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The transcriptional organization of the erythromycin biosynthetic gene (ery) cluster of Saccharopolyspora
erythraea has been examined by a variety of methods, including S1 nuclease protection assays, Northern
blotting, Western blotting, and bioconversion analysis of erythromycin intermediates. The analysis was facil-
itated by the construction of novel mutants containing a S. erythraea transcriptional terminator within the
eryAI, eryAIII, eryBIII, eryBIV, eryBV, eryBVI, eryCIV, and eryCVI genes and additionally by an eryAI 210
promoter mutant. All mutant strains demonstrated polar effects on the transcription of downstream ery
biosynthetic genes. Our results demonstrate that the ery gene cluster contains four major polycistronic
transcriptional units, the largest one extending approximately 35 kb from eryAI to eryG. Two overlapping
polycistronic transcripts extending from eryBIV to eryBVII were identified. In addition, seven ery cluster
promoter transcription start sites, one each beginning at eryAI, eryBI, eryBIII, eryBVI, and eryK and two
beginning at eryBIV, were determined.

Saccharopolyspora erythraea, a mycelium-forming actinomy-
cete, is the major producer of the clinically important macro-
lide antibiotic erythromycin. Extensive genetic studies have
provided some insight into the genes involved in erythromycin
biosynthesis (9, 17, 38). The erythromycin biosynthetic genes
are clustered on the S. erythraea chromosome similarly to other
secondary metabolic pathway genes (3, 11, 14, 21, 22, 27). The
erythromycin gene cluster contains 20 genes involved in the
biosynthesis of erythromycin A. The genes involved in the
biosynthesis of the polyketide ring, the biosynthesis and attach-
ment of mycarose to the macrolide ring, and the biosynthesis
and attachment of desosamine to the macrolide ring have been
designated eryA, eryB, and eryC genes, respectively. Addition-
ally, there are three genes encoding modifying enzymes, des-
ignated eryF, eryG, and eryK, as well as ermE, encoding the
rRNA methylase conferring erythromycin resistance on the
host organism. Finally, two open reading frames (ORFs),
eryBI, which is not essential for erythromycin A biosynthesis
(13), and orf5, encoding a putative type II thioesterase (15), are
also located in the ery gene cluster.

The central portion of the biosynthetic cluster contains the
three eryA genes encoding a type I polyketide synthase (4, 8).
The left flank (conventional ery cluster orientation [see Fig. 2])
contains two eryB genes (eryBII and eryBIII); three eryC genes
(eryCI to eryCIII); two genes encoding erythromycin-modifying
enzymes, eryF (a C-6 hydroxylase) and eryG (an O-methyltrans-
ferase); ermE; eryBI, encoding a proposed b-glucosidase; and
orf5, encoding a putative type II thioesterase. The right flank
contains four eryB genes (eryBIV to eryBVII), three eryC genes
(eryCIV to eryCVI), and eryK (encoding a C-12 hydroxylase
[31]).

Previous transcriptional studies by Bibb et al. (2) have shown

that ermE and eryCI are transcribed in opposite directions.
However, a detailed transcriptional analysis of the entire ery
gene cluster has yet to be reported. Reeve and Baumberg
recently reported the effects of low levels of phosphate, glu-
cose, and ammonium on ery mRNA expression (25). Here, we
present the results of a transcriptional and biochemical anal-
ysis of the majority of the erythromycin biosynthetic gene clus-
ter. A series of novel mutants containing either an S. erythraea
transcriptional terminator inserted into genes located through-
out the ery cluster or an altered eryAI 210 promoter region
were constructed and analyzed by either S1 nuclease protec-
tion assay, Northern blotting, Western blotting, or bioconver-
sion analysis with erythromycin intermediates. The results
indicate that the ery gene cluster contains four major polycis-
tronic transcriptional units, the largest one extending approx-
imately 35 kb, from eryAI to eryG. The transcription start sites
for seven ery cluster promoters were also determined.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and plasmids. The bacterial strains used
in this study are described in Table 1. S. erythraea was grown in ABB20 medium
(corn flour, 5.7 g/liter; soy flour, 11.5 g/liter; dried brewer’s yeast, 1.5 g/liter;
sucrose, 1.0 g/liter; CaCO3, 1.7 g/liter; Edsoy oil, 2.5 ml per 50 ml of medium)
from spore preparations maintained on R3M agar plates (16) at 33°C. After 48 h
of growth in ABB20 medium, 2.5 ml of cells was transferred to 50 ml of SCM
medium (23). S. erythraea CA340, an industrially improved erythromycin-pro-
ducing strain, was maintained as spore preparations on ABB13 (soytone, 5.0
g/liter; soluble starch, 5.0 g/liter; CaCO3, 3.0 g/liter; MOPS (morpholine propane
sulfonic acid), 2.1 g/liter; thiamine-HCl, 0.01 g/liter; FeSO4, 0.012 g/liter) agar
plates or as 280°C glycerol stocks and grown under the same conditions as S.
erythraea NRRL2338. Escherichia coli was grown either on Luria-Bertani agar
plates or in Luria-Bertani broth (29) at 33°C. The antibiotics used for the
selection of E. coli plasmids or S. erythraea integrants were ampicillin (100
mg/ml), thiostrepton (20 mg/ml), and hygromycin (80 to 200 mg/ml).

DNA manipulations. Restriction digestions, dephosphorylation reactions with
calf alkaline phosphatase, and ligation reactions with T4 DNA ligase were per-
formed as directed by the manufacturer. All restriction enzymes and modifica-
tion enzymes were purchased from New England Biolabs (Beverly, Mass.). S1
nuclease was purchased from Ambion (Austin, Tex.) and Boehringer Mannheim
(Indianapolis, Ind.). Chromosomal Southern blotting was performed according
to standard procedures (29). All Southern hybridizations were performed at
68°C. Hybridizing fragments were detected by the procedure outlined in the
Genius system (Boehringer Mannheim) with the chemiluminescent substrate
CDP-Star (Tropix, Bedford, Mass.) as the detection reagent. DNA sequencing
reactions were carried out according to the dideoxy chain termination method of
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TABLE 1. Bacterial strains and plasmids

