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Quorum Sensing and Quorum Quenching: The Yin and
Yang of Bacterial Communication
St�phane Uroz,*[a] Yves Dessaux,[b] and Phil Oger[c]


1. Switch Off the Light When Going Out


Vibrio fischeri is a remarkable Gram-negative marine bacterium.
First, it emits light when it colonizes the fish or squid organs
dedicated to this purpose. Second, it turns this light on when
entering these organs and switches it off when leaving them.
In V. fischeri, the production of light, also termed biolumines-
cence, results from the activity of enzymes that are encoded
by the lux operon.[1] Bioluminescence results from the hydroly-
sis of decanal, or other fatty aldehydes, by luciferase/flavin re-
ductase enzymes. This process is costly in terms of energy be-
cause lux genes also encode fatty aldehyde synthesis.[2] Non-
etheless, this bioluminescence has been selected and main-
tained during the course of evolution. One possible reason for
this is that the fish–V. fischeri association resembles symbiosis.[3]


The animal provides the bacteria with an exclusive, carbon-rich
ecological niche. The bacterium emits photons, a function that
both attracts prey and deters predators in the light-deprived
environment of the deep ocean.[4]


Bioluminescence can be produced in vitro in the appropriate
culture medium. Remarkably, light emission by V. fischeri de-
pends upon the bacterial cell density, and only occurs at high
cell densities.[5] This phenomenon, termed “quorum sensing”
(QS),[6] explains why V. fischeri only produces light in the fish
organ where it lives at very high densities. It does not produce
light in the open sea where the bacteria are extremely diluted
and their cell density is low (Figure 1).[7]


The involvement of QS signaling molecules that are pro-
duced by the bacterial population was demonstrated by ad-ACHTUNGTRENNUNGding sterilized, spent culture supernatants of V. fischeri to fresh,
low cell density cultures of this bacterium.[5] The responsible
signaling molecule was identified as N-(3-oxo)hexanoyl-l-ho-
moserine lactone (3O,C6-HSL).[8] The 3O,C6-HSL is synthesized
from S-adenosyl methionine and an acyl chain carrier protein
(ACP), and is the product of one of the lux genes (luxI) that en-
codes the acyl homoserine lactone (AHL) synthase, LuxI.[9, 10] As
it is produced at a basal level by each cell, the concentration
of the signal builds up in the environment as bacteria prolifer-
ate, and this indicates the cell density. Once a threshold signal
concentration (i.e. , a cell density threshold) is reached, it is
sensed and bound by the LuxR sensor peptide, which is en-
coded by luxR and also acts as a transcriptional regulator by
activating the expression of the lux operon (Figure 1).[11] Inter-
estingly, the first gene of this operon is luxI. The activation of
lux gene transcription therefore results in an increased synthe-
sis of the signal synthase and generates a signal burst in the
environment. As a consequence, and aside from being a densi-


ty-dependent regulatory process, QS also allows the synchroni-
zation of the expression of QS-regulated genes in a bacterial
population. This feature and the very low active concentrations
of QS signals (from pm to mm) have led to the coining of the
term “quormone” to describe these signals.[12]


Since the discovery of QS regulation in V. fischeri, numerous
QS systems have been described in bacteria. They regulate di-
verse functions,[13] such as production of antifungal or antibiot-
ic compounds, motility patterns, and plasmid conjugal transfer,
just to name just a few of the known QS-regulated processes
(Table 1). Remarkably, various causative agents of animal and
plant diseases, such as Aeromonas and Pseudomonas or Pecto-
bacterium and Agrobacterium, respectively, exhibit QS-regulat-
ed pathogenicity or pathogenicity-related determinants.[14] For
instance, in Pectobacterium, the production of the plant macer-
ating enzymes, including pectate lyases, pectinase, and cellu-
lase, is QS-regulated, as is the production of harpin, which is a
toxic peptide that the bacteria injects into plant cells through
a dedicated secretion system.[14, 15] The biological rationale un-
derlying this phenomenon is related to the plant’s ability to
induce strong defensive reactions upon sensing compounds
that arise from the partial degradation of the cell walls.[16] By
turning off the synthesis of both the harpin and the macera-
tion enzymes at low cell densities, Pectobacterium can prolifer-
ate in the plant environment without triggering these defen-
sive reactions until the bacteria reach a concentration that
allows a massive production of maceration enzymes, which is
lethal to the plant.[17] This suggests that disrupting QS regula-
tion could be a valuable approach to develop new phytopro-
tective agents as well as new therapeutic strategies aimed at
animal pathogens that rely upon QS for the regulation of path-
ogenicity.
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The first discovered signal, 3O,C6-HSL is a member of the
AHL class. This class contains molecules with a conserved ho-
moserine lactone moiety that is N-linked to an acyl chain that
ranges from four to 18 carbons in length; the acyl chain may
or may not be saturated, and harbors a hydrogen, keto, or hy-
droxy substitution at the C3 position (Figure 2).[18] These struc-
tural differences confer some specificity in signal recognition
by the bacterial population that emitted this signal.[19] Irrespec-
tive of the bacterial genera investigated, AHLs are most often
synthesized by a LuxI-type synthase and are sensed by a LuxR-
type receptor ;[20] however, AHLs are not the only signal class
(Figure 2). In Gram-positive bacteria, QS regulation relies upon
signaling peptides and butyrolactone,[21, 22] whereas some
Gram-negative bacteria, for example Xanthomonas and Ralsto-
nia, produce and respond to lipid signals such as cis-11-
methyl-2-dodecenoic acid (also known as the diffusible signal
factor or DSF)[23] or 3-hydroxy palmitate methyl ester (3OH-
PAME).[24] Complex cyclic molecules, such as 2-heptyl-3-hy-
droxy-4-quinolone (PQS) and diketopiperazines (DKP) have also
been identified as QS signals in pseudomonads.[25, 26] Aside
from all of these well established QS signal molecules AI-2, a


furanosyl borate diester,[27] has
been proposed as a “universal”
QS signal.[28] Its biological func-
tion is still the subject of
debate,[29] and it can also be de-
scribed as a byproduct of a met-
abolic signaling system.[30] The
AHL class is the most common
signal class in Gram-negative
bacteria, therefore, the discus-
sion below is focused on AHL-
dependent QS regulatory pro-
cess and interference.


2. Quorum Quenching
Prevents Bacteria from
Communicating


The term “quorum quenching”
(QQ) was coined to describe all
processes that interfere with
QS.[31] QQ strategies do not aim
to kill bacteria or limit their
growth. Rather, they affect the
expression of a specific function.


This is an important feature because these strategies exert a
more limited selective pressure for microbial survival than bio-
cide treatments. This is a valuable trait for the development of
sustainable biocontrol or therapeutic procedures in the present
context of rising antibiotic resistance. Three steps of the AHL-
based QS regulation mechanism could be targets for QQ pro-
cedures: 1) the production of signal molecules, 2) the signal
molecule itself, and 3) sensing of the signal molecule by the
cognate regulatory protein. The mechanisms that are involved
could be either of abiotic or biotic origins. A few examples of
the many natural instances of QQ are given below.


Bacteria dazzled by inhibition of AHL signal sensing


The first example of natural inhibition of AHL signal sensing in-
volves AHLs themselves. N-decanoyl-HSL (C10-HSL) and N-(3-
oxo)tetradecanoyl-HSL (3O,14C-HSL) were reported to inhibit
the production of the antibiotic pigment violacein by Chromo-
bacterium violaceum, a QS-dependent function controlled by
N-hexanoyl-HSL (C6-HSL).[32] Similarly, the acyl length and the
substitution of the acyl chain can perturb QS-regulated func-


Figure 1. Regulatory scheme of QS in Vibrio fisheri. A) and C) schematic view of the fish–Vibrio relationship. B) and
D) simplified bioluminescence gene regulation in Vibrio at B) low cell density and D) high cell density. See text for
details.


Table 1. List of organisms that harbor a QS-regulated function.


Bacterial strain LuxI/LuxR homologues AHL produced Regulated function(s) Refs.


Aeromonas hydrophila AhyI/AhyR C4-HSL Protease, biofilm [103]
Agrobacterium tumefaciens TraI/traR 3O,C8-HSL Conjugal transfer of pTi [104]
Burkholderia cepacia CepI/CepR C8-HSL Siderophore, protease [105]
Pectobacterium carotovorum ExpI/ExpR CarI/CarR 3O,C6-HSL Exoenzymes antibiotic [106, 107]
Pectobacterium chrysanthemi ExpI/ExpR 3O,C6-HSL Pectinases [108]
Pseudomonas aeruginosa LasI/LasR RhlI/RhlR C4- and 3O,C12-HSL Exoenzymes, biofilm [109]
Pseudomonas chlororaphis PhzI/PhzR C6-HSL Phenazine [110]
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tions such as V. fischeri luminescence[10] or conjugal transfer in
Agrobacterium tumefaciens.[33]


Other natural compounds are capable of interfering with
QS-regulated functions in vivo (Figure 3). Their mode of action


and chemical structure frequently remain unknown. These
compounds often compete with AHL for binding to the LuxR-
like receptor. This prevents QS regulation from occurring. In
addition, because AHLs are involved in the conformation and
stabilization of the receptor, competition can lead to an in-
creased degradation of this peptide. One of the main classes
of QS inhibitors is composed of the furanones (Figure 3 E, F).
Some of these molecules, which are produced by the red
algae Delisea pulchra, were shown to inhibit the formation of
bacterial biofilms.[34] Some bacterial cyclopeptides (i.e. , cyclo-ACHTUNGTRENNUNG(Ala-Val)) also perturb QS-regulated functions.[26] Penicillic acid
(Figure 3 B) and patulin (Figure 3 G) are produced by fungi and
were also reported as QS inhibitors.[35] Last, but not least,ACHTUNGTRENNUNGnumerous QS inhibitors were also discovered in the extracts of
several plants, such as Allium sativum, Chlamydomonas rein-
hardtii, Fragaria vesca, Glycina max, Lycopersicum esculentum,
Medicago truncatula, Oryza sativa, Pisum stivum, and Vanil-
la.[35–40] One of these QS inhibitors was identified as l-canava-
nine (Figure 3 C) in Medicago sativa, and appears to be pro-
duced in large quantities by alfalfa and other legumes.[41]


Silencing bacteria through limitation of signal accumulation


N-Acyl homoserine lactones are very sensitive to elevated tem-
peratures. Yates et al.[42] reported that N-butanoyl-HSL (C4-HSL)
and C6-HSL were three and 1.5-times more rapidly degraded
at 37 8C than at 22 8C, respectively. As they contain lactones,
these molecules are also sensitive to alkaline pH. Schaefer
et al.[43] estimated that the half-life (in days) of N-(3-oxo)hexa-
noyl-HSL (3O,C6-HSL) was 1/ ACHTUNGTRENNUNG(1�107� ACHTUNGTRENNUNG[OH�])23. More recently,
Byers et al.[44] demonstrated that the half-life of this molecule
was 30 min at pH 8.5, while it was seven hours at pH 7.8. The
mechanism involved in this degradation is lactonolysis, which
leads to the generation of acyl-homoserine (Figure 4.1). This re-
action can be reversed by acidification of the medium, which
allows the restoration of the QS signal molecule. In addition,
AHL can undergo a spontaneous Claisen-like alkylation of the
b-ketoamide moiety, which leads to the formation of tetramic
acids. Tetramic acid derivatives of AHL do not function as QS
signal molecules, but might act as antibiotics against Gram-
positive bacteria.[45]


Aside from abiotic factors, AHL stability is also affected by
biotic activities. The enzymatic degradation of the AHL mole-
cules appears to occur in a very broad range of organisms.


Figure 2. Chemical structure of representative QS signal molecules. A) N-acyl
homoserine lactone (AHL); B) 2-heptyl-3-hydroxy-4-quinolone (Pseudomonas
QS signal or PQS); C) cis-11-methyl-2-dodecenoic acid from Xanthomonas
(diffusible signal factor or DSF); D) 3-hydroxy-palmitate methyl ester, (3-OH-
PAME) from Ralstonia ; E) and F) diketopiperazines cyclo-(l-Leu-l-Val) and
cyclo(D-Ala-l-Val), respectively, from Pseudomonas ; G) 2-isocapryloyl-3R-hy-
droxymethyl-g-butyrolactone from Streptomyces ; H) (2S,4S)-2-methyl-2,3,3,4-
tetrahydroxytetrahydrofuran-borate (S-THMF-borate, AI-2) from Vibrio har-
veyi. Possible variations of the lateral chain of the AHL: R1: H, OH or O; R2:
can vary in acyl chain length or be a coumaroyl group.[117]


Figure 3. Quorum-sensing inhibitors from natural sources. A) Halogenated
furanone from Delisea pulchra ; B) Penicillic acid from Penicillium ; C) Cyclic
sulfur-containing compound that was isolated from garlic; D) Patulin from
Penicillium and E) l-canavanine from Medicago truncatula.


Figure 4. AHL-degradation pathways and degradation products. Degradation pathways (1: lactone hydrolysis; 2: amidohydrolysis) or modification pathways
(3: oxido-reductase and 4: oxidase).
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Degradation of AHLs was first demonstrated in bacteria, and
has been reported in members of nearly 20 genera (Table 2).
This ability was also reported for complex bacterial consor-
tia;[46] this suggests a possible functional complementationACHTUNGTRENNUNGbetween the bacterial isolates. When investigated, the range
of AHL molecules that were degraded varied from organism
to organism and was influenced by environmental condi-
tions.[47–49]


Many eukaryotes, such as the mycorrhizal and nonmycorrhi-
zal fungi of the Ascomycota and Basidiomycota lineages also
degrade AHLs.[50] Mammalian cells, such as human epithelial or
kidney cells are able to degrade AHLs, and have a preference
for long chain substrates.[51] Interestingly, cells with strong bac-
terial interactions, such as lung epithelial cells, show a greater
ability to degrade AHLs than cells from other tissues; this indi-
cates a possible co-evolution of the host and pathogen. Sever-
al plants, including barley, clover, Lotus and yam bean, also
prevent accumulation of AHLs with acyl chain length from C6
to C10 in their environment.[52, 53]


All organisms that are known to degrade AHLs are potential-
ly in contact with sizeable AHL-producing bacterial communi-
ties; this is a situation first demonstrated in a biofilm thatACHTUNGTRENNUNGdeveloped in a water reclamation system.[54] Bacteria that pro-
duce and degrade AHLs also co-exist in the rhizosphere of to-
bacco[55] and in the intestine of the Ayu fish (Plecoglossus alti-
velis).[56] All of this information prompted investigations into
the use of natural bacterial isolates to quench QS-regulated
functions, especially in deleterious organisms. A summary of
the available reported information is given in Table 3.


Quorum-quenching enzymes


Three main enzymatic mechanisms have been clearly de-
scribed: lactone hydrolysis (see also above), amidohydrolysis
(Figure 4.2) and oxidoreduction (Figure 4.3 and 4.4).


1) Lactone hydrolysis : AHL lactonase : AHL-lactonases induce
the hydrolysis of the homoserine lactone ring of the AHLs; this
leads to the generation of acyl homoserine. This hydrolysis is
identical to the pH-mediated lactonolysis, and as such, the re-


Table 2. List of bacterial strains and organisms that are able to degrade or to modify AHL signal molecules.


Taxonomy Group AHLase Gene Spectrum Refs.


Prokaryotes
Acidobacteria acidobacteria lactonase qlcA C6, C7 and C8-HSL [60]
Acinetobacter sp strain C1010 g-proteobacteria n.i.* unknown C6- and C8-HSL [111]
Agrobacterium tumefaciens a-proteobacteria lactonase attM, aiiB broad [58, 74]
Agrobacterium tumefaciens XJ01 a-proteobacteria n.i. unknown broad [54]
Agrobacterium radiobacter K84 a-proteobacteria lactonase aiiS broad Uroz et al.


unpublished
Arthrobacter sp. IBN110 firmicute lactonase ahlD broad [59]
Anabaena sp. PCC 7120 cyanobacteria acylase aiiC broad [49]
Bacillus firmicute lactonase aiiA broad [57]
Bacillus megaterium CYP102 A1 firmicute oxidase P450BM-3


(monooxygenase)
long chains [72]


Bosea a-proteobacteria n.i. unknown C6- OC6- and C8-HSL [55]
Comamonas b-proteobacteria acylase unknown broad [47]
Delftia acidovorans b-proteobacteria n.i. unknown C6 to C8-HSL [112]
Klebsiella pneumoniae KCTC2241 g-proteobacteria lactonase ahlK C6 and OC6-HSL [59]
Ochrobactrum sp. a-proteobacteria n.i. unknown C6- to C8-HSL [112]
Pseudomonas sp. PAI-A g-proteobacteria acylase unknown long chains [114]
Pseudomonas aeruginosa g-proteobacteria acylase quiP long chains [115]


pvdQ (PA2385) C7 to C12-HSL
(C4 to C6 not degraded)


[77, 114]


Rhodococcus actinobacteria lactonase qsdA broad [62]
oxidoreductase unknown long 3O, AHL [70]
acylase unknown broad [70]


Ralstonia sp. XJ12B b-proteobacteria acylase aiiD [116]
Shewanella sp. strain MIB015 g-proteobacteria acylase aac broad with preference for long chain [56]
Sphingomonas a-proteobacteria n.i. unknown C6- OC6- and C8-HSL [55]
Sphingopyxis a-proteobacteria n.i. unknown C6- OC6- and C8-HSL [55]
Streptomyces sp. strain M664 actinobacteria acylaseACHTUNGTRENNUNG(excreted)


ahlM long chains [70]


Variovorax b-proteobacteria acylase unknown broad [47, 69]
Eukaryotes
mammalian cells lactonase pon1,2,3 broad but prefer long chains [51]
Lotus corniculatus n.i. n.i. C6-HSL [52]
Hordeum vulgare (Barley) n.i. n.i. C6-HSL [53]
Pachyrhizus erosus (yam bean) n.i. n.i. C6-HSL [53]
fungi lactonase n.i. C6-HSL [53]
pork acylase n.i. broad [71]


n.i. : Not identified.
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action can be reversed by acidification of the medium. Lacto-
nase activities have been demonstrated in several bacterial
genera and also in eukaryotic cells. The first demonstration of
AHL-lactonase activity was obtained in Bacillus sp.[31] This lacto-
nase hydrolyzes a large range of AHLs, from C4- to C14-HSL,
with or without a substitution at the C3 position. These enzy-
matic activities have also been identified in Gram-positive and
-negative bacteria, and possibly in Acidobacteria (Table 3).


To date, two families of lactonases have been identified in
prokaryotes. The first and most well-studied group is repre-
sented by the AiiA lactonase.[57–60] The prototypic AiiA is a met-
allohydrolase of the b-lactamase family[31] that requires two
Zn2+ ions for full functionality.[61] The AiiA-like lactonases are
not affected by differences in acyl chain length and substitu-
tion in the AHLs. AiiA-like lactonases are widespread in bacte-
ria and have been characterized in Gram-positive and -nega-
tive prokaryotes (Figure 5 B). The second type of AHL-lactonase
is represented by the QsdA lactonase from Rhodococcus eryth-
ropolis. It is specific to this genus (Figure 5 A) and is not related
to the AiiA AHL lactonase family, although both are Zn-depen-
dent metalloproteins.[62] QsdA belongs to the phosphotriester-
ase (PTEase) family. Phosphotriesterases were first described
for their ability to cleave the P�O bond in phosphotriesters,
such as the nerve gas parathion, but were later shown to be
promiscuous enzymes that harbor PTEase, lactonase, or amido-
hydrolase activities.[62, 63] QsdA is more closely related to the so-
called phosphotriesterase-like lactonase (PLL) proteins, such as
SsoPox from Sulfolobus solfataricus. It shares an extra loop 7
and a shorter loop 8 with SSoPox, and these have recently
been shown to create a perfectly fitting pocket where the lac-
tone ring and the acyl chain interact.[64]


AHL-lactonase activities have also been reported in different
eukaryotes and in mammalian serum.[65] In contrast to the
AHL-lactonase, the serum lactonases are Ca2 +-dependent, a
trait that is consistent with these enzymes being paraoxonases
with lactonase activity. Three paraoxonases, Pon1, Pon2, and
Pon3, have been shown to be responsible for AHL degradation
in mammalian serum[66, 67] and to interfere with QS regulation
in Pseudomonas aeruginosa biofilms.[68]


2) Amide bond hydrolysis : AHL acylase : AHL acylases catalyze
the complete and irreversible degradation of the AHLs through
the hydrolysis of their amide bond; this releases homoserine


lactone and the corresponding fatty acid (Figure 4.2). To date,
this enzymatic activity has been described in prokaryotes and
eukaryotes (Figure 5). It was first demonstrated in Variovorax
paradoxus,[69] and later in other bacterial genera (Table 3). Six
genes that encode AHL-acylase have been characterized
(Figure 5). All of these AHL-acylases degrade long-chain AHLs
more efficiently than short-chain forms. Certain enzymes, such
as Aac, PvdQ, AhlM, and QuiP appear to be unable to degrade
AHL that has an acyl chain shorter than eight carbons. Among
these examples, AhlM is the only one that is secreted.[70] Finally,
the porcine kidney acylase, which was previously recognized
for its ability to hydrolyze a variety of N-acyl-l-amino acids,
was shown to degrade AHLs with an acyl chain that ranged
from four to eight carbons in length.[71]


3) Modification of the acyl chain : AHL oxidase and reductase :
To date, two occurrences of AHLases with oxidative or reduc-
ing activities have been reported, but only in bacteria. In con-
trast to the previous QQ enzymes, these activities do not lead
to the degradation of the AHL molecules into QS-inactive mol-
ecules. Instead, they catalyze a modification of the chemical
structure of the signal. This is nevertheless important, because
this modification might affect the specificity and recognition of
the AHL signal, and therefore interfere with QS-regulated func-
tions.[72] The first AHL oxido-reductase activity was reported in
a strain of Rhodococcus erythropolis.[73] It reduces the keto
group of 3-oxo-AHLs, which have an acyl chain that is between
eight and 14 carbons long, to the corresponding 3-hydroxy de-
rivative. It is inactive against hydroxylated and fully reduced
AHLs. The second AHLase is a P450 monooxygenase from Ba-
cillus megaterium that was previously reported for its ability to
oxidize fatty acids and N-fatty acyl amino acids.[72] This enzyme
oxidizes long-chain AHLs such as dodecanoyl-HSL (C12-HSL)
and N-(3-oxo)dodecanoyl-HSL (3O,C12-HSL) at the w-1, w-2,
and w-3 positions, with the highest affinity for the 3-oxo deriv-
ative.


What are the biological functions of the AHLases?


1) AHL degradation as an antibiotic resistance process : A recent
study revealed that rearrangement compounds arising from
3O-AHLs generated tetramic acids that are toxic to several
Gram-positive strains, including Bacillus sp. Interestingly, nu-


Table 3. Examples of QQ due to the introduction of bacteria that are naturally capable of degrading AHLs.


Quenched Quencher Function quenched Refs.


Agrobacterium tumefaciens Rhodococcus erythropolis W2 Bacillus sp A24 pTi transfer [47, 98]
Aeromonas Shewanella sp. exoprotease production [56]
Burkholderia glumae Acinetobacter sp. C1010 Bacillus sp. 240B1 n.d.* [111]
Chromobacterium violaceum Rhodococcus erythropolis W2 Comamonas sp. D1 Bacillus sp. A24 violacein production [47, 98]
Pectobacterium carotovorum Rhodococcus Comamonas Ochrobactrum sp. strain A44 Bacillus sp.


strain A24 Arthrobacter sp IBN110 Bacillus sp. 240B1
maceration of potato tuber tissue
antibiotic production


[47, 112]
[59, 111]


Pseudomonas chlororaphis PCL1391 Bacillus sp. A24
Acinetobacter sp. C1010


phenazine production [98, 111]


Yersinia enterolitica Bacillus cereus 720 n.d.* [113]


* Not done. The impact of coinoculation was only tested on the AHL degradation. The functions regulated by QS in B. glumae and Y. enterolitica were not
tested.
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Figure 5. Bayesian phylogenetic trees showing the position of the known
AHL-degradation enzymes among the different lactonase and acylase
groups. A) PTE family tree; B) b-lactamase family tree; C) penicillin acylase
family tree. The scale bar represents the number of substitutions per unit
branch length. The accession number of the protein sequence and the
name of the organism from which it originates are indicated for each leaf.
Sign “ + ” indicates the presence of AHL lactonase (trees A and B) or AHL
acylase activity (tree C) according to the literature.
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merous Bacillus sp. strains harbor genes encoding AHL lacto-
nases that are able to degrade AHLs. As a consequence, one
role of the AiiA lactonase in Bacillus might be to detoxify the
3-oxo-AHL derivatives, as proposed by Kaufmann et al.[45]


Whether AHL-lactonases efficiently degrade AHL tetramic acid
derivatives remains to be verified.


2) AHL degradation as a regulatory process : Remarkably, deg-
radation of AHLs also occurs in bacterial strains that produce
these molecules. The best-described example is that of the
pathogen Agrobacterium, for which Ti plasmid transfer and
copy number are regulated by QS. Interestingly, Agrobacterium
also harbors two genes, attM and aiiB that encode AHL-de-
grading lactonase enzymes.[58, 74] Whereas the role of AiiB is not
yet understood, the role of AttM has previously been elucidat-
ed. The attM gene is part of the attKLM operon,[74] and AttM
plays a dual role. First, it can degrade g-butyrolactone to g-hy-
droxybutyrate; this latter compound is then degraded to suc-
cinic acid semialdehyde by the AttL and AttK peptides.[75]


Second, it allows the degradation of AHL in response to g-ami-
nobutyrate (GABA), which is a plant compound that is pro-
duced at high concentrations following wounding and induces
the expression of the attKLM operon.[76] AHL degradation by
AttM in Agrobacterium therefore appears to counteract AHL-
mediated induction of QS-regulated functions.


3) Functional promiscuity of AHL degradation enzymes : The
possibility that AHL degradation might not be the primary role
of AHL acylases, lactonases, and oxidases cannot be excluded.
As stated above, in Agrobacterium, the attKLM operon is also
involved in the dissimilation of GBL. In Streptomyces spp., the
AhlM acylase degrades penicillin.[70] In P. aeruginosa, PvdQ is
part of an operon that is responsible for the synthesis of the
siderophore pyoverdine.[77] A null-mutation in PvdQ abolishes
pyoverdine synthesis; this supports the view that the PvdQ
acylase is required for the synthesis of pyoverdine. In Mesorhi-
zobium loti, the MLR6805-encoded lactonase is part of an
operon that is involved in pyridoxine degradation, a free form
of the B6 vitamin.[78] In Rhodococcus the qsdA gene is part of a
four-gene operon, in which two genes show a strong homolo-
gy to genes that are involved in lipid metabolism in other bac-
teria.[62] In mammalian cells, paraoxonases were first identified
as organophosphate-detoxifying enzymes. They also have thio-
lactonase activities and exhibit antioxidant properties, mostly
towards sterols and lipid-like molecules.[79] Finally, P450 mono-
oxygenase is able to modify fatty acids, N-acyl amino acids, as
well as d-isomers of C12-HSL.[72] The Rhodococcus oxidoreduc-
tase also modifies 3-oxododecanamide (3O,C12-NH2, which
lacks the homoserine lactone ring) and N-(3-oxo-6-phenyl)hex-
anoyl-HSL (3O,6Ph,C6-HSL, which contains an aromatic acyl-
chain substituent), as well as d-isomers of 3O,C12-HSL.[73] All
of these data suggest that AHL degradation by bacteria and
eukaryotes might not be the primary function of AHL degrada-
tion enzymes, but might play an important role in AHL turn-
over.


3. Engineering the Quorum-Quenching Process


As mentioned above, interference with QS regulation could
affect three points in bacterial communication, all of which
have been observed in nature. Strategies to engineer the QQ
process as a novel therapeutic tool take the same routes, but
the strategies differ with respect to plant or animal pathogene-
sis.


Development of synthetic chemical inhibitors


1) Blocking signal synthesis : This QQ strategy relies upon theACHTUNGTRENNUNGinhibition of AHL synthesis by the LuxI-like protein. AHLs are
synthesized from two precursors, S-adenosyl methionine (SAM)
and the cognate acyl-ACP. A few substrate analogues, such as
holo-ACP or butyryl-S-adenosylmethionine (butyryl-SAM), have
been found to interfere efficiently in vitro with the synthesis of
the QS signal. The most effective inhibitor, S-adenosyl-dl-ho-
mocysteine, reduces the activity of the RhlI protein by 97 %.[80]


Due to the central role that is played by SAM and acyl-ACP in
the catabolism of fatty acids and amino acids, however, these
analogues might have deleterious effects on the bacterial or
the eukaryotic cells, which limits the value of this approach.


2) Blocking the receptor : Blocking the receptor with an ana-
logue of AHL is a classical pharmacological approach. It is also
likely to be more specific than the AHL synthesis inhibition ap-
proach that is described above because it relies upon the use
of analogues of two central metabolites. This is probably the
reason why blocking the recognition of AHL is an intensively
investigated strategy for the inhibition of QS-regulated func-
tions. The molecules that are designed to this end fall into two
classes: analogues of the cognate substrate (AHL analogues)
and the analogues of natural agonists of the luxR regulatory
protein.


The first attempts to generate analogues with inverse ago-
nist properties targeted the acyl chain moiety of AHL. TwoACHTUNGTRENNUNGresearch teams screened an analogue library against the Lux
system of V. fisheri and the Tra system of Agrobacterium.[10, 33]


Schaefer et al.[10] identified analogues of 3O,C6-HSL with a
modified acyl chain that were able to displace AHL from its
cognate sensor, the LuxR protein; however, these analogues
acted as competitive agonists. In contrast, Zhu et al.[33] showed
that most analogues acted as antagonists when TraR was not
overexpressed, and as potent agonists when the regulator was
overexpressed. This strategy was further explored by Rever-
chon et al.[81] A series of acyl-chain end-modified 3O,C6-HSLACHTUNGTRENNUNGanalogues harboring alkyl, cycloalkyl, or aryl moieties were syn-
thesized. Four of the alkyl-substituted analogues showed ago-
nist activity. In contrast, all the analogues that harbored an aryl
moiety were found to be strong antagonists, with IC50 (the
concentration necessary to obtain 50 % inhibition) values that
ranged from 2 to 15 mm.


Another strategy to generate QS-sensing antagonists has
been to substitute the HSL ring with an alternative ring struc-
ture. By focusing on the P. aeruginosa signaling molecules C4-
HSL and 3-O,C12 HSL,[82, 83] or the V. fischeri signaling molecule
3O,C6-HSL[10] , the authors produced AHL analogues in which
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the homoserine lactone was replaced by an aminocyclic
ketone containing a five or six-membered ring,[81] or various
cyclic functional groups, including thiolactones, aza-HSL, capro-
lactam, or the succinimidyl group.[10] None of the latter groups
generated potent agonist or antagonist effects. Interestingly,
the compound containing the cyclohexanol (Figure 6 B) moiety


was the strongest agonist, whereas the structurally related,
3O,C12-aminophenol (Figure 6 A), which differs from the
former compound only by the unsaturation of the aromatic
ring, is a strong antagonist. Nonetheless, the concentrations
that were required to obtain significant inhibition with these
analogues were in the 100 mm range, which is rather high from
a therapeutic perspective.


A more recent strategy has targeted the central portion of
the molecule by substituting a sulfonamide bond for the car-
boxamide at position 1 in the acyl chain.[84, 85] This led to the
generation of very potent antagonists, such as C5-sulfonyl-
HSL; its IC50 is similar to the most efficient aryl-substituted AHL
antagonists. Substituting a sulfonyl urea group at C1[86] did not
further improve the QQ ability of the AHL analogues. It should
be noted that these assays have only been performed in vitro,
and that the effect of the acyl-sulfonyl-HSL on cell growth pa-
rameters is yet to be determined. Nonetheless, the activities of
these molecules at low doses make them potential therapeutic
candidates.


Finally, the strategy of creating chemical modifications in
natural inhibitors, such as the furanones that were identified in
red algae, or the garlic QQ inhibitor molecules, has met with
limited success. In fact, none of the derivatives proved to be


more efficient than the natural form, and none were active at
concentrations low enough to validate their use as therapeutic
molecules.[87] However, these furanones are sometimes used in
boat paintings to limit biofouling.


Development of innovative biological tools


1) Immunotherapy : a vaccine against AHL-based quorum sens-
ing : The 3O,C12-HSL has been shown not only to mediate bac-
terial QS, but also to exert cytotoxic effects on mammalian
cells.[88, 89] These findings allowed the development of new
strategies to combat microbial infections by targeting the QS
signaling molecules. Kaufmann et al.[90, 91] reported an immuno-
pharmacotherapeutic approach for the attenuation of AHL-de-
pendent QS in the Gram-negative human pathogen P. aerugi-
nosa. Monoclonal antibodies (mAbs) raised against the 3O,C12-
HSL hapten demonstrated an affinity (Kd range between
150 nm and 5 mm) in vitro for 3O,C12-HSL, and exhibited high
specificity as they did not recognize any of the short-chain 3O-
AHLs. These mAbs exerted a clear inhibitory effect on the pro-
duction of pyocyanin by P. aeruginosa, a QS-controlled viru-
lence factor. More recently, Park et al.[92] have reported a similar
immunotherapeutic approach for the attenuation of QS in the
Gram-positive human pathogen Staphylococcus aureus. Re-
markably, the antibody that was raised against the peptidic QS
signal suppressed S. aureus pathogenicity in an abscess-forma-
tion mouse model in vivo, and provided complete protection
against an otherwise lethal S. aureus challenge. These findings
provide a strong foundation for further investigations of immu-
notherapy for the treatment of bacterial infections in which QS
controls the expression of virulence factors.


2) QQ bacterial strains as biocontrol agents : When expressed
in a heterologous system, such as Burkholderia glumae, Pecto-
bacterium carotovora, Pseudomonas aeruginosa or Agrobacteri-
um tumefaciens, some of the known AHL-degrading enzymes
have been shown to limit or abolish the accumulation of AHL
in the environment. As a consequence, this process also signifi-
cantly reduces the expression of QS-regulated functions of the
host bacteria.[62, 93, 94] Therefore, in these systems, the expression
of an AHL-degradation enzyme by an AHL-producing strain led
to the same phenotype as a luxI null-mutation. However, this
approach is barely exploitable in biological control experi-
ments.


A more suitable approach is based upon the selection of
bacteria that are naturally able to degrade AHL or AHL ana-
logues (such as g-caprolactone), either as single isolates or as
consortia. Co-inoculation experiments involving the AHL-pro-
ducing pathogen and the AHL-degrading quencher(s) revealed
that this approach is often able to significantly reduce, and in
some cases abolish, the expression of the QS-regulated func-
tion of the pathogens.[46, 47] AHL-degrading strains might there-
fore have great potential as biocontrol agents to protect
plants from pathogens. To date, however, there have been no
reports indicating that any of these biocontrol agents has
been tested successfully under field or field-like conditions.


3) Engineering plants with QQ abilities : As stated earlier, some
plant pathogens rely upon QS regulation to circumvent the


Figure 6. Synthetic quorum-sensing inhibitors. AHL analogues that have a
substituted HSL moiety: A) 3O,C12-aminophenol; B) 3O,C12-aminocyclohexa-
nol. AHL analogues with an acyl-end modification: C) 3O,cyclohexanyl C6-
HSL; D) 3O,benzyl C6-HSL). AHL analogue with a carbonyl-to-sulfonyl substi-
tution at C1: E) N-sulfonyl-HSL. Molecules A, D and E are strong antagonists
whereas molecules B and C are strong agonists.
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host defense by launching a massive concerted attack on the
host cell only at high cell densities. Furthermore, they remain
“invisible” to their host at low cell densities, thus preventing
the premature production of pathogenic factors that could
trigger local and systemic defense responses by the plant.
Therefore, QS-regulated functions could be quenched either
by overproducing the pathogenic AHL signals in transgenic
plants or by engineering the plant to degrade AHLs.


By focusing on plant–Pectobacterium interactions, two
groups[95–97] have generated transgenic plants that produce
high levels of C6-HSL and/or 3O,C6-HSL. To do so, the yenI
gene from Yersinia enterocolitica and the expI gene from P. car-
otovorum pv. carotovora were introduced into potato or tobac-
co plants. Whereas the expI transgenic tobacco exhibited en-
hanced resistance, the yenI transgenic potatoes exhibited
greatly enhanced susceptibility to the pathogen when com-
pared to the untransformed control plants, even at low-chal-
lenge cell densities. Although it is not yet clear why the two
plants reacted in such drastically different ways, this observa-
tion might not be so unexpected. In fact, the threshold levels
of the challenging pathogen population, QS signal concentra-
tion, or plant elicitor concentration to obtain a successful inter-
action are likely to vary between the two plant models.


Plants have also been engineered to produce AHL-degrada-
tion enzymes. The bacterial AHL lactonase AiiA from Bacillus
was expressed in tobacco and potato plants.[57] Soluble pro-
teins that were extracted from the plant tissues were able to
degrade 3O,C6-HSL; this confirms that the plant expressed the
aiiA gene in its active form. When challenged with P. caroto-
vora, AiiA-expressing plants showed an elevated tolerance to
the pathogen. Today, this strategy appears to have great bio-
technological potential ; however, it remains to be demonstrat-
ed that the same tolerance is observed in the field against nat-
ural populations of the pathogen, and under more stressful cli-
matic conditions.


4) Impact of quorum quenching on beneficial bacteria : While
the QQ strategy is generally viewed as a promising way to con-
tain diseases, it is important in the context of ecology and bio-
technological development to remember that QQ might have
a detrimental role on nonpathogenic or beneficial microbes. In
soil and plant environments, several bacteria evolved QS regu-
lation to control a number of functions (rhizosphere fitness, an-
tibiotic production, plasmid transfer, siderophore synthesis,
etc.) that are essential to their survival, or to the establishment
of beneficial interactions with the plant. Importantly, these
bacteria and the pathogens might rely upon related or identi-
cal AHL signal molecules. As a consequence, QQ that is direct-
ed at the pathogen might also affect these beneficial bacteria.
This question was first investigated by Molina et al.[98] They fo-
cused on the biocontrol of Fusarium oxysporum by using Pseu-
domonas chlororaphis, which mostly involved the QS-depen-
dent production of the antifungal compound phenazine. Inoc-
ulation of a bacterial isolate that was naturally or genetically
modified to degrade AHL with P. chlororaphis led to loss of the
pseudomonad biocontrol ability. The impact of QQ was also in-
vestigated by Gao et al.[99] on root nodule induction by Sinorhi-
zobium meliloti. The introduction of the aiiA gene from Bacillus


led to a significant decrease in the number of nodules that
were induced on Medicago truncatula, and to strong modifica-
tions of the AHL-mimicking compounds that were produced
by this plant. These few examples strongly indicate that the
impact of QQ procedures on nontargeted bacterial populations
should not be neglected. The use of highly specific QQ en-
zymes, however, could reduce the risks. For example, the AHL
acylases of Pseudomonas and Streptomyces, which degrade
long-chain AHL more efficiently than short-chain AHLs could
be used to selectively interfere with pathogenic strains that
are known to produce long-chain AHLs. Specific efforts should
therefore be targeted towards the identification of such highly
specific QQ enzymes.


5) And beyond AHL? Of course, QQ procedures might inte-
grate signal degradation approaches with chemical antagonist
ones, or one of these two approaches with a more classic pro-
cess. In this respect, Zhao et al.[100] recently combined the pro-
duction of an antibiotic and of an AHL-lactonase in the same
bacterial strains to prevent Erwinia carotovora virulence. They
observed that the addition of the two mechanisms increased
prevention efficacy.


Furthermore, several lines of evidence indicate that the QQ
strategy might not be restricted to the only AHL-dependent
QS regulation. As stated earlier, the immunological approach
yields valuable results by interfering with the peptide signal of
S. aureus. The degradation of b-hydroxypalmitate methyl ester
(3OH-PAME) involved in the regulation of virulence in Ralstonia
was also recently reported by Shinohara et al.[101] They isolated
an Ideonella sp. strain that was capable of hydrolyzing 3OH-
PAME and quenching exopolysaccharide production of Ralsto-
nia solanacearum. Several bacterial isolates from the Bacillus,
Paenibacillus, Microbacterium, Staphylococcus and Pseudomonas
genera are able to degrade the DSF produced by Xanthomonas
and Xylella species (Figure 2 E and F).[102] Coinoculation of
pathogenic Xanthomonas campestris pv campestris or Xylella
fastidiosa (two strains producing DSF) with the quencher strain
significantly reduced their pathogenicity.[102] Finally, we ob-
served the degradation of the QS signal cyclo-dipeptides
(DKPs) by Rhodoccocus erythropolis (Uroz et al. , unpublished
data). This strain rapidly hydrolyzes the cyclo ACHTUNGTRENNUNG(Ala-Val) DKP by
using amidohydrolase activity. Therefore, the QQ approach
does not appear to be limited to the AHL-dependent QS sys-
tems. Interestingly, several bacterial species are now known to
use several types of the QS signaling molecules that areACHTUNGTRENNUNGdescribed above. Therefore, the combination of different QQ
procedures should permit control of bacterial pathogens that
regulate expression of their virulence genes by using different
types of QS signal molecules (AHL and 3OH-PAME) such as Ral-
stonia solanacearum.[24]


4. Conclusions


From the above, it appears that QQ strategies have a multifac-
eted value. In the present context of fighting antibiotic resist-
ance, QQ appears to be a novel and promising strategy to pre-
vent or limit the impact of bacterial diseases in plants, animals,
or humans. One of the most interesting aspects of QQ lies in
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the fact that it is a nonlethal approach. As a consequence, the
QQ strategy exerts a limited selective pressure for the survival
of bacteria. The second most interesting aspect is the versatili-
ty of this procedure. As explained above, several molecular tar-
gets exist : the signal synthase, the signals themselves, and the
signal sensor. These targets are not exclusive. Recent data also
suggest that QQ is not limited to only AHL-based QS regula-
tion. Last but not least, the procedure involves “environmental-
ly friendly” components. The AHL degradation enzymes are
found in bacteria that commonly occur in soil or plant environ-
ments, and most of them are nonpathogenic isolates. The
sensor antagonists are natural compounds that originate from
various plants, including edible plants. The AHL analogues
used to select strains or consortia that degrade AHL are non-
toxic compounds, and are most often rapidly degraded by
these bacteria. These features are very important in the con-
text of the increasingly demanding registration procedures of
chemical compounds (e.g. the REACH directive).


In addition to the above-mentioned considerations, the bio-
logical significance of the QQ phenomenon remains intriguing.
This role is often only inferred from partial clues, for example,
the mammalian cells with AHL-degradation ability are those
that are most often in contact with microbes. A biological role
for QQ can, however, be assigned in several species of the
Gram-positive Bacillus genus and in the Gram-negative Agro-
bacterium genus, but these still remain exceptions rather than
a rule. Nevertheless, the widespread quenching ability of vari-
ous prokaryotic or eukaryotic microbes and that of plants
strongly suggests that the quenching phenomenon must be
re-introduced in the global QS regulation scheme. One obvious
reason to do so is related to the very nature of a biological
signal. To be perceived as such, a molecule must appear and
disappear, either by being unstable or by undergoing some
kind of turnover. The QS regulation scheme must therefore in-
clude, in between synthesis and sensing, the various quench-
ing processes that will most likely limit the accumulation of
the signals or their sensing, and possibly favor the obligatory
degradation of these signals in nature. In other words, QS and
QQ, which are opposite but complementary processes, can be
described as the yin and yang of bacterial communication.
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Protein biosynthesis starts with methionine (Met) in all living
cells.[1–5] In the cytosol of eukaryotes[6] and archaebacteria,[7]


protein translation is initiated with Met whereas N-formylme-
thionine (fMet) is used in eubacteria,[8] the mitochondria[9] and
chloroplasts.[10] The formyl group is added to the free a-amino
group of Met-tRNAfMet by the methionyl-tRNAfMet formyltrans-
ferase (EC 2.1.2.9) and fMet-tRNAfMet participates in transla-
tion.[2] Met is always the first amino acid incorporated into the
N-terminal position of a protein, even if alternative start
codons, such as GUG and UUG are used for translation initia-
tion.[11] However, the amino acid sequence of mature proteins
seldom contains Met at the first position; the N termini of
most proteins are modified by a variety of co-, and post-trans-
lational processing events.


Peptide deformylase (EC 3.5.1.88) removes the N-formyl
group from proteins in prokaryotes and organelles. The un-
masked amino terminal Met can subsequently be cleaved from
prokaryotic as well as eukaryotic proteins by the Met amino-
peptidase (MetAP; EC 3.4.11.18). Additionally, novel N termini
are generated by the enzymatic cleavage of leader sequences,
or by proteolytic digest at one or more positions within the
polypeptide chain. The covalent attachment of diverse chemi-
cal functionalities, such as acetyl-, phosphate-, and myristoyl-
groups, or ubiquitin represents other N-terminal modifications
beyond proteolytic processing.[12, 13]


As most N-terminal Met residues are co- or post-translation-
ally removed, their function lies in translation initiation rather
than in structure.[14] Depending on the organism, between 55
and 70 % of the proteins are subject to N-terminal Met excision
(NME) by MetAP.[15] NME is an irreversible cotranslational pro-
cess that occurs as soon as the first N-terminal residues of the
nascent peptide protrude from the ribosomal exit tunnel,
before protein folding starts to occur.[12, 15, 16] In eukaryotic cells,
this enzymatic processing coincides with the intracellular local-
ization of MetAP close to the ribosome.[17] Although the locali-
zation of bacterial MetAP is still unclear (C. Klein, personal
communication), it is reasonable to suppose that it is ribosome
associated as well.


MetAP specifically cleaves Met in the first position of the
precursor protein.[15] Meinnel and coworkers showed that
model peptides with N-terminal Leu and Phe could be pro-
cessed by Escherichia coli MetAP (EcMAP1) in vitro but with
considerably lower catalytic efficiency than Met.[18] The cleav-
age efficiency of Met in the first position largely depends on
the bulkiness and nature of the side chain of the second
amino acid (Figure 1).[15] In vivo[13] and in vitro[18] data analyses


provided convincing evidence that NME is likely to occur if the
second residue of the precursor is Ala, Cys, Gly, Pro or Ser. Met
in the first position can also be excised if Thr or Val follows in
position 2, but with lower efficiency.[18] Excision of the N-termi-
nal Met with Ile and Asn at the second position is inefficient
but may occur if the sequence context (vide infra) supports
it.[12] NME is not observed with the other amino acids at the
second position.[12, 13, 18] Although the data were collected pre-
dominantly in in vitro studies with EcMAP1 or in vivo with pro-
teins from E. coli, MetAPs from diverse organisms all have the
same specificity.[13, 18] Taken together, smaller amino acids, espe-
cially Ala, at the second position optimally support N-terminal
Met excision,[18] whereas large side chains at the second posi-
tion block the action of MetAP (Figure 1).[13]


According to earlier studies, the third position in the precur-
sor protein does not influence NME.[13] However, recently it
was shown that not only the amino acid in position 2 but addi-
tional residues following the first Met have a major impact on
NME efficiency.[18] In vitro excision of the first Met from model
peptides with either Ala or Gly in the second position was op-
timal if Trp, Met, or Ser followed in the third position. In con-


Figure 1. N-terminal Met excision (NME) is an irreversible cotranslational
modification that is completed before the nascent polypeptide chain is fully
synthesized. The basic rule is that small amino acid residues in the second
position after the N-terminal Met facilitate NME, whereas bulky residues in-
hibit the process. MetAP, Met aminopeptidase.


[a] Dr. B. Wiltschi, L. Merkel, N. Budisa
Max Planck Institute of Biochemistry, Molecular Biotechnology
Am Klopferspitz 18, 82152 Martinsried (Germany)
Fax: (+ 49) 89-8578-2815
E-mail : budisa@biochem.mpg.de
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trast, Asp, Ile, Thr, Pro, and Glu in the third position had a neg-
ative influence on Met cleavage in vitro as well as in vivo.
Meinnel and co-workers were able to show that even the
amino acid residues in positions 4 and 5 exert certain effects
on NME.[18]


Although NME is a rapid and efficient process, the N-termi-
nal Met may erroneously be retained on some proteins that
are recombinantly overproduced in E. coli, especially when
strong promoters like T7 or T5 are used. This phenomenon is
most probably due to the saturation of the peptide deformy-
lase and MetAP capacities or targeting of the nascent protein,
for example, into inclusion bodies.[13, 15]


The nature of the N-terminal residue and the half-life of a
protein are directly correlated (N-end rule).[19–22] Apart from
rare exceptions,[23] small N-terminal residues stabilize the pro-
tein, whereas bulky residues destabilize it. Met occupies a spe-
cial position since it appears to have a stabilizing effect.[21]


Since NME generates new N termini, it determines the meta-
bolic fate of a protein, such as its turnover or its further matu-
ration through other N-terminal modifications. Only recently
has NME been recognized as a promising therapeutic target
and specific inhibitors for this process are being developed.[15]


Noncanonical Met analogues that are chemically and/or ster-
ically similar to Met have long been used as antagonists to
study cellular Met metabolism.[24] Very early it was recognized
that the Met analogues norleucine (Nle; Figure 2) and ethio-
nine (Eth; contains an ethyl-thioether instead of the methyl-
thioether) can be translated into proteins in E. coli in place of
Met, though they inhibit bacterial growth.[24] Growth inhibition
occurs due to the inability of the analogues to replace Met as


the precursor of S-adenosyl Met.[25] Nle and Eth are charged
equally onto initiator tRNAfMet and elongator tRNAMet by me-
thionyl-tRNA synthetase, though less efficiently than Met.[26]


Norleucyl-tRNAfMet and ethionyl-tRNAfMet are formylated similar-
ly to Met[25–27] and the formylated species efficiently initiate
translation.[25, 27] Likewise, N-formylnorleucine or N-formylethio-
nine appear to be substrates for the peptide deformylase,[28]


and for MetAP.[25, 28] This indicates that due to the catalytic pro-
miscuity of the involved enzymes such as the methionyl-tRNA
synthetase, methionyl-tRNAfMet formyltransferase, the ribosome,
the peptide deformylase, and MetAP, the noncanonical Met an-
alogues can participate in protein translation and subsequent
N-terminal modifications.


Recently, Tirrell and co-workers demonstrated nearly quanti-
tative substitution of the Met residues in dihydrofolate reduc-
tase by homopropargylglycine (Hpg; Figure 2). The initiator
Met was also substituted, but the Hpg in the first position was
not excised.[29, 30] Similarly, by global replacement of Met with
trifluoromethionine in green fluorescent protein, we serendipi-
tously discovered an efficient blockage of the N-terminal exci-
sion of trifluoromethionine even though Ser was the second
amino acid.[31] In order to study N-terminal excision of Met ana-
logues in more detail, we heterologously expressed human ep-
idermal growth factor (hEGF) in E. coli in the presence of Hpg,
and azidohomoalanine (Aha; Figure 2). Both Met analogues
were incorporated at the N terminus of hEGF and their cleav-
age rates provided new insights into the rules for N-terminal
residue excision (NRE). According to the established NME rules
(see above), neither Met nor Aha or Hpg were cleaved from
the N terminus of hEGF when Arg was the second amino


acid.[32] When the NME supporting amino acid Gly
was at the second position, Met>Aha>Hpg were
excised in that order.[32] This was the first indication
that the excision efficiency depends on the chemical
nature of the N-terminal amino acid, even if the
second amino acid is small and therefore would fa-
cilitate NRE (Figure 2). Similarly, by exploiting NRE,
Wang and co-workers sought to preserve Aha or
Hpg at the N terminus of recombinantly expressed
human b-interferon (IFNb) for subsequent bioor-
thogonal modification. They also found that replac-
ing Met in the first position at the N terminus with
Aha or Hpg decreased the activity of both the defor-
mylase and MetAP to some extent.[33] These authors
were able to detect minor amounts of formylated
Hpg,[33] a fact that we did not observe in our protein
preparations.[32] Met in the first position of IFNb was
completely cleaved, independent of whether the
second amino acid was Ala, Ser, or Gly. Ala in the
second position promoted Aha and Hpg excision to
nearly completion. However, excision efficiencies of
both Met analogues were reduced with either Ser or
Gly in the second position. Only when Gln, Glu, or
His occupied position 2, was excision of Met as well
as Aha and Hpg completely blocked.[33] This observa-
tion is in agreement with our findings that NRE is
blocked with bulky amino acids in the second posi-


Figure 2. Tuning the N-terminal residue excision from complete cleavage to complete
blockage. The chemical nature of the N-terminal amino acid determines its excision effi-
ciency from a recombinant protein with a small amino acid in the second position.
Among the tested noncanonical Met analogues, Nle showed excision almost as efficient
as Met. Aha was less efficiently excised, whereas Hpg and Cpa were bad substrates for
MetAP, and their in vivo cleavage efficiency was dramatically reduced. Note that a bulky
residue at position 2 efficiently blocks excision of the N-terminal residue, regardless of its
chemical nature. Although Cpa is chemically and structurally not a Met analogue, it is a
substrate for methionyl-tRNA synthetase (unpublished results).
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tion. However, the excision of Aha and Hpg was found to be
less efficient even with Gly occupying this position in hEGF or
IFNb precursor proteins.


In order to further sort out the NRE rules with Met ana-
logues, we conducted in vitro studies with EcMAP1 and model
peptides containing the Met analogues Nle, Aha, Hpg and b-
cyclopropylalanine (Cpa; Figure 2) in the first and different can-
onical amino acids in the second and third positions. Cleavage
of all Met analogues was efficiently blocked when the second
position in the model peptide was occupied by the bulky
amino acid arginine.[32] In contrast, Ala at position 2 facilitated
the excision of the N-terminal Met analogues except Cpa
(cleavage efficiency: Met, Nle, Aha @ Cpa; Figure 3 A). Thus, the
chemical and/or structural nature of the first amino acid influ-
ences NRE even if the second amino acid is small and facili-


tates NRE, such as Ala. Frottin and associates observed a simi-
lar trend with the Met analogues, Met sulfoxide (Met(O)), and
norvaline (Nva): Met and Nle were more efficiently excised
from tripeptides with Ala in the second position than Met(O)
and Nva (cleavage efficiency: Met, Nle>Met(O), Nva).[18] We
found an altered in vitro cleavage efficiency of Met, Nle, Aha,
Hpg and Cpa when Ala (in the second position) was ex-
changed for Gly (Figures 3 B, 3 C). In this case, the similarity of
the Met analogy became a more important determinant for ex-
cision, since the cleavage efficiency declined in the order Met,
Nle>Aha @ Cpa (unpublished results; Figure 3 B) or Met>
Aha>Hpg[32] (Figure 3 C). The cleavage pattern of Met and its
analogues remained unchanged with Ser (unpublished obser-
vation) or Gln at the third position (Figures 3 A, 3 B).


Our findings agree with those reported by Frottin and co-
workers. Similar to their in vitro study,[18] we observed that
peptides with a noncanonical Met analogue in the first and Ala
in the second position were cleaved most efficiently. However,
peptides with Gly at position 2 were less efficiently cleaved
and the nature of the first amino acid residue became more
important. This reflects very well the in vivo situation in the
Aha and Hpg variants of hEGF[32] and IFNb.[33] As for NME,
MetAP activity appears to be the limiting factor for NRE. The ri-
bosomal translation of amino acids into polypeptides is a rapid
(approximately 10–20 residues per second in E. coli)[34] and
highly accurate process. Being a cotranslational event, NME
must occur with optimal specificity at high rates, as well. Al-
though we did not assess the kinetic parameters for the cleav-
age of structurally and/or chemically distinct Met analogues by
MetAP, it is reasonable to expect that in comparison to Met
they are less efficient substrates. This might explain the mark-
edly reduced excision rate of chemically and/or sterically differ-
ent Met analogues such as Cpa.


As already mentioned above, the MetAPs from different or-
ganisms have the same specificity with respect to Met in the
first and small or bulky residues in the second position of aACHTUNGTRENNUNGpolypeptide.[13, 18] Interestingly, model peptides with Aha in the
first position are processed more efficiently by the E. coli
MetAP than variant peptides with Hpg. The opposite is true for
the MetAP from Pyrococcus furiosus ; this enzyme cleaves Hpg
more efficiently than Aha if Gly is at position 2 (unpublished
results). Based on these preliminary findings, one might specu-
late that the specificities of prokaryotic and archaeal MetAPs
towards Met analogues differ.


In vitro and in vivo, Ala promotes NRE, whereas Gly exerts a
slightly inhibitory effect. The reason for this inhibitory effect of
Gly is unclear but it might be related to the chirality of this res-
idue. Gly is the smallest of all canonical amino acids and it is
the only achiral one. Frottin and co-workers observed that
both the geometry and the hydrogen environment around the
a-C of the second amino acid are critical for EcMAP1 activity.[18]


Further in vivo experiments with more model proteins contain-
ing noncanonical Met analogues at their N termini may help to
gain more insight into this emerging new research area.


From the above-described in vitro and in vivo studies, it is
clear that the established NME rules are valid even for process-
ing of noncanonical Met analogues (or in other words, bulky


Figure 3. Substrate specificity of E. coli MetAP. In vitro excision of N-terminal
Met, Nle, Aha and Cpa from the model peptides A) H-Xaa-Ala-Gln-Val-Lys-
Tyr-NH2 and B) H-Xaa-Gly-Gln-Val-Lys-Tyr-NH2 by EcMAP1 (our unpublished
observations). C) NRE of Met, Aha and Hpg from the model peptide H-Xaa-
Gly-Asn-Leu-Phe-NH2.[32] Xaa denotes Met or one of the analogues and the
amino acid in position 2 is printed in bold. MetAPs act cotranslationally;
their substrates are unstructured, short N-terminal peptides that protrude
from the ribosome tunnel. While EcMAP1 cleaves dipeptides extremely inef-
ficiently, tripeptides and larger peptides are suitable substrates for in vitro
cleavage assays. In vivo and in vitro data analyses have shown that the ki-
netics of in vitro excision is directly related to the efficiency of in vivo NRE
(unpublished observation).[18, 32]
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amino acids in the second position block their excision as they
do with Met). Ala in the second position is the best residue for
excision (Figure 2). However, N-terminal residue excision by
MetAP can be markedly affected by substitution of the natural
Met residue with noncanonical analogues. If Gly occupies posi-
tion 2 in a polypeptide, the chemical and/or structural nature
of the Met analogue in the first position becomes critical ; the
more similar it is to Met, the more likely it is to be excised. Fur-
ther in vitro and in vivo experiments with peptides and pro-
teins containing noncanonical Met analogues at the N termi-
nus in a defined sequence context will be necessary to fully
complete the essential rules of NRE.


Met analogues that more or less efficiently block NRE, such
as trifluoromethionine, Aha, Hpg or Cpa, appear to be the
paradigm of a new class of MetAP inhibitors that are an inte-
gral part of the protein N terminus. Met analogues carryingACHTUNGTRENNUNGbioorthogonal groups such as Aha or Hpg, block MetAP and
are therefore retained for chemical modification of the protein
N terminus. In addition, since NME plays an important role in
cancer development,[35, 36] structurally and chemically distinct
Met analogues that block NRE may well represent an interest-
ing approach in anti-cancer drug design. Therefore, tuning
NRE with Met analogues may find useful applications in the
future.
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Strigolactones: The First Members of a New Family of
“Shoot Branching Hormones” in Plants?
Doreen Schachtschabel and Wilhelm Boland*[a]


Plants show an incredible wealth of
habits and statures ranging from less
ramified to highly branched, from small
bushes to big trees. Although the archi-
tecture is largely determined by genetic
factors, an individual plant is also able to
adapt its growth in response to the local
environment and biotic effects. Thus,
shoot branching depends on local nu-
trients, especially phosphate, but also on
biotic factors such as herbivory and in-
fection. An endogenous factor is the
growth hormone auxin, which is released
by the apical bud and suppresses the
growth of subapical lateral shoots, caus-
ing apical dominance.[1] Lower concen-
trations of auxin or removal of the apical
bud lead to multiple shoot tips, and the
plant becomes highly branched. The
effect is impressively documented by
newly developing shoots on a recently
cut tree. Accordingly, branching and
growth of lateral stems is a process that
is highly regulated by genetic, hormonal,
and environmental factors. Previously
only auxins, abscisic acid, and cytokinins
have been assumed to control shoot
branching.[2, 3] However, recent studies on
a series of mutants of Arabidopsis thali-
ana, rice (Oryza sativa), and pea (Pisum
sativum) with enhanced shoot branching
suggested the existence of a novel type
of hormone(s) that might be derived
from carotenoids. These mutants with
similar phenotypes include ramosus
(rms) in pea, more axillary growth (max)
in Arabidopsis, dwarf (d) or high-tillering
dwarf (hdt) in rice, and decreased apical
dominance (dad) in petunia. In particular,
the genetically well characterized Arabi-
dopsis mutants show substantial branch-


ing variation, thus providing an ideal
platform for determining the genetic
and molecular factors of the shoot-
branching regulatory network. Two re-
cently published papers by Gomez-
Roldan et al.[4] and Umehara et al.[5] have
now presented the first evidence that
the long-known strigolactones and relat-
ed compounds (Scheme 1) might be the
first members of a family of apocarote-
noid signals that are involved in the reg-
ulation of the branching process.[4, 5]


Strigolactones were previously known
as plant-derived isoprenoids occurring in
the rhizosphere. They stimulate the seed
germination of obligate parasitic plants
like Striga or Orobanche[6–8] and enhance
the seed germination of certain nonpara-
sitic plants. Moreover, upon phosphate
depletion, they function as root-derived
signals causing elevated hyphal branch-
ing and spore germination of symbiotic
mycorrhizal fungi, to enhance the
uptake of soil nutrients.[9] They are pres-
ent in the root exudates of mono- and
dicotyledonous plants (for example, rice
and pea)[6] and have additionally been
detected in their shoots.[10, 11] Since they


are also found in the nonmycotrophic
plant A. thaliana, a pivotal role for these
apocarotenoids in coordinating plant
growth below as well as above ground
has been suggested.[12, 13]


In particular, work with mutants of
pea, petunia, rice, and, especially, Arabi-
dopsis combining enhanced shoot
branching with a reduced stature, the
max1 to max4 mutants,[14] with defects
in carotene degradation and signal trans-
duction (vide infra), revealed the impor-
tance of carotene-dioxygenases (CCDs)
for the generation of an unknown end
product that affects branching. Nine
CCDs have been identified in Arabidop-
sis, of which five are involved in abscisic
acid (ABA) synthesis, the others (MAX)
have a different target complex. In the
mutants rms5/max3/htd1/d17-1[15] and
rms1/max4/d10-1 from pea, Arabidopsis,
and rice,[16, 17] the two dioxygenases,
namely CCD7 and CCD8, encode for en-
zymes that degrade carotenoids into a
variety of products (Scheme 2).[18] CCD8
can cleave the product of the CCD7-cata-
lyzed reaction,[19] and MAX1, which en-
codes a cytochrome P450,[20] is assumed


Scheme 1. Representative strigolactone structures.
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to act downstream of the two CCDs.
MAX2 encodes an F-box-protein and acts
locally in the shoot, being responsible
for signal transduction.[21] Overall, the
MAX genes or the corresponding genes
from the other mutants (Scheme 2) were
suspected to constitute a degradative
pathway leading from carotenoids to a
novel family of “branching hormones”.
The first compound has now been iden-
tified as a member of the family of stri-
golactones, since LC-MS/MS revealed
clearly reduced levels of these com-
pounds in the branched mutants.[4, 5] This
finding was strengthened further by ex-
ternal addition of the synthetic strigolac-
tone analogue GR24 (Scheme 1) directly
to axillary buds of ccd8 pea plants; this
restored the wild-type shoot architecture
by inhibiting bud outgrowth. Application
of GR24 did not affect the d3/rms4/max2
mutant architecture, since their defects
are downstream of the biosynthetic
pathway (Scheme 2), most likely involved
in signal transduction. The effect of
GR24 on axillary bud outgrowth of Arabi-
dopsis was comparably impressive
(Figure 1). Again, the number of axillary
shoots remained unaffected by GR24 in
the max2 mutants, but the max3 and
max4 plants displayed an almost com-
plete suppression of axillary bud out-
growth.


Detailed knowledge on the cleavage
products of the different CCDs came
from heterologous expression of the en-
zymes in E. coli and the systematic analy-
sis of their product spectrum.[19, 22] One
of the resulting or postulated cleavage


products (D’orenone) has been recently
found to inhibit root-hair formation in
various plant species; a process formally
related to the inhibition of the out-
growth of shoot buds.[23]


D’orenone suppresses root-hair
growth by interfering with auxin trans-
port and signaling (D’orenone affects
PIN2).[23] A similar mode of interaction
has been proposed for the novel hor-
mone. Auxin is actively transported
downwards from the apical bud in the
shoots and inhibits bud outgrowth,[24]


while the cytokinins move upwards and
activate bud outgrowth. There is strong
evidence that the RMS/MAX/D pathway
affects this hormonal network by down-
regulating auxin transporters thereby
limiting the transport capacity for auxin
in the stem. In consequence, developing
buds are not able to export their auxin
to the stem and the accumulating hor-
mone suppresses outgrowth.[24] In the
max mutants there is a higher auxin
transport capacity in the stem and,
hence, buds can export auxin and grow.
However, this model remains to be es-
tablished experimentally.[24] It also re-
mains to be clarified whether only the
strigolactones or other downstream me-
tabolites can act as the hormones in the
RMS/MAX/D pathway. The interesting
idea has been put forward that the stri-
golactones might have a principal role in
mediating the detection of nutrient
availability by roots and the resulting al-
terations in shoot architecture. Since
their biosynthesis is promoted by phos-
phate starvation, for example, in toma-ACHTUNGTRENNUNGto,[25] this is probably an adaptive strate-ACHTUNGTRENNUNGgy of plants to synthesize strigolactones
to minimize shoot branching and maxi-
mize the symbiotic interaction with ar-
buscular mycorrhizal fungi that facilitate
the uptake of mineral nutrients. The
seeds of root parasitic plants abuse
these plant-derived chemical signals to
find their potential hosts in the soil.[6–8]


Considering the massive crop losses of
cereals caused by Striga and Orobanche
in developing countries, it would be of
outstanding importance to develop
cheap but highly active synthetic strigo-
lactone analogues (cf. GR24) or to find a
plant variety that can be used to cause
premature germination of the parasitic
plants by exuding high levels strigolac-
tones.[26, 27]


With respect to the tremendous struc-
tural differences between the simple but
bioactive apocarotenoid D’orenone and
the much more elaborated family of stri-


Scheme 2. Postulated pathway for the generation of the novel branch-inhibiting hormone.


Figure 1. Effect of synthetic GR24 on the axillary
bud outgrowth of Arabidopsis. A) 30-day-old
wild-type (WT) and max mutants. Red arrowheads
indicate the outgrowth of axillary buds. Scale
bars = 10 cm. B) The number of axillary shoots
(over 5 mm) is shown as mean� s.d. , n = 12-–16.
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golactones, there seems to exist a large
playground for synthetic chemists to de-
velop new analogues with 1) longer per-
sistence in the field, 2) more selective
windows of activity, or 3) more polar
conjugates that might facilitate trans-
port. Moreover a careful analytical ap-
proach with root exudates and tissues of
the mutant plants will be another prom-
ising strategy to find novel members of
the new family of plant hormones. Since
several RMS/MAX/D loci for strigolactone
biosynthesis have already been discov-
ered, genetic approaches in molecular
breeding could also be used to design
new plant varieties with a reduced risk
of parasite infection. At least under ex-
perimental conditions the rice d10-1
mutant is much less infected by S. her-
monthica than the wild type, and, hence,
confirms the feasibility of this concept in
principal.[5] One could even think of ap-
plications in horticulture of using com-
pounds that alter plant architecture by
producing novel plant habits without
the need for genetic tools and molecular
breeding; however, the latter techniques
promise to be more effective.[28]
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[23] M. Schlicht, O. Šamajov�, D. Schachtschabel,
S. Mancuso, D. Menzel, W. Boland, F. Baluška,
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Enzyme promiscuity is a concept that in recent years
has been gaining prominence in different fields of
enzymology such as biocatalysis, enzyme engineer-
ing or enzyme evolution.[1] Catalytic promiscuity is
defined as the ability of an enzyme to catalyse more
than one chemical transformation.[1b,c] Naturally oc-
curring catalytic promiscuity provides the starting
point for Darwinian evolution of enzymes to perform
new functions, because this process must occur
gradually, with organism fitness being maintained
throughout.[2] Tawfik and co-workers[3] have provided
experimental evidence for the plasticity and “evolva-
bility”[4] of promiscuous functions. These authors
propose a model in which a protein acquires a new
function, without losing the original one, and gene
duplication may follow the emergence of a new
function, rather than initiate it. Besides the intriguing
implications that this theory of divergent molecular
evolution has for protein evolution, its application to
promiscuous enzymes allows enzymes with new cat-
alytic activities to be designed.[5]


A special case of catalytic promiscuity is shown by
metalloenzymes; the range of metallic ions that can
be incorporated in the active site increases the
range of chemical transformations that can be cata-
lysed by the enzyme. Thus, there are several exam-
ples showing that protein modification, either
through the covalent attachment of ligands thatACHTUNGTRENNUNGincorporate metal ions or through incorporation of
the catalytic metal ion alone in a suitable site for co-
ordination, is a strategy that allows enzymes with
either modified or completely new catalytic activities to be ob-
tained.[6]


Here we describe the promiscuous behaviour of the dihy-
droxyacetone (DHA) kinase (DHAK) from Citrobacter freundii
strain CECT 4626. This adenosine-5’-triphosphate (ATP)-depen-
dent DHAK is not only able to catalyse the transfer of the g-
phosphate of ATP to DHA (Scheme 1), but also catalyses the
cyclization of flavin adenine dinucleotide (FAD) (Scheme 1) to
yield riboflavin 4’,5’-cyclic phosphate (4’,5’-cFMN). This catalytic
promiscuity is modulated by the divalent cation that forms the
complex with the phosphorylated substrate.


Although DHAKs are widely distributed in the three biologi-
cal kingdoms, only their roles in the catabolism of glycerol and
in methanol assimilation in microorganisms have been well
characterized.[7] In the bacteria C. freundii strain DSM 30 040,[8]


the entire dha regulon has been cloned and characterized at
the molecular level.[9] The kinetic properties and mechanism of
the corresponding DHAK have been described,[10] and the X-
ray structure of the full-length DHAK in complexation with its


Scheme 1. A) Primary reaction catalysed by DHAK from C. freundii CECT 4626, and B) pro-
miscuous cyclization reaction catalysed in the presence of Mn2 + .
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substrates has been elucidated.[11] This kinase is the only one
known with an all-a nucleotide-binding domain.[12]


From a biocatalytic point of view, ATP-dependent DHAKs
have been given considerable attention because of their feasi-
bility for simple and efficient production of DHAP.[13] We have
reported a multi-enzyme system for one-pot C�C bond forma-
tion catalysed by DHAP-dependent aldolases, based on the
use of the recombinant DHAK from C. freundii CECT 4626, for
in situ DHAP formation.[14] This enzyme (GeneBank Accession
N8 DQ473 522) is a new isoform that differs from the enzyme
of the DSM 30 040 strain by 22 amino acids (see the Support-
ing Information).


During the progress of our own work towards the biochemi-
cal characterization of this enzyme, Cameselle and co-workers
reported the molecular identities of recombinant human and
rat liver purified FAD-AMP lyases (FMN cyclases) as ATP-depen-
dent DHAKs.[15] These authors had previously published a
series of papers in which they identified and characterized this
Mn2+-dependent cyclase activity as the only enzymatic source
of riboflavin 4’,5’-phosphate (cFMN).[16] The physiological role
of this cyclase activity is unclear, because nothing is known
about the biological function of cFMN apart from speculation
that it may be a signalling molecule, a minor redox flavoco-
enzyme, or an intermediate of a degradative pathway for
FAD.[15] Human FMN cyclase displays 39.4 % sequence identity
with the DHAK from C. freundii CECT 4626. We therefore decid-
ed to investigate whether the DHAK also displayed FMN cy-
clase activity (Scheme 1 B).


The time course of the DHAK-catalysed reaction in the pres-
ence of FAD and Mn2 + was followed by HPLC (see the Sup-
porting Information). Chromatograms recorded at different re-
action times showed that the decrease in the FAD peak was
concomitant with the emergence of a new peak, the retention
time of which was coincident with that previously described
for the cFMN.[16] The compound associated with this peak was
purified, and its identity was unequivocally assigned by NMR
and ESI-MS (see the Supporting Information). We were thus in
the presence of an enzyme capable of catalysing two different
reactions that were modulated by the divalent ion used as co-
factor. We presume that the enzyme from the strain DSM
30 040 also presents this cyclase activity because it differs only
in 22 (4 %) amino acids from the protein used throughout this
work (see Figure S10 in the Supporting Information).


The different kinetic parameters for the two reactions and
for the different substrates are summarized in Table 1. The cat-
alytic efficiencies (kcat/KM) of DHAK for the different phosphory-


lated substrates were of the same order of magnitude
(Table 1).


However, the kinase- and cyclase-specific activities are drasti-
cally affected by the metal used as cofactor (Figure 1). Whereas
the kinase activity was almost independent of the metal used,
the cyclase activity was increased almost 50 times when the
cofactor used was Mn2 + .


A detailed analysis of the behaviour of the two activities as
a function of the Mn2+ concentration showed that at low con-
centrations the DHAK is able to catalyse both the phosphoryla-
tion of DHA and the cyclization of FAD (Figure 2). Above about
1.5 mm Mn2+ , however, the kinase activity begins to be inhibit-
ed, while the cyclase activity reaches saturation without any
detection of inhibition by an effect of Mn2+ . Although 1.5 mm


is a concentration of manganese much higher than the intra-
cellular concentration of 10 mm usually assumed in the litera-


Table 1. Summary of the kinetic constants of DHAK from C. freundii CECT
4626 for the natural and the promiscuous activities.[a]


Activity Substrate KM [mm] kcat [s�1] kcat/KM [s�1
m
�1]


kinase DHA 0.0012�0.0003 24.13�0.92 1.98 � 107


kinase Mg-ATP 0.35�0.01 24.02�0.37 6.9 � 104


kinase Mn-ATP 0.65�0.1 24.84�1.1 3.8 � 104


cyclase Mn-FAD 0.017�0.001 0.47�0.02 2.8 � 104


[a] Kinetic parameters calculated at 25 8C


Figure 1. Specific activities (U mg�1) for the natural and promiscuous reac-
tions catalysed by DHAK in the presence of Mg2 + or Mn2+ . Activities were
measured at 25 8C with metal concentrations of 12 mm. In the kinase reac-
tion with Mn2 + , a concentration of 1.35 mm was used to avoid inhibition
by manganese excess (see Figure 2).


Figure 2. Natural and promiscuous activities catalysed by DHAK as function
of Mn2 + concentration. *) Kinase activity; *) cyclase activity. Relative activi-
ties (vrel) are represented for easier comparison.
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ture,[17] the Mn2 + uptake systems of enterobacteria can in-
crease cytoplasmic concentrations of Mn2 + over at least two
orders of magnitude up to 1–3 mm on a timescale as short as
a minute.[17, 18] Therefore, the cytoplasmic concentration of
Mn2+ could act as a real switch that turns the kinase activity
off when the cyclase activity reaches its maximum. The ob-
served specificity modification induced by the change from
magnesium to manganese could be due to the greater flexibil-
ity of Mn2 +–ligand bonds—both in length and in angle—that
allows the binding of FAD in the ATP active site.[17]


Because of the structural similarities between ATP and FAD,
it seems to be logical to assume that the promiscuous activi-
ties may occur in the ATP binding site of DHAK. To corroborate
this hypothesis, we performed a series of inhibition and dock-
ing studies (see the Supporting Information). The results, sum-
marized in Table 2, showed that FAD and ATP were competing
through the same binding site, because ATP is a strong com-
petitive inhibitor of cyclase activity, whereas DHA is a poor un-
competitive inhibitor. Furthermore, adenosine monophosphate
(AMP)—a moiety shared by both ATP and FAD—is a competi-
tive inhibitor of both activities.


On the other hand, the behaviour of FAD as an inhibitor was
more complex, and showed a mixed inhibition pattern in
which the competitive component was stronger than the un-
competitive one (Figure 3).


This behaviour could be explained if FAD were bound to the
active centre in two sub-sites, one of them coincident with the
ATP binding site and the other probably associated with the
bound isoalloxazine ring of the FAD. This interpretation was


supported by docking studies. Figure 4 shows the minimized
FAD bound in the ATP binding site of the DHAK from
C. freundii strain DSM 30 040 (PDB ID: 1un9).[11] The phosphate


groups of FAD are positioned similarly to the ATP phosphates
in the crystal structure, and are coordinated by two Mg2+ cen-
tres together with the g-carboxyl groups of aspartyl residues
(Asp380, Asp385 and Asp387). Asp385 is at hydrogen bond
distance (3.0 �) from the �OH(5) involved in the cyclization of
FAD.[16b] Besides these residues, Val434 and Gly113, which do
not participate in the binding of ATP, could be interacting with
the isoalloxazine ring of the FAD.


Interestingly, the kinetic parameters of the FMN cyclase ac-
tivity determined for the DHAK from C. freundii CECT 4626 are
quite different from those reported by Cameselle and co-
workers for the rat liver enzyme.[16b] The results, summarized in
Table 3, clearly shown that the rat liver enzyme is much more
efficient as a cyclase that the bacterial enzyme. Thus, the kcat/
KM value for the rat enzyme is more than one order of magni-
tude higher than the value for the C. freundii enzyme. On the


Table 2. DHAK inhibition studies.


Activity/ Type of inhibition[a] (ki [mm])
substrate DHA ATP FAD AMP


kinase/Mg-ATP N.I. – – C.I. (10.2)
kinase/Mn-ATP N.I. – M.I. (kic = 0.5) C.I. (71.8)ACHTUNGTRENNUNG(kiu=3.0)
cyclase/Mn-FAD U.I. (576) C.I. (0.2 � 10�3) – C.I. (3.52)


[a] C.I. = competitive inhibition; U.I. = uncompetitive inhibition; M.I. =
mixed inhibition; N.I. = no inhibition.


Figure 3. A) Hanes–Woolf plot from DHAK kinetics in the presence of several FAD concentrations. B) and C) are secondary plots used to calculate kiu and kic.


Figure 4. FAD (colour by element) and ATP (cyan) docked into the ATP bind-
ing site of DHAK enzyme (stick) from C. freundii strain DSM 30 040 (PDB ID:
1un9).[11] Green: The amino acids that interact both with ATP and with FAD.
Black: Those that only interact with ATP, and red: those residues that interact
only with the FAD.


ChemBioChem 2009, 10, 225 – 229 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 227



www.chembiochem.org





other hand, rat liver DHAK maintains a level of kinase activity
of the same order as that of the Citrobacter enzyme,[15] indicat-
ing that the change in the promiscuous activity does not
come at the expense of the native function.[3]


From their amino acid sequences, the DHAKs from Citrobact-
er, plants and mammals are grouped into the same branch
(Figure 5 and ref. [7]), although the relationships between


classes are unreliable, as shown by the branching order at the
centre of this unrooted tree. Our results could suggest that en-
zymes in this separate branch have been undergoing a process
of divergent molecular evolution, along which the promiscu-
ous function acquired higher activity and specificity. To support
this hypothesis, however, it would be necessary to analyseACHTUNGTRENNUNGenzymes on the other branches to see whether they exhibit
cyclase activity and at what levels.


In conclusion, we have described the natural promiscuous
behaviour of the DHAK from Citrobacter freundii CECT 4626.
This catalytic promiscuity is modulated by the divalent cation
that forms the complex with the phosphorylated substrate.
Through kinetic and docking studies, we have demonstrated
that both activities are linked to the same binding site. These
results suggest that a new function has evolved in nature
through recruitment of an existing promiscuous activity and its
gradual improvement[2, 3] and is currently maintained as a sec-
ondary function of DHAK.[19]
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Design of Cell-Surface-Retained Polymers for Artificial Ligand Display


Ryosuke Kamitani,[b] Kenichi Niikura,*[a] Takaharu Okajima,[c] Yasutaka Matsuo,[a] and Kuniharu Ijiro*[a]


Cell surface engineering remains an important field in biotech-
nology and medical science, as these techniques allow theACHTUNGTRENNUNGaddition of tailored systems into cells and thus enable the
modification or regulation of cellular behavior through artificial
signals.[1] Several approaches to the engineering of the mam-
malian cell surface have been explored. For example, metabol-
ic incorporation of oligosaccharide precursors allows for subse-
quent covalent attachment of desired synthetic epitopes onto
the cell surface.[2] Recently, several groups have reported the
noncovalent display of synthetic molecules on the cellular sur-
face by passive insertion using lipid-tethered molecules.[3, 4]


These methods will be applicable for wide range of cell types,
and they cause less perturbation of inherent signal transduc-
tion. Peterson and co-workers have shown that the non-natu-
ral membrane anchor, N-alkyl-3b-cholesterylamine, acts as an
artificial receptor for efficient drug delivery when linked to the
binding motifs for proteins and drugs.[3] Added ligands are rap-
idly delivered into the cell through receptor-mediated endo-ACHTUNGTRENNUNGcytosis. Nagamune and co-workers have also reported the use
of PEG-lipids with a single functional group attached on the
termini of the PEG chain to anchor proteins.[4]


Our aim is to create molecules that can be retained on the
cell surface for a long period and function as an effective scaf-
fold for the display of artificial recognition sites on the cellular
surface. In this paper, we report our finding that the addition
of secondary amino groups to the polymer backbone affords
increased retention time on the cell membrane without rapid
internalization (Figure 1). Introduction of a lipid moiety to the
end of the secondary amine-containing polymer enhanced
binding of the polymer on the cell surface but did not affect
localization in the cells. Confocal laser scanning (CLS) microsco-
py and flow cytometry analysis revealed that the secondary
amine-containing polymers were retained on the cell surface
for over 12 h. In contrast, primary amine-containing polymers
were rapidly internalized. These secondary amino group-con-


taining polymers can act as an effective scaffold for the display
of artificial ligands on the cell membrane. Ligands displayed
on the surface of HeLa cells can efficiently participate in sur-
face binding, thus affording a new technique for the control of
cell adhesion events through the specific recognition of these
ligands.


We synthesized the epoxide-bearing, lipid-tethered polymer
3 (Mn : 12 520, Mw: 17 555, polydispersity index: 1.40) by atom
transfer radical polymerization (ATRP) with oleyl initiator 1
(Scheme 1). The lipid moiety was tethered to poly(glycidyl
methacrylate) (PGMA); PGMA is of great interest, as its further
modification with epoxide groups would offer a simple syn-
thetic route to the introduction of a variety of functional
groups into a polymer chain.[5] The oleyl chain was employed
as a membrane anchor because it did not affect cell signal-
ling.[4] Oleyl-PGMA 3 was conjugated with FITC and subse-
quently reacted with ethanolamine, ammonium or sulfuric acid
to provide labeled polymers 5, 6 and 7, respectively. After cou-
pling with ethanolamine, the polymer has a positive charge
(due to secondary amino groups) and is water soluble.[6] The
primary amino groups were introduced to the polymer side
chain through a reaction in ammonia solution.[7] The acid-cata-
lyzed epoxide-opening reaction provides a water-soluble non-
ionic polymer.[8] Cationic polymers 5 and 6 and nonionic poly-
mer 7 were incubated separately with HeLa cells for 10 min,
and the localization of the polymer was observed by using CLS
microscopy. As shown in Figure 2 A, strong fluorescence was
observed at the periphery but not in the cytoplasm of cells
after incubation with polymer 5. Relative fluorescence intensi-
ties of FITC and Hoechst 33 342 along the dotted lines drawn
on the image clearly demonstrate the retention of polymer 5
on the cell surface (Figure 2 B). On the other hand, cationic po-
lymer 6, which has primary amino groups, was rapidly taken
up into the cell (Figure 2 A). It is well known that cationic poly-
mers are rapidly internalized into cells, and thus they have tra-
ditionally been used as DNA transfection reagents.[9] In fact,
highly positively charged polymers, such as polyethyleneimine
(PEI, Mw =~10 000) and poly-l-lysine (PLL, Mw: 30 000–70 000),


Figure 1. Modification of the cell surface by using cell membrane-retained
cationic polymers.
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were immediately internalized into the cells (see the Support-
ing Information). Therefore, we speculated that unlike the pri-
mary amine-displaying cationic polymers, secondary amine-dis-
playing polymer 5 does not induce rapid endocytosis due to
its weak charge interaction with the cell-surface membrane.
No fluorescence was observed after the addition of nonionic
polymer 7 (Figure 2 A). In order to investigate the effect of the
terminal hydroxyl group on the side chain of polymer 5, we
synthesized polymer 8, which has a number of the ethyl
groups on its side chain. After its addition to HeLa cells, poly-
mer 8 was localized on the surface of cells in a similar manner
to that of polymer 5 (Figure 2 A). These results indicate that
the binding of the polymer is caused by charge-mediated in-
teractions between the cationic charge of the polymer and the
negatively charged cell membrane. Interestingly, polymer 9,


which has a short anchoring moiety constructed by the substi-
tution of an oleylamine to an ethoxy group, also bound to the
cell membrane. These data indicate that the presence of sec-
ondary amines, rather than the anchoring effect of the lipid
moiety, is essential for polymer retention on the membrane.
Quantitative flow cytometry revealed that the binding of poly-
mer 5 was four-fold higher than that of polymer 9 (Figure 2 C).
This shows that the lipid moiety of these polymer acts as an
anchor to the membrane. However, we believe that the lipid
moiety is effective in increasing the initial rate of plasma mem-
brane modification due to its hydrophobic character, but has
little effect on the retention of the polymer on the cell surface.


