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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.

Field of Study : Pharmacognosy Advisor’s Signature
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CHAPTER1

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).



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



Menendez, 2008). The presence of the quinone group in the structure of certain
compounds; for example, saframycins, naphthyridinomycin, and bioxalomycin (2
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.



CHAPTER 11
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.



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 [la-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 [11] 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 [Im], a major renieramycin, and four minor

compounds including renieramycins O [10], Q [1q], R [1r] and S [1s]. Recently, three



new bistetrahydroisoquinoline marine natural products, renieramycins W [Iw], X
[1x], and Y [1y], along with two known renieramycins M [Im] 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.



renieramycin

Ala] : X;=H,X,=0H,Y,=Y>.=H
B[1b] : X;=H,X,=0C,Hs, Y, =Y,=H
Clle] : X;=H,X,=0H,Y,,Y>=0
D[1d] : X;=H, X, =0C;Hs, Y1, Y,=0
E[le] : X;=X,=H,Y,=H, Y,=0H
F[1f] : X;=H,X,=0CH;, Y:=H, Y,=0H
Gllg] : Xi1=X2=Y,=Y,=H

J[1j] : Xi=X,=Y;=H, Y,=CH,COCH;
K[1Kk] : X;=Y;=Y,=H, X, =0CH;
M[Im]: X;=X,=Y;=H,Y,=CN

R[1r] : X;=Y;=H, X, =0CHj3, Y,=CN

Figure 2.2 The chemical structures of renieramycins from marine sponges.



renieramycin
L [11] : X] = X2 = Y1 = H, Y2 = CHQCOCH3
Q[lq]: X;,X,=0,Y,=H, Y,=CN

renieramycin S [1s] renieramycin T [1t]

Figure 2.2 (continued).



renieramycin W [1w]

CH3 CH3

renieramycin X [1x] renieramycin Y [1y]

Figure 2.2 (continued).



HO

H;CO

H,C

o\/O

ecteinascidin-743 (ET-743)

Ollln-n
jan

OCH;

CH,

H;CO
i
0
o)\y
jorumycin [2a] : X=0H, Y =CHs;

jorunnamycin C [2d] : X =CN, Y = C,H;s

jorunnamycin A [2b] jorunnamycin B [2¢]

10

Figure2.3 The chemical structures of related tetrahydroisoquinolines from other

marine natural sources.
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saframycin saframycin
Al3a] : X=H,Y,=CN,Y,=0 D[3d]: X;,X>,=0
B[3b] : X=H,Y,=H,Y,=0 E[3e] : X;=H,X,=0H

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

CH3

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

Figure2.4 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 ICsy 10
ug/ml against melanoma and ovarian human tumor cell lines. Several renieramycins
(Im-1o, and 1q-1s) showed very potent cytotoxic activity against two human cell
lines, HCT116 (human colon carcinoma), and QG56 (human lung carcinoma) with
ICs¢s 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 pg/ml, respectively. The cytotoxicity of renieramycin
P against 3Y1, HelLa and P388 cells was reported with ICs¢s 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 ICsy 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 Acetyl CoA & Malonyl CoA | Fatty acids,
Acetate Acetylenes,Aromatic
polyketides etc.

Mevalonate & Isoprene Units Terpenoids & Steroids
Nonmevalonate

Nonribosomal Amino acid Nonribosomal Peptides
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
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Figure 2.5 Examples of the structural diversity of bioactive compounds of

nonribosomal origin.



B. immunosuppressive agent

C. cytostatic agents
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D. siderophores
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E. others
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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),-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).

Initiation Elongation Elongation Releasing
module module module module

PO EEOO®

Figure 2.6 The core domains of nonribosomal peptide synthetases.



Table 2.2 The consensus sequence of the conserved motifs of NRPS domains.
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Domain Core motifs Consensus sequence
(Konz and Marahiel, 1999)
Adenylation Al L(TS)YxXEL
A2 (corel) LKAGxAYL(VL)P(L))D
A3 (core2) LAYxxYTSG(ST)TGxPKG
A4 FDxS
AS NxYGPTE
A6 (core3) GELxLxGxG(VL)ARGYL
AT (cored) Y(RK)TGDL
A8 (core5) GRxDxQVKIRGxRIELGEIE
A9 LPxYM(IV)P
Al0 NGK(VL)DR
Thiolation T (core6) DxFFxLGG(HD)S(LI)
Condensation Cl SxAQxR(LM)(WY)xL
C2 RHEXLRTxF
C3 MHHXISDG(WY)xL
C4 YxD(FY)AVW
Cs (IV)GxFVNT(QL)(~)xR
Cé6 (HN)QD(YV)PFE
C7 RDxSRNPL
Releasing RE1 V(LF)(LV)TG(AV)(TN)G(YF)LG
RE2 VxxxVRA
RE3 GDL
RE4 VYPYxxLRx(PL)NVxxT
RES GYxxSKWxx
RE6 RPG
RE7 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
(Armez 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.

A-Domain C-Domain
o) o] o) o) R, o)
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O- = O-AMP s s sH HaN S
R -PP, R Ry i Ry _>-H20 ; O Ry %
PCP PCP  PCP PCP
1 2 1 2
PCP-Domain
s ] HaN i
i M AN
? j/lKO-AMP $H ¥
R +§ —’ R
H -AMP %
PCP PCP

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) (Tkeda 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-3hSmOmTyr 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-PCPO, 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-Mxl and SAC-B according to their

bistetrahydroisoquinoline conserved structure.
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saframycin A
saframycin Mx1
safracin B

OMe OMe OMe

Saframycin A Saframycin Mx1 Safracin B

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 (02'7), hydroxyl radical (HO") and
non-radicals, specifically hydrogen peroxide (H,0O,) and singlet oxygen (O,) (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.
Normal cell
Necrosis Apoptosis
Cell swells Cell shripks,
chromatin condenses
Cell become Apoptqtic body
leaky, blebbling formation
Cellular and Phagocyte engulfs
nuclear lysis apoptotic bodies
Inflammation No inflammation

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



CHAPTER 111

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)



Chloroform/isoamylalcohol (24:1) (Fluka®, USA)
Deoxynucleoside triphosphates (INTPs) (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) (F luka®, 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

Tag 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/HindIIl marker (Vivantis™, Malaysia)
KAPATaqExtra (Kapasystems, USA)
pT7-Blue vector (Novagen, USA)
TaKaRa Ex Taq™ (TaKaRa Bio Inc., Japan)

29
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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 X
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 pl 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 pum, 4.6 x 125 mm) was used with 20 pl 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 pg/ml) as the internal standard. Each

experiment was performed in triplicate.



31

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 ul of lysis
buffer (20% SDS, 5 mM EDTA, and 10 mM Tris-HCI). After centrifugation for 5
min (500 x g at 4°C), the supernatant was transferred to a new tube and incubated
with proteinase K (10 pg/ul) at 56°C for 3 h and further mixed with RNase A (10
pg/ul) at 37°C for 1 h. The debris was precipitated with 250 pl of 5 M sodium
acetate. The aqueous phase containing nucleic acids was centrifuged for 5 min (5,000
x 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 x g at 4°C). DNA pellet was
collected and combined with the spooled DNA to redissolve in 50 ul of sterile
ultrapure water. DNA was further purified by 5 pl 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 x 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 pl of DNA sample was mixed
thoroughly with 49 ul of ultrapure water into a 50 ul 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 (Aze0) and 28 nm (Ajgp). 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 Ay to
Ajgo ratio with an expected value range of 1.8-2.0 (Sambrook and Russell, 2001). The
yield of the obtained DNA was quatified from A,s. The concentration of double-
stranded DNA can be comparatively calculated from the below equation (Sambrook
and Russell, 2001).
1 OD»¢p unit = 50 pg/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 pl of the PCR mixtures contained 1 pl of the extracted DNA solution, 4 ul of
dNTP mixture (2.5 mM each of the four deoxynucleoside triphosphates; dTTP, dCTP,
dGTP, and dATP), 4 pl of 25 mM MgCl,, 0.2-1.0 uM of each primer (final
concentration), 5 pl of 10X Ex Tag buffer, 0.25 ul of 5 U of TaKaRa Ex Taq DNA
polymerase and sterile water adjusted to 50 ul (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 pl) 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%x5 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).

'H 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 (CDClI3).
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.



Table 3.1 'H-NMR

spectral data

renieramycin M in CDCl;.
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of 5,8,15,18-tetra-O-acetylbishydroquinone

proton 5,8,15,18-tetra-O-acetyl 5,8,15,18-tetra-O-acetyl
bishydroquinone RM 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-Hp 1.84 (1H, dd, 15.4, 11.6) 1.89 (1H, dd, 15.5, 11.6)
4-Ha, 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-Hp 2.06 (1H, overlap) 2.27 (1H, d, 17.8)
14-Ho 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-CH; 2.06 (3H, s) 2.06 (3H, s)
16-CHj3 2.04 (3H, s) 2.04 (3H, s)
7-OCHj; 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)
OCOCH; 2.35 (3H,s) 2.38 (3H,s)
| 231 3Hys) 237 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-Hs 1.94 (3H, overlap) 1.96 (3H, dq, 7.3, 1.7)
28-H; 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 ul of each sample solution was mixed with 1 pl (100 ng) of
pBR322 plasmid DNA (Vivantis, Malaysia) and incubated at 56°C 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

Biolmaging 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 pl) contained 10 pl of 0.15 mM RM (dissolved in potassium phosphate buffer
containing less than 10% methanol), 10 pl of Trolox in final concentrations (1.25 or
2.5 mM), and 1 pl of 100 ng pBR322 plasmid DNA. After incubation at 56°C for 3 h,
the mixture was added with 5 pl 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 (I 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 Taq™ 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 pl 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 x 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 pl of membrane wash solution to the column and

centrifuging at 15,000 x 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 pl of nuclease-free water, incubated at room
temperature for 1 min and centrifuged at 15,000 x 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 pl) of E. coli DH5a was inoculated into
100 ml of LB medium, the grown at 37°C, 250 rpm until ODgyy reached 0.3-0.4
(usually 2-3 h). The culture was placed on ice for 30 min and centrifuged at 5000 x g,
4°C for 10 min. The medium was removed and the cell pellet was gently resuspended
with 10 ml of 100 mM cold CaCl, on ice. After incubation on ice for 30 min and
centrifugation at 5000 x g, 4°C for 10 min, the supernatant was discarded and then the
pellet was resuspended in 1.8 ml of cold 100 mM CaCl, and 0.4 ml of sterile glycerol.
The cell suspension was aliquot to 100 ul 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 DH5a competent cells.
Each PCR product (3 pl) was ligated with pT7Blue vector (1 pl) using 1 pl of T4
DNA ligase enzyme in 5 pl of 2x ligation buffer. The ligation mixture was incubated
at 16°C for 3 h and the ligation products were transformed to E. coli DH5a competent
cells by heat shock method. The competent cells were removed from the -80°C
freezer and thawed on ice. After thawing, 100 pul of the cells was mixed with 5 pl 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 pl 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 pg ml" (25 pl). The 200 pl of cell culture was spreaded with
2% 5-bromo-4-chloro-indolyl-f-D-galactopyranoside (X-gal) in dimethylformamide
(DMF) (40 ul) and 100 mM isopropylthio--galactoside (IPTG) (40 ul) 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 DH5a
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 x g for 5 min at room temperatre. The cell
pellet were resuspended in a 1.5 ml microcentrifuge tube with 250 pl of cell
resuspension solution and added 250 pl of cell lysis solution to each sample, inverted
4 times to mix. Alkaline protease solution (10 ul) was added, inverted 4 times to mix
and incubated 5 min at room temperatre. Neutralization solution (350 pl) was then
added and inverted 4 times to mix. The supernatant was collected by centrifugation at
15,000 x g for 10 min at room temperature. The plasmid solution was purified
through spin column with 750 ul of wash solution. The plasmid DNA was finally
eluted from the column with 50 pl 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
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Cycle Sequencing Kit using 96-well MicroAmp® reaction plate. Twenty pl of the
PCR mixtures contained template as described in Table 3.2, 1 ul of 3.2 pmol/ul
primer, 8 pl of Terminator Ready Reaction Mix (ABI PRISM® DNA polymerase),
and denionized water adjusted to 20 ul (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 pl of each PCR
product: 3 pl of 3 M sodium acetate (NaOAc) pH 4.6, 62.5 nul of non-denatured 95%
ethanol, and 14.5 pl 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 x g for 30 min and then removed the supernatant by
inverting the plate on the paper towel prior to adding 150 pl of 70% ethanol and
centrifuged at 13,000 x g for 30 min. After removing supernatant, the sample was
dried by centrifuged at 13,000 x g for 10 min and then added 10 pl 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/

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 pg
Bacterial genomic DNA 2-3 ug

1.4.7 Construction of genomic library

40

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/Hincll-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 pl) was added into E. coli HSTOS cells (50 ul) 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 NacCl, 2.5 mM KCIl, 10 mM MgCl, 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 pg/ml, chloramphenicol, 50 pg/ml) after added
2% X-gal in DMF (40 pl), 100 mM IPTG (40 pul). The plate was incubated at 37°C



41

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.

Ligation no. Vector

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 pl of small bore pipette
tip 50-100 times. This process led to the highly random generation of DNA
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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 pl) prior to incubating at 70°C for 10 min to

inactivate the end-repair enzyme mixture.

