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Summary

Arthrofactin is a potent cyclic lipopeptide-type biosur-
factant produced by Pseudomonas sp. MIS38. In this
work, an arthrofactin synthetase gene cluster (arf)
spanning 38.7 kb was cloned and characterized. Three
genes termed arfA, arfB, and arfC encode ArfA, ArfB,
and ArfC, containing two, four, and five functional
modules, respectively. Each module bears condensa-
tion, adenylation, and thiolation domains, like other
nonribosomal peptide synthetases. However, unlike
most of them, none of the 11 modules possess the
epimerization domain responsible for the conversion
of amino acid residues from L to D form. Possible L-
and D-Leu adenylation domains specifically recog-
nized only L-Leu. Moreover, two thioesterase domains
are tandemly located at the C-terminal end of ArfC.
These results suggest that ArfA, ArfB, and ArfC assem-
ble to form a unique structure. Gene disruption of arfB
impaired arthrofactin production, reduced swarming
activity, and enhanced biofilm formation.

Introduction

Arthrofactin is a cyclic lipoundecapeptide (Figure 1A)
produced by Pseudomonas sp. MIS38, which was ini-
tially identified as Arthrobacter sp. [1, 2]. This lipounde-
capeptide is one of the most effective cyclic lipopeptide
biosurfactants ever reported and reduces the surface
tension of water from 72 to 24 mN/m with a critical
micelle concentration of 1 X 10~° M [1]. An oil displace-
ment assay demonstrated that arthrofactin was twice
as effective as surfactin, which is produced by Bacillus
subtilis [3] and B. pumilus [4]. Recently, several arthro-
factin-like cyclic lipoundecapeptides with remarkable
biosurfactant and antifungal properties (amphisin, loki-
sin, tensin [5, 6]) or an enzyme inhibitor (pholipeptin [7])
have been isolated from Pseudomonas spp. All of them
contain 11 amino acid residues in the cyclic peptide
structure and a B-hydroxydecanoyl moiety. Lokisin
shares the most similar structure with arthrofactin, ex-
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cept for the ninth amino acid residue, which is replaced
by L-Leu in lokisin.

Bacillus spp. also produces a variety of cyclic oligo-
peptides that are modified by a fatty acid like arthrofac-
tin. Even a single B. subtilis strain has the ability to
produce three kinds of lipopeptides, surfactin (a biosur-
factant), bacillomycin (an antibiotic), and plipastatin (an
enzyme inhibitor) [8]. Surfactin and plipastatin contain
a B-hydroxy fatty acid group like arthrofactin, whereas
members of the iturin family, such as bacillomycin, my-
cosubtilin, and iturin, carry a B-amino acid modification.
The genes encoding multimodular nonribosomal pep-
tide synthetases (NRPSs) for surfactin [9], lichenysin [10,
11], fengycin [12], mycosubtilin [13], and iturin A [14]
have been cloned and characterized in Bacillus. NRPSs
recognize, activate, modify, and link the amino acid in-
termediates to the product [15]. They are capable of
synthesizing peptides that contain unusual amino acid
residues. These include D amino acids, 3 amino acids,
and hydroxy- or N-methylated residues. The modules
are usually colinear to the product peptide sequences.
Each module of the NRPSs can be further subdivided
into domains, each of which exhibits a single enzymatic
activity. The adenylation (A) domain is responsible for
amino acid recognition and adenylation at the expense
of ATP. The thiolation (T) or peptidyl carrier protein (PCP)
domain is the attachment site of 4’-phosphopantetheine
cofactor and serves as a carrier of thioesterified amino
acid intermediates. The condensation (C) domain cata-
lyzes peptide bond formation of two consecutively
bound amino acids. Modifying domains such as the epi-
merization (E) domain catalyze the conversion of L
amino acids to D isomers. At last, cyclization and a
release of the peptide product are catalyzed by the
C-terminal thioesterase (Te) domain.

The Te domains of NRPSs and polyketide synthases
(PKSs) could be classified into two groups, internal and
external ones. Most NRPSs and PKSs have only one
internal Te domain at the C terminus of the last module.
This internal Te domain (type ) carries a typical GXSXG
(X: any amino acid residue) sequence motif with highly
conserved Asp and His residues at approximately 27
and 130 amino acids downstream of the C-terminal end,
respectively. But some of them lack this conserved His
residue [16]. The initial function of type | Te domains
involves the acceptance of the linear peptide from the
terminal T domain to form a peptide-O-Te intermediate.
Concomitant deacylation of the intermediate by this type
| Te domain results in either hydrolysis or intramolecular
cyclization of a linear product [17, 18]. Surfactin and
gramicidin, a cyclic peptide, synthetases have an exter-
nal Te domain (type Il) in addition to the internal one (type
1). This type Il Te domain shows sequence homology to
the type Il fatty acid Te domain of vertebrate origin.
The protein also contains a GXSXG sequence motif and
highly conserved Asp and His residues [16]. Recently,
this type Il Te domain has been shown to play a physio-
logical role in deblocking acylated 4’-phosphopanteth-
ine cofactors and thereby regenerating the functionality
of NRPSs [19].
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, arfB, and arfC, encode NRPSs ArfA, ArfB, and ArfC,

respectively. The domain organizations of the NRPSs are illustrated within the individual arf genes. The position of the kan gene insert in the

(B) The A clones isolated in this work and the position of the walking probes for screening the A-EMBL3 genomic library are marked. Restriction
mutant strain NC1 is also shown. Mod1-Mod11 represent the modules responsible for incorporation of individual amino acid residues.

enzyme sites for subcloning are also indicated.
(D) The organization of the 11 modules in Arf. The C domain contains seven highly conserved core motifs (C1-C7). The A domain is composed

(A) The primary structure of arthrofactin. This lipoundecapeptide is cyclic in nature and has a lactone structure between the carboxyl group

of the C-terminal L-Asp and either the B-hydroxyl group of the fatty acid portion or the hydroxyl group of D-Thr [1, 6].

