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The erythromycin A-producing polyketide synthase from the gram-positive bacterium Saccharopolyspora
erythraea (formerly Streptomyces erythraeus) has evident structural similarity to fatty acid synthases,
particularly to the multifunctional fatty acid synthases found in eukaryotic cells. Fatty acid synthesis in S.
erythraea has previously been proposed to involve a discrete acyl carrier protein (ACP), as in most prokaryotic
fatty acid synthases. We have cloned and sequenced the structural gene for this ACP and find that it does
encode a discrete small protein. The gene lies immediately adjacent to an open reading frame whose gene
product shows sequence homology to known ,I-ketoacyl-ACP synthases. A convenient expression system for the
S. erythraea ACP was obtained by placing the gene in the expression vector pT7-7 in Escherichia coli. In this
system the ACP was efficiently expressed at levels 10 to 20% of total cell protein. The recombinant ACP was
active in promoting the synthesis of branched-chain acyl-ACP species by extracts of S. erythraea. Electrospray
mass spectrometry is shown to be an excellent method for monitoring the efficiency of in vivo posttranslational
modification of ACPs.

The macrolide antibiotic erythromycin A is produced by
the gram-positive filamentous bacterium Saccharopolyspora
erythraea (formerly Streptomyces erythraeus [32]), starting
from simple fatty acyl-coenzyme A (CoA) precursors. The
biosynthesis of erythromycin and other polyketides shows
important similarities (25) to the more familiar process of
fatty acid biosynthesis, and this has led to renewed interest
in the structure, organization, and mechanism of action of
fatty acid synthase in S. erythraea and in Streptomyces spp.
Initial reports indicated that S. erythraea (39) and Strepto-
myces coelicolor (17) might contain a type I fatty acid
synthase complex like that of Mycobacterium smegmatis
(9), Brevibacterium ammoniagenes (30), or Saccharomyces
cerevisiae (43, 48), in which multifun.ctional polypeptides are
tightly associated in a complex of high molecular weight.
More recently, a small discrete acyl carrier protein (ACP)
has been identified and purified from S. erythraea (21) on the
basis of its ability to stimulate the incorporation of malonyl-
CoA into acyl-ACP in a cell-free system. This implies that
the fatty acid synthase of S. erythraea may be patterned on
the type II system found generally in prokaryotes, consisting
of freely dissociable, monofunctional enzyme components.
The best-studied system of this kind is that of Escherichia
coli (see reference 52 for a recent review), but a discrete
ACP is also apparently involved in fatty acid synthase from
gram-positive bacteria more closely related to S. erythraea
(1, 27) and which, like S. erythraea, characteristically pro-
duce iso- and anteiso-terminally branched fatty acids. Alter-
natively, there may exist more than one type of fatty acid
synthase activity, as in Euglena gracilis (13). The recent (11)
finding that the erythromycin-producing polyketide synthase
of S. erythraea is a multifunctional complex resembling a
type I fatty acid synthase has also prompted further exami-
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nation of the subunit structure of the S. erythraea fatty acid
synthase.

In this paper, we report the cloning and characterization of
the structural gene for the ACP purified previously from S.
erythraea, which has given further insight into the organiza-
tion of the putative synthase. Electrospray mass spectrom-
etry (16, 22) is shown to provide a powerful and convenient
means of monitoring the correct posttranslational modifica-
tion of the S. erythraea ACP when expressed in a heterolo-
gous bacterial host.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. S.

