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Spiramycins are clinically important 16-member macrolide antibiotics produced by Streptomyces ambofaciens. Biosynthetic
studies have established that the earliest lactonic intermediate in spiramycin biosynthesis, the macrolactone platenolide I, is syn-
thesized by a type I modular polyketide synthase (PKS). Platenolide I then undergoes a series of post-PKS tailoring reactions
yielding the final products, spiramycins I, II, and III. We recently characterized the post-PKS glycosylation steps of spiramycin
biosynthesis in S. ambofaciens. We showed that three glycosyltransferases, Srm5, Srm29, and Srm38, catalyze the successive at-
tachment of the three carbohydrates mycaminose, forosamine, and mycarose, respectively, with the help of two auxiliary pro-
teins, Srm6 and Srm28. However, the enzymes responsible for the other tailoring steps, namely, the C-19 methyl group oxida-
tion, the C-9 keto group reduction, and the C-3 hydroxyl group acylation, as well as the timing of the post-PKS tailoring
reactions, remained to be established. In this study, we show that Srm13, a cytochrome P450, catalyzes the oxidation of the C-19
methyl group into a formyl group and that Srm26 catalyzes the reduction of the C-9 keto group, and we propose a timeline for
spiramycin-biosynthetic post-PKS tailoring reactions.

Spiramycins are macrolide antibiotics produced by Streptomy-
ces ambofaciens and used in human medicine for their activi-

ties against bacteria and Toxoplasma spp. (1–4). They are com-
posed of a 16-member lactone ring, on which three sugars
(mycaminose, forosamine, and mycarose) are attached (Fig. 1).
Spiramycin biosynthesis has been studied for more than 30 years,
and numerous studies have contributed to the isolation of the
spiramycin-biosynthetic srm genes (Fig. 1) (5–8) and the charac-
terization of biosynthetic steps (9, 10). These studies established
that the macrolactone ring, called platenolide I (compound 1), is
synthesized through the repeated condensation of carboxylic acid
units catalyzed by a type I modular polyketide synthase (PKS) (7).
In this PKS, module 3 (Srm9) is responsible for the incorporation
of the C-9 –C-10 unit and module 4 (the first module of Srm10)
contains a ketoreductase (KR) domain that could catalyze the re-
duction of the C-9 keto group. However, this domain has been
suggested to be inactive (7). This is consistent with the oxidation
state of C-9 (keto group) in platenolide I.

Several post-PKS tailoring steps are required to ensure the syn-
thesis of the final molecules, spiramycins I, II, and III. These in-
clude oxidation of the C-19 methyl group, reduction of the C-9
keto group, attachment of the mycaminose, forosamine, and
mycarose sugars, and acylation of the C-3 hydroxyl group. Some
of the genes required for these tailoring steps have been identified.
Thus, the genes required for the biosynthesis of the three sugars
from the common precursor glucose-1-phosphate are encoded
within the srm gene cluster (8), and we recently characterized the
glycosylation steps in S. ambofaciens (10). We showed that three
glycosyltransferases, Srm5, Srm29, and Srm38, successively cata-
lyze the attachment of mycaminose, forosamine, and mycarose,
respectively, with the help of two auxiliary proteins, Srm6 and
Srm28. However, the srm genes responsible for the other post-PKS
tailoring steps remain to be identified.

The first glycosylated intermediate in spiramycin biosynthesis,
observed in the culture supernatant of a srm29 deletion mutant, is

