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FK506 is an important 23-member polyketide macrolide with immunosuppressant activity. Its entire biosynthetic gene cluster
was previously cloned from Streptomyces sp. strain KCTC 11604BP, and sequence analysis identified three putative regulatory
genes, tcs2, tcs7, and fkbN, which encode proteins with high similarity to the AsnC family transcriptional regulators, LysR-type
transcriptional regulators, and LAL family transcriptional regulators, respectively. Overexpression and in-frame deletion of tcs2
did not affect the production of FK506 or co-occurring FK520 compared to results for the wild-type strain, suggesting that tcs2 is
not involved in their biosynthesis. fkbN overexpression improved the levels of FK506 and FK520 production by approximately
2.0-fold, and a deletion of fkbN caused the complete loss of FK506 and FK520 production. Although the overexpression of tcs7
decreased the levels of FK506 and FK520 production slightly, a deletion of tcs7 caused 1.9-fold and 1.5-fold increases in FK506
and FK520 production, respectively. Finally, fkbN overexpression in the tcs7 deletion strain resulted in a 4.0-fold (21 mg liter�1)
increase in FK506 production compared to that by the wild-type strain. This suggests that fkbN encodes a positive regulatory
protein essential for FK506/FK520 biosynthesis and that the gene product of tcs7 negatively regulates their biosynthesis, demon-
strating the potential of exploiting this information for strain improvement. Semiquantitative reverse transcription-PCR (RT-
PCR) analyses of the transcription levels of the FK506 biosynthetic genes in the wild-type and mutant strains proved that most of
the FK506 biosynthetic genes are regulated by fkbN in a positive manner and negatively by tcs7.

FK506 (Tacrolimus) is a clinically important drug used to pre-
vent the rejection of transplanted organs and treat autoim-

mune diseases (28). FK506 also shows promising therapeutic po-
tential as a neuroprotective (35) and neuroregenerative agent (7).
FK506 and its structurally related macrolide polyketide FK520, in
which the allyl side chain at carbon 21 of FK506 is replaced by an
ethyl side chain, are 23-member polyketide macrolides produced
by various Streptomyces species (16, 24) (Fig. 1A). Since the first
isolation of FK506 from Streptomyces tsukubaensis (16), its biosyn-
thetic gene cluster has been partially sequenced in Streptomyces sp.
strain ATCC 55098 (MA6858) (26), Streptomyces sp. strain ATCC
53770 (MA6548) (25), and S. tsukubaensis NRRL 18488 (8). Re-
cently, the sequences of the entire FK506 biosynthetic gene clus-
ters from Streptomyces sp. ATCC 55098, Streptomyces sp. strain
KCTC 11604BP, and Streptomyces kanamyceticus were reported
(24). The complete biosynthetic gene cluster of FK520 was also
isolated from Streptomyces hygroscopicus var. ascomyceticus ATCC
14891 (39). Because the only difference between FK506 and
FK520 is the C-21 side chain, they are synthesized in an analogous
manner using a hybrid polyketide synthase (PKS)/nonribosomal
peptide synthetase (NRPS) system except that an allymalonyl-co-
enzyme A (allymalonyl-CoA) extender unit is loaded onto mod-
ule 4 of FK506 PKS, whereas an ethylmalonyl-CoA is loaded onto
the corresponding module of FK520 PKS (24). Therefore, 14 fkb
genes, which contribute to the common structural elements of
FK506 and FK520, and 1 putative regulatory gene (fkbN) are well
maintained and organized identically in the FK506 and FK520
clusters. Four genes required for the synthesis of allymalonyl-CoA
(tcsA, tcsB, tcsC, and tcsD) are present only in FK506 clusters,
whereas genes for ethylmalonyl-CoA synthesis in the FK520 clus-
ter (fkbE, fkbS, and fkbU) were not found in any of the FK506
clusters (24). Interestingly, one of the putative regulatory genes,
fkbN, was observed in all FK506- and FK520-producing strains,

but tcs2 and tcs7 were present only in the Streptomyces sp. KCTC
11604BP strain (Fig. 1B) (24). The tcs2, tcs7, and fkbN genes en-
coded an AsnC family transcriptional regulator (18), LysR-type
transcriptional regulator (10), and LAL (large ATP-binding regu-
lators of LuxR) family regulator (6, 30), respectively. However, the
roles of these putative regulatory genes, including fkbN, found in
both the FK506 and FK520 biosynthetic gene clusters have not
been reported.

