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Chapter 6: Nucleotide Sequencing and Analysis of PKS Cluster

INTRODUCTION

Sequencing of the type II polyketide synthase cluster from S. flaviscleroticus was
initiated in 2003, with only 2.8kb of DNA containing the most conserved Ketosynthase
and Chain Length Factor deciphered, along with a partial sequence of O-methyl
transferase gene. Parallely Mendez-Salas group in Oviedo, Spain in collaboration with
Rohr group in Kentucky, USA, sequenced and published the whole cluster of
chromomycin synthase gene cluster from S. griseus sub griseus (Mendez et al, 2004a).
The minimal PKS sequence determined by our lab, in cluster from S. flaviscleroticus,

was submitted to Pubmed prior to the release of sequence from S. griseus.

The paper had received commentary with marked attention, due to the heavy
similarity between the chemical structures of chromomycin and another aureolic acid
molecule-mithramycin. It was expected that the two clusters would be nearly identical.
But it was found that, however there was high homology between individual
mithramycin and chromomycin genes, the arrangement of the genes in the chromomycin
cluster was substantially different. Owing to this phenomenon, a significant alteration in
the sequences of two chromomycin producers, namely S. griseus and S. flaviscleroticus

could not have been ruled out.

Also, it was proposed that if either mithramycin or chromomycin was acquired by
horizontal gene transfer, the differences in the two clusters suggest that substantial gene
reorganization must have taken place and that the driving force for such reorganization
remains unclear. Interestingly, sequencing of cluster from S. flaviscleroticus provided,
what can be considered as, a connecting link between the two clusters. A transposon
appears in the cluster of S. flaviscerloticus which is absent in cluster from S. griseus.
Though placed within cluster, the transposon is not involved in either chromomycin
synthesis or resistance. Thus, due to the significance of origin and role of this transposon,

it has been discussed separately in detail at the end of the chapter.

Putative proteins from S. griseus chromomycin cluster, involved in biosyntheis of

the molecule, were assigned an alphabet with prefix ‘cmm’ while those involved in
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resistance had a prefix ‘cmr’. We have used prefix ‘sfl’ (for S. flaviscleroticus) and ‘sfr’
for genes of biosynthesis and resistance respectively, maintaining the alphabets assigned.

in S. griseus cluster.

Owing to the specificity of the cluster, a direct comparision of Sfl -cluster has been
made with Cmm -cluster, along with the comparision with individual genes from
different clusters. Thus in this chapter attempt has been made to cornpare the
chromomycin cluster of S. flaviscleroticus in terms of structural organization (cluster
level, operon level and gene level), functional organization (regulation, biosynthesis of
chromophore & sugar moiety, time and order of activation of different genes), and

evolutionary point of view.
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STRATEGY

For DNA sequence determination, purified plasmid clones were sent in the form of
single colony streaked culture, for which DNA isolation and sequencing was carried out
by Sanger Dideoxy Method, on payment basis at Microsynth, Switzerland.

The strategies attempted for cloning and subsequent nucleotide sequencing of various

fragments of cluster are as follows:

6.2.1 Primer Walking

Insert DNA was cloned in the homologous sites of pBluescriptKSv. T3 ~T7 phage
promoter sites present in the plasmid flanking the MCS, were used as primers to initiate
sequencing reaction. Primers required at both ends for subsequent reactions were
generated from the new end of sequencing result of previous reactions. Sequencing was

discontinued once the overlap was detected in the sequences.

6.2.2 Transposon mediated sequencing

Tni000, also known as y8, is replicative type of transposon of 5.7 kb. It is
naturally found on the E.coli chromosome and on the conjugative plasmid F (Guyer,
1978); the experimental use of yd described here used F as the transposon donor. yd
mediates transfer of non-conjugative plasmid via forming a co-integrate through the
replicative transposition, which is converted by site-specific recombination in the
recipient to the original F* factor plus the plasmid carrying one copy of y& as described
in fig 6.2.

Since the event is presumed to be reasonably random, clones with insertions at
varied positions can be easily obtained that can be used for further sequencing. pSET
(5.5kb) digestion with Ps#l and subsequent intramolecular ligation could eliminate ~3kb
DNA comprising of att-site and integrase gene not required for this experiment. This

exercise would reduce the probablity of transposon insertion in backbone. pl1EBSK

B T e
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fragment of the cluster was cloned in reduced pSETAPsf to form pi 1EBT. The DNA was
transformed into JP3301, which carries transposon Tn7000 on a resident F+

Conjugational cross was set up with DH5a as shown below (protocol in chapter 2).

Donor Strain:  JP3301

Duplicated yd

Site specific
recombination

Fig 6.1: Diagrammatic representation of the conjugation mediated transposition process furnished by the

presence of F plasmid containing Tn 1000

pIIEBT JP3301 (¥t recA) X DH5a (F'NalR recA")

DONOR RECEIPIENT
F is expected to form co-integrate with pi 1IEBT and will move into recipient by conjugal

transfer. Selection on media supplemented with nalidixic acid and apramycin would

select against donor and recipient cells respectively.