forocidin (compound 4) (Fig. 1). In this molecule, platenolide I
has already undergone two modifications, in addition to the at-
tachment of the mycaminose: the reduction of the C-9 keto group
and the oxidation of the C-19 methyl group. Although it is clear
that the reduction of C-9 keto group occurs prior to the attach-
ment of the second sugar, forosamine, this observation also sug-
gests that the oxidation of the C-19 methyl group precedes the
glycosylation of forocidin by Srm29. In this study, we undertook
the identification of the genes involved in the reduction of the C-9
keto group and the oxidation of the C-19 methyl group of plateno-
lide I, and we attempted to establish a timeline for the various
tailoring steps. We showed that Srm13 catalyzes the oxidation of
the C-19 methyl group, as proposed previously (8). We demon-
strated that among the three potential candidate genes (srm26,
srm42, and srm43), srm26 encodes the post-PKS ketoreductase
involved in the reduction of the C-9 keto group. Furthermore,
analysis of the biosynthetic intermediates strongly suggests that
the reduction of the C-9 keto group of platenolide I occurs first
and that the glycosylation of the lactone ring by Srm5 precedes the
oxidation of the C-19 methyl group.
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MATERIALS AND METHODS
Strains, plasmids, and culture conditions. The strains and plasmids used
in this study are listed in Table S1 in the supplemental material. Esche-
richia coli and S. ambofaciens strains were grown in standard media with
appropriate antibiotics as necessary (11, 12). For spiramycin production,
S. ambofaciens strains were grown in MP5 medium (13).

Preparation and manipulation of DNA. DNA extraction and manip-
ulation, E. coli transformation, and E. coli-Streptomyces conjugation were
performed according to standard procedures (11, 12). DNA amplifica-
tions were carried out using either Taq polymerase from Qiagen, the GC-
rich PCR system from Roche, or Phusion DNA polymerase from Thermo
Fisher Scientific.

Inactivation of srm13, srm26, srm42, and srm43. Each of the genes
srm13, srm26, srm42, and srm43 was individually inactivated by gene re-
placement in S. ambofaciens strain OSC2, resulting in the deletion of most
of the coding sequence of each gene and its replacement by a cassette
containing an apramycin resistance gene.

The same strategy was used for inactivating srm13, srm26, and srm42.
For srm13, two DNA fragments flanking the gene were PCR amplified: a
2.2-kb upstream fragment (amplified with primers SRM13 and SRM14
[see Table S2 in the supplemental material]), overlapping the beginning of
the srm13 coding sequence and carrying HindIII and EcoRV restriction
sites at the ends of the fragment, and a 2-kb downstream fragment (am-
plified with primers SRM15 and SRM16), overlapping the end of the
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FIG 1 Spiramycin biosynthesis. (A) Spiramycin biosynthetic cluster with the three putative reductase genes srm26, srm42, and srm43 represented by blue arrows
and srm13 represented by a red arrow. (B) Proposed biosynthetic pathway for the post-PKS tailoring steps.
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srm13 coding sequence and carrying EcoRV and NheI restriction sites at
the ends of the fragment. The excisable cassette att3aac, conferring resis-
tance to apramycin, was recovered by digestion of plasmid pOSV234 by
EcoRV. Then the upstream and downstream fragments of srm13 were
cloned into cosmid pWED2 cut by HindIII and NheI, in the same relative
orientation as in the S. ambofaciens chromosome, on each side of the
att3aac cassette, resulting in cosmid pSPM573. pSPM573 was introduced
into S. ambofaciens OSC2 by E. coli-Streptomyces conjugation using E. coli
ET12567/pUZ8002, and apramycin selection was applied. Apramycin-
resistant S. ambofaciens clones were screened for sensitivity to puromycin,
indicating a double-crossover allelic exchange. This was confirmed by
PCR (data not shown). The resulting S. ambofaciens �srm13::att3aac mu-
tant strain was called SPM512. The apramycin resistance cassette inserted
into srm13 of strain SPM512 was then excised by site-specific recombina-
tion using plasmid pOSV236 containing genes encoding the excisionase
and the integrase from pSAM2 (10). pOSV236 was introduced into
SPM512 by conjugation with E. coli ET12567/pUZ8002/pOSV236. Apra-
mycin-sensitive, thiostrepton-resistant clones were screened. Plasmid
pOSV236 was lost after a few rounds of growth without antibiotic selec-
tion. The excision of the cassette leaving a scar of 33 bp (att3) was con-
firmed by PCR and sequencing (data not shown). The resulting strain
with an in-frame deletion of srm13 (�srm13::att3) was called SPM513. A
similar strategy using the excisable cassette att2aac was employed to con-
struct the srm26 in-frame mutant strain (SPM235) and the srm42 mutant
strain (SPM225). For the srm42 mutant strain, the att2aac cassette was not
excised.