8 ul, 10x End-Repair Buffer

8 ul, 2.5 mM dNTP Mixture

8 ul, 10 mM ATP

X pl, up to 20 pg, sheared insert DNA (approximately 0.5 pg/ml)
4 ul, End-Repair Enzyme Mixture

Y pl, sterile water

80 ul, 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 pl of molten agarose. The LMP

agarose was melted by incubating the tube at 70°C for 10-15 min and quickly
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transfered to 45°C. The appropriate volume of 45°C warmed GELase 50x buffer was
added to make 1x final concentration of the buffer. One unit (1 pl) of GELase
enzyme preparation was carefully added to the tube for each 100 ul of the molten
agarose and incubated at 45°C for 3 h. The reaction was inactivated at 70°C for 10
min. Aliquots (500 ul) 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
x 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 pl 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 pCCIFOS
Vector to the insert DNA is optimal. (0.5 ug CopyControl pCC1FOS Vector ~ 0.09
pmoles vector and 0.25 pg of 40 Kb insert DNA ~ 0.009 pmoles insert DNA). The
ligation mixture was incubated at room temperature for 2 h and at 70°C for 10 min to

inactivate the Fast-Link DNA Ligase.

1 pl, 10X Fast-Link Ligation Buffer

1 ul, 10 mM ATP

1 ul, CopyControl pCC1FOS Vector (0.5 pg/ul)

X pl, concentrated insert DNA (0.25 pg of ~40 Kb DNA)
1 pl, Fast-Link DNA Ligase

Y ul, sterile water

10 pl, Total reaction volume
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Packaging the CopyControl Fosmid Clones

Ten pl of the ligation mixture were added to each 25 pl of the
thawed MaxPlax Lambda packaging extracts and incubated at 30°C for 90 min.
Additional 25 pl of the MaxPlax Lambda packaging extracts was added to the mixture
which was further incubated at 30°C for 90 min. Phage dilution buffer (PDB) was
added to make 1 ml final volume. Finally, 25 ul of chloroform was added and gently

mixed prior to storing at 4°C.

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 MgSOy4 and shaked at 37°C until the titer

of cells reached ODgy = 0.8-1.0. The cells were stored at 4°C 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 pl of the packaged phage particles solution
with 90 ul of PDB.

C) 1:10* dilution, 10 pl of the 1:10 dilution with 90 ul of PDB.

D) 1:10° dilution, 10 pl of the 1:10° dilutions with 90 ul of PDB.

Ten ul of each dilution was added with 100 pl of the prepared E. coli EPI300 host
cells and incubated at 37°C for 20 min. The infected E. coli EPI300 cells (110 ul)
were spreaded on a LB plate containing 12.5 pg/ml of chloramphenicol and incubated
at 37°C 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 pl/ml)

Titer =
(volume of phage plated (pl))

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
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LB broth. The LB broth was added with 20% final concentration of glycerol pior to
storing the clones at -80°C. 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 pg/ml chloramphenicol after added 2% X-gal in DMF (40 pl), 100 mM IPTG (40
ul). 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 110°C 1.5
h and removed cell debris by treating the membrane with proteinase K and incubated
at 37°C 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 ug of DNA product was added with sterile double distilled water to
a final volume of 16 ul. The DNA was denatured by heating in a boiling water bath
for 10 min and quickly chilled in an ice/water bath. Four pl 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 pul 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/ul. A
dilution series of the labeled probes and the control DNA (1 ng/ul) were prepared as
described in Table 3.4. One ul 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 From DNA dilution | Dilution | Final concentration
(nl) tube no. buffer of the control DNA
1 Diluted 1 ng/ul
original
2 2 1 198 1:10° 10 pg/ul
3 15 2 35 1:3.3x107 3 pg/ul
4 5 2 45 1:10° 1 pg/ul
5 5 3 45 1:3.3x10° 0.3 pg/ul
6 5 4 45 1:10* 0.1 pg/ul
7 5 5 45 1:3.3x10" 0.03 pg/ul
8 5 6 45 1:10° 0.01 pg/ul
9 0 50 - 0

Hybridizing a DIG-labeled DNA probe to colony lifts

An appropriate volume (10 ml/100 ¢cm® 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 42°C 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 cm” 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 68°C 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 107
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 pl 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 1s showed in Figure 3.3.
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1) vortex and use 0.5 pl for PCR

2) dilute positive pool in new tubes

3) repeat 1)

4) repeat 2)

5) repeat 1)

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

Piel, 2007).
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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 ug (0.02%)
while the DNA yield from the sponge without removal of renieramycins was 88.8
ng/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 vyield and purity were significantly increased
related to the decreased amount of renieramycins. The highest DNA yield (251.2
ng/200 mg sponge tissues) and DNA purity (Axeso/Azso 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 pg 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 vyield 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 DNA purity Yield of DNA extracted
elimination Az60/A280 (ng/200 mg of sponge)
cycles
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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Lane 1 2 3 4 5 6

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.
A
M 1 2 3 4 5 6 7
1500 bp-
B
M 1 2 3 4 5 6 7
1500 bp-

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 = 1:10%; lane 6 = 1:10* and lane 7 =
1:10° dilution.
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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 'H-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 (O, ), hydrogen
peroxide (H>O,), hydroxyl radical (OH") by environmental pollutants, radiolysis, UV
and the reaction pathway to H,O 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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Lane 1 2 3 4 5 6 7

Figure3.8 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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Lane 1 2 3 4

OoC
SC

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.

—> tyrosine

tyrosine €+—

—> glyoxalate— glycine

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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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
XSFT GAY TTY TTY GAI SWI GGI GG Forward
XSF RE1 GTW BYW YTW ACW GGD GCW ACW GG Forward
XSR AS YTC NGT NGG BCC RTA KGC Reverse
XSRT 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 Reverse

TAD AT
XSR RE3 RTA TIAC RAA RTT IAC IAR IGC ICC Reverse
XSR RE4 IAC CCA YTT ISW ICC IGT RTA ICC Reverse

XSF A3  XSF A4

- -
XSF A5 XSFT XSF RE1
—> —_— —>
AS5-T sequence
< <— <« <
XSR A5 XSRT XSRREI XSR RE4
e
XSR RE2
e
XSR RE3
— _/
~ H_/\ ~ _/
A-domain (A1-A10 motifs) T-domain RE-domain

Figure 3.13 Relative positions of the designed degenerate primers on NRPS gene of
renieramycin biosynthesis. (—) represents forward primers and («—)

represents reverse pI'iI’l’lCI‘S.
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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
AS 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 Taqg 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 DH5a 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% 1identity 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/ul whereas the
labeled control DNA was visualized at concentration 0.1 pg/ul (the original dilution 1
ng/ul). 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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Figure3.14 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.



clone 1
clone 2
clone 3
clone 4
clone 5
clone 6
clone 7
clone 8
clone 9
clone 10
clone 11
clone 12
clone 13
SafA
SfeC

clone 1
clone 2
clone 3
clone 4
clone 5
clone 6
clone 7
clone 8
clone 9
clone 10
clone 11
clone 12
clone 13
SafA
SfeC

clone 1
clone 2
clone 3
clone 4
clone 5
clone 6
clone 7
clone 8
clone 9
clone 10
clone 11
clone 12
clone 13
SafA
SfeC

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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Figure3.16 DNA sequences and amino acid sequences of a PCR gene fragment
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comparing with sSfmC, safA, and sfcC NRPS gene.

GCATATGGAC
ACTTCAGATA
GAATACTTTC
ATTGCACGTG
TTTTCTAATA
GGAAGGATTG
GAGCTGAACG
AATGTTTATA
GATTGTTGCT
ATGATACCTT
AACAGGAGTG
GCCCCARAGA
AATCGAATTA

CTACTGAGGC
GTGCTCCGAT
ARRTCGTTCC
GGTATCACARA
CTGGAGAGCG
AATTTCTCAG
AARTAGATAT
TGAATTTCTT
TACAATCAGA
CGTTCTTGAT
CTCTACCTGT
CACCTATTGA
GTATCCATGA

CACGATCGAT
CGGAAGGCCA
CGTTGGTGTC
CCGCCCAGGA
GATTTATARA
CCGCATTGAT
CTTATTAARAT
GAATGAAART
TGATTTAACT
GATTCTTGAT
TCCATCAATA
ACAAGARARATA
TGATTTCTTC

GCAACGTTTT
ATAGCAAATC
CCAGGACARMAR
TTAACAGCTG
ACAGGTGATT
GAGCAMAGTAA
CARCATCCAR
CAGCTGGTTG
AARATATCTTG
AMAATTGCCAA
AAMARTGGGA
AGTCRAGCGT
GAGGTGGGGG

GGCAATGCGA
TGAAMACATA
TATTTGTTGG
AACGATTTCT
TAGGAAGATA
AAGTGAGGGG
ATGTAARGGA
CATATGTATC
GAGAAAGACT
AAATGCCAAR
ACARTTCAGA
TTTTAGATGT
GCAA

TCRATCTGAC
TATTTTAAAT
TGGGACTGGT
TCCGAATCCA
TARANCAGAC
TTATAGAATR
AGCCATTTGT
CTTAGAAARD
GCCATCTTAT
TGGAARAATT
ARRCTATATT
TTTGGGTTTA

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
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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/Hincll-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/EcoRL.LBAP vector, was possibly performed for screening positive clones
containing NRPS target gene. The pUCI118/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
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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.

A cfu/1 pl library
Samples ID Blue colony White colony
G2 1,240 300
G2-5 1,200 4,000
B cfu/1 pl library
Samples ID Blue colony White colony
G2 205 98
G2-5 1,250 2,550

Titer calculation

Titer = [average number of colonies x total volume (500 pl)]

spread plate volume (pl)
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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 pl 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 3.5x10°
cfu/ml. Finally, the 10 fosmid libraries (F1-F10) were obtained for screening with the
specific GSP-74F and GSP-604R primers.

Lane

40Kb ___
20 Kb

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.
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A
Lane 12 3 45 67 8 910
40 Kb
20 Kb
B
Lane 12 3 45 67 8 910
— 40 Kb
— 20Kb

Gene Ladder Wide 1
T7 DNA marker

Lanes 1, 5, 6, 10
Lanes2,4,7,9
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.
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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 2 34 5 6 7 8 9 10 11 12

530 bp——
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
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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 10* 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 / MI3R vector primers and pCCIFOSFW / pCCI1FOSRE 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.

renieramycins was not successful based on low titer fosmid library.

Lane 1

530 bp —

Lane 1
Lane 2
Lanes 3, 4
Lanes 5,6 =

2 34 5 6

VC Lambda/HindIII marker
A partial NRPS gene using as control

Therefore, gene walking of NRPS gene involved in biosynthesis of

Positive PCR product of two single clone from F3

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 (AS5-T).

Clone no. GSP-74 forward primer GSP-604 reverse primer
Homologous protein | Identities | Homologous protein | Identities
F3,F4 saf A gene; saframycin 90% saf A gene; saframycin 84%
(4 clones) | Mx1(Myxococcus Mx1(Myxococcus
xanthus) xanthus)
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A
Lane 1 2 345 6
48 Kb——
Vector size
o Kb (8139 bp)

Lane 1 = Gene Ladder Wide 1

Lane 2 = Extracted pCCIFOS plasmid DNA

Lanes 3,4 =  pCCIFOS plasmid DNA from F3 digestion with BamHI
Lanes 5,6 =  pCCIFOS plasmid DNA from F4 digestion with BamHI

B

EcoRI 332 HindIIl
(332) (395)

BamHI BamHI

(353) (365)
Figure 3.24 Check size of insert DNA. (A): Gel electrophoresis of pCCIFOS
plasmid digestion by BamHI of F3 and F4 fosmid libraries. (B):

lac Z

Multiple cloning site of pCC1FOS fosmid vector using for fosmid

library construction and restriction enzyme map.
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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
MI3R TCA CAC AGG AAA CAGCTATGAC 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./ Vector forward primer Vector reverse primer

walking Homologous protein | Identity | Homologous protein | Identity
time

F3/1 Hypothetic protein 26% | Hypothetic protein 30%
(Lactobacillus casei) (Turicibacter sp.)

F3/2 Hypothetic protein 64% | Hypothetic protein 77%
(Yersinia pestis) (Bacillus cereus)

F4/1 Hypothetic protein 49% Hypothetic protein 64%
(Methylobacterium (Yersinia pestis)
nodulans

F4/2 Histidine kinase 36% - -
(Thermobispora
bispora)

F4/3 Hypothetic protein 90% - -
(Escherichia coli)
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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 AS-T
fragment as a probe. Unfortunately, upstream and downstream sequences which flank
AS5-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.



CHAPTER 1V

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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(0,"), hydroxyl radical (HO"), and hydrogen peroxide (H,O,) (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 ICsos 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 H, for 4 h. The catalyst was removed by filtration and washing



80

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 pl) 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 mlx3). 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

Technique
Adsorbent
Layer thickness
Distance

Detection

Adsorbent

Packing method
Sample loading

Detection

HRESIMS

IR
'H MMR
'H-'H COSY
BC MMR

1.1.2.1

1.1.2.2

1.1.2.3

Analytical thin-layer chromatography (TLC)

One dimension, ascending

Silica gel 60 F254 (E. Merck) precoated plate

0.25 mm

6 cm

Ultraviolet light at wavelengths of 254 and 365 nm.
Column chromatography

Silica gel 60 particle size 0.040-0.063 mm (230-400 mesh
ASTM) (E. Merck)

Dry packing

The sample was dissolved in a small amount of organic
solvent, and then loaded gently on top of the column.
Fractions were examined by TLC under UV light at the
wavelengths of 254 and 365 nm.

