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ABSTRACT: Recently, the solved crystal structure of a phenylalanine-activating adenylation (A) domain
enlightened the structural basis for the specific recognition of the cognate substrate amino acid in
nonribosomal peptide synthetases (NRPSs). By adding sequence comparisons and homology modeling,
we successfully used this information to decipher the selectivity-conferring code of NRPSs. Each codon
combines the 10 amino residues of a NRPS A domain that are presumed to build up the substrate-binding
pocket. In this study, the deciphered code was exploited for the first time to rationally alter the substrate
specificity of whole NRPS modules in vitro and in vivo. First, the single-residue Lys239 of theL-Glu-
activating initiation module C-AGlu-PCP of the surfactin synthetase A was mutated to Gln239 to achieve
a perfect match to the postulatedL-Gln-activating binding pocket. Biochemical characterization of the
mutant protein C-AGlu-PCP(Lys239f Gln) revealed the postulated alteration in substrate specificity
from L-Glu toL-Gln without decrease in catalytic efficiency. Second, according to the selectivity-conferring
code, the binding pockets ofL-Asp andL-Asn-activating A domains differs in three positions: Val299
versus Ile, His322 versus Glu, and Ile330 versus Val, respectively. Thus, the binding pocket of the
recombinant A domain AspA, derived from the second module of the surfactin synthetases B, was
stepwisely adapted for the recognition ofL-Asn. Biochemical characterization of single, double, and triple
mutants revealed that His322 represents a key position, whose mutation was sufficient to give rise to the
intended selectivity-switch. Subsequently, the gene fragment encoding the single-mutant AspA(His322
f Glu) was introduced back into the surfactin biosynthetic gene cluster. The resultingBacillus subtilis
strain was found to produce the expected so far unknown lipoheptapeptide [Asn5]surfactin. This indicates
that site-directed mutagenesis, guided by the selectivity-conferring code of NRPS A domains, represents
a powerful alternative for the genetic manipulation of NRPS biosynthetic templates and the rational design
of novel peptide antibiotics.

In the past decades, many pathogenic bacteria developed
potent mechanisms to withstand contemporary antibiotics (1),
a circumstance that focused attention on the need for
discovering and developing new antimicrobial agents. A
promising strategy to approach this challenge has been the
manipulation of biosynthetic pathways of certain antibiotics,
which may lead to novel antibiotics with altered or enhanced
bioactivities against resistant pathogens. Some classes of
naturally occurring antibiotics have been found to be
particularly susceptible for such approaches. Here, especially
the large group of nonribosomal peptides (NRPs) has to be
emphasized. A remarkable variety of pharmacological activi-
ties arises from these natural peptides, which include the
â-lactam precursor ACV (leading to penicillins and cepha-
losporins), the immunosuppressant cyclosporin, and the

antitumor agent bleomycin, as well as vancomycin, the
“antibiotic of last resort”.

Recent genetic, biochemical, and structural studies afford
an insight into the biosynthesis of NRPs (2, 3), which are
assembled by large multimodular protein templates, termed
nonribosomal peptide synthetases (NRPSs; see Figure 1).
Each module represents a functional building unit required
for recognition and activation of one constituting amino acid,
as well as its incorporation into the nascent peptide product.
These different tasks are accomplished by a set of distinct
catalytic domains: an adenylation (A) domain selects the
substrate amino acids and generates the corresponding
aminoacyl adenylate. Subsequently, the aminoacyl moiety
is covalently tethered to a prosthetic phosphopantetheinyl
(Ppant) group, which has been posttranslationally introduced
into the adjacent peptidyl carrier protein (PCP) domain.
Peptide-bond formation and chain translocation occur each
time a peptidyl-S-Ppant donor is attacked by a monomeric
aminoacyl-S-Ppant nucleophile under the catalytic control
of a condensation (C) domain. The resulting peptide product
can be further functionalized by the modification of incor-
porated monomers (epimerization orN-methylation) and is
released by the action of a thioesterase-like (Te) domain,
normally fused to the terminal module.
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Given the modular organization of NRPSs, primary
structure, size, and complexity of a synthesized peptide are
dictated by the number and organization of iterated modules
and domains (Figure 1). Thus substitution, deletion, or
introduction of domains or whole modules within a NRPS
biosynthetic template should lead to targeted alterations
within the corresponding peptide product. On the basis of
this conception, various approaches had been attempted to
rationally design novel peptide products. For instance, short
peptides have been made in vitro by recombination of whole
modules to build up short di- and trimodular hybrid NRPSs
from scratch (4, 5). In contrast, engineered manipulation of
entire NRPS biosynthetic systems was demonstrated in vivo,
using the lipopeptide surfactin fromB. subtilisas an example
(see Figure 1). Here, predicted alterations in the amino acid
composition of the lipoheptapeptide could be accomplished
by targeted replacement of minimal (A-PCP) and whole
modules (C-A-PCP) (6-8). Such exchanges of modules
led to the formation of the predicted peptide products,
however, in most cases at the expense of product yield. This
was mainly accounted to obstructions of the intermodular
communication and disturbances in the tertiary structure of
the hybrid NRPSs.

