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Abstract The production of erythromycin A by Sac-
charopolyspora erythraea requires the synthesis of dTDP-
D-desosamine and dTDP-L-mycarose, which serve as
substrates for the transfer of the two sugar residues onto
the macrolactone ring. The enzymatic activities involved
in this process are largely encoded within the ery gene
cluster, by two sets of genes flanking the ery4 locus that
encodes the polyketide synthase. We report here the nu-
cleotide sequence of three such ORFs located immedi-
ately downstream of ery4, ORFs 7, 8 and 9. Chromo-
somal mutants carrying a deletion either in ORF7 or in
one of the previously sequenced ORFs 13 and 14 have
been constructed and shown to accumulate erythronolide
B, as expected for eryB mutants. Similarly, chromosomal
mutants carrying a deletion in either ORF8, ORF9, or
one of the previously sequenced ORFs 17 and 18 have
been constructed and shown to accumulate 3-o-myca-
rosyl erythronolide B, as expected for eryC mutants. The
ORF13 (eryBIV'), ORF17 (eryCIV') and ORF7 (eryBII)
mutants also synthesised small amounts of macrolide
shunt metabolites, as shown by mass spectrometry. These
results considerably strengthen previous tentative pro-
posals for the pathways for the biosynthesis of dTDP-D-
desosamine and dTDP-L-mycarose in Sac. erythraea and
reveal that at least some of these enzymes can accom-
modate alternative substrates.
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Introduction

Erythromycin A is a clinically important macrolide an-
tibiotic produced by the gram-positive bacterium Sac-
charopolyspora erythraea. As for many antibiotics, the
cloning of the erythromycin biosynthetic genes has been
facilitated by the fact that they are organised in a cluster
which also includes the gene conferring self-resistance to
erythromycin A. During the biosynthesis of eryth-
romycin A, the aglycone 6-deoxyerythronolide B is first
synthesised through the condensation of one propionate
and six methyl malonate units, in a process very similar
to fatty acid biosynthesis (for a review see Katz and
Donadio 1993). The three polyketide synthase multien-
zymes involved in this process are encoded by three giant
genes (eryAI to IIT) lying at the centre of the cluster.
Further modifications of the macrolactone ring are in-
troduced sequentially and require a number of addi-
tional enzymatic activities encoded by 18-20 genes
located on both sides of the eryA locus (Figs. 1A and B).
Of these, the eryF gene (ORF4) responsible for hy-
droxylation at position 6 of the macrolactone ring, the
eryG gene (ORF6) responsible for O-methylation of
L-mycarose to L-cladinose, and the eryK gene (ORF20)
encoding the C-12 monooxygenase have been well
characterised (Paulus et al. 1990; Haydock et al. 1991;
Weber et al. 1991; Stassi et al. 1993; Lambalot et al.
1995). In contrast, the identity of the remaining ORFs
and their roles in the biosynthesis and transfer of each of
the two 6-deoxyhexoses activated as dTDP-D-desos-
amine and dTDP-L-mycarose, respectively, remain to be
fully clarified. Generation of mutations in the region
surrounding the ermE resistance gene has previously
allowed the mapping of several eryB (dTDP-L-mycarose
biosynthetic pathway) and eryC genes (dATDP-D-desos-
amine biosynthetic pathway) (Weber et al. 1985, 1990;



Dhillon et al. 1989). However, most of these mutants
were generated prior to sequence analysis, leading in
some cases to misinterpretation of phenotypes owing to
polar effects on downstream genes.

Additional information on potential eryB and eryC
genes has also been briefly summarised (without sup-
porting evidence) in review articles (Donadio et al. 1993;
Liu and Thorson 1994; Katz and Donadio 1995). We
have recently reported (Gaisser et al. 1997) the complete
nucleotide sequence of seven contiguous ORFs lying
between eryAIl and eryK, and have demonstrated that
ORF15 is an eryC rather than the eryB gene previously
proposed (Liu and Thorson 1994; Katz and Donadio
1995). ORF16 was also characterised as an eryB gene. In
this paper, we present the nucleotide sequence of three
additional ORFs (ORFs 7, 8, and 9), located immedi-
ately downstream of the eryA genes, and the results of
targeted gene deletion of each of these three ORFs, as
well as of four previously sequenced ORFs, ORFs 13,
14, 17 and 18. The properties of these mutants, together
with details of the role of eryBIII (to be reported sepa-
rately: S. Gaisser, G. A. Bohm, M. Doumith, N. Dhil-
lon, M.-C. Raynal, J. Cortés and P. F. Leadlay,
manuscript submitted) significantly strengthen our pre-
vious tentative proposals for the enzymology of deoxy-
sugar formation in Sac. erythraea (Gaisser et al. 1997).

Materials and methods

Bacterial strains, plasmids and growth conditions

The Streptomyces lividans strain 1326 (Hopwood et al. 1983) was
the kind gift of C. J. Thompson (University of Basel, Switzerland)
and was maintained on R2YE (R5) plates (Hopwood et al. 1985).
The Sac. erythraea NRRL 2338-red variant strain (Hessler et al.
1997) was obtained from J. M. Weber (Fermalogic, Chicago, Ill.)
and was routinely grown on R2T2 (same as R2T without peptone;
Weber et al. 1985) agar medium and in TSB medium (Oxoid) for
liquid cultures, at 30° C. Preparation of S. /ividans protoplasts, and
subsequent transformation with plasmid DNA was performed ac-
cording to Hopwood et al. (1985). Preparation of Sac. erythraea
protoplasts and subsequent transformation with plasmid DNA was
done as described (Gaisser et al. 1997). For optimal production of
erythromycin A and its derivatives, cells were first grown at 28°C
for 48 h in EP1 (erythromycin production) medium [5 g/l Solulys L
corn steep liquor (Roquette fréres), 10 g/l defatted soya flour
(Cargill), 2 g/l CaCOs;, 5 g/l NaCl, pH 6.8, glucose was added from
a 10x solution, to a final concentration of 15 g/l, after autoclaving]
and subsequent subculture for 3 days in EP2 medium (10 g/l de-
fatted soya flour, 0.2 g/l CaCO;, 1 mg/l CoCl, - 6H,O, pH

