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the combined titer of spiruchostatins A and B, respectively. 
RT-PCR analysis indicates that overexpression of heterolo-
gous depR upregulates the expression of native spiR.
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Introduction

Spiruchostatins A and B were discovered as gene expres-
sion-enhancing agents and selective inhibitors of class I his-
tone deacetylases (HDACs), while screening for activators 
of transforming growth factor-β (TGF-β) mediated signal-
ing [14]. Spiruchostatins belong to a small family of natural 
products, which also includes FK228 (FR901228, romidep-
sin, marketed as Istodax) [18–20], FR901375 [1, 13] and 
thailandepsins [22–24]; all those compounds are produced 
by Gram-negative bacteria. Structurally spiruchostatins 
resemble FK228 in having a bicyclic depsipeptide scaf-
fold and a signature disulfide linkage critical for prodrug 
stability and for bioactivities when reduced (Fig. 1). Close 
examination of the structure of spiruchostatins A and B 
reveals a likely sequence of building block polymerization 
starting with a derivative of l-cysteine, followed by two 
malonyl CoA units, a d-alanine unit, a d-cysteine unit, a 
derivative of l-valine (in spiruchostatin A) or l-isoleucine 
(in spiruchostatin B) unit, and finally another malonyl CoA 
unit. Biosynthesis of spiruchostatins in Pseudomonas sp. 
Q71576 is thus predicted to be catalyzed by a hybrid non-
ribosomal peptide synthetase (NRPS)-polyketide synthase 
(PKS) pathway similar to that of FK228 [3, 15, 26].

As exemplified by FDA approval of FK228 for the treat-
ment of cutaneous T-cell lymphoma and peripheral T-cell 
lymphoma [4, 21], other members of this FK228-family 

Abstract S piruchostatins A and B are members of the 
FK228-family of natural products with potent histone dea-
cetylase inhibitory activities and antineoplastic activities. 
However, their production in the wild-type strain of Pseu-
domonas sp. Q71576 is low. To improve the yield, the spiru-
chostatin biosynthetic gene cluster (spi) was first identified 
by rapid genome sequencing and characterized by genetic 
mutations. This spi gene cluster encodes a hybrid biosyn-
thetic pathway similar to that encoded by the FK228 biosyn-
thetic gene cluster (dep) in Chromobacterium violaceum No. 
968. Each gene cluster contains a pathway regulatory gene 
(spiR vs. depR), but these two genes encode transcriptional 
activators of different classes. Overexpression of native 
spiR or heterologous depR in the wild-type strain of Pseu-
domonas sp. Q71576 resulted in 268 or 1,285 % increase of 
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of natural products have also drawn much attention due to 
their potent inhibitory activities of human HDACs and anti-
neoplastic activities. For example, spiruchostatin A or B, 
either as a single agent or in combination with other drugs, 
has shown promising in vitro and/or in vivo efficacy in 
colon tumor xenograft model [17], leukemia cells [10], idi-
opathic pulmonary fibroblasts [6], endometrial carcinoma 
xenograft model [28], and renal cell carcinoma xenograft 
model [27].

However, efforts to develop a promising natural product 
drug lead for clinical uses are often hampered by inade-
quate supply of material, and various approaches have been 
described for yield improvement, including classical strain 
mutagenesis, metabolic engineering, and fermentation opti-
mization [2]. Spiruchostatins have the same supply issue, 
and the aim of this study was thus to improve the biosyn-
thetic yield of spiruchostatins. To this end, we first identi-
fied and confirmed a gene cluster responsible for the bio-
synthesis of spiruchostatins in Pseudomonas sp. Q71576; 
we then individually overexpressed a native transcriptional 
activator and a heterologous transcriptional activator in two 
engineered bacterial strains. In both cases, the combined 
titer of spiruchostatins A and B in bacterial fermentation 
broth increased significantly.

Materials and methods

Bacterial strains, plasmids, and other general materials 
and methods

Bacterial strains and plasmids used in this study are listed 
in Table  1. Primers used for gene deletion and comple-
mentation, genotype detection and RT-PCR are listed in 
Table S1 and Table S2 in Electronic Supplementary Mate-
rial. General DNA manipulations were performed accord-
ing to standard methods [16] or manufacturer’s protocols. 
Pseudomonas strains were grown in Super Optimal Broth 
(SOB) or Luria-Bertani (LB) Agar at 25–30  °C, with or 

without appropriate antibiotics. Chemicals or biochemicals 
were generally purchased from Thermo Fisher Scientific 
(Waltham, MA), and enzymes from New England BioLabs 
(Ipswich, MA), unless otherwise indicated.

Rapid genome sequencing and gene identification

Genomic DNA of the wild-type Pseudomonas sp. Q71576 
strain (PsWT) was prepared from an overnight culture 
with an UltraClean Microbial DNA Isolation kit (MO 
BIO Laboratories, Carlsbad, CA), and was submitted 
for single-end and paired-end shotgun sequencing on a 
G20 FLX Sequencer (454 Life Science, Branford, CT) at 
the Research Technology Support Facility of Michigan 
State University (East Lansing, MI). De novo assembly of 
sequence reads by instrument software was performed and 
resulted in a quality draft genome sequence of PsWT. Can-
didate genes and gene cluster were identified using FK228 
gene cluster sequences as input to search the acquired draft 
genome sequence of PsWT.