An approach to overcome these bottlenecks has become
feasible after the structural basis for the specific recognition
of the substrate amino acid in NRPSs has been enlightened
by the crystal structure of the phenylalanine-activating A
domain (PheA) (9). The structure revealed that only 10
residues of the 55 kDa A domain are actually involved in
binding of the cognate substrate amino acid. The conserved
residues Asp235 and Lys517 mediate electrostatic key
interactions with theR-amino andR-carboxylate group of
the substrate, while the remaining eight amino acids (Ala236,
Trp239, Thr278, Ile299, Ala301, Ala322, Ile330, and Cys331)
are interacting with the side-chain. By cross-comparing the

residues that line the phenylalanine-specific binding pocket
of PheA with the corresponding moieties in other A domains,
it had been postulated that the 10 residues have different
impact on the A domain’s selectivity (10). Two residues
(Asp235 and Lys517) are (nearly) invariant and facilitate
electrostatic key interactions with theR-amino andR-car-
boxylate group of the substrate. Three residues (pos. 236,
301, and 330) are only moderately variable, presumably
possessing only modulating influence on the enzyme’s
activity and selectivity. Three residues (pos. 239, 322, and
331) are highly variable and likely responsible to mediate
A domain selectivity. Two additional residues (pos. 278 and
299) are also highly variable but have been considered
“wobble”-like positions. In over 40% of all known NRPS
codons, these latter residues have been found to be flexible
without affecting the A domain’s specificity. The in silico
studies were accompanied by the mutation of selectivity-
conferring residues within the binding pocket of PheA.
Several of these mutants revealed an alteration or relaxation
of substrate specificity. Generalization of the specificity
determinants also allowed the targeted selectivity-switch of
a L-Asp-activating A domain, whose crystal structure had
not yet been solved (10). All these studies led to the
discovery of the selectivity-conferring code of A domains
and confirmed the assumptions made about the different
impact of residues, building up the corresponding substrate
binding pocket.

In this study, the selectivity-conferring code of NRPSs was
exploited for the first time to rationally alter the substrate
selectivity of whole NRPS modules in vitro and in vivo. First,
site-directed mutagenesis was used to rationally alter the
substrate selectivity of the initiation module C-AGlu-PCP
of the surfactin synthetase complex fromL-Glu to L-Gln. In
a second set of experiments, a novel derivative of the
lipoheptapeptide antibiotic surfactin, containing aL-Asn

FIGURE 1: Schematic diagram of the surfactin biosynthesis operon (srfA) from B. subtilisATCC 21332. Three NRPSs and a putative type
II thioesterase are encoded by the genessrfA-ABCTEand act in concert for the stepwise assembly of the cyclic lipoheptapeptide. The
synthetases SrfA-ABC are composed of three, three, and one module(s), respectively, which can be further subdivided into functional
domains. Substrates are recognized and adenylated by A domains and subsequently covalently tethered to the thiol group of cofactor
4′-Ppant, which has been posttranslational introduced onto each PCP domain by the 4′-Ppant-transferase Sfp. C domains catalyze peptide-
bond formation and chain translocation between the nascent peptidyl-S-Ppant intermediates and the downstream monomeric aminoacyl-
S-Ppant. At positions 3 and 6, epimerization (E) domains convertL-Leu moieties into theD-isomer, and at module 7 a terminal Te domain
releases the final product, surfactin.

Selectivity Alteration of NRPS Adenylation Domains Biochemistry, Vol. 41, No. 30, 20029719



residue at position 5 in place of the nativeL-Asp constituent,
was rationally designed in the same manner.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Media.Bacterial strains were
grown in 2xYT medium (11), Difco sporulation medium
(DSM) (12), or modified SpII medium (13). Cultures ofB.
subtilis were supplemented with 5µg/mL chloramphenicol
and/or 15µg/mL neomycin (final concentrations). ForE. coli
cultures, final concentrations of 25µg/mL kanamycin and
100 µg/mL ampicillin were used.

Plasmid Construction. If not indicated otherwise, NRPS
gene fragments were amplified from chromosomal DNA of
B. subtilisATCC 21332. PCR amplification was performed
using the “Expand long template PCR system” (Roche,
Mannheim, Germany) following the manufacturer’s protocol.
Mutations (italic) as well as restriction sites (bold) for
subsequent cloning were introduced with oligonucleotides,
purchased from MWG-Biotech (MWG-Biotech, Ebersberg,
Germany). PCR products were purified with the QIAquick-
spin PCR purification kit (Qiagen, Hilden, Germany).
Standard procedures were applied for all DNA manipulations
(11), as well as preparation of the recombinant plasmids.

The 3.14 kb DNA fragment encoding the glutamate-
activating initiation module ofsrfA-A was amplified using
the oligonucleotides 5′CAGluPCP (EcoRI) 5′-CTT AGA ATT
CTT AGG GGA GGT ATG ACA-3′ and 3′CAGluPCP
(BamHI) 5′-TTC TCT GTG ATC GGA TCC CTC TGC
AAG-3′. The DNA fragment was treated with the restriction
enzymesEcoRI and BamHI and subsequently ligated into
the His6-tag expression vector pQE60 (Qiagen, Hilden,
Germany), previously cut in the same manner to give pCAGlu-
PCP. The mutant of C-AGlu-PCP was constructed by site-
directed mutagenesis of pCAGluPCP using the QuickChange
Site-Directed Mutagenesis Kit (Qiagen, Hilden, Germany),
in accordance with the manufacturer’s protocol using the
oligonucleotides 5′CAGluPCP(K239Q) 5′-CCA CTT TGA
TGC GTC AGT GCA GCA AAT CTT CGC GTC G-3′ and
3′CAGluPCP(K239Q) 5′-CGA CGC GAA GAT TTG CTG
CAC TGA CGC ATC AAA GTG G-3′. Integrity of the both
plasmids, pCAGluPCP and pCAGluPCP(K239Q), was con-
firmed by DNA sequencing using the ABI prism 310 Genetic
Analyzer (ABI, Weiterstadt, Germany).