We analyzed the effects of polymer 5 on the endocytosis of
HeLa cells. Baba et al. have reported that endocytosis of trans-
ferrin through the transferrin receptor was inhibited in poly-ACHTUNGTRENNUNG(ethylene glycol)-linked cholesterol-treated cells.[10] Using the
same assay system, we tested the endocytosis of AlexaFluor
546-labelled transferrin after the addition of polymer 5. In poly-
mer 5-treated cells, internalization of transferrin was almostACHTUNGTRENNUNGtotally blocked (Figure 3 A), whereas, without the addition of
polymer 5, transferrin immediately accumulated inside the
cells (Figure 3 B). These results indicate that the endocyticACHTUNGTRENNUNGactivity of cells was impaired because the cationic polymer 5
fully covered the cell surface.


The molecular weight of a polymer is also an important
factor in determining cellular uptake. Small molecules such as
fluorescein-labeled 1,2-dioleoyl-sn-glycerol-3-phosphoethanol
amine (FITC-DOPE, Avanti Polor Lipids, Inc.) are rapidly taken
into the cell by passive diffusion (Supporting Information).
Thus, we investigated the effect of the molecular weight of the
polymer on its retention time on the cellular plasma mem-
brane. Three biotin-labeled polymers 10 a–c, with different mo-
lecular weights (51 900, 19 400 and 8640, respectively) were
prepared. Since FITC-labeled streptavidin is only accessible to
biotin displayed on the cellular surface (Supporting Informa-
tion), the amount of membrane-retained polymer can be esti-
mated. After treatment of HeLa cells with polymer 10 a–c, incu-
bation for 0–12 h, and the subsequent addition of FITC-avidin,
flow cytometry analyses were carried out as a function of time
(Figure 4). In the case of polymer 10 a (Mw: 51 900), one-fourth
of the polymer was retained on the membrane after 2 h, and
more than 10 % of the polymer was retained even after incuba-
tion for a period of more than 12 h. Approximately 5 % of poly-
mer 10 b (Mw: 19 400) remained after 12 h, whereas polymer
10 c (Mw: 8640) was removed from the cell surface within 6 h.
These results indicate that increasing the molecular weight of
the polymer increases its retention time on the plasma mem-
brane. As a control, we performed the same experiment using
biotin-labeled DOPE (Mw: 992, Avanti Polor Lipids, Inc.). Due to
its rapid internalization, we could not accurately follow the
time-course as we did in Figure 4. However, after incubation
for 30 min with biotin-labeled DOPE, no binding of the FITC-
avidin was observed. These results indicate that small mole-
cules such as DOPE are not retained on the cell plasma mem-
brane, but rapidly migrate into the cells within a few minutes.
This result corresponds with that observed in the CLS images
taken the addition of FITC-DOPE.


Scheme 1. Synthetic scheme and chemical structures of cell membrane re-
tained-cationic polymers.
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The number of biotin molecules displayed on the cell sur-
face after addition of polymer 10 a was calculated to be 7.34�
0.20 � 108 biotin moieties per cell by using a 2-[4’-hydroxyazo-


benzene]benzoic acid (HABA)
displacement assay.[11] Assuming
that HeLa cells are spherical
bodies with a diameter of
22 mm, the cell surfaces were es-
timated to be completely cov-
ered with biotin molecules. For
the further application of these
polymers to live cell studies, we
assessed their toxicity using a
lactate dehydrogenase (LDH) re-
lease assay (Supporting Informa-
tion). According to these studies,
the addition of polymer 5 and
10 a up to a concentration of
100 mg mL�1 and for as long as
24 h had little effect on cell via-
bility.


By using the molecular recog-
nition of the ligands displayed
on the cell surface, we tested
the potential application of this
method for the control of cell
adhesion events. The controlled
immobilization of cells onto a
defined surface is an important
step toward the development of
array-based cellular analytical
systems, drug screening plat-
forms and tissue engineering.[12]


In many cases, cell-micropatterns
have been made by employing
naturally adhering ligands, such
as RGDS peptides and fibronec-
tin.[13] It has been, therefore, dif-
ficult to extend this approach to
a wide range of cell types that
do not have such specific recep-
tor ligands. We demonstrate the
fabrication of a cell-micropattern


Figure 2. A) CLS and differential interference contrast (DIC) microscopy images of live HeLa cells treated with sec-
ondary amine-displaying cationic polymer 5, primary amine-displaying cationic polymer 6, nonionic polymer 7,
and polymers 8 and 9 for 10 min. The nuclei of the cells were stained with Hoechst 33 342 before imaging. B) The
relative fluorescence intensities of FITC and Hoechst 33 342. Position (x-axis) refers to the location on the dotted
red line shown in A) for polymer 5. C) Flow cytometry analysis of the HeLa cells treated with polymers 5 and 9.


Figure 3. Effect of a cell surface-retained polymer on the endocytosis of
HeLa cells. CLS and DIC microscopy images of A) polymer 5-treated HeLa
cells and B) native HeLa cells (control) after incubation with AlexaFluor 546-
labeled transferrin for 10 min.


Figure 4. Effect of polymer molecular weight on cellular retention time.
HeLa cells were treated with polymers 10 a–c, washed, incubated for the
time shown on the x-axis, and then FITC-avidin was added. The values were
normalized to the mean fluorescence intensity at t = 0. Results are expressed
as mean �SD (n = 3).
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based on the biotin-streptavidin interaction between biotin
displaying-cells and a streptavidin-patterned substrate. Biotin-
grafted polymer 10 a-treated HeLa cells were seeded on an
avidin-patterned surface (Figure 5 A). Figure 5 B clearly shows


that the HeLa cells only adhered to the avidin-immobilized re-
gions. No patterned immobilization was observed using native
HeLa control cells. In Figure 5 C, polymer 10 a-treated cells im-
mediately adhered to the avidin-immobilized region but not to
the bovine serum albumin (BSA)-immobilized region. After in-
cubation for 24 h, the cells were only spread over the avidin-
immobilized region. These data demonstrate that ligands dis-
played on the cell surface can efficiently participate in surface
binding.


In summary, we propose a cell surface modification method
based on the use of the synthetic polymers that can beACHTUNGTRENNUNGretained on the cell surface without rapid internalization. The
systematic synthesis of polymers revealed that the introduction
of secondary amines into the polymer significantly elongates
their retention time on the cellular membrane. Our data sup-
port that the localization of polymers on the cellular mem-
brane is due to electrostatic interaction between the secon-
dary amine and the negative-charged cell surface rather than


through the effect of the terminal hydroxyl group. Attachment
of a lipid moiety to the polymer enhanced binding to the cell
membrane due to its hydrophobicity. Furthermore, our secon-
dary amine-containing polymers showed almost no cytotoxici-
ty. Thus, these molecules can act as an effective scaffold for
the display of artificial ligands; this provides a basic methodol-
ogy through which to control cellular behavior, including spe-
cific cell attachment and cell–cell contact.
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Figure 5. A) Schematic illustration of site-specific immobilization of Hela cells
through interaction with biotin-avidin. B) Phase contrast images of : 1) poly-
mer 10 a-treated cells ; 2) non-treated HeLa cells (control experiment). Fluo-
rescent images of FITC-avidin were merged. C) Phase contrast images ofACHTUNGTRENNUNGpolymer 10 a-treated HeLa cells cultured on the patterned surface. The left
region of the substrate was coated with streptavidin, and the right region
was treated with BSA.
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Exploring Kinase Cosubstrate Promiscuity: Monitoring Kinase Activity
through Dansylation


Keith D. Green[b] and Mary Kay H. Pflum*[a]


Kinases catalyze protein phosphorylation, which is a key event
in cell signalling. Importantly, kinases are targeted by a
number of drugs in clinical trials for cancer, rheumatoid arthri-
tis, and immunosuppression.[1] Because kinases and protein
phosphorylation play fundamental roles in disease, methods to
monitor kinase activity and substrates are needed.


We recently described a phosphoprotein-labelling reaction
that couples kinases with an analogue of the adenosine 5’-tri-
phosphate (ATP, 1 a) cosubstrate. Specifically, ATP conjugated
to biotin through the g-phosphate (ATP-biotin) served as a
kinase cosubstrate, which allowed phosphoprotein biotinyla-
tion in vitro and in cell lysates.[2] The studies with ATP-biotin
raise the possibility that cellular kinases generally tolerate g-
phosphate-modified ATP analogues (Scheme 1 A) as cosub-


strates. Cosubstrate promiscuity is documented with multiple
protein-modifying enzymes, including farnesyltransferase,[3]


transglutaminase,[4] galactosyltransferase,[5] N-acetyltransfer-
ase,[6] DNA methyltransferase,[7] and phosphopantetheinyl
transferase (PPtase).[8] To explore kinase cosubstrate promiscui-
ty, we hypothesized that additional g-phosphate-modified ATP
analogues would be compatible with kinase-catalyzed label-
ling.


We describe here a kinase-catalyzed dansylation reaction for
fluorophore labelling of phosphopeptides and phosphopro-
teins; this reaction substantiates the cosubstrate promiscuity
of kinases. Specifically, a commercially available g-phosphate-
modified ATP analogue, ATP-dansyl (1 c ; dansyl = 5(-dimethyl-ACHTUNGTRENNUNGamino)naphthalene-1-sulfonyl), was coupled with three kinase
substrate peptides containing serine (3), threonine (4), or tyro-
sine (5), and three kinases, cAMP-dependent protein kinase
(PKA), casein kinase II (CK2) and Abelson tyrosine kinase (Abl).
In all cases, ATP-dansyl served as a kinase cosubstrate, convert-
ing each peptide to its corresponding dansylated phosphopep-
tide (Scheme 1 B), as assessed by MALDI-TOF MS (Table 1). To


determine the efficiency of the dansylation reaction, we em-
ployed quantitative MS analysis (Scheme S1 in the Supporting
Information). After incubation with the corresponding kinase
and either ATP (1 a) or ATP-dansyl (1 c), the phosphopeptide
products were isotopically labelled through esterification as
previously described,[2, 9] and the dansyl group was removed
with acid (Scheme 1 B). By comparing the two isotopically dif-
ferentiated phosphopeptides using MALDI-TOF MS, the ATP-
dansyl reactions demonstrated 81–91 % conversion compared
to the ATP reactions (Table 1 and Figures S1–S3 in the Support-
ing Information). The data indicate that kinase-catalyzed dansy-
lation is compatible with the three natural hydroxyl-containing
residues and three kinase enzymes, similar to results previously
observed with ATP-biotin.[2]


We next tested compatibility of the kinase-catalyzed dansy-
lation reaction with a full-length protein substrate. Full-length
b-casein was incubated with ATP-dansyl (1 c) and CK2, trypsin-
digested, and analyzed by quantitative MALDI-TOF MS analysis.
Dansylation of the b-casein peptide (FQpSEEQQQpTEDELQDK)
occurred with 54 % conversion compared to the ATP reaction
(Figure S4 in the Supporting Information). The data indicate
that kinase-catalyzed dansylation is compatible with a full-
length protein substrate.


Scheme 1. Kinase-catalyzed dansylation. A) General structures of g-phos-
phate-modified ATP analogues. B) ATP-dansyl (1 c) acts as a kinase cosub-
strate to enable phosphorylation-dependent dansylation of peptides and
proteins. Incubation with acid (2 n HCl or 50 % TFA) cleaves the dansyl label.


Table 1. MALDI-TOF MS data of peptides 3–5 after incubation with ATP-
dansyl and PKA, CK2, or Abl kinase.


Dansylated peptide
Peptide substrate Kinase Calcd Obsd[d] Conversion[e]


(3) LRRTSIIGT PKA 1411.73[a] 1412.06 91 %
(4) RRREEETEEE CK2 1851.66[b] 1851.55 81 %
(5) EAIYAAPFAKKK Abl 1731.87[c] 1731.51 87 %


[a] Calculated mass [M�H]� . [b] Calculated mass [M+K+Fe]+ . [c] Calculat-
ed mass [M�H]� . [d] Observed mass based on MALDI-TOF MS analysis.
[e] Percentage conversion was determined using quantitative MS by com-
paring to ATP phosphorylation (100 %). See Figures S1–S3 in the Support-
ing Information.
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To characterize the efficiency of the dansylation reaction, ki-
netics measurements were obtained with the kemptide pep-
tide (LRRASLG) and PKA using an enzyme-coupled assay (Fig-
ure S5 in the Supporting Information).[10, 11] ATP demonstrated
KM and kcat values consistent with previous reports.[12, 13] ATP-
dansyl (1 c) displayed a similar KM compared to ATP (Table 2).


The data indicate that the g-phosphate modification does not
interfere significantly with kinase binding. In contrast, ATP-
dansyl displayed a 9.1-fold reduced kcat value compared to
ATP; this reduction suggests that phosphoramidate transfer
with ATP-dansyl is not as rapid as phosphate transfer with ATP,
or the dansyl group at the g-phosphate interferes with sub-
strate binding or the catalytic mechanism. While ATP-dansyl is
a less efficient cosubstrate than ATP, dansylation with ATP-
dansyl demonstrated catalytic efficiency (kcat/KM) similar to thio-
phosphorylation with ATP-gS (1 b- Table 2).[12] Because ATP-gS
is documented for phosphoprotein labelling,[14–16] the kinase-
catalyzed dansylation occurs with catalytic efficiencies appro-
priate for future applications.


Having established the kinase-catalyzed dansylation reaction,
we developed a kinase activity assay in which dansylation of a
fluorophore-labelled peptide substrate promotes fluorescence
resonance energy transfer (FRET; Figure 1 A). Specifically, the
Abl substrate peptide 5 (Table 1) was synthesized with a 5(6)-
carboxy-X-rhodamine (ROX) fluorophore attached at the amino
terminus (ROX 5, Figure 1 A). The expectation was that kinase-
catalyzed dansylation would position the two fluorophoresACHTUNGTRENNUNGappropriately for FRET (peptide 6, Figure 1 A). To test the assay,
the ROX 5 peptide was incubated with ATP-dansyl (1 c) in the
presence and absence of Abl kinase and FRET was monitored.
In the presence of recombinant Abl, a 30�5 % increase in
emission fluorescence was observed compared to the reaction
without kinase activity (Figure 1 B, columns 1 and 2; Table S1
and Figure S7 in the Supporting Information), which indicates
that the FRET assay is sensitive to kinase activity. The 30 % in-
crease is consistent with previous FRET-based kinase assays in
which 10–60 % signal changes are reported.[17–19] To further
confirm the quantitative nature of the FRET assay, kinetics
measurements were performed. The catalytic efficiency (kcat/KM)
was similar with ATP-dansyl whether using the enzyme-cou-
pled or FRET assay (Table 3). Consistent with results observed
with PKA, ATP-dansyl displayed a 6.2-fold reduced kcat value
compared to ATP (Table 3, Figure S6 in the Supporting Informa-
tion). The combined data indicate that the FRET assay based
on kinase-catalyzed dansylation reproducibly and quantitative-
ly monitors kinase activity.


Kinases are the targets of multiple small-molecule inhibitor
drugs. As a result, identification of inhibitors of kinase activity
is an important area of pharmaceutical research. To determine
if the FRET assay is appropriate for drug screening, known
kinase inhibitors were preincubated with Abl before addition
of the ROX 5 peptide and ATP-dansyl. While a 30 % increase in
emission fluorescence was observed in the absence of inhibitor
(Figure 1 B, column 2), no increase in emission fluorescence
was observed in the presence of staurosporine, a general
kinase inhibitor[20] (Figure 1 B, column 3; Table S1 in the Sup-
porting Information). Similar results were seen with imatinib
(STI-571; Figure 1 B, column 4), which has preference for Abl[20]


and is used clinically to treat chronic myeloid leukemia.[21] In
contrast, the emission fluorescence was similar in the absence
or presence of 5,6-dichloro-1-b-d-ribofuranosyl benzimidazole
(DRB), an inhibitor with preference for CK2 kinase[22] (Figure 1 B,
compare columns 2 and 5). These results indicate that the
FRET assay is sensitive and selective for Abl kinase inhibitors,
and thus, it is appropriate for drug screening.


Table 2. Kinetic constants of PKA and kemptide with ATP, ATP-gS or ATP-
dansyl as the cosubstrate.[a]


Cosubstrate KM [mm] kcat [s�] kcat/KM [s�1 mm
�]


ATP 24�5 3.9�0.5 160
ATP-gS 266�19 6.5�0.7 24
ATP-dansyl 23�2 0.41�0.05 18


[a] Based on three independent trials with standard error shown.


Figure 1. FRET-based kinase activity assay. A) The ROX-peptide 5 (ROX-5,
Table 1) was dansylated by Abl and ATP-dansyl to create peptide 6 ; B) and
C) Normalized fluorescence intensity at 595 nm after excitation at 360 nm
with ROX 5, ATP-dansyl, and the indicated reaction components in B) 84- or
C) 96-welled plates, respectively, where “lysates” indicates HeLa cell lysates.
The average of three trials with standard error is shown.


Table 3. Kinetic constants of Abl with ATP or ATP-dansyl as the cosub-
strate.[a]


cosubstrate KM [mm] kcat [s�1] kcat/KM [s�1 mm
�1]


ATP[b] 51�7 6.9�0.8 130
ATP-dansyl[b] 115�5 1.1�0.1 9.6
ATP-dansyl[c] 39�5 0.28�0.10 7.2


[a] Based on three independent trials with standard error shown. [b] De-
termined using the enzyme-coupled assay with peptide 5. [c] Determined
using the FRET assay with ROX 5 peptide.
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Fluorescence-based kinase assays have been used to detect
kinase activity in mammalian cells and lysates for drug design
and disease characterization.[23–29] To further assess the utility of
the FRET assay, we monitored Abl kinase activity in HeLa cell ly-
sates. In this case, a 32�2 % increase in emission fluorescence
was observed compared to the reaction without lysates (Fig-
ure 1 C, columns 6 and 7; Table S2 in the Supporting Informa-
tion). Similar to experiments with recombinant Abl, staurospor-
ine inhibited kinase activity and resulted in a loss of fluores-
cence emission (Figure 1 C, column 8; Table S2). These studies
indicate that the FRET assay is capable of monitoring cellular
kinase activity and is compatible with drug screening using ly-
sates. Significantly, these studies establish that cellular kinases
accept ATP-dansyl to label substrates, which corroborates the
cosubstrate promiscuity of kinases.


In summary, we have established a kinase-catalyzed dansyla-
tion reaction with ATP-dansyl as a cosubstrate. The reaction is
compatible with peptide or full-length protein substrates and
kinases from cell lysates. In addition, the kinase-catalyzed dan-
sylation reaction is appropriate for use in FRET-based kinase ac-
tivity and inhibition assays. Because kinases are the targets of
a variety of clinical drugs, the FRET assay can be applied to-
wards monitoring kinase activity in diseased states and facili-
tating drug screening efforts. Combined with the kinase-cata-
lyzed biotinylation reaction,[2] the results establish that cellular
kinases tolerate g-phosphate-modified ATP analogues as co-
substrates. With the critical role of kinases in signalling and dis-
ease, these studies pioneer development of chemical tools
monitoring kinase activity and protein phosphorylation.


Experimental Section


All kinase-catalyzed dansylation reactions were performed as previ-
ously described.[2] In this case, to create a dansylated phosphopep-
tide product, ATP-dansyl (2 mm, Affinity Labeling Technologies Inc. ,
Lexington, KY, USA) was used after evaporation of the methanol
storage solvent. All MALDI-TOF MS and quantitative data was gen-
erated as previously described.[2] For the FRET assay, ATP or ATP-
dansyl (0.6–1 mm), peptide (35–100 mm), and either Abl kinase (20
units mL�1) or HeLa cell lysates (32 mL of 6 mg mL�1) were combined
in the manufacturer’s kinase buffer and incubated at 30 8C for 2 h.
The reactions were transferred to a 96- or 384-well plate and the
fluorescence signal due to FRET emission at 595 nm was observed
after excitation at 360 nm using a GENios Plus Fluorimeter (Tecan,
M�nnedorf, Switzerland). In reactions containing kinase inhibitors,
inhibitor (a final concentration of 30 mm for staurosporine and DRB
or 1 mm for imatinib) was preincubated for 10 min with kinase
prior to reaction. Kinetics experiments with the enzyme-coupled
assay[30, 31] were performed with kemptide (1.29 mm, LRRASLG) in
the presence of ATP-dansyl (5–250 mm), ATP-gS (5–2000 mm), or ATP
(5–2000 mm) with PKA (2.4 units mL�1). In the reactions with Abl,
peptide 5 (1.29 mm) was incubated with Abl (1.6 units mL�1) under
identical conditions. Absorbance at 360 nm was taken every
minute for 20 min. In the case of the FRET kinetics analysis, Abl
(1.6 units mL�1) and ROX-peptide 5 substrate (1.25 mm) were incu-
bated with ATP-dansyl (5–250 mm) in provided manufacturer’s
buffer in a 384-well plate format. Measurements of FRET were
taken every two minutes for 30 min, using an excitation wave-
length of 360 nm and an emission of 595 nm. Additional experi-


mental details, MALDI-TOF MS and FRET data, and kinetics meas-
urements are available in the Supporting Information.
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Research in the field of noncoding functional RNA sequences
has flourished over the past two decades and has showcased
the utility of these nucleic acids, which extends beyond their
traditional roles as being the workhorses behind protein trans-
lation. A search through the intergenic regions of prokaryotic
genomes has unveiled a class of important regulatory ele-
ments, known as small RNAs (sRNAs). As their names imply,
these RNA sequences are relatively short, typically ranging
from 50 to 400 nucleotides (nt) in length. In the E. coli genome
alone, over 80 sRNA sequences have been discovered by using
a combination of bioinformatics and experimental techniques,
though the function of many of these sequences remains un-
known.[1] Of the sRNAs that have been characterized to date,
the majority of them interact with mRNA targets, thereby mod-
ulating their translation initiation or their stability upon bind-
ing.[2] Another subset of sRNAs can regulate the activity of pro-
tein targets or function as a part of a protein–sRNA complex.[2]


Together, these tiny elements govern a number of bacterial
stress response pathways[3] and they have been linked to path-
ogenicity in virulent species.[3–7] Due to the substantial role of
sRNAs in maintaining cellular homeostasis and viability, disrup-
tion of their expression is expected to have deleterious effects
on the cell.


Previously, screening for lethal or growth defective pheno-
types upon the overexpression of antisense RNA sequences
was used to identify essential genes in Staphylococcus
aureus.[8, 9] Here, we implemented a similar approach in an
effort to develop a method to isolate sRNA sequences with
critical regulatory functions in E. coli. We adopted a tetracy-
cline-inducible system to regulate the expression of the sense
and antisense sequences of twelve sRNAs. These sequences
were cloned into pNYL-MCS11, a plasmid derived from pZE21-
MCS1, which is described in an earlier study.[10] The optimized
ribosome binding site from the plasmid was removed prior to
cloning, such that the sense and antisense sRNAs would be
transcribed but not translated when their expression is in-
duced in the presence of anhydrotetracycline (Atc), an ana-
logue of tetracycline that appears to be a more potent yet less


toxic inducer.[11] Analyses were subsequently performed in
E. coli strain DH5aZ1, which has been engineered to endoge-
nously express the TetR repressor (Scheme 1).[10] Of the sRNAs
that were screened, three have been extensively studied and
have been shown to regulate different cellular processes
(Table 1). These candidates were chosen in order to examine
the physiological effects associated with their up- and down-
regulation. The functions of the remaining nine sequences
have not yet been characterized. As such, we wish to probe
into their biological roles through this screen. Overexpression
of all twelve sense sRNA sequences did not affect cell growth


Scheme 1. Overview of the screening approach adapted for the identifica-
tion of sRNA sequences with critical functions. Sense and antisense sequen-
ces of twelve sRNAs were cloned into pNYL-MCS11 downstream of a tetra-ACHTUNGTRENNUNGcycline-inducible promoter. This construct was then transformed into E. coli
by electroporation. Lethal phenotypes linked to the overexpression of the
sequences was screened by inducing their synthesis with Atc.


Table 1. List of sRNA sequences screened.


sRNA Length [nt] Adjacent genes Function Refs.


1 SraD/MicA 75 luxS/gshA regulates expression [12, 15]


of the OmpA outer
membrane protein


2 SraI/RyhB 90 yhhX/yhhY regulates expression [12, 16]


of iron-storage and
iron-containing
proteins


3 SsrA/ 363 smpB/intA rescue of stalled [12, 17]


tmRNA/ ribosomes in complex
PsrD with SmpB


4 RygC/T27/
QUAD1c


140 ygfA/serA unknown [12, 14]


5 SraB/
Pke20


169 yceF/yceD unknown [12]


6 SraC/
RyeA/


249 pphA/yebY unknown [12, 14]


Tpke79/
ISO091


7 Tpke11 89 dnaK/dnaJ unknown [12, 18]


8 C0067 125 yafT/yafU unknown [12, 19]


9 C0293 73 Icd/ymfD unknown [12, 19]


10 C0299 79 hlyE/umuD unknown [12, 19]


11 C0465 78 tar/chew unknown [12, 19]


12 C0719 222 glcA/glcB unknown [12, 19]
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(Figure 1, top panel). On the other hand, inducing the expres-
sion of their antisense counterparts led to the discovery of one
sequence that can suppress cell growth when it is overex-
pressed (Figure 1, bottom panel). This sequence corresponded
to the antisense of the RygC sRNA.


Located in the intergenic region between ygfA and serA in
the E. coli genome, rygC was shown to be conserved in Salmo-
nella typhimurium and in Shigella flexneri through primary se-
quence alignments.[12] Secondary structure analyses indicated
that it belongs to the QUAD 1 family of RNA structural
motifs.[13] Northern hybridization analysis revealed that RygC is
expressed in vivo and its expression is elevated during station-
ary phase growth and in cells growing in minimal media.[14]


However, its function is still unknown. Herein, we seek to eluci-
date the function of RygC and the rationale behind antisense
RygC (rRygC)-induced growth suppression.


In our initial screen, as shown in Figure 1, the consequences
of antisense sRNA overexpression were qualitatively evaluated
on solid media approximately 16 h following induction by Atc.
Monitoring the growth of E. coli in liquid media demonstrated
that growth inhibition caused by rRygC overexpression was
not evident until 3 h after induction (Figure 2). The growth of
cells carrying pNYL-MCS11 without the rRygC insert was unaf-
fected in the presence of 200 ng mL�1 of Atc. The delay in the
onset of antisense-induced lethality might be a reflection of
the time needed to express a sufficient quantity of rRygC,ACHTUNGTRENNUNGallowing it to disrupt the regulatory function of sense RygC or
other physiological activities.


As a first step towards understanding the mechanism
behind rRygC-induced growth suppression, we sought to de-
termine the regions within its primary sequence that may be
necessary for it to exude its inhibitory effect. This was achieved


by truncating the DNA sequence encoding rRygC from the
5’- and 3’-ends, as well as introducing internal deletions (Fig-
ure 3 A). These truncated sequences were subsequently cloned
into pNYL-MCS11. Inducing the expression of the sense coun-
terparts of these truncated sequences was not shown to affect
growth (Figure 3 B, top panel). Removal of the first 22 nt from
the 5’-end of rRygC, which corresponded to the sequence
complementary to RygC’s putative transcription terminator, did
not diminish its inhibitory effect, as indicated by truncated se-
quences 1 and 2 (Figure 3 B, bottom panel). Sequence 2 further
demonstrates that the last 30 bases from the 3’-end in rRygC
were dispensable. Overexpression of sequences harbouring de-
letions of the first 34 bases from the 5’-end, however, resulted


Figure 1. Effect of overexpressing sense and antisense variants of twelve
sRNA sequences on the growth of E. coli strain DH5aZ1. Cells transformed
with vectors encoding sense (top) and antisense (bottom) variants of 12
sRNAs were grown on solid media in the absence or presence of Atc.
Through this screen, it was observed that the overexpression of the anti-
sense variant of sequence 4, which corresponds to the RygC sRNA, led to
growth inhibition.


Figure 2. Growth of cells overexpressing antisense RygC. Cells carrying
pNYL-MCS11 (denoted pNYL) and pNYL-MCS11 with the rRygC insert (rRygC)
were grown overnight in Luria–Bertani (LB) medium with 50 mg mL�1 of ka-
namycin before being subcultured into fresh LB-kanamycin media in the ab-
sence of Atc (�Atc) or in LB-kanamycin supplemented with 200 ng mL�1 of
Atc (+Atc). Growth of cells in each condition was monitored hourly for 8 h
by measuring their absorbance at 600 nm. This experiment was carried out
in triplicate. (^ pNYL�Atc, ^ pNYL + Atc, * rRygC�Atc, * rRygC + Atc)


Figure 3. Truncation analysis of rRygC. A) Outline of truncated sequences 1–
6. B) Effect of expressing the truncated sequences on the growth of E. coli
DH5aZ1. It was observed that deletions from the 5’-end of antisense RygC
abolished the deleterious effects associated with the overexpression of this
sequence.
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in the loss of lethal phenotype, as illustrated by truncated se-
quences 3 to 5. Since we were interested in probing for the nt
that may be required for the rRygC transcript to elicit its
growth-inhibitory function, we deleted 44 bases within its se-
quence along with the first 22 bases that were complementary
to the proposed RygC terminator (sequence 6). Overexpression
of this sequence did not interfere with the growth of E. coli, in-
dicating that some of the deleted residues are vital for rRygC-
associated lethality.


Further examination of the rRygC sequence revealed the
presence of a ribosome binding site (RBS) 27 bases down-
stream of its transcription start site. This RBS is followed by
two possible start codons. A stop codon is present 54 nt fol-
lowing the first start codon. Together, these elements suggest
that the antisense RygC transcript encodes a peptide of 18 or
19 amino acids. In agreement with this model, the overexpres-
sion of truncated sequences 3, 4, and 5 was no longer detri-
mental to cell growth as deletions introduced into these se-
quences would have contributed to the removal of the RBS
and/or start codon. As a result, the peptide can no longer be
produced using these truncated transcripts. The internal dele-
tions introduced into sequence 6 might have led to the remov-
al of 33 nt, which encode eleven of the amino acids in the
peptide in addition to the stop codon. Likewise, the deleteri-
ous effect to the cell when this sequence was induced was
lost. To validate that rRygC encodes a peptide that compromis-
es survival when it is abundant in the cell, we introduced mu-
tations in the putative ribosome binding site and start codons
by using site-directed mutagenesis (Figure 4 A). rRygC affiliated
lethality was retained when the second ATG site was mutated
(M2). This indicates that this codon does not correspond to the
start codon. However, when the first ATG codon (M1) and ribo-
some binding sites (M4) were mutated, the deleterious effect
was abolished.


While we were preparing this manuscript, a study was pub-
lished by Fozo and colleagues revealing that rRygC and the re-


verse complements of other members of the QUAD 1 family of
sRNAs harbour an ORF (open reading frame) encoding a small
hydrophobic peptide of 18 to 19 amino acids.[20] Through this
study in which the protein encoded by rRygC was extensively
characterized, it was confirmed that this protein, referred to as
IbsC, was a toxin, whereas its corresponding sRNA was a transi-
ent antitoxin. Overexpression of IbsC was found to result in de-
polarization of membrane potential, suggesting that this toxin
may act by disrupting membrane integrity. The results of this
study corroborates our observations that the lethality associat-
ed with rRygC overexpression is attributed to the increased
production of a toxic peptide.


Although we now understand the mechanism behind
rRygC-induced growth suppression, the reason behind its syn-
thesis in vivo and the mechanism behind its regulation remain
unresolved. Since the RBS and start codon of this ORF overlaps
with the transcribed region of sense RygC, we propose that
the sRNA acts to suppress the translation of this peptide byACHTUNGTRENNUNGoccluding these translation initiation sites, thereby promoting
cell survival (Figure 5 A). Alternatively, similar to another subset
of sRNAs that act on mRNA targets, RygC may destabilize the
toxin-encoding transcript upon binding (Figure 5 B).


The initial objective of this study was to devise a screening
approach, based on antisense RNA knock-down technology,
which would enable the identification of sRNA sequences criti-
cal for maintaining cellular integrity. We introduced sequences
encoding the sense and antisense variants of twelve sRNAs in
an RNA expression system and screened for sequences that
can elicit death or growth defects when their expression is in-
duced by Atc. Through this screen, we found that overexpress-
ing the antisense counterpart of the RygC sRNA was inhibitory
to cell growth. Closer examination of this sequence revealed
that the inhibitory effect was not due to antisense knock-down
of RygC. Rather, it was serendipitously found that this anti-
sense transcript contains an ORF, which encodes a toxic pep-
tide of 19 amino acids. We believe that our method can be
widely used for the identification of potential sRNA or other
genes with intriguing functions, which may be overlooked
using conventional techniques.


Figure 4. A) The predicted RBS and putative start codons encoded by rygC
are illustrated above. Mutant sequences M1 to M4 contain point mutations
in these sites. B) Inducing the expression of sequences M1, M3 and M4
using Atc was no longer toxic to E. coli. Sequence M2 retained its deleterious
effect, suggesting that the second ATG codon does not correspond to the
start codon.


Figure 5. Hypothesis of rRygC regulation. A) rRygC encodes a toxic peptide,
and the translation of this peptide is regulated by RygC. B) Interaction be-
tween the RygC sRNA and its antisense transcript leads to destabilization of
the transcript and prevention of its translation.
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Experimental Section


Oligonucleotides and Reagents : All PCR primers and oligonucleo-
tides used in this study were chemically synthesized by Integrated
DNA Technologies (Coraville, IA, USA). The antibiotics used in this
study, such as kanamycin and anhydrotetracycline (Atc), were pur-
chased from Sigma–Aldrich. For molecular cloning, the High Fideli-
ty PCR enzyme mix and T4 DNA ligase were purchased from Fer-
mentas (Burlington, ON, Canada). Restriction enzymes were ob-
tained through either Fermentas or New England Biolabs. For site-
directed mutagenesis of the rRygC-encoding vector, PfuUltra High
Fidelity DNA Polymerase and Dpn1 restriction enzyme from Strata-
gene were used to amplify the mutated plasmids and cleave the
template vector, respectively. Plasmid Miniprep kits were pur-
chased from either Qiagen or Promega.


Plasmids and bacterial strains : Molecular cloning steps, including
PCR, restriction digestion, and ligation were conducted following
established protocols provided by suppliers. Sense and antisense
sRNA-encoding sequences used for the lethality screen were ampli-
fied from E. coli DH5aZ1 genomic DNA by PCR. Likewise, truncated
sense and antisense rygC sequences 1–4 were amplified by PCR
using full-length antisense rygC as template. Truncated sequences
5 and 6 were obtained by hybridizing complementary synthetic oli-
gonucleotides. These PCR amplified and synthetically prepared
sRNA sequences were cloned into EcoRI and BamHI sites in pNYL-
MCS11, a derivative of pZE21-MCS1 (courtesy of H. Bujard). Prior to
cloning, pZE21-MCS1 was digested with restriction enzyme EcoRI
in order to remove its optimal ribosome binding site. A new multi-
ple cloning site was subsequently introduced at the EcoRI site,
which allowed for the replacement of the restriction sites that
were lost upon RBS removal. Plasmids carrying sense and antisense
sRNA sequences or truncated rygC variants were transformed into
E. coli strain DH5aZ1, which endogenously expresses the tetracy-
cline repressor, by electroporation.


Lethality screens : Transformants with plasmids containing sense
and antisense sRNA-encoding inserts or truncated sense and anti-
sense rygC variants were grown at 37 8C on solid Luria-Burtani (LB)
medium supplemented with kanamycin (50 mg mL�1) in the ab-
sence (for uninduced conditions) or presence (for induced condi-
tions) of Atc (400 ng mL�1). The effects of overexpressing the vari-
ous sRNA or rygC-encoding constructs were evaluated following
overnight growth.


E. coli growth curve : Cells carrying pNYL-MCS11 or pNYL-MCS11
with an rRygC insert were grown overnight at 37 8C with shaking
at 260 rpm in LB broth (3 mL) supplemented with kanamycin
(50 mg mL�1). Following overnight growth, the cells were diluted by
200-fold in fresh LB-kanamycin media (5 mL; for uninduced condi-
tions) or in LB-kanamycin media (5 mL) supplemented with Atc
(200 ng mL�1; for induced conditions). These cultures were incubat-
ed at 37 8C with shaking for 8 h. Cells growth was monitored
hourly by measuring the optical density at 600 nm (OD600) for
0.2 mL of each culture using a SpectraMax Plus 384 plate reader
(Molecular Devices, Sunnyvale, CA, USA). The assay was conducted
in triplicate.


Mutagenesis of antisense rygC : The ribosome binding site, start
codon(s), and stop codon of rRygC were mutated by site-directed
mutagenesis following supplier-provided protocols (Stratagene).
Briefly, forward and reverse mutagenic primers of 34–41 nt in
length were designed, such that they would hybridize to the
region that is to be changed and introduce point mutations to
these sites. The rRygC-encoding vector was then amplified using


these primers along with the PfuUltra High Fidelity DNA Poly-
merase (Stratagene). Following amplification, the methylated tem-
plate plasmid was cleaved following two rounds of digestion using
Dpn1 restriction enzymes (Stratagene). The reaction mixtures were
subsequently transformed into E. coli strain XL-1 blue competent
cells by electroporation. Plasmids isolated from the transformants
were sequenced (Mobix Lab, McMaster Univeristy) in order to iden-
tify those carrying the desired mutations. The mutated plasmids
were then transformed into E. coli DH5aZ1 cells. The lethality at-
tributed to the overexpression of these sequences was screened
on solid LB-kanamycin media in the absence or presence of Atc
(400 ng mL�1) following the aforementioned protocol.


Acknowledgements


We thank Professor Hermann Bujard for the gift of plasmids and
E. coli DH5aZ1 strain. We thank Pascale Libront Swanson for her
help in constructing pNYL-MCS11 and the Li Lab members for
helpful discussions. This project is partially funded by the Ontario
Premier Research Excellence Award and Canada Research Chairs
Program. E.D.B. and Y.L. are Canada Research Chairs. W.M. holds
an NSERC graduate student scholarship.


Keywords: antisense RNA · mutagenesis · non-coding RNA ·
RNA · small RNA · toxic peptide


[1] J. Vogel, E. G. Wagner, Curr. Opin. Microbiol. 2007, 10, 262.
[2] G. Storz, S. Altuvia, K. M. Wassarman, Annu. Rev. Biochem. 2005, 74, 199.
[3] S. Gottesman, Trends Genet. 2005, 21, 399.
[4] G. Padalon-Brauch, R. Hershberg, M. Elgrably-Weiss, K. Baruch, I. Ro ACHTUNGTRENNUNGsen-ACHTUNGTRENNUNGshine, H. Margalit, S. Altuvia, Nucleic Acids Res. 2008, 36, 1913.
[5] D. H. Lenz, K. C. Mok, B. N. Lilley, R. V. Kulkarni, N. S. Wingreen, B. L. Bass-


ler, Cell 2004, 118, 69.
[6] V. Pfeiffer, A. Sittka, R. Tomer, K. Tedin, V. Brinkmann, J. Vogel, Mol. Mi-


crobiol. 2007, 66, 1174.
[7] A. Toledo-Arana, F. Repoila, P. Cossart, Curr. Opin. Microbiol. 2007, 10,


182.
[8] R. A. Forsyth, R. J. Haselbeck, K. L. Ohlsen, R. T. Yamamoto, H. Xu, J. D.


Trawick, D. Wall, L. Wang, V. Brown-Driver, J. M. Froelich, K. G. C, P. King,
M. McCarthy, C. Malone, B. Misiner, D. Robbins, Z. Tan, Z. Y. Zhu Zy, G.
Carr, D. A. Mosca, C. Zamudio, J. G. Foulkes, J. W. Zyskind, Mol. Microbiol.
2002, 43, 1387.


[9] Y. Ji, B. Zhang, S. F. Van Horn, P. Warren, G. Woodnutt, M. K. Burnham,
M. Rosenberg, Science 2001, 293, 2266.


[10] R. Lutz, H. Bujard, Nucleic Acids Res. 1997, 25, 1203.
[11] J. Degenkolb, M. Takahashi, G. A. Ellestad, W. Hillen, Antimicrob. Agents


Chemother. 1991, 35, 1591.
[12] R. Hershberg, S. Altuvia, H. Margalit, Nucleic Acids Res. 2003, 31, 1813.
[13] K. E. Rudd, Res. Microbiol. 1999, 150, 653.
[14] K. M. Wassarman, F. Repoila, C. Rosenow, G. Storz, S. Gottesman, Genes


Dev. 2001, 15, 1637.
[15] K. I. Udekwu, F. Darfeuille, J. Vogel, J. Reimegard, E. Holmqvist, E. G.


Wagner, Genes Dev. 2005, 19, 2355.
[16] E. Masse, S. Gottesman, Proc. Natl. Acad. Sci. USA 2002, 99, 4620.
[17] P. W. Haebel, S. Gutmann, N. Ban, Curr. Opin. Struct. Biol. 2004, 14, 58.
[18] E. Rivas, R. J. Klein, T. A. Jones, S. R. Eddy, Curr. Biol. 2001, 11, 1369.
[19] B. Tjaden, R. M. Saxena, S. Stolyar, D. R. Haynor, E. Kolker, C. Rosenow,


Nucleic Acids Res. 2002, 30, 3732.
[20] E. M. Fozo, M. Kawano, F. Fontaine, Y. Kaya, K. S. Mendieta, K. L. Jones,


A. Ocampo, K. E. Rudd, G. Storz, Mol. Microbiol. 2008.


Received: September 3, 2008
Published online on December 17, 2008


ChemBioChem 2009, 10, 238 – 241 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 241



http://dx.doi.org/10.1016/j.mib.2007.06.001

http://dx.doi.org/10.1146/annurev.biochem.74.082803.133136

http://dx.doi.org/10.1016/j.tig.2005.05.008

http://dx.doi.org/10.1093/nar/gkn050

http://dx.doi.org/10.1016/j.cell.2004.06.009

http://dx.doi.org/10.1111/j.1365-2958.2007.05991.x

http://dx.doi.org/10.1111/j.1365-2958.2007.05991.x

http://dx.doi.org/10.1046/j.1365-2958.2002.02832.x

http://dx.doi.org/10.1046/j.1365-2958.2002.02832.x

http://dx.doi.org/10.1126/science.1063566

http://dx.doi.org/10.1093/nar/25.6.1203

http://dx.doi.org/10.1093/nar/gkg297

http://dx.doi.org/10.1016/S0923-2508(99)00126-6

http://dx.doi.org/10.1101/gad.901001

http://dx.doi.org/10.1101/gad.901001

http://dx.doi.org/10.1101/gad.354405

http://dx.doi.org/10.1073/pnas.032066599

http://dx.doi.org/10.1016/j.sbi.2004.01.010

http://dx.doi.org/10.1016/S0960-9822(01)00401-8

http://dx.doi.org/10.1093/nar/gkf505

www.chembiochem.org






DOI: 10.1002/cbic.200800642


A Fluorescent Probe for the 70 S-Ribosomal GTPase-Associated Center


Sebastian Schoof, Sascha Baumann, Bernhard Ellinger, and Hans-Dieter Arndt*[a]


Resistance against commonly prescribed antibiotics constitutes
a constant challenge for human healthcare.[1] The need for
cures effective against multiply resistant pathogens has
prompted a search for novel antibiotic targets and lead struc-
tures.[2] One validated target as yet unused for human therapy
is the so-called GTPase-associated center of the bacterial ribo-
some.[3] For this target, high-affinity ligands of the thiopeptide
antibiotic class are available from nature,[4] among them thio-
strepton (1, Scheme 1), nosiheptide (2), and micrococcin (3).
Thiostrepton (1) has been shown to bind with high affinity be-
tween the ribosomal protein L11 and the 23 S rRNA,[4, 5, 6] there-
by blocking peptide translocation at the 70 S ribosome.[7–10]


Beyond its ensuing strong antibacterial activity on Gram-posi-
tive organisms,[4, 7] 1 has also been reported to display potency
against the malaria parasite[11] and selected tumor cell
lines,[12, 13] and to have immunosuppressant properties.[14] Here
we describe a fluorescent high-affinity probe derived from 1
that allows the interaction of thiopeptides with their target to
be quantified.


Promising sites for the requisite semisynthetic modifica-
tion[15] of 1 could be the dehydroalanine Michael acceptors.[16]


We found that cropping of the dehydroamino acid tail[17, 18] of
1 was crucial to allow clean transformations. With Et2NH in
CHCl3 the compounds 4 or 5 could be obtained on preparative
scale after simple flash chromatography (Scheme 1). To gener-
ate a highly fluorescent and water-soluble probe by sulfa-Mi-
chael addition, fluorescein isothiocyanate (FITC) was now ap-
pended with an oligoethylene glycol spacer terminated with
mercaptopropionic acid (see the Supporting Information). A
protic solvent and slightly basic conditions were essential for a
clean sulfa-Michael addition of this thiol to 4 ; trifluoroethanol
(TFE) gave the best results. The attachment occurred selective-
ly on the terminal dehydroalanine residue to deliver probe 6
(32 % after prep. HPLC, Scheme 2), which was freely soluble in
aqueous buffer.[19] Furthermore, the optimized reaction condi-
tions also allowed access to a variety of thiostrepton deriva-
tives (7–11) modified at the dehydroalanine terminus, through
the use of readily available thiols. Diasteromeric mixtures were
obtained after HPLC purification (26–56 % yields, Table 1) in all
cases, with the exception of the octyl derivatives 8a and b, for
which separation could be achieved.


The binding of the fluorescent probe 6 to the L11/23 S rRNA
target[5] was then evaluated by fluorescence anisotropy meas-
urements (Figure 1, Table 1).[20] In contrast with earlier reports
on thiostrepton (1),[7b, 21, 22] any significant binding of the probe
6 to the individual components[5] of the L11/RNA complex
could be ruled out (Scheme 3, paths A and B), because probe
anisotropy remained unaffected by L11 protein or matching
RNA alone (each KD>10 mm). Strong binding was evident,
however, in the presence of the composite L11/RNA complex
(Figure 1).


It could be shown that the arising scenario can be described
analytically (see the Supporting Information) and could then
be evaluated by least-squares fitting. This procedure allowed
us directly to determine dissociation constants in the high-af-
finity regime (KD<1 nm) for protein and ligand (Figure 1 A). All
measurements were adjusted to 384-well plates and conduct-
ed in quintuplicate. The protein dissociation constant (KD1) ob-
tained in this way was validated independently by gel-shift ex-
periments (17.7�2.5 nm ; see the Supporting Information) and
was found to be identical with the anisotropy-derived result
within experimental error. For probe 6 we determined a disso-
ciation constant of KD2 = 140�80 pm, which is an extraordinari-
ly tight binding event for an RNA ligand.


We then used the fluorescent probe 6 to assess binding of
other thiopeptides by displacement titrations,[23] among them
thiostrepton (1), nosiheptide (2), micrococcin (3), and the syn-
thetic thiostrepton derivatives 4–11 (Table 1 and Figure 1 B).[24]


The KD determined for thiostrepton (1) under homogenous
equilibrium conditions with T. thermophilus L11 refines earlier
nm estimates.[7, 21, 22] Nosiheptide (2) was found to bind twice as
tightly as thiostrepton (1), whereas micrococcin (3) is an order
of magnitude weaker.[4] Interestingly, modifications of the de-
hydroaminoacid tail of 1—including truncation (4, 5) and/orACHTUNGTRENNUNGattachment of hydrophilic/moderately polar (6, 7, 9), anionic
(10), or cationic substituents (11)—were found to be broadly
tolerated. A lipophilic chain (8 a and b), however, seems to be
detrimental, as evidenced by an approximately 20-fold affinity
loss. The stereochemistry of the addition product does not
seem to have major influences on ligand binding (8 a and 8 b).
These data corroborate the supposition that the dehydro-Ala
tail is not crucially involved in binding interactions with the
target, consistent with recent studies by proximity-induced co-
valent capture (PICC)[5] and X-ray crystallography.[6]


Growth inhibition studies were then conducted with methi-
cillin-susceptible and methicillin-resistant S. aureus (MSSA and
MRSA). Considerable potency was observed overall, and both
strains were equally challenged (Table 1). The activity in cell
culture deviated from the biophysical binding data (T. thermo-
philus), but the trend in the natural products 1–3 was reflected
well. The remarkable potency of nosiheptide[25] (2) against
MSRA in cell culture is noteworthy and correlates with its su-
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Scheme 1. Chemical structures of thiostrepton (1), nosiheptide (2), and micrococcin (3), and selective chemical truncation of the C-terminal dehydroalanine
amino acids. Similar A-rings and divergent B-rings are marked. a) 10 % HNEt2 in CHCl3, 3 h; b) 10–20 % HNEt2 in CHCl3, 48 h.


Scheme 2. Preparation of the PEG-fluoresceine-tagged probe 6 and semisyn-
thetic thiostrepton derivatives 7–11 through sulfa-Michael additions. a) HSR,
NEt3, TFE/H2O, pH 9, 2–48 h.


Figure 1. A) Representative fluorescence anisotropy titration curve for probe
6 (5 nm) and L11 protein (0.6 mm) fitted with the analytical solution for the
coupled equilibrium (see the Supporting Information). B) Displacement titra-
tions of probe 6 (5 nm) from the RNA–protein complex (5 nm RNA, 0.6 mm


L11) with ligands 1–5 and 7–12, fitted with the Hill equation.
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preme affinity to the molecular target. Removing the dehy-
droamino acids from 1 preserved the activity of the compound
(4 and 5). For the derivatives 7–11 the activity on cells was
found to be somewhat reduced. It should be noted, however,
that these data (0.7–5 mg L�1) still compare well with the activi-
ties of common antibiotics (e.g. , cefoxitine or linezolide: 1–
8 mg L�1) against these strains. The increased solubility of 7
(>100 times higher than 1) did not lead to improved cellular
activity, whereas the lower target affinity of 8 did not reduce it
further. However, stereochemistry was found to be influential
in cells (8 a versus 8 b). A cationic (11) appendage seems some-
what beneficial, but the influence is not strong (cf. compounds
9 and 10). Overall, we reason that the attachments affect
uptake or metabolism in the bacterial cell in a complex fash-
ion, and might therefore be used to tailor specific compound
profiles in the future.


In summary, we have quantified ligand binding at the 70 S-ri-
bosomal GTPase-associated center with the aid of a fluorescent
small molecule probe (6) derived from commercially available
thiostrepton (1). In the quest for novel antiinfectives, such a
probe would be expected to enable focused screening
setups,[26] which we have explored here with novel thiostrep-
ton derivatives. Initial studies on their antibiotic activities
against S. aureus cell cultures indicate that potent and soluble
thiopeptides can be obtained. Design parameters for in vivo


activity of semisynthetic thiostrepton antibiotics will be subject
to further investigation.
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Evidence that Thienamycin Biosynthesis Proceeds via C-5 Epimerization:
ThnE Catalyzes the Formation of (2S,5S)-trans-Carboxymethylproline


Refaat B. Hamed, Edward T. Batchelar, Jasmin Mecinović, Timothy D. W. Claridge, and
Christopher J. Schofield*[a]


The biosynthetic pathways leading to most clinically
important families of bicyclic b-lactam antibiotics
and b-lactamase inhibitors involve epimerization
steps.[1] In the penicillin/cephalosporin[2–4] and nor-
cardicin[5] biosynthetic pathways, amino acid side
chain epimerization can be catalyzed by enzymes
from the well characterized pyridoxal phosphate-uti-
lizing family. However, in the case of the pathways
leading to clavulanic acid and the simplest naturally
occurring carbapenem, (5R)-carbapenem-3-carboxyl-
ate, epimerization at the bridgehead C-5 position is
likely to occur through unusual, if not unprecedent-
ed, reactions (for review see ref. [1]).


The biosynthesis of (5R)-carbapenem-3-carboxyl-
ate occurs in three steps[6, 7] from malonyl-CoA and
l-glutamate semialdehyde 5-hydroxyproline pyro-
line-5-carboxylate (l-GHP), with the epimerization
step being catalyzed by the 2-oxoglutarate depen-
dent oxygenase carbapenem synthase (CarC)[8–10]


(Scheme 1). The first step in (5R)-carbapenem-3-carboxylate
biosynthesis is catalyzed by the unusual crotonase superfamily
(CS) enzyme carboxymethylproline synthase (CarB), which pro-
duces (2S,5S)-t-carboxymethylproline (t-CMP) from malonyl-
CoA and l-GHP.[11–13] Carbapenam synthetase (CarA) then cata-
lyzes the ATP-dependent b-lactam ring formation.[14–16] In the
case of C-6 and C-2 functionalized carbapenems such as thie-
namycin, one of the most potent antibacterials known,[17] it is
unclear whether C-5 epimerization is involved.


The gene cluster for thienamycin biosynthesis has recently
been sequenced and this sequencing revealed ThnE and ThnM
as likely homologues of CarB and CarA, respectively.[13, 18] How-
ever, a clear homologue of CarC was not identified.[19] Recently,
evidence to support the incorporation of coenzyme A into the
C-2 side chain of thienamycin after construction of the bicyclic
nucleus has been reported.[20] Here, we report studies on re-
combinant ThnE. Like CarB, ThnE catalyzes the production of
(2S,5S)-t-CMP derivatives; this implies a need for a subsequent
C-5 epimerization step in thienamycin biosynthesis.


Initially, we cloned the wildtype (wt) thnE gene and ex-
pressed it in E. coli using the pET24a(+) expression vector to
give, after purification, wt ThnE that was subsequently shown


to be active (see below). However, we also found that deletion
of the 45 amino acid residues from the N terminus of wt ThnE
gave a protein (ThnED2–46) of closer homology to CarB (based
on the sequence alignment shown in Figure 1), which was
more readily purified than wt ThnE. Both wt ThnE and
ThnED2–46 were purified to greater than 90 % apparent purity
(as judged by SDS-PAGE analysis, Figure S2). However, electro-
spray ionization mass spectrometry (ESI-MS, Figure S3) and
Edman degradation analyses suggested partial proteolysis at
the N terminus of wt ThnE (loss of eleven amino acid residues
starting from Met1) and at the C termini of both ThnE and
ThnED2–46 (with cleavage between R288 and R289). ESI-MS
analyses under non-denaturing conditions (trimeric wt ThnE
without the eleven N-terminal amino acid residues: calculated
mass = 93 525.6 Da, observed mass = 93 546.1�4.9 Da; trimeric
ThnED2–46: calculated mass = 81 939.3 Da, observed mass =


81 943.8.2�1.9 Da) and analytical gel filtration analyses re-
vealed that, like many other members of the CS,[21] including
CarB, both wt ThnE and ThnED2–46 exist in a predominately
trimeric form.


We then analyzed wt ThnE and ThnED2–46 (hereafter re-
ferred to as ThnE because similar results were obtained with
both enzymes) for activity with l-GHP prepared as described[22]


and malonyl-CoA. The efficient conversion (>90 % under stan-
dard conditions) to a compound of m/z 174 Da [M+H]+ was
observed by LC-MS (Figure S4). Subsequent scale-up and LC-
MS purification led to the isolation of sufficient product for
1H NMR analyses (Figures 2, S6–7), which demonstrated that
the product spectrum was near identical to spectra of t-CMP
samples prepared by both CarB catalysis and by synthesis.[8] In


Scheme 1. Biosynthesis of (5R)-carbapenem-3-carboxylic acid in Pectobacterium carotovo-
rum. l-GHP is a collective abbreviation for the equilibrium mixture of l-glutamate semi-
aldehyde (GSA), l-5-hydroxyproline (5HP) and l-pyrroline-5-carboxylate (P5C).
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contrast, incubation of d-GHP with ThnE produced low levels
of a product with m/z 174 Da [M+H]+ corresponding to t-CMP,
possibly arising from partial epimerization under the acidicACHTUNGTRENNUNGdeprotection conditions employed in the final step of d-GHP
synthesis. These results, together with kinetic analyses using
1H NMR spectroscopy (Table S4 and Figure S15), revealed that
ThnE catalyzes the conversion of l-GHP and malonyl-CoA to


t-CMP with a similar efficiency to CarB.[25] The production of
t-CMP by ThnE implies that the thienamycin biosynthesis path-
way, like that leading to (5R)-carbapenem-3-carboxylate, in-
volves a (5S)- to (5R)- epimerization step.


Despite the lack of a clear CarC homologue in the thienamy-
cin gene cluster, bioinformatic analyses indicate that it contains
two potential 2-oxoglutarate dependent oxygenases (ThnG


Figure 1. Sequence alignment for ThnE (Streptomyces cattleya), CarB (Pectobacterium carotovorum) and CpmB (Photorhabdus luminescens). Note the high
degree of similarity between the three enzymes apart from the first 46 amino acid N-terminal residues in ThnE. The proposed oxyanion hole forming residues
are marked with * and the catalytically important (at least in CarB) glutamate residue with +. The Figure was generated using Clustal W[23] and Genedoc.[24]


Figure 2. 1H NMR spectra for purified carboxymethylprolines produced by CarB and ThnE. Spectra A) and B) represent t-CMP produced by CarB and ThnE, re-
spectively. Spectra C) and D) represent the mixture of the two C-6 epimers of 6-methyl-t-CMP produced by CarB and ThnE, respectively. Note the different
ratios of the two C-6 epimers produced by CarB and ThnE. Spectrum E) is (6R)-6-ethyl-t-CMP produced by CarB.
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and ThnQ).[19] Given the unusual nature of the CarC epimeriza-
tion reaction, it is reasonable to propose that one of these oxy-
genases catalyzes the epimerization step in thienamycin bio-
synthesis. (The other might catalyze a hydroxylation reaction
to produce the 6-hydroxyethyl side chain). However, the lack
of close similarity between ThnG or ThnQ and CarC suggests
that a single enzyme might not be responsible for both epime-
rization and desaturation activities in thienamycin biosynthesis.


It has been proposed 1) that the two carbon atoms of the
C-6 hydroxyethyl side chain of thienamycin are introduced
through separate methyl transfers,[26, 27] and 2) that C-6 side
chain hydroxylation occurs after introduction of at least one of
the C-6 carbons because C-6 hydroxymethyl, ethyl and isopro-
pyl carbapenems have been isolated from Streptomyces sp.[28, 29]


(Figure 3). The possibility that the C-6 (hydroxy)ethyl group of
thienamycin is introduced at an early stage in the pathway led
us to test whether ThnE could accept C-2 alkylated malonyl-
CoA derivatives. Like CarB, ThnE was found to catalyze the
conversion of methylmalony-CoA to a mixture of C-6 methyl
t-CMP epimers. However, whereas CarB gave a 55:45 ratio of
(6R)-:(6S)-epimers, ThnE gave an 80:20 ratio (60 % diastereo-
meric excess) of the same epimers (determined by 1H NMR
analyses, Figures 2 and S8–9). This result is interesting because
the stereochemistry at C�6 of the major epimer is consistent
with the C-6 stereochemistry found in thienamycin
(Figure 3).[30]


Ethylmalonyl-CoA was not converted by ThnE into the anti-ACHTUNGTRENNUNGcipated 6-ethyl-t-CMP under our standard conditions
(Scheme 2); instead ThnE catalyzed decarboxylation of ethyl-
malonyl-CoA and hydrolysis of the resultant n-butyryl-CoA into


CoASH and n-butyric acid. Interestingly, CarB catalyzed the
conversion of ethylmalonyl-CoA into the two C-6 epimers of 6-
ethyl-t-CMP (~20 % yield) in a 2:1 ratio of (6R)-:(6S)-epimers
(ratio determined by LC-MS, Figure S5) with the stereochemis-
try of the epimers determined by 1H NMR analyses (Figures 2
and S10–14). This result contrasts with that for CarB and meth-
ylmalonyl-CoA where an 11:9 ratio of (6R)-:(6S)-epimers was ob-
served.[25] Similarly to ethylmalonyl-CoA, dimethylmalonyl-CoA
was not converted by ThnE into the anticipated 6,6’-dimethyl-
t-CMP, whereas CarB did catalyze the conversion of dimethyl-
malonyl-CoA to 6,6’-dimethyl-t-CMP.[25] ThnE did, however, cat-
alyze decarboxylation of dimethylmalonyl-CoA and hydrolysis
of the resultant isobutyryl-CoA into CoASH and isobutyric acid.
Incubation of isopropyl malonyl-CoA with either ThnE or CarB


Figure 3. Some naturally occurring carbapenems that contain different C-6
alkyl moieties.


Scheme 2. Reactions catalyzed by ThnE and CarB. Reactions in the solid box were performed in the presence of l-GHP while those in dashed box were in the
absence of l-GHP.
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did not lead to production of 6-isopropyl-t-CMP. We also inves-
tigated the ability of ThnE to catalyze reactions with other
coenzyme A derivatives. Incubation of acetyl-CoA, propionyl-
CoA or isobutyryl-CoA with ThnE in the presence of l-GHP did
not produce any t-CMP derivatives. Instead, ThnE catalyzed hy-
drolysis of these coenzyme A derivatives into CoASH and the
corresponding organic acid. The specific activities for the de-
carboxylation and/or hydrolysis reactions of malonyl-, methyl-
malonyl-, acetyl- and propionyl-CoA were calculated by using
1H NMR in the presence or absence of l-GHP (Scheme 2,
Table S4, Figure S15).


Overall, our results reveal that thienamycin biosynthesis
likely requires a C-5 epimerization step analogous to that oc-
curring in the biosynthesis of (5R)-carbapenem-3-carboxylate.
The ThnE catalyzed conversion of methylmalonyl-CoA to (6R)-
methyl-t-CMP as the major product (60 % de) suggests it is pos-
sible that the C-6 alkyl group is introduced at an early stage.
However, the lack of conversion of ethylmalonyl-CoA to 6-
ethyl-t-CMP by ThnE suggests subsequent further methylation
and/or hydroxylation steps would be required if ThnE is re-
sponsible for the final C-6 stereochemistry in thienamycin. At-
tention can now focus on identification of the C-5 epimerase
likely to be present in thienamycin biosynthesis; this epimerase
might be encoded for by either thnG or thnQ.


Experimental Section


wt thnE cloning, expression, and purification : A PCR-amplified
DNA product corresponding to the Streptomyces cattleya thnE
gene was engineered as an Nde1-EcoR1 fragment into the
pET24a(+) expression vector (Novagen, Nottingham, UK) using the
following primers: forward, 5’-gag gag gcc ata tga tgg gcg cgg
ccg ccg gcg-3’; reverse, 5’-gtg gtg gcg aat tct cag ctc cgc ccg atg
acg-3’. The assigned thnE stop codon was mutated from UGA into
UAA using the following primers: forward, 5’-gag ctc gaa ttc tta
gct ccg ccc gat gac-3’; reverse, 5’- cgg gcg gag cta aga att cga gct
ccg tcg-3’. The pET24a/thnE plasmid was transformed into E. coli
BL21-CodonPlus� (DE3)-RP competent cells (Stratagene, Amster-
dam, The Netherlands). Cells were grown in shaken flasks at 37 8C
using 2TY medium containing 50 mg mL�1 kanamycin and
50 mg mL�1 chloramphenicol. When the cells had grown so that the
media had an optical density OD600 0.7, the temperature wasACHTUNGTRENNUNGreduced to 15 8C, isopropyl-1-thio-b-d-galactopyranoside (0.5 mm)
was added and cells were allowed to grow for a further 16 h
before harvesting by centrifugation at 9000 rpm for 15 min at 4 8C.
The harvested cells were resuspended in Tris·HCl (50 mm, pH 7.5),
with addition of protease inhibition cocktail (Sigma) and DNAse
(Roche), before sonication and centrifugation. The resultant super-
natant was filtered and then applied directly to a Q-Sepharose FF
column, pre-equilibrated with Tris·HCl (50 mm, pH 7.5). Protein was
eluted using a 0.0–0.6 m gradient of NaCl in Tris·HCl (50 mm,
pH 7.5). The ThnE containing fractions, as judged by activity assays
and SDS-PAGE analysis, were pooled. An equal volume of ammoni-
um sulfate (2 m) was added to a final concentration of 1 m. This so-
lution was applied to a phenyl-sepharose HP column, pre-equili-
brated with Tris·HCl (50 mm, pH 7.5) containing ammonium sulfate
(1 m). Protein was then eluted using a 1.0–0.0 m gradient of ammo-
nium sulfate in Tris·HCl (50 mm, pH 7.5). ThnE containing fractions
were identified by activity assays and SDS-PAGE analysis, and frac-
tions greater than 90 % pure (as judged by SDS-PAGE analysis)


were pooled. The resultant protein solution was exchanged into
Tris·HCl, (50 mm, pH 7.5), using a PD-10 gel-filtration column
(Amersham Biosciences), concentrated to 20 mg mL�1 and stored
at �80 8C until further use.


Construction of thnED2–46, expression and purification : To gen-
erate the N-terminal deletion ThnE variant (Figure 1), the 135 nu-
cleotides (corresponding to the 45 amino acid residues at the
N terminus of the protein) after the start codon of pET24a/thnE
were deleted using the QuikChange� Site-Directed Mutagenesis
Protocol (Stratagene). A pET24a/ThnED2–46 plasmid was generat-
ed by PCR amplification using the pET24a/thnE plasmid as a tem-
plate and the following primers: forward, 5’-ctt taa gaa gga gat ata
cat atg atc gag tgc tcg cgg ctc ggc gac gg-3’; reverse, 5’-ccg tcg
ccg agc cgc gag cac tcg atc ata tgt ata tct cct tct taa ag-3’ and Pfu
Turbo DNA polymerase (Stratagene) according to the manufactur-
er’s instructions. Expression and purification of ThnED2–46 was as
for wt ThnE.


ThnE assays and spectral characterization of the products from
ThnE and CarB catalyzed reactions: ThnE incubations and LC-MS
analyses were performed as reported for CarB.[13] See the Support-
ing Information for details of spectroscopic characterization of
products. 1H NMR monitoring of wt ThnE and ThnED2–46 catalyzed
reactions for specific activity determination was performed as de-
scribed.[25]
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Introduction


Living cells and cellular organelles, such as the nucleus, the mi-
tochondrion, the Golgi apparatus and endoplasmic reticulum,
are commonly enclosed by a membrane with a lipid bilayer
structure.[1] Cells actively change their structures in response to
changes in the environment, such as chemical signals and/or
physical conditions. Regulation of the lipid membrane struc-
ture is critical for many cellular processes, such as the bud-
ding–fission–fusion sequence of vesicular transport from the
endoplasmic reticulum to the plasma membrane and the
uptake of macromolecular aggregates through coated pits or
phagocytosis.[2, 3] The mechanical properties of the bilayer itself
and/or embedded and associated proteins should play impor-
tant roles in controlling these shapes.[4]


Recently, cell-sized liposomes (>10 mm) have been actively
studied as cell models, due to their similarities to natural cell
structures in terms of size and membrane composition.[5] Since
they are large enough to allow direct microscopic observation
of the membrane behaviour of individual vesicles, investiga-
tions have been carried out on morphological dynamics in re-
sponse to various internal and external stimuli (e.g. , tempera-
ture,[6] chemical reaction inside or outside,[7] polymerization of
encapsulated cytoskeleton,[8] addition of lanthanoid,[9] osmotic
stress[10, 11] and magnetic fluid load).[12] The development of
methods to control the vesicular morphology could help us
better understand the physicochemical properties of mem-
brane structures and manipulate them as microreactors.[13, 14]


Along these lines, we have developed a photomanipulation
method to control lipid vesicular shapes.[15] Light is an efficient
experimental tool, because energy can be supplied without
contact and without changing the chemical composition of
the medium. In these experiments, the shape of an assembled
vesicle could be switched through the action of a photosen-ACHTUNGTRENNUNGsitive amphiphilic molecule. Photoisomerization induced a
change in membrane fluctuation behaviour or a morphological
transition between ellipsoid and bud shapes. Although mea-


surement of surface pressure versus area (p–A) curves implied
that membrane area expansion is one of the possible factors
in the shape changes, the detailed mechanism was not fully
understood.


In the work reported in this paper we developed microscop-
ic observations and found various novel budding phenom-
ena—such as exo- and endo-budding transitions—that could
be controlled reversibly. The photoinduced change in mem-
brane area was directly measured by using the micropipette
aspiration technique. We discuss the mechanism of theseACHTUNGTRENNUNGphotoinduced transformations by comparing them with the
changes in morphology observed in an osmotic shock experi-
ment.


Results and Discussion


Scheme 1 shows the chemical structure of KAON12,[16] a photo-
responsive cationic lipid. The azobenzene component serves
as the photoresponsive region, because UV induces marked
structural and dipolar changes. KAON12 also contains lysine
residues (basic hydrophilic groups) and a didodecylamide


We have developed a method for the photomanipulation of lipid
membrane morphology in which the shape of a vesicle can be
switched by light through the use of a synthetic photosensitive
amphiphile containing an azobenzene unit (KAON12). We pre-
pared cell-sized liposomes from KAON12 and 1,2-dioleoyl-sn-gly-ACHTUNGTRENNUNGcero-3-phosphocholine (DOPC) and conducted real-time observa-
tions of vesicular transformation in the photosensitive liposome


by phase-contrast microscopy. Budding transitions—either bud-
ding toward the centre of the liposome (endo-bud) or budding
out of the liposome (exo-bud)—could be controlled by light. We
discuss the mechanism of this transformation in terms of the
change in the effective membrane surface area due to photoiso-
merization of the constituent molecules.
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structure (hydrophobic region). The photoisomerization be-
tween the trans and cis forms is reversible.


Membrane fluctuation transitions upon photoisomerization


Figure 1 shows the effect of photoirradiation on a spherical lip-
osome composed of a phospholipid, 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and KAON12. Phase-contrast micro-
scopy images of liposomes containing the trans or cis form of
KAON12 with different fluctuation behaviour are shown in Fig-
ure 1 A. Initially, the liposome with a trans conformation shows
a complete sphere without agitation. UV treatment to give cis
isomerization enhances membrane undulation, and the recov-
ery from cis to trans under green light suppresses this fluctua-
tion. To clarify the difference in fluctuation behaviour between
isomers, the change in the radius was measured (Figure 1 B).
The radii were calculated as follows: 1) The edge of the lipo-
some was extracted from the image data. 2) The centroid posi-
tion from the edge was calculated. 3) The distances from the
centroid to the outer edge for every p/50 radians were calcu-
lated. 4) The distance data were presented as a function of the
angle. As shown in Figure 1 B, photoisomerization induced a
marked change in membrane fluctuation, indicating that a
vesicle with a cis form of KAON12 has surplus membrane area
to encapsulate the inner aqueous solution (that is, a large
enough ratio of membrane area to an enclosed volume). Such
large vesicular fluctuation requires membrane excess area.[17] In
contrast, little fluctuation in the periphery of the trans form of
KAON12 suggests that the membrane area fits the spherical
surface of the inner liquid phase.


It is known that the membrane fluctuation of quasispherical
vesicles can be analysed by Fourier decomposition.[18] The am-


plitudes of membrane fluctua-
tion corresponding to Figure 1 B
were calculated as a function of
angular frequency, q (Figure 1 C).
The Fourier decomposition of
the function r ACHTUNGTRENNUNG(q,t) was calculated
to obtain the Fourier coefficients
aq(t) and bq(t). Amplitude was
defined as (a2


q + b2
q)


1=2 . In this
snapshot, the second periodical
element (q = 2, ellipticity), is the
greatest, followed by the third
element (q = 3, asymmetry).[7, 19]


The clean q = 2 peak shows typi-
cal ellipsoidal fluctuation. To
confirm the dynamics of fluctua-
tion, the amplitudes of the
second and third periodical ele-
ments are calculated as a func-
tion of time in Figure 2. The re-
sults indicate that the spherical
vesicle fluctuates after UV treat-
ment and that the second ele-
ment is greater than the third,
on average, during cis isomeriza-


tion. Such q dependency in fluctuation behaviour is in agree-


Scheme 1. KAON12. In our experiments, UV (365 nm) and green (G) light (546 nm) irradiation is used for isomeri-
zation.


Figure 1. A) Phase-contrast microscopy images of the different fluctuation
behaviour of trans- and cis-form liposomes. B) Spatial fluctuation in the
radius (r) around the contour. C) Amplitude versus frequency (q) of mem-
brane fluctuation, as obtained by Fourier analysis.


252 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 251 – 256


T. Hamada et al.



www.chembiochem.org





ment with the fluctuation spectrum calculated from the equi-
partition theorem reported elsewhere.[19]


Reversible control of membrane budding transitions


Figure 3 A shows the dynamic response of a liposome with an
endocytic daughter vesicle to photoisomerization. Previous ex-
periments on the swelling of lipid films have shown that such
deformed liposomes are generated rather frequently together
with their spherical counterparts.[5] An endo-bud liposome is
thus obtained independently of any specific experimental pro-
cedure. From careful observation of the Brownian motion of
the daughter vesicle, we consider that the daughter vesicle is
not separate, but rather is connected to the mother liposome.
As shown in Figure 3 A, under UV light the liposome started to
undulate and then took in the small inner vesicles. The strong-
ly fluctuating membrane expelled a small bud outside. The po-
sition of the daughter vesicle thus shifted from inside to out-
side the mother liposome. Interestingly, under green irradia-
tion, we observed that part of the liposome invaginated and
satellite vesicles budded toward the centre of the mother lipo-
some (i.e. , the liposome again had endocytic daughter vesi-
cles). Figure 3 B shows the time-dependent change in the di-
ameter of the mother liposome. The “birth” of an exocytic vesi-
cle under UV light led to a decrease in liposome diameter,
while an increase in liposome diameter was seen with the for-
mation of an endocytic vesicle. This volume difference can be
explained in terms of the continuity of the whole membrane
area. Since the interiors of the daughter vesicles are connected
to the bulk solution, the volume of the mother liposome with
an endo-bud (trans) is just that much greater than the vesicular
volume with an exo-bud (cis). Although the pathway for trans-
formation varies somewhat between the forward and reverse
processes, the transition between two stable states—that is,
inner- and outer-attached satellite vesicles—is reversible.


Figures 4 and 5 show the results of photoirradiation of lipo-
somes of various shapes that are also spontaneously formed
through natural swelling of the lipid film. We found that these
liposomes exhibit unique shape changes. Figure 4 A shows a
prolate–bud transition. After UV irradiation, the prolate vesicle
exhibits budding. The two spherical buds are connected by a
small neck. Moreover, the budding vesicle transforms back into
the original prolate shape upon treatment with green light.


Figure 4. Photoinduced reversible budding transitions. A) Prolate–bud transi-
tion. B) Tubular–necklace transition. Transformation from prolate/tubular to
bud/necklace induced by UV light. Reverse process from bud/necklace to
prolate/tubular induced by irradiation with green light. Time elapsed after
UV or green irradiation.


Figure 2. Amplitude versus time for frequency q = 2 and q = 3 in membrane
fluctuation under photoirradiation.


Figure 3. Photoinduced reversible vesicular transport across a bilayer mem-
brane. A) Phase-contrast photomicrographs. Time elapsed after UV or green
(G) irradiation. B) Time-dependent change in the diameter of the mother lip-
osome.
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Next, we focused on a tubular—that is, elongated prolate—
shape and observed a reversible tubular–necklace transition
(Figure 4 B). Under UV irradiation, the tubular liposome devel-
oped a necklace shape (that is, a number of spherical vesicles
connected by narrow necks). The necklace liposome then
transformed back into the tubular shape under green light.


Figure 5 shows the stomatocyte (trans)–bud (cis) transition.
The stomatocyte liposome has a stable invaginated part, like a
morphologically abnormal erythrocyte. UV irradiation destabi-


lized this morphology and induced the budding transition. The
obtained exo-bud liposome has two spherical vesicles connect-
ed by a small neck. We can also control the reverse transforma-
tion, exo-bud to stomatocyte, by using green light. In response
to isomerization from the trans-azo to cis-azo form, all asym-
metrical liposomes (Figures 4 and 5) underwent the same bud-
ding profile as the vesicular transportation shown in Figure 3:
the membrane with a cis-azo form tends to have an exo-bud
shape. Notably, we have never observed the separation of
budded vesicles under these experimental conditions. We con-
firmed that even prolonged (several minutes) photoirradiation
cannot induce a break in the narrow neck between vesicles,ACHTUNGTRENNUNGindicating that additional forces are needed to create two new
vesicles from the initial one.


The change in the membrane excess area determines the
stable transition morphologies


We found that photoisomerization induces several membrane-
budding phenomena, such as endo-bud (trans) and exo-bud
(cis) in Figure 3, prolate (trans) and exo-bud (cis) in Figure 4,
and stomatocyte (trans) and exo-bud (cis) in Figure 5. The pho-
toinduced transformations can be attributed to changes in
membrane surface area. We know from our experiments on p–
A curves of a Langmuir monolayer that the surface area per


molecule in the cis-azo form is greater than that in the trans-
azo form at the same pressure.[15] The enhanced membrane
fluctuation of the quasispherical liposome with a cis-azo form
in Figure 1 also confirmed this scenario. Notably, the volume
change is negligible relative to the photoinduced change in
surface area on the timescale of our observation; this is due to
the low permeability of water through a phospholipid bilayer
membrane. To characterize the photoeffect on the bilayer
membranes, we measured the change in membrane area upon
photoirradiation by a micromanipulation technique (see the
Supporting Information).[20] Figure 6 shows the distribution of


area expansion ratio in the photosensitive liposomes. The aver-
age ratio of the area expansion was 3.2�1.6 %. The dispersion
is probably the result of wide variation in the mixed fraction of
KAON12 during the liposome preparation.


To facilitate better understanding of these photoinduced
morphological transitions in terms of changes in membrane
area, we investigated the behaviour of the membrane mor-
phology under osmotic stress. When the liposomes are sub-
jected to high osmolarity, the water efflux across the mem-
branes reduces the inner aqueous volume, indicating that the
liposomes acquire excess surface area.[8] The excess area is a
parameter that describes the membrane morphology in terms
of Helfrich bending energy,[21] which is defined by the ratio of
area to volume and is also called the reduced volume.[22] In
this context, the change in the interior volume with constant
area produced by osmosis is comparable to the change in area
with constant volume produced by photoisomerization.
Figure 7 shows the typical evolution of liposome morphology
as the result of a gradual increase in the membrane excess
area due to osmotic pressure.[23] After osmotic pressure was
applied, a thin, flexible filament, most probably attached to
the mother liposome, was observed in the vesicular space (Fig-
ure 7 B). The daughter filament gradually thickened (i.e. , a tub-
ular structure with a micron-sized internal core; Figure 7 C). As
shown in Figure 7 D, the tube then became shorter and thicker,
with a similar morphology to the endo-bud liposome in Fig-
ure 3 A. Interestingly, the contact point between the inner vesi-


Figure 5. Photoinduced reversible stomatocyte–bud transition. Transforma-
tion from stomatocyte to exo-bud induced by UV light. Reverse process
from exo-bud to stomatocyte induced by irradiation with green light. Time
elapsed after UV or green irradiation.


Figure 6. Distribution of membrane area expansion upon photoirradiation.
The solid line is a Gaussian fit to the data.
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cle and the outer membrane started to open and the shape of
the liposome changed into the stomatocyte form (Figure 7 E).
After the invaginated area was completely opened, the lipo-
some acquired an oblate shape (Figure 7 F). Finally, the oblate
liposome elongated until it was prolate (Figure 7 G), and an
exo-bud formed (Figure 7 H). This change in morphology—
from an endo-bud to an exo-bud through stomatocyte, oblate
and prolate—thus occurs with an increase in excess area.
These shapes are expected to have a minimum membrane
bending energy for each excess area,[24] so the energetically
stable shape shifted with changes in the membrane excess
area due to osmotic stress.


The vesicular shapes observed in the osmotic evolution
(Figure 7) are consistent with the photoinduced morphological
transitions (Figures 3, 4 and 5). The initial morphologies before
photoirradiation are determined by the process of liposome
formation; during hydration, liposomes with different water
volumes—that is, different excess areas–-are formed, which
leads to various asymmetric morphologies. In the case of
endo- and exocytic vesiculation as shown in Figure 3, the
endo-bud (trans) and exo-bud (cis) correspond to the morphol-
ogies in Figure 7 D and 7 H, respectively, in the osmotic path-
way. For the transition between prolate (trans) and exo-bud
(cis) in Figure 4 A, the prolate shape was observed in Figure 7 G
and a bud was seen in Figure 7 H. The stomatocyte (trans) vesi-
cle in Figure 5 was similar to that in Figure 7 E. Moreover, the
entire course of transformation upon photoisomerization from
trans to cis—that is, with excess area gain—is consistent with
the changes due to osmotic stress ; this reveals that the
change in excess area due to isomerization is essential for the
morphological transitions. The ratio of membrane area expan-
sion deduced from the excess area gain in the osmotically in-
duced transformation from endo-bud into exo-bud is DA/A =


3.6 % (see the Supporting Information), which is in good agree-
ment with the result (3.2�1.6 %) from the micropipette aspira-
tion measurements. Notably, although we showed typical
light-induced vesicular transformations in Figures 3, 4 and 5,
liposomes with similar initial shapes did not always show uni-
form transformations. A stomatocyte liposome, for example,
can transform into a prolate shape. This variation results from
a difference in the excess area changed by photoisomerization
(Figure 6), since there has to be some dispersion in the mixing


ratio of KAON12 over the liposomes obtained through the
gentle hydration method. The reversibility of the shape transi-
tions was very high (>90 %).


When photoresponsive liposomes were used in a gene deliv-
ery experiment, it was reported that the transfection efficiency
achieved with KAON12 was higher than that obtained with
Lipofectin, a commercially available lipid gene carrier.[16] Once
the KAON12/DNA complex has passed through the plasma
membrane by endocytosis, trans-to-cis isomerization of the
azobenzene moiety would destabilize the liposome membrane,
thus accelerating the membrane fusion of photoresponsive lip-
osomes with cellular organelles. These results imply that the
azo-lipid might induce not only the described morphological
transitions in the shape of a single vesicle, but also changes in
membrane topology between neighbouring membranes. As a
future research target, it might useful to try to control the
fusion of lipid membranes by use of light-sensitive giant lipo-
somes for the design of better lipid gene carriers and for use
as microreactors.[25]


Conclusions


We have conducted real-time observations of vesicular trans-
formations in liposomes with an azo-lipid under photoirradia-
tion conditions. The results clearly demonstrate that the lipo-
some exhibited various reversible transitions, such as exo- and
endo-budding, due to photoisomerization of the constituent
molecule. Because the photoinduced shape transitions agreed
well with the morphological changes that occurred due to in-
creases in excess area caused by osmotic pressure, the mecha-
nism of these photoinduced transformations is interpreted in
terms of changes in membrane surface area. Very recently,
photocontrol of DNA conformation with the aid of an azo-sur-
factant has been reported.[26] The light-induced encapsulation
of macromolecules with an azo-polymer was also presented.[27]


Photons are potent stimuli that can be used for timing-specific
control of biological macromolecules. These findings may pro-
vide insight into the biophysics of membrane mechanics and a
basis for their wide practical applications together with photo-
irradiation.


Figure 7. Transformation pathway in response to osmotic stress, together with schematic illustrations. The osmotic environment is Dc = 0.5 mm glucose solu-
tion. Elapsed times are A) 125, B) 436, C) 914, D) 968, E) 1033, F) 1058, G) 1103, and H) 1118 s.
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Experimental Section


Materials : We designed and synthesized a photosensitive amphi-
philic molecule containing azobenzene (KAON12); the conforma-
tion (trans or cis) of this molecule can be switched by light irradia-
tion (Scheme 1). 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)
was purchased from Avanti Polar Lipids (Alabaster, USA). Deionized
water obtained from a Millipore Milli Q purification system was
used to prepare reagents.


Preparation of photosensitive cell-sized liposomes : Liposomes
were prepared by the natural swelling method from dry lipid films;
lipid mixtures (KAON12 and DOPC) dissolved in methanol/chloro-
form (1:2, v/v) in a glass test tube were dried under vacuum for 2 h
to form thin lipid films. The films were then hydrated overnight
with deionized water at 37 8C. The final concentration was 0.5 mm


of lipids (KAON12/DOPC 3:4).[28] Using a conventional microscopic
method with fluorescent dyes to monitor lipid segregations within
bilayer membranes,[11] we confirmed that no segregation on the
KAON12/DOPC membrane surface was detectable.


