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 Renieramycins, the bistetrahydroisoquinolinequinone cytotoxic alkaloids 
mainly obtained from marine sponges, are structurally related to saframycins and 
safracins produced by microorganisms.  These compounds are biogenetically 
classified as nonribosomal peptides.  To identify nonribosomal peptide synthetase 
(NRPS) genes involved in biosynthesis of renieramycins produced by the Thai blue 
sponge Xestospongia sp., metagenomic approach was performed.  A gene with a size 
of 764 bp was identified to be related to the NRPS gene safA, involved in saframycin 
Mx1 biosynthesis, localizing at a continuous region of A-domain to T-domain.  To 
further identify neighboring genes, a gene walking approach which required suitable 
size of DNA for fosmid library construction was used.  Several protocols were applied 
for DNA extraction from the marine sponge Xestospongia sp., however the DNA 
quality and quantity were not satistified. Although removal of renieramycins from the 
sample was applied prior to DNA extraction, the quality of the obtained DNA was not 
adequately improved for a good fosmid library construction.  Hence, gene walking for 
more information of NRPS gene involved in biosynthesis of renieramycins was not 
successful.  

 According to the DNA damage effect by the quinone moiety, renieramycin M 
(RM) was studied for its cytotoxic effect on lung cancer cells. RM mediated necrotic 
cell death in a high proportion compared to apoptotic cell death. This effect might be 
crutial for the fear of unwanted toxicity.  The specific dihydroethidium fluorescence 
probe was used to reveal that the necrosis mediated by RM was through its ability to 
generate intracellular superoxide anion from the quinone moiety.  Modification by 
replacing a quinone of RM with a hydroquinone of 5-O-acetylhydroquinone 
renieramycin M (ARM) was demonstrated to abolish necrosis-inducing effect while 
fully maintaining apoptosis-inducing effect of the parent RM in lung cancer cells.  
Therefore, ARM is a promising candidate for further development of a new anticancer 
agent. 
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CHAPTER I 

INTRODUCTION 

 Marine invertebrates especially sponges (phylum Porifera) are one of the oldest 

filter-feeder animals, which absorb nutrients and remove microorganisms from 

seawater by pumping thousands of liters of seawater per day through their aquiferous 

system (Li et al., 1998).  Sponges are remarkable natural sources for their unmatched 

diversity of secondary metabolites with promising potentials to become effective 

drugs for therapeutic applications (Sipkema et al., 2005).  In the majority of cases, 

production of compounds derived from sponges is obstructed by inherent difficulties 

in collecting or culturing large quantity of these sponges (Kennedy et al., 2008), 

although these marine natural products have pronounced anticancer activity (Paleari et 

al. 2006), anti-infective activity (Rao et al., 2004), or other bioactivities (Chang et al., 

2003), making them interesting lead compounds for medical and biotechnological 

applications.  A serious problem for drug development and maintainable production 

lies in the limited amounts of biomass of most marine invertebrates available from 

wild stocks.  Thus, most pharmacologically active marine natural products can only 

be isolated in minute yields.  A number of total syntheses of pharmacologically active 

natural products have been successfully established but many cases are not 

economically feasible due to the complexity of the molecular structures and the low 

yields (Proksch et al., 2003).  A possible alternative solution that has yet to be 

successfully applied on a useful scale is the production of compounds through 

heterologous expression of their biosyntheses in an easily manageable host.  This 

involves the identification of the biosynthetic gene cluster, the cloning into a suitable 

expression vector and expression in a host amenable to large-scale fermentation.  As 

the technology becomes more widely available, in vitro gene synthesis to 

accommodate host codon usage can be employed instead of cloning of the native 

genes.  Consequently, increasing the production of interesting compounds by genetic 

manipulation would benefit the control of production.  In addition, the knowledge 

cluster could be used for combinatorial creation of novel analogues (Moore, 2005; 

Konig et al., 2006). 
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 However, over the last decade, the application of genomic technology to marine 

organisms has been opening up new avenues of research (Hofmann et al., 2005) at 

molecular and biochemical levels because large genomic sequence databases are 

available (Fortman and Sherman, 2005).  Biosynthetic pathway and its regulation are 

needed to be determined if large scale production of a bioactive compound would be 

feasible for drug development.  Further, knowledge about whether the biosynthesis 

pathway is simple or complex such as the number of genetic elements involved and 

how the biosynthesis pathway regulation would be very helpful in characterizing 

bioactive metabolites and prioritizing them for biotechnological production of drugs 

or drug candidates from the sea (Konig et al., 2006). 

 Renieramycins are a group of the bistetrahydroisoquinoline alkaloids possessing 

potent cytotoxicity.  The compounds have been isolated from marine sponges in 

several genera, especially the Xestospongia sponge.  The similarity observed for the 

structures of renieramycins to saframycins and safracins, the antibiotics produced by 

microorganisms (Pospiech et al., 1995), suggested that renieramycins are likely to be 

synthesized by a similar nonribosomal peptide synthetase (NRPS) mechanism.  This 

assumption might provide the basis for characterizing the renieramycin biosynthetic 

pathway, as the general scheme for nonribosomal peptide biosynthesis has been well 

established (Marahiel et al., 1997; Konz and Marahiel, 1999).  Therefore, the first aim 

is to study the nonribosomal peptide synthesis gene involved in biosynthesis of 

renieramycins from the blue sponge Xestospongia sp.  This objective consists of two 

main parts. The first part, an efficient extraction method to prepare DNA from the 

Thai marine sponge Xestospongia sp. was developed.  The second part is to study 

NRPS genes involved in renieramycin biosynthesis by metagenomic approach and 

Fosmid library construction for gene walking.  

 As of some reports, the tetrahydroisoquinoline alkaloids family binds to DNA 

by alkylation of specific nucleotide sequences (Rao and Lown, 1990; Swenberg, et 

al., 1990; Pommier et al., 1996; Upton and Swenberg, 1997; Avendano and 

Menendez, 2008).  Most of these alkaloids contain the quinone group and act by 

reductive alkylation, especially, the isoquinoline nitrogen is vital for DNA alkylation 

(Ishiguro et al., 1981; Hill and Remers, 1991; Pommier et al., 1996; Avendano and 
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Menendez, 2008).  The presence of the quinone group in the structure of certain 

compounds; for example, saframycins, naphthyridinomycin, and bioxalomycin β2 

have been reported to enhance the ability of DNA alkylation and to produce DNA 

strand breaks by generating free radicals and reactive oxygen species (Lown et al., 

1976; Begleiter, 1983; Begleiter and Blair, 1984; Begleiter, 1985; Williams and 

Herberich, 1998).  Interestingly, quinone agents may correlate with generation of free 

radicals which play an important role in necrotic cell death causing unwanted 

inflammatory results such as furylbenzoquinone and naphtoquinone derivatives 

strongly affecting necrotic cell death on transplantable liver tumor (Liou and Storz, 

2010).  Therefore, the second aim is to study on necrosis effect of renieramycin M 

and necrotic abolishing effect of its hydroquinone derivative in human non-small cell 

lung cancer cells. 
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CHAPTER II 

LITERATURE REVIEW 

1.  The blue sponge Xestospongia sp. 

 The sponge genus Xestospongia belongs to phylum Porifera, class 

Demospongiae, order Haplosclerida, and family Petrosiidae (Hooper, 2000) and 

comprises over 8,000 extant species (Montalvo and Hill, 2011).  The characterization 

of the genus Xestospongia includes ectosomal skeleton indistinct, choanosomal 

skeleton confused isotropic reticulation of multispicular tracts, generally lacking 

spongin and sometimes with single spicules scattered throughout mesohyl between 

major spicule tracts, stony texture and oxeote spicules in one size category only 

(Hooper, 2000). 

 The marine blue sponge Xestospongia sp. was collected from Sichang Island, 

Chonburi Province, Thailand.  The sponge was identified by Dr. John N. A. Hooper 

as Xestospongia sp. (family Petrosiidae).  The voucher specimens have been 

deposited at the Queensland Museum, South Brisbane, Australia (sample code 

QMG306998) and at the Department of Pharmacognosy and Pharmaceutical Botany, 

Faculty of Pharmaceutical Sciences, Chulalongkorn University, Bangkok, Thailand.  

Its texture is hard, brittle, and easily crumbled.  It is light grayish-blue when alive and 

pinkish in ethanol. Picture of the sponge is shown in Figure 2.1. 
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Figure 2.1 Picture of the marine blue sponge Xestospongia sp. 

    (photograph by Khanit Suwanborirux) 

 

2.  Renieramycin alkaloids and related compounds 

 2.1 Natural sources and chemical structures 

 Renieramycins, belonging to the group of bistetrahydroisoquinolinequinone 

alkaloids, were isolated from marine sponges of the genera Reniera (Frincke and 

Faulkner, 1982), Xestospongia (McKee and Ireland, 1987), Haliclona, (Parameswaran 

et al., 1998), Cribrochalina (Pettit, 1992) and Neopetrosia (Oku, 2003).  The first 

report of renieramycins A-D [1a-d] was described from the Maxican sponge Reniera 

sp. in 1982 (Frincke and Faulkner, 1982).  Seven years later, renieramycins E [1e] and 

F [1f] were isolated from the same genus (He and Faulkner, 1989). In 1992, 

renieramycins G [1g] was reported from the marine sponge Xestospongia caycedoi 

(Davidson, 1992).  In 2003, renieramycins J [1j], K [1k], and L [1l] were obtained 

from the Thai blue sponge Xestospongia sp. which was collected in the Sichang 

Island, in the Gulf of Thailand (Suwanborirux et al., 2003).  Currently, Suwanborirux 

and coworkers have succeeded in gram-scale preparation of stabilized renieramycins 

from the Thai blue sponge Xestospongia sp. by pretreatment with potassium cyanide 

(Suwanborirux et al., 2003; Amnuoypol et al., 2004; Saito et al., 2004).  The Thai 

blue sponge Xestospongia sp. was pretreated with potassium cyanide to increase the 

mass-production of renieramycin M [1m], a major renieramycin, and four minor 

compounds including renieramycins O [1o], Q [1q], R [1r] and S [1s]. Recently, three 
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new bistetrahydroisoquinoline marine natural products, renieramycins W [1w], X 

[1x], and Y [1y], along with two known renieramycins M [1m] and T [1t], were 

isolated from the KCN-pretreated Philippine blue sponge Xestospongia sp. 

(Tatsukawa et al., 2012).  Structures of renieramycins are shown in Figure 2.2. 

 The chemical structures of renieramycins from sponges are closely related to 

natural tetrahydroisoquinoline families from different marine sources such as 

ecteinascidin-743 (ET-743) isolated from the Caribbean tunicate Ecteinascidia 

turbinata in 1990.  The common structural feature of ET-743 consists of three 

tetrahydroisoquinoline subunits and an active carbinolamine functional group 

(Reinhart et al., 1990).  In addition, Fontana et al. reported jorumycin [2a] from the 

nudibranch Jorunna funebris in 2000 (Fontana et al., 2000).  The structure of 

jorumycin is most similar to that of renieramycin F with exception of the acetate 

group on the alcohol versus the angelate ester of the renieramycins.  In 2006, 

Charupant and coworkers isolated new stabilized renieramycin-type, jorunnamycins 

A-C [2b-d] from the mantles, the visceral organs, and the egg ribbons of the Thai 

Jorunna funebris pretreated by potassium cyanide (Charupant et al., 2006).  The 

chemical structures of tetrahydroisoquinolines from other marine natural sources are 

shown in Figure 2.3. 

 Subsequently, other related microbial compounds such as saframycins A, B, C, 

D, and E [3a-e] were isolated from Streptomyces lavendulae in 1977 (Arai et al., 

1977).  The structure of saframycin C was the first of this family to be determined. In 

addition, Safracins A and B [3f, 3g] were isolated from Pseudomonas fluorescens A2-

2 (Ikeda et al., 1983) and saframycin Mx1 [3h] from Myxococcus xanthus (Pospiech 

et al., 1995).  Structures of bistetrahydroisoquinolines from microorganisms are 

shown in Figure 2.4. 
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 renieramycin 

 A [1a] :  X1 = H, X2 = OH, Y1 = Y2 = H 

 B [1b] :  X1 = H, X2 = OC2H5, Y1 = Y2 = H 

 C [1c] :  X1 = H, X2 = OH, Y1, Y2 = O 

 D [1d] :  X1 = H, X2 = OC2H5, Y1, Y2 = O 

 E [1e] :  X1 = X2 = H, Y1 = H, Y2 = OH 

 F [1f] :  X1 = H, X2 = OCH3, Y1 = H, Y2 = OH 

 G [1g] :  X1 = X2 = Y1 = Y2 = H 

 J [1j] :  X1 = X2 = Y1 = H, Y2 = CH2COCH3 

 K [1k] :  X1 = Y1 = Y2 = H, X2 = OCH3 

 M [1m]:  X1 = X2 = Y1 = H, Y2 = CN 

 R [1r] :  X1 = Y1 = H, X2 = OCH3, Y2 = CN 

 

 

Figure 2.2 The chemical structures of renieramycins from marine sponges. 
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Figure 2.2 (continued). 
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Figure 2.2 (continued). 
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 jorunnamycin C [2d] :  X = CN, Y = C2H5  
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Figure 2.3 The chemical structures of related tetrahydroisoquinolines from other 

marine natural sources. 
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 saframycin                                   saframycin 

 A [3a]  :  X = H, Y1 = CN, Y2 = O               D [3d] :   X1, X2 = O 

 B [3b]  :  X = H, Y1 = H, Y2 = O E [3e] :   X1 = H, X2 = OH 

 C [3c]  :  X = OCH3, Y1 = H, Y2 = O                                                      

 

 

 safracin A [3f] : X = H saframycin Mx1[3h] 

 safracin B [3g]: X = OH  

                                                                            

Figure 2.4 The chemical structures of bistetrahydroisoquinolines from microbial 

sources. 
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2.2 Biological activity of tetrahydroisoquinoline alkaloids 

 Renieramycins A-D (Frincke and Faulkner, 1982) and renieramycins H-I 

(Parameswaran et al., 1998) showed moderate antimicrobial activity. In 2001, Rashid 

et al. described mimosamycin from the cytotoxic fractions of an aqueous extract of 

the marine sponge Haliclona sp., which was the principle cytotoxin with an IC50 10 

μg/ml against melanoma and ovarian human tumor cell lines.  Several renieramycins 

(1m-1o, and 1q-1s) showed very potent cytotoxic activity against two human cell 

lines, HCT116 (human colon carcinoma), and QG56 (human lung carcinoma) with 

IC50s in the range of 5.6 nM – 7.1 nM (Suwanborirux et al., 2003; Amnuoypol et al., 

2004; Saito et al., 2004).  Recently, renieramycin M, a major alkaloid of the 

Xestospongia sponge, has been shown to induce apoptosis through activation of p53-

dependent pathway and inhibit metastasis in lung cancer cells (Halim et al., 2011).  

Renieramycin G [1g] was isolated from the sponge Xestospongia caycedoi by 

Davidson in 1992 and exhibited cytotoxicity against KB (human epidermoid 

carcinoma of nasopharynx) and LoVo cell lines (human colon adenocarcinoma cell) 

with MIC values of 0.5 and 1.0 μg/ml, respectively.  The cytotoxicity of renieramycin 

P against 3Y1, HeLa and P388 cells was reported with IC50s of 5.3, 12.3, and 0.53 

nM, respectively (Oku et al., 20003).  

 The related natural tetrahydroisoquinoline from different marine sources such as 

ecteinascidin-743 (ET-743), is remarkably active and potent antitumor in a variety of 

in vitro and in vivo systems and has been selected for development as an anticancer 

agent.  Recently, ET-743 (Trabectidin, Yondelis) has been approved by the 

European Commission for the treatment of advanced or metastatic soft tissue sarcoma 

(Cuevas and Francesch, 2009).  It has been also marketed for the treatment of relapsed 

platinum-sensitive ovarian cancer in combination with doxorubicin (Meco et al., 

2003; Sledge et al., 2003).  

 Consequently, other related microbial compounds such as saframycins have 

been found to display antitumor and antimicrobial activities.  Saframycin A exhibited 

the most potent antitumor activity against L1210 leukemia with IC50 5.6 nM.  It has a 

nitrile at C-21 which allows the formation of an electrophilic iminium species that 

alkylates DNA in the minor groove.  In addition, saframycins B, C, and D which lack 
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a leaving group at C-21 has much lower activity (Kishi et al., 1984; Scott and 

Willium, 2002). 

3. Nonribosomal Peptides (NRP) 

 Natural products are important elements of modern therapy.  Secondary 

metabolites can be classified into different groups according to biosynthesis pathways 

(Table 2.1) (Thomas, 2004).  One class of natural products, the nonribosomally 

produced peptides, is of extraordinary pharmacological importance.  

Table 2.1 Ways of assembling secondary metabolites. 

Pathway Precursors Groups 

Shikimate Shikimic acid Alkaloids, Quinones, 
Flavonoids, 
Phenylpropanoids etc. 

Polyketide or 
Acetate 

Acetyl CoA & Malonyl CoA Fatty acids, 
Acetylenes,Aromatic 
polyketides etc. 

Mevalonate & 
Nonmevalonate 

Isoprene Units Terpenoids & Steroids 

Nonribosomal 
Peptides 

Amino acid Nonribosomal Peptides 

 

 3.1 History of nonribosomal peptides 

 Nonribosomal peptide biosynthesis is carried out by the so-called nonribosomal 

peptide synthetases (NRPSs).  NRPSs catalyze the assembly of a large number of 

complex peptide natural products, many of which display therapeutically useful 

activity.  Each cycle of chain extension is carried out by a dedicated module of the 

multifunctional enzymes. NRPSs occur in a wide range of organisms, including 

bacteria, fungi, plants and marine organisms (Keller and Schauwecker, 2003).  

Peptide antibiotics represent a large and diverse group of bioactive natural products 

with a wide range of applications in medicine, agriculture, and biochemical research.  

These metabolites show functional diversity including antibiotics (e.g. penicillins, 

vancomycin, bacitracin and gramicidin), immunosuppressive agents (e.g. rapamycin 
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and cyclosporin), cytostatic agents (e.g. bleomycin and epothilon), and siderophores 

(e.g. myxochelin and enterobactin) (Challis et al., 2000).  Examples of the structural 

diversity of bioactive compounds of nonribosomal origin are shown in Figure 2.5 

(Schwarzer et al., 2003). 

 

A. antibiotics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5 Examples of the structural diversity of bioactive compounds of 

nonribosomal origin. 
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B. immunosuppressive agent 

 

 

 

 

 

 

 

 

C. cytostatic agents 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 2.5  (continued). 
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D. siderophores 
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Figure 2.5  (continued). 
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 3.2 Biosynthetic strategies of nonribosomal peptide synthetases 

 Nonribosomal peptide synthetases (NRPSs) exhibit a modular organization. In 

this connection, a module is a section of the NRPS’s polypeptide chain that is 

responsible for the incorporation of one amino acid into the final product.  Generally, 

basic modules comprised initiation module, elongation module, and releasing module 

that are capable of carrying out one cycle of chain extension.  The modules can be 

further subdivided into domains, which represent the enzymatic units that catalyze 

individual steps of nonribosomal peptide synthesis.  The core domains of NRPS on 

initiation and elongation modules are the adenylation (A), thiolation (T; also referred 

to as the peptidyl carrier domain, PCP), and condensation (C) domains.  The releasing 

module contains the relreasing domain (RE) or chain-terminating thioesterase (TE) 

domain for off-loading of the mature peptide chain.  The organization of the domains 

within a module according to this model is (C-A-PCP)n-RE (Figure 2.6). Domains can 

be identified on the protein level by characteristic, highly conserved sequence motifs, 

the so-called “core-motifs”.  The adenylation domain is composed of 10 core motifs 

while thiolation domain, condensation domain, and releasing domain contain 1, 7, and 

7 core motifs, respectively.  The sequences of six highly conserved cores whose order 

and location within all known domains are from five adenylation domains (cores 1-5) 

and one thiolation domain (core 6).  The sequences of core motifs are shown in Table 

2.2.  Therefore, the use of degenerate oligonucleotides derived from the conserved 

cores opens the possibility of amplifying and cloning NRPS from genomic DNA 

(Borchert et al., 1992; Turgay and Marahiel, 1994).  

 

 

 

 

 

 

 

 

Figure 2.6 The core domains of nonribosomal peptide synthetases. 
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Table 2.2 The consensus sequence of the conserved motifs of NRPS domains. 

 

Domain Core motifs Consensus sequence 

(Konz and Marahiel, 1999) 

Adenylation 

 

A1 

A2 (core1)  

A3 (core2)  

A4 

A5 

A6 (core3)  

A7 (core4)  

A8 (core5)  

A9 

A10 

L(TS)YxEL 

LKAGxAYL(VL)P(LI)D 

LAYxxYTSG(ST)TGxPKG 

FDxS 

NxYGPTE 

GELxLxGxG(VL)ARGYL 

Y(RK)TGDL 

GRxDxQVKIRGxRIELGEIE 

LPxYM(IV)P 

NGK(VL)DR 

Thiolation 

Condensation 

 

T (core6)  

C1 

C2 

C3 

C4 

C5 

C6 

C7 

DxFFxLGG(HD)S(LI) 

SxAQxR(LM)(WY)xL 

RHExLRTxF 

MHHxISDG(WY)xL 

YxD(FY)AVW 

(IV)GxFVNT(QL)(~)xR 

(HN)QD(YV)PFE 

RDxSRNPL 

Releasing  

 

 

RE1 

RE2 

RE3 

RE4 

RE5 

RE6 

RE7 

V(LF)(LV)TG(AV)(TN)G(YF)LG 

VxxxVRA 

GDL 

VYPYxxLRx(PL)NVxxT 

GYxxSKWxx 

RPG 

LExx(VI)GFLxxP 
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Adenylation-(A)-domains control the entry of the substrates into nonribosomal 

peptide synthesis by selection and activation of the amino (carboxy) acid substrate, as 

the aminoacyl adenylate by aminoacyl-tRNA synthetases at the expense of ATP 

(Arnez and Moras, 1997).  In the next step, the activated amino acid is transferred 

onto the thiol moiety of the Ppant prosthetic group attached to the PCP domain.  The 

4´-phosphopantetheine (Ppant) group of each PCP is posttranslationally introduced 

onto the side-chain hydroxyl group of a conserved serine residue within the PCPs by a 

cognate Ppant-transferase (Lambalot et al., 1996; Reuter et al., 1999).  The PCP 

represents the transport unit, which enables the activated amino acids and elongation 

intermediates to move between the catalytic centers.  Formation of the peptide bond in 

nonribosomal peptide synthesis is carried out by the condensation (C) domains which 

are about 450 amino acids in size and localized between every consecutive pair of A 

domains and PCPs.  The C domains catalyze the formation of the peptide bond 

between the upstream aminoacyl-or peptidyl-S-PCP moiety and the free amino group 

of the downstream aminoacyl-S-PCP, thus facilitating the translocation of the 

growing chain onto the next module.  In most NRPS assembly lines a thioesterase-

like (Te) domain of about 250 amino acids is found at the C-terminal end of the last 

module.  After transfer of the linear peptidyl intermediate from the last PCP onto the 

catalytic serine residue of the Te domain (serine is replaced by cysteine in a few 

examples), this domain catalyzes release of the product by hydrolysis, cyclization, or 

oligomerization (Mootz et al., 2002).  The reactions catalyzed by core NRPS domains 

are shown in Figure 2.7. 

 

Figure 2.7 Reactions catalyzed by NRPS domains. 
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 In addition, the tailoring enzymes that act on nonribosomal peptides for 

maturation reactions are crucial for control of biological activity and functional 

diversity.  Some tailoring enzymes are embedded in the NRPS assembly lines and 

modify the elongating chains (Figure 2.8).  The characterization of several types of 

tailoring enzymatic reactions for NRP was reported including the formation of 

heterocyclic ring by cyclization (Cy) domains.  The formation has been presumed that 

Cy domains first catalyze peptide bond condensation and then carry out cyclization of 

the thiol sidechain of cysteine or the hydroxyl sidechain of serine or threonine onto 

the just-formed peptide bond to form thiohemiaminal or hemiaminal intermediates 

that are then dehydrated to yield the C=N bond in the thiazoline and oxazoline rings 

(Gehring et al., 1998).  Incorporation of thiazole or oxazole rings requires the 

presence of an additional, oxidation (Ox) domain as part of the accompanying 

module. Ox-domains are almost exclusively found associated with Cy-domains.  

Nitrogen atoms of the peptide backbone of nonribosomally synthesized peptides are 

often N-methylated.  Methylation of nonribosomal peptides is embedded by 

methylation (MT) domains using S-adenosyl methionine (SAM) as the methyl donor 

(Haese et al., 1994; Burmester et al., 1995; Schauwecker et al., 2000).  In general, the 

A domains of NRPS assembly lines select the readily available L-amino acids for 

activation.  The presence of D-amino acids in some nonribosomal peptides are 

operated by epimerization (E) domains via aminoacyl- or peptidyl-S-PCP acyl 

enzyme intermediates (Walsh et al., 2001).  Formation (F) domains are possibly 

responsible for the N-formylation by means of the cofactor N-formyltetrahydrofolate 

(N-formyl- THF).  In an alternative mechanism of termination system, the Te-domain 

is replaced by a reductase-(R)-domain that reduces the C-terminal carboxy group to 

an aldehyde or even to the corresponding alcohol using NADPH as a cofactor 

(Silakowski et al., 2000; Gaitatzis et al., 2001). 
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Figure 2.8 The characterization of several types of tailoring enzymatic reactions for 

NRP natural products. 

3.3 Biosynthesis of saframycins and safracins 

 Saframycins, belonging to the bistetrahydroisoquinoline family of antibiotics, 

are a group of microbial natural products. There are three NRPS gene clusters for 

saframycin biosynthesis as shown in Figure 2.9.  In 1995, Pospiech et al. reported 

biosynthesis of saframycin Mx1 (SFM-Mx1) produced by Myxococcus xanthus 

(SFM-Mx1). Two large ORFs, named safA and safB encode the putative SFM-Mx1 

NRPSs including SafA 2 modules and SafB 2 modules.  In 2005, Velasco et al. 

reported biosynthesis of safracin B (SAC-B) which was isolated from the culture 

broth of Pseudomonas fluorescens strains A2-2 strain obtained from a soil sample in 

Tagawagun (Fukuoka, Japan) (Ikeda et al., 1983).  Three large ORFs, named sacA, 

sacB and sacC, encode the putative safracin NRPSs including SacA, SacB and SacC, 

respectively.  They showed a high similarity to three (Gly, Tyr and Tyr) of the four 

amino-acid-activating modules found in the saframycin NRPS cluster of M. xanthus.  