AspA double and triple mutants were constructed by site-
directed mutagenesis of plasmid pAspA(H322E) (10) using
inverse PCR. For the introduction of the mutation I330V,
the oligonucleotides 5′AspA(I330V) 5′-TAC GGG CCC
ACA GAA GCA ACG GTC GGC-3′ and 3′AspA(I330V)
5′-CTG TGG GCC CGT ACT CAT TGA TAA ATT CGG-
3′ were used. The amplified DNA fragment was terminally
modified using the restriction enzymeApaI. The mutation
V299I was introduced using the oligonucleotides 5′AspA-
(V299I) 5′-AAC TTC GAA TCC TTG CGC TTG ATC
ATC TTG-3′ and 3′AspA (V299I) 5′-GGA TTC GAA GTT
CGC ATC TTT TGC AAA ACT-3′. The DNA fragment
obtained was digested using the restriction enzymeBstBI.
The terminally modified DNA fragments were digested with
DpnI to get rid of the parental template DNA. After
purification, DNA fragments were ligated and used for the
transformation ofE. coli XL1-blue (14). The plasmids
pAspA(H322E,I330V), pAspA(H322E,V299I), and pAspA-

(H322E,V299I, I330V) could be obtained, and integrity of
all constructs was confirmed by DNA sequencing.

For the construction of thesrfA-B2-deletion plasmid, the
1.09 kb-fragment comprising the 3′-homologous region
3′SRFb was amplified using the oligonucleotides 5′-3′SRFb-
(BamHI) 5′-CGC GGA TCCAAG GAG AGC TTG ATA
TTT GGC-3′ and 3′-3′SRFb(EcoRI) 5′-CCG GAA TTC
GCT CCA TTT TTC AGC TGT TTC-3′. The fragment was
digested withEcoRI andBamHI and ligated into pJLA503
(15) previously cut in the same manner to give pJLA/3′SRFb.
The 1.10 kb-fragment comprising the 5′-homologous region
5′SRFb was amplified using the oligonucleotides 5′-5′SRFb-
(NdeI) 5′-CGCCAT ATG ATC GAC GGA GAG GTT GTG
C-3′ and 3′-5′SRFb(NruI) 5′-AGCTCG CGAGTC TTT CTT
CTA GCA AAG CAG-3′. The DNA fragment was digested
with NdeI and NruI and ligated into pOSEX5A (16)
previously cut in the same manner to give pOSEX/5′SRFb.
Digestion of pOSEX/5′SRFb withNdeI andBamHI yielded
a 1.82 kb DNA fragment (comprising 5′SRFb), which was
ligated into pJLA/3′SRFb previously cut in the same manner
to give pJLA/5′-3′SRFb. Finally, the resistance cassettecat
was obtained from pDG268 (17) by digestion withBamHI
andEcoRV and ligated into pJLA/5′-3′SRFb previously cut
with the endonucleasesNruI and BamHI to give thesrfA-
B2-deletion plasmid pSRFb∆Asp.

The 4.02 kb-fragment containing the 5′ and 3′ homologous
regions of the aspartate-activating A domain ofsrfA-B2was
amplified using the oligonucleotides 5′homoAsp(ClaI) 5′-
TAA ATC GAT GGA GGC TGC CAA GG-3′ and 3′ho-
moAsp(SpeI) 5′-TAA ACT AGT CAG TAA ATC CGC
CCA GT-3′. The DNA fragment was digested withClaI and
SpeI and ligated into pKE19 (18) previously cut in the same
manner to give phomoAspA. Exploiting the intrinsic restric-
tion sitesEcoRI andPstI, the gene fragment encoding the
mutated aspartate-binding pocket was obtained from pAspA-
(H322E) and ligated into phomoAspA previously cut in the
same manner to give the integration plasmid phomoAspA-
(H322E).

Bacillus subtilis Strain Construction.Transformation of
B. subtilisstrains was performed as described by Klein et
al. using 10 ng of linearized plasmid DNA (19). The
transformants were selected on solid DSM supplemented
with the appropriate antibiotic(s). Gain or loss of a selectable
marker was verified by replica pecking.

Transformation ofB. subtilisATCC 21332 (20) with the
srfA-B2 disruption plasmid pSRFb∆Asp resulted in the
chloramphenicol-resistant strain AS20 (see Figure 8). In the
subsequent congression experiment,B. subtilis AS20 was
transformed with the integration plasmid phomoAspA-
(H322E) along with the helper plasmid pNEXT33A (21),
yielding the chloramphenicol-sensitive, neomycin-resistant
B. subtilisstrain KE100 (see Figure 8).