Each colony obtained thereby has to be with a transposed plasmid, since it cannot

undergo conjugal transfer without getting integrated with F in JP3301 and later get
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Fig 6.2: A. Physical map of Tnl/000 generated by Schwacha et al, 1990.

resolved by homologous recombination. Both these events are transposon mediated

steps.

Inverted primers were designed from the end sequences of Tn/000 that read in
outward directions. This would enable direct sequencing of the insert. Ten purified

colonies at random were sent for sequencing.
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RESULT AND DISCUSSION

6.3.1 Nucleotide sequencing:

Eight PKS" clones from cosmid library with ~20kb fragment of genomic DNA of
S. flaviscleroticus was initial source of DNA. A physical map with respect to four
restriction enzymes generated in earlier work in our lab was source of DNA for
sequencing purpose. Sequencing was done using EcoRI fragments which were in the
order of 5kb, 11kb, 4kb, 8kb and 17kb in size from one end (Fig- 6.3).

5k 11kb 4kb 8kb 17kb

Fig- 6.3: Diagramatic representation of EcoR1 restriction sites in physical map of PKS DNA

For sequencing of 8kb fragment, sub-clones generated earlier were used. Subclones
were generated with a view that it will involve handling of more than one clone at a time
and so parallel sequencing of these clones would ensure faster processing of the
objective against primer walking where only one reaction can be carried out at a time
making it relatively slower process. The other advantage was in more frequent use of
non-charged universal primers (T3-T7) against custom oligosynthesis for primer
walking. But later it was realized that subclone generation not only consumes resource
and time, but is not full-proof as well. There is always a chance that a very small
fragment (<150 bases), not easily detectable on agarose gel, might get left out. To take
care of this, single reaction of the 8kb clone at every subclone connection, using specific
primers, had to be done. Thus, directly primer walking was used for sequencing 4kb and
17kb. Shot gun sequencing could have been attempted for 17kb fragment but for the cost

intensive nature of the strategy, it was not attempted.
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11kb EcoRI fragment was unique with flanking 4kbEcoR1 DNA downstream to
it and a 5kbEcoR1 fragment upstream. Nucleotide sequencing of 5kbEcoR1 DNA with
its T3 and T7 ends did not reveal any significant homology to type Il PKS cluster genes.
ORF of cyclase is split between 4kbE and 11kbE. 5° end of cyclase ORF is in 4kbE and
3’ end in 11kbE. The rest of 11kbE DNA also does not contain Type Il PKS genes but
contain imperfectly conserved NRPS genes. Owing to the large size of the DNA and the

aforementioned reason, transposon mediated sequencing technique was employed for it.

11kb EcoR1 was cloned in pSETApst. Routinely used pBSK was deliberately
avoided in this experiment since it has been found in our lab, not to be suitable for such
conjugation process as the satellite colonies very rapidly overgrow on ampicillin to
develop into a lawn, making exconjugants indistinguishable. Sequencing results revealed
the incomplete putative cyclase of 4kb fragment that continued in 11kb was infact the
last gene of the cluster. Rest of the DNA appeared to belong to Non-Ribosomal Peptide
Synthase (NRPS) cluster.

Tnl000 showed a very high bias towards backbone DNA. Even though the insert
'(I 1kb) was much larger than backbone, out of ten clones sent for sequencing at random,
seven had transposition in backbone. Further, this becomes more conspicuous since

transposition event in ori and resistance gene regions are selected against.

Tnl000 is of non-GC rich E. coli origin (Schwacha et al, 1990), while the insert
DNA was from GC rich Streptomyces sp. Results suggested that Tn/000 could be acting
on DNA with nucleotide bias. Literature survey later revealed that Tn/000 has high
preference for AT rich five base pair DNA (Liu et al, 1987). Also, this transposon has
been successfully used in past for other GC rich genomes, without any modification with
Drosophila melanogaster (Strausbaugh et al, 1990) and its derivative in S. avermitilis
(Berg et al, 1992). Atleast in Drosophila it was found that whenever transpositioning

occurred in GC rich regions, they were invariably in the AT valleys of the GC rich DNA.
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& 3.2 Cluster Organization:

The organization of genes in this polyketide cluster is complex. There are genes
. that function solitary as well as there are genes that are organized in operons. These
genes/operons are convergently as well as divergently transcribed. Also, functionally
related genes are placed in separate operons while those not having close functional
relevance have been grouped in one operon. For better understanding of the cluster the
analysis has been done, taking into consideration the structural organization as well as

functional attributes of the components.