PCR-targeting technology was used for the inactivation of srm43 (14).
Cosmid pSPM36, a pWED2 derivative containing part of the spiramycin-
biosynthetic gene cluster, including srm43, was introduced into E. coli
strain KS272 containing pKOBEG and expressing the phage � red func-
tions (15). The resulting strain was transformed with a PCR product ob-
tained with primer pair EDR71/EDR72 and consisting of the excisable
cassette att3aac flanked by 40-bp sequences identical to those at the be-
ginning and end of the srm43 coding region. After � red-mediated recom-
bination, the resulting cosmid, pSPM543, was introduced into S. ambo-
faciens OSC2 by interspecific transfer from E. coli S17-1, and apramycin
selection was applied. Apramycin-resistant S. ambofaciens clones were
screened for sensitivity to puromycin, indicating a double-crossover al-
lelic exchange. This was confirmed by PCR (data not shown). The result-
ing S. ambofaciens �srm43::att3aac mutant strain was called SPM543.

Construction of the �srm13 �srm26 double mutant. The �srm13
�srm26 double mutant was produced by introduction of the pSPM573
plasmid into S. ambofaciens SPM235 by interspecific transfer from E. coli
ET12597/pUZ8002/pSPM573. Apramycin-resistant S. ambofaciens clones
were screened for sensitivity to puromycin, indicating a double-crossover
allelic exchange. This was confirmed by PCR (data not shown). The re-
sulting S. ambofaciens �srm13::att3aac �srm26::att2 mutant strain was
called SPM514. The apramycin resistance cassette was then excised by
site-specific recombination using plasmid pOSV236. The excision of the
cassette leaving a scar of 33 bp (att3) was confirmed by PCR and sequenc-
ing (data not shown). The resulting mutant strain (�srm13::att3 �srm26::
att2) was called SPM515.

Construction of plasmid pSPM266 expressing srm26. A fragment of
1.4 kb containing the complete srm26 coding region, with upstream and
downstream sequences, was obtained by PCR amplification with oligonu-
cleotides OE.srm26F and OE.srm26R as primers and with S. ambofaciens
total genomic DNA as the template. The product was cloned as a HindIII-
EcoRI fragment into vector pOSV206 digested with the same enzymes,
yielding plasmid pSPM266. In this multicopy vector, srm26 is expressed
under the control of the strong and constitutive promoter ermE*p.

LC-MS analysis. After 4 days of culture at 27°C, supernatants were
filtered through Ultrafree-MC filters (0.1 �m; Millipore) and were ana-
lyzed on an Atlantis dC18 column (length, 250 mm; inner diameter, 4.6
mm; particle size, 5 �m; column temperature, 25°C) using an Agilent
1100 high-performance liquid chromatography (HPLC) instrument

equipped with a binary pump. Samples were eluted with isocratic 0.1%
HCOOH in H2O (solvent A)– 0.1% HCOOH in CH3CN (solvent B)
(95:5) at 1 ml min�1 for 5 min, followed by a gradient to 50:50 (solvent A
to solvent B) over 35 min. A Bruker Daltonik Esquire HCT ion trap mass
spectrometer (MS) equipped with an orthogonal atmospheric pressure
interface-electrospray ionization (AP-ESI) source was coupled online to
the HPLC system and was used for MS and tandem MS (MS-MS) analy-
ses. Elution from the Atlantis dC18 column was split into two flows: 1/10
was directed to an ESI mass spectrometer for MS and MS-MS measure-
ments and the remaining 9/10 to a diode array UV detector. In the ESI
process, nitrogen served as the drying and nebulizing gas, and helium gas
was introduced into the ion trap both for efficient trapping and cooling of
the ions generated by ESI and for fragmentation processes. Ionization was
carried out in positive mode with a nebulizing gas set at 241 kPa, a drying
gas set at 8 �l/min, and a drying temperature set at 345°C for optimal
spray and desolvation. Ionization and mass analysis conditions (capillary
high voltage, skimmer and capillary exit voltages, and ion transfer param-
eters) were tuned for optimal detection of compounds in the range of
masses between 100 and 1,000 m/z.