erythraea NRRL 2338, obtained from the Northern Regional
Research Laboratories, Peoria, Ill., was maintained in Ml-
102 agar medium and grown in M1-102 medium at 30°C (28).
E. coli TG1 [K-12 A(lac-pro) supE thi hsdD5/F' traD36
proA+B+ lacIq lacZ AM15] (18a), the gift of E. S. Ward,
MRC Laboratory of Molecular Biology, Cambridge, United
Kingdom, was maintained on M9 minimal medium supple-
mented with 0.1 mM thiamine hydrochloride (34) to maintain
selection for the F' episome. E. coli NM538 (18) was the gift
of M. Carrington, Department of Biochemistry, University
of Cambridge. E. coli K38 (described in reference 40) and the
expression vector pT7-7 were the gifts of S. Tabor, Harvard
Medical School. Plasmid pT7-7 is a derivative of pT7-5 (49,
50) and has the strong 410 T7 promoter (15) and the
translation initiation site for the T7 gene 10 protein (15)
inserted into pBR322, upstream of a polylinker derived from
pUC12 (48a). Plasmid pGP1-2 carries the gene for T7 RNA
polymerase, under the control of the PL promoter (50). The
genomic library of S. erythraea DNA in XEMBL3 was
constructed by J. Cortes (11). Strains of E. coli were grown
in 2x TY broth (1% yeast extract, 1% tryptone, 0.5% NaCl)
at 37°C unless otherwise specified.

S. erythraea total DNA was prepared essentially as de-
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scribed by Maniatis et al. (34). DNA manipulations were
generally performed by standard procedures for both Strep-
tomyces spp. (24) and E. coli (34). Plasmid DNA was
prepared by the method of Kieser (31). Restriction maps of
inserts in clones of bacteriophage lambda were obtained as
described by Rackwitz et al. (38).

Cloning of the S. erythraea ACP gene. A 38-mer oligonu-
cleotide was designed, on the assumption of typical Strep-
tomyces codon bias (6), which would encode amino acids 1
to 12 of the amino-terminal sequence of the ACP, isolated
from S. erythraea as described previously (21). This oligo-
nucleotide, 5'-ATGGACCG[C/G]AAGGAGATCTTCGAG
CG[C/G]ATCGAGCAGGT-3', was synthesized on a Bio-
search Cyclone automated synthesizer and was shown to
hybridize to a specific target DNA in restriction digests of S.
erythraea genomic DNA (data not shown). It was used as a
hybridization probe to screen a genomic library of S. eryth-
raea DNA in XEMBL3 (18), and one of the positively
hybridizing clones (XEMBL-PR.1) was selected for further
study. A restriction map of the 17.8-kbp insert in XEMBL-
PR.1 is shown in Fig. 1.
DNA sequencing and sequence analysis. DNA was sub-

cloned into M13mpl8 (54) and sequenced by using the
dideoxy chain termination method (42), adapted for use with
modified T7 DNA polymerase (Sequenase) (56). Computer-
assisted analysis ofDNA sequences was performed by using
the DBUTIL and DBAUTO programs of Staden (47) and the
programs of the Genetics Computer Group (14). The MULT
ALIGN (3) program was used for the simultaneous align-
ment of more than two protein sequences.

Construction and use of E. coli expression plasmid pFEX-1.
An NdeI restriction site spanning the ATG start codon was
introduced into the S. erythraea ACP gene, using the poly-
merase chain reaction (PCR) (41). The template for PCR was
a clone in pUC19 (54) with a 560-bp BamHI-SmaI insert
containing the ACP gene. Universal sequencing primer and
the mutagenic oligonucleotide 5'-TGAAGTCGACATATGG
ACCGCAAGGAGAT-3' were used as primers in a protocol
based on that of Saiki et al. (41). Reaction mixtures con-
tained 100 ng of template, 100 pmol of each primer, and 20
pmol of each deoxynucleoside triphosphate in 100 ll of 10
mM Tris HCl buffer, pH 8.3, containing 50 mM KCl, 2.5 mM
MgCl2, and 0.1 mg of gelatin per ml. An overlay of 200 ,ul of
liquid paraffin was used to prevent evaporation. The tem-
plate was initially denatured at 95°C for 6 min and then held
at 55°C for 5 min. Taq DNA polymerase (2 U) was added,
and the sample was subjected to 30 cycles of extension (1
min at 72°C), denaturation (1 min at 95°C), and annealing (1
min at 55°C) in a programmable heating block (Cambio,
Cambridge, United Kingdom). Reaction products were ana-
lyzed on an 8% polyacrylamide gel. DNA of the correct size
(451 bp) was eluted by diffusion into 1.0 ml of 10 mM Tris
HCl buffer (pH 8.0)-0.1 mM EDTA and subcloned into
M13mp18, and the inserts in several clones were sequenced.
The ACP gene was excised from one of these clones as a
414-bp NdeI-EcoRI fragment and ligated into pT7-7 to give
the expression plasmid pFEX-1 (see Fig. 3).
For expression of ACP, E. coli K38 pGP1-2/pFEX-1 was

