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Abstract—UDP-galactopyranose mutase (UGM) catalyzes the isomerization of UDP-galactopyranose (UDP-Galp) into UDP-
galactofuranose (UDP-Galf), an essential step of the mycobacterial cell wall biosynthesis. Acyclic alditol-aminophosphonates in
the p-galactose and Dp-lyxose series were designed as mimics of high energy intermediates of the UGM catalyzed isomerization.
Interestingly, the p-lyxitol-aminophosphonate displayed better inhibition properties than the p-galactitol-aminophosphonate.

© 2007 Elsevier Ltd. All rights reserved.

Oligo-galactofuranosides (Galf) are essential glycoconju-
gates of all mycobacteria including severe pathogens
such as Mycobacterium tuberculosis.'”> The search for
the biosynthetic origin of the Galf residues has led to
the discovery of an unusual enzymatic ring contraction:
the interconversion of UDP-galactopyranose (UDP-
Galp) into UDP-galactofuranose (UDP-Galf), the uni-
versal Galf donor for all oligo-galactofuranosides. This
ring contraction is catalyzed by a flavoenzyme, UDP-
galactopyranose mutase (UGM) whose mechanism has
recently attracted much attention.® Such an enzymatic
isomerization is a key biocatalytic process not only
because it is essential for the survival of mycobacteria,*
but also because its mechanism has no precedents in
enzymology.’

So far, several mechanisms have been proposed: a cova-
lent catalysis® with the FAD cofactor playing the role of
nucleophile’-® as well as single electron transfers from the
FAD to generate an anomeric radical.” From the differ-
ent mechanistic investigations published to date, several
intermediates have been proposed. The inhibition of
UGM by fluorinated substrate analogs, under non-
reducing conditions, suggested that oxycarbenium A
and B can reasonably be invoked as high-energy interme-
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diates (Fig. 1).!%!! Moreover, it was recently found that
performing this enzymatic reaction in the presence of
NaBH;CN led to the isolation of a covalent adduct
between the FAD cofactor and the galactose residue: this
experiment showed that an acyclic iminium such as C
could also be implied as a high-energy intermediate.?

Therefore, we designed aminophosphonate 1 derived
from p-galactose where the two key structural para-
meters of the high-energy intermediates were combined:
the cationic character of intermediates A and B as well
as the acyclic structure of the putative intermediate C
(Fig. 1). Since in this design the amino functionality
mimics a cation at the anomeric position (and not on
the endocyclic oxygen), we anticipated that p-lyxose
derivative 2 would be interesting to synthesize as well:
this molecule displays the same stereochemical pattern
than p-galactose but with an amino group in place of
the anomeric carbon. The phosphonate functionality
in molecules 1 and 2 was included in the design to
provide strong coulombic interactions with the UGM
amino acids, binding the pyrophosphate moiety of
UDP-galactose.

The key step of our synthetic strategy was a reductive
amination between dibenzyl aminophosphonate 4
(Scheme 1) and aldehydes 6, 7 or 8 derived from p-gal-
actose and D-lyxose (Scheme 2). Benzyl protective
groups were chosen for the alditol and the phosphonate
to insure a clean and quantitative final deprotection
step. Aminophosphonate 4 was prepared in two steps.
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Figure 1. Design of acyclic aminophosphonates as a mimics of putative high-energy intermediates of the UGM catalyzed pyranose/furanose
interconversion.
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Scheme 2. Reagents and conditions: (a) C,HsSH, HCI, (b) BnBr, NaH, DMF, (c) HgCl,/H,O acetone/H>0, (d) NABH(OAc); THF, rt, and (e) Pd/
C, H, THF/H,O0.

