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AsbA catalyses the highly enantioselective desymmetrisation of
citric acid via ATP-dependent condensation with spermidine, as
well as the condensation of citric acid with several spermidine
analogues and the condensation of the citric acid analogue
tricarballylic acid with spermidine, suggesting that it may be a
useful biocatalyst for asymmetric synthesis.

Catalytic enantioselective desymmetrisation of meso compounds
is a powerful strategy in asymmetric synthesis for the generation
of homochiral organic compounds. Most of these processes are
catalysed by homochiral metal-based catalysts.! There are
relatively few examples of such transformations catalysed by
enzymes.” Probably the most widely-exploited strategy for
enantioselective desymmetrisation of meso compounds using
enzymes involves the use of hydrolases to catalyse stereoselective
hydrolytic and transesterification reactions.> Another strategy
is the use of redox processes, such as the asymmetric Baeyer—
Villiger oxidation of prochiral cyclic ketones by FADH,-
dependent monooxygenases.>>

Petrobactin 1 is a mixed catechol-citrate siderophore found in
numerous Bacillus species* that has been shown to be required
for growth and virulence of B. anthracis in iron-depleted media
in a mouse model.’ Importantly, recent investigations have
shown that petrobactin is able to evade siderocalin, a protein
from the innate immune system that can sequester the apo- and
ferric forms of different siderophores and thus disrupt the
bacterial iron-uptake process.® These data suggest that inhibitors
targeting the biosynthesis and uptake of 1 may be useful anti-
anthrax agents. The production of petrobactin in B. anthracis is
directed by the asbA BCDEF gene cluster (Fig. 1), which encodes
a unique combination of nonribosomal peptide synthetases
(NRPSs) and NRPS-independent siderophore (NIS) synthetases
and has been extensively studied over the last two years.” The
biosynthetic roles of each of the enzymes encoded by this gene
cluster are now relatively well understood (Fig. 1). We recently
showed that the NIS synthetase AsbA catalyses the ATP-
dependent condensation of citric acid with N® of spermidine to
afford NS-citryl-spermidine 2.7 This raised an interesting
question about the stereoselectivity of this desymmetrisation
reaction. Here we report that it is highly enantioselective and
that AsbA can catalyse similar reactions with an analogue of
citric acid and several analogues of spermidine.
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As citric acid is a prochiral molecule, its desymmetrisation by
the AsbA-catalysed condensation with spermidine would yield
either the enantiomer 2a, the enantiomer 2b, or a mixture of
both. To elucidate the stereochemical outcome of this reaction
we envisioned exploiting si-citrate synthase, which catalyses the
enantiospecific addition of acetyl-CoA enolate to the si face of
the keto group of oxaloacetic acid followed by thioester hydro-
lysis, to prepare homochiral (3R)-[1,2-"*Cycitric acid 3 from
[1,2-13C,]acetyl-CoA 4 (Fig. 2).8 We envisaged that the products
deriving from the AsbA-catalysed condensation of spermidine
with the labelled and unlabelled carboxyl groups of (3R)-
[1,2-13C,]citric acid 3 (i.e. those corresponding to the prochiral
carboxyl groups in unlabelled citric acid) could be discriminated
by '*C NMR spectroscopy. Thus, in a one-pot experiment, we
incubated si-citrate synthase, acetyl-CoA synthetase, purified
recombinant AsbA, [1,2-13C2]acetic acid, coenzyme A, ATP,
oxaloacetic acid and spermidine for a total of 6 hours at 22 °C
(see ESIt for details). The resulting '*C-labelled NS-citryl-
spermidine 2 was purified from the reaction mixture by reverse-
phase HPLC, and its identity was confirmed by HRMS (found
322.1899, calculated 322.1883), and 1- and 2-D NMR experi-
ments. The '*C NMR spectrum showed two doublets at 44.5
and 175.6 ppm (see ESI{). A coupling constant of 55 Hz was
observed for each doublet. These data showed that the major
product of the reaction (>28 : 1 based on the signal to noise
ratio of the NMR spectrum) is either 2a or 2b and that the
AsbA-catalysed desymmetrisation of citric acid is highly
enantioselective. To determine which of the enantiomers 2a or
2b is the product of the labelling reaction we measured the '*C
NMR spectrum of a mixture of the labelled product and synthetic
racemic unlabelled NS-citryl-spermidine (Fig. 2). Together with
HMBC NMR data obtained for the pure '*C-labelled N3-citryl-
spermidine 2, this allowed us to unequivocally assign the identity
of this compound as (3R)-NS-citryl-spermidine 2a (Fig. 2).
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We have previously reported that the AsbA-catalysed con-
densation reaction occurs via adenylation of the prochiral
carboxyl groups in citric acid and subsequent nucleophilic
attack of N® of spermidine on the activated carbonyl carbon
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Fig. 1 Organisation of the asbABCDEF gene cluster that directs petrobactin production in B. anthracis (genes encoding NIS synthetases are in
grey and genes encoding NRPS-like proteins are in black) and the reactions catalysed by the encoded petrobactin biosynthetic enzymes.
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Fig. 2 Elucidation of stereocontrol in the AsbA-catalyzed condensa-
tion of citric acide and spermidine. The grey arrow in 2a shows a key
correlation observed in the HMBC spectrum of purified '*C-labelled
N8-citryl-spermidine. Portions of the '*C NMR spectrum of a mixture
of labelled 2a and racemic synthesised 2 revealing doublets flanking
the signals for C-1 and C-2 are shown below the reaction scheme.

atom.” The data reported here indicate that the adenyl-
ation of citric acid must be highly enantioselective. Only the
pro-R carboxyl group reacts with ATP and subsequent
reaction of the resulting adenylate with spermidine affords
(38)-N®-citryl-spermidine 2a.

