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Elloramycin A (1) belongs to a small family of naphthacenequinones characterized by a unique highly
hydroxylated cyclohexenone moiety. A cosmid clone 16F4, harboring genes for the production of 1 from
Streptomyces olivaceus Ti2353, has been previously isolated. DNA sequence analysis of a 3.2-kb fragment
from 16F4 revealed four open reading frames—the eImGHIJ genes. Heterologous expressions of the elmGHI
genes in either Escherichia coli or Streptomyces lividans, followed by biochemical characterizations of
the EImMGHI proteins, established EImG as tetracenomycin B2 oxygenase, EImH as tetracenomycin F1
monooxygenase, and EIml as tetracenomycin F2 cyclase. These results provide direct biochemical evidence
for the hypothesis that the biosynthesis of 1 in S. olivaceus parallels that of tetracenomycin C (2) in
Streptomyces glaucescens and support the notion that the biosynthesis of the highly hydroxylated
cyclohexenone moiety in other polyketides most likely follows the same paradigm as the tetracenomycin

B2 or A2 oxygenase.

Elloramycin (EIm) A (1), an antitumor and antibacterial
antibiotic produced by Streptomyces olivaceus Tu2353,!
belongs to a small group of naphthacenequinones charac-
terized by a unique structural feature of the highly hy-
droxylated cyclohexenone moiety (boxed in Figure 1). Other
examples of this family include tetracenomycin (Tcm) C?2
(2), Tecm X, dutomycin,* and viridicatumtoxin.> The bio-
synthesis of 2 in Streptomyces glaucescens GLA.O has been
studied extensively with the isolation of all biosynthetic
intermediates, cloning and characterization of the entire
tcm gene cluster, and purification and biochemical inves-
tigation of individual enzymes.® The striking structural
similarities between 1 and 2 have inspired us to propose
that the biosynthesis of 1 in S. olivaceus parallels that of
2 in S. glaucescens. This hypothesis is consistent with (1)
the accumulation of several known biosynthetic intermedi-
ates of 2, including Tcm D3 (3) and Tcm B3 (4), by blocked
mutants of S. olivaceus’ and (2) the isolation of cosmid
clone 16F4 from the S. olivaceus genomic library, the
introduction of which into Streptomyces lividans resulted
in the production of 4 and 8-demethyl-Tcm C8 (5) (Figure
2). Here we now report the sequencing and characterization
of a 3.2-kb fragment from the 16F4 cosmid, revealing four
complete open reading frames, designated the elmGHIJ
genes. Heterologous expressions of the elmGHI genes in
either Escherichia coli or S. lividans and biochemical
examination of the EImGHI proteins provided direct evi-
dence supporting the proposed biosynthetic pathway for
1.

Results and Discussion

Isolation from Cosmid 16F4 and DNA Sequences
of the elImGHIJ Genes. We have previously reported®
that introduction of cosmid 16F4 into S. lividans resulted
in the production of 5, suggesting that 16F4 likely harbors
all genes for the production of 1 except those for the
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Figure 1. Structures of elloramycin A (1) and tetracenomycin C (2).

biosynthesis of the permethylated L-rhamnose moiety.
Since the biosynthetic gene cluster of 1 appears to resemble
that of 2,8 we proceeded to isolate the eImGHIJ locus from
16F4 using homologous genes from the tcm cluster as
probes. Cosmid 16F4 was analyzed by Southern hybridiza-
tion with tcmG? as a probe. A single 5.0-kb Bglll fragment
that hybridizes to the ttmG probe was isolated and cloned
(pBS4001), the nucleotide (nt) sequence of a 3.2-kb frag-
ment of which was determined.

