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ABSTRACT. The tetracenomycin polyketide synthase (TCM PKS), a type Il complex, produces TCM F2,
a precursor of TCM C irStreptomyces glaucescersd consists of at least the TcmK, -L, -M, and -N
proteins. The TcmK/TcmL ketosynthase subunits were purified from overexpression of their genes in
Streptomycesdidans TcmK (calculated molecular mass 45 kd) and TemL (calculated molecular mass
42 kd) function as a heterodimeri3 complex based on observing that only the purified complex
complemented TCM PKS activity in protein extracts made from strains betmng or tcmL deletion
mutants to make TCM F2 in vitro, and that the molecular mass of the purified complex was 90 kd as
estimated by gel filtration chromatography. The TCM PKS activity was reconstituted with purified protein
components, indicating that the minimal set of proteins required to make TCM F2 included the ketosynthase
complex (TcmKL), an acyl carrier protein (TcmM), a malonyl CoA:ACP acyltransferase (MAT), and a
cyclase (TcmN). The MAT was required to catalyze the transacylation between malonyl-CoA and TcmM,
although a relatively slow spontaneous transacylation also occurred in a reaction without the MAT. Acetyl-
CoA, the proposed starter unit for the TCM PKS, was not required for the production of TCM F2 in
vitro, although it could be incorporated into this polyketide to a small extent. TcmJ, a PKS protein without
a known function, greatly increased the production of TCM F2 but could not replace TcmN as a cyclase
in the reconstituted system.

Polyketide synthases (PKSgptalyze the biosynthesis of 15 years. Clusters of genes that govern this process have
a large group of natural products, many of which are been identified, cloned, and characterized functionally (
medically important or have other pharmacological activities 2). Considerable interest has been directed into analyzing
(1, 2). They have been classified as type | PKSs, which are the biosynthesis of the polyketide framework of natural
large multifunctional proteins with distinctive active sites for products, because this stage of the pathway determines the
every enzyme-catalyzed sted) 4); and type |l PKSs, which  size and most of the chemical functionality of the final
have a separate polypeptide for each activity, use each activeproduct @, 2). For tetracenomycin (TCM) C biosynthesis
site iteratively, and typically produce polycyclic aromatic in Streptomyces glaucescerise tcmJ tcmK, tcml, tcmM,
compounds %). In both types, the PKS catalyzes the andtcmNgenes encode the PKS responsible for the forma-
sequential condensation of carboxylate units to a growing tion of the carbon skeletor¥(8); the actl-Orfl, -2, and 3
carbon chain in a manner that is similar to the biosynthesis genes plusctlll, actVIl, andactlV perform this role in the
of fatty acids by fatty acid synthases (FAS)-4). Interest actinorhodin (ACT) pathway istreptomyces coelicold®,
in understanding the biosynthesis of the polyketides has risen10). Biochemical characterization of most of the component
because of the potential for producing new polyketide- enzymes has been carried out in vivo by mutation of their
derived drugs by genetically engineered PKSs in recombinantgenes to identify the accumulated products Z) and by
microorganisms¥g, 6). combinatorial expression to identify their catalytic functions

Our knowledge about polyketide biosynthesis has ad- (3—6). Yet a detailed understanding of the mechanism and
vanced rapidly with the advent of studies of the molecular the properties of these enzymes cannot come from genetic
genetics of thé&treptomyceand related genera over the past studies alone.

: : _ Cell-free studies of the enzymology of type Il PKSs have
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fabB genes 15), was absolutely required 4), even though
Hitchman et al. 16) have reported that a MAT is not required

Biochemistry, Vol. 37, No. 22, 1998133

ThetcmMexpression plasmid, a variation of pWHM7(@) (
in which themelClpromoter was replaced with tleemBp*

for the acylation of many type Il PKS ACPs because these promoter by cloning an approximately 300 Kpnl—SpH

proteins, unlike typical FAS ACPs, are capable of self-

segment containingrmBp* into the Kpnl and SpH sites of

acylation (malonylation). Nonetheless, the minimal set of pWHM701, was introduced int8. lividansby transforma-
proteins needed to reconstitute the synthesis of ACT precur-tion, and the recombinant strain was grown in R2YE media

sors in vitro include the tetrameric K&;5, complex and
the ACP encoded by the threetl genes and thiabD MAT
(14).