6.8-7, final concentration of 20 g/l glucose, added from a 10x solution
after autoclaving). Escherichia coli cells of the strains XL1-Blue
(Stratagene), JM110 (Stratagene) and DH5¢.MCR (Gibco-BRL)
were used for transformation and plasmid preparation. These cells
were routinely grown in LB liquid medium or on LB agar plates as
described by Sambrook et al. (1989). Ampicillin (Sigma) was used
at 100 pg/ml for plasmid selection. For erythromycin bioassays,
agar plugs from Sac. erythraea culture lawns were placed on An-
tibiotic agar No. 1 (Merck) (AMerck) plates which had previously
been overlaid with 4 ml of 0.5x AMerck inoculated with a spore
suspension of Bacillus pumilus (ATCC 14884). Plates were incu-
bated overnight at 37°C. The E. coli-Streptomyces shuttle vector
pUWL218 (Wehmeier 1995), used for chromosomal integration in
Sac. erythraea, was the kind gift of W. Piepersberg (University of
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Wuppertal, Germany). The plJ486 plasmid (Ward et al. 1986) was
obtained from C. J. Thompson. The pTZ18R phagemid was from
Pharmacia Biotech. The pUC19 plasmid (New England Biolabs)
was routinely used for subcloning experiments. The pORT1 shuttle
vector was made by sub-cloning the 4-kb PstI fragment isolated
from plJ486 (including both the thiostrepton resistance gene and
the Streptomyces replicon) into the PstlI site of pUC19. The ASES.5,
pNCO28 and pNCO62 genomic clones of Sac. erythraea have al-
ready been described (Haydock et al. 1991; Gaisser et al. 1997). The
pBK6-12 plasmid corresponds to a 4.5-kb Kpnl fragment isolated
from the pBK25 plasmid clone described by Bevitt et al. (1992) and
cloned into pTZ18R (Fig. 1B). Plasmids pK62 and pK23, respec-
tively, correspond to the 5.8-kb and 10-kb Kpnl fragments isolated
from ASES5.5 and cloned into pUCI19 (Fig. 1A). The pEco2 plasmid
corresponds to the 2.2-kb EcoRI fragment isolated from ASES.S
and cloned into pUCI9 (Fig. 1A). The plasmids pKB22 and
pBK44 were derived from pK62 by sub-cloning each of the two
2.9-kb Kpnl-Bglll fragments into the Kpnl/BamHI sites of pUCI19
(Fig. 1A). The pBIISB plasmid was derived by sub-cloning into
pUCI9 the 600-bp Sa/l fragment isolated from pBK44 (Fig. 1A).

DNA manipulations

Digestion of DNA with restriction enzymes was performed as
recommended by the enzyme suppliers (New England Biolabs and
Boehringer Mannheim). Blunting of protruding ends was per-
formed using the Klenow fragment of DNA polymerase I (Boeh-
ringer Mannheim) as described by Sambrook et al. (1989).
Competent E. coli cells of commercial origin (Gibco BRL and
Stratagene) were used for transformation with plasmid DNA fol-
lowing protocols recommended by the suppliers. Plasmid isolation
from E. coli cells was performed using the Plasmid Midi kit (Qia-
gen) or the RPM kit (Biol01l). Preparation of 4 bacteriophage
DNA was performed according to Ausubel et al. (1995). Sac.
erythraea chromosomal DNA was isolated according to Hopwood
et al. (1985) or with the G NOME DNA kit (Bio 101). For
Southern blot analysis, DNA transfer onto GenescreenPlus mem-
branes (Dupont NEN) was performed in 0.4 M NaOH as described
(Ausubel et al. 1995). Oligonucleotides were 5" end labelled using
[v*?PJATP (Amersham) and polynucleotide kinase (Boehringer
Mannheim) according to Sambrook et al. (1989). Hybridization
was performed with the rapid hybridization buffer from Amer-
sham, as recommended by the manufacturer. Polymerase chain
reaction (PCR) analysis of DNA from E. coli cells were performed
on 10 pl of an overnight culture in LB medium. For PCR analysis
of Sac. erythraeca DNA, 100 pl of a 3-day culture in TSB medium
was centrifuged and 10 pl of the cell pellet (in TSB) was used for
amplification in a geneAmp PCR system 9600 (Perkin Elmer
Cetus). After heating for 3 min at 94° C, PCR reactions were car-
ried out with AmpliTaq polymerase (Perkin Elmer) and appro-
priate oligonucleotide primers (25 pmol/pl) in the presence of 10%
(v/v) dimethyl sulphoxide for 30 cycles of 1 min at 94°C, 1 min at
55°C and 3 min at 72°C, followed by an elongation period of
7 min at 72°C.

DNA sequencing and computer analysis

DNA sequencing was performed as described (Haydock et al.
1991). Additional sequencing analysis was performed on plasmid
DNA samples (purified on Qiagen 100 columns) using an ABI
Prism 377 automated sequencer (Applied Biosystems). In the latter
case, sequencing reactions were performed using conventional
M13 primers or synthetic primers with fluorescent dye-labelled
dideoxynucleoside triphosphate terminators, and Taq FS poly-
merase (Perkin Elmer) in the presence of 5% (v/v) dimethyl
sulphoxide. Sequence data were assembled as described (Haydock
et al. 1991) and with the Autoassembler software package from
Applied Biosystems. Sequence analysis was performed with
the Genetic Computer Group software package (version 8.1)
(Devereux et al. 1984).
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Purification of erythronolide B and 3-a-mycarosyl
erythronolide B

Erythronolide B and 3-a-mycarosyl erythronolide B were purified
from the eryCI mutant WH2221 (Dhillon et al. 1989) by chroma-
tography on aminopropyl silica gel and stepwise elution with
n-butyl chloride/dichloromethane (100/0, 80/20, 50/50, 20/80, v/v),
followed by gradient elution with n-butyl chloride/methanol (from
99/1 to 90/10, v/v). Fractions containing erythronolide B and
3-g-mycarosyl erythronolide B were identified by thin-layer chro-
matography, pooled and evaporated under reduced pressure.
Erythronolide B was crystallised once from ethyl acetate/hexane
and once from ethanol, while 3-a-mycarosyl erythronolide B was
crystallised twice from ethyl acetate/hexane.

Generation of chromosomal mutants of Sac. erythraea

For the generation of chromosomal mutants of Sac. erythraea by
homologous recombination, plasmids were constructed as follows.

1. ORF7 (eryBII). The pK62 plasmid was shortened on its left-
hand side by removing a 598-bp Bc/l-BamHI fragment (Fig. 1A).
The resulting plasmid pBCK1 was further digested with M/ul and
Bglll, to delete an 853-bp fragment internal to ORF7. After
blunting with Klenow, the deleted plasmid was religated and
transformed into E. coli. From the p19BIID plasmid thus gener-
ated, the 4.3-kb fragment harbouring the deletion was excised using
Kpnl and Hindl1I (from the pUC19 polylinker) and sub-cloned into
pUWL218 to generate plasmid pBIID.