Generally, two types of regulators, pathway specific and global,
control the production of several secondary metabolites produced
by a Streptomyces strain. The pathway-specific regulatory genes
are located on the biosynthetic gene clusters of secondary metab-
olites; they affect only the production of their own secondary me-
tabolites directly. The global regulatory genes exert pleiotropic
control over multiple aspects of secondary metabolism, such as
antibiotic production and morphological differentiation. They
are located outside the biosynthetic gene cluster and have an in-
direct influence on secondary metabolite production (2, 22, 37).
Many of the pathway-specific regulators belong to the SARP
(Streptomyces antibiotic regulatory protein) family regulators (2),
as exemplified by ActII-ORF4, for actinorhodin biosynthesis,
from Streptomyces coelicolor A3 (2) (1), and DnrI, for doxorubicin
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biosynthesis, from Streptomyces peucetius (33). On the other hand,
other regulatory proteins belonging to other families, such as the
LAL family, also function as pathway-specific regulators. In par-
ticular, genes encoding LAL family members, such as FkbN, have
recently been found in several polyketide biosynthetic gene clus-
ters (9, 12, 17, 19, 27, 29, 38, 39).

This study examined the functions of tcs2, tcs7, and fkbN in the
regulation of FK506 biosynthesis in Streptomyces sp. KCTC
11604BP through the overexpression, in-frame deletion, comple-
mentation of tcs7 and fkbN deletion mutants, and transcriptional
analysis of FK506 biosynthetic genes by semiquantitative reverse
transcription-PCR (RT-PCR) in the wild-type and mutant strains.
These results provide valuable information to help understand the
pathway-specific regulatory mechanisms of fkbN and tcs7 in Strep-
tomyces sp. KCTC 11604BP and demonstrate the potential of ma-
nipulating regulatory genes to increase the level of FK506 produc-
tion in industrial production strains.

MATERIALS AND METHODS
Strains, plasmids, and culture conditions. All strains and plasmids used
in this study are described in Table 1. Standard media and culture condi-
tions were used (15, 31). Ampicillin (100 �g ml�1), apramycin (50 �g
ml�1), and nalidixic acid (25 �g ml�1) were added selectively to the
growth media as required. Spores of all strains were generated on ISP4
medium (34), and seed culture for production culture was prepared in
liquid R2YE medium (15) with or without apramycin, as described pre-

viously (23). For FK506 and FK520 production, all strains were inoculated
into baffled 250-ml flasks containing 50 ml R2YE medium with or without
apramycin at pH 7.2 and with 500 �l of a seed culture suspension and
grown on an orbital shaker (180 rpm) for 6 days at 28°C.

Gene overexpression, disruption, and complementation. DNA ex-
traction and manipulation, as well as the transformation of Escherichia coli
and Streptomyces, were performed using standard protocols (15, 31). The
integrative E. coli-Streptomyces vector pSET152 (3) derivative containing
the ermE* promoter (PermE*) (32) was used for gene expression in Strep-
tomyces sp. KCTC 11604BP. For overexpression of the three putative reg-
ulatory genes (tcs2, tcs7, and fkbN) in Streptomyces sp. KCTC 11604BP, the
overexpression plasmids were constructed by PCR amplification of the
fragments of the three genes from fosmid DNA derived from Streptomyces
sp. KCTC 11604BP (fos1004F01 and fos1006D05; GenBank accession no.
HM116536). Primer pairs Tcs2OF/Tcs2OR, Tcs7OF/Tcs7OR, and
FkbNOF/FkbNOR were designed to PCR amplify the DNA fragments
containing tcs2, tcs7, and fkbN, respectively (see Table S1 in the supple-
mental material), and all primers for PCR amplification of tcs2, tcs7, and
fkbN were designed to contain their natural ribosomal binding sites
(RBS). A total of 3 PCR fragments (489 bp for tcs2, 1,452 bp for tcs7, and
2,793 bp for fkbN) were cloned separately using the pGEM-T Easy vector
(Promega) and sequenced. After digestion with the appropriate restric-
tion enzymes, the fragments were cloned into the BglII-XbaI site of the
pSET152 derivative containing the ermE* promoter, yielding pTCS2,
pTCS7, and pFKBN (Table 1). These plasmids were then transferred by
conjugation from E. coli ET12567/pUZ8002 (21) to Streptomyces sp.
KCTC 11604BP, as described elsewhere (23). Site-specific integration of