TCM C biosynthesis is one of the current models for a
type Il PKS. Development of the cell-free biosynthesis of
TCM F2 (11) facilitated the purification and reconstitution
of the individual components of the TCM PKS. By using

(19) containing thiostrepton (1@g/mL). Assay and purifi-
cation of holo-TcmM were then carried out as descrit®d (
ThefabD MAT was purified fromE. coli. A plasmid for
expressingfabD under control of a phage T7 promoter
(pLH16, obtained from K. Reynolds) was introduced into
E. coli BL21 by standard mean&(@), and the recombinant
strain was grown at 37C in LB medium @0) with ampicillin

the protein extract from a recombinant strain, it was shown (50 #g/mL) overnight. When the culture reachedAag, of

that to make TCM F2 in vitro four genes encoding two KS
subunits (TcmK§]/TemL[5]), an ACP (TcmM), and a

0.6, IPTG was added (0.5 mM) and the culture grown for
another 4 h. Cells were harvested and proteins were

cyclase (TcmN) had to be expressed together in a TCM PKS-extracted as described by Shen et8). (The crude proteins

free S. glaucescenmutant (L1). Inclusion of thecmJgene
greatly increased the amount of TCM F2. TcmM had
previously been purified and characterized by its ability to
accept malonate in the MAT assa),(and the bifunctional
TcmN cyclaseD-methyltransferase was subsequently purified
and studied through its ability to catalyze tBemethylation

of TCM D3 to TCM B3 (12). Addition of TcmN purified
from Escherichia colior a Streptomycesp. to the protein
extract containing the TcmK, TcmL, and TcmM enzymes
restored the production of TCM F22). In the absence of

(5 mL) in 20 mM Tris-HCI buffer (pH 8.0, 10% glycerol,
0.1 M NaCl) were loaded onto a Sephacryl S-200 fast protein
liquid chromatography (FPLC) column (Pharmacia) and
eluted with the same buffer at 1 mL/min. The fractions with
MAT activity [assayed as described below by uskgcoli
FAS ACP (Sigma) as the acceptor of radioactive malonate]
were pooled and loaded onto a MonoQ FPLC column
(Pharmacia) and eluted with a gradient of the same buffer
containing NaCl from 0.1 to 0.6 M. The fractions with MAT
activity (the major peak) were pooled and concentrated with

TcmN, this crude protein extract produced a limited amount a Centriprep-10 (Millipore), and the purity was examined
of TCM F2 and other shunt compounds resulting from the by SDS-PAGE as described( 18) (Figure 1).

spontaneous cyclization of the TCM decaketide.
The presumed function of the TcmK and TcmL KS

A typical MAT assay solution contained 20 mM sodium
phosphate (pH 7.2), 2 mM DTT, 500 nM MAT, and the ACP

subunits is based on the high sequence similarity to their (54M) in afinal volume of 10QuL. The assay was initiated

counterparts in bacterial FAS&7%). Purification of these
subunits for reconstitution of the TCM PKS in vitro had to

be done to enable elucidation of the PKS mechanism;
however, a possible requirement for other protein compo-

nents to form TCM F2, some of which might not have been
identified in the genetic studies, increased the difficulty of

enzyme purification and in vitro reconstitution. Nevertheless,

by addition of 2uM [2-*C]malonyl-CoA (10 000 cpm) in

20 mM phosphoric acid (pH 3.5), kept at room temperature
for 1 min, and terminated by the addition of 100 of bovine
serum albumin solution (10 mg/mL) and 400 of a 20%
(v/v) trichloroacetic acid (TCA) solution. Precipitated
proteins were centrifuged, and the pellet was washed with a
10% TCA solution. The pellet was dissolvad 1 M Tris

by employing an enzyme assay based on recombinant straindase, and the transacylation activity was determined by liquid

lacking either TcmK or TcmL, we have been able to purify

scintillation counting.

the TcmK/TemL complex and then reconstitute the Tcm PKS ~ Plasmid Construction, Assay, and Purification of the

activity with the purified components, thereby establishing
the minimal number of enzymes required to make TCM F2.
We also report that th&. glaucescens fabMAT (18) is

TecmK/TemL KS SubunitsBefore TecmK and TemL were
purified, mutant strains were constructed with complementary
deletions in the TCM PKS genes. Plasmid pWHM722)(

absolutely required but that acetyl-CoA, the presumed starterwhich contains thecmKLMNgenes expressed under control

unit for assembly of the TCM decaketide, is not required in
vitro.