Gene deletion and complementation

Gene deletion in PsWT and gene complementation in 
mutant strains of PsWT were performed generally accord-
ing to our established protocols described previously [25]. 
In particular, a 907-bp DNA fragment containing the spiR 
ORF and its native ribosome-binding site was amplified by 
PCR, digested with XbaI/HindIII, and cloned into the same 
sites of a broad host-range expression vector pBMTL-3 
to make the gene expression construct pBMTL3-spiR; 
the sequence fidelity of DNA insert was verified by re-
sequencing. Gene expression construct pBMTL3-depR 
(pVP01-52b) was made and described previously [15]. 
pBMTL3-depR and pBMTL3-spiR were electroporated 
independently into Pseudomonas sp. strains with a Gene 
Pulser (Bio-Rad Laboratories, Hercules, CA). Cells were 
recovered into 1 ml of SOB, incubated at 30 °C for 1 h and 
then plated onto selection plates containing 160  µg/ml of 

Fig. 1   The chemical structures 
of FK228 and spiruchostatins 
A and B. Each molecule is 
dissected into building blocks 
for easy comparison. In FK228 
structure all building blocks 
are labeled; in spiruchostatin 
structures only building blocks 
that are different from those 
of FK228 are labeled. MCoA, 
malonyl coenzyme A. A brack-
eted amino acid name indicates 
a building block derived from 
that amino acid
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chloramphenicol for growth overnight at 30  °C. Subse-
quently, six random colonies were inoculated in 4 ml of LB 
broth, grown overnight for the extraction of plasmid DNA 
for verification.

Fermentation and quantification

Fermentation of Pseudomonas sp. strains was carried out 
in triplicate in 50  ml of SOB containing 0.5  % (w/v) of 
HP-20 resin (Sigma-Aldrich) and 0.5 % (w/v) of XAD16 
resin (Sigma-Aldrich) in 250-ml flasks at 25 °C with shak-
ing at 200  rpm. Overnight grown seed culture was typi-
cally inoculated at a 1 % (v/v) ratio. In addition, 160 µg/
ml of chloramphenicol and 1 mM of IPTG were added to 
the fermentation culture of engineered strains harboring a 
pBMTL-3 based expression construct. After 7 days, culture 
was centrifuged at 4,000×g for 30  min and the resulting 
pellet (resin and cell debris) was lyophilized to dryness. 
Dried pellet was eluted with 5  ml of ethyl acetate with 

agitation for 1 h at 30 °C. One milliliter of the extract was 
centrifuged at 17,000×g for 5 min, and 20 µl of the super-
natant was injected into a liquid chromatography-mass 
spectrometer (LC-MSD Trap from Agilent Technologies, 
Santa Clara, CA) for the identification and quantification of 
spiruchostatins, similarly as the identification and quantifi-
cation of FK228 described elsewhere [26].

Reverse transcriptase (RT)‑PCR

For strains subjected to RT-PCR analysis, total RNA was 
extracted from a 12-h post-induction culture using an RNe-
asy Mini Kit (Qiagen, Valencia, CA). To remove DNA 
contamination, RNA samples were digested with DNase I 
for 1 h at 37 °C; the reactions were then stopped by add-
ing EDTA to a final concentration of 0.5  mM and were 
denatured at 75 °C for 10 min. One hundred nanograms of 
RNA from each sample were added to each RT-PCR reac-
tion performed with Qiagen OneStep RT-PCR kit. cDNA 

Table 1   Strains and Plasmids used in this study

Apr ampicillin resistance, Cmr chloramphenicol resistance, Gmr gentamicin resistance, Tcr tetracycline resistance, IPOD International Patent 
Organism Depository, Tsukuba, Japan

Strains or plasmids Description Source or reference

E. coli strains

 DH5α General cloning host Lab stock

 S17-1 Host strain for interspecies conjugation Lab stock

Pseudomonas sp. strains

 Q71576 Wild-type strain (PsWT), spiruchostatin A and B producer, Apr IPOD

 PsWTΔorf–1 Markerless mutant strain with orf–1 gene deleted This study

 PsWTΔspiR Markerless mutant strain with spiR gene deleted This study

 PsWTΔspiA Markerless mutant strain with spiA gene deleted This study

 PsWTΔspiP Markerless mutant strain with spiP gene deleted This study

 PsWTΔorf + 1 Markerless mutant strain with orf + 1 gene deleted This study

 PsWT/vector PsWT complemented with empty pBMTL-3 vector This study

 PsWT/depR PsWT complemented with pBMTL3/depR vector This study

 PsWT/spiR PsWT complemented with pBMTL3/spiR vector This study

 PsΔspiR/depR PsΔspiR complemented with pBMTL3/depR vector This study

 PsΔspiR/spiR PsΔspiR complemented with pBMTL3/spiR vector This study

Plasmids/constructs

 pBMTL-3 Broad host-range gene expression vector; conjugative, Cmr mob pLac [12]

 pBMTL3-Flp2 Vector encoding the site-specific DNA recombinase Flp that recognizes the FRT site; Apr oriT sacB+ [24]