FIG 1 Structures of FK506 and FK520 (A) and genetic organization of the FK506 biosynthetic gene cluster from Streptomyces sp. KCTC 11604BP (B). The
putative regulatory genes (tcs2, fkbN, and tcs7) are black. tcsA, tcsB, tcsC, and tcsD, allylmalonyl-CoA biosynthetic genes; fkbG, fkbH, fkbI, fkbJ, and fkbK,
methoxymalonyl-ACP biosynthetic genes; fkbA, fkbB, and fkbC, polyketide synthase (PKS) genes; fkbL and fkbP, pipecolate biosynthesis and PKS condensation-
related genes; fkbO, dihydroxycyclohexanecarboxylic acid (DHCHC) biosynthetic gene; fkbQ, type II thioestease gene; fkbD and fkbM: post-PKS genes.
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the plasmid into the attB chromosomal site allowed selection of the apra-
mycin-resistant exconjugants.

E. coli-Streptomyces shuttle vector pKC1139 (3) was used for in-frame
gene deletion. The tcs2 deletion mutant (�tcs2) was constructed previ-
ously (24). To delete tcs7 and fkbN, the deletion plasmids were con-
structed by PCR amplification of the left and right flanking fragments
from fosmid DNA derived from Streptomyces sp. KCTC 11604BP
(fos1004F01 and fos1006D05). The primer pairs Tcs7LF/Tcs7LR and
FkbNLF/FkbNLR were designed to amplify the left flanking fragments of
the target genes (see Table S1 in the supplemental material), whereas
Tcs7RF/Tcs7RR and FkbNRF/FkbNRR were designed for the right flank-
ing fragments (see Table S1 in the supplemental material). A total of four
PCR fragments were cloned separately in the pGEM-T Easy vector and
then sequenced. After digestion with the appropriate restriction enzymes,
the fragments were cloned into pKC1139 that had been digested with
HindIII-EcoRI or XbaI-EcoRV to construct the two different in-frame
deletion plasmids, namely, p�TCS7 and p�FKBN (Table 1). These plas-
mids were then transferred to Streptomyces sp. KCTC 11604BP, as de-
scribed above. The desired double-crossover mutants, namely, �tcs7 and
�fkbN, were selected as described previously (24), verified by PCR, and
confirmed selectively by Southern blot analysis.

For complementation, the pTCS2, pTCS7, and pFKBN plasmids were
introduced into the �fkbN strain by intergenic conjugation. The pTCS7
and pFKBN plasmids were also introduced into the �tcs7 strain. Site-
specific integration of the plasmids into the attB chromosomal site al-
lowed the selection of apramycin-resistant exconjugants.

Analysis of cell growth and FK506 production. To measure cell
growth, samples (50 ml) of the fermentation broth were collected at 24-h
intervals, starting at 24 h after inoculation. The mycelia were collected and
weighed, as described previously (23). Wild-type, �tcs2, �tcs7, and
�fkbN strains were grown in 50 ml of liquid R2YE medium on an orbital
shaker (180 rpm) for 6 days at 28°C. WT/pSET152(PermE*), WT/pTCS2,
WT/pTCS7, WT/pFKBN, �fkbN/pTCS2, �fkbN/pTCS7, �fkbN/pFKBN,
and �tcs7/pFKBN were grown in 50 ml of liquid R2YE medium contain-
ing 50 �g ml�1 apramycin, as described above. The levels of FK506 and
FK520 production were determined by high-performance liquid chroma-
tography (HPLC), as described previously (23). Authentic FK506 (Sigma-
Aldrich) and FK520 (Santa Cruz Biotechnology) standards were used to
construct a calibration curve of FK506 and FK520, respectively, by HPLC
analysis. The levels of FK506 and FK520 production reported are the
averages of two series of duplicate separate cultivations and extractions.