Four complete open reading frames (ORFs), transcribed
in the same direction, were identified within the 3.2-kb
fragment of pBS4001 (Figure 3), the 3164-nt sequence of
which has been deposited in the GenBank database under
accession number AF263463. The first ORF, designated
elmG, most likely begins with an ATG at nt 339, preceded
by a probable ribosome binding site (RBS), GGAGA, and
ends with a TGA stop codon at nt 1958. elmG should
therefore encode a 539-amino acid protein with a molecular
weight of 58 085 and an isoelectric point of 6.04. The
deduced product of elmG is highly homologous to a family
of known and putative FAD-containing, NADPH-dependent
oxygenases, including TcmG?® from S. glaucescens (69.8%
similarity, 64.2% identity), DntB1° from Burkholderia sp.
strain DNT (50.6% similarity, 43.5% identity), MmcT!
from Streptomyces lavendulae (50.0% similarity, 44.0%
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Figure 2. Biosynthetic pathway of tetracenomycin C (1) in S. glaucescens and of elloramycin A (2) in S. olivaceus.
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Figure 3. Restriction map of the 25-kb elm biosynthetic gene cluster from S. olivaceus harbored by cosmid 16F4 and genetic organization of the

elImGHIJ genes. B, BamHI; Bg, Bglll; S, Sacl.

identity), SchC*2 from Streptomyces halstedii (49.7% simi-
larity, 43.8% identity), RAdmE!® from Streptomyces pus-
purascens (47.5% similarity, 39.2% identity), and DnrF4
from Streptomyces peucetius (46.4% similarity, 36.8% iden-
tity). The functions of TcmG to catalyze the triple hydroxy-
lation of Tcm A2 (6) to 2'5°%7 and DnrF to catalyze the
hydroxylation of aklavinone to e-rhodomycinone!* have
been confirmed by in vitro enzyme assays following expres-
sions of the ttmG gene in S. lividans and of the dnrF gene
in either S. lividans or E. coli. The function of DntB to
catalyze the oxidation of 4-methyl-5-nitrocatechol to 2-hy-
droxy-5-methylquinone was proven directly by following
the oxygenase activity, leading to the purification of the
DntB protein to homogeneity and the cloning of the dntB
gene.10

Located 31 nt downstream of eImG are the second and
third ORFs, designated elmH and elml, which are trans-
lationally coupled. eImH most likely begins with an ATG
at nt 1990, preceded by a probable RBS, GGAGG, and ends
with a TGA stop codon at nt 2319. elmH should therefore
encode a 109-amino acid protein with a molecular weight
of 12 304 and an isoelectric point of 5.91. elml most likely
starts with an ATG at nt 2316, preceded by a probable RBS,
GGAGG, and ends with a TGA stop codon at nt 2636. elml

should therefore encode a 106-amino acid protein with a
molecular weight of 12 421 and an isoelectric point of 4.62.
The deduced product of elImH is closely related to a family
of known or putative oxygenases, including TcmH18 from
S. glaucescens (59.0% similarity, 52.7% identity), ActVA-
ORF6° from Streptomyces coelicolor (45.2% similarity,
39.4% identity), and ORF7 of the jadomycin biosynthetic
gene cluster?® from Streptomyces venezuelae (37.4% simi-
larity, 27.3% identity). While direct evidence for jadomycin
ORF7 as an oxygenase, presumably catalyzing the oxida-
tion of a benz[a]anthranone intermediate to rebelomycin,?°
is lacking, both TcmH2! and ActVA-ORF622 have been
characterized as monooxygenases, catalyzing the oxidation
of the naphthacenone Tcm F1 (7) into naphthacenequinone
3. The elml gene product shows strong homology to a family
of known and putative polyketide cyclases, including
Tcml® from S. glaucescens (76.6% similarity, 71.0% iden-
tity), UrdF23 from Streptomyces fradiae (49.1% similarity,
35.8% identity), LanF?* from Streptomyces cyanogenuse
(48.1% similarity, 34.0% identity), Jad12® from S. venezuelae
(46.2% similarity, 34.0% identity), and WhiE-ORFV1126
from S. coelicolor (43.4% similarity, 37.7% identity). Al-
though direct characterization of polyketide cyclases in
general has been hindered by the lack of the presumed
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Figure 4. Heterologous expression and purification of EImG. (A) EImG overproduced in E. coli BL-21(DE-3)(pBS4004) (lanes 2—4) and N-Hisg-
tagged EImG overproduced in E. coli BL-21(DE-3)(pBS4003) (lanes 5—7), cultured at 30 °C with 100 uM IPTG induction. Lane 1, MW Std; lanes
2 and 5, total proteins; lanes 3 and 6, insoluble proteins; lane 4 and 7, soluble proteins. (B) EImG overproduced in S. lividans (pBS4006). Lane 1,