(C) Modular organization of arf and additionally identified ORFs. Three genes, arfA

Figure 1. Structure of arf and Its Products
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The NRPS gene cluster of syringomycin (syr) [20], my-
cosubtilin (myc) [13], and iturin A (itu) [14] represent
those with unique features. Syringomycin is a liponona-
peptide phytotoxin and a key virulence determinant of
Pseudomonas syringae strain B301D. The syrB and syrE
genes do not respect the colinearity rule and lack E
domains. Eight modules for the first eight amino acids
in SyrE are arranged in a line, but the ninth module
(SyrB), which is necessary for the incorporation of the
last amino acid, is located in the upstream region [20].
Meanwhile, the mycA and ituA genes encode multifunc-
tional hybrid enzymes of a peptide synthetase, an amino
transferase, and a fatty acid synthase [13, 14]. These
variations reveal that the NRPSs’ assembly line is more
complicated than previously thought. This knowledge
prompted us to isolate and analyze the genes encoding
arthrofactin synthetase. Here, we report that the arthro-
factin synthetase gene cluster (arf) contains three genes
encoding NRPSs, ArfA, ArfB, and ArfC. These proteins
do not contain an E domain but do contain two internal
Te domains. The arf would represent the gene structure
of the lipoundecapeptide class in Pseudomonas spp.
Two A domains for L-Leu and D-Leu were overproduced
in E. coli, purified, and examined for substrate specific-
ity. A gene disruption mutant was also prepared and
characterized.

Results and Discussion

Structural Organization of arf

The nucleotide sequence of 40,430 bases covering the
entire arf was determined by using A5, N4, \-P3, and \-S10
phage clones (Figure 1B). The gene cluster consists of
three large genes, which are designated as arfA, arfB,
and arfC (Figure 1C). The putative promoter regions —35
(5'-TCGATG-3’) and —10 (5'-CATTTT-3’) are found in
the nucleotide sequences from 1,441 to 1,446 and from
1,464 to 1,469, respectively. The gene spans 38.7 kb
and is followed by a putative transcriptional terminator
located 19 bp downstream of the last arfC gene. The
three gene products show strong amino acid sequence
similarities to the members of the peptide synthetase
family and show the highest similarities to syringomycin
synthetase (Syr) of P. syringae B301D (DDBJ/EMBL/
GenBank: AAC80285). The arfA gene is composed of
6,414 bp. The translation of this gene possibly starts
from the ATG codon at position 1,642, which is located
6 bp downstream of a putative ribosome binding site
(RBS), AGAAGG. The arfA gene would encode a protein
(ArfA) with a molecular mass of 234 kDa, which consists
of 2,137 amino acid (aa) residues. The translation of the
arfB gene probably starts from the ATG codon, which
is located 182 bp downstream of the TAG stop codon
of the arfA gene and is preceded by a putative RBS,
AGCAGG. The arfB gene is composed of 13,017 bp and
encodes a protein (ArfB) with a molecular mass of 474
kDa (4,338 aa). The translation of the arfC gene may
start from the TTG codon, which is located 66 bp down-
stream of the TGA stop codon of the arfB gene and is

preceded by a putative RBS, GGACG, and ends at the
TGA stop codon at position 39,093. The arfC gene is
composed of 17,775 bp and encodes a protein (ArfC)
with a molecular mass of 648 kDa (5,924 aa).

Characteristics of the Arthrofactin Synthetase

Based on analogy to other NRPSs, ArfA, ArfB, and ArfC
are composed of two (Mod1, Mod2), four (Mod3-Mod6),
and five (Mod7-Mod11) modules, respectively (Figure
1C). Because a modular structure is responsible for the
incorporation of individual amino acid residues [15], and
arthrofactin consists of 11 amino acid residues, ArfA,
ArfB, and ArfC would form arthrofactin synthetase (Arf).
Each module commonly has three major domains known
as C, A, and T domains that are characteristic for such
multienzymes. Most of the consensus amino acid resi-
dues identified within other NRPS modules are highly
conserved in the NRPS modules of Arf (Figure 1D). The
characteristic features of the individual domains of Arf
are summarized below.

C Domains

The Arf bears ten typical C domains that probably cata-
lyze amide bond formation of consecutively bound thio-
esterified intermediates of arthrofactin and one addi-
tional domain. Recently, site-directed mutagenesis work
in the C domain of tyrocidine synthetase B revealed that
Arg in the C2 motif and His/Asp in the C3 motif are
involved in amide bond formation [21]. These functional
amino acid residues are conserved in C2: RHX(I/T)LR(T/S)
X(F/V) and C3: HHXXXD(H/G) motifs from the 2" to 11"
C domains in Arf (Figure 1D). An additional C domain
was identified in the first module of ArfA. This arrange-
ment has also been reported for several NRPSs [9, 10,
12, 20], and it suggests that the first amino acid could
be initially acylated with a fatty acid in this domain.

E Domains

The modifying E domain that catalyzes L to D form trans-
formation of the thioester bound intermediates is typi-
cally associated with the modules incorporating D amino
acids in Gram-positive bacteria. In contrast, although 7
amino acid residues out of 11 in arthrofactin are D form,
the E domain is not associated with the modules incor-
porating respective D amino acids. This suggests that
an external racemase is involved in L to D form conver-
sion [20, 22]. A similar structure has been reported for
the gene clusters encoding Syr and the synthetase of
syringopeptin, a necrosis-inducing lipodocasapeptide
phytotoxin, Syp from P. syringae B301D [20, 23]. This
information may allow us to generalize that no E domain
is present in NRPSs from Pseudomonas spp.

A Domains

Stachelhaus et al. postulated the amino acid specificity-
conferring code for various A domains by comparing
their primary structures to that of a phenylalanine A
domain (PheA) of gramicidin synthetase whose crystal
structure had been determined [24]. The corresponding

of ten core motifs (A1-A10), whereas the T domain comprises one core motif. Two unique internal Te domains are found at the C-terminal

end of the 1™ module.