 pEX18Tc Gene deletion/replacement vector; conjugative, Tcr oriT sacB+ [9]

 pPS858 Source of the FRT cassette; Apr Gmr gfp+ [9]

 pVP04-21a Gene deletion construct for orf–1 based on pEX18Tc This study

 pVP04-21b Gene deletion construct for spiA based on pEX18Tc This study

 pVP04-21c Gene deletion construct for spiR based on pEX18Tc This study

 pVP04-21d Gene deletion construct for spiP based on pEX18Tc This study

 pVP04-21e Gene deletion construct for orf + 1 based on pEX18Tc This study

 pBMTL3-depR Gene complementation construct with depR on pBMTL-3 vector [15]

 pBMTL3-spiR Gene complementation construct with spiR on pBMTL-3 vector This study
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synthesis was carried out at 50 °C for 30 min with OmniS-
cript and SensiScript Reverse Transcriptases followed by 
an initial 15 min step at 95 °C to activate HostStarTaq DNA 
polymerase. Subsequently, PCR amplification for 25 cycles 
was performed as follows: 94  °C for 1  min, annealing at 
56–64 °C for 1 min and extension at 72 °C for 1 min. Final 
extension was carried out at 72  °C for 10  min. For each 
batch of RT-PCR, a positive control reaction of 16S rRNA 
gene amplification from genomic DNA template and a 
negative control reaction to detect any DNA contamination 
by attempted amplification of the 16S rRNA gene without 
reverse transcription were included.

Nucleotide sequence accession numbers

The nucleotide sequences of the spi gene cluster, the 16S 
rRNA gene and a Pseudomonas-type carrier protein syn-
thetase-encoding gene pcpS of Pseudomonas sp. Q71576 
have been deposited in the GenBank database under 
accession numbers JQ045344, JQ045345 and JQ045346, 
respectively.

Results

Draft genome sequencing of Pseudomonas sp. Q71576 
(PsWT)

Shotgun sequencing of PsWT genome generated a total 
of 189,375,961 input bases, which were assembled into 
165 contigs; among them 84 are large contigs with an 
average contig size of 77,009 bps. Those contigs were 
further aligned into 32 scaffolds with a total length of 
6,486,271  bps. This draft bacterial genome was thus cal-
culated to have 29.1-fold of sequence coverage, which is 
close to the desired 30-fold oversampling of raw sequence 
for the 454 pyrosequencing and de novo assembly technol-
ogy platform [7]. Since the genome sizes of most Pseu-
domonas species fall between 6 to 7 Mb according to the 
GenBank data, this 6.48-Mb draft genome sequence of 
PsWT appears to be near complete. The quality of this draft 
genome sequence was further assessed by phylogenetic 
comparison of its full-length 16S rRNA gene sequence to 
those of 28 Pseudomonas strains and several outgroup bac-
terial strains, revealing a close taxonomical relatedness of 
this PsWT to Pseudomonas sp. UK4 and to P. fluorescens 
SBW25 (Fig. S1 in Electronic Supplementary Material).

Identification and confirmation of the spiruchostatin 
biosynthetic gene cluster

A Blastx search of the draft genome sequence of PsWT 
using our previously published protein sequences of the 

FK228 biosynthetic (dep) gene cluster (GenBank acces-
sion no. EF210776) [3] identified two scaffolds that carry 
a gene cluster containing genes homologous to most of the 
dep-genes. Three sequence gaps existing within a scaffold 
or between two scaffolds were closed by PCR amplification 
and sequencing, resulting in a 54,335-bp continuous DNA 
sequence that contains the target gene cluster designated 
spi for spiruchostatins (Fig. 2a; Table 2). 

The boundaries of this spi gene cluster were determined 
by gene deletions (Fig. S2 in Electronic Supplementary 
Material) in conjunction with quantification of spiruchosta-
tin titers in fermentation broth (Fig. 3a; Table 3; Fig. S3 in 
Electronic Supplementary Material). The upstream bound-
ary of spi gene cluster was determined to start with spiR 
because deletion of orf−1, a putative gene upstream of 
spiR, had a negligible effect on the combined titer of spiru-
chostatins A and B, but deletion of spiR resulted in a 67 % 
reduction of spiruchostatin titer. Deletion of a key biosyn-
thetic gene, spiA, completely abolished the spiruchostatin 
production. The downstream boundary of spi gene cluster 
was determined to end with spiP because deletion of spiP 
reduced the spiruchostatin titer by more than 80 %, while 
deletion of orf+1, a putative gene downstream of spiP, did 
not affect the combined titer of spiruchostatins. Although 
the observed relative abundance of spiruchostatins A/B var-
ied somewhat in some of the mutants, we tended to believe 
that it was due to the variations of substrate assimilation by 
the spiruchostatin biosynthetic pathway. 

Collectively, the spi gene cluster was defined to contain 
14 genes (Fig.  2a; Table  2), among them, spiA, spiDE1 
and spiE2 are NRPS genes, spiB, spiC1 and spiC2 are 
PKS genes, spiF, spiH and spiJ are genes encoding tai-
loring proteins, and spiG and spiI are putative resistance 
genes. spiR encodes an LysR-type transcriptional activator 
which appears to be dedicated to the biosynthesis spiru-
chostatins. spiP encodes a putative malonyl CoA acyl-
transferase which may be dedicated to the biosynthesis 
spiruchostatins.