€.3.3 Structural organization of the cluster:

Eight overlapping cosmid clones, each with ~25kb DNA, represented over 45kb
genomic DNA. Sequencing of 17kbE fragment shows an incomplete gene with high
homology to cmmUIII, this would mean that the cluster would continue further .
downstream. Sequencing of 11kbEcoR1 fragment reveals putative cyclase to be the last
gene of the cluster at one end, since ORFs upstream of cyclase did not show homology to
known gene of aromatic polyketide biosynthetic pathway. Immediately upstream of
cyclase is a small patch of DNA that shows homology with a putative transposase.
Metallopeptidase and genes showing high homology to non-ribosomal Peptide Synthase
{NRPS) cluster were present further upstream.

6.3.4 Operons:

There are several proteins that play important roles in either synthesis or
maturation of a polyketide molecule. The genes of these proteins are placed in close
proximity to form clusters. The cluster contain genes independently as well as they are

grouped together to form operon and are transcribed by a common promoter.
There are 26 complete and one incomplete open reading frames that show

significant homology with type II polyketide synthase cluster of other producers. These

genes are present in more than one operon. Surprisingly, only two genes appear to have
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Chapter 6: Nucleotide Sequencing and Analysis of PKS Cluster

their independent promoters. Sequencing of ~30kb DNA reveals presence of alteast
seven operons in this cluster. Six operons are complete and the seventh has been

hypothesized based on the orientation of last gene.

Although there is significant similarity between structures of chromomycin and
mithramycin which is also reflected in significant similarity between genes, the
arrangement of the genes in the chromomyin cluster is organized in a substantially
different way. A dramatic rearrangement in the order of the genes still results in
successful expression of the aureolic acid antibiotic (O’connor, 2004). Mithramycin
cluster appears to possess a relatively simple organization, wherein the aglycone
polyketide chormophore synthesis genes are present in separate operons and the sugar
synthesis genes in other. Thus, both the components are probably synthesized
independently. As against this, chromomycin cluster appears to be disorganized and
without any pattern, at first sight, with unrelated genes going together in same operon
while the related ones present in separate operons. But a closer look into the cluster
provides an insight about the co-ordination in the synthesis process exhibited by the
cluster. Thus, contrary me strategy of mithramycin cluster of grouping functionally
related genes that perform similar activities and carry out synthesis of components
independently, chromomyein cluster seem to have adopted policy of temporal regulation
(grouping genes required for a particulatage), thereby forming operons for each
stage of synthesis irrespective of their relevance with each other. For example, in
mithramycin synthesis genes of aglycon (mtmX, mtmP, mtmK, mimS, mtmOl, mtmTI and
mtmY) and sugar moiety (mimZ, mtmA, mtmH, mimD and mtmE) form separate operons
and remain functionally independent of each other, whereas in chromomycin it is
ensured that synthesis of both these components initiate simultaneously and so the starter
genes for sugar synthesis (sfIE, sfID) and chromophore synthesis (s/IP, sfIK) have been
probably placed in the same operon. Though SIS is an essential part of minimal PKS, it
has not been included in this operon. It has been coupled with the cyclase (sfIY) in a
separate operon since cyclase is immediately required once carbon skeleton has been
formed. Further, crmmV, cmmW and cmmUIL have been coupled with cmmOl and cmmX
as they are involved in the next step of sugar synthesis and chromophore synthesis
respectively. Genes involved in subsequent maturation and modification of both these

components is evenly distributed in operons.
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Chapter 6: Nucleotide Sequencing and Analysis of PKS Cluster

8.3.5 Génes:

Of the 26 ORF’s showing significant homology with different polyketide
synthase genes (Table- 6.1), sfIX was the largest in the cluster and ¢mmS as found to be
the smallest. Some genes that performed similar functions like sfIMI, sf/MII and s/IMIIL
showed a striking similarity in their DNA sequences. sfIMII and sfIR], only genes that
were transcribed individually, were contiguous in position but on opposite strands. Thus,
they represent divergent transcriptional units. Genes in more than one place showed
overlap of stop codon and start codon which is hallmark of ketosynthase and CLF genes.
There were a few genes that even ran down, at their C-terminal end, in the ORF of next
gene placed either on opposite strand or on the same strand. This could have probably
happened due to addition/deletion mutation in the reading frame. This was not seen in
chromomycin cluster of §. griseus. Two important genes of the cluster namely, sf/RI and
sfIX involved in transcriptional regulation and self-resistance respectively, uses GTG as

the start codon instead of usual ATG.

&.3.6 Organization of genes reflecting stages of their action:

Based on the putative functional attributes to the genes in the cluster and in the
background of the putative pathway for chromomycin biosynthesis, we have attempted
to study the step wise integrated progress in molecule formation that appears to be
hallmark of this cluster, This attempt is not exhaustive since there are more

genes/operons to be added in the cluster.