2. ORF8 (eryCIHI). As this ORF is translationally coupled to the
downstream ORF7, an in-frame deletion was introduced to avoid
any polar effect. A 663-bp Sa/l deletion was created within ORF8

by sub-cloning into pUCI19 the two Sa/l fragments of 631 and
794 bp isolated from the pBK4 plasmid (Fig. 1A). The correct
orientation of the two Sal/l fragments was verified by the generation
of a 600-bp fragment by PCR analysis of ampicillin-resistant
clones, using as primers the C3-S and C3-R oligonucleotides de-
scribed in Table 1. The resulting plasmid, pdel88, was then sub-
jected to two additional sub-cloning steps in order to enlarge the
flanking chromosomal regions available for homologous recombi-
nation. First, the 450-bp Sacl fragment in pdel88 was replaced by
the 1.1-kb Sacl fragment from pEco2 (Fig. 1A) to generate plasmid
pdel88A. In a second step, the pOBB plasmid was first derived by
introducing the 4-kb Pstl fragment from plJ486 (containing the
thiostrepton resistance gene and the Streptomyces replicon) into the
Pstl site of pBK44 (Fig. 1A). The 1.5-kb EcoRI fragment (carrying
the deletion within ORFS8) was then isolated from pdel88A and
used to replace the 1.66-kb EcoRI fragment carrying the intact
ORF8 in pOBB. The resulting plasmid, pCIIID, thus carries
flanking chromosomal regions for homologous recombination of,
respectively 1.27 kb of sequence upstream and 1.38 kb downstream
of the deletion point.

3. ORF9 (eryCII). The pCIID plasmid carrying a 304-bp deletion
in ORF9, which disrupts the reading frame, was constructed by
sub-cloning the 1.1-kb Sacl-Kpnl fragment from plasmid pK23,
together with the 1.7-kb EcoRI-Kpnl fragment from the pEco2
plasmid into the pORT]1 vector previously digested with Sacl and
EcoRI (Fig. 1A).

4. ORF13 (eryBIV'). As this gene could be translationally coupled
to the downstream ORF14, an in-frame deletion had to be intro-
duced. First, the pPSP4 plasmid was constructed by sub-cloning
the Pvull-Spel fragment from pBK6-12 and the Spel-Pst1 fragment
from pNCO28 into pUCI19 previously digested with Smal and Pst1
(Fig. 1B). A 510-bp Bcll-Ncol fragment internal to ORF13 was
then deleted and replaced by a 45-bp fragment derived from a

Fig. 1A, B Organisation of left A
(A) and right (B) regions of the 1 0 1 2 3 4 5 6 7 8 9 10 11 12 kb
erythromycin gene cluster in | l l l l ] 1 l l l [ l
Sac. erythraea. Numbers refer eryCI  ermE eryBI eryBIII eryF eyG  eryBII  eryCHT  eryCIL  eryAIll
to the distance (in kb) from the <«—T g S < 3 | 2 [T I 3 X & K 7T K 5 K 7 K1
BamHLI site at the beginning of B K 5 K KE
the ermE gene. ORFs are indi- .
cated by open arrows and ASE5.5 MT_::
named according to Liu and BM Bec Bg
Thorson (1994) and Gaisser et pKe2 I ——————
al. (1997). Also shown are the Bg M
locations of plasmids pNCO28 pBCKI S ——
and pNCOG62 (Gaisser et al.
1997) and of ZSE5.5 (Haydock pKB22 I
et al. 1991). Other clones are SaP Sa ESaSaSaS SaSE
described in the text. a and b pBK44 L R ————
refer to the two Sall fragments [E— —
used to generate the pdel88 pBIISE mmm ° s K s
plasmid (see text). Restriction |
sites: B, BamHI; Ba, Ball; Bc, pEco2 " s
Bell; Bg, Bglll; E, EcoRI; K,
Kpnl; M, Miul: N, Neol; P, pizs ——
Pstl; Pv, Pvull; S, Sacl; Sa, _
Sall; Sc, Scal; Sh, Sphl; Sp, B 4|1 4|2 4]3 4|4 4'5 4|6 4|7 4|8 4|9 5|0 °|1 5|2 5|3 kb
ig I?llv’ezl(’fr)gfr‘lllp’o)l(ylil’n[l‘:gfslalsétljrs)t eryAl eryBIV  eryBV  eryCVI  eryBVI eryCIV eryCV  eryBVIL
indicated in bold face o CEE EOC TS SIS ek .
< K]
K Pv Bc N SpK
PEKG-12 | —
NSp K P XhNB
pNCO28 :
XN Ba Bc Bc Sh B N
PNCOS? | —————
S Be N

Sc Sc

pBABI18 *
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Table 1 Oligonucleotide pri-

Oligonucleotide sequence

mers used in the PCR analyses ~ Ery Mutant  Name
and Southern blot analysis of of primer
the different ery mutants of Sac.
erythraea BII92 B2-S
B2-R
CIII68 C3-S
C3-R
CI162 C2-S
C2-R
BIVS87 B4-S
B4-R
BV88 B5-S
B5-R
CIVg9 C4-S
C4-R
CV90 Cs-S
C5-R

5-TTGGCGAAGTCGACCAGGTC-3
5-GCCGCTCGGCACGGTGAACTTCA-3
5-ATGCGCGTCGTCTTCTCCTCCATG-3’
5-TCATCGTGGTTCTCTCCTTCC-3
5-GGAATTCATGACCACGACCGATC-3’
5-CGCTCCAGGTGCAATGCCGGGTGCAGGC-3’
5-CAATATAGGAAGGATCAAGAGGTTGAC-3’
5-AACTCGGTGGAGTCGATGTCGTCGCTGCGGAA-3’
5-AGGAGCACTAGTGCGGGTACTGCTGACGTCCTT-3’
5-TCCGGAGGTGTGCTGTCGGACGGACTTGTCGGTCGGAAA-3’
5-GGCCTATGTGGACTACGTGTTGAACGT-3’
5-AGCGGCTTGATCGTGTTGGACCAGTAC-3’
5-TTCGCTCCCCGATGAACACAACTCGTA-3’
5-AACGCCTCGTCCTGCAGCGGAGACACGAACA-3’

% Primers whose names have been underlined were used as probes for the Southern hybridization
(Fig. 5B). In the case of the CI162 deletion mutant the C3-S primer was used as a probe

54-bp synthetic adapter. This adapter was generated by annealing
together the complementary oligonucleotides: 5~ AATTGATCAA-
GGTGAACACGGTCATGCGCAGGATCCTCGAGCGGAAC-
TCCATGGGG-3" and 5-CCCCATGGAGTTCCGCTCGAGG-
ATCCTGCGCATGACCGTGTTCACCTTGATCAATT-3, and
digesting with Bcl/l and Ncol (this adapter was also designed to
introduce an Xhol site to assist in restriction analysis; see below). A
Sacl-EcoRI fragment harbouring the modified ORF13 was further
subcloned into the corresponding sites of pUWL218, thus gener-
ating pBIVD.

