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The ery A4 region of the erythromyein biosynthetic gene clusier of Succharopalyspora eryvtliraea has previously been shown Lo contain three large
open reading frames (ORFs) that encode the components of 6-deoxyerythronolide B synthase (DEBS). Polvclonal antibodies were raised against
recombinant proleins oblained by overexpression of 3’ regions of the ORF2 and ORF3 genes. In Western blotting experiments, each antiserum
reacted strongly with 4 different high molecular weight protein in extracts of erythromycin-producing S. erythraea ceils. These putative DEBS 2
and DEBS 3 proteins were purified and subjected to N-lerminal sequence analysis, The proicin sequences were entirely consislent with the
translation slart sites predicted from the DNA sequences of QRFs 2 and 3. A third high molecular weight protein co-purified with DEBS 2 and
DEBS 3 and had an N-terminal sequence that matched a protein sequence translated from the DNA sequence some 155 base pairs upstream from
the previously proposed stari codon of ORF1,

Erythromycin; Polyketide synthase; Saceharopolyspora erviiraea

1. INTRODUCTION

The first stage in the biosynthetic pathway to the
macrolide antibiotic erythromycin A in Saccharopoly-
spora erythraea involves the stepwise construction of a
polyketide chain, which is then cyclised to form the
14-membered lactone ring of 6-deoxyerythronolide B,
the earliest intermediate so far isolated [1,2]. The nature
of the polyketide synthase that catalyses this multistep
process, 6-deoxyerythronolide B synthase (DEBS), has
been extensively investigated by genetic analysis [3-5]
and by nucleotide sequencing of the structural genes
encoding the synthase [6-8). These eryA4 genes are found
clustered near emmE, the erythromycin resistance gene
[9], and extend over approximately 45 kilobase-pairs
(kbp) of DNA.

Partial nucleotide sequencing of this entire region by
Katz and his colleagues at Abbott Laboratories (sum-
marised in [10]) revealed multiple copies of each poten-
tial enzymic component of the synthase, as judged by
sequence similarity to active-site regions in authentic
fatty acid synthases [10] and other simpler polyketide
synthases [11,12), These authors proposed that different
enzymes operated in each cycle of polyketide chain ex-
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tension, some of these enzymes possibly being bifunc-
tional. Meanwhile, complete DNA sequencing of 11
kbp from the ermE-proximal region of the ery4 locus
[6] confirmed the existence of multiple versions of each
enzymic component and showed that nine distinct ac-
tive sites were housed in a single polypeptide chain of
predicted M, 332, 104. Further, the enzymes were
grouped in two sets along the polypeptide chain, each
set having the activities required to accomplish one of
the six required cycles of chain extension. The order of
activities in each set is exactly that observed in verte-
brate fatty acid synthases (see e.g. [13,14)) and in the
polyketide synthase from Penicillium patulum that syn-
thesises 6-methylsalicylic acid [15]. It was tentatively
proposed that the product of this gene catalysed the
fifth and sixth cycles of polyketide chain synthesis,

Further sequencing of ery4 genes [7,8] has amply
supported both the idea of ‘an enyme for every move’
(results quoted in [10]) and the likely domain organisa-
tion of the synthase [6], with three unusuaily large mul-
tienzyme polypentides (DEBS 1, DEBS 2 and DEBS 3)
housing a total of at least 28 distinct active sites. Tar-
getted deletion in vivo of the ketoreductase domain in
the N-terminal half of DEBS 3 [7] led to the accumula-
tion of the expected metabolite, both confirming the
identification of this domain and strengthening the
prospects for rational modification of polyketide antibi-
otics.

The only enzymological study on DEBS so far has
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involved the high-level heterologous expression in
Escherichia coli of the C-terminal portion of DEBS 3,
predicted to house an acyl carrier protein (ACP) do-
main and a thioesterase domain that inight act as a
cyclase to produce 6-deoxyerythronolide B directly [16].
However, it has not so far been possible to demonstrate
erythronolide biosynthesis in extracts of S. erythraea,
and no specific assay for these enzymes has yet been
developed. We report here the direct immunological
detection of DEBS polypeptides in S. eryehraca ex-
tracts, confirming their unusual size and opening the
way to their purification and study.

2. MATERIALS AND METHODS

2.1, Bacrerial strain and growth conditions

S. erythraea CA340 was the kind gift of Drs, L. Katz and J.P.
DeWitt, Abbott Laboratories, Chicago, USA. Cells were grown from
spore suspensions on a minimal medium (0.2 M sucrose, 20 mM
suecinic acid, 20 mM potassium phosphate (pH 6.6), 5 mM magne-
sium sulphate, 100 mM potassium nitrate and 2 ml trace elements
solution [17] per litre. After about § days of growth, cells were har-
vested by filtration and the paste was stored at -80°C.

