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Pacidamycins, mureidomycins and napsamycins are structurally
related uridyl peptide antibiotics that inhibit translocase I, an as
yet clinically unexploited target. This potentially important bio-
activity coupled to the biosynthetically intriguing structure of
pacidamycin make this natural product a fascinating subject for
study. A precursor-directed biosynthesis approach was employed
in order to access new pacidamycin derivatives. Strikingly, the
biosynthetic machinery exhibited highly relaxed substrate specif-
icity with the majority of the tryptophan analogues that were ad-

Introduction

The quest for new antibiotics, especially those with activity
against Gram negative bacteria, is urgent. Each year, over 13
million lives world wide are currently claimed by infectious dis-
eases, including 100000 in the USA. Over the last decade this
figure has doubled due to the emergence of multidrug-resist-
ant strains. Conversely, very few new antibiotics have been
marketed in the last 40 years, with this limited number falling
into only four new structural classes.™

Two complementary approaches to developing novel antibi-
otics exist. These are the structural modification of existing an-
tibiotic skeletons in order to defeat resistance mechanisms,
and a quest for antibiotics with new structures or, better still,
with new bacterial targets. The pacidamycins (1), mureido-
mycins (2),>® and napsamysins (3)) are structurally related
uridyl peptide antibiotics which exhibit an as yet clinically un-
exploited mode of action (Figure 1). These compounds inhibit
the enzyme translocase I, a membrane protein involved in bac-
terial cell wall biosynthesis.®? Translocase | (MraY) catalyses
the penultimate cytoplasmic event in peptidoglycan biosyn-
thesis, the loading of the precursor uridine diphosphate-N-
acetyl muramic acid (UDP-MurNAc)-pentapeptide onto unde-
caprenylphosphate to give lipid intermediate | with concomi-
tant release of UMP (Scheme 1). The small number of natural
products known to share this novel and potentially useful
mode of antibacterial activity include structurally diverse
groups such as the liposidomycins, tunicamycins and the mur-
aymycins.”'? The uridyl peptide antibiotics pacidamycin, mur-
eidomycin and napsamycin all consist of a pseudo tetra- or
pentapeptide backbone, the sense of which is inverted twice
by incorporation of 2,3-diaminobutyric acid and a urea motif
(Figure 1). The peptide backbone is linked through the carboxy
group of the branching diamino acid to the nucleoside
through an exocyclic enamide, a moiety unique to this family
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ministered; this resulted in the production of new pacidamycin
derivatives. Remarkably, 2-methyl-, 7-methyl-, 7-chloro- and 7-
bromotryptophans produced their corresponding pacidamycin
analogues in larger amounts than the natural pacidamycin. Low
levels or no incorporation was observed for tryptophans substi-
tuted at positions 4, 5 and 6. The ability to generate bromo- and
chloropacidamycins opens up the possibility of further functional-
ising these compounds through chemical cross-coupling in order
to access a much larger family of derivatives.

of natural products. The structure of the uridyl peptide antibi-
otics was elucidated through extensive NMR studies.”® These
studies assigned the cis geometry of the exocyclic enamide
double bond based on an NOE signal between the vinylic
proton and the methylene protons of the amino sugar, whilst
the absolute stereochemistry of the diamino acid was later es-
tablished as (25, 35)-2,3-diaminobutyric acid through chemical
synthesis by Boojamra et al" Bugg and co-workers demon-
strated the remarkable stability of the enamide present in the
uridyl peptide antibiotics."?

The molecular basis for the mode of action of uridyl peptide
antibiotics remains unclear due to a lack of structural informa-
tion on translocase I. However, it has been demonstrated that
the exocyclic enamide does not substantially contribute to the
antibacterial activity of the mureidomycins or pacidamy-
cins.""" For example, dihydropacidamycin, which results from
the catalytic hydrogenation of the enamide of pacidamycin,
shows little difference in biological activity to its parent com-
pound." A series of uridyl dipeptide analogues mimicking the
amino terminal portion and their full length analogues had
been synthesised in order to determine features that are cru-
cial for biological activity.'” In vitro studies with purified trans-
locase | demonstrated the importance of the N-terminal amino
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Scheme 1. The formation of lipid intermediate | catalysed by translocase I.