In 2008, Li et al. reported biosynthesis of saframycin A (SFM-A) produced by 

Streptomyces lavendulae NRRL 11002.  SFM-A is likely to be synthesized by a 

similar NRPS mechanism. SFM-A biosynthesis contains three NRPS genes, including 

sfmA, sfmB and sfmC within the sfm cluster. Previous feeding experiments using 
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isotope-labeled substrates showed that the backbone of SFM-A is derived from one 

alanine (Ala), one glycine (Gly), and two tyrosine (Tyr) derivatives, suggesting that it 

is of tetrapeptide origin (Figure 2.10) (Mikami et al., 1985).  Strongly supporting 

results, the SFM-A NRPS system is considered to be three modules including SfmA 

(C1-A1-PCP1), SfmB (C2-A2-PCP2), and SfmC (C3-A3-PCP3-RE) showing 

exclusive activities with L-Ala, L-Gly, and L-3h5mOmTyr, respectively.  The last 

SfmC module acts twice to incorporate two L-3h5mOmTyr residues into the 

tetrapeptide (Figure 2.9A).  SfmA, SfmB, and SfmC constitute an NRPS system that 

exhibits similarities in domain organization and amino sequence from head to tail to 

those for SFM-Mx1 (Figure 2.9B) and SAC-B (Figure 2.9C) biosynthesis.  Based on 

the colinearity rule (Marahiel et al., 1997), the NRPS module organization parallels 

the order of the amino acid residues in the resultant polypeptide, sequential 

incorporation of Ala, Gly, and two Tyr derivatives into the tetrapeptide in SFM-Mx1 

biosynthesis was previously considered to be directed by four successive modules 

including SafB (AL-PCP0), SafB (C1-A1-PCP1), SafA (C2-A2-PCP2), and SafA 

(C3-A3-PCP3-RE) (Figure 2.9B) (Pospiech et al., 1996).  Since SacA in SAC-B 

biosynthesis lacks the first module AL-PCP0, a bifunctional adenylation activation by 

SacA or direct incorporation of an Ala-Gly dipeptide into the tetrapeptide by SacA 

was hypothesized (Figure 2.9C) (Velasco et al., 2005).  In both systems, the last two 

modules (SafA-C2-A2-PCP2 and SafA-C3-A3-PCP3-RE or SacB-C2-A2-PCP2 and 

SacC-C3-A3-PCP3-RE) were suggested to be responsible for activation and 

incorporation of each Tyr derivative, 3-hydroxy-5-methy-O-methyltyrosine 

(3h5mOmTyr).  We hypothesized that renieramycins are biosynthesized in a similar 

manner to that of SFM-A, SFM-Mx1 and SAC-B according to their 

bistetrahydroisoquinoline conserved structure. 
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Figure 2.9 Nonribosomal peptide synthetase genes involved in biosynthesis of 

saframycin A (A), saframycin Mx1 (B), and safracin B (C), respectively.  
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Figure 2.10 Feeding experiments using isotope-labeled substrates of saframycin A. 

4. Reactive oxygen species 

 Reactive Oxygen Species (ROS) are chemically reactive molecules containing 

oxygen molecules which are normally produced by cellular metabolic process.  

Although ROS are essential for cellular biological functions, excessive production of 

ROS or depletion of cellular antioxidant molecules and/or enzymes lead to oxidative 

stress and subsequent cell damage.  Cellular oxydative stress has been widely studied 

and found to be involved in several diseases such as cancer, neurodegenerative 

disorders, arteriosclerosis and others (Valko et al., 2004).  In cancer cells, high levels 

of ROS can result from increased metabolic activity, mitochondrial dysfunction, 

peroxisome activity, increased cellular receptor signaling, oncogene activity, 

increased activity of oxidases (Majno and Joris, 1995; Trump et al., 1997).  For 

instance, ROS in cancer are involved in cell cycle progression and proliferation, cell 
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survival and apoptosis, cell morphology, cell-cell adhesion (Savill and Fadok, 2000; 

Kurosaka et al., 2003; Pelicano et al., 2004). 

 ROS are highly reactive because they contain unpaired electron which generated 

though oxygen  reduction resulting in the production of reactive species which can be 

descripted as free radicals such as superoxide anion (O2
•¯), hydroxyl radical (HO•) and 

non-radicals, specifically hydrogen peroxide (H2O2) and singlet oxygen (O2) (Circu 

and Aw, 2010).  

5. Apoptosis and necrosis 

 Oxydative stress modulates apoptotic or necrotic cell death (Chandra et al., 

2000; Miguel, 2007; Lin et al., 2010).  Apoptosis is one type of cell death responsible 

for the development and repair process of human body and has been long documented 

as a distinctive model of programmed cell death (Elmore, 2007).  Also, this type of 

death is the major mechanism of human body for eliminating un-wanted and damaged 

cells (Budihardjo et al., 1999; Norbury and Hickson, 2001).  The process of apoptosis 

involves the activation of several signals and proteins in the well-controlled fashion 

triggered by the defined stimuli and suppressed by the threshold of the cells.  If the 

trigger is reached the cells, the caspases will be finally activated to cause cell death 

(Budihardjo et al., 1999; Ghobrial et al., 2005; Ashkenazi, 2008).  At the final step of 

apoptosis, all cell compartments are wrapped up in the vesicles called apoptotic 

bodies which will be consumed by the immune cells (Hacker, 2000).  Unlike 

apoptosis, necrosis is considered as a toxic death of unspecifically injured cells by two 

main mechanisms: intervention with the energy supply of the cells and direct damage 

to cell membranes (Levin et al., 1999).  Major morphological changes occurring 

during necrosis include cell swelling, formation of cytoplasmic vacuoles, distended 

endoplasmic reticulum, disrupted organelle membranes, swollen and ruptured 

lysosomes, and eventually disruption of the cell membranes (Kerr et al., 1972; Majno 

and Joris, 1995).  Not only is the necrosis cell death unspecific, but also it damages 

the surrounding cells and tissues by the releasing cytoplasmic components and 

induces the severe active immune response and inflammation (Trump et al., 1997; 

Savill and Fadok, 2000; Kurosaka et al., 2003).  Together, even though the cell killing 

property of substances is of interest for anti-cancer drug development, many 
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promising candidates are cut off because of these unspecific necrotic responses and 

related complications.  Morphological features of apoptosis and necrosis are shown in 

Figure 2.11. 

 

 

 

 

 

 

 

 

 

Figure 2.11 Morphological features of apoptosis and necrosis (www.google.com).
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CHAPTER III 

IDENTIFICATION OF NONRIBOSOMAL PEPTIDE SYNTHETASE GENE 

INVOLVED IN BIOSYNTHESIS OF RENIERAMYCINS FROM                 

THE BLUE SPONGE XESTOSPONGIA SP. 

 The similarity of the conserved core pentacyclic ring of renieramycin M (RM) 

to saframycin A (SFM-A), saframycin Mx1 (SFM-Mx1) and safracin B (SAC-B), 

suggested that these compounds are likely to be synthesized by a similar 

nonribosomal peptide synthetase (NRPS) mechanism.  Along with the previous 

reports indicated that the pentacyclic backbone of RM may derive from one glycine 

(Gly), and two tyrosine-derived residues, suggesting that it is of tripeptide origin. 

However, biosynthesis of RM has not yet been defined.  In this study, NRPS gene 

involved in renieramycins biosynthesis was identified by PCR-based screening.  

Degenerate primers were designed by amino acid alignment encoded by SfmC (for 

SFM-A), SafA (for SFM-Mx1) and SacC (for SAC-B).  These positions of NRPS 

genes encoded for the assembly of two units of 3-hydroxy-5-methy-O-methyltyrosine 

(3h5mOmTyr), which are the precursors of the conserved pentacyclic ring.  However, 

most DNA preparations based on molecular biology techniques require good DNA in 

both quantity and quality to provide fine materials for subsequently stages such as 

PCR, gene cloning, gene library construction and metagenomics (Schmitt et al., 2007; 

Mohamed et al., 2008).  

 In this study, DNA samples obtained as a mixture were isolated from 

Xestospongia sp. sponge and its inescapably-associated microorganisms, resulting in 

simplicity of sample preparation and avoidance of difficulties associated with 

culturing environmental microbes (Handelsman et al., 1998).  The metagenomic 

approach was primarily utilized to investigate gene(s) involved in renieramycins 

biosynthesis which might be present either in the marine sponge Xestospongia sp. or 

its associated microorganism community.  From our preliminary attempt, several 

DNA extraction protocols, such as MasterPure® DNA extraction kit, CTAB protocol, 

SDS/phenol extraction, SDS/CTAB/phenol extraction, and NaOAc salting-out 

extraction (Maria, 2004; Weising, 2005; Schirmer et al., 2005; Aguilera, 2006; 
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Ferara, 2006; Farrugia et al., 2010) were comparatively employed for the 

Xestospongia sponge samples however the obtained DNAs from every protocol were 

unsatisfied in term of their quality and quantity.  Therefore, we hypothesized that the 

sponge sample might contain highly cytotoxic renieramycins causing a problem for 

DNA extraction and leading to the low in both DNA quantity and DNA quality.  In 

this work, we developed an efficient extraction method to prepare DNA from the Thai 

marine sponge Xestospongia sp. by preremoval of renieramycins from the sponge 

samples.  The direct DNA-damaging effect of cytotoxic renieramycins was examined 

by using the double-strand plasmid DNA pBR322. 

1.  Materials and methods 

 1.1  Source of the blue sponge Xestospongia sp. 

 The sponge Xestospongia sp. (Class: Demospongiae, Order: Haplosclerida, 

Family: Petrosiidae) is a bluish sponge occurring commonly in the coral reef in the 

Gulf of Thailand.  The marine blue sponge Xestospongia sp. was identified by Dr. 

John N.A. Hooper.  The voucher specimens have been deposited at Queensland 

Museum (serial No. QM G306998), Australia and the Department of Pharmacognosy 

and Pharmaceutical Botany, Faculty of Pharmaceutical Sciences, Chulalongkorn 

University, Thailand.  

 For this study, the sponge samples were taken from Sichang Island, Cholburi 

Province, on October 2011 by SCUBA diving at the depth range of 3-5 meters.  The 

living samples were cleaned up the contaminated organisms before being carried to 

our laboratory and stored at -20°C prior to DNA extraction. 

 1.2  Reagents and enzymes 

 1.2.1  Chemical and biological reagents 

Absolute ethanol (Wako, USA) 

Acetic acid (Merck, Germany) 

Agarose (SeaKem®, USA) 

Ampicilin antibiotic (Wako, USA) 

Chloramphenicol antibiotic (Wako, USA) 

Cetyl trimethylaceticbromide: CTAB (Fluka®, USA) 
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Chloroform/isoamylalcohol (24:1) (Fluka®, USA) 

Deoxynucleoside triphosphates (dNTPs) (TaKaRa Bio Inc., Japan) 

Ethylacetate, AR grade (Lab scan® Germany) 

Ethylenediaminetetraacetic acid (Dojindo Inc., Japan) 

Isopropanol (Lab scan® Germany) 

LB medium (Macalai tesque, Japan) 

LB agar (Macalai tesque, Japan) 

Liquid nitrogen 

Lysozyme (Vivantis™, Malaysia) 

Magnesium chloride (TaKaRa Bio Inc., Japan) 

Phenol/chloroform/isoamylalcohol (25:24:1) (Fluka®, USA) 

Primers (Operon, Japan) 

Proteinase K (Wako, USA) 

RNase A (Wako, USA) 

Sodium acetate (Macalai tesque, Japan) 

Sodium chloride (Wako, USA) 

Sodium dodecyl sulphate (Macalai tesque, Japan) 

Sodium sulfate, anhydrous (Merck, USA) 

Steriled ultrapure water 

Taq DNA polymerase (TaKaRa Bio Inc., Japan) 

Tris-Hydrochloride (Macalai tesque, Japan) 

10x PCR amplification buffer (TaKaRa Bio Inc., Japan) 

 1.2.2  Enzymes and Kits 

CopyControl™ fosmid library production kit (Epicentre®, USA) 

DIG High Prime DNA Labeling and Detection Starter Kit I (Roche, Switzerland) 

DNA marker: 1 kb DNA Extension Ladder (Invitrogen, USA) 

DNA marker: Gene Ladder Wide 1; Wide 2 (Wako, USA) 

DNA marker: VC Lambda/HindIII marker (Vivantis™, Malaysia) 

KAPATaqExtra (Kapasystems, USA) 

pT7-Blue vector (Novagen, USA) 

TaKaRa Ex Taq™ (TaKaRa Bio Inc., Japan) 



30 
 

 

Wizard® Plus SV MiniPreps DNA Purification System (Promega, USA) 

Wizard® SV Gel and PCR Clean-Up System (Promega, USA) 

 1.3  Effect of renieramycins on quality and quantity of DNA from the 

sponge tissue 

 1.3.1  Effect of renieramycins on DNA preparation 

 1.3.1.1  Removal of renieramycins from the sponge tissue 

 Renieramycin alkaloids were gradually removed from the 

Xestospongia sponge sample by methanol extraction.  Each 200 mg wet weight of the 

sample (50 mg dry weight) was treated with 1 ml of 15 mM potassium cyanide in 

phosphate buffer solution for 5 hr and then repeatedly macerated with methanol to 

extract renieramycins at six different times (0, 2, 4, 6, 8, and 10 times; 1 ml methanol 

for 30 min, each time).  The sponge residue after complete extraction was subjected to 

determine renieramycin amount by HPLC analyses.  Each experiment was performed 

in triplicate. 

 1.3.1.2  Determination of renieramycins amount in the sponge 

tissue 

 After complete extraction, each Xestospongia sponge sample was 

further extracted with methanol (2 ml) overnight and the centrifuged for 5 min (500 × 

g).  One ml of the methanol supernatant was mixed with 4 ml of water and 

subsequently partitioned with 2 ml of ethyl acetate.  One-ml portion of the ethyl 

acetate layer was evaporated to dryness and redissolved in 200 µl of methanol for 

further HPLC analysis of the remaining renieramycin amount in each sample.  The 

HPLC analysis was performed on a Shimadzu LD-10AD HPLC system equipped with 

a Shimadzu SPD-10A UV/VIS detector at a wavelength of 270 nm.  A LiChrospher 

100 RP-18 HPLC column (5 µm, 4.6 × 125 mm) was used with 20 µl injection 

volume.  A mixture of methanol:water (7:3) was used as the mobile phase at a flow 

rate of 1 ml/min.  Quantitative determination of renieramycins was carried out by 

means of the standard curve of renieramycin M (RM) previously isolated from the 

sponge Xestospongia sp. (Suwanborirux et al., 2003) as the standard compound 

(retention time = 7.5 min) and acenaphthene (30 µg/ml) as the internal standard.  Each 

experiment was performed in triplicate.  
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 1.3.1.3 Genomic DNA extraction from the sponge tissue 

 Each new 200 mg wet weight from the same Xestospongia sponge 

sample (50 mg dry weight) was repeatedly macerated with methanol to remove 

renieramycins prior to DNA extraction as previous described in 1.3.1.1.  The sponge 

sample after final methanol maceration was dried and DNA from each sample was 

extracted by modified sodium acetate salting-out method (Farrugia et al., 2010).  The 

sponge sample was ground under liquid nitrogen and dispersed in 750 µl of lysis 

buffer (20% SDS, 5 mM EDTA, and 10 mM Tris-HCl).  After centrifugation for 5 

min (500 × g at 4°C), the supernatant was transferred to a new tube and incubated 

with proteinase K (10 µg/μl) at 56°C for 3 h and further mixed with RNase A (10 

µg/μl) at 37°C for 1 h.  The debris was precipitated with 250 µl of 5 M sodium 

acetate.  The aqueous phase containing nucleic acids was centrifuged for 5 min (5,000 

× g at 4°C).  The supernatant was transferred to a new tube, added 1/10 volume of 3 

M sodium acetate pH 5.2 and 2.5 volumes of cold absolute ethanol and kept at -20°C 

for 30 min. DNA was carefully spooled from the aqueous phase which was further 

precipitated by centrifuging for 30 min (13,000 × g at 4°C).  DNA pellet was 

collected and combined with the spooled DNA to redissolve in 50 μl of sterile 

ultrapure water.  DNA was further purified by 5 μl of cetyltrimethylammonium 

bromide (CTAB) solution (0.3% CTAB and 5 M NaCl) and incubated at 60°C for 1 h. 

After centrifugation for 10 min (13,000 × g at 4°C), the supernatant was transferred to 

a new tube.  The DNA was finally precipitated by adding absolute ethanol and 

centrifuged for DNA pellet collection.  DNA extraction for each sample was made in 

triplicate. The extracted DNA was used for comparating the quality and quantity in 

1.3.1.4. 

 1.3.1.4 Evaluation of the extracted DNA 

 The extracted DNA was examined for its purity and quantity by 

spectrophotometry.  To prepare a sample solution, 1 μl of DNA sample was mixed 

thoroughly with 49 μl of ultrapure water into a 50 μl disposable cuvette (Hitachi 

High-Tech™, Japan).  The UV maximal absorptions of the DNA solution were 

measured on a UV1700 spectrophotometer, Shimadzu, Japan at the wavelengths of 

260 nm (A260) and 28 nm (A280).  The ratio of the absorptions at 260 nm to 280 nm is 
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commonly used to calculate the purity of DNA with respect to protein contamination, 

since proteins (in particular, the aromatic amino acids) regularly absorb at 280 nm.  

The acceptable purity level of the extracted DNA was estimated by calculating A260 to 

A280 ratio with an expected value range of 1.8-2.0 (Sambrook and Russell, 2001).  The 

yield of the obtained DNA was quatified from A260.  The concentration of double-

stranded DNA can be comparatively calculated from the below equation (Sambrook 

and Russell, 2001). 

1 OD260 unit = 50 μg/ml double-stranded DNA 

 In addition, the quantity of the extracted DNA was determined by 

PCR amplification.  The several dilution of extracted DNA obtainable from with or 

without RM elimination sponge samples were used for PCR template.  Each PCR 

reaction contained universal bacterial primers 27F (AGA GTT TGA TCM TGG CTC 

AG) and 1492R (GGT TAC CTT GTT ACG ACT T) designed to amplify the 

conserved 16S rRNA fragment of bacteria (Frank et al., 2008; Rani et al., 2009).  

Fifty µl of the PCR mixtures contained 1 µl of the extracted DNA solution, 4 µl of 

dNTP mixture (2.5 mM each of the four deoxynucleoside triphosphates; dTTP, dCTP, 

dGTP, and dATP), 4 µl of 25 mM MgCl2, 0.2-1.0 µM of each primer (final 

concentration), 5 µl of 10X Ex Taq buffer, 0.25 µl of 5 U of TaKaRa Ex Taq DNA 

polymerase and sterile water adjusted to 50 µl (TaKaRa Bio Inc., Japan).  All PCR 

reactions were run by a thermocycler (Labnet, Edison, USA) as follows: 94°C for 2 

min, followed by 35 cycles of 94°C (30 sec), 52.5°C (30 sec) and 72°C (2 min), and a 

final elongation step of 72°C for 10 min.  The PCR product (approximately 1,400 bp) 

was electrophoresed on a 1% agarose gel, run in Tris-acetic acid-EDTA (TAE) buffer 

at 100 V for 30 min and stained with ethidium bromide.  The intensity of DNA band 

was visualized and compared between different template DNAs obtained from with or 

without renieramycins elimination. 
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 1.3.2  Effect of quinone-generated free radicals from renieramycins 

on DNA damage 

 1.3.2.1 Synthesis of 5,8,15,18-tetra-O-acetylbishydroquinone 

renieramycin M  

 A solution of renieramycin M (RM) (10 mg, 0.0173 mmol) in ethyl 

acetate (3 ml) was hydrogenated over 10% Pd/C (6.0 mg) at 1 atm for 4 h. The 

catalyst was removed by filtration and washed with ethyl acetate.  The combined 

filtrate was evaporated to dryness to obtain the hydroquinone RM.  This crude 

material was used in the next step without further purification.  The hydroquinone RM 

was acetylated with 4.5 equivalents of acetic anhydride (8 µl) in pyridine (0.5 ml) and 

the reaction mixture was stirred for 4 h at room temperature under argon atmosphere.  

The reaction was quenched with 5 ml distilled water and the mixture was extracted 

with dichloromethane (3×5 ml).  The combined dichloromethane extract was 

evaporated to dryness and subjected to chromatographic purification on a silica gel 

column using a mixture solution of ethylacetate:hexane (2:8) as the eluent to afford 

5,8,15,18-tetra-O-acetylbishydroquinone renieramycin M  (8 mg, 80% yield) as a 

colorless solid.  The compound was identified by comparing the NMR spectral data 

with the literature (Amnuoypol et al., 2004). 

 1H NMR (300 MHz) spectrum was obtained with a Bruker Avance DPX-

300 FT-NMR spectrometer (Faculty of Pharmaceutical Sciences, Chulalongkorn 

University).  Solvent for NMR measurement was deuterated chloroform (CDCl3). 

Chemical shifts were reported in ppm scale using the chemical shift of the solvent as 

the reference signal.  The spectral data are shown in Table 3.1.  
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Table 3.1 1H-NMR spectral data of 5,8,15,18-tetra-O-acetylbishydroquinone 

renieramycin M in CDCl3. 

 

proton 5,8,15,18-tetra-O-acetyl 

bishydroquinone RM 

5,8,15,18-tetra-O-acetyl 

bishydroquinone RM 

(Amnuoypol et al., 2004)  

1-H 4.07 (1H, m) 4.10 (1H, m) 

3-H 3.21 (1H, d, 11.6) 3.22 (1H, ddd, 11.6, 2.6, 2.3) 

4-Hβ 1.84 (1H, dd, 15.4, 11.6) 1.89 (1H, dd, 15.5, 11.6) 

4-Hα 2.66 (1H, d, 15.4) 2.71 (1H, dd, 15.5, 2.6) 

11-H 3.68 (1H, d, 2.3) 3.68 (1H, d, 2.3) 

13-H 3.34 (1H, overlap) 3.33 (1H, ddd, 7.9, 2.6, 1.3) 

14-Hβ 2.06 (1H, overlap) 2.27 (1H, d, 17.8) 

14-Hα 2.71 (1H, overlap) 2.82 (1H, dd, 17.8, 7.9) 

21-H 4.00 (1H, d, 2.6) 4.00 (1H, d, 2.6) 

22-Ha 3.69 (1H, m) 3.68 (1H, m) 

22-Hb 4.07 (1H, m) 4.10 (1H, m) 

6-CH3 2.06 (3H, s) 2.06 (3H, s) 

16-CH3 2.04 (3H, s) 2.04 (3H, s) 

7-OCH3 3.71 (3H, s) 3.71 (3H, s) 

17-OCH3 3.75 (3H, s) 3.74 (3H, s) 

12-NCH3 2.06 (3H, s) 2.23 (3H, s) 

OCOCH3  2.35 (3H,s) 2.38 (3H,s) 

 2.31 (3H,s) 2.37 (3H,s) 

 2.26 (3H,s) 2.33 (3H,s) 

 2.24 (3H,s) 2.28 (3H,s) 

26-H 6.01 (1H, overlap) 6.05 (1H, qq, 7.3, 1.7) 

27-H3 1.94 (3H, overlap) 1.96 (3H, dq, 7.3, 1.7) 

28-H3 1.68 (3H, overlap) 1.70 (3H, dq, 1.7, 1.5) 
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1.3.2.2  Effect of renieramycins on pBR322 plasmid DNA 

 The solutions of renieramycin derivatives, including RM and 

5,8,15,18-tetra-O-acetylbishydroquinone renieramycin M, were prepared by 

dissolving in methanol and potassium phosphate buffer to achieve indicated 

concentrations (0.006, 0.06, 0.15, 0.30, and 1.5 mM) containing less than 10% 

methanol.  Twenty µl of each sample solution was mixed with 1 µl (100 ng) of 

pBR322 plasmid DNA (Vivantis, Malaysia) and incubated at 56ºC for 3 h.  The 

reaction mixture was electrophoresed on a 1% agarose gel, run in TAE buffer at 100 

V for 30 min.  After electrophoresis, the gel was stained with ethidium bromide and 

visualized under ultraviolet light.  The band intensities of the supercoiled DNA form 

(SC) and opened circular DNA form (OC) of pBR322 plasmid DNA were measured 

with MiniBIS Gel Documentation and analyzed with Gel Quant Analysis (DNR 

BioImaging Systems, Jerusalem, Israel).  All experiments were run in triplicate. 

 1.3.2.3  Determination of free radicals affecting on pBR322 

plasmid DNA damage 

 Trolox was used as a free radical scavenger.  Each reaction mixture 

(21 µl) contained 10 µl of 0.15 mM RM (dissolved in potassium phosphate buffer 

containing less than 10% methanol), 10 µl of Trolox in final concentrations (1.25 or 

2.5 mM), and 1 µl of 100 ng pBR322 plasmid DNA.  After incubation at 56ºC for 3 h, 

the mixture was added with 5 µl of loading dye (0.25% bromophenol blue, 0.25% 

xylene cyanol and 40% sucrose in water) and then loaded onto a 1% agarose gel and 

visualized as previous described in 1.3.2.2.  

 1.4  General techniques in genetic engineering  

 1.4.1  DNA preparation 

 The 200 mg wet weight of the Xestospongia sponge sample (50 mg dry 

weight) was repeatedly macerated with methanol to remove renieramycins prior to 

DNA extraction at optimal 8 times (1 ml methanol for 30 min, each time).  The 

sponge sample after final methanol maceration was dried and DNA from each sample 

was extracted by modified sodium acetate salting-out method as previous described in 

1.3.1.3.  
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 1.4.2  Degenerate primer design 

 Several degenerate primers were generally designed to obtain gene 

sequence information ranged from A domain through RE domain in an NRPS system.  

The degenerate primers in this study were designed by CLC Sequences Viewer 

version 6.3 from the conserved regions of amino acid alignment of genes SfmC for 

saframycin A from Streptomyces lavendulae (accession number: DQ838002) (Li et 

al., 2008), SafA for saframycin Mx1 from Myxococcus xanthus (accession number: 

MXU24657) (Pospiech et al., 1995) and SfcC (or SacC) for safracin B from 

Pseudomonas fluorescens (accession number: AY061859) (Velasco et al., 2005) that 

were retrieved from National Center for Biotechnology Information (NCBI).  The 

designed primers were synthesized by Eurofins Operon, Japan. 

 1.4.3 PCR amplification 

 The genomic DNA extracted from the Xestospongia sponge was used as 

templates for PCR amplification of NRPS genes involved in renieramycin 

biosynthesis using TaKaRa Ex TaqTM Polymerase (TaKaRa Bio Inc., Japan), 

following the manufacturer’s protocol as pevious described in 1.3.1.4.  PCR reaction 

conditions were started with an initial denaturation step at 95°C for 3 min, followed 

by 35 cycles of denaturation at 94°C for 30 sec, annealing at 42°C for 30 sec, 

extension at 72°C for 1.30 min, and a final extension at 72°C for 5 min, then held at 

4°C.  PCR amplification was carried out in a MultiGene Thermalcycler (TaKaRa Bio 

Inc., Japan).  The PCR products were run on a 1% agarose gel with Lambda marker.  