The condensation of dibenzylphosphite with an inter- gave the expected aminophosphonate in a non-satisfac-
mediate imine generated from formaldehyde and tory 19% yield after optimization. We then reasoned
tritylamine afforded intermediate 5 in 98% yield. Depro- that the same reaction involving acyclic aldehydes 6
tection of the trityl group under acidic conditions and 7 in place of a lactol should proceed more effi-
produced 4 that was found difficult to purify by chroma- ciently. Thus, aldehyde 6 was generated from the corre-
tography or recrystallization. Thus, we engaged it in sponding diethyl dithioacetal 9 using standard condi-
reductive aminations without purification. tions. The same three-step sequence was also applied

to p-lyxose. Aldehydes 6 and 7 were obtained in 54%
Disappointingly, reductive amination between 4 and the and 89% overall yields, respectively, from the corre-

known lactol 8 (obtained in four steps from D-galactose) sponding unprotected carbohydrates. The reductive
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amination between 4 and 6 or 7 required some optimiza-
tion in order to obtain satisfactory yields. Several reac-
tion parameters were screened: the solvent, the
temperature, the use of primary amine 4 as a hydrochlo-
ride salt or a free amine, the reducing agent and the
addition of weak acids such as acetic acid to promote
the imine formation. We mainly found that NaB-
H(OAc); gave significantly better yields than NaBH;CN
under comparable and optimized conditions, and that
the amine had to be used as its hydrochloride salt.!? De-
spite the presence of a polar secondary amine function-
ality, benzylated phosphonates 10 and 11 could easily be
purified by standard silica gel chromatography and were
isolated in 92% and 82% yield, respectively. Hydrogen-
olysis of 10 and 11 finally afforded pure target molecules
1 and 2 in quantitative yield.!?

The inhibition of the UGM catalyzed reaction by these
two final molecules was then assessed by a competition
assay: the kinetic of isomerization of UDP-Galf into
UDP-Galp was followed by HPLC in the presence and
absence of inhibitor. UGM from Escherichia coli was
overexpressed and purified as previously described.?’
The inhibitions were measured under reducing condi-
tions, using freshly prepared sodium dithionite
(20 mM). The UDP-Galf and enzyme concentrations
were 150 uM and 15 nM, respectively.'*

To control the assay, we also tested UDP as an inhibitor
under the same conditions. Since the K3 of UDP with
UGM has been measured, this inhibitor can now be
considered as a standard.'’!>-17 At a concentration of
2 M of inhibitors we found that UDP, 1 and 2 inhibited
the reaction at 36%, 0% and 11%, respectively. In the
three cases the inhibition levels were weak, but to our
surprise D-lyxose derivative 2 reproducibly displayed
better inhibition properties than p-galactose amino-
phosphonate 1.

To date, several groups have described cationic analogs
of Dp-galacto furanose designed as inhibitors of either
UGM or the galactan biosynthesis. The groups of
Fleet,'®!” Thomas,?>?! and Martin?>2* described the
synthesis of iminosugars while Pinto and co-workers
described the synthesis of sulfonium and selenonium
derivatives.!” The published inhibitory activities of these
molecules are usually poor, as in the case of amino-
phosphonates 1 and 2. The structural difference of the
previously described molecules is that they are cationic
analogs of galactofuranose whereas molecules 1 and 2
are acyclic molecules (1-amino-alditols) and possess a
phosphonic acid functionality, thus mimicking a puta-
tive transient intermediate of the enzymatic reaction.
As in the case of the conformational and mechanistic
probes we published earlier,>*2® the presence of a
UDP moiety within the structure of the inhibitor seems
to be a prerequisite to ensure a tight binding with
UGM.

Very recently, Liu and co-workers described the synthe-
sis of a non cationic UDP-galactitol in which the galact-
ose mimic is also acyclic.!! This substrate analog was
designed as a mechanistic probe and displayed binding

properties (Kg =46 uM and 54% inhibition at 2.5 mM)
in the range of that of UDP (K4 = 14 pM and 51% inhi-
bition at 2.5 mM).

Therefore, we envision now to synthesize and test UDP-
aminophosphonate 3 (Scheme 1) that should display
strong inhibition properties due to the presence of a
UDP moiety, a cationic amino group and an acyclic
D-galactitol or D-lyxitol side-chain.

Work is in progress to complete the synthesis of UDP-
aminophosphonate 3 and test it as an inhibitor of
UGM.
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