Plasmid or
strain Description Reference or source

E. coli
pWHM3 Apr (Thior) E. coli-S. erythraea vector used for making insertions in the S. erythraea

chromosome
34

pAIX-5 Apr pUC19 containing a 5.5-kb XhoI-XhoI fragment from the eryAI gene to the eryCIV gene
pLitmus Apr pUC19-based E. coli shuttle vector used for subcloning S. erythraea DNA New England Biolabs
pDPE148A Apr pLitmus29 containing a 300-bp AvrII fragment containing the S. erythraea rrn terminator This study
pDPE149 Apr pLitmus29 containing a cloned S. erythraea terminator This study
pDPE27 Apr pBR322-based E. coli shuttle vector containing the S. erythraea eryCVI, eryBVI, eryCIV, and

eryCV genes
This study

pDPE45 Apr pUC18 containing an 2.9-kb HindIII/SstI fragment of S. erythraea DNA extending from an
internal SstI site in eryAI to a HindIII site of eryBIV

This study

pDPE46 Apr pDPE45 containing the JVI replicon of Streptomyces phaeochromogenes 1, this study
pARR1 Apr pDPE45 containing a 300-bp SpeI/XbaI rrn terminator sequence from pDPE148A cloned

into the SpeI site
This study

pARR2 Apr (Thior) pWHM3 containing a 4.0-kb HindIII/SstI fragment used to make the eryBIV
transcriptional mutant

This study

pARR3 Apr pDPE45 with a 1.59-kb HindIII/NcoI fragment deleted This study
pARR4 Apr pARR3 containing a 300-bp EcoRI/SstI rrn terminator sequence from pDPE148A This study
pARR5 Apr pARR4 containing a 1.1-kb SstI/PstI eryAI fragment from pAIX-5 This study
pARR8 Apr (Thior) pWHM3 containing a 3.3-kb fragment from pARR5 containing the rrn terminator

within the eryAI gene
This study

pARR9 Apr; same as pARR5 but containing most of the eryBV gene This study
pARR16 Apr (Hygr) pJV1-based vector used for constructing eryAI S. erythraea CA340 insertion mutant This study
pARR17 Apr (Hygr); same as pARR16 but containing an eryAI/rrn terminator cassette This study
pARR47 Apr pUC18 containing a 200-bp EcoRI/SmaI PCR fragment from the eryAI promoter region;

used to introduce half a SmaI site at the eryAI 210 hexamer
This study

pARR48 Apr pARR47 containing an additional 400-bp PCR fragment cloned into the SmaI site; used
to create a complete SmaI site at the eryAI 210 hexamer

This study

pARR49 Apr pARR3 containing the mutated eryAI 210 hexamer cloned as a 600-bp BclI/ClaI fragment This study
pARR50 Apr Thior pWHM3-based vector containing the mutated eryAI 210 hexamer plus additional

1.4-kb eryAI and eryBIV DNA; used to make the eryAI 210 hexamer insertional mutant
This study

pKAS132 Apr pDPE27 containing the rrn terminator cloned into the eryBVI gene This study
pKAS133 Apr pDPE27 containing the rrn terminator cloned into the eryCIV gene This study
pKAS134 Apr (Thior) pWHM3 containing a 4.6-kb HindIII/SphI fragment from pKAS132; used for

integrating the terminator in the eryBVI gene
This study

pKAS135 Apr (Thior) pWHM3 containing a 4.8-kb HindIII/SphI fragment from pKAS133; used for
integrating the terminator in the eryCIV gene

This study

pDPE205 Apr; E. coli shuttle vector containing the rrn terminator cloned into the eryBIV gene This study
pDPE206 Apr (Thior) pWHM3 containing a 3.0-kb SstI/HindIII fragment from pDPE205; used for

integrating the terminator into the eryBIV gene
This study

pDPE212 Apr (Thior) pWHM3 containing a terminator cassette in eryCVI; used for integrating the
terminator in eryCVI

This study

pDPE218 Apr (Thior) pWHM3 containing a subcloned rrn terminator within the eryBIII gene; used for
integrating the terminator in the eryBIII gene

This study

pSAM14-2 Apr (Hygr), integrative plasmid containing a hygromycin rrn terminator cassette in the eryAIII
gene; contains the JV1 replicon

This study

S. erythraea
NRRL2338 Wild type; erythromycin producer.
eryAI::trrn Thios NRRL2338 mutant containing an integrated rrn terminator in the eryAI gene obtained

from pARR8
This study

eryAIII::trrn Hygr NRRL2338 mutant containing an integrated rrn terminator in the eryAIII gene obtained
from pSAM14-2

This study

eryBV::trrn Thios NRRL2338 mutant containing an integrated rrn terminator in the eryBV gene obtained
from pARR2

This study

eryBVI::trrn Thios NRRL2338 mutant containing an integrated rrn terminator in the eryBVI gene obtained
from pKAS134

This study

eryCIV::trrn Thios NRRL2338 mutant containing an integrated rrn terminator in the eryCVI gene obtained
from pDPE212

This study

eryCVI::trrn Thios NRRL2338 mutant containing an integrated rrn terminator in the eryCVI gene obtained
from pKAS135

This study

ARR50 Thios S. erythraea NRRL2338 containing a substituted SmaI site at the eryAI 210 hexamer
region by gene replacement

This study

CA340 NRRL2338 derivative; industrially-improved erythromycin producer
eryAI::trrn Hygs S. erythraea CA340 mutant containing an integrated rrn terminator in the eryAI gene

obtained from pARR17
This study

eryAIII::trrn Hygr CA340 mutant containing an integrated rrn terminator in the eryAIII gene obtained from
pSAM14-2

This study

VOL. 187, 1999 ery GENE CLUSTER TRANSCRIPTIONAL ORGANIZATION 7099



Sanger et al. (30) with alkaline-denatured templates (Amersham, Arlington
Heights, Ill.) as described by the manufacturer.

