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Abstract

Manipulation of pathway regulation is an efficient strategy to increase specific secondary
metabolite production. Here we successfully improved production of both the enediyne antitumor
antibiotic C-1027 and a heptaebe, an early metabolite of the C-1027 pathway, by manipulating the
three regulatory genes, sgcR1, sgcR2, and sgcR3, within the C-1027 biosynthetic gene cluster.
SgcR3 has previously been established as an activator, and we now propose that SgcR1 and
SgcR2 are also positive regulators based on their up-regulation effects on titer and/or timing of
heptaene and C-1027 production in Streptomyces globisporus. Specifically, overexpression of
sgcR1 significantly improved production of the heptaene (about 5-fold) and C-1027 (2- to 3-fold)
compared to the wild-type strain. However, the titers of heptaene and C-1027 were not increased
by overexpressing all three activators together, underscoring the complexity of C-1027
biosynthetic pathway regulation. The possibility of exploiting the heptaene as a readily identifiable
and unique indicator for rapidly detecting enediyne production was also assessed.
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The enediyne family of natural products shares a characteristic unsaturated core containing
two acetylenic groups conjugated to a double bond within either a 9- or 10-membered ring.
12 Benefiting from their extreme cytotoxicity, the 9-membered enediyne neocarzinostatin
and the 10-membered enediyne calicheamincin have already been developed into anticancer
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drugs,? and another 9-membered enediyne C-1027 (Figure 1), which shows even higher
cytotoxicity than the former two, is currently in phase I1 clinical trials.3

Like most of the 9-membered enediynes, C-1027 is a chromoprotein antibiotic consisting of
an enediyne chromophore and an apo-protein.! Since its biosynthetic gene cluster was
cloned from Streptomyces globisporus in 2002,4,5 C-1027 biosynthesis has been extensively
studied,8-8 and the unique enediyne core structure was proposed to be made by an iterative
type | enediyne polyketide synthase (PKSE) SgcE together with several accessory enzymes.
5 When SgcE and its cognate thioesterase SgcE10 were co-expressed in different hosts, a 15-
carbon heptaene was produced (Figure 1).° Significantly, this heptaene was produced by all
combinations of PKSEs and thioesterases from five cloned enediyne clusters,19,11 and has
been found in all four examined 9- or 10-membered enediyne wild-type producers,
suggesting that the heptaene may be a universal indicator of enediyne production.1!

Improvement of specific secondary metabolite titers by manipulating biosynthetic pathway
regulatory machinery has been demonstrated by numerous successful examples.12,13 Here,
we set out to manipulate C-1027 pathway regulation for two purposes: (1) to improve
C-1027 production, since the low titer has hampered both mechanistic studies and clinical
development as well as the efforts towards understanding C-1027 biosynthesis, and (2) to
compare the production of C-1027 and heptaene in different mutant strains and therefore to
assess the utility of heptaene as a phenotypic reporter of enediyne production. Among the
three proposed regulators (SgcR1, SgcR2 and SgcR3) identified within the C-1027
biosynthetic gene cluster, only SgcR3 has been characterized as an activator; C-1027 titer
can be modestly enhanced (about 30%) by overexpressing sgcR3.14 The other two
uncharacterized regulators SgcR1 and SgcR2 provide opportunities to further improve
C-1027 production.

In this paper, we report that both SgcR1 and SgcR2 are positive regulators, and significant
improvements of both C-1027 (2- to 3-fold) and heptaene (~5-fold) production were
achieved by sgcR1 overexpression. Moreover, the titer correlation between C-1027 and
heptaene in selected S globiosporus wild-type and mutant strains suggested that the latter
can be used as a convenient phenotypic indicator for enediyne production.

Materials and Methods

Bacterial Strains and Plasmids

S globisoprus wild-type and mutant strains were grown on ISP4 agar medium or cultured in
A9 liquid medium as described.1® Escherichia coli DH5a and ET1256716 were cultured in
Luria-Bertani (LB) broth.1” Micrococcus luteus ATCC 9431 was grown on LB agar.’
Cosmid pBS1006* and plasmid pWWHM125018 were described previously. Vector pGEM-T
Easy was purchased from Promega (Madison, WI).

