
Subscriber access provided by UNIV OF YORK

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036

Article

Synthesis and Derivatization of Daptomycin:  A
Chemoenzymatic Route to Acidic Lipopeptide Antibiotics

Jan Grnewald, Stephan A. Sieber, Christoph Mahlert, Uwe Linne, and Mohamed A. Marahiel
J. Am. Chem. Soc., 2004, 126 (51), 17025-17031• DOI: 10.1021/ja045455t • Publication Date (Web): 03 December 2004

Downloaded from http://pubs.acs.org on April 5, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 2 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article

http://pubs.acs.org/doi/full/10.1021/ja045455t


Synthesis and Derivatization of Daptomycin: A
Chemoenzymatic Route to Acidic Lipopeptide Antibiotics
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Abstract: Daptomycin is a branched cyclic nonribosomally assembled acidic lipopeptide, which is the first
clinically approved antibiotic of this class. Here we show that the recombinant cyclization domain of the
Streptomyces coelicolor calcium-dependent antibiotic (CDA) nonribosomal peptide synthetase (NRPS) is
a versatile tool for the chemoenzymatic generation of daptomycin derivatives. Linear CDA undecapeptide
thioesters with single exchanges at six daptomycin-specific residues were successfully cyclized by CDA
cyclase. Simultaneous incorporation of all six of these residues into the peptide backbone and elongation
of the N-terminus of CDA by two residues yielded a daptomycin derivative that lacked only the â-methyl
group of L-3-methylglutamate. Bioactivity studies with several substrate analogues revealed a significant
role of nonproteinogenic constituents for antibacterial potency. In accordance with acidic lipopeptides, the
bioactivity of the chemoenzymatic assembled daptomycin analogue is dependent on the concentration of
calcium ions. Single deletions of the four acidic residues in the peptide backbone suggest that only two
aspartic acid residues are essential for antimicrobial potency. These two residues are strictly conserved
among other nonribosomal acidic lipopeptides and the EF-motif of ribosomally assembled calmodulin. Based
on these findings CDA cyclase is a versatile catalyst that can be used to generate novel daptomycin
derivatives that are otherwise difficult to obtain by chemical modification of the parental tridecapeptide to
improve further its therapeutic activity.

Introduction

Nonribosomal peptides constitute a large class of highly
diverse natural products with extraordinary pharmacological
importance.1 The bioactivity of these complex secondary
metabolites reaches from antibiotic over immunosuppressive,
cytostatic to toxic. They are therefore interesting targets for the
development of new drugs with improved or altered activities.
Many of these nonribosomal peptides have a macrocyclic
structure which constrains these compounds to a biologically
active conformation.2 This structural feature complicates the
synthesis of novel variants as chemical methods are mostly
inefficient for regio- and stereospecific cyclization of peptides.3

In nature the macrocyclization of nonribosomal peptides is
mostly mediated by thioesterase domains (TE, cyclase), which
are the C-terminal catalytic units of the corresponding biosyn-
thetic clusters, the nonribosomal peptide synthetases (NRPS).
It was shown that TE domains excised from the NRPS assembly
lines retain cyclization activity with artificial peptidyl thioester
substrates.4-6 Since these autonomous catalytic units are very

permissive for alterations of the peptide backbone, there is a
utility in applying these enzymes for the generation of new
variants in a chemoenzymatic approach.7

Here we show that this strategy is suitable for the production
of daptomycin and novel derivatives of this cyclic nonribosomal
peptide in vitro (Figure 1A).