Abbreviations of restriction enzymes are as follows: B, BamHI; M, Mlul; S, Sall; Sc, Sacl.
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amino acid sequences were also identified in Arf. The
amino acid sequences of core motifs from A1 to A10
in 11 modules were aligned to the corresponding
sequence of PheA. The signature sequences thus de-
rived are as follows: (Mod1, Mod4, Mod5, Mod?7)
DAWFLGNVVK, (Mod2, Mod11) DSWFLGVVDK, (Mod3)
DFWTIGMVHK, (Mod6, Mod8) DVWFMSLVDK, and
(Mod9, Mod10) DAMFLGCTYK. All specificity-conferring
codes of Mod1, Mod4, Mod5, and Mod7 are 100% iden-
tical to that of the Leu(1) conferring code and share 70%
identity to lle(1) of bacitracin, lichenysin, and surfactin
synthetases. The sequences in Mod2 and Mod11 match
60% with Asp of SyrE, and, interestingly, both also share
70% identity to lle(1). The signature of Mod3 is 90%
identical to the Thr conferring code of SyrB. The Mod6
and Mod8 conferring codes are 80% identical to Ser of
SyrE. Meanwhile, the signature sequences of Mod9 and
Mod10 match 60% with lle(2) of fengycin and plipastatin
synthetases. These features strongly suggest that the
arf structure is ordered by the colinearity rule.

In order to verify this assumption and investigate the
mechanism of L and D amino acid incorporation into
the peptide, we overproduced, purified, and determined
amino acid specificities of the L- and D-Leu activating
domains. The D-Leul and L-Leu7 A domains, represent-
ing D- and L amino acid-incorporating A domains, re-
spectively, were tested for amino acid specificities by
utilizing the ATP-PPi exchange assay with various amino
acids. The results clearly showed that both D-Leu1 and
L-Leu? proteins recognized only L-Leu (Figure 2); these
results are consistent with what was found for Syr [20].
These data strongly support the colinearity of the modu-
lar arrangement with the primary structure of the product
lipopeptide. The first amino acid of arthrofactin is D-Leu,
but the E domain was absent in the D-Leu1 module. The
observation that the D-Leu1 A domain adopted only

D-Leul domain

Figure 2. Relative Activities of the Purified
D-Leu1l Domain for Different Amino Acid
Substrates

Atotal of 20 typical L amino acids were tested
for D-Leu1 activity; the substrate amino acids
showing relative activity less than 1% of
L-Leu are omitted from the graph. As for
L-Leu?7 activity, L-Leu, D-Leu, and L-lle were
tested, and the results are shown in a box.

L-Tyr
L-Val

L-Leu as a substrate supports a hypothesis that an ex-
ternal racemase is responsible for L to D form conver-
sion in NRPSs of Pseudomonas spp. It is proposed that
epimerization might be concomitantly occurring at the
peptidyl or aminoacyl stage [20].

T Domains

T domains in NRPS modules are generally classified into
two groups according to their locations. T domains that
are associated with an E domain have a highly con-
served motif [F(F/Y)XXGGDSIKA(I/L)Q] (motif 1), where
the active site serine residue is underlined, whereas T
domains that are not associated with an E domain have
another highly conserved motif [FFXXGGHSLKAXX]
(motif 2). Linne et al. experimentally demonstrated that
the aspartate residue in front of the invariant serine resi-
due in motif 1 is important for proper interaction between
the T and E domains. This interaction is crucial for sub-
strate epimerization [25]. Although Arf contains no E
domains, T domains in Arf could also be classified into
two groups according to their locations. They are T(L)
domains, responsible for transferring L amino acid resi-
dues to the intermediate peptide, and T(D) domains,
responsible for transferring D amino acids. When the
amino acid sequences of T(L) and T(D) domains in Arf
are compared, all contain a [FFELGGHSLLA(V/M)] se-
quence motif (Figure 3), which is rather similar to motif
2. This supports the assumption that a different mecha-
nism is adopted for D amino acid incorporation in Arf
synthesis. Sequence alignments also reveal that signifi-
cant differences between the T(L) and T(D) domains are
located downstream of the conserved core motif. These
differences might reflect the different topologies be-
tween A and T domains or otherwise the recognition by
a putative external racemase that is necessary for D



Arthrofactin Synthetase Gene Cluster
873

T (L) domains 10 20 30 40

T (D) domains
T1
T2

VRQRT,GVELF

50 60 70 80
™7 YAAPEGEVETALAQTWADVLOVERVGRODHFFELGGHSLLAVRIMV SQVRORL
T9 YVAPOGELETALAQTWAE TLOVEQT GRHDHFFELGGHSLLANRIMLSQV

T10 YVAPTSALEDHLARIWAGLLOLEQVGRHDNFFELGGHSLLAVRIMLSQVRQQT \ i

T11 YVAPOGDVETALAQTIWGEVLGVEQVGRHDNFFELGGHSLLAVIKL VN LMQR- AGLSLSLAELFOHPS TESA

GVELALS DLFANAELAAVAAY

T3 FEAPVGEVETLIAGIWOS LLEVEQVGRHDNFFELGGHSLLAVIKL T ERMRQ- HDLOCDVRVLEGQPS VAALAA'
T4 YEAPHGAVETALAQTWI DVLKVERVGRHDNFFELGGHSLLAVISL I ERVMRQ- I DLAADVRVLFNQPTLAATAAR

T5 YAAPOGPVETALAQVWAEVLOVEQVGRHDNFFELGGHSLLAVITLI ERMRQ-LGLSTDVRVLEFSQPTLAALAAN

T6 YEAPVGEVE I TLARIWAE LNVERVGRHDHFFELGGHSLLAVISLI GRLRQ-EG!

