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Alkylresorcinols and alkylpyrones, which have a polar aromatic
ring and a hydrophobic alkyl chain, are phenolic lipids found in
plants, fungi, and bacteria. In the Gram-negative bacterium Azo-
tobacter vinelandii, phenolic lipids in the membrane of dormant
cysts are essential for encystment. The aromatic moieties of the
phenolic lipids in A. vinelandii are synthesized by two type llI
polyketide synthases (PKSs), ArsB and ArsC, which are encoded by
the ars operon. However, details of the synthesis of hydrophobic
acyl chains, which might serve as starter substrates for the type lll
polyketide synthases (PKSs), were unknown. Here, we show that
two type | fatty acid synthases (FASs), ArsA and ArsD, which are
members of the ars operon, are responsible for the biosynthesis of
C2-Cy6 fatty acids from malonyl-CoA. In vivo and in vitro recon-
stitution of phenolic lipid synthesis systems with the Ars enzymes
suggested that the C;,-Cy6 fatty acids produced by ArsA and ArsD
remained attached to the ACP domain of ArsA and were trans-
ferred hand-to-hand to the active-site cysteine residues of ArsB
and ArsC. The type Il PKSs then used the fatty acids as starter
substrates and carried out two or three extensions with malonyl-
CoA to yield the phenolic lipids. The phenolic lipids in A. vinelandii
were thus found to be synthesized solely from malonyl-CoA by the
four members of the ars operon. This is the first demonstration that
a type | FAS interacts directly with a type Il PKS through substrate
transfer.

Azotobacter vinelandii | alkylresorcinol | alkylpyrone |
long-chain fatty acid | cyst

zotobacter vinelandii is a Gram-negative nitrogen-fixing soil

bacterium that differentiates into metabolically dormant
cysts under adverse environmental conditions (1). During en-
cystment, a considerable portion of the membrane phospholipids
are replaced by phenolic lipids, alkylresorcinols and alkylpy-
rones, which consist of polar aromatic rings and hydrophobic
alkyl chains (Fig. 14) (2, 3). The amphiphilic nature of the
phenolic lipids contributes to the formation of stable monomo-
lecular layers in vitro (4), and thus the phenolic lipids presumably
allow the cysts to resist desiccation and heat.

We previously revealed that the ars operon is essential for the
biosynthesis of phenolic lipids in A. vinelandii (5). The ars operon
directs the synthesis of two type III PKSs, ArsB and ArsC, and
two putative type I FASs, ArsA and ArsD (Fig. 1B). Type III
PKSs are simple homodimeric proteins that synthesize aromatic
polyketides in plants, fungi, and bacteria (6, 7). ArsB and ArsC
catalyze the synthesis of alkylresorcinols and alkylpyrones, re-
spectively, from long-chain acyl-CoA and malonyl-CoA (Fig.
1A), indicating that the type III PKSs are responsible for the
synthesis of the aromatic moiety of the phenolic lipids. However,
details of the biosynthesis of the hydrophobic alkyl moiety of the
phenolic lipids remained unknown. Because ArsA and ArsD are
homologous to type I FASs and because functionally related
genes in bacteria are often present in an operon, we postulated
that ArsA and ArsD are responsible for the synthesis of the alkyl
chains of the phenolic lipids. Type I FASs are large multifunc-
tional enzymes that have a set of distinct catalytic domains and
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are distributed in mammals, fungi, and yeasts (8§—12). In bacteria,
however, the de novo synthesis of fatty acids is catalyzed by type
IT FASs, which are a group of monofunctional proteins with
distinct properties (13, 14).