acid and its orientation to activity of the analogue. The amino
terminus is implicated in binding to translocase | at a site oc-
cupied by Mg" in the enzyme whereas the uridyl moiety is
believed to compete for the UDP binding site (Figure 2). The
above in vitro experiments indicated that the N-terminal por-
tion, the branching diamino acid and the uridyl moiety made
the strongest contributions to the biological activity of uridyl
peptide antibiotics. This was further substantiated through as-
sessment of the biological activity of a library of synthetic dihy-
dropacidamycins against whole cells. These experiments dem-
onstrated that a higher degree of structural variability was tol-
erated at the C-terminal portion of the molecule."™ The natural
uridyl peptide antibiotics exhibit a very narrow spectrum of an-
tibacterial activity, acting specifically against Pseudomonas aer-
uginosa. This exquisite specificity of antibacterial activity is of
potential use in the treatment of cystic fibrosis sufferers; never-
theless, it is an appealing challenge to increase the spectrum
of activity of these antibiotics.

As an alternative approach to accessing pacidamycin deriva-
tives through total synthesis, we envisaged a combination of
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ucts such as the immunosup-
pressant rapamycin have been
prepared in a matter of days
compared to a more lengthy
and costly  synthetic ap-
proach."®'”! Here, we report the first manipulation of the bio-
synthesis of a peptidyl nucleoside antibiotic.

Results and Discussion

Our study focuses on interrogating the natural degree of flexi-
bility of the pacidamycin biosynthetic pathway. Streptomyces
coeruleorubidus AB 1183F-64 produces a suite of over ten paci-
damycins including pacidamycins 1-7 (Figure 1). Variations are
mainly observed at the N terminus, where an additional ala-
nine or glycine residue can be found, and at the C terminus,
where either tryptophan, phenylalanine or meta-tyrosine is in-
corporated. Assuming that the same biosynthetic machinery is
responsible for the generation of all pacidamycins, the en-
zymes responsible for the selection and installation of the C-
terminal residue appear to have a high degree of innate flexi-
bility; this flexibility renders this position ideal for modification
through precursor-directed biosynthesis. This provided encour-
agement that incorporation of a variety of tryptophan deriva-
tives into pacidamycin might be feasible, and that it might
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Figure 2. LC-MS analysis of [7-R-Trp]-pacidamycin 4 derivatives in comparison to the
parent compound pacidamycin 4 (R=H). A) Extracted ion chromatograms. The retention
times are indicated. B) MS spectra showing the molecular ion peaks. The spectra were
averaged across the relevant retention times shown in A. C) MS-MS spectra. The assign-
ments of selected fragment ions are shown.

even be possible to achieve reasonable levels of incorporation
of these aromatic amino acids without the need to genetically
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Scheme 2. Precursor-directed biosynthesis of pacidamycin 4 derivatives.
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modify the producing organism. Furthermore, it was
postulated that modification of the carboxy terminal
residue would minimise adverse effects on binding
to translocasel, as most of the interactions are
thought to span from the N terminus to the nucleo-
side portion.l'>'¥

The media reported for the isolation of the paci-
damycins consisted of a range of complex materials
from which the purification of the pacidamycins was
laborious.” In order to optimize incorporation of our
tryptophan analogues into pacidamycin and to ease
purification of the resultant analogues, we tested
the pacidamycin production profile in minimal
medium. Using lactose as the carbon source, we ob-
served pacidamycins 4, 5 and 5T (Figure 1) as the
major components at an approximate ratio of 3:1:2.
This is in contrast to the previously reported distri-
bution, in which pacidamycins 1, 2 and 3 were the
dominant compounds.” In our hands, these latter
pacidamycins were typically only present in small
amounts or not detectable.

A series of halogenated and methylated trypto-
phans were generated from serine and the corre-
sponding indole utilizing a readily prepared cell-free
extract containing tryptophan synthase as previously
described (Scheme 2)."® Halotryptophans with sub-
stituents at the 5-, 6-, or 7-position of the indole ring
and 2,- 4-, 5-, 6- and 7-methyltryptophans were thus
prepared. Incorporation of halogens into com-
pounds is known to have significant effects on their
physicochemical properties. We were particularly in-
terested in chlorinated and brominated derivatives
as these would enable selective chemical derivatisa-
tion."” Fluorination is used to block sites of meta-
bolic modification and, hence, can increase the half-
life of drugs.”® In the context of this study, though,
the fluorinated tryptophans serve as a control due
the small degree of steric challenge they pose. The
methylated derivatives were included to scan all
possible indole substitutions for permissibility to-
wards bulky substituents.