6. ORF14 (eryBV'). The pBVD plasmid carrying a 712-bp deletion
internal to ORF14 was generated by ligating the 1.1-kb Bcll-Kpnl
fragment from pBK6-12, together with the 1.1-kb Kpnl-BamHI
fragment from pNCO28, into the BamHI site of pUWL218
(Fig. 1B).

7. ORF17 (eryCIV'). The pNCO62 plasmid was digested with Ball
and Bcll to generate a 949-bp deletion within ORF17 (Fig. 1B).
Subsequent blunting of the ends and ligation generated pBCB17. A
2.68-kb fragment carrying the deletion was recovered from
pBCBI17 by digestion with Xbal and Sphl and sub-cloned into the
corresponding sites of pUWL218 (Fig. 1B), thus generating
pCIVD.

8. ORF18 (eryCV'). A 3.5-kb Ball-BamHI fragment from pNCO62
was first sub-cloned into the Smal-BamHI sites of pUCI19. From
the resulting plasmid pBABIS, a 1-kb Scal fragment internal to
ORF18 was deleted (Fig. 1B). The fragment carrying the deletion
was then recovered by digestion with HindlIII and EcoRI (site in the
pUCI9 polylinker) and sub-cloned into the corresponding sites of
pUWL218, resulting in the pCVD plasmid.

The plasmids pBIID, pCIIID, pCIID, pBIVD, pBVD, pCIVD
and pCVD were individually used to transform protoplasts of Sac.
erythraea. Selection of primary and secondary transformants was
performed as described by Cortés et al. (1995), except that TSB
(Oxoid) medium was used instead of M1-102 medium for the four
rounds of subculture in liquid medium.

Metabolite identification

Cultures of Sac. erythraea, grown in EP2 medium for 72 h as de-
scribed above, were centrifuged for 10 min at 5000 rpm. The su-
pernatants were adjusted to pH 9.0-10.0 with sodium hydroxide
and extracted with ethyl acetate. The organic phases were pooled,
dried over anhydrous MgSQO,, concentrated by rotary evaporation,
resuspended in dichloromethane and analysed on pre-coated silica
gel 60 F,s4 thin-layer chromatography plates (Merck). Chroma-
tography was performed using either dichloromethane-methanol
(90/10, v/v) or isopropyl ether/methanol/ammonia (ca. 25% NH3)
(75/35/2, v/v). Alternatively, samples were chromatographed on
pre-coated silica gel NH, F;s4 plates (Merck) in n-butyl chloride/

methanol (90/10, v/v). The compounds were visualised by spraying
the plates with p-anisaldehyde/sulphuric acid/ethanol (1/1/9, v/v)
with subsequent heating for a few minutes at 80°C. Erythromycin
A (Roussel Uclaf) was used as a standard. The antibiotic activity of
metabolites was assessed in parallel by bioautography on agar
seeded with B. pumilus (ATCC 14884). High-performance liquid
chromatography (HPLC) was performed on a liquid chromatog-
raphy system (Gilson) equipped with a variable wavelength detec-
tor at 215 nm, and a Kromasil C18 5p stainless steel column
(250 x 4.6 mm i.d.) fitted with a Kromasil C18 5u pre-column
(50 x 4.6 mm i.d.). The mobile phase was as follows: acetonitrile/
methanol/0.065 M ammonium acetate pH 6.7 (35/15/50, v/v). The
flow rate of the mobile phase was 1.0 ml/min and the column was
operated at 30° C. HPLC coupled to mass spectrometry was carried
out on a chromatography system (Waters) equipped with a Finn-
igan TSQ 7000 mass spectrometer.

Results
Cloning and sequencing of ORFs 7, 8, and 9

The strategy used for sequencing the genomic inserts in
pRH3 and ASES.S has already been described (Dhillon
et al. 1989; Haydock et al. 1991). Analysis of the nu-
cleotide sequence of these clones allowed the identifica-
tion of nine individual ORFs, in addition to the ermE
resistance gene (Fig. 1A) (Haydock et al. 1991). Of
these, five have already been published (Dhillon et al.
1989; Haydock et al. 1991). To complete the sequencing
of ORFs 7, 8 and 9, the plasmids pKB22, pBK44,
pBIISB and pEco2 (Fig. 1A) were subjected to auto-
mated sequencing as described in Materials and meth-
ods. The resulting nucleotide sequences of ORFs 7, 8
and 9 have been deposited in the EMBL database under
the accession number Y 14332. The sequence analysis of
the remaining ORF, ORF2, will be reported elsewhere
(Gaisser et al., manuscript submitted).

Sequence analysis of ORFs 7, 8 and 9

1. ORF7 (EryBII). The deduced product of ORF7 (a
protein of 333 amino acid residues, M, 35867) shows



546

highest sequence similarity (51% identity, 61% similarity)
to YrpG, the presumed product of an ORF uncov-
ered by systematic sequencing of the Bacillus subtilis
genome (accession number U93875). Although the
function of YrpG is unknown, the ORF7 gene product
also shows significant overall sequence similarity (40%
identity) to MocA, a putative oxidoreductase from the
pathway for catabolism of the crown-gall opine manno-
pine by Agrobacterium tumefaciens (Kim and Farrand
1996). It also shows moderate sequence similarity to
other putative oxidoreductases, such as NorA (27%
identity) in the aflatoxin biosynthetic gene cluster of
Aspergillus parasiticus (accession number: U32377), to a
rat liver gene implicated in the reduction of aflatoxin B1
aldehyde (accession number P38918), and to an au-
thentic NADP "-linked aryl alcohol dehydrogenase
(26% identity) from the white-rot fungus Phanerochaete
chrysoporium (accession number A55449) (Fig. 2).