Microscopic observation under photoirradiation conditions : The
liposome solution (5 mL) was placed on a glass coverslip, which
was covered with another smaller coverslip at a spacing of ca.
0.2 mm. We observed changes in membrane morphology with a
phase-contrast microscope (Olympus BX50, Japan) at room tem-
perature and irradiated membranes through standard filter sets,
(WU, Olympus; lex = 330–385 nm, dichroic mirror 400 nm, lem =
420 nm and WIG, Olympus; lex = 520–550 nm, dichroic mirror
565 nm, lem = 580 nm), with use of an extra-high-pressure mercury
lamp (100 W) for photoisomerization. Irradiation time was less than
a second (no effect of sample heating). The ratios of trans-/cis-azo
under UV and green illumination are approximately 1:4 and 4:1,ACHTUNGTRENNUNGrespectively.[15] The images were recorded on a hard-disc drive at
30 frames s�1.


Micropipette aspiration : Liposomes (KAON12/DOPC 3:4) were pre-
pared with sucrose solution (100 mm). An aliquot of the liposome
solution (10 mL) was then mixed with glucose solution (100 mm,
290 mL). The difference in the refractive indices of the internal and
external solutions enhances the image contrast of liposomes. A
single liposome was aspirated into a glass micropipette (Eppendolf,
CustomTip Type 1, inner diameter 10 mm). We used a micromanipu-
lator (Narishige, MN-151) and a microinjector (Eppendorf, CellTram
Vario), set on an inverted differential interference contrast (DIC) mi-
croscope (Nikon TE2000, Japan).


Treatment with osmotic stress : Liposome and glucose solution
(1 mm) were poured into a test tube and gently mixed by soft tap-
ping. The difference in the molar concentration of glucose across
the bilayer membrane was 0.5 mm.
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Introduction


Over the last two decades, magnetisable iron oxide nanocrys-
tals have been increasingly exploited as vectors for efficient
gene delivery,[1] mediators of hyperthermia cancer treatment[2]


or magnetic resonance imaging (MRI) contrast agents.[3] For
MRI purposes, iron oxide cores are commonly used as so-
called T2 contrast agents and can be divided into either super-
paramagnetic iron oxides (SPIOs), with diameters of >50 nm,
or ultrasmall SPIOs (USPIOs), with diameters of <50 nm.[4] For
purposes of cell labelling, a high internalisation efficiency of
the iron oxide core is desirable, and detailed knowledge of the
behaviour of the contrast agent in a cellular environment is in-
dispensable.


A prerequisite for the elaboration of successful applications
is that the particles must be stable. This can be achieved by
addition of a protective coating around the particles; this re-
sults in a so-called core-corona structure.[5] A wide variety of
substances can be used as coating material ; these includeACHTUNGTRENNUNGsynthetic[3a, 4] or natural (for example, dextran[6b, 7] or proteins[8])
polymers and amphiphilic molecules such as fatty acids[9] or
phospholipids.[10] For MRI purposes, the most common type of
coating consists of dextrans; these particles, however, can elicit
allergic reactions when used in vivo,[11] and in addition they are
not well suited for chemical derivatisation, because the weakly
physisorbed molecules are slowly lost during chemical manipu-
lations.[5, 12] Such derivatisations would, however, greatly en-


hance the applicability of nanocrystals ; surface grafting of cell-
penetrating peptides, such as penetratin, or the TAT peptide,
for example, can significantly increase cellular uptake,[13] and li-
gands that specifically target cellular receptors can provide a
means of tissue-specific delivery of (U)SPIOs.[6b, 14] With regard
to the use of nanocrystals as MRI contrast agents, these dex-
tran-coated iron oxide formulations currently require the ad-ACHTUNGTRENNUNGdition of transfection agents to achieve substantial uptake
levels,[7, 15] which possibly induce cell toxicity.[16] Moreover, the
way in which particles loaded with transfection agent interact
with cells is often only poorly addressed, leaving many un-ACHTUNGTRENNUNGanswered questions.


One promising alternative to dextran-coated SPIOs is the
use of phospholipid-coated USPIOs—so-called magnetolipo-


Iron oxide nanocrystals that are dextran coated are widely ex-
ploited biomedically for magnetic resonance imaging (MRI), hy-
perthermia cancer treatment and drug or gene delivery. In this
study, the use of an alternative coating consisting of a phospho-
lipid bilayer directly attached to the magnetite core is described.
The flexible nature of the magnetoliposome (ML) coat, together
with the simple production procedure, allows rapid and easy
modification of the coating, offering many exciting possibilities
for the use of these particles in biomedical applications. Upon in-
cubation of neutral MLs with an equimolar amount of cationic
1,2-distearoyl-3-trimethylammoniumpropane (DSTAP)-bearing
vesicles, approximately one third of the cationic lipids are incor-
porated into the ML coat. This is in line with a theoretical model
predicting transferability of only the outer leaflet phospholipids
of bilayer structures. Most interestingly, the use of MLs containing
3.33 % DSTAP with a positive z-potential of (31.3�7.3) mV
(mean �SD) at neutral pH, results in very heavy labelling of a


variety of biological cells (up to (70.39�4.52) pg of Fe per cell,
depending on the cell type) without cytotoxic effects. The results
suggest the general applicability of these bionanocolloids for cell
labelling. Mechanistically, the nanoparticles are primarily taken
up by clathrin-mediated endocytosis and follow the endosomal
pathway. The fate of the ML coat after internalisation has been
studied with different fluorescent lipid conjugates, which because
of the unique features of the ML coat can be differentially incor-
porated in either the inner or the outer layer of the ML bilayer. It
is shown that, ultimately, iron oxide cores surrounded by an
intact lipid bilayer appear in endosomal structures. Once internal-
ised, MLs are not actively exocytosed and remain within the cell.
The lack of exocytosis and the very high initial loading of the
cells by MLs result in a highly persistent label, which can beACHTUNGTRENNUNGdetected, even in highly proliferative 3T3 fibroblasts, for up to at
least one month (equivalent to approximately 30 cell doublings),
which by far exceeds any values reported in the literature.


[a] MSc. S. J. H. Soenen, Dr. W. Noppe, Prof. M. De Cuyper
Subfaculty of Medicine, Katholieke Universiteit Leuven
Interdisciplinary Research Centre, KUL-Campus Kortrijk
E. Sabbelaan 53, 8500 Kortrijk (Belgium)
Fax: (+ 32) 56-246997
E-mail : marcel.decuyper@kuleuven-kortrijk.be


[b] MSc. D. Vercauteren, Dr. K. Braeckmans, Prof. . S. De Smedt
Faculty of Pharmaceutical Sciences, University of Gent
Harelbekestraat 72, 9000 Gent (Belgium)


Supporting information for this article is available on the WWW under
http ://dx.doi.org/10.1002/cbic.200800510


ChemBioChem 2009, 10, 257 – 267 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 257







somes (MLs). Because phospholipids are naturally occurring
substances, these MLs exhibit superb biocompatibility.[17] The
MLs originally developed in our laboratory consist of iron
oxide cores each wrapped in a phospholipid double layer, to
give complete encapsulation of the iron oxide. The inner layer
of such a phospholipid bilayer is strongly chemisorbed onto
the iron oxide core, while the outer layer is more loosely physi-
sorbed; this allows exchange of these (phospho)lipids with
those in vesicles incubated with the MLs.[18] Functionalised MLs
are therefore easily generated by incubation of the MLs with
vesicles containing the functional groups, such as (activated)
poly(ethylene glycol) chains or chelating moieties, attached to
phospholipids by appropriate chemical coupling.[19] By simply
varying the content of the functionalised lipids in the donor
vesicles or working with an appropriate donor vesicle/acceptor
ML ratio, the concentration of functionalised lipid, such as cat-
ionic lipid, in the ML bilayer can be easily modulated.


In this work, the architecture of the lipid coat of cationic
MLs was investigated. Next, different cell types were mixed
with MLs containing 3.33 % 1,2-distearoyl-3-trimethylammo-
niumpropane (DSTAP, 100 mg of Fe per mL), and uptake levels
and cell viability were examined. With 3T3 fibroblasts as a rep-
resentative cell model, this study was extended by examining
the effect of a broader range of ML concentrations (50–500 mg
of Fe per mL). The route by which MLs were taken up was ex-
amined, and the cellular localisations of all the components of
the ML (iron oxide core and both the inner and outer phos-
pholipid layers of the coating material) were determined. The
stability of the label was tested with regard to possible exocy-
tosis, together with the persistence of the ML label during the
dilution that is due to continuous cell proliferation. The results
showed that the MLs are very robust and promising tools for
the clinical detection and therapy of malignant tissues.


Results


Cationic ML characterisation


Transmission electron micrographs of the magnetic fluid stock
solution used to produce MLs showed an average nanoparticle
diameter of (14.0�0.3) nm.[20] To produce cationic MLs, dipal-
mitoylphosphatidylcholine (DPPC) acceptor MLs were incubat-
ed at an equimolar lipid concentration with donor vesicles
consisting of DSTAP (20 %) and dimyristoylphosphatidylcholine
(DMPC, 80 %). The amount of each type of fatty acyl chain in
the ML coat was quantified by gas-liquid chromatography
(Table 1). The data showed that equilibrium was reached


within the first day, at which time approximately one third of
the original amount of vesicle-derived lipid was incorporated
into the ML bilayer.


On incubation of DSTAP-containing MLs with cells, MLs con-
taining 3.33 % DSTAP were found to give optimal results in
terms of labelling and the absence of cytotoxicity.[20] This type
of ML was therefore regarded as the “gold standard” for inves-
tigation of ML–cell interactions in subsequent experiments.
Transmission electron miscroscopy (TEM) of MLs containing
3.33 % DSTAP showed electron-dense iron oxide cores each
surrounded by a phospholipid bilayer, visualised by negative
staining with uranyl acetate (Figure 1). Further analysis indicat-


ed an average ML diameter of (21�1.3) nm, which signifies a
thickness for the lipid double layer of approximately 3.5 nm.
The z-potential of these particles at pH 7.0 (5 mm TES buffer)
was (31.3�7.3) mV (mean�SD).


Incubation of MLs containing 3.33 % DSTAP with various cell
types


To examine whether the MLs were efficiently taken up by a va-
riety of cell types, MLs containing 3.33 % DSTAP (concentration
100 mg Fe per mL) were incubated with 3T3 fibroblasts,
N2a neuroblastoma cells, HEK-293 (human embryonic kidney)
cells, GeneswitchTM-CHO (Chinese hamster ovary) cells or
HUVECs (human umbilical vein endothelial cells). The iron con-
tent per cell of cells incubated with these MLs for 4 or 24 h is
shown in Figure 2 A. The data showed some variability in
uptake efficiency between different cell types; this indicates
cell-type dependent internalisation efficiency. No cytotoxicACHTUNGTRENNUNGeffects were noted with any of the cell types tested (Figure S1
in the Supporting Information).


Using 3T3 fibroblasts as a standard cell model, we tested
cellular uptake efficiency with MLs at various concentrations
(50–500 mg of Fe per mL). The data for an incubation period of
4 h are shown in Figure 2 B. The cells were found to display
saturable uptake efficiency, and the increment in iron uptake
decreased as the ML concentration increased. Increasing the
ML concentration did not have any effect on cellular viability
measured after 4 and 24 h (Figure S2 in the Supporting Infor-
mation).


Table 1. Percentages of DPPC, DMPC and DSTAP in the ML coat as de-
rived from gas–liquid chromatograms.


Presence in ML coat at:
0 h 1 h 24 h


DPPC 100 % 66.90�2.42 % 63.57�3.28 %
DMPC 0 % 26.77�1.45 % 29.44�2.25 %
DSTAP 0 % 6.33�0.34 % 6.99�0.30 %


Figure 1. Transmission electron micrograph of MLs containing 3.33 % DSTAP.
The phospholipid bilayer is negatively stained with uranyl acetate; scale bar :
40 nm.
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Route of ML uptake


The saturable increase in uptake levels suggested a clathrin-
mediated endocytosis route for the MLs (see the Discussion).
To clarify the mechanism of ML internalisation, MLs containing
3.33 % DSTAP were incubated with cells treated with various
types of endocytosis inhibitor. Both nocodazole (Noco), which
destabilises microtubules, and cytochalasin D (Cyt D), which de-
polymerises actin microfilaments, unspecifically inhibit several
endocytosis pathways. Filipin III (Fil) is a sterol-binding agent
that removes cholesterol from the plasma membrane, and
thus affects multiple endocytotic pathways. Monodansyl ca-
daverine (MDC) specifically inhibits clathrin-mediated endo-ACHTUNGTRENNUNGcytosis, whereas genistein (Gen) specifically inhibits caveolin-
mediated endocytosis. The optimal concentration of each type
of inhibitor was evaluated to maximise its efficiency and to
rule out any toxic side effects. Figure 3 shows the iron uptake
per cell for the selected conditions, as well as data for combi-
nations of several inhibitors at the selected concentrations and
the results for 3T3 fibroblasts incubated with MLs containing
3.33 % DSTAP in the absence of inhibitors (controls) at 4 8C.
The results are shown for incubation periods of 2 and 4 h.


All inhibitors except Gen significantly reduced the uptake ef-
ficiencies of MLs (Figure 3) when no sign of cytotoxicity was
observed (data not shown). Noco and Cyt D, which affect both
the clathrin-dependent and clathrin-independent pathways, in-
hibited endocytosis to the same extents (at 4 h, uptakes were
(38.09�1.18) and (34.02�0.76) %, respectively, of control
levels). A combination of the two compounds reduced uptake
to about (22.96�0.56) % of control levels; this is equal to the
level seen when cells were incubated at 4 8C and probably


ACHTUNGTRENNUNGindicates complete cessation of endocytosis. The remaining
“uptake” was probably due to MLs attached to the cell surface
and not removed by the washing steps. The use of the cla-
thrin-mediated endocytosis inhibitor MDC or the unspecificACHTUNGTRENNUNGinhibitor Fil reduced uptakes to (36.42�1.06) and (80.13�
1.41) %, respectively, of control values, whereas when com-
bined they led to only (21.73�0.66) % uptake; this indicates
the complementary action of these inhibitors and suggests
that MLs are taken up by different routes, but primarily
through unspecific receptor binding and subsequent clathrin-
mediated endocytosis.


Intracellular localisation of cationic MLs


The above results suggested that MLs were primarily taken up
by clathrin-mediated endocytosis, resulting in their localisation
in intracellular endosomal compartments. TEM micrographs of
3T3 fibroblasts incubated with MLs containing 3.33 % DSTAP
(100 mg Fe per mL) for 24 h supported this hypothesis ; the
cells showed heavily labelled endosomal structures as well as
noninternalised MLs that adhered to the plasma membrane
(Figure 4). As TEM only allows visualisation of the magnetite
core, and not the lipid bilayer when used in a cellular environ-
ment, the fate of the ML coat during internalisation remained
unknown. In order to determine whether the lipids were to be
found in endosomal structures, we produced asymmetric MLs
containing 3.33 % DSTAP, in which the inner layer was labelled
with b-BODIPY� FL C5-HPC (1 %), whereas the outer layer was


Figure 2. Iron content (pg Fe per cell) of A) different cell types (3T3 fibro-
blasts, N2a neuroblastoma cells, HEK-293 cells, GeneswitchTM-CHO cells and
primary HUVECs) incubated for 4 or 24 h with MLs containing 3.33 % DSTAP,
or B) of 3T3 fibroblasts incubated for 4 h with different concentrations (50,
100, 200 and 500 mg Fe per mL) of MLs containing 3.33 % DSTAP. The error
bars indicate the mean�SEM (n = 10), the straight line depicts a linear rela-
tionship between ML concentration and cellular iron content.


Figure 3. Iron content (pg Fe per cell) of 3T3 fibroblasts incubated for 2 or
4 h with MLs containing 3.33 % DSTAP in the presence of various endocyto-
sis inhibitors (Noco, Cyt D, Fil, Gen and MDC and mixtures) or in the absence
of any inhibitors at 37 8C (control cells) or 4 8C. The error bars indicate the
mean�SEM (n = 10), and the degree of significance of differences between
two setups is indicated. A) Noco+Cyt D in relation to the other setups; B) Fil,
Gen, Fil+Gen in relation to control cells ; MDC+Fil, MDC+Gen, MDC+Fil+
Gen in relation to uptake at 4 8C; *: p<0.05; **: p<0.01; ***: p<0.001.
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either unlabeled or labelled with DPPE-LissamineTM Rhodami-
ne B (0.1 %, see the Experimental Section). The unifluorescent
MLs (100 mg Fe per mL) were incubated with 3T3 fibroblasts,
after which fresh medium containing Lysotracker Red (60 nm)
was incubated with the cells for 1 h, and colocalisation of the
endosomal compartments and the inner ML layer was then ex-
amined by confocal microscopy (Figure 5).


Figure 5 A shows heavy labelling of the cell with the uni-
fluorescent MLs. The endosomal compartments (Figure 5 B)
were spread evenly throughout the cytoplasm and seemed to
colocalise with the majority of the internalised MLs (Figure 5 C,


white spots). The enlarged section clearly shows a high degree
of colocalisation (Figure 5 D), and all the internalised MLs are
present in endosomal structures. MLs not taken up are seen as
green regions on the plasma membrane (Figure 5 D). The 3T3
fibroblasts were first incubated with bifluorescent MLs (100 mg
Fe per mL) and then in ML-free medium for 48 h, after which
time the cells were washed with PBS and fixed; colocalisation
of the inner and outer layers of the ML coat was investigated
by confocal microscopy. A representative image showing both
the inner (green) and outer lipid layers (yellow) is shown in Fig-
ure S3; there is a high degree of colocalisation (white) of these
lipid layers after cell internalisation.


Examination of particle exocytosis


It is important to know whether internalised particles remain
inside the cell or are released. The clathrin-mediated route of
uptake suggests that they were possibly exocytosed through
the formation of so-called recycling endosomes. To investigate
this, MLs containing 3.33 % DSTAP and labelled in the outer
lipid layer with DPPE-LissamineTM Rhodamine B (0.25 %) were
incubated with 3T3 fibroblasts for 4 h, the medium was then
removed, and fresh medium not containing MLs was added to
the cells, which were fixed at different times and examined by
fluorescence microscopy. At each time point, eight samples
were treated as described above, and four of these were sub-
jected to an additional incubation step (5 min) with trypan
blue (0.4 %, w/v) prior to being fixed. This step quenches extra-
cellular fluorescence and leaves only the fluorescence of in-
ternalised particles.[21] With this method it is possible to investi-
gate the loss either of intracellular or of total (intracellular +ACHTUNGTRENNUNGadhering) MLs. The relative fluorescence of the samples wasACHTUNGTRENNUNGinvestigated with the aid of ImageJ software, and sample pic-
tures for every time point are shown in Figure 6 (A–J: without
trypan blue; K–T: with trypan blue), together with the fluores-
cence intensity (arbitrary units) as a function of time for both
sets of conditions (Figure 6 U, 6 V, respectively). The data show
no dilution of particles over the time period investigated for
either the total or purely intracellular fluorescence. In fact, in
the cells treated with trypan blue as a quencher dye, the rela-
tive fluorescence increased, rather than decreased.


Particle retention


Earlier results had indicated dilution of labelled MLs in growing
cells over time.[20] As the MLs in our study were not actively
exocytosed, it is highly probable that this dilution was due to
the continuous expansion of the cell population, as 3T3 fibro-
blasts have a short doubling time. To test this hypothesis, cells
were treated with tubulin polymerisation inhibitor II (TPI),
which has a strong antiproliferative effect. Different concentra-
tions of TPI were tested on 3T3 fibroblasts to find the optimal
conditions (that is, the lowest concentration with high efficacy;
data not shown). A small portion of the cells died due to TPI
treatment, but the number of remaining cells remained con-
stant and the cells were completely viable as determined by
the MTT assay (data not shown). In practice, cells were treated


Figure 4. Transmission electron microscopy of ML internalisation by fibro-
blasts; this provides visual confirmation that MLs containing 3.33 % DSTAP
were internalised and were found in endosomal structures located near the
cell nucleus; scale bar : 150 nm.


Figure 5. Confocal images of 3T3 fibroblasts incubated for 4 h with A) b-
BODIPY FL C5-HPC labelled (1 %) MLs containing 3.33 % DSTAP. B) Lysosomes
were stained with Lysotracker Red (60 nm) and the cells were fixed. C) Coloc-
alisation (white) was analysed by use of ImageJ software. D) An enlargement
of the section indicated in (C). The scale bars are either 10 mm (A–C) or 4 mm
(D).
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with TPI (1 mm) and incubated for 24 h, after which time the
medium and any dead cells were removed, and the viable cells
were then incubated with MLs containing DSTAP (0, 1.66, 3.33,
6.66 or 16.66 %) at the same concentration (100 mg Fe per mL),
because dilution of the particles is clearer at higher uptake
levels. Cell viability (data not shown) and iron content were
then determined at different time points.


The results in Figure 7 A show a slow time-dependent de-
crease in the iron oxide content for cells treated with normal
control medium, which is compatible with a model of dilution
of the particles due to continuous expansion of the cell popu-
lation. As shown in Figure 7 B, treatment of the cells with TPI
led to a lower maximal uptake for each type of particle, but
also reduced or even completely halted the time-dependent
decrease in the average cellular ML content; this led to much


better retention of MLs in the cell. Uptake could be divided
into two main stages: continuous uptake, which reached a
maximum at about 8 h, followed by a steady-state level, in
which the cells seemed saturated with MLs. The levels of satu-
ration were determined by the amount of cationic lipid pres-
ent in the ML coat.


Long-term persistence of the ML label


As stated above, the short doubling time of 3T3 fibroblasts
leads to dilution of the MLs. To allow for continued in vivo de-
tection of cells by MRI or to ensure high enough doses of MLs
for hyperthermia treatment after several rounds of cell division,
it is important to determine the retention of MLs within highly
proliferative cells. To this end, a batch of 3T3 fibroblasts were


Figure 6. Fluorescent micrographs of 3T3 fibroblasts (blue colour: DAPI nuclear staining) incubated for 4 h with MLs containing 3.33 % DSTAP, labelled with
DPPE-LissamineTM Rhodamine B (0.25 %, red colour), after which the medium was replaced with fresh medium without MLs, and samples were taken immedi-
ately (A, K) or after 5 (B, L), 10 (C, M), 15 (D, N), 20 (E, O), 25 (F, P), 30 (G, Q), 45 (H, R), 60 (I, S), 120 (J, T) minutes of incubation. U) and V) The relative fluores-
cence intensities versus incubation time for samples corresponding either to A)–J), which are normally treated cells, or to K)–T), which are trypan blue (0.4 %)
treated cells, respectively. The error bars indicate the mean�SEM (n = 40) and the degree of significance is shown relative to the intensity at time point 0.
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incubated for 24 h with MLs containing 3.33 % DSTAP labelled
with DPPE-Texas Red� (0.25 %, 100 mg Fe per mL); the cells
were thereafter placed in fresh medium without MLs and cul-
tured for different time periods, after which samples were
plated out, fixed and checked for ML presence by fluorescence
microscopy.


The data presented in Figure 8 clearly show attenuation of
the fluorescent signal ; this signifies a dilution of the MLs over
time. However, the fluorescent biocolloids could still be detect-
ed for up to at least one month by fluorescence microscopy;
this indicates strong and persistent labelling.


Discussion


The MLs used in this work displayed several key characteristics
for use in a wide variety of biomedical applications, such as
MRI, hyperthermia treatment or (intracellular) drug deliv-
ery.[4, 5, 6b] The superior features of these MLs are due to their
coating, which consists of a lipid bilayer that is very strongly
chemisorbed to the iron oxide core. In general, to cover the
iron oxide core with the lipid bilayer, lauric acid-stabilised iron
oxide cores are dialysed in the presence of phospholipids.
During this process, lauric acid molecules are replaced by lipid
molecules, which leave the donor vesicles, travel through the
aqueous phase and are taken up by the acceptor MLs; this fol-
lows the kinetics of the so-called “aqueous transfer model”.[22]


The inner lipid layer is constructed according to a high-affinity
adsorption regime, whereas formation of the outer lipid layer
obeys Langmuir adsorption mathematics and is driven by the
hydrophobic effect.[23]


The production of cationic MLs requires two consecutive
steps: the formation of neutral MLs, followed by incubation
with cationic vesicles (see the Experimental Section). Taking
into account the fact that for 20 nm diameter vesicles two
thirds of the lipids are present in the outer lipid layer, and as-
suming that during ML production only the outer layer lipids
participate in the exchange process, one can theoretically
deduce that upon incubation of neutral MLs with an equimolar
amount of cationic vesicles, equilibrium will be reached when
the MLs contain one third of the amount of cationic lipid origi-
nally present in the donor vesicles.[18] The data in Table 1 con-
firmed this, as approximately one third of the amount of lipids
present in the ML coat was derived from the vesicles, and also
showed that this ratio of vesicle-derived lipids to ML-derived
lipids is rapidly achieved and maintained for at least 24 h. This
finding further strengthens the suggestion that intramembrane
flip-flop movements, which are thermodynamically unfavoura-
ble, are very slow (half-lives of several days) and do not occur
within the time-span investigated.[20, 24]


Figure 7. Iron content (pg Fe per cell) of 3T3 fibroblasts incubated for 2, 4, 8
or 24 h with MLs containing DSTAP (0, 1.66, 3.33, 6.66 or 16.66 %) in A) the
absence, or B) the presence of TPI (1 mm), which creates a stable, nondivid-
ing cell population. The error bars indicate the mean�SEM (n = 10).


Figure 8. Fluorescence micrographs of 3T3 fibroblasts incubated for 24 h with MLs containing 3.33 % DSTAP and labelled with Texas Red (0.25 %, red). Nuclei
were stained with DAPI (blue). Images were taken of cells cultured in medium not containing any MLs at A) 0, B) 2, C) 5, D) 10, E) 20, F) 25 or G) 30 days post-
ML incubation; scale bars = 25 mm.
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These features were exploited to prepare MLs in which the
lipid bilayer was labelled with different fluorophores
(Scheme 1); this provided further insight into the fate of the
lipid bilayer after internalisation (see below). To label the inner
layer, we chose to use a lipid with a fluorescent tag located at
the end of a truncated fatty acyl chain, as this configuration
will not hinder the strong anchoring of the phospholipids on
the iron oxide surface. In contrast, to label the outer layer, we
preferred to work with the fluorescent moiety in the polar
head-group region so that it could freely protrude into theACHTUNGTRENNUNGsurrounding medium. Thus, practically, b-BODIPY FL C5-HPC
was used to monitor the inner lipid layer and DPPE-LissamineTM


Rhodamine B or DPPE-Texas Red were used to label the outer
leaflet of the ML bilayer.


The results presented in Figure 2 A showed that MLs con-
taining 3.33 % DSTAP can be regarded as a universal particle
that can be employed to label many different cell types effi-
ciently and safely. The variation in iron levels seems to depend
upon the general transfection efficacies of the cell types used.
Internalisation was lowest with HUVECs, which are primary
cells known to be rather resistant to conventional transfection
protocols,[25] but in our hands still reached an impressive
(28.63�1.83) pg of iron per cell after 4 h incubation, which is
significantly higher than the uptake levels reported to date


with, for instance, dextran-coated particles in combination
with transfection agents.[26] The highest uptake was seen with
GeneSwitchTM-CHO cells ((70.39�4.52) pg Fe per cell after 4 h),
which are generally considered to be easily transfected. Fig-
ure 2 B shows that the increase in uptake efficiency at higher
ML concentrations was saturable, as the increase in cellular
iron levels deviates more from a linear relationship at higher
iron levels in the medium, which is indicative of unspecificACHTUNGTRENNUNGreceptor-mediated endocytosis.[27]


To clarify the route of uptake, several endocytosis inhibitors
were tested for efficacy in inhibition of ML uptake (Figure 3).
The unspecific inhibitors Cyt D, which depolymerises actinACHTUNGTRENNUNGmicrofilaments, and Noco, which destabilises microtubules,[28]


both greatly inhibited uptake, and their effect could be in-
creased by combining them, which resulted in the inhibition of
most transcytosis and movement of endosomes. Uptake was
reduced to (22.96�0.56) % of control levels, almost identical
to the (22.18�0.39) % obtained when incubation was at 4 8C,
and no active endocytosis occurred. This shows that over 2–
4 h of incubation, approximately 22 % of the cell-associated
MLs were bound to the plasma membrane, while the remain-
ing 78 % were internalised. Several specific inhibitors were
then used to determine the actual pathway followed duringACHTUNGTRENNUNGinternalisation. MDC is a competitive inhibitor of transgluta-ACHTUNGTRENNUNGminase, which is an enzyme essential for the formation ofACHTUNGTRENNUNGclathrin-coated vesicles ;[29] Fil removes cholesterol from the
plasma membrane, and thus disturbs several internalisation
pathways; and Gen is a specific inhibitor of caveolae-mediated
endocytosis.[28] As Gen had no effect on ML uptake, caveolae-
mediated endocytosis does not seem to play a role. If the
amount of internalised MLs is solely considered, MDC inhibited
uptake by (83.13�1.56) %, whereas Fil resulted in (25.71�
1.22) % inhibition, and both together reduced uptake efficiency
to the level seen at 4 8C; this indicates that Fil has a comple-
mentary effect (15 % inhibition) to MDC, but also acts on the
same pathway as MDC, as alone it caused 25 % inhibition. By
removing cholesterol from the plasma membrane, Fil strongly
inhibits several pathways, such as macropinocytosis and caveo-
lin-mediated endocytosis, and also partially affects clathrin-
mediated endocytosis, as lack of cholesterol diminishes the po-
tential of coated pits to detach from the plasma membrane.[30]


This last effect would explain the partial overlapping effect of
MDC and Fil. The secondary internalisation route is probably
macropinocytosis, as cholesterol plays a role in macropino-
some formation.[28] This suggestion is supported by the inhibi-
tory effect of Cyt D being greater than that of MDC, suggesting
involvement of the actin cytoskeleton, as Cyt D reduces mem-
brane ruffling. Taken together, these findings show that MLs
are internalised primarily by clathrin-mediated endocytosis,
(85.31�1.72) %. This is in agreement with the results of
Rejman et al. ,[31] who found that the precise route of particle
uptake is size-dependent, with particles smaller than 200 nm
diameter being internalised by clathrin-mediated endocytosis.


As clathrin-mediated endocytosis targets particles to theACHTUNGTRENNUNGendosomal pathway, we hypothesised that MLs would end up
in endosomal structures. TEM micrographs (Figure 4) showed
deposition of the MLs in endosomal structures located close to


Scheme 1. A simplified scheme depicting the production of different types
of fluorescently tagged MLs. A) Cationic MLs with tagged outer lipid layer,
B) neutral MLs with tagged inner lipid layer—B1) cationic MLs with tagged
inner lipid layer, B2) cationic MLs with differently tagged inner and outer
lipid layers. For the experimental details, see the Experimental Section.
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the cell nucleus, as seen with several types of internalised
(U)SPIOs.[3a, 32] The intracellular localisation of the lipid bilayer
can be visualised, as the flexible ML coat can easily be tagged
with a fluorescent label to produce a bimodal contrast agent.
Figure 5 shows that although many endosomal structures did
not contain any MLs, all the internalised MLs seemed to coloc-
alise to a high degree with Lysotracker Red (Figure 5 C and D),
which testifies to a lysosomal localisation of the lipid coat, in
addition to the iron oxide core. Green dots were seen only at
the cell peripheries and indicate adherent MLs that had not
been internalised; these correspond to the 22 % of particles
that stuck to the membranes of the cells even after complete
inhibition of endocytosis. Figure S3 in the Supporting Informa-
tion also shows a high degree of colocalisation of the inner
and outer lipid layers, which clearly shows that, during the pro-
cess of internalisation, the more loosely bound outer lipid layer
of the MLs stays intact and does not, for instance, fuse with
the plasma membrane.


Exocytosis of particles in serum-containing media has been
demonstrated in many studies;[15, 27, 28] it can have a negative
effect on the stability of the label over time and can also lead
to labelling of nontarget cells if particles are released into the
surrounding tissue from prelabelled transplanted cells. Possible
exocytosis of our particles was investigated by fluorescence
microscopy. In the presence of trypan blue, specific quenching
of all extracellular fluorescence occurred;[21] this allowed the
visualisation only of intracellular MLs, whereas in the absence
of trypan blue total fluorescence was seen. Combining these
two methods allowed us to investigate the loss of internalised
particles or of particles adherent to the cell surface. Figure 6 A–
J and 6 U show no change in total fluorescence, whereas Fig-
ure 6 K–T and 6 V show that the amounts of internalised MLs
increased—rather than decreased—over time. This can be ex-
plained as a result of continuous internalisation of MLs adher-
ent to the surface, even after removal of the ML-containing
medium. As the use of trypan blue reduced the intensity of
the fluorescent signal (as shown by the very weak DAPI signal),
it was not possible to determine the ratio of internalised parti-
cles to total cell-associated particles, because the signal inten-
sity of internalised particles is significantly weakened. The find-
ings reported thus far also indicate the need for more cautious
determination of cellular iron contents, as most studies that
report on cellular iron contents do not use methods that can
discriminate between internalised and adherent particles. As
such, the amount of particles should be defined as “cell-associ-
ated particles” and attention must be paid to the specific ap-
plication of the nanoparticles to determine whether adherent
particles may or may not have any negative side-effects.


The dilution of particles over time was verified by quantify-
ing the uptake of MLs with different DSTAP contents by TPI-
treated cells (Figure 7 A); these showed an absence of ML dilu-
tion over time in all cases except with MLs containing 16.66 %
DSTAP (Figure 7 B). This finding might be explained by the tox-
icity of these particles,[20] because uptake levels should be re-
duced if the particles exhibit cytotoxic effects. Much like Cyt D,
TPI affects tubulin polymerisation and can therefore be consid-
ered an effective inhibitor of endocytosis. To avoid inhibition


of ML internalisation, the lowest concentration at which TPIACHTUNGTRENNUNGefficiently halted cell division was chosen. A slight inhibitory
effect was still present, because, for all types of ML used the
overall iron content was lower than cells not treated with TPI.
However, the effect was not high enough to cause a complete
halt to ML dilution over time.


In addition, when 3T3 fibroblasts were incubated with fluo-
rescently labelled MLs containing 3.33 % DSTAP, followed by
continued culture of these cells in fresh medium not contain-
ing MLs, these particles were detectable by fluorescence mi-
croscopy in the cells for up to one month postincubation,
which is equal to approximately 30 doublings (doubling time:
�20 h; Figure 8). Although 3T3 fibroblasts are known to be
highly proliferative cells, this value greatly exceeds the time-
span of 5–7 doublings found by Brekke et al. ,[33] who usedACHTUNGTRENNUNGgadolinium rhodamine dextran structures to label Maudsley
hippocampal cell clone 36 cells, or by Walczak et al. ,[15] who la-
belled C17.2 neural stem cells with Feridex�. These findings
might, however, be somewhat deceiving, because both studies
also used fluorescence microscopy to monitor the fate of the
internalised nanoparticles over time, but the quantum yield of
the label, the amount of fluorophores per particle and the spe-
cific cell type used are all parameters that can influence the
outcomes of these studies. Nonetheless, these factors could
not solely be responsible for the long-term retention of the flu-
orescent signal of the MLs, which indicates the long persis-
tence of these nanocolloids. The data found here can probably
be related to the long-term persistence of the complete ML
structure, because single fluorescent lipids or liposomes could
not be retained over such long time periods. The long persis-
tence of the label is probably due to the lack of exocytosis and
the very high initial iron load of the cell, which greatly exceeds
most values described in the literature.[4, 26a, 34] Furthermore,
metabolic processing of the nanoparticles can greatly affect
their residence times within cells. Mornet et al.[5] showed that,
for the commonly used dextran-coated (U)SPIOs, the dextran
coat is degraded within the lysosome, exposing the naked iron
oxide core to an acidic environment. Idee et al.[35] also showed
that small dextran-coated (U)SPIOs (Sinerem�, 5 nm diameter
iron oxide cores) are completely degraded (coating + iron
oxide nanocrystal) in the macrophage lysosomal compartment
within seven days, which is in line with the rapid loss of the
dextran-coated (U)SPIOs mentioned above. During iron oxide
metabolism, reactive oxygen species are generated, exposing
the cells to stressful conditions.[36] Preliminary results from re-
duction of nitroblue tetrazolium salts or H2-DCFDA by cells in-
cubated with our cationic MLs show that the iron oxide cores
of the MLs do not induce reactive oxygen species production
(data not shown). This further supports our contention that
the iron oxide cores are thoroughly shielded by the phospho-
lipid bilayers and thus extremely stable in all aspects. To sup-
port these findings, MR experiments to test the persistence of
the contrast agents in the MR signal over time are currently
being set up, because MR is less sensitive than fluorescence
microscopy and other factors, such as the cell density and the
number of cells per voxel, must also be taken into consider-
ation.
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Conclusions


An interesting feature of MLs is the flexibility of their coatings,
which allow easy modification of the lipid constitutions of the
bilayers; this results in, for instance, the construction of MLs
containing 3.33 % DSTAP, which show high labelling efficiency
and complete lack of cytotoxic effects.[20] As outlined in this
work, fluorescently tagged lipid conjugates can easily be incor-
porated into either of the ML layers by simple modification of
the production procedure; this leads to the generation of bi-
modal contrast agents. It is demonstrated that MLs are not ac-
tively exocytosed and are very stable over time; their retention
times greatly exceeded those of the more commonly used
(U)SPIOs. This finding supports the use of MLs to improve cur-
rent contrast-agent enhanced MRI, for which long-term stabili-
ty of the label would be highly useful in a serial follow-up
study of, for instance, cell migration or for monitoring the fate
of rapidly dividing cells with high expansion capabilities, such
as multipotent adult progenitor cells,[37] after in vivo transplan-
tation—a situation in which other labels, such as the more
common dextran-coated particles, cannot be employed effec-
tively because of the rapid loss of label.[15]


Experimental Section


Materials : Dimyristoylphosphatidylcholine (DMPC), dipalmitoyl-
phosphatidylcholine (DPPC) and 1,2-distearoyl-3-trimethylammoni-
um-propane (DSTAP) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). 2-(4,4-Difluoro-5,7-dimethyl-4-bora-3a,4a-di-ACHTUNGTRENNUNGaza-s-indacene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phospho-
choline (b-BODIPY FL C5-HPC), dipalmitoylphosphatidylethanol-
amine (DPPE)-LissamineTM Rhodamine B and DPPE-Texas Red were
purchased from Molecular Probes (Invitrogen, Belgium). N-Tris(hy-
droxymethyl)-methyl-2-aminoethanesulfonic acid (TES) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) salt
were obtained from Sigma (Bornem, Belgium). The disodium salt
of 4,5-hydroxybenzene-1,3-disulfonic acid (Tiron) was from Acros
Organics (Geel, Belgium). The BCATM Protein Assay Kit 1296.3, con-
taining reagents A and B, was from Pierce (Rockford, US). Nuclear
fast red and potassium ferrocyanide were from Carl Roth (Karls-
ruhe, Germany). ProLong� Gold anti-fade reagent containing 4’-6-
diamidino-2-phenylindole (DAPI) was from Invitrogen (Belgium),
and the Lab-TekTM Chamber SlidesTM (PermanoxTM slide material,
four wells per slide) were from VWR (Belgium). Tubulin polymeri-
sation inhibitor II (TPI) was purchased from Calbiochem (San Diego,
USA), and cytochalasin D (Cyt D), nocodazole (Noco), filipin III (Fil),
genistein (Gen) and monodansyl cadaverine (MDC) from Sigma–Al-
drich. All materials were used as received; the solvents used were
pro analysis grade.


Magnetic fluid preparation : Water-adapted dilution-stable mag-
netite nanoparticles were produced by precipitation of a mixture
of FeIII chloride (1 m, 80 mL) and FeII chloride (2 m, 20 mL) with am-
monia (final concentration of 0.7 m). The particles were magnetical-
ly decanted and peptised with lauric acid, as described by Khalafal-
la and Reimers.[9] The stock solution of magnetic fluid had a mag-
netite content of 114 mg of Fe3O4 per mL.


Vesicle preparation : Small unilamellar vesicles were prepared by
mixing the desired phospholipid type (183 mg), commonly DMPC
(or DPPC for the gas-liquid chromatography experiment), with TES


buffer (5 mm, pH 7.0, 15 mL) and sonicating the mixture for 15 min
in a temperature-controlled (25 8C) sonication vial at 18 m peak-to-
peak intensity in a probe-tip sonicator (MSE 150 W Ultrasonic Disin-
tegrator, 3/8” sonication probe, Analis, Ghent, Belgium). Any metal
particles released by the titanium probe were removed by centrifu-
gation of the dispersion at 7000 g for 10 min.


Magnetoliposome preparation : Neutral MLs were prepared by
adding the magnetic fluid described above (0.3 mL) to the small
unilamellar vesicles (15 mL) prepared as described above. The vesi-
cle/magnetic fluid mixture was dialysed for three days at 37 8C
(SpectraPor no. 2 dialysis tubing, 12–14000 MWCO; Spectrum Lab-
oratories, Medicell Laboratories, London, UK) against TES buffer
(5 mm, pH 7.0, 2 L), with a buffer change every 8 h. The resulting
MLs were separated from excess vesicles by high-gradient magne-
tophoresis (HGM; see below). Cationic MLs were produced similar-
ly, but with an additional incubation step (overnight, at 37 8C) of
neutral MLs with an equimolar amount (with respect to lipid con-
tent) of vesicles containing cationic lipids. Lipids not incorporated
in the ML coat were removed by HGM (see below). In practice, to
prepare MLs containing DSTAP (3.33 %), neutral DMPC MLs were
first prepared as described above with an iron oxide concentration
of 12.07 mg of Fe3O4 per mL and a phosphate concentration of
10.22 mmol of PO4


3� per mL (see below). To prepare cationic vesi-
cles equimolar with respect to lipid content to the neutral MLs,
TES buffer (5 mm, pH 7.0, 3 mL) was added to DMPC (18.73 mg)
and DSTAP (2.16 mg; that is, 90 and 10 mol % of 30.66 mmol PO4


3�,
respectively), and the suspension was sonicated at an 18 m peak-
to-peak intensity in a probe-tip sonicator (MSE 150 W Ultrasonic
Disintegrator, exponential sonication probe, Analis, Ghent, Bel-
gium) for 15 min with cooling in ice-cold water. Next, the vesicle
suspension (1.5 mL) was mixed with the neutral MLs (1.5 mL), and
the mixture was incubated, overnight, at 37 8C, followed by a
second round of HGM purification to provide the MLs containing
3.33 % DSTAP. Fluorescently tagged MLs containing DSTAP (3.33 %)
were produced in a similar fashion to the cationic MLs, with theACHTUNGTRENNUNGincorporation of b-BODIPY FL C5-HPC, DPPE-LissamineTM Rhoda-ACHTUNGTRENNUNGmine B or DPPE-Texas Red. The b-BODIPY FL lipid conjugates were
located in the inner leaflet of the ML coat, whereas DPPE-Lissa-ACHTUNGTRENNUNGmineTM Rhodamine B and DPPE-Texas Red were embedded in the
outer layer. The procedures used to generate these structures were
as follows:


1) Cationic MLs grafted with a single type of fluorescent lipid con-
jugate (either DPPE-LissamineTM Rhodamine B or DPPE-Texas
Red) in the outer lipid layer (Scheme 1 A) were produced in a
similar way to nonfluorescent cationic MLs (see above), except
that the neutral MLs were incubated with cationic vesicles con-
taining the appropriate percentage of fluorescent lipid conju-
gate (three times the desired percentage of fluorescent label in
the ML coat).


2) MLs with a fluorescent lipid conjugate in the inner lipid layer
were produced by mixing 3 mL of sonicated vesicles (12 mg of
lipids, of which 1 mol % consisted of b-BODIPY FL C5-HPC) with
the magnetic fluid (0.3 mL) at room temperature (Fe3O4 con-
centration of the stock solution: 114 mg mL�1), followed by di-
alysis (6 h) at 37 8C against TES buffer (5 mm, pH 7.0), with a
buffer change every 2 h (Scheme 1 B). Under these conditions
all phospholipid components are adsorbed as a single layer on
to the magnetite surface.[23] The monolayered MLs were then
mixed with DMPC vesicles (12 mL, 171 mg of lipids) and dia-
lysed against TES buffer (5 mm, pH 7.0) for a further two days
at 37 8C; this resulted in the formation of the outer lipid layer
(Scheme 1 B, 2nd row). After HGM, these MLs were incubated
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with cationic vesicles to produce cationic MLs as described
above (Scheme 1 B1).


3) MLs containing a different fluorescent lipid conjugate in each
of the lipid layers were produced as described in (2), apart
from the addition of DPPE-LissamineTM Rhodamine B (0.75 %) to
the cationic vesicles; this resulted in cationic MLs bearing
DPPE-LissamineTM Rhodamine B (0.25 %; Scheme 1 B2). Because
intramembrane flip-flop movements are believed to occur at a
very slow rate (see Discussion), the inner lipid layer contains
only b-BODIPY FL C5-HPC, whereas the outer layer contains
only DPPE-LissamineTM Rhodamine B.


The integrity of the lipid bilayer of each ML sample was tested by
iron and phosphate determination, as described previously.[20] The
procedure for transmission electron microscopy (TEM) for visualisa-
tion of the magnetic fluid grains, cationic MLs and cell-internalised
MLs is outlined in the Supporting Information.


High-gradient magnetophoresis : Separation of MLs from excess
lipids was achieved by HGM, in which magnetisable stainless steel
fibres were inserted into sections of tubing (Medical grade Silastic
tubing, length 10 cm, inner and outer diameters of 0.02 and
0.32 cm, respectively, Dow–Corning Corporation) positioned be-
tween the poles of a working electromagnet (Bruker B-E 15, Karls-
ruhe, Germany) operating at a magnetic field of 1.5 T. Aliquots
(0.75 mL) of the samples were pumped through the magnetic filter
device by use of a peristaltic pump (proportioning pump, Model
1512/20, Carlo Erba, Italy), followed by being washed with TES
buffer (5 mm, pH 7.0, 0.75 mL). After deactivation of the magnet,
the trapped particles were eluted from the filter with the desired
volume of the same buffer.


Quantification of fatty acyl moieties : DPPC-MLs were incubated
with an equimolar amount (with respect to lipid content) of
DMPC/DSTAP (80:20) vesicles at room temperature. At several time
points, samples were taken and subjected to HGM purification,
both the retentate and eluate being collected. Time-dependent
changes in the fatty acyl composition of the membranes were
monitored by gas-liquid chromatography (Mega 8180-O, Carlo Er-
ba, Rodano, Italy). For this purpose, the phospholipids were sub-
jected to acid hydrolysis and their fatty acids were converted into
the more volatile methyl esters by use of acetyl chloride (10 %) in
methanol.[38] Heptadecanoic acid was used as internal standard.


Electrophoretic mobility measurements : The electrophoretic mo-
bility was measured with a Zetasizer IIC instrument (Malvern, UK)
at 25 8C. Immediately prior to measurement, the samples were di-
luted with TES buffer (5 mm, pH 7.0) to optimise the response of
the machine for the given sample. The average value of ten differ-
ent runs was then calculated.


Statistical analysis : Unless indicated otherwise, values are repre-
sented as the mean � standard error of the mean (SEM). For cell
viability, cellular iron content and relative fluorescence intensities,
direct comparisons between two conditions were performed by
use of the unpaired Student’s t-test, and the degree of significance
is given when appropriate (*: p<0.05; **: p<0.01; ***: p<0.001).


Cell culturing conditions and detailed information on the different
magnetoliposome–cell interaction experiments are described in
the Supporting Information.
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The Molecular Basis of Inhibition of Golgi a-Mannosidase II
by Mannostatin A
Douglas A. Kuntz ,[a] Wei Zhong ,[b] Jun Guo,[b] David R. Rose,*[a] and Geert-Jan Boons*[b]


Introduction


Cells that have undergone oncogenic transformation often dis-
play abnormal cell surface oligosaccharides. These changes in
glycosylation are important determinants of the stage, direc-
tion and fate of tumor progression. A potential route for block-
ing the changes in cell surface oligosaccharide structures is
through inhibition of the mannose trimming enzyme Golgi a-
mannosidase II (GMII ; mannosyl-oligosaccharide 1,3-1,6-a-man-
nosidase II ; E.C. 3.2.1.114), which acts late in the N-glycan proc-
essing pathway.[1, 2] GMII acts on GlcNAcMan5GlcNAc2 to selec-
tively cleave a ACHTUNGTRENNUNG(1-3) and a ACHTUNGTRENNUNG(1-6) mannosyl residues.[3, 4]


Structural details of the substrate cleavage events have re-
cently been elucidated by using the catalytic domain of the
Drosophila melanogaster enzyme (dGMII).[5–7] GMII, a retaining
family 38 glycoside hydrolase, employs a two-stage mechanism
involving two carboxylic acids positioned within the active site,
which act in concert ; one acts as a catalytic nucleophile
(Asp204 in dGMII) and the other as a general acid/base catalyst
(Asp341 in dGMII). Protonation of the exocyclic glycosyl
oxygen of a substrate molecule leads to bond breaking andACHTUNGTRENNUNGsimultaneous attack of the catalytic nucleophile to form a gly-
cosyl enzyme intermediate.[5] Subsequent hydrolysis of the co-
valent intermediate by a nucleophilic water molecule gives an
a-mannose product.


Mannostatins A (1) and B (2), which were isolated from the
soil microorganism Streptoverticillus, were the first nonaza-ACHTUNGTRENNUNGsugar-type inhibitors to be discovered that possess an amino-
cyclopentitol structure, and are some of the most potent inhib-
itors of class II a-mannosidases reported (Figure 1).[8] The inhib-
itors are of the reversible, competitive type. Mannostatin AACHTUNGTRENNUNGeffectively blocked the processing of influenza viral hemagglu-
tinin in cultured MDCK cells and caused the accumulation of
hybrid-type protein linked oligosaccharides; this is consistent
with blocking the action of Golgi mannosidase II.[9]


We previously reported an X-ray crystal structure of dGMII in
complex with mannostatin A (1).[10] The five-membered ring of
1 adopts a 2T1 twist envelope conformation, which is stacked


against the aromatic ring of Trp95, and acts as a mimic of the
covalently linked mannosyl intermediate. The 2,3-cis-diol (car-
bohydrate base numbering rather than strict IUPAC numbering
is used here for comparative purposes) complexes with a Zn2 +


ion in the active site of dGMII ; this results in T6 coordination
geometry. Furthermore, the amine of 1 forms hydrogen bonds
with catalytic acid residues Asp204, Asp341 and Tyr269. Data
from SAR experiments have pointed to the importance of the
amine and cis-diols for inhibitory activity of mannostatin A[11–18]


and the crystal structure illustrated how these groups interact
with the protein.


The thiomethyl moiety of 1, which is structurally similar to
the side chain of a methionine residue, is a feature that is not
observed in any other glycosidase inhibitors. It has been pro-
posed that the sulfur atom and e-CH3 (thiomethyl) group of
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Mannostatin A is a potent inhibitor of the mannose-trimming
enzyme, Golgi a-mannosidase II (GMII), which acts late in the N-
glycan processing pathway. Inhibition of this enzyme provides a
route to blocking the transformation-associated changes in
cancer cell surface oligosaccharide structures. Here, we report on
the synthesis of new Mannostatin derivatives and analyze their
binding in the active site of Drosophila GMII by X-ray crystallog-


raphy. The results indicate that the interaction with the backbone
carbonyl of Arg876 is crucial to the high potency of the inhibi-
tor—an effect enhanced by the hydrophobic interaction between
the thiomethyl group and an aromatic pocket vicinal to the
cleavage site. The various structures indicate that differences in
the hydration of protein–ligand complexes are also important de-
terminants of plasticity as well as selectivity of inhibitor binding.


Figure 1. Mannostatins A (1) and B (2) and analogues. The numbering
scheme follows, as closely as possible, the carbohydrate numbering. Inhi-ACHTUNGTRENNUNGbition values for Drosophila Golgi a-mannosidase II are shown.
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methionine residues are involved in several different interac-
tions important for protein stability.[19–22] The methyl carbon of
the thiomethyl moiety of 1 in complex with dGMII appeared to
adopt two different conformations.[10] In both conformations,
the sulfur interacts with the backbone oxygen of Arg876
through the p orbital on the carbonyl oxygen and the anti-
bonding s* orbital of the S�C bond. In the cf1 conformation,
the polarizable methyl group is
in a hydrophilic environment
and interacts with three water
molecules and the p system of
the Arg228 side chain. On the
other hand, the methyl group of
the cf2 conformation is in aACHTUNGTRENNUNGhydrophobic pocket where it
forms CH–p type interactions
with the phenyl rings of Phe206
and Tyr727.


To probe the interactions of
the thiomethyl function of 1
with dGMII in detail, mannosta-
tin B (2) and analogues 3, 4 a,
4 b and 5, which contain deoxy,
hydroxy, epi-hydroxy or methoxy
substituents, respectively, in-
stead of the thiomethyl of 1,
were prepared. The ability of
the compounds to inhibit dGMII
activity has been examined and
the results rationalized by exam-
ining X-ray cocrystal structures
of dGMII with the synthetic
compounds. The results indicate
that the previously observed
dual conformations of the thio-
methyl group might in fact have been an artifact of limitedACHTUNGTRENNUNGradiation damage, and the primary interaction of the methyl
group is with the hydrophobic region of the cleavage pocket;
this orients the sulfur such that its unpaired electrons make an
interaction with the backbone carbonyl of Arg876, which
seems to be a critical determinant of potency. The degree of
penetrance of the methyl group into the hydrophobic site also
appears to be important for the high potency of mannosta-ACHTUNGTRENNUNGtin A. Also, the various structures indicate that differences in
the hydration of protein–ligand complexes are important de-
terminant of plasticity as well as selectivity of inhibitor bind-
ing.


Results and Discussion


Chemical synthesis of mannostatin A analogues


Analogues 1–6 were synthesized to probe in detail the impor-
tance of the thiomethyl of substituents of mannostatin A for
inhibiting GMII. Optically pure mannostatin A (1) and deriva-
tives 6 and 12 were prepared by modified literature proce-
dures.[11, 15] The key steps of this approach were an aldol con-


densation of nitromethane with a dialdehyde derived from
myo-inositol and a selective protection by an R-(�)-O-acetyl-
mandelyl group. Thus, benzylation of 6 with benzyl bromide in
the presence of silver(I) oxide in THF gave 7, which was treated
with NaOMe in methanol to remove the acetylmandelate (Am)
ester to afford 8 (Scheme 1). Inversion of configuration of the
C-2 hydroxyl of 8 was easily accomplished by triflation with


triflic anhydride and pyridine in dichloromethane to give a tri-
flate, which was immediately displaced by tetra-n-butylammo-
nium acetate in toluene by using sonication to give acetate 9.
A small amount of elimination byproduct was also isolated.
The acetyl ester of 9 was cleaved with sodium methoxide in
methanol to afford 10, which was methylated with methyl
iodide in the presence of silver(I) oxide to give 11. Deprotec-
tion of 10 and 11 to give the target compounds 4 a and 5 was
accomplished by a two-step procedure involving catalytic hy-
drogenation over Pd/C to remove the benzyl ether followed
by treatment with HCl (1 m) in a mixture of H2O/MeOH to hy-
drolyze the cyclohexylidene acetal and convert the acetamido
moiety into an amine.


Compound 3 could easily be prepared from 12 by treatment
with DMAP and chlorothionoformate in acetonitrile to give
phenylthiocarbonyl ester 13 (70 %), which was deoxygenated
by heating under reflux in the presence of the free radical ini-
tiator AIBN and reducing reagent tributyltin hydride in toluene
to afford 14. Deprotection of 14 was easily accomplished by
heating under reflux in HCl (1 m) in H2O/MeOH to give 5-
deoxy-aminocyclopetititol 3. Compound 4 b could be prepared
by standard deprotection of 8.


Scheme 1. Reagents and conditions: a) BnBr, Ag2O, THF; b) NaOMe, MeOH; c) Tf2O, Py, CH2Cl2, 0 8C then Bu4NOAc,
toluene; d) CH3I, Ag2O, CH3CN; e) Pd/C, H2, tBuOH, H2O, AcOH then 1 m HCl in MeOH; f) phenylchlorothionofor-
mate, DMAP, CH3CN; g) Bu3SnH, AIBN, toluene, D.
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The rate of hydrolysis catalyzed by dGMII of different concen-
trations of 4-methylumbelliferyl a-d-mannopyranoside alone
and in the presence of different concentrations of inhibitor
was measured fluorometrically and Ki values were determined
from Dixon plots. As can be seen in Figure 1, mannostatin A
(1) is a more potent inhibitor than mannostatin B (2). 1-Deoxy-
aminocyclopentitetrol (3), which lacks the thiomethyl ether, is
a very poor inhibitor; this indicates that the thiomethyl moiety
of 1 makes important interactions with the binding site of the
enzyme. Addition of the hydroxy group (4 a) increases theACHTUNGTRENNUNGpotency by almost 1000-fold. The orientation of the hydroxy
group was critical, as a downwardly oriented epi-hydroxyl (4 b)
only led to an approximate threefold increase in potency.
Changing the hydroxyl of 4 to a methoxy group (5) furtherACHTUNGTRENNUNGenhanced the potency by ~ fourfold. However, the Ki values for
4 a and 5 were eight- and four-times larger than that of man-
nostatin A (1).


The thiomethyl group of mannostatin A interacts with the
hydrophobic pocket


Analysis of X-ray crystal structure of dGMII–1 complexes at var-
ious pH values (3.8, 5.75 and 9.0) by using the A1 line of the
Cornell High Energy Synchrotron Source (CHESS) showed that
the electron density of the ligand was divided into two dis-
creet regions; the five-membered ring was separated from the
thiomethyl group most likely as a result of radiation damage
(Figure 2, top panel).


Because of their unique chemistries, active-site regions of
enzymes are particularly prone to radiation-induced damage. It


has been proposed that damaging species follow the electric
field lines around proteins,[23] which could be expected to
target the active site. In addition, sulfur and selenium contain-
ing amino acids are also usual targets, and the loss of thio-
methyl groups of methionine[24] and methylseleno groups of
selenomethione[23] have been reported. Furthermore, metallo-ACHTUNGTRENNUNGenzymes are particularly sensitive to damaging effects of X-ray
radiation.[25] Therefore, it is not surprising that the thiomethyl
containing mannostatin A, which tightly bound in the zinc-
containing active site, is susceptible to radiation-induced
damage. We have previously not observed this damage in
other complexes that contain selenium and sulfur containing
inhibitors,[26, 27] and it might have been exacerbated by the par-
ticularly high flux rates at the time of data collection. We did
not observe the “split density” phenomenon with either man-
nostatin B (2) or the methyl ether analogue 5 (see below), and
therefore it might be that the thiomethyl group is particularly
prone to radiation damage. In any event, it made it impossible
to assign any pH dependent conformation.


Data recollected with a rotating anode source with freshly
prepared crystals did not show any evidence of radiation
damage (Figure 2, lower panel). At all three pH values, the thi-
omethyl group was found in only one orientation: pointing to-
wards the hydrophobic pocket formed by Phe206, Trp415 and
Tyr727. We conclude that mannostatin A binds with its hydro-
phobic thiomethyl group in this aromatic pocket. Given the ra-
diation damage we observed, it is probable that the previously
observed dual conformation of the thiomethyl group might be
a result of a limited amount of radiation damage. The orienta-
tion of mannostatin A with the thiomethyl pointing towards
the hydrophobic pocket is in agreement with molecular dy-
namics studies.[10]


Cocrystal structures of dGMII with compounds 2–5


Crystallographic analysis of dGMII was carried out with the five
mannostatin analogues (2–5), either prepared as cocrystals or
by soaking of crystals previously washed with phosphate
buffer (to remove bound Tris arising from the crystallization so-
lution). Data collection was performed on a rotating anode or
with synchrotron radiation. Structural refinement was carried
out to a final resolution ranging from 1.21 to 1.85 � with R val-
ues in the range of 0.13 to 0.19. Details of data collection and
refinement statistics are provided in Table S1 in the Supporting
Information. Simulated annealing Fo�Fc omit maps are present-
ed in Figure 3. Stereoviews of the electron density for each
compound are provided in the Supporting Information (Fig-
ure S1). The density for the ring apposing the active-site zinc is
exceptionally clear in all complexes, a result reflected in the
low temperature factors (“B factors” 8–15 �2) of this ring. These
low B factors are consistent with the many tight interactions
made between the inhibitor and the active site amino acids
and, especially, the active site zinc.


Details of the binding of one of the analogues (mannosta-
tin B) in the active (�1) site of dGMII are shown in Figure 4.
Trp95 forms the roof of the active-site pocket and makes a
stacking interaction with the five-membered ring. The thio-


Figure 2. Radiation induced damage of mannostatin A bound in the active
site of dGMII. The top row shows the electron density in the active site of
dGMII–1 crystals soaked at various pH values. The thiomethyl group is in a
region of unusual shaped density and is separated from the ring. Data were
collected by using the CHESS A1 line. Under similar conditions, on a rotating
anode the density is intact and has the expected shape (lower panel). In
each case the methyl group points towards the hydrophobic pocket and a
second conformer is not observed. Fitted mannostatin A is shown in the
pH 5.8 electron density. The active site zinc is shown as a gray sphere.
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methyl group resides in a hydrophobic region consisting of
Phe206, Trp415 and Tyr727. Atoms closely interacting (distance
<3.2 �), including through hydrogen bonds and electrostatic
interactions, are detailed in Figure 5 B. Predominant tight inter-
actions are formed between the O2 and O3 of the inhibitor
and the zinc ion. These interactions have a similar distance
(2.1–2.2 �) and presumably similar strength, to the interactions
made with the amino acids of dGMII that tightly hold the zinc
in the protein. Other interactions, which have previously been
shown by molecular dynamic simulations[10] to be particularly
important for mannostatin A binding, include those with
Asp472, Asp341 and Tyr269. The distance between the Asp341
Od2 and the O2 has lengthened to 3.3 � and does not show
up in the interaction diagram. The catalytic nucleophile
Asp204 Od2 makes interactions with both O2 and the amino
group. The amino group, in turn, is involved in other interac-
tions including ones with the acid/base catalyst Asp341,
Tyr269-OH and a water molecule. The unique oxygen of the
sulfoxide moiety of mannostatin B makes contacts with two
waters (one which interacts with both Tyr269-OH and the


amino group, the other interacts with the backbone carbonyl
of Arg876) and the NH2 group of Arg228.


A superposition of compounds 1–5 is shown in Figure 3 F,
which clearly demonstrates they bind at nearly identical posi-
tions and adopt very similar conformations. Interaction dia-
grams, provided in Figure 5 indicate that there is very little dif-
ference in the interaction distances in the various mannosta-
tin–analogue complexes. The addition of a hydroxyl to com-
pound 3 resulted in new interactions with the protein; Arg228
NH2 makes a new hydrogen bond with the OH of both 4 a and
4 b. Compound 4 b also makes new close interactions with
both Asp204 Od1 and Od2, similar to what was seen in the
dGMII–mannose structure (Figure S2). However, despite these
new interactions, 4 b is only slightly (~ threefold) more potent
than 3 ; this indicates that these interactions are not principle
determinants of tight binding. Thus, the configuration of the
substituent at the C-5 is critical for high affinity binding, with
the upward configuration (as in 4 a) being the active one. For
the other compounds, the principal changes cluster around
the amino group, and the interactions made with Asp341. The
least potent compounds (3, 4 a, 4 b) lack a close interactionACHTUNGTRENNUNGbetween the amino group on the five-membered ring and the
Od2 of the acid/base catalyst Asp341 (the distances have ex-
tended to 3.4–3.6 �) and instead the closest interaction is
mediated by a water molecule (Figures 5 C–E). This is a relative-
ly high B factor water molecule, which is not present in the
structures with the other analogues. The presence of this inter-
mediate water and the increase in hydrogen bond lengths pre-
sumably weakens the strength of the interaction between the
compounds and the protein. We have recently shown that in-
teractions between Asp341 and a properly positioned amino
group are important for greatly enhancing the potency of kifu-
nensine-like inhibitors,[28] especially if the nitrogen is positively
charged. This, however, does provide an explanation of the
~4000-fold difference in potencies between 1 (Figure 5 A) and
3 (Figure 5 C). Also, 4 a (Figure 5 D) is a ~1000-fold better inhib-
itor than 3, but the binding geometry to the amino substituent
is nearly identical, so the difference must be mediated by the
upwardly oriented substituent at C-5.


The role of the C-5 substituent of the mannostatinACHTUNGTRENNUNGanalogues for inhibitory activity


The mannostatin analogues, which only differ in the substitu-
ent attached to C-5, are positioned in the same way in the
active site of dGMII (Figure 3 F), and with the exception of the
C-5 substituent make nearly identical interactions with the pro-
tein (Figure 5). This indicates that the nearly 7500-fold differ-
ence in inhibitory potency between the unsubstituted 3 and
mannostatin A (1) must arise from differences in interactions of
the C-5 substituents, which result in changes in the active-site
hydration, formation of hydrogen bonds and apolar contacts.
The increasingly complex nature of the substituents added at
C-5 allows us to dissect these various effects.


1) Changes in water structure mediated by analogue binding. As
mentioned above, a nearly three-orders of magnitude in-


Figure 3. Bound compounds in the active site of dGMII. Simulated annealing
(3000 K) Fo�Fc omit maps were generated in CNS.[38] The electron density
was contoured at 5s. In all cases the compound was removed from the final
model before generation of the omit maps. A) Compound 2 (mannostatin
B) ; B) compound 3 ; C) compound 4 a ; D) compound 4 b ; here the zinc was
also removed; E) compound 5. Stereoviews of all of these complexes are
shown in Figure S1. F) Coordinates for all structures reported here were su-
perimposed, by using the SSM subroutine in Coot.[39] The colors match the
density diagrams: mannostatin B is magenta, 3 is gray, 4 a is pink, 4 b is
green, and 5 is orange.
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crease in inhibitory potency of 3 results from addition of a
properly oriented hydroxyl at C-5 to give 4 a. Although 3
and 4 a only differ by a single hydroxyl residue there is
nearly three-orders of magnitude difference in inhibitory
potency (Figure 1). A superposition of dGMII–3 and dGMII–
4 a is presented in Figure 6 A. The positions of the bound
inhibitors are identical as are the positions of the amino
acids in the active site, with the exception of a small move-
ment in the peptide backbone around Arg876. The major
variation is in the positions of the water molecules. Move-
ment of a single water molecule, which allows a water-
mediated interaction to form between the backbone car-
bonyl of Arg876 (Arg876O) and the novel hydroxyl of 4 a
(Figure 5 D), appears to cause a cascade of water rearrange-
ment in the active site (Figure 6 A). The rearrangement re-
sults in loss of a water molecule seen in the dGMII–3 struc-
ture (indicated by an asterisk in Figure 6 A) which is also
present in the structure with the poor inhibitor 4 b. Thus,
the presence of this water seems to correlate with poorACHTUNGTRENNUNGinhibitory potential. This water residue makes hydrogen
bonds to Asp204 Od1 and Arg228 Ne and could reduce the
strength of the hydrogen bonds made between these two
residues and the inhibitors.
Well-resolved water molecules, which are often observed in
carbohydrate–protein complexes, can contribute to the
specificity as well as to plasticity of ligand recognition. For
example, crystallographic studies of the binding specificities
of the bacterial l-arabinose binding protein (ABP) have
shown that an order of a magnitude higher affinity of l-ara-
binose compared to d-fucose are due to differences inACHTUNGTRENNUNGhydration of the carbohydrate–protein complexes.[29] The
higher affinity of binding of l-arabinose was attributed to


the presence of two water molecules that filled a potential
gap between protein and ligand. Furthermore, the relative
high affinity of d-galactose for ABP was attributed to dis-
placement of a water molecule by the C-6 hydroxymethyl.
Previously, we have shown that water rearrangement can
have a dramatic influence on inhibitor potency. In studies
with swainsonine-type derivatives, the addition of a single
hydroxyl caused a sufficient side-chain movement of
Arg228 to dislodge a conserved water; this leads to disrup-
tion of the water structure and results in a significant loss
(>130-fold) of inhibitor potency[27] against dGMII. However,
in the structures studied here, the waters in question are
not tightly bound (B factors >25 �2) and are located at the
edge of the binding pocket, and the effect might be due
to the Arg876O interaction (discussed below) and changes
in hydrogen bond strength (discussed above) rather than
the water rearrangement per se, although all components
might contribute.


2) Interaction with the backbone carbonyl of Arginine 876.
Arg876O has been implicated in binding a large number of
compounds to dGMII, although many of them are weak in-
hibitors. Arg876O interacts directly with the C-6 hydroxyl
group of the natural substrate,[6, 7] and direct interactions
are also observed with a number of inhibitors includingACHTUNGTRENNUNGdeoxymannojirimycin,[30] kifunensine,[31] salacinol ana-
logues,[26, 32] and manno-noeuromycin.[33] Water mediated in-
teractions with Arg876O have also been observed with pyr-
rolidine-based inhibitors.[34, 35]


The water-mediated interaction between the C-5 hydroxyl
of 4 a, which results in a ~300-fold increase in potency
compared to epi substituted 4 b, argues for the importance
of the Arg876O interaction for binding mannostatin ana-


Figure 4. Binding of mannostatin B (2) in the active site of dGMII. Divergent stereoview of mannostatin B (dark gray) showing important interacting dGMII res-
idues (light gray). Close interactions (<3.2 �) are shown as dotted lines and have lengths as shown in Figure 5 B. The simulated annealing (3000 K) Fo�Fc omit
electron density map was generated in CNS[38] and is contoured at 5s. The active site zinc is indicated as a large sphere and waters are represented as smaller
spheres. The asterisk indicates the position of the water that is common in all structures, and which forms an additional interaction with either R228-NH2 or
Y269-OH.
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logues. A comparison of 4 a with the strongest inhibitor,
mannostatin A, is shown in Figure 6 B. The water forming
the through-water interaction with Arg876O has been dis-


placed by 1.9 � and Arg876O makes a direct interaction
(3.8 �) with the sulfur. The Arg876O–S interaction, which is
unique for the complex of dGMII with 1, could significantly


Figure 5. Tight interactions (3.2 � or less) of the bound compounds in the active site of dGMII. A) Mannostatin A at pH 5.75; B) mannostatin B; C) compound
3 ; D) compound 4 a ; E) compound 4 b ; F) compound 5. All distances are given in �ngstrçm units. Water molecules are shown as gray spheres and the zinc is
shown as a black sphere. Interactions that change significantly from mannostatin A are shown in bold. New interactions not seen in A) are shown as thicker
dotted lines with distances listed in bold.
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contribute to binding. The sulfur of methionine residues
and backbone carbonyl oxygens or side chain carboxylate
oxygen often make S–O type interactions, with the inter-ACHTUNGTRENNUNGaction occurring between the p orbital on the carbonyl
oxygen and the antibonding s* orbital of S�C
bond.[22] At a distance 3.3 � these interactions
could result in stabilization of up to 2.5 kcal mol�1


as modeled by ab initio calculations.[22] In the
dGMII–1 complex the sulfur atom is located at
3.8 � from Arg876O; this suggests a reasonably
strong interaction. A strong interaction also pro-
vides an explanation for the shape of the electron
density observed in structures that experienced
radiation damage and resulted in cleavage of the
thiomethyl group, which moved towards the
Arg876O giving an appearance of a second con-
formation.


3) Interactions with the aromatic pocket of the active
site. Hydrophobic interactions with the aromatic
region of the active site (consisting of conserved
residues Phe206, Trp415 and Tyr727) are also im-
portant in the binding of several inhibitors to
dGMII. In the case of swainsonine (Ki = 20 nm),
Arg876O does not seem to play a role in com-
plexation, but rather there is an interaction with
the hydrophobic region of the active site. Fur-
thermore, it was recently demonstrated that the
addition of a methyl group to a pyrrolidine based
inhibitor, which led to both a loss of the water-
mediated Arg876O interaction and the formation
of a new hydrophobic interaction with the aro-
matic region, resulted in a Ki reduced by over 20-
fold.[34]


Interactions between the ar-
omatic region of the dGMII
active site and the methyl
group of the mannostatin
analogues are shown in
Figure 7 and compared with
those formed with swainso-
nine. In the case of swainso-
nine, the interactions are
formed with a six-membered
ring rather than a simple
methyl group and therefore
are expected to be stronger
(Figure 7 D). The shortest
range interactions in the
dGMII–swainsonine complex
are between the inhibitor
and Tyr727 and Phe206. The
closest interactions made by
the mannostatin analogues
are with the end of the
Trp415 ring where the
methyl group is positioned
equidistant between the CH2


and CZ3 carbons. Mannostatin A, which is best inhibitor
among the analogues, demonstrates the shortest distances
to Phe206, which could be a key determinant of potency.
The methyl group of mannostatin A is centrally spaced


Figure 6. Interactions of mannostatin analogues with the backbone carbonyl of Arg876: comparison of the active-
site environment of two inhibitors differing in potency by three orders of magnitude. A) The active site of dGMII–
3 (white, Ki = 265 mm) and dGMII–4 a (magenta, Ki = 300 nm). The newly formed through-water interaction be-
tween the hydroxyl group of 4 a and the backbone carbonyl of Arg876 of dGMII is shown as a black dotted line.
Comparable waters are shown joined by a blue dotted arc. The asterisk indicates the position of a water molecule
that is present only in dGMII–3. B) The active site of dGMII–4 a (magenta, Ki = 300 nm) and dGMII–1 (cyan, Ki =


38 nm) collected at pH 5.75. Superpositions were carried out with Coot.[39]


Figure 7. Hydrophobic interactions between dGMII and bound inhibitors. Interaction dis-
tances between residues of the aromatic cluster of dGMII and hydrophobic regions of
the inhibitors are indicated (in �ngstrçm units). A) Mannostatin A (pH 5.75 structure),
B) mannostatin B, C) compound 5, D) swainsonine (PDB ID: 3BLB).
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with respect to the centroid of the aromatic rings at distan-
ces from the methyl carbon of 4.4 � for Phe206, 4.6 � for
Trp415, and 4.5 � for Tyr737. In the case of mannostatin B,
interactions of the sulfinyl group with a water molecule (as
shown in Figure 4) appear to have pulled the methyl away
from Phe206 and reduced its interaction. The hydroxy-
methyl group of 5 does not extend as far as the thiomethyl
group of mannostatin A into the hydrophobic pocket,
which could contribute to the somewhat lower inhibitory
activity of this compound.


Mannostatin B (2), the hydroxy containing derivative 4 a, and
methyl ether containing derivative 5 make interactions with
the protein that are not observed in the complex with 1, and
might compensate for a loss of some of the interactions ob-
served in the complex with 1. For example, mannostatin B (2),
which has only a fourfold reduction in potency compared to 1,
makes unique interactions through the oxygen of the sulfoxide
moiety with the NH2 group of Arg228 and two waters. The hy-
droxyl of 4 a also makes a hydrogen bond with Arg228 NH2,
but since a similarly distanced interaction occurs in the 100 mm


inhibitor 4 b (Figure 5 E) this bond is not expected to contrib-
ute significantly. Furthermore, oxygen of the methyl ether of
the 5 makes a hydrogen bond with a water molecule, which in
turn interacts with the main chain carbonyl oxygen of Arg876.


Conclusions


Through a combined use of synthetic chemistry, enzymology
and X-ray crystallography, the catalytic site of dGMII has been
studied in detail. The relatively large number of inhibitors em-
ployed and the high resolution of the crystallographic struc-
tures provided a unique opportunity to dissect the determi-
nants of inhibitor activity at the level of different substituents
introduced at different ring positions. The analysis is not only
at the level of inhibitory potency, but also includes the visuali-
zation of the atomic basis for the effects. Specifically, our previ-
ous studies have pointed to the crucial contribution of zinc in-
teractions, and interactions with Asp341 and Asp472, as well
as the importance of water structure in inhibitor binding. The
data presented here illustrate the importance of the interaction
of the Arg876 backbone carbonyl as well as hydrophobic inter-
actions with Phe206, Trp415 and Tyr727 as additional contribu-
tory factors. Furthermore, analyses of the various structures in-
dicate that differences in the hydration of the protein binding
site, is an important factor for plasticity as well as selectivity of
inhibitor binding. In retrospect, it is not surprising that the
active site of GMII has proven difficult to model accurately,[35, 36]


since small differences in inhibitor chemistry result in large dif-
ferences in inhibitor potency.


Experimental Section


Synthesis procedures


General experimental procedures : Chemicals were purchased from
Aldrich or Fluka and used without further purification. DCM was


distilled from calcium hydride; THF from sodium; and MeOH from
magnesium and iodine. Aqueous solutions are saturated unless
otherwise specified. All reactions were performed under anhydrous
conditions under argon unless otherwise specified and monitored
by TLC on Kieselgel 60 F254 (Merck). Detection was carried out by
examination under UV light (254 nm) and by charring with sulfuric
acid (10 %) in methanol. Silica gel (Merck, 70-230 mesh) was used
for chromatographies. Iatrobeads 6RS-8060 was purchased fromACHTUNGTRENNUNGBioscan.


The 1H NMR spectra were recorded either in CDCl3 or D2O by using
a Varian Merc-300 or Varian Inova-500 spectrometers equipped
with Sun workstations at 300 K. TMS (dH = 0.00) or D2O (dH = 4.67)
was used as the internal reference. The 13C NMR spectra wereACHTUNGTRENNUNGrecorded either in CDCl3 or D2O at 75 MHz on a Varian Merc-300
spectrometer, by using the central resonance of CDCl3 (dC = 77.0)
as the internal reference. COSY, HSQC and NOSEY experiments
were used to assist assignment of the products. Mass spectra were
obtained by using an Applied Biosystems Voyager DE-Pro MALDI-
TOF.


(1S,2S,3R,4R,5R)-5-Acetamido-1-O-[(2R)-2-O-acetylmandelyl]-4-O-
benzyl-1,2,3,4-cyclopentanetetrol (7): Benzyl bromide (0.16 mL,
1.34 mmol) and silver(I) oxide (1.55 g, 6.68 mmol) were added to a
solution of 6 (0.30 g, 0.67 mmol) in THF (10 mL). The flask was
wrapped in aluminium foil to exclude light and the reaction mix-
ture stirred at room temperature for 24 h, after which it was fil-
tered through celite. The filtrate was concentrated to dryness, and
purification of the crude product by column chromatography (tolu-
ene/acetone, 3:1, v/v) on silica gel afforded 7 (0.285 g, 79 %) as col-
orless oil ; Rf = 0.46 (toluene/acetone, 3:1, v/v) ; 1H NMR (300 MHz,
CDCl3): d= 7.40–7.09 (m, 10 H, Ph), 5.96 (s, 1 H, PhCHACHTUNGTRENNUNG(OAc)CO), 5.93
(d, J5,NH = 8.1 Hz, 1 H, NH), 4.70 (dd, J1,2 = 5.4 Hz, J1,5 = 5.4 Hz, 1 H, H-
1), 4.64 (ddd, J1,5 = 5.4 Hz, J4,5 = 4.8 Hz, 1 H, H-5), 4.59–4.49 (m, 4 H,
H-2, H-3, PhCH2), 3.60 (t, J3,4 = 4.8 Hz, J4,5 = 4.8 Hz, 1 H, H-4), 2.11 (s,
3 H, PhCHACHTUNGTRENNUNG(CH3CO)CO), 1.86 (s, 3 H, CH3CONH), 1.72–1.32 (m, 10 H,
C6H10) ppm; 13C NMR (75 MHz, CDCl3): d= 170.3, 169.3, 167.7 (C=O),
137.4–127.8 (Carom), 113.4ACHTUNGTRENNUNG(C6H10), 79.1 (C-2), 77.2 (C-3), 74.2 (C-4),
74.1 (PhCHACHTUNGTRENNUNG(OAc)CO), 72.3 (PhCH2), 71.7 (C-1), 49.9 (C-5), [35.9, 33.2,
25.0, 24.0, 23.4 (C6H10)] , 23.1 (CH3CONH), 20.7 (PhCH ACHTUNGTRENNUNG(CH3CO)CO);
HRMS: m/z : found [M+Na]+ 560.2257, C30H35NO8 calcd for
[M+Na]+ 560.2260.


(1S,2S,3R,4R,5R)-5-Acetamido-4-O-benzyl-1,2,3,4-cyclopentanetetraol
(8): NaOMe was added to a solution of 7 (0.28 g, 0.52 mmol) in
MeOH/DCM (10 mL, 1:1, v/v) until a pH 9–10 was reached. The re-
action mixture was stirred at room temperature for 18 h, and then
neutralized by the addition of Dowex 650 H+ . The suspension was
filtered through celite and the residue washed with MeOH/DCM
(10 mL, 1:1, v/v). The combined filtrates were concentrated to dry-
ness and purification of the residue by column chromatography
(toluene/acetone, 3:1, v/v) on silica gel afforded 8 (0.17 g, 91 %) as
a colorless oil ; Rf = 0.17 (toluene/acetone, 2:1, v/v) ; 1H NMR
(300 MHz, CDCl3): d= 7.27–7.19 (m, 5 H, Ph), 6.29 (d, J5,NH = 8.1 Hz,
1 H, NH), 4.62–4.52 (m, 3 H, H-2, PhCH2), 4.45 (t, J2,3 = 6.0 Hz, J3,4 =
5.7 Hz, 1 H, H-3), 4.37 (ddd, J1,5 = 4.8 Hz, J4,5 = 5.4 Hz, 1 H, H-5), 3.89
(t, J3,4 = 5.7 Hz, J4,5 = 5.4 Hz, 1 H, H-4), 3.68 (t, J1,2 = 4.5 Hz, J1,5 =
4.8 Hz, 1 H, H-1), 1.96 (s, 3 H, CH3CONH), 1.70–1.38 (m, 10 H, C6H10);
13C NMR (75 MHz, CDCl3): d= 170.4 (C=O), 137.4–127.9 (Carom),
113.4ACHTUNGTRENNUNG(C6H10), 79.4 (C-2), 77.2 (C-3), 75.2 (C-1), 72.6 (PhCH2), 70.7 (C-
4), 52.6 (C-5), [35.8, 33.2, 25.0, 24.0, 23.4 (C6H10)] , 23.3 (CH3CONH);
HRMS: m/z : found [M+Na]+ 384.1714, C20H27NO5 calcd for
[M+Na]+ 384.1717.
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(1R,2S,3R,4R,5S)-5-Acetamido-1-O-acetyl-4-O-benzyl-1,2,3,4-cyclopen-
tanetetraol (9): Trifluoromethanesulfonic anhydride (0.12 mL,
0.71 mmol) was added drop wise to a solution of 8 (0.17 g,
0.47 mmol) in pyridine (0.19 mL, 2.33 mmol) and DCM (5 mL) at
0 8C. The reaction mixture was stirred at 0 8C for 1 h, and then di-
luted with DCM (25 mL). The solution was washed with H2O
(10 mL) and saturated NaHCO3 (10 mL). The organic layer was
dried (MgSO4), filtered and the filtrate concentrated to dryness. To
a solution of this residue in toluene (20 mL) was added tetra-n-bu-
tylammonium acetate (0.28 g, 0.92 mmol). The reaction mixture
was sonicated at room temperature for 18 h, and then concentrat-
ed under reduced pressure. The residue was dissolved in DCM
(25 mL), and washed with saturated NaHCO3 (10 mL) and brine
(10 mL). The organic layer was dried (MgSO4), filtered and the fil-
trate concentrated to dryness. Purification of the crude product by
column chromatography on silica gel (toluene/acetone, 2:1, v/v) af-
forded 9 (0.12 g, 63 %) as a colorless oil ; Rf 0.42 (toluene/acetone,
2:1, v/v) ; 1H NMR (300 MHz, CDCl3): d= 7.31–7.24 (m, 5 H, Ph), 6.27
(d, J5,NH = 8.1 Hz, 1 H, NH), 4.98 (d, J1,5 = 2.4 Hz, 1 H, H-1), 4.62–4.53
(m, 3 H, H-3, PhCH2), 4.37 (ddd, J1,5 = 2.4 Hz, J4,5 = 5.7 Hz, 1 H, H-5),
4.32 (d, J2,3 = 6.0 Hz, 1 H, H-2), 3.93 (t, J3,4 = 5.4 Hz, J4,5 = 5.7 Hz, 1 H,
H-4), 1.96 (s, 3 H, CH3CO), 1.89 (s, 3 H, CH3CONH), 1.72–1.30 (m,
10 H, C6H10) ; 13C NMR (75 MHz, CDCl3): d= 170.4, 169.6 (C=O),
137.4–128.0 (Carom), 113.3ACHTUNGTRENNUNG(C6H10), 81.9 (C-2), 79.3 (C-1), 78.8 (C-3),
76.6 (C-4), 72.5 (PhCH2), 54.3 (C-5), [35.9, 33.1, 25.0, 23.8, 23.4
(C6H10)] , 23.3 (CH3CONH), 20.9 (CH3CO); HRMS: m/z : found
[M+Na]+ 403.1992, C22H29NO6 calcd for [M+Na]+ 403.1995.