Subcloning of an rrn terminator cassette within ery cluster biosynthetic genes.
The eryBIII mutant was constructed by subcloning a 5.1-kb PstI fragment con-
taining a terminator sequence from pDPE149 into the BclI/NcoI sites within the
eryBIII gene to generate pDPE218. The S. erythraea strain containing the termi-
nator in eryBIII was designated eryBIII::trrn. The eryBIV mutant was constructed
by subcloning a 300-bp BamHI rrn terminator sequence (obtained from
pTERM9) into the BclI site located within the eryBIV gene contained on
pDPE46 to make plasmid pDPE205. The S. erythraea strain containing the
terminator in eryBIV was designated eryBIV::trrn. The eryBV mutant was con-
structed by first subcloning a 300-bp SpeI/XbaI terminator sequence from
pDPE148A into the SpeI site of pDPE45, forming pARR1. A 3.0-kb HindIII/
EcoRI fragment from pARR1 was subcloned into HindIII/EcoRI-digested
pWHM3 (35), yielding pARR2. The S. erythraea strain containing the terminator
in eryBV was designated eryBV::trrn. The eryBVI mutant was constructed by first
subcloning a 300-bp BamHI terminator sequence from pTERM12 into the
BamHI/BglII site of pDPE27, generating pKAS132. A 4.6-kb HindIII/SphI frag-
ment from pKAS132 was then subcloned into HindIII/SphI-digested pWHM3,
forming pKAS134. The S. erythraea strain containing the terminator in eryBVI
was designated eryBVI::trrn. To construct the eryCIV mutant, the same 300-bp
BamHI terminator sequence from plasmid pTERM12 was ligated into BclI-
digested pDPE27, generating pKAS133. A 4.6-kb HindIII/SphI fragment from
pKAS133 was then ligated into HindIII/SphI-digested pWHM3 to generate plas-
mid pKAS135. The S. erythraea strain containing the terminator inserted into the
eryCIV gene was designated eryCIV::trrn. The eryCVI mutant was constructed by
digesting plasmid pDPE201 with PstI/StuI and inserting the terminator from
pTERM9 digested with PstI/StuI to generate pDPE203. Plasmid pEVEH8 was
digested with XhoI/MluI, and the 2-kb fragment was added 39 to the terminator
to generate plasmid pDPE204. pDPE204 was then digested with SpeI/NsiI and
ligated to pWHM3 digested with XbaI/PstI to generate plasmid pDPE212. The S.
erythraea strain containing the terminator inserted into the eryCVI gene was
designated eryCVI::trrn. The eryAI mutant was constructed by subcloning a 300-bp
SstI/EcoRI fragment from pDPE148A into the SstI/EcoRI site of pDPE45, yield-
ing pARR4. To provide additional eryAI sequence downstream of the termina-
tor, a 1-kb SstI/PstI fragment from pAIX-5 was subcloned into the PstI/EcoRV
site of pARR4, yielding pARR5. The SstI fragment end was converted to a blunt
end, using T4 DNA polymerase. Finally, a 3.5-kb SspI/PstI fragment from
pARR5 was subcloned into similarly digested pWHM3, yielding pARR8. The S.
erythraea strain containing the terminator in the eryAI gene was designated
eryAI::trrn. The S. erythraea CA340 eryAI mutant was constructed by using the
pJV1-based plasmid pMBE-2. pMBE2 was first digested with HindIII and SspI to
delete the EcoRI sites. The remaining 5.1 kb of pMBE2 was ligated to a 3.0-kb
HindIII/SspI fragment from pARR9, forming pARR16. A 3.0-kb HindIII frag-
ment from pARR9, containing the rrn terminator and an additional 1.0 kb of
eryAI DNA, was ligated to HindIII-digested pARR16, forming pARR17. The S.
erythraea CA340 strain containing the terminator inserted into the eryAI gene was
designated CA340 eryAI::trrn. The eryAIII mutant was constructed by inserting
the 5.8-kb XmnI/XbaI fragment from pGM402 into plasmid pCD1, which con-
tains the pJV1 replicon. A 2.0-kb cassette containing the terminator and the
hygromycin gene were inserted in the XhoI site located approximately 1.2 kb
from the 39 end of the eryAIII gene, yielding pSAM14-2. The S. erythraea strains
containing integrated pSAM14-2 were designated NRRL2338 eryAIII::trrn and
CA340 eryAIII::trrn. Protoplast transformation of S. erythraea NRRL2338 was
performed according to an adaptation of the procedure originally described by
Hopwood et al. (16). pARR17 and pSAM14-2 were transformed into S. erythraea
CA340 by electroporation.

Analysis of ery gene cluster mutants by TLC. All integrants were initially
screened by thin-layer chromatography (TLC) as described by Weber et al. (36),
for their ability to produce erythromycin A or the predicted intermediate. Bio-
conversion assays were performed by adding in separate time course experiments
the erythromycin intermediates 6-deoxyerythronolide B (6-dEB), erythronolide
B (EB), 3-mycarosyl erythronolide B (MEB), erythromycin C, or erythromycin
D. These substrates were added at the time of transfer into SCM medium from
ABB20 medium. The resulting biotransformation cultures were analyzed for 1 to
5 days as described above. All erythromycin intermediates were added at a final
concentration of 25 mg/ml.

RNA isolation. Ten milliliters of S. erythraea cells was harvested quickly by
vacuum filtration onto a Whatman no. 1 filter over ice and washed with 50 ml of
cold 10 mM EDTA. The cells were resuspended with 5 ml of extraction buffer (20
mM sodium acetate, 4 M guanidinium isothiocyanate, 1 mM EDTA, pH 8.0),
dispersed using a Misonix (Farmingdale, N.Y.) sonicator (50% duty; power
setting, 4; 60 pulses; 1-s duration), and vortexed with glass beads. Sodium dodecyl
sulfate was added to a final concentration of 2% followed by acidic hot (65°C)
phenol (Ambion) extraction. The aqueous phase was extracted with phenol,
phenol-chloroform, and chloroform before precipitation. Northern blotting was
performed according to established protocols as described by Sambrook et al.
(29). Church’s buffer was used in the prehybridization and hybridization reac-
tions (5).

S1 nuclease protection assays. Single-stranded DNA probes for S1 nuclease
protection assays were generated by a modification of the runoff replication
procedure described in the manual accompanying the S1 nuclease kit (Ambion).

Plasmids containing the appropriate ery cluster gene sequences were uniformly
labeled with [32P]dCTP and [32P]dGTP by using sequence-specific primers and
Sequenase. In all cases, the sizes of the probes were controlled by linearizing the
plasmid with a restriction enzyme that cleaved approximately 200 to 275 bp from
the priming site. Single-stranded, uniformly labeled probes were purified from
their templates by denaturing polyacrylamide gel electrophoresis (5% acryl-
amide, 8 M urea–Tris-borate-EDTA). For hybridizations, total S. erythraea RNA
was mixed with 104 to 105 Chelenkov counts per min of probe at 50 to 55°C for
18 h. Detection of S1-protected fragments was performed according to the
procedure outlined in the manual accompanying the S1 nuclease kit.