Spectroscopy

HREIMS m/z 619.2529 [M]" (caled. for C33H37N30o,
619.2530); Figure G3

Umax (KBr) 3459 (br), 1714, 1651, 1616, Figure G4

o ppm, 300 MHz, in CDCls; see Table 4.1, Figure G5

300 MHz, in CDCl;; Figure G6

o ppm, 75 MHz, in CDCls; see Table 4.2, Figure G7
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DEPT 135 : 300 MHz, in CDCl;; Figure G8
HMQC : 300 MHz, in CDCl;; Figure G9
HMBC : 300 MHz, in CDClj; 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% CO, 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 (DCFH,-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 (1.5x10°
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 pg/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 uM Hoechst 33342
and 10 uM 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-G, 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-Gy cells. Attached H23 cells
(3.5%10° cells/ml) were collected and resuspended in 1 ml of 3% FBS in 1x 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 pl of PI buffer (10x PBS, 1 ml; 1 mg/ml RNaseA, 1 ml; TritonX-
100, 10 pl; 10 mg/ml PL, 200 pl; FBS, 1 ml; and H,O adjusted to 10 ml) and incubated
for 40 min at 37°C prior to analysis. The DNA histogram indicating cell death
through sub-Gy 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 (DCFH,-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 uM 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 uM 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, C;3H37N309, was established by HRQTOF-MS.
The observed molecular ion at m/z 619.2528 was close to the calculated value for
C33H37N309 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 o¢ 186.0 (C-15) and 182.8 (C-18) and two oxygenated aromatic carbons at
d¢ 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 oy 5.81 and at oy 2.29/5¢ 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 dy 5.81 to C-7 (8¢ 143.8) and C-9 (6¢ 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 '"H-NMR spectral data of renieramycin M and 5-O-acetylhydroquinone

renieramycin M in CDCl;

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, brd, 12.2)

4-HP 1.36 (1H, ddd, 17.4, 11.3,2.7) | 1.57 (1H, overlap)

4-Ha 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, brd, 7.3)

14-Hp 2.30 (1H, d, 20.6) 2.32 (1H, overlap)

14-Ha 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) 448 (1H,brd, 11.1)

6-CH; 1.90 (3H, s) 2.06 (3H, s)

16-CHj; 1.94 (3H, s) 1.89 (3H, s)

7-OCHj; 3.99 (3H, s) 3.74 (3H, s)

17-OCH3; 4.02 (3H, s) 3.94 (3H, s)

12-NCHj; 2.28 (3H, s) 2.24 (3H, s)

8-OH - 5.81 (1H, s)

5-0COCH; |- 2.29 (3H,s)

26-H 5.96 (1H, qq, 7.3, 1.5) 5.98 (1H, br q, 7.2)

27-Hs 1.82 (3H, dq, 7.3, 1.5) 1.84 (3H, brd, 7.2)

28-Hj 1.58 (3H, dq, 1.5, 1.2) 1.66 (3H, br s)
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Table 4.2 "*C-NMR spectral data of renieramycin M and 5-O-acetylhydroquinone

renieramycin M in CDCl;.

carbon Renieramycin M 5-O-acetylhydroquinone
renieramycin M
1 56.3 CH 56.5 CH
3 54.1 CH 55.2CH
4 25.4 CH, 27.8 CH,
5 1854 C 139.1C
6 128.6 C 1223 C
7 155.8 C 143.8 C
8 180.9 C 143.0C
9 135.7C 117.1C
10 1413 C 1243 C
11 542 CH 54.6 CH
13 54.6 CH 54.8 CH
14 21.3 CH, 21.1 CH,
15 1859 C 186.0 C
16 1284 C 1289 C
17 155.2C 155.4C
18 182.5C 182.8 C
19 135.0C 135.6 C
20 142.0 C 141.8 C
21 58.5CH 59.4 CH
22 62.0 CH, 64.4 CH,
6-CH3 8.5 CH; 8.6 CH;
16-CH; 8.7 CH; 9.9 CH3;
7-OCHj; 60.9 CH; 60.6 CH;
17-OCHj 61.0 CH; 61.1 CH;
12-NCHj; 41.5 CH; 41.4 CH;
21-CN 116.9 C 117.5C
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Table 4.2 (Continued).

carbon Renieramycin M 5-O-acetylhydroquinone
renieramycin M
5-OCOCH; - 168.6 C
5-OCOCH; - 20.2 CH;
24 166.5 C 167.1 C
25 126.3 C 126.8 C
26 140.5 CH 139.9 CH
27 15.7 CH; 15.8 CH;
28 20.4 CH; 20.5 CH;

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 uM 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 uM) 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 Pl-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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Figure4.1 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-Gy 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-Gg 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 uM) for 24 h were
stained with PI buffer and the sub-Gy 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 uM 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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Figure4.2 Sub-Gj 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-Gy
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 I mM NAC and
incubated with 20 uM of each compound for 24 h. (A): Morphology of
apoptosis and necrosis cells was determined by Hoechst and PL. (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). DCFH,-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 uM 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 DCFH,-DA probe. (B): H23 cells were pretreated under the
presence or absence of sodium pyruvate (SP). H,O, level was measured
by DCFH;-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 a-cyanoamine and o-
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 a-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).



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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APPENDIX A

Purity and yield of DNA extracted from renieramycin-eliminated sponge samples



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
0D260/0D280ratio 1.53 1.46 1.50 1.49+0.03 1.57 1.50 1.45 1.50+0.05
Yield (ng) 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
0D260/0D280ratio 1.63 1.52 1.46 1.53+0.07 1.83 1.77 1.83 1.81+0.03
Yield (ng) 161.50 155.25 143.5 153.41+8.17 212.00 213.00 231.25 218.75+9.69

611



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
0OD260/0D280ratio 1.82 1.84 1.83 1.83+0.01 1.81 1.75 1.80 1.79+0.02
Yield (ng) 245.50 258.00 250.25 251.25+5.64 192.25 194.75 208.00 198.33+£7.57

0¢l
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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



Table B1 HPLC analysis of standard renieramycin M (RM).

122

RM conc. | RM weight AUC1 AUC2 AUC3 Average
(ng/ml) | (ng) in 20 pl (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
23000000
20000000 -
g 13000000 -
=
10000000 + y=54902x-28721
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100
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Figure B1 Standard curve of renieramycin M (RM)



Table B2 HPLC analysis of the remaining renieramycin M in sponge samples with different cycles of renieramycins elimination.

Renieramycin M .
MeOH Average Acenaphthene | Area of RM RM RM weight
extraction (AUC) conc. (ng) in total
AUC1 AUC2 AUC3 Average
times (ng/pl) vol. 200 pl
(AUC)
0 12107613 | 12408898 | 11747250 | 12087920.33 4195566.00 | 11290725.07 206.17 41.245.63
2 6068766 | 5513853 6050320 | 5877646.33 4434691.33 5802919.33 106.21 21.245.66
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 x Average AUC of Acenaphthene in each time)/ Average AUC of Acenaphthene

eCl
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APPENDIX C

NRPS nucleotide sequences of saframycin A, saframycin Mx1, and safracin B from

Genbank Database
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DQ838002 sfmC 4458 bp

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.
DQ838002

DQ838002.1 GI:146446759

Streptomyces lavendulae (unknown)

Streptomyces lavendulae

Bacteria; Actinobacteria; Actinobacteridae; Actinomycetales;
Streptomycineae; Streptomycetaceae; Streptomyces.

1 (bases 1 to 62804)

Li,L., Deng,W., Song,J., Ding,W., Zhao,Q.F., Peng,C.,

Song, W.W., Tang,G.L. and Liu,W.

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

J. Bacteriol. 190 (1), 251-263 (2008)

17981978

2 (bases 1 to 62804)

Li,L., Tang,G. and Liu,W.

Direct Submission

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

Location/Qualifiers

<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
/trans]_table=11
/product="putative non-ribosomal peptide synthetase"
/protein_id="ABI22133.1"
/db_xref="GI:112791735"
ORIGIN
1 gtgacccgge acgageccac cgagacgttc accgacacce tgecaccgegt actcgaagaa
61 cgcggegegg aatcggecac ceegetgtee gtggaacage geegecetgtg getgetcgge
121 gggatcgeeg acggeteetg ggeegtegte accggecget accggceteeca gggegteeeg
181 gacgeegege ggcetecaatt geggetggee tecctggtet cccgecacga ggeectgege
241 agcgtgttcg tgcaggtcge cgagegteee gtecgeetgg tectgeegtt cgecgaggte
301 geeetgegea cggtgaacge accegactce accgaccecg cgegggecga cgageacgte
361 cgccaccteg tcgaggagga gttctcecte ggecacggac cgetgetgeg cgeectgetg
421 ctgegeteeg cecgacggegg cgecgecgaa ctegtecteg tcgggeaccg cetegtectg
481 gacgccacct cactggacct getcgtcgee gaactgetcg gegaggacge cccccacgge
541 cgcgagggeg ccgeggacac cgeecggegcet ctggagacca cectcgegge ggaacgegag
601 cgcctegeecg accecgeect cacgecaageg gtgaccggee gggeegeega actggecctce
661 cccgeegeca ccgagatece cggetacgge cggeggeecg agatcaaggg cacctectac
721 gecteegtgg cgetgeeect geegetegee ctegeceege gegeegeega ggeegeegac
781 tgggaggccg cggtecgeecge cgectggete gtggtectca tgegeteecea ggecacegge
841 tccgeegtet geggtgteeg caccgeccge ggegeggage aggecgggat cgteggeecg
901 ctcgacggcc tgegeetggt ccgegtegac gacgeggacg acgegeeget gtecggaccetg
961 ctcgeegegg tegggegaca getgegegee cecgeegtgg acgtgecget cgeacacctce
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1021 ctcgaagtgg cccegeeccg cegegacate agecgeacce cgtacgeeca gacegtegtg
1081 cgggeegtgg acgeecgega acecgetegge ggggegtcgg geaccggeeg geagatcgge
1141 ggagcegect cgggeaccga gtacgacate gaggtgacgg tgegecteca geecggecte
1201 geegtcgeac agatcgacta cgacgtceag ctgtactceg aggagegggt cegegeecte
1261 ggcaaccagce tcgeegecegt cetcgacgec ateetgeceg geggeaceee ggaggteace
1321 gccaccgteg tecegetget cgacgecgag ggegeeegge tcgeeetgga ggegggecge
1381 ggcgagegga ccgegeeccga cacccgateg ctegtecgacce tegtcgagge ccaggtggec
1441 gccgecaccgg acgecgtege cetgtggeag ggagacacce gagtcacgta cgeccagetg
1501 tgggccgacg ccactcgect ggecgacgag ctggecgece geggggtecg cececeggegac
1561 cgegtcgegg tetggetgeg cegeggececee tegacggtca cegeectget cgeegtgcte
1621 geegeeggeg cegecttegt gecegtegac gecgectace ccgaggageg ggtgcgetac
1681 ctgcteteeg actcgeggece ctegetegtg gtcaccgaga geteegtgea cetgetecgge
1741 gaactcggcce ttcccacget getgetggac gagetgteeg gtgegeegge cgeegtggac
1801 ggcgegegee geeceegaceg ggtegeegee gacactcecg cctaccteat ctacacctee
1861 ggcaccacgg gecgecccaa gggegtegte gtgcgecact ccagegtggt caacaacatt
1921 geetggegee aggegaactg gecagetcace gaagacgace gggtgetgea caaccacage
1981 ttctgettcg accecteegt ctgggeggceg ttetggecge tegecacggg cgecgeeatce
2041 gtcctegeca ccgaggagea gatgaaggac cccggegaga tgatcacgac getcegegac
2101 caccaggtca ccgtgetcgg cggegtgcce teectgetgt cectgetget cgaccaccge
2161 gatgcgggca cctgeacceg cgteecgectg gtgctcageg gtggegaace cectcaccgac
2221 accctgetgg agtcecgtega gtegacetgg tecegecgagg tegecaacct ctacggeece
2281 accgaggcca ccatcgacgce caccggecac cgegtaccge geggegaccg cacggteecg
2341 gttccgateg geegegeggt gtccaacace geegtecacg tegtcgacge cgaactgegg
2401 cccgtacceg aaggegteee cggtgagate gtggtcaccg gegegggagt cgeegtegge
2461 taccacgacc ggeeggegct gaccgeegeg cgcettectge cecgegecctt cgecgacgeg
2521 tecgacgacce cgggtgecac cctctaccga accggegace tgggeecgeag getcceegac
2581 ggctecegtee agttettegg cecgggtegac gaccaggtea agatcecgegg ccaccgegte
2641 gaggtctccg aggtcgagte ggtgetcaag geeetggeeg gggteccagga cgeggeegtg
2701 gtegeectgg acgegggtac cgagaacgee cggetggecg cegeectggt cettcecggee
2761 ggctecgacg cecegteect cgaagacgte cgeteggeac tcgeeggega acteeecgac
2821 tacctcgtge cggaccgett cgeegtegtg gacgagetge cgetcaccge caacggcaag
2881 acggaccgece geggagtege cgaactgete tcceggeagg cagecgeacce ggtecgeegge
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2941 caggacgggc ccaccgagec ccgeaacgee ctggageget cegtegeega ggecttegee
3001 tccgtgetge gectececge gatcgacate cacgecgact tettcgacgt gggeggeace
3061 tcgcteatece tecgegaaget ggecteectg ctcggecgea ageacgatgt cgagatcecg
3121 ctgcacgagt tcttccgtac gecgaccgte geeggegtet ccgagacgat cgaggtetac
3181 cgeegegagg gectegeegg cgtectegge cgeaageacg ccgegacget ggagggegac
3241 ggcacccteg accectccat cagecccgag ggecttececg aggeggaatg ggagaacccg
3301 cggcgegtet tcctcaccgg cgecaccgge tacctgggec teccacctegt cgageagetce
3361 ctgcgeegea ccgacgegga ggtegtgace ctgtgecggg ceegegacga acageacgeg
3421 ctcgaacgcec tcaaggaggg cttcgeecte tacgagatcg acgtcgagga ccagetgeac
3481 cggatctcgg ccgtcatcgg cgacctggee gagecgegec tgggectecac ccaggageag
3541 tgggacgacc tggecgecac cgtggacgtg atctaccaca acggegegct cgtcaactte
3601 gtctaccegt actcggeget caaggecgee aacgtcggeg geactcageg cgtactggaa
3661 ctggectgea ccaccegect caaggecgte caccacgtgt ccaccatcga caceetgete
3721 gecacccaca tgecgegecc ctteetggag aacgacgege cgetgeacte ggeegtegge
3781 gteceggeeg getacaccgg cageaagtgg gtggeggaga aggtegtega cgaggeecge
3841 cgeegeggea teceggteac cgtettcege ceeggectea tecteggeca cacgaagaac
3901 ggcgecacge agaccatcga ctacctgetg gtcgegetee geggettect geecatgege
3961 atcctgecceg actacceecg catcttcgac gtcatccegg tegactacgt ggectecgee
4021 atcgtgcaca tatcccggaa gecgggaagec atcgacggct tctaccacct gttcaaccee
4081 gcgecggtge cgetgeteac cttetgegac tggatcaaga getacggeta cgagttcgac
4141 atcgtgecect tcgaggaggg caggegeegg geecteggag tcggecccag cecaccteetg
4201 tacccgeteg tceegeteat caaggacgeg gaggecgage cgeaccggge cetcgaceee
4261 aagtacatgg acgaggtcca gcecgeecte gaatgegegg agacgetgeg catgetggec
4321 ggcagcegaca tcgectgeece geecgaccace gaggecgacg cccacgecgt catggactac
4381 ctggtgcgea ccggctteat gecggegeee geggacgteg tccacgacga gecgageage
4441 acgctggagg agcgatga
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MXU24657 safA 7818 bp