We hypothesize that operon -5 must be the first operon to activate since it
contains a negative regulator (sf/RII) of chromomycin biosynthesis. Thus, activation of
this operon is required before activation of biosynthesis genes. Also, it has ABC
transporter genes (sfrA, sfiB), activation of which in advance ensures the cell from
suicidal action of chromomycin biosynthesis. Under appropriate conditions sfIRI
(transcriptional activator), which is transcribed individually, would initiate chroniomycin
biosynthesis by helping in transcription of operon — 3 which contains genes that initiate
synthesis of chromophore backbone (sfIP and sfIK) and sugar moiety (sf/D and sfIE).
Usually minimal PKS genes are found in same operon (Rawlings et al, 1999) but in this

case it is not so. And for this reason activation of operon -1 containing essential sfIS
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Chapter 6: Nucleotide Sequencing and Analysis of PKS Cluster

Table 6.3: Structural organization of various operons in the cluster and their presumptive

role at different stages in chromomycin A; biosynthesis

o

g\mOpcron -1 - sfIS, sfITL, sAIY | 3
Operon -2 + sfIV, sfIW, sfIUL], sfIOL, sfIX 3
Operon -3 - sfIK, sfiP, $fIE, sfiD 2
Operon -4 + sfIMI, sAIUT, sAIMI, sfIGI, sfIOIV, 4

sAIWY, sfILL
Operon -5 - sf¥B, sfrA, sfIRIL 1
Operon -6 + sfrX, sfiIC 4

gene along with sfTY and sfITI has to follow immediately. These are the same set of
genes from mithramycin cluster that have been shown necessary for formation of SEK15
compound (Kiinzel et al, 1997). The two cyclases owing to a very high homology seem
to be interchangeable. The role played by mtmX in formation of SEK15 appears to be
assigned to other cyclase (sf7Y) in chromomycin cluster. Also, mmOl which was present
in the operon of mithramycin cluster, but was not required for formation of SEK15 and

so, probably it has been removed from the operon in chromomycin cluster.

Ideally, operon -1 should have activated simultaneously with operon — 3. But the -
activator mediated, simultaneous activation of both operons was unlikely since there was
no consensus DNA sequence in 5° upstream of the operons. Parallel activation of operon
-2 is required for further synthesis of sugar moiety. This operon contains all genes
involved in formation of basic sugar molecule (Lomb¢ et al. 1997; Gonzalez et al. 2001;
Menéndez et al. 2004a) which is then variedly acted upon by different proteins to form
five different sugars (Menéndez et al. 2006). Also, this operon contains genes required in
subsequent maturation of chromophore. Based on the proposed pathways for

mithramycin, next to follow would be operon — 4 that contain genes for final component
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Fig 6.5: Putative chromomycin biosynthesis pathway showing role of various proteins in formation of

molecule (Menendez et al, 2004a ),
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Chapter 6: Nucleotide Sequencing and Analysis O_fPKfS Cluster

formation i.e. premithramycinone (Rohr et al, 1998) and sugars (Lombd et al, 1997)
Either along with operon — 4 or just after it, activation of operon-6 would be required, ds
the later contains /#X and sfIC genes. SfIC converts dTDP-4-keto-p-olivose into dTDP-
4-keto-p-mycarose, which is formed by the gene products of operon-4. Formation of
dTDP-4-keto-D-mycarose 1s an important step, since it leads to formation of exclusive
sugar-dTDP-1-chromose B after action of cmmF and cmmUIN ( complete sfIF and §°
region of sfTUII are yet to be explored in S. flaviscleroticus cluster) seen in case of S.
griseus (Menéndez et al. 2004a). Also, sfrX with putative DNA damage repair activity
will be  required at this stage, since the active intermediates (9-demethyl-
prechromomycin A3, prechromomycin B} will start forming as a result of appropriate

glycosylation steps (Menéndez et al. 2006).
.3.7 Functional Groups in Chromomycin Cluster:
-.3.7.1 The Minimal PKS:

Several genes of the cluster probably participate in polyketide biosynthesis. Three
genes namely Ketosynthase, Chain Length Factor and Acyl Carrier Protein forms a
functional group called ‘minimal PKS’, which is responsible for building 20-carbon
skeleton of the aglycon moiety of polyketide molecule. Due to their functional
significance these three genes are usually found as a part of the same operon
Mithramyein cluster, another member of aurcolic acid group and structurally very close
relative of chromomycin has minimal PKS genes placed in tandem in a single operon.
Strikingly in this cluster, while $/IP and sfIK are located together in the central region of
the cluster, the acyl carrier protein gene (sf1S) is located at more than 8kb distance
downstream, and in a separate operon which is unusually rare in the polyketide clusters
known so far as seen in fig- 6.6. Such organizational anamoly has been reported only in

case of daunomycin cluster (Grimm et al, 1994).
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Fig 6.6: Minimal PKS region of different type Il polyketide clusters (Rawlings et al. 1999). Note the common

structural pattern of minimal PKS genes except for Daunomycin.
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Chapter 6: Nucleotide Sequencing and Analysis of PKS Cluster