Daptomycin is a semisynthetic compound derived from the
fermentation ofStreptomyces roseosporus.9,10 This antibiotic
belongs to the group of acidic lipopeptides which require
physiological levels of calcium ions for their activity.11 Dap-
tomycin, under the trade name Cubicin, is the first member of
this class to have gained approval for clinical use.12 Recently,
its three-dimensional structure was determined.13 Daptomycin
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exhibits rapid in vitro bactericidal activity against a number of
clinically significant Gram-positive bacteria. These include
resistant pathogens, such as vancomycin-resistant enterococci
(VRE), methicillin-resistantStaphylococcus aureus(MRSA),
glycopeptide intermediately susceptibleS. aureus (GISA),
coagulase-negative staphylococci (CNS), and penicillin-resistant
Streptococcus pneumoniae(PRSP).10 Daptomycin has a unique
mechanism of action appearing to bind to the Gram-positive
cell membrane by its lipid moiety, followed by calcium-
dependent insertion and oligomerization. The daptomycin oli-
gomers are forming ion channels disrupting the functional
integrity of the membrane and triggering a release of intracellular
ions. This causes disruption of bacterial membrane potential
leading to rapid cell death.14-16

Structurally, daptomycin is a depsipeptide containing 13
amino acids which, in addition to a decanoyl fatty acid (FA)
attached to the N-terminus, contains twoD-configured as well
as nonproteinogenic residues, includingL-kynurenine (Kyn),

L-ornithine (Orn), andL-3-methylglutamate. It is comprised of
a decapeptide lactone ring derived from cyclization of the
L-threonine side chain onto the C-terminal carboxyl group.17

Daptomycin shares this structural feature to the calcium-
dependent antibiotic (CDA), which also belongs to the group
of acidic lipopeptides (Figure 1B). Remarkably, five of the
amino acids in the daptomycin lactone ring are found at the
same positions in CDA.8 We have recently shown that the
C-terminal TE domain excised from the nonribosomal CDA
synthetase retains autonomous macrocyclization activity with
synthetic peptide thioester substrates based on a primary
sequence analogous to natural CDA. It was shown that the CDA
TE is a quite permissive cyclization catalyst, which allows the
creation of macrolactones with various ring sizes.18

Here we report, that this cyclization catalyst is also very
permissive for amino acid exchanges allowing the in vitro
synthesis of the closely related antibiotic daptomycin. Further-
more, we present the viability of this cyclase in producing
derivatives of daptomycin, which are not accessible by the
chemical modification of the parental compound. This enables
us to explore the calcium-dependence of this important antibiotic
by subsequent deletion of the four acidic residues, which are
likely to be important for the interaction with calcium ions.13

We have also performed an evaluation of the function of the
nonproteinogenic residues for bioactivity.

Experimental Section

The identity of compounds was verified by analytical HPLC, ESI-
MS, MALDI-TOF MS, MS-MS sequencing, or1H NMR as outlined
in the Supporting Information.

Synthesis of Peptide Thioester Substrates.Peptide synthesis was
carried out on an Advanced ChemTech APEX 396 synthesizer (0.1
mmol scale) by using 2-chlorotrityl resin (IRIS biotech) as described
earlier.19 Nonprotected kynurenine sulfate, hexanoic acid, and decanoic
acid were purchased from Sigma-Aldrich. NR-acetylated serine and
glutamate were obtained from Bachem. All 9-fluorenylmethoxycarbonyl
(Fmoc) amino acids and coupling reagents were purchased from IRIS
biotech and Novabiochem. The following side chain protection groups
were employed:t-Bu for Asp, Glu,D-Ser, and Thr; Boc for Orn and
Trp; Aloc for Orn; and Trt for Asn and Gln. Solution-phase thioester
formation and purification of thiophenol thioesters were performed as
described elsewhere.20

Synthesis ofN-(9-Fluorenylmethoxycarbonyl)-L-kynurenine. NR-
Fmoc-protection of kynurenine was conducted with 9-fluorenylmethyl
succinimidyl carbonate (Fmoc-OSu) according to a previous protocol.21

Kynurenine sulfate (306 mg, 1 mmol) and sodium bicarbonate (252
mg, 3 mmol) were dissolved in a mixture of acetone (2.5 mL) and
water (2.5 mL). After addition of Fmoc-OSu (Novabiochem) (337.3
mg, 1 mmol), the solution was stirred overnight. The mixture was
acidified to pH 2 with concentrated hydrochloric acid, and the acetone
was removed by rotary evaporation. The product was extracted with
chloroform and washed with 0.1 N HCl and water. After drying over
anhydrous sodium sulfate, the combined organic phases were evapo-
rated.