14 tryptophan analogues were added to individu-

al cultures of S. coeruleorubidus in minimal medium at the
onset of antibiotic production. The culture was harvested after
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a further two days of growth and the extracts were analysed
by LC-MS. Chromatograms and spectra for the [7-R-Trp]-paci-
damycin 4 series are given in Figure 2. Analytical data for all
pacidamycin analogues are provided in the Supporting Infor-
mation. Notably, eleven out of the 14 tryptophan analogues re-
sulted in the production of new pacidamycin 4 derivatives
with the expected molecular ion being detected (Figure 2B).
Correct incorporation of the tryptophan analogues at the C-
terminal position was confirmed through inspection of the
MS-MS spectra (Figure 2C). Two product ions served particu-
larly well as diagnostic peaks. The m/z 600 ion corresponds to
loss of the C-terminal residue and remains the same for all pa-
cidamycin 4 derivatives. Furthermore, a dipeptide fragment
corresponding to the C-terminal pseudo-dipeptide (F1 in Fig-
ure 2C) was also observed. The mass of the latter fragment ion
shifted, as expected, from m/z 302 for pacidamycin 4, to m/z
316, 320, 336 and 380 for the methylated, fluorinated, chlori-
nated and brominated pacidamycin 4 derivatives, respectively.
Furthermore, the characteristic isotope pattern for chlorinated
or brominated pacidamycins was evident (Figure 2B). These
results clearly demonstrate that the supplemented tryptophan
analogues were indeed incorporated at the Cterminus. As
mentioned above, the other two pacidamycins containing a C-
terminal tryptophan residue, pacidamycins 1 and 6 (Figure 1),
were only present in small amounts or below detectable levels.
Only when 2-methyltryptophan was supplemented to the cul-
ture did we observe small amounts of the corresponding ana-
logue [2-Me-Trp]-pacidamycin 1 (see the Supporting Informa-
tion for analytical data). No pacidamycin 6 derivatives were
detected. Pacidamycins in which the tryptophan analogue had
been incorporated at a different position were also not detect-
ed (for example, no substitution for the N-terminal meta-tyro-
sine was observed).

Levels of incorporation were determined by analysing the
extracted ion peak areas. Quantification based on UV absorp-
tion was not feasible in this case as many of the pacidamycins
exhibit similar retention times (for example, pacidamycin 5:
14.9 min; pacidamycin 4: 15.2 min; see also Figure 2A). Fur-
thermore, the indole substituents alter the absorption charac-
teristics of tryptophans and hence those of the pacidamycins.
Conversely, the indole substituents should not significantly
affect the ionisation efficiency of the new pacidamycins com-
pared to their parent compound. Relative quantification carried
out by mass spectrometry was in excellent agreement with re-
sults based on bioactivity against P aeruginosa (data not
shown). Hence, for each sample the extracted ion peak area of
the pacidamycin analogue was compared to that of its parent
compound, pacidamycin 4, which served as an internal stan-
dard. The results proved striking with regards to the relative
amount of analogue that was formed (Figure 3). The pacida-
mycin 4 derivatives obtained from feeding 2-methyl, 7-methyl-,
7-chloro- or 7-bromotryptophan were all present in larger
amounts than pacidamycin 4 itself. This outcome was particu-
larly surprising as, typically, the supplementation with isotopi-
cally labeled biosynthetic precursors results in maximal incor-
poration levels of 10% when supplied at similar concentra-
tions.”" Precursor-directed biosynthesis of other natural prod-
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Figure 3. Levels of [R-Trp]-pacidamycin 4 formation relative to pacidamy-
cin 4 (set to 100%). Experiments were performed in triplicate with the stan-
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mented tryptophan and the resulting pacidamycin 4 derivative is indicated.

ucts has, to date, not yielded comparable levels of incorpora-
tion."”! The only reported instances where the analogue is
produced in higher amounts than the parent compound in-
volve the employment of auxotrophic strains or inhibitors."”??
These results demonstrate that substitution of tryptophan at
the 2- and 7-positions, even with sterically bulky groups, is
very well tolerated, whereas low levels or no incorporation are
observed for tryptophans substituted at positions 4, 5 and 6
(Figure 3).