2. ORF8 (EryCIII). The deduced protein product of
ORFS (a protein of 421 amino acid residues, M, 45 929)
shows convincing end-to-end sequence similarity to
DauH (43% identity) and DnrS (47% identity), encoded
by genes in the daunorubicin biosynthetic gene clusters
of Streptomyces peucetius (Otten et al. 1995) and
Streptomyces sp. C5 (Dickens et al. 1996), respectively.
DauH and DnrsS are believed to catalyse glycosyltransfer
from dTDP-daunosamine to e-rhodomycinone. The
ORF8 gene product also shows convincing sequence
identity (45%) to DnrH from S. peucetius (Scotti and
Hutchinson 1996), which converts daunosamine to its
polyglycosylated form, and to TylM2 (50% identity)
from S. fradiae, which encodes the glycosyltransferase
that adds mycaminose to the S5-hydroxy group of
tylactone, the polyketide aglycone of tylosin (Gandecha
et al. 1997). This family of related enzymes includes
ORF14 (EryBV), also from the erythromycin biosyn-
thetic gene cluster (Gaisser et al. 1997), which shows
44% sequence identity to ORFS§ (Fig. 3).

3. ORF9 (EryCII). The deduced gene product of ORF9
(a protein of 361 amino acid residues, M, 38 507) shows
greatest sequence similarity to DnrQ, from the dauno-
rubicin biosynthetic gene cluster of S. peucetius (38%
identity) (Otten et al. 1995), a protein which is involved
in daunosamine synthesis, and to ORFI1* from the
tylosin biosynthetic gene cluster of S. fradiae (40%
identity) (Gandecha et al. 1997), which may be involved
in mycaminose biosynthesis (Fig. 4). All these proteins
also show end-to-end sequence similarity to cytochrome
P450 enzymes from a variety of sources, but EryCII,
DnrQ and ORF1* all lack the cysteine residue which
provides the characteristic ligand to the heme iron in
cytochrome P450.

Identification of chromosomal mutants
of Sac. erythraea

To determine whether the products of ORFs 7, §, 9, 13,
14, 17 and 18 are involved in the synthesis of either

ADH
AlcDH
EryBII
YrpG
MocA
AldRD

.MVLPTAPEP
MNIWAPAPEP

PTLLGYHRIL
PTKLGRHRQL
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Fig. 2 Comparison of the ORF7 gene product (EryBII) of Sac.
erythraea with YrpG from Bacillus subtilis (U93875), MocA from
Agrobacterium tumefaciens (U19620), NorA (ADH) from A. para-
siticum (U32377), aflatoxin Bl reductase (aldRD) from rat liver
(P38918) and aryl alcohol dehydrogenase (AlcDH) from Penicillium
chrysosporium (A55449). Genbank accession numbers are given.
Amino acid sequence identities are indicated by asterisks

dTDP-L-mycarose or dTDP-D-desosamine, chromo-
somal mutants were constructed as described in Mate-
rials and methods. Gene replacement mutants were
identified as follows. After screening for loss of resis-
tance to thiostrepton, bioassays were performed to
monitor the loss of erythromycin production. In all
cases, ery” mutants could be identified (data not shown).
The mutant strains BII92 (ORF7), CIII68 (ORFS),
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Fig. 4 Comparison of the putative 3,4-keto isomerase ORF9

Fig. 3 Comparison of the putative glycosyltransferases ORF8
(EryCIII) and ORF14 (EryBV) (Y11199) from Sac. erythraea, DauH
from Streptomyces sp. C5 (U43704), DnrH (U77891) and DnrS
(L47164) from S. peucetius, and TyIM2 from S. fradiae (X81885).
Accession numbers are given. Sequence identities are indicated by
asterisks

CII62 (ORF9), BIV87 (ORF13), BV88 (ORF14), CIV89
(ORF17) and CV90 (ORF18) thus generated were in-
dividually subjected to PCR analysis using the oligo-
nucleotide pairs listed in Table 1. In each case, the size
of the amplified fragment detected in the mutant strain

(EryClIl) in Sac. erythraea, with DnrQ from Streptomyces peucetius
(L47164) and the deduced protein product of ORFI1* in S. fradiae
(tylORF1) (X81885). Accession numbers are given. Sequence
identities are indicated by asterisks

analysed was identical to the one generated with the
corresponding plasmid used to derive the mutant by
homologous recombination, while the wild-type strain
gave a PCR fragment of the expected higher mobility
(data not shown). To confirm the presence of the dele-
tion within the chromosome of each mutant, Southern
blot analyses were performed as follows.

BII92. When Kpnl-digested chromosomal DNA pre-
pared from the BII92 mutant strain was probed with the
32P-end-labelled oligonucleotide B2-S (Table 1) a 4.9-kb
band was detected, while the expected 5.8-kb band could
be identified in the Sac. erythraea wild-type strain (data
not shown).

CIII68. When EcoRI-digested chromosomal DNA pre-
pared from the CIII68 mutant strain was probed with
the C3-S oligonucleotide (Table 1) a 1.5-kb band was
detected, as opposed to the 2.2-kb band identified in the
wild-type strain (data not shown).

CII62. By Southern blot analysis using the C3-S oligo-
nucleotide as a probe on EcoRI-digested chromosomal
DNA a 1.8-kb band was detected in the CII62 mutant
strain, while a 2.2-kb band was identified in the case of
the wild-type strain (data not shown).
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BIV87. Since an Xhol site had been introduced into the
adaptor used to construct the pBIVD plasmid, this en-
zyme was used to monitor the presence of an additional
Xhol site 2.7 kb upstream of the Xhol site located at the
beginning of ORF16 (Fig. 1B). When genomic DNA
from the BIV87 mutant was digested with Xhol and
probed with the B4-R oligonucleotide (Table 1) a 2.7-kb
band was detected, as opposed to the 5.4-kb signal de-
tected in the wild-type strain (data not shown).

BV88. When Ncol-digested chromosomal DNA from
the BV88 mutant strain was probed with the B5-R
oligonucleotide (Table 1) a 2-kb band was detected,
while a 2.7-kb band was identified in the wild-type strain
(data not shown).

CIV89. By Southern blot analysis using the C5-R
oligonucleotide as a probe (Table 1) on Ncol-digested
chromosomal DNA, a 5.2-kb band was detected in the
CIV89 mutant strain and a 6.2-kb band in the wild type
(data not shown).

CV90. When Ncol-digested chromosomal DNA samples
were probed with the C5-R oligonucleotide (Table 1), a
5.1-kb band and a 6.2-kb band were detected in the
CV90 mutant and the wild-type strain, respectively (data
not shown).