Assays of Peptide Thiophenol Substrates.The expression and
purification of CDA TE were described earlier.18 Enzymatic reactions
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(18) Grünewald, J.; Sieber, S. A.; Marahiel, M. A.Biochemistry2004, 43, 2915-
2925.

(19) Kohli, R. M.; Trauger, J. W.; Schwarzer, D.; Marahiel, M. A.; Walsh, C.
T. Biochemistry2001, 40, 7099-7108.

(20) Sieber, S. A.; Tao, J.; Walsh, C. T.; Marahiel, M. A.Angew. Chem., Int.
Ed. 2004, 43, 493-498.

(21) Paquet, A.Can. J. Chem.1982, 60, 976-980.

Figure 1. Structures of two members of the class of acidic lipopeptides
are shown in two different fashions. Common amino acids which are found
at equivalent positions in the lactone rings are indicated by shading. MeGlu
) L-3-methylglutamate; DAsn*) D-3-hydroxyasparagine; DHPG) D-4-
hydroxyphenylglycine. (A) The branched cyclic tridecapeptide daptomycin
derived from the fermentation ofStreptomyces roseosporus. (B) The
calcium-dependent antibiotic (CDA) produced byStreptomyces coelicolor
consists of 11 residues. CDA 4b represents one example of this family of
compounds.8
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were carried out in a total volume of 50µL with 25 mM 2-N′-[N-(2-
hydroxyethyl)piperazinyl]ethansulfonic acid (Hepes), 50 mM NaCl, and
2-10% DMSO (v/v) at pH 7.0 and 25°C. Reactions were initiated by
addition of enzyme to a final concentration of 5µM. Quenching of the
assays was accomplished by addition of 35µL of 4% trifluoroacetic
acid (TFA)/water. Product analysis was conducted by analytical HPLC
on a C18 Nucleodur column (Macherey and Nagel, 250/3, pore diameter
100 Å, particle size 3µm) using a gradient from 15 to 60% of 0.1%
TFA/acetonitrile in 0.1% TFA/water over a time period of 40 min (0.4
mL/min, 45°C). The regiochemistry of cyclic products was determined
by MS-MS analysis on an API Qstar Pulsar I Q-q-TOF mass
spectrometer (Applied Biosystems). Kinetic characterization of the
cyclization reactions was performed by determining initial rates at
varying substrate concentrations. This was done by using two time
points at each concentration within the linear region of the enzyme.
Separatekcat and KM values could not be determined due to severe
substrate inhibition at concentrations greater than 250µM, which might
be related to micelle formation of the amphiphilic substrates.22

Preparation of Linear and Cyclic Peptides for Bioassays.Semi-
preparative scale production of linear and cyclic peptide products was
performed to obtain enough material for bioactivity studies. For the
semipreparative scale generation of cyclic products, the reactions were
carried out in a total volume of 3-12 mL with 5 µM CDA TE, 250
µM peptide thiophenol, 25 mM Hepes, 50 mM NaCl, and 5% DMSO
(v/v), at pH 7.0 and room temperature. Substrate turnover into cyclic
product and linear peptide acid was monitored by analytical HPLC.
After a time period of 2-5 h the semipreparative scale assays were
quenched by adding TFA to a final concentration of 1.6% (v/v). After
flash freezing in liquid nitrogen the samples were lyophilized overnight.
The resulting solid was redissolved in 500µL of 35% acetonitrile/
water. Purification of the cyclic products was achieved on a 250/10
Nucleodur 100-7 C18 reversed-phase column (Macherey and Nagel)
by applying a gradient from 35% to 45% acetonitrile in 0.1%TFA/
water over 30 min at a flow rate of 8 mL min-1. The purity of the
products was more than 95% as determined by analytical HPLC.