The genes and their deduced proteins of this spi gene 
cluster exhibit a significant overall similarity to those of 
the dep gene cluster (Fig.  2a; Table  2). In particular, the 
deduced products of eight genes (spiA, spiB, spiC1, spiF, 
spiG, spiH, spiI, and spiJ) share 57  %/74  % or higher 
sequence identity/similarity with their respective coun-
terparts from the FK228 biosynthetic pathway. The dep 
gene cluster does not contain a gene encoding the neces-
sary phosphopantetheinyl transferase activity for post-
translational modification of carrier proteins [11]; instead, 
a discrete sfp gene, physically detached from the dep gene 
cluster, encodes an Sfp-type phosphopantetheinyl trans-
ferase for the biosynthesis of FK228 [26]. Similarly, the 
spi gene cluster does not contain a phosphopantetheinyl 
transferase-encoding gene either; a search of the draft 
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genome of PsWT identified a discrete candidate pcpS gene 
that encodes a sole Pseudomonas-type carrier protein syn-
thetase (PCPS) [8] which may provide the missing phos-
phopantetheinyl transferase activity for the biosynthesis 
of spiruchostatins. Additional differences between the 
two parallel gene clusters or biosynthetic pathways were 
identified as follows: (1) unlike the FK228 biosynthetic 

pathway which employs a discrete acyltransferase encoded 
by either one of the two functionally overlapping house-
keeping genes fabD1 and fabD2 located separately from 
the dep gene cluster [26], spiP appears to encode the acyl-
transferase activity necessary for in trans complement-
ing the three “AT-less” PKS modules on SpiB, SpiC1 
and SpiC2 proteins; (2) unlike depR which is located 

a
0                              10                              20                             30                             40             45 kb

 dep-  sfp  AT   M   (N)       A             B          C                  D                      E         F G H I J   R

 spi-  pcpS R N         A             B         C1                   DE1                        C2        F G  E2  H I J  P

b SpiA SpiB SpiC1 SpiDE1 SpiC2 SpiE2

Spiruchostatin A (R = CH3), C20H31N3O6S2, MW = 473.61
Spiruchostatin B (R = CH2CH3), C21H33N3O6S2, MW = 487.63
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Fig. 2   Biosynthesis of spiruchostatins. a A comparative map of the 
spiruchostatin biosynthetic (spi) gene cluster and the FK228 biosyn-
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bosomal peptide synthetase genes, in orange for polyketide synthase 
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whose deduced products have a significant sequence homology and a 
similar functionality; a dotted line connects two genes whose deduced 
products may function similarly but do not share a sequence homol-
ogy. b A proposed model for the biosynthesis of spiruchostatins A 
and B by a hybrid nonribosomal peptide synthetase-polyketide syn-
thase pathway in Pseudomonas sp. Q71576
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downstream of the dep gene cluster and encodes an OxyR-
type transcriptional activator [15], spiR is located upstream 
of the spi gene cluster and encodes an LysR-type transcrip-
tional activator; these two deduced regulatory proteins 
only share weak sequence homology (25 % identity/44 % 
similarity); (3) there is no depM-equivalent in the spi gene 
cluster; (4) there are two copies of depC-like gene in the 
spi gene cluster, the second copy is fused to DNA encod-
ing a likely inactive epimerase (E) domain and is located 
after spiDE1; (5) a depE-like gene in the spi gene cluster 
is split into two parts, the first part is fused to the end of 
spiD, and the second part is transposed to a downstream 
location between spiG and spiH; (6) unlike the pseudo-
gene “depN”, the deduced protein of spiN appears to be a 
functional peptidyl carrier protein (PCP) containing a criti-
cal serine residue for phosphopantetheinylation, but the 
role of this PCP is yet to be defined.

Using the proposed FK228 biosynthetic pathway as a 
reference [3, 15, 26], we dissected the domain and module 
organization of six deduced NRPS- and PKS-type enzymes 
(SpiA, SpiB, SpiC1, SpiDE1, SpiC2 and SpiE2) encoded 
by the spi gene cluster and proposed a hybrid NRPS-PKS 
biosynthetic pathway model which also includes three 
accessory enzymes (SpiP, SpiF and SpiH) (Fig.  2b). This 
proposed pathway contains eight biosynthetic modules 
responsible for seven consecutive steps of building block 
polymerization that results in a full-length linear intermedi-
ate installed to a peptidyl carrier protein domain on the last 
module. A lactamization process catalyzed by the terminal 
thioesterase domain is predicted to release the linear inter-
mediate and to form a macrolactam intermediate. Finally, 
an FAD-dependent oxidoreductase (SpiH) is predicted to 
catalyze a disulfide bond formation as the final step of the 
biosynthesis of spiruchostatins.