Bioassays. The antibacterial activity of spiramycin or spiramycin de-
rivatives (C-19-methyl-spiramycins) was analyzed as described previ-
ously (16). Briefly, culture supernatants of S. ambofaciens and defined
quantities of spiramycins were applied to Whatman Aa paper disks that
were laid on plates containing Micrococcus luteus. The M. luteus strain
used was resistant to congocidine, an antibiotic also produced by S. am-
bofaciens, together with spiramycin, in MP5 medium.

RESULTS AND DISCUSSION
Srm13 catalyzes the oxidation of the lactone ring C-19 methyl
group into a formaldehyde moiety. In a previous study, we pro-
posed that Srm13, which encodes a cytochrome P450, could cat-
alyze the oxidation of the C-19 methyl group of the lactone ring
into a formaldehyde moiety during spiramycin biosynthesis (8).
Indeed, Srm13 presents some sequence similarities with other cy-
tochromes P450 known to be involved in the oxidation of the
methyl group equivalent to the C-19 methyl group of spiramycin
in other 16-member ring macrolide antibiotics (67% identity and
79% similarity with TylI, involved in tylosin biosynthesis; 63%
identity and 77% similarity with RosC, involved in rosamicin bio-
synthesis) (17, 18) (see Fig. S1 in the supplemental material for the
tylosin and rosamicin structures and the positions modified by
TylI and RosC).

To verify our hypothesis, we constructed a srm13 in-frame de-
letion mutant in OSC2, designated SPM513. After 4 days of cul-
ture of SPM513 in MP5 medium, the supernatant was analyzed by
LC-MS. Comparison of the UV chromatogram (232 nm) of
SPM513 with the UV chromatogram of the wild-type strain OSC2
(Fig. 2A) and analysis of the extracted ion current (EIC) chro-
matograms at m/z values corresponding to those of the three spi-
ramycins (Fig. 2B, peaks 6, 7, and 8) indicated that the production
of spiramycins was abolished in SPM513 (data not shown). How-
ever, the mutant accumulated three new metabolites (peaks 10,
11, and 12 [Fig. 2C and D]) that differ from spiramycins I, II, and
III by 16 mass units, consistent with the lack of an oxygen residue.
These compounds were identified as C-19-methyl-spiramycins I,
II, and III (compounds 10, 11, and 12 [Fig. 1]) by their masses and
fragmentation patterns (compared with the fragmentation pat-
terns of spiramycins I, II, and III [19, 20]) (see also Fig. S2 in the
supplemental material). This result clearly demonstrates that
Srm13 catalyzes the conversion of the C-19 methyl group of the
spiramycin lactone ring into a formaldehyde moiety. It also sug-
gests that either this oxidation is the final step in spiramycin bio-
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synthesis or, if it occurs earlier in spiramycin biosynthesis, the
absence of Srm13 does not prevent downstream tailoring reac-
tions.

Rosamicin is a macrolide antibiotic structurally related to spi-
ramycin. The rosamicin derivative devoid of the C-20 formyl
group (RS-B) (equivalent to the spiramycin C-19 methyl group) is
10 to 60 times less active than rosamicin, suggesting that this
group is important to the antibacterial activity of rosamicin (18).
To determine whether the C-19-methyl-spiramycin derivatives
possess some antibacterial activity, culture supernatants of strain
SPM513 were tested by a bioassay. No growth inhibition was ob-
served around the disks soaked in SPM513 culture supernatants,
yet a rough estimation of the production of the C-19-methyl-
spiramycin derivatives (based on LC and EIC chromatograms)
suggests that this production is comparable to spiramycin pro-
duction in the wild-type strain OSC2 (50 to 100 �g/ml). In the
bioassay, we can routinely detect spiramycin concentrations as

low as 1 �g/ml. Thus, this finding indicates that C-19-methyl-
spiramycins are much less active than spiramycins and that, as
with rosamicin, the C-19 formyl moiety of spiramycin is essential
to antibacterial activity.