Semipreparative scale generation of the linear peptide acid was
performed by treatment of the peptide loaded 2-chlorotrityl resin with
a mixture containing trifluoroacetic acid (TFA), triisopropylsilane
(TIPS), and water in a ratio of 95:2.5:2.5 (v/v). The peptide acid was
precipitated in ice cold diethyl ether and purified by semipreparative
HPLC as described for the cyclic products.

Biological Activity Assays. Two-fold serial dilutions of 1 linear
peptide acid and 10 peptidolactones including authentic daptomycin
as reference compound were prepared in microtiter plates as described
elsewhere.7 All tests were performed withB. subtilisPY79. Incubation
was carried out at 37°C for 18 h prior to visual determination of MICs.
The bactericidal activity was examined in LB media as well as in LB
media supplemented with 50 mg of Ca2+/L. The calcium content of
LB media was determined by elementary analysis to be 23.6 mg/L.

For determination of hemolytic activity sheep blood agar plates were
used. Sterile disks (6 mm diameter) were soaked with 2.5-10 µL of
solutions of cyclic peptides in methanol varying in their concentrations
from 0.64µg/mL to 640µg/mL. Plates were incubated at 37°C for 16
h. Surfactin was used as a positive control. The hemolytic zone
diameters were determined by visual assay.

Results

Assaying the Substrate Tolerance of CDA Cyclase to
Produce Daptomycin.To explore the ability of CDA TE to
catalyze cyclization of a linear daptomycin precursor peptide
in principle, we first synthesized four peptide thioester substrates
that differ from a CDA sequence analogue by only one single
amino acid substitution. Specifically, we incorporated residues

specific for daptomycin into the peptide backbone of the CDA
lactone ring. Therefore, we changedD-Trp3 to Gly3 (AcCDA-
G3), L-Asp4 to L-Orn4 (AcCDA-O4), D-Phe6 to D-Ala6 (AcCDA-
DA6), andD-Asn9 to D-Ser9 (AcCDA-DS9) (Figure 2).

Additionally, the 2,3-epoxyhexanoyl fatty acid moiety of
native CDA was replaced with a shorter acetyl chain to increase
solubility. Assaying for CDA TE mediated cyclization revealed
that three of four substrates were completely converted to
macrocycles after 3 h. The only exception wasAcCDA-G3,
where only traces of cyclized product were detected within this
period of time (data not shown). In all cases, the CDA cyclase
catalyzed the formation of two regioisomeric macrolactones,
which arise from simultaneous nucleophilic attack of the two
adjacent Thr2 and Ser1 residues onto the C-terminus of the acyl
enzyme intermediate as described earlier.18

To better approximate natural CDA, we elongated the
N-terminal acetyl chains ofAcCDA-G3, AcCDA-O4, AcCDA-
DA6, and AcCDA-DS9 by four methylene groups through
replacement by hexanoic side chains (HexCDA-G3, HexCDA-
O4, HexCDA-DA6, andHexCDA-DS9) (Figure 2). The poor
water solubility of the peptide thioester substrates was improved
by the addition of 5% DMSO (v/v). In accordance with our
previous results, the elongated acyl side chain dramatically
increased the regioselectivity of the enzyme mediated macro-
cyclization yielding exclusively the decapeptide lactone ring
derived from nucleophilic attack ofL-threonine onto the
C-terminus18 (see Supporting Information). Remarkably, the
conversion to cyclic product was substantial for all substrates.
This includes alsoHexCDA-G3, which is significantly con-
verted to the macrocyclic product. In addition, the two peptide
thioester substratesHexCDA-U11 and HexCDA-D1 were
designed in which the C-terminal nonproteinogenic amino acid
L-Kyn (U) and the exocyclic residueL-Asp of daptomycin were
introduced to the CDA backbone (Figure 2). Incubation of CDA
TE with the corresponding peptidyl thiophenol substrates
displays substantial formation of the corresponding peptidola-
ctones. In conclusion, all single residue exchanges of the CDA
backbone were tolerated by CDA cyclase, when hexanoic acid
was fused to the N-terminus.