An expected size of the PCR product was approximately 770 bp.  Following 

electrophoresis, PCR product band was excised from gel based on DNA marker bands 

and gel slice was placed in a 1.5 ml microcentrifuge tube.  Ten µl per 10 mg of gel 

slice of membrane binding solution was added, vortexed and incubated at 60-70°C 

until gel slice is complete dissolved.  The dissolved gel mixture was transferred to 

minicolumn assembly (insert minicolumn into a collection tube) and then centrifuged 

at 15,000 × g for 1 min.  The flowthrough supernatant was discarded from the 

collection tube and reinserted the minicolumn into a collection tube.  The washing 

step started by adding 700 µl of membrane wash solution to the column and 

centrifuging at 15,000 × g for 1 min (repeat 2 times).  The collection tube was 
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discarded and the column assembly was recentrifuged for 1 min with the 

microcentrifuge lid open to evaporate residual ethanol and then carefully transferred 

the minicolumn to a 1.5 ml microcentrifuge tube.  The expected PCR product was 

eluted from the column by 50 µl of nuclease-free water, incubated at room 

temperature for 1 min and centrifuged at 15,000 × g for 1 min.  The PCR product was 

then cloned as described in 1.4.4 

 1.4.4  Cloning of a partial NRPS gene encoding for the assembly of 

tyrosine derivatives 

 1.4.4.1  Preparation of E. coli competent cells  

 The overnight culture (200 µl) of E. coli DH5α was inoculated into 

100 ml of LB medium, the grown at 37°C, 250 rpm until OD600 reached 0.3-0.4 

(usually 2-3 h).  The culture was placed on ice for 30 min and centrifuged at 5000 × g, 

4°C for 10 min.  The medium was removed and the cell pellet was gently resuspended 

with 10 ml of 100 mM cold CaCl2 on ice.  After incubation on ice for 30 min and 

centrifugation at 5000 × g, 4°C for 10 min, the supernatant was discarded and then the 

pellet was resuspended in 1.8 ml of cold 100 mM CaCl2 and 0.4 ml of sterile glycerol.  

The cell suspension was aliquot to 100 µl per tube on ice prior to immediately 

keeping in liquid nitrogen.  The competent cells were finally stored at -80°C until use. 

  1.4.4.2 Ligation and transformation of NRPS gene  

  The PCR products of NRPS fragments already added adenine at 3´ 

end by Taq DNA polymerase were ligated into pT7Blue vector, T/A linearized vector 

(Promega, USA), prior to transforming to Escherichia coli DH5α competent cells.  

Each PCR product (3 μl) was ligated with pT7Blue vector (1 μl) using 1 μl of T4 

DNA ligase enzyme in 5 μl of 2 ligation buffer.  The ligation mixture was incubated 

at 16°C for 3 h and the ligation products were transformed to E. coli DH5α competent 

cells by heat shock method.  The competent cells were removed from the -80°C 

freezer and thawed on ice.  After thawing, 100 μl of the cells was mixed with 5 μl of 

the ligation mixture and incubated on ice for 30 min.  The cell mixture was heat 

shocked at 42°C for 90 sec and rapidly placed on ice for 5 min.  The cell mixture was 

then added with 300 μl of LB (Luria-Bertani) medium (1% w/v tryptone, 0.5% w/v 

yeast extract and 0.5% w/v NaCl) and incubated at37°C for 1 h. 
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 1.4.4.3 Selection of recombinant clones  

 The recombinant clones were selected using blue/white selection 

technique. The LB-Amp (LB medium with ampicillin) plates were prepared earlier by 

adding ampicillin, 50 µg ml-1 (25 μl).  The 200 μl of cell culture was spreaded with 

2% 5-bromo-4-chloro-indolyl--D-galactopyranoside (X-gal) in dimethylformamide 

(DMF) (40 μl) and 100 mM isopropylthio--galactoside (IPTG) (40 μl) on a LB-Amp 

plate.  The recombinant E. coli cell mixture was plated onto the X-gal plate and 

incubated at 37°C overnight.  White colonies were randomly chosen from the 

overnight plates and checked for correct size of inserts by colony PCR.  The PCR 

cycling program was the same as that of PCR product amplification.  The size of 

colony PCR products was determined by gel agarose electrophoresis.  The colonies 

inserted with expected-size PCR products were cultured in LB-Amp broth at 37°C 

overnight for plasmid extraction.  

 1.4.5  Plasmid extraction 

 Plasmids containing expected inserts were isolated from E. coli DH5α 

transformed cells using Wizard® Plus SV MiniPreps DNA Purification System 

(Promega, USA).  Cells were grown in 5 ml of LB-Amp medium at 37°C overnight 

and collected by centrifugation at 8,000 × g for 5 min at room temperatre.  The cell 

pellet were resuspended in a 1.5 ml microcentrifuge tube with 250 µl of cell 

resuspension solution and added 250 µl of cell lysis solution to each sample, inverted 

4 times to mix.  Alkaline protease solution (10 µl) was added, inverted 4 times to mix 

and incubated 5 min at room temperatre.  Neutralization solution (350 µl) was then 

added and inverted 4 times to mix.  The supernatant was collected by centrifugation at 

15,000 × g for 10 min at room temperature.  The plasmid solution was purified 

through spin column with 750 µl of wash solution.  The plasmid DNA was finally 

eluted from the column with 50 µl of nuclease-free water and kept in -20°C.  The 

purified plasmids were used as templates for nucleotide sequencing by an ABI Prism 

3100 genetic analyzer (Applied Biosystems Hitachi, USA). 

 1.4.6  Nucleotide sequence analysis 

 The purified plasmids containing expected inserts were subjected to cycle 

sequencing by ABI PRISM dGTP BigDye Terminators v3.0 Ready Reaction 



39 
 

 

Cycle Sequencing Kit using 96-well MicroAmp reaction plate.  Twenty µl of the 

PCR mixtures contained template as described in Table 3.2, 1 µl of 3.2 pmol/µl 

primer, 8 µl of Terminator Ready Reaction Mix (ABI PRISM DNA polymerase), 

and denionized water adjusted to 20 µl (ABI Applied Biosystems, USA).  The cycle 

sequencing was started with an initial denaturation step at 96°C for 2 min, followed 

by 25 cycles of denaturation at 96°C for 10 sec, annealing at 50°C for 5 sec, extension 

at 60°C for 4 min, and then held at 4°C.  The PCR products were purified by 

ethanol/sodium acetate precipitation in 96-well reaction plate.  The ethanol/sodium 

acetate solution was prepared by combining the following for 20 µl of each PCR 

product: 3 µl of 3 M sodium acetate (NaOAc) pH 4.6, 62.5 µl of non-denatured 95% 

ethanol, and 14.5 µl of denionized water.  The 96-well reaction plate was sealed with 

strip caps prior to inverting the 96-well plate for a few times and left at room 

temperature for 15 min to precipitate the extension products.  The 96-well reaction 

plate was centrifuged at 4,000 × g for 30 min and then removed the supernatant by 

inverting the plate on the paper towel prior to adding 150 µl of 70% ethanol and 

centrifuged at 13,000 × g for 30 min.  After removing supernatant, the sample was 

dried by centrifuged at 13,000 × g for 10 min and then added 10 µl of Hi-Di 

formamide.  The sample was carried out in a MultiGene Thermalcycler (TaKaRa Bio 

Inc., Japan) for denaturing and then subjected to an ABI Prism 3100 genetic analyzer 

(Hitachi).  The nucleotide sequences were assembled and analyzed by DNA Star 

software (DNA Star Inc, USA).  Homology search analysis and gene alignment were 

performed using BLAST (http://www.ncbi.nlm.gov/BLAST/) and CLUSTAL W 

(hpp://www.ebi.ac.uk). 

http://www.ncbi.nlm.gov/BLAST/
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Table 3.2 The amount of template used in a cycle sequencing reaction. 

Template Quantity 

PCR product:  

100-200 bp 1-3 ng 

200-500 bp 3-10 ng 

500-1000 bp 5-20 ng 

1000-2000 bp 10-40 ng 

>2000 bp 40-100 ng 

Single-stranded 50-100 ng 

Double-stranded 200-500 ng 

Fosmid, Cosmid, BAC 0.5-1.0 µg 

Bacterial genomic DNA 2-3 µg 

  

1.4.7  Construction of genomic library  

  1.4.7.1  Construction of genomic library by TaKaRa Bio Inc. 

 Check the titer of genomic DNA transformation  

 TaKaRa Bio Inc. used three different cloning vectors including 

pSTV28/HincII-BAP, pUC118/EcoRI-BAP, and Lambda ZAPII/EcoRI to make 9 

ligation mixtures.  The ligation DNA mixture information is showed in Table 3.3. The 

ligation DNA mixture (1 µl) was added into E. coli HST08 cells (50 µl) and then kept 

on ice for 30 min prior to heat shock at 42°C for 45 sec and kept on ice for 2 min.  

The sterile 450 ul of super optimal broth catabolite repression (SOC) medium (2% 

w/v tryptone, 0.5% w/v Yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2 and 

20 mM glucose) was added to the mixture which was further incubated at 37°C, 200 

rpm for 1 h.  The transformed cells were spreaded onto the LB agar plate containing 

appropriate antibiotics (ampicillin, 50 µg/ml, chloramphenicol, 50 µg/ml) after added 

2% X-gal in DMF (40 μl), 100 mM IPTG (40 μl).  The plate was incubated at 37°C 
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overnight.  The white colonies were checked by colony PCR using vector primers as 

described in 1.4.4.  

Table 3.3 The information of ligation DNA mixture provided by TaKaRa Bio Inc. 

 

 

 

 

 

 

 

 

 

 

 

 1.4.7.2 Construction of genomic library by CopyControl™ 

Fosmid Library Production Kits 

 

 

 

 

 

Figure 3.1 Outline of fosmid library construction. 

 Shearing the insert DNA 

 The extracted DNA as previously prepared in 1.4.1 was used for 

fosmid library construction.  The genomic DNA was randomly sheared into 

approximately 40 Kb fragments by passing it through a 200 µl of small bore pipette 

tip 50-100 times.  This process led to the highly random generation of DNA 

Ligation no. Vector 
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fragments in contrast to the DNA libraries obtained from partial digestion of the DNA 

by restriction endonucleases.  The shearing extent of DNA was determined by 

electrophoresis on a 20 cm agarose gel (1%) run in Tris-acetic acid-EDTA (TAE) 

buffer at 50 V overnight and T7 DNA size marker (100 ng) was used. 

 End-repairing of the sheared DNA 

 This step generated blunt-ended, 5'-phosphorylated DNA. The end-

repair reaction can be scaled up or scaled down as dictated by the amount of DNA 

available.  All of the reagents listed below were thawed and thoroughly mixed on ice 

before dispensing.  The reactions were incubated at room temperature for 45 min and 

then added gel loading buffer (10 µl) prior to incubating at 70oC for 10 min to 

inactivate the end-repair enzyme mixture. 

8 µl, 10 End-Repair Buffer 

8 µl, 2.5 mM dNTP Mixture 

8 µl, 10 mM ATP 

X µl, up to 20 µg, sheared insert DNA (approximately 0.5 µg/ml) 

4 µl, End-Repair Enzyme Mixture 

Y µl, sterile water 

80 µl, Total reaction volume 

 Size selection of the end-repaired DNA 

The inactivated end-repaired DNA mixture was subjected to 

electrophoresis on a 20 cm agarose gel (1%) at 50 V overnight by low melting point 

(LMP) agarose gel electrophoresis.  The end-repaired DNA was visualized and 

excised by the T7 DNA size marker.  The T7 DNA marker lane was stained with 

ethidium bromide and visualized with UV light.  The position of the T7 DNA was 

marked in the gel using a pasteur pipet.  The excised 2-4 mm wide gel was transferd 

to a sterile 1.5 ml microcentrifuge tube. 

 Recovery of the size-fractionated DNA  

The weight of the gel slices was measured.  One mg of solidified 

agarose was assumed to approximately yield 1 µl of molten agarose.  The LMP 

agarose was melted by incubating the tube at 70oC for 10-15 min and quickly 
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transfered to 45oC. The appropriate volume of 45oC warmed GELase 50 buffer was 

added to make 1 final concentration of the buffer.  One unit (1 µl) of GELase 

enzyme preparation was carefully added to the tube for each 100 µl of the molten 

agarose and incubated at 45oC for 3 h.  The reaction was inactivated at 70oC for 10 

min.  Aliquots (500 µl) of the agarose solution were transferred into sterile 1.5 ml 

microcentrifuge tubes, chilled in an ice bath for 5 min, and then centrifuged at 10,000 

× g for 20 min to precipitate insoluble oligosaccharides.  The supernatant (~90-95% 

of the volume)  was carefully transferred to a 1.5 ml microcentrifuge tube, added with 

1/10 volume of 3 M sodium acetate pH 7 and 2.5 volumes of cold absolute ethanol, 

mixed by gentle inversion, and kept at -20°C for 30 min.  DNA was carefully spooled 

from the aqueous phase and gently resuspended in 10 µl of sterile water.  The 

concentration of the DNA was estimated by running an aliquot of the DNA on an 

agarose gel using dilutions of known amounts of the T7 DNA size marker as the 

standard. 

 Ligation Reaction 

 The following reagents were combined in the order listed and 

mixed thoroughly after each addition. A 10:1 molar ratio of CopyControl pCC1FOS 

Vector to the insert DNA is optimal.  (0.5 µg CopyControl pCC1FOS Vector  0.09 

pmoles vector and 0.25 µg of 40 Kb insert DNA  0.009 pmoles insert DNA).  The 

ligation mixture was incubated at room temperature for 2 h and at 70oC for 10 min to 

inactivate the Fast-Link DNA Ligase. 

1 µl, 10X Fast-Link Ligation Buffer 

1 µl, 10 mM ATP 

1 µl, CopyControl pCC1FOS Vector (0.5 µg/µl) 

X µl, concentrated insert DNA (0.25 µg of  40 Kb DNA) 

1 µl, Fast-Link DNA Ligase 

Y µl, sterile water 

10 µl, Total reaction volume 
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Packaging the CopyControl Fosmid Clones 

Ten µl of the ligation mixture were added to each 25 µl of the 

thawed MaxPlax Lambda packaging extracts and incubated at 30oC for 90 min.  

Additional 25 µl of the MaxPlax Lambda packaging extracts was added to the mixture 

which was further incubated at 30oC for 90 min.  Phage dilution buffer (PDB) was 

added to make 1 ml final volume.  Finally, 25 µl of chloroform was added and gently 

mixed prior to storing at 4oC.  

 Titering the Packaged CopyControl Fosmid Clones 

Five ml of the E. coli EPI300 overnight culture were inoculated 

with 50 ml of LB broth containing 10 mM MgSO4  and shaked at 37oC until the titer 

of cells reached OD600 = 0.8-1.0. The cells were stored at 4oC unit use.  

A serial dilution of the packaged phage particles (1 ml) from the 

previous step was prepared with PDB in sterile 1.5 ml microcentrifuge tubes. 

A) The packaged phage particles solution. 

B) 1:10 dilution, 10 µl of the packaged phage particles solution 

with 90 µl of PDB. 

C) 1:102 dilution, 10 µl of the 1:10 dilution with 90 µl of PDB. 

D) 1:103 dilution, 10 µl of the 1:102 dilutions with 90 µl of PDB. 

Ten µl of each dilution was added with 100 µl of the prepared E. coli EPI300 host 

cells and incubated at 37oC for 20 min.  The infected E. coli EPI300 cells (110 µl) 

were spreaded on a LB plate containing 12.5 µg/ml of chloramphenicol and incubated 

at 37oC overnight to select the CopyControl Fosmid clones.  Colonies were counted 

and calculated the titer of the packaged phage particles. 

(No. of colonies) (dilution factor) (1000 µl/ml) 

                                 (volume of phage plated (µl))  

 Plating and Selecting the CopyControl Fosmid Library 

The desired dilution of the phage particle was selected by the 

optimal titer.  The transformation of the packaged phage particles to E. coli EPI300 as 

described in the previous step.  The colonies were washed with minimum volumes of 

Titer = 
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LB broth.  The LB broth was added with 20% final concentration of glycerol pior to 

storing the clones at -80oC.  The fosmid clones were used for screening by colony 

hybridization and PCR analysis of liquid gel pools. 

 1.4.8  Screening of NRPS gene by colony hybridization  

 Preparing colony lifts  

 The fosmid clones were spreaded onto the LB agar plate containing 

50 µg/ml chloramphenicol after added 2% X-gal in DMF (40 μl), 100 mM IPTG (40 

μl).  The plate was incubated at 37°C overnight.  Agar plate containing colonies was 

pre-cooled at 4°C for 30 min and a nylon membrane disc was placed onto the surface 

of each pre-cooled plate.  The membrane was left on the plates for 1 min and the 

orientations of the membranes were marked relative to the plates (Figure 3.2).  Each 

membrane disc was removed from the plate and bloted on following solutions; 

denaturation solution for 15 min, neutralization solution for 15 min and 2X SSC for 

10 min.  The nylon membrane was driped onto a dry Whatman 3MM paper between 

steps for excessive liquid.  The DNA was fixed to the membrane by bake at 110ºC 1.5 

h and removed cell debris by treating the membrane with proteinase K and incubated 

at 37ºC for 1 h.  The fixed membrane was used for hybridizing with labeled DNA 

probe. 

 

 

 

 

 

 

 

Figure 3.2 Marking the orientation of the membrane relative to the plate. Using 

needle poke holes through the filter and agar in an asymmetric pattern. 
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DIG-DNA labeling and quantification of labeling efficiency 

 The NRPS probe was prepared by using the DIG High Prime DNA 

Labeling and Detection Starter Kit.  Digoxigenin (DIG), a steroid hapten, was used to 

label DNA probes for hybridization and subsequent color detection by enzyme 

immunoassay.  DNA is randomly labeled with Digoxigenin-11-dUTP using DIG-

High Prime.  One µg of DNA product was added with sterile double distilled water to 

a final volume of 16 µl.  The DNA was denatured by heating in a boiling water bath 

for 10 min and quickly chilled in an ice/water bath.  Four µl of DIG-High Prime were 

mixed thoroughly to the denatured DNA, centrifuged briefly before incubation at 

37°C for 1 h or overnight.  The reaction was stoped by adding 2 µl of 0.2 M EDTA 

(pH 8.0) and/or by heating to 65°C for 10 min. 

 Yield determination of the DIG-labeled DNA is important for 

optimal and reproducible hybridization results.  Too high of a probe concentration in 

the hybridization mix causes background, while too low of a concentration leads to 

weak signals.  The recommended concentration of the labeled probes was 1 ng/µl.  A 

dilution series of the labeled probes and the control DNA (1 ng/µl) were prepared as 

described in Table 3.4.  One µl spot of the labeled probes and the control probe was 

applied onto the marked squares of a nylon membrane and air dry for 2 min.  The 

membrane was diped in 2 ml of following solutions for approximate times.  Between 

steps, the nylon membrane was driped onto a dry Whatman 3 MM paper for excessive 

liquid. 

 1) blocking solution for 2 min 

 2) anti-dioxigenin-alkaline phosphatase for 3 min 

 3) blocking solution for 1 min 

 4) maleic acid buffer for 1 min 

 5) detection buffer for 1 min 

Two ml of the freshly prepared color substrate, nitro blue tetrazolium/5-bromo-4-

chloro-3-indoyl phosphate (NBT/BCIP), were added to the nylon membrane and 

visualized under dark condition for 5-30 min.  The color reaction was stoped after a 
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maximum of 30 min by briefly rinsing in water. The quality of labeled DNA was 

determined by comparing violet color intensity with control DNA.  

Table 3.4 A dilution series of the labeled probe and the control DNA. 

Tube DNA 

(µl) 

From 

tube no. 

DNA dilution 

buffer 

Dilution Final concentration 

of the control DNA 

1  Diluted 

original 

    1 ng/µl 

2 2 1 198 1:102  10 pg/µl 

3 15 2 35 1:3.3×102    3 pg/µl 

4 5 2 45 1:103    1 pg/µl 

5 5 3 45 1:3.3×103  0.3 pg/µl 

6 5 4 45 1:104  0.1 pg/µl 

7 5 5 45 1:3.3×104 0.03 pg/µl 

8 5 6 45 1:105 0.01 pg/µl 

9 0 - 50 - 0 

 

Hybridizing a DIG-labeled DNA probe to colony lifts 

 An appropriate volume (10 ml/100 cm2 nylon membrane) of the 

hybridization solution (DIG Easy Hyb) was pre-heated to hybridization temperature at 

42°C.  The nylon membrane was prehybridized using heated hybridization solution in 

the plastic bag at 42ºC for 1 h with gentle agitation and the hybridization solution was 

removed.  The DIG-labeled DNA probe (~25 ng/ml) was denatured by boiling for 5 

min and rapidly cooling in ice/water.  The denatured DIG-labeled DNA probe was 

added to pre-heated hybridization solution (3.5 ml/100 cm2 nylon membrane) and 

mixed well but avoid foaming (bubbles may lead to background).  The DIG-labeled 

DNA probe solution was added to prehybridized nylon membrane and incubated for 4 

h to overnight with gentle agitation.  Post-hybridization, the nylon membrane was 

washed by low stringency wash buffer at room temperature for 5 min (2 times) and 

high stringency wash buffer at 68ºC for 15 min (2 times).  
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Detecting probe-target hybrids with a chromogenic assay 

  The membrane was washed in washing buffer for 5 min and 

subsequently incubated in 30 ml of blocking solution for 30 min and in 10 ml of anti-

dioxigenin-alkaline phosphatase solution (antibody) for 30 min.  The membrane was 

washed twice by washing buffer to remove unbound antibody for 15 min and finally 

equilibrated in 20 ml of detection buffer for 2-5 min prior to incubating membrane 

with NBT/BCIP solution in the dark until hybridization signals detected the desired 

intensity for 15-30 min.  The reaction was stopped by incubating membrane in TE 

buffer for 5 min. 

 1.4.9 Screening of NRPS gene by PCR analysis of liquid gel pools 

 The genomic library clones in LB culture broth were measured for cell 

density by spectrophotometry as described in 1.3.1.4 prior to diluting as 102 

cfu/ml/tube final concentration.  The clone mixture was added to appropiate volume 

of LB medium containing a supplement of 5 g/l SeaPrep agarose (Cambrex) and 

appropiate antibiotic for selection.  Aliquot (0.5-1 ml) of the cell cultures was 

transferred to a 1.5 ml microcentrifuge tube and stored on wet ice for 1 h to complete 

the gelling process and incubated at 37 °C overnight.  After suspended colonies, each 

tube was vortexed shortly to homogenize the mixture and 0.5 μl of the cell culture 

were aliquoted for PCR and subsequently added the 20% glycerol final concentration 

to the remaining cells for storage at -80 °C.  Clone mixtures generating PCR products 

were subjected to the next round of liquid gel cultivation and PCR screening at lower 

cfu numbers until single clones can be isolated.  Outline of the screening procedure of 

genomic libraries is showed in Figure 3.3. 
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Figure 3.3 Outline of the screening procedure of of genomic libraries. (Hrvatin and 

Piel, 2007). 

 

1) vortex and use 0.5 µl for PCR 

2) dilute positive pool in new tubes 

3) repeat 1) 

4) repeat 2) 

5) repeat 1) 

pure clone 
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2.  Results 

 2.1  Effect of renieramycins on quality and quantity of DNA from sponge 

tissue 

  The Xestospongia sponges with different cycles of renieramycins removal 

by methanol extraction were measured for the remaining renieramycins in samples by 

HPLC using amount of renieramycin M (RM), the major renieramycin, to represent 

all renieramycins in the sponge tissue as shown in Figure 3.4.  The DNA from the 

sponge samples were obtained by a modified NaOAc salting-out method.  DNA yield 

and purity were determined by spectrophotometry as presented in Figure 3.4 and 

Table 3.5.  The original amount of RM in the sponge tissue was 41.2 µg (0.02%) 

while the DNA yield from the sponge without removal of renieramycins was 88.8 

µg/200 mg sponge tissues (0.04%).  The results showed that RM content is 

dramatically decrease at the 4-time elimination cycle and completely removed at 8-

time elimination cycle.  The DNA yield and purity were significantly increased 

related to the decreased amount of renieramycins.  The highest DNA yield (251.2 

µg/200 mg sponge tissues) and DNA purity (A260/A280 1.83) were obtained at 8-time 

elimination cycle. Interestingly, the total DNA yield and purity were decreased at 10-

time elimination cycle due to the possible DNA degradation.  The DNA quality and 

quantity were confirmed by gel electrophoresis as shown in Figure 3.5.  The 

intensities of the obtained DNA from the sponge samples as visualized in agarose gel 

were increased in a renieramycin elimination cycles-dependent manner as well as the 

increasing of the DNA yield. 

In addition, the total expressed DNA in µg per 50 mg dry weight sponge was 

quantified by 16S rRNA gene amplification.  As a filter feeder, sponge is able to filter 

thousands of liters of water 1 day, which make sponge harbor large numbers of 

diverse bacteria in its tissue.  The 16S rRNA gene sequences has been the most 

common target for housekeeping genetic marker because of its presence in almost all 

bacteria and the function of the  16S rRNA gene over time has not changed (Janda 

and Abbott, 2007).  Hence, the 16S rRNA gene was performed for amplifying the 

obtainable DNA mixture from the Xestospongia sponge tissue.  
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Close to full-length 16S rRNA gene fragments were amplified from several 

dilutions of the total extracted DNA. PCR products consequence from DNA were 

analyzed on gel electrophoresis (Figure 3.6).  The intensity of the PCR product was 

visualized and compared between different template DNAs from the sponge tissues 

with or without renieramycins elimination.  The DNA from renieramycin-eliminated 

sponge samples not only has an advantage of higher yield and purity than that of non 

renieramycin-eliminated samples, but also a number of PCR reaction to amplify 16S 

rRNA gene.  Therefore, the obtainable DNA from optimal 8 times of renieramycins 

elimination was appropriately performed for amplifying the 16S rRNA gene to further 

study bacreial genetic and taxonomy. 
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Figure 3.4 Determination of renieramycin M (RM) content and DNA yield in 

Xestospongia sponge samples with different cycles of the renieramycins 

elimination. Data represent the means of triplicated measurements±SD. 

  

Table  3.5 Influence of numbers of renieramycins elimination cycles on purity and 

yield of DNA from Xestospongia sponge. 

 

 

 

 

 

 

 

 

renieramycins  

elimination 

cycles  

DNA purity 

A260/A280 

Yield of DNA extracted 

(µg/200 mg of sponge)  

0 1.49±0.03  88.83±6.18  

2 1.50±0.05 141.25±4.47 

4 1.53±0.07 153.41±8.17  

6 1.81±0.03  218.75±9.69  

8 1.83±0.01 251.25±5.64 

10 1.79±0.02  198.33±7.57  
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Figure 3.5 Electrophoresis pattern of extracted DNAs from renieramycin-eliminated 

Xestospongia sponge.  Lane 1 = genomic DNA without renieramycin 

elimination; lanes 2-6 = genomic DNAs obtained from samples with 

different cycles of renieramycin elimination for 2, 4, 6, 8 and 10 times, 

respectively.  

 

 

 

 

  

       

 

 

Figure 3.6 Sponge associated bacterial 16S rRNA product amplified using several 

DNA dilutions. (A): genomic DNA from the sponge without 

renieramycins elimination. (B): genomic DNA from the sponge with 8-

time renieramycins elimination. Lane 1 = no dilution; lane 2 = 1:50; lane 

3 = 1:100; lane 4 = 1:500; lane 5 = 1:103; lane 6 = 1:104 and lane 7 = 

1:105 dilution. 