Based on the above data it seems reasonable to assume
that the stereochemical outcome of the reaction would be
unaffected by substitution of spermidine with other di- and
triamines. Thus, we incubated purified recombinant AsbA,
citric acid, Mg?" and ATP with several spermidine analogues
at 37 °C for 90 minutes. We also carried out control reactions
using heat-inactivated AsbA. LC-MS analyses indicated that
in all cases compounds with m/z corresponding to those
expected for the N-citryl-spermidine analogues (absent from
the control reactions) were produced. The reactions where
significant quantities of analogues were produced were scaled-
up and the products were partially purified using reverse-phase
HPLC. The identities of the resulting analogues were con-
firmed as 5-8 by HRMS and MS/MS analyses (Fig. 3 and
ESIt). Although LC-MS analysis of incubations using
1,4-butanediamine, 1,3-propanediamine and N'-(3,4-dihydroxy-
benzoyl)-spermidine in place of spermidine showed traces of
compounds with m/z expected for analogues 9, 10 and 11
(Fig. 3), no attempt to purify these was undertaken due to the
small amounts of material produced.’ Taken together the data
on the stereochemical outcome of the AsbA-catalysed
condensation of citric acid and spermidine, and the ability of
AsbA to catalyse condensation of citric acid with several
di- and triamine analogues of spermidine suggest that this
enzyme may be a versatile biocatalyst for the preparation of
highly enantiomerically-enriched citrate derivatives via a novel
type of desymmetrisation process.

We also examined the capacity of AsbA to utilise citric acid
analogues. Thus, we incubated purified recombinant AsbA
at 37 °C for 90 minutes with spermidine, Mg>*, ATP and
each of the following carboxylic acids: 2-ketoglutaric acid,
3-ketoglutaric acid, D-glutamic acid, L-glutamic acid,
DL-isocitric acid, glutaric acid and tricarballylic acid. LC-MS
analyses of the reaction mixtures indicated that among the
citrate analogues tested only tricarballylic acid (an analogue of
citric acid lacking the C-3 hydroxyl group) is a productive
substrate for AsbA. The resulting compound was partially

1390 | Chem. Commun., 2009, 1389-1391

This journal is © The Royal Society of Chemistry 2009


http://dx.doi.org/10.1039/b823147h

Published on 16 February 2009. Downloaded by University of Chicago on 26/10/2014 20:44:49.

View Article Online

O~ COHOQ *2H +2H
HO "N/j '~
H
HZN/\/\H
5 (C: 306.1660; F: 306.1645) 6 (C: 319.1864; F: 319.1867)
+2H +2H
0.~ COHO X2F 0,4 COHO *2H
)J\H(S\Z/Il VAL w /03T
HO “N HO “N
H H
HoN HoN

7 (C: 305.1707; F: 305.1713) 8 (C: 277.1394; F: 277.1404)

0 4o, GOH O 0 po, SO O
HO N HO N
H H
HoN HoN
9 10
0 ho, COH O 0 CcoHo ,f2H_
: /146
HO N HO N
H H
HO.
N NH
HO ~ N HZN\/\/NH
0
11 12 (C: 304.1867; F: 304.1862)

Fig. 3 Structures of citric acid and tricarballylic acid derivatives
produced using analogues of spermidine and citric acid in AsbA-
catalysed reactions. Diagnostic fragment ions observed in MS/MS
spectra of compounds 5-8 and 12 and calculated (C) and found (F)
parent ion m/z values are indicated.

purified by reverse-phase HPLC from a scaled-up incubation
and HRMS and MS/MS analyses were consistent with struc-
ture 12 (Fig. 3 and ESI¥). From these experiments we conclude
that AsbA is significantly more selective towards citric acid
than spermidine as a substrate. It would be interesting to
investigate whether AsbA shows the same high degree of
enantioselectivity in the desymmetrisation of tricarballylic acid
as in the desymmetrisation of citric acid. The lack of a
convenient method for the preparation of homochiral labelled
tricarballylic acid prevented us from pursuing this question in
the present study.

In conclusion, we have shown that the petrobactin bio-
synthetic enzyme AsbA catalyses the highly enantioselective
desymmetrisation of citric acid via the condensation of one of
its prochiral carboxyl groups with spermidine. The enzyme can
also catalyse the condensation of several di- and triamine
analogues of spermidine with citric acid and the condensation
of the citric acid analogue tricarballylic acid with spermidine.
These data indicate that AsbA could be developed into a
useful and novel biocatalyst for the preparation of homochiral
citric acid derivatives. To the best of our knowledge there are
only two other methods for the preparation of homochiral
citric acid derivatives. One involves the regio- and enantio-
selective esterase-catalysed hydrolysis of citrate triesters.'® The
other involves resolution by repeated fractional crystallisation
of the brucine salts of 1,2-diesters of citric acid.'' The bio-
transformation reported here is highly complimentary to these

procedures and provides direct access to homochiral products
from commercially available starting materials. It will be
interesting to investigate further spermidine analogues in the
AsbA-mediated catalytic enantioselective desymmetrisation of
citric acid to see whether an expanded range of compounds
can be produced. It will also be interesting to examine whether
other NIS synthetases possess similar stereoselectivity.
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