Testing the Effect of Simultaneous Changes and Branch
Point Movement. The single residue scan described above
suggests that CDA TE is a permissive cyclization catalyst and
raises the question of the effect on cyclization of simultaneous
changes in the linear peptide precursor. Therefore, we synthe-
sized a peptide thioester substrate (Dap) which was based on a
sequence analogous to daptomycin.9 L-3-Methylglutamic acid
in position twelve was replaced byL-glutamic acid for synthetic
ease (Figure 2). In contrast to the substrates derived from CDA,
Dap incorporates a longer N-terminal extension including two
additional amino acids fused to a decanoyl fatty acid moiety,
which moves the branch point of the peptidolactone from
position two to position four. Incubation ofDap with CDA
cyclase revealed the formation of two products that were
identified by ESI-MS as linear peptide acid (tR ) 30.2 min)
and decapeptide lactone (tR ) 30.8 min) (Figure 3).

MS-MS sequencing of the cyclic species confirmed that
cyclization is mediated through nucleophilic attack ofL-Thr at
position four as fragment ions containing the predicted linkage
from Thr4 to Kyn13 can be identified (see Supporting Informa-
tion). Cyclization occurred with akcat/KM value of 22.2 mM-1

(22) Tseng, C. C.; Bruner, S. D.; Kohli, R. M.; Marahiel, M. A.; Walsh, C. T.;
Sieber, S. A.Biochemistry2002, 41, 13350-13359.
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min-1 and a ratio of cyclization to hydrolysis of 3:1. A control
reaction without enzyme showed that the formation of this
macrolactone was abolished. Instead, two new cyclic products
were observed at retention times of 30.0 and 32.5 min,
respectively. The identities of these two species were investi-
gated by MS-MS fragmentation (see Supporting Information).
For the product with the lower retention time, cyclization was
shown to occur through theL-Kyn residue at position 13 leading
to a seven-membered lactam. In the other case nonenzymatic
cyclization yielded an octapeptide lactam ring derived from
nucleophilic attack of theL-Orn residue at position six onto the
C-terminal carboxyl group. The formation of this macrolactam
was abolished by orthogonal Aloc-protection of theL-Orn
residue (Dap-Aloc) (see Supporting Information).

Derivatization of Daptomycin and Bioactivity Studies.To
explore the significance of selected amino acid side chains for
the bioactivity of the antibiotic daptomycin, we synthesized eight
peptide thioesters (Dap-N3, Dap-N7, Dap-N9, Dap-Q12, Dap-
DD11, Dap-Aloc, Dap-W13, andDap-W13K6) in addition to
the already mentioned linear precursor peptideDap (Figure 4).

All compounds were tested as substrates for enzymatic
transformation by CDA cyclase. In each case the conversion to
cyclic product was sufficient to allow semipreparative-scale
reactions (data not shown). The purified cyclic products were
then tested for their bactericidal activity againstB. subtilisPY79
(Table 1).

Figure 2. Structure of a CDA analogue is shown. Due to synthetic ease some unusual constituents of native CDA were replaced as described earlier.18

Single amino acid substitution experiments were carried out to probe the ability of CDA TE to generate branched cyclic daptomycin. The incorporationof
daptomycin-specific residues into the peptide backbone is indicated by shading. InDap all substitutions were performed simultaneously and the N-terminus
was extended by two additional amino acids fused to a decanoyl fatty acid moiety. Ac) acetic acid, Dec) decanoic acid, Hex) hexanoic acid.