1 2 3 4 5 6 Lane 

A 

1500 bp- 

M 1 2 3 4 5 6 7 

B 

1500 bp- 

M 1 2 3 4 5 6 7 
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 2.2 Effect of renieramycins on DNA damage 

 Early works on the study of the mechanisms of quinone have shown that 

the presence of a quinone group in the compounds such as adriamycin, daunorubicin, 

mitomycin C, trenimon, and aziridinylbenzoquinone can result in the induction of 

DNA strand breaks (Lown et al., 1976; Lown et al., 1977; Vig, 1977; Begleiter, 1983; 

Begleiter and Leith, 1990).  The investigation of the quinone role was designed to 

prove a direct involvement in the DNA damage of RM.  Hence, a reduction of the 

quinone moiety to the hydroquinone has been designed as a model for non-quinone 

agent. Therefore, the 5,8,15,18-tetra-O-acetylbishydroquinone renieramycin M 

(TRM) was synthesized by successive hydrogenation and acetylation of RM. Its 

structure was elucidated by comparative interpretation of 1H-NMR with the reported 

spectral data (Amnouypol et al., 2004).  The structure of TRM is shown in Figure 3.7.   

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Structure of 5,8,15,18-tetra-O-acetylbishydroquinone renieramycin M. 

 2.2.1 Effect of renieramycin M and 5,8,15,18-tetra-O-acetylbishydro-

quinone renieramycin M on pBR322 plasmid DNA  

 RM and TRM were used to comparatively examine their DNA damage 

effects on pBR322 plasmid DNA in cell-free system by gel electrophoresis as shown 

in Figure 3.8.  In general, the common conformation of double-strand pBR322 

plasmid DNA in a standard condition is mostly in the supercoiled form rather than the 

nicked DNA form, (or open circular DNA).  In various stress conditions, it is 

damaged mostly by nicking and immensely turned into the nicked or relaxed DNA 
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form.  The two different conformations are able to be characterized based on their 

mobility on gel electrophoresis.  The fast mobile band on the agarose gel represents 

the supercoiled DNA whereas the slow mobile band corresponds to the nicked DNA.  

The results showed that the quinone alkylating RM induced DNA double-strand 

breaks in contrast to the non-quinone alkylating TRM.  The pBR322 plasmid DNA of 

RM-treatment was changed the supercoiled form to the nicked DNA form in a RM-

concentration dependent manner.  The relative percentage of DNA breakage and the 

degree of nicked DNA increment with a correlation to the reduction of supercoiled 

DNA in RM-treatment are shown in Figure 3.8A and 3.8B, respectively.  The DNA 

damage effect of RM is a RM-concentration dependent manner. Meanswhile, pBR322 

plasmid DNA conformations were completely unchanged in every TRM-treatment 

conditions as illustrated in Figure 3.8C.  This suggested that the quinone moiety must 

be an important part in DNA strand breaks. 

 2.2.2 Determination of quinone-generated free radicals effecting on 

pBR322 plasmid DNA damage 

 The oxygen molecule is changed into superoxide radical (O2
•¯), hydrogen 

peroxide (H2O2), hydroxyl radical (OH•) by environmental pollutants, radiolysis, UV 

and the reaction pathway to H2O in living tissues (Dasgupta and De, 2004).  These 

oxygen radicals induce some oxidative damages to biomolecules, such as 

carbohydrates, proteins, lipids and DNA (Kellog and Fridovich, 1975; Lai and Piette, 

1977; Wiseman and Halliwell, 1996).  Among them, OH• is the most reactive radical 

that induces cruel damage to biomolecules (Gutteridge, 1984).  The quinone 

compounds have been reported as one of the free radical producing chemicals (Lown 

et al., 1976; Begleiter, 1983; Begleiter and Blair, 1984; Begleiter, 1985; Rao and 

Lown, 1990; Pommier et al., 1996; Scott and Williams, 2002).  In order to support the 

free radicals produced by the RM quinone causing DNA damage, a free radical 

scavenger Trolox was used with RM to interact pBR322 plasmid DNA.  The results 

showed that 1.25 and 2.5 mM of Trolox reduced double-strand DNA breaks by RM, 

respectively (Figure 3.9).  Therefore, the quinone moiety of the RM structure 

generated free radicals leading to pBR322 plasmid DNA breakage. 
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Figure 3.8 Effect of renieramycin M (RM) and 5,8,15,18-tetra-O-acetyl 

bishydroquinone renieramycin M (TRM) on pBR322 plasmid DNA.  

(A): Relative percentage of DNA breakage in RM-treatment. (B) and 

(C): Gel electrophoresis of pBR322 plasmid DNA form in RM- and 

TRM-treatments, respectively; Lane 1 = pBR322 DNA in the normal 

condition; Lane 2 = pBR322 DNA without test compound in the 

treatment condition; Lanes 3-7 = pBR322 DNA with test compound at 

0.006, 0.06, 0.15, 0.30, and 1.5 mM, respectively. OC = open circular 

form or nicked DNA (▼), SC = close circular form or supercoiled DNA 

(●). Data represent the means of three triplicates±SD.  
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Figure 3.9 Effect of Trolox for protecting DNA breakage by renieramycin M (RM).  

Lane 1 = pBR322 DNA with 2.5 mM Trolox in the treatment condition 

(negative control); Lane 2 = pBR322 DNA with 0.15 mM RM in the 

treatment condition (positive control); Lanes 3 and 4 = pBR322 DNA 

with 0.15 mM RM and Trolox at 1.25 and 2.5 mM in the treatment 

condition, respectively. OC = open circular form or nicked DNA, SC = 

close circular form or supercoiled DNA. 

 2.3 Identification of the partial NRPS gene 

  2.3.1 Degenerate primer design 

 Renieramycins are a group of bistetrahydroisoquinoline alkaloids which 

are closely related to saframycins and safracins produced by microorganisms.  The 

core structures of these alkaloids commonly compose of the fused pentacyclic ring 

derived from one glycine (Gly) and two tyrosine (Tyr) residues, suggesting the 

tripeptide origin as shown in Figure 3.10. 

 

 

 

 

 

   

Figure 3.10 The common core structures of renieramycins to saframycins and 

safracins. 
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 The similarity of the conserved core pentacyclic ring of renieramycins to 

saframycins and safracins suggested that these compounds are likely to be synthesized 

by a similar nonribosomal peptide synthetase (NRPS) mechanism.  Three NRPS gene 

clusters have been previously reported for saframycin A, saframycin Mx1, and 

safracin B (Ikeda et al., 1983; Pospiech et al., 1995; Li et al., 2008) (as shown in 

Figure 3.11) of which SfmC (for saframycin A), SacC (for safracin B), and SafA (for 

saframycin Mx1) encode for the assembly of two units of 3-hydroxy-5-methy-O-

methyltyrosine, the precursors of the conserved pentacyclic ring.  A partial alignment 

(A domain to RE domain) from the full amino acid sequences (Appendix D) encoded 

by SfmC, SacC, and SafA genes is illustrated in Figure 3.12.  The total amino acid 

sequences of SfmC, SacC, and SafA genes were 1485, 2605 and 1432 base pairs (bp), 

reaspectively.  These alignments of amino acid sequences were shown the rangs of A-

domain (amino acid at 1,582-2,121 bp), T-domain (amino acid at 2,124-2,239 bp) and 

RE-domain (amino acid at 2,241-2,628 bp).  The core motifs (A1-A10, T1, and RE1-

RE4) of the domains in Figure 3.12 were derived from the consensus sequences of the 

NRPS conserved motifs as previously described in Table 2.2.  The core motifs were 

used to deduce nucleotide sequences of the degenerative primers of NRPS gene as 

listed in Table 3.6 and the relative positions of the designed degenerate primers are 

shown in Figure 3.13.  The designed degenerate primers for a partial NRPS gene of 

renieramycins biosynthesis containing 5 forward and 6 reverse primers which were 

possibly maked 30 primer pairs.  Its primer was used for PCR amplification of 

extracted DNA from the Xestospongia sponge tissue. 

 

 

 

 

 

 

 

 

 

Figure 3.11  Constitute NRPS domains of saframycin A and Mx1 and safracin B. 
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Figure 3.12  A partial alignment (A-domain to RE-domain) of amino acid sequences encoded by sfmC, sfcC, and safA genes.
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Table 3.6 Degenerate primers designed for NRPS gene of renieramycins 

biosynthesis. 

Primer name Primer nucleotide sequences (5´ to 3´) Direction 

XSF A3 TAY ACB TCH GGN WCN AAR GC Forward 

XSF A4 TTY WSN TTY GAY CCN WSN GTN TGG Forward 
XSF A5 GTN GCN AAY YTN TAY GGN CCN ACN GA Forward 

XSF T GAY TTY TTY GAI SWI GGI GG Forward 

XSF RE1 GTW BYW YTW ACW GGD GCW ACW GG Forward 

XSR A5 YTC NGT NGG BCC RTA KGC  Reverse 

XSR T KTN CCN CCN WSN TCR AAR AAR TC Reverse 

XSR RE1 CCN ARR TAN CCN GTN GCN CCN GT Reverse 

XSR RE2 AAR TTN CAN ARN GCN CCR TTR TGR  

TAD AT 

Reverse 

XSR RE3 RTA IAC RAA RTT IAC IAR IGC ICC Reverse 

XSR RE4 IAC CCA YTT ISW ICC IGT RTA ICC Reverse 
 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 3.13 Relative positions of the designed degenerate primers on NRPS gene of 

renieramycin biosynthesis. (→) represents forward primers and (←) 

represents reverse primers. 
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 2.3.2 Cloning and sequencing of a partial NRPS gene encoding for 

the assembly of tyrosine derivative 

  The extracted DNA from Xestospongia sponge was performed for PCR 

amplification using designed degenerate primers.  The 30 possibilities of the primer 

pairs were tried to amplify NRPS gene of renieramycins biosynthesis.  However, only 

a primer pair of XSF A5 and XSR T was successful to amplify a partial NRPS gene.  

The amino acid sequences of XSF A5 and XSR T primers obtainable from core motifs 

A5 and T are shown in Figure 3.14A.  The amino acid sequences of XSF A5 forward 

primer started to amplify from position 1,900 while XSR T reverse primer from 

position 2,155.  Hence, an expected size of the PCR product was approximately 255 

amino acids or 770 bp measured on gel electrophoresis as shown in Figure 3.14B.  

The obtained PCR products were cloned into the pT7Blue vector (Novagen, USA) 

and the vector map is shown in Figure 3.14C.  The PCR products were usually 

amplified by Taq DNA polymerase which was preferentially added adenines to the 3´ 

end of the product.  The PCR products of NRPS fragments were cloned into the 

pT7Blue vector as a T/A linearized vector that has complementary 3´ thymine 

overhangs.  The ligated mixture was transformed into E. coli DH5α competent cells 

prior to selecting the clones by blue-white colony selection method and then 

confirmed by colony PCR using a primer pair of XSF A5 and XSR T.  The PCR 

positive clones were subjected to cycle sequencing by ABI PRISM dGTP BigDye 

Terminators v3.0 Ready Reaction Cycle Sequencing Kit using 96-well MicroAmp 

reaction plate prior to sequencing by an ABI Prism 3100 genetic analyzer (Hitachi).  

The sequences results of 13 positive clones were aligned to safA (saframycin Mx1), 

sfcC (safracin B), and sfmC (saframycin A) genes using for reference genes as shown 

in Figure 3.15.  The almost clones showed high similarity to the reference genes and 

complete similarity was presented in deep red color while low similarity was 

presented in blue color.  Comparing among 13 clones, the amino acid sequence of the 

clone number 13 expressed glycine (G) at position 7 while other clones expressed 

threonine or alanine similar to the reference genes.  Addition, all amino acid 

sequences of 13 clones contained asparagine (N), serine (S), and threonine (T) at 

position 67 that were completely different from amino acid sequences of the reference 

which were alanine (A), glycine (G), and asparatic acid (D).  Although, some of 
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amino acid sequences of 13 positive clones were differed from the reference genes, its 

amplicons were closely related to a partial sequence (A5 to T domains) of safA, sfcC, 

and sfmC.  Homology search analysis of 13 positive clones was measured using NCBI 

blast (Appendix E).  Comparing results showed that these amplicons were closely 

related to a partial sequence (A5 to T domains) of safA, sfcC, and sfmC with 53.3%, 

46.5%, and 42.0% identity at nucleotide level, respectively and 55.9%, 45.7%, and 

45.4% identity at amino acid, respectively.  The results are shown in Figure 3.16.  The 

total 764 nucleotide sequences data obtainable from 13 positive clones (Figure 3.17) 

were considered to design specific primers for genomic library screening.  The 

specific primers were used in this study as shown in Table 3.7.  The gene specific 

primer (GSP) contained 3 forward and 2 reverse primers.  A primer pair of GSP-74F 

and GSP-604R was designed for screening genomic library while the other primers 

were used for gene walking. 

 2.4 Labeling a partial NRPS gene as a probe for colony hybridization  

 The GSP-74F and GSP-604R primers were prepared as the NRPS probe by 

using the DIG High Prime DNA Labeling and Detection Starter Kit I for colony 

hybridization screening of genomic library.  The PCR products obtainable from this 

primer pair were randomly labeled with Digoxigenin-11-dUTP using DIG-High 

Prime.  The quantification of labeling efficiency was performed prior to using probe 

as shown in Figure 3.18.  The results showed that the lowest concentration of the 

labeled NRPS probe dilution was visualized at concentration 0.3 pg/µl whereas the 

labeled control DNA was visualized at concentration 0.1 pg/µl (the original dilution 1 

ng/µl).  Therefore, the labeled NRPS probe was 3-time diluted less than the labeled 

control DNA and was used in DIG-DNA labeling and quantification of labeling 

efficiency step.  The Digoxigenin-11-dUTP labeled NRPS probe was further 

performed for colony hybridization of TaKaRa Bio Inc. genomic library screening 
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sfmA:  S.  lavendulae        WSAEVANLYGPTE - - - DFFDVGGTSLILAKLA 

sfcC:  P.  fluorescens WQADVANLYGPTE - - - DFFEQGGNSILLTRLA 

safA:   M. Xanthus WSAAVANLYGPTE - - - DFFEVGGTSLLLARLA 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

 

 

TACTAGTCATATGGAT - - - ATCGGATCCCCGGG 

 
 

Figure 3.14 Cloning of partial NRPS genes. (A): Amino acid sequences of 

degenerate primer design from the core motifs A5 and T. (B): Gel 

electrophoresis of the PCR product amplified from primers XSF A5 and 

XSR T (approximate size 770 bp). (C): The pT7Blue cloning vector 

map. 
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Figure 3.15 The alignment of amino acid sequencing results of motifs A5 and T in the NRPS genes from sponge genome comparing 

with safA, sfcC, and sfmC as a reference amino acid sequences.
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Figure 3.16 DNA sequences and amino acid sequences of a PCR gene fragment 

comparing with sfmC, safA, and sfcC NRPS gene.  

 

 
 
 
 
 
 
 
 
 
 
Figure 3.17 The total 764 nucleotide sequences data obtainable from the positive 13 

clones. 

Table 3.7 Specific PCR amplification primers for screening of NRPS gene used in 

this study.  

Primer name Primer sequences (5´ to 3´) Direction 

GSP-74F CTC CGA TCG GAA GGC CAA TAG CAA Forward 

GSP-542F TGA TAC CTT CGT TCT TGA TGA Forward 

GSP-621F TCC ATC AAT AAA AAA TGG GAA C Forward 

GSP-64R CCT TCC GAT CGG AGC ACT TGA Reverse 

GSP-604R TGA TGG AAC AGG TAG AGC ACT CCT Reverse 

 Fragment SfmC SafA SacC 

Fragment  42.0 53.3 46.5 

SfmC 39.0  56.2 58.8 

SafA 55.9 45.7  50.1 

SacC 43.3 46.0 45.4  

DNA sequences 
A

m
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o 
ac

id
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qu
en
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s 
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Figure 3.18 Determination of labeling efficiency. 

 2.5  Genomic library construction  

  2.5.1 Genomic library from TaKaRa Bio Inc. 

 A 764 bp partial NRPS gene of A5 core motif to T core motif was 

obtained from the amplified DNA of the Xestospongia sponge using XSF A5 and 

XSR T primers.  A primer pair of GSP-74F and GSP-604R was designed and labeled 

as a probe for screening of TaKaRa Bio Inc. library.  A genomic library from TaKaRa 

Bio Inc. was obtained from the cloning method using three kinds of vectors including 

pSTV28/HincII-BAP, pUC118/EcoRI-BAP, and Lambda ZAPII/EcoRI which accept 

for small insert DNA 1-10 Kb size prior to transforming into E. coli HST08 cells by 

heat shock method.  The titer information of the recombinant clones was reported by 

TaKaRa Bio Inc. as shown in Table 3.8A.  Comparatively, the transformed clones of 

the interested ligation mixture from TaKaRa Bio Inc. reported were rechecked for 

their titers by blue-white colony counts.  The low titer of DNA transformation of the 

genomic library numbers G2 and G2-5 were presented by counted numbers of the 

blue and white colonies as 205/98 and 1,250/2,550, respectively as shown in Table 

3.8B.    The titer results indicated that genomic library G2-5, which was ligated into 

pUC118/EcoRI.BAP vector, was possibly performed for screening positive clones 

containing NRPS target gene.  The pUC118/EcoRI.BAP vector map is shown in 

Figure 3.19.  The labeled NRPS probe was used to screen genomic library G2-5 by 

colony hybridization.  After colony lefts, denatured DNA of clones was hybridized 

with the DIG labeled probe on the nylon membrane prior to detecting by 

immunoassay.  For colorimetric detection, the nitro blue tetrazolium conjugated with 

5-bromo-4-chloro-3-indoyl phosphate (NBT-BCIP) was used as a substrate of anti-

dioxigenin-alkaline phosphatase antibody.  The DNA complementary with probe can 

be changed the colorless substrate solution to blue color.  Twenty matched clones 

(pg/µl) 10 3 1 0.3 0.1 0.03 0.01 buffer 

labeled control DNA  

labeled NRPS probes  
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from several thounsand clones were comfirmed by colony PCR using specific GSP-

74F and GSP-604R primers, but its amplified products were not obtained.  The falsed 

positive clones which are usually a potential disadvantage of all immunological 

methods may obtain because DNA probe can be complementary to region of other 

genes presented in E. coli (Telford et al., 1977).  The genomic library G2-5 was 

unsuccessful to obtain NRPS gene by colony hybridization.  Hence, new genomic 

library was constructed by CopyControl™ Fosmid Library Production Kits which 

accept high insert DNA 40-50 Kb and its vector can be induced to high copy number 

of elevated yields of DNA for sequencing.  The semiliquid gel pool method was 

further performed to screen genomic library obtainable from CopyControl™ Fosmid 

Library Production Kits.  

Table 3.8 Titer results of genomic DNA transformation.  

 

 

 

 

 

 

 

 

                  Titer calculation 

Titer = [average number of colonies × total volume (500 μl)] 

spread plate volume (μl) 

 

 
Samples ID 

cfu/1 µl library 

Blue colony White colony 

G2 1,240 300 

G2-5 1,200 4,000 

 
Samples ID 

cfu/1 µl library 

Blue colony White colony 

G2 205 98 

G2-5 1,250 2,550 

A 

B 
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Figure 3.19 Multiple cloning site of pUC118. 

 

 2.5.2 Genomic library construction by CopyControl™ Fosmid 

Library Production Kits  

 New libraries were constructed by CopyControl™ Fosmid Library 

Production Kits.  The fosmid library construction usually requires the suitable size of 

DNA.  Therefore, the genomic DNA was randomly sheared into approximate 40 Kb 

fragments by passing through a 200 µl of small bore pipette tip 50-100 times.  This 

method led to the highly random generation of DNA fragments in contrast to the 

libraries obtained from partial digestion of the DNA by restriction endonuclease.  The 

obtainable DNA from the Xestospongia sponge on the gel electrophoresis is shown in 

Figure 3.20.  The extracted genomic DNA from the Xestospongia sponge by the 

modified RM elimination method showed a smear band from 40 Kb which was an 

appropriate size for fosmid vector.  The DNA with appropriate size was added with 

end-repaired enzyme for generating blunt-ended DNA (5´-phosphorelated DNA) prior 

to selecting the end-repaired DNA by low melting point (LMP) agarose gel 

electrophoresis.  The expected size of the DNA was detected and marked under UV-

light comparable to T7DNA marker.  The main gel column contain the DNA was 

excised prior to UV exposure as shown in Figure 3.21A.  UV irridation can decrease 

cloning efficiencies by 100-1,000 folds.  After removal of the DNA, the gel was 
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revisualizing under UV light as shown in Figure 3.21B.  The gel electrophoresis 

results showed that the corrected size of the end-repaired DNA was obtained and then 

ligated with pCC1FOS vector prior to packaging the lambda phage and transforming 

into E. coli EPI300.  The positive clones were selected by chloramphenicol antibiotic 

selection plates.  The titer of the packaged CopyControl fosmid clones was 3.5x103 

cfu/ml.  Finally, the 10 fosmid libraries (F1-F10) were obtained for screening with the 

specific GSP-74F and GSP-604R primers. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

                   Lane 1 = 1 Kb DNA Extension Ladder 

 Lane 2 = T7 DNA marker 

 Lane 3 = Genomic DNA from Xestospongia sponge 

       
Figure 3.20 Gel electrophoresis of the extracted genomic DNA from Xestospongia 

sponges by modified RM elimination method. 

 

20 Kb 
40 Kb 

1 Lane 2 3 
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 Lanes 1, 5, 6, 10  =  Gene Ladder Wide 1 

 Lanes 2, 4, 7, 9  =  T7 DNA marker 

 Lanes 3, 8  =  Recovery end-repaired DNA 

 
Figure 3.21 Gel electrophoresis of recovery end-repaired DNA from low melting 

point agarose. (A): The expected size of the excised DNA on the gel 

compared with T7 DNA markers under UV light. (B): After removal of 

the 40 Kb DNA, the gel was revisualized under UV light.  

1 2 3 4 5 6 7 8 9 10 

20 Kb 
40 Kb 

A 
Lane 

7 1 2 4 5 8 9 10 3 6 

20 Kb 
40 Kb 

B Lane 
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2.5.2.1 Screening of fosmid mixture clones 

 All 10 fosmid libraries (F1-F10) were screened by the specific 

NRPS primers GSP-74F and GSP-604R as shown in Table 3.7.  An expected size of 

the PCR product was approximately 530 bp.  The results showed that three libraries 

including F3, F4, and F5 could be amplified (Figure 3.22).  The mixture of fosmid 

library number 4 (F4) showing bright amplified band may contain NRPS gene.  The 

fosmid libraries F3-F5 were subjected to screen for single colony by cell dilution in 

semiliquid gel.  

  

 

 

 

 

 
 
 
 
 
 
 
 Lane 1  =  VC Lambda/HindIII marker 

 Lane 2  = A partial NRPS gene from the Xestospongia 

sponge using as a control 

 Lanes 3-12  = Fosmid libraries F1-F10, respectively 

 
Figure 3.22 Gel electrophoresis of fosmid libraries (F1-F10) by PCR using the 

specific NRPS primers GSP-74F and GSP-604R. 

 2.5.2.2 Isolation of a single clone using a semiliquid gel  

 A semiliquid medium was employed to screen genomic DNA 

libraries for a single clone by PCR using the specific NRPS primers GSP-74F and 

GSP-604R.  A common task in molecular biology is the isolation of clones with 

known sequences from DNA libraries.  For small to medium-sized libraries, several 

efficient isolation protocols are based on colony hybridization or PCR exist for this 

 1    2     3   4    5    6    7    8    9    10    11   12 Lane 

530 bp 
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purpose.  With increasing clone numbers, however, substantial labor and financial 

resources have to be invested that render standard procedures impractical.  Analyzing 

larger clone number requires numerous plates to be generated and scraped off, which 

is both labor-intensive and space consuming.  Liquid cultures instead of plates for 

cultivation are limited. Three-dimensional growth requires less space for the same 

number of clones, and homogenous PCR samples can be generated by simple 

vortexing.  An inherent danger of growing clone mixtures in liquid media is the 

domination of fast-growing members after few doubling periods, possibly resulting in 

a loss of target clones.  A semiliquid medium containing ultralow gelling agarose has 

been used to increase cell mass in libraries in an unbiased way (Elsaesser and Paysan, 

2004; Hrvatin and Piel, 2007).  

 The clone mixture of the fosmid library in a glycerol stock was measured to 

determine cell density by spectrophotometry and then diluted to 102 cfu/ml/tube in 

semiliquid gel.  After incubation overnight, the semiliquid gel culture was mixed by 

vortex for generating the PCR products and the PCR positive tube was subjected to 

the next round of liquid gel cultivation and PCR screening at lower cfu numbers until 

single clones can be isolated.  Four single colonies from libraries F3 and F4 (two 

colonies each) can be amplified with the specific NRPS primers GSP-74F and GSP-

604R (Figure 3.23) and the PCR products were subsequently cloned into pT7Blue 

vector to confirm sequences by sequencing with specific GSP-74F and GSP-604R 

primers.  The sequence results showed that 4 amplified clones were closely related to 

a partial sequence (A5 to T domains) of safA gene (saframycin Mx1) with 90% and 

84% identity at the nucleotide level of GSP-74F and GSP-604R primers, respectively 

(Table 3.9).  The positive plasmid clones were extracted by Wizard® Plus SV 

MiniPreps DNA Purification System (Promega, USA) and checked size insertion by 

digestion with BamHI.  It showed that the insert size was about 40 Kb as shown in 

Figures 3.24A and B.  The final 4 clones were sequenced with two primer pairs of 

general M13F / M13R vector primers and pCC1FOSFW / pCC1FOSRE vector 

primers as shown in Table 3.10.  All 4 clones were sequenced for gene walking by the 

designed fragment primers.  The results showed that the sequences have no relation to 

NRPS gene or other target genes (Table 3.11).  After gene walking and subcloning, 
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the final 4 clones were proved not to contain NRPS target involved in renieramycin 

biosynthesis.  Therefore, gene walking of NRPS gene involved in biosynthesis of 

renieramycins was not successful based on low titer fosmid library.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 Lane 1  =  VC Lambda/HindIII marker 

 Lane 2  =  A partial NRPS gene using as control 

 Lanes 3, 4  = Positive PCR product of two single clone from F3  

 Lanes 5, 6 = Positive PCR product of two single clone from F4 

Figure 3.23 Gel electrophoresis of the PCR product of single clones from fosmid 

libraries F3 and F4. 

Table 3.9 NCBI blast results of 4 positive clones comparing to the core NRPS 

fragment (A5-T).  