MW Std; lane 2, total proteins; lane 3, purified EImG.

substrates, the function of Jadl to facilitate cyclization of
decapolyketides into angucyclinones has been demon-
strated by expression in S. lividans of a jadomycin gene
cassette consisting of the jadABCDEI genes.2’” Tcml has
been previously purified and characterized as Tcm F2
cyclase, catalyzing the intramolecular aldol condensation
of Tem F2 (8) to 7.%8

The fourth ORF, designated elmJ, is located 11 nt
downstream of elml. It most likely starts with an ATG at
nt 2648, preceded by a probable RBS, GGAGA, and ends
with a TGA stop codon at nt 3079. elImJ should therefore
encode a 143-amino acid protein with a molecular weight
of 15 251 and an isoelectric point of 6.90. The deduced elmJ
product appears to be closely related to TcmJ*® from S.
glaucescens (70.0% similarity, 64.2% identity), SchB2° from
S. halstedii (61.6% similarity, 53.6% identity), WhiE-
ORFI11%% from S. coelicolor (58.2% similarity, 49.6% iden-
tity), and CurC3° from Streptomyces cyaneus (57.0% simi-
larity, 46.5% identity). The function of this family of
proteins remains a mystery. It has been shown in S.
glaucescens that TcmJ is not essential but can influence
the production of 2 profoundly.1831 The latter result led to
the speculation that TcmJ could provide an optimal activity
of the Tcm polyketide synthase multiprotein complex by
facilitating the interaction among the constitutive pro-
teins.? On the basis of the high degree of amino acid
sequence conservation, an equivalent role could be proposed
for EImJ, which could enhance the production of 1 in S.
olivaceus by interaction with the EIm polyketide synthase.

Heterologous Expressions of elmG in E. coli and
S. lividans. eImG was efficiently expressed in E. coli BL-
21(DE-3)(pBS4004) as the native protein or in E. coli BL-
21(DE-3)(pBS4003) as an N-Hise-tagged fusion protein
(Figure 4A). The overproduced EImG and its N-Hisg-tagged
fusion protein migrated as distinctive bands with a M, of
58 000 (Figure 4A, lane 2) or 60 000 (Figure 4A, lane 5),
respectively, consistent with the predicted M, of 58 085 and
60 266 from the elmG gene and that plus the N-Hisg-tag.
However, the recombinant proteins were completely in-
soluble. The solubility of both EImG (Figure 4A, lanes 3
vs 4) and its N-Hisg-tagged fusion proteins (Figure 4A,
lanes 6 vs 7) could not be improved under all conditions
investigated, including the lowering of IPTG concentration
or incubation temperature. Since it is known that genes of
Streptomyces origin are more likely expressed in soluble
form in a Streptomyces host, eImG was next expressed in
S. lividans. pBS4006 was constructed in pWwHM3 so as to
place the expression of elmG under the control of the ermE*

Figure 5. Heterologous expression and purification of N-Hise-tagged
EImH from E. coli BL-21(DE-3)(pBS4009) cultured at 25 °C with 100
uM IPTG induction. Lane 1, MW Std; lane 2, total proteins; lane 3,
insoluble proteins; lane 4, soluble proteins; lane 5, purified N-Hisg-
tagged EImH.

promoter. Analysis of cell-free extract of S. lividans
(pBS4006) showed a distinctive band that migrated with
a M, of 58 000 (Figure 4B, lane 2), consistent with the
predicted M, of 58 085 from the elImG gene. EImG over-
produced in S. lividans was completely soluble. Purification
of the EImG protein to homogeneity (Figure 4B, lane 3)
was accomplished by a procedure described previously.1®
Since Tcm B2 (9), the most likely substrate for EImG, was
not available, 6 was used as a substrate to test the enzyme
activity of the purified EImG. The purified EImG catalyzes
quantitative conversion of 6 into 2, as determined by HPLC
analysis with authentic standards 6 and 2 as references.
The observed tr (min) for 6 (20.3) and 2 (11.5) are consistent
with those reported previously.’> EImG utilizes either
NADH or NADPH as an electron donor and requires
molecular O,.16