TABLE 1 Bacterial strains and plasmids used in this study

Strain, plasmid, or fosmid Characteristicsa Source or reference(s)

Strains
Escherichia coli

DH5� Plasmids construction and general subcloning, F� recA lacZ�M15 New England Biolabs
ET12567/pUZ8002 Nonmethylating ET12567 containing nontransmissible RP4 derivative plasmid pUZ8002;

Cmlr Tetr Kanr

21

Streptomyces
KCTC 11604BP Wild-type FK506-producing strain 24
WT/pSET152(PermE*) Wild-type stain with integrative plasmid pSET152(PermE*) This study
WT/pTCS2 Wild-type with integrative plasmid pTCS2; Aprar This study
WT/pTCS7 Wild-type with integrative plasmid pTCS7; Aprar This study
WT/pFKBN Wild-type with integrative plasmid pFKBN; Aprar This study
�tcs2 Mutant of KCTC 11604BP with an in-frame deletion internal to tcs2 24
�tcs7 Mutant of KCTC 11604BP with an in-frame deletion internal to tcs7 This study
�fkbN Mutant of KCTC 11604BP with an in-frame deletion internal to fkbN This study
�tcs7/pFKBN �tcs7 with integrative plasmid pFKBN; Aprar This study
�fkbN/pTCS2 �fkbN with integrative plasmid pTCS2; Aprar This study
�fkbN/pTCS7 �fkbN with integrative plasmid pTCS7; Aprar This study
�fkbN/pFKBN �fkbN with integrative plasmid pFKBN; Aprar This study

Plasmids
pCCFOS1(fosmid) Vector for genomic library construction; F� oriV Cmlr Epicentre Biotechnol.
pGEM-T Easy E. coli vector for cloning PCR products; Ampr Promega
pSET152(PermE*) Integrative plasmid containing PermE*, oriT, attP, �C31 int, and aac(3)IV 3, 31
pKC1139 Temperature-sensitive E. coli-Streptomyces shuttle vector containing oriT and aac(3)IV for

gene disruption
3

pTCS2 pSET152(PermE*)-based integrative plasmid containing single copy of tcs2; Aprar This study
pTCS7 pSET152(PermE*)-based integrative plasmid containing single copy of tcs7, Aprar This study
pFKBN pSET152(PermE*)-based integrative plasmid containing single copy of fkbN; Aprar This study
p�TCS2 pKC1139 based deletion plasmid with in-frame deletion of 171 bp internal to tsc2 This study
p�TCS7 pKC1139-based deletion plasmid with in-frame deletion of 888 bp internal to tsc7 This study
p�FKBN pKC1139-based deletion plasmid with in-frame deletion of 2,772 bp internal to fkbN This study

Fosmids
fos1004F01 Fosmid clone; contains bases 1-40 and 366 of FK506 biosynthetic gene cluster 24
fos1006D05 Fosmid clone; contains bases 58, 172–197, and 743 of FK506 biosynthetic gene cluster 24

a F�, does not carry the F plasmid; recA1, for reduced occurrence of unwanted recombination in cloned DNA; lacZ�M15, partial deletion of the lacZ gene, which allows �

complementation of the �-galactosidase gene; Cmlr, chloramphenicol resistance; Tetr, tetracycline resistance; Kanr, kanamycin resistance; Aprar, apramycin resistance; Ampr,
ampicillin resistance; oriV, origin of replication; oriT, origin of transfer; attP, plasmid �C31 attachment site; �C31 int, integrase gene; aac(3)IV, apramycin resistance gene; PermE*,
mutated constitutive promoter.
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Isolation of mRNA and gene expression analysis by RT-PCR. Total
RNA was isolated from the wild-type and mutant strains of Streptomyces
sp. KCTC 11604BP, which had been grown in liquid R2YE medium with
or without apramycin, as described previously (14). The RNA prepara-
tions were treated with DNase I (Qiagen) to eliminate possible chromo-
somal DNA contamination. RT-PCR was performed with a Qiagen
OneStep RT-PCR kit using 100 ng of the total RNA as the template. RT-
PCR conditions were as follows: cDNA synthesis, 50°C for 30 min fol-
lowed by 95°C for 15 min; amplification, 35 cycles of 94°C for 1 min, 54°C
for 1 min, and 72°C for 40 s. The cycle number for each gene was opti-
mized in order to obtain enough visibility of the RT-PCR band and ensure
that amplification was in the linear range and the results were semiquan-
titative. The primers were designed to generate PCR products of approx-
imately 500 bp using the primers pairs listed in Table S1 in the supple-
mental material. With each pair of primers, the negative controls were
carried out with Taq DNA polymerase (Stratagene) in the absence of
reverse transcriptase to confirm that the amplified products were not de-
rived from chromosomal DNA. The RT-PCR experiments were done in
duplicate using RNA samples from two independent cultures.