VRSLFEHPTLAGYAAITERME

T8 YEAPVGEVETALAQIWAE L LKVERVGRHDHFFELGGHSLLAVINLVARMYRR-AGLSAD TRVLFNQPTLAATAAAVGCEPERE

*

* kkk ok ok ok * ok *

Figure 3. The Deduced Amino Acid Sequence Alignment of 11 T Domains in Arf

The T(L) domains are T7, T9, T10, and T11, whereas the remaining T domains belong to T(D) domains. Conserved motif sequences are boxed.
The invariant serine residues are underlined. The asterisks show the differences found downstream of the conserved core motif.

amino acid incorporation. During posttranslational mod-
ification of NRPSs and PKSs, the phosphopantetheinyl
transferases (PPTase) converts the inactive apo form of
T domains to their active holo forms by transferring the
phosphopantetheinyl arm from coenzyme A to the side
chain hydroxyl group of an invariant serine residue [26].
A PPTase-encoding gene was not found in the vicinity
of arf. In Gram-positive bacteria, this gene is usually
located near the synthetase gene cluster, but not in
Gram-negative bacteria.

Te Domains

C-terminal regions of NRPSs usually contain a Te do-
main with a molecular mass of 25-35 kDa (~250 aa)
[17]. ArfC has alarge C-terminal region, which is approxi-
mately 62 kDa (5680 aa) in size. This region shows a
significant similarity with the Te-like proteins and bears
two putative Te domains, ArfCTe1 and ArfCTe2, which
have conserved GXSXG sequence motifs (Figure 1D). It
shows high amino acid sequence similarity (65% indenti-
cal) to the C-terminal region of the P. fluorescens PfO-1
hypothetical protein (ZP_00086026). ArfCTe2 contains
two GXSXG motifs and shares amino acid sequence
homology with o/ hydrolases. Phylogenetic analysis
based on the differences in the amino acid sequences
reveals that both domains belong to the internal Te
group (data not shown) and suggests that ArfCTe2 is
not an external Te that had been accidentally fused to
ArfCTe1. Alignment of the amino acid sequences of the
ArfCTel and ArfCTe2 domains (~250 aa each) with
those of various internal Te domains reveals that Ser®,
Asp'”, and His®’, which form a catalytic triad of Te in
SrfA-C [27], are conserved in both ArfCTe1 and ArfCTe2
(Figure 4). These results suggest that both ArfCTe do-
mains are functional. Recently, the modular structure of
Syp in P. syringae B301D has been reported [23]. Like
ArfC, the C-terminal end of SypC also contains two puta-
tive Te domains. The gene cluster structure containing
two Te domains with no E domain may be widely shared
in Pseudomonas sp.

The C-terminal Te domain of NRPSs possesses either
hydrolase or cyclase activity, resulting in the release of
free carboxylate products or cyclic lactones/lactams,
respectively [17]. ACV synthetase for penicillin biosyn-

thesis represents hydrolase activity and releases a pep-
tide carboxylate [28]. There are many NRPSs such as
surfactin and tyrocidine synthetase that do not release
free carboxylate product, but rather release cyclic lac-
tones or lactams [18]. Both ArfCTe1 and ArfCTe2 show
the highest amino acid sequence similarities to the Te
domain of SyrE (~24%) from P. syringae B301D. They
show higher sequence similarities (~20%) to eukaryotic
ACYV synthetase than to SrfA-C (~16%) from B. subtilis.
ArfCTe1 and ArfCTe2 may share coordinated hydrolase
and cyclase activities; however, either one may only
have the cyclase activity responsible for completion of
arthrofactin biosynthesis. A conserved domain of the
o/B hydrolase family is contained in the ArfCTe2 domain,
and the presence of this domain suggests that ArfCTe2
has higher hydrolase activity than ArfCTe1. ArfCTe2 may
play a role in regenerating the misacylated NRPSs, as
shown for type Il Te of SrfA [19]. Trauger et al. have
reported on the hydrolytic activity of arecombinant tyro-
cidine synthetase Te domain (TycCTe) [18]. The cycliza-
tion/hydrolysis ratio is 6:1, and this ratio is presumably
higher in the intact peptide synthetase. It is of great interest
to analyze the function of each Te domain in Arf.

Reprogramming of NRPSs has been successfully
done to produce novel lipopeptide in vivo. This strategy
includes recombination and alteration of functional do-
mains or modules at the genetic level. The expected
surfactin analog was obtained by the engineering of
single module peptide synthetase [29, 30]. Amino acid
sequence information of two unique internal Te domains
together with 11 amino acid conferring codes in Arf
would contribute to expand the limitation of novel
NRPSs’ design in vivo and in vitro.

Analyses of the arf Flanking Regions

The gene encoding a protein with 264 aa (ORF1) was
found to be located in the upstream region of the arfA
gene in an opposite direction. The amino acid sequence
of ORF1 is 49% identical to SalC, a DNA binding protein
from P. syringae B728a (AAG22806). A common helix-
turn-helix motif of the LuxR regulator and Sal protein
family was also conserved in the C-terminal region of
ORF1. Another Sal protein family member, SalA (23.9%
identical to SalC), has been reported as a regulatory
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of the catalytic triad residues of SrfA-C (S¥,
60 70 80 90 D', H**") are boxed. Abbreviations of the protein
ArfCTel PIYGLPGVPL GQAQLRTLEC --MAQRMVGI IRAVQPHGPY names are as follows: ACVp, delta-(L-o-amino-
ArfCTe2 PIIGLQPRGL DGVSVPHSAV EAAAAFYLQA IEQIHPQGPL adipyl)-L-cysteinyl-D-valine synthetase of Pen-
ACVp NMVVFNNYYL HSKRLRTFE- -ELAEMYLDQ VRGIQPHGPY icillium chrysogenum; SyrE, syringomycin
SyrE PLYGLAASGL AAGETPLYEV PAMAARYLAA IRQVQPKGPY synthetase; SrfA-C, surfactin synthetase.
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110 120 130 140 150
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160 170 180 190 200
ArfCTel SGEGLDK--- RQLLGHCRGR SIMLGAESEA ALAAVQVLEA QVEQLDFPEL
ArfCTe2 LIDTLQ---- ----- LSCGK SLGIDPATFA NADDTTQLRL LHAGMVRAGV
ACVpP  mmmmmemmem —eo IGL--GD TEILDPIHHI YNPDPANFQR LPSATDRIVL
SyrE LPEQLDPEVF RQLTEL--AG TDAIDEMLAL CMAHRLLPEE LPQDVDATLL
SrfA-C DNEALNSEAV KH--====== - GLKQKTHA FYSYYVNLIS TGQVKADIDL
210 220 230 240 250
ArfCTel FKRCQAQQLT DPELATVSAA DA--—--- WH YFDREA---- -AHRL----A
ArfCTe2 LSERAAPDAM HGPVRTFASA LRTVYQPRLA YSGPVRLVLV DDPTLDEWGN
ACVp FKAMRPNN-- ——--- KYESE NQR---RLYE YYDGTR---- —--- LNGLDS
SyrE RSHLAVAHAT HIAIGNYVSP PAPLTVTLFT ASAEER---- -DDPLLGWTA
Srfa-c LTSGADFDMP EW-LASWEEA TTGVYRVKRG FGTHAEMLQG ET--------
260 270 280 290 300
ArfCTel LAHYRVS--- -PASQPIHLF RAQELMEGQS LPSPTRGWEE RF........
ArfCTe2 QREQAAMLEG WQRQVSDLAV WYGPGNHFTI LKAP---NVF SF........
ACVp LLPSDSDVQL VPLTDDTHFS WVGNPQOVEQ MCATIKEHLA RY........
SyrE LIDSPVNVTE LEGTHET--- -LVRAPQVSA LGQAISRAL- --........
Srfa-C LDRNAEILLE FLNTQTVTVS ——-——-—=== —————————— == ..