Clone no. GSP-74 forward primer GSP-604 reverse primer 

Homologous protein Identities Homologous protein Identities 

 

F3,F4 

(4 clones) 

 

saf A gene; saframycin 

Mx1(Myxococcus 

xanthus) 

 

90% 

 

saf A gene; saframycin 

Mx1(Myxococcus 

xanthus) 

 

84% 

1   2    3   4    5    6 

530 bp 

Lane 
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 Lane 1  =  Gene Ladder Wide 1 

 Lane 2  =  Extracted pCC1FOS plasmid DNA 

 Lanes 3, 4  = pCC1FOS plasmid DNA from F3 digestion with BamHI 

 Lanes 5, 6 = pCC1FOS plasmid DNA from F4 digestion with BamHI 

 

 

 

 

 

 

 

 

 

Figure 3.24 Check size of insert DNA. (A): Gel electrophoresis of pCC1FOS 

plasmid digestion by BamHI of F3 and F4 fosmid libraries. (B): 

Multiple cloning site of pCC1FOS fosmid vector using for fosmid 

library construction and restriction enzyme map.  

A 

B 

Vector size 
(8139 bp) 

Lane 1 2 3 4 5 6 

48 Kb 

9 Kb 

BamHI BamHI 
(353) (365) 

EcoRI 332 HindIII 
(332) (395) 

Insert 

lac Z 
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Table 3.10  General PCR amplification primers and fosmid vector primers for gene 

walking.  

Primer name Primer sequences (5´ to 3´) Direction 

M13F CGC CAG GGT TTT CCC AGT CAC GAC Forward 

M13R TCA CAC AGG AAA CAG CTA TGA C Reverse 

pCC1FOSFW GGA TGT GCT GCA AGG CGT TAA GTT GG Forward 

pCC1FOSRE CTC GTA TGT TGT GTG GAA TTG TGA GC Reverse 

 

 

Table 3.11 Homology search analysis of clones F3 and F4 by NCBI blast. 

Clone no./ 

walking 

time 

Vector forward primer Vector reverse primer 

Homologous protein Identity Homologous protein Identity 

F3/1 Hypothetic protein  

(Lactobacillus casei) 

26% 

 

Hypothetic protein   

(Turicibacter sp.) 

30% 

 

F3/2 Hypothetic protein  

(Yersinia pestis) 

64% 

 

Hypothetic protein  

(Bacillus cereus) 

77% 

 

F4/1 Hypothetic protein 

(Methylobacterium 

nodulans 

49% 

 

Hypothetic protein  

(Yersinia pestis) 

64% 

 

F4/2 Histidine kinase 

(Thermobispora 

bispora) 

36% 

 

- - 

F4/3 Hypothetic protein  

(Escherichia coli) 

90% 

 

- - 
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3. Discussion  

 The blue sponge Xestospongia sp. has been chemically investigated for 

accumulation of cytotoxic substances, reniermycins (Suwanborirux et al., 2003; 

Amnuoypol et al., 2004; Charupant et al., 2009).  To date, there has no report of these 

compounds having effects on biomolecules including DNA, RNA and proteins, of 

their living hosts.  The chemical removal from sponge samples prior to DNA 

extraction was therefore not to any concern at the beginning of experiments.   

However, there were difficulties for subsequent research to work with the non-

chemical eliminated DNA due to both low quantity and unsatisfied quality of 

extracted DNA.   One finding is that quinone moieties in renieramycins caused DNA 

damage.  This phenomenon may be either directly or indirectly due to the quinone 

producing free radicals as reported for other chemicals (Lown et al., 1976; Lown et 

al., 1977; Vig, 1977; Begleiter, 1983; Begleiter and Leith, 1990).  As a result, the free 

radicals in the mixture of DNA preparation possibly cause DNA breakage.  The other 

discovery from DNA extraction development is that numbers of renieramycins 

removal cycle have to be optimized.  The greater number of renieramycins removal 

cycles is not generally suitable for the sponge sample which is subsequently 

proceeded for molecular biology research.  Excessive chemical elimination 

suspiciously caused DNA damage through organic solvent (methanol) treatment.  

Hence, organic solvent usage should be concerned when samples have to be operated 

in molecular research. 

 The study of biosynthesis of a particular secondary metabolite has been reported 

to be beneficial for manipulating its production in laboratory (Fortman and Sherman, 

2005; Moore, 2005; Konig et al., 2006).  There are several studies accomplishing 

biosynthetic information for NRP including safracins and saframycins but not for 

renieramycins.  Since, these compounds share structure similarity, genes encoding 

enzymes involved in safracin and saframycin biosyntheses were used to propose 

architecture of enzymes responsible for renieramycins production.  The experiment 

was performed to genetically isolate promising regions which were considered to be 

conserved for core structure production of these compounds.  A conserved motif of 

adynylation to thiolation domains (A5-T) was found to be similar to that of safA, a 

gene invoved in saframycin Mx1 biosynthesis, at 53.3% of nucleotide sequence and 
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55.9% of amino acid sequence.  Thus, this fragment was then cloned for further 

experiments.  Fosmid library was constructed for NRPS screening using A5-T 

fragment as a probe.  Unfortunately, upstream and downstream sequences which flank 

A5-T DNA fragment were not obtained in this study.   

 There were reports of NRPS gene clusters composed of several genes which 

were scattered through the region and other addiotional genes for complete NRP 

biosynthesis located between NSPS genes (Walsh et al., 2001; Schwarzer et al., 

2003).  This may be one of problems of primer design and sequence verification of 

renieramycins biosynthetic gene(s). The other problem of this unsucess incident may 

be caused by insufficient quality of high molecular DNA used for fosmid library 

construction.  Size of DNA suitable for creating library is about 40 kb otherwise DNA 

with smaller size than 40 kb can be combined to yield 40 kb fragment and 

accidentally cloned into the library.  Although the area of DNA band collection from 

the electrophoresis gel was selected with the finest estimation, there might be 

unexpected size of DNA introducing to the library and resulting in incorrect 

arrangement of DNA sequences.  At this point, the probe of NRPS gene for 

renieramycins bisosynthesis is acquired.  Other techniques including RACE PCR 

should be considered to identify interested genes.  
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CHAPTER IV 

NECROSIS ABOLISHING EFFECT OF 5-O-ACETYLHYDROQUINONE 

RENIERAMYCIN M IN LUNG CANCER CELLS 

 A novel drugs as well as strategies that possesses high efficacy are of the most 

interest for cancer research nowadays.  Indeed, the main action, in general, of anti-

cancer agents is to kill the cancerous cells but preserves the normal cells (Plescia et 

al., 2005).  Thus, most drugs are designed to mediate cancer cells through apoptosis 

rather than necrosis since the former is more controllable (Kroemer et al., 1998).  

Apoptosis is one type of cell death that is responsible for the development and repair 

process of human body and has been long documented as a distinctive model of 

programmed cell death (Elmore, 2007).  Also, this type of death is the major 

mechanism of human body for eliminating un-wanted and damaged cells (Elmore, 

2007; Norbury and Hickson, 2001).  Unlike apoptosis, necrosis is considered as a 

toxic cell death that the cells are unspecific injured by two main mechanisms; 

intervention with the energy supply of the cells and direct damage to cell membranes 

(Levin et al., 1999).  Not only is the necrosis cell death unspecific, but also it damages 

the surrounding cells and tissues by the releasing cytoplasmic components and 

induces the severe active immune response and inflammation (Trump et al., 1997; 

Savill and Fadok, 2000; Kurosaka et al., 2003).  Together, even though the cell killing 

property of substances is of interest for anti-cancer drug development, many 

promising candidates are cut off because of these unspecific necrotic responses and 

related complications. 

 One mediator that has been garnered increasing attention in pharmacological 

field is reactive oxygen species (ROS).  Moreover, ROS are shown to be implicated in 

many anti-cancer drug actions including cisplatin (Pelicano et al., 2004; Wang and 

Lippard, 2005; Wang et al., 2008) and doxorubicin (Tsang et al., 2003; Wang et al., 

2004; Chen et al., 2007; Luanpitpong et al., 2012).  In fact, ROS are important 

cellular mediators that generated continuously along with the electron transport chain 

(Nishikawa, 2008; Circu and Aw, 2010).  ROS are generated though oxygen 

reduction resulting in the production of reactive species, such as superoxide anion 
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(O2
•¯), hydroxyl radical (HO•), and hydrogen peroxide (H2O2) (Weinberg and 

Chandel, 2009; Liou and Storz, 2010).  In particular, some specific ROS including 

hydroxyl radical and superoxide anion were shown in certain studies that mediated 

necrosis by interacting with the plasma membrane (Malorni et al., 1993; Silverberg et 

al., 2011).  

 As part of our continuing investigation on cytotoxic natural products from Thai 

marine organisms, we have reported a series of renieramycin alkaloids isolated from 

the blue sponge, Xestospongia sp. distributed around Sichang Island, the Gulf of 

Thailand (Suwanborirux et al., 2003; Amnuoypol et al., 2004; Saito et al., 2012).  

Renieramycins are a group of bistetrahydroisoquinoline quinone marine alkaloids 

possessing potent cytotoxicity with IC50s in the range of nM concentrations against 

several human cancer cell lines (Suwanborirux et al., 2003; Amnuoypol et al., 2004; 

Charupant et al., 2009).  Renieramycin M (RM), a major alkaloid of the Xestospongia 

sponge, has been shown to induce apoptosis in lung cancer cells through activation of 

p53-dependent pathway (Halim et al., 2011).  The presence of the quinone moiety in 

RM has been hypothesized to induce necrotic cell death.  This property might prevent 

further development of RM as an effective anticancer agent without toxic 

complications due to necrosis.  To investigate this hypothesis, we used 5-O-

acetylhydroquinone renieramycin M (ARM), a monoacetyl derivative of partially-

reduced RM, to treat with non-small cell lung cancer H23 cells.  In this present study, 

we demonstrated that the partially-reduced ARM significantly reduced necrosis-

inducing effect while still fully preserving apoptosis-inducing effect of the parent RM.  

We also found that necrotic effect of RM was a ROS-dependent mechanism by 

generating intracellular superoxide anions. 

1. Materials and Methods 

 1.1 Chemical transformation of renieramycin M to hydroquinone 

renieramycin M 

 1.1.1  Synthesis of ARM 

 ARM was synthesized by exploiting RM (10.2 mg, 0.018 mmol) as the 

starting material.  Hydrogenation of RM with 10% Pd/C (6 mg) in EtOAc (3 ml) was 

conducted at 1 atm of H2 for 4 h.  The catalyst was removed by filtration and washing 
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with EtOAc.  The combined filtrates were concentrated in vacuo to obtain the residue, 

which was used in the next step without further purification.  The bishydroquinone 

RM was acetylated with 1.5 equivalent of acetic anhydride (2.65 µl) in of pyridine 

(0.5 ml) and then stirred for 3 h at room temperature under argon atmosphere.  The 

reaction was quenched by addition of water (5 ml) and the resulting mixture was 

extracted with dichloromethane (3 ml×3).  The combined dichloromethane extracts 

were evaporated to dryness in vacuo and subjected to chromatographic purification on 

a silica gel column using hexane-ethyl acetate (3:2) as the eluting solvent.  ARM (4.1 

mg, 40 %) was afforded as a pale yellow solid. 

 1.1.2 General techniques 

 1.1.2.1 Analytical thin-layer chromatography (TLC) 

Technique : One dimension, ascending 

Adsorbent : Silica gel 60 F254 (E. Merck) precoated plate 

Layer thickness : 0.25 mm 

Distance : 6 cm 

Detection : Ultraviolet light at wavelengths of 254 and 365 nm. 

 1.1.2.2 Column chromatography 

Adsorbent : Silica gel 60 particle size 0.040-0.063 mm (230-400 mesh 

ASTM) (E. Merck) 

Packing method : Dry packing 

Sample loading : The sample was dissolved in a small amount of organic 

solvent, and then loaded gently on top of the column. 

Detection : Fractions were examined by TLC under UV light at the 

wavelengths of 254 and 365 nm. 

 1.1.2.3 Spectroscopy 

HRESIMS :  HREIMS m/z 619.2529 [M]+ (calcd. for C33H37N3O9, 

619.2530); Figure G3 

IR :  υmax (KBr) 3459 (br), 1714, 1651, 1616, Figure G4 
1H MMR :  δ ppm, 300 MHz, in CDCl3; see Table 4.1, Figure G5 
1H-1H COSY : 300 MHz, in CDCl3; Figure G6 
13C MMR :  δ ppm, 75 MHz, in CDCl3; see Table 4.2, Figure G7 
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DEPT 135 : 300 MHz, in CDCl3; Figure G8 

HMQC : 300 MHz, in CDCl3; Figure G9 

HMBC : 300 MHz, in CDCl3; Figure G10 

 1.2 Cell culture 

 1.2.1 Cells and reagents  
 Human non-small cell lung cancer H23 cells were obtained from the 

American Type Culture Collection, ATCC (Manassas, VA, USA).  The cells were 

cultured in RPMI 1640 medium containing 5% fetal bovine serum (FBS), 2 mM L-

glutamine and 100 units/ml penicillin-streptomycin in a 5% CO2 environment at 

37°C. N-acetylcysteine (NAC), sodium pyruvate, propidium iodide (PI), Hoechst 

33342, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 2,7-

dichlorofluorescein diacetate (DCFH2-DA) and dihydroethidium (DHE) were 

obtained from Sigma Chemical (St. Louis, MO, USA); 3-(p-hydroxyphenyl) 

fluorescein (HPF) were obtained from Daiichi Pure Chemicals (Invitrogen, CA, 

USA). 

 1.2.2 Determination of cytotoxic activity 

 Cell viability was examined by MTT assay.  The H23 cells (1.5×105 

cells/ml) were cultured in RPMI 1640 medium in a 96-well plate for 24 h at 37°C and 

then further treated with RM or ARM at various concentrations for 24 h at 37°C.  The 

treated cells were finally incubated with 500 µg/ml of MTT for 4 h at 37°C.  The 

supernatant was carefully removed and dimethyl sulfoxide was then added to dissolve 

the formazan product, giving a purple color.  The color intensity was 

spectrophotometrically measured at 570 nm using a microplate reader (VICTOR™ 

X3 Multilabel Plate Reader, Perkin Elmer, USA).  All the analyses were repeated at 

least three different replicate cultures.  The cell viability was calculated from optical 

density (OD) readings and represented as percentage to the non-treated control value. 

 1.2.3 Apoptosis and necrosis assay 

 Apoptosis and necrosis cell deaths were determined by Hoechst 33342 and 

PI co-staining.  The H23 cells were treated by RM and ARM at the indicated 

concentrations for 24 h at 37°C.  The cells were stained with 10 µM Hoechst 33342 

and 10 µM PI for 30 min at 37°C.  Hoechst 33342 stained the nuclei of all cells.  The 
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apoptotic cells displayed condensed chromatin and/or fragmented nuclei.  PI stained 

only the DNA of cell membrane-damaged cells which were considered as necrotic 

cells.  The fluorescent dye stained in cells was visualized and scored under a 

fluorescence microscope (OLYMPUS IX51, USA). 

 1.2.4 Determination of sub-G0 fraction by flow cytometry 

 The relative cellular DNA content and the cell distribution were 

investigated during various phases of the cell cycle.  The apoptotic cell death induced 

by either RM or ARM was analyzed by flow cytometry (FACSort, BD Biosciences) 

using PI buffer dye and visualized the peak of sub-G0 cells.  Attached H23 cells 

(3.5×105 cells/ml) were collected and resuspended in 1 ml of 3% FBS in 1× phosphate 

buffer saline (PBS).  The suspension cells were fixed with 2.5 ml of absolute ethanol 

by vortex and then kept for 24 h at -20°C.  For staining, the collected cells were 

suspended in 500 µl of PI buffer (10× PBS, 1 ml; 1 mg/ml RNaseA, 1 ml; TritonX-

100, 10 μl; 10 mg/ml PI, 200 μl; FBS, 1 ml; and H2O adjusted to 10 ml) and incubated 

for 40 min at 37°C prior to analysis.  The DNA histogram indicating cell death 

through sub-G0 phase was calculated by the percentages of cells occupying the 

different phases of the cell cycle.  All at once, the collected cells for cell cycle 

analysis were stained by trypan blue dye and subsequently morphologically visualized 

under an automated cell counter (TC10™ Automated Cell Counter, BIORAD). 

 1.2.5 Measurement of intracellular specific ROS induced by RM and 

ARM 

 Intracellular ROS were determined using fluorescent probes.  The ROS 

specific probe utilizes dichlorodihydrofluorescein diacetate (DCFH2-DA) as a general 

oxidative probe, dihydroethidium (DHE) as a superoxide anion probe and 3’-(p-

hydroxyphenyl) fluorescein (HPF) as a hydroxyl radical probe.  To characterize ROS 

generation was used 1 mM of N-acetylcysteine (NAC) and sodium pyruvate.  The 

H23 cells were seeded onto a 96-well plate for 24 h that removed culture media and 

replaced with a final concentration of 10 µM each fluorescent probe in phosphate 

buffer saline (PBS), 1 mM ROS scavenger and incubated for 30 min at 4°C.  The dye 

solution was added with 20 µM of test compounds and incubated for different time 
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periods (0 to 6 h) at 37°C.  The fluorescence intensity was analyzed by fluorescence 

microplate reader (DTX 880 Multimode Detector, Beckman Coulter Inc., USA) using 

a 480-nm excitation beam and a 530-nm band–pass filter for detecting DCF 

fluorescence, using a 490-nm excitation beam and a 515-nm band–pass filter for HPF 

and using a 488-nm excitation beam and a 610-nm band–pass filter for DHE. 
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2. Results 

 2.1 Structure determination of ARM 

 ARM was obtained as a pale yellow solid by reductive acetylation of RM in 

40% yield. Its molecular formula, C33H37N3O9, was established by HRQTOF-MS.  

The observed molecular ion at m/z 619.2528 was close to the calculated value for 

C33H37N3O9 619.2530.  Most of the signals in 1D and 2D-NMR spectra of ARM were 

closely related to those of RM, except for the presence of two quinone carbonyl 

carbons at δC 186.0 (C-15) and 182.8 (C-18) and two oxygenated aromatic carbons at 

δC 143.0 (C-8) and 139.1 (C-5) in ARM instead of four quinone carbonyl carbons in 

RM.  These data suggested that the chemical structure of ARM differs from that of 

RM by the presence of one quinone and one hydroquinone.  The absence of the 

unique homoallylic coupling (~2 Hz) between 1-H and 4-H confirmed that a quinone 

moiety at ring A of RM was reduced to a hydroquinone ring of ARM.  In addition, the 

presence of a phenolic hydroxyl group and an acetoxy group was supported by the 

NMR signals at δH 5.81 and at δH 2.29/δC 20.2 and 168.6, respectively.  The 

placement of the hydroxyl group at C-8 was assured by HMBC correlations of the 

hydroxyl proton at δH 5.81 to C-7 (δC 143.8) and C-9 (δC 117.1).  This information 

readily assigned the acetoxy group at C-5. All proton and carbon assignments of 

ARM were completed after extensive NMR measurements using COSY, HMQC, and 

HMBC techniques.  Thus, the structure of ARM was confirmed to be 5-O-

acetylhydroquinone renieramycin M. 

 

ARM 
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Table 4.1  1H-NMR spectral data of renieramycin M and 5-O-acetylhydroquinone 

renieramycin M in CDCl3 

 

proton Renieramycin M 5-O-acetylhydroquinone 

renieramycin M 

1-H 3.99 (1H, m) 4.29 (1H, br s) 

3-H 3.11 (1H, ddd, 11.3, 3.1, 2.8) 3.17 (1H, br d, 12.2) 

4-Hβ 1.36 (1H, ddd, 17.4, 11.3, 2.7) 1.57 (1H, overlap) 

4-Hα 2.89 (1H, dd, 17.4, 2.8) 2.53 (1H, br d, 13.7) 

11-H 4.01 (1H, d, 3.1) 3.95 (1H, overlap) 

13-H 3.40 (1H, ddd, 7.6, 2.5, 1.8) 3.34 (1H, br d, 7.3) 

14-Hβ 2.30 (1H, d, 20.6) 2.32 (1H, overlap) 

14-Hα 2.76 (1H, dd, 20.6, 7.6) 2.72 (1H, dd, 20.9, 7.3) 

21-H 4.07 (1H, d, 2.5) 4.09 (1H, d, 2.0) 

22-Ha 4.10 (1H, dd, 11.6, 2.5) 4.03 (1H, dd, 11.1, 4.7) 

22-Hb 4.53 (1H, dd, 11.6, 3.1) 4.48 (1H, br d, 11.1) 

6-CH3 1.90 (3H, s) 2.06 (3H, s) 

16-CH3 1.94 (3H, s) 1.89 (3H, s) 

7-OCH3 3.99 (3H, s) 3.74 (3H, s) 

17-OCH3 4.02 (3H, s) 3.94 (3H, s) 

12-NCH3 2.28 (3H, s) 2.24 (3H, s) 

8-OH - 5.81 (1H, s) 

5-OCOCH3  - 2.29 (3H,s) 

26-H 5.96 (1H, qq, 7.3, 1.5) 5.98 (1H, br q, 7.2) 

27-H3 1.82 (3H, dq, 7.3, 1.5) 1.84 (3H, br d, 7.2) 

28-H3 1.58 (3H, dq, 1.5, 1.2) 1.66 (3H, br s) 
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Table 4.2  13C-NMR spectral data of renieramycin M and 5-O-acetylhydroquinone 

renieramycin M in CDCl3. 

 

carbon Renieramycin M 5-O-acetylhydroquinone 

renieramycin M 

1 56.3 CH 56.5 CH 

3 54.1 CH 55.2 CH 

4 25.4 CH2 27.8 CH2 

5 185.4 C 139.1 C 

6 128.6 C 122.3 C 

7 155.8 C 143.8 C 

8 180.9 C 143.0 C 

9 135.7 C 117.1 C 

10 141.3 C 124.3 C 

11 54.2 CH 54.6 CH 

13 54.6 CH 54.8 CH 

14 21.3 CH2 21.1 CH2 

15 185.9 C 186.0 C 

16 128.4 C 128.9 C 

17 155.2 C 155.4 C 

18 182.5 C 182.8 C 

19 135.0 C 135.6 C 

20 142.0 C 141.8 C 

21 58.5 CH 59.4 CH 

22 62.0 CH2 64.4 CH2 

6-CH3 8.5 CH3 8.6 CH3 

16-CH3 8.7 CH3 9.9 CH3 

7-OCH3 60.9 CH3 60.6 CH3 

17-OCH3 61.0 CH3 61.1 CH3 

12-NCH3 41.5 CH3 41.4 CH3 

21-CN 116.9 C 117.5 C 
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Table 4.2  (Continued). 

carbon Renieramycin M 5-O-acetylhydroquinone 

renieramycin M 

5-OCOCH3 - 168.6 C 

5-OCOCH3 - 20.2 CH3 

24 166.5 C 167.1 C 

25 126.3 C 126.8 C 

26 140.5 CH 139.9 CH 

27 15.7 CH3 15.8 CH3 

28 20.4 CH3  20.5 CH3 

 2.2 Cytotoxic effect of RM and ARM on human lung cancer H23 cells 

 The cytotoxicity of RM and ARM against human non-small cell lung cancer 

H23 cells was determined using MTT assay.  The H23 cells were incubated in the 

presence or absence of RM and ARM at the concentrations of 0-20 µM for 24 h.  The 

result indicated that the cell viability was significantly decreased in a concentration-

dependent manner in response to RM and ARM (Figure 4.1A).  

 In order to identify modes of cell death in such treatments, cells were treated 

with various concentrations (0-20 µM) of RM and ARM for 24 h to determine 

apoptosis and necrosis by Hoechst 33342 and PI assays.  Fluorescence microscopy 

was used to visualize nuclei and other DNA containing organelles in either apoptotic 

or necrotic cells.  The results showed a concentration-dependent increase in a number 

of apoptosis and necrosis in the RM-treated cells; however, only apoptosis death was 

observed in the ARM-treated cells (Figure 4.1B, C).  Morphology analyses of 

apoptotic cells and necrotic cells exhibiting condensed and/or fragmented nuclei with 

intense nuclear fluorescence of Hoechst 33342 and PI-positive were respectively 

shown in Figure 4.1B.  Surprisingly, the percentages of apoptotic cell death in RM- 

and ARM-treated experiments were comparatively equal at the same concentrations 

(Figure 4.1C).  Together, these findings suggested that the modification done to RM 

structure could be able to attenuate necrosis-mediating action of RM. 
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Figure 4.1 RM and ARM cause the concentration-dependent cell death. H23 cells 

were treated with various concentrations of each compound for 24 h. (A): 

Cell viability was analyzed by MTT assay. (B): Morphology of apoptosis 

and necrosis cell deaths were determined by Hoechst 33342 and PI dyes, 

respectively. (C): Percentage of apoptosis and necrosis cell deaths. * p < 

0.05 versus non-treated control in each group. # p < 0.05 versus RM-

treated groups. 

 2.3 Sub-G0 fraction and membrane integrity analysis 

 To confirm apoptotic cell death as well as necrosis in response to such 

compounds, the specific detection methods for apoptosis and necrosis were 

performed.  As an increase in sub-G0 fraction of the cells indicating apoptosis, the 

cellular DNA content analysis was used to determine apoptosis responses in both RM 

and ARM treatments.  Cells treated with RM and ARM (0-20 µM) for 24 h were 

stained with PI buffer and the sub-G0 fraction was then quantified by flow cytometry.  

The histograms confirmed comparable increase of apoptosis portions in both RM- and 

ARM-treated cells in a concentration-dependent manner (Figure 4.2A, B).  These 

results in combination with the above Hoechst staining results suggested that RM and 

ARM induced apoptosis cell death of H23 cells in a very proximate potency. 
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 For necrosis, since loss of membrane integrity was long known to be a marker of 

necrosis, the present study thus performed trypan blue exclusion assay to quantify the 

necrotic cells by an automated cell counter.  Trypan blue was not absorbed by living 

cells and apoptotic cells but it traversed only the damaged membranes in dead cells 

that were considered as necrosis cells.  Automated cell counter indicated living cells 

with green label and necrosis cells with red label (Figure 4.2C).  Clearly, the results 

indicated the consistent necrosis dead response as above reported and a concentration-

dependent increase of high necrosis percentages (ranging from 10-20% at 

concentrations 5-20 µM of RM) was detected in the RM-treated group only.  

Interestingly, minute relative percentages (1-3%) of necrotic cell deaths were 

observed at the same concentration range of ARM (Figure 4.2D). 
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Figure 4.2 Sub-G0 analysis by flow cytometry using PI buffer and cell morphology 

characterization by trypan blue dye. H23 cells were treated with various 

concentrations of RM and ARM for 24 h. (A): The histogram of DNA 

content in each population. (B): Relative of DNA contents in sub-G0 

fraction. (C): Morphology of the treated H23 cells was visualized by an 

automated cell counter, showing live and apoptotic cells with green 

circles and dead cells with red circles. (D): Relative percentage of 

necrotic cell death was measured by an automated cell counter. *p < 0.05 

versus non-treated control in each group. 