Distant location of these genes would require a simultaneous activation of both
the operons, in order to ensure initiation of molecule formation. Interestingly, sequen’cé
analysis of the regions upstream of both the operons in S. flaviscleroticus, did not show
any consensus region of homology, which could act as putative site for activator binding.
Further, comparison of these sequences with their counterparts from
S. griseus shows high conservation for regions upstream of SfIP-SfIK operon but there is
total discrepancy for same regions of SfIS. Also, no putative promoter region could be
located even at a low stringency in Dragon GC+ promoter finder software, for ACP
operon in both chromomycin clusters. Thus, it becomes important to find the mechanism
by which the cluster is able to maintain its thythm of genes/operons activation at right

time.

sfIP and sfIK are inseparable due to a characteristic overlap (ATGA) between the
stop codon (ATGA) of sflP and the start codon ijﬂK. They are highly
conserved genes that show very high homolgy to KSa and KSp homologous proteins,

respectively. Owing to such conservation, the PKS library for this cluster was generated

using KSa of S. coelicolor as probe, as has been done in past. T}bé(;mservation of this »

gene has also been used in determining the evolution of these polyketide clusters (Metsa-
Ketela et al, 2002). As explained in Chapter-4, we have also exploited this feature in

studying phenomenon of horizontal gene transfer.
6.3.7.2 Genes involved in sugar biosynthesis :

From the structure it is clear that chromomycin A; (Fig- 6.7) contains five
deoxysugars attached to the aglycon moiety, of which two are D — olivoses, one is 4—0—
acetyl-L-chromose, one is 4-O-D-olivose, and one 4-O-methyl-D-olivose. Homology
search shows presence of several putative genes that could be playing role in sugar

biosynthesis.

Two genes, s/1D and sfIE are believed to carry out early steps during initiation of
sugar biosynthesis. Positionally as well, they are located upstream in the operon that
contains minimal pks genes, sfIP and s/IK. As mentioned earlier, this could be to initiate

a simultaneous biosynthesis of sugar moiety along with the chromophore
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o) A; 4-O-acetyl-g-D-vliose (chromose 0)
8: 4-O-methylu~D-oliose (chromoss A, olivamaose)
C,D: p-D-glivose {chromose C)
£ 4-O-acetyl-n-l-chromose (chronmmse B, olivomyoose)

Fig 6.7: Structure and position of different sugars in structure of Chromomycin A;

biosynthesis. Homolog of s/IV, a putative dehydratase has been shown to perform C-2
deoxygenation in other antibiotics (Draeger et al, 1999; Chen et al, 1999). sffW with a
putative reductase activity appears to bring about further maturation of these
deoxysugars. The pathways for synthesis of all the deoxysugars involved in formation of

sugar moiety seem to remain common till this step.

sAIUI would code for a 4-ketoreductase. There are two other genes (sfJUIl and sAUIL) whose
products are similar to 4-ketoreductases and that are scattered in the cluster. SfIUI and
SfIUII show highest similarities to UrdR, involved in the biosynthesis of D-olivose in the
urdamycin pathway (Hoffmeister et al, 2000). On the other hand, SfIUIII is more similar
to 4-ketoreductases involved in L-sugar biosynthesis, such as AveBIV from the L-
oleandrose biosynthetic pathway (Ikeda et al, 1999). SfIUIII could be the 4-ketoreductase
involved in the biosynthesis of 4-O-acetyl-L-chromose, and the two other ketoreductases
(SfIUI and SfIUID) in the biosynthesis of the D-deoxysugars in chromomycin A;. Like
the chromophore, the sugar synthesis in chromomycin pathways follows the same route
as for mithramycin except for one sugar intermediate (dTDP- 4-keto mycarose) which

leads to formation of dTDP-D-mycarose carried out by mtmTIIL.
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Fig 6.8: Putative biosynthesis pathway of different sugars of chromomycin A; as proposed for S. griseus
cluster. (Mendez et al, 2004b)

In chromomycin, the same intermediate is acted upon by cmmF, which is an
epimerase to generate dTDP- 4-keto chromose, followed by a reductase (cmmUILL)
which finally brings reduction of keto sugar to generate dTDP-L-chromose (Menendez et
al, 2004a). sfIF has not appeared in the cluster so far, and is expected to be present
towards other end of the cluster as evidenced by cmmF position in chromomycin cluster
of S. griseus (Menendez et al, 2004a). A mention of the gene has been made especially
because it carries out a key step that differentiates the sugar moiety of mithramycin
{Remsing et al, 2002) from chromomycin and thus, two molecules from each other, rest

of the structure for both the molecules being the same.
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€.3.7.3 Genes for regulation

The chromomycin biosynthetic cluster contains pathway specific regulatory
genes that control the expression of the structural genes. Two genes have been identified
namely emmRI and cmmRII coding for proteins involved in regulation. sf/RI has a
conserved domain for bacterial transcriptional activators marking its candidature in
SARP (Streptomyces Antibiotic Regulatory Protein) family. Also, its iportance in the
cluster is reflected owing to its exclusive nature. This is one of the only two genes in the
entire cluster, that are transcribed singly and do not form part of any operon. sfIRI
showed highest homology to stfRI gene of a recently worked out steffimycin
biosynthesis cluster from S. steffiburgensis (Gullon et al, 2006).