Oligonucleotide-directed mutagenesis. In order to alter the predicted 210
region of eryAI from the native sequence (TATTGT) to an SmaI site (CCCGG
G), the following PCR primers were designed: Set A, 59-ATGAATTCTGCGC
GCCCTGGCCCGGGAAGACGAA-39 and 59-TCTCCCGGGTCGCCATTGC
GTGGTCGTCG-39, and set B, 59-TCTCCCGGGTAGGAAGGATCAAGAG
GTTGACAT-39 and 59-CGGAATTCTGATCAATTGACGGGGAATCA-39.
The PCR product of primer set A was digested with EcoRI and SmaI and
subcloned into EcoRI/SmaI-digested pUC18, yielding pARR47. The PCR prod-
uct of primer set B was digested with SmaI and then subcloned into SmaI-
digested pARR47, yielding pARR48. SmaI digestion and sequencing confirmed
the generation of an SmaI site at the predicted 210 region of eryAI in the correct
orientation. In order to replace the native eryAI 210 region with the altered
sequence, pARR48 was digested with BclI and ClaI. This generated 4.0-kb and
400-bp fragments. pARR3, which contains the native eryAI promoter region and
an additional 1.6 kb of eryAI and eryBIV DNAs, was digested with BclI and ClaI.
The larger fragment was resolved and gel purified from the 400-bp BclI/ClaI
fragment and ligated to the mutagenized 400-bp BclI/ClaI fragment, yielding
pARR49. Finally, a 2.0-kb EcoRI/HindIII fragment from pARR49, containing
the entire eryAI-eryBIV promoter region and an additional 1.6 kb of the eryAI and
eryBIV genes, was subcloned into the S. erythraea insertion vector pWHM3 (35),
yielding pARR50. pARR50 was protoplast transformed into wild-type S. eryth-
raea as described above.

Other procedures. Western blotting was performed with rabbit anti-EryG
antibodies cross-reacted to soluble cell extracts obtained from various S. eryth-
raea strains. Samples containing 10 mg of protein per lane were loaded onto a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10% acrylamide) gel.
The resolved proteins were electrotransferred onto polyvinylidene difluoride
membranes (Millipore) at 90 V for 2 h according to standard procedures (29).
Cross-reacting proteins were detected with the ECL kit as described by the
manufacturer (Amersham). Quantitation of S1-protected fragments was per-
formed with a Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale,
Calif.) equipped with ImageQuant software.

RESULTS

Construction of ery gene cluster mutants containing an in-
serted rrn terminator. Insertional inactivation of erythromycin
biosynthetic cluster genes by targeted mutagenesis was per-
formed by constructing S. erythraea mutants containing an in-
serted S. erythraea rrn operon terminator at specific sites within
the eryAI, eryAIII, eryBIII, eryBIV, eryBV, eryBVI, eryCIV, and
eryCVI genes (Table 1). A flow diagram showing the pathway
leading to the production of erythromycin A in S. erythraea and
the genes involved is given in Fig. 1. Insertion of the rrn ter-
minator allowed the study of the polar effects on downstream
ery gene cluster expression by blocking transcription from an
upstream promoter(s). The terminator sequence was obtained
from the cloned S. erythraea rrnD operon, which has been
physically mapped on the chromosome (26). A native S. eryth-
raea terminator was chosen to avoid any differences that might
arise among species. The terminator sequence used for inser-
tion mutagenesis was subcloned as a 227-bp fragment, includ-
ing 22 bp of the 5S portion of the rrn operon. The region was
analyzed for secondary structure with the MulFold program
(18, 19, 41). Two regions containing secondary structure were
identified. The first region, beginning 7 bp downstream from
the end of the 5S gene, was predicted to contain a stem struc-
ture 17 bp long with a 4-bp loop immediately followed by a
thymidine-rich region, characteristic of rho-independent ter-
minators (7). The calculated DG of the stem-loop was 230
kcal/mol. A potential second stem-loop structure was identi-
fied 30 bp downstream from the first stem-loop structure. It
had a predicted 18-bp stem with a 4-bp loop followed by a
thymidine-rich region. This stem-loop structure had a pre-
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dicted DG of 224.5 kcal/mol. The engineered S. erythraea
DNA containing the terminator was introduced into the chro-
mosome by homologous recombination with vector pWHM3
(35), which replicates poorly in S. erythraea. As an example, the
eryBIII mutant was constructed by transforming plasmid
pDPE218 into S. erythraea, and the resulting mutant strain
containing the terminator sequence in eryBIII was designated
eryBIII::trrn. All integrants derived by integration with pWHM3
in S. erythraea NRRL2338 were the result of two separate
reciprocal-recombination events which resulted in the eviction
of the selectable marker from the chromosome. Integrants
derived from plasmid pSAM14-2 required that the hygromycin
resistance gene remain in the chromosome. Chromosomal
Southern blotting with fragments that overlapped the junctions
of the inserted DNA as probes confirmed the correct integra-
tion of the terminator sequence in each mutant (data not
shown).

S1 mapping of the transcription start sites for seven ery
cluster promoters. As evidenced by the ery biosynthetic gene
cluster map (see below) (Fig. 2), the majority of the promoters
identified in this study were predicted to be tandemly arranged

and divergently transcribed. Figure 3 shows the results of S1
nuclease mapping of seven transcriptional start sites within
four predicted promoter regions. These promoter regions were
the 224-bp eryAI-eryBIV intergenic region, the 188-bp eryBI-
eryBIII intergenic region, the 83-bp eryCVI-eryBVI intergenic
region, and the region immediately upstream of eryK.

To determine the transcription start site for the eryBIV tran-
script, a 262-bp probe extending from the BclI site in eryBIV to
the MluI site located at the beginning of eryAI was used. Three
eryBIV protected fragments were identified, beginning 84, 88,
and 132 bp upstream of the predicted translation start codon
(Fig. 3A). The 84- and 88-bp protected fragments were con-
sistently more abundant than the 132-bp fragment, suggesting
that this is the location of the major promoter expressing the
eryBIV message (under these experimental conditions). The
235 region of the minor eryBIV promoter is predicted to over-
lap the 235 region of eryAI. The eryAI transcription start site
was identified by using a 314-bp probe starting 76 bp within the
eryAI gene. A protected fragment 103 bp in length was ob-
served, beginning 27 bp upstream of the predicted translation
start codon (Fig. 3B).