EXPERIMENTAL PROCEDURES

Chemicals, Bacterial Strains, and Plasmid Constructs
[**C]Malonyl-CoA (54 mCi/mmol) was obtained from Am-
ersham Life Science (England), artt(fJacetyl-CoA (18 Ci/
mmol) was from ICN Radiochemicals (USA). All other
chemicals were from Sigma Chemical Co. (USA). TtraN
andtcmMexpression plasmids were from previous wak (
12). TheE. coliBL21 strain was purchased from Stratagene
(USA), and the Streptomyces didans 1326 strain was
obtained originally from David Hopwood (England).

Assay and Purification of TcmM and the fabD MAThe

TcmM ACP was assayed for its ability to serve as an acceptor

of malonate from malonyl-CoA catalyzed by a MA®)(

of the strong, constitutivermEp* promoter, was digested
with Poul to remove a 915 base pair (bp) segment inside
tcmKand then religated. The resulting plasmid was digested
with Bcll andXbd to remove the 4.3 kbp segment containing
part of thetcmK and thetcmLMN genes, and this segment
was cloned intoEcdRl- and Xba-digested pWHM3, an
E. coli—Streptomycesshuttle vector Z1), along with
an 800 bpEcaRI—Bcll DNA segment from pWHM7327%)
containingermgEp* andtcmJd The resulting pWHM1001
plasmid contained theemJAKLMN genes expressed under
control ofermEp*and a thiostrepton resistance gene. The
tcmJKALMN expression vector (pWHM1002) was con-
structed from pWHM722 in the same manner by removing
a 969 bpScd—Nrul segment insidecmL.

For overexpression of themKL genes inStreptomyces
sp., a 3025 bKpnl—Mrol segment containingcmKL and
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promoterermEp*was isolated from pWHM722 and ligated
into pGEM-7Zf (Promega). The 3045 bRcoRI—Nsi
fragment from the resulting plasmid was ligated into
pWHM721 (11) to form plasmid pWwHM1003. The same
fragment was used to construct the fhisggedtcmKitcmL
expression plasmid pWHM1004 by ligating the fragment into
pWHM3, then removing a 135 bgBcll—Pst fragment
containing part ofcmJand part otcmK from the resulting
plasmid, and replacing it by a 102 bp linker. The linker
consisted of part ofcmK a [hisg] sequence whose codon
usage was optimized foBtreptomycesp. (U. Roos and
C.R.H., unpublished work), and a ribosome binding site.
Freshly transformed. lividans 1326 strains containing

Bao et al.

1.7 M ammonium sulfate and no glycerol. The TcmKL
activity was eluted with a linear 200 mL gradient from 1.7
to 0 M ammonium sulfate in buffer A with no glycerol at a
flow rate of 2.5 mL/min. After the gradient, the column
was eluted with 200 mL of buffer A without glycerol, and
then 15% (v/v) glycerol was added to the fractions exhibiting
TcmKL activity. Fractions containing this activity were
pooled, concentrated in a centrifuge by an ultrafiltration
device (Centriprep-30, Amicon), and subjected to gel filtra-
tion by FPLC on a Sephacryl S-200 chromatography column
(Pharmacia) in buffer A with 0.1 M NaCl. The column was
eluted at 1.0 mL/min, and 2 mL fractions were collected.
Fractions with TcmKL activity were pooled, and the proteins

any one of the plasmid constructs described above were firsttherein were bound to a DEAE BioGel A agarose (BioRad)

grown in 5 mL of R2YE medium containing thiostrepton
(20 ug/mL) in a rotary shaker (300 rpm, 3) for 48 h.
All the 5 mL culture was inoculated into 50 mL of R2YE