In mithramycin producer S. argillaceus, a mutation in mtmR. gene could
completely abolish the production of mithryamycin or any other intermediate. Further,
expression of mtmR using a high-copy number vector in S. argillaceus caused a 16-fold
increase in mithramycin production. In adition, mmR was able to complement a
mutation in the actinorhodin-specific activator actll-orflV gene, and it also activated

actionrhodin biosynthesis in S. lividans (Lombo et al. 1999).

SfIRII the other gene involved in regulation of chromomycin synthesis is
positioned with resistance genes on its cither side. This gene is present in an operon,
upstream of a pair of ABC transporter genes. It contains a conserved domain of padR
family regulatory proteins, which appears to be uncommon to Streptomycete.
Interestingly, out of top twenty homologous proteins obtained by BlastX search, not even
one belonged to Streptomyces sp (except for the homolog from S, griseus). Also, the
maximum homology was with Rhodococcus sp., which is just 35% making it a unique
protein, Highest homology with a Streptomycete protein (S. avermitilis) is just 24%.

This makes sfIRII least conserved gene so far, in the whole cluster.

CmmRII has been shown to be involved in negative regulation of chromomycin
biosynthesis in S. griseus (details in next chapter). The mithramycin analog (MtrY) of
this protein shows very little homology and in contrast, inactivation of MirY leads to
decreased mithramycin production (Garcia-Bernardo et al, 2000). cmmRII has also been

suggested to be controlling resistance genes, since in -an experiment of cmmRII
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inactivation by gene replacement using apramycin marker gene, it was observed that the
mutant could withstand very high levels of mithramycin along with chromomycin,
without any induction (Menendez et al, 2007). These results, and the fact that cmmRII
itself is part of resistance gene operon, leads to hypothesize self regulation of crmmRII

could be occuring through feedback inhibition mechanism.

6.3.7.4 Genes involved in self resistance:

Microbes produce antibiotics for self defense against other micro-organisms, in
its vicinity. These organisms develop mechanisms to protect itself from deleterious
effects of its own molecules (Cundliffe, 1989 ; Martin et a/., 2005 ; Méndez and Salas,
200(1\). In polyketide producers, such mechanisms of self resistance are invariably
pres\e;x; within the polyketide biosynthesis cluster. Most of them possess ABC transporter
genes to export the antibiotic product out of the cell and thereby impart self-resistance by
maintaining intracellular environment free from the toxins (Fernindez et al, 1996 ;
Guilfoile & Hutchinson, 1991 ; Olano et al., 1995).

SfrA and SfiB form two component system of the efflux machinery. SfrA shows
high homology to ATP binding protein component and SfrB with the membrane
proteins. Interestingly, both proteins show higher homologies to proteins from different
clusters/organisms. The CoirA-CmrB pump in S. griseus PKS cluster has been found to
be more sensitive to the intermediate DDACA3 as compared to final product i.e.
chromomycin Aj. Conversion of DDACAS3 into chromomycin Aj; is carried out in one
step reaction, by the action of the acetyltransferase (CmmA), which is supposed to be a
transmembrane protein (Menéndez er al., 2004b ). Thus, the pro-drug which is not very
active, gets matured (acetylated) to form an active drug, during its transport, outside the

cell. The details about genes involved in resistance have been discussed in Chapter- 7A.

6.3.7.5 Genes for other modifications
There are several other genes that are involved in the formation of final molecule.

These genes carry out a variety of changes either in the chromophore or in the sugar

moiety.
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A small protein SfIX of just 142 amino acids (larger than only SfIS) and S1Y,
loacated at one end of the cluster, are two putative cyclases that are expected to bring
about cyclization of minimal PKS product at two different steps to generate

chromophore rings.

There are three putative methyl transferase genes found in the cluster. Of the
three genes, sfIMII and sfIMI are present in a single operon and based on the proposed
role of analog in mithramycin (Lozano et al, 2000), are believed to act on the aglycon to
carry out O-methylation and C-methylation of its intermediate. sfIMIII is transcribed
individually with its own promoter. It is the only gene (other than sf/RI) in the whole
cluster which is not part of any operon. It is responsible for methylation of the sugar

moiety once it is attached to the aglycon (Patallo et al, 2001).