On the basis of the idea that ArsA and ArsD are involved in
synthesis of the alkyl chain of the phenolic lipids, we reconsti-
tuted in vivo and in vitro phenolic lipid biosynthesis systems by
using the Ars members, demonstrating that ArsA, ArsB, ArsC,
and ArsD are required and sufficient for phenolic lipid biosyn-
thesis. Another important finding was that the fatty acid prod-
ucts are covalently bound to ArsA, and the products are released
by ArsB or ArsC in the presence of malonyl-CoA. Therefore, the
fatty acids are transferred directly from ArsA to the type III
PKSs as their starter substrates, resulting in phenolic lipid
synthesis in A. vinelandii in the absence of acyl-CoAs interme-
diates. Thus, we propose a possible route for phenolic lipid
biosynthesis solely from malonyl-CoA by the four enzymes in A.
vinelandii (Fig. 1C).

Results

Domain Organization of ArsA and ArsD. The biosynthesis pathway of
fatty acids (14) is illustrated in Fig. 24. The building blocks of
fatty acid biosynthesis are transferred from CoA to the phos-
phopantetheine thiol of acyl carrier protein (ACP) by transes-
terification catalyzed by malonyl/acetyl transferase (MAT) or
acetyl transferase (AT). A starter unit, mainly acetyl-ACP, is
primed to ketosynthase (KS), and the resulting acyl-KS is
condensed with an extender unit derived from malonyl-ACP by
the action of KS. The newly formed B-keto group is reduced
through sequential reactions catalyzed by ketoreductase (KR),
dehydratase (DH), and enoyl reductase (ER). Irrespective of the
type of FAS, the growing fatty acids are attached to ACP.
However, the mechanism of termination of the reaction differs
in the different types of FASs. Mammalian type [ FASs hydrolyze
acyl-ACP to yield a free acid by thioesterase (TE) (15, 16), and
fungal and yeast type I FASs transfer the acyl moiety to CoA by
malonyl/palmitoyl transferase (MPT) (17) (Fig. 2A4). In contrast,
type II FASs release their products as ACP esters without
cleaving the thioester bond (13).

The domain organizations of ArsA and ArsD were determined
through a BLAST search (18) and three-dimensional position-
specific scoring matrix (3D-PSSM) analysis (19). Alignments of
the amino acid sequences of ArsA, ArsD, and other type II FAS
counterparts are shown in supporting information (SI) Fig. 6.
Interestingly, the domain organizations of ArsA and ArsD are
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Fig. 1.  Phenolic lipid synthesis in A. vinelandlii. (A) Structures of alkylresor-
cinols and alkylpyrones that accumulate in cysts. (B) Organization of the ars
operon. (C) A proposed pathway for the biosynthesis of alkylresorcinols and
alkylpyrones by the Ars proteins.

completely distinct from those of the mammalian and yeast type
I FASs (Fig. 2 B-D). ArsA consists of 2,503 aa with a domain
structure of ER-KS-MAT-ACP-KR (Fig. 2B). ArsD consists of
636 aa with a domain structure of DH and a phosphopantetheine
transferase (PPT) domain (Fig. 2B). PPT catalyzes the post-
translational modification of ACP and transfers a 4'-
phosphopantetheine group from CoA to a conserved serine
residue of apo-ACP, producing holo-ACP. The most striking
feature of ArsA and ArsD is the lack of the TE and MPT
domains. The absence of these domains led us to speculate that
the fatty acids produced by ArsA and ArsD remain attached to
the ACP domain of ArsA and are transferred directly from ArsA
to ArsB and ArsC. However, we previously showed that ArsB
and ArsC use n-behenyl-CoA as a starter substrate at rates
comparable with those of other type III PKSs (5). In addition,
type III PKSs usually accept CoA esters as substrates, and the
type III PKS reactions have been believed to be independent of
ACP (6). As described below, however, we showed by producing
ArsA, ArsB, ArsC, and ArsD in a heterologous host that these
four enzymes are sufficient for phenolic lipid synthesis. Esche-
richia coli appeared to be a chemically and genetically clean host
for analyzing the functions of ArsA and ArsD because it uses a
type II FAS system to produce ACP esters of fatty acids, contains
no type I FAS (13), and produces no phenolic lipids.
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Fig. 2. Fatty acid biosynthesis and domain organization of FASs. (A) Fatty
acid biosynthesis by FAS. (B) Domain organization of ArsA and ArsD. Numbers
below the sequences indicate the amino acid residues, assigning the N-
terminal Met as 1. (C) Domain organization of mammalian type | FASs. (D)
Domain organization of @ and g subunits of fungal and yeast type | FASs.