2.2. Preparotion of prosciin saniples

About 50 g of cell paste was dispersed in 100 ml of 50 mM Tris-HCl
buffer (pH 7.5) containing 1 mM EDTA, 50% (v/v) glycerol, 2 mM
DTT, 0.4 mM PMSF, | mM phenanthroline, 100 ug/ml lysozyme, 50
ug/ml DNAse and 20 ug/ml RNAse. The suspension was sonicated
eight times for 30 s at 0°C then centrifuged at 40,000xg for 2 h at 4°C,
The supernatant fraction was used as a source of polyketide synthase
components.

To purify the DEBS proteins, 70 ml of erude extract (usually about
2,000 mg protein) was applied to a DES2 DEAE-cellulose column
(2.6%40 cm) equilibrated with 50 mM Tris-HCI buffer (pH 7.5) con-
taining | mM EDTA, 20% (v/v) glycerol and 2 mM DTT (buffer A).
The column was washed with 200 ml buffer A and then bound proteins
were eluted with a linear 600 ml gradient of 0-400 mM NaCl in buffer
A . Alternate 15 ml fractions were analysed by SDS-polyacrylamide
gel electrophoresis and those containing the DEBS proteins were
pooled. This pool (475 mg protein in 45 ml) was applied to a Sephacryl
8400 HR gel filtration column (90%2.6 cm) equilibrated with bulfer A
and proteins were cluted at a flow rate of 1,5 ml/min, Fractions
containing the DEBS proteins were combined, The sample (80 mg
protein in 80 ml) was mixed with 20 ml of buffer A containing 1 M
armmonium sulphate, filtered and applied to a Pharmacia phenyl-
Sepharose 16/10 Hiload column equilibrated with 200 mM ammonium
sulphate in buffer A. Bound proteins were eluted with a 40 ml linear
gradient of 200-0 mM ammonium sulphate in buffer A. Elution of
proteins wias monitored by recording the absorbance of the eluent at
280 nm, Peak fractions were analysed by SDS-polyacrylamide gel
clectrophoresis and stored at -80°C. At this stage the sample had a
volume of 16 ml and contained 1.4 mg protein.

2.3. Production of antisera

The C-terminal ACP-hioesterase region of DEBS 3 was purified as
described previously [16]. The C-terminal half of DEBS 2 was purified
by preparative SDS-gel electrophoresis from lysates of an E, coli strain
carryinga pT7-7 expression plasmid for this domain. The construction
of this expression plasmid and characterization of the recombinant
protein will be described elsewhere (D.J, Bevitt, S.A. Morris and P.F.
Leadlay, manuscript in preparation). Antibodies against each recom-
binant protein were raised in New Zealand White female rabbits as
described in [18].
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2.4. Protein chemical methods

Protein concentrations were determined by the method of Lowry e/
al, [19] or by the dye-binding method of Bradford [20). SDS-poly-
acrylamide gel electrophoresis was carried out by the method of
Laemmli [21] using 4-15% gradient gels. Westem blotting was carried
out by the method of Burnette [22]. N-lerminal amino acid sequences
were determined from protein bands which had been transferred to
ProBlott poly(vinylidene difluoride) membranes by the method of
Matsudaira [23]. Sequences were determined using an Applied Biosys-
tems model 477A pulsed-liquid protein sequencer, fitted with an on-
line model 120A analyser for detection of phenylthiochydantoin-amino
acids.

3. RESULTS AND DISCUSSION

3.1. Detection of 6-deoxyerythronolide synthase B com-
ponents by Western blotiing

In Western blotting experiments, the antiserum raised
against the C-terminal ACP-thioesterase of DEBS 3 re-
acted with a minor protein band of apparent M, 270,000
present in crude lysates of erythromycin-producing S.
erythraea. Antibodies against the C-terminal half of
DEBS 2 reacted with a different, slightly larger protein
band. The two immunoreactive bands were therefore
tentatively identified as the DEBS 2 and DEBS 3 pro-
teins. Examination ol Coomassie blue-stained gels re-
vealed that the cell extracts contained five polypeptides
with apparent M, greater than that of myosin. These
proteins were more readily visualised in gels after their
partial purification and concentration by anion-ex-
change chromatography using a DES2 jon-exchange
column (Fig. 1). In all extracts examined, an additional
band was observed which migrated between the DEBS
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Fig. 1. Weslern blol analysis of S. erytiiraca proteins using antisera
against C-terminal domains of DEBS 2 und DEBS 3. All lanes contain
30 ug of protein from the pooled fractions obtained after DEAE-
cellulose chromatography. Lane 1 is from a Coomassie blue-stained
gel. Lanes 2, 3, and 4 are from Western blots probed with anti-DEBS
3, anti-DEBS 2 and anti-DEBS 3 plus anti-DEBS 2 antisera, respec-
tively. The molecular weights (kDa) of the standard proteins are also
shown.
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Fig. 2. Analysis of proteins eluted from the hydrophobic interaction column. A 25 ul sample of cach 4 ml fraction was analysed by SDS-
polyacrylamide gel elecirophoresis, The gel was stained with Coomassie blue. Fractions indicated by a bar contained all three DEBS proteins and
were pooled. The DEBS 3 proiein also appeared in a later peak (fraction 29) along with several contaminating proteins.
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Fig. 3. Separation of the three DEBS polypeptides by anion-exchange