The eryBI transcription start site was identified by using a
probe that began 45 bp into eryBI and extended to an NdeI site
35 bp within eryBIII. Two S1-protected fragments were ob-
served, beginning 17 and 18 bp upstream of the predicted
translational start for eryBI (Fig. 3C). To determine the eryBIII
transcription start site, a 238-bp probe extending from a prim-
ing site 70 bp within eryBIII to a BclI site 20 bp upstream of
eryBI was used. Two S1-protected fragments were also ob-
served 1 and 2 bp upstream of the predicted GTG translation
start codon for eryBIII (Fig. 3D).

The size of the predicted eryBVI-eryCVI intergenic region
(83 bp), along with biochemical evidence obtained in this study
(see below), suggested that there could be a promoter located
upstream of eryBVI (12, 33). We tested this prediction by
performing S1 assays with a 345-bp probe that extended from
a site within the 59 end of eryBVI to a StuI site in eryCVI. Two
S1-protected fragments were observed (Fig. 3E), beginning 1
and 2 bp upstream of the predicted start codon (12).

The eryK transcription start site was identified by generating
a 240-bp probe beginning 65 bp within the eryK gene and
extending to a BamHI site within orf21. Several S1-protected
fragments beginning 45 to 50 bp upstream of the predicted
TTG start site (31) and 9 to 14 bp from the predicted termi-
nation codon of orf21 marked the transcription start site for
eryK (Fig. 3F). The predicted 235 and 210 promoter regions
and mRNA start sites are also shown (see Fig. 8).

Characterization of ery gene cluster transcripts by S1 assay.
To test whether the insertion in eryAI::trrn was having a polar
effect on transcription of the downstream eryG gene (Fig. 2),

FIG. 1. Flow diagram indicating the biochemical intermediates and the genes
involved in the biosynthesis of erythromycin A. ErD, erythromycin D; ErC,
erythromycin C; ErA, erythromycin A; CoA, coenzyme A.

FIG. 2. Transcriptional map of the 56-kb erythromycin biosynthetic gene cluster illustrating known and predicted transcripts. The thick arrows represent
monocistronic transcripts identified by S1 mapping in this study and by Bibb et al. (2). The thin arrows represent polycistronic messages identified in this study, the
longest of which extends 35 kb, from eryAI to eryG. The dashed arrows represent putative messages which have not been experimentally verified. The dotted arrow
represents a potentially transcribed gene. The asterisks indicate promoter regions. The carets below the genetic map indicate the genes for which mutants containing
a transcriptional terminator were constructed in this study.
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S1 assays were performed on total RNAs from NRRL2338
eryAI::trrn and CA340 eryAI::trrn with an eryG probe. A signifi-
cant reduction of eryG signal in the insertion mutant strains
was observed compared to that in the parental background
strains (Fig. 4). Quantitation of the hybridizing band in
NRRL2338 eryAI::trrn showed an approximately 70% reduction
in eryG signal compared to NRRL2338, whereas CA340
eryAI::trrn showed a .90% reduction of eryG signal compared
to CA340.

To determine whether the terminators in the eryBIV, eryBV,
and eryCIV genes were having a polar effect on eryBVII tran-
scription (Fig. 2), S1 assays were performed on total RNAs
from eryBIV::trrn, eryBV::trrn, and eryCIV::trrn with a labeled
probe that extended entirely within the eryBVII reading frame.
Because the entire probe was internal to the eryBVII gene,
additional, nonhybridizing DNA (31 bp, composed of a multi-
ple cloning site) was cloned into the plasmid used to make the
probe to distinguish between undigested full-length probe and

the protected fragment. There was a significant decrease in
the amount of eryBVII hybridization signal. The decrease in
eryBVII hybridization signal in eryBIV::trrn and eryBV::trrn was
similar to the decrease in eryG signal in eryAI::trrn. The results
showed a decrease in signal of the hybridizing fragment of
roughly 70 and 80% for the eryBIV and eryBV mutants, respec-
tively, compared to NRRL2338 (data not shown). In the case
of eryCIV::trrn, no defined protected fragment was observed
even after long exposure. This indicated that the terminator
insertions in the eryBIV, eryBV, and eryCIV mutant strains had
a polar effect on eryBVII expression.

Biochemical evidence (see below) suggested that there could
be two promoters within the right flank producing overlapping
transcripts. S1 assays were performed on eryBIV::trrn, S. eryth-

FIG. 3. S1 nuclease mapping of the 59 endpoints of ery cluster transcripts. The nucleotide(s) at the side of each panel indicate the likely transcription start site(s).
(A) eryBIV; (B) eryAI; (C) eryBI; (D) eryBIII; (E) eryBVI; (F) eryK. The same primer was used to generate the sequence ladder and the 32P-labeled probe for S1 assays.
For clarity, similar-intensity images of the S1 and sequence ladder lanes from the same gel were juxtaposed.

FIG. 4. Comparison by S1 nuclease protection assay of the mRNA levels of
the eryAI transcript in S. erythraea NRRL2338, NRRL2338 eryAI::trrn, CA340,
and CA340 eryAI::trrn. Lanes: (1) probe only, untreated; (2) probe only, S1
treated; (3) probe hybridized with 40 mg of Saccharomyces cerevisiae RNA; (4)
probe hybridized with 40 mg of S. erythraea CA340 RNA; (5) probe hybridized
with 40 mg of S. erythraea CA340 eryAI::trrn RNA; (6) probe hybridized with 40
mg of S. erythraea NRRL2338 eryAI::trrn RNA; (7) probe hybridized with 40 mg
of NRRL2338 RNA. A total of 104 cpm of probe was used per S1 nuclease
reaction. The asterisk indicates full-length probe. The arrow at the right indicates
the S1-protected fragment. For clarity, a lower-intensity exposure of lane 1 was
used.