 2.4 RM generated ROS-induced necrosis in human lung cancer H23 cells 

 As mentioned earlier, ROS are hypothesized as one of the key factors for 

necrotic cell death in response to several stimuli and the quinone moiety has been 

recognized as a radical generator.  To test whether ROS played a role on RM and 

ARM-mediated cell deaths in our experiments, the known strong anti-oxidant N-

acetylcysteine (NAC 1 mM) was used.  The cells were pre-treated with NAC prior to 

RM and modified RM treatments and cell viability at 24 h was determined.  Modes of 

death were clarified by nuclear morphology analysis using Hoechst 33342 and PI dyes 

as shown in Figure 4.3A.  The results indicated that NAC significantly prevented 

cytotoxicity induced by RM but not by ARM (Figure 43B).  Also, the results 

indicated that ROS play a role in regulating necrotic response caused by RM since 

addition of the anti-oxidant NAC significantly decreased necrotic cells in the RM-

treated group whereas such antioxidant did not alter apoptotic death induced by both 

RM and ARM (Figure 43C).  These data supported that the replacement of a quinone 

group by a monoacetylhydroquinone group in the structure of RM was able to 

extraordinarily decrease its ROS-dependent necrosis effect. 
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Figure 4.3 Effect of ROS scavengers on ROS-induced cell deaths by RM and ARM 

on H23 cells. H23 cells were pre-treated with or without 1 mM NAC and 

incubated with 20 µM of each compound for 24 h. (A): Morphology of 

apoptosis and necrosis cells was determined by Hoechst and PI. (B): 

Percentage of cell viability. (C): Percentage of apoptosis and necrosis cell 

deaths. *p < 0.05 versus non-treated control in each group. # p < 0.05 

versus RM-treated groups. 

 2.5 RM generated superoxide anion responsible for its necrosis induction 

 Having shown that ROS played a role in the necrotic mode of action of RM, we 

further identified the key specific ROS responding in such a necrosis induction. 

Cellular specific ROS levels after RM and ARM treatments were measured at 0-6 h 

intervals by specific ROS fluorescence probes which are excellent sensors of ROS 

due to their high sensitivity (Gomes et al., 2005).  DCFH2-DA was used as an 

oxidative fluorescence probe to show that the increased ROS level by RM was two 

times higher than that by ARM.  The ROS levels were dramatically decreased by 

addition of NAC, confirming the presence of ROS in the systems caused by both 

compounds (Figure 4.4A).  To identify the presence of hydrogen peroxide in these 

systems, the cells were pre-treated with sodium pyruvate, a specific hydrogen 
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peroxide scavenger, and then treated with RM and ARM.  The result showed that the 

hydrogen peroxide inhibitor caused only slight alteration in the ROS signals in both 

treatments, suggesting that hydrogen peroxide was not the principle ROS presenting 

in such conditions (Figure 4.4B).  HPF fluorescence probe was used as a highly 

specific probe for hydroxyl radical detection.  The experiment further revealed that 

there was no significant change of intracellular hydroxyl radical level in all treated 

groups, indicating that this species may be not generated in response to both 

treatments (Figure 4.4C).  Finally, the specific DHE probe for superoxide anion 

clearly indicated that superoxide anion was significantly up-regulated in response to 

RM treatment whereas superoxide anion level in the ARM-treated group was 

comparable to that of un-treated control cells.  This information suggested that the 

modification of RM by quinone replacement could be able to modify the ROS 

induction property of the compound and attenuate the un-desired necrotic effect of 

RM by omitting its ability to generate superoxide anion (Figure 4.4D). 
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Figure 4.4 Characterization of specific intracellular ROS induced by RM and ARM 

on H23 cells. H23 cells were incubated with 20 µM of each compound 

for different time periods. (A): H23 cells were pretreated under the 

presence or absence of NAC. General intracellular ROS level was 

measured by DCFH2-DA probe. (B): H23 cells were pretreated under the 

presence or absence of sodium pyruvate (SP). H2O2 level was measured 

by DCFH2-DA probe. (C): Hydroxyl radical level was measured by HPF 

probe. (D): Superoxide anion level was measured by DHE probe. Values 

are means of triplicate samples±SD. *p < 0.05 versus non-treated control. 
# p < 0.05 versus treatment in each group. 
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3. Discussion 

 Advanced chemotherapy and strategy are among the most interesting field of 

cancer research so far.  The marine-derived compounds have been demonstrated to 

have potent anti-cancer activities and recognized as an important source of 

pharmacologically active substances; however, the unspecific modes of action as well 

as toxicity to the patient’s body have limited their development and use.  Recently, the 

marine organism-derived alkaloid, ecteinascidin 743 (ET-743, Trabectidin, 

Yondelis), has been approved by the European Commission for the treatment of 

advanced or metastatic soft tissue sarcoma (Cuevas and Francesch, 2009).  It has been 

also marketed for the treatment of relapsed platinum-sensitive ovarian cancer in 

combination with doxorubicin (Meco et al., 2003; Sledge et al., 2003).  

 Likewise, RM, a major bistetrahydroisoquinolinequinone isolated from 

pretreating a Thai blue sponge, Xestospongia sp. with KCN has been shown to 

possess cytotoxicity against a variety of cancer cells (Suwanborirux et al., 2003; 

Amnuoypol et al., 2004; Charupant et al., 2009) and have a potent anti-metastasis 

activity (Halim et al., 2011).  However, we found that such a promising effect of RM 

especially the cytotoxic effect is partially involved with its ability to induce necrosis 

(Figure 4.1B, C).  Unlike apoptosis, necrosis is an undesired mechanism of death for 

anti-cancer agents since necrosis was intensively shown to induce inflammatory 

response and its unspecific modes of action may lead to unwanted toxicities in 

chemotherapy (Majno and Joris, 1995; Trump et al., 1997).  

 The accumulative insight regarding chemical structure and related 

pharmacological activity lead us to the hypothesis that modification of certain moiety 

on the molecule of RM may abolish its necrotic effect.  Several studies suggested that 

the quinone group presenting in the structure of compounds is responsible for their 

ROS induction action (Lown et al., 1976; Begleiter, 1983; Begleiter and Blair, 1984; 

Begleiter, 1985).  Accordingly, many anti-tumor agents, for example adriamycin, 

daunorubicin, actinomycin D, mitomycin C, and treimon, containing such an active 

moiety were previously shown to mediate DNA strand breaks and cell death via ROS-

dependent mechanism (Lown et al., 1976; Lown et al., 1977; Vig, 1977; Begleiter, 

1983; Begleiter and Leith, 1990).  Free radical and highly reactive molecules 
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including semiquinone, superoxide radical, hydrogen peroxide and hydroxyl radical 

were found in the cells treated with quinone-containing compounds and these 

molecules were proved to induce necrotic cell death (Malorni et al., 1993).  Indeed, 

menadion, a redox active naphtoquinone, was shown to induce necrotic cell death by 

damaging the integrity of the plasma membrane via free radical-mediated process 

(Benites et al., 2007; Verrax et al., 2011).  In addition, furylquinones could undergo 

an activation process by a redox mechanism causing necrotic cell death on TLT 

hepatoma cells (Benites et al., 2007; Benites et al., 2011).  

 RM is structurally related to other alkaloids, including saframycins, 

naphthyridinomycins, quinocarcins, and ecteinascidins (Suwanborirux et al., 2003; 

Amnuoypol et al., 2004; Charupant et al., 2009; Saito et al., 2012).  Most of these 

alkaloids except ecteinascidins contain the quinone group which is able to generate 

free radicals and ROS associated with antitumor activity and host toxicity (Lown et 

al., 1976; Begleiter, 1983; Begleiter and Blair, 1984; Begleiter, 1985; Rao and Lown, 

1990; Pommier et al., 1996; Scott and Williams, 2002).  Therefore, we attempted to 

prepare ARM as a  monoacetyl-hydroquinone derivative of RM because the related 

ET-743 contains such a similar functional group and has been approved as a new 

anticancer drug, Hydrogenation of RM with 10% Pd/C in EtOAc for 4 h gave the 

bishydroquinone RM in a quantitative yield.  Stoichiometric acetylation of the 

bishydroquinone compound with acetic anhydride (1.5 equiv.) in dry pyridine gave 

ARM in 40% yield.  The 5-O-acetyl group in ARM is useful to prevent the 

reformation of the quinone ring by oxidation and the 8-hydroxyl group is expected to 

improve better solubility of ARM than that of RM. 

 We have demonstrated herein that RM which contains the quinone moiety in its 

structure induced ROS specifically superoxide anion radical and such specific ROS 

was responsible for its necrotic induction (Figure 4.3, 4.4).  In addition, modification 

of the RM structure by replacing a quinone ring with a monoacetylhydroquinone ring 

in ARM could be able to abolish its ability to induce superoxide anion and attenuate 

the necrosis inducing effect.  It is also interesting that the apoptosis mediating effect 

of ARM was comparable to that of RM (Figure 4.2A, B).  The closely related DNA 

alkylating alkaloids, such as saframycins and ecteinascidins, were respectively 
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proposed to exert their alkylation by interaction of thier α-cyanoamine and α-

carbinolamine functional groups via the iminium intermediates with the exocyclic 2-

amino group of guanine located in the DNA minor groove (Rao and Lown, 1990; 

Pommier et al., 1996).  Since the equivalent α-cyanoamine functional group was also 

found in the structures of RM and ARM, it is possible that both agents could interact 

with cellular DNA and mediated apoptosis in the similar manner.  In accordingly, our 

previous work demonstrated that RM induced lung cancer cell apoptosis though p53 

induction, which in turn down-regulated anti-apoptotic BCL-2 and MCL-1 proteins 

(Halim et al., 2011).  
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CHAPTER V 

CONCLUSION 

1.  Identification of nonribosomal peptide synthetase gene involved in 

biosynthesis of renieramycins from the blue sponge Xestospongia sp.   

 Gene identification based on metagenomic approach was performed in this 

study to investigation of nonribosomal peptide synthetase (NRPS) genes involved in 

biosynthesis of renieramycins produced by the Thai blue sponge Xestospongia sp.  

With limited gene information of this sponge, NRPS responsible for renieramycins 

biosynthesis was proposed by means of other NRPS sequences including safA, sfmC 

and sfcC involved in diketopeperazine core structure production.  PCR product with 

the size of 764 bp amplified by using degenerate primers contains the partial 

conserved region of adenylation to thiolation domains.  Alignment of the 4 sequences 

showed that the PCR amplicon was the most similar to safA.  Neighboring sequences 

of the 764 bp fragment have to be futher investigated to obtain more information.  

Additionally, the development of sponge DNA extraction was created due to the 

problematic operation with non-chemical eliminated DNA.  Optimization of removal 

cycles for renieramycins by organic solvent was found to be critical for quality and 

quantity of extracted DNA.  Finally, quinone functional groups in the RM structure 

were discovered to generate free radicals in the mixture of DNA preparation, resulting 

in DNA degradation 
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2.  Necrosis abolishing effect of 5-O-acetylhydroquinone renieramycin M in lung 

cancer cells 

 In summary, the quinone moiety of renieramycin M (RM) induced ROS 

production specifically the superoxide anion radical and such a specific ROS was 

responsible for its necrotic effect as illustrated in Scheme 5.1.  The present study 

provides the first evidence that deletion of a quinone group in the structure of RM 

could be able to completely abolish necrosis induction and fully preserve apoptotic 

effect for its cytotoxic activity.  The knowledge may have important inferences for 

structural modification of analogs with similar functional groups and further 

development of the more effective anti-cancer drugs with the reduction of unwanted 

toxicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1 The scheme represents the cell death effects of RM and ARM on lung 

cancer H23 cells.  The present study reveals that replacing a quinone of 

RM by a 5-O-acetylhydroquinone of ARM reduces necrosis cell death 

while fully maintaining apoptosis cell death.  The necrosis mediated by 

RM is proposed as the result of its ability to generate intracellular 

superoxide anion radicals from the interconversion of a semiquinone and 

a quinone moiety. 
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Purity and yield of DNA extracted from renieramycin-eliminated sponge samples 
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Table  A1  DNA purity and DNA yield extracted from renieramycin-eliminated sponge samples. 

 No MeOH extraction 2 times MeOH extraction 

1 2 3 Average±SD 1 2 3 Average±SD 

OD 260 0.34 0.33 0.38 0.35±0.02 0.54 0.56 0.58 0.56±0.01 

OD 280 0.22 0.23 0.25 0.23±0.01 0.34 0.37 0.40 0.37±0.02 

OD260/OD280ratio 1.53 1.46 1.50 1.49±0.03 1.57 1.50 1.45 1.50±0.05 

Yield (µg) 85.75 84.00 96.75 88.83±6.18 136.25 141.25 146.25 141.25±4.47 

 4 times MeOH extraction 6 times MeOH extraction 

1 2 3 Average±SD 1 2 3 Average±SD 

OD 260 0.64 0.62 0.57 0.61±0.03 0.84 0.85 0.92 0.87±0.03 

OD 280 0.39 0.47 0.39 0.42±0.04 0.46 0.48 0.50 0.50±0.01 

OD260/OD280ratio 1.63 1.52 1.46 1.53±0.07 1.83 1.77 1.83 1.81±0.03 

Yield (µg) 161.50 155.25 143.5 153.41±8.17 212.00 213.00 231.25 218.75±9.69 119 
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Table  A1  (continued). 

 8 times MeOH extraction 10 times MeOH extraction 

1 2 3 Average±SD 1 2 3 Average±SD 

OD 260 0.98 1.03 1.00 1.00±0.02 0.76 0.77 0.83 0.79±0.03 

OD 280 0.53 0.56 0.54 0.58±0.01 0.42 0.44 0.46 0.48±0.01 

OD260/OD280ratio 1.82 1.84 1.83 1.83±0.01 1.81 1.75 1.80 1.79±0.02 

Yield (µg) 245.50 258.00 250.25 251.25±5.64 192.25 194.75 208.00 198.33±7.57 

 
 

 

 

 

 120 



121 
 

 

 

 

 

 

 

 

 

 

 

APPENDIX B 
Standard curve of renieramycin M and HPLC-DAD chromatograms of the remaining 

renieramycins in sponge samples with a various (0-10 times) renieramycin 

elimination cycles 
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Table  B1  HPLC analysis of standard renieramycin M (RM). 

 

RM conc. 

(µg/ml) 

 

RM weight 

(µg) in 20 µl 

 

AUC1 

 

AUC2 

 

AUC3 

 

Average 

(AUC) 

0.78 0.0156 15022 15216 15073 15103.66 

1.56 0.0312 20941 20202 20523 20555.33 

3.125 0.0625 44541 44860 45553 44984.66 

6.25 0.125 231593 233545 233584 232907.33 

12.5 0.25 531029 529474 522737 527746.66 

25 0.5 1153990 1179273 1192033 1175098.66 

50 1 2300568 2305856 2311866 2306096.66 

100 2 4137726 4087816 3991386 4072309.33 

200 4 10509536 10757299 10561877 10609570.67 

400 8 22066838 21627024 22312324 22002062.00 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure B1 Standard curve of renieramycin M (RM)
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Table  B2  HPLC analysis of the remaining renieramycin M in sponge samples with different cycles of renieramycins elimination. 

 

MeOH 

extraction 

times 

Renieramycin M 
 

Average 

(AUC) 

 

Acenaphthene 

Average  

(AUC) 

 
*Area of RM 

 

RM 

conc. 

(µg/µl) 

 

RM weight 

(µg) in total 

vol. 200 µl  
AUC1 AUC2 AUC3 

 

0 12107613 12408898 11747250 12087920.33 4195566.00 11290725.07 206.17 41.2±5.63 

2 6068766 5513853 6050320 5877646.33 4434691.33 5802919.33 106.21 21.2±5.66 

4 677117 834487 829296 780300.00 4769767.00 828587.65 15.61 3.1±1.72 

6 106424 102579 120420 109807.66 4530538.00 110754.69 2.54 0.5±0.17 

8 36043 34610 39739 36797.33 4556636.00 37328.48 1.20 0.2±0.04 

10 9287 10944 10153 10128.00 4463595.66 10064.40 0.70 0.1±0.01 

 
   Average 4491799.00 

   

*Area of renieramycin M = (Average AUC of RM × Average AUC of Acenaphthene in each time)/ Average AUC of Acenaphthene 

123 



124 
 

 

 
 

 

 

 

 

 

 

Figure B2 HPLC-DAD chromatograms of RM in no MeOH extraction samples. 
 

 
 
 
 
 

 
 
 

 
Figure B3 HPLC-DAD chromatograms of RM in 2 times MeOH extraction samples. 

 
 
 
 
 
 
 
 
 
Figure B4 HPLC-DAD chromatograms of RM in 4 times MeOH extraction samples. 
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Figure B5 HPLC-DAD chromatograms of RM in 6 times MeOH extraction samples. 
 
 
 
 
 
 

 

Figure B6 HPLC-DAD chromatograms of RM in 8 times MeOH extraction samples. 
 
 
 

 

 

 
 

Figure B7 HPLC-DAD chromatograms of RM in 10 times MeOH extraction 

samples. 
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APPENDIX C 

NRPS nucleotide sequences of saframycin A, saframycin Mx1, and safracin B from 

Genbank Database 
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LOCUS       DQ838002_sfmC_4458 bp     

DEFINITION   Streptomyces lavendulae strain NRRL 11002 tyrosinase, 

tyrosinase co-factor, putative translation initiation inhibitor, 

putative transcriptional regulator, hypothetical protein, putative 

methyltransferase, hypotheticalprotein, and glyoxalase/bleomycin 

resistance protein/dioxygenase genes, complete cds; and 

saframycin A biosynthetic gene cluster, complete sequence. 

ACCESSION    DQ838002 

VERSION      DQ838002.1  GI:146446759 

KEYWORDS   . 

SOURCE       Streptomyces lavendulae (unknown) 

ORGANISM   Streptomyces lavendulae 

             Bacteria; Actinobacteria; Actinobacteridae; Actinomycetales; 

             Streptomycineae; Streptomycetaceae; Streptomyces. 

REFERENCE    1 (bases 1 to 62804) 

 AUTHORS    Li,L., Deng,W., Song,J., Ding,W., Zhao,Q.F., Peng,C., 

Song,W.W., Tang,G.L. and Liu,W. 

 TITLE      Characterization of the saframycin A gene cluster from 

Streptomyces lavendulae NRRL 11002 revealing a nonribosomal 

peptide synthetase system for assembling the unusual 

tetrapeptidyl skeleton in an iterative manner 

 JOURNAL    J. Bacteriol. 190 (1), 251-263 (2008) 

 PUBMED    17981978 

REFERENCE    2 (bases 1 to 62804) 

 AUTHORS    Li,L., Tang,G. and Liu,W. 

 TITLE      Direct Submission 

 JOURNAL    Submitted (06-JUL-2006) State Key Laboratory of Bioorganic 

and Natural Product Chemistry, Shanghai Institute of Organic 

Chemistry, Chinese Academy of Sciences, 354 Fenglin Rd., 

Shanghai 200032, PRC 

FEATURES     Location/Qualifiers 

 source           <1..>4458 
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                      /organism="Streptomyces lavendulae" 

                      /mol_type="genomic DNA" 

                     /strain="NRRL 11002" 

                      /db_xref="taxon:1914" 

 gene             1..4458 

                      /gene="sfmC" 

 CDS              1..4458 

                      /gene="sfmC" 

                      /note="C-A-PCP-RE" 

                      /codon_start=1 

                     /transl_table=11 

                      /product="putative non-ribosomal peptide synthetase" 

                      /protein_id="ABI22133.1" 

 /db_xref="GI:112791735"     

ORIGIN 

          1 gtgacccggc acgagcccac cgagacgttc accgacaccc tgcaccgcgt actcgaagaa 

        61 cgcggcgcgg aatcggccac cccgctgtcc gtggaacagc gccgcctgtg gctgctcggc 

      121 gggatcgccg acggctcctg ggccgtcgtc accggccgct accggctcca gggcgtcccg 

      181 gacgccgcgc ggctccaatt gcggctggcc tccctggtct cccgccacga ggccctgcgc 

      241 agcgtgttcg tgcaggtcgc cgagcgtccc gtccgcctgg tcctgccgtt cgccgaggtc 

      301 gccctgcgca cggtgaacgc acccgactcc accgaccccg cgcgggccga cgagcacgtc 

      361 cgccacctcg tcgaggagga gttctccctc ggccacggac cgctgctgcg cgccctgctg 

      421 ctgcgctccg ccgacggcgg cgccgccgaa ctcgtcctcg tcgggcaccg cctcgtcctg 

      481 gacgccacct cactggacct gctcgtcgcc gaactgctcg gcgaggacgc cccccacggc 

      541 cgcgagggcg ccgcggacac cgccggcgct ctggagacca ccctcgcggc ggaacgcgag 

      601 cgcctcgccg accccgccct cacgcaagcg gtgaccggcc gggccgccga actggccctc 

      661 cccgccgcca ccgagatccc cggctacggc cggcggcccg agatcaaggg cacctcctac 

      721 gcctccgtgg cgctgcccct gccgctcgcc ctcgccccgc gcgccgccga ggccgccgac 

      781 tgggaggccg cggtcgccgc cgcctggctc gtggtcctca tgcgctccca ggccaccggc 

      841 tccgccgtct gcggtgtccg caccgcccgc ggcgcggagc aggccgggat cgtcggcccg 

      901 ctcgacggcc tgcgcctggt ccgcgtcgac gacgcggacg acgcgccgct gtcggacctg 

      961 ctcgccgcgg tcgggcgaca gctgcgcgcc cccgccgtgg acgtgccgct cgcacacctc 
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     1021 ctcgaagtgg ccccgccccg ccgcgacatc agccgcaccc cgtacgccca gaccgtcgtg 

     1081 cgggccgtgg acgcccgcga accgctcggc ggggcgtcgg gcaccggccg gcagatcggc 

     1141 ggagccgcct cgggcaccga gtacgacatc gaggtgacgg tgcgcctcca gcccggcctc 

     1201 gccgtcgcac agatcgacta cgacgtccag ctgtactccg aggagcgggt ccgcgccctc 

     1261 ggcaaccagc tcgccgccgt cctcgacgcc atcctgcccg gcggcacccc ggaggtcacc 

     1321 gccaccgtcg tcccgctgct cgacgccgag ggcgcccggc tcgccctgga ggcgggccgc 

     1381 ggcgagcgga ccgcgcccga cacccgatcg ctcgtcgacc tcgtcgaggc ccaggtggcc 

     1441 gccgcaccgg acgccgtcgc cctgtggcag ggagacaccc gagtcacgta cgcccagctg 

     1501 tgggccgacg ccactcgcct ggccgacgag ctggccgccc gcggggtgcg ccccggcgac 

     1561 cgcgtcgcgg tctggctgcg ccgcggcccc tcgacggtca ccgccctgct cgccgtgctc 

     1621 gccgccggcg ccgccttcgt gcccgtcgac gccgcctacc ccgaggagcg ggtgcgctac 

     1681 ctgctctccg actcgcggcc ctcgctcgtg gtcaccgaga gctccgtgca cctgctcggc 

     1741 gaactcggcc ttcccacgct gctgctggac gagctgtccg gtgcgccggc cgccgtggac 

     1801 ggcgcgcgcc gccccgaccg ggtcgccgcc gacactcccg cctacctcat ctacacctcc 

     1861 ggcaccacgg gccgccccaa gggcgtcgtc gtgcgccact ccagcgtggt caacaacatt 

     1921 gcctggcgcc aggcgaactg gcagctcacc gaagacgacc gggtgctgca caaccacagc 

     1981 ttctgcttcg acccctccgt ctgggcggcg ttctggccgc tcgccacggg cgccgccatc 

     2041 gtcctcgcca ccgaggagca gatgaaggac cccggcgaga tgatcacgac gctccgcgac 

     2101 caccaggtca ccgtgctcgg cggcgtgccc tccctgctgt ccctgctgct cgaccaccgc 

     2161 gatgcgggca cctgcacccg cgtccgcctg gtgctcagcg gtggcgaacc cctcaccgac 

     2221 accctgctgg agtccgtcga gtcgacctgg tccgccgagg tcgccaacct ctacggcccc 

     2281 accgaggcca ccatcgacgc caccggccac cgcgtaccgc gcggcgaccg cacggtcccg 

     2341 gttccgatcg gccgcgcggt gtccaacacc gccgtccacg tcgtcgacgc cgaactgcgg 

     2401 cccgtacccg aaggcgtccc cggtgagatc gtggtcaccg gcgcgggagt cgccgtcggc 

     2461 taccacgacc ggccggcgct gaccgccgcg cgcttcctgc ccgcgccctt cgccgacgcg 

     2521 tccgacgacc cgggtgccac cctctaccga accggcgacc tgggccgcag gctccccgac 

     2581 ggctccgtcc agttcttcgg ccgggtcgac gaccaggtca agatccgcgg ccaccgcgtc 

     2641 gaggtctccg aggtcgagtc ggtgctcaag gccctggccg gggtccagga cgcggccgtg 

     2701 gtcgccctgg acgcgggtac cgagaacgcc cggctggccg ccgccctggt ccttccggcc 

     2761 ggctccgacg ccccgtccct cgaagacgtc cgctcggcac tcgccggcga actccccgac 

     2821 tacctcgtgc cggaccgctt cgccgtcgtg gacgagctgc cgctcaccgc caacggcaag 

     2881 acggaccgcc gcggagtcgc cgaactgctc tcccggcagg cagccgcacc ggtcgccggc 
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     2941 caggacgggc ccaccgagcc ccgcaacgcc ctggagcgct ccgtcgccga ggccttcgcc 

     3001 tccgtgctgc gcctccccgc gatcgacatc cacgccgact tcttcgacgt gggcggcacc 

     3061 tcgctcatcc tcgcgaagct ggcctccctg ctcggccgca agcacgatgt cgagatcccg 

     3121 ctgcacgagt tcttccgtac gccgaccgtc gccggcgtct ccgagacgat cgaggtctac 

     3181 cgccgcgagg gcctcgccgg cgtcctcggc cgcaagcacg ccgcgacgct ggagggcgac 

     3241 ggcaccctcg acccctccat cagccccgag ggccttcccg aggcggaatg ggagaacccg 

     3301 cggcgcgtct tcctcaccgg cgccaccggc tacctgggcc tccacctcgt cgagcagctc 

     3361 ctgcgccgca ccgacgcgga ggtcgtgacc ctgtgccggg cccgcgacga acagcacgcg 

     3421 ctcgaacgcc tcaaggaggg cttcgccctc tacgagatcg acgtcgagga ccagctgcac 

     3481 cggatctcgg ccgtcatcgg cgacctggcc gagccgcgcc tgggcctcac ccaggagcag 

     3541 tgggacgacc tggccgccac cgtggacgtg atctaccaca acggcgcgct cgtcaacttc 

     3601 gtctacccgt actcggcgct caaggccgcc aacgtcggcg gcactcagcg cgtactggaa 

     3661 ctggcctgca ccacccgcct caaggccgtc caccacgtgt ccaccatcga caccctgctc 

     3721 gccacccaca tgccgcgccc cttcctggag aacgacgcgc cgctgcactc ggccgtcggc 

     3781 gtcccggccg gctacaccgg cagcaagtgg gtggcggaga aggtcgtcga cgaggcccgc 

     3841 cgccgcggca tcccggtcac cgtcttccgc cccggcctca tcctcggcca cacgaagaac 

     3901 ggcgccacgc agaccatcga ctacctgctg gtcgcgctcc gcggcttcct gcccatgcgc 

     3961 atcctgcccg actacccccg catcttcgac gtcatcccgg tcgactacgt ggcctccgcc 

     4021 atcgtgcaca tatcccggaa gcgggaagcc atcgacggct tctaccacct gttcaacccc 

     4081 gcgccggtgc cgctgctcac cttctgcgac tggatcaaga gctacggcta cgagttcgac 

     4141 atcgtgccct tcgaggaggg caggcgccgg gccctcggag tcggccccag ccacctcctg 

     4201 tacccgctcg tcccgctcat caaggacgcg gaggccgagc cgcaccgggc cctcgacccc 

     4261 aagtacatgg acgaggtcca gcccgccctc gaatgcgcgg agacgctgcg catgctggcc 

     4321 ggcagcgaca tcgcctgccc gccgaccacc gaggccgacg cccacgccgt catggactac 

     4381 ctggtgcgca ccggcttcat gccggcgccc gcggacgtcg tccacgacga gccgagcagc 

     4441 acgctggagg agcgatga 
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LOCUS       MXU24657_safA_7818 bp     

DEFINITION   Myxococcus xanthus saframycin Mx1 synthetase B (safB), 

saframycin Mx1 synthetase A (safA), and safC genes, complete 

cds. 