Heterologous Expression of ars Genes in E. coli. For expression of the
Ars proteins in E. coli, pETDuet-ArsA, pACYC-ArsB, pCDF-
ArsC, pETDuet-ArsD, and pETDuet-ArsAD were constructed.
In addition to these plasmids, pRSF-ACC, which carries the
genes encoding the two subunits of acetyl-CoA carboxylase of
Corynebacterium glutamicum, was used to increase the intracel-
lular pool of malonyl-CoA (20, 21). The vector plasmids pET-
Duet, pACYC, pCDF, and pRSF, which contain different
replication origins and different selective markers, can be main-
tained together in the same E. coli cell. E. coli cells harboring
combinations of the plasmids were prepared, and lipid extracts
of the cells were analyzed by HPLC. E. coli harboring pETDuet—
ArsAD, pACYC-ArsB, and pRSF-ACC produced three prod-
ucts (Fig. 34). A major peak eluting at 7.9 min was determined
to contain 5-heneicosylresorcinol (1a) (Fig. 1.4) by comparing its
liquid chromatography (LC) atmospheric pressure chemical
ionization (APCI) tandem mass spectometry (MS/MS) spec-
trum with that of an authentic sample (data not shown). Simi-
larly, other peaks were determined to contain 5-tricosylresor-
cinol (2a) and 5-hexacosylresorcinol (3a). E. coli harboring
pETDuet-ArsAD, pCDF-ArsC, and pRSF-ACC yielded five
products (Fig. 3B). Comparison of their LC-APCIMS/MS spec-
tra with those of authentic samples identified these products as
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Chromatography analysis of the products of Ars reactions. (A and B) HPLC chromatograms of lipid extracts prepared from E. coli harboring

pETDuet-ArsAD and pACYC-ArsB (A) or pETDuet-ArsAD and pCDF-ArsC (B). (C and D) Negative extracted ion LC-APCIMS chromatograms of in vitro reactions

containing ArsA, ArsB, and ArsD (C) and ArsA, ArsC, and ArsD (D).

triketide pyrones (1b to 3b) and tetraketide pyrones (2¢ and 3c)
(Figs. 14 and 3B). In contrast, no polyketides were produced
when pETDuet-ArsAD was replaced with pETDuet-ArsA or
pETDuet-ArsD (data not shown). Interestingly, although we
previously revealed that ArsB and ArsC accept a broad range of
starter substrates in vitro (5), the expression of ArsB or ArsC
alone did not yield any phenolic lipids (data not shown). All of
these data suggest that ArsA and ArsD are both required and
sufficient for the synthesis of the starter substrates for the type
IIT PKSs, ArsB and ArsC, in phenolic lipid synthesis.

Analysis of the ArsAD Reaction in Vitro. We purified recombinant
ArsA, ArsB, ArsC, and ArsD proteins produced in E. coli to
investigate their reactions in vitro. The proteins were prepared
separately as His-tagged proteins, using the pET and pCold
systems (SI Fig. 7). ArsB (43 kDa), ArsC (44 kDa), and ArsD (70
kDa) gave a major single protein band on SDS/PAGE, but ArsA
migrated at two positions of ~220 and 190 kDa. The 190-kDa
protein was probably an N-terminally truncated form of ArsA,
because the His tag was attached to its C terminus.