Myxococcus xanthus saframycin Mx1 synthetase B (safB),
saframycin Mx1 synthetase A (safA), and safC genes, complete
cds.

U24657

U24657.1 GL:1171127

Myxococcus xanthus (unknown)

Myxococcus xanthus

Bacteria; Proteobacteria; Deltaproteobacteria; Myxococcales;
Cystobacterineae; Myxococcaceae; Myxococcus.

1 (sites)

Pospiech, A., Cluzel, B., Bietenhader, J. and Schupp, T.

A new Myxococcus xanthus gene cluster for the biosynthesis of
the antibiotic saframycin Mx1 encoding a peptide synthetase
Microbiology 141 (Pt 8), 1793-1803 (1995)

7551044

2 (bases 1 to 14100)

Pospiech, A., Bietenhader, J. and Schupp, T.

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

Microbiology 142 (Pt 4), 741-746 (1996)

8936303

3 (bases 1 to 14100)

Pospiech, A.

Direct Submission

are involved in the biosynthesis of the DNA-binding antibiotic

and antitumour agent saframycin Mx1 from Myxococcus xanthus
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Submitted (12-APR-1995) Andreas Pospiech, Core Drug
Discovery Technologies, Ciba Geigy-AG, Basel, CH-4002,
Switzerland

Location/Qualifiers

<1.>7818

/organism="Myxococcus xanthus"

/mol_type="genomic DNA"

/strain="DM504-15"

/db_xref="taxon:34"

1..7818

/gene="safA"

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"

1 atgctcgege cggacgegga cectcacage cegteetece tgggggatge aggecagage

61 gectettect cetegetgaa tggeagetat gtgtttcceg cetcgacgag ccaggagegg

121 ctgtggttce tgegegagtt cgatgecacgg tggggegetg cetaccacct geecegtggee

181 ttccgeattg acggeeeggt ggatcgecte geecetgeage gegeegteaa tetggtggte

241 acccggeacg aggggctgcg cacceggcete gececacctgg atgggeaget cgtgcaggte

301 atcaacccce acgegegggt caccgettcg gtegtggace teggecacgt ceccgaggee

361 gagcgetggg aggaggtceca geggetectg gecacggagt cecaacggct ctteeggtte

421 acggaggaca gecteetgeg getcacgcete cttcggttga geggeacgea geatgtgcetce

481 ctcgecacge tccaccacat catcgeggat ggeacctegg tcgagetgtt cectcegegag

541 ctggtggeca getatggege cttgetccag cacacagege cgeacctgge cgagetggec

601 gtgcagtacg ctgactacgt cgeetggeag cggeagtggce tggacaccga ggagtacacg

661 aagcagcgcg agtactgggg acgcaagetg getggegege cgetegtect ggagetgeeg
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721 acggatcgee cgeggeeggt ggtgcagacg ttccgeggeg ccaacaagga gttecgecte
781 tcgegegagt tcgecgecte ggtgeggegg tatgegeatg agggegggte cacctectac
841 atggtgctge tcgeggectt cgeegtgctg ctgegecact acaccgggea ggaggagetg
901 ctgcteggea cgeeegtgge gaaccggeag cggecggage tggageeggt catcgggtte
961 ctggccaaca cgetegtggt ccgegeggac ctcaccgggg atcctcgegt ggaggagetg
1021 ctgecgecgea tecgggagac gacectggag geegtggege acgageagtt ceegttecgac
1081 aagattgtcg aggcgcttca geeggagege acgttgagee geaacceect gttccaggtg
1141 atgttcggct ttcaggaggc gectcaggeg aggetcacgt tggggggceca tecgetcacg
1201 cggctgeegg tggaaaccgg caccteeegg ttcgacctgt ggetettect caccgaggac
1261 agcgacggca tccagggect cgtegagtac agcacggacc tgttcgagge ggacaccatce
1321 gacaggctga cgeggeacta ccaggeggtg gtggagggece tgetcegggg cggecaccag
1381 cgcgtetege ageteteget getcacggag aaggagegeg cggaactege ggecagegeg
1441 ttccgegeeg agecagagece caccgecctg ttgecgeagg cggtggagge ccaggeecgeg
1501 cggacgecegg accgggtgge cetggtettc gggagegage agetcaccta tgeggagete
1561 aacgccecggg ccaaccgget cgeecgectg ctgaagacee ggggegtggg cgecgagege
1621 cggtgegecg tetgeatgga gtgctcgeeg gacctggteg teteeetget ggeggtgete
1681 aaggcgggge gggcctacgt gecagtggac cegeggtate cgetggageg ggtgcggtac
1741 atgctcgagg acgegegggce ccaggtgetg ctcaccegge gggagetgge cecaccatgge
1801 gagggcatcc cgeacgttgt gtctctceceg gaggecggece tegtggggga gggggatgeg
1861 aacctggagc ccgtggetga cgetgetcag ctegectacg tectgtacac gteggggtec
1921 tccggeecgge ccaagggegt gatggtttcg catggegecece tcgecaactt cttgacgace
1981 atggcceggg ageecgggctt gegegecgag gacgtgeteg cegeggtgac cacgttetee
2041 ttcgacatcg ccgegetega getgtacctg cegetggtic agggegegeg ggtggtgatg
2101 gecaccegtg agcaggecge ggatgggege gegetgteeg gggtgttgge geggeacggg
2161 gtgacggtga tgcaggecac tccggecace tggegeatge tggecgacge gggeggggct
2221 ccecggeacgg gettcaccgt getgtgegga ggggaggege tgecccagga cetegecgac
2281 gegctcaccg cgaacggggce ccgggtgtgg aacctttatg gececccacgga gaccacggtg
2341 tggtcetgee gecaagegget gggggcaggt gacagggttt cgetgggggg ggcecttgga
2401 aacaccagcg tccatgtget ggacccggac ctgeggeeeg tgecggtegg cetggegggt
2461 gagctgttca tcggtggttc cggegtggee cgeggetact ggggteggee ctegatcacg
2521 gecgageget tegtgccgga teectteteg gegeggeecgg gtgeeecggcet ctaccggacg
2581 ggcgacctgg tgegeegeeg ggtggatgge gagetggagt tcatcggteg cgecgaccat