Table 2   Comparison of two homologous biosynthetic gene clusters and their associated discrete genes necessary for natural product biosynthesis

a  Gene/protein names designated by the authors
b S tandard abbreviations: NRPS nonribosomal peptide synthetase, PKS polyketide synthase
c  Detached from the perspective gene cluster; –: not available

Spiruchostatin biosynthetic (spi)  
gene cluster

FK228 biosynthetic (dep) gene cluster  
[3, 15, 26]

Percentage identity/ 
similarity between  
protein sequences

Confirmed or deduced 
protein functionb

Genea Deduced proteinb Gene Deduced protein

spi_pcps (putative, 
discrete)c

Spi_PCPS dep_sfp (discrete)c Dep_Sfp – Phosphopantetheinyl 
transferase, PPTase

spiR SpiR – – – LysR-type transcriptional 
regulator

– – depM DepM – Aminotransferase

spiN SpiN – – – Type II peptidyl carrier 
protein (PCP)

spiA SpiA depA DepA 63 %/73 % NRPS (1 module)

spiB SpiB depB DepB 64 %/77 % PKS (1 module)

spiC1 SpiC1 depC DepC 64 %/75 % PKS (1 module)

spiDE1 SpiDE1

First module depD DepD 62 %/74 % NRPS (1 module)

Second module depE DepE 38 %/53 % NRPS (1 module)

spiC2 SpiC2 depC DepC 31 %/44 % PKS (1 module)

spiF SpiF depF DepF 83 %/91 % FadE2-like acyl-CoA 
dehydrogenase

spiG SpiG depG DepG 64 %/76 % Phosphotransferase

spiE2 SpiE2 depE DepE 31 %/51 % NRPS (partial module)

spiH SpiH depH DepH 59 %/74 % FAD-dependent disulfide 
oxidoreductase

spiI SpiI depI DepI 66 %/76 % Esterase/Lipase

spiJ SpiJ depJ DepJ 57 %/76 % Type II thioesterase

spiP SpiP dep_fabD1 Dep_FabD1 36 %/47 % Acyltransferase, malonyl 
CoA-specific (AT)dep_fabD2 Dep_FabD2 30 %/46 %

(both discrete)c

– – depR DepR – OxyR-type transcriptional 
regulator
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Titer improvement through gene overexpression 
and transcriptional regulation

PsWT produced c.a. 14.5 mg/l of combined spiruchostatins 
A and B in the fermentation broth under our laboratory 
conditions. Overexpression of spiR in PsWT resulted in a 
268 % increase of the spiruchostatin production to a com-
bined titer of 53.5 mg/l. Overexpression of depR from the 
FK228 biosynthetic gene cluster in PsWT resulted in a sur-
prisingly 1,285 % increase of the spiruchostatin production 
to a combined titer of 200.8 mg/l (Fig. 3b).

To probe the molecular mechanism for this unexpected 
dramatic boost of spiruchostatin production, the same two 
overexpression constructs were also introduced into the 
spiR deletion mutant of Pseudomonas sp. (PsΔspiR). Com-
plementation of PsΔspiR with spiR could restore 50 % pro-
duction capacity of spiruchostatins, whereas depR alone 
failed to complement the loss of spiR in PsΔspiR.

Furthermore, semi-quantitative RT-PCR analysis of the 
expression of depR, spiR, spiA and spiP in PsWT, PsWT/
vector control, PsWT/depR and PsΔspiR/depR showed 
that overexpression of depR in PsWT directly or indirectly 
upregulated the expression of spiR, spiA and spiP (Fig. 4); 
however, in the absence of spiR in PsΔspiR, overexpres-
sion of depR could not boost the expression of spiA or spiP. 
It was therefore deduced that the heterologous transcrip-
tional activator DepR exerts its regulatory function through 
upregulating spiR expression to subsequently enhance the 
expression of other spi-genes.

Discussion

Spiruchostatins structurally resemble FK228 for having a 
bicyclic peptide scaffold, which bears a signature disulfide 
linkage critical for prodrug stability as well as for bioac-
tivities when reduced. Spiruchostatins differ from FK228 
for having three different building blocks (Fig.  1). Those 
overall structural similarity and yet minor differences are 
reflected well by the resemblance of the spi and dep bio-
synthetic gene clusters (Fig.  2a) and their deduced paral-
lel biosynthetic pathways (Fig. 2b; see the deduced FK228 
biosynthetic pathway in [3]).

Table 3   Quantitative spiruchostatin titers for strains used in Fig. 3

Spiruchostatin titer was determined by measuring peak area corre-
sponding to spiruchostatin A and spiruchostatin B and then using a 
standard curve to generate approximate titer in mg/l. Results are the 
average value of triplicate experiments with standard deviation (SD). 
(Panel A) Spiruchostatin titers of strains determined in mutational 
analysis presented in Fig. 3a; (Panel B) Spiruchostatin titers of strains 
determined in complementation analysis presented in Fig. 3b

Strain Spiruchos-
tatin A titer 
(mg/l) ± SD

Spiruchos-
tatin B titer 
(mg/l) ± SD

Combined spiru-
chostatins A and 
B titer (mg/l)