DNA Manipulations

General DNA manipulations were performed according to standard procedures.l’ PCR
reactions were performed using Pfx DNA polymerase according to the manufacturer's
instructions (Invitrogen, Carlsbad, CA). The PCR fragment obtained using Pfx was treated
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with Tag DNA polymerase from Invitrogen (Carlsbad, CA) for 10 min at 72 °C to add the
terminal ‘A’ overhangs. Streptomyces protoplasts preparation and transformation were
performed as described previously.1® Homologous sequence database searching was
executed with BLAST.

Overexpression of sgcR1, sgcR2, and sgcR3 in wild-type S. globisporus

Cosmid pBS1006 was used as a template to clone the three regulators for C-1027 production
by PCR. The sgcR1 gene was amplified by PCR using primers 5/-
CGAGGATCCGCGGATGGATTACACG-3’ (sgcR1 upstream, BamHI) and 5’-
CCTCTAGAAGTAGGCCGTCAACGGC-3’ (sgcR1 downstream, Xbal) and inserted into
pPGEM-T Easy after adding terminal ‘A’ overhangs by Taq DNA polymerase. After
confirming its identity by DNA sequencing, the sgcR1 gene was excised as a 1.1-kb BamH|I/
Xbal fragment and inserted into the same sites of pWHM1250 to generate pBS1107, in
which the expression of sgcR1 is under the control of the constitutive ErmE* promoter.
Similarly, the sgcR2 gene was amplified by PCR using primers 5'-
CTTCTAGAGGGAGTTACGGTGACCACG-3’ (sgcR2 upstream, Xbal) and 5’-
TTCTGCAGGGCCCTGGTCACCC-3’ (sgcR2 downstream, Pstl) and inserted into pGEM-
T Easy after adding terminal ‘A’ overhangs by Taq DNA polymerase; its identity was
confirmed by DNA sequencing. Plasmid pBS1097 with sgcR2 under the control of ErmE*
was then constructed by inserting the 0.9-kb Pstl/Xbal sgcR2 fragment into the same sites of
pWHM1250. For sgcR3 overexpression, the sgcR3 gene was amplified by PCR using
primers 5-CGAAAGCTTGCCCAGGAGAAGGGAAAC-3’ (SgcR3 upstream, HindlIl) and
5-GGGACGCGTCGCTCAGCTCC-3 (SgcR3 downstream, Mlul), inserted into pGEM-T
Easy after adding terminal ‘A’ overhangs by Tag DNA polymerase, and confirmed its
identity by DNA sequencing. After removal of the terminator between the ErmE* promoter
and the HindllI site in pWHM1250 as a 0.5-kb Sphl fragment, the sgcR3 gene was cloned as
a 1.2-kb Hindll1/Mlul fragment into the same sites of the modified pWHM1250 to afford
pBS1108, in which the expression of sgcR3 is under the control of ErmE*. Finally,
pBS1107, pBS1097, and pBS1108 were introduced into the wild-type S. globisporus strain
by protoplast transformation to afford recombinant S. globisporus strains SB1014, SB1015,
and SB1016 that overexpress sgcR1 (SB1014), sgcR2 (SB1015), and sgcR3 (SB1016),
respectively.

Plasmid pBS1109, in which sgcR2 and sgcR3 are expressed in tandem under the control of
ErmE*, was constructed by inserting the 1.2-kb HindlI1/Mlul fragment of sgcR3 into the
same sites of pBS1097. Similarly, insertion of the 1.1-kb BamHI/Xbal fragment of sgcR1
into the same sites of pBS1109 yielded pBS1110, in which ErmE* controlled the expression
of all three genes sgcR1, sgcR2, and sgcR3. Introduction of pBS1109 and pBS1110 into the
wild-type S. globisporus strain by protoplast transformation finally afforded the recombinant
strains SB1017 (sgcR2R3 overexpressing) and SB1018 (sgcR1R2R3 overexpressing),
respectively, that overexpress the selected regulatory genes in tandem.*

Production and Isolation of C-1027 and Heptaene

S globisporus wild-type and recombinant strains were cultured in A9 medium using a two-
step fermentation for C-1027 and heptaene production as described? > and then treated to
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obtain three fractions as follows: (fraction 1) the cells were pelleted by centrifugation;
(fraction 2) the supernatant was adjusted to pH 4.0 and centrifuged to collect the precipitate;
and (fraction 3) the remaining supernatant was saturated to 70% with ammonium sulfate,
incubated at 4°C for 3 hours, and the precipitated proteins were collected by centrifugation.
The C-1027 chromophore was isolated from fraction 3 by acetone extraction as described
previously.1® Fractions 1 and 2 were combined and extracted with acetone to isolate the
heptaene metabolite.11 The acetone extracts were detected directly by HPLC after being
concentrated.>,11