grown at 30°C on 2 x TY medium containing 50 p.g of
kanamycin and 100 p.g of ampicillin per ml. When the
cultures reached an A600 of approximately 1.0, they were
heated to 42°C for 30 min and then incubated at 37°C for a
further 2 h to induce ACP production. Cell extracts were
analyzed by using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) (33). The solubility of over-
expressed proteins was assessed as follows: induced cells

were disrupted by sonication and the lysate was centrifuged
at 4°C, first at 40,000 x g for 10 min and then at 160,000 x g
for 2 h. Pellets and supernatant were analyzed by gel
electrophoresis as described above.

Purification of ACP from recombinant E. coli. The proce-
dure for purification of S. erythraea ACP was similar to that
of Hale et al. (21). The culture (15 liters) was concentrated
by using a Pellicon (Millipore) filtration unit and then cen-
trifuged. The cells were suspended in 100 mM potassium
phosphate buffer (pH 7.0)-i mM EDTA-0.1 mM phenyl-
methanesulfonyl fluoride-1 mM dithiothreitol-10% (vol/vol)
glycerol and disrupted by sonication (six 15-s pulses, with
cooling intervals of 1 min; Ultrasonic Processor model
W-225; Heat Systems Inc., Farmingdale, N.Y.). Purification
of the ACP by fractionation with streptomycin sulfate and
then ammonium sulfate precipitation at pH 4.0, followed by
gel filtration on a Sephadex G-75 column (21), was monitored
by using SDS-PAGE to detect a protein of Mr 6,000. As a
final purification step, ACP (up to 40 mg of protein) was
loaded onto a fast protein liquid chromatography (Pharma-
cia) MonoQ HR10/10 anion-exchange column (8-ml bed
volume) in 50 mM Tris HCl buffer (pH 7.0)-0.2 mM EDTA
and eluted by using a linear salt concentration gradient (0 to
1.0 M KCl; total volume, 120 ml) in the same buffer at a flow
rate of 1 ml/min.
Enzyme and protein assays. S. erythraea ACP was assayed

as described by Hale et al. (21). Protein concentrations were
determined by the method of Bradford (8), using bovine
serum albumin as a standard. For N-terminal analysis of
proteins separated by SDS-PAGE, individual proteins were
electroblotted onto a polyvinylidene difluoride membrane
(35). The protein bands were visualized by Coomassie blue
staining and excised. The proteins were sequenced with an
Applied Biosystems model 470A pulsed-liquid protein se-
quencer fitted with an on-line model 120A analyzer for the
detection of phenylthiohydantoin amino acids.

Electrospray mass spectrometry of S. erythraea ACP. Sam-
ples of S. erythraea ACP were kindly analyzed by Brian
Green of VG Masslabs Ltd., Manchester, United Kingdom,
on a VG quadrupole instrument fitted with an electrospray
source and operated in positive ion mode. The sample (25 ,ul)
was introduced as a solution (60 pmol/ml) in 50% aqueous
methanol, acidified with 5% formic acid.

Nucleotide sequence accession number. The nucleotide
sequence reported here has been submitted to the Genbank/
EMBL Data Bank under accession number M64477.