column. TcmKL activity was eluted with a 200 mL gradient
of NaCl from 0.1 to 0.6 M in buffer A. The fractions with
TemKL activity were pooled, concentrated by Centriprep-

medium and grown under the same conditions for 28 h. The 30, and, using a PD-10 column, desalted into buffer A at a

mycelial cells were pelleted by centrifugation (8000 min,

4 °C) and dissolved in 20 mL of glycerol (20%, v/v) as seed
and stored at-80°C. A5 mL portion of the seed was used
to inoculate 1.2 L of R2YE medium containing thiostrepton
(10 ug/mL) in a 2.5 L stirred fermenter (New Brunswick
BioFlo lic) and grown (3C°C, stirring rate of 400 rpm, air
flow rate of 1.5 L/min) for 30 h with automatic addition of
antifoam B (1%, v/v, Sigma) control. Cells were harvested
by centrifugation (800, 10 min, 4°C) and washed with

concentration of approximately 1 mg/mL.

The partially purified TcmK and TcmL proteins were
analyzed by gel filtration chromatography to determine the
size of the protein complex (Figure 2) and by SBEFSAGE
(3ug, 10-20% gradient gel, BioRad Ready Gel) (Figure 1)
to determine the purity. A concentrated protein sample (5
mg, 2 mL) of TcmKL was loaded onto a Sephacryl S-200
column (2.6x 60 cm) with buffer A containing 0.1 M NaCl
and eluted with the same buffer at 1 mL/min. Carbonic

10% sucrose (w/v), and then used to prepare a cell extractanhydrase (29 kd), bovine serum albumin (66 kd), alcohol

as described earliel). Ammonium sulfate (504 g/L) was

dehydrogenase (150 kd), ageamylase (200 kd) were used

added to the cell extract, and the precipitate was collectedto establish the standard curve using the partition coefficient

by centrifugation (25428 20 min, 4°C). The resulting
pellet was dissolved in 100 mM sodium phosphate (pH 7.2),
2 mM DTT, and 10% glycerol (v/v) (buffer A) and, using a
PD-10 column (Pharmacia), desalted into buffer A at a
concentration of 2.5 mg/mL.

The complete TCM PKS assay solution (2B0) con-
tained 150uM [2-14C]malonyl-CoA (10 000 cpm), 2 mM
DTT, 20uL of TcmK/TcmL crude extract or fractions from
purification chromatography, and o (0.5 mg) of protein
from the ttmJAKLMN or tcmJKALMN strains in 0.1 M

Ko (22).

To purify [hiss]-tagged-TcmK/TemLS. lividanscontain-
ing pWHM1004 was used in the procedures described above.
After gel filtration chromatography, the [R]sTcmKL activ-
ity was bound to a nickel affinity column (Novagen) in buffer
A without DTT. A step gradient of imidazole from 0.2to 1
M was applied to the column to elute the §}#$cmKL ac-
tivity. Fractions with the desired activity were concentrated
with a Centriprep-30, the eluting buffer was replaced with
buffer A using a PD-10 column, and the resulting solution

sodium phosphate buffer (pH 7.5). The assays were initiatedwas analyzed on SDSAGE (16-20% gradient gel) (Fig-

by addition of malonyl-CoA, incubated at 3C for 60 min,
and terminated by addition of 150 mg of N#D,. The
products were extracted with 2 400 uL of ethyl acetate,

ure 1) and used in the reconstitution of TCM PKS activity.
In Vitro Reconstitution of TCM PKS Acity. The
complete reaction solution (25@L) consisted of 15:M

and the combined extracts were dried under vacuum in [2-“C]malonyl-CoA (16 000 cpm), 2 MM DTT, bM ACP,

Eppendorf tubes. After addition of acetonitrile (ZQ) to

the tube, the solution was subjected to analysis by high-

performance liquid chromatography (HPLC) on a Waters
Radi-Pak Gg column (5 mm, 8x 100 mm). The column
was run with a linear gradient of acetonitrile®fglacial
acetic acid from 20:80:0.1 to 60:40:0.1 (v/v) in 10 min at 2
mL/min. TCM F2 was eluted with a retention time of 7.8
min.