Interestingly, fluorinated tryptophans follow a different pat-
tern. Fluorine is the smallest substituent tested, and hence,
would impose the least amount of steric constraint on the
enzyme responsible for attachment of the C-terminal amino
acid. Not surprisingly, the relative amount of pacidamycin 4 an-
alogue upon feeding of 5-fluorotryptophan was therefore sig-
nificantly higher compared to the other 5-substituted trypto-
phan derivatives. Unexpectedly, more fluoropacidamycin 4 was
produced upon supplementation with 6-fluorotryptophan than
upon supplementation with the 5-fluoro compound. This is in
contrast to the trend observed for methyl-, chloro- and bromo-
tryptophans. Furthermore, the level of incorporation for 7-fluo-
rotryptophan would have been expected to be equal to or
better than the level observed for the sterically more demand-
ing methyl, chloro and bromo substituents. However, the plas-
ticity of the enzyme active site is only one parameter that af-
fects levels of incorporation. Another crucial factor is the intra-
cellular metabolite concentration, which is determined by
active and passive cell uptake and export, as well as by loss of
the compound to other metabolic pathways. By administering
7-chlorotryptophan concentrations from 125 pum to 1 mm to
S. coeruleorubidus, it became apparent that the relative amount
of chloropacidamycin produced increased in a nonlinear fash-
ion and reached saturation towards 1 mm of the tryptophan
analogue (data not shown). Furthermore, it was observed that
the addition of tryptophan or tryptophan analogue induced
the production of a new set of as yet uncharacterised metabo-
lites that appear unrelated to the pacidamycin family. These
two findings indirectly support the hypothesis that the lower
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than expected levels of [7-F-Trp]-pacidamycin 4 could be due
to a diminished availability of 7-fluorotryptophan.

It has been postulated that the highly polar nature of the
uridyl peptide antibiotics inhibits uptake of the compounds by
whole cells and leads to this focused spectrum of activity, and
that increasing the lipophilicity might confer a broader spec-
trum of activity."” Some support for this theory is given by the
fact that a synthetic analogue of pacidamycin 4 in which the
third residue was replaced by 4-fluorophenylalanine exhibited
an increased spectrum of activity against E. coli, Salmonella
and Mycobacterium tuberculosis."™ In order to test for antibac-
terial activity, pacidamycin 1, pacidamycin 4, [7-Cl-Trp]-pacida-
mycin 1 and [7-Cl-Trp]-pacidamycin 4 were isolated from cul-
tures supplemented with 0.5 mm 7-chlorotryptophan as de-
scribed in the Experimental Section. The isolated yields for pa-
cidamycin 4 and [7-Cl-Trpl-pacidamycin 4 from the same cul-
ture were 3.5 mgL ™' and 2 mgL™", respectively. Administration
of tryptophan analogues does not appear to adversely affect
the overall level of productivity. Cultures supplemented with
tryptophan typically produced pacidamycin 4 at 4-5mgL™".
Pacidamycin 1 and its chlorotryptophan analogue were isolat-
ed from a separate culture in 2mgL™" and 2.5 mgL™", respec-
tively. These yields were unexpected as typically only small
amounts of pacidamycin 1 are produced by S. coeruleorubidus.
In this particular instance, however, the ratio of pacidamycin 1
and 4 was reversed. The factors governing the profile of paci-
damycin production are still unknown. Insights into the biosyn-
thesis of these compounds may provide answers, and studies
towards the elucidation of the pathway are ongoing in our
laboratory. The purity of the pacidamycins was estimated to
be >80% as judged by LC-MS and NMR analysis (Supporting
Information).

The four isolated compounds allowed, for the first time, the
effects on antibiotic activity of the same modification in differ-
ent pacidamycin backbones to be investigated. Whilst the
spectrum of activity of the chlorinated pacidamycins remained
the same as for their parent compounds, interesting differen-
ces in the compounds’ activities against P. aeruginosa were
observed. The minimum inhibitory concentration (MIC) against
P. aeruginosa of [7-Cl-Trpl-pacidamycin 1 (MIC 32 ugmL™")
proved to be four-fold lower than for the parent compound
pacidamycin 1 (MIC 128 pgmL™"). Conversely, [7-Cl-Trp]-pacida-
mycin 4 (MIC 128 ugmL™") was two-fold less active than paci-
damycin 4 (MIC 64 ugmL™"). A possible explanation for these
observations may lie in the different distances of the nucleo-
side portion to the amino terminus in pacidamycin 1 and 4. It
is conceivable that the C-terminal region of the molecule reor-
ients itself in the translocase | active site in order to achieve
binding of both features. The C-terminal residue would thus
be exposed to different environments and thus substitution of
this residue would affect different binding interactions. Whilst
MIC values may provide an indicator as to the levels of inhibi-
tion, in vitro studies with translocase | will provide a more
complete picture.
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Conclusions