protein that positively regulates the expression of a syr-
ingomycin biosynthetic gene, syrB1 [31]. ORF1 may be
a regulator protein that controls the expression level of
arf. Recently, the GacA/GacS two-component system
has been shown to control the production of lipoundeca-
peptide amphisin in Pseudomonas sp. DSS73 [32]. Se-
quencing analysis revealed that two additional genes,
which encode an outer membrane efflux protein homo-
log (ORF5) and a partial ABC transporter protein (ORF6),
are present in the downstream region of the arfC gene.
The direction of the transcriptions of the ORF5 gene,
which is located just 78 bp downstream of the arfC
gene, and the ORF6 gene are the same as that of arf.
These protein groups conform to an ATP-dependent
transporter channel that plays a coordinating role in muti-
drug efflux systems [33]. These systems have emerged
as key mechanisms in mutidrug-resistant strains of P.
aeruginosa and other Gram-negative bacteria. Pseu-
domonas sp. MIS38 is resistant to high concentrations
(>20 mg/l) of antibiotics such as ampicillin and chloram-
phenicol. ORF5 might be involved in antibiotic resis-
tance of the strain. On the other hand, ABC-type trans-
porter systems flanking to the peptide synthetases are
proposed to be involved in the product secretion [11,
34, 35]. Disruption of the gene encoding either the trans-
porter or the synthetase in Proteus mirabilis gave the
same phenotypic alteration [34]. This experimental re-

sult allows us to imagine that ORF5 and ORF6 could be
members of the secretion channel of arthrofactin.

Disruption of the arfB Gene

In order to confirm that cloned arf is functional in vivo,
the arfB gene was genetically disrupted and its effect
on arthrofactin production was examined. A plasmid,
pUC18ASacl-B2::kan, for the arfB gene disruption was
prepared by inserting a kanamycin-resistant gene cas-
sette (kan) in the arfB gene at the D-Leu4-encoding
locus. The plasmid was transferred into MIS38, so that
kanamycin-resistant (Km") and biosurfactant-nonpro-
ducing (BS™) colonies (assayed by oil displacement ac-
tivity, [1]) were obtained. One candidate, designated as
strain NC1 (Km'/BS ™), was selected for further investiga-
tion. The integration of the kan gene in the arfB gene of
the NC1 genome was verified by the PCR method using
primers (P1, P2 in Figure 1C) that could anneal outside
of the D-Leud4 gene locus. Amplification of the single
4,160 bp PCR product suggested that the kan gene
was integrated at the expected position by a double-
crossover recombination event (data not shown). Inser-
tion of the kan gene at a single site in the genome was
further confirmed by Southern blot analysis (data not
shown). The mutant strain NC1 grew normally and pro-
duced secretion enzymes lipase and protease at a simi-
lar level to that of the wild-type strain MIS38 [2].
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Figure 5. HPLC/MS Analysis of Methanol Extracts from the Spent Media

(A and B) (A) wild-type MIS38 and (B) mutant NC1 (magnified 100x). The mass number (m/z) is shown for the major peaks with retention time.
TI; total ions.

The production of arthrofactin in MIS38 and NC1 was C,) were found in the sample from MIS38 (Figure 5A),
compared by analyzing methanol extracts of their cul- while they were completely missing in that from NC1
ture broth with HPLC/MS. Peaks corresponding to (Figure 5B). When the sample from NC1 was analyzed,

arthrofactin (C,,, m/z 1354.7) and its cognates (C; and several compounds were eluted from HPLC with similar
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Figure 6. Biofilm Formation and Swarming Motility of the Wild-Type Strain MIS38 and the Mutant Strain NC1
(A and B) Microscopic observation of crystal violet staining of the biofilm at 24 hr is shown in (A) MIS38 and (B) NC1.

(C) The time course of biofilm formation is shown.

(D) For the swarming motility assay, colony diameter was measured after cells’ growth in various concentrations of agar.
(E) Swarming motility of NC1 at different concentrations of externally added arthrofactin. The plates were prepared with 0.7% agar in this
case. The data are averages of triplicate samples. MIS38 is represented by solid squares; NC1 is represented by open squares.

retention times to those of arthrofactin and its cognates.
However, their molecular weights were much smaller
than those of arthrofactin and its cognates. These re-
sults indicate that NC1 does not produce arthrofactin
at all. Therefore, we conclude that Arf is functional in
vivo.