ACCESSION    U24657 

VERSION      U24657.1  GI:1171127 

KEYWORDS   . 

SOURCE       Myxococcus xanthus (unknown) 

ORGANISM   Myxococcus xanthus 

              Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales; 

  Cystobacterineae; Myxococcaceae; Myxococcus. 

REFERENCE    1 (sites) 

 AUTHORS    Pospiech, A., Cluzel, B., Bietenhader, J. and Schupp, T. 

 TITLE      A new Myxococcus xanthus gene cluster for the biosynthesis of 

the antibiotic saframycin Mx1 encoding a peptide synthetase      

 JOURNAL    Microbiology 141 (Pt 8), 1793-1803 (1995) 

 PUBMED    7551044 

REFERENCE    2 (bases 1 to 14100) 

 AUTHORS    Pospiech, A., Bietenhader, J. and Schupp, T. 

 TITLE      Two multifunctional peptide synthetases and an O-

methyltransferase are involved in the biosynthesis of the DNA-

binding antibiotic and antitumour agent saframycin Mx1 from 

Myxococcus xanthus  

 JOURNAL    Microbiology 142 (Pt 4), 741-746 (1996)  

 PUBMED  8936303     

REFERENCE    3 (bases 1 to 14100) 

 AUTHORS    Pospiech, A. 

 TITLE      Direct Submission  

are involved in the biosynthesis of the DNA-binding antibiotic 

and antitumour agent saframycin Mx1 from Myxococcus xanthus 
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 JOURNAL   Submitted (12-APR-1995) Andreas Pospiech, Core Drug 

Discovery Technologies, Ciba Geigy-AG, Basel, CH-4002, 

Switzerland 

FEATURES     Location/Qualifiers 

 source           <1..>7818 

                      /organism="Myxococcus xanthus" 

                     /mol_type="genomic DNA" 

                      /strain="DM504-15" 

                      /db_xref="taxon:34" 

 gene             1..7818 

                     /gene="safA" 

 CDS              1..7818 

                      /gene="safA" 

                      /note="contains two putative amino acid activating domains" 

                      /codon_start=1 

                      /transl_table=11 

                      /product="saframycin Mx1 synthetase A" 

                      /protein_id="AAC44129.1" 

                      /db_xref="GI:1171129"      

ORIGIN 

        1 atgctcgcgc cggacgcgga ccctcacagc ccgtcctccc tgggggatgc aggccagagc 

       61 gcctcttcct cctcgctgaa tggcagctat gtgtttcccg cctcgacgag ccaggagcgg 

      121 ctgtggttcc tgcgcgagtt cgatgcacgg tggggcgctg cctaccacct gcccgtggcc 

      181 ttccgcattg acggcccggt ggatcgcctc gccctgcagc gcgccgtcaa tctggtggtc 

      241 acccggcacg aggggctgcg cacccggctc gcccacctgg atgggcagct cgtgcaggtc 

      301 atcaaccccc acgcgcgggt caccgcttcg gtcgtggacc tcggccacgt ccccgaggcc 

      361 gagcgctggg aggaggtcca gcggctcctg gccacggagt cccaacggct cttccggttc 

      421 acggaggaca gcctcctgcg gctcacgctc cttcggttga gcggcacgca gcatgtgctc 

      481 ctcgccacgc tccaccacat catcgcggat ggcacctcgg tcgagctgtt cctccgcgag 

      541 ctggtggcca gctatggcgc cttgctccag cacacagcgc cgcacctggc cgagctggcc 

      601 gtgcagtacg ctgactacgt cgcctggcag cggcagtggc tggacaccga ggagtacacg 

      661 aagcagcgcg agtactgggg acgcaagctg gctggcgcgc cgctcgtcct ggagctgccg 
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      721 acggatcgcc cgcggccggt ggtgcagacg ttccgcggcg ccaacaagga gttccgcctc 

      781 tcgcgcgagt tcgccgcctc ggtgcggcgg tatgcgcatg agggcgggtc cacctcctac 

      841 atggtgctgc tcgcggcctt cgccgtgctg ctgcgccact acaccgggca ggaggagctg 

      901 ctgctcggca cgcccgtggc gaaccggcag cggccggagc tggagccggt catcgggttc 

      961 ctggccaaca cgctcgtggt ccgcgcggac ctcaccgggg atcctcgcgt ggaggagctg 

     1021 ctgcgccgca tccgggagac gaccctggag gccgtggcgc acgagcagtt cccgttcgac 

     1081 aagattgtcg aggcgcttca gccggagcgc acgttgagcc gcaaccccct gttccaggtg 

     1141 atgttcggct ttcaggaggc gcctcaggcg aggctcacgt tggggggcca tccgctcacg 

     1201 cggctgccgg tggaaaccgg cacctcccgg ttcgacctgt ggctcttcct caccgaggac 

     1261 agcgacggca tccagggcct cgtcgagtac agcacggacc tgttcgaggc ggacaccatc 

     1321 gacaggctga cgcggcacta ccaggcggtg gtggagggcc tgctccgggg cggccaccag 

     1381 cgcgtctcgc agctctcgct gctcacggag aaggagcgcg cggaactcgc ggccagcgcg 

     1441 ttccgcgccg agccagagcc caccgccctg ttgccgcagg cggtggaggc ccaggccgcg 

     1501 cggacgccgg accgggtggc cctggtcttc gggagcgagc agctcaccta tgcggagctc 

     1561 aacgcccggg ccaaccggct cgcccgcctg ctgaagaccc ggggcgtggg cgccgagcgc 

     1621 cggtgcgccg tctgcatgga gtgctcgccg gacctggtcg tctccctgct ggcggtgctc 

     1681 aaggcggggg gggcctacgt gccagtggac ccgcggtatc cgctggagcg ggtgcggtac 

     1741 atgctcgagg acgcgcgggc ccaggtgctg ctcacccggc gggagctggc ccaccatggc 

     1801 gagggcatcc cgcacgttgt gtctctcccg gaggccggcc tcgtggggga gggggatgcg 

     1861 aacctggagc ccgtggctga cgctgctcag ctcgcctacg tcctgtacac gtcggggtcc 

     1921 tccggccggc ccaagggcgt gatggtttcg catggcgccc tcgccaactt cttgacgacc 

     1981 atggcccggg agccgggctt gcgcgccgag gacgtgctcg ccgcggtgac cacgttctcc 

     2041 ttcgacatcg ccgcgctcga gctgtacctg ccgctggttc agggcgcgcg ggtggtgatg 

     2101 gccacccgtg agcaggccgc ggatgggcgc gcgctgtccg gggtgttggc gcggcacggg 

     2161 gtgacggtga tgcaggccac tccggccacc tggcgcatgc tggccgacgc gggcggggct 

     2221 cccggcacgg gcttcaccgt gctgtgcgga ggggaggcgc tgccccagga cctcgccgac 

     2281 gcgctcaccg cgaacggggc ccgggtgtgg aacctttatg gccccacgga gaccacggtg 

     2341 tggtcctgcc gcaagcggct gggggcaggt gacagggttt cgctgggggg ggcccttgga 

     2401 aacaccagcg tccatgtgct ggacccggac ctgcggcccg tgccggtcgg cctggcgggt 

     2461 gagctgttca tcggtggttc cggcgtggcc cgcggctact ggggtcggcc ctcgatcacg 

     2521 gccgagcgct tcgtgccgga tcccttctcg gcgcggccgg gtgcccggct ctaccggacg 

     2581 ggcgacctgg tgcgccgccg ggtggatggc gagctggagt tcatcggtcg cgccgaccat 
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     2641 caggtcaagc tgcggggcta ccgcatcgag ctcgcggaga tagagctcac cctgcgccgc 

     2701 cacgaggcgg tccgcgacgt ggtggcgctc gtgtggggct ccagcgaggc cgagcggcgg 

     2761 ctcatcgcct acgtggtgcc ggtcgcggcg cagggccggg gacgacaacc ctggcccacc 

     2821 ggctgcgcga gcacgcccgg gccgtgcctg cctgaataca tggtgccttc ggccaacgtg 

     2881 ctcctggatg cgcttcccct gacgcccaac ggcaaggtgg accgacgctc cctgccggac 

     2941 ccgaggtcgg tgatggctcg cggcggggcg atgcacgtgg ctcctcgcac cgagacggag 

     3001 ggccgcattg ccaccatttg gatgcaactg ctcggctgtg accaggtggg agtgaaggac 

     3061 gacttcttcg agcttggggg caactcgctg cttgccggcc ggctcgtgga ggagctcgac 

     3121 cgcaccttcg gtgtccgcgt gccgatgcgg gacctctttc tcgacgcgac gattgccaac 

     3181 ctcgccgcgg tgattgatgg gcgtcgccgg aaggcgtccg ttgtggaggc gccgcacgtg 

     3241 gacgagttgg tgagcggatt gaccgacgac gaagtggagg cgctcttgaa cgagccacag 

     3301 ttgggccatg tgaacactca gcaacgtgaa ggaggggagc aggtgagttc gtccgagagc 

     3361 gacaacggcc gccgcgccgc cgaggagaag agagctacgc tggccaggct gctgcgggac 

     3421 ggacgtctcc agggccacgc gaacctgtcg ccggatcagc ggcggctctg gatgctgctg 

     3481 caactcgacg ggactctgcc ggcacaggtg ctggcggcct acgcgctgag gggggcgttg 

     3541 gacctggccg tgttgcagca ggccatcgcc gaggtggcga gccgcaacga ggtcctgcgc 

     3601 agcacgttca aggacatggg ggggacgccg ctgcgcgtcg ccaggccggt gatggagctg 

     3661 gcgctcgcgg tgacggaggc ggccggcaca ggcctggatg acgccctgca acggctcgct 

     3721 cggcaggagc tgggcgagcg gctcgagccg gccaccgggc cgctgttgcg cctgcacctc 

     3781 gtcaggctcg gggccgagga gcacctgctg ctcgtcaagg cgcacgagct gatctccgac 

     3841 gagccttccc tggaggcgct cattcgggag gtgctcgcca cgtatggcgc cctcctgcgc 

     3901 ggcgagcagt ccgcggcgtc ctccgtgtcc gcctacgccg agtacgccgc gcgggagcag 

     3961 gcctggctga gcgggccggt gtgtggccag cagctcgaac actggcgccg gaagctcacg 

     4021 gacctgcccc tgctgcggct cttcaccgat cggccgcgtc ccgtcatcaa gacgcaccgc 

     4081 tgcgactcag tctccaccct gctgccgctc gagctgtcgc ggcggatgga agcgctggcc 

     4141 tcgcgcaacg ggggcctgcg cgcggcggtg ctggccggct ttcaggtgct gctgtcccgg 

     4201 tacaccgggc aatccgatgt gacagtgggc gttcgcgccg acctccggag cgaagccgaa 

     4261 cgaggccggc tcctcgggcc cgccagcacc gccctggtcc tgcggaccga cctgcgcggc 

     4321 gagccgtcct tcatggagac gctcctgcgc gtcgacgtgg cccgcgagga ggcggagcgg 

     4381 ttcgccagcg tgcccttcgg cacgctggtg gacacgctgc agccggcccg tgacctgagc 

     4441 cgcacgccct tctttcaggt gatgtacctg tttcgggatg cgcgcgagga gctggcggtt 

     4501 ggcgccggcc tgcgcgccct ggcgcaggcg ttgccgttcg gcaccacccc ggtggacatc 
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     4561 accctggcgg cgaccgccac cgagcagggc ctccacctgc gcgtcgactt caactccgac 

     4621 ctgtacgacg cgagcaccgc gcggcgcctg ttgggccacc tgcgcacgct gctgtccgcg 

     4681 gcggtggacg ctccggggaa gtccatcgcc cggctgccgc tgctcgccga ggaggagtgg 

     4741 aggcaggtct tcggcgactg gaaccaggcc gagcacgccc tcccgtcgcg ctgtctgcac 

     4801 gagctcgtcg aggagcaggc ggcgcgcacc ccgcatgccg tggccgtcac gtgcgagggc 

     4861 caccagctca cctacgccga gctggatgcg cacgccaacc agctcgccca tcacctgcgc 

     4921 cagctcgggc tggctccgga aggtcgggtg gcgatctgcc tggagcggtc cgtggagatg 

     4981 gtgaccgcca tgctggcggt gctcaaggcc ggcggtgcct acgtgccgtt ggatccggag 

     5041 taccccaccg agcgcctggc gcagctgttc gcggactgcg aggcgcacgt ggtgctcacg 

     5101 cagcagtccc tggcggaccg ggtgaagatg gtcgcggcgc ggcgcgtgtt cgtggacacg 

     5161 gactggccgg tcatcgccgc gtgcccgcgg caggcgcccc cgccggtcgt cacgccggac 

     5221 cacctcgcct atctcatcta cacctcgggg tccaccggca cgcccaaggc ggtgatgctc 

     5281 tctcaccgcg gcatcgtgaa caatctcgcg tggcgtcagc gcacctggcc gttgtcggcg 

     5341 gaggaccggg tgctgcagaa ccactccttc agcttcgacc cgtcggtgtg ggccaccttc 

     5401 tggccgctcc tggtgggggc cagagccgtg ctcaccccgt ccggccagca ctacgacagc 

     5461 aaggcgctgg tgggcctgct gcgtgaacag ggcatcaccg tgtatggcgc ggtgccctcg 

     5521 ctcaacgccg tgctgatgga ggagcctgag attggccggt gcacccacct gcggtacgtg 

     5581 ctgagcggcg ccgaggccct cactggcggc ctgcagcgcg gcatcttctc gcgcgtctcc 

     5641 gccgccgtcg ccaacctcta cggcccgacg gagaccacca tcgacgccac ggcatggaac 

     5701 tgcccgcgcg tggatgcccc ggaggacgct cccatcggtc ggccaatcgc caacctgcgg 

     5761 atgtacgtgc tcgacgagca cctccagccg gttccggtcg gtgttcccgg tgaactcttc 

     5821 gtcggcggcg tgggcctggc gcgtggctat cacgccaggc ccggcctgac ttctcagcgc 

     5881 ttcttgccgg atccattctc gagtgatgcc ggcgcgcggc tgtaccggac gggcgacctc 

     5941 gggcgctacc gggcggacgg agccatcatg ttcctcggcc gcgtggacga acaggtcaag 

     6001 gtgagcggct accgcgtgga actcggtgaa gtcgagaccg cgctggggcg gcaccccgac 

     6061 gtgcgcgagg ccatcgtcgt cgcgcgtgag ggcctgcagg gcatcaagcg gctggtggct 

     6121 tacgtcacgc ccgccaaggg gggcacgccg gaggctcgct cgctcacggc attcctcgag 

     6181 aagattctgc cggcgtacat gattccgccg gtgttcgtca tcgtcaacga gctgccgaag 

     6241 atgcccagcg gcaaggtcaa ccgcaatgcc ctgcctgccc cgcagatgga ccggccggac 

     6301 accgcgggcg cctacgtcgc tccgcgcacg cccctggagg atgagattgc ctcggccttc 

     6361 gcgggcgtgc tcggcatgga ccgcgtggga gtggaggacg acttctttga agtgggcggc 

     6421 acctcgctcc tgctggcgcg gctcgcctca cggctgctga accgcttcca gattgccatc 
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     6481 ccggtgcacc agttcttcaa gattcccacg gtggctgggg tggcgaacgt ggtggagacc 

     6541 taccagcgcg agggccttga tgccgtgctg atgaaccagc atgccacgcg gctggacgcc 

     6601 gacgcttcgc tggcgccgga catctccccc gaagggttgc cgctggcgaa ctacctcgcc 

     6661 ccgtcctccg tgctgctcac gggcgccacc ggttacttgg gggccttcct gctcgagcag 

     6721 ctcctgaagc ggacccgagc caccgtgtac tgcctcgtgc gtgccgccga cccggcccag 

     6781 gccatggacc gcgtgcgtgc gaccatgcac cagtacctcg tctgggacga ggcgtacgcg 

     6841 gagcggatcc gcccgctggt gggcgacctg gggaagcccc ggctcggcct ttcccgggag 

     6901 gagtgggagc ggctcggact cgagctcgac tccatctacc acaacggcgc gttggtgaac 

     6961 ttcgtgtacc cctactcggc gctgcggggg cccaacgtgc acggcaccca ggaggtgctg 

     7021 cgcctgggat gccagcaccg gctcaaggcc gtgcactacg tgtccaccat cgacgtgctg 

     7081 ctggccacgc acatgccgcg ccccttcatg gaagatgacg cgcccttgcg caaccccatc 

     7141 gaggtgccgg gtggctacac tggcagcaag tgggtggcgg agaaggtggt caacatcgcc 

     7201 cgcgcgcgag gcatccccgt gtgcatctac cggcccgggc tcatcctgag ccacgaggag 

     7261 acgggcgcga cccagaccaa cgactacctg ctcgtggcgt tccgaggcta cgtgcccatg 

     7321 ggcatcatcc cggactaccc gcgcatcttc gacaccatcc cggtggacta cgcggccaag 

     7381 gccatcgtgc acatctccac ccagcgggag gcgctgggca ggttcttcca cctgttcaat 

     7441 cccgcgcccg tctcgctgcg tcgtttctgc gattggattc gctcctacgg ctacgcgttc 

     7501 gacatcgttc ccttcgatga ggcgcggagg caggcgctcg acgtggacac gtcgcatccg 

     7561 ctctatccgc tcgttccgct catccgcgac gccgaggcgg agccccagga atcgctcgac 

     7621 ccggccttca tcgaccagct ccggccggac ctggagtgcc ggagcgcggt ggaggtgctg 

     7681 gctggcagtg acatccgttg cccgcccatg accgaggagc ttgcccatcg ctgccttcag 

     7741 tacctcgtcg acatcggctt ccttcaacgg cccgaggtcc tgcgcgcagc ccgtcagcag 

     7801 aaggcgtccg gcgcctga 
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      CDS              1..4299 

                      /gene="sfcC" 

                      /codon_start=1 

                      /transl_table=11 

                      /product="putative non-ribosomal peptide synthetase" 

                      /protein_id="AAL33758.1" 

                      /db_xref="GI:37542635" 

ORIGIN 

          1 atgcacagcc ccactatcga tactttcgag gccgcactgc gctcattgcc cgctgcccgc 

        61 gacgcacttg gtgcctatcc cttgtccagc gaacaaaagc gcctctggtt actggcccaa 

      121 ctggcgggca cggcaacgtt gccggtaacg gtgcgttatg cattcaccgg cacggtggac 

      181 cttgctgtcg tgcagcagaa cctgagcgcg tggatcgcac acagcgagtc cttacgcagc 

      241 cttttcgtcg aagtactgga acgccccgtc aggcttctga tgcctacggg cctggtgaaa 

      301 ctggagtact tcgatcgccc gccatccgat gccgatatgg ccgagctcat aggcgccgcc 

      361 tttgaactcg acaaagggcc gttgctgcgt gcgttcatca ctcgaaccgc tgcacaacag 

      421 catgaattgc atctggtcgg ccatcctatt gtcgtggacg aaccttccct gcagcgcatt 

      481 gcccaaaccc tcttccagac cgaacccgat catcagtacc ccgccgtcgg tgcgatcgcc 

      541 gaggtattcc agcgcgaaca gacactggca caggatgcgc aaatcaccga acaatggcag 

      601 caatggggaa taggccttca ggcgcctgcg gcaaccgaaa ttccgaccga aaacccccgc 

      661 cccgctatca agggctcaga tcgtcaagta catgaagccc ttactgcatg gggcgaccaa 

      721 cccgtagcag aggccgaaat tgtcagcagt tggctgaccg tgctgatgcg ctggcaggga 

      781 tcgcaatcgg cgctttgcgc aatcaaggtg cgcgacaagg cgcatgccaa cttgatcggc 

      841 ccactgcaaa cctacctgcc ggtccgcgtt gatatgccgg atggcagcac cctggcacaa 

      901 ctgcgactcc aggtggagga acagctcaat ggcaacgacc atccgtcctt ttccacgctg 

      961 ctggaagttt gcccaccaaa gcgggacctg agtcgcaccc cctacttcca aaccggcctg 

     1021 cagttcattg cgcacgatgt tgaacagcgc gacttccatg ccggcaactt gacacgcctg 

     1081 ccaacgaagc agccaagcag cgaccttgac ctgttcattt cctgctgggt aagcgacggc 

     1141 acgcttggcc tgacgctgga ttatgattgc gccgtgctga attcgagcca ggtcgaggtt 

     1201 ctggcccagg cgctcatcag cgtattgtca gcgcccggtg aacagccaat cgcaaccgtt 

     1261 gcgctgatgg gccagcaaat gcagcaaacc gtcctggctc aggcccacgg cccccgcacg 

     1321 acgccgccgc aactgacact gaccgaatgg gtcgccgcca gcacggaaaa atccccgctg 

     1381 gcggttgcgg tgatcgacca cggccagcag ctcagctatg cagagttatg ggcaagagct 
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     1441 gcactggtag cggcgaacat cagccagcat gtggcaaagc ctcggagcat catcgctgta 

     1501 gcactgccca gatcggctga atttattgca gcgctgctgg gggtagtgcg agcaggtcat 

     1561 gcgttcttgc ccatcgatcc ccgcctgccc accgaccgca tccagttcct gattgaaaac 

     1621 agtggctgtg agttggtcat tacctctgat cagcaatccg tggagggttg gccgcaggtc 

     1681 gccaggatac gaatggaggc gcttgatcca gacattcgct gggtggcgcc gacggggctc 

     1741 agccacagcg atgccgccta cctgatctat acctccggca gcaccggcgt tccgaaggga 

     1801 gtcgttgtcg agcaccggca agtagtgaat aacatcttgt ggcggcaacg aacctggccg 

     1861 ctgacggcac aggacaacgt gctgcataac cattcgttca gcttcgatcc cagcgtctgg 

     1921 gcgttgttct ggccgctgct gaccggtggc accatagtgc tggcggatgt cagaaccatg 

     1981 gaggacagca ccgccctcct cgacctgatg atccgccatg atgtcagcgt tctgggtggc 

     2041 gtaccgagcc ttctcggtac gctgatcgat catccattcg ccaatgattg ccgggcggtc 

     2101 aagctggtgc tcagtggcgg cgaagtcctc aaccccgaac tggcacacaa aattcaaaag 

     2161 gtctggcagg ccgacgtcgc caacctctat ggccctaccg aagcgaccat cgatgcgctg 

     2221 tatttttcga tcgacaaaaa tgctgccggc gccatcccga ttggctatcc aatcgacaat 

     2281 accgacgctt atatcgtcga cctcaatctc aacccagtcc cgccaggcgt tccgggagaa 

     2341 atcatgcttg ctggccagaa ccttgcgcgc ggctatttgg gcaaacctgc gcaaaccgcg 

     2401 cagcgcttcc tgcccaaccc atttggcaac ggacgcgtgt atgcaacggg cgatctggga 

     2461 cgacgctggt catcgggggc catcagctac ctgggccgac gcgaccaaca ggtgaagatt 

     2521 cgcgggcatc gcattgagct taacgaagtc gctcatctgt tgtgccaggc gcttgagctg 

     2581 aaggaagcca tcgtcttcgc ccagcacgct ggaaccgaac aggcacgcct ggtggcggcc 

     2641 atcgagcaac agccaggcct gcacagtgaa ggtatcaaac aggaattgct gcgccacttg 

     2701 ccagcctatc tgatccctag ccagctcctg ctattggatg aactgccaag aaccgccacc 

     2761 ggcaaggtcg acatgctcaa gcttgatcag ttggcagccc ctcagctcaa tgacgccggg 

     2821 ggcacggaat gccgtgcgcc acgtaccgac cttgaacaat cggtcatgac ggatttcgcc 

     2881 caagtactcg gcctcactgc ggtaacgccg gacacggatt tcttcgagca aggcggcaac 

     2941 tcgattctac tcacgcgcct ggcaggcacc ttgtctgcca aataccaggt gcagattcca 

     3001 ctgcatgagt ttttcctgac tccgaccccg gcagcggtgg cgcaggcaat tgaaatctac 

     3061 cgtcgcgaag gcctcacggc actcctgtca cgccagcatg cacaaacgct ggagcaggac 

     3121 atctacctgg aagaacacat tcggccggat ggcttaccac atgccaactg gtaccagcct 

     3181 tctgtcgtgt ttctgaccgg agccaccggc tacctgggac tgtacctgat cgaacagttg 

     3241 ctcaagcgca ccaccagccg cgtcatctgc ctgtgccgtg caaaggatgc cgagcatgcc 

     3301 aaggccagga ttctggaagg cctgaaaacc taccgcatcg acgtaggcag cgaactgyac 
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     3361 cgggtggagt acctcacggg cgacctggcg ttgccgcacc tgggcctgag cgagcatcaa 

     3421 tggcaaacgc tggccgaaga ggtcgatgtg atttatcaca acggcgcctt ggtcaacttt 

     3481 gtctacccct acagcgcact caaggcgacc aacgtgggag gcacgcaggc cattctggaa 

     3541 ttggcctgca ccgctcgact caagagtgtt cagtatgtct ccaccgtgga tacgctcctg 

     3601 gcgacgcatg tcccccgccc ttttatcgag gacgatgccc ccctgcgttc cgccgtcggc 

     3661 gtaccagtgg gctacacagg cagcaagtgg gtggcagaag gggtggccaa tcttggcctg 

     3721 cgtcgcggca ttccggtcag catcttccgc ccgggcttga tcctgggcca taccgaaacg 

     3781 ggtgcctcgc agagcatcga ctacctgctg gtggcgctac ggggtttctt gcccatgggc 

     3841 atcgtgccgg attacccacg catcttcgac atcgtgcccg tggactaygt cgccgcggcg 

     3901 atcgtgcaca tatcgatgca accgcagggc agggacaaat tcttccacct gttcaacccg 

     3961 gcgccggtca ccatccgcca gttctgcgac tggattcgcg aattcggtta cgagttcaag 

     4021 ttggtcgact tcgaacacgg tcggcagcag gcattgagcg taccgcccgg gcacctgctg 

     4081 tacccgttgg tccccctgat cagggatgcc gatccgctgc cccaccgcgc gctggaccct 

     4141 gactacatcc atgaagtgaa ccccgcactg gaatgcaagc aaaccttaga gctgctggcc 

     4201 tcctcggaca tcaccctgtc gaaaaccaca aaggcttacg cgcacacaat tttgcgctac 

     4261 ctgatagaca ccggcttcat ggccaagcct ggcgtgtag 

 