2,3-O-Cyclohexylidene derivative 10 of respective (1R,2S,3R,4R,5R)-5-
acetamido-4-O-benzyl-1,2,3,4-cyclopentanetetrol (10): NaOMe was
added to a solution of 9 (0.12 g, 0.30 mmol) in MeOH/DCM (1:1)
until a of pH 9–10 was reached. The reaction mixture was stirred at
room temperature for 18 h, and then neutralized by the addition
of Dowex 650 H+ . The solution was filtered through celite, and the
residue washed with MeOH/DCM (6 mL, 1:1, v/v). The combined fil-
trates were concentrated to dryness and purification of the residue
by column chromatography (toluene/acetone, 2:1, v/v) on silica gel
afforded 9 (0.092 g, 86 %) as a colorless oil ; Rf = 0.30 (toluene/ace-
tone, 2:1, v/v) ; 1H NMR (300 MHz, CDCl3): d= 7.28–7.09 (m, 5 H, Ph),
6.39 (d, J5,NH = 6.3 Hz, 1 H, NH), 4.64 (t, J2,3 = 5.1 Hz, J3,4 = 4.5 Hz, 1 H,
H-3), 4.56 (dd, 2 H, J = 12 Hz, PhCH2), 4.32 (d, J2,3 = 5.1 Hz, 1 H, H-2),
4.16 (ddd, J1,5 = 1.5 Hz, J4,5 = 4.5 Hz, 1 H, H-5), 4.06 (t, J3,4 = 4.5 Hz,
J4,5 = 4.5 Hz, 1 H, H-4), 4.03 (d, J1,5 = 1.5 Hz, 1 H, H-1), 1.89 (s, 3 H,
CH3CONH), 1.68–1.28 (m, 10 H, C6H10) ; 13C NMR (75 MHz, CDCl3): d=
170.4 (C=O), 137.4–128.1 (Carom), 112.5 ACHTUNGTRENNUNG(C6H10), 84.1 (C-2), 79.1 (C-3),
78.1 (C-1), 76.7 (C-4), 72.3 (PhCH2), 57.6 (C-5), [35.9, 32.9, 25.1, 23.9,
23.4 (C6H10)] , 23.3 (CH3CONH); HRMS: m/z : found [M+Na]+


384.1714, C20H27NO5 calcd for [M+Na]+ 384.1717.


(1R,2S,3R,4R,5R)-5-Acetamido-4-O-benzyl-1-O-methyl-1,2,3,4-cyclopen-
tanetetrol (11): Methyl iodide (52 mL, 0.84 mmol) and silver(I) oxide
(0.16 g, 0.69 mmol) were added to a solution of 10 (50 mg,
0.14 mmol) in acetonitrile (2 mL). The flask was wrapped by alumi-
nium foil to exclude light. The reaction mixture was stirred at room
temperature for 48 h, and then filtered through celite. The filtrate
was concentrated to dryness and purification of the residue by
column chromatography (toluene/acetone, 3:1, v/v) on silica gel af-
forded 11 (43 mg, 83 %) as a colorless oil ; Rf = 0.45 (toluene/ace-
tone, 2:1, v/v) ; 1H NMR (300 MHz, CDCl3): d= 7.28–7.19 (m, 5 H, Ph),
6.32 (d, J5,NH = 5.1 Hz, 1 H, NH), 4.60–4.48 (m, 3 H, H-3, PhCH2), 4.30
(m, 2 H, H-2, H-5), 3.93 (t, J3,4 = 4.5 Hz, J4,5 = 4.5 Hz, 1 H, H-4), 3.54 (d,
J1,5 = 1.5 Hz, 1 H, H-1), 3.34 (s, 3 H, OCH3), 1.90 (s, 3 H, CH3CONH),
1.69–1.28 (m, 10 H, C6H10) ; 13C NMR (75 MHz, CDCl3): d= 169.5 (C=
O), 137.3–128.0 (Carom), 112.5 (C6H10), 86.9 (C-2), 82.0 (C-3), 79.1 (C-


1), 76.6 (C-4), 72.1 (PhCH2), 57.6 (C-5), 53.5 (OCH3), [36.0, 32.8, 25.0,
23.9, 23.4 (C6H10)] , 23.3 (CH3CONH); HRMS: m/z : found [M+Na]+


375.2041, C21H29NO5 calcd for [M+Na]+ 375.2046.


(1S,2S,3R,4R)-4-Acetamido-3-O-[(2R)-2-O-acetylmandelyl]-5-deoxy-
1,2,3-cyclopentanetriol (14): DMAP (98 mg, 0.8 mmol) and phenyl
chlorothionoformate (0.1 mL, 0.72 mmol) were added to a solution
of 12 (60 mg, 0.13 mmol) in acetonitrile (0.6 mL). The mixture was
stirred for 3 h at room temperature. After dilution with ethyl ace-
tate (10 mL), the solution was washed with water (5 mL), dried
(MgSO4), filtered and the filtrate concentrated under reduced pres-
sure. Purification of the residue by column chromatography (tolu-
ene/acetone, 3:1, v/v) on silica gel afforded the desired product 13
(55 mg, 79 %) as a colorless oil ; Rf = 0.7 (toluene/acetone, 1:1, v/v).
A solution of 13 (44 mg, 0.08 mmol) in toluene (4 mL) was added
to a solution of AIBN (4 mg, 0.023 mmol) and tributyltin hydride
(60 mL, 0.23 mmol) in toluene (0.55 mL). The mixture was heated
under refluxed for 2 h. After cooling to room temperature, the re-
action mixture was concentrated under reduced pressure and pu-
rification of the residue by column chromatography (toluene/ace-
tone, 5:1, v/v) on silica gel afforded 14 (25 mg, 78 %) as a colorless
oil ; Rf 0.36 (toluene/acetone, 2:1, v/v) ; 1H NMR (300 MHz, CDCl3):
d= 7.46–7.09 (m, 5 H, Ph), 6.18 (d, J5,NH = 8.7 Hz, 1 H, NH), 5.92 (s,
1 H, PhCHACHTUNGTRENNUNG(OAc)CO), 4.80 (t, J2,3 = 5.4 Hz, J3,4 = 4.8 Hz, 1 H, H-3), 4.61–
4.44 (m, 3 H, H-1, H-2, H-4), 2.13 (s, 3 H, PhCHACHTUNGTRENNUNG(CH3CO)CO), 1.93 (m,
1 H, H-5), 1.79 (s, 3 H, CH3CONH), 1.45–1.19 (m, 10 H, C6H10) ;
13C NMR (75 MHz, CDCl3): d= 170.5, 169.4, 167.9 (C=O), 133.3–128.1
(Carom), 112.4 (C6H10), 77.7 (C-2), 77.1 (C-1), 74.6 (PhCHACHTUNGTRENNUNG(OAc)CO), 74.4
(C-3), 50.4 (C-4), 34.5 (C-5), [35.8, 32.8, 24.9, 23.7, 23.3 (C6H10)] , 23.0
(CH3CONH), 20.7 (PhCH ACHTUNGTRENNUNG(CH3CO)CO); HRMS: m/z : found [M+Na]+


454.1858, C23H29NO7 calcd for [M+Na]+ 454.1862.


(1R,2S,3R,4R,5R)-5-Aminocyclopentane-1,2,3,4-tetraol (4 a): A suspen-
sion of 10 (40 mg, 0.11 mmol) and Pd/C (40 mg, 10 %) in tert-buta-
nol/H2O/AcOH (5 mL, 40:1:1, v/v/v) was placed under an atmos-
phere of hydrogen. The reaction mixture was stirred at room tem-
perature for 18 h, and then filtered through celite. The filtrate was
concentrated to dryness. A solution of the residue in HCl (1 m) in
H2O/MeOH (8 mL, 1:1, v/v) was heated under refluxed for 2 h and
then concentrated to dryness. Purification of the residue over Iatro
beads (acetonitrile/AcOH/H2O, 5:1:1, v/v/v) afforded 4 a (15 mg,
quant.) as a white amorphous solid; 1H NMR (300 MHz, D2O): d=
4.24 (dd, J3,4 = 4.5 Hz, J4,5 = 6.6 Hz, 1 H, H-4), 4.08 (t, J1,5 = 6.6 Hz,
J1,2 = 6.9 Hz, 1 H, H-1), 4.02 (t, J2,3 = 4.8 Hz, J3,4 = 4.5 Hz, 1 H, H-3),
3.80 (dd, J1,2 = 6.9 Hz, J2,3 = 4.8 Hz, 1 H, H-2), 3.35 (t, J1,5 = 6.6 Hz,
J4,5 = 6.6 Hz, 1 H, H-5); 13C NMR (75 MHz, D2O): d= 78.7 (C-3), 75.5
(C-2), 71.7 (C-4), 67.4 (C-1), 56.8 (C-5); HRMS: m/z : found [M+H]+


150.0776, C5H11NO4 calcd for [M+H]+ 150.0766.


(1R,2R,3R,4S,5R)-4-Amino-5-methoxycyclopentane-1,2,3-triol (5): A
suspension of 11 (38 mg, 0.10 mmol) in tert-butanol/H2O/AcOH
(5 mL, 40:1:1, v/v/v), Pd/C (35 mg, 10 %) was placed under an at-
mosphere of hydrogen. The reaction mixture was stirred at room
temperature for 18 h, and then filtered through celite. The filtrate
was concentrated to dryness. A solution of the residue in HCl (1 m)
in H2O/MeOH (8 mL, 1:1, v/v) was heated under refluxed for 2 h
and then concentrated to dryness. Purification of the residue over
Iatro beads (acetonitrile/AcOH/H2O, 5:1:1, v/v/v) afforded 5 (17 mg,
quant.) as a white amorphous solid; 1H NMR (300 MHz, D2O): d=
4.22 (dd, J2,3 = 4.2 Hz, J3,4 = 5.7 Hz, 1 H, H-3), 4.02 (t, J1,2 = 4.2 Hz,
J2,3 = 4.2 Hz, 1 H, H-2), 3.95 (t, J1,5 = 4.8 Hz, J1,2 = 4.2 Hz, 1 H, H-1),
3.83 (t, J4,5 = 5.7 Hz, J1,5 = 4.8 Hz, 1 H, H-5), 3.45 (m, 1 H, H-4);
13C NMR (75 MHz, D2O): d= 88.8 (C-5), 74.4 (C-1), 72.3 (C-2), 68.4 (C-
3), 58.1 (OCH3), 55.3 (C-4); HRMS: m/z : found [M+H]+ 164.0932,
C6H13NO4 calcd for [M+H]+ 164.0923.
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(1S,2S,3R,4R)-4-Aminocyclopentane-1,2,3-triol (3): A solution of 14
(25 mg, 0.06 mmol) in HCl (1 m) in H2O/MeOH (5 mL, 1:1, v/v) was
heated under refluxed for 2 h and then concentrated to dryness.
Purification of the residue over Iatro beads (tert-butanol/AcOH/
H2O, 4:1:1, v/v/v) afforded 3 (11 mg, quant.) as a white amorphous
solid; 1H NMR (500 MHz, D2O): d= 4.11–4.06 (m, 2 H, H-1, H-3), 3.91
(t, J1,2 = 4.5 Hz, J2,3 = 4.0 Hz, 1 H, H-2), 3.58 (m, 1 H, H-4), 2.46 (ddd,
J1,5 = 8.5 Hz, J4,5 = 7.5 Hz, J5,5’= 15.0 Hz, 1 H, H-5), 1.69 (ddd, J1,5’=
5.0 Hz, J4,5’= 6.0 Hz, J5,5’= 15.0 Hz, 1 H, H-5’) ; 13C NMR (75 MHz, D2O):
d= 75.8 (C-2), [72.4, 72.3 (C-1, C-3)] , 53.4 (C-4), 37.0 (C-5); HRMS:
m/z : found [M+H]+ 134.0826, C6H13NO4 calcd for [M+H]+


134.0817.


Enzymology : Inhibition constants were determined as detailed by
Li et al.[36]


X-ray crystallography : Crystallization, data collection and refine-
ment of the complexes were essentially as outlined in detail previ-
ously.[6, 34] Graphics were generated with PyMOL.[37] The Drosophila
Golgi a-mannosidase II (dGMII) was prepared as described previ-
ously.[30] Complexes of 2, 4 b and 5 were prepared as cocrystals,
while complexes with 3 and 4 a were prepared by soaking of phos-
phate washed crystals ;[31] soak times were approximately 3 h.


For assessing the pH effect on mannostatin A binding, crystals
were originally washed in phosphate buffered reservoir solution
(pH 7) to remove the Tris from the active site, transferred briefly to
reservoir buffers of appropriate pH (acetate, pH 3.8, MES pH 5.75
or CHES pH 9) followed by 30 min soaks with mannostatin A
(1 mm) in reservoir buffer at the various pH values. Crystals were
cryoprotected with increasing concentrations of MPD (up to 25 %)
at the various pH values and snap-frozen in liquid N2.


Coordinates for protein complexes reported in this manuscript are
deposited in the Protein Data Base with the ID codes: 3D4Y, 3D4Z,
3D50, 3D51 and 3D52.


Abbreviations : GMII : Golgi a1,3 a1,6-mannosidase II (E.C. 3.2.1.
114); dGMII : catalytic domain of Drosophila melanogaster GMII;
ABP: bacterial l-arabinose binding protein.
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Analogues with Partly Improved Biological Activity
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Introduction


Gilvocarcin V (GV, 1), the principal product of Streptomyces gri-
seoflavus Gç 3592 and other Streptomyces spp., is the most
prominent member of a distinct class of antitumor antibiotics
that share a common coumarin-based benzo[d]naphtho ACHTUNGTRENNUNG[1,2-
b]pyran-6-one moiety. This group is often referred to as the gil-
vocarcin-type anticancer drugs.[1–4] Natural variants within this
group are restricted to two regions of the molecule. One varia-
tion found is the nature and position of the sugar moiety,
which in most cases is C-glycosidically attached to the 4-posi-
tion, with the exception of BE-12406 A and B; these contain an
O-glycosidically linked l-rhamnose at the 12-position.[5, 6] The
other, more restricted variation lies in the side chain at the 8-
position, which can consist of a vinyl, ethyl or methyl group.
Often, mixtures of compounds in a particular producer strain
were found to differ only in this 8-side chain. The vinyl-deriva-
tive is the predominant analogue, and the sugar moieties are
unique for each producing organism.[7–10] GV is one of the
strongest antitumor compounds among these anticancer
drugs, however, the exact molecular mechanisms of its anti-
cancer activity remain obscure. The most likely mechanism of
action is a photoactivated [2+2]cycloaddition of its vinyl side
chain with thymine residues of the DNA caused by near-UV or
visible blue light, which results in single strand scissions, and
covalent binding to DNA.[11–13] In addition, GV mediates selec-
tive crosslinking between DNA and histone H3, a core compo-
nent of the histone complex[14] that plays an important role in
DNA replication and transcription. This crosslinking is believed
to contribute significantly to GV’s unique mechanism of action,
as GV shows a stronger antitumor activity compared to other
vinyl side chain containing members of the gilvocarcin-type
group of antibiotics.[15, 16] A problem associated with the gilvo-
carcin-type drugs is their poor solubility. The drugs are practi-
cally insoluble in water and all organic solvents except DMSO.


Since the vinyl side chain is responsible for DNA-binding, one
can assume that the other side of the GV molecule plays a
major role in binding to histone H3, particularly the unique C-
glycosidically linked d-fucofuranose moiety, which contains all
chiral elements of the molecule. Thus, modification of the
sugar moiety might improve the activity of the drugs and also
lead to an analogue with improved solubility. In order to ma-
nipulate this sugar moiety it was necessary to identify and
characterize its encoding genes.


The vast majority of deoxysugars found in polyketide pro-
ducers are pyranoses, while five-membered furanoses are rare.
The gene cluster encoding the biosynthesis of gilvocarcin V
(Figure 1) contains only a few genes that could be safely as-
signed from alignment studies to encode enzymes responsible
for the formation of the d-fucofuranose moiety of GV.[4]


Two of these crucial genes, gilD and gilE, encode nucleosyl-
diphosphate (NDP) glucose synthase and 4,6-dehydratase, re-
spectively, two key enzymes found in the biosynthesis of all 6-
deoxysugars. These two enzymatic steps lead to the formation
of the biosynthetic key intermediate NDP-4-keto-6-deoxy-d-
glucose through NDP-activated d-glucose. The next logical
step would be a ketoreduction, which establishes the axial 4-


Four new analogues of the gilvocarcin-type aryl-C-glycoside anti-
tumor compounds, namely 4’-hydroxy gilvocarcin V (4’-OH-GV),
4’-hydroxy gilvocarcin M, 4’-hydroxy gilvocarcin E and 12-de-
methyl-defucogilvocarcin V, were produced through inactivation
of the gilU gene. The 4’-OH-analogues showed improved activity
against lung cancer cell lines as compared to their parent com-
pounds without 4’-OH group (gilvocarcins V and E). The struc-
tures of the sugar-containing new mutant products indicate that


the enzyme GilU acts as an unusual ketoreductase involved in
the biosynthesis of the C-glycosidically linked deoxysugar moiety
of the gilvocarcins. The structures of the new gilvocarcins indi-
cate substrate flexibility of the post-polyketide synthase modify-
ing enzymes, particularly the C-glycosyltransferase and the
enzyme responsible for the sugar ring contraction. The results
also shed light into biosynthetic sequence of events in the late
steps of biosynthetic pathway of gilvocarcin V.
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OH group, before a rearrangement of the resulting pyranose
to the furanose finishes the preparation of the NDP-d-fuco-ACHTUNGTRENNUNGfuranose donor substrate of the glycosyltransferase GilGT
(Scheme 1). The products of three genes of the gil gene cluster


were possibly responsible for this crucial 4-ketoreduction step,
although none of the corresponding genes showed significant
similarity with typical 4-ketoreductase encoding genes found
in deoxysugar pathways. These genes are: 1) gilR, apparently
an oxidoreductase encoding gene located far upstream of the
PKS (polyketide synthase) genes between gilM and gilOII,
2) gilH, a reductase gene found immediately downstream of
gilE and gilD, and 3) gilU located at the end of the gil cluster. A
recent inactivation experiment that affected gilR showed that
its product, GilR, is involved in the establishment of the lac-
tone moiety of GV, particularly the oxidation of pregilvocar-
cin V into GV, which is the last step in GV biosynthesis.[17] The
gilU gene appeared to code for an epimerase or dehydratase,
which also might function as a ketoreductase or contribute in
some way to the 4-ketoreduction and be involved in sugar bio-
synthesis (see below). gilH seemed to encode a NADPH-depen-
dent reductase.[4] To investigate which of these two genes is in-
volved in the biosynthesis of GV’s sugar moiety and to possibly
generate new gilvocarcins with altered sugar moieties, gilH
and gilU were inactivated.


Results and Discussion


Deletion of gilH and gilU


The deduced amino acid sequence of gilH has no similarity
with 4-ketoreductases typically found for deoxyhexose biosyn-
theses. However, GilH showed high identity (similarity) with
NADH:FMN reductases, specifically with JadY (64 % amino acid


(aa) identity, 74 % similarity ; accession number
AAL82807) from the jadomycin pathway from Strep-
tomyces venezuelae,[18–20] and with putative reductas-
es from Sorangium cellulosum (55 % aa identity, 72 %
similarity ; accession number YP_001612518) as well
as from Streptomyces coelicolor A3(2) (57 % aa-identi-
ty, 68 % similarity; accession number NP_630351). A
specific function has not been assigned yet for any
of these enzymes. Experiments with overexpressed,


purified and His6-tagged GilH showed that it contained non-ACHTUNGTRENNUNGcovalently bound FAD. Deletion of the gilH gene in cosmid
cosG9B3 (containing the apramycin (Apr)-resistance cassette
and the entire gilvocarcin V gene cluster)[4] was achieved using
the PCR-targeting REDIRECT method,[21–23] which we previously
used successfully for inactivation of various gil genes,[17, 24, 25] as
well as for the inactivation of gilU (see below). However, the re-
sulting mutant strain S. lividans TK24 (cosG9B3-H�) showed the
same production pattern as the gilvocarcin producer S. lividans
(cosG9B3). Thus the inactivation of gilH had no effect on the
gilvocarcin biosynthesis. Overall, the experiments clearly refut-
ed the involvement of GilH in the biosynthesis of the gilvocar-
cin deoxyfucose moiety, which suggests that GilH may be an
NADH:FAD reductase in GV pathway, which provides reduced
cofactors for the oxygenases GilOI and GilOIV.[17, 25] Similarly, the
deduced amino acid sequence of gilU has also no similarity to
4-ketoreductases typically found in gene clusters encoding de-
oxysugar biosyntheses. However, it shows some resemblance
to (putative) NDP-sugar epimerases (36 % aa identity with
WcqD of Clavibacter michiganensis subsp. michiganensis NCPPB
382, gene bank accession number NC009480.1, 31 % aa identi-
ty with TM0509 from Thermotoga maritima, gene bank acces-
sion number AAD35594,[26, 27] 28 % aa-identity with a putative
NDP-sugar epimerase of Saccharopolyspora erythraea NRRL
2338, gene bank accession number NC009142.1) as well as to
NDP-glucose-4,6-dehydratases (e.g. , 28 % aa-identity with SpcI
from S. netropsis ; gene bank accession number U70376). Both
types of enzymes belong to the family of NAD+-dependent
epimerases/dehydratases, which are also related to the short
chain dehydrogenase/reductase (SDR) superfamily.[28, 29] Mem-
bers of this family have a common NAD+-binding domain in
the terminal part of the protein and two highly conserved ty-
rosine and lysine residues. These two amino acids are essential
for the catalytic activity of SDR enzymes. Epimerases and dehy-
dratases create similar reaction products, although their mech-
anisms are quite different. Assuming that the substrate is NDP-
4-keto-6-deoxyglucose (Scheme 2), one would expect either
NDP-3,4-diketo-6-deoxyglucose or NDP-3,4-diketo-2,6-dideoxy-
glucose as the initial products of GilU, depending on whether
GilU acts as an epimerase or as a dehydratase (i.e. , follows
path A or B in Scheme 2).


However, both reaction sequences end up with wrong prod-
ucts, namely in the first case an NDP-keto-6-deoxysugar, and in
the second case an NDP-keto-2,6-dideoxysugar. Also, in the re-
action sequence shown in Scheme 2, path B (dehydration fol-
lowed by ketoreduction), is usually catalyzed by two enzymes,
for example, GraOrf27 and GraOrf26 or their analogues.[30] As a
simple alternative, GilU just might be a truncated enzyme that


Figure 1. The gil gene cluster, with white-depicted genes involved in regulation or en-
coding enzymes of unknown function, black genes responsible for the assembly of the
polyketide backbone, and gray genes encoding enzymes that catalyze post-PKS-tailoring
steps (oxidations, reductions, deoxysugar biosynthesis, glycosyltransfer).


Scheme 1. Proposed pathway for the NDP-sugar donor substrate of glycosyl-
transferase GilGT.
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catalyzes only the second, namely the ketoreduction step of
the reactions shown in Scheme 2, and might act directly on
NDP-4-keto-6-deoxyglucose as 4-ketoreductase.


To narrow down the alternatives discussed above, GilU was
inactivated through gene deletion. The inactivation of gilU in
cosG9B3 was modified using the PCR-targeting method men-
tioned above.[17, 22, 24, 25] The coding sequence of GilU was re-
placed by the chloramphenicol (CHL) resistance cassette
through double crossover. In the following FLP-mediated exci-
sion of the CHL resistance cassette, mutants were selected for
Apr-resistance and CHL-sensitivity (Figure 2). The cultures of
one of these mutants, S. lividans TK24 (cosG9B3-U�), showed
no production of gilvocarcins V and M. Instead, various other
compounds accumulated in the strain. Since gilU is located at
the end of the gil gene cluster, a polar effect on downstream


genes, as was found after gilGT inactivation,[24] was not possi-
ble.


Isolation and structure elucidation of the products accumu-
lated by the GilU-minus mutant S. lividans TK24 (cos9B3-U�)


The compounds were purified by preparative HPLC, and their
structures were determined by NMR and mass spectroscopy.
The GilU-minus mutant S. lividans TK24 (cosG9B3-U�) accumu-
lates one major product, defucogilvocarcin V (7, 10 mg L


�1),
and six minor compounds, 4’-hydroxygilvocarcin V (4,
0.5 mg L


�1), 4’-hydroxygilvocarcin E (5, 0.2 mg L
�1), 4’-hydroxy-


gilvocarcin M (6, 0.2 mg L
�1), 12-demethyl-defucogilvocarcin V


(8, 0.2 mg L
�1), and homorabelomycin (9, 0.5 mg L


�1). The
known compounds 7 and 9 were identified through HPLC-MS,
and from their 1H NMR and UV spectra.[25, 31]


Compound 4 exhibits all of the typical NMR signals of the
gilvocarcin V-chromophore,[32] but differs in its sugar moiety.
The positive FAB mass spectrum shows a molecular ion at m/z
510.0 [533.1 [M+Na]+] , which corresponds to a mass differ-
ence of + 16 amu compared to gilvocarcin V,[32] and thus sup-
ports a structure with one more oxygen atom (that is, an addi-
tional OH group in the sugar moiety). This additional OH
group in the sugar moiety was also evident after D2O ex-
change in the 1H NMR spectrum. Three of the OH groups of
the sugar residue appear as a doublet (they show H/OH cou-
pling with a geminal H-atom, and are thus secondary alcohol
functions) while the forth appears as a singlet. The former
were assigned to the hydroxy groups in the 2’-, 3’- and 5’-posi-
tions, respectively, while the singlet with a chemical shift of
d= 5.24 Hz must be derived from a 4’-OH. Other assignments
are not possible, because one would expect 2 OH-singlets, if
the additional OH group were located in 2’-, 3’- or 5’-position.
In addition, the 4-H signal found in the 1H NMR spectrum of
GV (1) was missing here. All H,H-coupling constants of the
sugar moiety are in a 5–7 Hz range, which is typical for a five-
membered ring. In conclusion, the sugar moiety of compound
4 was identified as 4-hydroxy-fucofuranose, and structure 4 as


Scheme 2. Expected deoxysugar pathway if GilU would act A) as an epimerase or B) as a dehydratase/4-ketoreductase. The gray labeled products would be
expected to become the sugar donor substrates of the gil pathway, which is not the case.


Figure 2. Application of the Redirect PCR targeting system in CosG9B3 for
the inactivation of gilU. FRT: FLP (flippase) recognition target; CHL: chloram-
phenicol resistance gene; primer 1: gilU_FRT_rev; primer 2: gilU_FRT_forw.


280 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 278 – 286


J. Rohr et al.



www.chembiochem.org





4’-hydroxy-gilvocarcin V. This structure is also strongly support-
ed by additional NMR data (see Table 3), which reveal a quater-
nary carbon in the 13C NMR spectrum (dC 102.2 s, typical for a
hemiketal). This hemiketal carbon also shows a strong 3JC�H


coupling with 6’-CH3 of the sugar in the HMBC spectrum. The
observation of a strong NOE coupling between 4’-OH and the
3’-OH group also proves the shown absolute configuration of
the 4-hydroxy-fucofuranose moiety.


Compound 5 differs from compound 4 only in that it is miss-
ing the 8-vinyl group. Instead, a saturated 8-ethyl residue can
be observed in the 1H NMR spectrum as known from gilvocar-
cin E (2) [15] at d= 2.82 (q, J = 8 Hz), 1.29 (t, J = 8 Hz, Table 4).
The chemical shifts and coupling constants of all other 1H NMR
signals are almost identical with those of compound 4. Thus,
compound 5 was identified as 4’-hydroxy-gilvocarcin E. The
structure is also supported by its UV spectrum which resem-
bles that of gilvocarcins M and E rather than that of gilvocar-
cin V[32] and the FAB mass spectrum, which shows a molecular
ion peak at m/z 512.2.


Compound 6 exhibits the typical gilvocarcin M type UV
spectrum.[32] Also the 1H NMR data (Table 4) and molecular ion
peak at m/z 499.0 in the positive-mode APCI-MS spectrum sug-
gest a gilvocarcin M skeleton chromophore[32] with the same
4’-OH fucofuranose moiety as found in compounds 4 and 5.
Thus, compound 6 was identified as 4’-hydroxy-gilvocarcin M.


The structure of compound 8 was deduced from its mass
spectral and 1H NMR data (Table 4). The deprotonated molecu-
lar ion peak at m/z 332.9 in the negative-mode APCI-MS spec-
trum indicates a molecular weight (Mw = 334) 14 amu smaller
than defucogilvocarcin V (7)[25] and thus indicates a structure
with one of the methyl groups missing. The 1H NMR data of 8
resembles those of 7 except for the disappearance of one O-
methyl group. The upfield-shifted 2-H (d= 0.13) and 11-H (d=


0.17) suggests that the 12-O-methyl group is missing. Thus,
the structure of compound 8 was deduced as 12-demethyl-ACHTUNGTRENNUNGdefucogilvocarcin V.


The new compounds 4, 5 and 6 bear an extra OH group in
4’-position, which indicate that a hydrated 4-keto-intermediate


plays a role in the biosynthesis
of these three mutant products.
This is proof that the enzyme
GilU, which was deleted in this
mutant, is responsible for the 4-
ketoreduction step. In absence
of GilU, a hydrate is formed that
also can undergo rearrangement
into the five-membered fura-
nose form (Scheme 1). Thus, it
must be assumed that an NDP-
d-fucopyranose is an intermedi-
ate for the biosynthesis of the
b-d-fucofuranose moiety of GV
(1, Scheme 1). A subsequent
SN2-reaction, catalyzed by a not
yet identified enzyme, in which
4-O replaces 5-O as the ring
oxygen, would give rise to the
five-membered furanose ring.
The resulting stereochemistry in
the 4-position is in agreement
with the observed stereochem-
istry for the b-d-fucofuranose
moiety in gilvocarcin V. Two ad-
ditional arguments support this


Table 1. Anticancer activity assays[a] of gilvocarcins.


Gilvocarcins Anticancer activity (% T/C at 100 mm)[b]


H460 MCF-7 LL/2


Gilvocarcin V (1) 5.5�0.3 4.5�1.0 1.4�0.4
4’-OH-Gilvocarcin V (4) 2.6�0.5 7.0�2.5 1.4�0.5
Gilvocarcin E (2) 34.5�8.5 47.7�1.1 30.4�6.9
4’-OH-Gilvocarcin E (5) 8.0�1.6 15.1�5.4 16.6�3.5


[a] Sulforhodamine B assay,[47, 48] the numbers represent the mean of 3 assays. [b] % T/C indicates the percent-
age of surviving treated cancer cells over untreated control cells, % T/C<32 at 100 mm is considered active ac-
cording to NCI standards.[47, 48]


Table 2. Oligonucleotide primers used in inactivation and expression experiments.


Name of primer Oligonucleotide sequence


GilU_FRT_forw 5’-GAGGCACTCCTGTCGTCGAGAGAGCACGGCCCCACGGTGATTCCGGGGATCCGTCGACC-3’
GilU_FRT_rev 5’-TGATGTGCGGCCTGGGTCTTTTGTCGTTCGTGTGGCTCATGTAGGCTGGAGCTGCTTC-3’
GilOIV_Ctrl_forw 5’-CCGCGTTCTTCCGTATGC-3’
GilOIV_Ctrl_rev 5’-CTTAGCTCAGATGGCCAGAGC-3’
GilH_FRT_forw 5’-TTCGAGAGCTCGGTCCCTACCGAAGGAGCGAAACAGATGATTCCGGGGATCCGTCGACC-3’
GilH_FRT_rev 5’-ACGTTCACCAGGGGGTCCGGCGGGCGGACCGGTGCGTCATGTAGGCTGGAGCTGCTTC-3’
GilH_Ctrl_forw 5’-CTCATAATCTGGCCGCTC-3’
GilH_Ctrl_rev 5’-AACGTGCTGGTCACGGCCCTC-3’
GilH_ex_forw 5’-GAGCGGAATTCATGATCAGGATCGCCGTCATCCTC-3’
GilH_ex_rev 5’-CGGAAGCTTGTGCGTCACACCGACACGGCCCGGCC-3’
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postulated reaction mechanism. First, gilvocarcin V has been
shown to undergo an acid-catalyzed rearrangement to a major
product with a b-d-fucopyranose sugar moiety and a minor
compound, which was identified as the a-d-fucopyranose
isomer of GV due to a partly occurring SN1 reaction.[33] This
shows that the fucopyranose and fucofuranose ring structures
are inter-convertible, predominantly in an SN2 fashion, even
without enzyme catalysis. Secondly, one can assume from the
close structural relationship between the gilvocarcins, ravido-
mycins, chrysomycins, and Mer compounds[7, 8, 16, 34–37] that all
these compounds evolved from a common ancestral origin
and share a common set of biosynthetic genes. While the Mer
sugar moiety[7, 8, 38] is still in the unreduced state (4-keto group)
the ravidomycin[7, 39–41] and chrysomycin[42–45] sugars are both
pyranoses with an axial 4-OH group. It is therefore likely that
all of these pathways inherited the same set of three basic de-
oxysugar enzymes, namely an NDP-d-glucose synthase and a
NDP-d-glucose-4,6-dehydratase (GilD and GilE in the gil path-
way), plus an unusual GilU-like 4-ketoreductase, which gener-
ates the axial 4-OH group of the NDP-fucopyranose intermedi-
ate of the gil pathway as well as the axial 4-OH residues in the
pyranose moieties of chrysomycin and ravidomycin, whose
pathways are currently under investigation in our lab.


The accumulation of defucogilvocarcin V as the major prod-
uct of the GilU� mutant S. lividans TK24 (cosG9B3-U�) showed
that the biosynthesis of the d-fucofuranose moiety of the gil-
vocarcins was significantly disturbed by inactivation of GilU.
The fact that gilvocarcins with 4’-hydroxy-fucofuranose moiet-
ies emerged as minor products, shows that both the rear-
rangement enzyme as well as the glycosyltransferase GilGT,[24]


have some relaxed substrate specificity. Obviously, the rear-
rangement to the furanose can only occur after hydration of
NDP-4-keto-6-deoxy-d-glucose, which presumably was accu-
mulated in the mutant upon inactivation of GilU. The hydrate
formation generates an axial OH group that can undergo the
SN2-reaction discussed above. The resulting NDP-4-hydroxy-d-
fucofuranose is stereoelectronically similar to the normal sub-
strate of GilGT, and can be attached by GilGT (Scheme 3). How-
ever, the low yield found for these 4’-hydroxy-gilvocarcin ana-
logues indicate that either the rearrangement enzyme or GilGT
or both have some problems with the NDP-4-hydroxy sugars.
Note that a hydrate form of 4-keto-d-olivose was also observed
upon inactivation of 4-ketoreductase in certain mithramycin


analogues.[16]
d-rhodinose, which is normally not biosynthe-


sized, was also found in the new metabolite urdamycin M
upon inactivation of 4-ketoreductase gene urdR of the urda-ACHTUNGTRENNUNGmycin gene cluster.[46] To the best of our knowledge, the 4-
hydroxy-d-fucofuranose is the first new five-membered ring
sugar moiety of a polyketide-glycoside generated by genetic
engineering. Since the additional 4-OH group in the furanose
moiety of 4 might enhance its hydrogen bonding with a cellu-
lar target (likely histone H3[15, 16]), an increased antitumor activi-
ty was possible. Compound 4 also shows improved solubility
compared to 1 and is slightly soluble in methanol, while 1 is
not.


Anticancer activity


Preliminary anticancer assays against a human breast (MCF-7),
a human lung (H460) and a murine lung cancer cell line (LL-2)
indicated that the 4’-hydroxygilvocarcins 4 and 5 have similar
(MCF-7, LL/2) to slightly better (H460) anticancer activity than
their parental analogues 1 and 2 (Table 1). As expected, the ac-
tivities of analogues 2 and 5, which lack the for the DNA bind-
ing essential vinyl residue, are much lower. Nevertheless, the
introduction of the 4’OH group changed a rather inactive drug
(2) into a moderately active one (5). Dose dependence curves
further support the advantage of the 4’OH group. For example,
Figure 3 shows the dose-dependent activity of 4’-hydroxy-gil-
vocarcin V (4, squares, solid line) against the human lung
cancer cell line H460 in comparison with gilvocarcin V (1, trian-
gles, dotted line) and gilvocarcin E (2, solid circles, semi-dotted
line).


The steeper decline of the 4-hydroxy-gilvocarcin V (4,
Figure 3) data line indicates a higher potency than gilvocar-
cin V (1). For instance, the GI50 of 4 is ~0.3 mm versus ~0.75 mm


for 1, or the total growth inhibition (TGI) in presence of 4
occurs already at concentrations of ~1.25 mm, compared to a
TGI of >3.7 mm for patented drug 1.


Conclusions


In conclusion, the work described here reveals that GilU is re-
sponsible for the 4-ketoreduction that occurs during the gen-
eration of the d-fucofuranose moiety of gilvocarcin V (GV, 1).
The experiment also proves indirectly that the unique d-fuco-


furanose is derived from d-fuco-
pyranose by ring contraction.
Five new compounds were gen-
erated as a result of the inacti-
vation experiment, some with
partly improved biological activ-
ity and solubility compared to
their parent drugs. The work
also sheds light into the late
steps biosynthetic sequence of
events of GV, and these results
also provide important addi-
tional information regarding the
substrate specificity of several


Scheme 3. Biosynthetic pathway of NDP-d-fucofuranose (upper path) and generation of 4’-hydroxy-d-fucofura-
nose upon inactivation of GilU via hydrate formation (lower branch).


282 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 278 – 286


J. Rohr et al.



www.chembiochem.org





post-PKS enzymes involved in biosynthesis of GV. For instance,
the experiments described here reflect the flexibility of glyco-
syltransferase GilGT and of the enzyme responsible for theACHTUNGTRENNUNGintriguing sugar ring contraction to form the unique structure
of d-fucofuranose. However, it is still unclear whether GilGT[24]


attaches d-fucopyranose or d-fucofuranose to the polyketide-
derived core of the gilvocarcin aglycon, and whether the ring
contraction occurs after or before the glycosyl transfer step.


The more likely scenario is that
the ring contracting enzyme
acts first, and GilGT transfers a
furanose, either with or without
4-hydroxy group. Otherwise
GilGT would need to transfer a
4-keto sugar, a flexibility rarely
observed among GTs of secon-
dary metabolism.[49–52] Further
investigation of GilGT and the
ring contracting enzyme, once
identified, will solve this ambi-
guity. Such a ring contracting
enzyme could be useful in gen-
erating new furanose moieties
from other pyranose moieties
with axial 4-OH groups, like
those found in chrysomycin and
ravidomycin.


The fact that 4’-hydroxy-gilvo-
carcin M (6) was also isolated is
not surprising, since S. lividans
TK24 (cosG9B3) produces signif-
icant amounts of gilvocarcin M
(3) besides its principal product
gilvocarcin V (1). However, the
accumulation of 4’-hydroxy-gil-
vocarcin E (5) is somewhat sur-
prising, since S. lividans TK24
(cosG9B3) does not produce
notice ACHTUNGTRENNUNGable amounts of gilvocar-
cin E (2). The production of 5 by
S. lividans TK24 (cosG9B3-U�)
might indicate feedback inhibi-


tion of GilOIII,[24] the enzyme responsible for the vinyl group
formation earlier in the biosynthesis, which might be inhibited
by the accumulated defucogilvocarcin V (7). Also compound 9
is a shunt product, which might be caused by a feedback
effect, as we reported previously.[25]


From the presence of defucogilvocarcin V (7) it might be
concluded that C-glycosylation is the last step in the biosyn-
thesis of GV (1). However, glycosylation could also occur earlier
in the biosynthesis, for example, before the O-methylation
steps, the vinyl group and/or the lactone formation.[17] The ac-
cumulation of 7 may just reflect a certain degree of substrate
flexibility of the enzymes governing O-methyltransfer, and
vinyl and lactone formation, insofar as these enzymes may be
able to recognize substrates missing the sugar moiety. Past
biosynthetic studies revealed that the C-glycosylation occurs
later than the oxidative 5,6-C/C-bond cleavage of the proposed
intermediate homo-2,3-dehydro-UWM 6, which is a key step
for the formation of the unique chromophore of the gilvocar-
cins.[17, 25] The accumulation of 12-demethyl-defucogilvocarcin V
(8) indicates that the vinyl group formation occurred earlier
than at least one of the O-methylation steps in the biosynthe-
sis of 1.


Table 3. 1H NMR (400 MHz) and 13C NMR (100.6 MHz) data for 4’-hydroxy-gilvocarcin V (4) in [D6]DMSO (relative
to internal TMS, J in Hz).


Position number 1H d 13C d HMBC correlation COSY NOESY


1-OH 9.67, S 153.2 1, 2, 12a
2 6.89, d (8.4) 112.7 1, 4, 12a 3 3
3 8.02, d (8.4) 128.7 1, 4a, 1’ 2 2
4 127.5
4a 124.7
4b 143.1
6 160.4
6a 123.7
7 7.96 d, (1.6) 119.8 6, 9, 10a, 13
8 139.2
13-H 6.92, dd (17.6, 11.2) 135.9 7 14-He, 14 Hz 14-He, 14 Hz
14-He
14 Hz


6.11, d (17.6)
5.46, d (11.2)


117.9 8
8


13-H
13-H


13-H, 14 Hz
13-H, 14-He


9 7.71, d (1.6) 115.0 7, 10, 10a, 13
10 158.1
10-OCH3 4.14, s 57.5 10
10a 123.1
10b 113.5
11 8.44, s 102.2 4b, 10a, 10b, 12a, 12b
12 152.5
12-OCH3 4.08, s 57.0 12
12a 115.6
1’ 6.30, d (6.4) 79.1 3 2’ 2’
2’ 4.81, dd (6.4, 6.4) 78.1 3’ 1’, 3’ 2’-OH
2’-OH 4.50, d (6.4)* 3’ 2’
3’ 3.87, t (6.4) 77.56 2’ 2’, 3’-OH 3’-OH
3’-OH 4.90, d (6.4)* 3’ 3’
4’-OH 5.23, s* 102.2 3’, 4’ 3’-OH, 5’-OH
5’ 3.68, dq (6.4, 5.6) 69.0 6’-CH3 6’-CH3


5’-OH 4.85, d (5.6)* 5’ 5’
6’-CH3 1.22, d (6.4) 17.8 4’, 5’ 5’ 5’


* Signals exchangeable with D2O.


Figure 3. Concentration-dependent activity of 4’-hydroxy-gilvocarcin V (&) in
comparison with gilvocarcins V (~) and E (*).
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Experimental Section


Bacterial strains, cosmids and
culture conditions : Cosmid
cosG9B3 is pOJ446-derived and
contains the entire gilvocarcin
gene cluster.[4]


Streptomyces lividans TK24 was
routinely cultured on M2 agar
plates containing agar (1.5 %), glu-
cose (0.4 %), malt extract (1 %),
yeast extract (0.4 %) and CaCO3


(0.1 %) up to sporulation, and
spores were stocked in glycerol
(20 %) and used for conjugation.
YT broth (2 � ), containing tryptone
(1.6 %), yeast extract (1 %) and
sodium chloride (0.5 %), pH 7.0,
was used during conjugation.


Escherichia coli XL1 Blue MRF’
(Stratagene) was used for propa-
gation of plasmids, cosmids and
grown in liquid at 220 rpm or on
solid Luria-Bertani medium con-
taining tryptone (1 %), yeast ex-
tract (0.5 %), sodium chloride (1 %),
agar (1.5 %), pH 7.0, at 37 8C.


The REDIRECT� technology kit con-
taining E. coli ET12567, E. coli ET12567/pUZ8002, E.coli BW25113,
pKD20, pIJ790 and pCP20 was a gift from Plant Bioscience Ltd.
(Norwich, United Kingdom).


Apramycin (50 mg mL�1), chloramphenicol (25 mg mL�1), nalidixic
acid (25 mg mL�1), carbenicillin (100 mg mL�1) and kanamycin
(50 mg mL�1) were used for selection of recombinant strains.


DNA isolation, manipulation and cloning : Standard procedures
for DNA isolation and manipulation were performed according to
Sambrook and Russel[53] and Kieser et al.[54] Isolation of DNA frag-
ments from agarose gels and purification of PCR products was car-
ried out using the QIA quick� Gel Extraction kit (Qiagen, California,
USA) following the manufacturer’s instructions. Isolation of theACHTUNGTRENNUNGmutated derivatives of cosmidG9B3 was carried out using ion ex-
change columns (Nucleobond AX kits, Macherey–Nagel, PA, USA)
according to the manufacturer’s protocol.


Inactivation of gilU and gilH : The disruption gene cassette was
amplified using formerly generated CHL gene cassette combined
with primer pair GilU_FRT_for and GilU_FRT_rev (Table 2). Under-
lined letters represent 39 nt homologous extensions to the DNA
regions immediately upstream and downstream of gilU, respective-
ly, including the putative start and stop codons of gilU. The cas-
sette was introduced into E. coli BW25113/pKD20, containing
cosmid G9B3 (Apr-resistant), which included the entire biosynthetic
gene cluster of gilvocarcin V. The disrupted cosmid (G9B3) contain-
ing the chloramphenicol resistance cassette was introduced into
E. coli XL-Blue MRF’/pcp20 encoding the FLP recombinase to
remove the central part of disruption cassette. Apr-resistant, chlor-
amphenicol-sensitive colonies were identified by replica plating
and verified by PCR analysis using a pair of primers GilU_Ctrl_forw
and GilU_Ctrl_rev (Table 2). While the original gilU PCR products
from cosG9B3 showed products of 1136 bp, respectively, the
mutant with the chloramphenicol resistance gene gave PCR prod-
ucts of 1095 bp. After FLP-mediated excision of the disruption cas-


sette, PCR products of 275 bp were obtained (Figure 2). The mutat-
ed cosG9B3 was introduced into Streptomyces lividans TK24 by
conjugation from E. coli ET12567 carrying the non-self transmissible
helper plasmid pUZ8002 as described by Kieser et al.[54] An identi-
cal protocol was followed to inactivate the gilH gene in cosG9B3
using GilH_FRT_for, GilH_FRT_rev, GilH_Ctrl_forw, and GilH_Ctrl_rev
primers (Table 2).


Heterologous production and co-factor analysis of GilH : A pair
of primers (GilH_ex_for and GilH_ex_rev, Table 2) was used to am-
plify gilH from cosG9B3 using pfu-polymerase (Stratagene) and the
product was cloned into PCR�-Blunt II-TOPO� vector. The positive
clone was sequenced to confirm that no mutation had been intro-
duced during gene amplification. The gilH fragments excised from
the TOPO construct with EcoRI and HindIII were cloned at the iden-
tical sites of pRSETB vector (Invitrogen) to generate an expression
construct pGilH. The plasmid was transformed into E. coli BL21-ACHTUNGTRENNUNG(DE3). The seed culture (10 mL) of a colony was inoculated into 1 L
of LB medium supplemented with ampicillin (100 mg mL�1). The
culture was grown at 37 8C until OD600 reached to 0.6. IPTG
(0.1 mm final concentration) was added to the culture, and the fer-
mentation was continued for 8 h at 23 8C. The pellets were collect-
ed through centrifugation (6000 g, 10 min), washed with 50 mm


potassium phosphate buffer (pH. 7.6) and disrupted by ultrasonica-
tion. The crude GilH fraction that was obtained through centrifuga-
tion (12 000 g, 20 min) was purified through immobilized metalACHTUNGTRENNUNGaffinity chromatography (IMAC). The concentration of the enzyme
was determined to be 4 mg mL�1 following the Bradford protein
assay method. 4 mg (1 mL) of GilH was boiled for 5 min and the
denatured protein was removed by centrifugation (10 000 g,
10 min). The supernatant was taken for HPLC and UV-spectral anal-
yses. Aqueous solutions (1 mL, 0.5 mm) of standard FAD, FMN and
NAD+ were taken as positive controls, and 50 mm phosphate
buffer supplemented with 150 mm imidazole was used as a nega-
tive control.


Table 4. 1H NMR (400 MHz) data for 4’-hydroxy-gilvocarcin E (5), 4’-hydroxy-gilvocarcin M (6), 12-demethyl-de-
fucogilvocarcin V (8) and defucogilvocarcin V (7, for comparison) in [D6]DMSO (relative to internal TMS, J in Hz).


Position Multiplicity
5 6 8 7


1-OH 9.70, s 9.70, s ** 9.54, s
2 6.91, d (8) 6.90, d (8) 6.80, dd (7.5, 1) 6.98, dd (8.4, 1.2)
3 8.04, d (8) 8.04, d (8) 7.44, t (7.5) 7.53, t (8.4)
4 7.83, dd (7.5, 1) 7.90, dd (8.4, 1.2)
7 7.80, d (1.6) 7.79, br s 8.0, d (1.2) 8.02, d (1.5)
9 7.53, d (1.6) 7.51, br s 7.71, d (1.2) 7.74, d (1.5)
10-OCH3 4.13, s 4.12, s 4.12, s 4.17, s
11 8.49, s 8.48, s 8.23, s 8.40, s
12-OH **
12-OCH3 4.12, s 4.12, s 4.11, s
13-H 2.82, q (8) 2.5, s* 6.92, dd (11.4, 17.4) 6.93, dd (11.4, 17.4)
14-H 1.29, t (8) He 6.13, d (17.4)


Hz 5.48, d (11.4)
He 6.15, d (17.4)
Hz 5.50, d (11.4)


1’ 6.34, d (6.8) 6.33, d (6.4) – –
2’ 4.85, dd (6.8, 6.8) 4.84, dd (6.8, 6.4) – –
2’-OH 4.51, d (6.8) 4.50, d (6.8) – –
3’ 3.92, t (6.8) 3.92, t (6.8) – –
3’-OH 4.91, d (6.8) 4.92, d (6.8) – –
4’-OH 5.25, s 5.24, s – –
5’ 3.72, dq (6.4, 5.2) 3.72, dq (6.4, 5.2) – –
5’-OH 4.87, d (5.2) 4.86, d (5.2) – –
6’-CH3 1.24, d (6.4) 1.25, d (6.4) – –


* Signal obscured by solvent; ** not observed signals because of overlap with H2O.
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Analysis, isolation and characterization of products accumulated
by S. lividans TK24 (cosG9B3-U�): S. lividans TK24 (cosG9B3-U�)
was cultured in SG medium (glucose (20 g L


�1), soy peptone
(10 g L�1), CaCO3,ACHTUNGTRENNUNG(2 g L�1), and CoCl2 ACHTUNGTRENNUNG(1 mg L�1) at pH 7.2 prior to
sterilization) supplemented with Apr. This pre-culture was grown
for 1 day at 30 8C and 220 rpm, and was subsequently used toACHTUNGTRENNUNGinoculate the main culture of the same composition, which was
harvested after 4 days of shaking as above. The culture broth was
extracted three times with equal volumes of ethyl acetate. Extracts
were dried in vacuo, dissolved in methanol and examined by
HPLC-MS.


Purification was achieved by semi-preparative HPLC. HPLC/MS was
performed on a Waters Alliance 2695 system with Waters 2996
photodiode array detector and a Micromass ZQ 2000 mass spec-
trometer equipped with an APCI ionization probe (solvent A =
0.1 % formic acid in H2O; solvent B = acetonitrile; flow rate =
0.5 mL min�1; 0–6 min 75 % A and 25 % B to 100 % B [linear gradi-
ent], 7.5–10 min 75 % A and 25 % B). Semi-preparative HPLC was
run on a Waters Delta 600 instrument with a Waters 996 photo-
diode array detector (Solvent A = H2O; solvent B = acetonitrile; 0–
2 min 100 % A and 0 % B, 2–4 min 100 % A to 60 % A and 40 % B[
linear gradient], 4–30 min 60 % A and 40 % B to 45 % A and 55 % B
[linear gradient], 30–32 min 45 % A and 55 % B to 100 % B [linear
gradient]. 32–36 min 100 % B, 36–38 min 100 % A [linear gradient],
38–52 min 100 % A. The columns used for HPLC were Waters Sym-
metry C18, 4.6 � 50 mm, particle size 5 mm (HPLC/MS), and Waters
Symmetry PrepTM C18, 19 � 150 mm, particle size 5 mm (semi-prep
HPLC).


Physicochemical data of new compounds : The structures of the
new metabolites 4’-hydroxy-gilvocarcins V, E and M (4–6) and of
12-demethyl-defucogilvocarcin V (8) were identified by using spec-
troscopic methods, through a combination of the NMR spectra,
the UV- and MS data. NMR spectra were acquired on a Varian
Inova 400 instrument at a magnetic field strength of B0 9.4 T. For
the NMR data see Tables 3 and 4. Chemical shifts are reported in
ppm relative to internal TMS.


4’-Hydroxy-gilvocarcin V (4): 1H NMR (400 MHz, [D6]DMSO): see
Table 3; 13C NMR (100.6 MHz, [D6]DMSO): see Table 3; UV lmax (from
HPLC-diode array) 249 (98 %), 288 (100 %), 397 (36 %); HR-FAB (m/z
533.1409; calcd. for C27H26O10Na: 533.1424).


4’-Hydroxy-gilvocarcin E (5): 1H NMR (400 MHz, [D6]DMSO): see
Table 4; UV lmax (from HPLC-diode array) 245 (100 %), 276 (70 %),
387 (22 %); HR-FAB (m/z 512.1702; calcd. for C27H28O10: 512.1682).


4’-Hydroxy-gilvocarcin M (6): 1H NMR (400 MHz, [D6]DMSO): see
Table 4; UV lmax (from HPLC-diode array) 245 (88 %), 276 (71 %),
388 (21 %); Positive APCI (m/z 499; C26H27O10 [M+H+]).


12-Demethyl-defucogilvocarcin V (8): 1H NMR (400 MHz, [D6]DMSO):
see Table 4; UV lmax (from HPLC-diode array) 248 (98 %), 288
(100 %), 392 (29 %); Positive APCI (m/z 335; C20H15O5 [M+H+]).


Cytotoxicity assays : In vitro cytotoxicity against human lung
H460, human breast MCF-7 and murine Lewis lung (LL-2) cell lines
were assessed using the sulforhodamine B (SRB) assay, after 48 h
exposure to the drugs.[47, 48] % T/C = percent cell mass compared to
control without drug; GI50 = 50 % growth inhibition; TGI = total
growth inhibition.
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Introduction


Alzheimer’s disease (AD) is characterized by the progressive ac-
cumulation of 40- and 42-mer amyloid b-proteins (Ab40 and
Ab42),[1] the latter of which shows stronger aggregation ten-
dencies and higher neurotoxicity.[2] Since aggregation of Ab in-
duces neuronal death, elucidation of the tertiary structure of
Ab aggregates is essential for understanding the mechanism
of neurotoxicity and developing new therapeutic agents for
AD. Extensive biophysical studies have revealed that the full
length and long fragments of Ab peptides form intermolecular
parallel b-sheets in amyloid fibrils.[3–5] In addition to b-sheets,
the presence of turn or bend structures was also indicated at
positions 24–27 in Ab40 aggregates,[6] positions 27–30 in
35MoxAb42 aggregates,[7] positions 26 and 27 in Ab42 aggre-
gates,[8] and positions 22–29 in Ab40 aggregates.[9–11] However,
the precise positions of the turn or bend structures in the Ab


aggregates were not elucidated, and the relationship between
turn position and neurotoxicity remains unclear.


We focused on turns or bends in the central region of Ab42
because the mutation sites related to familial Alzheimer’sACHTUNGTRENNUNGdisease (FAD) are concentrated at positions 22 and 23: Arctic
(E22G),[12, 13] Dutch (E22Q),[14] Italian (E22K),[15] and Iowa
(D23N).[16] Here we show by solid-state NMR that aggregates
both of the wild type Ab42 and of E22K-Ab42 (Italian muta-
tion) contain two conformers, with a turn either at positions 22
and 23 or at 25 and 26. Conformationally restricted analogues
of these two conformers clearly revealed that the former is
highly aggregative and neurotoxic. The identification of the
physiological and toxic conformers explain why the structures
of Ab aggregates proposed by several groups are different
from each other and provides unique opportunities for theACHTUNGTRENNUNGdevelopment of antibodies and inhibitors that are specific for
the toxic conformation of Ab42.


Results


Analysis of the secondary structure of Ab42 aggregates by
systematic replacement with proline


Systematic replacement with proline in peptides is a reliable
and rapid method for predicting secondary structure.[17] Proline
residues are rarely present in b-sheets, whereas they are easily
accommodated in turns or bends. To analyze the secondary
structure of Ab42 aggregates, we estimated the thermodynam-
ic stabilities of the aggregates of proline-substituted Ab42 by
measuring critical concentrations after each monomer and


Aggregation of the 42-residue amyloid b-protein (Ab42) plays a
crucial role in the pathogenesis of Alzheimer’s disease (AD). De-
spite numerous structural studies on Ab aggregates, the relation-
ship between tertiary structure and toxicity remains unclear. Our
proline scanning and solid-state NMR studies suggested thatACHTUNGTRENNUNGaggregates both of wild-type Ab42 and of E22K-Ab42 (one of the
mutants related to cerebral amyloid angiopathy) contain two
conformers: a major one with a turn at positions 25 and 26, and
a minor one with a turn at positions 22 and 23. To identify the
toxic conformer, the derivative Ab42-lactam ACHTUNGTRENNUNG(22K–23E), in which


the side chains at positions 22 and 23 were covalently linked,
was synthesized as a minor conformer surrogate, along with
Ab42-lactam ACHTUNGTRENNUNG(25K–26E) as a major conformer surrogate. The
Ab42-lactam ACHTUNGTRENNUNG(22K–23E) showed stronger aggregation, neurotoxici-
ty, radical generation, and oligomerization than wild-type Ab42,
whereas in Ab42-lactam ACHTUNGTRENNUNG(25K–26E) were weak. The transition
from the physiological conformation with a turn at positions 25
and 26 to the toxic conformation with a turn at positions 22 and
23 might be a key event in the pathogenesis of AD.
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ACHTUNGTRENNUNGaggregate had established equilibrium (Figure 1 A). Of the cen-
tral-region mutants, E22P-, D23P-, G25P-, and S26P-Ab42
formed highly stable aggregates. Because the aggregates of
V24P-Ab42 were not stable, a long single loop around posi-


tions 22–26 would not exist. These data suggested
that Ab42 aggregates may contain two turns in the
central region: one at positions 22 and 23 and the
other at positions 25 and 26.


To determine whether these two turns could co-ACHTUNGTRENNUNGexist in one Ab42 molecule, a double mutant
(E22P,G25P-Ab42) was prepared. E22P,G25P-Ab42
formed significantly less stable aggregates than
E22P-Ab42, G25P-Ab42, and wild-type Ab42 (Fig-
ure 1 B). This suggests that Ab42 aggregates contain
two different conformers : one with a turn at posi-
tions 25 and 26 and the other with a turn at posi-
tions 22 and 23. Similar proline scanning by Wetzel’s
group identified a turn at positions 22 and 23 in
Ab40 aggregates.[18] It is noteworthy that turns at po-
sitions 22 and 23 were detected in aggregates both
of Ab42 and Ab40, and that these positions are the
main mutation sites for FAD.


Verification of the presence of two conformers in
Ab42 aggregates by solid-state NMR


To identify the two conformers in Ab42 aggregates,
the tertiary structure at positions 21–27 was analyzed
by solid-state NMR. For this purpose, the carbon and
nitrogen atoms at these positions in wild-type Ab42
were labeled with 13C and 15N in multiple patterns
(Figure S1 in the Supporting Information). Nitrogen
atoms were labeled with 15N to avoid the influence
of 14N quadrupole interaction on 13C.[19, 20] Since E22K-
Ab42 (Italian), which is related to cerebral amyloid
angiopathy (CAA), aggregated more rapidly than


wild-type Ab42,[21] its structure was also analyzed for compari-
son. Aggregates of the labeled samples were prepared by in-
cubation at 37 8C in phosphate-buffered saline (PBS) under qui-
escent conditions[9] because of the need to analyze structures
under the same conditions as had been employed in other
assays to evaluate the activity. The formation of fibrils was con-
firmed by transmission electron microscopy (Figure S2 in the
Supporting Information).


13C,1H dipolar assisted rotational resonance (DARR),[22, 23]


which allows two-dimensional 13C,13C distance-correlated solid-
state NMR spectroscopy, was used to determine the tertiary
structures of Ab42 aggregates. 2D DARR spectra acquired at a
mixing time of 20 ms—in which most of the cross-peaks can
be ascribed to directly bonded 13C pairs—enabled us to assign
all the 13C chemical shifts at positions 21–27 in wild-type Ab42
and E22K-Ab42 (Figure 2 A, B, Figures S3–S5 in the Supporting
Information, and Tables 1 and 2). Two sets of chemical shifts
were observed for Asp23 and Gly25 in both aggregates, indi-
cating that aggregates of wild-type Ab42 and E22K-Ab42 con-
tain two conformers quite similar to each other. These were
designated as major and minor conformers from the signalACHTUNGTRENNUNGintensity of Gly25 in wild-type Ab42 (Figure 2 C).


Figure 1. Analysis of secondary structures of Ab42 aggregates by systematic
replacement with proline. A) Thermodynamic stabilities of the Ab42 aggre-
gates substituted with proline in their central regions. B) Thermodynamic
stabilities of the aggregates of the double-proline mutant and single-proline
mutants of Ab42. The molar concentrations of soluble peptides present in
equilibrium with aggregates (critical concentrations, Cr) were measured after
120 h incubation of each Ab solution (25 mm) at 37 8C.


Figure 2. Solid-state NMR structural analysis of aggregates of Ab42. A), B) 2D DARR spec-
tra (mixing time: 20 ms) of Ab42 aggregates. Assignment paths of Gly25 are shown.
Solid line: major conformer. Dotted line: minor conformer. C)–E) 13C CP-MAS spectra of
Ab42 aggregates. Arrows show signals of Ca in Gly25. Solid arrow: major conformer.
Dotted arrow: minor conformer. Samples were wild-type Ab42 uniformly labeled with 13C
and 15N at positions 25–27 (A, C), E22K-Ab42 uniformly labeled with 13C and 15N at posi-
tions 25–27 (B, D), and Ab42-lactam ACHTUNGTRENNUNG(22K–23E) in which Ca and C=O in Gly25 were labeled
with 13C (E). The ratio of the major and minor conformers was about 1.5:1 for wild-type
Ab42 (C), and about 1.1:1 for E22K-Ab42 (D). In spectrum E), the peak of the minor con-
former with a turn at positions 22 and 23 was almost exclusively observed in aggregates
of Ab42-lactam ACHTUNGTRENNUNG(22K–23E).
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Chemical shifts for 13Ca components of amino acid residues
are indicators of the secondary structure of peptides; they
tend to be more shielded in b-sheets than in a-helices or


turns.[24, 25] The chemical shifts for 13Ca of Gly25 in the minor
conformer (d= 41.5 ppm for wild-type Ab42, d= 42.5 ppm for
E22K-Ab42) suggest that each residue is included in a b-sheet
(Figure 3 B, D), but those for 13Ca of Gly25 in the major confor-


mer (d= 47.3 ppm for wild-type Ab42, d= 47.0 ppm for E22K-
Ab42) suggest that each residue is incorporated in a turn (Fig-
ure 3 A, C). We had previously verified the existence of a turn
structure at positions 22 and 23 in the minor conformer of
E22K-Ab42 aggregates through a 2D DARR experiment at a
mixing time of 500 ms (Figure 3 D).[26] From the similarities in
their chemical shifts (Tables 1 and 2), the minor conformer of
the wild-type Ab42 aggregates should also contain a turn
structure at positions 22 and 23 (Figure 3 B) similar to that in
E22K-Ab42 (Figure 3 D). These data indicate that the major con-
former has a turn at positions 25 and 26 (Figure 3 A, C), and
the minor conformer has a turn at positions 22 and 23 (Fig-ACHTUNGTRENNUNGure 3 B, D).


It is notable that the amount of the minor conformer in the
E22K-Ab42 aggregates is greater than that in wild-type Ab42
aggregates (Figures 2 C, D). In E22K-Ab42 aggregates, an ionic
interaction between Lys22 and Asp23 could promote the for-
mation of the turn to increase the ratio of the minor conformer
(Figure 3 D). On the other hand, electrostatic repulsion be-
tween Glu22 and Asp23 might suppress the formation of the
turn in this region to decrease the ratio of the minor confor-
mer in aggregates of wild-type Ab42 (Figure 3 B). The forma-
tion of a salt bridge between Asp23 and Lys28 was reported in
wild-type Ab40 aggregate by Tycko’s group[9–11] and in
35MoxAb42 aggregate by Riek’s group.[7] Quite recently, Teplow
and co-workers indicated that the ionic interaction between


Table 1. 13C Chemical shifts [d (ppm)] of wild-type Ab42 aggregates.[a]


Residue C=O Ca Cb Cg Cd


Ala21 173.3 48.5 17.9ACHTUNGTRENNUNG(176.2)[b] ACHTUNGTRENNUNG(50.9) ACHTUNGTRENNUNG(17.5)
Glu22 173.4 52.2 32.6 35.1 181.3ACHTUNGTRENNUNG(175.0) ACHTUNGTRENNUNG(55.0) ACHTUNGTRENNUNG(28.3) ACHTUNGTRENNUNG(34.0) ACHTUNGTRENNUNG(181.8)
Asp23 (major)[c] 173.3 53.4 36.9 178.6
Asp23 (minor) ND[d] 53.4 ND 179.4ACHTUNGTRENNUNG(174.7) ACHTUNGTRENNUNG(52.6) ACHTUNGTRENNUNG(39.5) ACHTUNGTRENNUNG(178.4)
Val24 174.4 57.9 32.6 18.3ACHTUNGTRENNUNG(174.7) ACHTUNGTRENNUNG(60.6) ACHTUNGTRENNUNG(31.3) (18.7, 19.5)
Gly25 (major) 171.2 47.3
Gly25 (minor) 172.0 41.5ACHTUNGTRENNUNG(173.3) ACHTUNGTRENNUNG(43.5)
Ser26 171.7 55.5 63.4ACHTUNGTRENNUNG(173.0) ACHTUNGTRENNUNG(56.7) ACHTUNGTRENNUNG(62.2)
Asn27 171.9 51.0 38.3 173.3ACHTUNGTRENNUNG(173.6) ACHTUNGTRENNUNG(51.5) ACHTUNGTRENNUNG(37.3) ACHTUNGTRENNUNG(175.6)


[a] TMS was used as an external standard. The uncertainties of all values
were within 0.3 ppm. [b] Values in parentheses are chemical shifts in the
random coil, adjusted to the TMS reference.[24, 25] [c] The ratio of the major
and minor conformers was about 1.5:1. CP efficiency did not significantly
affect the signal intensity ratio of the two conformers at contact times in
the 0.1–0.75 ms range. [d] The 13C chemical shift could not be assigned
because of weak signal intensity and/or signal broadening.


Table 2. 13C Chemical shifts [d (ppm)] of E22K-Ab42 aggregates.[a,b]


Residue C=O Ca Cb Cg Cd Ce


Ala21 172.9 48.1 18.9ACHTUNGTRENNUNG(176.2)[c] ACHTUNGTRENNUNG(50.9) ACHTUNGTRENNUNG(17.5)
Lys22 173.0 51.7 35.8 24.0 28.6 40.6ACHTUNGTRENNUNG(175.0) ACHTUNGTRENNUNG(54.6) ACHTUNGTRENNUNG(31.5) ACHTUNGTRENNUNG(23.1) ACHTUNGTRENNUNG(27.4) ACHTUNGTRENNUNG(40.3)
Asp23 (major)[d] 174.5 53.4 40.0 177.7
Asp23 (minor) 172.7 54.5 38.2 179.1ACHTUNGTRENNUNG(174.7) ACHTUNGTRENNUNG(52.6) ACHTUNGTRENNUNG(39.5) ACHTUNGTRENNUNG(178.4)
Val24 174.0 57.4 32.7 18.0, 20.8ACHTUNGTRENNUNG(174.7) ACHTUNGTRENNUNG(60.6) ACHTUNGTRENNUNG(31.3) (18.7, 19.5)
Gly25 (major) 170.9 47.0
Gly25 (minor) 172.0 42.5ACHTUNGTRENNUNG(173.3) ACHTUNGTRENNUNG(43.5)
Ser26 171.8 54.7 63.4ACHTUNGTRENNUNG(173.0) ACHTUNGTRENNUNG(56.7) ACHTUNGTRENNUNG(62.2)
Asn27 171.5 51.0 38.1 173.0ACHTUNGTRENNUNG(173.6) ACHTUNGTRENNUNG(51.5) ACHTUNGTRENNUNG(37.3) ACHTUNGTRENNUNG(175.6)


[a] TMS was used as an external standard. The uncertainties of all values
were within 0.3 ppm. [b] 13C chemical shifts at positions 21–24 were de-
termined in the previous work.[26] [c] Values in parentheses are chemical
shifts in the random coil, adjusted to the TMS reference.[24, 25] [d] The ratio
of the major and minor conformers was about 1.1:1. In the previous
paper[26] we reported the ratio to be about 2.6:1 at Asp23, which was de-
termined roughly from the 1D 13C CP-MAS spectrum. Since the chemical
shifts of Cg at Asp23 of the major and minor conformers are close, it is
quite difficult to estimate the ratio accurately. In this paper, the ratio was
determined from the chemical shifts of Ca at Gly25, which differ signifi-
cantly between the major and minor conformers. Moreover, the ratio was
determined from the cross-peaks in the 2D DARR spectrum, so the ratio
given in this paper should be more precise.


Figure 3. Structural models of the Ab42 aggregates proposed as a result of
systematic replacement with proline and solid-state NMR analyses. A) The
major conformer of wild-type Ab42. B) The minor conformer of wild-type
Ab42. C) The major conformer of E22K-Ab42. D) The minor conformer of
E22K-Ab42. The structure of (D) was proposed in our previous work.[26] In
E22K-Ab42 (D), an ionic interaction between Lys22 and Asp23 would pro-
mote the formation of the turn at this position. On the other hand, the elec-
trostatic repulsion between Glu22 and Asp23 might suppress the formation
of the turn at this position in wild-type Ab42 (B).
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Asp23 and Lys28 could be destabilized by the Italian (E22K)
substitution.[27] These data support our speculation with regard
to the role of the ionic interaction between Lys22 and Asp23
in the minor conformer of E22K-Ab42 aggregates, and suggest
that Asp23 in the major conformer might interact with Lys28
in a manner similar to that in the structural model proposed
by Tycko’s group.[9–11] The bend position in Tycko’s model of
Ab40 aggregate is at positions 22–29; the center of the bend
structure is at positions 25 and 26, which is quite similar to our
model of the major conformer of Ab42 (Figure 3 A, C). In Riek’s
model of 35MoxAb42 aggregate,[7] oxidation of Met35 might shift
the bend position of the major conformer (Figure 3 A, C) toACHTUNGTRENNUNGpositions 27–30.


Identification of the toxic conformation of Ab42 by use of
conformationally restricted analogues


Our solid-state NMR structural analysis suggested that the
ionic interaction between Lys22 and Asp23 could increase the
proportion of the minor conformer in E22K-Ab42 (Figure 3 D).
In order to evaluate the contribution of each conformer to the
aggregation and neurotoxicity of Ab42, the derivative Ab42-
lactam ACHTUNGTRENNUNG(22K–23E), in which the side chains of Lys22 and Glu23
were linked with an amide bond, was synthesized as a confor-
mationally restricted analogue of the minor conformer of
E22K-Ab42 (Figure 4 A). Because the distance between the ni-


trogen and the carbonyl carbon in an amide bond is shorter
than that in the above ionic bond, we substituted Asp23 with
Glu23 to fill the gap. Ab42-lactam ACHTUNGTRENNUNG(25K–26E), in which the side
chains of Lys25 and Glu26 were connected with an amide
bond, was also prepared as a conformationally restricted ana-
logue of the major conformer of Ab42 (Figure 4 B). Fixation to
the minor conformer of Ab42-lactam ACHTUNGTRENNUNG(22K–23E) was confirmed
by examining the 13C-1D spectrum of aggregates in which Ca


and C=O at Gly25 were labeled with 13C (Figure 2 E).
Since the rate of aggregation of Ab correlates with its neuro-


toxicity in vitro,[28] the aggregation kinetics of Ab42 derivatives
were estimated by sedimentation assay (Figure 5). The Ab42-
lactam ACHTUNGTRENNUNG(22K–23E) aggregated far more rapidly than wild-type
Ab42, as did E22K-Ab42 and E22P-Ab42. On the other hand,
the rate of the aggregation of Ab42-lactam ACHTUNGTRENNUNG(25K–26E) was


almost identical to that of wild-type Ab42. The aggregates
both of Ab42-lactam ACHTUNGTRENNUNG(22K–23E) and of Ab42-lactam ACHTUNGTRENNUNG(25K–26E)
were as stable as wild-type Ab42 aggregates (Figure S6 in the
Supporting Information). Typical formation of fibrils was con-
firmed for these Ab42 derivatives by transmission electron mi-
croscopy (Figure 6).


The neurotoxicities of these peptides in PC12 cells were esti-
mated by MTT assay; IC50 values were calculated by the probit
procedure[29] (Table 3). The Ab42-lactam ACHTUNGTRENNUNG(22K–23E) (IC50 :
0.036 mm) was about four times more neurotoxic than wild-


Figure 4. A) The structure of Ab42-lactam ACHTUNGTRENNUNG(22K–23E), in which the side chains
of Lys22 and Glu23 are linked with an amide bond. B) The structure of
Ab42-lactam ACHTUNGTRENNUNG(25K–26E), which the side chains of Lys25 and Glu26 are linked
with an amide bond. The Ab42-lactam ACHTUNGTRENNUNG(22K–23E) and Ab42-lactamACHTUNGTRENNUNG(25K–26E)
are conformationally restricted analogues of the minor and major conformer,
respectively, in Ab42 aggregates.


Figure 5. Aggregation kinetics of Ab derivatives estimated by sedimentation
assay with HPLC. *: Wild-type Ab42. *: E22K-Ab42 (Italian). ~: E22P-Ab42.
~: Ab42-lactam ACHTUNGTRENNUNG(22K–23E). &: Ab42-lactam ACHTUNGTRENNUNG(25K–26E).


Figure 6. Transmission electron micrographs of negatively stained prepara-
tions of fibrils formed by Ab42 derivatives. Each Ab peptide (25 mm) was in-
cubated in PBS buffer at 37 8C for 48 h. A) Ab42-lactam ACHTUNGTRENNUNG(22K–23E). B) Ab42-
lactam ACHTUNGTRENNUNG(25K–26E). Scale bar = 100 nm.


Table 3. Neurotoxicities of Ab42 derivatives in PC12 cells as estimated by
MTT assay.[a]


Ab42 derivative IC50 [mm]�SD


wild-type Ab42 0.14�0.004
E22K-Ab42 (Italian) 0.17�0.01
E22P-Ab42 0.053�0.0006
Ab42-lactam ACHTUNGTRENNUNG(22K–23E) 0.036�0.0054
Ab42-lactam ACHTUNGTRENNUNG(25K–26E) 1.9�0.61


[a] IC50 values were calculated by the probit procedure.[29]
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type Ab42 (IC50 : 0.14 mm). In contrast, the Ab42-lactam ACHTUNGTRENNUNG(25K–
26E) (IC50: 1.9 mm) was considerably less neurotoxic than wild-
type Ab42. These results suggest that the minor conformer
contributes significantly to the neurotoxicity of Ab42. The
major conformer was able to aggregate, but showed only
weak neurotoxicity. These findings coincide with our previous
data on E22P-Ab42 and G25P-Ab42; the former showed more
potent aggregative ability and neurotoxicity than wild-type
Ab42, whereas the latter aggregated more slowly and with less
neurotoxicity.[28] E22K-Ab42 was as toxic to PC12 cells as wild-
type Ab42 (Table 3), though E22K-Ab42 aggregated more rap-
idly than wild-type Ab42 (Figure 5). Under the assay conditions
with PC12 cells, the ratio of the major and minor conformers
might have been almost 1:1, because the minor conformer of
E22K-Ab42 is not fixed, unlike E22P-Ab42 and Ab42-lactam-ACHTUNGTRENNUNG(22K–22E), which showed more potent neurotoxicity than wild-
type Ab42. Alternatively, the potent aggregative ability of
E22K-Ab42 under the assay conditions might have decreased
its effective concentration.


The high rate of aggregation and high neurotoxicity of the
Ab42-lactam ACHTUNGTRENNUNG(22K–23E) might be ascribable to the loss of
charge at positions 22 and 23. However, we have previously re-
ported that E22A-Ab42 and E22V-Ab42 aggregated far more
slowly than wild-type Ab42 and with less neurotoxicity.[30] This
suggests that the strong aggregative ability and neurotoxicity
of Ab42-lactam ACHTUNGTRENNUNG(22K–23E) should mainly reflect conformational
preference rather than the charge effect.


Ab may induce neurotoxicity through several different path-
ways.[31] However, the neurotoxicity of Ab is closely related to
oxidative stress, because AD brains display extensive levels of
oxidation.[32–34] There is much evidence that Ab peptides gener-
ate free radical species. We estimated the levels of free radicals
produced by Ab42 derivatives by electron spin resonance (ESR)
with phenyl-tert-butylnitrone (PBN) as a trapping reagent
(Figure 7). The Ab42-lactam ACHTUNGTRENNUNG(22K–23E) generated more radicals
than wild-type Ab42 and E22P-Ab42. In contrast, Ab42-lactam-ACHTUNGTRENNUNG(25K–26E) produced as many radicals as wild-type Ab42. These
results suggest that a part of the strong neurotoxicity of the
minor conformer could be related to its radical-generating ac-
tivity. However, the radical productivity of Ab42-lactam ACHTUNGTRENNUNG(22K–


23E) is not significantly stronger than that of E22K-Ab42. This
might be because the neurotoxicity in PC12 cells is affected by
other factors such as the affinities of the Ab peptides to cell
membrane.[35, 36]


Recent investigations suggest that Ab oligomers, possible in-
termediates in the fibril formation process, play a crucial role
in the pathogenesis of AD, because they are far more neuro-
toxic than the monomer and fibrils.[37, 38] We anticipated that
the formation of the toxic conformation might accelerate the
oligomerization of Ab42. The amount of Ab42 oligomers was
estimated by SDS-PAGE and Western blotting by use of a pri-
mary antibody—82E1[39]—that recognizes the N terminus of Ab


(Figure 8). The Ab42-lactam ACHTUNGTRENNUNG(22K–23E) formed a substantial


amount of soluble oligomers at 1 mm in PBS buffer even imme-
diately after dissolution. E22P-Ab42, which tends to form a
turn at positions 22 and 23, also exhibited the obvious oligo-
merization. In contrast, Ab42-lactam ACHTUNGTRENNUNG(25K–26E) did not form
any detectable oligomers. These results suggest that the toxic
conformer could trigger the oligomerization of Ab42. In other
words, the tertiary structure of Ab42 present in oligomers
might contain a turn at positions 22 and 23.


Discussion


From these results, we propose a mechanism for aggregation
and neurotoxicity of Ab42 through conformational change and
subsequent formation of radicals (Figure 9). The Ab42 mono-
mers produced by b- and g-secretases in membranes would
exist in a-helix-rich structures because the Ab-coding region of
APP is embedded in the cell membrane. Shao and co-work-


Figure 7. Radical production by Ab42 derivatives (100 mm) after 48 h incuba-
tion at 37 8C measured by ESR with PBN as a spin-trapping reagent. A) ESR
spectra after subtraction of the background spectrum (in the presence of
PBN without peptides). B) Integral intensities of the ESR signals.


Figure 8. Western blotting of Ab42 derivatives in PBS buffer immediately
after dissolution, separated by SDS-PAGE on a NuPAGE Bis-Tris gel (12 %)
and probed with the primary antibody 82E1, which recognizes the N termi-
nus of Ab.
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ers[40] reported that Ab40 and Ab42 monomers in SDS micelles,
which represent conditions similar to cell membranes, form a
bend or a loop around positions 25 and 26 located between
two a-helices. After release from the cell membrane, Ab42
monomers could adopt two conformations: a physiological
one (major) with a turn at positions 25 and 26 and a toxic one
(minor) with a turn at positions 22 and 23. Because Ab42-
lactam ACHTUNGTRENNUNG(22K–23E) showed far more aggregation and neurotoxic-
ity than Ab42-lactam ACHTUNGTRENNUNG(25K–26E), the minor conformer with a
turn at positions 22 and 23 should be considered the toxic
form.


Many structures of Ab aggregates in which turns or bends
exist around positions 25 and 26 have been reported, as men-
tioned above.[6–11] We believe these structures might reflect the
physiological conformers proposed by us. Although multiple
sets of chemical shifts have been observed previously in Ab40
aggregates,[9] the relationships among them and their rele-
vance to neurotoxicity have not been fully discussed. In this
study we have identified two conformers in Ab42 aggregates
and have shown for the first time that the conformer with a
turn at positions 22 and 23 is a toxic form. Hoyer and co-work-
ers have recently reported the solution structure of Ab40 in
complexation with the phage-display selected affibody protein
ZAb3, a binding protein of high affinity; this suggests that resi-
dues 17–36 comprise a b-hairpin. The center of the bend struc-
ture is at positions 25 and 26.[41] This structure might also re-


flect the physiological conformer before its confor-
mation changes to the toxic one.


It is noteworthy that the mutation sites related to
FAD are concentrated at positions 22 and 23 of
Ab.[12–16] We have previously reported that E22Q-
Ab42 (Dutch) and E22K-Ab42 (Italian), which are re-
lated to CAA, aggregated far more rapidly than wild-
type Ab42.[21] Since Lys-Asp and Gln-Asp sequences
are frequently found in a turn,[42] these mutants
might easily form the toxic conformation with a turn
at positions 22 and 23. In this study we have sug-
gested that an ionic interaction between Lys22 and
Asp23 in E22K-Ab42 could promote the formation of
the turn at this position to increase the relative pro-
portion of the toxic conformer (Figures 3 and 9). Al-
though Arctic (E22G) and Iowa (D23N) mutations do
not lead to CAA, they do cause early onset of AD.
This implies that a cause of neurotoxicity of these
mutations might be similar to that of Dutch (E22Q)
and Italian (E22K).


Radicalization at Tyr10 and Met35 of Ab42, accom-
panied by the formation of hydrogen peroxide,
plays a critical role in the neurotoxicity.[32–34] In the
toxic conformation (Figure 9), the formation of a
turn at positions 22 and 23 would bring the Tyr10
close to Met35. In the presence of metal ions, theACHTUNGTRENNUNGinterplay between these residues[43] could effectively
produce the S-oxidized radical cation, the ultimate
toxic radical species.[34] Our proline mutagenesis of
Ab42 suggested that the formation of a turn at posi-
tions 38 and 39 also enhances aggregation and neu-


rotoxicity.[28] This turn formation could enable the carboxylate
anion at the C terminus to stabilize the S-oxidized radical
cation through the formation of an intramolecular b-sheet.[44]


We have recently verified the existence of the C-terminal intra-
molecular b-sheet in Ab42 aggregates by solid-state NMR.[45]


The resultant hydrophobic core in the C terminus would accel-
erate the aggregation of Ab42 to produce a variety of toxic
oligomers. Since such a mechanism is not possible in the C ter-
minus of Ab40, it could be less neurotoxic than Ab42.


Barnham’s group reported that both Tyr10 and Met35 of Ab


are essential for the reduction of CuII coordinated with histi-
dine residues (His6, His13, and His14).[46, 47] This reaction might
be promoted when Ab42 forms the toxic conformation
(Figure 9). The generated CuI might also induce the production
of hydrogen peroxide and the oligomerization of Ab42
through the formation of a dityrosine crosslink at posi-
tion 10.[33] The precise mechanism of oligomerization remains
to be investigated.


Conclusions


Since proteins and peptides can exist in various conformations,
identification of their active conformations is essential for un-
derstanding their mechanisms of action. In this study we have
identified a physiological conformer with a turn at positions 25
and 26 in Ab42 aggregates as well as a toxic one with a turn


Figure 9. Aggregation of Ab42 through conformational change and formation of radicals.
Ab42 released from APP by two secretases would adopt a physiological conformer (the
major conformer) that is less neurotoxic. Ab42 could then change its conformation to
become toxic (the minor conformer). Formation of a turn structure at positions 22 and
23 would bring the Tyr10 close to Met35 to oxidize the sulfur atom of Met35 in collabo-
ration with metal ions.[43] The resultant S-oxidized radial cation could be stabilized by the
C-terminal carboxylate anion to form the C-terminal hydrophobic core that accelerates
oligomerization, resulting in long-term oxidative stress.[44, 45]
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at positions 22 and 23. The latter conformer shows potentACHTUNGTRENNUNGaggregation and neurotoxicity. Although the toxic conformer
might be a minor component, it could play a crucial role in
the pathogenesis of AD. Our concept of the toxic conforma-
tion clearly explains the mechanism of aggregation and neuro-
toxicity of Ab42 through the formation of radicals (Figure 9),
and should contribute to the design of antibodies with fewer
side effects, as well as to the development of inhibitors that
are specific to the toxic conformation of Ab42.