Analysis of C-1027 by Bioassays

C-1027 production was assayed against M. luteus ATCC 9431 as described previously.4 15
For the liquid A9 medium cultures, the ammonium sulfate-precipitated fraction 3 containing
the C-1027 chromoprotein complex was dissolved in the same volume of water and 5 uL of
the resultant solution was used for each bioassay. For the solid 1SP4 plates (25 mL ISP4 in a
9 cm Petri dish) growing S. globisporus strains, a round agar block of 0.5 cm diameter was
placed directly onto an M. luteus-seeded LB agar plate for antibacterial assay.

Analytical and Spectroscopic Procedures for the C-1027 chromophore and heptaene

HPLC analysis was performed with a C18 column (5 um, 250 mm x 4.6 mm, Alltech,
Lexington, KY) on a Varian HPLC system with an in-line Prostar 330 PDA detector
(Woburn, MA). HPLC detection of the C-1027 chromophore was the same as described
previously.1® For HPLC analysis of the heptaene, the column was eluted at a flow rate of 1
mL/min with a gradient of acetonitrile with 0.1% trifluoroacetic acid from 50% to 100% for
15 min and maintained 100% for a further 10 min.

Results and Discussion

Manipulation of pathway regulation is an efficient strategy to increase specific secondary
metabolite production.12,13 Among the three regulators indentified within the C-1027
biosynthetic gene cluster, SgcR3 has been characterized as a TyIR-like activator,1* and
SgcR1 and SgcR2 have been proposed to be positive regulators based on bioinformatic
analyses. SgcR2 belongs to the AraC/XylS activator family,20 while SgcR1 is a StrR-like
protein; the only two studied StrR-like regulators, StrR (36.7% identity)2! and NovG (35.1%
identity),22 are both activators. Based on the premise that all three C-1027 regulators are
potential activators, the three regulatory genes were overexpressed individually under the
control of the constitutive ErmE* promoter on the high-copy-number plasmid pWHM1250
in S. globisporus C-1027 to generate strains SB1014 (sgcR1 overexpressing), SB1015
(sgcR2 overexpressing) and SB1016 (sgcR3 overexpressing).

Evaluation of the metabolic profiles of each of the recombinant strains revealed that SgcR1
was a particularly effective activator for the production of a heptaene, an early metabolite of
the enediyne biosynthetic machineries.}! The sgcR1-overexpressing strain S. globisporus
SB1014 produced 46 + 4 mg/L of the heptaene at day 2, which was about 9-fold higher than
in wild-type (5 £ 0.4 mg/L), and by day 5 yielded 66 £ 5 mg/L, which is about 5-fold higher
than the 14 = 3 mg/L observed in wild-type. The titers of heptaene in SB1015 (18 + 1 mg/L)
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and SB1016 (24 + 1 mg/L) were also higher than wild-type at day 5 (Figure 2), supporting a
positive regulatory role for all three regulators.

The production of C-1027 in each strain was detected using a bioassay against M. luteus
ATCC 9431. In the case of A9 liquid medium, all three regulator-overexpressing
recombinant strains produced C-1027 earlier than did the wild-type control (Figure 3). The
S globisporus wild-type or recombinant strains achieved highest C-1027 production at day 4
(SB1016) or day 5 (wild-type, SB1014 and SB1015), and all three recombinant strains
exhibited larger inhibition zones than observed with wild-type at their highest titer (Figure
3B), confirming the up-regulating characteristics of SgcR1, SgcR2 and SgcR3. The sgcR1-
overexpressing mutant SB1014 produced the highest titer of C-1027 at day 5, which was 2
to 3 times the C-1027 titer in wild-type when analyzed by HPLC (Figure 3C). In the case of
ISP4 agar medium, similar results were obtained for SB1014. SB1015 and SB1016 also
produced C-1027 earlier, but their largest inhibition zones were comparable in size to those
of the S. globisporus wild-type (Figure 3A). In summary, overexpression of each individual
regulator induced similar titer increases for both C-1027 and heptaene in A9 medium,
indicating a common regulatory system controlling the biosyntheses of both compounds.
Moreover, SgcR1 overexpression was more effective at titer improvement than
overexpression of either SgcR2 or SgcR3, implying that one or more genes controlled by
SgcR1 are bottlenecks in C-1027 production.