To purify the TcmK/TemL proteinsS. lividanscontaining

2 uM TcmN, 2 uM TecmKL complex, and 1uM MAT in

0.1 M phosphate buffer (pH 7.2). TcmM (1 mg/mL) was
purified as described8], and TcmN (2.5 mg/mL) was
purified fromE. coli as described by Shen and Hutchinson
(12). To study the function of TcmJ in polyketide biosyn-
thesis, a [hig]-tcmJoverexpression plasmid iB. coli was
made. A 1.4 kbgKpnl—BanHI fragment from pWHM765
(7) containingtcmJwas ligated into pGEM-7Zf. A 900 bp
Kpnl—Narl fragment in front ofttmJ was removed and

pWHM1003 was grown and the cells were harvested as replaced with a 51 bp linker containing &lud restriction

described above. The cells were lysed in buffer A without
glycerol as described.{) and centrifuged (2542 20 min,
4 °C) to obtain a crude cell-free extract. Ammonium sulfate
(226 g/L) was dissolved into the crude extract, and the
solution was centrifuged (2548020 min, 4 °C). The

site and sequence modifications that were more compatible
with E. coli codon usage. The 540 bpdd—BanHlI
fragment was inserted into pET16b (Novagen) to form
plasmid pWwHM1005. Transformation of the plasmid into
E. coli, cell growth, induction of protein expression, and

supernatant was applied to a Phenyl Superose CL-4 FPLCcrude protein extraction were done as described above for

column (Pharmacia) and washed with buffer A containing

the fabD plasmid. A 5uL portion of the crude protein
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Table 1: TCM PKS Activity in Reconstitution Assays

rel yield of
entry proteins TCM F2 (%} 97.4
1 TcmJIKLMN 100
2 [hiss]-TemKL+TecmAKLMN 100 66.2
3 [hiss]-TcmKL+TcmJIKALMN 100 0
4 TecmAKLMN +TecmJIKALMN —c 227
5 [hisg]-TecmKL+TecmM+TecmN+MAT 25d ’
6  [his)-TcmKL+TcmM+TcmN - 40.0
7 TemM+TemN+-MAT -
8 [hisg]-TecmKL+TcmM+MAT —c 34.0
9 [hisg]-TecmKL+TcmN+MAT - ’
10 5+Temd 100
11 5+oxaloacetatecitrate synthase 25
12 5+acetyl CoA 25 215
aThe actual yields were determined from the amount of radioactivity
associated with the TCM F2 peak in the HPLC chromatogram (cf.
Figure 3A and Figure 3C). Figure 3B represents the control for these 14.4
experiments? The same time and amounts of total protein and
[2-*C]malonyl-CoA were used in each assay for entriegtlbut the kd
amounts of TcmJ, TcmKL, TcmM, TcmN, and FabD MAT are A B C D E F G

unknown. Therefore, the relative yields for these entries may not be ] .
comparable with those for entries-32. ¢ A small amount of TCM F2 FiGUre 1: SDS-PAGE of TCM PKS proteins. Lanes A and G,

was produced! The same time and amounts of each protein and Molecular mass markers; lane B, TcmKL after DEAE-agarose

[2-1C]malonyl-CoA were used in each assay for entried3. chromatography; lane C, purified [gjsTcmKL; lane D, TcmN;
lane E, MAT; lane F, TcmM.

extract (3 mg/mL) was used in the reconstitution reactions. ) o
Reaction initiation, termination, ethyl acetate extraction, and COmplement both deletion mutants to make TCM F2 in vitro,
HPLC analysis were done as described above. To examing2S did the preparation containing [§i§cmK plus TemL