FIG. 5. The right flank of the ery gene cluster contains two overlapping
transcripts from eryBIV to eryBVII. Lane 1, Full-length eryBVI probe treated with
S1 nuclease; lane 2, same as lane 1 but not treated with S1 nuclease; lane 3, 40
mg of yeast RNA hybridized with probe; lane 4, 40 mg of S. erythraea CA340 RNA
hybridized with probe; lane 5, 40 mg of eryBIV::trrn RNA hybridized with probe;
lane 6, 40 mg of CA340 eryAIII::trrn RNA hybridized with probe. All samples were
treated with 50 U of S1 nuclease. A total of 3 3 104 Chelenkov counts per min
were used per reaction. P, full-length protected fragment; the asterisk marks a
shortened S1-protected fragment.
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raea CA340, and eryAIII::trrn with an eryBVI probe (Fig. 5).
eryAIII::trrn was used as the positive control in these experi-
ments. In CA340 (Fig. 5, lane 3) and eryAIII::trrn (lane 6), two
protected fragments were observed. The larger protected frag-
ment (330 bp) represents a transcript beginning at the eryBIV
promoter, and the smaller protected fragment (180 bp) repre-
sents a transcript beginning at the eryBVI promoter, suggesting
that the two promoters produce overlapping transcripts. In
eryBIV::trrn (lane 5), only the 180-bp protected fragment is
observed, suggesting that the inserted terminator in eryBIV is
efficiently terminating transcription.

Northern and Western blotting of the eryA mutants reveal a
polar effect of the terminator on eryG expression. To further
analyze ery cluster transcripts in the eryAI-eryG region, North-
ern blotting was performed on total RNAs extracted from
2-day fermentation cultures of S. erythraea CA340 and CA340
eryAIII::trrn. Hybridization of total RNA from S. erythraea
CA340 with an eryG probe revealed two transcripts approxi-
mately 2,600 and 1,200 bp in length (Fig. 6). The smaller
transcript in NRRL2338 has been described previously by We-
ber et al. (37). The same Northern blot was probed with the
eryBII gene located immediately upstream from eryG. The hy-
bridization pattern was identical to that of the larger transcript
from the eryG hybridization (Fig. 6). This indicates that the
larger transcript contains eryBII and eryG. In the CA340
eryAIII::trrn mutant, no detectable transcript was observed,
even when 15-fold more RNA from the mutant was used in the
hybridization.

Western blot analysis was performed on NRRL2338 and
NRRL2338 eryAI::trrn to determine if the O-methyltransferase
protein was present in cell extracts of these strains. A cross-
reacting band corresponding to EryG protein was observed in
NRRL2338 and an E. coli strain overproducing EryG but not
in an S. erythraea strain with eryG deleted or in the eryAI::trrn
mutant (data not shown). The Northern and Western blot
analyses, in conjunction with the S1 studies, provide strong
evidence that the eryAI, eryAII, eryAIII, eryBII, eryCII, eryCIII,
and eryG genes are primarily cotranscribed from a promoter
upstream of eryAI.

Bioconversion analysis of the mutants supplemented with
erythromycin intermediates. To verify that the RNA results
correlated with biochemical phenotypes, biotransformation as-
says were performed on the insertion mutants with erythromy-
cin intermediates. All the mutants were initially screened by

TLC assay without supplemented intermediates to confirm the
predicted effect of the mutation at the enzymatic level. All of
the mutants showed the expected phenotype (Table 2). To test
the effectiveness of the terminator to disrupt transcription in
the eryA insertion mutants NRRL2338 eryAI::trrn, CA340
eryAI::trrn, and NRRL2338 eryAIII::trrn, the erythromycin inter-
mediates 6-dEB, EB, MEB, and erythromycin C (final concen-
tration, 25 mg/ml) were added to 50-ml shake flask fermenta-
tions and assayed for erythromycin A formation over a 4-day
period. The results for erythromycin C bioconversion are
shown in Fig. 7. The mutants showed a significant reduction in
the formation of erythromycin A and the extent of erythromy-
cin A production from all the intermediates compared to that
of the wild type, which bioconverted all the intermediates to
erythromycin A within 24 h. No dramatic differences in the
formation of erythromycin A from the various intermediates

FIG. 6. Northern blot analysis of the eryG and eryBII-eryG transcript. Lane 1,
50 mg of CA340 RNA; lane 2, 50 mg of S. erythraea CA340 eryAIII::trrn probed
with an eryG probe; lane 3, 50 mg of CA340 RNA probed with an eryBII probe.

FIG. 7. TLC assay to test the ability of the eryA transcriptional mutants
eryAI::trrn and eryAIII::trrn to bioconvert erythromycin C to erythromycin A.
Erythromycin C (25 mg/ml) was added separately to 50-ml SCM cultures con-
taining the eryA mutants and the eryBIV mutant, eryBIV::trrn. One milliliter of the
culture broth from 0- to 4-day fermentations was extracted with ethyl acetate and
analyzed by TLC. The eryBIV mutant was used as the positive control. Both S.
erythraea NRRL2338 (data not shown) and eryBIV::trrn completely bioconverted
all the supplemented erythromycin C to erythromycin A in less than 1 day
between days 1 and 2 of the fermentation. 02, no added erythromycin C; 01,
sample taken at the time of supplementation; 1 to 4, day of sampling following
addition of erythromycin C; Std., TLC standards (M, 3-mycorosyl erythronolide
B; E, erythronolide B; B, erythromycin B; A, erythromycin A; C, erythromycin C).

TABLE 2. S. erythraea mutant strains generated by insertional
mutagenesis or alteration of the 210 promoter region

Straina Gene Disruptedb Phenotypec

eryAI::trrn eryAI Null
CA340eryAI::trrn eryAI Null
eryAIII::trrn eryAIII Null
CA340eryAIII::trrn eryAIII Null
eryBIII::trrn eryBIII 6-dEB
eryBIV::trrn eryBIV EB
eryBV::trrn eryBV EB
eryBVI::trrn eryBVI EB
eryCIV::trrn eryCIV EB/MEB
eryCVI::trrn eryCVI EB/MEB
ARR50d eryAI Null

a All strains are S. erythraea NRRL2338 unless listed as S. erythraea CA340.
b Indicates gene containing an inserted 227-bp rrn operon terminator cassette

by gene replacement.
c Indicates the accumulation of the erythromycin intermediate(s) or the lack of