All of the in vitro reactions contained free CoA and MgCl, to
allow phosphopantetheinylation of the ACP domain of ArsA by
the PPT domain of ArsD. We first analyzed the reactions of
ArsA and ArsD by radio thin-layer chromatography (TLC),
using ['*C]malonyl-CoA as a substrate. The products were
detected as free acids by treatment of the reaction mixture with
alkali. An apparent radiolabeled product was detected only in
the reaction that contained both ArsA and ArsD in the presence
of NADPH (Fig. 44, lane 1). The [*C]-product was found to
actually contain Cp,—Cye fatty acids, as indicated by comigration
of the radioactivity with authentic samples in LC-APCIMS (SI
Fig. 8). The ratio of the amounts of the Cy,, Cas, and Cyg fatty
acids was ~1:2:1. This production ratio was inconsistent with
that of the lipids isolated from the A. vinelandii cyst membrane
(2, 3). A major lipid of the cyst membrane was 1a, which was
derived from Cy; fatty acid. This difference may have been due
to the absence of ArsB or ArsC in the reactions of ArsA and
ArsD. Neither ["*Clacetyl-CoA nor ["“C]palmitoyl-CoA was
incorporated into the products (SI Fig. 9). This result was not
entirely surprising, because most type I FASs are able to initiate
fatty acid biosynthesis even in the absence of a starter substrate
such as acetyl-CoA, although their reaction rates are low (22, 23).
This capacity is attributable to the inherent malonyl decarbox-
ylase activity of FAS (22). These results clearly indicate that
ArsA and ArsD are previously uncharacterized FASs that catalyze
the synthesis of Cy—Cys fatty acids solely from malonyl-CoA.
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Because ArsA and ArsD lack TE and MPT domains, the
Cy—Cy fatty acids were expected to remain attached to the
phosphopantetheinyl thiol of the ACP domain in ArsA. There-
fore, we separated low-molecular-weight compounds from mac-
romolecules in the reaction mixture by ultrafiltration. As ex-
pected, fatty acids were detected in the macromolecular fraction,
which was hydrolyzed by alkali to cleave the thioester bond
between the fatty acids and the phosphopantetheine thiol of
ACP (Fig. 4B, lane 4). A very small amount of fatty acids was
detected in the macromolecular fraction that had not been
subjected to alkali hydrolysis (Fig. 4B, lane 3). These products
presumably resulted from nonenzymatic hydrolysis that oc-
curred after the separation, because no such products were
found in the fraction of low-molecular-weight compounds (Fig.
4B, lanes 5 and 6).

In Vitro Analysis of the ArsABCD Reaction. We next reconstituted an
in vitro phenolic lipid synthesis system by adding the type III
PKSs to the reaction of ArsA and ArsD. Incubation of ArsA,
ArsB, and ArsD in the presence of [“C]malonyl-CoA, CoA,
MgCl,, and NADPH yielded a radiolabeled band, as revealed by
TLC (Fig. 4C, lane 2). Further LC-MS analysis revealed that the
product contained alkylresorcinols (1a to 3a) derived from the
Cy—Cye fatty acids produced by the actions of ArsA and ArsD
(Fig. 3C). Similarly, the reaction of ArsA, ArsC, and ArsD gave
a radiolabeled band (Fig. 4D, lane 2), shown by LC-MS analysis
to contain triketide pyrones (1b to 3b) and tetraketide pyrones
(2c¢ and 3c¢) (Fig. 3D). These in vitro results were consistent with
those obtained from the above in vivo study (Fig. 3 A and B).
Again, [*Clacetyl-CoA was not incorporated into the products
(Fig. 4 C and D, lane 1), indicating that malonyl-CoA is the only
carbon source required for phenolic lipid synthesis by the Ars
enzymes.