Three srm genes are potential candidates for the reduction of
the C-9 keto group. Platenolide I, a known spiramycin biosyn-
thetic intermediate (21), bears a keto group at the C-9 position.
This keto group has to be reduced into a hydroxyl group prior to
the attachment of the forosamine sugar. Post-PKS reduction of
polyketide keto groups has been described previously, for exam-
ple, in the biosynthesis of avermectin, in which AveF catalyzes the
reduction of the avermectin aglycon C-5 keto group (22). Other
examples include MilF, a homologue of AveF in milbemycin bio-
synthesis (23), and MtmW, catalyzing the reduction of the C-4=
keto group in mithramycin biosynthesis (24). However, bioinfor-
matic analysis failed to detect any homologues of these post-PKS
ketoreductases in the srm gene cluster.

Analysis of the srm gene cluster previously led us to propose
Srm43, a 324-amino-acid protein predicted by CD-Search (25) to
belong to the aldo-keto reductase superfamily of NAD(P)H oxi-
doreductases, as a potential candidate for the catalysis of the C-9
keto group reduction (8). However, two other Srm proteins of the
four with no assigned function in spiramycin biosynthesis could
fulfill this function: Srm42 and Srm26. Srm42 is a 285-amino-acid
protein presenting some similarities to triphenylmethane reduc-
tase (TMR)-like proteins and proteins of the atypical short-chain
dehydrogenase/reductase (SDR) family. Srm26 is a protein of 347
amino acid residues potentially belonging to the atypical SDR
family of proteins. Both Srm42 and Srm26 possess a predicted
NAD(P)H binding site. We therefore decided to inactivate each of
these three genes, srm26, srm42, and srm43, to determine which of
them codes for the post-PKS ketoreductase responsible for the
C-9 keto reduction of platenolide I.

Srm42 and Srm43 are not involved in spiramycin biosynthe-
sis. To evaluate the potential involvement of srm42 and srm43 in
the reduction of the platenolide C-9 keto group, the two genes
were replaced by an apramycin resistance cassette (att2aac) in the
wild-type strain OSC2, yielding strains SPM225 and SPM543, re-
spectively. Analysis of the culture supernatants of these mutant
strains by LC-MS showed that spiramycins I, II, and III are still
produced (see Fig. S3 in the supplemental material), indicating
that srm42 and srm43 are not involved in the reduction of the
platenolide I C-9 keto group or in spiramycin biosynthesis. Thus,
the srm gene cluster, previously delimited at srm43 (26), most
likely ends with srm41.