Panel A

 PsWT 1.3 ± 0.49 13.2 ± 1.52 14.5

 PsΔorf–1 1.9 ± 0.13 11.5 ± 1.26 13.4

 PsΔspiR 0.5 ± 0.11 4.3 ± 1.24 4.8

 PsΔspiA 0 0 0

 PsΔspiP 0.9 ± 0.14 1.9 ± 1.11 2.8

 PsΔorf + 1 5.1 ± 1.34 9.3 ± 0.35 14.4

Panel B

 PsWT 1.3 ± 0.58 13.2 ± 2.31 14.5

 PsWT/vector 1.3 ± 0.57 17.6 ± 2.23 18.9

 PsWT/spiR 8.0 ± 1.13 45.5 ± 3.23 53.5

 PsWT/depR 18.5 ± 4.62 182.3 ± 13.1 200.8

 PsΔspiR 0.9 ± 0.06 1.7 ± 0.06 1.6

 PsΔspiR/spiR 1.3 ± 0.57 5.9 ± 0.58 7.2

 PsΔspiR/depR 0.5 ± 0.06 1.3 ± 0.05 1.8
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Fig. 3   Quantification of spiruchostatin titers in the wild-type and 
mutant strains of Pseudomonas sp. Q71576. a For the determination 
of spiruchostatin biosynthetic gene cluster boundaries. b Effects of 
gene overexpression. Titer results are the average value of triplicate 
experiments. Due to the overlaying of both spiruchostatin A titer and 
spiruchostatin B titer, standard deviations cannot be drawn into this 
figure but are presented in Table  3. Also see Fig. S3 in Electronic 
Supplementary Material for additional information
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Spiruchostatins are produced by PsWT at a low titer 
of 14.5  mg/l, which hampered the development of spiru-
chostatins toward clinical applications. Possible reasons 
for the low yield include suboptimal level of gene expres-
sion or limited availability of biosynthetic precursors. Tak-
ing advantage of the biosynthetic gene cluster sequence 
obtained in this work, modulating the expression of the 
pathway regulatory gene spiR was first attempted and 
succeeded. Overexpression of spiR in PsWT resulted in a 
268 % increase of the spiruchostatin production to a com-
bined titer of 53.5  mg/l, even without a comprehensive 
optimization of the fermentation conditions. The biggest 
surprise came from the overexpression in PsWT of a heter-
ologous regulatory gene depR from the FK228 biosynthetic 
gene cluster, which resulted in a lofty 1,285  % increase 
of the spiruchostatin production to a combined titer of 
200.8  mg/l. This work demonstrated that the metabolic 
potential of natural product biosynthetic pathways could 
be exploited by overexpression of a native or heterologous 
transcriptional activator.

The deduced product of depR has a significant homol-
ogy (87  % identity/93  % similarity) to OxyR protein of 
Escherichia coli, a pleiotropic regulator known to regulate 
a variety of cellular processes including oxidative stress 
response [5]. As determined by RT-PCR, overexpression of 
depR in PsWT increased the levels of expression of spiR 
and other spi-genes (Fig. 4), suggesting an artificial regu-
latory cascade where DepR activates the spi gene cluster 
through spiR. Thus, a plausible postulation for the DepR-
induced dramatic increase in spiruchostatin titers may have 
been the binding of DepR to the regulatory elements of 
spiR which enhanced the spiR expression; elevated SpiR 
subsequently acts on other spi-genes to gear up the overall 
spiruchostatin biosynthetic machinery. Additional evidence 

supporting this postulation came from the observation that, 
in the absence of spiR, overexpression of depR failed to 
boost the production of spiruchostatins (Fig. 4).

Acknowledgments T his work was supported by an US National 
Institute of Health/National Cancer Institute grant R01 CA152212 (to 
Y.-Q. C) and a Research Fellowship from the University of Wiscon-
sin–Milwaukee Research Foundation (to V. Y. P). The authors thank 
Herbert Schweizer for providing pPS858 and pEX18Tc, and Ryan 
Gill for providing pBMTL-3.

References

	 1.	C hen Y, Gambs C, Abe Y, Wentworth P Jr, Janda KD (2003) 
Total synthesis of the depsipeptide FR-901375. J Org Chem 
68(23):8902–8905. doi:10.1021/jo034765b

	 2.	C hen Y, Smanski MJ, Shen B (2010) Improvement of secondary 
metabolite production in Streptomyces by manipulating pathway 
regulation. Appl Microbiol Biotechnol 86(1):19–25. doi:10.1007/
s00253-009-2428-3

	 3.	C heng Y-Q, Yang M, Matter AM (2007) Characterization of a 
gene cluster responsible for the biosynthesis of anticancer agent 
FK228 in Chromobacterium violaceum No. 968. Appl Environ 
Microbiol 73(11):3460–3469. doi:10.1128/AEM.01751-06

	 4.	C heson BD, Horwitz SM, Weisenburger DD (2011) Peripheral 
T-cell lymphomas: diagnosis and treatment options. Proceedings 
from a live roundtable, August 17, 2011, Kauai, Hawaii. Clin Adv 
Hematol Oncol 9(11 Suppl 26):1–14

	 5.	C hoi H, Kim S, Mukhopadhyay P, Cho S, Woo J, Storz G, 
Ryu SE (2001) Structural basis of the redox switch in the 
OxyR transcription factor. Cell 105(1):103–113. doi:10.1016/
S0092-8674(01)00300-2