RESULTS AND DISCUSSION
Sequence analysis of the putative regulatory genes present in the
FK506 biosynthetic gene cluster. The deduced products of tcs2
(155 amino acid residues) and tcs7 (474 amino acid residues)
showed high sequence similarity to members of the AsnC family
of transcriptional regulators (18) and LysR-type transcriptional
regulators (10), respectively. The deduced product of fkbN (923
amino acid residues) showed high sequence similarity to members
of the LAL family of transcription regulators, whose genes are
often found in the polyketide biosynthetic gene clusters of Strep-
tomyces (9, 12, 17, 19, 27, 29, 38, 39). Members of this family,
which are typified by the regulator of the maltose regulon in E. coli,
MalT (6, 30), are characterized by two distinct domains, the N-
terminal ATP-binding domain and C-terminal LuxR-type HTH
DNA binding domain (12, 38). An analysis of the FkbN deduced
amino acid sequence revealed the presence of these two functional
domains (data not shown). In addition, BLAST analysis of FkbN
revealed its high identity/similarity to the known Streptomyces
LAL-type regulatory proteins: 72%/83% with FkbN of the FK520
cluster (39), 59%/72% with RapH (19), 34%/47% with PikD (38),
37%/50% with GdmRII (9), 34%/43% with TmcN (12), and 32%/
44% with AveR (17). One noteworthy feature of the fkbN gene is
that, like some known regulatory genes, it contains one TTA
codon, which is the rarest codon in the high-GC-content strepto-
mycete genome. This suggests the possibility that FkbN may play a
regulatory role in FK506 biosynthesis since the involvement of a
TTA codon in regulating cell differentiation and secondary me-
tabolism has been proposed for other actinomycetes (4, 20).

Overexpression of tcs2, tcs7, and fkbN. To examine the func-
tion of the putative regulatory genes tcs2, tcs7, and fkbN, the genes
were introduced into and overexpressed in the wild-type Strepto-
myces sp. KCTC 11604BP strain. To avoid the unexpected effect

caused by the existence of multiple copies of the plasmid itself, the
constructs pTCS2, pTCS7 and pFKBN were prepared based on the
integrative expression plasmid pSET152 for overexpression (Ta-
ble 1). As a control, pSET152 (PermE*) was introduced into the
wild-type strain. There were no differences in FK506 production
and growth or morphology between the exconjugants with
pSET152 and the wild-type strain when grown in R2YE medium
(data not shown).

As listed in Table 2, measurements of FK506 production of the
WT/pFKBN strain showed that the FK506 titer increased signifi-
cantly (11.1 mg liter�1), which is approximately 2.1 times higher
than that in the wild-type strain after 5 days of cultivation. More-
over, the level of production of FK520, which is a by-product
of FK506 biosynthesis generated by the misincorporation of eth-
ylmalonyl-CoA instead of allylmalonyl-CoA at module 4 of FK506
PKS (24), was also increased approximately 2.0-fold in WT/
pFKBN compared to the wild-type strain. In contrast, the titers of
FK506 and FK520 in WT/pTCS7 were slightly lower than those
observed in the wild-type strain. tcs2 overexpression did not have
any observable effects on the levels of FK506 or FK520 production.
This is consistent with a previous study, which reported that the
in-frame deletion of tcs2 did not affect the biosynthesis of FK506
or co-occurring FK520 (24). This indicates that FkbN plays a sig-
nificant role as a positive regulator and Tcs2 plays no observable
role in FK506 and FK520 biosynthesis in Streptomyces sp. KCTC
11604BP. However, the role of Tcs7 could not be clearly deter-
mined by its overexpression. Furthermore, a LAL family regula-
tor, FkbN, in the FK506 biosynthetic cluster of Streptomyces sp.
KCTC 11604BP, probably caused the increased expression of
FK506 biosynthetic genes, as reported for other LAL family regu-
lators (13, 14).