141 
 

 

 

 

 

 

 

 

 

 

 

APPENDIX D 

NRPS amino acid sequences of sfmC, safA, and sfcC genes encoding tyrosine of 

saframycin A, saframycin Mx1, and safracin B, respectively. Underline character 

represent A-domain to T-domain 
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LOCUS    Saframycin A_SfmC_1485 aa             

ORIGIN 

          1 mtrheptetf tdtlhrvlee rgaesatpls veqrrlwllg giadgswavv tgryrlqgvp 

        61 daarlqlrla slvsrhealr svfvqvaerp vrlvlpfaev alrtvnapds tdparadehv 

      121 rhlveeefsl ghgpllrall lrsadggaae lvlvghrlvl datsldllva ellgedaphg 

      181 regaadtaga lettlaaere rladpaltqa vtgraaelal paateipgyg rrpeikgtsy 

      241 asvalplpla lapraaeaad weaavaaawl vvlmrsqatg savcgvrtar gaeqagivgp 

      301 ldglrlvrvd daddaplsdl laavgrqlra pavdvplahl levapprrdi srtpyaqtvv 

      361 ravdareplg gasgtgrqig gaasgteydi evtvrlqpgl avaqidydvq lyseervral 

      421 gnqlaavlda ilpggtpevt atvvplldae garlaleagr gertapdtrs lvdlveaqva 

      481 aapdavalwq gdtrvtyaql wadatrlade laargvrpgd rvavwlrrgp stvtallavl 

      541 aagaafvpvd aaypeervry llsdsrpslv vtessvhllg elglptllld elsgapaavd 

      601 garrpdrvaa dtpayliyts gttgrpkgvv vrhssvvnni awrqanwqlt eddrvlhnhs 

      661 fcfdpsvwaa fwplatgaai vlateeqmkd pgemittlrd hqvtvlggvp sllsllldhr 

      721 dagtctrvrl vlsggepltd tllesvestw saevanlygp teatidatgh rvprgdrtvp 

      781 vpigravsnt avhvvdaelr pvpegvpgei vvtgagvavg yhdrpaltaa rflpapfada 

      841 sddpgatlyr tgdlgrrlpd gsvqffgrvd dqvkirghrv evsevesvlk alagvqdaav 

      901 valdagtena rlaaalvlpa gsdapsledv rsalagelpd ylvpdrfavv delpltangk 

      961 tdrrgvaell srqaaapvag qdgpteprna lersvaeafa svlrlpaidi hadffdvggt 

     1021 slilaklasl lgrkhdveip lheffrtptv agvsetievy rreglagvlg rkhaatlegd 

     1081 gtldpsispe glpeaewenp rrvfltgatg ylglhlveql lrrtdaevvt lcrardeqha 

     1141 lerlkegfal yeidvedqlh risavigdla eprlgltqeq wddlaatvdv iyhngalvnf 

     1201 vypysalkaa nvggtqrvle lacttrlkav hhvstidtll athmprpfle ndaplhsavg 

     1261 vpagytgskw vaekvvdear rrgipvtvfr pglilghtkn gatqtidyll valrgflpmr 

     1321 ilpdyprifd vipvdyvasa ivhisrkrea idgfyhlfnp apvplltfcd wiksygyefd 

     1381 ivpfeegrrr algvgpshll yplvplikda eaephraldp kymdevqpal ecaetlrmla 

     1441 gsdiacpptt eadahavmdy lvrtgfmpap advvhdepss tleer 
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LOCUS  Saframycin Mx1_SafA_2605 aa             

ORIGIN 

         1 mlapdadphs psslgdagqs asssslngsy vfpastsqer lwflrefdar wgaayhlpva 

       61 fridgpvdrl alqravnlvv trheglrtrl ahldgqlvqv inpharvtas vvdlghvpea 

      121 erweevqrll atesqrlfrf tedsllrltl lrlsgtqhvl latlhhiiad gtsvelflre 

      181 lvasygallq htaphlaela vqyadyvawq rqwldteeyt kqreywgrkl agaplvlelp 

      241 tdrprpvvqt frgankefrl srefaasvrr yaheggstsy mvllaafavl lrhytgqeel 

      301 llgtpvanrq rpelepvigf lantlvvrad ltgdprveel lrrirettle avaheqfpfd 

      361 kivealqper tlsrnplfqv mfgfqeapqa rltlgghplt rlpvetgtsr fdlwlflted 

      421 sdgiqglvey stdlfeadti drltrhyqav vegllrgghq rvsqlsllte keraelaasa 

      481 fraepeptal lpqaveaqaa rtpdrvalvf gseqltyael naranrlarl lktrgvgaer 

      541 rcavcmecsp dlvvsllavl kaggayvpvd pryplervry mledaraqvl ltrrelahhg 

      601 egiphvvslp eaglvgegda nlepvadaaq layvlytsgs sgrpkgvmvs hgalanfltt 

      661 marepglrae dvlaavttfs fdiaalelyl plvqgarvvm atreqaadgr alsgvlarhg 

      721 vtvmqatpat wrmladagga pgtgftvlcg gealpqdlad altangarvw nlygptettv 

      781 wscrkrlgag drvslggalg ntsvhvldpd lrpvpvglag elfiggsgva rgywgrpsit 

      841 aerfvpdpfs arpgarlyrt gdlvrrrvdg elefigradh qvklrgyrie laeieltlrr 

      901 heavrdvval vwgsseaerr liayvvpvaa qgrgrqpwpt gcastpgpcl peymvpsanv 

      961 lldalpltpn gkvdrrslpd prsvmargga mhvaprtete griatiwmql lgcdqvgvkd 

     1021 dffelggnsl lagrlveeld rtfgvrvpmr dlfldatian laavidgrrr kasvveaphv 

     1081 delvsgltdd eveallnepq lghvntqqre ggeqvssses dngrraaeek ratlarllrd 

     1141 grlqghanls pdqrrlwmll qldgtlpaqv laayalrgal dlavlqqaia evasrnevlr 

     1201 stfkdmggtp lrvarpvmel alavteaagt glddalqrla rqelgerlep atgpllrlhl 

     1261 vrlgaeehll lvkahelisd epslealire vlatygallr geqsaassvs ayaeyaareq 

     1321 awlsgpvcgq qlehwrrklt dlpllrlftd rprpvikthr cdsvstllpl elsrrmeala 

     1381 srngglraav lagfqvllsr ytgqsdvtvg vradlrseae rgrllgpast alvlrtdlrg 

     1441 epsfmetllr vdvareeaer fasvpfgtlv dtlqpardls rtpffqvmyl frdareelav 

     1501 gaglralaqa lpfgttpvdi tlaatateqg lhlrvdfnsd lydastarrl lghlrtllsa 

     1561 avdapgksia rlpllaeeew rqvfgdwnqa ehalpsrclh elveeqaart phavavtceg 

     1621 hqltyaelda hanqlahhlr qlglapegrv aiclersvem vtamlavlka ggayvpldpe 

     1681 ypterlaqlf adceahvvlt qqsladrvkm vaarrvfvdt dwpviaacpr qapppvvtpd 

     1741 hlayliytsg stgtpkavml shrgivnnla wrqrtwplsa edrvlqnhsf sfdpsvwatf 
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     1801 wpllvgarav ltpsgqhyds kalvgllreq gitvygavps lnavlmeepe igrcthlryv 

     1861 lsgaealtgg lqrgifsrvs aavanlygpt ettidatawn cprvdapeda pigrpianlr 

     1921 myvldehlqp vpvgvpgelf vggvglargy harpgltsqr flpdpfssda garlyrtgdl 

     1981 gryradgaim flgrvdeqvk vsgyrvelge vetalgrhpd vreaivvare glqgikrlva 

     2041 yvtpakggtp earsltafle kilpaymipp vfvivnelpk mpsgkvnrna lpapqmdrpd 

     2101 tagayvaprt pledeiasaf agvlgmdrvg veddffevgg tslllarlas rllnrfqiai 

     2161 pvhqffkipt vagvanvvet yqregldavl mnqhatrlda daslapdisp eglplanyla 

     2221 pssvlltgat gylgaflleq llkrtratvy clvraadpaq amdrvratmh qylvwdeaya 

     2281 erirplvgdl gkprlglsre ewerlgleld siyhngalvn fvypysalrg pnvhgtqevl 

     2341 rlgcqhrlka vhyvstidvl lathmprpfm eddaplrnpi evpggytgsk wvaekvvnia 

     2401 rargipvciy rpglilshee tgatqtndyl lvafrgyvpm giipdyprif dtipvdyaak 

     2461 aivhistqre algrffhlfn papvslrrfc dwirsygyaf divpfdearr qaldvdtshp 

     2521 lyplvplird aeaepqesld pafidqlrpd lecrsavevl agsdircppm teelahrclq 

     2581 ylvdigflqr pevlraarqq kasga 
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LOCUS    SafracinB_SfcC_1432 aa             

ORIGIN 

        1 mhsptidtfe aalrslpaar dalgayplss eqkrlwllaq lagtatlpvt vryaftgtvd 

       61 lavvqqnlsa wiahseslrs lfvevlerpv rllmptglvk leyfdrppsd admaeligaa 

      121 feldkgpllr afitrtaaqq helhlvghpi vvdepslqri aqtlfqtepd hqypavgaia 

      181 evfqreqtla qdaqiteqwq qwgiglqapa ateiptenpr paikgsdrqv healtawgdq 

      241 pvaeaeivss wltvlmrwqg sqsalcaikv rdkahanlig plqtylpvrv dmpdgstlaq 

      301 lrlqveeqln gndhpsfstl levcppkrdl srtpyfqtgl qfiahdveqr dfhagnltrl 

      361 ptkqpssdld lfiscwvsdg tlgltldydc avlnssqvev laqalisvls apgeqpiatv 

      421 almgqqmqqt vlaqahgprt tppqltltew vaastekspl avavidhgqq lsyaelwara 

      481 alvaanisqh vakprsiiav alprsaefia allgvvragh aflpidprlp tdriqflien 

      541 sgcelvitsd qqsvegwpqv arirmealdp dirwvaptgl shsdaayliy tsgstgvpkg 

      601 vvvehrqvvn nilwrqrtwp ltaqdnvlhn hsfsfdpsvw alfwplltgg tivladvrtm 

      661 edstalldlm irhdvsvlgg vpsllgtlid hpfandcrav klvlsggevl npelahkiqk 

      721 vwqadvanly gpteatidal yfsidknaag aipigypidn tdayivdlnl npvppgvpge 

      781 imlagqnlar gylgkpaqta qrflpnpfgn grvyatgdlg rrwssgaisy lgrrdqqvki 

      841 rghrielnev ahllcqalel keaivfaqha gteqarlvaa ieqqpglhse gikqellrhl 

      901 paylipsqll lldelprtat gkvdmlkldq laapqlndag gtecraprtd leqsvmtdfa 

      961 qvlgltavtp dtdffeqggn silltrlagt lsakyqvqip lheffltptp aavaqaieiy 

     1021 rregltalls rqhaqtleqd iyleehirpd glphanwyqp svvfltgatg ylglylieql 

     1081 lkrttsrvic lcrakdaeha karileglkt yridvgselx rveyltgdla lphlglsehq 

     1141 wqtlaeevdv iyhngalvnf vypysalkat nvggtqaile lactarlksv qyvstvdtll 

     1201 athvprpfie ddaplrsavg vpvgytgskw vaegvanlgl rrgipvsifr pglilghtet 

     1261 gasqsidyll valrgflpmg ivpdyprifd ivpvdyvaaa ivhismqpqg rdkffhlfnp 

     1321 apvtirqfcd wirefgyefk lvdfehgrqq alsvppghll yplvplirda dplphraldp 

     1381 dyihevnpal eckqtlella ssditlsktt kayahtilry lidtgfmakp gv 
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APPENDIX E 

Amino acid sequences of 13 positive clones which amplified by A5-T degenerate 

primer and NCBI blast results  
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LOCUS  clone 1             

ORIGIN 

          1 aygpteatid atfwqcdqsd tsdsapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflsrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff evgg 
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LOCUS       clone 2             

ORIGIN 

          1 aygptettid atfrqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff elgg 
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LOCUS       clone 3             

ORIGIN 

          1 iwadggtida tfwqcdqsdt sesapigrpi anlktyilne yfqivpvgvp gqifvggtgi 

        61 argyhnrpgl taerflpnpf sntgeriykt gdlgryktdg rieflgride qvkvrgyrie 

      121 lneidillnq hpnvkeaicn vymnflnenq lvayvslekd cclqsddltk ylgerlpsym 

      181 ipsflmildk lpkmpngkin rsalpvpsik ngnnsenyia pktpieqeis rafldvlgln 

      241 risihddffd lgg 
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LOCUS       clone 4 

ORIGIN 

        1 aygptettid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

       61 iargyhtrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff dvgg 
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LOCUS       clone 5 

ORIGIN 

          1 aygpteatid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff eqgg 
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LOCUS       clone 6 

ORIGIN 

          1 aygptettid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln *hpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff elgg 
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LOCUS       clone 7 

ORIGIN 

          1 aygptettid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff degg 
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LOCUS       clone 8 

ORIGIN 

          1 aygpteatid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff dhgg 
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LOCUS       clone 9 

ORIGIN 

          1 aygpteatid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff elgg 
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LOCUS       clone 10 

ORIGIN 

          1 aygpteatid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff edg 
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LOCUS       clone 11 

ORIGIN 

          1 aygptettid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhsrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff elgg 
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LOCUS       clone 12 

ORIGIN 

          1 aygpteatid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt kylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff ehgg 
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LOCUS       clone 13 

ORIGIN 

          1 aygpteatid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg 

        61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri 

      121 elneidilln qhpnvkeaic nvymnflnen qlvayvslek dcclqsddlt eylgerlpsy 

      181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl 

      241 nrisihddff ddgg 
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APPENDIX F 

Reagents for fosmid library construction and screening by colony hybridization
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The reagents using for fosmid library construction 

CopyControl Fosmid library Production Kit containing 

1) CopyControl pCC1FOS Fosmid Vector: 0.5 µg/µl 

 (Cloning-Ready; linearized at the unique Eco72 I site and dephosphorylated) 

2) End-Repaire 10 Buffer 

 (330 mM Tris-acetate [pH7.8], 660 mM potassium acetate, 100 mM magnesium 

acetate, 5 mM DTT) 

3)  dNTP Mix (2.5 mM each of dATP, dCTP, dGTP, dTTP) 

4)  End-Repair Enzyme Mix (T4 DNA polymerase and T4 polynucleotide kinase) 

5)  T7 DNA siza marker: 100 ng/µl 

6)  ATP solution: 10 mM 

7)  Fast-Link DNA Ligase: 40U or 2U/µl 

8)  Fast-Link 10 Ligation Buffer 

9) GELase Enzyme Preparation: 25U or 1U/µl 

10) GELase 50 Buffer (2 M Bis-Tris [pH6.0], 2 M NaCl) 

11) EPI300 E. coli strain: glycerol stock 

 [(F¯ mcrA Δ (mrr-hsdRMS-mcrBC)  80dlacZ ΔM15ΔlacX74 recA1endA1 

araD139 Δ (ara, leu) 7697 galU galK ¯ rpsL nupG trfA)] 

12) MaxPlax Lambda Packaging Extracts 

Additionally required reagents 

1) LB broth + 10 mM MgSO4 

2) LB plate + 12.5 µg/ml chloramphenicol 

3) Low melting point (LMP) agarose 

4) 3M sodium acetate (pH7.0) 

5) Ethanol 

6) Phage dilution buffer 

 (10 mM Tris-HCl [pH8.3], 100 mM NaCl, 10 mM MgCl2,) 

7) TE buffer (10 mM Tris-HCl [pH7.5],1 mM EDTA) 
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The reagents for colony hybridization screening 

Table F1 Reagents of DIG High Prime DNA Labeling and Detection Starter Kit I. 

Bottle/Cap Label Content including function 

1 DIG-High Prime 5 conc. labeling mixture 

containing optimal conc. of 

random primers, nucleotides, 

DIG-dUTP (alkali-labile), 

klenow enzyme and buffer 

2 DIG-labeled control DNA 5 µg/ml pBR328 DNA 

(linearized with BamHI) 

3 DNA dilution buffer 50 µg/ml fish sperm DNA in 

10 mM Tris-HCl, 1 mM 

EDTA [pH8.0] 

4 Anti-Digoxigenin-AP Conjugate 750 U/ml from sheep, Fab-

fragments, conjugated to 

alkaline phosphatase 

5 NBT/BCIP 5 conc. stock solution 

[18.75 mg/ml nitroblue 

tetrazolium chloride and 9.4 

mg/ml 5-bromo-4-chloro-3-

indodyl-phosphate in 67% 

(v/v) DMSO] 

6 Blocking solution 10 conc. 

7 DIG Easy Hyb Granules Hybridization solution 
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Step I: Preparing colony lifts 

1) Denaturation solution: 0.5 N NaOH, 1.5 M NaCl 

2) neutralization solution: 0.5 M Tris-HCl, 1.5 M NaCl 

3) 2 saline sodium citrate (SSC): 20 SSC stock solution containing 3 M 

sodium acetate and 300 mM trisodium citrate adjust pH 7.0 with HCl 

Step II: DIG-DNA labeling and quantification of labeling efficiency  

1)   DIG-High Prime 

2)  Blocking solution: a 1 solution was prepared by diluting 10 blocking 

solution (Bottle 6) 1:10 with maleic acid buffer 

4) Anti-dioxigenin-alkaline phosphatase: dilute Anti-dioxigenin-AP 1:5000 in 

blocking solution 

4)   Maleic acid buffer: 0.1 M Maleic acid, 0.15 M NaCl adjust with NaOH to pH 

7.5 

5)   Detection buffer: 0.1 M Tris-HCl, 0.1 M NaCl [pH 9.5]  

6)  Tetrazolium/5-bromo-4-chloro-3-indoyl phosphate (NBT/BCIP): 40 µl of 

NBT/BCIP stock solution were diluted with 2 ml of detection buffer 

Step III: Hybridization 

1)   Hybridization solution: 64 ml of sterile double distilled water were carefully 

added to the DIG Easy Hyb Granules and dissolved by stirreing immediately 

at 37°C for 5 min. 

2)   Low stringency wash buffer: 2SSC, 0.1% SDS 

3)   High stringency wash buffer: 0.5SSC, 0.1% SDS 

Step IV: Immunological detection 

1)   Washing buffer: 0.1 M Maleic acid, 0.15 M NaCl [pH7.5], 0.3% (v/v) Tween 

20 

2)   Blocking solution: as described in step II 

 3)   Anti-dioxigenin-alkaline phosphatase: as described in step II 

4)   Detection buffer: as described in step II 

5)   TE buffer: 10 mM Tris-HCl, 1 mM EDTA [pH8.0] 
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APPENDIX G 

Spectral data; HREIMS mass, IR, 1H-NMR, 1H-1H COSY, 13C-NMR, DEPT135, 

HMQC, and HMBC 
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Figure G1 The 300 MHz 1H-NMR spectrum of 5,8,15,18-tetra-O-acetylbishydro 

quinone RM (CDCl3) 

  

 
 
 
 
 
 
 
 
 
 
 
Figure G2 The 300 MHz 1H-NMR spectrum of 5,8,15,18-tetra-O-acetylbishydro 

quinone RM (CDCl3) (Amnuoypol et al., 2004. 

N

AcO

OAc

OAc

OAc
O CH3

CH3

O

CN

H

N

OCH3

CH3

H3C

H3CO

CH3

1

3
4

22

15
18

21

6

7
14

5

8

26-H 
1-H, 22-H 

21-H 

7-, 17-OCH3 

22-H 
11-H 

13-H, 3-H 

14-H, 4-H 

OCOCH3 ×4 

4-H 

28-H3 
27-H3 

6-, 16-CH3 

N-CH3 

14-H 



166 
 

 

  
 

 

 

 

 

 

 

 

 

 

Figure G3 HREIMS mass spectrum of ARM. 

 

 
Figure G4 IR spectrum of ARM (KBr). 
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Figure G5 The 300 MHz 1H-NMR spectrum of ARM (CDCl3). 

 

 

 

 

 

 

 

 
 

 

Figure G6 The 300 MHz 1H-1H COSY spectrum of ARM. 
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Figure G7 The 75 MHz 13C-NMR spectrum of ARM (CDCl3). 

 

 

 

 
 

 

 

 

 

 

 

 

Figure G8 DEPT 135 spectrum of ARM (CDCl3). 
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Figure G9 The 300 MHz HMQC spectrum of ARM (CDCl3). 

 

 

 

 

 

 

 
 

 

 
 

 
Figure G10 The 300 MHz HMBC spectrum of ARM (CDCl3). 
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APPENDIX H 
Raw data of cell culture in “Necrosis abolishing effect of 

5-O-acetylhydroquinone renieramycin M in lung cancer cells” 
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Table  H1  Cell viability was analyzed by MTT assay. 

Concentration 

(µM) 

Renieramycin M (RM) 5-O acetylhydroquinone 

renieramycin M (ARM) 

% cell viability 

(Mean) 

SD % cell viability 

(Mean) 

SD 

0 100.00 0.34 100.00 0.55 

1 46.80 2.04 51.82 1.56 

5 30.69 0.70 39.29 1.67 

10 25.05 1.59 30.03 1.53 

20 15.25 0.76 23.15 0.99 

 

Table  H2  Percentage of apoptosis and necrosis cell deaths. 

 

Concentration 

(µM) 

Renieramycin M 5-O acetylhydroquinone 

renieramycin M 

% Necrosis % Apoptosis % Necrosis % Apoptosis 

Mean SD Mean SD Mean SD Mean SD 

0 0.00 0.00 0.68 0.62 0.00 0.00 0.68 0.62 

1 2.55 1.68 51.78 6.83 1.19 0.61 46.18 4.64 

5 9.86 4.90 60.95 5.85 1.84 0.37 59.00 8.94 

10 11.52 5.38 63.17 8.96 1.84 1.08 69.50 5.08 

20 20.01 4.02 67.99 5.60 2.12 1.22 73.86 5.81 
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Table  H3  Relative of DNA contents in sub-G0 analysis by flow cytometry. 

Concentration 

(µM) 

Renieramycin M 5-O acetylhydroquinone 

renieramycin M 

% Gate Relative % Gate Relative 

0 12.25 1.00 12.44 1.00 

1 38.48 3.19 36.82 3.34 

5 39.14 3.80 41.50 3.56 

10 46.46 4.12 44.28 3.90 

20 50.51 4.42 48.53 4.32 

 

Table  H4  Relative percentage of necrotic cell death was measured by automated 

cell counter. 

Concentration 

(µM) 

Renieramycin M 5-O acetylhydroquinone 

renieramycin M 

% Necrosis % Necrosis 

Mean SD Mean SD 

0 0.00 0.00 0.00 0.00 

1 1.70 0.57 1.03 0.00 

5 10.20 0.00 2.05 0.57 

10 12.24 1.00 3.07 0.57 

20 20.06 1.52 3.00 0.57 
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Table  H5  Percentage of cell viability in the presence or absence of NAC. 

 

Condition 

Renieramycin M  

Condition 

5-O-acetylhydroquinone 

renieramycin M  

Mean SD Mean SD 

control 100.00 0.10 control 100.00 0.10 

20 µM RM  15.58 1.75 20 µM ARM  23.81 1.69 

20 µM RM + 

1 mM NAC 25.53 1.26 

20 µM ARM 

+ 1 mM NAC 25.65 0.43 

 

Table  H6  Percentage of apoptosis and necrosis cell deaths in the presence or 

absence of NAC. 

Condition % Necrosis % Apoptosis 

Mean SD Mean SD 

control 0.00 0.00 0.68 0.61 

20 µM RM  20.01 4.02 67.99 5.60 

20 µM RM +  

1 mM NAC 
10.64 3.82 65.13 7.70 

20 µM ARM  2.12 1.22 73.86 5.81 

20 µM ARM + 

1 mM NAC 0.00 0.00 73.24 2.97 
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Table  H7  H23 cells were pretreated under the presence or absence of NAC and 

measured for general ROS signals by DCFH2-DA. 

 

 

 

 

 

 

 

 

 

 

 

Condition 

0 h 1 h 3 h 6 h 

Mean SD Mean SD Mean SD Mean SD 

control 1.00 0.01 2.69 0.11 6.56 0.28 11.74 0.72 

20 µM RM  1.00 0.03 6.27 0.32 19.89 0.44 37.32 1.01 

20 µM RM +  

1 mM NAC 1.00 0.10 4.48 0.34 12.50 0.52 22.61 0.97 

20 µM ARM  1.00 0.02 3.76 0.06 9.62 0.04 18.55 0.39 

20 µM ARM 

+ 1 mM NAC 1.00 0.02 3.04 0.01 6.78 0.12 11.16 0.25 
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Table  H8  H23 cells were pretreated under the presence or absence of sodium 

pyruvate (SP) and measured for H2O2 signals by DCFH2-DA. 

 

Table  H9  Hydroxyl radical signals were measured by HPF. 

 

 

 

 

Condition 

0 h 1 h 3 h 6 h 

Mean SD Mean SD Mean SD Mean SD 

control 1.00 0.01 2.69 0.11 6.56 0.28 11.74 0.72 

20 µM RM  1.00 0.03 6.27 0.32 19.89 0.44 37.32 1.01 

20 µM RM +  

1 mM SP 1.00 0.06 6.36 0.09 22.09 0.60 41.52 1.30 

20 µM ARM  1.00 0.02 3.76 0.06 9.62 0.04 18.55 0.39 

20 µM ARM 

+ 1 mM SP 1.00 0.00 3.30 0.09 9.79 0.38 21.42 1.08 

 

Condition 

0 h 1 h 3 h 6 h 

Mean SD Mean SD Mean SD Mean SD 

control 1.00 0.03 0.98 0.02 1.02 0.00 1.06 0.00 

20 µM RM  1.00 0.00 1.02 0.00 1.07 0.00 1.14 0.00 

20 µM ARM  1.00 0.00 1.03 0.04 1.07 0.04 1.13 0.03 
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Table  H10  Superoxide anion signals were measured by DHE. 

 

 

 

 

Condition 

0 h 1 h 3 h 6 h 

Mean SD Mean SD Mean SD Mean SD 

control 1.00 0.06 1.50 0.03 2.18 0.24 2.33 0.44 

20 µM RM  1.00 0.14 1.61 0.13 2.54 0.31 4.43 0.41 

20 µM ARM  1.00 0.11 1.60 0.00 2.48 0.26 2.78 0.16 
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