Heterologous Expression of elmH and elml in E.
coli. elmH was efficiently expressed in E. coli as an N-Hisg-
tagged fusion protein. While incubation of E. coli BL-21-
(DE-3)(pBS4009) at 37 °C upon induction with 400 uM
IPTG resulted in the overproduction of EImH predomi-
nantly in an insoluble form, lowering the incubation
temperature to 25 °C and the IPTG concentration to 100
uM dramatically improved the solubility of EImH. Under
the latter conditions, EImH was overproduced predomi-
nantly in the soluble form (Figure 5, lanes 3 vs 4), from
which it was purified to homogeneity (Figure 5, lane 5) by
affinity chromatography on Ni—NTA resin. The purified
EImH protein migrated with a M, of 15 000, consistent with
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Figure 6. Heterologous expression and purification of EIml. (A) EImI overproduced in E. coli BL-21(DE-3)(pBS4011) and (B) N-Hise-tagged EIml
overproduced in E. coli BL-21(DE-3)(pBS4010), cultured at 25 °C with 100 uM IPTG induction. Lane 1, MW Std; lane 2, total proteins; lane 3,
insoluble proteins; lane 4, soluble proteins; lane 5, purified EImI or N-Hise-tagged EIml.

the predicted M, of 14 485 from the elmH gene plus the
N-Hise-tag. The purified EImH catalyzed the quantitative
oxidation of 7 to 3, and this reaction was confirmed by TLC
analysis with authentic standards of 7 and 3 as references.
The observed R; values for 7 (0.33) and 3 (0.26) are
consistent with those reported previously.2%2228 The oxida-
tion of 7 by EImH depends solely on molecular O,, and
EImH does not require any exogenous cofactors or metal
ions.

elml was efficiently expressed in E. coli BL-21(DE-3)-
(pBS4011) as the native protein or in E. coli BL-21(DE-3)-
(pBS4010) as an N-Hisg-tagged fusion protein (Figure 6).
Like elmH, incubation of either E. coli BL-21(DE-3)-
(pBS4011) or E. coli BL-21(DE-3)(pBS4010) at 37 °C upon
induction with 400 uM IPTG resulted in the overproduction
of EIml predominantly in an insoluble form, and lowering
the incubation temperature to 25 °C and the IPTG con-
centration to 100 M significantly improved the solubility
of EIml. Under the latter conditions, EIml was overpro-
duced predominantly in the soluble form (Figure 6A, lanes
3 vs 4), while the N-Hisg-tagged EImI fusion protein was
overproduced partially in the soluble form (Figure 6B, lanes
3 vs 4). EIml was purified to homogeneity (Figure 6A, lane
5) by a procedure reported previously,?® and the N-Hisg-
tagged EIml fusion protein was purified to homogeneity
(Figure 6B, lane 5) by affinity chromatography on Ni—NTA
resin. The purified EIml and its N-Hise-tagged fusion
protein migrated with a M, of 15 000 and 17 000, respec-
tively, consistent with the predicted M, of 12 421 and
14 602 from the elml gene and that plus the N-Hisg-tag.
Both Elml and its N-Hiss-tagged fusion protein were
assayed for the cyclase activity, and both proteins are active
in catalyzing the intramolecular aldol condensation of 8
to yield 7 with 9-decarboxyl-Tcm F1 (10) as a minor product
when the enzymatic reaction was carried out at pH 8.5.
The formation of 7 and 10 from 8 was confirmed by both
TLC and HPLC analyses with authentic standards 8 and
7 as references. The observed R; for 8 (0.52), 7 (0.33), and
10 (0.83) and tr (min) for 8 (9.7), 7 (11.9), and 10 (14.0)
are consistent with those reported previously.?8