Expression in Escherichia coli and Purification of Re-
combinant NRPS.Expression of the NRPS gene fragments
and purification of recombinant proteins was carried out as
described previously (22). E. coli strain M15[pREP4],
containing the appropriate expression plasmid, was grown
at 30°C until the optical density at 600 nm (A600) reached
0.7. NRPS gene expression was induced by the addition of
0.1 mM IPTG, and cells were allowed to grow for an
additional 2 h. After harvesting and resuspending, cells were
broken by two passages through a French Press (Amicon).
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His6-tagged proteins could be purified to apparent homoge-
neity by single-step Ni2+-affinity chromatography. Purity and
concentration of the purified proteins were determined by
SDS-PAGE and Bradford assay, respectively (23).

ATP-Pyrophosphate-Exchange Assay.The amino acid-
dependent ATP-pyrophosphate-exchange reaction was per-
formed as described previously (10) to determine the
substrate-selectivity and catalytic activity of recombinant
NRPS A domains.

Surfactin Preparation and Detection.Surfactin and deriva-
tives of the lipopeptide were extracted from the cultured broth
as described previously (7). Extracts were analyzed by
HPLC/MS on a Hewlett-Packard 1100 Series instrument,
using a C8-reverse-phase column (CC250/3 Nucleosil 120-
3C8-column, Macherey & Nagel, Du¨ren, Germany) equili-
brated to 70% buffer B (buffer A, 0.05% formic acid in H2O;
buffer B, 0.045% formic acid in methanol). Samples could
be separated by applying a linear gradient to 100% buffer B
over 30 min (flow rate 0.3 mL min-1), and were monitored
at 214 nm, as well as in positive-ion mode over them/z range
from 900 to 1200. Fragmentation mass spectrometry was
used to corroborate the Asp-to-Asn substitution at residue 5
of the engineered surfactin derivative. The ESI-MS/MS
experiment was carried out on a MDS SCIEX Q-STAR
Pulsar mass spectrometer, using unit resolution mode for
positive product ion extraction. The ion spray voltage was
set to 5 kV and collision energy to 80 kV.

RESULTS AND DISCUSSION

In this study, we report on the practical exploitation of
the selectivity-conferring code of NRPS A domains in order
to rationally alter for the first time the substrate selectivity
of whole NRPS modules in vitro and in vivo.

Generation and Substrate Specificity of a C-AGlu*-PCP
Mutant.In the first set of experiments, we attempted to take
advantage of the selectivity-conferring code of NRPS A
domains in order to alter the substrate selectivity of a whole
NRPS module in vitro. The starting point was the A domain
of the initiation module C-AGlu-PCP, derived from the
surfactin biosynthesis complex ofB. subtilis(24). According
to the predictions of the selectivity-conferring code (10), the
glutamate-specific binding pocket of SrfA-A1 was expected
to differ only in the highly variable position 239 (numbering
in accordance with the corresponding position in PheA) from
glutamine-specific binding sites, as found, e.g., in the
initiation module C-AGln-PCP of the lichenysin biosyn-
thesis complex (25). As shown in Figure 2, glutamate-
activating A domains carry a lysine residue in position 239,
whose basic side chain would be perfectly situated to stabilize
the substrate’s acidic carboxylate moiety by electrostatic
interaction. In glutamine-activating A domains, in contrast,
a glutamine residue takes up the corresponding position,
likely facilitating a polar interaction with the substrate’s polar
amide moiety. In accordance with the predictions of the
selectivity-conferring code, a targeted selectivity-switch for
the initiation module C-AGlu-PCP should therefore be
feasible, simply by affecting a single Lys239f Gln mutation
in the corresponding A domain.

To prove this assumption, the gene fragment encoding the
initiation module of the surfactin biosynthetic complex was
amplified from the chromosome ofB. subtilis and cloned

into theE. coli expression vector pQE60. Subsequently, site-
directed mutagenesis was used to introduce the corresponding
point mutation into the cloned gene fragment. After heter-
ologous expression inE. coli M15[pREP4], both wild type
and mutant protein were purified using Ni2+-NTA affinity
chromatography (Figure 3). Substrate selectivity of the
proteins was determined by amino acid-dependent ATP-
pyrophosphate-exchange reactions (Figure 4). As expected,
wild-type C-AGlu-PCP was found to selectively activate
L-glutamate, whereas the mutant protein C-AGlu-PCP
(Lys239f Gln) revealed high selectivity for the correspond-
ing amideL-glutamine.

Generation and Substrate Specificity of AspA* Mutants.
Most of what has said for the initiation module of the
surfactin biosynthetic system also holds true for the elonga-
tion module 5, C-AAsp-PCP (Figure 1). According to the
predictions of the selectivity-conferring code (10), the
aspartate-specific binding pocket of SrfA-B2 differs in three
positions from asparagine-specific binding sites as found,
e.g., in the bacitracin synthetase C (26) (Figure 5). While
the positions Val299 (vs Ile) and Ile330 (vs Val) were
presumed to have only modulating impact on the enzyme’s
selectivity and efficiency, position His322 (vs Glu) was
assumed to represent the key residue, facilitating an elec-
trostatic or polar interaction with the carboxylate or amide

FIGURE 2: Simplified scheme of the proposed binding pockets of
L-Glu (SrfA-A1) andL-Gln-activating A domains (LicA1) based
on the crystal structure of PheA (10). Both binding pockets differ
in only one position (239; numbering in accordance with the
corresponding position in PheA). The basic Lys239 in SrfA-A1 is
perfectly situated to stabilize the substrate’s acidic carboxylate
moiety by electrostatic interaction. In LicA1, Gln239 likely
facilitates a polar interaction with the substrate’s polar amide
moiety. Different moieties of the substrate amino acid and certain
constituents of the binding pockets are highlighted: aliphatic (gray),
polar (dots), acidic (striped), and basic (checked).