We have demonstrated the first manipulation of a uridyl pep-
tide antibiotic biosynthetic pathway, and that pacidamycin an-
alogues are easily and efficiently produced through precursor-
directed biosynthesis without the need to employ an auxotro-
phic strain or to genetically modify S. coeruleorubidus. Trypto-
phan derivatives with substituents at the 2- and 7-positions
are incorporated with astonishing ease to give the correspond-
ing pacidamycin analogues in higher amounts than the parent
compound. Furthermore, it has become apparent that the
same modification will have different physiological and biologi-
cal effects in pacidamycins varying in the nature of their N ter-
mini. With the ability to generate bromo- and chloropacidamy-
cins the opportunity to further functionalise these compounds
through chemical cross-coupling, and thus to access a wider
chemical space is presented.

Experimental Section

Material, bacterial strains: Microbiological media, buffer compo-
nents, and reagents were purchased from BD Biosciences (Oxford,
UK), Melford (Chelsworth, UK, Sigma-Aldrich, Alfa Aesar (Hyesham,
UK), Fluorochem (Old Glossop, UK) and used without further purifi-
cation. Streptomyces coeruleorubidus AB1183F-64 was obtained
from the Agricultural Research Service Culture Collection, National
Center for Agricultural Utilization Research (NRRL, Peoria, USA),
Pseudomonas aeruginosa ATCC 15442 from the American Type Cul-
ture Collection (ATCC, Middelsex, UK).

Precursor-directed biosynthesis: Starter cultures in ISP2 medium
(1% malt extract, 0.4% yeast extract, 0.4% glucose, pH 7.2) were
inoculated with S. coeruleorubidus spores to 10° cfumL™' and in-
cubated at 28°C, 180 rpm for 48 h. For small scale feeding, pro-
duction medium (10 mL; 2099gL"' MOPS, 10gL™"' lactose,
441 gL 'K,HPO,, 2.14gL™' NH,Cl, 06gL"' MgSO, 10mgL™’
FeSO,2H,0, 10mgL™" MnCl»4H,0, 10mgL™" ZnSO,7H,0,
10mgL™" CaCl, pH7.0) was inoculated with starter culture
(0.5 mL) and incubated at 28°C, 180 rpm for 72 h. A sterile, pH-
neutral aqueous solution of the tryptophan derivative of interest
was added to the main culture to a final concentration of 1 mm. In-
cubation was continued for another 48 h. Pacidamycins were ex-
tracted from the cell-free broth using XAD-2 resin (5% v/v). The
resin was washed with water (20 volumes) and the extract was
eluted with methanol (10 volumes). The solvent was removed in
vacuo and the residue redissolved in water/methanol 1:1 (100 pL)
prior to LC-MS analysis.

The extract components were separated by RP-HPLC on a 150x
2 mm 4 um Synergi™ Polar-RP column (Phenomenex, Macclesfield,
UK) using a gradient of 3-80% buffer B over 20 min at a flow rate
of 260 uL min™' (buffer A: 0.1% formic acid in water; buffer B:
methanol). The elution of compounds was monitored using a
Thermo Finnigan LCQ DecaXPP“* ion trap LC-MS system equipped
with photodiode array detector. For relative quantification of indi-
vidual pacidamycins, the peak area of the corresponding extracted
ion chromatograms was used.

Isolation of pacidamycins: The culture conditions were as de-
scribed above with the following exceptions: an aqueous solution
of tryptophan derivative and phenylalanine were added to give
final concentrations of 0.5 mm and 1 mwm, respectively, and the
main culture was incubated for a total of 7-8 days. The purification
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protocol was adapted from US Patent 6228842.”® Solid-phase ex-
traction was performed as described above. The extract was then
purified by ion-exchange chromatography using a HiTrap™ SP-FF
column (GE Healthcare). After loading, the column was washed
with 50 mm sodium acetate, pH 3.6 (6 volumes). Pacidamycins
were eluted with 50 mm sodium acetate in a stepwise gradient
from pH 3.6 to pH 5.6. Pacidamycin-containing fractions were com-
bined and further purified on a 150x2 mm 4 um Synergi™ Polar-
RP column (Phenomenex) using a gradient of 35-90%B over
30 min with a flow rate of 4 mLmin~" (buffer A: 0.1 M ammonium
acetate, pH 7.9; buffer B: methanol). Desalting was achieved by
passing fractions of interest through the same column using a
water/methanol gradient. Elution was monitored at 280 nm.