Except for the additional C-12a-O-methyl group and the
C-8-O-permethylated L-rhamnose moiety, 1 shares the
identical chromophore with 2.22 This structural resem-
blance has promoted the hypothesis that the biosynthesis
of 1 in S. olivaceus parallels that of 2 in S. glaucescens.
The latter is consistent with (1) the isolation of known
biosynthetic intermediates of 2, such as 3 and 4, from
blocked mutants of S. olivaceus;’ (2) the complementation
with elm genes to tcm mutants defective in the tcmKLM

polyketide synthase genes;® and (3) the production of 4 and
5in S. lividans upon expression of the cosmid clone 16F4
harboring a part of the elm gene cluster.® The fact that 4
is the most advanced intermediate identified from both
pathways suggests that 1 and 2 might share a similar
pathway in the early stage of their biosynthesis but branch
off at 4. Thus, in S. glaucescens 4 is doubly O-methylated
at the C-8-OH and C-9-CO,H groups to yield 6, which
undergoes the Tcm A2 oxygenase-catalyzed triple hydroxy-
lation to 2. In S. olivaceus, however, 4 is selectively
O-methylated at the C-9-CO,H group to 9. The latter is
then triply hydroxylated into 5, presumably catalyzed by
an enzyme analogous to the Tcm A2 oxygenase, followed
by O-methylation at the C-12a-OH and glycosylation at the
C-8-OH groups of 5 to give 1 (Figure 2). This hypothesis is
now supported directly by (1) the cloning and sequencing
of elImGHIJ genes from S. olivaceus and (2) the heterolo-
gous expressions and biochemical characterizations of the
EImGHI proteins. The deduced gene products of eimGHIJ
are highly homologous to TcmGHI1J,%18 suggesting that
they could play similar roles as TcmGHIJ in the biosyn-
thesis of 1 in S. olivaceus. The latter predictions were
confirmed by direct characterizations of the purified EImG,
EImH, and EImlI proteins, which displayed biochemical and
kinetic (data not shown) properties very similar to those
of TcmG,1516 TcmH,2! and Tcml,?8 respectively. Hence, in
analogy with TcmGHI, we name EImG as Tcm B2 oxyge-
nase, presumably catalyzing the triple hydroxylation of 9
to 5 in vivo,® EImH as Tcm F1 monooxygenase, catalyzing
the oxidation of 7 to 3, and EIml as Tcm F2 cyclase,
catalyzing the intramolecular aldol condensation of 8 to 7.
Although, in the absence of 9, we used 6 as a substrate
analogue to demonstrate the oxygenase activity of EImG,
we prefer to name EImG as Tcm B2 oxygenase on the basis
that 5 has been demonstrated previously as an intermedi-
ate for 1, presumably resulting from direct triple hydroxy-
lation of 9.8

EIlmH?122 helongs to an unusual class of monooxygenases
that oxidize anthranones or naphthacenones to the corre-
sponding anthraquinones or naphthacenequinones. The
mechanism of this oxidation is very intriguing because
these enzymes appear to require no cofactor or metal ions.
Although a number of putative monooxygenases of this
family are known,8-22 EImH, TcmH,?! and ActVA-ORF622
are the only three members of this family that have been
purified and characterized biochemically. We have previ-
ously shown that histidine residues were essential for
TcmH,2! and Marsh and co-workers proposed that histi-
dine-52 acts as a general base during catalysis for ActVA-



448 Journal of Natural Products, 2001, Vol. 64, No. 4

ORF6.22 Sequence analysis indeed showed that the latter
histidine residue is absolutely conserved among EImH and
its homologues. We envisage that the cloning and heter-
ologous expression of elmH and the purification of EImH
reported here shall facilitate the mapping of the active sites
of this family of novel monooxygenases.