Figure 3. Cyclization of a daptomycin analogue mediated by CDA TE.
(A) Reactions of the linear precursor peptide Dap followed by HPLC. Trace
a displays the negative control without enzyme (250µM substrate, 25 mM
Hepes, 50 mM NaCl, pH 7.0 at 25°C for 2 h). Trace b shows the same
reaction in the presence of 5µM CDA cyclase. Enzyme is indicated with
an asterisk. (B) Shown is the ESI mass spectrum of the peptidolactone (tR
) 30.9 min) generated by CDA TE.
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At first we compared the bioactivity of the cyclic peptide
product ofDap to authentic daptomycin. Both compounds differ
only by theâ-methyl group of glutamic acid in position twelve.
The macrolactone ofDap has a MIC of 20µg/mL, whereas
the reference compound has an MIC of 3µg/mL (Table 1). This
result indicates that theâ-methyl group of glutamic acid is
crucial for bioactivity. Further, whenL-Kyn13 was replaced by
L-Trp13 (Dap-W13), the MIC increased 5-fold to 100µg/mL,
displaying the importance of this nonproteinogenic amino acid
for the bactericidal activity of daptomycin. In contrast to that,
successive substitution of the third nonproteinogenic residue
L-Orn6 by L-Lys6 in Dap-W13K6 did not cause a further
increase of the MIC (Table 1).

In accordance to authentic daptomycin, the antimicrobial
behavior ofDap strongly depends on the presence of physi-
ological concentrations of calcium ions.11 The MIC increased
at least 12-fold, when the concentration of free calcium ions
was reduced from 73.6 mg/L to 23.6 mg/L (Table 1). Recent
results with the closely related CDA suggest that the acidic
residues are crucial for antimicrobial potency.23 To prove that,
we tested the cyclic peptidesDap-N3, Dap-N7, Dap-N9, and
Dap-Q12 for antibiotic activity. In each peptidolactone one
acidic residue of daptomycin is deleted by substitution with
eitherL-Asn orL-Gln(Figure 4). Single deletion of the aspartic

(23) Uguru, G. C.; Milne, C.; Borg, M.; Flett, F.; Smith, C. P.; Micklefield, J.
J. Am. Chem. Soc.2004, 126, 5032-5033.

Figure 4. Chemoenzymatic derivatization of daptomycin. The daptomycin analogue Dap cyclized by CDA TE only lacks theâ-methyl group ofL-3-
methylglutamate (position 12) of authentic daptomycin. The residues that were incorporated into the backbone of Dap are indicated by shading. The
corresponding sequences of the daptomycin derivatives are shown below. The differences to Dap are highlighted by gray boxes. Aloc) allyloxycarbonyl,
Dec ) decanoic acid.
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acid residues in the lactone ring (Dap-N7andDap-N9) resulted
in a total loss of bioactivity (Table 1). Surprisingly, replacement
of the two remaining acidic residues (Dap-N3 andDap-Q12)
did not abolish bactericidal potency, indicating that these
residues are not essential for calcium binding. Interestingly, the
bioactivity ofDap was also abolished, when an additional acidic
residue was incorporated into the peptide backbone of the
lactone ring (Dap-DD11) (Table 1).

The biological function of the positively charged Orn6 remains
unclear.14 Nevertheless, masking of the side chain by Aloc-
protection (Dap-Aloc) significantly increased the MIC 4-fold
in comparison toDap, indicating the importance of this residue
for antibiotic activity. In addition, the lactone ring ofDap was
shown to be important for bioactivity as the corresponding linear
peptide acid (Dap-Hyd) did not show antimicrobial properties.
Further, the cyclic peptideDap completely lacked hemolytic
activity up to a concentration 4-fold above the MIC even after
the addition of 50 mg/L Ca2+ (data not shown). This demon-
strates its specific interaction with prokaryotic membranes.