Antibiotic activity assay: Minimum inhibitory concentrations were
determined by the broth microdilution assay. The assay was carried
out in a 96-well microtiter plate using trypticase soy broth with a
final volume of 100 uL per well. Antibiotic concentrations in the
range of 256 to 0.125 ugmL~" were tested. Assays were performed
in duplicate.

Acknowledgements

We gratefully acknowledge financial support by the Leverhulme
Trust (F/00 204/AF).

Keywords: antibiotics
Pseudomonas aeruginosa
antibiotic

biosynthesis
translocase |

pacidamycins
uridyl peptide

[1] G.D. Wright, A. D. Sutherland, Trends Mol. Med. 2007, 13, 260-267; M. S.
Butler, A. D. Buss, Biochem. Pharmacol. 2006, 71, 919-929.

[2] J. P. Karwowski, M. Jackson, R. J. Theriault, R. H. Chen, G. J. Barlow, M. L.
Maus, J. Antibiot. 1989, 42, 506-511.

[3] P.B. Fernandes, R. N. Swanson, D. J. Hardy, C. W. Hanson, L. Coen, R.R.
Rasmussen, R. H. Chen, J. Antibiot. 1989, 42, 521-526.

[4] R.H. Chen, A. M. Buko, D. N. Whittern, J. B. McAlpine, J. Antibiot. 1989,
42, 512-520.

[5] M. Inukai, F. Isono, S. Takahashi, R. Enokita, Y. Sakaida, T. Haneishi, J. An-
tibiot. 1989, 42, 662-666; F. Isono, T. Katayama, M. Inukai, T. Haneishi, J.
Antibiot. 1989, 42, 674-679.

[6] F. Isono, M. Inukai, S. Takahashi, T. Haneishi, T. Kinoshita, H. Kuwano, J.
Antibiot. 1989, 42, 667-673.

71

(8]

[10]

m

[12]

[13]

[14]
[15]

[16]

[17]
[18]
[19]

[20]
[21]

[22]

[23]

R. Goss et al.

S. Chatterjee, S.R. Nadkarni, E.K.S. Vijayakumar, M.V. Patel, B.N.
Gangul, H.-W. Fehlhaber, L. Vertesy, J. Antibiot. 1994, 47, 595-598.

M. Inukai, F. Isono, A. Takatsuki, Antimicrob. Agents Chemother. 1993, 37,
980-983.

K. Kimura, T. D. H. Bugg, Nat. Prod. Rep. 2003, 20, 252-273.

L. A. McDonald, L. R. Barbieri, G. T. Carter, E. Lenoy, J. Lotvin, P. J. Peter-
sen, M. M. Siegel, G. Singh, R. T. Williamson, J. Am. Chem. Soc. 2002, 124,
10260-10261; P.E. Brandish, K. Kimura, M. Inukai, R. Southgate, J.T.
Lonsdale, T. D. H. Bugg, Antimicrob. Agents Chemother. 1996, 40, 1640-
1644,

C. G. Boojamra, R. C. Lemoine, J. C. Lee, R. Leger, K. A. Stein, N. G. Verni-
er, A. Magon, O. Lomovskaya, P.K. Martin, S. Chamberland, M. D. Lee,
S. J. Hecker, V. J. Lee, J. Am. Chem. Soc. 2001, 123, 870-874.

C. A. Gentle, T.D. H. Bugg, J. Chem. Soc. Perkin Trans. 1 1999, 1279-
1285.

C. A. Gentle, S. A. Harrison, M. Inukai, T. D. H. Bugg, J. Chem. Soc. Perkin
Trans. 11999, 1287-1294.

N. I. Howard, T. D. H. Bugg, Bioorg. Med. Chem. 2003, 11, 3083-3099.
C.G. Boojamra, R.C. Lemoine, J. Blais, N.G. Vernier, K. A. Stein, A.
Magon, S. Chamberland, S.J. Hecker, V. J. Lee, Bioorg. Med. Chem. Lett.
2003, 73, 3305-3309.