the necessity for acetyl-CoA in the production of TCM F2, (Table 1). . o
oxaloacetic acid (final concentration, 108 to 1 mM) and Successful development of this assay allowed purification
citrate synthase (Sigma, 6-1 unit) were added to the Ofthe TcmKand TemL protein complex. After fractionation
malonyl-CoA, and this mixture was added to the reconstitu- Py 1.7 M ammonium sulfate precipitation, the TcmK/TcmL
tion reaction. A coupled malate dehydrogenase and citrate@ctivity was found in the supernatant. Following hydropho-
synthase assay was used to measure the amount of acetyRiC interaction chromatography, the activity was recovered
CoA available to the TCM PKS reactions. The assay solu- IN the fractions with a low concentration of ammonium
tion consisted of 6.7 mM malate, 1.7 mM NAD, 56 units of Sulfate (<0.1 M). The TemK/TcmL activity was further
malate dehydrogenase, and 0.1 unit of citrate synthase in 20Tactionated using gel filtration chromatography on Sephacryl
mM sodium phosphate buffer (pH 7.2). The assays were S-200 and anion exchange chromoatography on DEAE-Bio
initiated by addition of acetyl-CoA or malonyl-CoA into the ~G€l A agarose. After the latter step, TcmK and TemL were
solution in cuvettes to measure the absorbance change at 3481€ major bands observed upon SEFAGE analysis (Figure

nm. 1, lane B), suggesting that the KS subunits copurified. About
4 mg of protein was obtained at this step from a 1.2 L culture.
RESULTS AND DISCUSSION To expedite further purification, [hisTcmK/TcmL was

Properties of TcmK and TemL CompleXo purify TcmK produced and purified by nickel affinity chromatography.
and TcmL, we first developed an assay to identify the activity About 250u9 of [hiss]-TcmKL could be obtained from a
of the enzymes on the basis of their ability to restore TCM 1.2 L culture. The nearly pure TcmKL and fully pure [§is
F2 production in cell-free extracts lacking either protein but TcmKL complex (Figure 1, lane C) complemented protein
containing all of the other components of the TCM PK$)( extracts made from bottcmJAKLMN and tcmJKALMN
Since genetic studies had shown that at least the TcmK,deletion mutant strains to make TCM F2 in vitro (Table 1).
TcmL, TcmM, and TecmN proteins were required, plasmids  The fact that TcmK and TcmL were copurified by the
for overexpression of thecmJAKLMN or tcmJKALMN above procedure suggested the two proteins were associated
genes were constructed and introduced i&tdividans by in a complex. Sephacryl S-200 gel filtration chromatography
transformation and cell-free extracts prepared as describedvas used to determine the molecular mass of the complex
(12). When crude protein extracts made from recombinant (Figure 2). The apparent molecular mass was 90 kd,
E. coli or Streptomycestrains overexpressing either of the suggesting am dimer containing 1 equiv each of TcmK
nativetcmKor tcmLgenes were added to the latter extracts, (calculated molecular mass 45 kd) and TcmL (calculated
TCM F2 biosynthesis was not restored. Furthermore, crudemass 42 kd) in the complex. When purified H$cmKL
protein extracts from the strain with themJAKLMN genes was analyzed by SDSPAGE, equal amounts of TcmK and
did not complement the protein extract made from the TcmL were seen, consistent with a 1:1 ratio of TcmK to
tcmJKALMN strain to make TCM F2 in vitro (Table 1). TcmL in the complex (Figure 1, lane C). Itis not known if
Since these results suggested that we could not study Tcmkthe difference in the number of subunits in the KS complex
and TcmL separately, we overexpressed titraKL genes between the ACT and TCM PKS has any particular
together inS. lividansto obtain the KS subunits. The crude significance; e.g., could it be related to the difference in the
protein preparation made from the latter strain was able to size of the polyketide framework made (octaketide vs
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0.75
Carbonic anhydrase
0.50 —
Kp Boving serum
albumin TemKL
0.25 |
Alcohol dehydrogenase
B-amylase
0
| T |

4.4 4.8 52 5.6

Log[molecular weight]
Ficure 2: Estimation of the molecular weight of the TcmKL
complex by gel filtration chromatographit, = (Ve — Vo)/(V; —
Vo). Vo and V; were determined using blue dextran and tyrosine,
respectively.

decaketide) or the presence of the Actlll ketoreductase in
the ACT PKS [Actlll is not absolutely required 8, 14) but
could be important for optimal activity]?