Polyketide cyclases catalyze the intramolecular aldol
condensations in the synthesis of aromatic polyketides.
Although genetic studies have identified a number of
putative polyketide cyclases,823-25 [ittle is known about
the mechanism of these enzymatic aldol condensations.
DnrD,32 Tcml,28 and TcmNS33 are the only other polyketide
cyclases that have been purified and biochemically char-
acterized. However, no sequence homology is observed
among DnrD, TcmN, and Tcml or EIml, consistent with
the fact that they utilize different substrates. In contrast,
EImI and Tcml are highly homologous and act on the same
substrate. Of special interest are the three histidine
residues that are conserved between EIml and Tcml.
Preliminary study has already shown that EIml can be
completely inactivated by diethylpyrocarbonate, suggesting
that histidine may play a critical role in enzyme catalysis.
Therefore, comparative studies of EImI and Tcml could
provide an understanding of the mechanism and active
sites of these proteins, and the cloning and heterologous
expression of elml and the purification of EIml reported
here have set the stage for such investigations.

The characterizations of EImG!%17 for 1 in S. olivaceus,
together with TcmG?®15-17 for 2 in S. glaucescens, support
the notion that the biosynthesis of the highly hydroxylated
cyclohexenone moiety in other polyketides most likely
follows the same paradigm as the Tcm B2 or Tcm A2
oxygenase. Although EImG and TcmG are the only two
examples known to date that catalyze this unprecedented
triple hydroxylation of an aromatic compound, it is inter-
esting to note that sequence analysis has revealed that both
EImG and TcmG are related to other FAD-containing,
NADPH-dependent hydroxylases,’*~1> such as DnrF, a
known monooxygenase catalyzing the hydroxylation of
aklavinone to e-rhodomycinone.’> The latter is in fact
consistent with the proposed mechanism for TcmG, in
which 6 is first hydroxylated into 4-hydroxyl-Tcm A2,
presumably by a monooxygenase-like activity.’>"17 The
cloning and heterologous expression of elmG and the
purification of EImG reported here should greatly facilitate
future investigations to clarify the exact mechanism of this
intriguing hydroxylation reaction.

Experimental Section

Bacterial Strains, Plasmids, and Other Materials. E.
coli DH5(a)%* was used as a general host for routine subcloning.
E. coli BL-21 (DE-3) (Novagen, Madison, WI) and S. lividans
1326% were used as expression hosts. pGEM-7zf(+), pGEM-
9zf(+), and pGEM-T were from Promega (Madison, WI),
pUC19 was from New England Biolabs (Beverly, MA), and
pET-28a(+) and pET-29a(+) were from Novagen. pWHM3,36
PWHMG63,'® and 16F48 were described previously. Ampicillin
and kanamycin were from Fisher Scientific, Inc. (Fair Lawn,
NJ), and thiostrepton was a gift from Sal Luciana at the
Squibb Institute for Medical Research (Princeton, NJ). Unless
specified otherwise, restriction enzymes and other molecular
biology reagents, biochemicals, and chemicals were from
standard commercial sources.

DNA Manipulation, Sequencing, and Analysis. Plasmid
preparation and DNA extraction were carried out using
commercial kits (Qiagen, Santa Clarita, CA). Restriction
endonuclease digestion, dephosphorylation, ligation, and other
molecular biology procedures were done according to standard
methods.®* For Southern analysis, digoxigenin labeling of the
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tcmG probe,® hybridization, and detection were performed by
the protocols provided by the manufacturer (Boehringer-
Mannheim, Mannheim, Germany), and Hybond N nylon
membranes (Amersham, Braunschweig, Germany) were used.
Automated DNA sequencing was carried out on an ABI Prism
377 DNA sequencer using the ABI Prism dye terminator cycle
sequencing ready reaction kit and AmpliTag DNA polymerase
FS (Perkin-Elmer/ABI, Foster City, CA). Both strands were
sequenced, and the sequencing service was provided either by
DBS Automated DNA Sequencing Facility, University of
California, Davis, or by Davis Sequencing, Inc. (Davis, CA).
Data were analyzed by ABI Prism Sequencing 2.1.1 and
Genetics Computer Group (GCG) Wisconsin Package (Version
9.1, Madison, W1). The deduced gene products were compared
with proteins in the GenBank through the NCBI Internet site
using BLASTP 2.0.12.%7

