








Nucleic Acids Research, 2008, Vol. 36, No. 17 ell3

PAGE9 oF 14

‘(8 mol) d9oudIdJaI ( duofiyods onuayine 03 paredwod st (L molx) sniyjunx py ul padnpoid ( suoqyiods jo ureyyed uonejudwsel) oy ] "19ISN[d dUdF 0do ay) Inoyum (L) 7791 Snyunx
odA1-pyim 9y} 10J SISA[RUE QUIBS 9U] MOTS 9— SMOY "QuO[d SIy) ul padnpold spunodwod Jofew ay) a1k ( pue D ‘g uo[yiodyg pazisayiuksolq a1k sauory1oda JUAIPIP Y} 18y} SUNBIISUOWIP
sunl SIN-DTdH JO SWRIS0)RWOIYd UOI PAJORIX MOUYS ¢—] SMOY ‘SIN-DTdH Aq pazA[eur a1om QINA-CZ9[ A SAyiunx “jy JURISAUI QLIS Y} WOl s)oenxq (g) QWOSOWOIYD SHYIUnX *jy
) OIUT PAIRITAIUI SBM SYT OM] ) UIM]AQ JUSWS I YN Y} PUB $7y1uDX " py OIUI PaJe10d0IId9[d SeM JONISU0d UoIssardxa pagrnd pue pagrioa oy [, *(A) U]y [- LH0-psq-sd [ -y [-ode-y¢1d 10nnsuod
uorssaxdxa [euy ay) pinqg 03 paurrojiad sem FULIAUIQUIOIAT JO PUNOT PUOIS AY I, “SWLIR AFojowoy Yiim (A1) j3onpoxd YD d uny-Gu [ -3 21eI2UT 0] Pasn U} Sem uny-cu -y 9y 21e[dwo) 221) punoidyoeg
‘(1) 09z- 1 110-psq-sd [ -y [-0da-y¢ 1d wrog 03 (11) 193sn[0 2udd 0do payds ay) Jo duoqyoeq pruse[d Yy} 0Jul PAJIASUL SBM [ 1I0-PSq-Sd [ -3 ] ‘TULIDAUIQUOIAT 19)JY “SULIR AF0[OWOY YNM [ 1L0-pSq-Sd [ -y |
Jo 1onpoid YD oy ae1oudd 01 aejdwo) se pasn sem pruise[d SAY-psq-IBN0IAIAd Ul (1) 9119sS8D [ 110-psq-sd -y ] (V) “Snyjupvx *py Ul UoIssaIdxa 31 pue 191snjd duos 0da ) JO UONINIISUO)) *p NI

'

oda::snyjuex “y

uonisodsuel} q

snyuex ‘W oda
uonesodoliosie q
ued-Gul Hl 140 psq sdi dl
O /A— (e | VA
yoda vsiLd yoda
uey-gul i
() Cr—#
// \ 1uo  psq sdl Hl
/A — N B B W Va
yoda oazyg|d yode

f

yoda 09z yG1d wo yoda

w J T HHI )

/N

(0] CH T 8
1Mo psq sdp i



el13 Nucleic Acids Research, 2008, Vol. 36, No. 17

PaGe 10 oF 14

cm xyl pm
L 0
epoK p15A epoA
/. I N i E— (i
IR Tps bsd oriT IR Tn5-kan
epoK p15A cm xyl pm  epoA
/. N o o A
IR Tps bsd oriT IR Tn5-kan
[ ] (iv)
1 gent
epoK p15A gent xyl pm epoA
yi T H T/ w
IR Tps bsd oriT IR
1 conjugation
epo P. putida

1 transposition

ﬂ

P. putida::epo

Figure 5. Engineering of epo gene cluster for P. putida FG2005 expression. PCR product of Cm resistance gene, Pm promoter and its regulator xy/S
gene (i) were inserted in front of epoA in the epo gene cluster (ii) to drive expression of the whole epo gene cluster (iii). PCR product of gentamycin
resistance gene (iv) was used to replace TnS-kan and ¢m to generate the final construct (v) for P. putida FG2005 expression. The verified final
construct was integrated into the FG2005 genome by conjugation and transposition.