Reconstitution of TCM F2 ProductiorPurification of the
TcmKL complex made the in vitro reconstitution of TCM
PKS activity possible. Although we had established previ-
ously that a protein extract from a TCM PKS-minus strain
overexpressing themKLMNgenes made TCM F2 in vitro
(11), the absence of a MAT gene in the TCM gene cluster
had led us to suggest that t&e glaucescensabD MAT,
located elsewhere in the chromosome, might catalyze the
transfer of malonate from malonyl-CoA to TcmM as part of
the TCM PKS mechanisml(, 18). This possible link
between secondary (PKS) and primary (fatty acid) metabo-
lism was also noted foB. coelicolor(15). When the four
TCM proteins and the MAT were added to the reaction
solution along with malonyl-CoA, TCM F2 was produced
(Figure 3A and Table 1). Reactions without the TemKL
complex, TcmM, TecmN, or MAT (Figure 3B and Table 1)
resulted either in no TCM F2 production or only traces of
it. Purified TcmM could complement the crude protein
extract from strains containing only the TcmJ, TcmK, TemL,
and TcmN proteinsi(1), and purified TcmN could increase
the amount of TCM F2 in vitro ¥2), indicating the
participation of TcmM and TcmN in the production of TCM
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600 1500 TCMF2

400+ 1000

200 500 -

600 1500 =

400 1000

200 - 500

22507 5000

1500
2500
750

|

T T 1
4 8 12

Ficure 3: HPLC analysis with UV absorbance aH€ radioactivity
detection of TCM F2 production from malonyl-CoA in the TCM
PKS reconstitution assay. (A) Tcmkk TcmM + TemN + MAT;
(B) TcmKL + TcmM + TemN; (C) TemKL+ TemM + TemN

+ MAT + TcmJd. They axes scales are in arbitrary units.

B
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Ficure4: Acylation of TcmM with [234C]malonyl-CoA. Reactions
consisted of 2«M malonyl-CoA (10 000 cpm), 2 mM DTT, and 5
M TcmM in 20 mM phosphate buffer (pH 7.2). (A) Addition of

u
0.5uM MAT,; (B) without MAT.

fabD MAT was 20 times faster than the reactions without
this MAT. For example, when BM TcmM was incubated
with 2 uM [2-“C]malonyl-CoA, 35% of the substrate was
incorporated into TcmM in 10 min in the reactions without
MAT, while 80% of the [2“C]malonyl-CoA was incorpo-

F2. Consequently, the results from our previous and presentrated in 1 min in the reactions with 081 MAT (Figure

work prove that the TcmKL KS$3 complex, TcmM ACP,
TcmN cyclase, and FabD MAT proteins constitute the
minimal requirements for a functional TCM PKS in vitro.
MAT Is Required for Acylation of the TcmM ACIFrom
the in vitro reconstitution experiments described above, the
fabD MAT clearly is required for the reconstitution of TCM
PKS activity (Figure 3B). However, self-catalytic acylation
of several PKS ACPs with malonyl-CoA in the absence of
an MAT has been reported recentlygf. We also observed
that TcmM underwent self-acylation when incubated with
[2-1“C]malonyl-CoA (Figure 4), but the rate of self-acylation
was much slower than the reaction catalyzed by the MAT.
The initial rate of TcmM acylation in the reaction with the

4). Self-malonylation of TcmM could not account for the
amount of transacylation needed to make the quantity of
TCM F2 we observed by HPLC. In the PKS reconstitution
assay, 15:M malonyl-CoA was normally in the reaction
solution, and about 50% of the radioactivity was incorporated
into TCM F2in 1 h. Based on these data, it can be calculated
that self-acylation only could account for10% of the
malonyl-CoA incorporated into TCM F2.