FIGURE 3: Coomassie-blue-stained SDS-polyacrylamide gel show-
ing the production of C-AGlu-PCP wild type (lane 1-3) and
C-AGlu-PCP (Lys279f Gln) mutant (lane 4-6) in E. coli M15-
[pREP4]. Lanes 1 and 4, total cellular protein before induction;
lanes 2 and 5, total cellular protein after 2h induction; and lanes 3
and 6, dialyzed protein pools after purification using Ni2+-NTA
affinity chromatography.
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moiety of the substrate’s side chain, respectively. In an earlier
study, we already showed that selectivity of the aspartate-
activating A domain (AspA) could be altered toward aspar-
agine by introducing a single His322f Glu mutation (10).
However, although this mutant demonstrated a high selectiv-
ity for the alternate substrateL-Asn, an about 10-fold loss
in catalytic efficiency was observed. Although this still
represents a rather good outcome for an experiment exclu-
sively based on homology modeling, it was assumed that
catalytic efficiency might be fully restored by total adaptation
of the substrate-binding pocket to match the shape of the
asparagine-recognizing A domain of BacC5 (10).

To prove this assumption, we took wild-type AspA and
single-mutant AspA (His322f Glu) and used site-directed
mutagenesis to stepwisely adapt the binding pockets toward
the shape of anL-Asn-recognition site. This way, the double
mutants AspA (His322f Glu, Ile330 f Val) and AspA

(His322f Glu, Val299f Ile), as well as the triple mutant
AspA (His322f Glu, Ile330f Val, Val299f Ile), were
constructed. After heterologous expression inE. coli M15-
[pREP4], all proteins could be purified to apparent homo-
geneity by single-step Ni2+-NTA chromatography (Figure
6). Subsequently, substrate-selectivity was determined by
amino acid-dependent ATP-pyrophospate-exchange reac-
tions (Figure 7 and Table 1). For the wild-type enzyme
AspA, this analysis revealed a high selectivity for the
activation ofL-Asp. In contrast, no activation ofL-Asn could
be observed. On the other hand, all mutants (single, double
and triple) revealed a strict selectivity forL-Asn and no side-
specificity for the original substrateL-Asp.

Catalytic Efficiency of the Constructed Mutants.Bio-
chemical analysis of C-AGlu-PCP (Lys279f Gln) revealed
that selectivity could be switched towardL-Gln. However,
catalytic efficiency of the mutated NRPS module remained
unaffected (wild type and mutant:kcat/KM ≈ 10 mM-1 min-1;
Table 1). For the wild-type enzyme AspA, the same analysis
revealed a catalytic efficiency ofkcat/KM ) 2 mM-1 min-1.
All mutant proteins AspA* (single, double, and triple),
however, suffered the same about 10-fold loss in catalytic
efficiency (kcat/KM ) 0.22 mM-1min-1) in comparison with
the wild-type enzyme (Table 1). Surprisingly, introduction

FIGURE 4: Biochemical characterization of purified C-AGlu-PCP
wild type and C-AGlu-PCP (Lys279f Gln) mutant using ATP-
pyrophosphate-exchange reactions. The highest exchange activity
observed was set to 100%. The wild-type protein C-AGlu-PCP
selectively activatesL-Glu, whereas no activation of the corre-
sponding amideL-Gln could be detected. In contrast, the mutant
protein C-AGlu-PCP (Lys279 f Gln) demonstrates highest
selectivity forL-Gln but does not activate the native substrateL-Glu
anymore. Neither of the proteins revealed any significant side
specificity for the noncognate substrate amino acidsL-Asp, L-Asn,
andL-Pro.

FIGURE 5: Simplified scheme of the proposed binding pockets of
L-Asp (SrfA-B2) andL-Asn-activating A domains (BacC5). Both
binding pockets differ in only three positions (299, 320, and 322;
numbering in accordance with the corresponding position in PheA).
While the residues in positions 299 (Val or Ile) and 330 (Ile or
Val) are likely to have only modulating influence on the enzyme’s
activity, position 322 (His or Glu) presumably facilitates an
electrostatic or polar interaction with the substrate’s carboxylate
or amide moiety, respectively. Different moieties of the substrate
amino acid and certain constituents of the binding pockets are
highlighted: aliphatic (gray), polar (dots), acidic (striped), and basic
(checked).