Polymerase Chain Reaction (PCR). Primers were syn-
thesized at the Protein Structure Laboratory, University of
California, Davis. The 5.0-kb Bglll fragment of cosmid 16F4,
harboring the elImGHIJ genes, was cloned into the BamHI| site
of pUC19 to yield pBS4001 and was used as a template for
amplification of the desired genes. PCR was carried out on a
GeneAmp PCR System 2400 (Perkin-Elmer/ABI) with Vent
DNA polymerase from New England Biolabs. A typical PCR
mixture consisted of 44 ng of the template DNA, 50 pmol of
each primer, 250 uM of dNTP, 5% (v/v) DMSO, 1 unit of Vent
DNA polymerase, and 1 x buffer in a final volume of 50 uL.
The PCR temperature program was as follows: initial dena-
turing at 96 °C for 5 min, 30—35 cycles of 45 s at 94 °C, 1 min
at 55 °C, and 2 min at 72 °C, followed by an additional 7 min
at 72 °C. For elImG, the following pair of primers was used:
5'-TGC CGA CCA TAT GGA CCG AAT AGA AAT TC-3'
(forward, the Ndel site is underlined) and 5'-GCG AAG CTT
CAG GTG CGG GCC AGG ATC-3' (reverse, the Hindlll site
is underlined). A distinctive product with the predicted size
of 1.62 kb was amplified and cloned into pGEM-T according
to the protocol provided by the manufacturer (Promega) to
yield pBS4002. For elmH, the following pair of primers was
used: 5'-AGT ATT CAT ATG CCC CGA CTG TCC CCC GAC-
3' (forward, the Ndel site is underlined) and 5'-TAT GGA TCC
TCA TCC GGC GGC TTC CTC GAA-3' (reverse, the BamHI
site is underlined). A distinctive product with a predicted size
of 330 bp was amplified. For elml, the following pair of primers
was used: 5'-AGT ATT CAT ATG ACC TAC CGT GCC CTG-
3' (forward, the Ndel site is underlined) and 5'-ATG AAT TCT
CAG GCT TCC CAG GTG-3' (reverse, the EcoRI site is
underlined). A distinctive product with a predicted size of 320
bp was amplified.

Heterologous Expressions of the elmGHI Genes in E.
coli or S. lividans and Purification of the EImGHI
Proteins. To express elmG in E. coli, the elmG gene was
cloned as a 1.6-kb Ndel-Hindl1l fragment from pBS4002 into
the same sites of pET-28a(+) or pET29a(+) to yield pBS4003
or pBS4004, respectively, in the former of which elmG will be
expressed as an N-Hisg-tagged fusion protein. E. coli BL-21
(DE-3)(pBS4003) and E. coli BL-21 (DE-3)(pBS4004) were
grown in LB3* containing kanamycin (30 «g/mL) under condi-
tions recommended by Novagen. To improve the solubility of
the recombinant protein, a lower concentration of IPTG (100
uM) and lower incubation temperatures (30 °C and 25 °C) were
also tried. To express elmG in S. lividans, pBS4001 was
digested with Xbal and Sacl, and the resulting 2.2-kb Xbal-
Sacl fragment containing elmG was first cloned into the same
sites of pGEM-9zf(+) to yield pBS4005. To clone the ermE*
promoter,® pWHM®63 was digested with Kpnl and Sacl, and
the resulting 0.45-kb Kpnl-Sacl fragment was inserted into
the same sites of pPGEM-7zf(+) to yield pBS4006. The elmG
gene was then moved as a 2.2-kb HindI11-Nsil fragment from
pBS4005 into the same sites of pBS4006 to yield pBS4007.
The latter was finally digested with EcoRI and Nsil, and the
resulting 2.6-kb EcoRI-Nsil fragment of ermE*::elImG was
cloned into the EcoRIl and Pstl sites of pWHMS3 to yield
pBS4008, in which the expression of elmG is under the control
of the ermE* promoter. pBS4008 was introduced into S.
lividans by ethylene glycol-mediated protoplast transforma-
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tion,%® selected with thiostrepton (50 ug/mL). The resulting S.
lividans (pBS4008) transformants were grown in R2YE with
thiostrepton (10 ug/mL) and incubated in a rotary shaker
(Series 25, New Brunswick Scientific, Inc., Edison, NJ) at 300
rpm and 30 °C for 2 days. Purification of EImG was carried
out by following essentially the procedure reported previously
for TcmG.*®