134

2641 caggtcaagc tgeggggcta ccgeatcgag ctegeggaga tagagetcac cetgegeege
2701 cacgaggcgg tccgegacgt ggtggcgete gtgtgggect ccagegagge cgageggegg
2761 ctcatcgect acgtggtgee ggtegeggeg cagggecggg gacgacaace ctggeccace
2821 ggctgegega geacgeecgg geegtgectg cetgaataca tggtgecttc ggecaacgtg
2881 ctcetggatg cgettceect gacgeccaac ggeaaggtgg accgacgete cetgeeggac
2941 ccgaggtcgg tgatggeteg cggeggggcg atgeacgtgg ctectcgeac cgagacggag
3001 ggccgcattg ccaccatttg gatgcaactg cteggetgtg accaggtggg agtgaaggac
3061 gacttcttcg agettggggg caactcgetg cttgecggee ggctegtgga ggagetegac
3121 cgcaccttcg gtgteegegt gecgatgegg gacctcttte tcgacgegac gattgecaac
3181 ctcgeegegg tgattgatgg gegtegeegg aaggegteeg ttgtggagge gecgeacgtg
3241 gacgagttgg tgagcggatt gaccgacgac gaagtggagg cgetettgaa cgagecacag
3301 ttgggccatg tgaacactca gcaacgtgaa ggaggggage aggtgagttc gtccgagage
3361 gacaacggcc gecgegecge cgaggagaag agagetacge tggecagget getgegggac
3421 ggacgtctee agggecacge gaacctgteg ceggatcage ggeggctctg gatgetgetg
3481 caactcgacg ggactctgee ggeacaggtg ctggeggect acgegetgag gggggcgttg
3541 gacctggecg tgttgecagea ggecatcgee gaggtggega gecgeaacga ggtectgege
3601 agcacgttca aggacatggg ggggacgeeg ctgegegtcg ccaggecggt gatggagetg
3661 gegetegegg tgacggagge ggeeggeaca ggectggatg acgecctgea acggeteget
3721 cggcaggage tgggcgageg getcgagecg gecaccggge cgetgttgeg cetgeaccte
3781 gtcaggctcg gggecgagga geacctgetg ctegtcaagg cgeacgaget gatctcegac
3841 gagccttcee tggaggeget cattcgggag gtgctcgeca cgtatggege cetectgege
3901 ggcgageagt ccgeggegte cteegtgtee gectacgeeg agtacgeege gegggageag
3961 gectggetga gegggeeggt gtgtggecag cagetcgaac actggegeeg gaagcetcacg
4021 gacctgccecc tgetgeggcet cttcaccgat cggecgegte cegtcatcaa gacgeaccge
4081 tgcgactcag tctccacect getgeecgete gagetgtege ggeggatgga agegetggec
4141 tcgcgeaacg ggggectgeg cgeggeggtg ctggecggct ttcaggtget getgteceegg
4201 tacaccgggce aatccgatgt gacagtggge gttcgegeeg acctccggag cgaagecgaa
4261 cgaggeegge tectegggee cgecageace geectggtee tgeggacega cetgegegge
4321 gagccgtect tcatggagac getcetgege gtegacgtgg ceccgegagga ggeggagegg
4381 ttcgccageg tgeecttcgg cacgetggtg gacacgetge agecggeeeg tgacctgage
4441 cgcacgccct tctttcaggt gatgtacctg tttcgggatg cgegegagga getggeggtt
4501 ggcgeeggece tgegegeeet ggegeaggeg ttgeegtteg geaccaceee ggtggacate
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4561 accctggegg cgaccgecac cgageagggce ctccacctge gegtecgactt caactcegac
4621 ctgtacgacg cgagcaccge geggegectg ttgggecace tgecgeacget getgteegeg
4681 gcggtggacg ctccggggaa gtecatcgee cggetgeege tgetcgecga ggaggagtgg
4741 aggcaggtct tcggegactg gaaccaggec gagecacgecc teccegtegeg ctgtetgeac
4801 gagctcgteg aggagcagge ggegegeacce cegeatgecg tggeegteac gtgegaggge
4861 caccagctca cctacgecga getggatgeg cacgecaace agetcgecca tcacctgege
4921 cagcteggge tggctccgga aggtegggtg gegatetgee tggageggte cgtggagatg
4981 gtgaccgcca tgetggeggt getcaaggee ggeggtgect acgtgeegtt ggatceggag
5041 taccccaccg agegeetgge geagetgttc geggactgeg aggegeacgt ggtgetcacg
5101 cagcagtcee tggeggaccg ggtgaagatg gtecgeggege ggegegtgtt cgtggacacg
5161 gactggccgg tcatcgecge gtgeecegegg caggegecce cgeeggtegt cacgecggac
5221 cacctegect atctcatcta cacctcgggg tccaccggea cgeccaagge ggtgatgetce
5281 tctcaccgeg geatecgtgaa caatctegeg tggegtecage geacctggee gttgteggeg
5341 gaggaccggg tgctgecagaa ccactectte agettcgace cgteggtgtg ggecacctte
5401 tggccegetee tggtggggge cagageegtg ctcaccecgt cecggecagea ctacgacage
5461 aaggcgcetgg tgggectget gegtgaacag ggeatcaceg tgtatggege ggtgeecteg
5521 ctcaacgceg tgetgatgga ggagectgag attggeecggt geacccacct geggtacgtg
5581 ctgageggeg ccgaggecect cactggegge ctgeagegeg geatcttete gegegtetee
5641 geegeegteg cecaaccteta cggeccgacg gagaccacca tcgacgecac ggeatggaac
5701 tgeecgegeg tggatgeeee ggaggacget cecatcggte ggecaatege caacetgegg
5761 atgtacgtge tcgacgagea cctecagecg gttceggteg gtgttccegg tgaactcette
5821 gteggeggeg tgggectgge gegtggetat cacgecagge ceggectgac ttctcagege
5881 ttcttgcegg atccattete gagtgatgee ggegegegge tgtaccggac gggegacctce
5941 gggcgetace gggeggacgg agecatcatg ttcctcggee gegtggacga acaggtcaag
6001 gtgagcggcet accgegtgga actcggtgaa gtcgagaceg cgetggggeg geaceccgac
6061 gtgcgegagg ccatcgtegt cgegegtgag ggectgeagg geatcaageg getggtggct
6121 tacgtcacgc ccgecaaggg gggeacgecg gaggeteget cgetcacgge attectegag
6181 aagattctge cggegtacat gattccgecg gtgttegtca tcgtcaacga getgecgaag
6241 atgcccageg gecaaggtcaa ccgeaatgece ctgectgeee cgeagatgga ceggeecggac
6301 accgcgggceg cctacgtege tecegegeacg ceectggagg atgagattge cteggectte
6361 gcgggcgtge tcggeatgga ccgegtggga gtggaggacg acttctttga agtgggegge
6421 acctcgcetee tgetggegeg getegectea cggetgetga accgetteca gattgecate
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6481 ccggtgeacc agttcttcaa gattcccacg gtggctgggg tggcgaacgt ggtggagace
6541 taccagcgecg agggecttga tgccgtgetg atgaaccage atgecacgeg getggacgee
6601 gacgcttcge tggegeegga catctccecce gaagggttge cgetggegaa ctacctegee
6661 ccgtecteeg tgetgetcac gggegecace ggttacttgg gggecttect getcgageag
6721 ctcctgaage ggacccgage caccgtgtac tgectegtge gtgecgeega ceeggeecag
6781 gccatggace gegtgegtge gaccatgeac cagtaccteg tctgggacga ggegtacgeg
6841 gagcggatce geeegetggt gggegacctg gggaagecce ggeteggect ttccegggag
6901 gagtgggage ggctcggact cgagetcgac tccatctace acaacggege gttggtgaac
6961 ttcgtgtacc cctactcgge getgeggggg cecaacgtge acggeaccea ggaggtgetg
7021 cgectgggat gecageaccg getcaaggee gtgeactacg tgtccaccat cgacgtgetg
7081 ctggccacge acatgeegeg ceccttcatg gaagatgacg cgeccttgeg caaccecate
7141 gaggtgccgg gtggctacac tggcageaag tgggtggegg agaaggtggt caacatcgee
7201 cgcgegegag geatceeegt gtgeatctac cggeccggge tecateetgag ccacgaggag
7261 acgggcgega cccagaccaa cgactacctg ctegtggegt tccgaggcta cgtgeccatg
7321 ggcatcatce cggactacce gegceatcttc gacaccatce cggtggacta cgeggecaag
7381 gecatcgtge acatctccac ccagegggag gegetgggea ggttetteca cetgttcaat
7441 cccgegeeeg tetegetgeg tegtttctge gattggatte getectacgg ctacgegtte
7501 gacatcgttc ccttcgatga ggegeggagg caggegetcg acgtggacac gtegeatceg
7561 ctctatccge tegttceget catccgegac gecgaggegg agececcagga atcgetcgac
7621 ccggecttea tcgaccagcet ccggeecggac ctggagtgce ggagegeggt ggaggtectg
7681 gctggeagtg acatcegttg cccgeccatg accgaggage ttgeccateg ctgecttcag
7741 tacctcgtcg acatcggcett ccttcaacgg cccgaggtee tgegegeage cegtcageag
7801 aaggcgtccg gegeetga
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LOCUS AY061859 sfcC_ 4299 bp
DEFINITION Pseudomonas fluorescens safracin biosynthesis gene cluster,

complete sequence.

ACCESSION AY061859

VERSION AY061859.1 GI:37542630
KEYWORDS

SOURCE Pseudomonas fluorescens (unknown)
ORGANISM Pseudomonas fluorescens

Bacteria; Proteobacteria; Gammaproteobacteria;
Pseudomonadales; Pseudomonadaceae; Pseudomonas.
REFERENCE 1 (bases 1 to 17974)

AUTHORS Velasco,A., Acebo,P., Gomez,A., Schleissner,C., Rodriguez,P.,
Aparicio,T., Conde,S., Munoz,R., de la Calle,F., Garcia,J.L. and
Sanchez-Puelles,]. M.

TITLE Molecular characterization of the safracin biosynthetic pathway
from Pseudomonas fluorescens A2-2: designing new cytotoxic
compounds

JOURNAL Mol. Microbiol. 56 (1), 144-154 (2005)

PUBMED 15773985

REFERENCE 2 (bases 1 to 17974)

AUTHORS Velasco,A., Munoz,R., Henriquez,R. and Sanchez-Puelles,J.M.

TITLE Direct Submission

JOURNAL Submitted (05-NOV-2001) Biotechnology, PharmaMar, ¢/ de la
Calera n. 3, Tres Cantos, Madrid 28760, Spain

FEATURES Location/Qualifiers

source <1..>4299

/organism="Pseudomonas fluorescens"
/mol_type="genomic DNA"
/strain="A2-2"

/db_xref="taxon:294"

gene 1..4299
/gene="sfcC"
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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 gecgeactge geteattgee cgetgeecge
61 gacgcacttg gtgcctatee cttgtccage gaacaaaage geetetggtt actggeccaa
121 ctggegggea cggeaacgtt geccggtaacg gtgegttatg cattcaccgg cacggtggac
181 cttgctgteg tgcagecagaa cetgagegeg tggatcgeac acagegagte cttacgeage
241 cttttcgtcg aagtactgga acgccccgte aggettctga tgectacggg cetggtgaaa
301 ctggagtact tcgatcgecee gecatccgat gecgatatgg ccgagetcat aggegeegee
361 tttgaactcg acaaagggece gttgetgegt gegtteatca ctcgaaccge tgcacaacag
421 catgaattgc atctggtcgg ccatcctatt gtcgtggacg aaccttceet gecagegcatt
481 gcccaaaccce tettccagac cgaaccegat catcagtace cegeegtegg tgegategee
541 gaggtattcc agcgegaaca gacactggea caggatgege aaatcaccga acaatggeag
601 caatggggaa taggccttca ggegectgeg gecaaccgaaa ttccgaccga aaaccceecge
661 cccgctatca agggcetcaga tcgtcaagta catgaagecce ttactgeatg gggegaccaa
721 cccgtagecag aggecgaaat tgtcageagt tggetgaceg tgetgatgeg ctggeaggga
781 tcgeaatcgg cgetttgege aatcaaggtg cgegacaagg cgeatgecaa cttgatcgge
841 ccactgcaaa cctacctgee ggtcegegtt gatatgeegg atggeageac cctggeacaa
901 ctgcgactce aggtggagga acagctcaat ggcaacgacc atcegtectt ttccacgetg
961 ctggaagttt gcccaccaaa gegggacctg agtcgeacce cctacttceca aaccggectg
1021 cagttcattg cgcacgatgt tgaacagege gacttccatg ccggeaactt gacacgeetg
1081 ccaacgaagc agccaagcag cgaccttgac ctgttcattt cctgetgggt aagcgacgge
1141 acgcttggece tgacgctgga ttatgattge geegtgetga attcgageca ggtecgaggtt
1201 ctggeccagg cgcetcatcag cgtattgtca gecgeccggtg aacagecaat cgeaaccegtt
1261 gegcetgatgg gecageaaat gecageaaace gteetggete aggeccacgg ceecccgeacg
1321 acgecgecege aactgacact gaccgaatgg gtegeegeca geacggaaaa atceeegcetg

1381 gcggttgegg tgatcgacca cggecageag ctcagetatg cagagttatg ggcaagaget
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1441 gcactggtag cggcgaacat cagccageat gtggcaaage ctcggageat catcgetgta
1501 gcactgccca gatcggcetga atttattgea gegetgetgg gggtagtgcg agcaggteat
1561 gcegttcttge ccatcgatce cegectgece accgaccgea teccagttect gattgaaaac
1621 agtggctgtg agttggtcat tacctctgat cagcaatceg tggagggttg geccgeaggtce
1681 gccaggatac gaatggaggc gettgatcca gacatteget gggtggegee gacggggcete
1741 agccacagcg atgccgecta cetgatctat acctceggea gecaccggegt tccgaaggga
1801 gtcgttgtcg agcaccggea agtagtgaat aacatcttgt ggcggeaacg aacctggecg
1861 ctgacggcac aggacaacgt gectgeataac cattcgttca gettcgatce cagegtetgg
1921 gcegttgttct ggecgetget gaceggtgge accatagtge tggeggatgt cagaaccatg
1981 gaggacagca ccgecctect cgacctgatg atccgecatg atgtcagegt tetgggtgge
2041 gtaccgagcec ttctcggtac getgatcgat catccattcg ccaatgattg ccgggeggte
2101 aagctggtge tcagtggegg cgaagtecte aaccccgaac tggeacacaa aattcaaaag
2161 gtctggecagg ccgacgtege caacctcetat ggeectaccg aagegaccat cgatgegetg
2221 tatttttcga tcgacaaaaa tgetgecgge gecatcecga ttggcetatce aatcgacaat
2281 accgacgctt atatcgtcga cctcaatctc aacccagtce cgecaggegt tccgggagaa
2341 atcatgcttg ctggccagaa ccttgegege ggctatttgg gecaaacctge gecaaacegeg
2401 cagcgcttce tgeccaacce atttggeaac ggacgegtgt atgcaacggg cgatetggga
2461 cgacgetggt catcggggge catcagetac ctgggeecgac gegaccaaca ggtgaagatt
2521 cgegggcate geattgagcet taacgaagtc getcatcetgt tgtgeccagge gettgagetg
2581 aaggaagcca tcgtettcge ccageacget ggaaccgaac aggeacgect ggtggeggcee
2641 atcgagcaac agccaggect gcacagtgaa ggtatcaaac aggaattget gegecacttg
2701 ccagcctatc tgatccctag ccagetcectg ctattggatg aactgccaag aaccgecace
2761 ggcaaggtcg acatgctcaa gettgatcag ttggecagecce ctcagetcaa tgacgeeggg
2821 ggcacggaat geegtgegee acgtaccgac cttgaacaat cggtcatgac ggatttegee
2881 caagtactcg gectcactge ggtaacgeeg gacacggatt tettcgagea aggeggeaac
2941 tcgattctac tcacgegect ggecaggeacce ttgtetgeca aataccaggt geagattceca
3001 ctgcatgagt ttttcctgac tccgacceeg geageggtgg cgeaggeaat tgaaatctac
3061 cgtcgegaag gectcacgge actcetgtca cgecageatg cacaaacgcet ggageaggac
3121 atctacctgg aagaacacat tcggccggat ggcttaccac atgccaactg gtaccagect
3181 tctgtegtgt ttctgaccgg agecaccgge tacctgggac tgtacctgat cgaacagttg
3241 ctcaagcgca ccaccagecg cgtcatctge ctgtgecgtg caaaggatge cgageatgee
3301 aaggccagga ttctggaagg cctgaaaace taccgcatcg acgtaggeag cgaactgyac
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3361 cgggtggagt acctcacggg cgacctggeg ttgccgeace tgggectgag cgageatcaa
3421 tggcaaacge tggccgaaga ggtegatgtg atttatcaca acggegcectt ggtcaacttt
3481 gtctaccect acagegeact caaggegace aacgtgggag gecacgeagge cattctggaa
3541 ttggcectgea cegetegact caagagtgtt cagtatgtet ccacegtgga tacgetectg
3601 gcgacgcatg tcceecgecce ttttatcgag gacgatgece cectgegtte cgeegtegge
3661 gtaccagtgg gctacacagg cagcaagtgg gtggcagaag gggtggccaa tettggectg
3721 cgtcgeggca ttcecggtcag catcttccge cecgggettga tectgggeca taccgaaacg
3781 ggtgcctege agageatcga ctacctgetg gtggegetac ggggtttctt geccatggge
3841 atcgtgcecgg attacccacg catcttcgac atcgtgeccg tggactaygt cgecgeggeg
3901 atcgtgcaca tatcgatgca accgcaggge agggacaaat tcttccacct gttcaacceg
3961 gcgeeggtea ccateccgeca gttctgegac tggattcgeg aattcggtta cgagttcaag
4021 ttggtcgact tcgaacacgg tcggcageag geattgageg taccgeecegg geacctgetg
4081 tacccgttgg tcceectgat cagggatgee gatcegetge cccaccgege getggaccect
4141 gactacatcc atgaagtgaa ccccgeactg gaatgcaage aaaccttaga getgetggece
4201 tcctcggaca tcaccctgte gaaaaccaca aaggcttacg cgcacacaat tttgegcetac