FIGURE 6: Coomassie-blue-stained SDS-polyacrylamide gel show-
ing exemplary the production of AspA wild type (lane 1-3), AspA
(His322f Glu) (lane 4-6), and AspA (His322f Glu, Ile330f
Val) in E. coli M15[pREP4], as well as subsequent purification
using Ni2+-NTA affinity chromatography. Lanes 1, 4, and 7, total
cellular protein before induction; lanes 2, 5, and 8, total cellular
protein after 2h induction; and lanes 3, 6, and 9, dialyzed protein
pools after purification.

FIGURE 7: Biochemical characterization of the purified AspA wild
type protein, as well as single, double, and triple mutants using
ATP-pyrophosphate-exchange reactions. The highest exchange
activity observed was set to 100%, respectively. The wild type
protein AspA selectively activates the cognate amino acidL-Asp,
whereas no activation was found for the corresponding amideL-Asn.
The mutant proteins AspA(His322f Glu), AspA(His322f Glu,
Ile330 f Val), AspA(His322f Glu, Val299f Ile), and AspA-
(His322 f Glu, Val299 f Ile, Ile330 f Val), in contrast,
specifically activateL-Asn but did not recognize the original
substrateL-Asp. Neither of the proteins revealed any significant
side selectivity for the noncognate amino acidsL-Leu andL-Phe.
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of further mutations, to match the shape of an asparagine-
specific binding pocket, did not improve the enzymes'
catalytic activity.

Apparently, the residues constituting the substrate-binding
pocket (here especially, three to five key positions) determine
mainly the enzyme’s selectivity, whereas the catalytic
efficiency is also affected by the A domain’s entire tertiary
structure and proteinogenic vicinity. This hypothesis is
supported by sequence comparison, which revealed a robust
similarity of 60% between theL-Glu andL-Gln-activating
A domains of SrfA-A1 and LicA1 (25). In contrast, similarity
between AspA (SrfA-B2) and the asparagine-activating A
domains of BacC5 (26) and TycC1 (22) amounts to only
40%. This value is rather inferior, since it is comparable to
the overall similarity found among A domains with various
amino acid selectivities. The structural features that promote
catalytic efficiency are yet to be discovered. Nonetheless,
our results indicate that protein evolutionary approaches to
increase the catalytic efficiency of A domains should not be
reduced to the enzyme’s active site but should also take into
consideration the entire proteinogenic environment of 550
amino acids.

Rational Design of the NoVel Lipoheptapeptide Variant
[Asn5]Surfactin. A second set of experiments focused on
exploitation of the selectivity-conferring code of NRPS A
domains for the in vivo production of novel peptide antibiot-
ics. The model system of choice was the surfactin biosyn-
thetic gene cluster fromB. subtilis. SeveralBacillus strains
have been known to produce a vast variety of lipoheptapep-
tide derivatives, summarized in two families designated
surfactins (Glu1) and lichenysins (Gln1). Apart from the
nature of the starter amino acids, derivatives of both classes
show only variations in the hydrophobicL-amino acid
residues situated at positions 2, 4, and 7 (8, 27), whereas
theD-amino acids located at position 3 and 6, as well as the
acidic L-Asp residue (position 5), are strictly conserved
among all the members of the families. Apparently, certain
positions within the lipoheptapeptide are more promiscuous
and susceptible for alteration. Consequently, previous at-
tempts to rationally design novel surfactin derivatives have
focused on the variable positions 1, 2, and 7. Most variations
have been affected at position 7, where the substitution of

NRPS minimal modules (A-PCP) led to the production of
the unprecedented derivatives [Orn7], [Cys7], and [Phe7]-
surfactin (6). Analogously, the nonproteinogenic amino acid
L-Orn was integrated at position 2 (7). Unfortunately,
although all the genetically engineeredBacillus strains
produced the expected surfactin derivatives, all minimal
module swaps were on the expense of product yield. This
was mainly accounted to obstructions of the intermodular
communication and disturbances in the tertiary structure of
the hybrid NRPS. Only a whole module swap in the surfactin
biosynthetic operon, exchanging the highly homologous
modules SrfA-A1 (C-AGlu-PCP) and LicA1 (C-AGln-
PCP), resulted in a high-level lipopeptide production inB.
subtilis (8).

An approach to overcome these bottlenecks and to
minimize perturbations to the tertiary structure of a NRPS
protein template could be the change-of-selectivity mutagen-
esis guided by the selectivity-conferring code of NRPS A
domains. To challenge the potentialities of this technique,
we attempted the first alteration of the strictly conserved
amino acid residueL-Asp at position 5 within the lipohep-
tapeptide surfactin. In a previous study, it has been found
that exchange of the minimal module at position 5 of the
surfactin biosynthesis complex did not lead to the production
of the expected lipoheptapeptide (Schneider, Ph.D. thesis).
On the basis of the results of the preceding experiments,
introduction of the single His322f Glu point mutation into
the A domain of SrfA-B2 should lead to an alteration of the
substrate selectivity fromL-Asp to L-Asn. According to the
presented model for the template-driven, nonribosomal
assembly of NRPs, this alternate amino acid residue should
be subsequently incorporated into the lipoheptapetide anti-
biotic, leading to the formation of the up to this point
unknown derivative [Asn5]surfactin.