Hand-to-Hand Transfer of Starter Substrate from ArsA to Type Ill PKSs.
We monitored the localization of radioactivity derived from
[*#C]malonyl-CoA in the sequential reaction catalyzed by ArsA,
ArsB, ArsC, and ArsD. After the incubation of ArsA and ArsD
with ["*C]malonyl-CoA, CoA, MgCl,, and NADPH, we removed
low-molecular-weight compounds, including [*C]malonyl-CoA
that remained intact, by ultrafiltration. The resulting macromo-
lecular fraction was subjected to SDS/PAGE followed by auto-
radiography. Radioactivity was detected on ArsA (Fig. 54, lane
1), indicating that the fatty acids were attached to ArsA, probably
via a thioester bond with its ACP domain. The attachment of the
fatty acids to ArsA was in agreement with the domain architec-
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Fig. 4. Radio-TLC analysis of in vitro reaction products. (A) Analysis of
products produced from malonyl-CoA by ArsA and ArsD. The production of
radiolabeled products was observed in the presence of [2-'*C]malonyl-CoA,
NADPH, ArsA, and ArsD (lane 1). No radioactivity was seen in the absence of
ArsA (lane 2), ArsD (lane 3), or NADPH (lane 4). (B) Analysis of a hydrolyzed
reaction mixture containing ArsA and ArsD. After incubation of malonyl-CoA
in the presence of ArsA and ArsD, the reaction mixture was hydrolyzed by
alkali, extracted with ethyl acetate, and subjected to TLC. Lane 1 is a negative
control containing a complete reaction mixture that was not subjected to
hydrolysis. ['4C] attached to ArsA was fractionated into the water layer and did
not appear in the TLC analysis. Lane 2 contains a complete reaction mixture
that was hydrolyzed and extracted with ethyl acetate. Lanes 3 and 4 contain
a macromolecular fraction of the reaction mixture that was hydrolyzed (lane
4) or not hydrolyzed (lane 3). Lanes 5 and 6 contain a low-molecular-weight
fraction that was hydrolyzed (lane 6) or not hydrolyzed (lane 5). (C) Analysis
of the products of ArsA, ArsB, and ArsD from two different starter substrates.
The starter substrates used were [2-'4Clacetyl-CoA (lane 1) and [2-'*C]malonyl-
CoA (lane 2). Lane 3 contains an authentic sample 1a prepared from behenyl-
CoA (C22-CoA) and malonyl-CoA by ArsB. (D) Analysis of the products of ArsA,
ArsC, and ArsD from two different starter substrates. The starter substrates
used were [2-'“Clacetyl-CoA (lane 1) and [2-'*Clmalonyl-CoA (lane 2). Lane 3
contains authentic samples 1b and 1c prepared from behenyl-CoA (C22-CoA)
and malonyl-CoA by ArsC.

ture of ArsA and ArsD, which contain no TE or MPT domain
(Fig. 2B).

We next incubated ArsB with the radiolabeled ArsA. As
expected, the radioactivity on ArsA decreased with a concom-
itant transfer of radioactivity to ArsB (Fig. 54, lane 3), indicating
that ArsB received the fatty acids directly from ArsA. Adding
nonlabeled malonyl-CoA to this reaction resulted in the removal
of radioactivity from ArsB (Fig. 54, lane 4) and the detection of
the synthesis of alkylresorcinols by radio-TLC analysis (Fig. 5B,
lane 4). The C183S mutant of ArsB did not have the ability to
accept fatty acids from ArsA (Fig. 54, lane 5), suggesting that the
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Fig. 5. Radiolabeling analysis of the direct transfer of acyl products from
ArsA to ArsB (A and B) or ArsC (C and D) by SDS/PAGE (A and C) and radio-TLC
(B and D). The substrates used were [*Clacyl-ArsA (lane 1), ['*Clacyl-ArsA +
malonyl-CoA (lane 2), ["*Clacyl-ArsA + ArsB or ArsC (lane 3), ['*Clacyl-ArsA +
ArsB or ArsC + malonyl-CoA (lane 4), ['“Clacyl-ArsA + ArsB or ArsC mutants
(lane 5), and ["“Clacyl-ArsA + ArsB or ArsC mutants + malonyl-CoA (lane 6).
Lane 7 contains 1a (B) or 1b and 1c (D). Production of radiolabeled alkylres-
orcinol (B) and alkylpyrone (D) was observed (lane 4). The chemical structures
of these compounds are shown in Fig. 1A.

active-site cysteine 183 bound the fatty acids, as in the case of the
priming of other type IIT PKSs with acyl-CoA (6). These results
showed that the fatty acids produced by ArsA and ArsD were
directly transferred to ArsB and served as starter substrates for
the synthesis of alkylresorcinols from malonyl-CoA as an ex-
tender substrate. We were able to duplicate the results by
replacing ArsB with ArsC; the fatty acids on ArsA were trans-
ferred directly to ArsC (Fig. 5 C and D).