production (null) of any erythromycin intermediate as assayed by TLC.
d Contains only an altered eryAI 210 hexamer by gene replacement.
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were observed. To determine whether the inserted terminator
was having an effect other than on termination of transcription,
a mutant (S. erythraea ARR50) was isolated in which the pre-
dicted eryAI AT-rich 210 hexamer sequence (TATTGT) was
replaced with an SmaI site (CCCGGG). No erythromycin A
was observed over a 5-day period in 50-ml shake flask fermen-
tations of this strain. Additionally, when 50-ml cultures of
ARR50 were supplemented with EB, MEB, erythromycin C,
and erythromycin D in biotransformation experiments over a
5-day period, bioconversion to erythromycin A was signifi-
cantly reduced compared to that of the wild type, as observed
similarly in NRRL2338 eryAI::trrn (data not shown). Thus, mu-
tagenesis of eryAI by either insertion of a terminator or alter-
ation of the predicted 210 region resulted in the same phe-
notype. To determine whether the insertion in the eryB mutant
strains eryBIV::trrn, eryBV::trrn, and eryBVI::trrn was having a
polar effect on downstream eryC genes, bioconversion assays
were performed with supplemented MEB over a 5-day period.
The eryBIV::trrn and eryBV::trrn mutants showed a significant
reduction in the amount of erythromycin A formed compared
to that of S. erythraea NRRL2338. eryBIV::trrn produced eryth-
romycin A after 1 day of fermentation, whereas it required 5
days to detect erythromycin A by the TLC assay with strain
eryBV::trrn. Based on the predicted structural (enzymatic) func-
tions of the EryBIV, EryBV, and EryCVI proteins, this shows
cotranscription of at least eryBIV, eryBV, and eryCVI.
eryBVI::trrn did not produce any erythromycin A, even when the
sample loaded for TLC analysis was fivefold concentrated,
showing cotranscription (by the same reasoning used for the
predicted cotranscription of eryBIV, eryBV, and eryCVI) of at
least eryBVI and eryCIV.

In eryC insertion mutants constructed on the right flank of
the ery cluster, it was expected that the biochemical phenotype
would be the same as that observed in the eryB insertion mu-
tants described above (accumulation of only EB), since it was
predicted that the insertion would exert a polar effect on down-
stream eryB genes. In biochemical studies the eryCVI mutant,
eryCVI::trrn, accumulated both EB and MEB after 2 days of
fermentation, suggesting an effect on the transcription of
downstream eryB genes. However, eryCVI::trrn was able to bio-
convert all the EB formed to MEB after 4 days. This result is
consistent with the S1 assay data suggesting that there is a
promoter upstream of eryBVI. The eryCIV mutant, eryCIV::trrn,
accumulated equal amounts of EB and MEB. In contrast to
eryCVI::trrn, eryCIV::trrn did not bioconvert any of the EB to
MEB, even after 4 days of fermentation. This suggests that
premature transcription termination of a significant fraction of
transcript from both the eryBIV and eryBVI promoters was
occurring in eryCIV::trrn (see below).

Previous insertion mutagenesis experiments in the region
now known to contain the eryBIII, eryF, and orf5 genes showed
that those mutants either were affected in the C-6 hydroxyla-
tion step (eryF phenotype) or have an eryH mutation and ac-
cumulate EB (EryB phenotype) (34). To determine whether an
insertion in eryBIII would have a polar effect on the expression
of the downstream eryF gene, TLC assays were performed on
eryBIII::trrn over a 5-day period. This strain accumulated only
6-dEB early in the fermentation (24 to 48 h after inoculation),
indicating a polar effect on the transcription of eryF.

Thus, although the S1, Northern, and Western assay data
suggest an almost complete absence of transcript downstream
from the inserted terminators, biochemical evidence suggests
either that a low level of read-through of the terminator is
occurring or that there are secondary (minor) promoters pro-
ducing low levels of the downstream transcripts.

DISCUSSION

Transcriptional arrangement of the erythromycin biosyn-
thetic gene cluster. Figure 2 shows a schematic representation
of the transcriptional organization of the 56-kb ery gene cluster
based on previous work by Bibb et al. (2) and the results
presented in this study. The present work has identified
through S1 assay, Northern blot analysis, Western blotting, and
biochemical assays that the ery biosynthetic gene cluster is
primarily transcribed as four polycistronic messages: eryAI-
eryG, eryBIV-eryBVII, eryBVI-eryBVII, and eryBIII-eryF. The
largest transcript is approximately 35 kb and contains most of
the left flank of the biosynthetic gene cluster. The presence of
a very large message on the left flank of the ery cluster was not
totally unexpected, since previous studies (8, 28, 33) predicted
the possibility of translational coupling of many genes in the
eryAI-eryG region. Bioconversion of erythromycin C to eryth-
romycin A was observed in the eryAI transcriptional mutants at
a much reduced rate, suggesting that there is a possible minor
promoter(s) in the region downstream of the terminator inser-
tions or that read-through of the inserted terminator is occur-
ring. The S1 assay with the 59 end of eryG as a probe was in
agreement with the prediction made from the biochemical
data, since greatly reduced levels of eryG message were de-
tected in the eryA mutants. Possible locations for secondary
promoters include the region between the insertions in eryAI
and eryAIII and the region downstream of the eryAIII insertion.

In order to confirm the transcriptional organization of the
eryAI-eryG region suggested from the analysis of the transcrip-
tional terminator mutants, a strain was constructed by oligo-
nucleotide-directed mutagenesis to alter the predicted eryAI
210 hexamer region. The eryAI 210 region in S. erythraea is
A1T rich, and therefore it was expected that altering the
hexamer to all G1C would dramatically affect expression from
that promoter. This strain had a phenotype similar to that of
the eryA insertion mutants in TLC and biotransformation as-
says. No erythromycin A production was observed. This strain
also bioconverted erythromycin intermediates in a manner
similar to that of the eryAI terminator insertion mutant. This
confirms that the predicted 210 region plays an important role
in gene expression at the eryAI promoter and that the mutation
has a polar effect on downstream eryG transcription.

We have identified two major promoter regions expressing
the deoxysugar genes on the right flank of the ery gene cluster.
These promoters produce overlapping transcripts, one begin-
ning upstream of eryBIV and extending to eryBVII (about 8.0
kb) and the other beginning at eryBVI and extending to eryBVII
(about 4.8 kb). These data provide additional evidence of the
effectiveness of the terminator in disrupting transcription. Al-
though the biochemical data indicated that some MEB is bio-
converted to erythromycin A in eryBIV::trrn, presumably by
read-through of the terminator, no S1-protected fragment cor-
responding to the large mRNA (8.0 kb) was detected. This
suggests that eryBIV message has been severely reduced in
eryBIV::trrn but that some transcript is being made, which is
undetectable in the S1 assay, to allow a low level of enzyme
production and bioconversion.