All these results confirmed the presence of the expected
deletion within the chromosome of each mutant strain.

eryB and eryC phenotypes of chromosomal mutants
of Sac. erythraea

In order to analyse the phenotype of each mutant, cells
were grown in EP2 medium as described in Materials
and methods, metabolites were extracted and analysed
by thin-layer chromatography using purified eryth-
ronolide B, 3-a-mycarosyl erythronolide B and eryth-
romycin A as standards. As shown in Fig. 5, mutants
CIII68, CII62, CIV89 and CV90 all preferentially ac-
cumulate 3-g-mycarosyl erythronolide B, as well as
varying amounts of erythronolide B, as expected for
eryC mutants. Similarly, mutants BII92, BIV87 and
BV88 all accumulate erythronolide B as the major
compound, as expected for eryB mutants (Fig. 5). For
all these ORFs, the nomenclature proposed by Katz and
colleagues in several review articles (Donadio et al. 1993;
Liu and Thorson 1994; Katz and Donadio 1995) there-
fore appears to be valid and the same designation is
adopted here. In mutants BII92 and BIV87, minor me-
tabolites of low mobility were detected in addition to
erythronolide B (Fig. 5). In the case of BII92 and BIV&7
the corresponding compounds display antibiotic activi-
ty, as assessed by bioautography performed on an agar
plate seeded with the erythromycin-sensitive strain
B. pumilus ATCC 14884 (data not shown). Similarly,
minor compounds of low mobility were detected in
mutant CIV89, in addition to erythronolide B and 3-a-
mycarosyl erythronolide B (Fig. 5). In this case, bio-
autography of the products from a small-scale (50 ml)
fermentation showed no antibiotic activity, but fer-
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Fig. 5 Analysis by thin-layer chromatography of the metabolites
produced by ery-mutants. Ten micrograms of the following standards
were used: EB, erythronolide B; MEB, 3-a-mycarosyl erythronolide B;
ErA, erythromycin A

mentation on a 2-I scale gave products which displayed
clear antibiotic activity by this method (data not shown).

Identification of hybrid compounds

In order to investigate further the structure of the minor
compounds produced by mutants BII92, BIV87 and
CIV89, extracts made from culture supernatants were
analysed by HPLC coupled to mass spectrometry.

1. BI192. One metabolite, named M1, gave a parent peak
at m/z 704 with a fragment peak at m/z 576, indicating
the presence of desosaminyl erythronolide A. These re-
sults suggest that the m/z difference of 30 compared to
erythromycin A (m/z 734) or 16 compared to eryth-
romycin C (m/z 720) can be attributed to the neutral
sugar residue. The M1 compound could therefore cor-
respond to 3”-C desmethyl-2”, 3”-ene-erythomycin C.
Apart from M1, traces of erythromycins A, B, C and D
were also found (data not shown), as well as three other
metabolites called M2, M3 and M4 which, according to
their m/z values, could correspond to 3”-C desmethyl
erythromycins A, C and D respectively (Table 2).

2. BIV87. The mass spectral data obtained with the
BIV87 mutant clearly indicate that modified forms of
erythromycins A, B, C and D are formed (indicated by
the 4 K suffix in Table 3). The major component of the
mixture appears to be a form of erythromycin D in



which two hydrogen atoms are missing (peaks at m/z 702
and 684 rather than 704 and 686). The presence of
desosaminyl erythronolide B (m/z 560) as a side product
of fragmentation clearly indicates that the difference in
mass can be traced to the neutral sugar residue, even
though a peak corresponding to the modified neutral
sugar fragment itself has not been observed. The frag-

Table 2 Mass spectrometry data for minor metabolites produced
by the BII92 chromosomal mutant of Sac. erythraea

Proposed Ion®* m/z BI192
structure
MIH* 704 +
Ml [DesEAH* 576 +
Des 158 +
[M2IH* 706 +
M2 [DesEAJH* 576 +
Des 158 +
[M3H* 690 +
M3 [DesEBJH * 560 +
Des 158 +
[M4]H™" 720 +
M4 [DesEATH* 576 +
Des 158 +

*Des = desosamine; DesEA = desosaminyl erythronolide A;
DesEB = desosaminyl erythronolide B; M1 = 3”-C desmethyl-
2", 3”-ene-erythromycin C; M2 = 3”-C desmethyl erythromycin
C; M3 = 3”-C desmethyl erythromycin D; M4 = 3”-C desmethyl
erythromycin A
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mentation patterns seen for the erythromycins A, B and
C also show a difference of 2 in the m/z values, traceable
to the neutral sugar moiety (Table 3).

3. CIV89. The most significant minor metabolite pro-
duced by the CIV89 mutant showed a peak at m/z 720.
Further fragmentation gave a specific ion at m/z 174,
which is inconsistent with desosamine but would be
compatible with hydroxydesosamine. A peak at 576 was
seen which would be expected for hydroxydesosaminyl
erythronolide B. These results suggest that the m/z dif-
ference of 16 compared to erythromycin D (im/z 704) can
be attributed to the aminosugar residue. Smaller peaks
at m/z 750, 736 and 734 were also seen, which would be
consistent with the presence of hydroxydesosaminyl
erythromycins A, B and C, but in these cases a peak for
the hydroxydesosamine ion could not be detected above
background (data not shown). Analysis of a larger-scale
fermentation run with this mutant confirmed the pres-
ence of ions of the appropriate m/z, except that an ion of
m/z corresponding to hydroxydesosaminosyl eryth-
romycin B was not detected (data not shown).

4. BV88. MS analysis was also carried out in the case of
the BV88 mutant strain, although for that mutant, thin-
layer chromatography analysis did not show the pres-
ence of minor compounds in addition to erythronolide
B (Fig. 5). Indeed, Gaisser et al. (1997) had reported the
production of low amounts of desosaminyl erythrono-
lide B, in addition to erythronolide B, by an eryBVI

Table 3 Mass spectrometry

data for minor metabolites Proposed Ton* mfz BIVS87 BV8S8 CIV89
produced by BIV87, BV8§ and  Structure
CIV89 chromosomal mutants [4KErDJH * 702 L
of Sac. erythraea 4KErD [4K ErD-H,O]H * 684 ++
DesEB 560 ++
Des 158 +
[4KErCJH " 718 +
4KErC [4KErC-H,OH™" 700 +
DesEA 576 +
Des 158 +
[4KErAJH™ 732 +
4KErA [4KErA-H,OJH * 714 +
DesEA 576 +
Des 158 +
[4KErBJH™ 716 +
4KErB [4KErB-H,OlH* 698 +
DesEB 560 +
Des 158 +
[DesEAJH ™" 576 +
DesEA [DesEA-H,OH™" 558 +
Des 158 +
[DesEBJH " 560 + +
DesEB [DesEB-H,OH* 542 + +
Des 158 + +
[EB-H,0] 385 +
[4OHErD] H™ 720 +
40HErD [4OHErD-H,OH* 702 +
40HDesEB 576 +
40HDes 174 +
“Des = desosamine; DesEA = desosaminyl erythronolide A; DesEB = desosaminyl erythronolide