There are two accessory genes (sfILI and sfILII) the product of which share high
homology with acyl co-ligase proteins. They could be involved in channelizing acetyl
Co-A subunits in polyketide biosynthesis. From the open reading frames of the cluster,
obtained so far, two putative monooxygenase genes have been obtained that show
significant homology with FAD-dependent monooxygenases involved in hydroxylations
of various aromatic polyketides. Especially s/JOIV which shares a very homology with
mtmOlIV must be playing an important role in aglycon cyclization. It has been shown to
bring about oxidative cleavage of the fourth ring thereby converting the tetracyclic
aglycon intermediate into a tricyclic one (Prado et al. 1999b) essential for making a
molecule biologically active (Rodriguez et al. 2003; Gibson et al. 2005). One more
oxygenase {CmmOIII) has been shown to be present in the chromomycin cluster in S.
griseus (Menendez et al, 2004). Since region downstream of 17kbE is not available in

PKS library, sequencing of that region of cluster is not determined.

Interestingly, four monooxygenase genes have been reported for mithramycin
cluster, whereas only three appear in chromomycin cluster of S. griseus. BLAST analysis
of the end sequences (126 bases) of chromomycin cluster in S. griseus, available in
NCBI databank, showed homology with oxygenases from S, rimosus, S. steffiburgensis.
This could be the missing analog of mmmOIll that has not been found so far in the
chromomycin cluster of S. griseus. This is suggestive of that chromomycin cluster being

incomplete and there being scope for exploring for more genes in S, griseus genome as
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well. This could be a reason that heterologous expression of chromomycin cluster has
not been reported, though clusters identified later, like steffimycin cluster by the same

group {(Gullon, 2006), have been heterologously expressed.
6.3.8 TRANSPOSON
6.3.8.1 Identification

Insertion sequence elements are small, genetically compact sequences, which
generally encode no functions other than those involved in their mobility, although
individual members of several families which include additional genes. IS-encoded
functions include factors required in cis, in particular recombinationally active DNA
sequences which define the ends of the element together with an enzyme, the
transposase, which recognises and processes these ends. The Tpase is generally encoded
by a single or perhaps two, open reading frames and consumes nearly the entire length of

the element.

A majority of ISs exhibit short terminal inverted repeat sequences (IR) of
between 10 and 40 bp. In those cases examined experimentally, the IRs can be divided
into two functional domains. Domain A includes the two or three terminal base pairs,
and is involved in the cleavages and strand Atransfer reactions leading to transposition of
the element. Domain B is positioned within the IR and is involved in transposase

binding.

Indigenous IS promoters are often located partially within the IR sequence
upstream of the transposase gene, by convention IRL. A general pattern for the
functional organisation of transposases suggests a sequence-specific DNA binding
domain to be located in the N-terminal region while the catalytic domain is often
localised towards the C-terminal end. Another general feature of IS elements is that, on
insertion, most generate short directly repeated sequences (DR) of the target DNA
flanking the IS. The length of the DR, between 2 and 14 bp, is characteristic for a given

element.
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Unexpectedly, sequencing of 17kbE fragment showed presence of a stretch of
DNA which did not share any homology to PKS cluster. BLAST analysis suggested it to
be an IS element (ISSfl1). It is positioned between the ORFs for sfIC and sf/fUILL Both -
these genes, involved in synthesis of sugar moiety, are parts of different operons and are
diverging from each other. There is no such IS element detected in the chromomycin
cluster of S. griseus sub griseus. Further, cmmmC and cmmUIL overlap each other and
have a common 3’ region with shared 27 nucleotides. Surprisingly, the transpositioning
_ event has occurred exactly at the end of sfIC gene and only sfIUIIl is short of these 27

shared nucleotides. Also, insertion of transposon would alter the C-terminus of STIUIIL

ORF search for transposon DNA shows presence of two overlapping orfs of 190
and 150 amino acids that has homology to the 1S701 and IS4 family of transposase
respectively, from S. avermitilis. A rigorous analysis of this DNA suggests it to be a
mutated version of ISSav4 trasposon present in S. avermitilis. BLAST2SEQ analysis of
the two sequences showed significant homology throughout the region under study. But,
a fragment of exactly 318 bases was missing from query DNA, and the homology is then

completely restored till the C-terminus.

Homology observed at DNA level, does not get translated to amingacid match.
This was ascribed to point mutations in the query sequence. One to one sequence
analysis with ISSav4 DNA revealed that at position 269 and 677 gaunosine residues
were missing (deletion mutation) whereas at positions 385 and 553 an extra cytosine and
adenosine residues were present (addition mutation) respectively. On incorporation
(rather, resolving) of four mutations at positions 269, 385, 553 and 677 in existing
sequence, a significant increase in amingg::—id sequence was achieved. Amix;g(acid
identities in BLASTX search increased from 41% (107/253) to 61% (153/249) and
corresponding positive scores also increased from 50% (127/253) to 70% (176/249).