Given that SgcR1, SgcR2 and SgcR3 behave as activators, we reasoned that their co-
overexpression in the S. globisporus wild-type strain could further improve the production
of C-1027 and related compounds. Two pWHM?1250-derived constructs, containing
sgcR2R3 (pBS1109) or sgcR1R2R3 (pBS1110) in tandem under the control of the ErmE*
promoter, were transformed into S. globisporus wild-type to afford SB1017 and SB1018,
respectively. SB1017 produced more heptaene (31 + 5 mg/L) at day 5 than SB1015 and
SB1016, but less than SB1014. To our surprise, SB1018 produced heptaene with an
efficiency comparable to that of wild-type (12 £ 1 mg/L) (Figure 2). For C-1027 titers in A9
liquid media, SB1017 reached optimum yield at day 4, and the inhibition zone was larger
than those of C-1027 wild-type. In contrast, the C-1027 titer in SB1018 was not improved
(Figure 3). In the case of ISP4 agar media, C-1027 was produced earlier in both strains.
However, the largest inhibition zones were comparable in size to those found for C-1027
wild-type. The counterintuitive observation that overexpression of all three activators
together in S. globisporus SB1018 did not further improve C-1027 or heptaene production
implies the multifaceted regulation of C-1027 biosynthesis.

Due to their low titers and inherent reactivity, HPLC analysis of enediyne production is
laborious, often requiring a length process of sample preparation, in particularly for the 9-
membered enediynes produced as chromoprotein complexes. Although antibacterial
bioassays provide a convenient detection method, they are inevitably limited by a lack of
specificity as other antibiotics may also inhibit the tested bacterial growth. Moreover, some
newly discovered enediyne analogs like the sporolides from Salinispora tropica have no
detectable antibacterial activity,23 which limits the utility of antibacterial bioassays for
discovering novel enediynes. The heptaene metabolite was previously shown to be produced
by all 9- or 10-membered PKSEs and their cognate thioesterases thus far tested using in vivo
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and in vitro approaches.%-11 Subsequent discovery of this heptaene in fermentations with all
enediyne producers inspired its use as a unique and convenient phenotypic indicator for
enediyne production.1! Since both the heptaene and the final enediyne natural products are
biosynthesized by PKSEs, production of the heptaene indicates that the PKSE is functionally
expressed and capable of synthesizing the polyketide precursor of the enediyne core.
Previous work on S. globisporus showed that production of both C-1027 and heptaene was
abolished in a sgcE PKSE null mutant, but could be restored by complementation with a
functional copy of the sgcE gene in trans.1! Here we demonstrate that in all five S
globisporus recombinant strains, C-1027 and hepatene production was similarly affected.
These data complement previously reported genotypic screenings for new enediyne
producers.24,25 More importantly, the use of heptaene production as an indicator of enediyne
production presents novel opportunities for fermentation optimization efforts and the
identification of cryptic, and otherwise undetectable, enediyne producers.

In conclusion, we have demonstrated that, in addition to SgcR3, the other two regulators,
SgcR1 and SgcR2, identified in the C-1027 biosynthetic gene cluster also play positive
regulatory roles in C-1027 production. The titers of both C-1027 and the heptaene
metabolite were significantly increased in the sgcR1-overexpressing S. globisporus strain
SB1014. Moreover, data presented here support the application of heptaene production as a
convenient phenotypic indicator for enediyne production.
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Figure 2.
Production of the heptaene in selected S. globisporus recombinant strains with the wild-type

strain as a control. (A) Time course of heptaene production in S. globisporus wild-type (O)
and recombinant strains with different regulatory genes overexpressed: SB1014 (V),
SB1015 (#), SB1016 (<), SB1017 (¥) and SB1018 (m). (B) Representative HPLC traces of
heptaene production in the selected S. globisporus strains at day 5. The heptaene peak is
indicated with (@).
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Production of C-1027 in the selected S. globisporus recombinant strains with the wild-type
strain as a control. (A) Time course of C-1027 production in the selected S. globisporus
strains growing on ISP4 plates as evaluated by bioassays against M. luteus. (B) Time course
of C-1027 production in the selected S. globisporus strains cultured in A9 media as
evaluated by bioassays against M. luteus. (C) HPLC traces of the C-1027 chromophore
produced by the selected S globisporus strains in A9 media at day 5. C-1027 chromophore
and the aromatized C-1027 chromophore are marked as (V) and (O), espectively.
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