When the initial biochemical assays were performed on the
eryC mutants located on the right flank of the ery gene cluster,
an EryB phenotype was expected, since the insertion was pre-
dicted to have a polar effect on one or more eryB genes.
Surprisingly, both EB and MEB accumulated in the culture
supernatants in these strains. These data, taken together with
the S1 assay results indicating a promoter upstream of eryBVI,
suggest several possibilities: (i) that very little EryBVII is nec-
essary for the predicted 3,5 epimerization reaction despite our
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not being able to visualize an S1-protected fragment; this
would suggest that there is a promoter downstream of eryCIV
or enough read-through of the terminator is occurring to allow
sufficient production of the epimerase; (ii) that the predicted
3,5 epimerization reaction catalyzed by EryBVII is being car-
ried out by another epimerase, as was suggested by Linton et
al. and Salah-Bey et al. (20, 28); or (iii) that the MEB observed
is unepimerized. Recently, it has been shown that an eryBVII
mutant accumulates mainly EB and small amounts of erythro-
mycin A and erythromycin B analogs in which the neutral sugar
residue might contain a 3-C-methyl or 3-O-methyl 4-keto-6-
deoxyglucose or the 5-epimer of cladinose (13), indicating that
the EryBVII epimerization reaction cannot be complemented
by another epimerase under the growth conditions used. This
suggests that what we observed by TLC analysis in the eryCIV
mutant was EB and possibly unepimerized MEB.

The right flank of the ery gene cluster also contains the eryK
gene, which is transcribed in the opposite direction from the
eryB and eryC genes. eryK appears to be expressed as a mono-
cistronic message, although we have not ruled out the possi-
bility that this message is derived from a larger transcript. Only
one eryK transcript was observed in the S1 assay, suggesting
that either the eryK transcript is rapidly processed from a larger
transcript or it is monocistronic. We consider the former pos-
sibility unlikely, since sequence analysis of a 7.0-kb region
upstream of eryK by Pereda et al. (24) indicated no obvious
involvement of the ORFs in erythromycin biosynthesis. Along
with eryK and the previously described ermE and eryCI genes,
eryBI is transcribed as a monocistronic message, bringing the
total number of ery cluster genes contained in their own tran-
scriptional units to four. Recently, eryBI was shown not to be
essential for erythromycin biosynthesis (13).

Previous work performed on the eryBIII-eryF region (previ-
ously designated the eryH region) showed that these genes and
possibly the undefined orf5, are probably arranged as an
operon, since insertion mutants generated in that study were
determined to be affected in the C-6 hydroxylation step (eryF
mutant) or to have an eryH mutation and accumulate EB
(EryB phenotype) (34). Additionally, the TGA codon of eryF
(previously designated orf4) and the predicted ATG start of
orf5 overlap by 1 bp, potentially making these two genes trans-

lationally coupled (15). Results of TLC assays of supernatants
from a strain containing a terminator in eryBIII showed an
accumulation of 6-dEB. Additionally, the cultures accumu-
lated other unknown products after several days of growth in
shake flask fermentations. These strains are able to bioconvert
MEB to erythromycin A, indicating that not all genes involved
in downstream synthesis were affected in these mutants. The
precise role of the orf5 gene has yet to be determined. Haydock
et al. (15) have proposed that this gene encodes a type II
thioesterase or acyltransferase. The ORF5 gene product is not
essential for erythromycin production, since insertions in the
reading frame do not eliminate erythromycin biosynthesis (10).
However, a significant decrease in macrolide production (6-
dEB in this strain) was observed, along with the production of
other unknown compounds, in this mutant compared to other
engineered strains. Recently, Cundliffe (6) and Xue et al. (40)
have reported similar decreases in macrolide production of
mutant strains deficient in type II thioesterases. Thus, it ap-
pears that eryBIII, eryF, and possibly orf5 are cotranscribed.

Previous work predicted a promoter region upstream from
the eryG translational start site, since a cloned fragment from
that region gave promoter activity with a luxAB reporter group
system. In addition, the putative transcription start site was
determined in S. erythraea by S1 mapping (37). We propose in
addition to this prediction and as a possible alternative hypoth-
esis, that what was observed previously was primarily the result
of RNA processing of the eryAI-eryG transcript and not a
major independently transcribed message. The promoter ac-
tivity observed might have been due to (i) the introduction and
expression of S. erythraea DNA in the heterologous host Strep-
tomyces lividans and (ii) the high copy number of pIJ702-based
vectors in S. lividans. It is still possible that there is a minor
promoter located in the region upstream of eryG and down-
stream of the insertion site in eryAIII, but it would be signifi-
cantly weaker than the eryAI promoter, as indicated by the
RNA and bioconversion experiments. The basis for the stabil-
ity of the eryG-containing transcript (observed in the Northern
blot analysis) compared to the mature 35-kb transcript is un-
known. Figure 8 shows an alignment of all the ery cluster
promoter regions showing the transcription start sites and the
predicted 210 and 235 regions. Several promoter sequences

FIG. 8. Alignment of 10 ery gene cluster promoters. The predicted 210 and 235 regions are underlined. The predicted start sites are boldface and underlined. In
five cases, more than one 59 endpoint was identified in the S1 mapping, and all are underlined. The asterisks mark promoters determined by Bibb et al. (2). a, E. coli
consensus for sigma-70 promoters; b, modified E. coli consensus determined for Streptomyces (32).
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have similarity to the E. coli consensus 210 and 235 regions as
well as to the modified consensus determined for Streptomyces
(32). All of the 210 and 235 regions determined in this study
contain a predicted spacer region between 16 and 18 bp. In
several cases there is a conserved T at position 6 in the 210
region, which has been shown to be common in Streptomyces
promoters (39). In several cases, multiple protected fragments
were observed at the 59 transcription endpoint. The transcrip-
tional studies reported here indicate that the majority of ery
biosynthetic genes are transcribed as large polycistronic mes-
sages from several key regulatory regions. This work should
facilitate future studies directed at improving our understand-
ing of the regulation of this industrially important secondary
metabolic pathway.
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