	 6.	 Davies ER, Haitchi HM, Thatcher TH, Sime PJ, Kottmann RM, 
Ganesan A, Packham G, O’Reilly KM, Davies DE (2012) Spiru-
chostatin A inhibits proliferation and differentiation of fibroblasts 
from patients with pulmonary fibrosis. Am J Respir Cell Mol Biol 
46(5):687–694. doi:10.1165/rcmb.2011-0040OC

	 7.	 Droege M, Hill B (2008) The Genome Sequencer FLX System—
longer reads, more applications, straight forward bioinformat-
ics and more complete data sets. J Biotechnol 136(1–2):3–10. 
doi:10.1016/j.jbiotec.2008.03.021

	 8.	 Finking R, Solsbacher J, Konz D, Schobert M, Schafer A, Jahn D, 
Marahiel MA (2002) Characterization of a new type of phospho-
pantetheinyl transferase for fatty acid and siderophore synthesis 
in Pseudomonas aeruginosa. J Biol Chem 277(52):50293–50302. 
doi:10.1074/jbc.M205042200

	 9.	 Hoang TT, Karkhoff-Schweizer RR, Kutchma AJ, Schweizer HP 
(1998) A broad-host-range Flp-FRT recombination system for 
site-specific excision of chromosomally-located DNA sequences: 
application for isolation of unmarked Pseudomonas aeruginosa 
mutants. Gene 212(1):77–86 pii: S0378111998001309

	10.	 Kanno S, Maeda N, Tomizawa A, Yomogida S, Katoh T, Ishikawa M 
(2012) Characterization of cells resistant to the potent histone dea-
cetylase inhibitor spiruchostatin B (SP-B) and effect of overexpressed 
p21waf1/cip1 on the SP-B resistance or susceptibility of human leu-
kemia cells. Int J Oncol 41(3):862–868. doi:10.3892/ijo.2012.1507

	11.	L ambalot RH, Gehring AM, Flugel RS, Zuber P, LaCelle M, 
Marahiel MA, Reid R, Khosla C, Walsh CT (1996) A new 
enzyme superfamily—the phosphopantetheinyl transferases. 
Chem Biol 3(11):923–936 pii: S1074-5521(96)90181-7

	12.	L ynch MD, Gill RT (2006) Broad host range vectors for stable 
genomic library construction. Biotechnol Bioeng 94(1):151–158. 
doi:10.1002/bit.20836

PsWT/vector 

PsWT/depR

Ps spiR/depR

PsWT

Fig. 4   RT-PCR analysis of the effect of depR overexpression on the 
transcription of spiR, spiA and spiP genes that represent the spi gene 
cluster. 16S rRNA gene amplification was included in Lane 1 of all 
panels as a positive control. Elevated transcript levels of spiR, spiA 
and spiP were seen in PsWT/depR whereas spiA or spiP transcript 
was not detected in PsΔspiR/depR in conditions where they were 
expressed in PsWT at 12 h of growth

http://dx.doi.org/10.1021/jo034765b
http://dx.doi.org/10.1007/s00253-009-2428-3
http://dx.doi.org/10.1007/s00253-009-2428-3
http://dx.doi.org/10.1128/AEM.01751-06
http://dx.doi.org/10.1016/S0092-8674(01)00300-2
http://dx.doi.org/10.1016/S0092-8674(01)00300-2
http://dx.doi.org/10.1165/rcmb.2011-0040OC
http://dx.doi.org/10.1016/j.jbiotec.2008.03.021
http://dx.doi.org/10.1074/jbc.M205042200
http://dx.doi.org/10.3892/ijo.2012.1507
http://dx.doi.org/10.1002/bit.20836


1465J Ind Microbiol Biotechnol (2014) 41:1457–1465	

1 3

	13.	 Masakuni O, Toshio G, Takashi F, Yasuhiro H, Hirotsugu U 
(1991) FR901375 substance and production thereof. Japan Patent 
JP 3141296 (A)

	14.	 Masuoka Y, Nagai A, Shin-ya K, Furihata K, Nagai K, Suzuki K, 
Hayakawa Y, Seto H (2001) Spiruchostatins A and B, novel gene 
expression-enhancing substances produced by Pseudomonas sp. 
Tetrahedron Lett 42:41–44

	15.	 Potharla VY, Wesener SR, Cheng Y-Q (2011) New insights into 
the genetic organization of the FK228 biosynthetic gene cluster 
in Chromobacterium violaceum no. 968. Appl Environ Microbiol 
77(4):1508–1511. doi:10.1128/AEM.01512-10

	16.	S ambrook J, Russell DW (2000) Molecular Cloning: a labora-
tory manual, 3rd edn. Cold Spring Harbor Laboratory Press, Cold 
Spring Harbor

	17.	S hindoh N, Mori M, Terada Y, Oda K, Amino N, Kita A, Tanigu-
chi M, Sohda KY, Nagai K, Sowa Y, Masuoka Y, Orita M, Sasa-
mata M, Matsushime H, Furuichi K, Sakai T (2008) YM753, a 
novel histone deacetylase inhibitor, exhibits antitumor activity 
with selective, sustained accumulation of acetylated histones in 
tumors in the WiDr xenograft model. Int J Oncol 32(3):545–555