Experimental Section


General : The following spectroscopic and analytical instruments
were used. Peptide synthesizer: PioneerTM peptide synthesizer (Ap-
plied Biosystems, Foster City, CA, USA). HPLC: Waters 600E multisol-
vent delivery system with a 2487 UV dual l absorbance detector;
Waters 625 LC system with a 486 UV tunable absorbance detector
and 741 data module (Milford, MA, USA). Matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry (MALDI-TOF-
MS): Voyager-DE PRO and 4700 Proteomics Analyzer (Applied Bio-
systems). Transmission electron microscope: H-7500 electron mi-
croscope (Hitachi, Hitachi, Ibaraki, Japan), Solid-state NMR spec-
trometer: Chemagnetics Infinity NMR spectrometer and Chemag-
netics 3.2 mm magic angle spinning (MAS) probe (Chemagnetics/
Varian, Palo Alto, CA, USA). Micro plate reader: MultiScan JX
(Thermo Scientific, Waltham, MA, USA). ESR: Bruker-EMX PLUS 6/1
spectrometer (Bruker BioSpin K.K. , Karlsruhe, Germany). HPLC was
carried out on a Develosil-packed column (ODS-UG-5, 20 mm i.d. �
150 mm, 6 mm i.d. � 100 mm; Nomura Chemicals, Seto, Japan).


HATU,[48] N-a-(9-fluorenylmethoxycarbonyl) (Fmoc) amino acids,
Fmoc-Ala-polyethylene glycol-polystylene support (PEG-PS) resin,
and N,N-diisopropylethylamine (DIPEA) were from Applied Biosys-
tems. N,N-Dimethylformamide (DMF), trifluoroacetic acid (TFA),
ethane-1,2-dithiol, thioanisole, m-cresol, and diethyl ether (perox-
ide free) were purchased from Nacalai tesque (Kyoto, Japan). Piper-
idine, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Chelex 100 resin, deferoxamine mesylate, and phenyl-tert-
butylnitrone (PBN) were obtained from Sigma. Micro BCA protein
assay kits were purchased from Pierce (Rockford, IL, USA).


Synthesis of Ab derivatives : The Ab42 derivatives were synthe-
sized in a stepwise fashion on preloaded Fmoc-Ala-PEG-PS resin
(PioneerTM, 0.1 mmol) by the Fmoc method as reported previous-
ly.[21, 26, 28, 30, 49] The coupling reaction was carried out with the Fmoc
amino acid (0.4 mmol), HATU (0.4 mmol), and DIPEA (0.8 mmol) in
DMF for 30 min. For the syntheses of Ab42-lactamACHTUNGTRENNUNG(22K–23E) and
Ab42-lactam ACHTUNGTRENNUNG(25K–26E), Fmoc-Lys-Glu ACHTUNGTRENNUNG(lactam)-OH was applied to
the peptide synthesizer as one Fmoc amino acid. The preparation
of Fmoc amino acids labeled with 13C and 15N, and Fmoc-Lys-Glu-ACHTUNGTRENNUNG(lactam)-OH is described in the Supporting Information. After each
coupling reaction, the N-terminal Fmoc group was removed with
piperidine in DMF (20 %).


After completion of the chain elongation, each peptide resin,
washed with DMF and CH2Cl2, was treated with a cocktail contain-
ing TFA (16 mL), m-cresol (0.4 mL), ethanedithiol (1.2 mL), and thio-
anisole (2.4 mL) for final deprotection and cleavage from the resin.
After shaking at room temperature for 2 h, the crude peptide, pre-
cipitated by diethyl ether, was purified by HPLC under alkaline con-
ditions as reported previously.[21, 26, 28, 30] Lyophilization gave a corre-
sponding pure Ab peptide, the purity of which was confirmed by
HPLC (>98 %). Each purified peptide gave satisfactory mass spec-
tral data on MALDI-TOF-MS (Figures S7–S13 in the Supporting In-


formation). Unlabeled wild-type Ab42, E22K-Ab42, and proline-sub-
stituted Ab42 were synthesized by methods reported previous-
ly.[21, 26, 28, 30]


Preparation of the aggregates (fibrils) of Ab42 derivatives la-
beled with 13C and 15N for solid-state NMR : Each Ab42 derivative
was dissolved in NH4OH (0.1 %) at 250 mm. After a tenfold dilution
in sodium phosphate (50 mm) containing NaCl (100 mm) at pH 7.1,
the resultant peptide solution (25 mm, pH 7.4) was incubated under
quiescent conditions at 37 8C for 48 h. After centrifugation at
21 000 g and 4 8C, followed by washing with distilled water, theACHTUNGTRENNUNGresultant aggregates (fibrils) were dried in vacuo. The weight of
the samples was about 11–14 mg.


Transmission electron micrographs of negatively stained prepa-
rations of the aggregates (fibrils) formed by Ab42 derivatives :
Fibrillation of the Ab42 derivatives was confirmed by electron mi-
croscope (Figures 6 and S2). Experimental procedures were de-
scribed elsewhere.[21, 26, 28]


Solid-state NMR experiments : All solid-state NMR experiments in
this study were carried out at 9.4 T (100 MHz for 13C) with a Chem-
agnetics Infinity NMR spectrometer and Chemagnetics 3.2 mm
MAS probe at a spinning frequency of 20 kHz and at room temper-
ature as reported previously.[26] The 13C chemical shifts were cali-
brated in ppm relative to TMS by taking the 13C chemical shift for
the methine 13C of solid adamantane (29.5 ppm) as an external ref-
erence standard. For the broadband 13C,13C correlation 2D experi-
ment, dipolar-assisted rotational resonance (DARR) was used.[22, 23]


Pulse sequence parameters of all NMR experiments were: two
pulse phase-modulated 1H decoupling power = 120 kHz, variable
amplitude cross polarization (VACP) contact time= 0.75 ms, pulse
delay = 2 s, t1 increment = 44 ms, and mixing time (t) = 20 ms or
500 ms.


Aggregation test : The aggregation kinetics of each Ab derivative
were estimated by sedimentation assay with HPLC as reported pre-
viously.[21, 28, 30] Each Ab derivative was dissolved in NH4OH (0.1 %) at
250 mm. After a ten-fold dilution in sodium phosphate (50 mM)
containing NaCl (100 mm) at pH 7.1, the resultant peptide solution
(25 mm, pH7.4) was incubated under quiescent conditions at 37 8C
for 2, 4, 6, 8, 16, and 24 h. After centrifugation at 15 000 rpm for
10 min at 4 8C, the supernatant (25 mL) was analyzed by HPLC on a
Develosil-packed column ODS-UG-5 (6 mm i.d. � 100 mm) with elu-
tion at 1.0 mL min�1 with a 40 min linear gradient of 10–40 %
CH3CN/H2O in 0.1 % NH4OH. The area of absorption at 220 nm was
integrated and expressed as a percentage of the control. The ther-
modynamic stability of each Ab derivative was estimated from the
molar concentration of soluble Ab peptides present at equilibrium
(critical concentration, Cr), which was measured after 120 h incuba-
tion by Micro-BCA protein assay.


Estimation of neurotoxicity : Mitochondrial function in rat pheo-
chromocytoma PC12 cells was evaluated by the MTT reduction
assay as an indirect measurement of cell viability. We used PC12
cells to estimate the cytotoxicities of the Ab derivatives. PC12 cells
have the potential to differentiate into neural cells, which are sensi-
tive to Ab peptides, and are generally used for estimating neuro-
toxicity. The details of the experimental procedure have beenACHTUNGTRENNUNGdescribed elsewhere.[21, 28, 30] The colorimetric determination of MTT
was made at 595 nm. The absorbance obtained on addition ofACHTUNGTRENNUNGvehicle was taken as 100 %.


ESR spectrometry : The abilities of Ab42 derivatives to produce
radicals were evaluated by ESR with PBN as a spin-trapping re-
agent in an approach based on Butterfield’s protocol[35] with a
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slight modification.[44] PBN was purified by recrystallization from
EtOAc/hexane before use. Each Ab42 derivative was ACHTUNGTRENNUNGdissolved in
NH4OH (0.1 %) at 1 mm. After a ten-fold dilution in sodium phos-
phate (50 mm) buffer (100 mm NaCl, at pH 7.2) containing PBN
(55.6 mm) and deferoxamine mesylate (2.22 mm), the resulting
peptide solution (100 mm, 50 mm PBN, 2 mm deferoxamine mesy-
late) was incubated under quiescent conditions at 37 8C for 48 h.
ESR spectrometry was performed with a Bruker-EMX PLUS 6/1
spectrometer at room temperature. To suppress the effect of
excess metal-catalyzed reactions, both the ammonium solution
and the sodium phosphate buffer were stirred overnight at room
temperature in the presence of Chelex-100 resin (50 mg mL�1), fol-
lowed by filtration with a cellulose acetate syringe filter (0.2 mm,
AGC Techno Glass Co. Ltd. , Chiba, Japan). The instrument parame-
ters were as follows: sweep width, 100 G; microwave power,
20 mW; microwave frequency, 9.8 GHz; modulation frequency,
100 kHz; modulation amplitude, 1.0 G; conversion time, 40.96 ms;
receiver gain, 1 � 105 ; scans, 100.


Western blot analysis of SDS-PAGE : Gel electrophoresis and West-
ern blotting were performed according to the manufacturer’sACHTUNGTRENNUNGdirections (Invitrogen, Carlsbad, CA). Each Ab42 derivative was dis-
solved in NH4OH (0.1 %) at 50 mm. After a 50-fold dilution in
sodium phosphate (50 mm) containing NaCl (100 mm) at pH 7.4,
the resultant peptide solution (1 mm) was centrifuged at
15 000 rpm for 10 min at 4 8C. The supernatant (30 mL) was diluted
with lithium dodecyl sulfate sample buffer (Invitrogen, 10 mL). The
unheated sample solution (10 mL) was applied to a Bis-Tris NuPAGE
gel (12 %) and it was electrophoretically separated with morpholi-
noethanesulfonic acid running buffer (Invitrogen). The peptides
were transferred to an Immobilon-P membrane (Millipore, Billerica,
MA, USA) and then blocked with Block Ace (Dainippon Sumitomo
Seiyaku, Osaka, Japan). The membrane was incubated in theACHTUNGTRENNUNGprimary antibody 82E1 (Immuno-Biological Laboratories Co., Ltd. ,
Gunma, Japan)[39] at 0.5 mg mL�1, and then in horseradish perox-
idase-conjugated anti-mouse IgG (1:1000, Dako, Glostrup, Den-
mark). Blots were developed by use of enhanced chemilumines-
cence (ECL, GE Healthcare). Molecular weights were estimated with
Low-Range Rainbow Molecular Weight Markers (GE Healthcare)
and MagicMark XP Western Standard (Invitrogen).
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Introduction


Oviedomycin (1) is an angucyclinone[1–4] polyketide produced
by Streptomyces antibioticus ATCC 11891, which shows in vitro
antitumor activity and induces apoptosis in cancer cell lines.


The structure elucidation and characterization of oviedomycin
(ovm) and of its biosynthetic gene cluster has been reported
previously.[5, 6] Oviedomycin possesses an unusually rich oxygen
pattern, with seven oxygen atoms altogether. Particularly con-
spicuous is ring A, with its second quinone system generated
by a specific oxygenase.[5, 6]


A biosynthetic pathway for oviedomycin has been pro-
posed[6] that starts with the generation of a linear C-9 reduced
polyketide of 20 C atoms through the action of a polyketide
synthase (PKS) and ketoreductase (OvmPKST enzymes;
Figure 1). This linear polyketide would undergo a series of cyc-
lizations and aromatizations catalyzed by the corresponding ar-
omatase (OvmA) and cyclase (OvmC).[6] Oviedomycin contains
two keto groups (C-4 and C-12) and a hydroxy group (C-2)
that should result from the actions of specific oxygenases. The
ovm gene cluster contains three FAD-dependent oxygenase
genes (ovmOI, ovmOII, and ovmOIII), which encode the en-
zymes that would be responsible for the introduction of those
oxygens. OvmOI shows a high similarity to UrdE[7] (76 % similar-
ity, 67 % identity), SimA7[8] (77 %, 67 %), and LanE[9] (73 %, 61 %).
Based on these sequence similarities, the expected function for
OvmOI could be the introduction of a keto group at C-12 of
the initial angucycline backbone, because these other proteins


are thought to have similar functions. OvmOII shows a strong
similarity to several other angucycline oxygenases involved in
oxygenations at different positions in aglycons, such as
LndM2[10] (75 %, 67 %), responsible for C-6 hydroxylation in
landomycin E, or Sim7[11] (71 %, 63 %) and SimA8[8] (67 %, 60 %),
thought to hydroxylate position C-12b in simocyclinone. These
sequence data therefore do not allow a clear function to be as-
cribed to OvmOII. Finally, OvmOIII matches in databases corre-
spond not to hydroxylation enzymes related to angucycline
biosynthesis, but to compounds such as saframycin hydroxy-
lase SfmO2[12] (50 %, 39 %; saframycin is a tetrahydroisoquino-
line resulting from the action of a PKS-NRPS system) and chro-
momycin A3 CmmOIV[13] (46 %, 38 %; an aureolic acid polyke-
tide). Since there is only one hydroxy group present in oviedo-
mycin, OvmOIII could be involved in C-2 hydroxylation. Eluci-
dation of the specific roles of each of these oxygenases could
contribute to their use for combinatorial biosynthetic ap-
proaches. Additional oxygen functions often contribute to,
and/or increase significantly, the biological activity of a com-
pound.[4]


Eight different angucyclinones have been produced in Strepto-
myces albus by combining three oxygenase genes together with
the polyketide synthase and cyclases genes from the oviedomycin
biosynthetic gene cluster from Streptomyces antibioticus ATCC
11891. Four of these compounds were fully characterized for the
first time. Three of these angucyclinones—prejadomycin-2-car-


boxylate (2), 4a,12b-dehydro-UWM6 (5), and prejadomycin (3)—
show a significant increase in their in vitro antitumor activity rel-
ative to oviedomycin (1). A hypothesis for the sequence of tailor-
ing events catalyzed by these three oxygenases during oviedomy-
cin biosynthesis is proposed. In this hypothesis OvmOII acts as a
bifunctional oxygenase/dehydratase.
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Here we report the heterologous expression of the mini-
mum set of genes for oviedomycin biosynthesis in Streptomy-
ces albus, as a starting point for the construction of different
plasmids harboring different combinations of these FAD-de-
pendent oxygenases together with the PKS, cyclase, aroma-
tase, and reductase genes. These experiments led to the pro-
duction of eight different compounds (four of them not previ-
ously described), which shed some light on the specific roles
of these three oxygenases. Interestingly, three of these com-
pounds showed significantly increased in vitro antitumor activ-
ity against human cancer cell lines relative to the parent ovie-
domycin.


Results and Discussion


Two cosmid clones from an S. antibioticus gene library have
been sequenced. Both include the oviedomycin gene cluster
and are able to direct the biosynthesis of this angucyclinone in
S. albus. These cosmids also contain several putative primary
metabolism genes at their 5’- and 3’-ends (Figure 1).[6] Further-
more, for two genes of the oviedomycin gene cluster (ovmX,
ovmZ) no specific function could be assigned.[6]


With the aim of establishing the minimum set of genes nec-
essary for oviedomycin biosynthesis, we cloned several frag-
ments from the cosmid cosAB4 into the bifunctional E. coli/
Streptomyces shuttle vector pEM4A. In this vector, the cloned
genes were placed under the control of the constitutive pro-
moter of the erythromycin resistance gene ermE, which allows
efficient expression of genes under its control in Streptomyces.
The construct containing the minimum set of genes able to
produce oviedomycin in S. albus (Figure 2 B) was pFL1028
(Figure 1). This plasmid contains, under the control of the ermE
promoter, the genes ovmOI, ovmC, ovmP, ovmK, ovmS, ovmT,
ovmA, ovmOII, ovmOIII, and ovmF. Gene ovmF codes for a 4’-
phosphopantetheinyl transferase, and is present in this con-
struction only for DNA cloning reasons; ovmF is not essential
for oviedomycin production since other constructs lacking this


gene (see below) still direct the biosynthesis of the corre-
sponding polyketides. According to this result, all other genes
present in the cluster were unnecessary for oviedomycin bio-
synthesis in S. albus.


Consequently, the minimum set of genes required for ovie-
domycin biosynthesis was that encoding the PKS, a ketoreduc-
tase, an aromatase, a cyclase, and three oxygenases. To estab-
lish the specific contribution of each of the three oxygenases
to the tailoring modifications in oviedomycin at C-12 (ring C
quinone), C-4 (ring A quinone), and C-2 (ring A hydroxy group),
we generated several constructs in pEM4A, containing the
oviedomycin ovmCPKSTA (cyclase, PKS, ketoreductase, and aro-
matase) genes alone (pFL1031; see the Experimental Section)
or with various oxygenase gene combinations: pFL1033 (plus
ovmOI), pFL1030 (plus ovmOIOII), pFL1146 (plus ovmOIOIII), and
pFL1223 (plus ovmIIOIII ; Figure 1).


When S. albus was transformed with pFL1031, the simplest
set of oviedomycin genes, which is a construct lacking all
three oxygenase genes, five peaks that had been absent in the
control strain S. albus (pEM4A; Figure 2 A) were detected in
HPLC chromatograms of ethyl acetate extracts of the corre-
sponding cultures (Figure 2 C). These five compounds were iso-
lated, and their structures were elucidated and found to corre-
spond to the angucyclinones prejadomycin-2-carboxylate (2 ;
18.1 min), prejadomycin (3 ; 20.5 min), UWM6 (4 ; 20.7 min),
4a,12b-dehydro-UWM6 (5 ; 21.2 min), and rabelomycin (6 ;
20.4 min), this last being a minor compound.


Compounds 3, 4, and 6 (Scheme 1) were easily identified as
the known angucyclinones prejadomycin, UWM6, and rabelo-
mycin respectively, by comparison of their NMR data with
those of authentic samples and the reported data in the litera-
ture.[7, 14, 15]


Rabelomycin (6) had been isolated as an early shunt product
from several other biosynthetic routes, such as those for jado-
mycin and urdamycin and a silent angucycline gene clusACHTUNGTRENNUNGter.[16–20]


Rabelomycin (6) and UWM6[16, 21, 22] have previously been identi-
fied by Hutchinson et al. in several mutants from the jadomy-


Figure 1. Genetic organization of the oviedomycin (ovm) biosynthetic gene cluster ; ovm genes are shown in gray. Functions for the corresponding enzymes
are oxygenases (OvmOI, OvmOII, and OvmOIII), cyclase (OvmC), keto-acyl synthase a (OvmP), keto-acyl synthase b (OvmK), acyl carrier protein (OvmS), C9-
ketoreductase (OvmT), aromatase (OvmA), and 4’-phosphopantetheinyl transferase (OvmF). Below: plasmids used in this work, showing the different gene
compositions.
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cin producer S. venezuelae or in a strain of S. lividans that ex-
presses a group of jadomycin genes. Cultures of a S. lividans
strain containing the minimal PKS, ketoreductase, aromatase,
and cyclase (JadABCEDI) from the jadomycin pathway accumu-
lated UWM6 (4) and rabelomycin (6).[16] UWM6 (4) is an unsta-
ble compound, which is spontaneously converted into rabelo-
mycin (6) through dehydration and oxidation steps.[16] Prejado-
mycin (3 ; also known as 2,3-dehydro-UWM6),[16–20, 23] along with


its homologue, was first isolated from a mutant of the gilvocar-
cin pathway in which oxygenase GilOI was inactivated,[20] and
then from the jadomycin producer lacking the jadomycin oxy-
genase JadH.[17–20, 23] In both cases 3 was shown to be a realACHTUNGTRENNUNGintermediate of gilvocarcin M and jadomycin B biosyntheses,
respectively, and not a shunt product.[18, 20] It was also shown
that rabelomycin (6) is a shunt product,[17–20, 23] while UWM6 (4)
is a biosynthetic intermediate of jadomycin biosynthesis, be-


Figure 2. HPLC chromatograms from cell culture extracts of Streptomyces albus strains containing plasmids A) pEM4A, B) pFL1028, C) pFL1031, D) pFL1033,
E) pFL1030, F) pFL1146, and G) pFL1223.
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cause it is converted, although in low yield, into jadomycins.[18]


Recently, prejadomycin (3) was also found to be an intermedi-
ate of the landomycin biosynthetic pathway.[19]


Compound 2 showed UV absorption maxima at 266 and
407 nm. The APCI mass spectrum of 2 displayed signals at m/z
369 [M+H]+ in the positive ion mode and m/z 367 [M�H]� in
the negative ion mode, thus suggesting a molecular weight of
368. The molecular formula of 2 was confirmed as C20H16O7 by
HREI-MS (m/z 368.0834, 10 %; calcd. 368.0896). The 1H NMR
spectrum of 2 showed characteristic signals at d= 15.54 and
9.42 for the 8- and 7-OH groups, respectively,[16] as well as a
broad singlet at d= 9.85. Three aromatic protons were coupled
together in an ABC system at d= 7.56 (8.2 Hz), 7.25 (8.2 Hz),
and 6.88 (8.2 Hz), and one singlet at d= 6.85 was found as
well. Similar signals had previously been described for prejado-
mycin (3).[17] In the aliphatic region, two pairs of methylene
protons and one methyl group showing an HSQC correlation
to d= 43.8, 40.6, and 21.6, respectively, were observed. A
major difference from the spectra of 3 was the lack of the ole-
finic proton at C-2 of 3 in ring A at d= 5.95, and the appear-
ance of a carboxylic acid carbonyl at d= 175.2. The molecular
weight of 2 in the (�)-APCI-MS was 44 mass units greater than
that of 3, suggesting the presence of an extra COOH group at
C-2 in compound 2, which would also be expected from the


biosynthetic pathway. The structure of compound 2 was con-
firmed by its 1D and 2D NMR spectra (see the Supporting In-
formation) and by comparison of its spectral data with those
of the known prejadomycin (3). Compound 2 was concluded
to be an analogue of 3 in which ring A has a COOH group and
was therefore named prejadomycin-2-carboxylate. Prejadomy-
cin-2-carboxylate (2) exists as a tautomeric mixture as shown
in Scheme 2, with 2 A being the major tautomer, as has been
shown by NMR.


The other new compound of this experiment—compound
5—gave a quasimolecular ion at m/z 325 [M+H]+ by (+)-APCI-


Scheme 1. Proposed biosynthetic pathway for oviedomycin; all numbered compounds were isolated and characterized. It is proposed that compounds 7, 8,
and 9 are shunt products.


Scheme 2. Prejadomycin-2-carboxylate (2) exists as a tautomeric mixture
(data for the minor tautomer 2 b are not listed in Table S1 in the Supporting
Information).
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MS, confirmed by EIMS ([M]+ , m/z 324), thereby identifying 5
as possessing a molecular weight of 324. High-resolution
measurements (HREI-MS) of 5 showed a molecular ion at m/z
324.0909 (calcd 324.0998), consistent with the molecular for-
mula C19H16O5. The molecular weight of 5 is 18 units lower
than that of UWM6 (4). The implication that compound 5 dif-
fers from 4 in the loss of H2O was supported by the NMR data
(Table S1 in the Supporting Information). The UV spectrum of 5
recorded in MeOH exhibited UV absorption bands at 241 and
403 nm, which closely resemble those reported for UWM6
(4).[16] The 1H and 13C NMR spectra of 5 showed that compound
5 differs from UWM6 (4) only at the C-4a and C-12b positions.
A methine signal at d= 3.84 in the 1H NMR spectrum of 4 had
disappeared in that of 5. In addition, the 13C NMR spectrum of
5 showed the appearance of two quaternary carbon atoms at
d= 127.6 and 142.8 at the C-12b and C-4a positions in place of
one CH carbon at d= 58.9 and one quaternary carbon at d=


74.0 in 4. Direct comparison of the spectroscopic data for 5
with those for UWM6 (4)[16] and interpretation of the 2D NMR
data thus allowed 5 to be assigned as 4a,12b-dehydro-UWM6.
This compound might correspond to an angucycline found by
Hutchinson et al. ,[16] which was not characterized because of
its instability. This compound was also recently found to exist
in equilibrium with prejadomycin (3) through an intramolecular
Michael rearrangement reaction.[19]


The new compound prejadomycin-2-carboxylate (2) is the
only compound out of the five isolated that still contains the
COOH group originating from the incorporation of the last ma-
lonyl-CoA extender unit. This COOH group at C-2 was previ-
ously believed to be highly unstable and to undergo a nonen-
zymatic decarboxylation early during the biosynthesis of this
class of decaketides once ring A had been formed.[1–4] Prejado-
mycin-2-carboxylate (2) is accumulated along with the previ-
ously known compounds 3 and 4. These three compounds are
most likely biosynthetic intermediates of the oviedomycin
pathway. Rearrangement would generate 4a,12b-dehydro-
UWM6 (5), and its (spontaneous) 12-oxidation would lead to
rabelomycin (6 ; Scheme 1). Alternatively, the sequence of
events could be 12-oxidation of 4, followed by 4a,12b-dehy-
dration to provide 6. A less likely pathway would be the spon-
taneous 4a,12b-dehydration of 4 followed by 12-oxidation
(Scheme 1).


Transformation of S. albus with pFL1033 (Figure 1), a con-
struct containing the same genes as pFL1031 but also includ-
ing the ovmOI oxygenase gene, led to the production of two
compounds (Figure 2 D): rabelomycin (6), now as the major
product, and its derivative 5-hydroxyrabelomycin (7, HPLC re-
tention time 17.7 min) as the minor product.[24] The presence
of the oxygenase OvmOI had thus induced a drastic change in
the type and amount of accumulated products in relation to
the previous experiment, with S. albus (pFL1031), in which ra-
belomycin (6) was only a minor product. The two compounds
generated in this experiment each contain a quinone system
in ring C, so OvmOI is the enzyme that introduces the oxygen
into C-12, and likely the first acting oxygenase during oviedo-
mycin biosynthesis. This assignment is in agreement with the
fact that, at the amino acid sequence level, OvmOI is highly


similar to UrdE, the oxygenase believed to carry out this 12-
oxygenation during urdamycin biosynthesis.[7] Since com-
pounds 6 and 7 are both dehydrated at the 4a,12b-bond, in
contrast to compounds 2, 3, and 4, OvmOI could also possess
a dehydratase activity, as has been described for various oxy-
genases acting on early angucyclinone intermediates, such as
the oxygenases GilOI, GilOIV, JadH, and JadF.[17–20, 23] This possi-
bility has been reinforced by the fact that the presence of
OvmOI in other constructs (see below) always results in com-
pounds containing that double bond. Compound 7 contains
an extra hydroxy group, not found in oviedomycin (1), at C-5,
so compound 7 is a shunt product, the generation of which is
caused either by an oxygenase from the host strain S. albus or
by a second, normally suppressed, reaction of OvmOI. In this
context, a recent analysis of the oxygenases involved in the gil-
vocarcin and jadomycin biosyntheses[7, 19, 23] showed that these
were multienzyme complexes, disruption of which can cause
the introduction of an O atom at a position not normallyACHTUNGTRENNUNGaffected. It is noticeable that the simultaneous presence of
OvmOI and OvmOIII abolishes the formation of C-5 hydroxylat-
ed derivatives (see below). This supports the existence of a
possible interaction between OvmOI and OvmOIII, as has also
been suggested for some oxygenases in other systems. Most
probably, the correct formation of oviedomycin requires the
presence of all three oxygenases for their right function and
for the correct channeling of intermediates from one oxygen-
ase to the following one.


The three structural differences between rabelomycin (6)
and oviedomycin (1) are located in ring A: absence of the 2-hy-
droxy group and the keto group at C-4, and the lack of a 2,3-
enoyl bond. The two other oviedomycin oxygenases (OvmOII
and OvmOIII) should thus be responsible for these modifica-
tions. In order to clarify these aspects, we decided to study the
effect of the simultaneous presence of OvmOI with OvmOII or
OvmOIII. When S. albus was transformed with plasmid pFL1030
(Figure 1), which contains all the necessary genes for oviedo-
mycin biosynthesis except ovmOIII, this strain produced one
single compound with a retention time of 31.1 min (Figure 2 E).
Structure elucidation of this compound revealed that it corre-
sponded to the new compound 5-hydroxy-dehydrorabelomy-
cin (8). As in the case of 5-hydroxy-rabelomycin (7), this hy-
droxylation at C-5 could be caused by a chromosomally en-
coded S. albus oxygenase or by OvmOI. Thus, the main effect
caused by the introduction of oxygenase OvmOII is the conver-
sion of the rabelomycin scaffolds 6 and 7 (the only products
generated in the presence of OvmOI alone) into the dehydror-
abelomycin derivative 8.


We anticipated that the addition of OvmOII in S. albus
(pFL1030) should add to the oxygenation pattern in ring A, but
the 4-oxo and 2-hydroxy groups were still absent in 8
(Scheme 1). OvmOII therefore does not carry out the second
oxygenation event that takes place after the introduction of
the 12-oxygen by OvmOI during oviedomycin biosynthesis,
possibly because OvmOII cannot act in the absence of Ovm-ACHTUNGTRENNUNGOIII. However, the presence of OvmOII in a system that already
contains the first tailoring oxygenase OvmOI apparently causes
the formation of a 2,3-enoyl bond. This suggests that OvmOII
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has a 2,3-dehydratase activity, like those found for GilOIV and
JadF,[23] leading to the formation of 8 from 7.


Another experiment consisted of the generation of a system
containing the oxygenase OvmOI together with OvmOIII.
S. albus was transformed with pFL1146 (Figure 1), which con-
tains all the necessary genes for oviedomycin biosynthesis
except ovmOII. This recombinant strain accumulated two prod-
ucts in the culture broths. These compounds turned out to be
rabelomycin (6) and the new 9-hydroxyrabelomycin (9,
16.8 min; Figure 2 F). The result clearly reasserted the role of
oxygenase OvmOII as a 2,3-dehydratase (2-CH2 and 3-OH are
still present in 6, 7, and 9). Moreover, the presence of oxygen-
ase OvmOIII also causes the introduction of a hydroxy group
at C-9, an aromatic C atom ortho to a phenolic hydroxy group.
This might indicate that OvmOIII could be involved in the gen-
eration of the 2-hydroxy group found in ring A of oviedomycin
(1), which is also consistent with its sequence comparison, in
which hydroxylases are its closest homologues. Since ring A is
not (yet) aromatic in the absence of OvmOII, OvmOIII is proba-
bly unable to carry out a hydroxylation at the saturated C-2.


As a final experiment, S. albus was transformed with a
system containing ovmOII and ovmOIII, but lacking ovmOI
(pFL1223, Figure 1). Analysis of the cultures from this recombi-
nant strain showed the production of a main compound with
an absorption spectrum completely different from those of
oviedomycin and its intermediates or shunt products (Fig-
ure 2 G). Mass analysis of this compound revealed a molecular
weight 82 units greater than oviedomycin. From these data,
we concluded that this compound would be an aberrant
cycled shunt product and so it was not further characterized.
This result was further confirmation that OvmOI is the oxygen-
ase that acts first during oviedomycin biosynthesis.


In summary, several important conclusions relating to the
biosynthesis of oviedomycin can be deduced from all theseACHTUNGTRENNUNGexperiments (Scheme 1). Firstly, oxygenation at C-12 is an early
event (like in landomycin and urdamycin biosynthesis, but
unlike in jadomycin and gilvocarcin biosyntheses), which in the
oviedomycin pathway is catalyzed by OvmOI. In addition,
OvmOI appears to have a dehydratase activity, which wouldACHTUNGTRENNUNGinitially generate a 2,3-double bond in ring A and eventually
(after rearrangement) the 4a,12b-double bond, because all the
compounds formed in the presence of OvmOI contain this
4a,12b-enoyl bond. The next events of oviedomycin biosynthe-
sis are probably the C-2 decarboxylation followed by the (re)-
generation of the 2,3-double bond in ring A, which requires
the 2,3-dehydratase activity of OvmOII, because this 2,3-elimi-
nation of water occurs only in the presence of OvmOII. Howev-
er, the expression of OvmOII does not produce any additional
oxygenation event. There are two possible explanations for
this. The oxygenase activity of OvmOII (most likely introduction
of the oxygen at C-4 and generation of the quinone system in
ring A of 1) requires the simultaneous presence of the oxygen-
ase OvmOIII. Alternatively, and more probably, the order of re-
actions is 2,3-dehydration by OvmOII, then introduction of the
oxygen at C-2 through OvmOIII, and, finally, introduction of
the oxygen at C-4 by OvmOII, followed by dehydrogenation to
the p-quinone system found in ring A of oviedomycin (1). In


absence of an aromatic ring A, OvmOIII is unable to introduce
an oxygen atom at C-2 and hydroxylates the C-9 instead.


Antitumor activity has been described in the literature for
several angucycline and angucyclinone polyketides : the lando-
mycins,[24] urdamycins,[25] and 6-hydroxytetrangulol,[26] for ex-
ample. The last of these compounds induced apoptosis in
U937 leukemia cells by activating the protease caspase-3,[26]


though the related compound tetrangulol was inactive. Ovie-
domycin shares the presence of this 6-hydroxy group, and we
therefore tested its antitumor activity against three human
cancer cell lines: MDA-MB-231 (breast cancer), A549 (non-
small-cell lung cancer), and HT29 (colon cancer). The same in
vitro antitumor activity tests were also carried out with the
eight compounds isolated from these experiments. Surprising-
ly, although most of the compounds showed antitumor activity
similar to that of oviedomycin, three of the compounds—pre-
jadomycin-2-carboxylate (2), prejadomycin (3), and 4a,12b-de-
hydro-UWM6 (5)—showed activities ten times greater than
that of oviedomycin (Table 1). This result implies that C-12 oxy-


genation is not necessarily a key biosynthetic step with respect
to the generation of compounds with antitumor activity, and
that incompletely tailored intermediates or shunt products can
be even more active than the final compound. These three
active derivatives share the presence of an extra hydroxy
group (at C-4a in 2 and 3, or at C-3 in 5). However, the simulta-
neous presence of both hydroxy groups (C-4a and C-3), as in
UWM6 (4), abolishes the increase in activity. The presence of
the C-2 carboxy group in 2 does not seem to be important for
target binding, because the activity of this compound is about
the same as that of its decarboxylated counterpart 3. There-
fore, elimination of all oxygenases has contributed to the gen-
eration of three more active compounds (2, 3, and 5), which
could serve as scaffolds for further tailoring.


Cloning of ovm PKS genes together with several combina-
tions of ovm oxygenases genes has allowed the characteriza-
tion of four new angucyclines and the generation of three
compounds ten times more active than oviedomycin. These re-
sults shed light on the enzymatic activity of each oviedomycin
oxygenase, establishing a scheme for the biosynthesis of this
polyketide antitumor agent.


Experimental Section


Microorganisms, culture conditions, and plasmids : Streptomyces
albus J1074 (ilv-1, sal-2)[27] was used as host for expression of ovie-


Table 1. Antitumor activities of compounds.


Cell line GI50 [mm]
1 2 3 4 5 6 7 8 9


MDA-MB-231 5.6 0.38 0.24 24.8 0.64 6.8 13.3 2.56 7.06
(breast cancer)
A549 (NSCL) 8.7 0.59 0.29 >100 0.77 5.32 7.62 6.24 3.10
HT29 6.9 1.17 1.29 >100 1.85 10.9 12.4 8.03 14.1
(colon cancer)


Gl50: 50 % growth inhibition.
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domycin genes. E. coli DH10B (Invitrogen) was used as host for
subcloning. Cultures of E. coli were grown in TSB medium (Merck).
R5A medium[28] was used for oviedomycin production. R5 medium
was used for protoplast regeneration after plasmid transforma-
tion.[29] Benett medium was used for sporulation of S. albus.[29]


When plasmid-containing clones were grown, the medium was
supplemented with the appropriate antibiotics: ampicillin
(100 mg mL�1), kanamycin (25 mg mL�1), apramycin (25 mg mL�1),
and thiostrepton (50 mg mL�1). pUC18,[30] pUK21,[31] pCRBlunt (Invi-
trogen), pIAGO,[28] and pEM4A[32] were used for subcloning.


DNA manipulation techniques : Plasmid DNA preparations, restric-
tion endonuclease digestions, alkaline phosphatase treatments,
DNA ligations, and other DNA manipulations were performed by
standard techniques for Escherichia coli[33] and Streptomyces.[29]


Preparation of S. albus protoplasts, transformation, and selection of
transformants were carried out as described.[29]


Plasmid constructions


pFL1028 : A 10 906 bp DNA fragment from cosmid cosAB4[5, 6] was
obtained by digestion with restriction enzymes BfuI (position 7826
in the accession number AJ632203) and SgfI (position 18 732), and
blunt ended. This DNA band was subcloned in the blunt-ended
EcoRI site of pEM4A, generating pFL1028. In this construct, genes
ovmOI, ovmC, ovmP, ovmK, ovmS, ovmT, ovmA, ovmOII, ovmOIII, and
ovmF are placed under the control of ermE* promoter.


pFL1030 : A 8966 bp DNA fragment from cosAB4 was obtained by
digestion with restriction enzymes BfuI (position 7826) and KpnI
(position 16 792). This DNA band was blunt ended and cloned in
the blunt-ended EcoRI site of pEM4A. In this construction, genes
ovmOI, ovmC, ovmP, ovmK, ovmS, ovmT, ovmA, and ovmOII are
placed under the control of ermE* promoter.


pFL1031: A 5487 bp DNA fragment from pFL1028 was obtained by
digestion with restriction enzymes SphI (position 9143) and XhoI
(position 14 630). This DNA band was blunt ended and cloned in
the blunt-ended EcoRI site of pEM4A. In this construction, genes
ovmC, ovmP, ovmK, ovmS, ovmT, and ovmA are placed under the
control of ermE* promoter.


pFL1033 : A 6804 bp DNA fragment from cosAB4 was obtained by
digestion with restriction enzymes BfuI (position 7826) and XhoI
(position 14 630). This DNA band was blunt ended and cloned in
the blunt-ended EcoRI site of pEM4A. In this construction, genes
ovmOI, ovmC, ovmP, ovmK, ovmS, ovmT, and ovmA are placed
under the control of ermE* promoter.


pFL1146 : A 2541 bp DNA fragment from pFL1028 was obtained by
digestion with restriction enzyme SalI (positions 15 633 and
18 174). This DNA band containing the gene ovmOIII was cloned in
the SalI site of pUC18, generating plasmid pFL1142. From this plas-
mid, ovmOIII gene was obtained as an XbaI and blunt-ended
HindIII fragment, which was subcloned in the XbaI and blunt-
ended PstI restriction sites of vector pIAGO, generating pFL1144, in
which ovmOIII gene is placed under the control of ermE promoter.
Finally, a blunt-ended EcoRI/HindIII fragment from pFL1144 con-
taining ermE promoter and ovmOIII was subcloned into the HindIII
restriction site (previously blunt ended) of pFL1029 (a thiostrepton
version of pFL1033) polylinker, which is located just upstream of
ermE* promoter, generating pFL1146. This plasmid contains the
genes ovmOI, ovmC, ovmP, ovmK, ovmS, ovmT, and ovmA placed
under the control of ermE* promoter and gene ovmOIII placed
under the control of ermE promoter.


pFL1223 : A 5232 bp AvrII/SgfI DNA fragment containing the genes
ovmOII and ovmOIII was obtained from pFL1028 and subcloned in
pWHM3, generating pFL1222, where these two genes are under
the control of ermE promoter. These two genes and this promoter
were rescued from pFL1222 as a HindIII/EcoRI fragment and blunt
ended prior to subcloning in the blunt-ended HindIII site of
pFL1031, giving rise to pFL1223. This construction contains all the
genes for oviedomycin biosynthesis (except ovmOI) under the con-
trol of two divergent ermE promoters.


DNA sequencing : Sequencing of the different constructs was per-
formed on double-stranded templates derived from pUC18 clones
by use of the dideoxynucleotide chain termination method[34] and
the Cy5 AutoCycle Sequencing Kit (Amersham Pharmacia Biotech).
DNA was sequenced with primers supplied in the kits (18-mer)
with the aid of an ALF-express automatic DNA sequencer (Amer-
sham Pharmacia Biotech).


HPLC analyses for oviedomycin and derivatives : HPLC-MS analy-
ses were carried out with chromatographic equipment coupled to
a ZQ4000 mass spectrometer (Waters-Micromass), with acetonitrile
and trifluoroacetic acid (TFA; 0.1 %) in water as HPLC solvents and
on a reversed-phase column (Symmetry C18, 2.1 � 150 mm, Waters).
Samples were eluted with acetonitrile (10 %) over the first 4 min,
followed by a linear gradient from 10 to 88 % acetonitrile over
26 min, at a flow rate of 0.25 mL min�1. When required, an addi-
tional 5 min elution with 100 % acetonitrile was performed at the
end of the gradient. Detection and spectral characterization of
peaks were carried out with a photodiode array detector and Em-
power software (Waters). MS analyses were carried out by electro-
spray ionization in the positive mode, with a capillary voltage of
3 kV and cone voltages of 20 and 100 V. The same conditions were
used for HPLC analysis, except for the column size (4.6 � 250 mm)
and flow rate (1 mL min�1).


For purification purposes, all strains were grown by a two-step cul-
ture method, as previously described.[28] In the production step,
eight 2-liter Erlenmeyer flasks, each containing medium (400 mL),
were incubated for 5 days. The cultures were centrifuged and fil-
tered, and the broth was solid-phase extracted.[35] In the case of
strain S. albus (pFL1031), the broth was acidified to pH 4.0 with
formic acid before extraction. The fractions obtained were analyzed
by HPLC, and those containing the desired compounds were dried
in vacuo. The extracts were redissolved and chromatographed by
use of a mBondapak C18 radial compression cartridge (PrepPakACHTUNGTRENNUNGCartridge, 25 � 100 mm, Waters) or a preparative column (SunFire
Prep C18, 10 � 250 mm, Waters). Isocratic elutions with mixtures of
acetonitrile or methanol and trifluoroacetic acid in water (0.1 %)
were optimized for every compound to be purified. In all cases,
after every purification step, the collected compounds were diluted
fourfold with water and were desalted and concentrated by solid-
phase extraction, followed by lyophilization. The following yields
were obtained: S. albus (pFL1030) 5-hydroxy-dehydrorabelomycin
(8, 2.0 mg, 0.625 mg L�1) ; S. albus (pFL1031) prejadomycin-2-car-
boxylate (2, 5.7 mg, 1.78 mg L�1), rabelomycin (6, 4.2 mg,
1.31 mg L�1), prejadomycin (3, 17.8 mg, 5.56 mg L�1), UWM6 (4,
21.5 mg, 6.71 mg L�1), 4a,12b-dehydro-UWM6 (5, 3.7 mg,
1.15 mg L�1) ; S. albus (pFL1033) 5-hydroxyrabelomycin (7, 7.3 mg,
2.28 mg L�1), rabelomycin (6, 37.3 mg, 11.65 mg L�1) ; S. albus
(pFL1146) 9-hydroxyrabelomycin (9, 13.8 mg, 4.31 mg L�1), rabelo-
mycin (6, 33.0 mg, 10.31 mg L�1).


Structure elucidation and characterization : The structures of the
isolated compounds were elucidated by nuclear magnetic reso-
nance (NMR) spectroscopy and mass spectrometry. The ESI mass
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spectra (ESI-MS) were acquired with a Finnigan LCQ mass spec-
trometer. The electron impact (EI) ionization mass spectra were
measured with a Finnigan PolarisQ mass spectrometer. The high-
resolution EI ionization mass spectra were recorded at 25 eV on a
JEOL JMS-700T M station (magnetic-sector instrument) at a resolu-
tion greater than 10 000. All NMR data were recorded in [D6]DMSO
with either a Varian Mercury 300 or a Varian Inova 400 MHz spec-
trometer. All NMR assignments were confirmed by heteronuclear
single quantum correlation and heteronuclear multiple bond corre-
lation spectra, allowing unambiguous assignment of all signals.


Physicochemical properties of new compounds 2, 5, 8, and 9


Prejadomycin-2-carboxylate (2): Yellow solid; 1.8 mg L;�1 Rrel =
18.1 min; UV maxima (from HPLC-diode array): l= 266 (69 %), 280
(100), 407 nm (29 %); (�)-APCI-MS: m/z 367 [M�H]� (100); (+)-
APCI-MS: m/z (%): 369 [M+H]+ (100); HREI-MS: m/z 368.0834;
calcd for C20H16O7: 368.0896; for 1H and 13C NMR data see the Sup-
porting Information.


4a,12b-Dehydro-UWM6 (5): Yellow solid; 1.2 mg L�1; Rrel = 21.2 min;
UV maxima (from HPLC-diode array): l= 241 (45 %), 259 (89 %),
403 nm (16 %); (�)-APCI-MS: m/z (%): 323 [M�H]� (100); (+)-APCI-
MS: m/z (%): 325 [M+H]+ (100); HREI-MS: m/z 324.0909; calcd for
C19H16O5 : 324.0998; 1H and 13C NMR data: see the Supporting Infor-
mation.


5-Hydroxy-dehydrorabelomycin (8): Green solid; 0.6 mg L�1; Rrel =
31.1 min; UV maxima (from HPLC-diode array): l= 224 (44 %), 345
(67 %), 456 nm (15 %); (�)-APCI-MS: m/z (%): 335 [M�H]� (100);
(+)-APCI-MS: m/z (%): 337 [M+H]+ (100); HREI-MS: m/z 336.0642;
calcd for C19H12O6 : 336.0634; 1H and 13C NMR data: see the Sup-
porting Information.


9-Hydroxyrabelomycin (9): Yellow solid; 4.3 mg L;�1 Rrel = 16.8 min;
UV maxima (from HPLC-diode array): l= 271 (75 %), 286 (100 %),
437 nm (20 %); (�)-APCI-MS: m/z (%): 353 [M�H]� (100); (+)-APCI-
MS: m/z (%): 355 [M+H]+ (100); HREI-MS: m/z 354.0714; calcd for
C19H14O7: 354.0739; 1H and 13C NMR data: see the Supporting Infor-
mation.


Antitumor activity tests : Different concentrations of the corre-
sponding compounds were used for testing of their antitumor ac-
tivities against three human cancer cell lines (MDA-MB-231, A549,
and HT29). Quantitative measurement of cell growth and viability
was carried out by colorimetric sulforhodamine B assay.[36]
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Biosynthetic Gene Cluster of Cetoniacytone A, an Unusual
Aminocyclitol from the Endosymbiotic Bacterium
Actinomyces sp. Lu 9419
Xiumei Wu,[a] Patricia M. Flatt,[b] Hui Xu,[b] and Taifo Mahmud*[a, b]


Introduction


Soil bacteria have long been rec-
ognized to be one of the major
producers of secondary metabo-
lites with diverse biological activ-
ities. They produce a wide varie-
ty of natural products including
polyketides, polypeptides, ami-
noglycosides and aminocoumar-
in antibiotics. In addition to soil
microorganisms, there is a grow-
ing body of evidence demon-
strating that many secondary
metabolites are produced by en-
dosymbiotic bacteria living in
plants (e.g. , coronamycin),[1] in-
sects (e.g. , pederin),[2] and
marine animals (e.g. , bryosta-
tin).[3] Among them are the ceto-
niacytones, a group of antibiot-
ics produced by an endosymbi-
otic Actinomyces sp. strain Lu
9419 that lives in the intestines of the rose chaffer beetle (Ce-
tonia aurata).[4] The cetoniacytones contain a unique C7N-ami-
nocyclitol moiety as their central core structure (Scheme 1). In
contrast to most of the secondary metabolites that belong to
the C7N aminocyclitol family,[5] which normally have an alkylat-
ed nitrogen atom at the C-1 position (e.g. , validamycin A), the
amino group in the cetoniacytones is acetylated and located
at the C-2 position. The same core structure is found in theACHTUNGTRENNUNGantirheumatoid arthritis agents, the epoxyquinomicins, which
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A gene cluster responsible for the biosynthesis of the antitumor
agent cetoniacytone A was identified in Actinomyces sp. strain
Lu 9419, an endosymbiotic bacterium isolated from the intestines
of the rose chafer beetle (Cetonia aurata). The nucleotide se-
quence analysis of the 46 kb DNA region revealed the presence of
31 complete ORFs, including genes predicted to encode a 2-epi-
5-epi-valiolone synthase (CetA), a glyoxalase/bleomycin resist-
ance protein (CetB), an acyltransferase (CetD), an FAD-dependent
dehydrogenase (CetF2), two oxidoreductases (CetF1 and CetG),
two aminotransferases (CetH and CetM), and a pyranose oxidase
(CetL). CetA has previously been demonstrated to catalyze the
cyclization of sedoheptulose 7-phosphate to the cyclic intermedi-


ate, 2-epi-5-epi-valiolone. In this report, the glyoxalase/bleomycin
resistance protein homolog CetB was identified as a 2-epi-5-epi-
valiolone epimerase (EVE), a new member of the vicinal oxygen
chelate (VOC) superfamily. The 24 kDa recombinant histidine-
tagged CetB was found to form a homodimer ; each monomer
contains two babbb scaffolds that form a metal binding site
with two histidine and two glutamic acid residues. A BLAST
search using the newly isolated cet biosynthetic genes revealed
an analogous suite of genes in the genome of Frankia alni
ACN14a, suggesting that this plant symbiotic nitrogen-fixing bac-
terium is capable of producing a secondary metabolite related to
the cetoniacytones.


Scheme 1. Chemical structure of cetoniacytone A and related compounds.
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were isolated from the culture broth of Amycolatopsis sp.
strain MK 299-95F4.[6] To some extent, they also share similar
structural features with the neuraminidase inhibitor, oseltamivir
(Tamiflu),[7] which is a semisynthetic drug derived from shikimic
acid that is widely used for the prevention and treatment ofACHTUNGTRENNUNGinfluenza.


Structurally, the core unit of cetoniacytone A is also similar
to (+)-isoepoxidon, a polyketide-derived precursor of patulin.[8]


However, preliminary feeding ex-
periments using [U-13C]glycerol
suggested that the core moiety
of cetoniacytone is derived from
the pentose phosphate path-
way.[4] The pentose phosphate
pathway has also been implicat-
ed with the biosynthesis of the
antidiabetic agent acarbose[9]


and the antifungal agent valida-
mycin A, both of which haveACHTUNGTRENNUNGvalienamine as a common core
unit. More recent studies have
demonstrated the involvement
of sedoheptulose 7-phosphate
and its cyclization product 2-epi-
5-epi-valiolone in the biosynthe-
sis of acarbose, validamycin, and
pyralomicin.[10, 11] While the core structure of cetoniacytone is
different from valienamine, labeling and coupling patterns
from feeding experiments with [U-13C]glycerol are similar with
those of the valienamine moiety of acarbose and validamy-ACHTUNGTRENNUNGcin A. Addition of sodium [1-13C]acetate to cultures of the pro-
ducer led to the labeling of the carbonyl atom of the acetyl
group of cetoniacytone A. This corresponds with the proposed
pathway, in which the introduction of the acetyl side chain
takes place during the late stages of biosynthesis.[4] Further
feeding experiments with the cetoniacytone producer have
also established the involvement of 2-epi-5-epi-valiolone, but
not valienone, in the biosynthesis of cetoniacytone. In order to
gain further information regarding the biosynthesis of cetonia-
cytone, genetic and biochemical approaches have been pur-
sued. This paper describes the identification and functional
analysis of the biosynthetic gene cluster of cetoniacytone A.
Biochemical characterization of two dedicated enzymes for the
formation of the aminocyclitol core unit provides evidence for
the involvement of the gene cluster in cetoniacytone biosyn-
thesis.


Results


Sequence analysis of the cetoniacytone A biosynthetic gene
cluster


During our study on the various sugar phosphate cyclases in-
volved in the biosynthesis of bioactive secondary metabolites,
we previously identified a homologue of the 2-epi-5-epi-valio-
lone synthase gene (cetA) in the cetoniacytone producing
strain Actinomyces sp. Lu 9419.[12] The gene was recombinantly


expressed in E. coli and the catalytic function of the protein
was characterized. The identification of the cetA gene has en-ACHTUNGTRENNUNGabled the further characterization of the 46 kb flanking region
of the chromosome using chromosomal walking. The ORFs
were identified using ORF finder analysis (NCBI) and analyzed
with software in the BLAST server. The computer-aided analysis
of the 46 kb sequence revealed the presence of 31 complete
ORFs (Figure 1). According to the structure of cetoniacytone A


and the BLAST results, 20.5 kb of the sequenced DNA encoding
17 ORFs is predicted to be involved in the biosynthesis of ceto-
niacytone A. Other orfs located on the outer region of the
20.5 kb DNA seem to be unrelated to the biosynthesis of ceto-
niacytone A.[13–16] The product of each orf and its proposed
function are shown in Table 1.


As previously reported, the deduced product of cetA
showed significant similarity to 2-epi-5-epi-valiolone synthase
(54 % identity, 71 % similarity to ValA, and 56 % identity, 72 %
similarity to AcbC).[12] CetB bears similarity with a putative
glyoxalase I from Frankia alni ACN14a.[17] It also shows high
similarity to ValD of the validamycin pathway.[18] Glyoxalase I
(GLO) is a metalloenzyme that catalyzes the glutathione-de-
pendent inactivation of toxic methylglyoxal by catalyzing the
conversion of methylglyoxal to S-d-lactoylglutathione through
a 1,2-hydrogen transfer.


CetD belongs to the family of arylamine N-acetyltransferases
with the highest identity to a putative arylamine N-acetyltrans-
ferase from Saccharopolyspora erythraea NRRL 2338.[19, 20] The
arylamine N-acetyltransferase (NAT) enzymes have been found
in a broad range of both eukaryotic and prokaryotic organisms.
The NAT enzymes catalyze the transfer of an acetyl group from
acetyl-CoA onto the terminal nitrogen of a range of arylamine,
hydrazine and arylhydrazine compounds, and are proposed to
mediate the transfer of an acetyl group to the C-2 position of
cetoniacytone (Scheme 2).


CetE appears to belong to a drug resistance transporter
family, and bears 42 % identity and 56 % similarity to a drug re-
sistance transporter of Burkholderia thailandensis E264.[21] In
Burkholderia thailandensis E264, the putative drug resistance
transporter belongs to the major facilitator superfamily (MFS),


Figure 1. Genetic organization of the cetoniacytone gene cluster.
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Table 1. Deduced function of the cetoniacytone biosynthetic genes.


Gene Homology Species Size [bp] Identity [%] Similarity [%]


cetA 2-epi-5-epi-valiolone synthase Streptomyces hygroscopicus 1146 54 71
cetB putative glyoxalase I Frankia alni ACN14a 552 76 83
cetC hypothetical protein Frankia alni ACN14a 495 54 71
cetD putative arylamine N-acetyltransferase Saccharopolyspora erythraea NRRL 2338 867 40 55
cetE drug resistance transporter Burkholderia thailandensis E264 1860 42 56
cetF1 putative oxidoreductase Frankia alni ACN14a 780 52 68
cetF2 FAD/FMN-dependent dehydrogenase Frankia alni ACN14a 1650 52 70
cetG glucose-methanol-choline oxidoreductase Saccharopolyspora erythraea NRRL 2338 1359 40 52
cetH adenosylmethionine-8-amino-7-oxononanoate aminotransferase Magnetospirillum magneticum AMB-1 1299 33 50
cetI FAD-dependent oxidoreductase Actinomadura kijaniata 1278 34 51
cetJ1 hypothetical protein Actinoplanes sp. A40644 570 59 72
cetJ2 hypothetical protein Frankia alni ACN14a 327 68 86
cetJ3 hypothetical protein Frankia alni ACN14a 402 59 67
cetK1 hypothetical protein Frankia alni ACN14a 720 61 74
cetK2 hypothetical protein Frankia alni ACN14a 297 57 68
cetL putative pyranose oxidase (glucose 2-oxidase) Frankia alni ACN14a 1248 66 76
cetM l-alanine:N-amidino-3-keto-scyllo-inosamine aminotransferase Streptomyces griseus 1224 54 66
orf1 ASPIC/UnbV homolog Herpetosiphon aurantiacus ATCC 23779 1914 40 54
orf2 UnbU Micromonospora chersina 1062 46 61
orf3 putative ACP Streptomyces coelicolor A3(2) 198 42 65
orf4 putative 3-oxoacyl-ACP synthase Streptomyces avermitilis MA-4680 1203 37 51
orf5 putative 3-oxoacyl ACP-reductase Deinococcus geothermalis DSM 11300 1470 45 56
orf6 putative 3-oxoacyl ACP synthase Zymomonas mobilis subsp. mobilis ZM4 1275 30 45
orf7 Hypothetical protein N/A 1932 – –
orf8 TruD homologue—putative pseudouridylate synthase Pseudomonas stutzeri A1501 1059 29 42
orf9 NikS—putative carboxylase Streptomyces tendae 1179 41 56
orf10 NocH (membrane transport protein) Nocardia uniformis subsp. tsuyamanensis 1221 31 46
orf11 putative ATPase Saccharopolyspora erythraea NRRL 2338 3189 65 75
orf12 putative ATPase Saccharopolyspora erythraea NRRL 2338 1632 48 61
orf13 putative chalcone/stilbene synthase Saccharopolyspora erythraea NRRL 2338 612 73 79
orf14 Putative nitrite reductase Saccharopolyspora erythraea NRRL 2338 2607 86 91


Scheme 2. Proposed biosynthetic pathway to cetoniacytone A. Dashed-box indicates putative pathways that may involve the oxidoreductases CetF1, CetF2,
CetG, and CetI, as well as the hypothetical proteins related to the cupin superfamily, CetC, CetJ1, CetK1 and CetK2.
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which is one of the two largest families of membrane trans-
porters known. Based on the high resolution structures of
transporters, all members of the MFS share a similar structure,
regardless of their low sequence identity.[22]


The deduced product of cetF1 shows significant similarity to
a putative oxidoreductase of F. alni ACN14a,[17] whereas CetF2
shows significant similarity to a putative FAD-linked oxidase of
Frankia alni ACN14a.[17] Based on CDD (Conserved Domain Da-
tabase) and COG (Clusters of Orthologous Groups) assignments
and functional annotation, the gene product contains an FAD
binding domain. This family of proteins consists of variousACHTUNGTRENNUNGenzymes that use FAD as a cofactor ; most of the enzymes are
similar to oxidoreductases such as vanillyl-alcohol oxidase
(VAO).[23] VAO catalyzes the oxidation of a wide variety of sub-
strates, ranging from aromatic amines to 4-alkylphenols. Other
members of this family include d-lactate dehydrogenase,
which catalyses the conversion of d-lactate to pyruvate using
FAD as a cofactor and radical oxidase.[24]


CetG bears similarity to the glucose-methanol-choline (GMC)
oxidoreductase from S. erythraea NRRL 2338.[19] This family of
proteins requires FAD as a cofactor. Similarly, CetI has high ho-
mology to the FAD-dependent oxidoreductase (KijD3) of Acti-
nomadura kijaniata.[25] Together CetF2, CetG and CetI are pro-
posed to be involved in several redox reactions during the bio-
synthesis. However, it is unclear at this point about the timing
of these steps in cetoniacytone biosynthesis.


CetH is similar to adenosylmethionine-8-amino-7-oxonona-
noate aminotransferase from Magnetospirillum magneticum
AMB-1.[26] It is proposed to mediate the transamination step at
the C-2 position. However, another gene (cetM) in the cluster
also encodes a protein that shares homology with aminotrans-
ferases and bears high similarity to the l-alanine:N-amidino-3-
keto-scyllo-inosamine aminotransferase from Streptomyces gri-
seus.[27] It belongs to the DegT/DnrJ/EryC1/StrS aminotransfer-
ase family, which includes StsA, StsC and StsS from the strepto-
mycin biosynthetic gene cluster. The aminotransferase activity
was demonstrated for purified StsC protein as the l-glutamine:
scyllo-inosose aminotransferase, which catalyses the first amino
transfer in the biosynthesis of the streptidine unit of strepto-
mycin.[27] Since both CetH and CetM encode an aminotransfer-
ase, these two genes may be redundant and only one is re-
quired during cetoniacytone biosynthesis.


CetL shares high sequence homology with a putative pyra-
nose 2-oxidase from Frankia alni ACN14a. Pyranose 2-oxidase
oxidizes d-glucose and other aldopyranoses regioselectively at
C-2 to the corresponding 2-keto sugars.[28–31] In cetoniacytone
biosynthesis, this enzyme may catalyze the oxidation of the
C-2 hydroxyl group of 5-epi-valiolone to a keto group.


The deduced products of cetC, cetJ1, cetK1, and cetK2 areACHTUNGTRENNUNGhypothetical proteins with unknown function.[32–35] These gene
products are structurally related to the cupin superfamily of
proteins, which is one of the most functionally diverse protein
superfamilies. However, those involved in the biosynthesis of
secondary metabolites are most related to hydroxylation, epox-
idation, decarboxylation, dehydration, and halogenation reac-
tions. Therefore, we predict that cetC, cetJ1, cetK1, and cetK2
are involved in cetoniacytone A biosynthesis (Scheme 2).


Attempts to inactivate the cet genes in strain Lu 9419 and
to express the entire gene cluster in a heterologous host


To examine whether the identified 20.5 kb gene cluster is in-
volved in the biosynthesis of cetoniacytone A, several strat-
egies, for example, gene disruption, heterologous expression
of the entire gene cluster, and characterization of the individu-
al genes in the cluster, have been attempted. In most cases,
gene disruption is the method of choice because it tends to
give more direct and persuasive results. Therefore, we set out
to create mutants of the cetoniacytone producer in which one
or more genes within the cet cluster is disrupted. However, the
attempts were hampered by the lack of an appropriate selec-
tion marker for the knockout experiments, as strain Lu 9419 is
literally resistant to all antibiotics commonly used in molecular
genetics work, including apramycin, gentamicin, hygromycin,
kanamycin, spectinomycin, streptomycin, thiostrepton, tetra-ACHTUNGTRENNUNGcycline, neomycin, puromycin, paromomycin, ampicillin, and
chloramphenicol. Without selection markers, the mutant con-
structs could not be made and subsequently, the gene inacti-
vation approach was abandoned.


We then turned our efforts to the expression of the entire
cluster in a heterologous host. Because the genomic library of
strain Lu 9419 was prepared using the E. coli–Streptomyces
shuttle cosmid pOJ446, it is possible to transfer the cosmid
clones directly into a Streptomyces host such as S. lividans.
However, sequence analysis of the previously identified cosmid
clones pCET25, pCET26, and pCET27, revealed that all three
clones contain a truncated cetoniacytone cluster. In order to
find cosmid clones that harbor the complete cluster, the ge-
nomic library from the cetoniacytone producer was rescreened
using the cetA probe, from which an additional eight positive
cosmids were identified. End sequencing of these eight posi-
tive clones showed only one clone (pCET2) that contained the
entire cluster. Thus, pCET2 was transferred into S. lividans 1326
by the protoplast transformation method. While the transfor-
mation of S. lividans 1326 with pCET2 could be done seamless-
ly, the plasmid appeared to be quite unstable in the heterolo-
gous host, as no cetoniacytone production was detected and
the plasmid isolated from the tranformants consistently
showed a digestion pattern different from the original con-
struct. Although a number of other natural product pathways
have been successfully expressed using the pOJ446 shuttle
vector, there are also numerous reports on the unstable nature
of this vector.[36–38] The latter proved to be the case in our
system.


Characterization of the 2-epi-5-epi-valiolone epimerase
(CetB), a new member of the VOC superfamily


As both gene inactivation and heterologous expression of the
entire cluster were unsuccessful, we set out to confirm the
identity of the cluster by functionally characterizing recombi-
nantly expressed proteins from the pathway. Previously, we
demonstrated that CetA is a dedicated sugar phosphate cy-
clase that is involved in C7-cyclitol biosynthesis. In the current
study, we explored the function of the putative glyoxalase


ChemBioChem 2009, 10, 304 – 314 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 307


Biosynthetic Gene Cluster of Cetoniacytone A



www.chembiochem.org





gene (cetB), which is located downstream of cetA. Amino acid
sequence analysis of CetB revealed a high similarity between
CetB and ValD from the validamycin pathway, albeit CetB (183
amino acids) is much smaller than ValD (451 amino acids) and
related proteins belonging to the VOC superfamily. The VOC
superfamily includes a set of structurally related proteins that
are able to catalyze a large range of divalent metal ion-depen-
dent reactions. Members of this family include the GLO pro-
teins,[39–44] the extradiol dioxygenases (DHBD),[45–47] the bleomy-
cin resistance proteins (BRP),[48, 49] the methylmalonyl-CoA epi-
merases (MMCE),[50–52] and the fosfomycin resistance proteins
(FOS).[53, 54] Further analysis of the amino acid sequence re-
vealed that ValD contains two similar domains, each of which
have high identity to CetB. Because the results of our previous
feeding experiments with isotopically labeled intermediates
suggested that the two pathways only share the first two bio-
synthetic steps (Scheme 2),[12] we hypothesized that CetB may
be involved in the epimerization of 2-epi-5-epi-valiolone to 5-
epi-valiolone.


To confirm the activity of CetB as a 2-epi-5-epi-valiolone epi-
merase, the cetB gene was subcloned and overexpressed in
E. coli BL21 ACHTUNGTRENNUNG(DE3)pLysS. Expression of cetB yielded large quanti-
ties of a 24 kDa soluble polyhistidine-tagged protein (Fig-
ure S1). The native protein exists as a homodimer, as estimated
by nondenaturing-PAGE and high performance gel filtration
chromatography, in which CetB eluted as a 48 KDa protein
(Figure S2). As the potential substrate for CetB, 2-epi-5-epi-va-
liolone, was not readily available, characterization of CetB was
carried out using a coupled enzyme assay using sedoheptulose
7-phosphate as substrate and the 2-epi-5-epi-valiolone syn-
thase (CetA) as the first enzymatic step. Incubation of sedo-
heptulose 7-phosphate with CetA for 1 h followed by the addi-


tion of cell-free extracts containing CetB, indeed furnished 5-
epi-valiolone, as monitored by TLC. GC-MS analysis of the sily-
lated product of the reaction showed a retention time and
mass fragmentation pattern consistent with that of the syn-
thetic standard, tetra-TMS-5-epi-valiolone (Figure 2). In contrast,
extracts from cells carrying the empty vector pRSET B incubat-
ed with sedoheptulose 7-phosphate plus CetA gave only the
2-epi-5-epi-valiolone product (data not shown).


CetB is a dedicated 2-epi-5-epi-valiolone epimerase


To evaluate the substrate specificity of CetB, a number of com-
pounds that have chemical structures similar to 2-epi-5-epi-va-
liolone, for example, 1 L-epi-2-inosose, d-(+)-gluconic acid
delta-lactone, mannose, shikimic acid, dehydroshikimic acid,
and aminodehydroshikimic acid were tested as substrates.
Analysis of the reaction products by TLC revealed that CetB
demonstrates restricted substrate specificity and only epimeriz-
es 2-epi-5-epi-valiolone to 5-epi-valiolone.


Metal binding analysis of CetB


Many members of the VOC superfamily require divalent metal
ions for activity. For instance, MMCE is activated by various di-
valent metal ions; CoII and MnII are the most effective, whereas
human GLO is a ZnII-dependent metalloprotein. Surprisingly,
E. coli GLO is inactive in the presence of ZnII but is active with
NiII, CoII, and CdII.[55] On the other hand, DHBD prefers FeII for
its activity and FosA is a MnII-dependent enzyme. Despite
having different metal preferences, structural comparisons of
VOC family members such as MMCE, DHBD, and GLO showed
that they have almost identical metal binding sites with four


Figure 2. GC-MS analysis of CetB the product. A) GC-MS profile of the silylated 5-epi-valiolone standard. B) GC-MS profile of the silylated products of the CetB
reaction. Left panel shows the GC trace and right panel shows the MS fragmentation pattern of the major peak, which elutes at 8.75–8.85 min. Peak a, tetra-
TMS-5-epi-valiolone. Peak b, penta-TMS-5-epi-valiolone. MS fragmentation pattern of b not shown.
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conserved residues. Sequence
comparisons of E. coli GLO with
CetB, BE-Orf13,[35] and ValD
showed that all of these proteins
contain these conserved four
residues (Figure 3). Because ValD
consists of two similar GLO ho-
mologs, both the N-terminal half
(ValD-N) and the C-terminal half
(ValD-C) of ValD were analyzed
individually as a separate entry
in the alignment. To determine
the metal preference of CetB, we
attempted to employ an assay
system involving the CetA-CetB
two enzyme reaction system.
First, sedoheptulose 7-phosphate
was incubated with CetA in the
presence of CoII for 2 h to pro-
vide 2-epi-5-epi-valiolone. This
was followed by addition of
EDTA or 1,10-phenanthroline to
the reaction mixture to remove
CoII and other background divalent ions. Subsequently, purified
CetB (pretreated with 1,10-phenanthroline) was added into the
reaction and the mixture was incubated for another 3 h with
or without divalent metal ions. Surprisingly, TLC analysis of the
reaction products suggested that even without addition of a
metal ion, CetB retains strong epimerase activity, which sug-
gests CetB may bind to its metal cofactor very tightly, such
that EDTA and 1,10-phenanthroline are unable to remove the
cofactor from the enzyme. In order to overcome this problem,
the four putative metal binding residues of CetB were individu-
ally altered as single mutations (H14G, E76G, H99G, E151G)
and double mutations (H14G/E76G, H14G/H99G, H14G/E151G,
E76G/H99G, E76G/E151G, H99G/E151G) and the epimerase ac-
tivity of the mutant enzymes was characterized (Figure 4 A and
B). The results showed that, in the absence of 1,10-phenan-
throline, the activities of the single mutant variants were simi-
lar to that of the wild type (Figure 4 A). However, when 1,10-
phenanthroline was added into the reaction mixtures, the ac-
tivity of the single mutant variants diminished (Figure 4 C). Sim-
ilar analysis of all of the double mutant variants revealed none
had detectable activity even without 1,10-phenanthroline (Fig-
ure 4 B). These results suggest that a single mutation at the
metal-binding site of cetB only modestly distorts the metal-
binding affinity of the protein, whereas a double mutation of
cetB completely disrupted the active site and the metal-bind-
ing ability of the enzyme.


Because mutant H99G was found to have similar activity as
the wild-type enzyme and yet the metal ion can be removed
with 1,10-phenanthroline, mutant H99G was selected for fur-
ther analysis of metal ion preference. To eliminate any possible
interference from the CetA reaction, the substrate of CetB, 2-
epi-5-epi-valiolone, was synthesized enzymatically in a coupled
reaction using transketolase (EC 2.2.1.1) and ValA[56] with ribose
5-phosphate and hydroxypyruvate as substrates. 2-epi-5-epi-Va-


Figure 3. Sequence alignment of CetB, BE-Orf13, ValD-N, ValD-C, and E. coli GLO using ClustalW Basic Interface.
The conserved metal binding sites are indicated in the frames. The glutamic acid residue corresponding to E-76 in
E. coli GLO shifts by one residue.


Figure 4. A) Partial TLC of reaction products of CetB single mutants. 1, 5-epi-
valiolone standard; 2, 2-epi-5-epi-valiolone standard; 3, CetA reaction only;
4, CetA+CetB; 5-8, CetA+CetB single mutants : 5, H14G; 6, H99G; 7, E76G; 8,
E151G. B) Partial TLC of reaction products of CetB double mutants. 1, 5-epi-
valiolone standard; 2, 2-epi-5-epi-valiolone standard; 3, CetA reaction only;
4, CetA+CetB; 5, CetA+H14G/H99G CetB with 1,10-phenanthroline; 6-11,
CetA+CetB double mutants without 1,10-phenanthroline: 6, H14G/H99G; 7,
E76G/E151G; 8, H14G/E76G; 9, H14G/E151G; 10, H99G/E76G; 11, H99G/
E151G. (C) Partial TLC of reaction products of CetB mutants with 1,10-phe-
nanthroline. 1, 2-epi-5-epi-valiolone standard; 2, 5-epi-valiolone standard; 3,
CetA reaction only; 4, CetA+CetB without 1,10-phenanthroline; 5, CetA+


CetB with 1,10-phenanthroline; 6–15, CetA+CetB mutants with 1,10-phe-
nanthroline: 6, H14G; 7, H99G; 8, E76G; 9, E151G; 10, H14G/H99G; 11,
E76G/E151G; 12, H14G/E76G; 13, H14G/E151G; 14, H99G/E76G; 15, H99G/
E151G. (D) Partial TLC of reaction products of H99G CetB with different
metal ions. 1, 2-epi-5-epi-valiolone standard; 2–9, CetA+H99G CetB with
1,10-phenanthroline (1 mm) and then metal ions (1.5 mm each) or water
(negative control) were added: 2, FeII ; 3, CoII ; 4, CaII ; 5, MgII ; 6, NiII ; 7, ZnII ;
8, CuII ; 9, MnII ; 10, water. Stars indicate the production of 5-epi-valiolone.
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liolone was then purified and incubated with the H99G mutant
protein (pretreated with 1,10-phenanthroline). Different metal
ion solutions (either CoII ; ZnII ; MgII ; MnII ; FeII ; NiII ; or CuII) were
added into the mixture. TLC analysis showed that only CoII and
NiII could effectively rescue the activity of H99G (Figure 4 D).
Furthermore, inductively-coupled plasma optical emission
spectrometry (ICP-OES) was used to analyze samples of freshly
purified CetB for the presence of tightly bound zinc, manga-
nese, cobalt, nickel, iron, magnesium, and copper. The results
indicated the presence of zinc (0.3 mol), nickel (0.2 mol), iron
(0.2 mol), magnesium (0.1 mol), and manganese (0.05 mol) per
mole of protein, which suggests that CetB, similar to MMCE
and GLO, can strongly bind a number of different metal
ions.[51, 57] However, some metals may be bound by the enzyme
in an inactive form.[57] Interestingly, while cobalt could restore
the catalytic activity of H99G, it appears to be present in wild-
type CetB at concentrations below the minimum detectable
level of the instrument (<0.05 ppm).


Comparison of the cetoniacytone cluster with an unknown
gene cluster in the Frankia alni ACN14a genome


During the genetic analysis of the individual genes in the ceto-
niacytone A biosynthetic gene cluster, twelve genes were
found to have high identity to genes in the Frankia alni
ACN14a genome (Table 2). Further analysis of the F. alni
ACN14a genome revealed that the twelve homologous genes
are also clustered together in the genome, indicating that
F. alni ACN14a may have the capacity to produce secondary
metabolites similar to cetoniacytone A (Figure 5). In addition to
these twelve homologs, a halogenase was also found in this
unknown cluster, which suggests that the compound may con-
tain one or more halogen atoms. This finding provides new
opportunities for the exploration of novel analogues of natural
products in this plant symbiotic bacterium.


Discussion


Traditionally, the C7N-aminocyclitol family of natural products
was known to be a group of pseudoaminooligosaccharides
with potent sugar hydrolase inhibitory activities. However,
more recent discoveries indicate a broader scope to the struc-
tural diversity and biological activities of this class of natural
products, yet little is known about their formation in nature. It
was not until recently that a number of reports on the biosyn-
thesis of select members of this class of natural products have
been published, in which 2-epi-5-epi-valiolone was found to be
a common precursor of the valienamine moiety of acarbose
and validamycin A.[58] While ceto-
niacytone does not have a va-
lienamine moiety in its structure,
preliminary feeding experiments
indicated that this unique com-
pound is also derived from the
same pathway.[4, 12] However, the
non-incorporation of valienone
and the unusual structure of ce-


toniacytone A imply a more complex biosynthetic pathway to
cetoniacytone A, which may involve multiple redox and elimi-
nation reactions.


In acarbose and validamycin biosyntheses, the activity of a
kinase is necessary for the activation of the cyclitol ring by
phosphorylation. It is believed that most intermediates in the
acarbose and validamycin biosynthetic pathways are utilized in
their phosphate form.[56, 59, 60] The phosphorylation is catalyzed
by the cyclitol-kinases, AcbM (in the acarbose pathway)[56] and
ValC (in the validamycin pathway).[60] However, no similar
kinase gene was found in the cetoniacytone cluster, suggest-
ing that there may be no phosphorylation step necessary in
cetoniacytone biosynthesis. In contrast to the validamycin
pathway, results of feeding studies indicate that valienone is
not involved in cetoniacytone biosynthesis; this suggests that
the downstream modifications of 5-epi-valiolone in cetoniacy-
tone biosynthesis are different from those in the validamycin
pathway (Scheme 2). While a number of possibilities may apply
for 5-epi-valiolone, the most likely scenario would be the oxi-
dation of the C-2 hydroxyl group by the action of CetL (similar
to pyranose 2-oxidase) followed by a transamination catalyzed
by CetM to give 2-amino-5-epi-valiolone. Reduction of the C-1
ketone of 5-epi-valiolone to an alcohol is unlikely because it
would eliminate the driving force for the subsequent dehydra-
tion reaction. A C-2/C-3 dehydration is also unlikely at this
point, as this would cause the introduction of the amino


Table 2. Comparison of the cet genes with genes of the unknown cluster
in Frankia alni ACN14a genome.


cet gene fraal gene Putative function Identity [%] Similarity [%]


cetJ1 fraal4646 hypothetical proteinACHTUNGTRENNUNG(cupin 2)
63 75


cetJ2 fraal4645 hypothetical protein 68 86
cetJ3 fraal4644 hypothetical protein 59 67
cetK1 fraal4643 hypothetical proteinACHTUNGTRENNUNG(cupin 2)


61 74


cetK2 fraal4642 hypothetical proteinACHTUNGTRENNUNG(cupin 2)
57 68


cetL fraal4641 glucose 2-oxidase 66 76
cetM fraal4640 aminotransferase 69 80
cetA fraal4639 2-epi-5-epi-valiolone


synthase
71 84


cetB fraal4638 2-epi-5-epi-valiolone
epimerase


76 83


cetC fraal4637 hypothetical proteinACHTUNGTRENNUNG(cupin 2)
54 71


cetF1 fraal4633 oxidoreductase 52 68
cetF2 fraal4636 secreted FAD-linked


oxidase
52 70


– fraal4634 halogenase – –


Figure 5. Comparison of the genetic organizations of the cet cluster with the unknown cluster in Frankia alni
ACN14a genome.
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group to be less feasible. Finally, oxidation of the C-4 hydroxyl
group by CetL or other oxidoreductase (CetF2, CetG, or cetI) is
possible, but subsequent oxidation at C-2 would
then be energetically unfavorable. Previous studies
have shown that strain Lu 9419 can produce both
cetoniacy ACHTUNGTRENNUNGtone A and cetoniacytone B, the deacetylat-
ed form of cetoniacytone A. When sodium acetate
was added to the production medium, cetoniacy-
tone A was isolated in greater yields. So, it was pro-
posed that acetylation should be the last step in the
pathway. However, it can not be established whether
epoxidation occurs prior to C-2/C-3 double bond for-
mation or vice versa based solely on the genetic in-
formation. Further studies are needed to reveal these
unique aspects of the biosynthetic pathway.


While attempts to inactivate the cet genes in strain
Lu 9419 and heterologous expression of the entire
cluster in S. lividans were hampered by technical diffi-
culties, characterizations of the 2-epi-5-epi-valiolone
synthase (CetA) and the epimerase (CetB) provide
evidence that suggests we have identified the ceto-
niacytone cluster. Both CetA and CetB were found to
be dedicated proteins that only recognize their re-
spective substrates. The same activities have also
been observed with ValA and ValD, respectively. De-
tailed work on the involvement of ValD in the biosynthesis of
validamycin A will be reported elsewhere. The identification of
CetB and ValD as the epimerases that are responsible for the
conversion of 2-epi-5-epi-valiolone to 5-epi-valiolone suggests
that this is a common feature of the proposed pathways to a
number of C7-cyclitol-containing natural products. Similar en-
zymes may be involved in the biosynthesis of the ACHTUNGTRENNUNGgabosines,
BE-40644, and the epoxyquinomicins.


In silico comparison and secondary structure analyses re-
vealed that CetB contains two babbb structural motifs com-ACHTUNGTRENNUNGmon to members of the VOC superfamily. Although members
of the VOC superfamily have diverse functions and are not
highly related to each other at the level of the amino acid se-
quence, they share a characteristic common structural scaffold
composed of babbb modules that are combined in several dif-
ferent ways. Structural comparisons, as well as phylogenetic
analyses, strongly indicate that the modern VOC family of pro-
teins represented by these enzymes evolved through rich evo-
lutionary events that included multiple gene duplications,
gene fusion, and domain swapping.[61] An important initial
event is proposed to be the establishment of metal binding in
an oligomeric ancestor protein prior to the first gene fusion.[61]


With the characterization of CetB as a 2-epi-5-epi-valiolone epi-
merase (EVE), this enzyme, together with ValD and BE-Orf19,
should be listed as the sixth class of the VOC superfamily, in
addition to BRP, DHBD, GLO, FOS, and MMCE.


Finally, results of recent X-ray crystallographic analysis of
GLO in complex with a transition state analogue and site-di-
rected mutagenesis studies strongly support a base-mediated
proton transfer mechanism in which the bound diastereomeric
substrates undergo catalytic interconversion to product
through a metal-coordinated, cis-enediolate intermediate.[63]


Therefore, it is proposed that CetB adopts the same reaction
mechanism as depicted in Scheme 3.


Experimental Section


Bacterial strains and culture conditions : The bacterial strains and
plasmids used in this study are listed in Table S1. Actinomyces sp.
strain Lu 9419 was kindly provided by Prof. Axel Zeeck at the Uni-
versity of Gçttingen. This strain was maintained on yeast-malt-glu-
cose (YMG) agar and cultured in YMG liquid medium consisting of
malt extract (1 %), yeast extract (0.4 %), and glucose (0.4 %), pH 7.3
at 30 8C. Oatmeal medium (1 L) consisting of oatmeal (2 %) and
trace element solution (2.5 mL) [each liter contains CaCl2·2 H2O
(3 g), FeIII-citrate (1 g), MnSO4 (0.2 g), ZnCl2 (0.1 g), CuSO4·5 H2O
(25 mg), Na2B4O7·10 H2O (20 mg), CoCl2 (4 mg), Na2MoO4·2 H2O
(10 mg)], and sodium acetate (1 g) as a supplement was used as
the production medium for cetoniacytone A. E. coli strains XL-1-
Blue and DH10B (Invitrogen) were used as hosts for library con-
struction and routine subcloning, respectively. Overexpression of
recombinant His-tagged proteins was carried out in E. coli
BL21Gold ACHTUNGTRENNUNG(DE3)pLysS (Stratagene). E. coli VCS257 was used as a
host for the preparation of pOJ446 cosmid library. Escherichia coli
strains were cultured in Luria-Bertani Miller (LB) or LB medium con-
taining betaine (2.5 mm) and sorbitol (1 m) (LBBS)[63] supplemented
with appropriate amount of antibiotics whenever necessary. S. liv-
idans 1326 was used as host for the heterologous expression of
the cetoniacytone A biosynthetic gene cluster. S. lividans was rou-
tinely maintained on SFM agar at 30 8C and grown in yeast extract-
malt extract (YEME) medium for protoplast preparation.[64] The pro-
duction medium for S. lividans harboring the cetoniacytone A bio-
synthetic gene cluster is the same oatmeal medium as used forACHTUNGTRENNUNGActinomyces sp. strain Lu 9419.


Cetoniacytone A production and isolation : Actinomyces sp. strain
Lu 9419 was maintained as a stock culture on YMG agar. Precul-
tures were prepared by inoculating YMG medium (50 mL) with a
1 cm2 piece of agar from 7 day-old cultures in a rotary shaker and
incubated for 48 h at 28 8C. The main culture containing oatmeal
medium (150 mL) was inoculated with the preculture (15 mL) and


Scheme 3. Proposed reaction mechanism of CetB.
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incubated for 96 h at 28 8C. At 48 h, glucose (1 g L
�1) was added


into the culture to increase the yield of cetoniacytone A.


The harvested culture broths were separated from the mycelia by
centrifugation (2500 rpm, 25 min) and the supernatant was passed
through Amberlite XAD-2 (40/20). The column was washed twice
with ddH2O and the more lipophilic constituents were eluted with
methanol. The methanol extract was evaporated to dryness using
a rotary evaporator. The crude residue was subjected to silica gel
column chromatography (CH2Cl2/methanol 9:1) and subsequently
to Sephadex LH-20 column chromatography (methanol). The frac-
tions containing cetoniacytone A were identified by TLC and MS.
The chemical structure was confirmed by 1H NMR in [D6]DMSO on
a Bruker topspin 300 (300 MHz). Mass spectra were taken by
ThermoACHTUNGTRENNUNGFisher LC-Q advantage.


DNA isolation and manipulations : Routine genetic procedures
such as plasmid DNA isolations, restriction endonuclease diges-
tions, alkaline phosphatase treatments, DNA ligations, and other
DNA manipulations were performed according to standard tech-
niques.[65] DNA fragments were excised from agarose gels and re-
sidual agarose was removed with the QiaQuick Gel Extraction Kit
(Qiagen). PCR was carried out using Pfx or Taq high fidelity or GC-
rich DNA polymerase (Invitrogen) according to the manufacturer’s
protocol.