Afterwards, genta with homology arms was used
to remove Tn5-kan and c¢m to form the final epo
construct pl5SA-epo-IR-Tps-bsd-oriT-IR-genta-xylS-Pm
for P. putida FG2005 expression.

Sequencing verified the correctness of the construct,
which was conjugated into FG2005 by tri-parental conju-
gation and stable integrants of epo clones were selected
by gentamycin on PMM plates. Conjugation/transposi-
tion is an efficient process and more than 10* Genta-
resistant colonies were obtained. The conjugation/trans-
position efficiency of this large sized DNA molecule was
found to be similar to small sized DNA molecules like
mchS gene cluster (data not shown). The same primers
used for colony PCR in M. xanthus were used again to
verify the P. putida clones. Verified clones were induced by
toluic acid during fermentation and compounds were

extracted from culture medium and cells. No epothilone
could be detected in any of these extracts.

Verification of gene integration by transposition

To verify that the plasmid, p15A-epo-IR-Tps-bsd-oriT-IR-
kan, had integrated into P. putida FG2005 by transposi-
tion, we used single primer PCR (43,44) to determine the
sequence of the integration site of three clones (Table 1). All
three sites include a duplicated TA dinucleotide at the inser-
tion site, which is diagnostic of transposition. The three
insertion sites are in the 619th gene, 4266th gene and
5136th genes of P. putida KT2440 (GenBank AE015451).
The flanking sequences of the insertion sites in the three
genes were found to be exactly the right IR plus the left
IR. This validates the successful transposition by the
designed construct with the mariner transposable element.
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Table 1. Integration site of epothilone in P. putida KT2440

Nucleic Acids Research, 2008, Vol. 36, No. 17 ell3

Clone Insertion locus and orientation Genome Name of the gene
(IS = IR-tn5-kan-epoA-epoB- location
epoC-epoD-epoE-epoF-epoK-IR)
1 AGTTGCTCGGCCACCCGCTCAAGTA(IS) 725684 Branched-chain amino
TACAAAGTCATCGACACCGAAGGCA acid ABC transporter,
periplasmic amino acid-binding protein
2 TGTCGCGCAACGAAATCGGCAATTA (IS) 4850861 Transcriptional regulator Anr
TACCTTGGCCTGGCGGTAGAAACCG
3 C_CTGGTACTGGGCCTGGGCTACGE IS) 5860472 ABC transporter, permease protein
TATTCTTCTTCAACCTGAACGGCAAC
Table 2. Transformation efficiency in M. xanthus DISCUSSION

pl5A-epo-IR-Tps-  pTps-mchS  pTps-lacZ  pOPBI8
bsd-oriT-IR-kan
Size (kb) 61 35 15.6 6.7
Colonies 90 635 1020 9

Transformation versus transposition efficiency
in M. xanthus

Myxococcus xanthus can be transformed by electropora-
tion and transgenes can be integrated into the chromo-
some via homologous recombination. However, the
efficiency of integration of large DNA molecules into the
chromosome is low and candidate clones must be screened
carefully to exclude spontaneous mutants which give K,
resistance. Transposition has been used frequently in myx-
obacteria for insertional mutagenesis and the efficiency of
stable integration is much higher than homologous recom-
bination (32).

To compare homologous and transpositional integra-
tion in M. xanthus, we used the validated epo and mchS
expression constructs described above in a comparison
with a homologous integration plasmid pOPBI1S8 (total
size 6.7kb containing a 1.7-kb homology region to the
myxovirescin gene cluster in M. xanthus) (31) and a
small transposition plasmid, pTps-lacZ (derivative of
pMycoMar-hyg, containing a 5.5-kb lacZ-kan-R6K cas-
sette inside of /Rs). Table 2 shows the number of trans-
formants which were obtained. The numbers are averages
of three transformations done for each plasmid on a molar
basis. Interestingly, we found that the colonies which
appeared on K, plates before 7 days were all correct but
the colonies which appeared after 8 days were sponta-
neous mutants containing no inserts.

pTps-mchS is 35kb in size and the integration fragment
inside of the two IRs is 31 kb large. p15A-epo-IR-Tps-bsd-
oriT-IR-kan is 61 kb in size and the transposable element
is 57.5kb. Although the large constructs have lower effi-
ciency than small integration fragments (pTps-lacZ), their
integration process is much more efficient than the small
homologous integration plasmid (pOPBIS), regardless of
the fact that, in general, the transformation efficiency
drops dramatically with increasing size of the DNA (46).