Discussion

The in vivo and in vitro reconstitution of the phenolic lipid
biosynthesis systems have clearly demonstrated that alkylresor-
cinols and alkylpyrones are synthesized from malonyl-CoA by
the actions of the four Ars enzymes. Of these enzymes, ArsB and
ArsC have been shown to be type III PKSs that synthesize
alkylresorcinols and alkylpyrones, respectively, from several
acyl-CoAs with various side-chain lengths as starter substrates
(5). However, the present study confirmed that the active-site
cysteine residues of ArsB and ArsC receive Cy—Cy fatty acids,
the products of the actions of ArsA and ArsD on malonyl-CoA,
directly from ArsA, which probably has the fatty acids attached
to its ACP domain. To our knowledge, this is the first experi-
mental demonstration of the direct transfer of the product of a
type I FAS to a type III PKS. The fatty acids received by ArsB
and ArsC serve as starter substrates for the synthesis of alkyl-
resorcinols and alkylpyrones, respectively, by two or three suc-
cessive extensions with malonyl-CoA. Thus, we have revealed the
whole biosynthesis pathway of the phenolic lipids that are
essential for cyst formation in A. vinelandii (Fig. 1C).

Miyanaga et al.
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The direct transfer of the fatty acids from ArsA to ArsB and
ArsC was expected from the domain architecture of ArsA and
ArsD, which belong to the type I FAS family. ArsA has the
structure of ER-KS-MAT-ACP-KR, and ArsD has the struc-
ture of DH-PPT (Fig. 2B). Mammalian type I FASs form an
homodimer with a domain structure of KS-MAT-DH-ER-KR-
ACP-TE (Fig. 2C) and release fatty acids by cleavage of a
thioester linkage between the fatty acids and ACP by the
thioesterase activity of the TE domain. Fungal and yeast type I
FASs form an a3 heterododecamer with a domain structure of
AT-ER-DH-MPT/ACP-KR-KS-PPT (Fig. 2D) and transfer
their product from ACP to CoA through the malonyl/palmitoyl
transferase activity of the MPT domain. The absence of TE and
MPT domains in ArsA and ArsD led us to speculate that the
fatty-acid products would remain attached to the ACP domain
of ArsA and would be transferred directly to ArsB and ArsC. In
fact, the fatty acids produced by ArsA and ArsD are directly
transferred from the ACP domain to the active-site cysteine
residues of ArsB and ArsC, where they serve as starter substrates
for phenolic lipid synthesis.

ArsA and ArsD cooperatively synthesize Cy—Cyg fatty acids
solely from malonyl-CoA. The phospholipids produced by a type
11 FAS in A. vinelandii mainly have chain lengths of Ci¢ and Cyg
(13, 24), which suggests that ArsB and ArsC use the C,,—Cyg fatty
acids produced by ArsA and ArsD of type I FASs. The hand-
to-hand transfer of the fatty acids from ArsA to the type III PKSs
ArsB and ArsC presumably facilitates efficient catalysis by these
PKSs.

A BLAST search, using the ArsA and ArsD sequences,
revealed that some actinomycetes and cyanobacteria, including
Streptomyces avermitilis and Gloeobacter violaceus, also possess a
type I FAS containing domains similar to ArsA and ArsD
sequences (SI Fig. 10). Therefore, the ArsAD-like system is not
unique to A. vinelandii. In S. avermitilis and G. violaceus, an
ArsD-like protein and a putative type I PKS are fused into one
polypeptide (SI Fig. 10). In these cases, the product(s) synthe-
sized by the ArsAD-like systems could be passed to the fused
type I PKS portion as a substrate by a mechanism similar to that
observed for ArsA and the type III PKSs.

