoglycan (mAGP) complex,5 among which
mycolic acids represent the outermost layer. Mycolic
acids are high-molecular-weight, a-alkyl-b-hydroxy
fatty acids [R1–CH(OH)–CH(R2)–COOH] unique to
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Mycobacterium and related genera.6;7 In the mycobac-
terial cell wall envelope, they are present as free glyco-
lipids, mainly trehalose monomycolate (TMM) and
trehalose dimycolate (TDM, cord factor), and as esters
of the terminal pentaarabinofuranosyl units of arabino-
galactan.7–9 Isoniazid and ethambutol, first line chemo-
therapeutics used in the treatment of TB, inhibit
mycobacteria by perturbing the synthesis of mycolic
acids and arabinan, respectively, both of which are
essential components of the mycobacterial cell wall.3

Among the numerous targets3 available for structure-
based anti-TB drug design we focused our attention on
antigen 85C, for which a crystal structure has been
published recently.13 The antigen 85 (ag85) complex,
composed of three proteins (ag85A, B and C), is a major
protein component of the M. tuberculosis cell wall. All
three proteins contribute to cell wall biosynthesis by
catalyzing transfer of mycolic acid from one TMM to
another, resulting in TDM and free trehalose (Fig. 1).10

A trehalose analogue, 6-azido-6-deoxytrehalose inhib-
ited mycolyltransferase activity of all three members of
the ag85 complex in vitro, as well as growth of Myco-
bacterium aurum, indicating the importance of TDM for
maintaining the integrity of the Mycobacterium cell
wall.10 Furthermore, a M. tuberculosis strain lacking a
functional ag85C gene showed a 40% decrease in the
amount of cell-wall linked mycolic acids.11 Recently, a
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Figure 2. General structure of novel phosphonate inhibitors of antigen
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Figure 1. Mycolyltransferase reaction catalyzed by antigen 85C.
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series of 6,60-bis(sulfonamido), N,N0-dialkylamino and
related derivatives of 6,60-dideoxytrehalose was designed
and synthesized to inhibit the ag85 complex. The
products were active against M. tuberculosis and a panel
of clinical isolates of M. avium.12

Disruption of the TDM structure by inhibition of ag85C
mycolyltransferase activity is thus a promising strategy
for the development of novel anti-TB agents. The crystal
structure of recombinant ag85C from M. tuberculosis
reveals a typical serine esterase catalytic triad formed by
Ser124, Glu228 and His260.13 A putative picture of the
catalytic mechanism of the mycolyl transfer reaction has
been proposed.13 In the first step Ser124 attacks the
carboxyl carbon of TMM molecule to give a mycolyl-
enzyme intermediate and a free trehalose. In the next
step, the 60-OH group of the second TMM molecule
attacks the carboxylate carbon of the acyl-enzyme
intermediate, giving TDM. Both steps, acylation and
deacylation of the enzyme, proceed via a high-energy
tetrahedral transition state.13 It is well known that
properly substituted tetrahedral phosphorus(V) species
like phosphonates, phosphonamidates and phosphinates
represent good tetrahedral transition-state analogues of
both amide and ester bond cleavage or formation.
Incorporation of those phosphorus-based transition-
state mimetics into the substrate or product analogues
generally leads to powerful enzyme inhibitors, especially
protease inhibitors.14
Figure 3. Hypothetical binding mode of inhibitor 4a in the antigen

85C active site as predicted by AutoDock 3.0. The 3-phenoxybenzyl

substituent is located in the trehalose binding pocket and phosphonate

moiety is oriented in the vicinity of Ser124. The alkyl chain is acco-

modated in the mycolate a-chain binding channel extending through

the core of ag85C.
2. Results and discussion

We wish to present the discovery of a series of new
phosphonate inhibitors of ag85C designed to mimic the
transition state of its mycolyltransferase reaction. Based
on preliminary docking studies15 in the antigen 85C
active site, we decided to use simple alcohols like
N-(hydroxymethyl)phthalimide, N-(2-hydroxyethyl)ph-
thalimide and 3-phenoxybenzyl alcohol to mimic the
trehalose of TMM. Alkyl chains of various lengths (C4

to C14) were selected as hydrophobic groups to partially
occupy either the mycolate a-chain binding pocket
formed by a 21�A long channel extending through the
core of the ag85C protein, or the mycolic acid b-branch
binding shallow on the surface of the protein. Both
fragments, trehalose mimetics and mycolic acid side
chain mimetics, were linked together by an ethyl phos-
phonate moiety to give simplified tetrahedral transition-
state analogues (Fig. 2). An example of inhibitor
(compound 4a) docked into the antigen 85C active site is
presented in Figure 3.