Transposons for large transgenes and metabolic engineering

Transposons have been employed as efficient mutagens in
both prokaryotes and eukaryotes. They have also been
used as vectors for efficient and stable introduction of
transgenes into recipient genomes. These applications
have been invariably based on relatively small (<10kb)
transposons. As far as we can determine, the potential
to use transposons as vectors for the integration of large
transgenes has not been explored in any system, whether
prokaryotic or eukaryotic. Although we do observe
decreased efficiencies with increased transgene size as
expected, transposon-mediated transgenesis with a 57.5-
kb transgene was more efficient than transgenesis via
homologous recombination using a small construct.
Hence, we suggest that transposition could be a valuable
tool for delivery of large transgenes in various prokaryotic
and eukaryotic systems. The size of the transgene is partic-
ularly relevant for metabolic engineering where the new
challenges lie with manipulation of complete pathways,
not just single gene products.

For prokaryotes, there are two limiting factors for inte-
grating transgenes into the host chromosome by conventi-
onal methods: transformation efficiency and homologous
recombination efficiency. Many bacterial hosts, especially
those which are known as prominent secondary metabolite
producers (e.g. actinomycetes, cyanobacteria, myxobac-
teria), appear to possess limited capacity for homologous
recombination. Consequently, chromosomal integration
appears difficult even with small transgenes.
Transposition in vivo is an active process and often thou-
sands of colonies can be obtained after each transforma-
tion with small constructs. To evaluate transposition for
delivery of large transgenes in M. xanthus, we compared a
small (~6kb), medium (~31kb) and a large sized insert
(over 57kb) in transpositional constructs. As expected,
the transformation and transpositional integration efficien-
cies depended on the size of the insert. When a medium size
construct with a 1-kb homology arm for homologous inte-
gration was used to transform M. xanthus, very few (<10)
colonies appeared. But more than 500 colonies were
obtained when the same construct was introduced by
transposition (Table 2). With the larger epo gene cluster
(57.5kb), transposition delivered fewer colonies. However,
this number (90 clones) is still considerably larger than our
experience with integration via homologous recombination
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of smaller constructs. Hence, we suggest that transposi-
tional delivery can be a useful tool for stable transgenesis,
which is particularly relevant for large constructs.

Aspects of secondary metabolite expression
in heterologous hosts

Other observations from this report are discussed below.

(1) The production of mchS gene cluster in M. xanthus
was higher than 500 mg/l and the total myxochromide
compounds in some isolates was >1 g/l. Interestingly,
the same (7715) promoter-driven mchS gene cluster in
P. putida produced only 100 pg/l of myxochromides
at 30°C (and no compound was detected at 16°C).
However, mchS production in P. putida from the
Pm promoter reached 40mg/l at 16°C (29).
Together with other observations (unpublished
data), we conclude that the 7n5 promoter in
P. putida is weak, or under unexpected repression.

(i) More than 80% of the clones carrying the epo or
mchS gene clusters were correct as ascertained by
PCR. Together with other data presented here,
this indicates that the transformation/transposi-
tional integration strategy delivers a high proportion
of full length, unmutated, large transgenes into het-
erologous hosts like M. xanthus. The transposition
is mediated by a transient expression of MycoMar
transposase gene. Therefore, after integration, the
insert is stable in the chromosome. Since the type
I PKS/NRPS gene clusters are composed by many
repetitive sequences, we have tested the clones car-
rying the gene clusters by Southern blot and PCR.
There was no rearrangement in six tested clones
(data not shown). In our experience with various
strains, we have not seen production or growth
changes over many generations. We conclude that
transpositional integration of type I PKS/NRPS
gene clusters into heterologous host is stable, with
few rearrangements or position effects.