chromatography on a MonoQ MR 5/5 column. Consecutive protein-

conlaining (ractions (1.5 ml) were analysed by SDS-polyacrylamide

gel electrophoresis. The gel was stained with Coomassie blue. The
peak fraction for each DEBS polypeptide is labelled.

2 and DEBS 3 proteins, This band was considered the
most likely to be the DEBS 1 protein since the M, of
DEBS | predicted from the DNA sequence 7] is inter-
mediate between the calculated M, values of DEBS 2
and DEBS 3.

3.2, N-terminal amino acid sequence analysis

In preliminary attempts to sequence these large pro-
teins, and thereby confirm their identity, DEAE-cellu~
lose-purified proteins were separated by SDS-gel elec-
trophoresis and electroblotted onto a ProBlott mem-
brane. However, there were insufficient amounts of the
target proteins at this stage to yield satisfactory se-
quence data. The immunoreactive proteins were there-
fore further purified by gel filtration on a Sephacryl
S-400 HR column and by hydrophobic interaction
chromatography on a phenyl-Sepharose column. The
DEBS-containing fractions from the latter ¢chromato-
graphic step are shown in Fig. 2. Interestingly, fractions
were obtained which contained both the two im-
munoreactive proteins and also the putative DEBS 1
protein. However, the three proteins apparently did not
form a stable complex: they could be separated com-
pletely by subsequent chromatography on a MonoQ
HR 5/5 column using a shallow gradient (25 ml, 250~
400 mM NaCl in buffer A) (see Fig. 3). For N-terminal
sequencing, 15-30 ug of each purified polypeptide was
subjected to electrophoresis on a 5% SDS/polyacryl-
amide gel and electroblotted onto a ProBlott mem-
brane. With these loadings each polypeptide formed an
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DEBS 1 found ADL(SIK L(S)D X R X X(Q)
predicted SGPRSRTTSRRTS
upstream sequence ADL SKLSDSRTARQ

DEBS 2 found TDSEKVAEYLR)Z X X
predicted TDSEKVAEYLRRAT

DEBS 3 found S GDNGMMTEEKX X X(Y
predicted SGCGDNGMTEEKTLRRY

Fig. 4. N-terminal amino acid sequences of the DEBS proteins. The

N-terminal sequences determined by protein sequencing are aligned

with those predicted from the DNA sequence of ery4. X signifies an

unidenlified amino acid, For residues in parentheses, the identification
was tentaltive.

intense band approximately 2 cm x 0,5 cm, when stained
with Coomassie Blue. Initial yields of 20 pmol, 20 pmol
and 50 pmol were obtained for the putative DEBS 2,
DEBS 1 and DEBS 3, respectively. After five cycles
these yields had decreased by about 50%. For all three
polypeptides, the first ten or so residues could be identi-
fied before the increasing background noise prevented
further sequencing. The N-terminal sequences obtained
are presented in Fig. 4. For DEBS 2 and DEBS 3, the
protein sequences were consistent with the translation
start sites predicted from the nucleotide sequences of the
corresponding genes. In the case of the putative DEBS
1, the protein sequence exactly matched an animo acid
sequence translated from the DNA sequence some 155
base pairs upstream from the previously-proposed start
codon of the gene encoding DEBS 1, and in a different
reading frame to that proposed [7] (see Fig. 4). The
coding sequence that agrees with our protein sequence
is immediately preceded by a GTG codon, presumably
enceding N-formylmethionine, and a plausible ribo-
some binding site is located 6-10 nucleotides further
upstream [7]. These results suggest that the protein is
indeed DEBS 1, but that the true start codon for ORF
1 is upstream from the one originally proposed on the
basis of DNA sequence analysis alone. This region of
eryA is being resequenced to determine the reason for
this discrepancy.