The fabD MAT gene is found as part of putative FAS
gene clusters in botB. glaucescenél8) andS. coelicolor
(15). These genes are remote from the TCM and ACT gene
clusters, but MAT homologues are present in some other
clusters of antibiotic biosynthesis genes made by type I
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PKSs @3—25) and in the case of daunorubicin are known that mutation of the Ser-351 residue to Ala in a putative
to be essential for its productior?2®). The FabD MAT acyltransferase site in the C-terminus of TcrmiK)(did not
enzyme was studied in the TCM PKS system because of itsaffect the biosynthesis of Tcm F2 in viva29). This
ability to catalyze the transacylation of TcmM. Carreras and observation has been confirmed in vitro (W.B. and C.R.H.,
Khosla (4) showed that thé&. coelicolor fabDMAT was unpublished data). Since acetyl-CoA cannot be used directly
isolated as an essential component of ACT PKS activity and by the TCM PKS, it is likely that the acetate starter unit
suggested that this MAT is one possible regulatory point for arises by decarboxylation of malonyl-TcmM. Hints in favor
the control of primary and secondary metabolic flux. They of this idea have been reported earliéd,(13), and it is
further demonstrated that the MAT could covalently bind supported by the fact that acetyl-ACP, and not acetyl-CoA,
malonyl-CoA before transfer of the malonate to the ACT is a kinetically competent intermediate of the ACT PKS in
ACP. Although we could not observe any specific interac- vitro (30). Precedents for the origin of propionate starter
tion between thes. glaucescens fabMAT and malonyl- units from the decarboxylation of 2-methylmalonyl-CoA
CoA (W.B. and C.R.H., unpublished data), the requirement have been described for modular type | PKSs4). In
for this MAT in the TCM PKS reconstitution assay further contrast, the type Il PKSs for the aromatic polyketides that
demonstrates the necessity of this primary biosynthesisuse propionate (daunorubicin) or malonamide (oxytetracy-
enzyme in secondary metabolism. cline) as a starter unit may require a dedicated M23—
Acetyl-CoA Is Not Required for the Production of TCM 26), or even a KS different from the TcmKL homologues
F2. Acetyl-CoA, the presumed starter unit for the TCM (23, 24, 26), to initiate polyketide synthesis since neither of
decaketide intermediate, was not a required substrate for thehese starter units can be produced directly from malonyl-
TCM PKS to produce TCM F2 in the reconstitution assay. ACP.
When [14‘Clacetyl-CoA was incubated with the reaction TemJd Increased the Production of TCM F2 but Could Not
mixture 30 min before the addition of malonyl-CoA, a low Replace the TcmN Cyclasélhe biochemical function of
incorporation of radioactivity into TCM F2 was detected TcmJ is not clear from our previous studies. Although its
(data not shown), which may be due to dilution of the acetyl- gene lies immediately upstream of ttmmKLMN genes, a
CoA pool by the decarboxylation of malonyl-CoA. When strain with an in-frame deletion itcmJ still made TcmC
[1-Clacetyl-CoA and malonyl-CoA were added to the (31). Addition of tcmJto the tcmKLMN gene cassette
reaction at the same time, no radioactive TCM F2 was expressed irStreptomycesp. increased the production of
detected, and inclusion of acetyl-CoA in the reaction did not TCM F2 in vivo (31, 32) and in vitro (L1). Because of this
produce a different amount of TCM F2 (Table 1). Nonethe- apparent enhancement of PKS activity, TcmJ has been
less, these results do not exclude the participation of acetyl-presumed to have a possible role in the cyclization of the
CoA in the reaction since it still could arise from the polyketide backbone. In our reconstitution assay, addition
decarboxylation of malonyl-CoA to serve as the starter unit. of partially purified [hig]-TcmJ to the reaction greatly
In the tricarboxylic acid cycle, acetyl-CoA and oxaloacetic increased the production of TCM F2 (Figure 3C, Table 1),
acid form citric acid by a Claisen condensation, catalyzed but when the assay contained TcmJ instead of TcmN, no
by citrate synthase. Since the reaction highly favors citrate more TCM F2 was produced than in the reactions without
formation thermodynamically2(), to test whether acetyl- TcmJ or TcmN (W.B. and C.R.H. unpublished data).
CoA was necessary for the production of TCM F2 in our Consequently, it seems that TcmJ is an architectural protein
reconstitution assay, we mixed oxaloacetic acid and citrate that enhances TCM PKS activity without playing a catalytic
synthase with malonyl-CoA and then added this mixture to role, and not just evolutionary detritus.
the TCM PKS reconstitution assay solution. This did not
affect the amount of TCM F2 produced (Table 1). As a ACKNOWLEDGMENT
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