Discussion

Natural products play an important role in drug development,
which is exemplified by the finding that most antibiotics and
anticancer drugs in human use were derived from such
compounds.24,25Among these complex compounds is the group
of acidic lipopeptides, which includes the recently approved
antibiotic daptomycin (Figure 1A). To our best knowledge,
modifications of this nonribosomal lipopeptide have been
performed at only two sites so far: theR-amino group ofL-Trp1

and theδ-amino group ofL-Orn6.9,26,27 To make this cyclic
tridecapeptide more accessible to derivatization, we report herein
a new chemoenzymatic strategy which allows the production
of novel variants of this important antibiotic.

The approach described here combines solid phase peptide
synthesis with the excised nonribosomal CDA TE domain as a
versatile macrocyclization catalyst. Recently we demonstrated
that this cyclase catalyzes ring formation of linear peptide
thioesters based on a sequence analogous to natural CDA.18 This
acidic lipopeptide is very similar in structure to daptomycin.

Both compounds are decapeptide lactones, which share five
common amino acid side chains in identical ring positions. This
striking similarity encouraged us to carry out single amino acid
substitution experiments. Instead of performing an alanine scan,
we incorporated daptomycin-specific residues into the peptide
backbone of CDA (Figure 2). Applying this strategy revealed
that CDA TE is a very permissive cyclase. When hexanoic acid
was fused to the N-terminus of the thioester substrates, CDA
cyclase accepted all six amino acid side chains characteristic
of daptomycin, including one exocyclic position. This is quite
remarkable, considering that the side chain alterations in some
positions resulted in dramatically different substituents, such
as Gly forD-Trp3 andL-Orn for L-Asp4. Interestingly, substitu-
tion of the hexanoyl fatty acid by acetic acid decreased the
substrate tolerance of CDA cyclase. Specifically, for the
substrate thioesterAcCDA-G3 only trace amounts of cyclic
product were detected under standard assay conditions. Recently
we reported that the regio- and chemoselectivity of the CDA
TE catalyzed cyclization reaction depends on the chain length
of the N-terminal acyl residue.18 The results of this study provide
evidence that this feature also influences the substrate tolerance
of TE mediated macrocyclization.

The results of the single amino acid substitution experiments
raised the question of the effect on cyclization of simultaneous
changes in potentially substitutable positions. Assaying the linear
precursor peptideDap for CDA TE mediated cyclization
revealed that this cyclase behaves very tolerantly toward multiple
residue substitutions in the peptide backbone. Macrolactoniza-
tion of Dap occurred with akcat/KM only 1.3-fold reduced from
that of the linear CDA analogue18 and the ratio of cyclization
to hydrolysis significantly dropped from 10:1 to 3:1. However,
the cyclization to hydrolysis ratio ofDap is still remarkable in
comparison to studies with TycC TE, where simultaneous side
chain alterations led to the predominance of hydrolysis over
cyclization.28 The efficient conversion to cyclic product may
be caused by the Asp-D-Ala-Asp-Gly motif of the linear peptide
precursor. It is known that in the closely related acidic
lipopeptide amphomycin the similar Asp-Gly-Asp-Gly motif
induces a type IIâ-turn, which may preorganize the substrate
in a productlike conformation.29 Furthermore, CDA TE is
capable of maintaining a macrolactone ring size of 10 residues
by tolerating a branch point movement from Thr2 to Thr4 as
proved by MS-MS sequencing. This result suggests that the
active site cavity of the CDA cyclase is large enough to
accommodate the N-terminal extension of daptomycin, which
is composed of two additional amino acids linked to a decanoyl
fatty acid residue. Hence, the cyclase of the calcium-dependent
antibiotic is a permissive cyclization catalyst allowing the
synthesis of daptomycin in vitro. Although the methyl group
of L-3-methylglutamate (L-3-MeGlu) was omitted, it is very
likely that the TE tolerates this nonproteinogenic amino acid
for catalytic activity due to its occurrence in four natural variants
of cognate CDA at the same position. It is assumed that a
putative glutamate-3-methyltransferase catalyzes the stereospe-
cific â-methylation of glutamate prior to activation by a specific
adenylation (A) domain which differs from conventional
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Table 1. MIC Determination of Daptomycin Derivatives against B.
subtilis PY79

compound

MIC90 (µg/mL) at
73.6 mg/L Ca2+

[at 23.6 mg/L Ca2+]