3.3. Conclusions

Until now, the only evidence for the existence of three
unusually large polypeptides as components of the
erythromycin-producing polyketide synthase (DEBS)
has been provided by DNA sequence analysis [6,7,8].
Here we report the detection of all thres of these pro-
teins in cell-free extracts of S, erythraea. The N-terminal
sequence data and the reactions of the polypeptides with
antisera directed against their C-terminal domains con-
firm that the products of the three large ery4 genes are
very likely to function as intact multienzyme polypep-
tides rather than undergoing proteolytic processing to
form smaller functional domains. Furthermore, condi-
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tions have been found under which DEBS 1, 2 and 3
co-purify to near homogeneity. Although we have so far
been unable to demonstrate overall synthesis of 6-de-
oxyerythronolide B using any of our preparations (P.C.
and P.F.L., unpublished data), the ability to detect and
isolate DEBS components from S. erythraea will greatly
assist current attempts to overcome these difficulties.

Acknowledgements: We wish to thank Drs. J. McCormick and L. C.
Packman of the Protein Sequencing Facility, Department of Biochem-
istry, Universily ol Cambridge, for carrying out Ns«lerminal amino
acid sequence analyses. The financial support of the SERC is grate-
fully acknowledged. P, F. L. and J. S. are members of the Cambridge
Centre for Molecular Recognition.

REFERENCES

[1] Corcoran, J.W. (1981} in Aniibiotics (Corcoran, J.W.,, ed.) vol,
4, pp. 132-174, Springer-Verlag, New York.

[2] Seno, ET. and Hutchinson, CR. (1986) in The Bacteria
(Queener, S.W. and Day, L.E. eds.) vol. 9, pp. 231-279, Academic
Press, New York.

3] Weber, J.M., Wierman, C.K. and Hutchinson, C.R. (1985) J.
Bacteriol. 164, 425-433.

[4] Weber, J.M,, Leung, J.O., Maine, G.T,, Polenz, R.H.B., Paulus,
T.J. and DeWitt J.P. (1990) J. Bacteriol, 172, 2372-2383,

[5] Tuan, J.S., Weber, J.M,, Staver, M.J., Leung, J.O,, Donadio, S.
and Katz, L.J. (1990) Gene 90, 21-29.

[6) Cortes, J., Haydock, S.F., Roberts, G.A., Bevitl, D.J. and Lead-
lay, P.F. (1990) Nature 348, 176-178.

[7) Donadio, S., Staver, M.J., McAlpine, J.B., Swanson, 8.J. and
Katz, L. (1991) Science 252, 675-679.

[8] Bevitt, D.J., Cortes, J., Haydock, S.F. and Leadlay P.F. (1992)
Eur. J. Biochem, 204, 39-49,

[9] Stanzak, R., Masushima, P., Baltz, R,H. and Rao, R.N. (1986)
Bio-Technology 4, 229-232,

[10] Hopwood, D.A, and Sherman, D.H. (1990) Annu. Rev. Genet.
24, 37-66.

[11] Bibb, M.J., Biro, S., Motamedi, H., Collins, J.F. and Hutchinson,
C.R. (1989) EMBO . 8, 2727-2736,

[12] Sherman, D.H,, Malpartida, F., Bibb, M.J., Kieser, H.M.,, Bibb,
M.J. and Hopwood, D.A. (1989) EMBO J. 8, 2717-2725.

[13]) Wakil, 8.J. (1989) biochemistry 28, 45234530,

[14] Mattick, J.S., Zehner, Z.E., Calabro, M.A. and Wakil, 8.J, (1981)
Eur. J. Biochem, 114, 643-651,

[15] Beck, J., Ripka, S., Seigner, A., Schiltz, E. and Schweizer, E.
(1990) Eur. J, Biochem, 192, 487-498.

[16] Caffrey, P., Green, B,, Packman, L.C., Rawlings, B.J., Staunton,
1.8, and Leadlay, P.F, (1991) Eur. J. Biochem. 195, 823-830.

[17] Hopwood, D.A., Bibb, M.J,, Chater, K.F., Kieser, T., Bruton,
C.J., Kieser, H.M., Lydiate, D.J., Smith, D.J., Ward, J.M, and
Schrempf, H. (1985) Genelic Manipulation of Streptomyces — A
Laboratory Manual, John Innes Foundation, Norwich.

[18] Owen, P. (1985) in: Enterobacterial Surface Antigens: Methods
lor Molecular Characterization (Korhonen, T.K.K., Dawes, E.A.
and Makela, P.H. eds.), pp. 207-242, Elsevier, Amsterdam.

[19] Lowry, O.H., Rosebrough, N.J.,, Farr, A.L. and Randall, R.J.
(1951) 1. Biol. Chem. 193, 265-275.

[20] Bradford, M.M. (1976) Anal. Biochem. 72, 248-254

[21] Laemmli, U.K. (1970) Nature 227, 680-6835.

[22] Burnetie, W.N. (1981) Anal. Biochem. 112, 195-203,

[23] Matsudaira, P. (1987) J. Biol. Chem. 262, 10035-10038,