Srm26 catalyzes platenolide C-9 ketoreduction. The srm26
gene was replaced by the apramycin resistance cassette (att2aac) in
the wild-type OSC2 strain, yielding SPM234. The cassette was
then excised using the unstable pOSV236 plasmid expressing the
pSAM2 excisionase and integrase (10), yielding mutant strain
SPM235. LC-MS analysis of the SPM235 culture supernatant
showed that production of spiramycins was abolished (data not
shown), demonstrating that srm26 is involved in spiramycin bio-
synthesis. To determine whether Srm26 catalyzes the reduction of
the keto group at the C-9 position of platenolide I, we used LC-MS
data to search for the presence of known or potential spiramycin
biosynthetic intermediates, including platenolides I (compound
1) and II (compound 2). Figure 3A shows that SPM235 accumu-
lates platenolide I (peak 1) but not platenolide II (Fig. 3B, peak 2).
However, the figure also shows that SPM235 accumulates a small
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FIG 2 LC and LC-MS analyses of culture supernatants of the wild-type strain
(OSC2) and the �srm13 deletion mutant (SPM513). (A and B) UV (A) and
EIC (B) traces of m/z 422.2 ([M � 2H]2�) (peak 6), m/z 443.2 ([M � 2H]2�)
(peak 7), and m/z 450.2 ([M � 2H]2�) (peak 8) for OSC2. (C and D) UV (C)
and EIC (D) traces of m/z 415.2 ([M � 2H]2�) (peak 10), m/z 436.2 ([M �
2H]2�) (peak 11), and m/z 443.2 ([M � 2H]2�) (peak 12) for SPM513. Peak
numbers refer to molecule numbers in Fig. 1.
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amount of a compound (Fig. 3A, peak 9) with the same mass and
retention time as forocidin (compound 4) (Fig. 3B, peak 4). This
was unexpected, because forocidin, a known spiramycin biosyn-
thetic intermediate, is hydroxylated at the C-9 position. Thus, if
Srm26 catalyzes the reduction of the keto group on C-9, a srm26
deletion mutant should not accumulate forocidin. Moreover,
were forocidin to be produced, downstream biosynthetic steps
should occur and spiramycins should be produced. To rule out the
possibility of a mutation elsewhere in the srm gene cluster, we
genetically complemented the srm26 deletion mutant. We cloned
srm26 into the replicative vector pOSV206 and introduced the
resulting plasmid, pSPM266, into SPM235. LC-MS analysis of the
culture supernatant of SPM235/pSPM266 shows that production

of spiramycins I, II, and III is restored (Fig. 3C), indicating that the
observed chemotype for strain SPM235 is due solely to the dele-
tion of srm26.

Another form of spiramycin, spiramycin IV (see Fig. S4 in the
supplemental material), has been described elsewhere (9). Spira-
mycin IV is a C-19-hydroxylated (reduced) form of spiramycin I.
We hypothesized that compound 9 may correspond to the C-19-
hydroxylated, C-9-oxidized form of forocidin, an isomer of foro-
cidin that could elute at the same retention time. To verify our
hypothesis, we constructed a srm13 srm26 double deletion mutant
(SPM515). LC-MS analysis of the SPM515 culture supernatant
reveals only the presence of platenolide I (compound 1) (Fig. 3D,
peak 1), supporting the hypothesis that compound 9 is the C-19-
hydroxylated, C-9-oxidized form of forocidin. The presence of a
hydroxyl group on C-19 may suggest that oxidation of the C-19
methyl group into a formyl group by Srm13 goes through a hy-
droxyl intermediate, as has been proposed for rosamicin biosyn-
thesis (18). However, the C-19 formyl, C-9 keto form of forocidin
was not detected in the SPM515 culture supernatant, as would be
expected in this case. Thus, the C-19 hydroxyl, C-9 keto form of
forocidin may result from a nonspecific reduction of the C-19
formyl group of the C-9-oxidized form of forocidin, as observed
for the conversion of tylosin to relomycin (27). Taken together,
these experiments demonstrate that Srm26 is the post-PKS reduc-
tase catalyzing the reduction of the platenolide I C-9 keto group,
yielding platenolide II.

Proposed model for the timing of the post-PKS platenolide
tailoring reactions. Previous studies (10) have established that
glycosylation of the spiramycin aglycon occurs in the following
order: addition of mycaminose catalyzed by Srm5 (yielding foro-
cidin [compound 4]), followed by addition of forosamine by
Srm29 (yielding neospiramycin I [compound 5]), and finally ad-
dition of mycarose by Srm38 (yielding spiramycin I [compound
6]). Although it is clear that the reduction of the C-9 keto group of
the platenolide has to occur prior to the attachment of the second
sugar, forosamine, the timing of this reduction, of the first glyco-
sylation, and of the C-19 methyl oxidation is not clear. To try to
determine whether these reactions occur in a strict or partially
defined order, we used LC-MS to analyze our mutant strains in
which post-PKS tailoring steps were affected, looking for interme-
diates that could potentially accumulate depending on the timing
of these tailoring steps. The srm26 deletion mutant SPM235 did
not accumulate the C-19 formyl form of platenolide I, suggesting
that the oxidation of the C-19 methyl group occurs after the re-
duction of the C-9 keto group. The srm5 deletion mutant SPM121
accumulates platenolide I and platenolide II, but not the C-19
formyl forms of these molecules (10) (data not shown), suggesting
that the addition of the first sugar, mycaminose, occurs prior to
the oxidation of the C-19 methyl group. The srm13 deletion mu-
tant SPM513 accumulates the C-19 methyl forms of spiramycin,
indicating that the absence of Srm13 does not prevent down-
stream tailoring reactions, but not pointing to the specific timing
of the C-19 methyl oxidation. However, the srm29 deletion mu-
tant SPM108 accumulates only one form of glycosylated plateno-
lide, forocidin (compound 4), in which C-9 is reduced (hydroxyl
group) and C-19 is oxidized (formyl group), suggesting that the
oxidation of the C-19 methyl group occurs prior to the addition of
the second sugar, forosamine.