RESULTS

Cloning and characterization of S. erythraea DNA encoding
the ACP gene. The genome of typical Streptomyces spp., and
of related organisms such as S. erythraea, contains 69 to 74
mol% G+C, and this results in a very strong bias (up to 91%
[6]) towards the use of G or C in the third position of codons.
A synthetic 38-mer oligonucleotide was designed, taking
advantage of this biased codon usage, on the basis of the
known N-terminal amino acid sequence of the S. erythraea
ACP isolated by Hale et al. (21). This oligonucleotide was
used as a hybridization probe to screen a genomic library of
S. erythraea DNA in XEMBL3. The restriction map of one
positively hybridizing clone (XEMBL-PR. 1) and the se-
quencing strategy used are shown in Fig. 1, together with the
deduced amino acid sequence of the gene product. The
inferred amino acid sequence exactly matches the N-termi-
nal amino acid sequence determined previously (21), if the
reading frame starts with the ATG at nucleotide 145. The 100
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a.

I I

2.0 kbp

I Iz
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b.
CACCTTCGTCACCGCCAACCGCAACCAGGTCGTGCGCCTCCAGCCGCCGCTGGTGGTCAC

10 20 30 40 50 60

CGAGGCCGAGATCGACCGGTTCGCCGAATCCGCCCGCGCGGTCTGCGAAACCGCAACGGG
70 80 90 100 110 120

M D R K E I F E R I E Q
CATCCACAACAACT22G8GTGATCATGGACCGCAAGGAGATCTTCGAGCGCATCGAGCAG

130 140 150 160 170 180

V L A E Q L G I P A E Q I T E E A D L R
GTGCTGGCCGAGCAGCTGGGCATCCCCGCCGAGCAGATCACCGAGGAGGCCGACCTGCGC

190 200 210 220 230 240

E D L G M D S L D L V E L V S A L E D E
GAGGACCTCGGCATGGACTCGCTGGACCTGGTCGAGCTGGTCAGCGCGCTGGAGGACGAG

250 260 270 280 290 300

V G M R V E Q S Q L E G I E T V G H V M
GTCGGCATGCGCGTGGAGCAGAGCCAGCTGGAGGGCATCGAGACCGTCGGGCACGTCATG

310 320 330 340 350 360

E L T L D L V A R L A T A S A A D K P E
GAGCTGACGCTGGACCTCGTCGCCCGGCTGGCCACCGCCTCGGCCGCCGACAAGCCGGAA

370 380 390 400 410 420

A A S *
GCGGCGTCGTGACCG

430 435

FIG. 1. Nucleotide and deduced amino acid sequence of the S.
erythraea ACP. (a) Restriction map of the 17.8-kbp insert in
XEMBL-PR.1 and strategy used to sequence the ACP gene. The
arrows indicate the length and direction of the sequence determined
from individual M13 clones. The partial sequence data obtained for
the gene 3' to the ACP are not shown. (b) DNA sequence of the ACP
structural gene and the inferred amino acid sequence. The putative
ribosome binding site is underlined. Ser-39 is the inferred attach-
ment site for the 4'-phosphopantetheinyl prosthetic group (Fig. 2).

nucleotides upstream of this potential start codon could
encode part of a potential open reading frame transcribed in
the same direction as the ACP gene with a stop codon at
nucleotide 140. There is a potential ribosome binding site 10
nucleotides upstream of the ACP start codon, with reason-
able complementarity to the 3' end of 16S rRNA from
Streptomyces coelicolor (26). A second potential open read-
ing frame begins at nucleotide 429, overlapping the stop
codon for the ACP, and continues downstream. The com-
plete sequence of the latter open reading frame remains to be
determined, but one portion of the amino acid sequence of
the inferred gene product bears a very strong resemblance to
the active site ofknown P-ketoacyl-ACP synthases (Fig. 2b).
The ACP gene encodes a protein of 95 amino acids, with a