Inactivation of tcs7 and fkbN by in-frame deletion and com-
plementation of the deletion mutants. To confirm the regulatory
roles of tcs7 and fkbN in FK506 biosynthesis, they were inactivated
by an in-frame deletion to avoid any polar effect. All in-frame
deletion mutants generated using pKC1139 were confirmed by
Southern hybridization (see Fig. S1, S2, and S3 in the supplemen-
tal material). The mutant strains �tcs2, �tcs7, and �fkbN showed
no change in their morphological phenotypes, compared to the
wild-type strain, when grown on solid ISP4 and R2YE plates (data
not shown). Interestingly, although the �tcs2 strain showed no
observable changes in FK506 or FK520 production as reported
previously (24), the �tcs7 strain gave rise to an approximately
1.9-fold increase in the level of FK506 production compared to the
wild-type strain (Table 2). In addition, the �tcs7 strain showed a
similar increase in FK520 production. These results provide
strong evidence that tcs7 is a negative regulator of FK506 or co-
occurring FK520 biosynthesis. In particular, the �fkbN strain
could not produce FK506 and FK520 (Table 2), suggesting that

TABLE 2 FK506 and FK520 titers from Streptomyces sp. KCTC 11604BP and mutant strains

Macrolide

Antibiotic titer (mg liter�1)a � SD for strain:

Wild type WT/pTCS2 WT/pTCS7 WT/pFKBN �tcs2 �tcs7 �fkbN �fkbN/pTCS2 �fkbN/pTCS7 �fkbN/pFKBN

FK506 5.22 � 0.65 5.18 � 0.27 4.51 � 0.98 11.1 � 0.48 5.12 � 0.51 9.89 � 0.98 NDb ND ND 5.24 � 0.71
FK520 0.65 � 0.06 0.61 � 0.03 0.59 � 0.08 1.39 � 0.04 0.61 � 0.08 0.97 � 0.82 ND ND ND 0.79 � 0.09
a Standard error values are the results of two series of duplicate data acquisition.
b ND, not detected.
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fkbN plays a key role as a positive regulator of the FK506 biosyn-
thetic pathway.

To confirm that the inactivation of fkbN was directly respon-
sible for eliminating the production FK506 and FK520, plasmid-
based complementation experiments in the �fkbN strain were
carried out by reintroducing fkbN as well as tcs2 and tcs7, plus their
putative RBS regions using pSET152(PermE*). Complementation
plasmids pTCS2, pTCS7, and pFKBN were transferred from E. coli
ET12567/pUZ8002 to the �fkbN strain. HPLC analysis confirmed
that FK506 and FK520 productivity was restored to levels compa-
rable to those observed in the wild-type strain in only the �fkbN
strain containing pFKBN (Table 2). This demonstrates that the
absence of fkbN is the sole reason for the loss of FK506 or co-
occurring FK520 productivity in the �fkbN strain and that FkbN
is a positive regulator. As expected, the overexpression of tcs2 and

tcs7 did not alter the phenotype of the �fkbN strain. Similarly,
self-complementation of �tcs7 by pTCS7 lowered the production
of FK506 and FK520 to the levels in the wild-type strain (data not
shown), showing that the deletion of tcs7 is responsible for the
enhanced production of FK506 and FK520.

To further exploit the positive role of FkbN and the negative
role Tcs7 in increasing FK506 biosynthesis, the fkbN gene was
overexpressed in the �tcs7 strain (�tcs7/pFKBN). HPLC analysis
of the culture broth extract of the �tcs7/pFKBN strain revealed a
considerable increase in the FK506 titer, approximately 4.0-fold
(21 mg liter�1) higher than the level present in the wild-type strain
(Fig. 2A and B). The FK506 production time courses of the wild-
type, �tcs7, WT/pFKBN, and �tcs7/pFKBN strains in the R2YE
medium revealed the maximal levels of FK506 at approximately 5
days (Fig. 2B). Moreover, there were no observed differences in

FIG 2 (A) HPLC analyses from ethyl acetate-extracted broths from the �tcs7/pFKBN strain (black line) and wild-type strain (gray line). The dotted lines indicate
the identity of FK506 (circle) and FK520 (square). (B) Time course for FK506 production in R2YE medium. Triangles, FK506 concentration from the
�tcs7/pFKBN strain; circles, FK506 concentration from the �tcs7 strain; squares, FK506 concentration from the WT/pFKBN strain; rhombuses, FK506
concentration from the wild-type strain.
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cell mass or growth rate between the strains (data not shown),
suggesting that fkbN and tcs7 are not associated with the primary
metabolism or cell differentiation. Overall, gene deletion and the
self- or cross-complementation results confirmed that fkbN is a
positive regulatory gene and tcs7 is a negative regulatory gene in
FK506 biosynthesis.