We previously showed that ArsB and ArsC use behenyl-CoA
as a starter substrate and malonyl-CoA as an extender substrate
to synthesize alkylresorcinols and alkylpyrones in vitro (5), in
agreement with the idea that type III PKSs use acyl-CoA
thioesters as starter substrates. The transfer of the fatty acids
from the ACP domain of ArsA to ArsB and ArsC implies that
these type III PKSs can accept the starter fatty acids not only
from CoA but also from ACP. Very recently, SCO7671, a type
IIT PKS in Streptomyces coelicolor A3(2), has been shown to
accept acyl-ACP as a starter substrate in vitro (25), although its
biological role is unknown. These intriguing findings warrant
future structural and mechanistic studies.

Recently, enzymatic reactions other than thioesterification or
transesterification between ACP and CoA to release fatty acids
from type I FASs were found in some organisms. For example,
Pap5A catalyzes the transfer of mycocerosic acid analogs to an
alcohol, phthiocerol, from the ACP domain of a type I FAS, Mas,
in Mycobacterium tuberculosis (26). In addition, direct transfer of
Cg fatty acid is predicted to occur between HexAB (type I FASs)
and PksA (a type I PKS) in Aspergillus parasiticus (27, 28). 1t is
also hypothesized that steely, a fusion protein of a type I FAS and
a type III PKS, directly transfers acyl products attached to the
ACP domain of the type I FAS to the active site of the type III
PKS in Dictyostelium discoideum (29). In the present study, we
showed that the radiolabeled fatty acids attached to the ACP
domain of ArsA are directly transferred to the catalytic cysteines
of the type III PKSs ArsB and ArsC to yield phenolic lipids. To
our knowledge, this is the first demonstration that a type I FAS
directly interacts with a type III PKS through substrate transfer.

Miyanaga et al.

Materials and Methods

Construction of Plasmids and Mutagenesis. See S/ Text.

Heterologous Expression of Ars Enzymes in E. coli. pETDuet-ArsA, pETDuet-
ArsD, pETDuet-ArsAD, pACYC-ArsB, pCDF-ArsC, and pRSF-ACC (21) were
used for the coexpression of ArsABCD in E. coli BLR (DE3); 100 pg/ml ampicillin,
34 pg/ml chloramphenicol and 20 pwg/ml kanamycin, and 50 pg/ml streptomy-
cin were used when appropriate. Recombinant strains were grown at 26°Cin
3 ml of Luria—-Bertani broth. When the optical density at 600 nm reached 0.5,
heterologous expression in the cells was induced by the addition of 0.25 mM
isopropyl thio-B-b-galactoside. The cells were then cultured for an additional
24 h at 15°C. The cells were harvested by centrifugation and extracted with
chloroform/methanol (2:1, vol/vol). After the cell debris had been filtered off,
the filtrate was evaporated to dryness. The residual material was dissolved in
methanol for LC-APCI-MS and HPLC analysis. LC-APCI-MS analysis was carried
out by using the esquire high-capacity trap plus system (Bruker Daltonics) with
a Pegasil-B C4 reversed-phase column (4.6 X 250 mm) (Shenshu Scientific) and
90% acetonitrile in water containing 0.1% trifluoroacetic acid as an eluent at
a flow rate of 1 ml/min. HPLC analysis was performed by using the LaChrom
Elite system (Hitachi) with the same column, eluent, and flow rate as for the
LC-APCI-MS analysis. UV spectra were detected by using the Hitachi diode
array detector L-2450.