K. J. Weissman, Trends Biotechnol. 2007, 25, 139-142; J. D. Kittendorf,
D. H. Sherman, Curr. Opin. Biotechnol. 2006, 17, 597-605; R. J. M. Goss,
S.E. Lanceron, N.J. Wise, S.J. Moss, Org. Biomol. Chem. 2006, 4, 4071-
4073.

S. Weist, R. D. Stussmuth, Appl. Microbiol. Biotechnol. 2005, 68, 141-150.
R. J. M. Goss, P. L. A. Newill, Chem. Commun. 2006, 4924-4925.

S. Cacchi, G. Fabrizi, Chem. Rev. 2005, 105, 2873-2920; A. F. Littke, G. C.
Fu, Angew. Chem. 2002, 114, 4350-4386; Angew. Chem. Int. Ed. 2002, 41,
4176-4211; N. Miyaura, A. Suzuki, Chem. Rev. 1995, 95, 2457-2483; C. A.
Fleckenstein, H. Plenio, Chem. Eur. J. 2008, 14, 4267-4279; A. Deb Roy,
M. Winn, G. Wagner, R. J. M. Goss, Chem. Commun. 2008.

K. Mdller, C. Faeh, F. Diederich, Science 2007, 317, 1881-1886.

U. Hornemann, J. P. Kehrer, C.S. Nunez, R. L. Ranieri, J. Am. Chem. Soc.
1974, 96, 320-322; R. Thiericke, A. Zeeck, A. Nakagawa, S. Omura, R.E.
Herrold, S.T. S. Wu, J. M. Beale, H. G. Floss, J. Am. Chem. Soc. 1990, 112,
3979-3987; D. O’'Hagan, R.J. M. Goss, A. Meddour, J. Courtieu, J. Am.
Chem. Soc. 2003, 125, 379-387.

B. Amir-Heidari, J. Thirlway, J. Micklefield, Org. Biomol. Chem. 2008, 6,
975-978; I. Kojima, A. L. Demain, J. Ind. Microbiol. Biotechnol. 1998, 20,
309-316.

R. Fronko, M. Lee, V. J. Lee, R. Leger (Microcide Pharmaceuticals, Inc.),
USP-6228842, 2001.

Received: August 26, 2008
Published online on December 17, 2008

360

www.chembiochem.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2009, 10, 355 - 360


http://dx.doi.org/10.1016/j.molmed.2007.04.004
http://dx.doi.org/10.1016/j.bcp.2005.10.012
http://dx.doi.org/10.1039/b202149h
http://dx.doi.org/10.1021/ja017748h
http://dx.doi.org/10.1021/ja017748h
http://dx.doi.org/10.1021/ja003292c
http://dx.doi.org/10.1039/a901279f
http://dx.doi.org/10.1039/a901279f
http://dx.doi.org/10.1039/a901287g
http://dx.doi.org/10.1039/a901287g
http://dx.doi.org/10.1016/S0968-0896(03)00270-0
http://dx.doi.org/10.1016/S0960-894X(03)00682-6
http://dx.doi.org/10.1016/S0960-894X(03)00682-6
http://dx.doi.org/10.1016/j.tibtech.2007.02.004
http://dx.doi.org/10.1016/j.copbio.2006.09.005
http://dx.doi.org/10.1039/b614519c
http://dx.doi.org/10.1039/b614519c
http://dx.doi.org/10.1007/s00253-005-1891-8
http://dx.doi.org/10.1039/b611929h
http://dx.doi.org/10.1021/cr040639b
http://dx.doi.org/10.1002/1521-3757(20021115)114:22%3C4350::AID-ANGE4350%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20021115)41:22%3C4176::AID-ANIE4176%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20021115)41:22%3C4176::AID-ANIE4176%3E3.0.CO;2-U
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1002/chem.200701877
http://dx.doi.org/10.1021/ja00808a087
http://dx.doi.org/10.1021/ja00808a087
http://dx.doi.org/10.1021/ja00166a039
http://dx.doi.org/10.1021/ja00166a039
http://dx.doi.org/10.1039/b718766c
http://dx.doi.org/10.1039/b718766c
www.chembiochem.org