Transcription analysis of the FK506 biosynthetic gene clus-
ter in the wild-type, �fkbN, �tcs7, and �tcs7/pFKBN strains.
Transcription analysis of the FK506 biosynthetic gene cluster was
carried out by semiquantitative RT-PCR in the wild-type, �fkbN,
�tcs7, and �tcs7/pFKBN strains, except for tcs1 to tcs5, fkbJ, and
tcs6. The nucleotide sequences of fkbJ and tcs6 are too short to
perform RT-PCR, and it was shown previously that the tcs1 to tcs5
genes are not involved in the biosynthesis of FK506 (31). Total
RNA was extracted from the wild-type and mutant strains after 72
h of cultivation (when the level of FK506 production began to
increase notably in the wild-type strain) and was used as the tem-
plate for gene expression analysis by RT-PCR. The primers for
RT-PCR were specific to the sequences within the FK506 biosyn-
thetic genes and were designed to generate cDNAs of approxi-
mately 500 bp (see Table S1 in the supplemental material). Figure
3 presents the results of these experiments. In the case of the wild-
type strain, the transcripts of all genes, except for tcs7, in the FK506
cluster were observed at 72 h, suggesting that the silencing of tcs7
might precede the onset of FK506 biosynthesis. This observation is
consistent with the time course of FK506 production (Fig. 2B).
While FK506 biosynthesis increased slowly during the first 4 days
of cultivation and then relatively rapidly between days 4 and 5 in
the wild-type strain, FK506 production in the �tcs7 and �tcs7/
pFKBN strains increased steadily over the 5 days. A similar phe-
nomenon was reported in the case of tylosin biosynthesis. In
Streptomyces fradiae, the negative regulatory gene tylQ was si-
lenced after the onset of tylosin production but was expressed in
the early phases of fermentation (36). In the �fkbN strain, all the
genes investigated were switched off, except for fkbQ (type II thio-
esterase gene), for which a very faint band was observed. This
shows that most of the genes of the FK506 gene cluster are not
transcribed when fkbN is absent. The tcs7 transcript was not de-
tected in the �fkbN strain, as in the wild-type strain, suggesting
that the presence or absence of the positive regulatory gene fkbN
did not observably affect the expression of the negative regulatory
gene tcs7. There were observable increases in the expression levels
of most genes of the FK506 cluster in the �tcs7 strain except for
fkbL, fkbC, fkbB, fkbA, and the positive regulatory gene fkbN. A
further increase in the transcriptional level of the FK506 biosyn-
thetic genes along with fkbN occurred in the �tcs7/pFKBN strain,
which is consistent with the significant enhancement of FK506
production in this mutant strain. Overall, the results of transcrip-

tion analysis prove that fkbN encodes a LAL family pathway-spe-
cific positive transcriptional regulator for FK506 biosynthesis in
Streptomyces sp. KCTC 11604BP and Tcs7 negatively controls the
transcription of FK506 biosynthetic genes by a currently unknown
mechanism.

Many LAL family pathway-specific positive regulators, includ-
ing FkbN, play key roles in the production of secondary metabo-
lites but have different modes of regulation. For example, TcmN
of the tautomycetin biosynthetic gene cluster in Streptomyces sp.
strain CK4412 (12) and PikD of the pikromycin cluster in S. ven-
ezuelae (38) are the only pathway-specific activators in each bio-
synthetic gene cluster. The LAL family regulator LipReg4 of the
lipomycin cluster is under the control of a two-component signal
transduction system (LipReg2 and Lipreg1). The LipReg1-Lip-
Reg2 pair possesses a hierarchically higher position and can regu-
late lipReg4 transcription (11). In the case of avermectin biosyn-
thesis, the negative effects by the TetR family regulator AveI may
be mediated indirectly by the LAL-type positive regulator AveR in
Streptomyces avermitilis (5). The results presented herein may sug-
gest a new mode of regulation involving a LAL family regulator
and a LysR-type negative regulator, even though more-detailed
regulatory mechanisms need to be examined by additional exper-
iments, such as quantitative real-time RT-PCR or electrophoretic
mobility shift assay (EMSA) analysis.

This study provides a valuable initial understanding of the reg-
ulatory factors governing the biosynthesis of FK506. In addition,
the significantly enhanced production of FK506 (up to 4.0-fold) in
the genetically engineered strain �tcs7/pFKBN, in which the pos-
itive regulatory gene was overexpressed in the background of neg-
ative regulatory gene deletion, demonstrates the potential of this
approach for strain development. Although these results were ob-
tained using the wild-type strain, the application of this strategy to
higher-producing industrial strains might allow the development
of more improved strains.
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