Characteristics of Arthrofactin-Deficient

Strain NC1

Biosurfactants display a wide range of biological proper-
ties, such as arole as an enzyme inhibitor and antibiotic,
hemolytic, and surface activities. Biosurfactants may
play crucial roles in the strategies bacteria use to domi-
nate in their environments. In this study, a mutant strain,
NC1, deficient in arthrofactin production, was character-
ized from these viewpoints.

Biofilm Formation

Biofilms are a bacterial community attached to a solid
surface and are embedded in polymer matrices such as
polysaccharides. Biofilm formation could be a strategy
that cells employ to survive in a scrum under harsh
natural conditions [36]. Biosurfactants are an essential
factor in keeping water channels in a mature biofilm.
P. aeruginosa is a pathogen that infects cystic fibrosis

patients and has been best studied for its molecular
mechanisms of biofilm formation. It has been reported
that the rhlA mutant of P. aeruginosa PAO1, which is
defective in the production of a glycolipid-type biosur-
factant, rhamnolipid, produces a biofilm with a thick,
uniform mat of bacterial cells and is unable to maintain
channels [37]. Because MIS38 does not produce rham-
nolipid [1], arthrofactin is postulated to play an alterna-
tive role in developing the mature biofilm. Then, the
effect of the disruption of the arfB gene on biofilm forma-
tion was examined. Time courses of biofilm develop-
ment by MIS38 and NC1 are shown in Figure 6C. The
results clearly show that NC1 forms unstable, but more,
biofilms than MIS38. The microscopic appearances of
the biofilms formed by the wild-type and mutant strains
were different from each other. Biofilms are separated
by channels in MIS38, but they are uniformly flat and
fused in NC1 (Figures 6A and 6B). These results suggest
that a glycolipid biosurfactant and a lipopeptide biosur-
factant similarly function in normal biofilm formation in
Pseudomonas strains.

Swarming Motility
Swimming motility is attributed to flagellation and pilla-
tion of individual cells and is independent of communi-
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cation with other cells. Meanwhile, swarming motility
depends on cell-cell contact together with hyperflagella-
tion to specifically respond to cell density [38]. Swarm-
ing can be defined as an expanding colony on semisolid
media [39]. In Serratia liquefaciens, the flhDC flagella
regulatory master operon, temperature, nutrient status,
and quorum sensing all contribute to the regulation of
swarming motility [40]. Surface tension is also a critical
factor that affects the swarming phenomenon [41].
The arthrofactin-producing strain MIS38 exhibited
high swarming motility (Figure 6D), while the activity was
lost in the mutant strain NC1, which did not produce
arthrofactin. The colony size of NC1 on solid media con-
taining 0.5% agar was almost identical to that on solid
media containing 1% agar. This suggests that arthrofac-
tin production is required for swarming motility of MIS38.
To address this assumption, complementation experi-
ments were performed (Figure 6E). It was found that the
external addition of arthrofactin at the concentrations
even above the critical micelle concentration, 13.5 ng/
ml, did not restore the swarming activity of NC1 to the
level of MIS38. It only slightly enhanced the swarming
activity of the mutant NC1. This observation is inconsis-
tent with those for serrawettin W2 [41] and amphisin

Figure 7. Scanning Electron Microscopic
Observations

(A) MIS38.

(B) NC1.

(C) Closer view of NC1.

Colonies on a 0.7% agar plate were gently
washed with distilled water, fixed with glutar-
aldehyde and OsO,, dehydrated by critical
CO,, and sputter coated with platinum. Ob-
servation was performed by using Hitachi
S$800. Although there is no dramatic change
in the shape of the cells, an extracellular fiber
network is found only for NC1.

[42]. Transmission electron microscopic observation of
NC1 after negative staining by uranyl acetate demon-
strated that the flagellation of MIS38 and NC1 were at
an equivalent level (picture not shown). When we ob-
served the cells by use of a scanning electron micro-
scope, MIS38 and NC1 showed different cell surface
architectures (Figure 7). A fiber network is formed only
in NC1 (Figures 7B and 7C). The cells seem to be con-
nected to one another by this network, so that swarming
motility might be interfered with. Although it remains to
be elucidated whether arf regulates the production of
these fibers, this phenomenon recalls the gene structure
of srfA. A competence regulatory peptide, ComS, is en-
coded in a part of the surfactin biosynthesis gene clus-
ter, srfA-B of B. subitilis [43].

Significance

Cloning and sequencing of the arthrofactin synthetase
gene cluster revealed that the overall modular archi-
tecture of synthetase follows the colinearity rule. How-
ever, it lacks epimerization domains and maintains
two internal thioesterase domains. This arthrofactin
synthetase gene cluster may represent those for the
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cyclic lipoundecapeptide class of Pseudomonas spp.
Cyclic lipoundecapeptides are a unique class of lipo-
peptides that have high surface activity (arthrofactin),
antifungal activity (amphisin, lokisin, tensin), and inhib-
itory activity for phospholipase C (pholipeptin). Be-
cause these valuable properties of cyclic lipoundeca-
peptides accompany a high potential for industrial
application, engineering of the arthrofactin synthetase
gene cluster should facilitate the production of lipo-
peptides with improved properties. The arfB gene dis-
ruption mutant did not produce arthrofactin and exhib-
ited low swarming activity but enhanced biofilm
formation and extracellular fiber production. These re-
sults suggest that the arthrofactin synthetase gene
has multiple functions. Characterization of the ade-
nylation domains for L-Leu and D-Leu overproduced
in E. coli revealed that both domains recognized only
L-Leu. This result suggests that an external racemase
is generally involved in nonribosomal peptide synthe-
tases from Pseudomonas spp. Control of lactone for-
mation between the carboxyl group of the C-terminal
amino acid residue and either the B-hydroxyl group of
the fatty acid portion or the hydroxyl group of the
threonine residue is the future challenge.