Expression and Purification of Ars Proteins. ArsB and ArsC were purified as
described in ref. 5. ArsA with a histidine tag at its C terminus and ArsD with a
histidine tag at its N terminus were produced in E. coli BL21 (DE3). E. coli BL21
(DE3) harboring pET26b—ArsA was grown at 26°C in 200 ml of Luria—Bertani
broth containing 20 ug/ml kanamycin. When the optical density at 600 nm
reached 0.5, heterologous expression in the cells was induced by the addition
of 0.25 mM isopropyl thio-B-b-galactoside. The cells were then cultured for an
additional 24 h at 15°C. E. coli BL21 (DE3) harboring pCold |I-ArsD was grown
at 37°C in 200 ml of Luria-Bertani broth containing 100 pg/ml ampicillin.
When the optical density at 600 nm reached 0.5, the cells were incubated for
30 min at 15°Cand then heterologous expression was induced by the addition
of 0.025 mM isopropyl thio-B-p-galactoside. The cells were then cultured for
an additional 24 h at 15°C, harvested by centrifugation, and resuspended in
buffer containing 100 mM potassium phosphate (pH 7.7), 500 mM KCl, 10%
glycerol, and 1 mM Tris[2-carboxyethyl]phosphine. From a cell-free extract
prepared by sonication, each protein was purified on a His-trap HP column (GE
Healthcare Biosciences). The purified proteins were dialyzed against a buffer
containing 100 mM potassium phosphate (pH 7.7), 150 mM KCl, 10% glycerol,
and 1 mM Tris[2-carboxyethyl]phosphine.

FAS Assay. The standard reaction mixture contained 10 uM [2-'*C]malonyl-CoA,
100 mM potassium phosphate (pH 7.7), 10% glycerol, 1 mM Tris[2-carboxyeth-
yllphosphine, 10 mM MgCl,, 100 uM CoA, 5 mM NADPH, 1 uM ArsA, and 1 uM
ArsD in a volume of 200 ul. After incubation at 30°C for 1 h, the reactions were
quenched by the addition of 200 ul of ice-cold 20% trichloroacetic acid (wt/vol).
The pellet was resuspended in 50 ul of 350 mM KOH and incubated at 65°C for 20
min to release covalently bound products. After acidification with 20 ul of 6 M
HCl, the products were extracted with 400 ul of ethyl acetate and the organic
layer was evaporated to dryness. The residual material was dissolved in 15 ul of
methanol for TLC. A silica-gel 60 WF,s4 TLC plate (Merck) was developed in
benzene/acetone/acetic acid (85:15:1, volivol/v), and the 4C-labeled compounds
were detected by using a Bio-imaging Analyzer System (BAS)-MS imaging plate
(Fujifilm Life Science).

FAS-PKS Assay. The standard reaction mixture contained 10 uM [2-'*C]malo-
nyl-CoA, 100 mM potassium phosphate (pH 7.7), 10% glycerol, 1 mM Tris[2-
carboxyethyllphosphine, 10 mM MgCl,, 100 uM CoA, 5 mM NADPH, 1 uM
ArsA, 1 uM ArsB, 1 uM ArsC, and 1 uM ArsD in a volume of 200 ul. After
incubation at 30°C for 1 h, the reactions were quenched by the addition of 20
ul of 6 M HCI. The products were extracted with 400 ul of ethyl acetate, and
the organic layer was evaporated to dryness. The residual material was
dissolved in 15 ul of methanol for TLC and LC-APCI-MS analysis, carried out as
described above.

Direct Transfer of Acyl Substrates from ArsA to Type Ill PKSs. The reaction of
ArsA and ArsD was carried out as described in the FAS assay section to produce
['4Clacyl-ArsA. [*Clacyl-ArsA from which low-molecular-weight compounds,
such as [2-'%C]malonyl-CoA and NADPH, were removed by ultrafiltration,
using a 50,000-MW cutoff membrane (Amicon Ultra-4; Millipore), was used as
asubstrate for the ArsB and ArsC reactions. Solutions of 1 M ArsB or ArsCand
100 uM malonyl-CoA were added to the ['#Clacyl-ArsA solution and incubated
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at30°Cfor 20 min. For SDS/PAGE analysis on 10% (wt/vol) polyacrylamide gels,

the

reactions were quenched by boiling before electrophoresis. The '4C-

labeled proteins were detected by using a BAS-MS imaging plate. For TLC
analysis, the reactions were quenched by adding 20 ul of 6 M HCl, and the
products were extracted and analyzed as described above.
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