Thus, based on these data, we propose that after platenolide I is
released from the spiramycin-biosynthetic enzyme PKS, the re-
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FIG 3 Identification of the gene catalyzing the reduction of the C-9 keto group
of platenolide I by LC-MS analyses. (A) EIC traces for m/z 556.3 ([M � H]�)
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Na]�) (peak 1), and m/z 393.0 ([M � Na]�) (peak 2) for strain SPM212
(srm28 deletion mutant) accumulating forocidin (peak 4). (C) EIC traces of
m/z 422.2 ([M � 2H]2�) (peak 6), m/z 443.2 ([M � 2H]2�) (peak 7), and m/z
450.2 ([M � 2H]2�) (peak 8) for genetically complemented SPM235. (D) EIC
traces of m/z 391.0 ([M � Na]�) (peak 1) for the srm26 srm13 double deletion
mutant (SPM515). Peak numbers refer to molecule numbers in Fig. 1.
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duction of the C-9 keto group occurs first (yielding platenolide II),
followed successively by glycosylation by Srm5 (yielding com-
pound 3), the oxidation of the C-19 methyl group (yielding foro-
cidin), the addition of forosamine by Srm29 (yielding neospira-
mycin), and, finally, the addition of mycarose by Srm38, yielding
spiramycin I (Fig. 1B). The acylation of spiramycin I to yield spi-
ramycins II and III may be catalyzed by Srm2 (8). The timing of
the post-PKS tailoring reactions proposed here is similar to what
has been observed in the biosyntheses of two other 16-member
macrolides, tylosin and rosamicin, biosyntheses in which the gly-
cosylation of the C-5 hydroxyl group occurs prior to the oxidation
of the C-20 methyl group (18, 28). Moreover, in Streptomyces
fradiae, the absence of TylI, the homologue of Srm13 involved in
tylosin biosynthesis, is likely to result in the synthesis of C-20-
methyl tylosin, an outcome similar to that observed for the srm13
deletion mutant, which produces C-19-methyl-spiramycins.
However, to our knowledge, in the literature, only a mutant in
which both tylI and tylD (a gene involved in the biosynthesis of
6-deoxy-D-allose, the third sugar to be attached to the lactone
ring) are affected has been described (29). In that strain, all post-
PKS tailoring steps possible in the absence of 6-deoxy-D-allose
occur.

In conclusion, we have identified in this study the enzymes
involved in two important platenolide I tailoring steps. We
showed that Srm13 catalyzes the oxidation of the C-19 methyl
group into a formyl group, a group that appears, as for rosami-
cin, to be important for the biological activity of spiramycins.
We also demonstrated that Srm26 catalyzes the reduction of
the C-9 keto group into a hydroxyl group, allowing down-
stream glycosylation at this position. It has been demonstrated
that S. ambofaciens fed with tylactone, the first lactonic inter-
mediate of tylosin, is able to convert it into spiramycin-tylosin
hybrids, the chimeramycins (30). This suggests a relative flex-
ibility of Srm26 with regard to its macrolactone substrate and
opens the way to the biosynthesis of new hybrid 16-member
macrolide antibiotics.
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