Experimental Procedures

Bacterial Strains and Plasmids

Arthrofactin-producing Pseudomonas sp. MIS38 was previously iso-
lated from oil spills in Shizuoka prefecture, Japan [1]. Escherichia
coli JM109 and E. coli LE392 were used as host strains for the
construction of recombinant plasmids and a \-EMBL3 genomic li-
brary, respectively. E. coli BL21(DE3) was used for overproduction of
proteins with an expression vector, pET-28a(+) (Novagen). Cloning
vectors pUC18, pUC19, and pT7Blue were used in E. coli JM109.
In the construction of the arfB disruption gene, plasmid pSMC32 was
used as a template for polymerase chain reactions (PCR) to prepare the
kan gene. pSMC32 is a derivative of pSU36 (X53938) [44].

General DNA Manipulations

Genomic DNA of MIS38 was prepared by using the Sarkosyl method
and was purified by CsCl-ethidium bromide equilibrium density gra-
dient ultracentrifugation [4]. DNA fragments were recovered from
an agarose gel by using the GeneClean Kit (Bio101). Large-scale
preparation of plasmid DNA was done by using a Qiagen plasmid
Maxi Kit (Qiagen). All other DNA manipulations were performed ac-
cording to standard protocols. In order to construct a \-EMBL3
genomic library, genomic DNA of MIS38 was partially digested with
Sau3Al. The fractions containing DNA fragments from 9 to 23 kb
were separated by agarose gel electrophoresis, recovered, and li-
gated into \-EMBL3 BamHI arms (Stratagene). Lamda lytic suspen-
sion was used as a genomic library for gene screening.

PCR was performed in 30 cycles by using a thermal cycler, the
GeneAmp PCR System 2400 (Perkin-Elmer), and KOD DNA polymer-
ase (Toyobo). Oligodeoxyribonucleotides for PCR primers were syn-
thesized at GENSET KK. The nucleotide sequences of the gene
fragments were determined by using the dideoxy-chain termination
method with the ABI Prism BigDye terminator v3.0 cycle sequencing
kit and the autosequencer ABI Prism 310 (Applied Biosystems). The
DNA sequence was analyzed by using DNASIS software (Hitachi
Software) and BLAST programs (www.ncbi.nlm.nih.gov/BLAST/,
NCBI, [45]). Amino acid sequences were compared and analyzed
by the Clustal W program (http://clustalw.genome.ad.jp/, [46]).

Cloning of arf

A part of arf was amplified by the PCR method with a combination
of primers, which were constructed according to the nucleotide
sequences in highly conserved regions among various NRPSs. The
nucleotide sequences of the primers were as follows: forward, 5'-
TGTACMRNACVGGYVAYYTGG-3' and reverse, 5'-CCSCCSAGVT

CYAAYAAYTVYTC-3', where M, R, N, V, Y, and S represent A/C, A/G,
A/C/G/T, A/C/G, C/T, and C/G, respectively. The genomic DNA of
MIS38 was used as a template. The resultant DNA fragment (520
bp), whose deduced amino acid sequence showed high homology
to the peptide synthetase family, was used as a probe for screening
of the \-EMBL3 genomic library constructed by Max Plax Packaging
Extract (AIRBROWN). Plaque hydridization was performed by using
the AlkPhos Direct Labeling and Detection System (Amersham Bio-
sciences). Two positive phage clones with a 14.5 and 17.5 kb insert,
designated as A\ and A5, respectively, were obtained (Figure 1B).
DNA sequence analysis revealed that two more clones, \-P3 and
\-S10, were necessary to cover the entire arf. The DNA inserts of
each positive A phage clone were physically mapped and subcloned
in pUC18 for sequence determination, mostly by using BamHI and
Sall. In order to assemble the sequence data, the nucleotide se-
quences around the cloning site of the subclones were determined
by using A\-DNAs as sequencing templates.

Overproduction and Purification of Histidine-Tagged D-Leu1
and L-Leu7 A Domains

Gene fragments encoding the first (D-Leu1) and seventh (L-Leu7) A
domains were amplified by PCR. The boundary of domains was
predicted as described previously [10]. The oligonucleotide primers
were as follows: D-Leu1-Ndel, 5'-CTGCATATGCACTTGCTGAG
CAATCTGGC-3’; D-Leu1-EcoRl, 5'-CTGGAATTCTTACAGGGCGAT
TTCGACCTC-3'; L-Leu7-Ndel, 5'-CTGCATATGACGATGAGTGTCG
ATGACCT-3’; L-Leu7-EcoRl, 5'-CTGGAATTCTTACGCTGCGTACT
CGCGGGT-3'. Restriction enzyme sites are underlined. The blunt
ended PCR products were first cloned into pUC19 at the Smal site,
and then the Ndel-EcoRI fragment was excised from the plasmid
for introduction into the expression vector pET-28a(+). Addition of
the TAA stop codon (set in bold in the above sequences) leads to
production of the recombinant proteins containing the histidine tag
only at the N-terminal region. The resulting expression plasmids
designated pET-28a:D-Leul and pET-28a:L-Leu? were transferred
into E. coli BL21(DES3). E. coli cells harboring pET-28a:D-Leu1 and
pPET-28a:L-Leu7 were grown at 37°C until ODg, reached 0.5, added
to 1.0 and 2.0 mM IPTG (isopropyl-B-D-thiogalactopyranoside), re-
spectively, and cultivated at 25°C for 4 hr. Under this condition,
target proteins were overproduced mostly in a soluble form. Purifica-
tion of Hisg-tagged D-Leul and L-Leu7 proteins was performed by
disrupting the cells by sonication, followed by Ni?*-charged HiTrap
Chelating HP and HitrapQ HP column chromatography (Amersham
Biosciences). The purity of the proteins was determined by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with Coo-
massie Brilliant Blue staining. Protein concentration was determined
by using the Bio-Rad Protein Assay Kit (Bio-Rad).