Dap 20 [>240]
authentic daptomycin 3 [20]
Dap-Hyd >960
Dap-N3 80
Dap-N7 >960
Dap-N9 >960
Dap-Q12 30
Dap-DD11 >320
Dap-Aloc 80
Dap-W13 100
Dap-W13K6 100
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glutamate-activating A domains.8 This indicates that the cor-
responding tailoring step occurs prior to peptide cyclization by
the TE domain. Notably,â-methylation of glutamate displays
a key role in the biological activity of daptomycin. Substitution
of L-3-MeGlu12 by L-Glu12 in Dap yielded a 7-fold increase of
the MIC againstB. subtilis. This suggests that the more
hydrophobicL-3-MeGlu induces a closer contact of daptomycin
with the bacterial lipid bilayer than its nonmethylated counter-
part. The importance of the nonproteinogenic constituents on
the antimicrobial action of daptomycin was further shown for
the tryptophan metaboliteL-kynurenine. Replacement byL-
tryptophan resulted in an additional 5-fold increase of the MIC
in comparison toDap.

The bioactivity of daptomycin is dependent on the presence
of calcium ions. These divalent cations presumably trigger the
oligomerization of daptomycin molecules to form ion channels,
which disrupt the membrane potential of the bacterial cell.15

Despite the 7-fold higher MIC ofDap in comparison to
authentic daptomycin, its bactericidal activity was clearly
calcium-dependent (Table 1). It is speculated that calcium
interacts with the four acidic residues of daptomycin.13 To
explore this, we used our chemoenzymatic approach to delete
these residues through replacement by noncharged amino acids.
Significantly, only L-Asp7 and L-Asp9 in the lactone ring are
essential for antibiotic activity. This is in agreement to recent
experiments with CDA, where it was shown that deletion of
L-Asp7 in the cyclic part abolished antimicrobial behavior:23

Moreover, these ring-membered aspartic acid residues are strictly
conserved among the group of acidic lipopeptides including also
the calcium-dependent antibiotics friulimicins and amphomy-
cins30,31 (Figure 5).

The consensus sequence DXDG of these nonribosomal
peptides is also part of the calcium binding EF-hand motif of

ribosomally assembled calmodulin.32 Therefore, acidic lipopep-
tides and calmodulin use a similar language for calcium
recognition despite their biosynthetic difference.

The function ofL-Orn6 in daptomycin is still unclear.14 It
was recently shown that the positively charged amino group of
this residue is not essential for bactericidal activity but reduced
the potency 8-fold compared to daptomycin.27 We observed a
4-fold drop in efficiency when the positive charge was masked
by Aloc-protection.

Conclusions

In conclusion, CDA cyclase is a viable tool for the synthesis
of daptomycin and derivatives that are hardly accessible by
chemical modification of the parental compound. This allowed
us to explore the influence of nonproteinogenic and charged
residues on the bioactivity of this approved antibiotic. In future,
this chemoenzymatic strategy using the versatility of CDA TE
can be employed for the combinatorial generation of compre-
hensive libraries of daptomycin analogues that can be screened
for improved therapeutic activity.
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Figure 5. Alignment of nonribosomal acidic lipopeptides with the calcium binding EF-hand motif of ribosomally assembled calmodulin.32 The conserved
amino acids of the consensus sequence DXDG are highlighted by shading. O) ornithine, Z) unusual amino acid.
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