To express elmH in E. coli, the PCR-amplified 330-bp
fragment of the eImH gene was digested with Ndel and BamH|
and cloned into the same sites of pET-28a(+) to yield pBS4009,
in which elmH will be expressed as an N-Hises-tagged fusion
protein. E. coli BL-21 (DE-3)(pBS4009) was grown in LB3*
containing kanamycin (30 ug/mL) under conditions recom-
mended by Novagen. Purification of the N-Hiss-tagged EImH
fusion protein was carried out by affinity chromatography on
Ni—NTA resin under the recommended conditions by Qiagen.

To express elml in E. coli, the PCR-amplified 320-bp
fragment of the elIml gene was digested with Ndel and EcoRI
and cloned into the same sites of both pET-28a(+) and pET-
29a(+) to yield pBS4010 and pBS4011, respectively, in the
former of which elml will be expressed as an N-Hiss-tagged
fusion protein. E. coli BL-21 (DE-3)(pBS4010) and E. coli BL-
21 (DE-3)(pBS4011) were grown in LB%* containing kanamycin
(30 ug/mL) under conditions recommended by Novagen. Pu-
rification of EImIl was accomplished by following essentially
the procedure described previously for Tcml,?8 and purification
of the N-Hisg-tagged EImI fusion protein was carried out by
affinity chromatography on Ni—NTA resin under the recom-
mended conditions by Qiagen.

Enzyme Assays. The authentic substrates 8,2¢ 7,2 and 6%°
and products 10,%8 3,2* and 2> were isolated and characterized
as described previously. Enzyme assays for EImI using 8 as a
substrate,?® for EImH using 7 as a substrate,?* and for EImG
using 6 as a substrate!®> were carried out by the procedures
described previously. Briefly, a typical assay solution (250 L)
for EIml consisted of 100 uM 8 and 4 ug of EIml in 100 mM
Tris-HCI, pH 8.0, that for EImH consists of 80 uM 7, 20 ug of
EImH, and 1 mM DTT in 100 mM sodium phosphate, pH 7.5,
and that for EImG consisted of 100 uM 6, 250 uM NADPH, 30
ug of EImG, 1 mM DTT, and 10% (v/v) DMSO in 50 mM Tris-
HCI, pH 9.0. The assays were initiated by addition of sub-
strates 8, 7, or 6, respectively, incubated at 30 °C for 0.5 to 2
h, and terminated by addition of NaH.PO, to saturation and
extraction with EtOAc (3 x 250 uL). The EtOAc extracts were
concentrated in vacuo to dryness. The residues were dissolved
in 50—100 uL of MeOH and analyzed by HPLC (for EImG and
Elml assays) or TLC (for EImH and EImIl assays). HPLC
analysis was performed on a Cig column (Nova-Pak, 4 um, 8
mm x 10 cm, Waters, Milford, MA), developed with CH;CN/
H,O/AcOH (20:80:0.1, v/v) for 4 min, followed by a linear
gradient to CH3;CN/AcOH (99.9:0.1, v/v) for 10 min, and held
at CH3CN/ACOH (99.9:0.1, v/v) for an additional 7 min, at flow
rate of 0.8 mL/min and with UV detection at 280 nm, on a
Dynamax gradient HPLC system (Rainin, Walnut Creek, CA).
The column was calibrated with authentic 2, 6, 7, and 8, and
under these conditions, 2, 6, 7, 8, and 10 have retention times
(tr) of 11.5, 20.3, 11.9, 9.7, and 14.0 min, respectively. TLC
analysis was performed on Keiselgel 60 Fzs4 glass plates (0.25
mm, Merck KGaA, Germany) with authentic standards 3, 7,
and 8 as references, developed with CHCls/MeOH/AcOH (85:
15:0.25, v/v). Under these conditions 3, 7, 8, and 10 have R¢
values of 0.26, 0.33, 0.52, and 0.83, respectively.

Nucleotide Sequence Accession Number. The nucle-
otide sequence reported here has been deposited in the
GenBank database under accession number AF263463.
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