predicted molecular mass of 10,422.7 Da. A comparison of
the amino acid sequence of the S. erythraea ACP with that of
E. coli fatty acid synthase ACP (51) and with the ACP
domains in one of the S. erythraea erythronolide synthase
subunits (11) is shown in Fig. 2a. The site of attachment of
the 4'-phosphopantetheine prosthetic group is predicted to
be serine 39 (corresponding to serine 36 in E. coli ACP [51]),
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FIG. 2. Sequence comparison of S. erythraea putative fatty acid
synthase ACP and p-ketoacyl-ACP synthase active-site residues
with known fatty acid and polyketide synthases. (a) Alignment of
the deduced amino acid sequence of the S. erythraea ACP (Ser
ACP) with the E. coli fatty acid synthase ACP (Eco ACP; residues
28 to 47 [51]) and two of the ACP domains of the erythromycin
synthase complex (residues 1428 to 1447 and 2858 to 2874) from S.
erythraea (Ser PKS1 and PKS2 [11]). (b) Deduced amino acid
sequence obtained from partial DNA sequence data of the gene 3' to
the ACP (Ser), aligned with active-site residues from known P-ke-
toacyl-ACP synthases (KAS). Rle, nodulation protein E from Rhizo-
bium leguminosarum (46); Eco, fatty acid synthase KAS I from E.
coli (29); yeast, fatty acid synthase KAS domain from Saccharomy-
ces cerevisiae FAS A gene product (36); chick, fatty acid synthase
KAS domain from chicken (55); rat, fatty acid synthase KAS
domain from rat (44); Sgl, polyketide TCM I KAS from the
tetracenomycin producer Streptomyces glaucescens (7); Svi, poly-
ketide GRA I KAS from the dihydrogranaticin producer Streptomy-
ces violaceoruber (45); Ser 1 and Ser 2, erythromycin KAS domains
(residues 190 to 209 and 1658 to 1677) from S. erythraea open
reading frame A (11). Alignments were done by using the program
MULTALIGN (3).

which lies in a region in which 17 of 21 consecutive residues
are identical between E. coli and S. erythraea. With no gaps
required for their alignment, the two sequences show an
overall degree of homology of 40%. If similar amino acids
are considered, the degree of homology increases to 64%.
The S. erythraea ACP shows about 25% homology to each of
two ACP domains from the S. erythraea polyketide syn-
thase.

Expression of the S. erythraea ACP gene in E. coli. Expres-
sion of the S. erythraea ACP gene in E. coli was accom-
plished by using the T7 dual plasmid system developed by
Tabor and coworkers (49, 50). An expression plasmid was
constructed for the S. erythraea ACP gene by the strategy
described in Materials and Methods and outlined in Fig. 3. A
plasmid containing the ACP gene, on a 560-bp BamHI-SmaI
fragment of S. erythraea DNA cloned into pUC19, was used
as the template for specific amplification and concomitant
mutagenesis of the ACP gene by means of the PCR. The
primers for PCR were universal sequencing primer and a
mutagenic primer designed to introduce an NdeI site span-
ning the start codon for the ACP gene (41). The PCR-
amplified products were cloned into M13, and 9 of 10 clones
sequenced were found to possess the expected altered
sequence, the other containing an additional single base
substitution. The ACP gene was subcloned from M13 into
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M 1 2 3O.lkbp FE_Aa

-1CAT4Th3 40

Original sequence -ATCATG-

4 5 6 M

a.re, *A,,se.
4600 Ir

MOW

pUC19

Universal primer

I
The PCR product was digested with Sal IlEco RI
and cloned into Ml3mpl9

The PCR product was sequenced in M13 in order to confirm the
altered sequence and to check the fidelity of the PCR reaction

I
The sequenced PCR product was digested with
Eco RVAUde I and cloned into pT7-7

Nde I

T7 promotor

rb

ACP

Eco RI

pFEX-1
2.9kbp

ampr

17 RNA
polymerase

FIG. 3. Construction of expression plasmid pFEX-1. A 560-bp
BamHI-SmaI fragment containing the ACP gene, subcloned into
pUC19, served as a template for PCR. The mutagenic primer
oligonucleotide contained Sall and NdeI restriction sites, which
allowed the product to be cloned into M13mpl9 for sequencing,
prior to cloning into the NdeI site of pT7-7. Plasmid pGP1-2 contains
the gene for T7 RNA polymerase under the control of a heat-
sensitive repressor (49, 50). rbs, ribosome binding site.