B; EB = erythronolide B; 4KErA, B, C, D = 4”keto-erythromycin A, B, C, D; 4OHErD =
4’hydroxy erythromycin D; 4OHDesEB = 4’hydroxy-desosaminyl erythronolide B; 4OHDes =

4-hydroxy desosamine
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(ORF16) mutant strain. Like the eryBVI mutant, the
BV88 mutant was expected to be able to synthesise
desosaminyl erythronolide B, since its desosamine bio-
synthetic and transfer enzymes had remained unaffected
by the mutation introduced, even if the transfer of a
neutral sugar residue had been abolished. The results
obtained with HPLC coupled to mass spectrometry
revealed a peak at m/z 560 which would indeed cor-
respond to desosaminyl erythronolide B (Table 2).
Further fragmentation of this ion gave a specific ion of
m/z 158, corresponding to the loss of desosamine
(Table 3).

Discussion

The targeted deletion, where appropriate in-frame, of
seven individual ORFs in the ery biosynthetic gene
cluster has been accomplished and confirmed by
Southern analysis. Thin-layer chromatography has
provided unequivocal evidence that ORFs 7, 13 and 14
are eryB genes, because strains lacking such genes ac-
cumulated erythronolide B, as expected if they are spe-
cifically defective in the synthesis of dTDP-L-mycarose
or in the transfer of the sugar to the macrolactone.
Similarly, ORFs 8§, 9, 17 and 18 have been shown to be
eryC genes, because strains lacking any one of these
genes accumulate 3-a-mycarosyl erythronolide B, as
expected if they are defective in the synthesis of dTDP-
D-desosamine or in subsequent transfer of the amino-
sugar to the macrolactone. This clarification of the role
of these genes now permits us to make detailed pro-
posals for the respective biosynthetic pathways that lead
to these two sugars, which are summarised in Fig. 6A.
Several deletion mutants also produced minor metabo-
lites whose highly characteristic mass spectra have
provided additional evidence for the role of the corre-
sponding gene. The detection of a modified eryth-
romycin in extracts from an eryBIIl mutant alerted us to
the potential of mass spectrometry in making these
identifications, and for that mutant the mass spectro-
metric identification has been completely confirmed by
NMR analysis of the purified metabolite (Gaisser et al.,
manuscript submitted).

The experimental confirmation that ORFS is an eryC
gene and that ORF14 is an eryB gene, and our finding
that the sequence of ORFS§ (eryCIII) reveals strong
similarities both to ORF14 (eryBV') and to other glyco-
syltransferases (Fig. 3), together provide extremely
strong evidence for the identification of these genes as
governing the attachment of, respectively, mycarose
(eryBV') and desosamine (eryCIII) to the aglycone.
Mass spectrometric analysis of the BV88 mutant
has provided evidence for species with the m/z values
predicted for desosaminyl erythronolide B and its
fragmentation products, which indicates that the nor-
mal pathway (in which desosamine is added only after
prior attachment of mycarose) can be subverted in the

>

Fig. 6 A Proposed pathways for the biosynthesis of dTDP-D-
desosamine and dTDP-L-mycarose in Sac. erythraea. B Proposed
modified dTDP-L-mycarose pathways used in the case of the BII92
mutant strain to give rise to the low-mobility compounds with
modified neutral sugar residues (see text). StrD, StrE and StrM,
respectively, correspond to the dTDP-glucose synthase, dTDP-4,6-
dehydratase and dTDP-6-deoxyhexose 3,5-epimerase characterised in
S. griseus (Pissowotzki et al. 1991). Also shown is the connection
between the biosynthetic pathways for dTDP-D-mycaminose and
dTDP-D-desosamine. The TyIM1 N-methyl transferase involved in
the biosynthesis of dTDP-D-mycaminose in S. fradiae has been
characterised by Gandecha et al. (1997). Compound I corresponds to
the activated neutral sugar substrate used to generate the 3”-C
desmethyl-2",3"”-ene-erythromycin C which would be produced by the
BII92 mutant strain. Compound II corresponds to the activated
neutral sugar substrate used to generate 3”-C desmethyl erythromycins
A, C and D produced by the BII92 mutant strain. Compound III leads
to the production of erythromycins A, B, C and D in the BI192 mutant
strain. Compound IV corresponds to the aminosugar used to generate
the 4’-hydroxy erythromycin D produced by the CIV89 mutant strain.
Compound V corresponds to the activated 4-keto mycarose substrate
used to generate the 4”-keto-mycarosyl erythromycins A, B, C and D
produced by the BIV87 mutant strain (see text as well as Tables 2 and 3)

absence of the eryBV gene product, and that the de-
sosaminyltransferase can accept erythronolide B as an
alternative (albeit poor) substrate, as previously ob-
served with another eryB mutant (Gaisser et al. 1997).
However the position in the aglycone to which the
sugar residue becomes attached remains to be estab-
lished.