A series of potential inhibitors with different alkyl chain
lengths were prepared in order to study the influence of
both size and hydrophobicity of target compounds on
inhibition of mycolyltransferase activity (Scheme 1). In
the first synthetic step alkyl bromides 1a–e were reacted
with triethyl phosphite in Michaelis–Arbuzov reaction.16

The resulting diethylphosphonates 2a–e were partially
deprotected with sodium azide17 to give monoethyl
phosphonates 3a–e. After coupling with 3-phenoxy-
benzyl alcohol using BOP reagent,18 the target mixed
phosphonates 4a–e were obtained. In a similar manner a
series of phthalimido derivatives 5a–h was prepared.
Finally, two of them (5d,f) were P-deprotected to give
the corresponding phosphonic acid monoesters 6a–b.19

The compounds listed in Table 1 were assayed in vitro
for their inhibition of recombinant M. tuberculosis
antigen 85C mycolyltransferase activity.10 Most of the
compounds were very good inhibitors of the ag85C
catalyzed mycolyl transfer reaction with IC50 values in
low micromolar range (<50 lM). Although, according
to our design strategy, mixed phosphonates 4a–5i and
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Scheme 1. Reagents and conditions: (a) P(OEt)3, 180 �C, 16 h; (b) NaN3, DMF, 100 �C, 16 h; (c) 3-phenoxybenzyl alcohol, BOP, DIEA, DMF, rt,

12 h; (d) N-(hydroxymethyl)phthalimide or N-(2-hydroxyethyl)phthalimide, BOP, DIEA, DMF, rt, 12 h.

Table 1. Inhibition of ag85C mycolyltransferase activity10

Compound IC50 (lM)

3a 430.72

3b 3.56

3c 1.06

3d 471.31

4a 2.01

4b 42.55

4c 21.03

4d 14.83

4e 862.29

5a 10.0

5b 50.74

5e 1.31

5g 87.09

5h 25.67

5i 40.99

6a 4.39

6b 1.47
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phosphonic acids 6 incorporating a trehalose mimetic,
were expected to be the most potent inhibitors, to our
surprise also simple alkylphosphonic acids 3b
(IC50 ¼ 3.56 lM) and 3c (IC50 ¼ 1.06 lM) were very
active. It appears that in the alkylphosphonic acid series
3 medium-size alkyl chains (C6 or C7) are preferred
over shorter (C4) or longer (C9) ones.

In a series of 3-phenoxybenzyl alcohol derivatives the
most potent compound was 4a (IC50 ¼ 2.01 lM), with
the shortest (C4) alkyl chain. If the length of alkyl chain
was increased to C6, C7 and C9, the inhibitory potency
of resulting compounds 4b–d dropped by one order of
magnitude. In addition, 4e with a C14 tail was practically
inactive against ag85C. Thus, it appears that a combi-
nation of 3-phenoxybenzyl alcohol as a trehalose
mimetic with n-alkylphosphonate moieties results in
antigen 85C inhibitors, among which short alkyl chains
are optimal for interaction with the enzyme active site.

In a second series of compounds (5 and 6), N-(hydr-
oxymethyl)phthalimide and N-(2-hydroxyethyl)phthali-
mide were used as a replacement of trehalose.
Encouraging inhibitory properties of compounds 5a–i
and 6a–b (IC50 values between 1.31 and 87.09 lM),
confirmed a favourable choice of both, trehalose-mim-
icking moieties and their combination with alkyl-
phosphonate residue supposed to interact with a
hydrophobic channel in the antigen 85C core. In con-
trast to inhibitors 3a–d and 4a–e no generalization about
the influence of the alkyl chain length on inhibitory
activity could be made, although n-hexyl and n-heptyl
side chains (5e: IC50 ¼ 1.31 lM; 6a: IC50 ¼ 1.31 lM; 6b:
IC50 ¼ 1.47 lM) seem to be most favourable. It is
interesting to note that for all series of compounds (3, 4,
5 and 6) poor activity of the long chain analogues was
observed. We can speculate that these lipophilic, longer
chain analogues bind nonspecifically to the antigen 85C
and are thus not available for interacting with the
binding site.
3. Conclusion

To conclude, we have designed and synthesized a series
of phosphonate inhibitors of mycolyltransferase activity
of ag85C, an important M. tuberculosis cell wall bio-
synthetic enzyme. Since ag85 proteins have nearly
identical active site residues it can be expected that
compounds reported in this communication might have
similar efficacy against all three ag85 proteins and thus a
promising antimycobacterial activity. Optimization of
the reported inhibitors and in vitro determination of
their anti-TB activity are in progress and will be
reported in due course.
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