When searched for IRs, it was found that the left arm of ISSfll was considerably
conserved with that of ISSav4 transposon. While the ends show intact sequences, there is
variation in the central region of left arm which can be seen in the following comparision

of sequences:

. 210



Chapter 6: Nucleotide Sequencing and Analysis of PKS Cluster

ISSfl1 :5" TAGGGCTCCGTCAGGTCTTCCCGTTTGCGCTGGTCAGGAGCATGTCGAGG 3
1SSav4:5 TAGGGCTCCGTTAGGTCTGTCTCGCGGTCCTGTTTGGGGGCATGTTGAAG 3’

On the other hand, the right arm of transposon in ISSfll was not traceable. The

corresponding sequences were completely missing in ISSfl1.
6.3.8.2 Evolutionary Significance:

Recent studies have shown that similar aromatic polyketide (Metsa-ketala et al,
2002), streptomycin (Egan et al, 2001) and penicillin (Buades and Moya, 1996) gene
clusters or portions of clusters have been found to be present in otherwise distantly
related organisms. Thesé observations suggest that horizontal gene transfer of secondary
metabolic pathways occurs among distantly related species [Lawrence and Henrickson,
2003; Walton, 2000). Mithramycin (the structurally close relative of chromomycin) also

possesses a long stretch of inverted repeats flanking to its biosynthetic cluster.

Our results of chapter-4 clearly indicated the chromomycin cluster to have been
acquired by S. flaviscleroticus via horizontal gene transfer. Though at that time the
mechanism was not clear, one of the mechanisms proposed for the event was transposon
mediated transfer. Presence of a transposon within the cluster is strong evidence to

support that claim.

At first sight, presence of a mobile element in any genome is not a surprise. But
when analyzed in totality, the presence of ISSfl1 in chromomycin cluster, its position and
intactness leads to some interesting observations. This small, probably nonfunctional
stretch of DNA has lot more to offer than what appears at first sight. In silico analysis,
and interpretation in totality, surfaces a better picture about ISSfil.

Before accounting ISSfl1 responsible for horizontal transfer of chromomycin cluster, it is
very important to first determine the timing of transposition event in relation to the event

of horizontal transfer. There are two possibilities:

1. PKS cluster acquisition by S. flaviscleroticus, followed by ISSfll transposition
2. ISSfll transposition, followed by PKS cluster acquisition by S. flaviscleroticus.
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If case one is true, then ISSfll has to be an indigenous IS element of S.
M and should have been hopping randomly throughout the genome and its
attack on PKS cluster is merely a co-incidence and has (o relation with horizontal
transfer. Data from the two completely sequenced Streptomyces genomes namely S.
coelicor (Bentley et al, 2002) and S. avermitilis (Omura et al, 2001) shows presence of
several copies of intact, truncated and frame shifted forms of transposons in their
genomes. Whereas, there is only a single transposition event in ~30kb DNA of S.
flaviscleroticus sequenced so far. Also, if transposition event occurred after integration
of chromomycin cluster in S. flaviscleroticus genome, then the mechanism of transfer
needs an explanation.

On the other hand, there are strong indicative evidences that favour transposition to
have occurred before acquisition of the cluster.

a. If the transposon was a part of host genome, the cluster should have been

attacked more than once, but there are no such signs throughout the cluster.
b. Positioning of the transposon is such that
i functionally, neither any of the seven operons in the cluster nor any of
26 genes in these operons, is disrupted.
ii. Its insertion is between two divergent genes, so even the promoter
~ activity of any genes is unhindered.

Probablity of such event to occur at random, appears to be very low. While transfer of

such DNA from one genome to another, after selection, appears to be more convincing.

c. Presence of small stretch of transposase like sequence flanking one end of the
cluster, absence of right arm (inverted repeat) in ISSfll and elimination of 318
bases from ISSfl11 leads us to hypothesize that due to lack of one arm IS element
after insertion could not hop in isolation and required other IS elements for it.
After transfer to new host, transposase might have lost 318 bases to get stabilized

in that position.

Thus, circumstantial but strong evidences advocates that the latter case, of
transposition attack on the PKS cluster followed by its transfer, to be true. A further

work on the same would make the picture crystal clear.
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CONCLUSION

Though the product of PKS cluster from S. flaviscleroticus was identical to that
from S. griseus, there were chances that the two clusters could have evolved differently.
This assumption was based on the similarity of chromomycin molecule with that of
mithramycin from S. argillaceus. Though both the products have a very little difference
in their structures, the clusters are entirely different. It has been suggested that the two
similar products from differently organized clusters is an example of convergent

evolution.

Comparision of the two gene clusters with same product, present in different
genomes, provides an opportunity to study the plasticity of the genes in their structure
and function. For 30kb DNA sequenced from S. flaviscleroticus, the two chromomycin

clusters showed 75% homology at DNA level with just 2% gaps.
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