The eryBII gene product displays significant sequence
homologies with several oxidoreductases, such as MocA
and NorA (Fig. 2). The evidence from mass spectrom-
etry for the presence of 3”-C desmethyl-2”, 3”-ene-eryth-
romycin C (see Fig. 6B for the corresponding neutral
sugar residue incorporated) in the supernatant of the
BII92 mutant strain strongly suggests that the eryBII
gene encodes the enoyl reductase responsible for the
reduction of the 2,3 double bond after the 2,3 dehy-
dration by EryBVI, in the dTDP-L-mycarose biosyn-
thetic pathway as depicted in Fig. 6A. Surprisingly,
additional metabolites carrying a 2,3 reduced neutral
sugar, such as erythromycins A, B, C, D and 3”-C
desmethyl-erythromycins A, C, D, were also detected in
the supernatant of the BII92 mutant. These results in-
dicate the presence of a complementing enoyl reductase
activity. As a tentative explanation for the presence of
3”-C desmethyl erythromycin derivatives, we propose
that this complementing activity would generate the two
alternative C3 epimers of the dTDP-6-deoxyhexose
substrate and that one of them is not accepted as a
substrate by the 3-C-methyltransferase (i.e. EryBIII;
S Gaisser et al., manuscript submitted), although it
can still be reduced by the 4-keto-reductase EryBIV,
transferred to the macrolactone ring and further incor-
porated in the biosynthetic pathway of erythromycin
A (see Fig. 6B for detailed pathways giving rise to
the different neutral sugar residues incorporated in
the macrolide structures synthesised by the BII92 mu-
tant).
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The sequence analysis reported here clearly identifies
the deduced protein product of ORF9 (eryCII) as being
closely related to known cytochrome P450 hydroxylases,
but the similarity is especially close to the DnrQ
(DnmQ) protein involved in the biosynthesis of
daunosamine in S. peucetius (Otten et al. 1995, 1997)
and to ORFI1* from S. fradiae (Gandecha et al. 1997)
(Fig. 4). All three of these proteins lack the critical ac-
tive-site cysteine residue that provides an axial ligand to
the heme in authentic P450s, indicating that these en-
zymes represent a new family of proteins with unknown
enzymatic activity. Comparison of the pathways postu-
lated for the three aminosugars (dTDP-L-daunosamine,
dTDP-D-desosamine and dTDP-D-mycaminose) show
that they all involve a 3-keto-hexose as an intermediate.
A plausible role for EryCII can therefore be suggested in
catalysis of the isomerisation of dTDP-4-keto-6-deoxy-
glucose to dTDP-3-keto-6-deoxyglucose, with DnrQ
(DnmQ) and ORF1* playing analogous roles in their
respective gene clusters. However, there are no clues
from this analysis as to the mechanism by which EryCII
might accomplish this transformation.

The sequence of the gene product of ORF13 (eryBIV)
contains a sequence motif characteristic of NAD " -de-
pendent ketoreductases (Gaisser et al. 1997) and we have
tentatively proposed that EryBIV might be involved in
the reduction of dTDP-4-keto-L-mycarose (Fig. 6A).
Strong support for this is now provided by our finding
that this gene is an ery B gene, and that the BIV87 deletion
mutant accumulates, in addition to erythronolide B,
small amounts of novel erythromycin-like species, for
which the m/z values of each peak are consistently 2 mass
units lower than those for the corresponding eryth-
romycins A, B, C and D. These data (Table 3) are fully
consistent with the absence, in the BIV87 mutant, of a
specific 4-ketoreductase activity. It appears that the un-
reduced dTDP-4-keto sugar (i.e. compound V in Fig. 6A)
can act as an alternative substrate for the mycarosyl-
transferase. The same conclusions have been indepen-
dently reached by Katz and his collaborators (R. G.
Summers, oral presentation, Bloomington, Ind., 1996).

As previously reported (Gaisser et al. 1997), the se-
quence of ORF17 (eryCIV') bears significant similarity
to that of eryCI (Dhillon et al. 1989), and also to that of
authentic pyridoxal phosphate-dependent enzymes. As
previously demonstrated for eryCI (Dhillon et al. 1989),
an ORF17 deletion mutant displays an eryC phenotype,
as previously indicated by Katz and Donadio (1995).
However, it has remained unclear why two such enzymes
exist in a pathway requiring only one transamination.
The deletion mutant CIV89 has been shown here to
produce, in addition to 3-a-mycarosyl erythronolide B,
small amounts of a novel erythromycin D-like molecule
whose mass spectrum is fully consistent with the
presence in this compound of an additional hydroxy
group compared to erythromycin D. The mass spectrum
contains peaks at the m/z values appropriate for
the fragment ions hydroxydesosaminyl erythronolide

B and for hydroxydesosamine, confirming that the
alteration is localised to the deoxyaminosugar moiety
(Fig. 6A).

These data on eryCIV provide several important
clues to the organisation of the dTDP-desosamine bio-
synthetic pathway. First, the gene product of eryCIV
cannot be the transaminase that introduces the amino
group at C-3 in the course of the biosynthesis of dTDP-
D-desosamine, and the transaminase must therefore
be encoded by eryCIl. The retention of a hydroxy
group in minor products synthesized by the eryCIV
mutant strongly implicates the eryCIV gene product as a
pyridoxal phosphate-dependent dehydratase. Based on
mechanistic considerations, transamination should
precede dehydration, so this implies that eryCI acts
before eryCIV (Fig. 6A). Finally, these data indicate
that subsequent enzymes in the pathway, including the
eryCIII glycosyltransferase, can to some extent accept
an altered substrate. A subsequent reduction step would
be required to complete the deoxygenation at C-4 in
dTDP-desosamine biosynthesis. Our confirmation that
ORF18 is an eryC gene (eryCV), together with the evi-
dence that the inferred protein sequence contains a motif
common to NAD " -dependent oxidoreductases (Gaisser
et al. 1997) make it very likely that the gene product of
ORFI18 (eryCV') performs this step. Both EryCIV and
EryCV would therefore participate in the deoxygenation
at C-4 of desosamine, rather than EryCII as recently
postulated by Otten et al. (1997).

These results are summarised in the scheme shown in
Fig. 6A. A number of important uncertainties have been
removed concerning the identity and roles of the eryB
and eryC genes. As the scheme shows, if further work
confirms that the eryCIV mutant does lead to a 4-hy-
droxy substituent remaining on the hexose ring (i.e.
mycaminose), a neat mechanism emerges for the evolu-
tion of separate but similar biosynthetic pathways to
desosamine and mycaminose in different macrolide-
producing actinomycetes (Fig. 6A). Even for those genes
where a combination of sequencing information, gene
inactivation, and accumulation of novel minor metab-
olites, has led to the most confident identifications, more
needs to be done to confirm these findings. The role of
ORF2/eryBI (Weber et al. 1990) and evidence to support
the proposed role of ORF3 (eryBIII) as a methyltrans-
ferase (Fig. 6A), will be discussed separately (Gaisser
et al., manuscript submitted). So far neither dTDP-glu-
cose synthase nor dTDP-glucose-4,6-dehydratase has
been identified within the ery gene cluster, and the in-
volvement of the 4,6-dehydratase encoded by the gdh
gene in the biosynthesis of erythromycin has not been
demonstrated, since inactivation of that gene seems to be
lethal (Linton et al. 1995). In addition, it will be im-
portant to determine whether the ORF19 gene product
does indeed contribute to the biosynthesis of eryth-
romycin A as a 3,5-epimerase (Fig. 6A), since another
enzyme of this type has been cloned from Sac. erythraea
(named kde; Linton et al. 1995).
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