	18.	U eda H, Manda T, Matsumoto S, Mukumoto S, Nishigaki F, 
Kawamura I, Shimomura K (1994) FR901228, a novel antitumor 
bicyclic depsipeptide produced by Chromobacterium violaceum 
No. 968. III. Antitumor activities on experimental tumors in 
mice. J Antibiot (Tokyo) 47(3):315–323

	19.	U eda H, Nakajima H, Hori Y, Fujita T, Nishimura M, Goto T, Oku-
hara M (1994) FR901228, a novel antitumor bicyclic depsipeptide 
produced by Chromobacterium violaceum No. 968. I. Taxonomy, 
fermentation, isolation, physico-chemical and biological proper-
ties, and antitumor activity. J Antibiot (Tokyo) 47(3):301–310

	20.	U eda H, Nakajima H, Hori Y, Goto T, Okuhara M (1994) Action 
of FR901228, a novel antitumor bicyclic depsipeptide produced 
by Chromobacterium violaceum no. 968, on Ha-ras transformed 
NIH3T3 cells. Biosci Biotechnol Biochem 58(9):1579–1583

	21.	 VanderMolen KM, McCulloch W, Pearce CJ, Oberlies NH 
(2011) Romidepsin (Istodax, NSC 630176, FR901228, FK228, 

depsipeptide): a natural product recently approved for cutaneous 
T-cell lymphoma. J Antibiot (Tokyo) 64(8):525–531. doi:10.1038
/ja.2011.35

	22.	 Wang C, Cheng Y-Q (2011) Thailandepsin a. Acta Crystallogr 
Sect E Struct Rep Online 67(Pt 11):o2948–o2949. doi:10.1107/
S1600536811041390zl2411

	23.	 Wang C, Flemming CJ, Cheng Y-Q (2012) Discovery and activ-
ity profiling of thailandepsins A through F, potent histone dea-
cetylase inhibitors, from E264. Medchemcomm 3(8):976–981. 
doi:10.1039/C2MD20024D

	24.	 Wang C, Henkes LM, Doughty LB, He M, Wang D, Meyer-
Almes FJ, Cheng Y-Q (2011) Thailandepsins: bacterial products 
with potent histone deacetylase inhibitory activities and broad-
spectrum antiproliferative activities. J Nat Prod 74(10):2031–
2038. doi:10.1021/np200324x

	25.	 Wang C, Wesener SR, Zhang H, Cheng Y-Q (2009) An 
FAD-dependent pyridine nucleotide-disulfide oxidore-
ductase is involved in disulfide bond formation in FK228 
anticancer depsipeptide. Chem Biol 16(6):585–593. 
doi:10.1016/j.chembiol.2009.05.005

	26.	 Wesener SR, Potharla VY, Cheng Y-Q (2011) Reconstitution of 
the FK228 biosynthetic pathway reveals cross talk between mod-
ular polyketide synthases and fatty acid synthase. Appl Environ 
Microbiol 77(4):1501–1507. doi:10.1128/AEM.01513-10

	27.	 Yamada T, Horinaka M, Shinnoh M, Yoshioka T, Miki T, Sakai 
T (2013) A novel HDAC inhibitor OBP-801 and a PI3 K inhibi-
tor LY294002 synergistically induce apoptosis via the suppres-
sion of survivin and XIAP in renal cell carcinoma. Int J Oncol 
43(4):1080–1086. doi:10.3892/ijo.2013.2042

	28.	 Yoshioka T, Yogosawa S, Yamada T, Kitawaki J, Sakai T (2013) 
Combination of a novel HDAC inhibitor OBP-801/YM753 and 
a PI3  K inhibitor LY294002 synergistically induces apoptosis 
in human endometrial carcinoma cells due to increase of Bim 
with accumulation of ROS. Gynecol Oncol 129(2):425–432. 
doi:10.1016/j.ygyno.2013.02.008

http://dx.doi.org/10.1128/AEM.01512-10
http://dx.doi.org/10.1038/ja.2011.35
http://dx.doi.org/10.1038/ja.2011.35
http://dx.doi.org/10.1107/S1600536811041390zl2411
http://dx.doi.org/10.1107/S1600536811041390zl2411
http://dx.doi.org/10.1039/C2MD20024D
http://dx.doi.org/10.1021/np200324x
http://dx.doi.org/10.1016/j.chembiol.2009.05.005
http://dx.doi.org/10.1128/AEM.01513-10
http://dx.doi.org/10.3892/ijo.2013.2042
http://dx.doi.org/10.1016/j.ygyno.2013.02.008

	Identification and characterization of the spiruchostatin biosynthetic gene cluster enable yield improvement by overexpressing a transcriptional activator
	Abstract 
	Introduction
	Materials and methods
	Bacterial strains, plasmids, and other general materials and methods
	Rapid genome sequencing and gene identification
	Gene deletion and complementation
	Fermentation and quantification
	Reverse transcriptase (RT)-PCR
	Nucleotide sequence accession numbers

	Results
	Draft genome sequencing of Pseudomonas sp. Q71576 (PsWT)
	Identification and confirmation of the spiruchostatin biosynthetic gene cluster
	Titer improvement through gene overexpression and transcriptional regulation

	Discussion
	Acknowledgments 
	References