the NdeI and EcoRI sites of pT7-7, which placed the ACP
gene downstream of the T7 promoter, at an optimal spacing
from an efficient ribosome binding site. The resulting expres-
sion plasmid (pFEX-1) was used to transform E. coli K38
containing plasmid pGPl-2 (50), which carries the structural
gene for T7 RNA polymerase under the control of a temper-
ature-sensitive repressor. SDS-PAGE was used to monitor
the expression of S. erythraea ACP in E. coli K38 pGP1-2/
pFEX-1 after heat induction. Typical results are shown in
Fig. 4. Under these conditions, the S. erythraea ACP was
obtained as a wholly soluble protein. The N-terminal amino
acid sequence of the ACP, which represented at least 10% of
total cell protein after induction, was determined after SDS-
PAGE (33) by transfer to a polyvinylidene difluoride mem-
brane and direct automated sequencing of the stained blot
(35). The single sequence obtained matches the expected
sequence for the first 38 residues, with no evidence for any
posttranslational removal of the N-terminal methionine res-
idue (23). At position 39, the expected site of attachment of
the prosthetic group, an unidentified residue was found,
removal of which caused a very large drop in signal.

Purification and characterization of S. erythraea ACP ex-

pressed in E. coli. The purification procedure developed
previously by Hale et al. (21) was readily adapted for the
purification of the S. erythraea ACP from E. coli. Typically,
over 100 mg of ACP was obtained starting from 40 g (wet

17
14.4 m
8.2
6.2 U

2.5

FIG. 4. Expression of S. erythraea ACP in E. coli K38 examined
by 24% SDS-PAGE. Lane M contains low-molecular-weight mark-
ers (103). Lane 1 contains whole-cell lysate of E. coli K38(pT7-7,
pGPl-2) grown at 30°C and induced at 42°C for 30 min. Lane 2
contains whole-cell lysate of E. coli K38(pFEX-1, pGP1-2) grown at
30°C but uninduced. Lane 3 contains whole-cell lysate of E. coli
K38(pFEX-1, pGPl-2) grown at 30°C and induced. Lane 4 contains
ACP purified by fractionation with ammonium sulfate. Lane 5
contains ACP fractions after gel filtration on Sephadex G-75. Lane 6
contains ACP after anion-exchange chromatography on Mono-Q
HR 10/10. Details of the purification protocol (21) are described in
the text.

weight) of cells. The purified ACP was active in catalyzing
the isobutyryl-CoA-dependent incorporation of radioactivity
from "4C-malonyl-CoA into acyl-ACP species, in the pres-
ence of extracts of S. erythraea depleted of ACP previously.
Under the conditions used by Hale et al. (21), the addition of
30 ,ug of ACP catalyzed the incorporation of 1.5 nmol of
malonyl-CoA into protein-bound radioactivity in 30 min. To
determine the extent to which the S. erythraea ACP was
modified during expression in E. coli, by the specific attach-
ment of a 4'-phosphopantetheine prosthetic group, a sample
of the purified ACP was analyzed by electrospray mass

spectrometry (16, 22), which allows the exact mass of each
ACP species to be separately determined. The mass of the
apo-ACP was measured as 10,422.9 + 0.6 Da (three deter-
minations), which is in excellent agreement with the mass
value (10,422.7 Da) calculated from the sequence of the
structural gene. Similar agreement between observed
(10,761.0 1.6 Da; three determinations) and calculated
(10,761.7 Da) mass values was also seen for the holo-ACP.
The relative peak sizes indicated that about 70% of the total
ACP was in the holo form, a ratio independently confirmed
by high-pressure liquid chromatography (HPLC) analysis
(38a).