4261 ctgatagaca ccggcttcat ggccaagect ggegtgtag
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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



LOCUS

Saframycin A SfmC 1485 aa

ORIGIN

1 mtrheptetf tdtlhrvlee rgaesatpls veqrriwllg giadgswavv tgryrlqgvp

61 daarlglrla slvsrhealr svfvqvaerp vrlvlpfaev alrtvnapds tdparadehv
121 rhlveeefsl ghgpllrall Irsadggaae Ivlvghrlvl datsldllva ellgedaphg
181 regaadtaga lettlaaere rladpaltqa vtgraaelal paateipgyg rrpeikgtsy
241 asvalplpla lapraacaad weaavaaawl vvimrsqatg savcgvrtar gaeqagivgp
301 1dglrlvrvd 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 hqvtviggvp slisllldhr

721 dagtctrvrl visggepltd tllesvestw saevanlygp teatidatgh rvprgdrtvp
781 vpigravsnt avhvvdaelr pvpegvpeei vvtgagvavg vhdrpaltaa rflpapfada

841 sddpegatlyr tedlerrlpd esvaffervd dgvkirghrv evsevesvlk alagvqdaav

901 valdagtena rlaaalvlpa gsdapsledv rsalagelpd ylvpdrfavv delpltangk

961 tdrrevaell srgaaapvag gdgpteprna lersvaeafa svlrlpaidi hadffdvggt

1021 slilaklasl 1grkhdveip lheffrtptv agvsetievy rreglagvlg rkhaatlegd
1081 gtldpsispe glpeaewenp rrvfltgatg ylglhlveql Irrtdaevvt lcrardegha
1141 lerlkegtal yeidvedqlh risavigdla eprlgltqeq wddlaatvdv iyhngalvnf
1201 vypysalkaa nvggtqrvle lacttrlkav hhvstidtll athmprpfle ndaplhsavg
1261 vpagytgskw vaekvvdear rrgipvtvir 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 psslgdaggs asssslngsy vipastsqer lwflrefdar wgaayhlpva
61 fridgpvdrl alqravnlvv trheglrtrl ahldgqlvqv inpharvtas vvdlghvpea
121 erweevqrll atesqrlfrf tedsllrltl Irlsgtqghvl latlhhiiad gtsvelflre
181 lvasygallq htaphlaela vqyadyvawq rqwldteeyt kqreywgrkl agaplvlelp
241 tdrprpvvqt frgankefrl srefaasvrr yaheggstsy mvllaafavl Irhytggeel
301 llgtpvanrq rpelepvigf lantlvvrad ltgdprveel Irrirettle avaheqfpfd
361 kivealqgper tlsrnplfqv mfgfqeapqa rltlgghplt rlpvetgtsr fdlwlflted
421 sdgiqglvey stdlfeadti drltrhyqav vegllrgghq rvsqlslite keraclaasa
481 fraepeptal Ipgaveaqaa rtpdrvalvf gseqltyael naranrlarl lktrgvgaer
541 rcavemecsp dlvvsllavl kaggayvpvd pryplervry mledaraqvl ltrrelahhg
601 egiphvvslp eaglvgegda nlepvadaaq layvlytsgs sgrpkgvmvs hgalanfltt
661 marepglrae dvlaavttfs fdiaalelyl plvqgarvvm atreqaadgr alsgvlarhg
721 vtvmgqatpat wrmladagga pgtgftvicg gealpqdlad altangarvw nlygptettv
781 wscrkrlgag drvslggalg ntsvhvldpd Irpvpvglag elfiggsgva rgywgrpsit
841 aerfvpdpfs arpgarlyrt gdlvrrrvdg elefigradh qvklrgyrie laeieltlrr
901 heavrdvval vwgsseaerr liayvvpvaa qgrgrqpwpt gcastpgpcl peymvpsanv
961 lldalpltpn gkvdrrslpd prsvmargga mhvaprtete griatiwmgql lgedqvgvkd
1021 dffelggnsl lagrlveeld rtfgvrvpmr dlfldatian laavidgrrr kasvveaphv
1081 delvsgltdd eveallnepq Ighvntqqre ggeqvssses dngrraaeek ratlarllrd
1141 grlgghanls pdqrrlwmll gqldgtlpaqv laayalrgal dlaviqqaia evasrnevlr
1201 sttkdmggtp lrvarpvmel alavteaagt glddalqrla rqelgerlep atgplirlhl
1261 vrlgaeehll lvkahelisd epslealire vlatygallr geqsaassvs ayaeyaareq
1321 awlsgpvcegq qlehwrrklt dlplirlftd rprpvikthr cdsvstllpl elsrrmeala
1381 srngglraav lagfqvllsr ytgqsdvtvg vradlrseae rgrllgpast alvirtdirg
1441 epstmetllr vdvareeaer fasvpfgtlv dtlgpardls rtpffqvmyl frdareelav
1501 gaglralaqa Ipfgttpvdi tlaatateqg lhlrvdfnsd lydastarrl 1ghlrtlisa
1561 avdapgksia rlpllaeceew rqvfgdwnga ehalpsrclh elveeqaart phavavtceg
1621 hqltyaelda hanqglahhlr glglapegrv aiclersvem vtamlavlka ggayvpldpe
1681 ypterlaqlf adceahvvlt qgsladrvkm vaarrvfvdt dwpviaacpr qapppvvtpd
1741 hlayliytsg stgtpkavml shrgivnnla wrqrtwplsa edrvlgnhsf sfdpsvwatf
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1801 wpllvgarav Itpsgghyds kalvgllreq gitvygavps Inavimeepe igrcthlryv
1861 Isgaealtgg Iqrgifsrvs aavanlygpt ettidatawn cprvdapeda pigrpianlr

1921 myvldehlgp vpvevpgelf vegveglarey harpgltsgr flpdpfssda garlyrtedl

1981 gryradgaim flgrvdeqvk vsgyrvelge vetalgrhpd vreaivvare glggikrlva

2041 yvtpakegetp earsltafle kilpaymipp vivivnelpk mpsgkvnrna lpapgmdrpd

2101 tagayvaprt pledeiasaf agvlgmdrvg veddffevgg tslllarlas rlinrfgiai

2161 pvhqftkipt vagvanvvet yqregldavl mnghatrlda daslapdisp eglplanyla
2221 pssvlltgat gylgaflleq llkrtratvy clvraadpaq amdrvratmh qylvwdeaya
2281 erirplvgdl gkprlglsre ewerlgleld siyhngalvn fvypysalrg pnvhgtqevl
2341 rlgeghrlka vhyvstidvl lathmprpfm eddaplrnpi evpggytgsk wvaekvvnia
2401 rargipvciy rpglilshee tgatqtndyl lvafrgyvpm giipdyprif dtipvdyaak
2461 aivhistqre algrfthlfn papvslrrfc dwirsygyaf divpfdearr qaldvdtshp
2521 lyplvplird aeaepqesld pafidqlrpd lecrsavevl agsdircppm teelahrclq
2581 ylvdigflgr pevlraarqq kasga
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LOCUS  SafracinB SfcC 1432 aa
ORIGIN
1 mhsptidtfe aalrslpaar dalgayplss eqkrlwllaq lagtatlpvt vryaftgtvd

61 lavvqqnlsa wiahseslrs Ifvevlerpv rllmptglvk leyfdrppsd admaeligaa
121 feldkgpllr afitrtaaqq helhlvghpi vvdepslqri aqtlfqtepd hqypavgaia
181 evfgreqtla qdaqiteqwq qwgiglgapa ateiptenpr paikgsdrqv healtawgdq
241 pvaeaeivss wltvimrwqg sgsalcaikv rdkahanlig plqtylpvrv dmpdgstlaq
301 Irlgveeqln gndhpsfstl leveppkrdl srtpyfqtgl qfiahdveqr dthagnltrl
361 ptkqpssdld Ifiscwvsdg tlgltldyde avinssqvev lagalisvls apgeqpiatv
421 almgqqmqqt vlagahgprt tppqltitew vaastekspl avavidhgqq Isyaelwara
481 alvaanisgh vakprsiiav alprsaefia allgvvragh aflpidprlp tdrigflien
541 sgcelvitsd qgqsvegwpqv arirmealdp dirwvaptgl shsdaayliy tsgstgvpkg
601 vvvehrqvvn nilwrqrtwp Itagdnvlhn hsfsfdpsvw alfwplltgg tivladvrtm
661 edstalldlm irhdvsvlgg vpsligtlid hpfandcrav klvlsggevl npelahkigk
721 vwqadvanly gpteatidal yfsidknaag aipigypidn tdayivdinl npvppgvpge

781 imlaggnlar gvlgkpagta grflpnpfen grvvatgdlg rrwssgaisy lerrdgqvki

841 rghrielnev ahllcgalel keaivfagha gtegarlvaa ieqgpglhse gikgellrhl

901 paylipsqll lldelprtat gkvdmlkldg laapglndag gtecraprtd legsvmtdfa

961 gvlgltavtp dtdffeqggn silltrlagt Isakyqvqip lheffltptp aavaqaieiy

1021 rregltalls rghaqtleqd iyleehirpd glphanwyqp svvfltgatg ylglylieql
1081 lkrttsrvic lcrakdaeha karileglkt yridvgselx rveyltgdla Iphlglsehq
1141 wqtlaeevdv iyhngalvnf vypysalkat nvggtqaile lactarlksv qyvstvdtll
1201 athvprpfie ddaplrsavg vpvgytgskw vaegvanlgl rrgipvsifr pglilghtet
1261 gasqgsidyll valrgflpmg ivpdyprifd ivpvdyvaaa ivhismqpqg rdkfthlfnp
1321 apvtirgfcd 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 atfwqcdqgsd tsdsapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflsrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen qlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
241 nrisihddff evgg

Alighments

saframycin Mx1 synthetase A [Myxococcus xanthus)
Sequence ID: gb|AAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1887 to 2140

Score Expect Method kdentities Positives Gaps Frame
320 bits(819) 5e-96() Composition-based stats. 142/254(56%) 190/254(74%) 1/254(0%)

Features:

Query 2 YGPTEATIDATFW CDQSDTSDS APIGRPIANLKT YILNEYFQIVPVGVP IFVGGT Gl 61
YGPTE TIDAT W C + D + APIGRPIANL+ Y+L4E+3YVPVGV G++FVGG
Sbjct 1887 YGPTEI'I'IDATAWNCPRVDAPEDAPIGRPL&NLR LDEHLQPVPVGVPGELFVGGVGL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS-INTGERIYKT GDLGRYKTDGRIEFLSRIDEQVKVRGYRI 120
ARGYH RPGLT++RFLP+PFS + G R+Y+TGDLGRY+ DG I FL R+DEQVKV GYR+
Shjct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMFLGRVDEQVKVSGYRV 2006

Query 121 ELNEIDIL HPNVKEAICNVYMNFLNENQLVAWSLEKDCCLQSDDLTKYLGERLPSY 180
EL E++ L +HP+V+EAI HVAYV+ K +4+ LT +L + LP+Y
Shict 2007 ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGTPEARSLTAFLEKILPAY 2066
Query 181 MIPSFLMILDKLPKMPNGI'(INRSALPVPSIKNGNNSENYIAPK'I'PIEQ}EISQAFLDVLGL 240
MIP +H+++PKMP+GK+NR+ALP P + + + Y+AP+TP+E EI+AF VLG+
Sbjct 2067 MIPPVFVIVNELPKMPSGKVINRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126
Query 241 NRISIHDDFFEVGG 254
+R+ + DDFFEVGG

+ + DDF
Sbjct 2127 DRVGVEDDFFEVGG 2140
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LOCUS  clone 2
ORIGIN
1 aygptettid atfrqcdgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl
241 nrisihddff elgg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus]

Sequence ID: gb|AAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1887 to 2140

Score Expect Method Kentities Positives Gaps Frame

318 bits(814) 2e-95() Composition-based stats,  143/254(56%) 191/254(75%) 1/254(0%)
Features:

Query 2 YGPTETTIDATFRQCDQSDTSESAPIGRPIANLKT YILNEYFQIVPVGVPGQIFVGGTGI 61
YGPTETTIDAT C +D E APIGRPIANL+ Y+L+E+ Q VPVGVPG++FVGG G+
Sbjct 1887 YGPTETTIDATAWNCPRVDAPEDAPIGRPIANLRMYVLDEHLQPVPVGVYPGELFVGGVGL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS—NTGERIYKTGDLGRYKTDGRIEFLGRIDE%E’(KVRGYRI 120
ARGYH RPGLT ++RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGR+DEQVKY GYR+
Sbjct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMFLGRVDEQVKVSGYRY 2006

Query 121 ELNEIDILLN(SHPNVKEAICNVYMNFLNENQLVAYVSLEKDCCL SDDLTKYLGERLPSY 180
EL E++ L +HP AYV+ K 4+ LT +H +LP
Sbjct 2007 ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGTPEARSLTAFLEKILPAY 2066

Query 181 MIPSFLMILDKLPKMPNGKINRSALPYPSIKNGNNS ENYIAPI-CI'PIE(%I/EISQAFLDVLGL 240
MIP  +I+++ PKMP+GK+NR+ALP P + + + Y+AP+TP+E EI+ AF VLG+
Sbjct 2067 MIPPVFVIVNELPKMPSGKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126

Query 241 NRISIHDDFFELGG 254
+HR+ + DDFFEHGG
Sbjct 2127 DRVGVEDDFFEVGG 2140
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LOCUS  clone 3
ORIGIN
1 iwadggtida tfwqcdqsdt sesapigrpi anlktyilne yfqivpvgvp gqifvggtgi
61 argyhnrpgl taerflpnpf sntgeriykt gdlgryktdg rieflgride qvkvrgyrie
121 Ineidillng hpnvkeaicn vymnflnenq Ivayvslekd cclgsddltk ylgerlpsym
181 ipsflmildk Ipkmpngkin rsalpvpsik ngnnsenyia pktpieqeis rafldvigin
241 risihddffd 1gg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus]

Sequence ID: gb|AAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1893 to 2140

Score Expect Method Kentities Positives Gaps Frame

310 bits(793) 1e92() Composition-based stats, 137/248(55%) 186/248(75%) 1/248(0%)
Features:

Query 7 TIDATFWQCDQSDTSESAPIGRPIANLKT YILNEYFQIVPVGYPGQIFVGGTGIARGYHN 66
TIDAT W C + D _E APIGRPIANL+ Y+L+E+ Q VPVGVPG++HVGG G+ARGYH
Sbjct 1893 TIDATAWNCPRVDAPEDAPIGRPIANLRMYVLDEHLQPVPVGVPGELFVGGVGLARGYHA 1952

Query 67 RPGLTAERFLPNPFS-NTGERIYKTGDLGRYKTDGRIEFLGRIDEQVKVRGYRIELNEID 125
RPGLT ++RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGRHDEQVKV GYR+EL E++
Shjct 1953 RPGLTSQRFLPDPFSS DAGARLYRTGDLGRYRADGAIMFLGRVDEQVKVSGYRVELGEVE 2012

Query 126 ILLN%HPNVKEAICNWMI\IYQ_NEEQLVAYE_? LEJ(DCCLQS DDLTKYLGERLPSYMIPSFL 185
++ LT +L +LP
Sbjct 2013 TALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGT PEARSLTAFLEKILPAYMIPPVF 2072
Query 186 MILDKLPKMPNGKINRSALPVPSIKNGNNSENYIAPKTPIEQEISRAFLDVLGLNRISIH 245
++++HPKMP+GK+NR+ALP P + + + Y+AP+TP+E EI+ AF VLG++R+ +
Sbjct 2073 VIVNELPKMPSGKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGMDRVGVE 2132
Query 246 DDFFDLGG 253

DDFF++GG
Sbjct 2133 DDFFEVGG 2140
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LOCUS  clone 4
ORIGIN
1 aygptettid atfwqcdqsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhtrpg Itaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
241 nrisihddff dvgg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus)

Sequence ID: gbJAAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1887 to 2140

Score Expect Method Kentities Positives Gaps Frame

324 bits(831) 9e98() Composition-based stats,  144/254(57%) 192/254(75%) 1/254(0%)
Features:

Query 2 YGPTETTIDATFWQCDQSDTSESAPIGRPIANLKTYILNEYFQIVPVGVPG IFVGGTGI 61
YGPTETTIDAT W C + D _E APIGRPIANL+ Y+L+E+ Q VPVGVPGHHVGG
Sbjct 1887 YGPTETTIDATAWNCPRVDAPEDAPIGRPIANLRM LDEHLQPVPUGU’PGELFVGGU‘GL 1946

Query 62 ARGY HTRPGLTAERFLPNPFS—NTGERIYKTGDLGRYKTDGRIEFLGRIDE%\{(KVRGYRI 120
ARGYH RPGLT ++RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGR+DEQVKV GYR+
Shict 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMFLGRVDEQVKVSGYRV 2006

Query 121 ELNEIDILLNOHPNVKEAICNVYMNFLNENQLVAYVSLEKDCCLOSDDLTKYLGERLPSY 180
E++ L +HP+V+EAI AW+ K 4+ LT +L+LP
Shjct 200? ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGTPEARSLTAFLEKILPAY 2066

Query 181 MIPSFLMILDKLPKMPNGKINRSALPVPSIKNGNNS ENYD%PKTPIE(%I’EIS QAFLDVLGL 240
MIP  +[+++PKMP+GK+NR+ALP P + + + Y+AP+TP+E EI+ AF VLG+
Sbijct 2067 MIPPVFVIVNELPKMPSGKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126

Query 241 NRISIHDDFFDVGG 254
+HR+ + DDFF+VGG
Sbjct 2127 DRVGVEDDFFEVGG 2140



151

LOCUS  clone 5
ORIGIN
1 aygpteatid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen qlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
241 nrisihddff eqgg

nmen

saframycin Mx1 synthetase A [Myxococcus xanthus]

Sequence ID: gb]AAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1887 to 2140

Score Expect Method Identities Positives Gaps Frame
320 bits(821) 2e-96() Composition-based stats.  143/254(56%) 190/254(74%) 1/254(0%)

Features:

Query 2 YGPTEATIDATFWQCDQSDTSESAPIGRPIANLKTYILNEYFQIVPVGVPGQIFVGGTGI 61
YGPTE TIDAT W C + D E APIGRPIANL+ Y+ +E+ 8 VPYGVPG+H+FVGG G+
Sbjct 1887 YGPTETTIDATAWNCPRVDAPEDAPIGRPIANLRMYVLDEHLQPVPVGVPGELFVGGVGL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS- NTGERIYKTGDLGRYKTDGRIEFLGRIDE%YKVRGYRI 120
ARGYH RPGLT ++RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGR+DEQVKV YR+
Sbjct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMFLGRYDEQVKVSGYRV 2006

Query 121 ELNEIDILLNQHPNVKEAICNVYMNFLNENQLVAYVSLEKDCCLQSDDLTKYLGERLPSY 180

EL E++ L +HP+V+EAI HVAYW+ K~ ++ LT + +LP+Y
Sbjct 2007 ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGTPEARSLTAFLEKILPAY 2066
Query 181 MIPSFLMILDKLPKMPNGKINRSALPVPSIKNGNNS ENY]APK'I'PIEQ}EISQAFLDVLGL 240

MIP  +I++HPKMP+GK+NR+ALP P + + + Y+AP+TP+E EI+ AF VLG+
Shjct 2067 MIPPVFVIVNELPKMPSGKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126
Query 24—&R NRISIHDDFFEQGG 254

Sbjct 2127 DRVGVEDDFFEVGG 2140
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LOCUS  clone 6
ORIGIN
1 aygptettid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln *hpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
241 nrisihddff elgg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus]

Seguence ID: gb|AAC44129,1| Length: 2605 Number of Matches: 2
Range 1. 1887 to 2140

Score Expect Method Identities Positives Gaps Frame
322 bits(825) 7e-97() Composition-based stats. 144/254(57%) 191/254(75%) 1/254(0%)

Features:

Query 2 YGP‘TETTIDATFWQCDQSDTSESAPIGRPIANLKTYILNEYFOPNPVGVPG%FVGGTGI 61
. YGPTETTIDAT W C + D E APIGRPIANL+ Y+L+E+ Q VPVGVPG+HHVGG G+
Sbjct 1887 YGPTETTIDATAWNCPRVDAPEDAPIGRPIANLRMYVLDEHLQPVPVGVPGELFVGGVGL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS-NTGERIYKT GDLGRYKT DGRIEFLGRIDEQVKVRGYRI 120
ARGYH RPGLT ++RFLP+4PFS + G R+Y+TGDLGRY+ DG I FLGR4DEQVKV GYR+
Shjct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMFLGRVDEQVKVSGYRV 2006

Query 121 ELNEIDILLN*HPNVKEAICNVYMNFLNENQLVAYVSLEKDCCLQSDDLTKYLGERLPSY 180
) EL E++ L HP+V+EAI +HVAYV+ K ++ LT +L + [P+
Sbjct 2007 ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGTPEARSLTAFLEKILPAY 2066
Query 181 MIPSFLMILDKLPKMPNGKINRSALPVPSIKNGNNS ENYIAPKTPIEQI{EISQAFLDVLGL 240
P +I++HPKMP+GK+NR+ALP P + ++ Y+AP+TP+E EI+ AF VLG+
Shjct 2067 MIPPVFVIVNELPKMPSGKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126
Query 241 NRISIHDDFFELGG 254

+HR+ + DDFFE+GG
Sbjct 2127 DRVGVEDDFFEVGG 2140
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LOCUS  clone 7
ORIGIN
1 aygptettid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
241 nrisihddff degg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus]

Sequence ID: gbJAAC44129.1| Length: 2605 Number of Matches: 2
Range 1; 1887 to 2140

Score Expect Method Kentities Positives Gaps Frame
322 bits(824) 1e-96() Composition-based stats.  143/254(56%) 191/254(75%) 1/254{0%)

Features:

Query 2 YGPTI:—I_I'IDATFWQCDQSDTSESAPIGRPIANLKTYILNEYF%NPVGV PG IFVGGT Gl 61
YGPTETTIDAT W C + D E APIGRPIANL+ Y+H +E+ Q VPVGVPGHFVGGE
Shjct 1887 YGPTETTIDATAWNCPRVDAPEDAPIGRPIANLRM LDEHLQPVPVGVPGELFVGGVGL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS- NTGERIYKTGDLGRYKTDGRIEFLGRIDE%YKVRGYRI 120
ARGYH RPGLT ++RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGR+DEQVKV GYR+
Sbjct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMFLGRVDEQVKVSGYRV 2006

Query 121 ELNEIDILLNQHPNVKEAICNVYMNFLNENQLVAYVSLEKDCCLQSDDLTKYLGERLPSY 180
EL E++ L +HP+V+EAI +HVAYV+ K ++ LT +L + [P+Y
Shjct 2007 ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGTPEARSLTAFLEKILPAY 2066
Query 181 MIPSFLMILDKLPKMPNGKINRSALPVPSIKNGNNSENYIAPKTPIEQ}EISQAFLDVLGL 240
+[4++-+H PKMP+GK4+NR+ALP P + + + Y+AP+TP+E EI+ AF VLG+
Shijct 2067 MIPPVFVIVNELPKMPS GKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126
Query 241 NRISIHDDFFDEGG 254
+R+ + DDFF+

Sbjct 2127 DRVGVEDDFFEVGG 2140



154

LOCUS  clone 8
ORIGIN
1 aygpteatid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
241 nrisihddff dhgg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus)

Sequence ID: gb|AAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1887 to 2140

Score Expect Method Kdentities Positives Gaps Frame
319 bits(818) 7e-96() Composition-based stats.  142/254(56%) 190/254(74%) 1/254(0%)

Features:

Query 2 YGPTEATIDATFWQC SDTSESAPIGRPIANLKIYILNEYF%NPVGVPG IFVGGTGI 61
YGPTE TIDAT W C + PIGRPIANL+ Y+ +E+ ++FV
Sbjct 1887 YGPTEITIDATAWNCPRVD&PEDAPIGRPIANLR LDEHLQPVPVGVPGELFVGGVGL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS- NTGERIYKTGDLGRYKTDGRIEFLGRIDE%YKVRGYRI 120
ARGYH RPGLT ++RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGR+DEQVKV GYR+
Sbjct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMFLGRVDEQVKVSGYRY 2006

Query 121 ELNEIDILLNQHPNVKEAICNVYMNFLNENQLVAYVSLEKDCCLQSDDLTKYLGERLPSY 180
EL E++ L +HP+V+EAI +HVAYV+ K ++ LT +H + LP+Y
Shjct 2007 ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGTPEARSLTAFLEKILPAY 2066
Query 181 MIPSFLMILDKLPKMPNGKINRSALPVPSII(I\IGNNSENYIAPKTPIEC%FISQAFLDVLGL 240
MIP +I+++LPKMP+GK+NR+ALP P + + + Y4+AP4+TP+E EI+ AF VLG+
Shjct 2067 MIPPVFVIVNELPKMPSGKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126
Query 241 NRISIHDDFFDHGG 254
+R+ + DD

FF+ GG
Sbict 2127 DRVGVEDDEFEVGG 2140
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LOCUS  clone9
ORIGIN
1 aygpteatid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl
241 nrisihddff elgg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus]

Sequence ID: gb|AAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1887 to 2140

Score Expect Method Kkentities Positives Gaps Frame

322 bits(825) 8e-97() Composition-based stats.  143/254(56%) 191/254(75%) 1/254(0%)
Features:

Query 2 YGPTEATIDATFWQCDQSDTSESAPIGRPIANLKT YILNEYFQIVPVGVPG IFVGGTGI 61
YGPTE TIDAT W C + D E APIGRPIANL+ Y+L+E+ Q VPVGVPG++FVGG
Sbjct 1887 YGPTETTIDATAWNCPRVDAPEDAPIGRPIANLRI LDEHLQPVPVGU’PGELFVGGU’ GL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS-NTGERIYKTGDLGRYKT DGRIEFLGRIDE! VKVRGYRI 120
ARGYH RPGLT ++RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGR+DEQVKV
Sbijct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMF GRVDEQVKVSGYRV 2006