(iii) Electroporation of large transgenes into P. putida is
difficult. Small plasmids can be easily electroporated
into P. putida but plasmids >30kb construct can
hardly be transformed (data not shown). Conjugation
has been applied in P. putida to deliver large chromo-
somal sections (47,48). The combination of conjuga-
tion and transposition with small constructs has been
reported some time ago (49-51). We integrated the
~60kb epo gene cluster into the P. putida genome
with similar efficiencies compared to a small construct
and the majority of the recombinants were correct as
confirmed by PCR tests. Hence, previous size pro-
blems with P. putida transformation appear to have
been solved.

(iv) The epothilone gene cluster was engineered and intro-
duced into the heterologous hosts, M. xanthus and
P. putida. Epothilone production was low or undetect-
able, respectively. There are several possible reasons.
First, the Tn5 promoter may be too weak to drive
substantial expression in these heterologous
hosts. Second, culture conditions like temperature or
media components may not be optimal. Third, in
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P. putida FG2005, endogenous mm-CoA levels may
be the limiting factor for epothilone production.

Advanced recombineering for metabolic engineering

Recombineering is a DNA engineering methodology based
on homologous recombination in E. coli (19-25).
Conventional DNA engineering technology relies on
DNA restriction and ligation. However, it is very hard to
find convenient restriction sites in the large DNA regions
which encode secondary metabolite pathways. DNA liga-
tion relies on purified linear DNA molecules, which are
difficult to obtain in time-consuming processes that are
inefficient especially for large sizes. Because there are no
size limits for recombineering, and in vitro DNA handling
steps are eliminated or reduced, it is well suited for the
challenges presented by secondary metabolite pathways.

In addition to several routine applications, here we pres-
ent an advanced recombineering exercise involving DNA
stitching by triple recombination. DNA stitching mediated
by recombineering has been previously applied for bacter-
ial artificial chromosome (BAC) stitching (52,53) and a
similar approach has been applied in yeast for more than
a decade (54-56). Here, we were working with cosmids, so
the genomic DNA insert average is 40 kb in size. Because
most type I PKS/NRPS gene clusters are rarely contained
within one cosmid and usually present in two or three, a
convenient method for stitching cosmids together will be
useful. We developed a strategy to stitch using a selection
marker (zeo) as a bridge to bring two large molecules,
which share a region of sequence overlap at one end,
together in a triple recombination step. Triple recombina-
tion presents two advantages for stitching. First, it avoids
PCR amplification of the cloned DNA, so it can be applied
to large molecules and without fear of mutagenesis in func-
tional regions. Second, it represents a simple and easy way
to introduce the second region of homology. The first
region is the overlap between the two parental cosmids.
However for productive recombination, another region is
required. This can be easily introduced into the reaction via
the oligonucleotides used to PCR the zeocin cassette.
Because the PCR product is small and encodes the zeocin
resistance gene, the disadvantages of PCR mutagenesis do
not compromise the recombination product.

Triple recombination for stitching presents the further
advantage of speed and simplicity because it can save sev-
eral DNA engineering steps. However, it is much less effi-
cient than standard recombineering applications based on
recombination of a single linear DNA substrate into a
circular target. Furthermore, we observed a high unspeci-
fic recombination rate when stitching the epo gene cluster
due to intramolecular rearrangement.

This work further extends our technology platform for
the engineering of full-length gene clusters for heterolo-
gous expression. This platform includes DNA stitching
by recombineering, transpositional cassette insertion, con-
jugation cassette insertion and inducible promoter inser-
tion. Several technologies including recombineering,
electro-transformation, conjugation and transposition
have been explored for this platform. We aim to make
further technical advances as well as to venture into the
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unknown territory represented by silent secondary metab-
olite clusters discovered in genome sequencing and meta-
genomic programs.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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