Isolation of the cetoniacytone A biosynthetic gene cluster : Con-
struction of the genomic library of Actinomyces sp. Lu 9419 has
been described in our previous paper.[12] Briefly, purified DNA was
partially digested with dilute Sau3AI to yield 35–45 kb fragments.
The size-selected DNA was pooled and ligated to pOJ446 predi-
gested with BamHI and HpaI. In vitro packaging was carried out
using Gigapack III Gold packaging extract (Stratagene) to yieldACHTUNGTRENNUNGapproximately 6000 colonies.


The valA gene from S. hygroscopicus subsp. jinggangensis 5008 and
the acbC gene from Actinoplanes sp. encoding 2-epi-5-epi-valiolone
synthases were used as heterologous probes to identify the equiv-
alent gene in the genomic DNA of Actinomyces sp. by means of
DNA-DNA hybridization experiments. The valA gene was obtained
from a valA expression vector[66] previously constructed in our lab
by cutting it with restriction enzymes NdeI and EcoRI. The acbC
gene was amplified using PCR reaction from plasmid pAS8/7[11] by
primers AcbC-F and AcbC-R which are listed in Table S2. Southern
blot analysis was performed on Hybond-N nylon membranes
(Amersham) with digoxigenin-labeled probes using the DIG high
prime DNA labeling and detection starter kit II (Roche). For this
purpose, a 1.24 kb valA gene and a 1.15 kb acbC gene were la-
beled with digoxigenin-dUTP. Screening was performed by colony
lifting methodology and nine positive clones were identified.
Cosmid DNA from the nine positive clones was isolated and digest-
ed with BamHI. Subsequently, a second screening was performed
by Southern analysis and three positive candidates were identified
and sequenced revealing the putative cetoniacytone biosynthetic
gene cluster.


DNA sequencing and analysis : DNA sequencing was done with
Applied Biosystems Capillary 3730 Genetic Analyzer at the Center
for Genome Research and Biocomputing (CGRB) Facilities of
Oregon State University. valA (DQ164098), acbC (Y18523) and aroB
(P07547) sequences were retrieved from Genbank at the NCBI da-
tabase. The complete genome sequence of Frankia alni ACN14a
(NC008278) and the sequence of BE-40644 gene cluster (AB113568)
were also obtained from the NCBI database. Deduced amino acid
sequence alignments were performed with the ClustalW sequence
analysis program. The genome walking approach was employed to


sequence the cosmid containing the cetoniacytone biosynthetic
gene cluster. Potential open reading frames (ORF) were identified
using ORF finder and were searched for homology using the
BLAST server.[67]


Cloning and recombinant expression of CetB : The cetB gene was
amplified from cosmid DNA using the CetB-F2 and CetB-R2 primers
(Table S2) using the Pfx polymerase (Invitrogen) according the
manufacturers specifications. The resulting PCR fragment wasACHTUNGTRENNUNGdigested with XhoI and EcoRI and subcloned in frame with the
6XHis-tag into the pRSET B expression vector (Invitrogen).


The recombinant plasmid was transformed into the expression
host E. coli BL21 ACHTUNGTRENNUNG(DE3)pLysS and cultured in LBBS medium (500 mL)
supplemented with ampicillin (100 mg mL�1) and chloramphenicol
(20 mg mL�1). When the cells reached an OD600 of 0.5 at 37 8C, the
growth temperature was reduced to 25 8C and protein expression
was induced by the addition of isopropyl b-d-1-thiogalactopyrano-
side (IPTG, 0.2 mm). Cells were harvested by centrifugation after
15 h incubation and were washed three times with LB broth to
remove excess sorbitol from the growth medium. Bacterial pellets
were stored at �80 8C until further use.


Enzyme assay for the activity of CetB : To examine the enzymatic
activity of CetB, bacterial cell pellets were lysed in K2HPO4/KH2PO4


(pH 7.5, 25 mm) and NaCl (150 mm). The cell lysate was sonicated
for two 30 sec bursts (microson ultrasonic cell disruptor, Misonix,
Farmingdale, NY, USA) and clarified by centrifugation to yield the
cell-free extract. This mixture was further purified using Ni-NTA
agarose beads with elution buffer containing imidazole (300 mm).
The purified protein was dialyzed in dialysis buffer [K2HPO4/KH2PO4


pH 7.5 (25 mm)] (2 L) and visualized using SDS-PAGE (10 %) fol-
lowed by Coomassie staining. CetA was prepared as previouslyACHTUNGTRENNUNGreported.[12]


The enzyme assay (100 mL) was performed at 30 8C for 3 h in phos-
phate buffer (pH 7.5, 25 mm) containing purified CetA (30 mL,
0.3 mg mL�1) and cell free extract (30 mL) or purified CetB (30 mL,
0.3 mg mL�1), sedoheptulose 7-phosphate (5 mm), CoCl2 (0.05 mm),
NAD+ (1 mm), and KF (2 mm). The reaction products were extract-
ed with methanol using the same procedure as described for the
CetA enzymatic assay.[12] The substrate and the reaction product
were detected on silica gel TLC (SiO2, n-butanol/EtOH/H2O 9:7:4)
followed by staining with cerium sulfate/phosphomolybdic acidACHTUNGTRENNUNGsolution. The reaction products were mixed with a few drops of
SIGMA-SIL-A and dried under argon. The products were extracted
with n-hexane and analyzed by GC-MS (Hewlett Packard 5890
series II gas chromatograph). CetB was also incubated with differ-
ent substrates including 1 L-epi-2-inosose, d-(+)-gluconic acid
delta-lactone, mannose, shikimic acid, dehydroshikimic acid, and
amino-dehydroshikimic acid. For these reactions, CetB cell free ex-
tract (30 mL) was incubated with substrate (5 mm), CoCl2 (0.05 mm),
NAD+ (1 mm), and KF (2 mm) at 30 8C for 3 h in phosphate buffer
(pH 7.5, 25 mm). For metal ion analysis, the H99G CetB was pre-
treated with 0.1 mm 1,10-phenanthroline and incubated with 2-epi-
5-epi-valiolone (5 mm) in the presence of various metal ions
(2 mm). After a 2 h incubation, the protein was precipitated by
methanol (50 mL) and centrifuged at 12 000 rpm for 10 min. TheACHTUNGTRENNUNGsupernatant was collected and dried in vacuo. The product wasACHTUNGTRENNUNGanalyzed by TLC (SiO2, nBuOH/EtOH/H2O 9:7:4) and stained with
cerium-ammonium-molybdate (CAM) solution.


Synthesis of 2-epi-5-epi-valiolone and 5-epi-valiolone : 2-epi-5-epi-
Valiolone was synthesized enzymatically in a coupled reaction
using transketolase (EC 2.2.1.1, Sigma) and ValA[56] with ribose-5-
phosphate and hydroxypyruvate as the initial substrates. The
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enzyme reaction was performed at 30 8C in a total volume of
30 mL containing transketolase (0.5 units, Sigma), purified ValA
(9 mg), hydroxypyruvate (10 mm, Sigma), ribose-5-phosphate
(10 mm, Sigma), thiamine pyrophosphate (0.5 mm, Sigma), NAD+


(1 mm), MgCl2 (1 mm), CoCl2 (0.025 mm), NaF (2 mm), pH 7.6. The
reaction was monitored by TLC. The mixture was then applied to
Vivaspin 15R concentrator (Sartorius, Gçttingen, Germany) with a
membrane of 10 000 MWCO HY to remove the protein. The flow-
through was lyophilized, dissolved in ddH2O (1 mL), and subjected
to a Dowex 1 � 8 (Cl� form, Sigma) column chromatography. The
column was eluted with water and the fractions containing 2-epi-
5-epi-valiolone were pooled and lyophilized. 5-epi-Valiolone was
synthesized according to procedures reported previously[68] .


Gel filtration chromatography : CetB (1 mg mL�1) in potassium
phosphate buffer (pH 7.4, 25 mm, 200 mL) was applied to a HiLoad
26/60 Superdex 75 prep grade gel filtration column (GE Healthcare)
equilibrated with potassium phosphate buffer (pH 7.4, 25 mm),
NaCl (150 mm), fitted to a System Gold HPLC work station (Beck-
man, Fullerton, CA, USA). The column flow rate was 0.5 mL min�1.
Retention time of proteins, measured at 280 nm, was compared to
those of protein standards. The protein size was estimated by
making the standard curve of Kav to molecular weight. The Kav for
the individual proteins was calculated as follows: Kav =
(VR�VO)/ ACHTUNGTRENNUNG(VC�VO) where VO = void volume of the column. The void
volume was determined using Blue Dextran 2000. VR = elution
volume of the proteins and VC = the geometric bed volume
(320 mL).


CetB site-directed mutagenesis and metal cofactor analysis : Cir-
cular PCR was performed to create all the CetB single (H14G, E76G,
H98G, E151G) and double mutants (H14G/E76G, H14G/H98G,
H14G/E151G, E76G/H98G, E76G/E151G, H98G/E151G). The compo-
sition of the PCR was as follows: 10 � Taq Hi-fidelity polymerase
buffer (5 mL); dATP, dTTP, dGTP, and dCTP (125 nm each); primers
(125 ng each); plasmid pRSET B carrying the cetB gene (10 ng);
H2O (up to 49 mL) ; and Taq Hi-fidelity polymerase (Invitrogen; 1 mL,
2.5 U). The primers used for this study are listed in Table S2
(CetBMF1 and CetBMR1 for H14G; CetBMF2 and CetBMR2 for
H98G; CetBMF3 and CetBMR3 for E76G; CetBMF4 and CetBMR4
for E151G). For the double mutants, the single mutants were used
as templates and the same PCR strategy was used to create secon-
dary mutations. Following PCR, the mixtures were incubated with
DpnI (Promega; 1.5 mL, 15 U) for 3.0 h to selectively digest the me-
thylated parent plasmids, and the resulting PCR products were an-
alyzed by agarose gel (0.8 %) electrophoresis. The products were
transferred into DH10B competent E. coli cells with selection for re-
sistance to ampicillin (100 mg mL�1). Successful mutagenesis was
confirmed by DNA sequencing. Mutant plasmids were transformed
into E. coli BL21 ACHTUNGTRENNUNG(DE3)pLysS cells with selection for resistance to am-
picillin (100 mg mL�1) and chloramphenicol (20 mg mL�1).


All enzymatic characterizations of CetB mutants were performed in
a similar manner as that for CetB wild type. For the metal cofactor
analysis, CetB mutant H98G was used as this protein binds less
strongly to the metal cofactor. After 3 h reaction of CetA with se-
doheptulose-7-phosphate, 1,10-phenanthroline (1 mm) was added
and the mixture incubated on ice for 20 min. Different metal ions
were tested by adding solutions of their corresponding salts
(CoCl2, ZnCl2, MgCl2, MnCl2, FeSO4, NiCl2, CuSO4) (1.5 mm) into the
reaction mixture. The reaction was started by the addition of the
CetB mutant H98G and allowed to incubate for 3 h at 30 8C.


Metal ion analysis of CetB using inductively-coupled plasma op-
tical emission spectrometry : Freshly purified CetB was dialyzed


against metal ion-free Tris/HCl buffer pH 7.5 (50 mm) and the
sample containing 0.7 mg mL�1 of CetB was run on a Perkin–Elmer
Optima 2100DV inductively-coupled plasma optical emission spec-
trometer with a diode array detector. The dialysis buffer was used
as negative control. Metal-ion-free buffers were prepared by ex-
traction with a CHCl3 solution of dithizone (0.02 %, w/v).


Protoplast transformation and heterologous expression of ceto-
niacytone A biosynthetic gene cluster : To prepare S. lividans pro-
toplasts, spore suspension (0.1 mL) was added to YEME medium
(25 mL) in a baffled flask and incubated for 36–40 h at 30 8C. The
cells were harvested by centrifugation at 1000 g for 10 min and
washed twice with sucrose (10.3 %). The mycelia were then treated
with lysozyme solution (1 mg mL�1 lysozyme in P buffer[64]) at 30 8C
for 20 min. After lysozyme treatment, the cells were washed twice
with P buffer to remove lysozyme and then were passed through
sterilized cotton wool. The collected protoplasts were centrifuged
to a pellet at 1000 g for 7 min and resuspended in P buffer (1 mL).
The protoplasts were stored at �80 8C until further use.


The entire cetoniacytone A gene cluster was cut out from the
pCET2 using the SpeI and AflII restriction enzymes and ligated into
pWUX12b at XbaI and AflII restriction site. pWUX12b is a pSET152
derivative with a bla gene inserted in ApaI site and pACYC Duet-1
multiple cloning site replaced from BamHI to EcoRV site. The result-
ing plasmid was designated pWUX-CET2. pWUX-CET2 was then
transformed into three different S. lividans strains (1326, T7, TK24)
by protoplasts transformation. All transformants were confirmed
by PCR amplification of three fragments in the gene cluster (N-ter-
minal, mid-section, and C-terminal PCR products) with three sets
primers listed in Table S2 (LF, LR; CF, CR; and RF, RR). S. lividans har-
boring pWUX-Cet2 was grown in Erlenmeyer flasks containing
100 mL oatmeal medium and apramycin (50 mg mL�1). Fermenta-
tion was carried out in the same way as that of Actinomyces sp.
(strain Lu 9419). Metabolites from culture broth (1 L) were extract-
ed with Amberlite XAD-2. The crude extracts were examined by
LC-MS.


Accession number. The complete DNA and deduced protein se-
quences of cet genes reported in this paper have been deposited
in GenBank under the accession number EF120454.
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Introduction


Gastropod molluscs of the family Elysiidae in the
order Sacoglossa have acquired the ability to assimi-
late algal chloroplasts that can remain photosynthet-
ically active for several months in the mollusc
body.[1–3] Persistence of endosymbiont activy re-
quires synthesis of alga proteins in the cytoplasm of
the molluscs, thus suggesting that the sacoglossans
are able to acquire algal genes in addition to viable
plastids upon grazing.[4] With brilliant intuition,
Rumpho named these unusual forms of life “solar-
powered molluscs”.[1]


Chloroplasts acquired by Elysiids could be also in-
volved in the de novo biosynthesis of g-pyrone-con-
taining polypropionates, a family of polyketides that
are found in a few bacteria and fungi, which the
molluscs employ as sunscreen in heavily photophilic
habitats.[5] Since the first finding in 1978,[6] the intriguing struc-
tures and biological functions of elysiid polypropionates have
attracted the attention of chemists. The molecular network
that is found in the sacoglossans is prototyped by (�)-9,10-de-
oxytridachione (1), (�)-tridachione (2) and photodeoxytrida-
chione (3), which were first described in the late 1970s from
the Pacific Elysiids Tridachiella diomedea and Tridachia crispa-
ta.[6, 7] Higher homologues with eight propionate units or ace-
tate/propionate derivatives have been also reported in this
family of molluscs.[8–10] In addition, it is not uncommon for the
stereochemistry of these molecules to also vary in relation to
the animal from which the polypropionate was isolated.
Hence, the regular octapropionate skeleton of tridachiapyro-
ne A (4) from Tridachia crispata[8] is suggested to be an epimer
at C14 of isotridachiapyrone A (5) from the same animal, and
an enantiomer to (+)-elysione (6), which was found in Elysia
chlorotica[9] and Elysia viridis.[11] Finally, the in vivo[5] and in
vitro[7] light-dependent conversion of the regular heptapropio-


nate 1 into 3 has been described. The reaction has been exten-
sively studied,[12–14] and recently Jones and co-workers[15]


proved an unusual diradical mechanism that is triggered by
the photo-sensitizing activity of the g-pyrone moiety
(Scheme 1 A). More generally, several authors have suggested
that light irradiation can play a role in the formation of Elysiid
polypropionates and determines the chemodiversity that is
found in nature.


In the present paper, we study the factors that affect the
biosynthesis of elysione (6) and the novel epoxyelysione (7) in
Elysia viridis. Feeding experiments with 13C-labelled precursors
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Polypropionates that incorporate pyrones are a family of poly-
ketides featuring the chemistry of a few marine molluscs capable
of phototrophic CO2 fixation as a result of storing viable symbiot-
ic chloroplasts in their bodies. The role and origin of these mole-
cules is poorly investigated, although the unusual biologicalACHTUNGTRENNUNGactivities and chemistry of these natural products have recently
received renewed interest. Here, we report the results of in vivo
studies on production of g-pyrone-containing polypropionates in


the Mediterranean mollusc Elysia viridis. Biosynthesis of the me-
tabolites in the sacoglossan is shown to proceed through con-
densation of eight intact C3 units by polyketide synthase assem-
bly. LC–MS and NMR spectroscopic studies demonstrate that the
process involves a pyrone tetraene (10) as key intermediate,
whereas the levels of the final polypropionates (6, 7 and 9) are
related to each other and show a significant dependence upon
light conditions.
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have been used to unambiguously determine the biosynthesis
of the polypropionate skeleton. Furthermore, we describe the
effect of light on the polyketide synthesis with the aim to pro-


vide a functional rationale for
polypropionate production in
the invertebrate.


Results


Isolation and characterisation
of mollusc metabolites.


E. viridis is a Mediterranean
shell-less mollusc that lives in
photophilic habitats and feeds
on the algae Codium vermilara
and Bryopsis plumosa. The bio-
synthetic study was comple-
mented by a complete charac-
terisation of the mollusc poly-
propionates. In particular, 2D
NMR spectroscopic experiments
on (+)-elysione (6) led to the
first full NMR spectroscopic as-


signment of the molecule that was isolated from Dawe and
Wright in 1986 (Table 1).[9] As a result of the recent synthesis of
(�)-crispatene (8),[16] the absolute stereochemistry of the cyclo-


Scheme 1. Proposed diradical mechanism for the skeleton rearrangement of cyclohexadiene into bicyclo-ACHTUNGTRENNUNG[3.1.0]hexene in propionates from marine sacoglossans (according to ref. [15]).


Figure 1. Observed labelling of elysione (6) after feeding experiments with sodium [1-13C]propionate. 13C NMR spectra of natural (bottom) and 13C-enriched
(top) samples. The insert shows the incorporation pattern of the mollusc polypropionate (numbers indicate the labelled carbons). The dark triangle shows the
unlabelled signal (C2) that was used as an internal reference for calculating the 13C-enrichment yield.
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hexadiene ring in (�)-9,10-deoxytridachione (1), tridachiapyro-
ne A (4) and its enantiomer, (+)-elysione (6), is predictable as
depicted. Furthermore, following the arguments of Ksebati and
Schmitz,[8] the configuration at C14 of 6 is suggested to be S.


Along with (+)-elysione (6), the lipid extracts of the mollusc
also contained a novel minor metabolite, which was character-
ised as 9,10-epoxyelysione (7, 0.04 mg/specimen) [HRMS (ESI+):
m/z calcd for C25H34O5Na+ : 437.2304 [M+Na]+ ; found:
437.2285]. For the most part, the two regular polypropionates
6 and 7 have the same NMR spectroscopic signals, except in 7
the double bond C9/C10 has been replaced with a trisubstitut-
ed oxirane (Table 1). Accordingly, the NMR spectra of 7 shows
an oxygen-bearing carbon atom at 57.9 ppm (C9) that is linked
to a 1H singlet at 3.10 ppm (H9). This latter signal had long-
range hetero-correlation with the quaternary carbons at 60.7
(C10) and 128.9 ppm (C8). Careful study of NOEs indicates that
the oxygen of the epoxide ring and H11 of 7 are cis, as are the
largest substituents at C6 and C11 (see the Supporting Infor-
mation); this suggests a relative configuration that is identical
to that previously described for tridachione (2).[6] Likewise, 1H
and 13C NMR spectroscopic data of the cyclohexene core in 7
and 2 were almost identical, thus corroborating the above as-
signment. On the other hand, (+)-epoxyelysione (7) ([a]D =+


54.3, CHCl3) and (�)-tridachione (2) ([a]D = - 113.3, CHCl3) are
presumably enantiomeric at C6, C9, C10 and C11, as are (+)-
elysione (6) and (�)-deoxytridachione (1).[9] The similarity in
chemical shifts for H3-24 in 6 and 7 (1.02 and 1.04 ppm, respec-


tively) argues for the same absolute stereochemistry of S at
C14.


In vivo feeding experiments with labelled probes


To address the biosynthesis of polypropionates in Elysia, live
molluscs were injected with sodium [1-13C]propionate (6 mg in
40 mL distilled water per specimen). Incorporation of the la-
belled material was determined by comparing the peak area of
corresponding signals (normalised to C2, 98.8 ppm) in the
spectra of isotopically labelled and natural-abundance elysione
(6 ; Figure 1). Signals of carbon atoms C1 (161.7 ppm), C3
(181.5 ppm), 5 (160.7 ppm), C7 (124.0 ppm), C9 (122.8 ppm),
C11 (59.6 ppm), C13 (128.7 ppm) and C15 (212.2 ppm) mani-
fested an average increase of 30 % (Table 1). As showed in the
insert of Figure 1, the enriched positions correspond to C1 of
propionate and prove the specific incorporation of exogenous
intact C3 units in the skeleton of the mollusc metabolite.


Photoreactivity of Elysia propionates : The photochemical rear-
rangement of marine propionates containing the 1,3-cyclohex-
adiene moiety to the corresponding bicyclo ACHTUNGTRENNUNG[3.1.0]hexene skele-
ton was first described by Ireland and Faulkner, who photo-
lysed deoxytridachione (1) to photodeoxytridachione (3) by
using artificial illumination.[7] Similar skeleton rearrangements
are rather common, and in the last years several additionalACHTUNGTRENNUNGexamples have been described in the sacoglossan chemis-
try.[10, 17, 18] To test the photochemical stability of Elysia propio-
nates, elysione (6 ; 2.1 mg) and epoxyelysione (7; 0.3 mg) were


Table 1. NMR spectroscopic data of major polypropionates of Elysia viridis and 13C-incorporation of elysione (6) after feeding experiments with sodiumACHTUNGTRENNUNG[1-13C]propionate.


6 7
1H d[b] , m 13C (ppm) Area increase[a] [%] 1H d, m 13C (ppm)


1 161.7 38.8 161.6
2 98.8 Int. Std 98.2
3 181.5 54.5 181.2
4 119.6 – 118.5
5 160.7 44.9 159.7
6 47.1 – 46.7
7 5.61, s 124.0 12.1 5.99, s 129.2
8 127.8 – 128.5
9 5.70, s 122.8 25.7 3.10, s 57.9


10 133.9 – 60.7
11 2.79, s 59.6 13.8 2.95, s 56.2
12 135.6 – 136.0
13 5.06, d, J = 9.4 Hz 128.7 20.5 5.22, d, J = 9.0 Hz 129.5
14 3.19, m 45.5 – 3.19, m 44.8
15 212.2 30.5 212.0
16 2.09, m 34.3 – 2.01, bq, J = 7.1 Hz 34.6
17 0.88, t, J = 7.0 Hz 7.6 – 0.88, t, J = 7.1 Hz 7.3
18 1.81 6.9 – 1.78, s 6.6
19 2.09 12.4 – 2.07, s 12.0
20 1.43 27.1 – 1.58, s 31.9
21 1.80 21.5 – 2.02, s 21.8
22 1.71 22.1 – 1.31, s 22.1
23 1.46 14.1 – 1.47, s 12.5
24 1.02, d, J = 6.8 Hz 16.2 – 1.04, d, J = 6.8 Hz 16.0


OMe 3.97 55.4 – 55.0


[a] Calculated on peak area as follows: Increase = (labelled signal�natural signal)/natural signal. [b] In agreement with ref. [11] . Int. Std = signal used to nor-
malise spectra of natural and labelled 6.
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dissolved in benzene and exposed to direct sunlight (800–
1200 mE m�2 s�1) at 4 8C for 3 h. Under these conditions, ely-
sione gave a plethora of photoproducts, the major ones of
which were attributable to a family of compounds with a mo-
lecular weight of m/z 421 ([M+Na]+) and a UV maximum at
264 nm by LC–MS (Figure 2). Epoxyelysione (7), on the other
hand, was recovered unaffected.


Extensive NMR spectroscopic analysis of the mixture of
products that were generated by photorearrangement of ely-
sione led to the identification of a major compound (9), which
shows 1H and 13C spectroscopic resonances that are remarka-
bly similar to those of (�)-crispatene (8).[16] In particular, the
typical bicyclo ACHTUNGTRENNUNG[3.1.0]cyclohexene core was unequivocally char-
acterised by HSQC and HMBC (J = 7 and 10 Hz) spectroscopy,
which showed the correlation of the quaternary cyclopropyl
carbon atoms at 40.7 ppm (C6) and 31.8 ppm (C8) with theACHTUNGTRENNUNGangular methyl groups H3-21 (1.19 ppm) and H3-20
(1.10 ppm).[10, 16] This latter signal also had a very diagnostic
correlation with C5 (160.9 ppm) of the g-pyrone moiety.ACHTUNGTRENNUNGAccording to these data, the olefinic carbons (143.3 and
128.9 ppm,) of the cyclopentene ring revealed the typical


downfield shift compared to those in cyclohexene or cyclohex-
adiene systems.[19] Except for the vinyl singlet at 5.37 ppm (H9)
and the broad doublet at 5.25 ppm (J = 9.4; H13), the other
signals are identical to that of 6. It was not possible to isolate
the novel product, but in consideration of the similarity of the
NMR spectroscopic data with (�)-crispatene (8), combined
with the origin of this molecule from photorearrangement of
the cyclohexadiene system of (+)-6 (Scheme 1 B), we suggest
that 9 might be the enantiomer of the product that was isolat-
ed from Tridachia crispata[7] and synthesised by Trauner.[16] The
remaining LC–MS peaks with retention times ranging from
16 min and 22 min (Figure 2 A) included unreacted elysione (6,
tR = 19.36 min) together with minor, uncharacterised isomers
that are probably derived from the diradical intermediate that
was suggested by Trauner and Jones (Scheme 1).[15]


Light-induced effect on living animals


Elysia viridis was collected by scuba diving off the Gulf of
Naples. The animals were transferred to our institute in an aer-
ated tank and then kept in an aquarium for three weeks with


Figure 2. Effect of light exposure on sacoglossan polypropionates. RP-ESI+ LC–MS analysis of pure natural products that were exposed to direct sunlight
(800–1200 mE m�2 s�1) at 4 8C: elysione (6) A) after and B) before light exposure; epoxyelysione (7) C) after and D) before light exposure. The family of isomeric
products that is centred around 18.5 min in (A) is associated with mass peaks m/z 421 ([M+Na]+) and UV lmax = 264 nm. Minor peaks (5 min< tR<15 min) in
profiles (A) and (C) have MS and UV data that do not correlate with polypropionate structures.
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cycles of 14 hours of light and ten hours of dark to allow accli-
mation before experiments started. A group of four specimens
was then kept in darkness for 60 hours, whereas a second
group of five animals was acclimated to continuous light (UV-B
plus visible light, 350 mE m�2 s�1) for 60 hours. Figure 3 shows
the chromatographic profiles of lipid extracts from “dark” and
“light” molluscs. Levels of elysione (6) and epoxyelysione (7)
were significantly different under the two experimental condi-
tions, as the former compound was much more abundant in
light-acclimated animals. In addition to elysione (tR = 19.5 min)
and epoxyelysione (tR = 12.2 min), the extracts of the animals
that were kept in the dark showed a peak that eluted later
under reverse-phase conditions (tR = 22.2 min). This peak,
which is absent in control animals (not shown) was associated


with a molecular ion at m/z 399 ([M+H]+) and exhibited UV
maxima at 277 and 312 nm, which is consistent with the pres-
ence of the g-pyrone ring and octatetraene system, respective-
ly (Figure 4). The two chromophores are almost independent,
as has been reported with other polypropionates with a similar
molecular arrangement.[20] The data presented above are con-
sistent with a structure of the type 10, which is a polyunsatura-
ted product that has already been suggested to be a putative
precursor of propionate skeletons in sacoglossans.[12, 14, 21]


Discussion


Some molluscs of the order Sacoglossa have acquired the abili-
ty of phototrophic CO2 fixation as a result of kleptoplasty.[3] Ire-


land and Scheuer[5] suggested
that a significant part of the
fixed carbon could be directed
to the biosynthesis of pyrone-
containing propionates. The
present data demonstrate that
E. viridis employs propionate,
probably as methyl malonate-
CoA, for the construction of the
regular polyketide skeleton of
elysione (6) (Figure 1). Formally,
the molecule arises from seven
rounds of elongation by starting
from a propionic unit
(Scheme 2). This result rigorous-
ly confirms the involvement of
intact C3 unit in polypropionate
biosynthesis in marine mol-
luscs,[10, 21] thus ruling out the
pathway that proceeds through
acetate and S-adenosyl methio-
nine that operates in fungi.[22]


Active biosynthesis of
pyrone-containing propionates
in sacoglossans has been relat-
ed to a photoprotective
role.[5, 15, 21] Following these argu-
ments, we have tested the influ-
ence of light on the propionate
levels of E. viridis. Irradiation of
elysione (6) with direct sunlight
(800–1200 mE m�2 s�1) induces a
photorearrangement of the pro-
pionate skeleton, which leads to
a complex family of isomeric
compounds that have m/z 421.2
([M+Na]+ for C25H34O4 ; Fig ACHTUNGTRENNUNGure 2).
In addition to a residual amount
of 6, the mixture is ACHTUNGTRENNUNGdominated
by a bicyclo ACHTUNGTRENNUNG[3.1.0]hexene skele-
ton that can be attributed to
ent-crispatene (9) on the basis
of the radical mechanism that is


Figure 3. ESI+ LC–MS on reverse-phase column of extracts from animals that were kept for 60 h under UV-B and
visible light (350 mE m�2 s�1) (A) (n = 5) and in the dark (B) (n = 4). The insert shows the levels of elysione (6) and
epoxyelysione (7), expressed as ponderal ratio, under the two experimental conditions. Epoxyelysione (7),
tR = 12.1 min; elysione (6), tR = 19.5 min; compound 10, tR = 22.2 min.


Figure 4. Characterisation of the chromatographic peak (tR = 22.2 min) that was detected in specimens of Elysia
viridis that were kept in the dark for 60 h (see Figure 3 B). The ESI+ MS spectrum shows a pseudomolecular ion at
m/z 399 ([M+H]+) in complete agreement with the molecular formula of C25H34O4, which was calculated for 10.
The insert reports the UV spectrum that is associated with the chromatographic peak.
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proposed for rearrangement of sacoglossan polypropionates
(Scheme 1 B).[15] Unlike the results that were obtained by Ire-
land and Faulkner with 1,[7] the presence of several isomers
(Figure 2 A) suggests that photolysis of 6 does not proceed in
a specific manner.


In contrast, epoxyelysione (7) was practically unaffected
under the same light conditions (Figure 2 C, D) as a result of
the absence of the cyclohexadiene moiety. The stability of 7
also suggests that this molecule does not have a direct role in
limiting the adverse effects that are due to light overexposure.
Nevertheless, biosynthesis of epoxyelysione (7), as much as
that of elysione (6), seems to be strongly affected by light
(Figure 3). In fact, exposure of live molluscs to non-stressing
levels of light (350 mE m�2 s�1) does not induce detectable rear-
rangement of the cyclohexadiene skeleton but changes signifi-
cantly the weight ratio between the two molecules, with an in-
crease of the levels of elysione (6) relative to that of epoxyely-
sione (7). Assuming the occurrence of a single biosynthetic
pathway (Scheme 2), it is possible that the physiological levels
of the two molecules depends on regulatory mechanisms that
operate on the final products of the polyketide synthesis, after
their release from the putative polyketide synthase. Structural
analysis of 6 and 7 reveals that stereochemistry at C6 and C11
is conserved, as it is in the metabolically equivalent pair that is
formed by 9,10-deoxytridachione (1) and tridachione (2) of
P. ocellatus[5] and T. diomedea.[7] Such stereochemical traits sug-
gest that the interconversion of 6 to 7, as well as 1 to 2, might
occur by enzymatic epoxidation or de-epoxidation of the
double bond at C9/C10 in response to light (Scheme 2). Fol-
lowing this line of reasoning, the equilibrium between 6 and 7
might represent a physiological control of the photoprotectant
pool (i.e. , elysione, 6) through a process that resembles epoxi-
dation and de-epoxidation of xanthophylls in higher plants,
chlorophyta and phaeophyceae.[23]


In dark-acclimated molluscs,
we observed the presence of a
new compound with structural
characteristics that agree with
one of the cis/trans isomers of
10 (Figure 4). Electrocyclic reac-
tions of labile tetraenes have
been used for the organic syn-
thesis of complex polycyclic an-
alogues of mollusc cyclohexa-
diene propionates;[12–14, 17] this
suggests that the polyketide
chemodiversity that is found in
worldwide opisthobranch mol-
luscs[24] stems from a common
polyene–pyrone precursor.[25]


On the other hand, recent ge-
netic studies have proven that
formation of the pyrone ring is
due to spontaneous cyclisation
that occurs after release of the
polyketide chain from the thio-


template.[26a] On these grounds, it is likely that non-methylated
precursor of 10, such as 11 or a diasteromeric analogue, is the
direct product of the putative PKS that presides in the polypro-
pionate biosynthesis in the Elysiid mollusc (Scheme 2). Because
a similar mechanism should also take place for the synthesis of
9,10-deoxytridachione (1) from a chiral polyene, it is worth
noting that the electrocyclisation reaction that generates the
chemodiversity of Elysiid polypropionates must involve an en-
zymatic catalysis, as has been already suggested by Darias and
co-workers.[17]


Conclusions


Our data suggest a clear picture for the biosynthesis of poly-
propionates in E. viridis (Scheme 2). That is, the release of
pyrone–polyene such as 11 from a putative PKS is followed by
methylation of the pyrone ring[26] with formation of the unsta-
ble intermediate 10. Enzymatic cyclisation of this last product
leads to the hexadiene core of elysione (6) that is in equilibri-
um with the photochemically inactive epoxide 7. The equilibri-
um has a key role in regulating the physiological availability of
6, which is the compound that is responsible for the photopro-
tective activity as suggested by several authors. In this view,
elysione (6), epoxyelysione (7) and the intermediate 10 form a
light-dependent reaction network that regulates the synthesis
of the polypropionates and permits a quick activation of the
protective process. The polypropionate cycle might then com-
plement the photoprotective role of algal chloroplast pig-
ments, thus justifying the preservation of the committed bio-
synthetic pathways in the Elysiid mollusc.


Experimental Section


General. Optical rotations were measured on a Jasco DIP-370 digi-
tal polarimeter. UV spectra were obtained on an Agilent 8453 spec-


Scheme 2. Proposal of biosynthesis and photoprotective mechanism of elysione (6) and other structurally related
propionates of Elysia viridis. SAM = S-adenosyl methionine. PKS = polyketide synthase.
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trophotometer. NMR spectra were recorded on a Bruker Avance
DRX 600 that was equipped with a cryoprobe operating at
600 MHz for proton and CHCl3 (dH = 7.26, dC = 77.0 ppm) or C6HD5


(dH = 7.16, dC = 128.0 ppm) were used as reference. Mass spectra
were acquired on a microQ-Tof mass spectrometer (Waters) that
was equipped with an ESI source and a lock–spray apparatus for
accurate mass measurements. Solvents were distilled prior to use.


Collection of the sacoglossans. E. viridis (25 specimens) was col-
lected by scuba diving at depths of 2–4 m at Lucrino lake, a salt
lagoon in northern area of the Gulf of Naples. 18 specimens were
divided into groups (see below) and kept alive in aquaria (300 L of
marine water) for 2 weeks with regular cycles of light and dark
(14 L:10 D) to allow acclimatisation. The remaining molluscs were
treated as controls (7 specimens) and not subjected to any experi-
ment. These animals were frozen in liquid N2 and kept at �80 8C
until analysis.


Extraction and isolation of polypropionates. Frozen molluscs
were extracted with acetone (3 � 20 mL). The organic solvent was
removed under reduced pressure and the aqueous residue was
partitioned with Et2O (5 � 15 mL). The resulting extract was dried
(2.2 mg per specimen) and purified by silica gel chromatography
by using increasing amounts of Et2O in petroleum ether. Fractions
that eluted with petroleum ether/Et2O 7:3 contained elysione (6 ;
300 mg per specimen), whereas 9,10-epoxyelysione (7; 40 mg per
specimen) was eluted with petroleum ether/Et2O 50:50.


Elysione (6): Colorless oil. C25H34O4. [a]D =+ 156.3 (c = 0.29, CHCl3);
for 1H and 13C NMR spectroscopy data (CDCl3) see Table 1.


9,10-Epoxyelysione (7). Colorless oil. C25H34O5. [a]D =+ 54.3 (c =
0.03, CHCl3) ; for 1H and 13C NMR spectroscopy data (CDCl3) see
Table 1. 1H NMR (C6D6, 290 K): d= 5.71 (H7), 5.08 (H13), 3.31 (OMe),
2.85 (H14), 2.74 (H11), 2.72 (H9), 2.15 (H3-19), 2.12 (H3-18), 1.91, 1.83
(H2-16), 1.64 (H3-21), 1.52 (H3-20), 1.26 (H3-23), 1.16 (H3-22), 0.94 (H3-
17), 0.92 ppm (H3-24); 13C NMR (C6D6, 290 K): d= 210.2 (C15), 180.7
(C3), 161.6 (C1), 161.0 (C5), 136.0 (C8), 133.6 (C12), 129.8 (C13),
129.4 (C7), 119.7 (C4), 98.5 (C2), 60.7 (C10), 57.6 (C9), 56.9 (C11),
54.5 (OMe), 47.0 (C6), 44.6 (C14), 33.7 (C16), 31.8 (C20), 22.4 (C22),
21.8 (C21), 16.6 (C24), 12.4 (C23), 7.7 (C19), 7.4 (C17), 7.2 ppm
(C18); UV ACHTUNGTRENNUNG(MeOH) lmax = (e): 253 (12750); HRMS (ESI): calcd m/z for
C25H34O5Na+ : 437.2304 [M+Na]+ ; found: 437.2285.


Feeding Experiment. Nine specimens of E. viridis were acclimated
in an aquarium with marine water for 10 days. Then, the animals
were injected by syringe with 6 mg sodium [1-13C]propionate
(50 mL of a solution of 240 mg labelled propionate in 2 mL distilled
water) every second day for 1 week (about 24 mg per specimen of
labelled precursor). On day 8, the animals were frozen and extract-
ed as described above. The 13C NMR spectrum of labelled elysione
(6 ; 250 mg per specimen) was recorded at 150 MHz in CDCl3


(0.7 mL) with an interval delay of 3 s (ns = 40 000).


Photo-reactivity of Elysia propionates. Elysione (6) (2.1 mg) was
dissolved in C6D6 (0.7 mL) in an end-capped NMR tube under an
argon atmosphere. Following Ireland and Faulkner,[7] the solution
was exposed to direct sun light at 4 8C for 3 h. The reaction mix-
ture was directly analysed by NMR spectroscopy in the same sol-
vent, then dried under N2 and re-analysed in CDCl3 by an entire set
of 2D NMR spectroscopic experiments, including COSY, TOCSY,
HSQC and HMBC (J = 7 and 10 Hz). Afterwards, the sample was
transferred to a vial and dried under reduced pressure. The residue
was dissolved in MeOH to a concentration of 0.2 mg mL�1 and ana-
lysed by LC–MS (ESI+) by using a linear gradient from MeOH/H2O
7:3 to 100 % MeOH in 30 min. Epoxyelysione (7; 0.3 mg in 0.7 mL


C6D6) was subjected to the same procedure and analysed under
the same LC–MS conditions. Compound 9 1H NMR (CDCl3, 290 K):
d= 5.37 (H9), 5.25 (H13), 2.73 (H11), 1.19 (H3-21), 1.10 ppm (H3-20);
13C NMR: d= 160.9 (C5), 143.3 (C10),128.9 (C9), 58.9 (C11) 40.7 (C6),
31.8 ppm (C8). The remaining signals of 9 were not diagnostic be-
cause of the overlapping with the resonances of elysione (6).


Light-induced effect on living animals A group of 5 animals was
transferred to a 5 L aerated tank and exposed to artificial light
(UV-B plus visible light, 350 mE m�2 s�1) at 21 8C for 60 h, whereas
another group of 4 specimens was kept in the dark under the
same experimental conditions. Both groups were then frozen and
each specimen was separately extracted as described above. The
organic extracts were dissolved in MeOH to a final concentration
of 0.2 mg mL�1 and analysed by LC–MS ACHTUNGTRENNUNG(ESI+) as reported above.
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Introduction


Natural products are considered to be biologically
validated lead structures. Compounds with novel or
enhanced biological properties are expected from
the generation of structural diversity in natural prod-
uct libraries. Cyclodepsipeptides (CDPs) represent an
important category of natural peptide products that
are characterised by the occurrence of at least one
ester linkage. The great interest that this class of nat-
ural products has elicited is explained by the broad
range of biological activities, including antitumour
(destruxins A, B and E),[1] antibacterial (ramoplanin),
antifungal (W493A and B),[2] insecticidal (verticillide)[3]


or anthelmintic activities (PF1022A).[4] Helminths, in-
cluding parasitic nematodes, cause significant health
problems in both humans and animals and thus are
a cause of diseases such as epileptic seizure and al-
lergic shock or even onchocerciasis.[5] In this context,
development of anthelmintic drugs is an important
matter because many nematodes have become re-
sistant to traditional anthelmintics, including benzi-
midazole derivatives and macrocyclic lactones, for
example, avermectin.[6] In the course of a directed
screening for anthelmintic properties Sasaki et al.
isolated the N-methylated cyclodepsipeptide PF1022A
(Scheme 1), which is produced by the fungus Mycelia sterilia.[7, 8]


PF1022 belongs to a class of CDPs[9] that consist of an alternat-
ing arrangement of four N-methyl-l-leucines and a varying
content of a-d-hydroxy acids, from four d-lactates (PF1022F)
to four D-phenyllactates (PF1022B), respectively (Scheme 2). A
semisynthetic derivative of PF1022, emodepside, is currently
used as a highly effective drug against helminths.[10, 11] Structur-
ally, PF1022 is related to CDPs, like the cyclohexadepsipeptides
enniatin (Fusarium scirpi)[12] and beauvericin (Beauveria bassi-
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The nonribosomal peptide synthetase PF1022-synthetase (PFSYN)
synthesises the cyclooctadepsipeptide PF1022 from the building
blocks d-lactate, d-phenyllactate and N-methylleucine. The sub-
strate tolerance of PFSYN for hydroxy acids was probed by in
vitro screening of a set of aliphatic and aromatic a-d-hydroxy
acids with various structural modifications in the side chain.


Thus, new PF1022 derivatives for example, propargyl-d-lactyl-
PF1022 and b-thienyl-d-lactyl-PF1022 were generated. The pro-
miscuous behaviour of PFSYN towards aliphatic and aromatic
a-d-hydroxy acids is considerably larger than that of related en-
niatin synthetase (ESYN) and thus gives rise to the enzymatic
generation of various new PF1022 derivatives.


Scheme 1. Structures of the cyclohexadepsipeptides A) enniatin B, B) beauvericin and the
cyclooctadepsipeptides C) bassianolide and D) PF1022A.
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ana) and the cyclooctadepsipeptide bassianolide (Beauveria
bassiana),[13, 14] with various hydrophobic a-hydroxy and a-
amino acid side chains (Scheme 1). All of these CDPs are syn-
thesised by a corresponding nonribosomal peptide synthetase.
The nonribosomal peptide synthetase of PF1022 is PFSYN
(350 kDa), which accepts l-leucine, d-lactate, d-phenyllactate,
S-adenosyl-l-methionine (AdoMet), and ATP as substrates. The
domain structure of the PFSYN is analogous to that of ESYN.[17]


It consists of two modules (MA and MB); MA is responsible for
a-d-hydroxy acid activation and MB for l-amino acid activation
and N-methylation.[15] Both modules activate their substrates as
pantetheine-derived thioesters via the corresponding acyl ade-
nylates. The process of substrate activation starts with the rec-
ognition step by the adenylation domains of modules MA and
MB. The specificity of these domains is responsible for the se-
lection of the a-l-amino and a-d-hydroxy acids that are incor-
porated into the depsipeptide ring. PF1022 is synthesised in an
iterative process by forming a linear depsipeptide from inter-
mediate dipeptidol building blocks, which are finally con-
densed head-to-tail to form and thus finalise the cyclooctadep-
sipeptide. In this process a third protein-bound pantetheine
group is involved by acting as a “waiting position” for the
growing peptide chain.[16] N-Methylation is catalysed by a N-
methyltransferase domain with S-adenosyl-l-methionine as a
methyl donor. Omission of AdoMet yields the corresponding
desmethyl PF1022 analogue, and at low concentrations of the
methyl donor AdoMet, partially methylated PF1022A is pro-
duced. The occurrence of five natural derivatives, PF1022A–F,
which vary in their content of d-lactate and d-phenyllactate


implies a lowered a-hydroxy
acid specificity of the adenyla-
tion domain of module MA.[17]


Recently, our group has estab-
lished the in vitro synthesis of a
number of enniatin derivatives
that are catalysed by ESYN by
probing the a-hydroxy acid
binding pocket.[18] A considera-
ble number of a-d-hydroxy
acids has been accepted as sub-
strates, thus enabling a remark-
able structural diversity in newly
generated enniatins to be gen-
erated. Herein we report an ex-
tension of this in vitro approach
to PFSYN (Scheme 2). In contrast
to the a-hydroxy-acid-activating
domain of enniatin synthetase
ESYN, the corresponding do-ACHTUNGTRENNUNGmain of PFSYN accepts both d-
lactate (d-Lac) and the sterically
demanding aromatic d-phenyl-
lactate (d-PheLac).[19] In order to
evaluate the substrate specificity
of the a-d-hydroxy acid activat-
ing domain of PFSYN, a set of
thirty-three a-d-hydroxy acids


was synthesised that bear various modifications in the side
chain (see Supporting Information).


Results and Discussion


For in vitro synthesis, PFSYN was incubated with l-Leu, ATP,
Mg2 + and the corresponding a-d-hydroxy acid in mm concen-
trations. [14C-methyl]-AdoMet was used as a radiolabel. Under
these conditions PFSYN was under substrate saturation, and
this allowed us to estimate the corresponding relative kcat


values from the initial velocity measurements. The radioactive
PF1022 analogues that were generated were extracted with
EtOAc and subjected to scintillation counting. To proof the for-
mation of PF1022 analogues, autoradiographs of TLC separa-
tion were performed for conversions with a-d-hydroxy acids.
An additional characterisation was performed by means of
HPLC–ESI-MS and MS/MS analyses. In this case unlabeled
AdoMet was used (see Supporting Information). Figures 1 and
2 show incorporation of propargyl-d-lactic acid (16) andACHTUNGTRENNUNGthienyl-d-lactic acid (28) into the cyclooctadepsipeptide ring
to yield “propargyl-d-lactyl-PF1022” and “thienyl-d-lactyl-
PF1022’ ”, respectively.


Probing substrate tolerance of PFSYN toward a-d-lactate
and analogues


In order to deduce substrate–enzyme activity relationships var-
ious a-d-hydroxy acids were used to probe the substrate toler-
ance of PFSYN. In the first test panel only aliphatic a-hydroxy


Scheme 2. Assay for the in vitro generation of new PF1022 derivatives (here PF1022B and F) from a-d-hydroxy
acid (d-Lac/d-PheLac), l-Leu, ATP and AdoMet. Modular sketch of the domains architecture of PF1022 synthetase
PFSYN: C (condensation), A (adenylation), T (thiolation), M (methylation).
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acids were tested. Scheme 3 shows the relative kcat of aliphatic
a-d-hydroxy acids incorporated into the cyclooctadepsipeptide
ring compared to the natural substrate d-lactate (1; defined as
100 %). As can be seen, PFSYN has a relaxed substrate toler-
ance towards substrates other than lactate (1). Tolerated sub-
stitutions of the methyl side chain of lactate include the chlor-
omethyl derivative 2, which shows the highest activity (174 %),
fluoromethyl derivative 3 (166 %) and bromomethyl derivative
4 (121 %). Interestingly, the propargyl residue of 16, which has
an activity of 156 % is a significantly better substrate than the
corresponding saturated derivative 6. Elongation of the ali-
phatic chain to linear analogues with ethyl (analogue 5), n-
propyl (analogue 6), and n-butyl (analogue 7) side chains do
not affect PFSYN activity (93 %, 110 % and 100 %, respectively).
Substitution of the terminal methylene group in the side chain
of 7 by sulfur, which gives analogue 8, even raises the activity
to 112 %; however, branched aliphatic side chains in the 2-posi-
tion such as isopropyl analogue 12 (60 %), tert-butyl com-


pound 15 (54 %), or in the 3-position, as in isobutyl
compound 9 (59 %) and neopentyl analogue 10
(68 %), show significantly reduced activities.


A branched side chain of opposite configuration
in 2-position, as exemplified by compound 13,
which has a sec-butyl group with a R,R configuration
is moderately accepted by the enzyme (51 %), but a
complete loss of activity (0 %) was observed for the
corresponding analogue 14, which is derived from
allo-Ile and has a R,S configuration. Side chains with
H-bonding capability, which are exemplified by com-
pound 11 significantly reduce PFSYN activity (73 %).


Probing substrate tolerance of PFSYN toward
a-d-phenyl lactate and analogues


In the second test panel mono- and multinuclear ar-
omatic as well as heterocyclic a-d-hydroxy acids
were tested. In addition a-d-hydroxy acids with cy-
clohexane side chains were included in the assay in


order to evaluate conformational influences of six-
membered rings. Scheme 4 shows the relative kcat


values of the a-d-hydroxy acids that are incorporat-
ed into the cyclooctadepsipeptide ring compared to
the natural substrate, d-phenyl lactate 17 (defined
as 100 %). As can be seen, PFSYN allows extensive
modifications of the phenyllactate core, for instance
the 4-bromo analogue 19 (101 %), the 4-fluoro ana-
logue 20 (85 %) and the 4-chloro compound 21
(82 %) are well tolerated. Interestingly, the penta-
fluoro derivative 18 shows the highest activity of all
the phenyllactates (209 %). Substitution of the para
position by a nitro group (30) raises the activity to
120 %, whereas para substitution by a cyano group
(31) reduces the activity to 65 %. Chain elongation
by one methylene group (e.g. , 24) or truncation by
one methylene group, as in 25, reduces PFSYN activ-
ity slightly to 87 and 74 %, respectively. Introduction
of sterically demanding biphenyl group in com-


pound 26 (47 %), naphthyl in 27 (42 %) and even diphenyl-
methyl groups in 32 (49 %) are tolerated, but the activity is sig-
nificantly reduced. Most remarkably, the substitution of phenyl
with thienyl in compound 28 gave a considerable activity of
120 %. In contrast, imidazole substitution in 29 caused a dra-
matic loss of activity (42 %); this is probably due to the slightly
basic character of the imidazole side chain. Finally, aliphaticACHTUNGTRENNUNGcyclohexyl substituents in the 2-position (as in compound 23)
or 3-position (22) reduce the reactivity (88 and 67 %, respec-
tively).


Conclusions


Properties of the a-d-hydroxy acid binding pocket


The data on the relative enzymatic activities of PFSYN that are
presented in Schemes 3 and 4 suggest that the a-d-hydroxy-
acid-recognizing module MA of PFSYN has an enormous sub-


Figure 1. In vitro synthesis of propargyl-d-lactyl-PF1022 is catalysed by PFSYN: Incorpora-
tion of b-propargyl-d-lactate. A) Extracted ion chromatogram of the HPLC-ESI-MS, B) au-
toradiograph of the TLC separation showing enzymatically synthesised PF1022F (PFF),
PF1022B (PFB) and propargyl-d-lactyl–PF1022. C) MS–MS spectrum of propargyl-d-lactyl-
PF1022; calcd: 893.48 [M+H]+ ; found: 893.5.
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strate tolerance towards both aliphatic and aromatic amino
acids. A qualitative comparison to enniatin synthetase ESYN
shows that PFSYN is significantly less restrictive in its accept-
ance of structurally diverse a-d-hydroxy acids.[13, 18]


A closer look at activity differences gives the following pic-
ture: the a-d-hydroxy acid recognition site is relatively insensi-
tive towards substitutions at the 2-position, albeit linear non-
branched aliphatic chains (e.g. compounds 6–8) are clearly pre-
ferred over sterically demanding methyl substituents (e.g. com-
pounds 12 and 15). Interestingly, the R enantiomer of 13 with
the sec-butyl group is a moderate substrate whereas the SACHTUNGTRENNUNGenantiomer 14 is inactive. This enantioselectivity is paralleled
by ESYN,[18] and as a consequence with regard to enantioselec-
tivity, homologous a-hydroxy acid recognition sites can beACHTUNGTRENNUNGassumed for this structural motif. Halogenated lactates, which
are represented by 3-chloro-, 3-fluoro- and 3-bromolactate


(compounds 2, 3 and 4, respec-
tively) all show an increasedACHTUNGTRENNUNGactivity (174, 166 and 121 %, re-
spectively) compared to lactate
(1).


An increasing steric demand
in the 3-position, which is re-
flected by methyl group branch-
ing of derivatives 9 and 10
again decreases PFSYN activity.
Substitution of the terminal
methylene group of n-butyl de-
rivative 7 with sulfur (e.g. com-
pound 8) does not affect theACHTUNGTRENNUNGenzymatic activity negatively.
Remarkably, the best activity
among non-aromatic a-d-hy-
droxy acids is achieved by the
propargyl analogue 16 (156 %).


Among aromatic a-hydroxy
acids, various substitutions in
the para position are accepted
as substrates. Substitution with
halogens, 4-bromobenzyl com-
pound 19 (101 %), 4-fluoroben-
zyl analogue 20 (85 %), 4-chloro-
benzyl analogue 21 (82 %) and
4-iodobenzyl analogue 33
(122 %) are tolerated. Remarka-
bly, the pentafluorobenzyl sub-
strate 18 (209 %) shows the best
reactivity of all substrates. With
regard to inductive and meso-
meric effects, no clear rules
could be deduced. Electron-
withdrawing substituents in the
para position such as 4-cyano-
benzyl (31) and 4-nitrobenzyl
(30) are similarly accepted as
the natural substrate (17). An in-
creasing steric demand exempli-


fied by multinuclear aromatics (e.g. 26, 27 and 32) is less toler-
ated, as well as changing the number of methylene groups
that link the phenyl group by a (e.g. 25) or g substitution (e.g.
24). Interestingly, heterocycles such as 28 and 29 are also sub-
strates, although the tendency to form hydrogen bonds ap-
pears to have a negative effect on enzyme activity. Finally,
comparing activities of PFSYN for the sp2-hybridised aromatic
systems 17 and 25 (100 and 74 %, respectively) to the sp3-
hybridised cyclohexane systems 22 and 23 (88 and 67 %, re-
spectively), seems to slightly favour sterically less-demanding
planar aromatic substituents. Nevertheless, concomitant ac-
ceptance of aliphatic and aromatic a-d-hydroxy acids is charac-
teristic for PFSYN, and thus, it is not surprising, that PFSYN has
the capability to synthesise bassianolide from the a-hydroxy
acid d-hydroxyisoveleric acid 12. In return, it remains to be
seen, whether bassianolide synthetase can synthesise PF1022.


Figure 2. In vitro synthesis of thienyl-d-lactyl–PF1022 is catalysed by PFSYN: Incorporation of b-thienyl-d-lactate.
A) Extracted ion chromatogram of the HPLC–ESI-MS, B) autoradiograph of a TLC separation showing enzymatically
synthesised PF1022F (PFF), PF1022B (PFB) and thienyl-d-lactyl–PF1022. C) MS–MS spectrum of thienyl-d-lactyl–
PF1022; calcd: 1125.43 [M+H]+ ; found: 1125.1.
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The characterisation of the analogue system,[18] that is, a-hy-
droxy acid recognition site of ESYN clearly shows that beauver-
icin cannot be synthesised by ESYN.


In summary, we have shown that PFSYN has a hitherto-un-
known substrate tolerance towards an extremely broad spec-
trum of aliphatic and aromatic a-d-hydroxy acids in compari-
son to other NRPS enzymes. The present results suggest a rela-
tive independence of the a-d-hydroxy acid binding pocket
from electronic effects, as well as a large steric tolerance for


numerous substitutions, except for substituents with hydro-
gen-donating properties (e.g. , 11 and 29). The substrate toler-
ance is more pronounced than for ESYN and thus permits the
synthesis of an enormous diversity of new PF1022 derivatives
with versatile functional groups. The present characterisation
of PF1022 substrate tolerance sets the stage for experiments
proving whether this approach of generating new cyclodepsi-
peptides is suited for mutasynthesis experiments.[20] Future ef-
forts will be directed to the generation of preparative amounts
of PF1022 derivatives and testing for their bioactivities.


Experimental Section


Chemicals were purchased from Sigma (Deisenhofen, Germany),
and radio chemicals were purchased from Amersham (Brunswick,
Germany). Details for the synthesis of the a-d-hydroxy acids com-
pounds 1–33 are given in the Supporting Information.


PFSYN was purified as described previously.[17] Protein concentra-
tions were determined by the dye-binding method of Bradford by
using bovine serum albumin as a standard.[21] For the in vitro syn-
thesis of PF1022 analogues that contained different a-d-hydroxy


acids (see Supporting Information)
purified PFSYN was incubated in
the presence of the corresponding
a-d-hydroxy acids (3 mm), MgCl2


(10 mm), ATP (5 mm), AdoMet
0.5 mCi (60 Ci mol�1) and l-val
(2 mm) in a final volume of 123 mL.
The enzymatic reaction wasACHTUNGTRENNUNGstopped by the addition H2O
(1 mL) and extracted with EtOAc
(2 mL). An aliquot of the organic
phase (100 mL) was tested in the
Scintillation counter. The residual
amount of the organic phase was
evaporated, dissolved in of EtOAc
(50 mL) and applied to thin layer
plates (silica gel plates, Merck
Darmstadt, Germany). The plates
were developed in CHCl3/EtOAc
(2:1, v/v). Radioactive substances
were visualised by autoradiogra-
phy by using Konica X-ray films
and detected by radio scanning
(Bertold Linear TLC analyzer, Bad
Wildbad, Germany).


To determine the incorporation
rates of the different substrates,
kcat.rel. were calculated from initial
rate plots. At time intervals 0, 2, 4,
6, 8, 10 min the amount of la-


belled PF1022 derivatives from the above-described assay was
measured under saturation conditions (vmax.app.) by liquid scintilla-
tion counts (Wallac 1409, Turku, Finland). From the linear plots
kcat.rel. were calculated from the best-fit straight lines (Origin 7.0,
Frankfurt am Main, Germany). All experimental series were per-
formed along with an assay that contained d-lac as a kcat rel stan-
dard.


For mass spectrometric analysis, unlabelled PF derivatives were
synthesised by using a concentration of the methyl donor of


Scheme 3. Reactivity of synthetic aliphatic d-hydroxy acids 1–16 in the as-
sembly line of PFSYN expressed as a percentage of vmax.app ; incorporation of
d-lactate (1) as 100 %


Scheme 4. Reactivity of cyclic-d-hydroxy acids 18–33 in the assembly line of PFSYN expressed as a percentage of
vmax.app ; the incorporation of d-phenyllactate (1) as 100 %.
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1 mm. After incubation for 2 h at 25 8C, the reaction was stopped
by the addition of H2O (1 mL) and the products were extracted
with EtOAc (2 mL). The organic phase was evaporated, dissolved in
MeOH (50 mL) and measured by HPLC–ESI-MSACHTUNGTRENNUNG(/MS). The experi-
ments were recorded on a capillary-LC system (1100 series, Agilent
Technologies Deutschland GmbH, Bçblingen, Germany) that was
coupled to a QTrap2000 with a TurboIonSpray source (Applied Bio-
systems, Darmstadt, Germany). HPLC was performed by using a
50 � 1 mm Luna 3u C18(2) 100 � column (Phenomenex, Aschaffen-
burg, Germany) with a flow rate of 50 mL min�1 in micro mode by
using a gradient from 30 % to 100 % MeCN (0.1 % HCOOH) in H2O
(0.1 % HCO2H) in 10 min.


The TurboIonSpray source-dependent parameters were optimised
for the used flow rate of 50 mL min�1 to: CUR 30, IS 4200, nebulizer
gas 70, turbo gas 70, TEM 300. The used compound-dependent pa-
rameters were: DP 30, EP 10, CE 10, Q3 entry barrier 8. MS and MS–
MS spectra were recorded in a mass range from m/z 50–1700, by
using the mass analyser in linear ion-trap mode. The EMS scans
were carried out in positive mode, with a LIT scan rate of
1000 amu s�1 and dynamic fill time. The EPI scans had the follow-
ing parameters: Q1 resolution unit, LIT scan rate: 1000 amu s�1,
fixed LIT fill time: 400 ms, CE 50, CES 20, CAD gas high.
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The Influence of Ligand Valency on Aggregation
Mechanisms for Inhibiting Bacterial Toxins
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Introduction


Cholera and travellers’ diarrhoea are still life-threatening dis-
eases in many parts of the world.[1, 2] These diarrhoeal diseases
are caused by two protein toxins that share over 80 % se-
quence identity: cholera toxin and Escherichia coli heat-labile
toxin.[3] Their AB5 hetero-oligomeric structures comprise a
single toxic A-subunit and a pentameric ring of B-subunits that
interact with the cell surface glycolipid ganglioside GM1.[4] Fol-
lowing adhesion at the cell surface and endocytosis of the pro-
tein toxin, the A-subunit covalently modifies the regulatory
protein Gsa, which ultimately leads to a large efflux of cellular
liquid into the gut. The resulting diarrhoea has been reported
to contain concentrations of cholera toxin as high as
10 mg mL�1;[5] this corresponds to a B-subunit concentration of
approximately 1 mm. Inhibitors of the B-subunit-GM1 interac-
tion could provide a prophylactic treatment for these debilitat-
ing diseases.[6] It has been shown that compounds bearing
multiple copies of a ligand provide an effective strategy forACHTUNGTRENNUNGinhibiting multimeric receptors.[7, 8] For example, multivalent
derivatives of GM1,[9, 10] or related oligosaccharides,[11–15] are
potent inhibitors of B-pentamer adhesion to GM1-coated surfa-
ces; an octavalent GM1-dendrimer has been shown to be
47 500 times more efficient as an inhibitor than an equivalent
concentration of monovalent GM1.[10] Multivalent lectins with
binding sites arranged on opposing faces of the protein, for
example, galectins,[16, 17] concanavalin A[18] or soybean aggluti-
nin,[19] generally form cross-linked aggregates with both their
natural ligands and synthetic multivalent inhibitors. In contrast,
theoretical models describing multivalent interactions of chol-
era toxin usually assume that the protein does not aggregate
as the binding sites are all on the same face of the multimeric
protein;[20, 21] however, ligand-induced dimerization of pen-


tameric receptors has been observed in crystal structures.[8, 22, 23]


Here we demonstrate that multivalent GM1-inhibitors with
mismatched valencies can operate through protein aggrega-
tion. Furthermore, we show that the valency of the inhibitor


Divalent and tetravalent analogues of ganglioside GM1 are
potent inhibitors of cholera toxin and Escherichia coli heat-labile
toxin. However, they show little increase in inherent affinity when
compared to the corresponding monovalent carbohydrate
ligand. Analytical ultracentrifugation and dynamic light scatter-
ing have been used to demonstrate that the multivalent inhibi-
tors induce protein aggregation and the formation of space-fill-
ing networks. This aggregation process appears to arise when
using ligands that do not match the valency of the protein recep-


tor. While it is generally accepted that multivalency is an effective
strategy for increasing the activity of inhibitors, here we show
that the valency of the inhibitor also has a dramatic effect on
the kinetics of aggregation and the stability of intermediate pro-
tein complexes. Structural studies employing atomic force micro-
scopy have revealed that a divalent inhibitor induces head-to-
head dimerization of the protein toxin en route to higher aggre-
gates.
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has a dramatic effect on the mechanism of aggregation, influ-
encing both the kinetics of aggregation and the stability ofACHTUNGTRENNUNGintermediate protein complexes.


Results and Discussion


The divalent and tetravalent GM1 analogues GM1-2 and GM1-
4 (Figure 1) have been shown to inhibit cholera toxin B-pen-
tamer (CTB) binding in an ELISA experiment (Table 1).[10] IC50


values were found to be four to five orders of magnitude
lower than those for monovalent GM1 derivative GM1-1.[24] In
the present study we found that these compounds are also
active against the B-pentamer of E. coli heat-labile toxin (LTBh)
which has identical GM1 binding sites to CTB.[25] Although
there are subtle differences in the binding affinities of CTB and
LTB isoforms for a range of ligands,[26] CTB and LTB are often
used interchangeably when testing inhibitors. While our previ-
ous experiments involved direct detection of a CTB-horseradish


Figure 1. Structures of the ganglioside GM1 mimics bearing one, two and four oligosaccharide ligand groups.


Table 1. Comparison of CTB and LTBh inhibition in ELISA assays.[a]


Ligand IC50 [nm][b] Hill coefficient B-subunit concentration [nm][e] GM1-groups per B-subunit at IC50
[f]


CTB[c] LTBh CTB LTBh CTB LTBh CTB LTBh


GM1-1 19 000�6 000 >200 000 0.5 0.5[d] 2.1 19 9 047 >10 500
GM1-2 2.0�1.0 21�7 1.0 0.7 2.1 19 1.9 2.1
GM1-4 0.23�0.07 31�3 3.0 3.0 2.1 19 0.4 6.3


[a] All experiments employed microtitre plates coated with 0.2 mg GM1 per well and blocked with BSA. [b] Concentration of the multivalent ligand for 50 %
inhibition of toxin binding (not normalized for ligand valency). [c] CTB data is taken from reference [10] [d] This value was chosen for the curve fitting
based on the CTB result. [e] Concentration of binding sites (i.e. 5 � the B-pentamer concentration). [f] Ligand valency � IC50/[B-subunit] .
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peroxidase conjugate,[10] here the LTBh pentamer was detected
using a traditional indirect ELISA assay. The lower sensitivity of
the LTBh ELISA assay made it necessary to use a ten-fold
higher B-pentamer concentration than that employed previ-
ously. Therefore the IC50 values for LTBh are higher than those
measured for CTB (Figure 2; Table 1). Inhibitors GM1-2 and


GM1-4 were found to have IC50 values of 20–30 nm, while the
monovalent GM1 derivative GM1-1 showed only 25 % inhibi-
tion at 100 mm. Although the absolute values differ from the
CTB experiments, the relative inhibitory potencies of the multi-
valent and monovalent ligands are similar for the two proteins;
inhibition of LTBh binding to GM1 displayed at a surface is
greatly enhanced through multivalency.


Isothermal titration calorimetry (ITC) was used to measure
the affinity of the ligands for LTBh. In all experiments the
ligand was added to a solution of the protein and binding stoi-
chiometries were calculated in terms of the number of oligo-
saccharide groups per binding site (see the Supporting Infor-
mation for example titration curves and discussion of curve fit-
ting at high c values). ITC experiments (Table 2) revealed that
monovalent GM1-1 bound to LTBh has a Kd slightly lower than
that reported previously for the CTB-GM1 oligosaccharide in-
teraction (43 nm).[27] However, GM1-2 and GM1-4 showed less
than a five-fold increase in affinity and only a small change in
the enthalpies of interaction compared to equivalent concen-
trations of the monovalent ligand GM1-1. The expected 1:1
binding stoichiometry (i.e. , one GM1 oligosaccharide binding


per LTBh subunit) was observed in all cases; this demonstrates
that all protein binding sites are accessible to the ligands.[28]


The presence of the multivalent scaffold appears neither to
enhance nor perturb the individual interactions between the
protein and oligosaccharide. This result demonstrates that the
increased potency observed for the multivalent inhibitors in
the ELISA assay[10] can not be attributed to a change in the in-
trinsic affinity of the oligosaccharide for the protein. Since it
was noted that the solutions became hazy during the titra-
tions, the question arose whether the activity of the multiva-
lent ligands could result from protein aggregation. Such a
mechanism can not be deduced from the ITC data, because
ITC only describes the extent of receptor saturation as a func-
tion of ligand concentration—it does not reveal to what extent
the multivalent ligands crosslink subunits within a pentameric
receptor rather than crosslink subunits in different pentamers.


Sedimentation velocity analytical ultracentrifugation (SV-
AUC)[29, 30] was used to detect the extent of protein oligomeri-
sation in the presence of various concentrations of the inhibi-
tors. Figure 3 A shows that the pure LTBh solution contained a
single species with a sedimentation coefficient of 4.4�0.1 S;
this corresponds to the expected mass of 58 kDa for the LTBh
pentamer. Addition of divalent inhibitor GM1-2 to give total
GM1 concentrations of 0.1 and 0.2 equivalents per LTBh bind-
ing site led to a new species at 7.8�0.2 S with a predicted
mass of approximately 125 kDa; i.e. , a dimeric complex of the
LTBh pentamer. A dramatic reduction in signal was observed
upon increasing the concentration of inhibitor GM1-2 to 0.5
equivalents of GM1 groups per LTBh binding site. At or below
this concentration, the majority of the protein formed rapidly
sedimenting aggregates of high mass that were beyond the
limits of the optical detection system and could not be ob-
served under the conditions of the SV-AUC experiment. Further
addition of inhibitor GM1-2 up to one equivalent of GM1
groups resulted in almost complete dimerization of the frac-
tion of LTBh protein that remained visible to the AUC optics. In
contrast, the same concentration of monovalent GM1-1 did
not significantly change the sedimentation coefficient of the
protein (Figure 3 A).


The tetravalent inhibitor GM1-4 showed a more gradual re-
duction in signal intensity above 0.2 equivalents of GM1
groups per LTBh binding site (Figure 3 B), and there was no evi-
dence for LTBh dimerization.


Dynamic light scattering experiments were performed on
LTBh in the presence and absence of GM1-2 and GM1-4 to fur-
ther characterize the formation of the aggregates. The field au-


Table 2. Thermodynamics of GM1 derivatives binding to LTBh.[a]


Ligand Kd [nm] DG8 [kcal mol�1] DH8 [kcal mol�1] TDS8 [kcal mol�1] n


GM1-1 9.0�0.9[b] �10.97�0.06 �20.30�0.19 �9.33�0.11 0.99�0.01
GM1-2 3.6�0.2 �11.50�0.03 �21.32�0.43 �9.82�0.20 1.00�0.04
GM1-4 6.9�2.0 �11.15�0.15 �20.95�0.31 �9.80�0.22 1.00�0.01


[a] The GM1 derivative was titrated into a solution of LTBh (4–10 mm subunit concentration) at 298 K to give a final GM1:LTBh subunit ratio of approximate-
ly 2:1. [b] Errors in Kd, DH8 and n are the standard deviation of multiple experiments. Errors in DG8 and TDS8 were determined using Monte Carlo simula-
tions (see the Experimental Section).


Figure 2. ELISA assay showing inhibition of LTBh (3.8 nm pentamer concen-
tration) binding to a GM1-coated microtitre plate.
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tocorrelation function for LTBh corresponded to a dominant
species with a hydrodynamic radius of 4.0�0.1 nm (Figure 3 C
and D). On addition of GM1-2 to give 0.1 equivalents of GM1
groups per LTBh binding site, the scattered intensity increased
dramatically (Figure 3 C inset), reaching a maximum scattering
intensity approximately one hour after mixing. The analogous
concentration of GM1-4 led to a more modest increase in the
light scattering (Figure 3 D inset). The field autocorrelation
functions for the aggregates also developed over time, and
again the changes in the GM1-2 curves were much more rapid
than those for GM1-4 (Figure 3 C and D). For GM1-2, the aver-
age hydrodynamic radius of the aggregates was 1.1�0.2 mm
during the first five hours of the aggregation process, whereas
in the case of GM1-4 the initial aggregates with radii of ap-
proximately 50 nm grew to a few hundred nm over two days.
In both cases, the aggregation process led to field autocorrela-
tion functions that no longer decayed to zero. This is indicative
of the formation of a space-filling network in which the posi-
tions of some of the particles are effectively fixed such that
there are residual positional correlations, even at very long


times. Small amounts of large
aggregates dominate the DLS
signal, and the DLS data do not
contradict that a majorityACHTUNGTRENNUNG(>95 %) of LTBh still exists as
pentamers or dimers of pentam-
ers as indicated by AUC. Never-
theless, it is remarkable that
such a network already forms
when only one binding site in
ten is occupied by ligand. Con-
trol experiments with analogous
non-binding multivalent ligands
demonstrated that protein ag-
gregation was dependent on
specific GM1–LTBh interactions
and was not a result of nonspe-
cific interactions with the den-
dritic scaffolds or “salting-out”
mechanisms associated with the
phosphate buffer (see the Sup-
porting Information).


After about 10 h the scatter-
ing intensity of the LTBh/GM1-2
mixture started to decrease and
ultimately reached a level only a
few times higher than that for
LTBh alone. A similar observation
was made for an LTBh/GM1-4
mixture comprising 0.5 GM1
groups per binding site. The
most plausible reason is that the
fragile network was slowly sedi-
menting under the force of grav-
ity. This result is in accord with
the observation that the solu-
tions became hazy during the


ITC experiments, but did not precipitate. Precipitation would
have led to a discontinuity in the baseline resulting from a
change in the capacity of the system; as no such discontinuity
was observed, the aggregates remained in solution. In con-
trast, the high centrifugal forces used in the AUC experiments
would cause the aggregates to sediment as soon as they were
formed. Therefore, the extent of LTBh precipitation during the
AUC experiments may reflect the rate of aggregation rather
than the stability of the aggregates as such.


Our results are in stark contrast to those reported by Merritt
et al. ,[12] and Pickens et al.[13] who also used DLS experiments
to study pentavalent inhibitors for LTB and divalent inhibitors
for CTB, respectively. In each case the authors observed no evi-
dence for protein aggregation, even when working at CTB or
LTB concentrations five- to ten-times higher than those em-
ployed in the present study. Dimerization of CTB has only been
observed using a decavalent ligand, and no higher aggregates
were formed.[23]


As the divalent GM1-2 and tetravalent GM1-4 gave essen-
tially identical ITC binding parameters and differ only marginal-


Figure 3. Sedimentation coefficient distributions [c(S)] for mixtures of LTBh (2 mm pentamer concentration, 10 mm


GM1 binding sites) with varying concentrations of A) GM1-1 and GM1-2, and B) GM1-4 ; the number of equiva-
lents of ligand is expressed as the number of GM1 oligosaccharide groups per LTBh binding site. Dynamic light
scattering field autocorrelation functions [g1(t)] for LTBh alone (1.4 mm pentamer concentration) and in the pres-
ence of either C) GM1-2 or D) GM1-4 (0.1 equiv GM1 groups per LTBh binding site) are shown at various times
after mixing. The scattering intensity, (I) for each ligand normalized by the scattering of LTBh protein alone (I0) is
shown as a function of time after mixing in the inset graphs in parts C) and D).
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ly in the distance between the oligosaccharide head groups,
their contrasting solution behavior must be attributed to their
different valencies. The ligands were designed such that the
long flexible linkers would be able to bridge adjacent binding
sites within an LTBh pentamer. However, GM1-2 gives rise to a
significant amount of dimerization of LTBh pentamers through-
out the titration (Figure 3 A). Upon cross-linking two independ-
ent particles in solution, a significant entropic penalty must be
paid for loss of independent translational and rotational de-
grees of freedom.[27, 31] Therefore, intrapentamer binding would
be expected to predominate. However, the entropic advantage
of chelation must be balanced against the loss of conforma-
tional entropy that occurs when a flexible ligand binds two
binding sites within an LTBh pentamer.[31] At low ligand con-
centrations, most dimers of LTBh pentamers are connected by
a single GM1-2 molecule. It is likely that the long flexible linker
in GM1-2 allows substantial independent motion of the LTBh
pentamers within the ternary complex, which should reduce
the entropic penalty expected for protein dimerization (Fig-
ure 4 A). For the dimeric ligand GM1-2, the maximisation of
conformational entropy within the complex appears to be
more favourable than maximising the number of independent
particles in the system.


The tetravalent inhibitor GM1-4 could also form complexes
in which it bridges two LTBh pentamers (Figure 4 B); however,
none are observed in the AUC experiment (Figure 1 B). Any ter-
nary complex in which all GM1 groups are bound would in-
volve crosslinking of the GM1-4 ligand with adjacent LTBh sub-
units and concomitant rigidification of the dendritic linker (Fig-
ure 4 B). None of these configurations would have the same
level of residual conformational entropy that would be ob-
served for the ternary complex in Figure 4 A. One might there-
fore assume that the 1:1 GM1-4/LTBh pentamer complex
would predominate until 80 % of the LTBh binding sites were
filled. However, the DLS experiments show that aggregation al-
ready occurs when only 10 % of the binding sites are filled.
Therefore, the 1:1 complex is not the only species present in
solution, and unlike GM1-2, crosslinking occurs without signifi-
cant accumulation of dimers of LTBh pentamers. Indeed, as
intra-pentamer binding is disfavoured for the GM1-2 ligand, a
ternary complex in which two LTBh pentamers are linked by
only two ligand groups of GM1-4 (Figure 4 C) would be preor-
ganised to aggregate with the pentamers in a face-to-face ori-
entation. A similar aggregate could form with the divalent
GM1-2 ligand once two to three binding sites per LTBh pen-
tamer are occupied (Figure 4 D). This observation would ac-
count for the dramatic increase in aggregation that was ob-
served in the AUC experiment (Figure 3 A) for 0.5 equivalents
of GM1 groups per LTBh binding site.


In the case of GM1-2 it is notable that dimers of LTBh pen-
tamers continue to exist at equimolar concentrations of GM1
ligand groups and LTBh binding sites (Figure 3 A). The ITC ex-
periments indicate that essentially all ligand is bound to the
protein around the equivalence point of the titration. There
are three possible configurations for a 2:5 LTBh pentamer:
GM1-2 complex (Figure 4 E) in which the valencies of the
ligand and receptors are matched such that the complexes are


unable to make further interactions with either GM1-2 or LTBh.
A similar complex that is saturated with tetravalent GM1-4 li-
gands would require a stoichiometry of 2:3 LTBh pentamer:
GM1-4. There are many possible configurations for such a
complex (one example is shown in Figure 4 F), but in all cases
the valencies of ligands and receptors are mismatched. If all
GM1 ligand groups are to become bound to LTBh, then aggre-


Figure 4. Schematic representation of LTBh dimerization at A) low concen-
trations of divalent GM1-2 and B) low concentrations of tetravalent GM1-4.
Examples of face-to-face aggregates that could form at sub-stoichiometric
concentrations of C) GM1-4, and D) GM1-2. E) Three possible configurations
for a 2:5 LTBh pentamer:GM1-2 complex in which all binding sites are occu-
pied. F) An example of a 2:3 LTBh pentamer:GM1-4 complex illustrating the
mismatched valencies between the ligands and receptors.
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gation must occur. In contrast, the pentavalent ligands report-
ed by Fan, Hol and co-workers have valencies that match the
LTB/CTB proteins precisely and only 1:1 complexes are ob-
served,[12] even at protein concentrations five to ten times
higher than those used in the present study.


We thus presume that the matched valencies (2:5 LTBh pen-
tamer:GM1-2) allow the dimer of LTBh pentamers to persist
toward the end of the titration. Whitesides and co-workers re-
cently described the formation of bicyclic trimers of divalent
antibodies and trivalent dinitrophenyl ligands.[32] High molecu-
lar weight aggregates form initially on mixing the components,
but rearrange to form only discrete complexes at equilibrium,
of which the 3:2 IgG:ligand complex predominates at the ap-
propriate stoichiometric ratio. In our AUC experiments, the for-
mation of large aggregates is probably also under kinetic con-
trol, but the persistence of the dimers of LTBh pentamers sug-
gests that they are thermodynamically stable under the condi-
tions of the experiment. Indeed, a novel strategy for inhibiting
bacterial toxins through the formation of defined seven-com-
ponent aggregates has been reported independently by both
Fan[33] and Bundle.[34] A pentavalent pentraxin protein and
either CTB[33] or shiga toxin B-pentamer[34] are brought togeth-
er to form stable heterodimers that are crosslinked by five
copies of a heterobifunctional ligand. In both cases the overall
stability of the complex was substantially greater than the indi-
vidual monovalent interactions.


The aggregation mechanisms proposed here for ligands
GM1-2 and GM1-4 both assume that aggregation would in-
volve crosslinking the LTBh pentamers in which the binding
face of one pentamer is brought into close proximity with the
binding face of additional pentamers (Figure 4 C and D).
Atomic force microscopy (AFM) has been used previously to
study CTB adhered to mica and lipid bilayers under aqueous
conditions.[35, 36] Figure 5 A shows the LTBh pentamers as round
particles distributed across a mica surface. At higher resolution
(Figure 5 B) it is possible to resolve individual subunits and a
depression at the centre of the particles that corresponds to
the central pore. The 6.5 nm width and 3.5 nm height of these
particles (Figure 5 E) is in good agreement with the dimensions
of the pentamer determined from the crystal structure of the
porcine variant of the protein LTBp (Figure 5 F).[37] In the pres-
ence of two equivalents of the divalent GM1-2 ligand, the pro-
tein appears as aggregates of irregular diameter, but a remark-
ably consistent height of 6.5 nm. The increased height of the
aggregates is consistent with a head-to-head dimerization that
either prevents the LTBh pentamer from sitting flat on the sur-
face, or gives rise to a protein bilayer. Surprisingly, LTBh bound
to monovalent ligand GM1-1 also forms aggregates (Fig-
ure 5 D), although individual particles can also still be seen (in-
dicated by white arrows, Figure 5 D). In this case the aggre-
gates have an average height of 3.5 nm which excludes the
possibility that LTBh dimers form in the presence of the mono-
valent ligand GM1-1.


The function of many multivalent lectins depend on aggre-
gating their carbohydrate ligands.[16, 38, 39] The aggregation pro-
cesses observed in this study occur at physiologically relevant
concentrations of the protein toxin. Turnbull et al. ,[5] have de-


tected 10 mg mL�1 cholera toxin in human rice-water stool sam-
ples (conditions under which aggregates were observed by
AFM). Moreover, these authors note that the concentration of
the toxin in vivo is a balance of the rates of its production and
excretion in diarrhoeal fluid. Inhibitors such as GM1-2 and
GM1-4 are designed to prevent the toxin from entering endo-
thelial cells and thus avoid the downstream biochemical


Figure 5. Atomic force microscopy images of pure LTBh (ca. 67 nm pentamer
concentration) show A) uniform round particles adhered to the mica surface.
B) Individual subunits can be seen at higher resolution. C) In the presence of
divalent inhibitor GM1-2 the protein forms aggregates. D) The monovalent
inhibitor GM1-1 also aggregates the protein but individual pentamers are
still visible (inset). E) The average heights and widths of LTBh pentamers and
their aggregates are in accord with F) the dimensions of the protein deter-
mined crystallographically.
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events that would lead to diarrheoa. However, these inhibitors
are not expected to reduce the rate of toxin production. There-
fore, during a course of anti-adhesion therapy, the concentra-
tion of the toxins would likely increase further.


At these micromolar concentrations, the enhanced activity
of the compounds arises principally from aggregation of the
protein receptors to form space-filling networks, even at sub-
stoichiometric ligand:receptor ratios. While it is generally ac-
cepted that multivalency is an effective strategy for increasing
the activity of inhibitors, we have demonstrated that the valen-
cy of the inhibitor can also have a substantial effect on both
the kinetics and mechanism of aggregation. Ligand valency de-
termines if discrete multicomponent complexes can form;
stable dimers of the LTBh pentamers arise only if the valencies
of the ligand and receptor can be matched. No aggregation
was observed in previous studies of pentavalent inhibitors
when using higher B-pentamer concentrations than those em-
ployed here.[12, 13] Thus, it would appear that discrete com-
plexes will arise when the valencies of ligand and receptor are
matched, but aggregates will form when the valencies are mis-
matched. This observation is central to the design of well de-
fined multi-component biomolecular assemblies.[32] When one
considers that tetravalent galactosyl dendrimers[10] have been
shown to be more potent inhibitors than pentavalent galacto-
syl ligands of similar size,[40] it is also tempting to conclude
that mismatched valencies may provide a more effective gen-
eral strategy for the development of multivalent therapeutics
against bacterial toxins. Of course, these tetravalent and penta-
valent compounds differ in the exact structure of their flexible
arms, and so it would be necessary to make pentavalentACHTUNGTRENNUNGligands analogous to GM1-4 for an accurate comparison of in-
hibitory activities. Although aggregation occurs at physiologi-
cally relevant low mM concentrations, it is not clear if the li-
gands operate by the same aggregative mechanism at nano-
molar concentrations at which these compounds were found
to be effective inhibitors in ELISA assays.[10] New, more sensitive
biophysical methods will be required to study these aggrega-
tion phenomena at nanomolar concentrations and below. A
deeper understanding of the mechanisms of multivalent inter-
actions will lead to more effective inhibitors against multimeric
proteins and further enable the rational design of supramolec-
ular assemblies for bionanoscience.[32, 41–43]


Experimental Section


Sample preparation : Compounds GM1-1, GM1-2 and GM1-4 were
prepared as reported previously.[10, 24] Buffers and other reagents
were bought from Sigma or Fisher unless stated otherwise.