Reprogramming of the surfactin biosynthetic operon was
accomplished by a two-step method using consecutive gene
disruption and replacement monitored by a selectable marker
(outlined in Figure 8) (28). For the first step, the disruption
plasmid pSRFb∆Asp was constructed, carrying the resistance
markercat in place of the gene fragment that encodes the
aspartate-specific A domain of module 5 (SrfA-B2). Trans-
formation of the surfactin producer strainB. subtilisATCC
21332 (20) with the linearized disruption plasmid resulted
in several chloramphenicol resistant transformants. Correct
disruption of thesrfA-B2 locus was verified by Southern
hybridization (data not shown). The resulting strain, harbor-
ing the cat gene within thesrfA-B2 site, was designated
AS20. Next, reconstitution ofsrfA-B2 and introduction of
the mutated gene fragment, encoding the asparagine-specific
A domain AspA (His322f Glu), was achieved by a
congression experiment.B. subtilisAS20 was transformed
in parallel with the integration plasmid phomoAsp(H322E)
and the helper plasmid pNEXT33A (Figure 8) (21). The latter
carries the selectable resistance markerneo and integrates
into themetD locus within the chromosome ofB. subtilis.
Neomycin-resistant transformants were selected and screened
for chloramphenicol sensitivity. Southern hybridization and
DNA sequencing were used to confirm the correct integration
of the mutated gene fragment (data not shown). The resulting
Bacillusstrain harboring the single mutation His322f Glu
within thesrfA-B2site was designated KE100. SDS-PAGE
analysis revealed production of all three surfactin synthetases

Table 1: Catalytic Efficiency of the NRPS A Domains (Wild Type
and Mutants)a

protein substrate
KM

(mM)
kcat

(min-1)
kcat/KM

(mM-1 min-1)

AspA (wt) L-Asp 2.6 5.2 2
L-Asn nd nd nd

AspA (H322E) L-Asp nd nd nd
L-Asn 15.5 3.4 0.22

AspA (H322E, I330V) L-Asp nd nd nd
L-Asn 12.5 2.7 0.22

AspA (H322E, V299I) L-Asp nd nd nd
L-Asn 20.6 4.6 0.22

AspA (H322E, V299I,
I330V)

L-Asp nd nd nd

L-Asn 27.5 6.3 0.23
C-AGlu-PCP (wt) L-Glu 2.9 27.3 9.4

L-Gln nd nd nd
C-AGlu-PCP (K279Q) L-Glu nd nd nd

L-Gln 2.9 28.5 9.8
a nd ) not determined, due to low adenylation activity for the given

substrate.
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SrfA-AB*C in significant amounts at the transition from
logarithmic to stationary phase of growth, and thereby
reconstitution of the surfactin biosynthetic system (data not
shown).

To examine the influence of a single-point mutation within
the approximately 10.8 kbsrfA-B gene on lipopeptide
biosynthesis, we extracted the surfactin derivatives produced
by the wild type and the mutant strain KE100 and analyzed
them by HPLC/MS (Figure 9). An extract of thesrfA-B2
disruption strain AS20 served as negative control, on account
of the incapacity to produce surfactin (data not shown). The
lipopeptide obtained from wild type yielded peaks at 27.7
min with m/z 1008.8, 1022.8, and 1036.8, as expected from
the known structure with slight variations in the length of
its â-hydroxy fatty acid moiety (Figure 1;n ) 1-3).
Comparison with the data obtained for the mutant strain

KE100 indicates the replacement of the original Asp5 residue
and formation of the novel [Asn5]surfactin derivative (at 27.5
min, (C12) [M + H] ) 1007.8m/z, (C13) [M + H] ) 1021.8
m/z, (C14) [M + H] ) 1035.8m/z). The fatty acid patterns
between wild type and mutant revealed no significant
differences (Figure 9), and in both cases the C14 derivative
(n ) 3; Figure 1) was the most abundant product.

Since both lipoheptapeptide antibiotics differ only by one
mass unit, a MS/MS experiment was carried out to addition-
ally prove the nature of the amino acid residue at position 5
of the corresponding surfactin derivative. The y-series
obtained for both wild type and mutant peptide were as
follows: Product ion selected for the wild type: (C14) [M
+ K] ) 1074.63 m/z. Minus Leu7: calcd, 961.55m/z;
measured, 961.52m/z. Minus Leu6: 848.47 and 848.43m/z.
Minus Asp5: 733.44 and 733.41m/z. Minus Val4: 634.37
and 634.35m/z. Product ion selected for the mutant: (C14)
[M + K] ) 1073.60m/z. Minus Leu7: calcd, 960.52m/z;
measured, 960.54m/z. Minus Leu6: 847.43 and 847.48m/z.
Minus Asp5: 733.39 and 733.42m/z. Minus Val4: 634.32
and 634.34m/z. Comparison of the y-series, as well as the
y-H2O and y-NH3 series (data not shown), clearly cor-
roborated the presence of an Asn5 residue in various
fragments of the novel surfactin derivative. Thus, as expected,
alteration of the substrate selectivity of module 5 using site-
directed mutagenesis led to the incorporation of an asparagine
residue at position 5 of the lipoheptapeptide.