Query 121 ELNEIDILLN%HPNVKEAICNWMNFLNENQLVAWSLEI-(DCCL SDDLTKYLGERLPSY 180
E++ L +HP+V+EAL YV+ K = ++ LT +L + LP+
Shjct 2007 ELGEVETALGRHPDVREAIVVAREGLQGIKRLVAYVTPAKGGT PEARSLTAFLEKILPAY 2066

Query 181 MIPSFLMILDKLPKMPNGKINRSALPYPSIKNGNNS ENYIAPKTPIE({I/EIS QAFLDVLGL 240
MIP  +I+++HPKMP+GK+NR+ALP P + + + Y+AP+TP+E EI+ AF VLG+
Sbjct 2067 MIPPVFVIVNELPKMPSGKVNRNALPAPQMDRPDTAGAYVAPRTPLEDEIASAFAGVLGM 2126

Query 241 NRISIHDDFFELGG 254
+R+ + DDFFE+GG
Sbjct 2127 DRVGVEDDFFEVGG 2140
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LOCUS clone 10
ORIGIN
1 aygpteatid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
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 ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvlgl
241 nrisihddff elgg
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LOCUS  clone 12
ORIGIN
1 aygpteatid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt kylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
241 nrisihddff ehgg

Alignments

saframycin Mx1 synthetase A [Myxococcus xanthus]

Sequence ID: gb|AAC44129.1| Length: 2605 Number of Matches: 2
Range 1: 1887 to 2140

Score Expect Method Kentities Positives Gaps Frame

320 bits(821) 2e-96() Composition-based stats.  143/254(56%) 190/254(74%) 1/254(0%)
Features:

Query 2 YGPTEATIDATFWQCDQSDTSESAPIGRPIANLKT YILNEYFQIVPVGVPG IFVGGTGI 61
YGPTE TIDAT W C + D E APIGRPIANL+ Y+H.+E+ Q VPVGVPG++HVGG
Shjct 1887 YGPTETTIDATAWNCPRVDAPEDAPIGRPIANLR LDEHLQPVWG:‘PGELFVGGVGL 1946

Query 62 ARGYHNRPGLTAERFLPNPFS-NTGERIYKTGDLGRYKTDGRIEFLGRIDE VKVRGYRI 120
ARGYH RPGLT +4+RFLP+PFS + G R+Y+TGDLGRY+ DG I FLGR+DEQVKV
Sbjct 1947 ARGYHARPGLTSQRFLPDPFSSDAGARLYRTGDLGRYRADGAIMF GRVDEQVKVSGYRV 2006

Query 121 ELNEIDILLNQHPNVKEAICNVYMNFLNENQLVAYVS LEKDCCLQS DDLTKYLGERLPSY 180
EL E++ L +HP+V+EAIL HVAYW+ K 4+ LT +L + LP+Y
Sbjct 2007 ELGEVI:—I'ALGRHPDVREANVAREGLQGIKRLVAY\:’TPAKGGT PEARSLTAFLEKILPAY 2066

Query 181 MIPSFLMILDKLPKMPNGKINRSALF'VPSIKNGNNSENYIAPKTPIEQI/EISQAFLDVLGL 240
MIP +I+++PKMP+GK+NR+ALP P + + + Y+AP+TP+E EI+ AF VLG+
Shjct 2067 MIPPVFVIVNELPKMPSGKVNRNALPAPQMDRPOTAGAYVAPRTPLEDEIASAFAGVLGM 2126

Query 241 NRISIHDDFFEHGG 254
+R+ + DDFFE GG
Sbjct 2127 DRVGVEDDFFEVGG 2140
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LOCUS clone 13
ORIGIN
1 aygpteatid atfwqcdqgsd tsesapigrp ianlktyiln eyfqivpvgv pgqifvggtg
61 iargyhnrpg ltaerflpnp fsntgeriyk tgdlgryktd grieflgrid eqvkvrgyri
121 elneidilln ghpnvkeaic nvymnflnen gqlvayvslek dcclgsddlt eylgerlpsy
181 mipsflmild klpkmpngki nrsalpvpsi kngnnsenyi apktpieqei sqafldvigl
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)

2)

3)
4)
5)
6)
7)
8)
9)
10)
11)

12)

CopyControl™ pCC1FOS™ Fosmid Vector: 0.5 pg/ul

(Cloning-Ready; linearized at the unique Eco72 I site and dephosphorylated)
End-Repaire 10x Buffer

(330 mM Tris-acetate [pH7.8], 660 mM potassium acetate, 100 mM magnesium
acetate, 5 mM DTT)

dNTP Mix (2.5 mM each of dATP, dCTP, dGTP, dTTP)

End-Repair Enzyme Mix (T4 DNA polymerase and T4 polynucleotide kinase)
T7 DNA siza marker: 100 ng/ul

ATP solution: 10 mM

Fast-Link™ DNA Ligase: 40U or 2U/ul

Fast-Link™ 10x Ligation Buffer

GELase™ Enzyme Preparation: 25U or 1U/pl

GELase™ 50x Buffer (2 M Bis-Tris [pH6.0], 2 M NaCl)

EPI300™ E. coli strain: glycerol stock

[(F mcrA A (mrr-hsdRMS-mcrBC) ¢ 80dlacZ AM15AlacX74 recAlendAl
araD139 A (ara, leu) 7697 galU galK A rpsL nupG trfA)]

MaxPlax™ Lambda Packaging Extracts

Additionally required reagents

1)
2)
3)
4)
5)
6)

7)

LB broth + 10 mM MgSO4

LB plate + 12.5 pg/ml chloramphenicol

Low melting point (LMP) agarose

3M sodium acetate (pH7.0)

Ethanol

Phage dilution buffer

(10 mM Tris-HCI [pHS8.3], 100 mM NaCl, 10 mM MgCl,,)
TE buffer (10 mM Tris-HCI [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 5x conc. labeling mixture
containing optimal conc. of
random primers, nucleotides,
DIG-dUTP (alkali-labile),

klenow enzyme and buffer

2 DIG-labeled control DNA 5 pg/ml pBR328 DNA
(linearized with BamHI)

3 DNA dilution buffer 50 pg/ml fish sperm DNA in
10 mM Tris-HCI, 1 mM
EDTA [pH8.0]

4 Anti-Digoxigenin-AP Conjugate | 750 U/ml from sheep, Fab-
fragments, conjugated to
alkaline phosphatase

5 NBT/BCIP 5x 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 10x conc.

7 DIG Easy Hyb Granules Hybridization solution




Step I:
Y
2)
3)
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Preparing colony lifts

Denaturation solution: 0.5 N NaOH, 1.5 M NaCl

neutralization solution: 0.5 M Tris-HCI, 1.5 M NaCl

2x saline sodium citrate (SSC): 20x SSC stock solution containing 3 M
sodium acetate and 300 mM trisodium citrate adjust pH 7.0 with HCI

Step II: DIG-DNA labeling and quantification of labeling efficiency

1)
2)

4)

4)

5)
6)

DIG-High Prime

Blocking solution: a 1x solution was prepared by diluting 10x blocking
solution (Bottle 6) 1:10 with maleic acid buffer
Anti-dioxigenin-alkaline phosphatase: dilute Anti-dioxigenin-AP 1:5000 in
blocking solution

Maleic acid buffer: 0.1 M Maleic acid, 0.15 M NaCl adjust with NaOH to pH
7.5

Detection buffer: 0.1 M Tris-HCI, 0.1 M NaCl [pH 9.5]
Tetrazolium/5-bromo-4-chloro-3-indoyl phosphate (NBT/BCIP): 40 pl of
NBT/BCIP stock solution were diluted with 2 ml of detection buffer

Step I1I: Hybridization

1)

2)
3)

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.

Low stringency wash buffer: 2xSSC, 0.1% SDS

High stringency wash buffer: 0.5xSSC, 0.1% SDS

Step IV: Immunological detection

1)

2)
3)
4)
S)

Washing buffer: 0.1 M Maleic acid, 0.15 M NaCl [pH7.5], 0.3% (v/v) Tween
20

Blocking solution: as described in step 11

Anti-dioxigenin-alkaline phosphatase: as described in step 11

Detection buffer: as described in step 11

TE buffer: 10 mM Tris-HCI, 1 mM EDTA [pH&.0]
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APPENDIX G

Spectral data; HREIMS mass, IR, '"H-NMR, 'H-'H COSY, *C-NMR, DEPT135,
HMQC, and HMBC
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CH;
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6-, 16-CH,
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13-H, 3-H
14-Hp
4-HB

14-Ha, 4-Haou

Figure G1 The 300 MHz 'H-NMR spectrum of 5,8,15,18-tetra-O-acetylbishydro
quinone RM (CDCl»)

Figure G2 The 300 MHz "H-NMR spectrum of 5,8,15,18-tetra-O-acetylbishydro
quinone RM (CDCl;3) (Amnuoypol et al., 2004.
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Figure G3 HREIMS mass spectrum of ARM.
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Figure G4 IR spectrum of ARM (KBr).
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Figure G5 The 300 MHz '"H-NMR spectrum of ARM (CDCl;).
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Figure G6 The 300 MHz 'H-"H COSY spectrum of ARM.
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Figure G8 DEPT 135 spectrum of ARM (CDCl3).
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Figure G9 The 300 MHz HMQC spectrum of ARM (CDCl3).
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Figure G10 The 300 MHz HMBC spectrum of ARM (CDCls).
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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”



Table H1 Cell viability was analyzed by MTT assay.
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Concentration Renieramycin M (RM) 5-O acetylhydroquinone
(M) renieramycin M (ARM)
% cell viability SD % cell viability SD
(Mean) (Mean)
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.

Renieramycin M

5-0O acetylhydroquinone

renieramycin M

Concentration

% Necrosis % Apoptosis % Necrosis % Apoptosis
(uM)

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 9.86 490 | 6095 | 5.85 1.84 0.37 | 59.00 | 8.94
10 11.52 | 538 | 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-Gy analysis by flow cytometry.

Concentration Renieramycin M 5-O acetylhydroquinone
(M) 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 4428 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 Renieramycin M 5-O acetylhydroquinone
(M) 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 HS Percentage of cell viability in the presence or absence of NAC.

Renieramycin M 5-O-acetylhydroquinone
renieramycin M
Condition Condition
Mean SD Mean SD
control 100.00 0.10 control 100.00 0.10
20 uM RM 15.58 1.75 20 uM ARM 23.81 1.69
20 uM RM + 20 uM ARM
I mM NAC 25.53 1.26 + 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 uyM RM 20.01 4.02 67.99 5.60
20 uM RM +
10.64 3.82 65.13 7.70
I mM NAC
20 uM ARM 2.12 1.22 73.86 5.81
20 uM 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 DCFH,-DA.

0h 1h 3h 6h
Condition Mean SD | Mean SD | Mean| SD | Mean | SD

control 1.00 | 0.01 | 2.69 | 0.11 | 6.56 | 028 | 11.74 | 0.72

20 uM RM 1.00 | 0.03 | 627 | 032 | 19.89 | 0.44 | 37.32 | 1.01

20 uM RM +

| M NAC 1.00 | 0.10 | 448 | 034 | 12.50 | 0.52 | 22.61 | 0.97

20 u(MARM | 100 | 002 | 376 | 006 | 9.62 | 0.04 | 1855 | 0.39

20 UM ARM

+1mMNAC | 1.00 | 002 | 3.04 | 001 | 678 | 0.12 | 11.16 | 025
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Table H8 H23 cells were pretreated under the presence or absence of sodium

pyruvate (SP) and measured for H,O, signals by DCFH,-DA.

Oh 1h 3h 6h

Condition Mean | SD | Mean | SD | Mean SD Mean SD

control 1.00 | 0.01 | 2.69 | 0.11 | 656 | 0.28 | 11.74 | 0.72
20 uM RM 1.00 | 0.03 | 6.27 | 0.32 | 19.89 | 0.44 | 37.32 1.01
20 uM RM +

1 mM SP 1.00 | 0.06 | 6.36 | 0.09 | 22.09 | 0.60 | 41.52 | 1.30

20 uyM ARM 1.00 | 0.02 | 3.76 | 0.06 | 9.62 0.04 | 18.55 0.39

20 uM ARM
+1mM SP 1.00 | 0.00 | 330 | 0.09 | 9.79 | 038 | 21.42 | 1.08

Table H9 Hydroxyl radical signals were measured by HPF.

Oh 1h 3h 6h

Condition Mean | SD | Mean | SD | Mean SD Mean SD

control 1.00 | 0.03 | 098 | 0.02 | 1.02 0.00 1.06 0.00
20 uyM RM 1.00 | 0.00 | 1.02 | 0.00 | 1.07 0.00 1.14 0.00

20 uyM 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.

Oh 1h

3h 6h
Condition Mean | SD | Mean | SD | Mean | SD | Mean SD
control 1.00 | 0.06 | 1.50 | 0.03 | 2.18 024 | 233 0.44
20 uM RM 1.00 | 0.14 | 1.61 | 0.13 | 2.54 0.31 4.43 0.41

20 uyM ARM 1.00 | 0.11 | 1.60 | 0.00 | 2.48 0.26 2.78 0.16
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