A Vibrio sp.60 clone harbouring the pMMB68 plasmid encoding
LTBh originally reported by Amin and Hirst[44] was kindly provided
by B. L. Precious, University of St Andrews. Bacterial cultures were
grown at 37 8C in Luria–Bertani NaCl enriched medium (1 % tryp-
tone, 0.5 % yeast extract and 2 % NaCl) in the presence of carbeni-
cillin (100 mg mL�1). Upon reaching OD600 = 0.40, protein production
was induced by addition of isopropyl-b-thiogalactoside (1 mm final
concentration), and the cultures were grown for a further 24 h at
37 8C. Cells were pelleted by centrifugation and the LTBh protein


was precipitated from the supernatant by addition of either ammo-
nium sulfate (60 % saturation), or sodium hexametaphosphate
(2.5 g L�1) and adjusting the pH to 4.5. The precipitate was collect-
ed by centrifugation and re-suspended in sodium phosphate
buffer (50 mL, 0.1 m, pH 8.0), before dialysis against sodium phos-
phate (10 mm, pH 7.4). After removing insoluble material by centri-
fugation, the protein preparation was passed over a Ni2 +-NTA
column that had been pre-equilibrated with 10 bed volumes ofACHTUNGTRENNUNGdialysis buffer. The column was washed (10 bed volumes, 50 mm


Tris·HCl, 500 mm NaCl, 10 mm imidazole, pH 7.4), and eluted with
elution buffer (20 mL, 50 mm Tris·HCl, 500 mm NaCl, 250 mm imida-
zole, pH 7.4). The collected fractions were dialysed against sodium
phosphate buffer (20 mm phosphate, 100 mm NaCl, pH 7.4) for
storage at 4 8C. The protein purity was determined by SDS-PAGE
analysis and its concentration was evaluated by UV absorption
at 280 nm using a theoretical molar extinction coefficient of
11 585 m


�1 cm�1.


Enzyme-linked immunosorbent assay : LTBh inhibition assays
were carried out using the following solutions and buffers: phos-
phate-buffered saline (PBS) buffer, blocking buffer (1 % bovine
serum albumin (BSA) in PBS), washing buffer (0.1 % BSA, 0.05 %
Tween-20 in PBS), primary antibody VD12 (mouse-anti LTB)[45] and
secondary antibody (sheep-anti-mouse alkaline phosphatase la-
belled). The alkaline phosphatase substrate solution comprised of
4-nitophenyl phosphate disodium hexahydrate (7.5 mg) dissolved
in Tris buffer (10 mL, 0.1 m Tris, 5 mm MgCl2, pH 9.6).


A 96-well plate was coated with a solution of GM1 (100 mL,
2 mg. mL�1) in PBS buffer. Unattached ganglioside was removed by
washing with PBS and the remaining binding sites of the surface
were blocked with BSA (1 %) in PBS, and finally washed with PBS.
Samples of LTBh (3.8 nm pentamer concentration) and inhibitor
(0.1–100 000 nm) in washing buffer were incubated at RT for 2 h
before adding to the GM1-coated plate. After 1 h of incubation at
room temperature the solution was removed and the wells were
washed with washing buffer. Primary antibody VD12 (100 mL in
blocking buffer) was added to the wells. After 1 h of incubation at
room temperature, the solution was removed and the wells
washed with washing buffer. The secondary antibody solution
(100 mL) was added to the wells and incubated for 45 min at room
temperature. Excess antibody solution was then removed and the
wells were washed with washing buffer. To identify antibody la-
belled-toxin binding to surface-bound GM1 the wells were treated
with alkaline phosphatase substrate solution (150 mL). The absorb-
ance of each well was recorded at 415 nm every 15 min for a total
incubation interval of 45 min.


Isothermal titration calorimetry : ITC experiments were performed
using a VP-ITC calorimeter (Microcal Inc. Northampton, MA, USA),
with a cell volume of 1.409 mL. All titrations were conducted at
25 8C in sodium phosphate (20 mm, pH 7.4) containing NaCl
(100 mm). The LTBh protein was dialysed against this buffer three
times before diluting the protein to a final LTB-subunit concentra-
tion of 4–10 mm. GM1-derivatives were dissolved in the buffer from
the final dialysis step. Protein and ligand concentrations were de-
termined by UV absorption. The GM1 derivatives were added to
the LTBh solution in titrations typically comprising 24 injections
(8 mL) at 4 min intervals. Separate titrations of ligands into the
same buffer were used to subtract the heat of dilution from theACHTUNGTRENNUNGintegrated data prior to curve fitting using the built-in one site
model. Errors were propagated using Monte Carlo simulations in
Microsoft Excel or Origin.[46] Typically 1000–5000 DH8 and Ka values
were simulated by adding random error to the mean values of
these parameters determined from multiple ITC experiments. The
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added error had a Gaussian distribution with a mean of zero and a
standard deviation equal to the standard deviation for each experi-
mentally derived parameter (Ka and DH8). The simulated DH8 and
Ka values were used to calculate 1000–5000 values for DG8 and
TDS8, the mean and standard deviations of which are reported in
Table 2.


Analytical ultracentrifugation : The partial molar volume of LTBh,
buffer densities and viscosities were calculated using SEDNTERP
(http://www.jphilo.mailway.com/download.htm). The partial molar
volumes for the GM1-2 and GM1-4 were predicted using the pro-
tocol outlined in ref. [47]. However, control experiments conducted
in the absence of protein failed to give an adequate UV absorb-
ance at 280 nm to allow accurate curve fitting, even at the highest
concentration used (20 mm oligosaccharide concentration). Protein
and ligand samples were prepared as in the ITC experiments. Mix-
tures of toxin with various amounts of ligands were prepared im-
mediately before analysis. The samples (0.42 mL) were centrifuged
in 1.2 cm pathlength 2-sector aluminium centrepiece cells (sample
in RH sector, reference buffer in LH sector) with sapphire windows
in an 8-place An-50 Ti analytical rotor running in an Optima XL-I
analytical ultracentrifuge (Beckman Instruments Inc. , Fullerton, CA,
USA) at 35 000 rpm and at a temperature of 20.0 8C. Changes in
solute concentration were detected by Rayleigh interference and
280 nm radial absorbance. 102 scans of each type were collected
from each cell during 16 h. Results were analysed by whole-boun-
dary profile analysis using the program Sedfit v 11.3 (P. Schuck,
NIH).[48]


Dynamic Light scattering : DLS was performed using a Malvern
NanoS, operating at a scattering angle of 1738, using a HeNe laser
with a wavelength l= 633 nm. All measurements were performed
at a temperature of 25 8C. Effective hydrodynamic radii reported
are based on either a monomodal or a bimodal distribution fit of
the field autocorrelation function g1(t) , as reported by the Malvern
DTS software, version 5.00 (Malvern, UK). Absolute scattering inten-
sities were determined by using toluene as a reference, with an ab-
solute value for the toluene scattering of Rtoluene = 0.0013522 m�1.
The LTBh, GM1-2 and GM1-4 stock solutions and buffer were fil-
tered using 100 kDa cut-off Amicon centrifuge filters (Billerica, MA,
USA). A 10 % reduction of the concentration of the LTBh stock solu-
tion due to filtration was taken into account in determining final
protein concentrations. Samples for scattering were prepared by
mixing the filtered components in a carefully cleaned quartz cuv-
ette in a laminar flow hood.


Atomic force microscopy : It has been shown previously that CTB
will spontaneously adhere to a mica surface under aqueous condi-
tions.[35, 36] However, LTBh proved to interact very weakly with mica
at neutral pH, presumably because the protein is close to its iso-
electric point at that pH. Therefore, all AFM experiments were con-
ducted in a citrate-phosphate buffer at pH 6. A solution of LTBh
(0.2 mm pentamer concentration), in citrate-phosphate buffer
(2 mm sodium phosphate, 2 mm sodium citrate, 10 mm NaCl,
pH 6.0) was incubated on a freshly cleaved mica disk for 10 mins
before diluting three-fold with the same buffer. AFM height
images were recorded under buffer using a Nanoscope IIIa Multi-
mode AFM (Digital Instruments, Veeco Metrology Group, Inc. ,
Santa Barbara, CA, USA) and silicon nitride cantilevers (NP-S, Veeco
Metrology Group). The cantilevers had a spring constant of approx-
imately 0.32 N m�1. The height images reported here are raw, unfil-
tered data, line levelled using a simple polynomial fit, and obtained
by tapping (dynamic) mode at a frequency in the range of 25–
27 kHz with a 95 % set-point. Accurate width measurements of
subunits were obtained by measuring the periodicity within close-


packed clumps, thereby negating the effect of tip-magnification of
small objects due to tip-sample convolution.
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Introduction


Over the past decades, the preparation of optically pure b-
amino acids has received increasing attention because of their
occurrence in a range of bioactive compounds and natural
products.[1, 2] This interest resulted in the development of sever-
al chemical methods for the preparation of these compounds,
by employing either a chiral pool approach[3] or asymmetric
protocols.[4–7] In contrast to the range of chemical methods
that is available, biocatalytic routes towards b-amino acids are
scarce and rely mostly upon the kinetic resolution of racemic
derivatives.[8] Enzyme-catalysed asymmetric addition of ammo-
nia to activated double bonds by ammonia lyases would be a
very attractive synthetic strategy for the production of chiral b-
amino acids. However, this strategy is limited by the narrow
substrate range and strict regioselectivity (preference for am-
monia addition to the a-position) of ammonia lyases.[9, 10]


Phenylalanine aminomutase (PAM) from Taxus chinensis is a
recently discovered enzyme that catalyses the conversion of a-
phenylalanine to b-phenylalanine; this is the first committed
step in the biosynthesis of the N-benzoyl phenylisoserinoyl
side-chain of the anticancer drug taxol.[11] Unlike the aminomu-
tases that require external cofactors,[12] PAM relies on a pro-
tein-derived cofactor, 5-methylene-3,5-dihydroimidazol-4-one
(MIO), which is formed autocatalytically in the active site from
the internal tripeptide Ala-Ser-Gly.[11, 13] The MIO group is pres-
ent in a family of sequence-related enzymes, including histi-
dine ammonia lyase (HAL), phenylalanine ammonia lyase (PAL)
and tyrosine aminomutase (TAM).[14] Since the initial discovery
of MIO in the X-ray crystal structure of HAL,[15] the mechanistic
role of this electrophile has been extensively investigated and
debated. In the literature, two different mechanisms have been
proposed for the lyase reaction, in which MIO either reacts
with the amino group or with the aromatic ring of the a-


amino acid substrate.[16] When applied to PAM, the first mecha-
nism suggests the formation of an amine–MIO adduct that fa-
cilitates the deprotonation of the substrate at the b-position
by an enzyme general base (Scheme 1, path A). Subsequently,
the carbon–nitrogen bond is broken while the MIO�NH2 bond
and the a,b-unsaturated carboxylic acid are formed. In the
second part of the reaction, the latter is aminated by MIO-NH2


at the b-position. Alternatively, PAM follows a Friedel–Crafts-
type reaction in which a s-complex is formed by reaction of
MIO with the phenyl ring of the substrate (Scheme 1, path B).
The electron-deficient ring renders the b-hydrogen of the sub-
strate acidic, thus facilitating its abstraction. The amino group
is eliminated, yielding the a,b-unsaturated carboxylic acid,
which undergoes ammonia addition at the b-position, after
which the bond between MIO and substrate is broken. One im-
portant difference between the two mechanisms is that in the
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The phenylalanine aminomutase (PAM) from Taxus chinensis cat-
alyses the conversion of a-phenylalanine to b-phenylalanine, an
important step in the biosynthesis of the N-benzoyl phenylisoseri-
noyl side-chain of the anticancer drug taxol. Mechanistic studies
on PAM have suggested that (E)-cinnamic acid is an intermediate
in the mutase reaction and that it can be released from theACHTUNGTRENNUNGenzyme’s active site. Here we describe a novel synthetic strategy
that is based on the finding that ring-substituted (E)-cinnamic
acids can serve as a substrate in PAM-catalysed ammonia addi-


tion reactions for the biocatalytic production of several important
b-amino acids. The enzyme has a broad substrate range and a
high enantioselectivity with cinnamic acid derivatives ; this allows
the synthesis of several non-natural aromatic a- and b-amino
acids in excellent enantiomeric excess (ee >99 %). The internal
5-methylene-3,5-dihydroimidazol-4-one (MIO) cofactor is essential
for the PAM-catalysed amination reactions. The regioselectivity of
amination reactions was influenced by the nature of the ring
substituent.
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reverse direction the nucleophile in path A (Scheme 1) is the
MIO-bound amine, whereas free ammonia serves this function
in path B. Earlier mechanistic studies on the role of MIO in the
lyase reactions that are catalysed by PAL and HAL led to con-
flicting conclusions.[16–18] Recent elegant crystallographic ex-
periments on the MIO-dependent tyrosine aminomutase have
extended the knowledge of this enzyme family and shed light
on the precise role of MIO.[19, 20] TAM structures with covalently
coupled substrate analogues were solved, and these strongly
suggested that MIO reacts with the amino group of the sub-
strate during the initial deamination step of the aminomutase
reaction.[20]


The reversibility of the ammonia lyase reaction that is cata-
lysed by MIO-dependent enzymes was recognised decades
ago.[21] In the presence of a high concentration of ammonia,
PAL[17, 22] and HAL[23] can catalyse the a-addition of ammonia to
aryl acrylic acids. In contrast to the ammonia lyases, aminomu-
tases are expected to retain the a,b-unsaturated acid in their
active sites and promote the re-addition of ammonia to the b-
position. However, recent mechanistic studies on the amino-
mutases PAM and TAM revealed that 4-hydroxycinnamic acid
(in the case of TAM)[24] and cinnamic acid (in the case of
PAM)[13] are intermediates in the aminomutase reaction that
can be released from the enzyme active site. These observa-
tions indicate that TAM and PAM might exhibit ammonia lyase
activity and suggest the possibility of using the second half of
the aminomutase reaction to synthesise b-amino acids from
cinnamates. In the present paper, we describe the enantiose-
lective synthesis of a- and b-phenylalanine derivatives by the
PAM-catalysed amination of substituted cinnamic acids.


Results


Expression, purification and functional characterisation of
PAM


The PAM gene, which encodes a protein of 687 amino acid res-
idues with a calculated molecular mass of 78 kDa, was synthes-
ised. The encoded amino acid sequence is identical to T. chi-
nensis PAM (ExPASy ID: Q68G83_TAXCH), but the codon usage
was optimised for E. coli. The PAM gene was cloned in the
pBAD-His expression plasmid, and the recombinant enzyme
was expressed upon induction with arabinose in E. coli TOP10
as an N-terminal hexahistidine fusion protein. Wild-type PAM
was purified by using a Ni-based immobilised metal affinity
chromatography procedure. SDS-PAGE analysis with Coomassie
staining showed that the purity of the protein was more than
95 %, and the apparent molecular mass was consistent with
the calculated mass. The yield of purified protein from 1 liter
of cell culture was 5–7 mg.


The mutase activity of the recombinant PAM was monitored
by HPLC assays, and the absolute configurations of the prod-
ucts from the mutase reaction were assigned by chiral HPLC
analysis. PAM specifically converted (S)-a-phenylalanine to (R)-
b-phenylalanine (ee>99 %) according to Michaelis–MentenACHTUNGTRENNUNGkinetics with a kcat value of 0.013�0.0004 s�1 and a Km of 34�
3 mm. The enzyme showed no detectable activity with (R)-a-
phenylalanine as the substrate. The catalytic efficiency is similar
to that of other MIO-dependent aminomutases (Table 1). The
reverse mutase reaction was also studied. PAM exhibited high
enantioselectivity when rac-b-phenylalanine was used as a sub-
strate; only (R)-b-phenylalanine was isomerised to (S)-a-phenyl-
alanine (ee>99 %). Furthermore, HPLC analysis showed that
(E)-cinnamic acid was formed and released from the enzyme in
the initial stage of the mutase reaction both with (S)-a-phenyl-
alanine and (R)-b-phenylalanine as the substrate.


Scheme 1. Catalytic mechanisms that have been proposed for phenylalanine aminomutase (PAM).
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Ammonia addition reaction and productACHTUNGTRENNUNGidentification


The formation of (E)-cinnamic acid as an intermedi-
ate or side product in the mutase reaction and itsACHTUNGTRENNUNGrelease from the enzyme active site prompted us to
examine if (E)-cinnamic acid can be used as a sub-
strate in a PAM-catalysed amination reaction. The ki-
netic assay was performed at pH 10 in the presence
of a high concentration of ammonia (6 m) by following theACHTUNGTRENNUNGdecrease in absorbance at 290 nm, which results from the ami-
nation of (E)-cinnamic acid. Interestingly, we observed a small
but significant activity of PAM with (E)-cinnamic acid. A kcat of
0.024 s�1 and a Km of 1.8 mm were found, which results in a
kcat/Km of ~0.013 mm


�1 s�1 (Table 2). Control experiments
showed that ammonia does not react with (E)-cinnamic acid in
the absence of PAM.


Mixtures containing PAM, ammonia and (E)-cinnamic acid
were incubated, and samples were analysed by LC–MS to iden-
tify the products of the amination reaction. Two products were
observed and identified as a-phenylalanine and b-phenylala-
nine, based both on retention time comparison and the detec-
tion of fragment ions with masses identical to those that were
found with authentic standards. A comparison of the HPLC
spectra that were obtained with samples from various times
during conversion revealed that both a-phenylalanine and b-
phenylalanine emerged simultaneously in the initial stage of
the ammonia addition reaction at an a/b ratio of 51:49
(Table 2). The stereochemistry of the products was assigned by
using chiral HPLC, with authentic samples for comparison. This
analysis showed that the absolute configuration of the prod-
ucts was S for a-phenylalanine and R for b-phenylalanine. The
ee values that were obtained with both products were higher
than 99 % (Scheme 2).


(Z)-Cinnamic acid was tested as a potential substrate or in-
hibitor of PAM. This compound was not processed by the
enzyme. Furthermore, (Z)-cinnamic acid (1 mm) caused no


ACHTUNGTRENNUNGinhibition of the amination activity of PAM when (E)-cinnamic
acid (1 mm) was the substrate.


Role of MIO in the ammonia addition reaction


It has been shown that the internal MIO cofactor is essential
for the mutase activity of PAM.[13] This observation prompted
us to examine whether this cofactor is important for the b-
ammonia addition activity, which can be considered as the
second half reaction of the aminomutase. The hallmarks of the
MIO-based mechanism are loss of catalytic activity when the
internal cofactor is disrupted by site-directed mutagenesis and
inactivation of the enzyme in the presence of cyanide.


To determine whether cyanide, which is assumed to react
with the activated double bond of MIO, can cause inactivation
of the amination activity of PAM,[13] the enzyme was treated
with KCN (2 mm, 30 min) and the excess reagent was removed
by ultrafiltration. When PAM was treated with KCN in this way,
amination activity was almost completely lost (only 2 % of the
original activity was remaining). This result is indicative of co-
valent modification at the active site. Binding at the active site
is further indicated by the observation that the substrate,
either 5 mm (E)-cinnamic acid or 6 m NH3, partially protects the
enzyme against the inactivation by KCN (90 % and 80 %, re-
spectively).


The second hallmark of the MIO-based mechanism, the for-
mation of inactive enzyme after disruption of the cofactor by
mutagenesis, was investigated by replacing Ser176, which is


Table 1. Kinetic parameters for the mutase activity of T. chinensis PAM and two other aminomutases.


Organism Enzyme Substrate Km [mm] kcat [s�1] � 103 kcat/Km [mm
�1 s�1] � 103 Ref.


T. chinensis PAM (S)-a-phenylalanine 34�3 13�0.4 380�10 this work
T. cuspidata PAM (S)-a-phenylalanine 45�0.8 15 440 [13]
St. globisporus TAM (S)-a-tyrosine 28�2 10�1 360�44 [24]


Table 2. Kinetic parameters and regio- and enantioselectivity of PAM-catalysed amination reactions.


Substrate kcat [s�1] � 103 Km [mm] kcat/Km [s�1 mm
�1] � 103 Vrel


[a] a [%] eea
[b] eeb


[c]


1 24�1 1.8�0.1 13�1 1.0 51 >99 % >99 %
2 37�1 2.5�0.2 15�2 1.5 35 >99 % >99 %
3 46�1 0.38�0.02 115�9 1.9 41 >99 % >99 %
4 35�1 0.89�0.06 39�4 1.4 4 >99 % >99 %
5 27�1 0.79�0.04 34�3 1.1 14 >99 % >99 %
6 133�1 9.9�0.6 13�1 5.6 98 >99 % –


[a] Vrel is the ratio between the kcat for a particular substrate and the kcat for cinnamic acid. [b] The (S)-a-phenylalanines were formed. [c] The (R)-b-phenyla-
lanines were formed.


Scheme 2. Synthesis of enantiomerically pure (S)-a-phenylalanine and (R)-b-phenylala-
nine by using PAM.
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part of the Ala-Ser-Gly motif involved in the autocatalytic for-
mation of MIO, with alanine. The S176A mutant was expressed
and purified to homogeneity according to the procedures that
were used for wild-type PAM. The structural integrity of the
S176A mutant enzyme was assessed by circular dichroism, and
the CD spectrum of this mutant was similar to that of wild-
type PAM (data not shown); this indicates that the mutation
did not result in any major conformational change. The activity
of the S176A enzyme was tested in both the deamination (by
using (R)-b-phenylalanine or 4-NO2-a-phenylalanine as the sub-
strate) and the amination (by using (E)-cinnamic acid or (E)-4-
nitrocinnamic acid and ammonia as the substrates) directions.
It was found that replacement of Ser176 with an alanine abol-
ished all enzymatic activity. These observations provide sup-
port for an important catalytic role of MIO not only in deami-
nation but also in the amination activity of PAM.


Substrate scope


After establishing that PAM can catalyse the addition of ammo-
nia to (E)-cinnamic acid with high stereoselectivity, several (E)-
cinnamic acid derivatives were tested as potential substrates.
The results show that PAM converts (E)-4-fluorocinnamic acid,
(E)-4-methylcinnamic acid, (E)-4-methoxycinnamic acid, (E)-4-ni-
trocinnamic acid and (E)-4-chlorocinnamic acid to amino acids
(Scheme 3). A comparison of the kinetic parameters that were


obtained with these compounds indicates that the turnover
numbers (kcat) for the five substituted (E)-cinnamic acids are
somewhat higher than that observed with (E)-cinnamic acid,
regardless of the electronic property of the substituent on the
aromatic ring of the substrate (Table 2). In the absence of the
enzyme, no addition of ammonia to these compounds was ob-
served. Under identical assay conditions, (E)-4-hydroxycinnamic
acid, (E)-3-hydroxycinnamic acid, (E)-3,4-dihydroxycinnamic
acid, (E)-3-methoxycinnamic acid, (E)-2-methoxycinnamic acid,
(E)-a-methylcinnamic acid and (E)-b-methylcinnamic acid did
not serve as substrates for PAM.


The products of these ammonia addition reactions were an-
alysed by LC–MS. From the retention time and the observed
fragment ions, substituted a- and b-phenylalanines were iden-
tified as the amination products of the corresponding substi-
tuted cinnamic acids. Similar to what was observed with (E)-
cinnamic acid as the substrate, both a- and b-amino acids


were formed in the initial stage of the reaction. Interestingly,
the strongly electron-withdrawing nitro group promoted am-
monia addition to the a-position, but the electron-donating
methyl and methoxy group shifted the regioselectivity to the
b-position. Chiral HPLC analysis showed that the enantioselec-
tivity (all ee values >99 %) of the PAM-catalysed ammonia ad-
dition reactions was not influenced by the substituents on the
aromatic ring. Hence, enantiopure (S)-a-amino acids and (R)-b-
amino acids were identified as the sole products of the PAM-
catalysed amination reactions.


Discussion


The work reported here provides an enzymatic system for the
synthesis of enantiopure aromatic b-amino acids by ammonia
addition to the double bond of cinnamic acid and its ring-sub-
stituted derivatives. The use of a reverse ammonia lyase reac-
tion to synthesise aromatic a-amino acids has been recognised
and investigated for many years. For instance, PAL from Rhodo-
torula graminis is regarded as a valuable biocatalyst for the
enantioselective synthesis of (S)-a-phenylalanine and various
substituted aryl a-alanines.[25] Although some of the MIO-con-
taining ammonia lyases accept a broad range of substrates,
only a-amino acids are formed by PAL and related enzymes.
Other classes of enzymes that can catalyse ammonia addition
to double bonds are the l-aspartate ammonia lyases (aspar-


tases) and 3-methylaspartate ammonia lyases, which
belong to the class II fumarase superfamily and the
enolase superfamily of proteins, respectively. Howev-
er, the substrate range of these enzymes is very re-
stricted, because both carboxylates in the substrate
molecule are essential for catalytic activity, which
limits their application scope to formation of substi-
tuted aspartic acids.[9] The possibility to use PAM for
ammonia addition to aromatic acrylic acids with for-
mation of b-amino acids thus widely expands the
usefulness of biocatalytic ammonia addition reac-
tions.


The difference between the PAM from Taxus chi-
nensis described here and other MIO-dependent mu-


tases is the high enantioselectivity towards b-amino acids ex-
hibited by the T. chinensis enzyme. Previous work showed that
TAM possesses b-tyrosine racemase activity and can catalyse
the reversible conversion of (S)-b-tyrosine to (R)-b-tyrosine.[24]


Similarly, PAM from Taxus cuspidata converted both enantio-
mers of b-phenylalanine to (S)-a-phenylalanine, and (S)-b-phe-
nylalanine was found to be an even better substrate for the
enzyme than (R)-b-phenylalanine, which is the natural product
of the PAM reaction.[13] In contrast, the recombinant PAM from
T. chinensis that is described here showed an extremely high
enantioselectivity and only (R)-b-phenylalanine was accepted
as a substrate or synthesised from the cinnamic acid by this
enzyme. A comparison of amino acid sequences reveals that
the only difference between PAM from T. chinensis and the cor-
responding enzyme from T. cuspidata is an eleven-residue seg-
ment at the C terminus that is missing in T. chinensis PAM. The
corresponding C-terminal segment is also present in PAL, in


Scheme 3. Chemical structures of compounds that can serve as substrates for PAM-cata-
lysed amination reactions.
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which it was hypothesised to be important for activity.[26]


Whether the lack of acceptance of (S)-b-enantiomers by T. chi-
nensis PAM is a consequence of the C-terminal truncation is
presently unknown.


The catalytic mechanism of MIO-containing enzymes and
the precise mechanistic role of the cofactor have been debat-
ed for years (see Introduction). The Friedel–Crafts mechanism,
in which MIO reacts with the aromatic ring of the substrate
(path B in Scheme 1 A), predicts that the MIO cofactor is essen-
tial for ammonia elimination, but, if applied to PAM, it is not
essential for ammonia addition to the b-position. Interestingly,
we found that when MIO is disrupted in T. chinensis PAM by
chemical or genetic modification, the resulting enzyme is inac-
tive both in ammonia elimination and addition reactions. This
observation suggests that MIO is a key component for ammo-
nia elimination from and addition to both the a- and b-posi-
tions of the substrate; this is in agreement with a mechanism
in which MIO accepts and trans-
fers the amine group in the ami-
nomutase reaction (path A in
Scheme 1 A). Strong evidence
for this latter mechanism comes
from X-ray crystallographic work
on TAM that had been inactivat-
ed by tyrosine analogues in
which the a-hydrogens are sub-
stituted with fluorine atoms.[20, 27]


The use of these compounds,
which cannot undergo ammonia
elimination resulted in the for-
mation of covalent adducts be-
tween MIO and the amino
group of the analogues. This
suggests that MIO might be
coupled with the amino group of the substrate in the initial
stage of the aminomutase reaction.[20]


Studies on the overall stereochemical course of the T. cuspi-
data PAM reaction revealed that the enzyme shuttles both the
amino group (from C2 of the substrate to C3 of the product)
and the pro-3S hydrogen (to C2 of the b-isomer product) with
retention of configuration. To explain the retention of configu-
ration at both reaction centres, Walker and co-workers pro-
posed that the substrate might bind in the PAM active site
with the carboxylate group and the phenyl ring arranged in a
syn-periplanar orientation, which positions the migrating NH3


and hydrogen groups on the same side of the substrate mole-
cule.[28] This orientation could be consistent with (Z)-cinnamic
acid as an intermediate. Based on this assumption, we expect-
ed (Z)-cinnamic acid to be a substrate for the ammonia addi-
tion reaction. However, we observed that (Z)-cinnamic acid is
neither a substrate nor an inhibitor of T. chinensis PAM, which
suggests either that this compound can not enter the active
site of the enzyme or that it is not a real intermediate in the
PAM reaction, in which case the stereochemistry that is ob-
served might be related to other factors, such as a substrate
distortion or a rotation of the cinnamates relative to the gener-
al base expected to be present in the active centre.


PAM accepts a series of para-substitutions on the aromatic
ring of the cinnamic acids that undergo amination (Table 2).
Similar to the result of the kinetic study of different substrates
in PAM-catalysed mutase reactions,[29] there was no correlation
between the reaction rate and the electronic properties of the
substituents. However, we observed a clear effect of the nature
of the ring substituent on the regioselectivity of the addition
reaction (Table 2, 6th column); this suggests that electronicACHTUNGTRENNUNGeffects dominate the regioselectivity. If both the carboxylate
and aromatic ring that are attached to the substrate’s olefinic
group can act as an electron sink in a conjugate addition of
ammonia, the tendency of the b- versus the a-carbon of the
substrate to undergo this addition will be influenced by the
substituents that are present at the aromatic ring. Indeed,ACHTUNGTRENNUNGcinnamic acids that posses electron-donating groups (Table 2,
entries 4 and 5) are converted predominantly to b-amino acids,
which can be explained by a lowered ability of the aromatic


system to accept electrons (Scheme 4, upper part). On the
other hand, the cinnamic acid derivative with the strongly elec-
tron-withdrawing nitro group (Table 2, entry 6) is transformed
almost exclusively to its respective a-amino acid, which sug-
gests that the electron-poor aromatic ring acts as an electron
sink in this case (Scheme 4, lower part). Deviations from this
trend might be due to steric or electrostatic effects that cause
substituents at the para-position to cause different interactions
between substrate and enzyme and influence the geometry of
a Michaelis complex that undergoes amination, thereby influ-
encing the a/b ratio.


In conclusion, we have shown that enantiopure (S)-a-phenyl-
alanines and (R)-b-phenylalanines can be synthesised by PAM-
catalysed ammonia addition reactions with cinnamic acids as
substrates. To our knowledge, this is the first reported enzy-
matic synthesis of aromatic b-amino acids that uses a one-step
ammonia addition reaction. We observed that the substrate
scope of PAM is rather broad, which makes this enzyme an at-
tractive candidate for the biocatalytic synthesis of non-natural
aromatic b-amino acids. Challenging targets for optimisation
are an enhanced catalytic rate and an increased selectivity to-
wards b-addition.


Scheme 4. The electronic effect of aromatic ring substituents on the regioselectivity of PAM-catalysed amination
reaction.
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Experimental Section


Materials : The compounds (� )-a-phenylalanine, (� )-b-phenylala-
nine, (E)-cinnamic acid, (E)-4-chlorocinnamic acid, (E)-4-fluorocin-
namic acid, (E)-4-methylcinnamic acid, (E)-4-hydroxycinnamic acid
were purchased from Acros organics. (R)-a-phenylalanine, (S)-a-
phenylalanine, (E)-4-methoxycinnamic acid, (E)-4-nitrocinnamic
acid, (S)-4-nitro-a-phenylalanine and (� )-4-nitro-a-phenylalanine
were obtained from Sigma–Aldrich–Fluka. (R)-b-phenylalanine, (S)-
b-phenylalanine, (S)-3-amino-3-(4-fluorophenyl)propionic acid, (R)-
3-amino-3-(4-fluorophenyl)propionic acid, (S)-3-amino-3-(4-chloro-
phenyl)propionic acid, (R)-3-amino-3-(4-chlorophenyl)propionic
acid, (S)-3-amino-3-(4-methylphenyl)propionic acid, (R)-3-amino-3-
(4-methylphenyl)propionic acid, (S)-3-amino-3-(4-methoxyphenyl)-
propionic acid, (R)-3-amino-3-(4-methoxyphenyl)propionic acid, (S)-
4-fluoro-a-phenylalanine, (R)-4-fluoro-a-phenylalanine, (S)-4-chloro-
a-phenylalanine, (R)-4-chloro-a-phenylalanine, (S)-4-methyl-a-phe-
nylalanine, (R)-4-methyl-a-phenylalanine, (S)-4-methoxy-a-phenyl-ACHTUNGTRENNUNGalanine and (R)-4-methoxy-a-phenylalanine were synthesised by
Peptech Corp (Burlington, USA). (� )-b-4-Nitrophenylalanine[30] and
(Z)-cinnamic acid[31] were prepared according to literature proce-
dures.


Construction of the PAM expression vector : The PAM gene (T. chi-
nensis) with optimised codon usage for E. coli was synthesised by
DNA 2.0 Inc (Menlo Park, USA) and provided as an insert that was
cloned in the vector pJ-36. The PAM gene was excised from the
provided pJ-36 vector by NdeI and HindIII digestion, separated
from the vector DNA by agarose gel electrophoresis and purified
by using the Qiagen gel extraction kit. The gene was then ligated
into NdeI/HindIII-digested pBAD-His vector (Invitrogen). The PAM
gene was expressed in E. coli TOP10 from the arabinose promoter,
resulting in the production of an N-terminal hexahistidine fusion
protein.


Plasmid preparation, PCR purification and DNA extraction were car-
ried out by using commercial kits (Qiagen). Restriction enzymes
were purchased from New England Biolabs. PhusionTM high-fidelity
polymerase was purchased from Finnzymes (Espoo, Finland). The
Quick-ligation kit was purchased from Roche Applied Science.


Construction of the S176A PAM mutant : The S176A mutant of
PAM was generated by using the megaprimer method and the
coding sequence for PAM in plasmid pBAD-His-PAM as the tem-
plate. In the first stage of PCR, the megaprimer was made by using
the primer 5’-CG TGG TTC TGT TTC TGC AGC CGG CGA TCT GAT
TCC-3’, with the mutated codon underlined, and the primer 5’-AAC
GGT AGA CGC AAC TGC AGT AG-3’ (designated PstI reverse
primer). In the second stage of PCR, this mega-primer was used in
combination with primer 5’-CGC GCG GCA GCC ATA TGG GTT TC-3’
(designated NdeI forward primer) to amplify the full-length mutant
gene. When the second PCR was finished, DpnI (10 units) was
added directly to the PCR mixture and the mixture was incubated
at 37 8C for 2 h to remove the template DNA. The final PCR prod-
uct was purified, digested with NdeI and PstI, and ligated into the
NdeI/PstI-treated pBAD-His vector. The ligation mixtures were
transformed into competent E. coli TOP10 cells and transformants
were plated on LB plates with ampicillin. All mutant constructs
were confirmed by sequencing the region between the NdeI and
PstI sites. All primers were supplied by Sigma–Aldrich.


Expression and purification of PAM wild-type and the S176A
mutant : The PAM enzyme, either wild-type or mutant, was pro-
duced in E. coli TOP10 by using the pBAD expression system (Invi-
trogen). Fresh TOP10 cells that contained the appropriate expres-
sion plasmid were used to inoculate LB medium (10 mL) contain-


ing ampicillin (50 mg mL�1, LB/Amp medium). After overnight
growth at 37 8C, the culture (10 mL) was used to inoculate LB/Amp
medium (1 L). Cultures were grown at 37 8C to an OD600 of 0.5 with
vigorous shaking and then induced with arabinose (0.002 % (w/v)
final concentration). Incubation was continued for 20 h at 17 8C.
Cells were harvested by centrifugation at 5000 g for 20 min,
washed with buffer A (50 mL, 20 mm Tris–HCl buffer, pH 8.0,
20 mm imidazole, 0.5 m NaCl) and suspended in the same buffer
(50 mL). Cells were disrupted by sonication, after which unbroken
cells and debris were removed by centrifugation (15 000 g, 60 min).
All steps were performed at 4 8C. PAM was purified by Ni-based im-
mobilised metal affinity chromatography by using an AKTA system
(Amersham). After washing with 20 mm and 60 mm imidazole, the
bound protein was eluted with 200 mm imidazole. Fractions that
contained PAM were desalted and concentrated to 8 mg mL�1 in
storage buffer (20 mm Tris–HCl, 50 mm NaCl, 2 mm EDTA, 1 mm


DTT, 25 % glycerol, pH 8.0). The purified enzyme was flash-frozen in
liquid N2 and stored at �80 8C until further use. The purity of the
protein was analysed by SDS-PAGE and the protein concentration
was determined by the Bradford assay.


Determination of aminomutase activity : The mutase activity of
PAM was determined by monitoring the production of b-phenylala-
nine upon incubation with a-phenylalanine. Incubation mixtures
contained a-phenylalanine (0.02 mm to 0.2 mm), phosphate buffer
(50 mm, pH 8.0), and purified PAM (0.08 mg). At different times,
samples (34 mL) were taken from the reaction mixture and
quenched by adding HCl (2 m, 18 mL) with cooling on ice for 5 min.
The pH was readjusted to 8.0 by adding small aliquots of an aq
KOH solution. The reaction mixture was directly loaded onto the
HPLC system.


An Alltech (Lexington, USA) C18 3u column (3 mm, 100 mm �
4.6 mm) was used for analytical separation of a- and b-phenyl-ACHTUNGTRENNUNGalanine. The solvents were phosphate buffer (50 mm, pH 2.7)
(eluent A) and HPLC pure CH3CN (eluent B). The flow rate was
1 mL min�1. The elution gradient was formed as follows: start with
100:0 for 10 min, in 5 min from 100:0 to 70:30, and from 70:30 to
100:0 from 20 min to 28 min. The analyses were carried out at
20 8C, with detection at 210 nm. The initial rates were plotted
against the substrate concentrations and fitted to the Michaelis–
Menten equation to obtain the kinetic parameters.


Determination of kinetic parameters of PAM by UV spectrosco-
py : NH3 addition reactions were performed as follows. A 6 m NH3


solution was prepared and the pH was adjusted to 10 by bubbling
CO2 into the solution. (E)-Cinnamic acid or a derivative was mixed
at various concentrations with purified PAM (0.06 mg) in NH3 solu-
tion (6 m, 300 mL). The reaction mixture was incubated at 30 8C.
Conversion was followed by UV spectroscopy, monitoring the de-
pletion of substrate absorbance at appropriate wavelengths [(E)-
cinnamic acid: e290 = 10 000 L cm�1 mol�1, e298 = 5100 L cm�1 mol�1,
e302 = 2600 L cm�1 mol�1; (E)-4-fluorocinnamic acid: e290 =
10 500 L cm�1 mol�1, e304 = 2500 L cm�1 mol�1; (E)-4-chlorocinnamic
acid: e301 = 10 200 L cm�1 mol�1, e306 = 5500 L cm�1 mol�1; (E)-4-meth-
ylcinnamic acid: e301 = 11 000 L cm�1 mol�1, e308 = 5000 L cm�1 mol�1;
(E)-4-methoxycinnamic acid: e315 = 10 500 L cm�1 mol�1, e322 =
7500 L cm�1 mol�1, e327 = 2500 L cm�1 mol�1; (E)-4-nitrocinnamic
acid: e375 = 1000 L cm�1 mol�1, e383 = 500 L cm�1 mol�1] . The initial
rates were fitted to the substrate concentrations with the Michae-
lis–Menten equation to obtain the kinetic constants.


Product identification by LC–MS : Reaction mixtures contained (E)-
cinnamic acid (5 mm) or a derivative, NH3 (6 m, pH 10), and PAM
(0.2 mg mL�1). Reactions were initiated by the addition of enzyme,
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incubated at 30 8C, and quenched by heating for 5 min at 99 8C.
The reaction mixtures were directly loaded onto an Alltech C18 3u
column (3 mm, 100 mm � 4.6 mm). LC–MS/MS analysis was per-
formed by using an LC–MS ion-trapping system (Thermo Scientific,
Waltham, USA). The solvent system consisted of 0.01 % formic acid
(eluent A) and 0.07 % formic acid in 30 % CH3CN (eluent B). The elu-
tion gradient was formed as follows: start with 100:0 for 10 min, in
5 min from 100:0 to 0:100, and from 0:100 to 100:0 from 20 min
to 28 min. The analyses were carried out at 20 8C, with concomi-
tant UV detection at 260 nm.


Analysis of the phenylalanine products by chiral HPLC : Purified
PAM (0.02 mg) was added to (E)-cinnamic acid (5 mm) or a deriva-
tive in 6 m NH3 solution (pH 10, 200 mL). The reaction mixture was
incubated for 24 h at 30 8C. Subsequently, a portion (20 mL) was
taken and the reaction was quenched by heating for 5 min at
99 8C. A portion of 2 m NaOH (40 mL) was added to remove the
excess of NH3 . The sample was then frozen in liquid N2, lyophilised
and dissolved in HClO4 (2 m, 55 mL). Analysis was carried out on a
Crownpak CR(+) (4 mm � 150 mm) column. Compounds were
eluted isocratically with HClO4 containing MeOH (15 %, pH 2.5)
with UV detection at 210 nm. The flow rate was 0.3 mL min�1 and
the temperature of the column was maintained at �5 8C.
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Introduction


The insect pathogen Beauveria (teleomorph: Cordyceps) bassi-
ana (Hypocreales) produces several secondary metabolites, in-
cluding the cyclooligomer nonribosomal depsipeptides beau-
vericin (1; Scheme 1) and bassianolide (2), the diketomorpho-
line bassiatin, the cyclic peptides beauverolides, the 2-pyridone
tenellin, and the dibenzoquinone oosporein.[1–5] Amongst


these, the cyclooligomer depsipeptides beauvericin (1) and
bassianolide (2) represent rich pharmacophores with diverse
biological activities. Bassianolide (2), a tetramer of the dipepti-
dol monomer d-Hiv-N-methyl-l-leucine (Scheme 1), is toxic to
insect larvae,[2] inhibits acetylcholine-induced smooth muscle
contraction,[6] and displays moderate antimycobacterial, anti-
plasmodial, and cytotoxic activity.[7] Beauvericin (1), the main
cyclooligomer depsipeptide product of B. bassiana, transports
monovalent ions across membranes; this uncouples oxidative
phosphorylation.[8] It is a cyclic trimer assembled from three
d-Hiv-N-methyl-l-phenylalanine dipeptidol monomers
(Scheme 1). Beauvericin is insecticidal,[1, 9] displays moderate an-
tifungal and antibiotic activity,[1] and reverses multidrug resist-
ance in Candida albicans.[10, 11] Beauvericin also displays broad-
spectrum antiproliferative activity against different human
cancer cell lines by activating calcium-sensitive cell apoptotic
pathways.[12] We have previously reported that beauvericin is a
potent inhibitor of the haptotactic motility of cancer cells at
subcytotoxic concentrations.[13] Haptotaxis (directional cell mo-


Scheme 1. Biosynthesis of fungal cyclooligomer depsipeptides.


Fungal cyclooligomer depsipeptides such as beauvericin, bassia-
nolide, and enniatins display antibiotic, antifungal, insecticidal,
broad-spectrum cancer cell antiproliferative, and cell migration
inhibitory activities. We have identified a gene encoding a novel
enzyme, ketoisovalerate reductase (KIVR), which is the sole pro-
vider of d-hydroxyisovalerate (d-Hiv), a common precursor forACHTUNGTRENNUNGcyclooligomer depsipeptide biosynthesis in Beauveria bassiana.
KIVR and related hypothetical oxidoreductases encoded in fungal
genomes are similar to ketopantoate reductases but not to d-hy-


droxycarboxylate dehydrogenases. We demonstrate that a KIVR
knockout B. bassiana strain can be used for the efficient muta-
synthesis of unnatural beauvericin congeners. Simultaneous feed-
ing of precursor analogues enabled the combinatorial mutasyn-
thesis of scrambled beauvericins, some assembled entirely from
unnatural precursors. The effects of the introduced structural
changes on the antiproliferative and cell migration inhibitoryACHTUNGTRENNUNGactivities of these analogues were evaluated.
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tility) is essential for key rate-limiting processes during cancer
progression, including the formation of new blood vessels in
tumors (angiogenesis), invasive growth of tumors, and meta-
stasis.[14] Importantly, cytotoxicity is not essential for the inhibi-
tion of cell migration; the mechanisms of action for these two
processes were shown to be distinct in taxanes and the vinca
alkaloids, and demonstrated to be separable in the case of bor-
relidin analogues.[15] Haptotaxis inhibitors with reduced cyto-
toxicity would be highly desirable, both to contain the growth
of existing tumors and to restrain new tumor formation.


Nonribosomal peptides, including cyclooligomer depsipep-ACHTUNGTRENNUNGtides, encompass an extensive family of biologically active nat-
ural products. Their tremendous structural diversity derives in
large part from the potential of the nonribosomal peptide syn-
thetase (NRPS) enzymatic machinery to utilize nonproteinogen-
ic amino acids and amino acid derivatives such as 2-hydroxy-
carboxylic acids as precursors. Most nonribosomal peptides are
assembled from these precursors through a process of step-
wise and processive condensations. In contrast, the NRPSs for
cyclooligomer nonribosomal peptides such as beauvericin cat-
alyze the iterative synthesis of oligopeptide monomer units,
followed by the recursive condensation (oligomerization) of
the monomers and intramolecular cyclization of the product.[16]


Hydroxyisovalerate (Hiv) is a common 2-hydroxycarboxylic
acid constituent of depsipeptides including beauvericin, bassia-
nolide, and other fungal cyclooligomer depsipeptides such as
the enniatins (Scheme 1). d-Hiv is formed in fungi by the
highly specific chiral reduction of 2-ketoisovalerate (Kiv) by dis-
sociated enzymes.[17, 18] Kiv itself is a central intermediate in sev-
eral metabolic pathways (Scheme 2). It is formed from pyru-


vate in several steps as a precursor in valine biosynthesis, and
is also used during pantothenate biosynthesis in bacteria,
fungi, and plants in the production of coenzyme A and the
phosphopantetheinyl prosthetic groups of acyl or peptidyl car-
rier proteins.[19]


A limited number of beauvericin analogues have been isolat-
ed as minor congeners from fermentations.[10, 20, 21] As demon-
strated by ourselves and by others, further analogues can be
produced by precursor-directed biosynthesis in vivo,[22, 23] or by
using purified synthetase enzymes in vitro.[24] Although total
chemical synthesis of cyclic depsipeptides is also feasible, ester
bond formation during solid-phase synthesis is inefficient, and
macrolactone ring-closure is problematic.[25, 26] Mutasynthesis,
the introduction of chemically synthesized “mutasynthons”
into complex natural products with the aid of biosynthetic mu-
tants,[27] had not previously been established for cyclooligomer
depsipeptides.


In this work we show that the kivr gene of B. bassiana en-
codes a putative 2-ketoisovalerate reductase that is the sole
supplier of d-Hiv for both beauvericin and bassianolide biosyn-
thesis under routine fermentation conditions. Using the kivr
knockout B. bassiana strain, we have established mutasynthesis
and demonstrated a novel combinatorial mutasynthetic strat-
egy for the in vivo production of new beauvericin-like cyclo-ACHTUNGTRENNUNGoligomer depsipeptides upon simultaneous feeding with d-Hiv
and l-Phe analogues. Finally, we evaluate the influences of the
introduced structural changes on the antihaptotactic and anti-
proliferative activities of these unnatural natural products.


Results


Cloning and sequence analysis of a putativeACHTUNGTRENNUNGketoisovalerate reductase


We have recently cloned and functionally character-
ized two discrete loci of the B. bassiana ATCC 7159
genome, each centered on a cyclooligomer depsi-
peptide synthetase for the biosyntheses of beauveri-
cin[28] and bassianolide (unpublished data). The
bbBeas gene for the beauvericin synthetase, but not
the bbBsls gene for the bassianolide synthetase, was
found to be clustered with—and to share a putative
2241 bp bidirectional promoter area with—a gene
(kivr) encoding a deduced 2-ketoisovalerate reduc-
tase (KIVR; Figure 1 A).[28] The deduced KIVR protein is
462 amino acids in length and is highly similar to
hypo ACHTUNGTRENNUNGthetical fungal ketopantoate reductases in Gen-
Bank, such as XP_382715 from Gibberella zeae (ana-
morph: Fusarium graminearum ; 43 % identity/61 %
similarity). Similarity was also detected with the func-
tionally uncharacterized terminal reductase domain
of the Xylaria sp. bassianolide synthetase (ABR28 366,
25 % identity/43 % similarity), and also with character-
ized or putative bacterial ketopantoate reductases
such as ABC28 760 from Hahella chejuensis (26 %
identity/40 % similarity). Ketopantoate reductases cat-
alyze the reversible, NADPH-dependent chiral reduc-


Scheme 2. Metabolism of 2-ketoisovalerate in fungi. A schematic representation of the
catalytic mechanism of the E. coli PanE ketopantoate reductase[19] is shown with an
abridged structure of NADPH. ACP/PCP: acyl carrier protein/peptidyl carrier protein.
BCAAT: branched-chain amino acid aminotransferase. BCKD: branched-chain ketoacid de-
hydrogenase. KIVR: ketoisovalerate reductase. PanB: ketopantoate hydroxymethylase.
PDC: pyruvate decarboxylase.
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tion of ketopantoate to d-hydroxypantoate in vitamin B5 bio-
synthesis (Scheme 2).[19] The ACHTUNGTRENNUNGdeduced B. bassiana KIVR protein
is also similar to COG1893 (ApbA ketopantoate reductases, E
value = 5 e�20) and contains a GXGXXG nucleotide-binding sig-
nature (amino acid positions 72–77).


A survey of 30 available fungal genome sequences (Fungal
Genome Initiative, (FGI), http://www.broad.mit.edu/annotation/
fungi/fgi/) revealed one to nine genes per genome for a total
of 118 sequences annotated as encoding COG1893 ketopan-
toate reductases. A phylogenetic tree constructed from a mul-
tiple alignment of these deduced fungal protein sequences
and that of the E. coli PanE ketopantoate reductase (Figure S1
in the Supporting Information) revealed wide sequence diver-
gence with many clades supported by significant bootstrap
values, indicating a possible functional heterogeneity within
this protein family. In particular, the E. coli ketopantoate reduc-
tase and the B. bassiana KIVR were found to be members of
separate clades (Figure S1 in the Supporting Information).


The structure of the E. coli ketopantoate reductase in a ter-
nary complex with NADP and pantoate has been solved to
reveal a Glu-Asn-Lys triad active site architecture (Scheme 2).[19]


The protonated Lys176 (KIVR: Lys290, Figure 1 B) acts as a gen-
eral acid to polarize the substrate carbonyl, facilitates the
transfer of the pro-S hydride of NADPH to the si face of keto-
pantoate, and protonates the developing alkoxide.[29] Asn98
(KIVR: Asn185) forms hydrogen bonds both with the carboxyl-
ate of the substrate and with the ribose of the nicotinamide:
this orients the cofactor, together with further hydrogen bonds
to the NADPH from Glu256 (KIVR: Glu415) and Lys72 (KIVR:
Lys159). Further stabilization is provided by a hydrogen bond
between the carboxyl group of the substrate and Ser244
(KIVR: Ser403), and between the a-hydroxy group of the prod-
uct and Asn180 (KIVR: Asn294). All these residues are con-
served in the B. bassiana KIVR (Figure 1 B) and in most hypo-
thetical fungal COG1893 enzymes. Asn194 and Asn241 of the
E. coli ketopantoate reductase form hydrogen bonds with the
C4 hydroxy group of ketopantoate. These residues, however,
are divergent in KIVR (Thr308 and Tyr366, respectively) and
in many other hypothetical fungal COG1893 enzymes, again
suggesting that the fungal COG1893 enzymes might act on
substrates with divergent structures.


Figure 1. Sequence analysis of kivr. A) The beauvericin biosynthetic locus of B. bassiana (EU 886 196).[28] B) Structure-based sequence alignment of KIVR and
the E. coli PanE ketopantoate reductase (P0A9J4). The alignment was optimized and annotated with secondary structure predictions in SWISS-MODEL[48] by
use of the determined crystal structure of PanE (2OFP, chain A). Identical amino acids are shown on black background. Key amino acid residues mentioned in
the text are labeled with arrows and numbered with reference to the PanE sequence. The nucleotide binding signatures and the hinge region separating the
N-terminal Rossmann fold and the C-terminal catalytic domain in PanE[19] are boxed. h: a-helix. s : bend.
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Both beauvericin and bassia-
nolide (as well as enniatins) in-
corporate d-Hiv as their 2-hy-
droxycarboxylate constituent.[24]


A highly substrate- and stereo-
specific NADPH-dependent
53 kDa enzyme (termed “d-hy-
droxyisovalerate dehydrogen-
ase”), which catalyzes the rever-
sible reduction of 2-ketoisovaler-
ate (Kiv) to d-Hiv, has been puri-
fied and biochemically character-
ized from F. sambucinum, a
producer of enniatins,[18, 30] but
the corresponding protein and
gene sequences were not deter-
mined. Concurrently with this
work, it was hypothesized that a
terminal reductase domain ap-
pended to the Xylaria sp. bassia-
nolide synthetase might serve a
similar function.[7] We propose
that the kivr gene encodes the
“d-hydroxyisovalerate dehydro-
genase” of B. bassiana that sup-
plies d-Hiv for the biosynthesis
of beauvericin and bassianolide.
In light of the sequence and the
structural (and presumably
mechanistic) similarity with keto-
pantoate reductases, but not
with d-lactose or d-hydroxyiso-
caproate dehydrogenases (see
Discussion), we propose to rename these enzymes as ketoiso-
valerate reductases (KIVRs).


Disruption of kivr in B. bassiana


To ascertain the biological role of KIVR, we disrupted the kivr
gene on the B. bassiana chromosome by employing Agrobacte-
rium tumefaciens-mediated transformation.[31, 32] Glufosinate-
resistant putative transformants were verified by a series of
Southern hybridizations (Figure 2 A–C). Approximately 80 % of
the transformants carried the selectable marker gene at an ec-
topic location, while the rest of the transformants were validat-
ed to have undergone gene replacement through double ho-
mologous recombination. The production of beauvericin and
bassianolide in the ectopic integrant isolates was indistinguish-
able from that in the wild-type strain. In marked contrast, the
biosyntheses of both beauvericin and bassianolide were fully
abrogated in the kivr knockout isolates, as shown by HPLC and
LC-MS analysis of the corresponding extracts (Figure 2 D). Feed-
ing of d-Hiv during fermentations restored the ability of the
kivr mutant isolates to produce both cyclodepsipeptides, with
an approximately 30 % increase in beauvericin production and
a 40 % decrease in bassianolide biosynthesis relative to the
wild type (Figure 2 D). The inability of the kivr mutant to pro-


duce either of the two d-Hiv-containing cyclodepsipeptides
and the efficient rescue of the production of both of these
compounds by chemical complementation with d-Hiv unam-
biguously establishes that KIVR is the only enzyme that sup-
plies d-Hiv for cyclooligomer depsipeptide biosynthesis in
B. bassiana under the fermentation conditions tested.


Mutasynthesis of beauvericin analogues with a kivrACHTUNGTRENNUNGknockout B. bassiana strain


As a consequence of the oligomeric nature of beauvericin
(Scheme 1), precursor-directed biosynthesis with the wild-type
strain and an appropriate d-Hiv analogue yields beauvericin (1)
and a series of three beauvericin analogues in which one, two,
or all three d-Hiv moieties are replaced by the externally sup-
plied precursor.[22, 23] In contrast, the kivr mutant strain is
unable to produce any beauvericin-like compounds unless the
fermentations are supplemented with an appropriate d-Hiv an-
alogue. Moreover, upon d-Hiv analogue supplementation, this
strain biosynthesizes only a single beauvericin compound, in
which all the d-Hiv positions are fully substituted by the exter-
nally supplied precursor. We have demonstrated this principle
by feeding d-2-hydroxybutyrate (d-Hbu) to the kivr mutant
B. bassiana strain and observing the biosynthesis of beauveric-


Figure 2. Replacement of the kivr gene in B. bassiana. A) Scheme for the double homologous recombination be-
tween the T-DNA and the B. bassiana genome. LB and RB: Left and right borders of the T-DNA. E: EcoRI restriction
site. B: BamHI restriction site. B) Southern hybridization against BamHI-digested total DNA of several transformants
with the bar gene as the probe. The arrow shows the expected hybridizing fragment found in isolates 3, 5, and 6.
M: marker. C) Southern hybridization against BamHI–EcoRI double digests of total DNA of selected transformants
from panel B. The arrow shows the expected hybridizing fragment. D) Beauvericin (1) and bassianolide (2) produc-
tion in B. bassiana ATCC 7159 (wild-type) and the kivr knockout mutant (kivr KO), and chemical complementation
of the kivr mutant upon feeding with d-Hiv (kivr KO +d-Hiv).
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in G3 (3) as the sole beauvericin product (Figure 3). Beauveric-
in G3 had also been produced by precursor-directed biosynthe-
sis with the wild-type B. bassiana strain, and that fermentation


had also yielded beauvericins G1, G2, and G3 (d-Hbu replacing
one, two, or three d-Hiv residues, respectively, in beauvericin),
in addition to natural beauvericin (1).[22] Production of beauver-
icin G3 by mutasynthesis is also significantly more efficient
than its production by precursor-directed biosynthesis (approx-
imately 8 mg L�1 versus ~1 mg L�1,[22] respectively).


Attempts to use the commercially available d-Hiv precursor
analogues dl-lactate, dl-2-hydroxyisocaproate, dl-mandelate,
and (R,S)-hexahydromandelate for mutasynthesis were unpro-
ductive, similarly to our previous precursor-directed biosynthe-
sis experiments.[22] Since very few feasible d-Hiv analogues are
commercially available, we considered producing a much
larger variety of these precursor analogues by synthesis from
the corresponding readily available amino acids. We found
that the most direct and efficient procedure for conversion of
amino acids into the corresponding 2-hydroxycarboxylic acids
involves diazotization followed by hydrolysis with NaNO2/
H2SO4/H2O under mild conditions (see the Experimental Sec-
tion). As a proof of principle, we have successfully applied this
procedure on a gram scale for the synthesis of dl-2-hydroxy-3-
methylvalerate (dl-Hmv) from dl-isoleucine. Concurrently with
this work, a similar synthetic scheme that uses more vigorous
conditions to support in vitro enzymatic synthesis of enniatin
variants was described by the Zocher group.[33] After structure
confirmation, synthetic dl-Hmv was fed to the kivr mutant
strain and was found to support the exclusive production of
the known analogue beauvericin C (4)[22, 23] in a good yield (ca.


12 mg L�1; Figure 3). In contrast, only minor amounts of this
congener had previously been obtained by ourselves and by
others during precursor-directed biosynthesis with the wild-
type beauvericin producer strains.[22, 23]


Combinatorial mutasynthesis of scrambled beauvericins


To produce a larger variety of beauvericin analogues, we con-
sidered combinatorial simultaneous feeding of pairs of precur-
sor analogues during mutasynthesis. To demonstrate the feasi-
bility of this new approach, we used the 2-hydroxycarboxylic
acid analogues d-Hbu and dl-Hmv, as well as the l-Phe ana-
logues 3-fluoro-l-Phe (l-3-F-Phe) and 2-fluoro-l-Phe (l-2-F-
Phe). Efficient incorporation of these Phe analogues into un-
natural beauvericins had been demonstrated in our previous
study.[22] While the fed 2-hydroxycarboxylates completely re-
placed d-Hiv in beauvericins obtained with the kivr mutant as
described above, the Phe analogues were expected to substi-
tute zero, one, two, or three Phe moieties to provide a beau-
vericin analogue series (Figure 3). Satisfyingly, combinatorial
feeding of the kivr mutant with the above precursors enabled
the efficient production of 14 new beauvericin analogues be-
longing to five novel series (Table 1, compounds 5–18). To ach-
ieve acceptable yields of the novel beauvericins BG1 (17) and
AG2 (18), d-Hbu had to be supplied at a minimum of a ten-
fold excess over dl-Hmv during simultaneous feeding with
these 2-hydroxycarboxylates. All of the new beauvericin ana-
logues produced were characterized by HR-FAB-MS, and eight
were isolated by preparative HPLC and their structures were
confirmed by 1H NMR spectroscopy (see the Supporting Infor-
mation). All attempts to separate the remaining six analogues
failed, and thus these were isolated as product mixtures. The
isolated beauvericin analogues and the beauvericin analogue
mixtures were evaluated in a limited SAR study for their in
vitro antiproliferative and antihaptotactic activities against the
metastatic prostate cancer cell line PC-3M (Table 2 and
Figure 4).


Discussion


2-Ketoisovalerate (Kiv) is an intermediate both in valine catabo-
lic pathways and in valine anabolic pathways (Scheme 2). Kiv
is also converted into vitamin B5 (pantothenate) and further
into coenzyme A via ketopantoate in prokaryotes, fungi, and
plants ; this pathway is an attractive target for the develop-
ment of highly specific antibiotics, antifungals, and herbicides
because animals do not biosynthesize pantothenic acid. Kiv is
also metabolized to isobutyryl-CoA prior to entry into theACHTUNGTRENNUNGcitrate cycle and for the biosynthesis of branched-chain fatty
acids and polyketides. Yeasts can convert Kiv into isobutanol (a
fusel alcohol) during fermentative regeneration of NAD+ .[34]


Chiral reduction of Kiv in fungi provides d-Hiv, a precursor for
the biosyntheses of nonribosomal depsipeptides and aroma
compounds.


2-Hydroxyisovalerate is a common 2-hydroxycarboxylate
constituent of depsipeptides. Known bacterial depsipeptide
synthetase NRPSs activate and load 2-ketocarboxylates and uti-


Figure 3. Production of beauvericin analogues by combinatorial mutasyn-
thesis. The kivr knockout B. bassiana strain was fermented in media supple-
mented with the precursor analogues indicated to the right. Beauvericin an-
alogues are identified with their compound numbers and the m/z values for
their [M+H]+ ions in HR-FAB-MS.
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lize an integrated NRPS domain with similarities to polyketide
synthase ketoacyl reductases to reduce the C2 carbonyl of the
resulting 2-ketocarboxylate carrier protein thioester. In con-
trast, fungal cyclooligomer depsipeptide synthetases directly
incorporate preformed 2-hydroxycarboxylic acids, conceivably
representing an example of convergent evolution. d-Hiv is
thus biosynthesized in fungi by distinct, monofunctional,


NADPH-dependent dehydrogenase enzymes with high chiral
specificity, exemplified by the “d-Hiv dehydrogenase” purified
from the enniatin producer F. sambucinum (teleomorph: G. pu-
licaris).[17, 18, 35] While the corresponding gene has not been iso-
lated, the measured size of the purified F. sambucinum enzyme
(53 kDa for the monomer) is in excellent agreement with the
deduced size of KIVR (51 491 Da), shown here to be the


Table 1. Structures of beauvericin analogues. The structures of the precursor analogues fed to the kivr knockout strain are also shown.


Compound Feeding Yield[a] R1 R2 R3 R4 R5 R6 R7 R8 R9


beauvericin[b] (1) NA 20 Me Me Me H H H H H H
beauvericin G3 (3) d-Hbu 8 H H H H H H H H H
beauvericin C (4) d-Hmv 12 Et Et Et H H H H H H
beauvericin G3H1 (5) d-Hbu +l-3-F-Phe 3[c] H H H F H H H H H
beauvericin G3H2 (6) d-Hbu +l-3-F-Phe H H H F F H H H H
beauvericin G3H3 (7) d-Hbu +l-3-F-Phe H H H F F F H H H
beauvericin G3I1 (8) d-Hbu +l-2-F-Phe 1 H H H H H H F H H
beauvericin G3I2 (9) d-Hbu +l-2-F-Phe 1 H H H H H H F F H
beauvericin G3I3 (10) d-Hbu +l-2-F-Phe 1 H H H H H H F F F
beauvericin CH1 (11) d-Hmv +l-3-F-Phe 1 Et Et Et F H H H H H
beauvericin CH2 (12) d-Hbu +l-3-F-Phe 2 Et Et Et F F H H H H
beauvericin CH3 (13) d-Hbu +l-3-F-Phe 1 Et Et Et F F F H H H
beauvericin CI1 (14) d-Hbu +l-2-F-Phe 3[c] Et Et Et H H H F H H
beauvericin CI2 (15) d-Hbu +l-2-F-Phe Et Et Et H H H F F H
beauvericin CI3 (16) d-Hbu +l-2-F-Phe Et Et Et H H H F F F
beauvericin BG1 (17) d-Hmv +d-Hbu 8 Et Et H H H H H H H
beauvericin AG2 (18) d-Hmv +d-Hbu 5 Et H H H H H H H H


[a] Approximate isolated yield of the product in mg L�1. [b] Beauvericin produced by the wild-type strain. [c] Isolated yields of the product mixtures G3H0–3


and CI0–3, respectively.


Table 2. Cancer cell antiproliferative and antihaptotactic activities of beauvericin analogues.


Compound MTT[a] WHA[b] MTT/WHA[c] Compound MTT[a] WHA[b] MTT/WHA[c]


beauvericin (1)[d] 8.0�0.4 3.5�0.4 2.3 beauvericin G3I3 (10) 5.1�0.8 5.9�0.7 0.9
beauvericin G1


[d] 5.0�0.4 3.8�0.2 1.3 beauvericin CH1 (11) 2.1�0.1 3.6�0.8 0.6
beauvericin G2


[d] 10.4�0.1 7.6�0.2 1.4 beauvericin CH2 (12) 1.4�0.1 3.2�0.1 0.4
beauvericin G3 (3)[d] 16.3�0.1 17.2�0.1 0.9 beauvericin CH3 (13) 3.4�0.1 4.8�0.3 0.7
beauvericin H1


[d] 7.4�0.3 3.2�0.1 2.3 beauvericin BG1 (17) 4.6�0.1 4.6�0.1 1.0
beauvericin H2


[d] 6.2�0.1 3.2�0.1 1.9 beauvericin AG2 (18) 4.9�0.1 4.0�0.3 0.8
beauvericin H3


[d] 4.4�0.2 3.2�0.4 1.4 beauvericin G3H0–3
[e] 7.8�0.3 5.5�0.2 1.4


beauvericin C (4) 2.4�0.2 3.2�0.3 0.8 beauvericin CI0–3
[f] 2.1�0.1 3.4�0.3 0.6


beauvericin G3I1 (8) 8.0�0.3 5.4�0.5 1.5 beauvericin I1–3
[g] 2.8�0.2 2.3�0.2 1.2


beauvericin G3I2 (9) 7.6�0.9 8.2�0.6 0.9 bassianolide (2) >30.0 >30.0 –


[a] MTT: antiproliferative activity expressed as IC50 in mm. [b] WHA: antihaptotactic activity expressed as IC50 in mm. [c] MTT/WHA: antiproliferative versus an-
tihaptotactic activity index. [d] Data from.[22] [e] Mixture of beauvericins G3/G3H1/G3H2/G3H3 (2:3:2:1). [f] Mixture of beauvericins C/CI1/CI2/CI3 (1:3:5:4).
[g] Mixture of beauvericins I1/I2/I3 (2:3:1).
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enzyme responsible for the supply of d-Hiv for beauvericin
and bassianolide biosynthesis in B. bassiana.


Different bacterial strains produce d-2-hydroxycarboxylic
acids using chiral enzymes belonging to the d-hydroxyacid de-
hydrogenase superfamily. However, Kiv and other b-branched
2-ketocarboxylic acids are very poor substrates (if at all) for all
known d-hydroxyacid dehydrogenases. These bacterial en-
zymes also utilize NADH, and also feature a conserved Arg–
(Asp/Glu)–His active site triad. The B. bassiana KIVR reveals a
different deduced active site architecture and shows very low
sequence similarity (<12 % identity) to these enzymes. A malo-
nate decarboxylase enzyme preparation from Streptococcus
bovis was previously reported to display weak NADH-depen-
dent Kiv dehydrogenase activity ;[36] the B. bassiana KIVR is
again highly divergent (<13 % identity) from this enzyme. Sim-
ilar very low sequence identities and different deduced active
site architectures are evident with the Alternaria alternata
AFTS1 and AMT2 aldo-ketoreductases suggested (but not
shown) to convert Kiv into d-Hiv during mycotoxin biosynthe-
sis.[37] In contrast, the B. bassiana KIVR shows high sequence
similarity to deduced COG1893 ketopantoate reductases of
fungi, together with moderate but significant ACHTUNGTRENNUNGsequence similar-
ity and similar predicted secondary structure (Figure 1 B) to
prokaryotic ketopantoate reductases such as PanE of E. coli.[19]


Ketopantoate reductases (E.C. 1.1.1.169), which are members of
the 6-phosphogluconate dehydrogenase superfamily, catalyze
the enantioselective conversion of 2-ketopantoate into d-hy-
droxypantoate during coenzyme A biosynthesis. While they
show only marginal activity for Kiv,[38] ACHTUNGTRENNUNGketopantoate reductases
utilize NADPH and show an ordered sequential bi-bi reaction
mechanism.[29] Fittingly, the F. sambucinum “d-Hiv dehydrogen-
ase”[17] also utilizes NADPH in an ordered bi-bi kinetic mecha-
nism with a sequential order identical to that of ketopantoate
reductases during the reduction of Kiv to d-Hiv.[29, 39] KIVR and
the related fungal hypothetical COG1893 enzymes (Figure S1
in the Supporting Information) are predicted to share the N-
terminal ab-Rossmann fold and the C-terminal a-helical cata-
lytic domain architecture of the E. coli ketopantoate reductase,
whereas the residues implicated in catalysis and in the orienta-
tion of NADPH and the substrate[19] are also strictly conserved
(Figure 1 B). In comparison with the E. coli ketopantoate reduc-
tase, the B. bassiana KIVR features a ~65 amino acid N-terminal
extension and four apparent insertions, with the insertion clos-


est to the C terminus contribu-
ting an extra a-helix to the pre-
dicted catalytic domain (Fig-
ure 1 B).


Fungal genome sequences
available at the FGI website
reveal multiple (up to nine) hy-
pothetical COG1893 ketopan-
toate reductases of significant
sequence diversity in each spe-
cies; only Uncinocarpus reesii
and Cryptococcus neoformans
have single encoded enzymes of
this type. The hypothetical


fungal COG1893 proteins form several apparent sequence
clades (Figure S1 in the supporting Information), which hints at
a possible divergence in their substrate specificity with reten-
tion of general enzyme architecture. Similarly, d-lactate and d-
hydroxyisocaproate dehydrogenases show high overall se-
quence similarity but non-overlapping substrate specificities.[40]


We thus propose that the B. bassiana KIVR—and presumably
the F. sambucinum “d-Hiv dehydrogenase” and similar fungal
COG1893 proteins—form a novel family within the 6-phospho-
gluconate dehydrogenase superfamily, with structural and
mechanistic[29, 39] similarities to ketopantoate reductases, but
nearly orthogonal substrate specificities.[19, 38]


Inactivation of the kivr gene by gene replacement complete-
ly abrogated the production of both beauvericin and bassiano-
lide in B. bassiana. No significant amounts of beauvericin or
bassianolide analogues with alternative 2-hydroxycarboxylic
acids were detected in the absence of hydroxycarboxylate sup-
plementation during fermentations with the kivr knockout
strain. This probably reflects the limited availability of any such
metabolites in the strain with no KIVR activity, and the relative-
ly stringent 2-hydroxycarboxylate precursor specificity of the
two cyclooligomer depsipeptide synthetases. While genetic
complementation is not technically feasible in B. bassiana, the
ability of the strain to produce both beauvericin and bassiano-
lide could be restored upon chemical complementation by
feeding d-Hiv (Figure 1). With the kivr mutant, beauvericin pro-
duction was somewhat increased relative to the wild-type
strain upon d-Hiv feeding, while bassianolide production was
decreased. Similar variations in the levels of restoration of
small-molecule natural product biosynthesis are often encoun-
tered upon replacement of an essential innate precursor
supply biosynthetic route with the external supply of the pre-
cursor,[27] which reflects the absence of information on the in-
tracellular concentration of the innate precursor and the varied
efficiencies of the uptake and intracellular compartmentaliza-
tion of the externally supplied precursor.


Precursor-directed biosynthesis—the feeding of precursor
analogues to wild-type strains to effect the biosynthesis of
product analogues—is a well established method for generat-
ing chemical diversity and has been applied to fungal cyclo-
depsipeptides.[22, 23, 41, 42] Mutasynthesis, applied here for the first
time to fungal cyclooligomer depsipeptide biosynthesis, im-
proves on this technique by eliminating the competing natural


Figure 4. The pictures demonstrate the inhibition of cell migration by increasing concentrations of beauvericin as
evident from the reduced closure of a “scrape wound” in a monolayer of PC-3M cells. Cell migration is completely
inhibited by 10 mm beauvericin.
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precursor and allows the uncontested incorporation of “muta-
synthons”.[27] Mutasynthesis is especially effective in simplifying
product profiles for oligomer products such as beauvericin, in
which alternative precursors compete to fill more than oneACHTUNGTRENNUNGposition in the product. Mutasynthesis with the kivr knockout
strain and d-Hbu or dl-Hmv (Figure 2) thus led to the efficient
and exclusive biosyntheses of beauvericins G3 (3) and C (4), re-
spectively, with all three d-Hiv moieties replaced by the un-
natural precursor. We have not monitored the biosynthesis of
altered bassianolides in these experiments. Mutasynthesis with
the kivr knockout strain is comparable in principle to the uti-
lization of d-Hiv analogues during in vitro reconstituted enzy-
matic synthesis of cyclooligomer depsipeptides.[33, 35, 41] Whereas
in vitro enzymatic synthesis is not constrained by precursor
uptake or cell toxicity issues, in vivo mutasynthesis is inherent-
ly scalable during fermentation and could provide high
yields.[27] Importantly, however, both of these approaches are
limited by the inherent substrate specificity and tolerance of
the NRPS enzyme involved. Consequently, d-2-hydroxycarbox-
ylic acids with larger substituents at C2, such as hexahydro-
mandelate, or those with g-branched side chains, such as 2-hy-
droxyisocaproate, did not support in vivo mutasynthesis of
beauvericins in our experiments, and had been only marginally
accepted during in vitro synthesis of enniatins.[33] This hurdle
might be overcome by reprogramming the NRPSs them-
selves.[43]


We have demonstrated here for the first time an in vivo
combinatorial biosynthesis strategy to produce a library ofACHTUNGTRENNUNGunnatural beauvericin-type cyclooligomer depsipeptides by si-
multaneous feeding of pairs of d-Hiv and l-Phe analogues
during mutasynthesis (Figures 3 and Table 1). In this format,
successful incorporation of a new precursor analogue can be
quickly leveraged to produce a novel series of beauvericins by
pairing the new precursor with other precursor analogues pre-
viously validated as acceptable for the strain. Such an ap-
proach, however, would be expected to be practical only in a
mutasynthetic format in the case of cyclooligomer depsipep-ACHTUNGTRENNUNGtides. With the wild-type strain, the repeated use of the native
and the unnatural precursors during biosynthesis yields an ex-
cessive number of cyclooligomer products, due to all the pos-
sible circular permutations. Simultaneous feeding of both an l-
Phe and a d-Hiv analogue to a wild-type B. bassiana strain, for
example, will theoretically yield 24 different beauvericins (in
comparison with four with the kivr knockout strain; Figure 2).
Similarly, simultaneous feeding of two different d-Hiv ana-
logues would return eleven product analogues (relative to four
with the kivr knockout strain; Figure 2). Such complex product
mixtures would likely prove difficult to separate and would
spread the yield, so that each individual beauvericin congener
would be produced only in a minor amount. The simplified
product profile obtained with the kivr knockout strain during
simultaneous feeding of more than one precursor analogueACHTUNGTRENNUNGallowed the efficient in vivo combinatorial biosynthesis of 14
new unnatural beauvericin analogues that belong to five novel
series ; this effectively doubled the number of known beauveri-
cin analogues. In several of these compounds (7, 10, 13, 16),
all amino acid and hydroxycarboxylic acid positions are com-


pletely replaced by the fed precursors, so these are truly “un-
natural” beauvericins. Combinatorial mutasynthesis also made
it possible to extend the structural variety of fluorinated beau-
vericin analogues (H and I series). The H series of beauvericins
is especially intriguing, because natural products are not
known to contain halogen substituents at meta positions.
Indeed, while organofluorides are very rare in nature, fluorinat-
ed analogues are abundant amongst marketed drugs because
they often possess increased biological activities and moreACHTUNGTRENNUNGfavorable pharmacokinetic properties.


Interestingly, dl-Hmv is apparently a better substrate than
d-Hbu for beauvericin synthesis in vivo, as shown by the need
to supply d-Hbu in a ten-fold excess relative to dl-Hmv during
simultaneous feeding. Indeed, beauvericins A, B, and C (with
d-Hmv instead of d-Hiv) are minor natural products in some
beauvericin fermentations,[23] whereas the beauvericin G series
(d-Hbu instead of d-Hiv) is detected only in precursor feeding
experiments.[22] In contrast, purified enniatin synthetase shows
a three-fold preference for d-Hbu over d-Hmv as a substrate in
vitro;[33] further experiments should determine the contribu-
tions of the hydroxycarboxylate substrate specificities of the
beauvericin versus the enniatin synthetases (as opposed to the
in vivo substrate uptake efficiencies) to this discrepancy.


Bassianolide, as well as all the nine isolated beauvericin ana-
logues and the three beauvericin analogue mixtures that were
inseparable by common chromatographic techniques, were
evaluated for their antiproliferative and antihaptotactic activi-
ties against the metastatic prostate cancer cell line PC-3M
(Table 2). Bassianolide (up to 30 mm) had no activity in either
assay. The beauvericin analogues produced by combinatorial
mutasynthesis or precursor-directed biosynthesis showed a
one log variance in cytotoxicity (1.4–16.3 mm), with a slightly
smaller variation in their antihaptotactic activities (2.3–
17.2 mm). While none of these analogues proved superior to
beauvericin, the introduced structural changes often affected
the antiproliferative and the cell migration inhibitory activities
of these compounds independently of each other; this allowed
us to define the structure–activity relationships of this impor-
tant scaffold further. As is evident in the G series of beauveri-
cins (e.g. , 3), replacement of the d-Hiv moieties in beauvericin
with d-Hbu was detrimental both to the antiproliferative and
to the antihaptotactic activities.[22] In contrast, replacement of
d-Hiv with d-Hmv (as in 4) did not affect cell motility but in-
creased cytotoxicity. Replacement of the N-Me-l-Phe residues
with their meta-fluoro or ortho-fluoro analogues (H and I
series) similarly increased the antiproliferative activities of
these compounds, while the antihaptotactic activities re-
mained unchanged. In scrambled beauvericin analogues with
both the amino acid and the hydroxycarboxylic acid varied,
the presence of a fluorinated amino acid (as in the G3H and G3I
series) compensated for the detrimental effects of the missing
methyl groups in the G3 analogues for cytotoxicity but only
partially balanced the decrease in antihaptotactic activity. The
increased cytotoxicities gained from the presence either of the
fluorophenylalanines or of the d-Hmv residues (as in the CH
and CI series) did not prove to be additive and did not seem
to affect the inhibition of cell migration. Finally, asymmetric
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beauvericins with both d-Hbu and d-Hmv moieties (17, 18)
were slightly more cytotoxic than beauvericin without signifi-
cant changes in their antihaptotactic activities. Further research
directed towards production of unnatural beauvericins by
combinatorial (bio)synthetic strategies to disconnect and to
tune the antiproliferative and the antihaptotactic activities of
this interesting bioactive scaffold through more drastic struc-
tural changes is underway in our laboratories.


Experimental Section


Strains, plasmids, chemicals, and culture conditions: B. bassiana
ATCC 7159 was maintained on potato dextrose agar (PDA, Difco).
E. coli Epi300 and fosmid pCCFOS1 (both from Epicentre) were
used for B. bassiana genomic library construction, and E. coli
DH10B and plasmid pJET1 (Fermentas) were used for routine clon-
ing and sequencing. Agrobacterium tumefaciens LBA4404 (Invitro-
gen) with the plasmid pAg1-H3[32] and the bar (glufosinate resist-
ance) selectable marker gene from plasmid pCB1524[44] were used
for Beauveria transformation. Chemicals were purchased from
Sigma–Aldrich, except for l-(3-fluorophenyl)alanine and l-(2-fluoro-
phenyl)alanine (CSPS Pharmaceuticals, San Diego, CA, USA), and
were of the highest purities available. B. bassiana fermentations
were carried out as described,[22] with supplementation of d-Hbu
(5 mm, final concentration), dl-Hmv (5 mm), d-2-F-Phe (0.3 mm),
and d-3-F-Phe (0.3 mm) if necessary. For simultaneous double feed-
ing with d-Hbu and dl-Hmv, d-Hbu was used at 10 mm and dl-
Hmv was supplied at 1 mm. The fluorophenylalanine precursor an-
alogues are moderately toxic to B. bassiana and their feeding leads
to decreased beauvericin titers in fermentations.


Preparation of dl-HMV: Sulfuric acid (4 m, 5 mL, 0.02 mmol) was
added dropwise to a stirred suspension of dl-isoleucine (1.0 g,
7.59 mmol) in H2O (10 mL) until a clear solution was obtained. This
solution was cooled to 0 8C, followed by the simultaneous addition
of aq. NaNO2 (15 mL, 0.03 mmol) and the remainder of the above
sulfuric acid solution over a period of 1 h. The reaction mixture
was stirred at 0 8C for 2 h, brought to room temperature, and
stirred for an additional 16 h. It was then extracted with EtOAc (4 �
100 mL), and the combined EtOAc extracts was washed with H2O
(3 � 100 mL), dried over anhydrous Na2SO4, and concentrated under
reduced pressure. The crude product thus obtained was purified
by chromatography over a column of silica gel (20 g) made up in
CH2Cl2 and eluted with MeOH/CH2Cl2 (2:98) followed by MeOH/
CH2Cl2 (3:97). Fractions eluted with MeOH/CH2Cl2 (3:97) were com-
bined and concentrated to afford dl-Hmv (427.1 mg, 42 %).


Cloning and sequence analysis: The kivr gene is clustered with
the bbBeas beauvericin synthetase gene of B. bassiana.[28] Complete
sequencing of the pCCFOS1-based fosmids fBass28 A03 and
fBass11F05, covering the beauvericin biosynthetic locus of
B. bassiana, was achieved through the generation of overlapping
HaeIII fragments by partial digestion and the cloning of these frag-
ments into pJET1. Automated DNA sequencing was performed on
double-stranded DNA templates with use of the JET forward and
reverse primers (Fermentas) at the University of Arizona Genomic
Analysis and Core Technology facility. Custom-designed oligonu-
cleotide primers were used for sequence finishing. Sequencher 4.7
(Gene Codes Corp., Ann Arbor, MI, USA) was used for sequence as-
sembly, and the VectorNTI suite 9.0 (Invitrogen) for sequence analy-
sis. The annotated sequence of the beauvericin biosynthetic locus
appears in GenBank as EU886196.


Disruption of the kivr gene : The kivr disruption cassette (See Sup-
porting Information) contained the bar glufosinate resistance
marker between two PCR-amplified DNA fragments covering the 5’
and the 3’ regions of the kivr gene. This disruption cassette wasACHTUNGTRENNUNGinserted between the left and right borders of the T-DNA of the
pAg-H1 vector and used for Agrobacterium-mediated transforma-
tion and selection of glufosinate-resistant B. bassiana transformants
as described.[31] The digoxigenin-labeled (Roche Applied Science)
bar gene was used as the probe in Southern hybridizations. TenACHTUNGTRENNUNGindependent, validated kivr knockout isolates were collected, and
four of these were evaluated for the production of beauvericin and
bassianolide with or without d-Hiv feeding. Three independent ec-
topic integrant isolates were also used as controls. Since the four
homologous recombinant isolates were indistinguishable in these
fermentations, only a single isolate was used for the simultaneous
combinatorial feeding experiments.


Extraction, isolation, and analysis of metabolites : Metabolites
from fermentations were extracted and partially purified by sol-
vent/solvent partition from B. bassiana mycelia as described.[22]


HPLC analyses and reversed-phase preparative HPLC were carried
out on a HP-1050 instrument fitted with a Kromasil C18 column
(5 mm, 250 mm � 4.6 mm), mobile phase MeOH/H2O (80:20, flow
rate 1.0 mL min�1), detection at 210 nm. Separation of beauvericin
mixtures was also attempted by chromatography on a Sephadex
LH-20 column (850 mm � 20 mm) with MeOH/H2O (80:20) as sol-
vent, and by reversed-phase preparative HPLC with a Kromasil C5


column (5 mm, 250 mm � 10 mm) with several different MeOH/H2O
or CH3CN/H2O gradients. Dilute aliquots of beauvericin product
mixtures that could not be separated on a preparative scale were
resolved at a reduced flow rate (0.4 mL min�1) by analytical HPLC,
and the relative amounts of the components were approximated
on the basis of peak area values.