Surprisingly, however, a significant amount of wild type
[Asp5]surfactin (Figure 9c: at 27.7 min, (C14) [M + H] )
1036.8m/z) could be detected in the extracts ofB. subtilis
KE100, accompanying the signals of the novel [Asn5]-
surfactin derivative (Figure 9c: at 27.5 min, (C14) [M + H]
) 1035.8m/z). A possible explanation for this observation
could be the desamidation ofL-Asn residues, which has been
described for various proteins and peptides (29). In our case,
desamidation would lead to the conversion of the expected
[Asn5]-derivative into wild type [Asp5]surfactin. Another
reason could be the editing barrier, provided by the C domain
of module 5. Although A domains represent the main
selectivity-conferring “gate-keeper” of NRPSs, acceptor-site
selectivity has been demonstrated for the accompanied C

FIGURE 8: Simplified scheme of the marker exchange replacement experiment inB. subtilisATCC 21332. Construction of the disruption
strain AS20 (left) was accomplished by transformation, followed by homologous recombination with the linearized deletion plasmid
pSRFb∆Asp. Subsequently, reconstitution of thesrfA-B2 locus (right) was achieved by congression using the mutated integration plasmid
phomoAspA(H322E) in combination with the helper plasmid pNEXT33A. Integration of the mutated regionaspA(H322E) occurred by
marker exchange homologous recombination and yieldedB. subtilisstrain KE100, carrying in single His322f Glu point mutation in the
A domain of module 5 of the surfactin biosynthetic complex.

FIGURE 9: LC/MS analysis of extracts derived from the wild-type
strainB. subtilisATCC 21332 (A) and the mutant strainB. subtilis
KE100 (B). The spectra clearly show production of the expected
surfactin derivatives [Asp5]surfactin and [Asn5]surfactin for the wild
type andsrfA-B2mutant strain, respectively. Ion extraction of the
mutant spectra (C) also revealed formation of small amounts of
wild-type surfactin (gray), in addition to the novel derivative [Asn5]-
surfactin (black) inB. subtilisKE100.
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domains (30). Taking this into account, the C domain of
SrfA-B2 may still prefer the original substrateL-Asp and
that way promote the formation of wild type [Asp5]surfactin.
To investigate whether appearance of [Asp5]surfactin was
due to an instability of the [Asn5]-derivative or caused by a
possible Asp-selectivity of the corresponding C domain of
SrfA-B2, we examined the time-dependent emergence of
wild-type surfactin . To this end, mutantB. subtilisKE100
was allowed to grow in modified SpII medium, and at certain
time points (12, 24, 48, and 72 h) samples were taken,
extracted, and analyzed by HPLC/MS. The experiment
revealed a significant shift in time of the [Asn5]-to-[Asp5]-
surfactin ratio in favor of wild type surfactin (data not
shown). This result clearly points to instability and slow
desamidation of the [Asn5]-derivative, rather than system
inherent selectivity.

CONCLUSIONS

Up to now, prospects for the genetic manipulation of
NRPS biosynthetic templates and the rational design of novel
peptide antibiotics were restricted to the substitution of
individual modules and catalytic domains. Obviously, these
extensive manipulations frequently led to significant interfer-
ences in the tertiary structuresand thus productivitysof the
corresponding hybrid NRPSs. A novel strategy to overcome
these bottlenecks has become available with the change-of-
selectivity mutagenesis, minimizing the perturbations to the
overall structure of the biosynthetic template to few amino
acid substitutions. In this study, we present the first example
for the practical exploitation of the selectivity-conferring code
for the rational design of novel peptide antibiotics. Despite
of the successful outcome, an important limitation of this
novel approach has to emphasize. All examples, which had
been described so far for the successful alteration of A
domain selectivity, were limited to maximal three point
mutations within the enzyme’s substrate binding pocket and
restricted to relatively slight variations in the substrate’s
shape and/or polarity. Thus, applicability of this approach
may be limited to the generation of similar derivatives or
structurally focused combinatorial libraries of a given peptide
antibiotic. On the other hand, NRPSs are relatively promis-
cuous enzymes that usually yield the formation of a
heterogeneous mixture of derivatives of a certain peptide
antibiotic. This circumstance frequently gets in the way with
an efficient fermentative production of a pharmacologically
important peptide antibiotic, since normally only one of these
compounds possesses the desired bioactivity. In this con-
nection, the change-of-selectivity mutagenesis could be
advantageous and useful to remove side-specificities of
NRPS A domains, thereby suppressing undesired byproducts
and facilitating the fermentative high-yield production of a
certain NRP.

No negative influence on the growing behavior of the
[Asn5]surfactin producerB. subtilis KE100 was observed
compared to the wild-type strain ATCC 21332. However,
general concerns during the in vivo production of novel
hybrid antibiotics are the export of the generated products,
as well as the auto-immunity of the producing organism.
Recently, the self-resistance-conferring mechanism against
surfactin could be enlightened inB. subtilis(31). The gene-
product of the identified gene,yerP, represents the first
member of the resistance, nodulation, and cell division

(RND) family of proton motive force-dependent efflux
pumps in Gram-positive bacteria. By deletion ofyerP,
surfactin susceptible mutants were obtained. Although the
transport of surfactin has not been demonstrated, the efflux
of the inherent metabolite catalyzed by YerP was postulated.
Even if the specificity of YerP has not been determined, the
protein’s ability to possibly export newly designed lipopep-
tides has great implications for the genetic manipulation of
the surfactin biosynthetic pathway inB. subtilis.
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