ATP-PPi Exchange Assay

In order to determine the amino acid specificities of purified D-Leul
and L-Leu7 proteins, the ATP-PPi exchange assay was adopted
[20]. The assay mixture contained 50 mM HEPES (pH 7.0), 100 mM
NaCl, 10 mM MgCl,, 2 mM DTE, 1 mM EDTA, 2 mM amino acid,
and 250 nM protein. The reaction was initiated by the addition of
starting mixture (2 mM ATP, 0.2 mM tetrasodium pyrophosphate,
and 0.15 u.Ci tetrasodium [*2P] pyrophosphate) in a total volume of
100 pl and was incubated at 37°C for 10 min. The reaction was
terminated by the addition of 0.5 ml terminating mixture (1.2% [w/v]
activated charcoal, 0.1 M tetrasodium pyrophosphate, and 0.3 M
HCIO,). The charcoal was washed by a brief centrifugation and was
resuspended with 0.5 ml distilled water. Finally, 3.5 ml scintillation
fluid was added to the samples, and the bound radioactivity was
determined by the use of the liquid scintillation counter LPS 6500
(Beckman).

Construction of the arfB Gene Disruption Mutant

The internal 3,372 bp BamHI (B2) fragment of the arfB gene was
cloned in pUC18ASacl, in which the Sacl site of pUC18 is filled by
using the DNA Blunting Kit (Takara shuzo). The resulting plasmid
pUC18ASacl-B2 was digested with Mlul and Sacl, and the internal
460 bp Mlul/Sacl fragment was replaced by the 1,210 bp Miul/Sacl
fragment containing the kan gene and its promoter. This 1,210 bp
Mlul/Sacl fragment had been amplified by using the PCR method
using vector pSMC32 as a template. Oligonucleotide primers 5'-
CATGACGCGTGTTTTATGGACAGCAAGCGA-3’ and 5'-CATGGAG
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CTCCCGTCA GTAGCTGAACAGGA-3’ supplemented with Miul and
Sacl restriction sites (underlined) were used for PCR. The resultant
gene disruption plasmid pUC18ASacl-B2::kan was then transferred
into Pseudomonas sp. MIS38 by an electrotransformation method
as follows.

Electrotransformation of Strain MIS38

An overnight culture was inoculated into 100 ml L-broth (1% inocu-
lum size). L-broth consists, per liter, of 10 g tryptone, 5 g yeast
extract, and 5 g NaCl (pH 7.2). After 5.5 hr of shaking at 30°C, the
cells (ODgy =~ 1.0) were collected by centrifugation (10,000 X g for
10 min at 4°C) and washed once with cold 1 mM HEPES buffer
(pH 7.0). Then, the cells were washed twice with 10% glycerol and
resuspended in 0.5 ml 10% glycerol. A portion of this cell suspension
(50 pl) was mixed with plasmid DNA (1 n.g) and was kept on ice for
5 min. The DNA/cell mixture was transferred into a cuvette (0.1 cm
electrode distance) and subjected to a high electric field pulse (10
kV/cm with 25 wF and 200 () by using the Bio-Rad Gene Pulser
(Bio-Rad). Treated cells were immediately suspended with 1 ml
L-broth. After incubation at 30°C for 3 hr, 100 p.l each of culture was
spread on L-agar plates containing 35 wg/ml kanamycin and was
overlaid with 30 pl crude oil. The plates were incubated at 30°C for
24-36 hr [47].

Analysis of Arthrofactin Production
Bacterial strains MIS38 and NC1 were grown in L-broth at 30°C for
40 hr. Arthrofactin and its derivatives were purified and analyzed
by the following methods. Bacterial cells were removed from 250
ml culture medium by centrifugation (20,000 X g for 15 min) at 4°C.
The supernatant was acidified by adding concentrated HCI to a final
pH of 2.0 and was allowed to form aggregates at 4°C for 3 hr. The
aggregates were collected by centrifugation and were washed three
times with diluted HCI (pH 2.0). Biosurfactant containing lipophilic
substances was extracted from the precipitates three times with
methanol and was used for the analysis by reverse-phase HPLC as
described below. When necessary, the solvent was removed by
using a rotary evaporator under vacuum conditions.
Reverse-phase HPLC was carried out on an octadecyl silica gel
column (Cosmosil 5C;AR 4.6 X 150 mm, Nacalai) attached to a
system HP1100 (Hewlett Packard). The mobile phase was changed
linearly from eluent A (10% acetonitrile and 0.1% trifluoroacetic acid)
to eluent B (acetonitrile and 0.05% trifluoroacetic acid) in 30 min at
a flow rate of 0.5 mi/min. Peaks eluting from the column were moni-
tored by their absorbance at 220 nm. The molecular weight of
each component was determined by using a mass spectrometer
LCQ (Thermo Finnigan) equipped with an electrospray ion source,
HPLC/MS.

Swarming Motility and Biofilm Formation Assay

Swarming motility of bacterial strains was examined by measuring
a diameter of the colony grown on L-agar plates containing various
concentrations of agar. Bacterial strains were cultivated to an ODg,
of ~0.5 at 30°C, and then 1 pl of each culture was spotted on each
L-agar plate (8.5 cm diameter plate). After incubation at 30°C for 12
hr, the diameter of the colony was measured.

As to the biofilm formation assay, cells grown overnight on L-agar
plates were subsequently diluted in liquid L-broth to an ODgy, of
~0.3. The cell suspension was further diluted by one hundred times
in 1.5 ml polypropylene microcentrifuge tubes containing 300 pl
L-medium. The tubes were incubated at 30°C without shaking, typi-
cally for 24 hr. Then, nonadherent cells were removed by rinsing
several times with distilled water. Finally, cells attached to the inner
surface of the tube were stained with 1% crystal violet solution for
25 min at room temperature, followed by rinsing several times with
distilled water. The cell-associated dye was solubilized with 400 .l
dimethylsulfoxide (DMSO) and was quantified by measuring the
ODgy, [48].

Plate Assay for Lipase and Protease

Lipase activity was detected as a clearing zone, halo, around the
colony on a plate of LTB-agar medium; L-broth supplemented with
1% tributyrin, 0.1% Tween 80, and 1.5% agar. Protease activity
was similarly detected on LCA-agar or LG agar medium; L-broth
supplemented with 0.5% casein or gelatin and 1.5% agar, respec-
tively.
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