Biological assays: The in vitro tetrazolium-based cytotoxicity
assay[45] and the cell migration inhibition assay[46] against a mono-
layer of the metastatic prostate cancer cell line PC-3M and its
quantification[47] were conducted as described previously.[13] The re-
ported values are the averages derived from two to four independ-
ent experiments each with four replicates. The MTT/WHA index
contrasts the antiproliferative and the antihaptotactic activities of a
given compound against the PC-3M cells. Values <1 indicate that
the inhibition of cell migration is primarily due to the antiprolifera-
tive activity of the compound; larger values indicate specific inhibi-
tion of cell migration independent of cytotoxicity.
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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 100 000 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.[1]


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),[2–4] mureido-
mycins (2),[5, 6] and napsamysins (3)[7] 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.[8, 9] Translocase I (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 I 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.[9, 10] 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


of natural products. The structure of the uridyl peptide antibi-
otics was elucidated through extensive NMR studies.[4, 6] 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 (2S, 3S)-2,3-diaminobutyric acid through chemical
synthesis by Boojamra et al.[11] Bugg and co-workers demon-
strated the remarkable stability of the enamide present in the
uridyl peptide antibiotics.[12]


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.[11, 13] 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.[11] 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.[14] In vitro studies with purified trans-
locase I demonstrated the importance of the N-terminal amino
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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-ACHTUNGTRENNUNGactivity coupled to the biosynthetically intriguing structure ofACHTUNGTRENNUNGpacidamycin 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-


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.
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acid and its orientation to activity of the analogue. The amino
terminus is implicated in binding to translocase I at a site oc-ACHTUNGTRENNUNGcupied by MgII in the enzyme whereas the uridyl moiety isACHTUNGTRENNUNGbelieved 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.[15] 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


biotransformation and precur-
sor-directed biosynthesis to ob-ACHTUNGTRENNUNGtain the analogues. The utiliza-
tion of biosynthetic pathways in
order to generate new natural
products is an area of growing
interest. The simplicity of this
approach in administering a
simple synthetic precursor ana-
logue is attractive. Utilising this
approach, new analogues of
clinically important natural prod-
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.[16, 17] 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


Figure 1. The uridyl peptide family of antibiotics.


Scheme 1. The formation of lipid intermediate I catalysed by translocase I.
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even be possible to achieve reasonable levels of incorporation
of these aromatic amino acids without the need to genetically


modify the producing organism. Furthermore, it was
postulated that modification of the carboxy terminal
residue would minimise adverse effects on binding
to translocase I, as most of the interactions are
thought to span from the N terminus to the nucleo-
side portion.[13, 14]


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.[2] 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.[4] 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).[18] 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.[19] Fluorination is used to block sites of meta-
bolic modification and, hence, can increase the half-
life of drugs.[20] 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


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.


Scheme 2. Precursor-directed biosynthesis of pacidamycin 4 derivatives.
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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 2 B).
Correct incorporation of the tryptophan analogues at the C-
terminal position was confirmed through inspection of the
MS–MS spectra (Figure 2 C). 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 2 C) 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 2 B). TheseACHTUNGTRENNUNGresults clearly demonstrate that the supplemented tryptophan
analogues were indeed incorporated at the C terminus. 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 wereACHTUNGTRENNUNGdetected. 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 2 A). 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-ACHTUNGTRENNUNGmycin 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.[21] Precursor-directed biosynthesis of other natural prod-


ucts has, to date, not yielded comparable levels of incorpora-
tion.[17] 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.[17, 22]


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 mm 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


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-
dard deviation indicated by error bars. The indole structure of the supple-
mented tryptophan and the resulting pacidamycin 4 derivative is indicated.
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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.[15] 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.[15] 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-Trp]-pacidamycin 4 from the same cul-
ture were 3.5 mg L


�1 and 2 mg L
�1, 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 4–5 mg L


�1.
Pacidamycin 1 and its chlorotryptophan analogue were isolat-
ed from a separate culture in 2 mg L


�1 and 2.5 mg L
�1, 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 ourACHTUNGTRENNUNGlaboratory. 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 wereACHTUNGTRENNUNGobserved. The minimum inhibitory concentration (MIC) against
P. aeruginosa of [7-Cl-Trp]-pacidamycin 1 (MIC 32 mg mL�1)
proved to be four-fold lower than for the parent compound
pacidamycin 1 (MIC 128 mg mL�1). Conversely, [7-Cl-Trp]-pacida-
mycin 4 (MIC 128 mg mL�1) was two-fold less active than paci-
damycin 4 (MIC 64 mg mL�1). 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 I 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 I will provide a more
complete picture.


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 15 442 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 106 cfu mL�1 and in-ACHTUNGTRENNUNGcubated at 28 8C, 180 rpm for 48 h. For small scale feeding, pro-ACHTUNGTRENNUNGduction medium (10 mL; 20.99 g L


�1 MOPS, 10 g L
�1 lactose,


4.41 g L
�1 K2HPO4, 2.14 g L


�1 NH4Cl, 0.6 g L
�1 MgSO4, 10 mg L


�1


FeSO4·2 H2O, 10 mg L
�1 MnCl2·4 H2O, 10 mg L


�1 ZnSO4·7 H2O,
10 mg L


�1 CaCl2, pH 7.0) was inoculated with starter culture
(0.5 mL) and incubated at 28 8C, 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 mL)
prior to LC–MS analysis.


The extract components were separated by RP-HPLC on a 150 �
2 mm 4 mm Synergi� Polar-RP column (Phenomenex, Macclesfield,
UK) using a gradient of 3–80 % buffer B over 20 min at a flow rate
of 260 mL min�1 (buffer A: 0.1 % formic acid in water; buffer B:
methanol). The elution of compounds was monitored using a
Thermo Finnigan LCQ DecaXPplus 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 mm, 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.[23] 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 150 � 2 mm 4 mm Synergi� Polar-
RP column (Phenomenex) using a gradient of 35–90 %B over
30 min with a flow rate of 4 mL min�1 (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 mL per well. Antibiotic concentrations in the
range of 256 to 0.125 mg mL�1 were tested. Assays were performed
in duplicate.
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Iodothyroacetic Acids in vivo
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Introduction


3-Iodothyronamine (T1AM) is a novel metabolite of thyroid hor-
mone with unique biological effects. This compound was dis-
covered based upon the hypothesis that analogous to the for-
mation of dopamine from 3,4(OH)2-phenylalanine (l-DOPA),
thyroxine (T4) or a lower iodinated thyronine could be decar-
boxylated to form various iodothyronamines.[1] From these ini-
tial studies, T1AM was found to be an endogenous compound
present in specific thyroid hormone target tissues and circula-
tion, and when administered pharmacologically, it induced a
hypometabolic state opposite to that which is characteristic of
excess thyroid hormone. Animals treated with T1AM display
behavioral inactivity, hypothermia, bradycardia and reduced
cardiac output,[2] hyperglycemia,[3] and a shift in fueling away
from carbohydrates and toward fat.[4] In addition, T1AM has
also been shown to induce marked neuroprotection against
stroke injury.[5]


At the molecular level T1AM is a potent agonist of the
orphan G protein-coupled receptor (GPCR) TAAR1,[1] and also is
an agonist ligand against the alpha-2A-adrenergic receptor
GPCR for which epinephrine is thought to be the usual endog-
enous ligand.[3] T1AM also functions as an inhibitor of plasma
membrane and vesicular catecholamine transport through
direct inhibitory action at the norepinephrine, dopamine, and
vesicular monoamine transporters (NET, DAT, and VMAT, respec-
tively).[6] As for T1AM metabolism, both sulfation through sulfo-
transferases and deiodination through the type-III deiodinases
(Dio3) have been reported.[7, 8]


We were interested in the metabolism of the ethylamine
side chain of thyronamines, and specifically whether oxidative
deamination could give rise to thyroacetic acids. 3,3’,5-triiodo-
thyroacetic acid (Triac) is a known biologically active T4 metab-
olite that is generated from 3,3’,5-triiodothyronine (T3) both in
vitro[9] and in vivo.[10] In addition, other thyroacetic acid deriva-
tives of thyronines were synthesized and have been tested for


biological activity, including 3-iodothyroacetic acid (TA1).[11–13]


Two different enzymes, l-amino acid oxidase or transaminase,
have been postulated to perform the T3-to-Triac conversion in-
volving a keto-acid intermediate.[14] We envisioned an alterna-
tive metabolic pathway involving thyronamines, in which an
amine oxidase, such as a monamine oxidase (MAO) or semicar-
bazide-sensitive amine oxidase (SSAO), converts the thyrona-
mine into an aldehyde (1) that can be further oxidized to a car-
boxylic acid by another enzyme, such as aldehyde dehydro-
genase (Scheme 1). MAO and SSAO are promiscuous enzymes
that prefer primary amine substrates, and can catalyze the oxi-
dation of phenylethylamines.[15, 16] After the conversion of the
thyronamines to aldehydes, aldehyde dehydrogenase (ALDH)
could be responsible for the aldehyde-to-acid oxidation to
yield thyroacetic acids. ALDH is an NAD-dependent enzyme
that is universally distributed in mammalian tissue and can oxi-
dize a wide range of aldehydes. Two of this enzyme’s sub-
strates are the aldehyde metabolites of the phenylethylamines
5-hydroxytryptamine and dopamine.[17] Based on substrate
preferences of amine oxidases and ALDH, it seemed plausible
that thyronamines could serve as substrates for these enzymes


3-Iodothyronamine (T1AM) and 3,3’,5-triiodothyroacetic acid
(Triac) are bioactive metabolites of the hormone thyroxine (T4). In
the present study, the ability of T1AM and 3,3’,5-triiodothyrona-
mine (T3AM) to be metabolized to 3-iodothyroacetic acid (TA1)
and Triac, respectively, was investigated. Both T1AM and T3AM
were converted to their respective iodinated thyroacetic acid ana-
logues in both cell and tissue extracts. This conversion could be
significantly inhibited with the monamine oxidase (MAO) and


semicarbazide-sensitive amine oxidase (SSAO) inhibitor ipronia-
zid. TA1 was found to be present in trace quantities in human
serum and in substantial levels in serum from T1AM-treated rats.
These results demonstrate that iodothyronamines are substrates
for amine oxidases and that this metabolism may be the source
of the corresponding endogenous arylacetic acid products Triac
and TA1.
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and be converted to thyroacetic acids, and testing this hypoth-
esis motivated this study.


Results


T1AM and T3AM are metabolized to their thyroacetic acid
analogues


The expected oxidized products of T1AM and 3,3’,5-triiodothyr-
onamine (T3AM) are the thyroacetic acids TA1 and Triac, respec-
tively. To determine if formation of these thyroacetic acids
occurs, [3-125I]-T1AM and [3’-125I]-T3AM were synthesized. These
labeled compounds were incubated with HepG2 cells (a
human hepatocellular carcinoma cell line) because this cell line
contains MAO A and B,[18] and the liver has the greatest activity
of ALDH.[17] Media (no cells) or HepG2 cells were preincubated
with either DMSO or 200 mm iproniazid, a known MAO and
SSAO inhibitor, for 30 min. Next, either [3-125I]-T1AM or [3’-125I]-
T3AM were added, and after a 3 h incubation, the solution was
acidified, extracted, concentrated, and spotted onto a TLC
plate. The TLC plate was developed with a solution of hex-
anes/ethyl acetate (1:1) containing 0.5 % acetic acid and the
plate was exposed to film. The autoradiograms for one of the
three experiments with [3-125I]-T1AM or [3’-125I]-T3AM are shown
in Figures 2 and 3, respectively. In Figure 1, a radioactive spot
with the same retention factor as TA1 (indicated by the arrow)
was observed only in the presence of HepG2 cells (lanes 4–6,
in triplicate) and not in the absence of cells (lanes 1–3, in tripli-
cate). This HepG2-dependent conversion was significantly in-
hibited by iproniazid (lanes 7–9, in triplicate) when compared
to the DMSO control (lanes 4–6, in triplicate). In Figure 2, a ra-
dioactive spot with the same retention factor as Triac (indi-
cated by the arrow) was observed only in the presence of
HepG2 cells (lanes 4–6, in triplicate) and not in the absence of
cells (lanes 1–3, in triplicate). This HepG2-dependent conver-
sion was significantly inhibited by iproniazid (lanes 7–9, in trip-
licate) as compared to the DMSO control (lanes 4–6, in tripli-
cate). A Cell-Titer-Glo Luminescent Cell-Viability Assay kit dem-
onstrated that cells exposed to iproniazid under the assay con-
ditions were still viable (data not shown).


Next, similar experiments were conducted with human thy-
roid tissue to determine whether the thyroid gland can convert
T1AM to TA1 (Figure 3). Buffer or homogenized human thyroid
gland (1 g/15 mL) were preincubated with either DMSO or
200 mm iproniazid for 30 min. Next [3-125I]-T1AM was added and
after a 3 h incubation, the solution was acidified, extracted,
concentrated and spotted onto a TLC plate. The TLC plate was
developed with a solution of hexanes:ethyl acetate (1:1) con-
taining 0.5 % acetic acid and the plate was exposed to film.
The autoradiogram for one of the three experiments with [3-
125I]-T1AM is shown in Figure 3. A radioactive spot with the
same retention factor as TA1 (indicated by the arrow) was ob-


Scheme 1. Proposed pathway for the metabolism of T3AM and T1AM to Triac
and TA1, respectively.


Figure 1. Autoradiogram for the conversion of T1AM to TA1 with HepG2
cells. Media (no cells) or HepG2 cells were preincubated with either DMSO
or iproniazid (200 mm) for 30 min. Next, [3-125I]-T1AM was added and after a
3 h incubation, the solution was acidified, extracted, concentrated and spot-
ted onto a TLC plate. The TLC plate was developed with a solution of
hexane/ethyl acetate (1:1) containing 0.5 % acetic acid and the plate was ex-
posed to film. The arrow indicates the retention factor for authentic TA1.
Lanes 1–3: wells containing media that were preincubated with DMSO.
Lanes 4–6: wells containing HepG2 cells that were preincubated with DMSO.
Lanes 7–9: wells containing HepG2 cells that were preincubated with ipro-
niazid (200 mm). Lanes 10–12: wells containing media that were preincubat-
ed with iproniazid (200 mm).


Figure 2. Autoradiogram for the conversion of T3AM to Triac with HepG2
cells. Media (no cells) or HepG2 cells were preincubated with either DMSO
or iproniazid (200 mm) for 30 min. Next, [3’-125I]-T3AM was added and after a
3 h incubation, the solution was acidified, extracted, concentrated and spot-
ted onto a TLC plate. The TLC plate was developed with a solution of
hexane/ethyl acetate (1:1) containing 0.5 % acetic acid and the plate was ex-
posed to film. The arrow indicates the retention factor for authentic Triac.
Lanes 1–3: wells containing media that were preincubated with DMSO.
Lanes 4-6: wells containing HepG2 cells that were preincubated with DMSO.
Lanes 7–9: wells containing HepG2 cells that were preincubated with ipro-
niazid (200 mm). Lanes 10–12: wells containing media that were preincubat-
ed with iproniazid (200 mm).
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served only in the presence of homogenized thyroid gland
(lanes 4–6, in triplicate) and not in the absence of the homoge-
nate (lanes 1–3, in triplicate). This homogenized thyroid gland-
dependent conversion was significantly inhibited by iproniazid
(lanes 7–9, in triplicate) as compared to the DMSO control
(lanes 4–6, in triplicate).


TA1 is produced in vivo


We next examined whether TA1 production occurred in vivo. A
variety of rodent and human serum and tissue samples were
extracted and analyzed for TA1 content by LC-MS/MS. A deuter-
ated TA1 analogue (d4-TA1) was synthesized to facilitate quanti-
tative analysis. Trace amounts of TA1 were detected in human
serum with approximate serum levels determined to be less
than 0.1 nm (data not shown). We then extracted serum taken
from rats 60, 90, and 120 min after treatment with 20 mg kg�1


T1AM (i.p.). Clear LC-MS/MS peaks of serum TA1 were detected
at each of these time points (Figure 4). Serum levels of TA1


ranged from 3–12 mm, and the level decreased with time
through pharmacokinetic elimination (Figure 5).


Discussion


T1AM is a newly discovered thyroid hormone metabolite that
has unique biological activity, and the catabolism of T1AM is
therefore an important determinant of T1AM levels in tissue
and circulation. Enzyme-catalyzed deiodination[8] and sulfa-
tion[7] of T1AM have been previously reported, and phenyle-
thylamine side-chain catabolism was the focus of the present
study. In analogy to other biogenic amines, we postulated that
T1AM would be subject to oxidative deamination by amine ox-
idase enzymes (MAO or SSAO). The expected products of such
catabolism would be thyroacetic acids, which interestingly, are


already known as metabolites of T4. Our results demonstrate
that conversion of iodothyronamines to iodothyroacetic acids
occurs in cultured cells, ex-vivo tissue homogenates, and in
vivo.


Endogenous TA1, the thyroacetic acid corresponding to
amine oxidase action on T1AM, was found in serum in only
trace quantities (<0.1 nm) ; however, 3–12 mm concentrations
of TA1 were measured in serum from rats injected with
20 mg kg�1 T1AM. This indicates that TA1 is a major metabolite
of T1AM, and that like deiodination and sulfation, oxidative de-
amination is a significant pathway for T1AM catabolism. It is in-


Figure 3. Autoradiogram for the conversion of T1AM to TA1 with homogen-
ized human thyroid gland. Buffer or homogenized human thyroid gland
(1 g, 15 mL) were preincubated with either DMSO or iproniazid (200 mm) for
30 min. Next, [3-125I]-iodothyronamine was added and after a 3 h incubation,
the solution was acidified, extracted, concentrated and spotted onto a TLC
plate. The TLC plate was developed with a solution of hexane/ethyl acetate
(1:1) containing 0.5 % acetic acid and the plate was exposed to film. The
arrow indicates the retention factor for authentic TA1. Lanes 1–3: wells con-
taining buffer that were preincubated with DMSO. Lanes 4–6: wells contain-
ing human thyroid gland homogenate that were preincubated with DMSO.
Lanes 7–9: wells containing human thyroid gland homogenate that were
preincubated with iproniazid (200 mm). Lanes 10–12: wells containing buffer
that were preincubated with iproniazid (200 mm).


Figure 4. TA1 detected in 50 mL of rat serum (60 min post T1AM injection) by
LC-tandem mass spectrometry (LC-MS/MS). The upper extracted ion chroma-
togram demonstrates detection of TA1 (m/z 369>127). The lower chromato-
gram demonstrates the detection of synthetic deuterated standard, d4-TA1


(m/z 373>127), spiked into the rat serum.


Figure 5. Rat serum concentration TA1 (mm) for each sample set analyzed.
TA1 was quantified from serum samples collected from rats (n = 2) 60, 90,
and 120 min after injection with 20 mg kg�1 T1AM.
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teresting to note that the more highly iodinated thyroacetic
acids Triac and 3,3’,5,5’-tetrathyroacetic acid (Tetrac), which are
biologically active oxidative deamination metabolites of T3 and
T4, respectively, have been known for several decades, and the
biosynthetic origin of these compounds and the enzymesACHTUNGTRENNUNGinvolved in the conversion are not completely clear.[9, 10] We
found that T3AM is converted into Triac in the presence of
HepG2 cells ; this suggests a new or alternative biosyntheticACHTUNGTRENNUNGsequence for the production of Triac, and by extension, Tetrac.
The iodothyronines T4 and T3 could be decarboxylated to the
corresponding iodothyronamines followed by oxidative deami-
nation to Tetrac and Triac.


As metabolites of thyroid hormone, Triac and Tetrac are not
overly abundant in blood. The blood concentration of the
more abundant thyroacetic acid Tetrac is less than 1 nm.[19] De-
spite low iodothyroacetic acid blood levels, a high quantity of
thyroacetic acid (TA0) is excreted in urine; this indicates that a
much larger quantity of T4 is converted into iodothyroacetic
acids than can be accounted for by blood levels of these sub-
stances.[20] The potential implication of iodothyronamines in
this process also suggests that the fraction of iodothyrona-
mines, presumably derived from circulating T4, is much larger
than previous estimates.[1]


Conclusions


Our demonstration here that iodothyronamines can be con-
verted to iodothyroacetic acids by robust and established ca-
tabolic enzymology suggests an intriguing explanation for this
large excreted pool of TA0, which is difficult to account for on
the basis of iodothyronine conversion to iodothyroacetic acids
alone. At present, T1AM and thyronamine (T0AM) are the only
thyronamines that have been detected in vivo; however,
3,3’,5,5’-tetraiodothyronamine (T4AM), phenolic ring deiodinat-
ed-T3AM (rT3AM), and 3,3’-diiodothyronamine (T2AM) are good
substrates for the deiodinase enzymes in vitro.[8] T4AM is effi-
ciently converted to rT3AM by Dio3, and rT3AM is efficiently
converted to 3,3’-T2AM by Dio1 and Dio2. If these additional
iodothyronamines are endogenous compounds, they are likely
to be also amine oxidase substrates and converted to theirACHTUNGTRENNUNGcorresponding iodothyroacetic acid derivatives. Each of these
compounds would converge on TA0 after exhaustive deiodina-
tion. Thus, some fraction of the large excreted TA0 pool mayACHTUNGTRENNUNGultimately derive from the conversion of T4 into iodothyrona-
mines; this suggests that iodothyronamines may constitute a
larger fraction of the thyroid hormone metabolite pool than
has been previously appreciated.


Experimental Section


Materials : A Cell-Titer-Glo Luminescent Cell-Viability Assay kit was
obtained from Promega. Cell culture media and supplements were
obtained from Gibco. Fetal bovine serum was obtained from
Gemini BioProducts. Residual thyroid tissue remaining after stan-
dard of care procedures was received anonymously from the
OHSU Pathology department under the determination of the
OHSU IRB as nonhuman subjects research.


Iproniazid was obtained from Sigma and [3-125I]-T1AM was synthe-
sized according to literature procedure.[21] The synthesis of [3’-125I]-
T3AM, TA1, and deuterated TA1 are described in the SupportingACHTUNGTRENNUNGInformation.


Cell culture : HepG2 cells were cultured in minimum essential
medium with glutamine (2 mmL


�1) and Earle’s balanced salt solu-
tion (BSS) adjusted to contain sodium carbonate (1.5 g L�1), nones-
sential amino acids (0.10 mm), sodium pyruvate (1.0 mm), penicillin
(100 units per mL), streptomycin (100 mg mL�1), and heat-inactivat-
ed fetal bovine serum (10 %). Cells were grown in a humidifiedACHTUNGTRENNUNGatmosphere of 5 % CO2 at 37 8C.


HepG2 assays : Cells were seeded into wells of 24-well plates and
grown to 80–95 % confluence. Prior to the start of each experi-
ment, 500 mL of medium was placed into wells with or without cell
monolayers. To each well was added either DMSO (1 mL ) or ipro-
niazid DMSO solution (1 mL, 100 mm). The plate was placed in a hu-
midified atmosphere of 5 % CO2 at 37 8C for 30 min. Next, a solu-
tion of [3-125I]-T1AM (1 mL, 0.19 mCi mL�1) was added to each well,
and the plate was returned to a humidified atmosphere of 5 % CO2


at 37 8C. After 3 h the medium was removed and transferred to a
1.7 mL eppendorf tube containing HCl solution (50 mL, 3 m). This
acidified solution was extracted three times with dichloromethane
(300 mL). For each extraction the solution was vortexed vigorously
and centrifuged to facilitate the separation of the organic and
aqueous phases. The combined organic washes were concentrated
and the residue was dissolved in methanol (10 mL) and then spot-
ted onto a TLC plate. The vessel with residue was washed with
methanol (10 mL) and was spotted in the same location on the TLC
plate. The methanol was allowed to evaporate from the TLC plate
before the plate was developed with a solution of hexanes/ethyl
acetate (1:1) containing acetic acid (0.5 %). After the plate had
dried, it was exposed to film, and then the film was developed.
Triplicates of each condition were performed, and experiments
were repeated three times. The same assay procedure was also
conducted with [3’-125I]-T3AM.


Thyroid tissue homogenate assays : Thyroid tissue was homogen-
ized on ice in homogenization buffer (0.12 m NaCl, 0.4 mm KCl,
0.4 mm KH2PO4, 1.2 mm MgSO4, 25 mm NaHCO3, 0.5 mm CaCl2,


pH 7.4) to provide a homogenate of 1 g of tissue per 15 mL. Next,
thyroid homogenate or buffer (500 mL) was placed into wells of a
24-well plate. To each well was added either DMSO (1 mL) or ipro-
niazid DMSO solution (1 mL, 100 mm). The plate was placed in a
humidified atmosphere of 5 % CO2 at 37 8C and rocked for 30 min.
Next a solution of [3-125I]-T1AM (1.0 mL, 0.19 mCi mL�1) was added to
each well and the plate was returned to a humidified atmosphere
of 5 % CO2 at 37 8C and rocked. After 3 h the buffer or homogenate
was removed and transferred to a 1.7 mL eppendorf tube contain-
ing a HCl solution (50 mL, 3.0 m). This acidified solution was extract-
ed three times with dichloromethane (300 mL). For each extraction
the solution was vortexed vigorously and centrifuged to facilitate
the separation of the organic and aqueous phases. The combined
organic washes were concentrated and the residue was dissolved
in methanol (10 mL) and then spotted onto a TLC plate. The vessel
with residue was washed with methanol (10 mL) and was spotted
in the same location on the TLC plate. The methanol was allowed
to evaporate from the TLC plate before the plate was developed
with a solution of hexanes/ethyl acetate (1:1) containing acetic
acid (0.5 %). After the plate had dried, it was exposed to film and
then the film was developed. Triplicates of each condition were
performed and experiments were repeated three times.
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Extraction procedure for endogenous TA1: For isolation of TA1 in
rat serum dosed with pharmacological levels of T1AM, samples
were thawed on ice from stores frozen at �80 8C. Triplicates of
50 mL serum from two rats at three sequential dose time points—
60, 90 and 120 min post injection—were used in sample work-up.
To the aliquots, synthetic deuterated TA1 (d4-TA1, 1000 pmol) was
added as an internal standard. The samples were brought to a final
volume of 200 mL with water, and iopanoic acid (final concentra-
tion 1 mm), which is used to inhibit deiodination during process-
ing, was added. Proteins were precipitated by the addition of acidi-
fied acetone (pH adjusted to 4–5 with concentrated hydrochloric
acid) in a 2:1 ratio by volume. The samples were then vortexed
and centrifuged at 14 000 rpm for 5 min. The supernatant was
transferred to a glass culture tube and evaporated to dryness with
a SPD 121P Thermosavant model speedvac concentrator at 35 8C
(Thermo Scientific, Waltham, MA). Residues were dissolved in aque-
ous formic acid (1 %, 2 mL) and processed using polymeric SPE
chromatography. Bond Elut Plexa cartridges (6 mL, 200 mg) were
preconditioned with methanol (2 mL) and deionized water (2 mL)
using positive pressure argon. The acidified sample dilutions were
then loaded onto the columns under gravity and washed with 5 %
methanol in deionized water (2 mL). TA1 was eluted with methanol
(1 mL, then 0.5 mL twice) using positive pressure argon. The meth-
anol solvent was removed with a speedvac at 35 8C and the dried
organic extracts were reconstituted in acetonitrile/deionized water
(1:1, 80 mL). The samples were centrifuged and the supernatants
were transferred to vials and stored at �80 8C prior to analysis with
LC-MS/MS.


LC-MS/MS analysis procedure : The method was validated with a
Thermo TSQ Quantum Discovery triple-quadrupole mass spectrom-
eter (San Jose, CA) equipped with an electrospray ionization (ESI)
source. The ionization interface was operated in the negative ion
mode using the following settings: spray voltage, 1.8 kV; sheath
and auxiliary gas flow rates, 25 and 10 (arbitrary units), respective-
ly; tube lens voltage, 80 V; capillary voltage, 35 V; and a capillary
temperature of 275 8C. An instrument method was created to mon-
itor for the TA1 transition from the m/z 369 precursor to the m/z
127 product ion and the d4-TA1 transition from the m/z 373 pre-ACHTUNGTRENNUNGcursor to the m/z 127 product ion (each transition expressing a
ratio of parent ion to molecular iodine). The collision energy was
10 eV with a collision gas pressure of 0.8 mTorr. Scan event settings
were: scan width 1.5 m/z, scan time 0.5 s, a Q1 peak width of 0.7
and Q3 peak width of 0.8. The LC-MS system was composed of an
in-line Thermo Surveyor autosampler and HPLC pump. TA1 wasACHTUNGTRENNUNGresolved from closely eluting interfering analytes using a Waters
Xterra Phenyl 3.5 mm, 3.0 � 50 mm, HPLC column (Milford, MA). The
HPLC column temperature was 30 8C. The mobile phase was deliv-
ered in a three-phase gradient and consisted of two solvents: sol-
vent A, water and acetic acid (0.002 %), and solvent B, acetonitrile
and acetic acid (0.002 %). Phase I: 0–5 min 80 % A, 20 % B, in a posi-
tive linear slope to phase II : 5–15 min 5 % A, 95 % B; and phase III :
15.50–25 min 80 % A, 20 % B. The mobile phase was delivered at a
flow rate of 250 mL min�1 and a 3 min column wash was included


between sample runs. The injection volume was 20 mL of 80 mL of
sample work-up consisting of acetonitrile and deionized water
(1:1).
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Investigations into Viomycin Biosynthesis by Using
Heterologous Production in Streptomyces lividans
John J. Barkei,[a] Brian M. Kevany,[a] Elizabeth A. Felnagle,[a, b] and Michael G. Thomas*[a, b]


Introduction


It has been estimated that one third of the world’s population
is infected with the bacterium Mycobacterium tuberculosis, the
causative agent of tuberculosis (TB).[1] Of these infected
people, approximately 10 % will develop TB at some point in
their life. In 2006, there were 14.4 million cases of TB, with 1.7
million deaths due to complications from TB.[2] TB is second
only to HIV/AIDS in the number of deaths caused by an infec-
tious agent.[3, 4] One of the most significant challenges in treat-
ing patients suffering from TB is that M. tuberculosis strains are
developing resistance to many of the currently used anti-TB
drugs. Multidrug-resistant TB (MDR-TB), which is defined as an
infection that proves resilient to isoniazid and rifampin treat-
ment, has proven to be a significant challenge to the eradica-
tion of TB. Another class of infections that causes more signifi-
cant challenges to treatment is extensively drug-resistant TB
(XDR-TB), which has been defined by the Centers for Disease
Control and Prevention as an MDR-TB infection that is also re-
sistant to treatment with fluoroquinolones and at least one of
the injectable drugs kanamycin, amikacin, or capreomycin.[4] To
combat these resistant strains of M. tuberculosis, it is important
that we identify new drugs or develop new derivatives of cur-
rently used drugs that are active in treating TB, MDR-TB, and
XDR-TB.


The tuberactinomycins are a family of nonribosomal peptide
anti-TB drugs that target the ribosome of susceptible bacte-
ria.[5, 6] Viomycin (1) was the first member of this antibiotic
family to be identified.[7] Viomycin was used to treat TB until it
was replaced by the structurally related antibiotic capreomycin,
which is a mixture of four metabolites (2–5) that has reduced


toxicity compared to 1 (Scheme 1).[8] Additional members of
this antibiotic family include the tuberactinomycins (6–9;
Scheme 1),[9] of which tuberactinomycin N (9), also known as
enviomycin, is used for the treatment of TB in Asia.[10] Capreo-
mycin is the most commonly used antibiotic in this drug
family for the treatment of TB (Scheme 1) and is on the World
Health Organization’s “List of Essential Medicines”[11] due to its
activity against MDR-TB. Additionally, a recent analysis of
second-line injectable drugs and the treatment outcomes of
MDR-TB and XDR-TB determined that the development of cap-
reomycin resistance results in a higher incidence of drug-treat-
ment failure and subsequent death of the patient.[12] Based on
these results, it is important that additional derivatives of
members of the tuberactinomycin family of antibiotics be de-
veloped to ensure their continued use against drug-resistant
M. tuberculosis infections.


We are interested in deciphering how members of the tu-
beractinomycin family of antibiotics are biosynthesized by the
producing bacteria, and we have the long-term goal of using
this information to generate new derivatives of these antibiot-
ics through metabolic engineering. To this end, we have identi-
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[b] E. A. Felnagle, Prof. M. G. Thomas
Microbiology Doctoral Training Program, University of Wisconsin–Madison
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Viomycin and capreomycin are members of the tuberactinomycin
family of antituberculosis drugs. As with many antibacterial
drugs, resistance to the tuberactinomycins is problematic in treat-
ing tuberculosis ; this makes the development of new derivatives
of these antibiotics to combat this resistance of utmost impor-
tance. To take steps towards developing new derivatives of this
family of antibiotics, we have focused our efforts on understand-
ing how these antibiotics are biosynthesized by the producing
bacteria so that metabolic engineering of these pathways can be
used to generate desired derivatives. Here we present the heterol-
ogous production of viomycin in Streptomyces lividans 1326
and the use of targeted-gene deletion as a mechanism for inves-
tigating viomycin biosynthesis as well as the generation of vio-
mycin derivatives. Deletion of vioQ resulted in nonhydroxylated


derivatives of viomycin, while strains lacking vioP failed to acy-
late the cyclic pentapeptide core of viomycin with b-lysine. Sur-
prisingly, strains lacking vioL produced derivatives that had the
carbamoyl group of viomycin replaced by an acetyl group. Addi-
tionally, the acetylated viomycin derivatives were produced at
very low levels. These two observations suggested that the carba-
moyl group of the cyclic pentapeptide core of viomycin was in-
troduced at an earlier step in the biosynthetic pathway than pre-
viously proposed. We present biochemical evidence that the car-
bamoyl group is added to the b-amino group of l-2,3-diamino-
propionate prior to incorporation of this amino acid by the non-
ribosomal peptide synthetases that form the cyclic pentapeptide
cores of both viomycin and capreomycin.
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fied the biosynthetic pathways for 1 and 2–5,[13, 14] identified a
new capreomycin resistance gene, and have investigated the
biosynthesis of the unusual amino acid (2S,3R)-capreomycidine
(l-Cam; residue 5 that is hydroxylated by VioQ in Scheme 2).[15]


Zabriskie and colleagues have also investigated the biosynthe-
sis of 1 and have sequenced some of the genes within theACHTUNGTRENNUNGassociated biosynthetic gene cluster.[16] They also investigated
l-Cam biosynthesis, along with its incorporation and hydroxyl-
ation.[17–19] Hypotheses for how 1–5 are biosynthesized have
been developed based on our results and those of Zabriskie
and colleagues.


Each of these antibiotics consists of a central cyclic penta-
peptide core that is likely to be assembled by a nonribosomal
peptide synthetase (NRPS). For 1, we proposed that the NRPS,
which consists of the proteins VioA, VioF, VioI, and VioG, con-
denses and cyclizes two molecules of l-2,3-diaminopropionate
(l-Dap), two molecules of l-serine (l-Ser), and one molecule of
l-Cam. While the NRPS condenses and cyclizes these five resi-
dues, VioJ was proposed to catalyze the a,b-desaturation of
residue 4.[13] To complete the synthesis of 1, we proposed that
three subsequent modifications occur (Scheme 2). One modifi-
cation is the hydroxylation of the ring of residue 5 by VioQ, a
proposal that was recently supported by experimental work by
Zabriskie and colleagues.[19] A second modification is the N-acy-
lation of residue 1 with b-lysine (b-Lys) by the concerted ac-
tions of VioO and VioM, a monomodular NRPS. The third modi-
fication is the carbamoylation of residue 4 by the carbamoyl-
transferase homologue VioL. We have proposed a similar set of


biosynthetic mechanisms for
the assembly of 2–5, with the
subtle change of N-acylation of
residue 3 by b-Lys by CmnO
and CmnM, which are homo-
logues of VioO and VioM, re-
spectively. Also, the capreomy-
cin biosynthetic pathway lacks a
VioQ orthologue, which is con-
sistent with the observation
that 2–5 are not hydroxylated
(Scheme 1).[14]


Here we present genetic and
biochemical analyses of por-
tions of the biosynthetic path-
way of 1. First, we show that
Streptomyces lividans 1326 is a


competent host for the heterologous production of 1. This
result provides additional evidence that we have identified all
of the genes necessary for the biosynthesis of 1. We subse-
quently used a series of gene deletions to investigate the
three proposed modification steps in the biosynthesis of 1 and
to generate alternative derivatives of 1. These data confirm the
proposed functions of each of the encoded enzymes and sup-
port the hypothesis that metabolic engineering of the biosyn-
thetic gene cluster for 1 can be used to generate alternative
derivatives of 1. Based on the results from these genetic ex-
periments, the NRPSs involved in the formation of the cyclic
pentapeptide core of 1 and 2–5 were re-evaluated, and we
present new models for core assembly during the biosynthesis
of these antibiotics.


Results and Discussion


Heterologous production of viomycin in S. lividans 1326


We have previously shown that S. lividans 1326 is a competent
host for the heterologous production of 2–5.[14] Based on the
structural similarity of 1 and 2–5 (Scheme 1) and the nearly
identical organization of the associated biosynthetic gene clus-
ters,[13, 14] it was reasonable to hypothesize that S. lividans 1326
would also be competent for the heterologous production of
1. As an alternative to reassembling the biosynthetic gene
cluster for 1 from two overlapping cosmids that we previously
isolated and characterized,[13] we focused on the identification


Scheme 1. Chemical structures of the members of the tuberactinomycin family of anti-TB drugs. We note that
Streptomyces griseoverticillatus var. tuberacticus produces viomycin (1) as part of the mixture of tuberactinomycins
(6–9) ; however, it has been called tuberactinomycin B (7).


Scheme 2. Schematic of the three enzymatic steps in the biosynthesis of 1 addressed in this study. The reactions catalyzed by enzymes that are the focus of
this study are highlighted. The moieties of 1 that these enzymes are involved in are shaded. The numbers within the core of 1 identify the amino acid residue
number discussed in the text.
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of another cosmid that contained the entire biosyn-
thetic gene cluster. Once identified, this cosmid
could subsequently be introduced into S. lividans
1326 to test whether the resulting strain was able to
heterologously produce 1.


During our initial characterization of the biosyn-
thetic gene cluster for 1, we isolated a number of
cosmids that contained the resistance gene vph, the
biosynthetic gene vioG, or both genes. Upon screen-
ing by using PCR amplification, one of the cosmids
that contained vph and vioG, pVIO-P4C3RH, was also
found to contain vioA and vioQ. These genes are at
or near the 5’- and 3’-ends, respectively, of what we
have proposed to be the complete biosynthetic
gene cluster.[13] The presence of vioA, vioG, vph, and
vioQ on pVIO-P4C3RH suggested all the genes nec-
essary for the production of 1 were contained on
this single cosmid. The 5’- and 3’-ends of the DNA
inserted into the BamHI site of the cosmid wereACHTUNGTRENNUNGsequenced to determine what region of the Strepto-
myces sp. strain ATCC11861 chromosome was carried
by pVIO-P4C3RH. Analysis of this DNA sequence de-
termined that the chromosomal DNA fragment con-
tained on pVIO-P4C3RH consisted of 4 kb of DNA
upstream of vioA through a portion of the vioT
gene, which is 3 kb downstream of vioQ. Our initial
hypothesis that vioT was involved in regulating the
expression of the biosynthetic gene cluster for 1 was
revised after we failed to find a vioT homologue in
the biosynthetic gene cluster for the production of
2–5.[14]


Our next goal was to investigate whether the in-
troduction of this cosmid into S. lividans 1326 would
enable this bacterium to heterologously produce 1.
The pVIO-P4C3RH cosmid was modified to enable
conjugation between E. coli and S. lividans 1326 and
stable integration into the S. lividans 1326 genome.
The strain carrying the integrated cosmid was grown
in viomycin-production medium for ten days, the
culture supernatant was processed as previously de-
scribed for 1 and 2–5 purification,[13, 14] and the me-
tabolites produced by this strain were compared by
HPLC and MALDI-TOF MS to an authentic standard
of 1 (Figure 1, Table 2).


Two dominant metabolite peaks eluted at 5.1 and
12.1 min and had UV-visible adsorption spectra
(lmax = 268 nm) that were consistent with a deriva-
tive of 1. The metabolite that eluted at 5.1 min had
an elution time equivalent to that of an authentic
standard of 1 (Figure 1, trace C versus trace A). We
analyzed this metabolite by MALDI-TOF MS and de-
termined that this sample was a mixture of two me-
tabolites. One metabolite was 1, while the second metabolite
had a mass consistent with dehydrodesoxyviomycin (10 ;
Scheme 3, Table 2). This derivative of 1 has been previously re-
ported to be present in a sample of authentic 1.[20] Additional-
ly, we detected this derivative in 1 purchased from Research


Diagnostics, Inc. (Table 2) and in 1 purified from Streptomy-
ces sp. strain ATCC11861 (data not shown). Allmaier and col-ACHTUNGTRENNUNGleagues proposed that this derivative is either an intermediate
on the reaction pathway to 1 or is an artifact of the purifica-
tion scheme.[20] Throughout our analysis of the production of 1


Figure 1. Representative HPLC traces showing the separation of 1 and derivatives of 1
that were produced by the engineered strains of S. lividans 1326. The traces show me-
tabolite elutions monitored at 268 nm (y-axis) versus time (x-axis). The number(s) to the
top left of the relevant metabolite elution peaks identifies the derivative of 1 that is asso-
ciated with that peak as depicted in Figures 1 and 4. In trace C, “complete” identifies the
S. lividans 1326 strain carrying the intact biosynthetic gene cluster of 1.
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Table 1. Bacterial strains and plasmids used in this study.


Strain or Plasmid Relevant characteristic(s)[a] Source or ref.


Escherchia coli
DH5a F�/f80DlacZM15(lacZYA-argF)U169, recA1, endA1, hsdR17 ACHTUNGTRENNUNG(rk�,mk+),


phoA, supE44, l� , thi-1, gyrA96, relA1
[34]


XL1-Blue MR DACHTUNGTRENNUNG(mcrA)183 D(mcrCB-hsdSMR-mrr)173, endA1, supE44, thi-1, recA1,
gyrA96, relA1, lac.


Stratagene


BW25 113/pIJ790 (D(araD-araB)567, DlacZ4787 ACHTUNGTRENNUNG(::rrnB-4), lacIP-4000, l-, rpoS369(Am),
rph-1, D(rhaD-rhaBI)568, hsdR514/pIJ790 oriR101, repA101(ts),
araBp-gam-be-exo


John Innes Centre


S17-1lpir recA, thi, pro, hsdR�M+, RP4:2-Tc:Mu:Km Tn7, lpir, TcR, SmR [35]
DH10B F� endA1, recA1, galE15, galK16, nupG, rpsL, DlacX74, F80lacZDM15,


araD139, DACHTUNGTRENNUNG(ara,leu)7697, mcrA, D(mrr-hsdRMS-mcrBC), l�
[34]


HB101 F� DACHTUNGTRENNUNG(gpt-proA)62, leuB6, glnV44, ara-14, galK2, lacY1, D ACHTUNGTRENNUNG(mcrC-mrr),
rpsL20 ACHTUNGTRENNUNG(SmR), xyl-5, mtl-1, recA13


[36]


BL21ACHTUNGTRENNUNG(DE3) F�� , ompT, gal, dcm, lon, hsdSBACHTUNGTRENNUNG(rB� mB�), l ACHTUNGTRENNUNG(DE3 [lacI, lacUV5-T7
gene 1, ind1, sam7, nin5])


Novagen


BL21ACHTUNGTRENNUNG(DE3)/pRARE BL21 ACHTUNGTRENNUNG(DE3) containing a plasmid expressing rare tRNAs. Novagen
Streptomyces lividans
1326 wild type A. Gehring
EAF1003 SuperCOS1-436-2 integrated into fC31 attB site [14]
JJB1001 pVIO-P4C3RH-436 integrated into fC31 attB site this study
JJB1002 pVIO-P4C3RH-436-DvioQ integrated into fC31 attB site this study
JJB1003 pVIO-P4C3RH-436-DvioP integrated into fC31 attB site this study
JJB1004 pVIO-P4C3RH-436-DvioL integrated into fC31 attB site this study
JJB1005 pVIO-P4C3RH-436-DvioQDvioP integrated into fC31 attB site this study
JJB1006 pVIO-P4C3RH-436-DvioQDvioL integrated into fC31 attB site this study
JJB1007 pVIO-P4C3RH-436-DvioPDvioL integrated into fC31 attB site this study
JJB1008 pVIO-P4C3RH-436-DvioQDvioPDvioL integrated into fC31 attB site this study
Plasmids
pRK2013 Conjugation helper plasmid [37]
SuperCos1 KnR ApR cloning cosmid Stratagene
SuperCos1-436.2 SuperCos1 with aac(3)IV, oriT, fC31 int, fC31 attP or pOJ436


cloned into blunt-ended NsiI site
this study


pOJ436 aac(3)IV (ArR), oriT, fC31 int, fC31 attP cosmid vector [32]
pVIO-P4C3RH Streptomyces sp. strain ATCC11861 genomic DNA cloned into


SuperCos1; contains viomycin gene cluster
this study


pVIO-P4C3RH-436 pVIO-P4C3RH with ArR, oriT, fC31 int, fC31 attP DraI fragment
of pOJ436 inserted into blunt-ended NsiI site


this study


pVIO-P4C3RH-436-vioQ::aadA pVIO-P4C3RH-436 with aadA inserted into vioQ this study
pVIO-P4C3RH-436-DvioQ pVIO-P4C3RH-436 with vioQ deleted this study
pVIO-P4C3RH-436-vioP::aadA pVIO-P4C3RH-436 with aadA inserted into vioP this study
pVIO-P4C3RH-436-DvioP pVIO-P4C3RH-436 with vioP deleted this study
pVIO-P4C3RH-436-vioL::aadA pVIO-P4C3RH-436 with aadA inserted into viol this study
pVIO-P4C3RH-436-DvioL pVIO-P4C3RH-436 with vioL deleted this study
pVIO-P4C3RH-436-DvioPvioQ::aadA pVIO-P4C3RH-436-DvioP with aadA inserted into vioQ this study
pVIO-P4C3RH-436-DvioQDvioP pVIO-P4C3RH-436-DvioP with vioQ deleted this study
pVIO-P4C3RH-436-DvioLvioQ::aadA pVIO-P4C3RH-436-DvioL with aadA inserted into vioQ this study
pVIO-P4C3RH-436-DvioQDvioL pVIO-P4C3RH-436-DvioL with vioQ deleted this study
pVIO-P4C3RH-436-DvioPvioL::aadA pVIO-P4C3RH-436-DvioP with aadA inserted into vioL this study
pVIO-P4C3RH-436-DvioPDvioL pVIO-P4C3RH-436-DvioP with vioL deleted this study
pVIO-P4C3RH-436-DvioQDvioPvioL::aadA pVIO-P4C3RH-436-DvioQDvioP with aadA inserted into vioL this study
pVIO-P4C3RH-436-DvioQDvioPDvioL pVIO-P4C3RH-436-DvioQDvioP with vioL deleted this study
pET28b T7 overexpression vector Novagen
pET28b-vioF pET28b expressing vioF this study
pET28b-cmnF pET28b expressing cmnF this study
pSE34 Streptomyces sp. expression vector [38]
pJJB501 pSE34 containing an oriT this study
pJJB501-vioQ pJJB501 expressing vioQ this study
pJJB501-vioP pJJB501 expressing vioP this study
pJJB501-vioL pJJB501 expressing vioL this study


TcR, tetracycline resistant; SmR, streptomycin resistant ; ArR, apramycin resistant ; KnR, kanamycin resistant; ApR, ampicillin resistant.
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or derivatives of 1, we detected a mass for the dehydrodesoxy
derivative by MALDI-TOF MS unless the producing strain
lacked vioQ. These data are consistent with the association of
the dehydrodesoxy derivatives with the hydroxylation of the
ring of residue 5 by VioQ.


A second metabolite that eluted from the HPLC at 12.1 min
had a mass consistent with desoxyviomycin. This metabolite
was found to be a derivative of 1 called tuberactinomycin O
(8) that has been previously isolated from the tuberactinomy-
cin producer Streptomyces griseoverticillatus var. tuberacticus.[21]


The production of 8 was likely due to a less efficient VioQ, an
enzyme initially proposed to catalyze the hydroxylation of the
ring of l-Cam.[13] Zabriskie and colleagues recently provided ex-
perimental evidence to support this proposal by showing that
a Streptomyces sp. strain, ATCC11 861, which had vioQ inactive,
produced 8 rather than 1.[19] VioQ is a homologue of Rieske
non-heme oxygenases that typically require a ferredoxin and a
ferredoxin reductase to activate the oxygenase activity of the
enzyme.[22] One hypothesis for why the hydroxylation of 8 is in-
complete is that VioQ has evolved to interact most efficiently
with the cellular ferredoxin and ferredoxin reductase from
Streptomyces sp. strain ATCC11861, but works less efficiently
with the comparable enzymes from S. lividans 1326. Thus, al-
though 1 is produced by S. lividans 1326, VioQ functions less
efficiently resulting in the accumulation of 8.


The results from these data are important for two reasons.
First, these data support the hypothesis that all of the genes
required for the heterologous production of viomycin are pres-
ent on pVIO-P4C3RH-436 and that vioT is not necessary for ex-
pression in S. lividans 1326. Second, since the genetic informa-
tion is carried on a cosmid that can be conjugated from E. coli
into S. lividans 1326, the extensive genetic tools developed for
manipulating genes in E. coli can now be used to modify this
biosynthetic gene cluster before production in S. lividans 1326.
This provides an effective means of investigating and redirect-
ing biosynthesis.


Deletion of vioQ, vioP, or vioL


Our proposed mechanism for the biosynthesis of 1 involves
the synthesis of the cyclic pentapeptide core of the antibiotic
followed by three modifications: 1) hydroxylation of residue 5
by VioQ; 2) b-Lys synthesis by VioP and subsequent attach-
ment of b-Lys to the a-amino group of residue 1 by the con-
certed actions of VioO and VioM; and 3) carbamoylation of the
b-amino group of residue 4 by VioL (Scheme 2). These hypoth-
eses were tested by deleting the corresponding genes on p-
VIO-P4C3RH-436 while present in E. coli, transferring the modi-
fied cosmid to S. lividans 1326, and monitoring heterologous
antibiotic production by the resulting S. lividans 1326 strain.


Deletion of vioQ


We used the lred mutagenesis system[23, 24] followed by restric-
tion enzyme digestion and religation to generate an in-frame
deletion of vioQ carried on pVIO-P4C3RH-436. Our prediction
was that 8 would be produced when the resulting cosmid,
pVIO-P4C3RH-436-DvioQ, was introduced into S. lividans 1326.
Consistent with this hypothesis, 1 was not produced by the
DvioQ strain, but a metabolite was observed to elute at
12.1 min (Figure 1, trace D). The UV–visible spectrum of this
metabolite was consistent with that of 1, and it was 16 mass
units less than 1 as determined by MALDI-TOF MS analysis
(Table 2). This metabolite had the same retention time and
mass as 8 produced by S. lividans 1326 containing the entire
gene cluster (Figure 1, compare trace C to D). Thus, the dele-
tion of vioQ from the gene cluster results in the heterologous
production of 8.


To confirm that the deletion of vioQ was the only mutation
that caused the formation of 8 instead of 1, we introduced
pJJB501-vioQ into the DvioQ strain of S. lividans 1326. The
presence of this plasmid restored the ability of the DvioQ
strain to produce 1 (Figure 1, trace E; Table 2); this confirmed
that the accumulation of 8 is due to the loss of the function of
VioQ. While the trace shown in Figure 3 suggests the presence
of vioQ on a multicopy plasmid reduces the amount of 8 that
accumulates, this was true for only this particular strain. Addi-
tional isolates of the DvioQ strain of S. lividans 1326 that carry
the pJJB501-vioQ plasmid typically generated 1 and 8 at levels
comparable to those seen when the intact gene cluster was
present in S. lividans 1326 (Figure 1, trace C). The ability toACHTUNGTRENNUNGrestore the production of 1 to the DvioQ strain by adding
pJJB501-vioQ supported the conclusion that the loss of VioQ
abolishes the hydroxylation of residue 5. These data showed
that S. lividans 1326 with vioQ deleted from the integrated bio-
synthetic gene cluster behaves in a similar manner to Strepto-
myces sp. strain ATCC11861 that lacks a functional vioQ.[19]


Deletion of vioP


The addition of the b-Lys moiety to the a-amino group of resi-
due 1 requires prior formation of this nonproteinogenic amino
acid. The enzyme coded by vioP is a homologue of the well-
studied lysine-2,3-aminomutases that convert l-Lys to b-Lys.[25]


Scheme 3. Chemical structures of derivatives of 1 produced by engineering
S. lividans 1326 strains. Compounds are named as follows: dehydrodesoxy-
viomycin (10) ; dehydrodesoxytuberactinamine A (11) ; dehydrodesoxy-N-des-
carbamoyl-N-acetyl-viomycin (12) ; dehydrodesoxy-N-descarbamoyl-N-acetyl-
tuberactinamine A (13) ; tuberactinamine A (14) ; tuberactinamine N (15) ; N-
descarbamoyl-N-acetyl-viomycin (16) ; N-descarbamoyl-N-acetyl-tuberactino-
mycin O (17) ; N-descarbamoyl-N-acetyl-tuberactinamine A (18) ; N-descarba-
moyl-N-acetyl-tuberactinamine N (19).
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We hypothesized that by deleting vioP from the gene cluster,
the resulting S. lividans 1326 strain would produce des-b-Lys-
viomycin (tuberactinamine A, 14) instead of 1, along with the
corresponding dehydrodesoxy derivative 11 since vioQ was
present (Scheme 3). Additionally, since we observed the incom-
plete hydroxylation of the ring of residue 5 when the entire
cluster was present in S. lividans 1326, we anticipated that we
would also observe desoxy-tuberactinamine A (tuberactina-ACHTUNGTRENNUNGmine N, 15).


As predicted, 1 was not produced by a strain lacking vioP. In-
stead, new metabolites with UV-visible spectra consistent with
derivatives of 1 eluted at 3.8 and 8.2 min (Figure 1, trace F).
MALDI-TOF MS analysis of these metabolites determined that
the metabolites eluting at 3.8 min were a mixture of 14 and
11, while the mass of the metabolite eluting at 8.2 min was
consistent with the formation of 15 (Table 2). The only other
time 14 has been produced biosynthetically was through the
addition of the lysine-2,3-aminomutase inhibitor (S)-2-amino-
ethyl-l-cysteine to the culture of a strain that produced 6–9.[26]


The construction of a DvioP strain provides a genetic means
for biosynthetically producing this derivative of 1.


The introduction of a plasmid expressing vioP into the S. liv-
idans 1326 DvioP strain restored the ability of the strain to pro-
duce viomycin (Figure 1, trace G). This complementation was
incomplete based on the presence of detectable levels of 14
in the strain carrying vioP on a plasmid. This was true for multi-
ple strains deleted for vioP that were carrying vioP on pJJB501.
We have observed that in many cases, the genes expressed by
the ermEp* promoter on pJJB501 or its parent plasmid pSE34
do not fully complement the corresponding deletion mutant.
Additionally we have observed variable levels of detectable
protein produced from ermEp* expression of the correspond-
ing gene (data not shown). Regardless, the ability to restore
the production of 1 in the DvioP strain by the addition of
pJJB501-vioP supported the conclusion that the loss of b-Lys
attachment to residue 1 is due to the loss of VioP.


Deletion of vioL


We hypothesized that VioL catalyzes the carbamoylation of res-
idue 4 of the cyclic pentapeptide core of 1 (Scheme 2).[13] This
hypothesis was based on the homology of VioL with ornithine
carbamoyltransferases involved in arginine biosynthesis.[27]


Based on this homology, a strain deleted for vioL was predict-
ed to produce descarbamoyl-viomycin. Introduction of the
cosmid pVIO-P4C3RH-436-DvioL into S. lividans 1326 resulted
in a strain that produced a low level of a metabolite that had a
UV-visible spectrum similar to 1, but eluted at 9.5 min from the
HPLC (Figure 1, trace H). MALDI-TOF MS analysis of this metab-
olite determined it was 42 mass units larger than anticipated
for descarbamoyl-viomycin (expected: [M+H]+ = 667.3; ob-
served: [M+H]+ = 685.3). The observed mass was consistent
with a derivative of 1 with an acetyl moiety replacing the car-
bamoyl moiety of residue 4, or N-descarbamoyl-N-acetyl-vio-
mycin (16) along with the corresponding dehydrodesoxy deriv-
ative (12 ; Table 2). The proposal that the b-nitrogen of residue
4 has been acetylated is based on the failure to detect any
acetylated version of 1 or derivatives of 1 unless vioL wasACHTUNGTRENNUNGdeleted. The acetylation of a nitrogen that becomes available
after the inactivation of the gene coding for a modifying
enzyme is not unprecedented. For example, Sherman, Liu, and
colleagues noted that when the gene coding for an N-methyl-
transferase involved in methylating the amino group of the
desosamine sugar in the methymycin/pikromycin biosynthetic
pathway is inactivated, the amino group of the sugar is acety-
lated.[28]


These data provide important insights into the steps in the
biosynthesis of 1. First, the loss of the carbamoyl group from 1
in the DvioL strain confirmed our hypothesis that VioL introdu-
ces the carbamoyl group onto residue 4. The introduction of a
plasmid that expresses vioL restored production of 1 to the
DvioL strain, confirming the conclusion that the observed phe-
notype was due to the loss of vioL (Figure 1, trace I). Second,
the low levels of 16 produced by the DvioL strain and the find-
ing that only derivatives identified in strains lacking vioL (addi-
tional mutants are discussed below) have the carbamoyl group
replaced by an acetyl group suggests that VioL functions at a


Figure 2. Representative HPLC traces showing the separation of derivatives
of 1 that are produced when the strain lacks vioL. The traces show metabo-
lite elutions monitored at 268 nm. The number(s) above peaks identifies the
derivative of 1 that is associated with the peak. Only the metabolites show-
ing UV-visible spectra consistent with a derivative of 1 are numbered.
Trace A is the same as shown in Figure 3, trace H, but the y-axis as been
scaled for clarity. The same scale was used for traces B–D due to the low
abundance of the metabolites.
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step prior to the peptide release from the NRPS. We address
this issue in more detail in a later section.


Combining gene deletions


The success of the single gene deletions in producing deriva-
tives of 1 suggested that combining the individual mutations
would lead to additional variations in the metabolites pro-
duced. The corresponding deletion cosmids were constructed
in a sequential manner, resulting in four cosmid constructs
with the following gene deletion combinations: 1) DvioQD


vioP ; 2) DvioQDvioL ; 3) DvioPDvioL ; and 4) DvioQDvioPDvioL.
These four constructs were individually conjugated into S. liv-
idans 1326 and the resulting strains were analyzed for the pro-
duction of the anticipated derivatives.


The deletion of vioQ and vioP was anticipated to result in a
strain that produces 15, a derivative of 1 that lacks both the
hydroxylation of residue 5 and the b-Lys moiety attached to
residue 1. As predicted, the predominant metabolite produced
by the DvioQDvioP strain had an HPLC retention time of
8.2 min and had a mass consistent with 15 (Figure 1 trace J,
Table 2). The two remaining double mutant strains, DvioQDvioL
and DvioPDvioL, and the triple mutant, DvioQDvioPDvioL, pro-
duced derivatives of 1 at low levels with each of these metab-
olites having a mass consistent with a descarbamoyl derivative
that had been acetylated. The replacement of the carbamoyl
group with an acetyl group was due to the loss of DvioL as
previously discussed. The DvioQDvioL strain produced a me-
tabolite that eluted from the HPLC at 12.6 min that had a UV-
visible spectrum consistent with a derivative of 1 (Figure 2,
trace B). MALDI-TOF MS analysis of this metabolite determined
the mass was consistent with N-descarbamoyl-N-acetyl-tuber-
actinomycin O (17; Table 2). The DvioPDvioL strain produced
metabolites that eluted at 6.6 min that had masses consistent
with N-23-descarbamoyl-N-23-acetyl-tuberactinamine A (18)
and the corresponding dehydrodesoxy derivative (13 ; Figure 2,
trace C; Table 2). Finally, the triple mutant, DvioQDvioPDvioL,
produced a series of metabolites that eluted between 11.8 to
13.5 min from the HPLC, one of which, eluting at 12.3 min,
showed a UV visible spectrum similar to 1 (Figure 2, trace D).
MALDI-TOF MS analysis of this metabolite determined it had
a mass consistent with N-descarbamoyl-N-acetyl-tuberactina-ACHTUNGTRENNUNGmine N (19 ; Table 2).


A number of conclusions can be made from the data dis-
cussed above. First, we have confirmed the proposed function
of VioQ and VioL in the biosynthesis of 1 based on the accu-
mulation of derivatives of 1 lacking the hydroxylation of resi-
due 5 and the carbamoylation of residue 4. Second, the data
support the hypothesis that VioP catalyzes the formation of b-
Lys since the absence of vioP results in the accumulation of
des-b-Lys derivatives of 1. Third, the use of gene deletions in
the biosynthetic gene cluster of 1 provides an efficient means
for generating structural derivatives. Of the nine derivatives of
1 produced by S. lividans 1326, four have not previously been
observed in nature or synthesized chemically. One of the other
derivatives, 15, has only been generated semisynthetically.[29]


Thus, metabolic engineering of the biosynthetic gene cluster


provides a means for generating structural diversity in this im-
portant class of antibiotics. Finally, the low levels of antibiotic
production in strains deleted for vioL and the detection of only
acetylated versions of the metabolites purified from these
strains suggested we must revisit the proposed biosynthetic
scheme for assembly of the cyclic pentapeptide core of 1 by
the associated NRPS.


Analysis of the amino acid specificity of VioF and CmnF


The genetic data analyzing the strains lacking vioL strongly
suggested that the carbamoylation of residue 4 occurs prior to
cyclic pentapeptide release from the NRPS involved in the bio-
synthesis of 1. This suggestion was based on the observation
that the removal of the carbamoyl group always resulted in
this moiety being replaced by an acetyl group. One hypothesis


Figure 3. Models for the order of function of the NRPS components produc-
ing 1 and 2–5. A) Initially proposed model for the order in which the NRPS
subunits function for the production of 1. B) Alternative model for the order
in which the NRPS subunits function for the production of 1. C) Alternative
model for the order in which the NRPS subunits function for the production
of 2–5. Each circle represents a catalytic domain. Abbreviations: A, adenyla-
tion; PCP, peptidyl carrier protein; C, condensation; C/, truncated condensa-
tion domain; X, domain of unknown function. The arrow in each model in-ACHTUNGTRENNUNGdicates the A domain that aminoacylates the PCP domain of VioI or CmnI.
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was the acetyl group structurally mimics the carbamoyl group,
allowing the biosynthesis of the cyclic pentapeptide core to
proceed. Without that modification, biosynthesis cannot pro-
ceed. Thus, when all the biosynthetic enzymes are present, car-
bamoylation must occur prior to cyclic pentapeptide release
from the NRPS. There are two possible models for when this
carbamoylation would occur. In one model, VioL functions in a
concerted manner with the NRPS to carbamoylate residue 4
while the peptide is being synthesized. A second model is that
the carbamoylation of l-Dap to generate b-ureidoalanine (b-
Uda) occurs prior to the amino acid being recognized by the
NRPS. In our initial proposal, the NRPS involved in cyclic penta-
peptide assembly would proceed in the order of VioF!VioA!
VioI!VioG (Figure 3 A). This model was developed based on
the amino acid specificity codes of both adenylation (A) do-
mains of VioA, which suggests they activate l-Ser, while the A
domain specificity code of VioF suggests it recognizes l-Gln,
which is structurally similar to l-Dap.[13] VioF aminoacylates its
own PCP domain and that of VioI with l-Dap; therefore, VioF
introduces the l-Dap components of residues 1 and 4. VioA in-
corporates the l-Ser at residues 2 and 3, while VioG incorpo-
rates l-Cam. In support of the proposed function of VioG, Zab-
riskie and colleagues have shown that this enzyme is specific
for l-Cam.[19] At some point during the synthesis of the penta-
peptide, VioL catalyzes the carbamoylation of residue 4 and
VioJ catalyzes the a,b-desaturation of residue 4. In this model,
there is no clear mechanism for the incorporation of b-Uda.


If b-Uda is incorporated by the NRPS, an alternative model
for how the NRPS functions would have to be developed. In
this alternative model, the NRPS components would function
in the order of VioA!VioI!VioF!VioG to account for an
A domain being required for the recognition of b-Uda. Thus,
the first A domain of VioA forms an l-Dap-PCP intermediate on
the first PCP domain of the enzyme, while the second A do-
main loads l-Ser onto the second PCP domain and also the
PCP of VioI. VioF then activates b-Uda, with VioG catalyzing
the incorporation of l-Cam (Figure 3). Again, VioJ catalyzes the
a,b-desaturation of residue 4 in concert with the NRPS.


The two proposed models can be differentiated by analyzing
the amino acid specificities of the A domains of VioA and VioF.
Unfortunately, we have been unable to obtain soluble and
functional full-length VioA when overproduced in E. coli or
S. lividans 1326, and constructs containing the isolated A do-
mains of VioA have proven inactive when overproduced in
E. coli (data not shown). VioF, however, proved to be more
amenable to in vitro characterization. VioF was overproduced
in E. coli and purified using nickel-chelate chromatography
(Figure 4 A). Standard (d)ATP/PPi exchange reactions were used
to investigate whether the A domain of VioF was able to acti-
vate l-Ser, l-Dap, l-Ala, l-Cam, or b-Uda. We used ATP and
dATP in parallel reactions to support the conclusion that the
amino acid activation observed was due to the A domain of
VioF. The A domains of NRPSs do not discriminate between
ATP and dATP for amino acid activation, but other amino acyl-
AMP-forming enzymes such as tRNA synthetases do.[30] Thus, if
we observed amino acid activation in the presence of ATP and
when ATP is replaced by dATP, we could be confident the acti-


vation was due to the catalytic activity of VioF. We determined
that VioF specifically activated b-Uda but did not activate any
of the other amino acids (Figure 4 B). These data support the
second proposed model for cyclic pentapeptide assembly (Fig-
ure 3 B). To provide further support for this model, the homo-
logue of VioF from the capreomycin biosynthetic pathway,
CmnF, was overproduced in E. coli, purified by nickel-chelate
chromatography (Figure 4 A), and analyzed for amino acid acti-
vation as done for VioF. We observed that CmnF also specifical-
ly activates b-Uda (Figure 4 B), similar to the results with VioF.


These results are surprising based on their implications not
only for the biosynthesis of 1, but also on the production of


Figure 4. In vitro analysis of VioF and CmnF. A) 10 % SDS-PAGE gel of re-
combinant his-tagged CmnF and VioF stained with Coomassie blue. 3 mg of
each protein was loaded in each lane. B) Amino acid activation of recombi-
nant VioF by dATP/PPi exchange assays. C) Amino acid activation of recombi-
nant VioF by dATP/PPi exchange assays. All assays were performed in tripli-
cate and data are presented as percent of the maximally activated amino
acid. Assays performed with ATP instead of dATP also showed specificity for
b-Uda (data not shown).
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the cyclic pentapeptide core of 2–5. We have previously
shown that the biosynthetic gene cluster for 2–5 is nearly
identical to that for 1.[14] The data presented here strongly sug-
gest that the functional order of the NRPS components for 2–5
production is CmnA!CmnI!CmnF!CmnG (Figure 3 C). This
NRPS subunit order requires that the second A domain of
CmnA does not aminoacylate the PCP domain of CmnI as seen
for the function of VioA and VioI. Instead, the first A domain of
CmnA must aminoacylate the PCP domain of CmnI. Thus, al-
though the NRPS components of the two systems are striking-
ly similar, different A domains aminoacylate the PCP domain in-
volved in the incorporation of the amino acid at residue 3. Fur-
thermore, the second A domain of VioA must be specific for l-
Ser while the second A domain of CmnA must activate either
l-Ser or l-Ala to generate the structural diversity seen in 2–5
(Figure 3 C). These results suggest a more thorough analysis of
the NRPSs involved in 1 and 2–5 biosynthesis is needed to
fully define the function of these enzymes in cyclic pentapep-
tide assembly.


Conclusions


We have shown that S. lividans 1326 is a competent host for
the heterologous production of 1. These data support our pre-
vious hypothesis that all of the genes essential for production
of 1 are contained on the region of the Streptomyces sp. strain
ATCC11861 chromosome cloned into pVIO-P4C3RH. We have
shown that the genetic manipulation of the pathway in E. coli
followed by heterologous production in S. lividans 1326 is an
efficient means for investigating the biosynthesis of 1. In par-
ticular, we showed that VioQ, VioP, and VioL are involved in in-
troducing the hydroxylation, b-Lys addition, and carbamoyla-
tion of the cyclic pentapeptide core of 1, respectively. In the
process, we have shown that the power of E. coli-based genet-
ic manipulation of the biosynthetic gene cluster of 1 is an effi-
cient means of generating derivatives of 1. Based on these ge-
netic results, the mechanism for cyclic pentapeptide assembly
for 1 and 2–5 biosynthesis by
their respective NRPSs was re-
evaluated. This revision results
in the unusual observation that
two structurally similar nonribo-
somal peptides are assembled
using different in trans aminoa-
cylations that result in structural
differences in the peptide se-
quence generated.


Experimental Section


Bacterial strains and media : Bac-
terial strains used in this study are
listed in Table 1. E. coli strains were
propagated in LB medium or on
LB agar plates with the appropri-
ate antibiotic selection. S. lividans
1326 strains were propagated on


ISP2 plates with the appropriate antibiotic selection when needed.
For S. lividans 1326 derivatives, alternative media used for conjuga-
tions and antibiotic production are discussed below.


Identification of pVIO-P4 C3 RH : The cosmid pVIO-P4C3RH was
isolated using vph and vioG primers as previously described.[31] Pri-
mers specific for an internal fragment of vioA[31] and the complete
ORF of vioQ (vioQNdeI: 5’-AAG GGC CCC CAT ATG CCG ACG TGT
CGA GTC-3’; vioQHindIII : 5’-GGT GTG TGA AGC TTA TGT CGC GAC
TGC CCA-3’) were used in standard PCR amplification reactions to
determine whether pVIO-P4C3RH contained these two portions of
the biosynthetic gene cluster of 1. The pVIO-P4C3RH cosmid was
positive for both vioA and vioQ based on this analysis. The ends of
the DNA insert were sequenced to determine the region of the
Streptomyces sp. strain ATCC11861 genome carried by this cosmid.


Construction of pVIO-R4 C3 RH-436 : The pVIO-P4C3RH cosmid
was digested with NsiI, and the NsiI ends were blunt-ended using
Klenow Fragment following the manufacturer’s instruction (New
England Biolabs, Inc.). The 6.7 kb DraI fragment of pOJ436[32] con-
taining the oriT, aac(3)IV apramycin resistance gene, fC31attP, and
fC31 integrase was cloned into the blunt-ended NsiI site of pVIO-
P4C3RH to generate pVIO-P4C3RH-436.


Construction of DvioQ, DvioP, and DvioL derivatives of pVIO-
R4 C3 RH-436 : Standard protocols for lred-mediated mutagenesis
of SuperCos1-based cosmids in BW25 113/pI J790 (REDIRECT�, John
Innes Centre)[24] were used to generate in-frame deletions of vioQ,
vioP, and vioL in pVIO-R4C3RH-436. Briefly, pIJ778 was used as the
DNA template for PCR amplification of the spectinomycin resist-
ance gene (aadA), and the resulting PCR amplicon was electropo-
rated into BW25113/pIJ790 strains carrying pVIO-R4C3RH-436 deriv-
atives. The desired electroporants were selected on LB containing
spectinomycin (50 mg mL�1) and apramycin (100 mg mL�1). An alter-
native to the REDIRECT protocol for removing the aadA gene was
utilized to create each deletion. For each primer set used, the 5’-
primer contained an NheI restriction site immediately upstream of
the 20 nucleotide priming sequence, while the 3’-primer contained
an XbaI restriction site immediately upstream of the 19 nucleotide
priming sequence. These restriction sites were added to allow the
resulting aadA-containing cosmids (pVIO-P4C3RH-436-vioQ ::aadA,
pVIO-P4C3RH-436-vioP ::aadA, and pVIO-P4C3RH-436-vioL ::aadA) to


Table 2. MALDI-TOF MS analysis of viomycin derivatives.


Sample HPLC elution Viomycin ACHTUNGTRENNUNG[M+H]+


time [min] derivative(s) Theoretical Observed


Viomycin 5.1 1, 10 686.3, 668.3 686.3, 668.3
S. lividans + vio gene cluster 5.1 1, 10 686.3, 668.3 686.3, 668.3


12.1 8 670.3 670.4
S. lividans + DvioQ 12.1 8 670.3 670.5
S. lividans + DvioQ + vioQ 5.1 1,10 686.3, 668.3 686.4, 668.4


12.1 8 670.3 670.4
S. lividans + DvioP 3.8 14, 11 558.2, 540.2 558.2, 540.3


8.2 15 542.2 542.2
S. lividans + DvioP + vioP 3.8 14, 11 558.2, 540.2 558.4, 540.3


5.1 1, 10 686.3, 668.3 686.4, 668.4
12.1 8 670.3 670.4


S. lividans + DvioL 9.5 16, 12 685.3, 667.3 685.4, 667.4
S. lividans + DvioL + vioL 5.1 1, 10 686.3, 668.3 686.3, 668.3


12.1 8 670.3 670.3
S. lividans + DvioQDvioP 8.2 15 542.2 542.3
S. lividans + DvioPDvioL 6.5 18, 13 557.2, 539.2 557.3, 539.5
S. lividans + DvioQDvioL 12.6 17 669.3 669.4
S. lividans + DvioQDvioPDvioL 12.3 19 541.2 541.3
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be digested with NheI and XbaI and religated to remove aadA,
leaving a six bp “scar” sequence that could not be digested with
NheI or XbaI. The primers used were as follows: for DvioQ, (vioQ F:
5’-ACG TGT CGA GTC ATC AGA AAC TGG GGT GTG ACG ATG GAT
GCT AGC ATT CCG GGG ATC CGT CGA CC-3’ and vioQ R: 5’-GCT
TTC CTT GAA ATT CAT CAG CAG TTC CCC GTA CAC CTT TCT AGA
TGT AGG CTG GAG CTG CTT C-3’) ; for DvioP, (vioP F: 5’-AGG CCG
ACC GCC CCT CCC CCG CCC GAG CCG GCA TCC TGC GCT AGC ATT
CCG GGG ATC CGT CGA CC-3’ and vioP R: 5’-GCA TGC CTG GCC
CTC ACG CGC CGC GAC CTG CCG TTC CCA TCT AGA TGT AGG CTG
GAG CTG CTT C-3’) ; for DvioL (vioL F: 5’-GAA CCC CGC GGC CTG
TAC TCC TTG GCC GAC CTG GAC GAC GCT AGC ATT CCG GGG ATC
CGT CGA CC-3’ and vioL R: 5’-CGT GAC CAC CCA TTC CAG GAC
GGC CAT CGC GCC GGC GGC TCT AGA TGT AGG CTG GAG CTG CTT
C-3’). Each primer set was designed to leave the first and last 13
codons of the gene separated by the six bp scar, which proved not
to have polar effects on transcription of downstream genes. To
confirm each deletion, the DNA flanking the putative site of the
deletion was PCR amplified, and the PCR product was sequenced.
The primers used were as follows: for DvioQ confirmation (vio-
29436: 5’-ATC ACC ACA TGG TGG AAC TGC C-3’ and vio-31 220: 5’-
GAC CGA AAG GAG TTG GTT CAC C-3’) ; for DvioP confirmation:
(vio-27134: 5’-ATC TGA CGT TTC AGG ACG TGT T-3’ and vio-29079:
5’-GTA CCG AAC TGT TCC CGC TGA T-3’) ; for DvioL confirmation:
(vio-22558: 5’-CCA CGT ATC CCT GGA CGA TCT G-3’ and vio-24255:
5’-AGA TGT GGT GCA GTG AGC AGA C-3’). The resulting cosmids
were named pVIO-P4C3RH-436-DvioQ, pVIO-P4C3RH-436-DvioP,
and pVIO-P4C3RH-436-DvioL to denote the gene deleted from the
cosmid.


Construction of DvioQDvioP, DvioQDvioL, DvioPDvioL, and
DvioQDvioPDvioL derivatives of pVIO-R4 C3 RH-436 : The lred-
mediated mutagenesis approach was used to generate double and
triple mutants. To make the first of the multiple deletions, the
cosmid containing aadA inserted into vioQ was used as template
DNA for PCR amplification with the same primer pairs listed above
used for confirmation of the vioQ deletion. These primers provided
an increased amount of DNA flanking vioQ that was available for
homologous recombination mediated by the lred system. This in-
crease in flanking DNA minimized undesired recombination with
the region of the pVIO-P4C3RH-436 cosmid that was homologous
to a portion of the aadA disruption cassette. The PCR amplicon
from the vioQ ::aadA-containing cosmid was used in the lred-medi-
ated disruption of vioQ in the pVIO-P4C3RH-436-DvioP and pVIO-
P4C3RH-436-DvioL cosmids. The analogous approach was used to
introduce the vioL ::aadA insertion into pVIO-P4C3RH-436-DvioP.
Each construct containing the aadA insertion was digested with
NheI and XbaI, religated, and screened for sensitivity to spectino-
mycin (50 mg mL�1). The resulting cosmids were pVIO-P4C3RH-436-
DvioQDvioP, pVIO-P4C3RH-436-DvioQDvioL, and pVIO-P4C3RH-436-
DvioPDvioL. The cosmid lacking both vioP and vioQ was modified
by lred-mediated mutagenesis using the vioL ::aadA cassette,ACHTUNGTRENNUNGfollowed by restriction digestion to remove aadA, resulting in the
formation of the triple mutant cosmid pVIO-P4C3RH-436-DvioQD


vioPDvioL. The deletions were confirmed by PCR amplification and
sequencing.


Heterologous production of 1 and derivatives of 1: Each pVIO-
P4C3RH-436 derivative was conjugated into S. lividans 1326 follow-
ing established protocols.[33] Conjugation was either from E. coli
S17–1lpir directly or from E. coli DH10B in a triparental mating re-
action using the helper plasmid pRK2013 in E. coli HB101. Apramy-
cin (100 mg mL�1) was used to select for S. lividans 1326 carrying
the integrated pVIO-P4C3RH-436 derivative while nalidixic acid


(50 mg mL�1) was used to counterselect against the E. coli. Exconju-
gants of each strain were streaked for isolation on ISP2 medium
containing apramycin (100 mg mL�1). To obtain a starter culture for
antibiotic production, the strains were grown in tryptic soy broth
containing apramycin (100 mg mL�1). A minimum of two exconju-
gants per strain were grown in viomycin production medium for
seven to ten days, and 1 and derivatives of 1 were purified as pre-
viously described.[13, 14]


For complementation studies, the vector pSE34 was modified by
insertion of the origin of transfer, oriT, from pIJ778 into the EcoRI
site of pSE34. This was accomplished by PCR-based cloning of the
oriT with primers containing MfeI sites that, when digested, were
compatible with the EcoRI digested plasmid. The resulting plasmid
was named pJJB501. While this plasmid was able to be conjugated
into S. lividans 1326 derivatives, in this study pJJB501 derivatives
were introduced into S. lividans 1326 derivatives using standard
PEG-assisted transformation in addition to conjugation using es-
tablished protocols.[33] Successful transformants were selected for
by the addition of thiostrepton at 50 mg mL�1.


Construction of vioQ, vioP, or vioL complementing clones : Each
gene was PCR amplified with a primer set consisting of a 5’-primer
with an NdeI site and a 3’-primer containing a HindIII site and
cloned into the corresponding restriction sites of pET-37b. The
cloned gene was then excised with XbaI and HindIII and subcloned
into the corresponding sites of pJJB501. The primers used were:
for vioQ (vioQNdeI: 5’-AAG GGC CCC CAT ATG CCG ACG TGT CGA
GTC-3’ and vioQHindIII : 5’-GGT GTG TGA AGC TTA TGT CGC GAC
TGC CCA-3’) ; vioP (vioPNdeI: 5’-GAA CAT ATG GAA CCT GAC TGG
CGC AGA CTG CCC-3’ and vioPHindIII : 5’-GAT CAA GCT TTC AGG
CGC ATG CCT GGC CCT-3’) ; for vioL (vioLNdeI: 5’-AGA CAT ATG ACC
GAA CCC CGC G-3’ and vioLHindIII : 5’-AGT CAA GCT TTC ACG TCG
TGA CCA CCC ATT-3’). Each of the complementing clones was con-
jugated into the appropriate strain an analyzed for viomycin pro-
duction.


HPLC and MALDI-TOF MS analysis of 1 and derivatives of 1: The
purified metabolites from the culture supernatants of the S. lividans
1326 strains were analyzed by reverse phase high performance
liquid chromatography (HPLC). A 250 mm small pore C18 column
(Vydac, Deerfield, IL, USA) was used on a Beckman-Coulter machine
with a 126 solvent module and 168 detector to separate deriva-
tives of 1. UV-visible spectra were monitored to detect derivatives
of 1 that showed the characteristic lmax at 268 nm. The separation
method was 5 min of H2O+TFA (0.1 %) followed by a linear gradi-
ent over 5 min to acetonitrile (20 %)+TFA (0.1 %) and a 10 min re-
equilibration in H2O+TFA (0.1 %). MALDI-TOF data on a Voyager-DE
Pro Workstation (PerSeptive Biosystems, Applied Biosytems) were
obtained at the University of Wisconsin-Madison Biophysics Instru-
mentation Facility, which was established with support from the
University of Wisconsin-Madison and grants BIR-9512 577 (NSF) and
S10 RR13 790 (NIH). The MALDI-TOF MS data were calibrated with
peptides of known mass during each analysis.


Overproduction and purification of VioF and CmnF : The genes
vioF and cmnF were cloned into the E. coli expression vector
pET28b (Novagen, Madison, WI, USA) using PCR-based cloning.
The primers used to amplify vioF from the pVIO-P4C3RH were:
VioFNdeI 5’-AAG CGA CAT ATG ACG GAT CTG GAC TTC ACC-3’ and
VioFHindIII 5’-GGG CGG AAG CTT CTC CGT TGC GGC CAG GCG-3’.
The corresponding PCR amplicon was cloned into the NdeI/HindIII
sites of pET28b. The primers used to amplify cmnF from pCMN-
P4C8RF-436[14] were: cmnFNdeI 5’-GGA GAG CAT ATG ACC CAG
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GTC GAC TTC ACC CGG-3’ and cmnFHindIII 5’-CGC CCA CCA AGC
TTA GCC AGT GCG GGT CCG GCG-3’.


The vioF-overexpression clone pET28b-VioF was transformed into
BL21ACHTUNGTRENNUNG(DE3) selecting for kanamycin (50 mg mL�1) resistance. The
cmnF-overexpression clone pET28b-cmnF was transformed into
BL21ACHTUNGTRENNUNG(DE3)/pRARE (the Rosetta� strain, Novagen) selecting for
chloramphenicol (15 mg mL�1) and kanamycin (50 mg mL�1) resist-
ance. To overproduce VioF, 6 X 1 L cultures of the overexpression
strain were grown at 25 8C until an OD600 of 0.5 was reached. The
cells were shifted to 15 8C. After 2 h at this temperature isopropyl-
b-d-thiogalactopyranoside (IPTG, 100 mg mL�1) was added and cells
were grown 14 h at 15 8C. To overproduce CmnF, 3 X 1 L cultures
of the overexpression strain were grown at 25 8C until an OD600 of
0.5 was reached. The cells were shifted to 15 8C, after 1 h at this
temperature IPTG (100 mg mL�1) was added, and the cells were
grown an additional 14 h at 15 8C. The purification of VioF and
CmnF from these cells followed the same protocol as previously
described for VioC and VioD purification.[15]


(d)ATP/PPi exchange assays : (d)ATP/PPi-exchange assays were
performed as previously described.[31] Briefly, 3 mg of purified VioF
and CmnF were assayed in Tris-HCl (pH 7.5; 75 mm), MgCl2


(10 mm), DTT (5 mm), dATP (or ATP; 3.5 mm), [32P]-PPi (1 mm,
1.8 Ci mol�1) along with 500 mm of the indicated amino acid. Re-ACHTUNGTRENNUNGaction mixtures were incubated at 23 8C for 1.5 h before being
quenched with stop solution containing activated charcoal. Char-
coal was washed twice and counted in a scintillation counter. The
b-Uda was purchased from Acros, the l-Cam was enzymatically
synthesized as previously described.[15] All other components were
purchased from Sigma–Aldrich or Fisher Scientific.
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