DISCUSSION

We have reported the cloning, characterization, and se-
quencing of a potential fatty acid synthase ACP from the
erythromycin-producing organism S. erythraea. The data
from nucleotide sequence analysis are consistent with our
previous proposal (21) that this ACP is a discrete protein and
was not generated by adventitious proteolysis of a larger
polypeptide. The region immediately 5' to the ACP start
codon, in the same reading frame, is strongly predicted to be
noncoding. A potential open reading frame, transcribed in

Mutagenic primer
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the same sense as the ACP gene, terminates at a stop codon
5 nucleotides upstream. Further sequence analysis should
determine the size and nature of this potential reading frame.
The overall degree of sequence identity between E. coli and
S. erythraea fatty acid synthase ACPs, over 40%, is mark-
edly higher than the degree of sequence identity (about 25%)
between the potential S. erythraea fatty acid synthase ACP
and any of the polyketide synthase ACPs (7, 45) or ACP
domains (11) that were tested. E. coli ACP can stimulate
fatty acyl-ACP synthesis by cell extracts of S. erythraea that
have been previously depleted of endogenous ACP (21), so
the close similarity in primary structure evidently gives rise
to a very similar three-dimensional structure. Expression of
the S. erythraea ACP gene in E. coli gave an enzymatically
active protein, indicating that the S. erythraea ACP is a
substrate for the E. coli (holo)-ACP synthetase, which
transfers the 4'-phosphopantetheine prosthetic group from
CoA to the ACP. This is further evidence of the relatively
broad substrate specificity of the synthetase (4, 5, 37).
We have measured the proportion of ACP present in the

holo form by using the new technique of electrospray mass
spectrometry (16, 22) to determine the exact mass of each
component. The electrospray technique is direct, simple,
and extremely sensitive; it has already been used to monitor
the in vivo posttranslational modification of isopenicillin N
synthetase (cyclase) (2) and of lipoyl domains of Bacillus
stearothermophilus pyruvate dehydrogenase (12) and to
study the thioesterase activity associated with both fatty
acid synthase (54) and the erythromycin-producing poly-
ketide synthase (10). Encouragingly, the experimentally
determined values for the ACP were within one mass unit of
those predicted from the sequence of the gene. The retention
of the N-terminal methionine residue is consistent with the
findings of Hirel et al. (23). The relative peak sizes in the
mass spectrum indicated that approximately 70% of the total
ACP was present as holo-ACP, the rest being apo-enzyme.
The response factors of the two forms of ACP are expected
to be identical, given their structural similarity and the fact
that under the conditions used for the analysis they contain
identical numbers of chargeable groups. In agreement with
this conclusion, direct measurement of the relative concen-
trations of apo- and holo-ACPs after HPLC separation also
showed that about 70% of the ACP was present as holo-ACP
in these preparations. In one preparation of ACP, in which
2-mercaptoethanol had been used during the purification,
evidence was obtained that some of the holo-ACP had
formed a disulfide link with the 2-mercaptoethanol. We have
also used electrospray mass spectrometry to characterize, in
some detail, the acyl-ACP products of the potential S.
erythraea fatty acid synthase. The results of these experi-
ments will be presented elsewhere (8a). Spinach ACP-I,
when expressed in E. coli, accumulates to a large extent
(50%) as the 18:1A11(cis) thioester (19). The possibility
cannot be excluded that a small proportion of the S. eryth-
raea ACP is similarly modified but is separated from unacy-
lated ACP during the purification procedure.
The nucleotide sequence analysis also provided evidence

that the ACP gene is clustered together with at least one
other gene that would be required for fatty acid biosynthesis,
that for a P-ketoacyl-ACP synthase, although the exact size
of this gene has not yet been established. The start codon for
the latter gene overlaps the stop codon for the ACP, an
arrangement that would permit translational coupling be-
tween the two genes (20), but detailed transcriptional anal-
ysis will be required to confirm this possibility. A portion of
the P-ketoacyl-ACP synthase sequence containing the ac-

tive-site cysteine is shown in Fig. 2b, together with the
corresponding active-site sequences from known fatty acid
and polyketide synthases. Experiments are in progress to
define the exact extent of the putative fatty acid synthase
gene cluster in S. erythraea. It will be of considerable
interest to compare the S. erythraea gene arrangement with
that of a recently characterized gene cluster for E. coli fatty
acid synthase (25). Although the S. erythraea ACP has the
catalytic activity expected of a component of the fatty acid
synthase, it remains unclear whether or not this is its
physiological role. However, it will now be possible to carry
out specific disruption of the genes identified here to provide
the answer to that question.
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