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Deletion of rapQONMLfrom the Rapamycin Gene Cluster of Streptomyces hygroscopicus

Gives Production of the 16-O-Desmethyl-27-desmethoxy Analog
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Five contiguous genes in the rapamycin gene cluster, rapQONML, of Streptomyces
hygroscopicus ATCC29253 were replaced with a neomycin resistance marker by double

homologous recombination. The resulting strain, if fed pipecolate, produced the analog 16-0-
desmethyl-27-desmethoxyrapamycin instead of rapamycin. This indicates that the P450

hydroxylase encoded by rapN is specific for C-27, and that the O-methyltransferases encoded
by rapQ and rapM methylate the hydroxyl groups on C-16 and C-27. By inference, the
remaining P450 hydroxylase and methyltransferase genes (rapl and rapJ) are responsible for
hydroxylation of C-9 and methylation of the C-39 hydroxyl, consistent with their homology to
flcbD andflcb'M, respectively, in the FK506 cluster. The relatively high level of 1 6-0-desmethyl-
27-desmethoxyrapamycin produced indicates that the reactions at C-9 and C-39 do not require
previous modification of the macrolactone precursor at either C-16 or C-27.

Rapamycin was originally discovered as an antifungal
agent from Streptomyces hygroscopicus ATCC 29253^

and later found to be an immunosuppressant with a
unique mechanism of action (sirolimus, Rapamuneá").

Its structural complexity precludes many chemical
modifications that might provide new drug candidates.
Because rapamycin biosynthesis involves a modular
polyketide synthase (PKS) system2-1, genetic engineering

can be used to obtain analogs not previously available3).
Analysis of a 100kb region of the S. hygroscopicus

genome encompassing the rapamycin biosynthetic gene

cluster2'4'5) revealed five genes immediately downstream of
rapC putatively encoding an O-methyltransferase (rapQ), a
ferredoxin (rapO), a P450 hydroxylase (rapN), a second O-
methyltransferase (rapM) and lysine cyclodeaminase

(rapL). The rapL gene was proven to encode the activity
needed to convert lysine into pipecolic acid6), the final

unit incorporated into the macrolactone precursor. A
second P450 hydroxylase gene (rapJ) and a third O-
methyltransferase gene (rapl) are closest in sequence to

fkbD and fkbM, which hydroxylate C-9 and methylate the
31-hydroxyl group of the dihydroxycyclohexane ring,

respectively, of FK5067'8). Results from isotope labeling9'10)
and other studies11} suggest that the PKS product and its
subsequent modification is as shown in Fig. 1. The PKS
complex synthesizes a 3 1 -member macrolactone precursor,
starting with a shikimate-derived unit and ending with a
pipecolate unit incorporated by a non-ribosomal peptide

synthetase module. The precursor is hydroxylated at C-9
and C-27, the 16-, 27- and 39-hydroxyl groups are
methylated, and the 9-hydroxyl group is oxidized to form

the a-ketoamide. The order in which these post-PKS

reactions occur is not known, nor has each reaction been
assigned to a specific gene or set of genes.
Here we describe construction and analysis of a strain in

which the five genes, rapQONML,were replaced with a
neomycin resistance marker. Cultures of this strain, if fed
pipecolate, produced significant levels of 16-0-desmethyl-
27-desmethoxyrapamycin. This helps to define the
regiospecificities of the two P450 hydroxylases and the
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Fig. 1. Post-PKS modifications of the presumed macrolactone precursor ofrapamycin.

The modification reactions are listed in an arbitrary order. Except that the 9-hydroxylation must occur before the
9-hydroxyl oxidation, the temporal order of these reactions is not known and may not be constrained.

three 0-methyltransferases.

Materials and Methods

Bacterial Strains, Plasmids and Phages
Plasmid PFDNEO-Swas a kind gift of Prof. Ryszard

Brzezinski of the Universite de Sherbrooke, Ganada. S.
hygroscopicus ATCC29253 and derived strains were plated
on SY (1% soluble starch, 0.2% yeast extract, 20% agar) to
obtain spores. The phage vector KC515was obtained from
the John Innes Centre and was propagated in S. lividans
TK24. Vector construction was done in the Escherichia coli
strain XL1 -Blue from Stratagene.

Assembly of the rapQONMLDeletion Cassette
The cassette for replacement of rapQONMLwith a

neomycin resistance gene was constructed as shown in Fig.
2. Approximately 1.2 kb regions upstream and downstream

of the rapQONML genes were obtained by PCR

amplification from S. hygroscopicus genomic DNA.The
location of each primer on the published rapamycin cluster

sequence2'4'5) given below refers to the 3' end of each

primer. The upstream region was obtained with primers
from nucleotide 89986 (5 '-ATCGGATCCGCGCCAGGTC-
CGGCGACCCGTCCGCTTCC-3'), introducing a Bamm

site, and 91 124 (5'-GATAGATCTAGACCGAAGGCCG-

ACATCACGGTGTCGAAC-3'), introducing a Bglll site.

The downstream region was obtained with primers from
95072 (5 '-ATCAAGCTTGCTTGATGTCACGCTGGCAC-

AGAACCTTGG-3'), introducing a Hindlll site, and 96218
(5 ' -GATATGCATCCGTGCCGTCCCAGGTTCTCGGCA-

CCGATC-3'), introducing an Nsil site. The PCR mixes
included cloned Pfu polymerase (Stratagene), the

manufacturer's buffer, 10% DMSO, 200 /xm each of dATP,
dTTP, dCTP, and 100//M each of dGTP and deaza-dGTP
(Roche). Thirty cycles of 30 seconds at 95°, 30 seconds at
60°, and 3minutes at 72° were used. Each PCR product
was cloned into the Srfl site of PCR-Script (Stratagene) to

give pKOS20-55.2 and pKOS20-56.1, respectively, and

clones were verified by sequencing.
pKOS7-150 was derived from Litmus 28 and has the
following sequence between the SndB I and Avr II sites: 5'-

TGGATCCACAGATCTGCCTGCAGCATCTAGAAAGCT-

TACATGCATCCTAG-3'. The left region was isolated from
pKOS20-56.1 as a 1.2kb EcoRl-Bglll fragment and

cloned into the EcoRl-BamBl sites of PFDNEO-S12), to
give pKOS20-68. The right region was isolated from
pKOS20-56.1 as a 1.2kb Hindlll-Nsil fragment and

cloned into the same sites ofpKOS7-150 to give pKOS20-
61.1. The 2.2kb BamHl-Hindlll fragment of pKOS20-68
was moved into the same sites of pKOS20-61.1 to give
pKOS20-70, in which the neomycin resistance gene was
inserted between the rapQONMLflanking sequences.

Isolation of a rapQONMLReplacement Strain
The cassette described above was isolated from pKOS20-
70 as a 3.4kb BamHl-Nsil fragment and ligated
to the BamHl-Pstl sites of KC515 DNA and the
DNA transfected into S. lividans TK24 protoplasts as
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described13). Recombinant phage plaques were identified

using PCR. Phage harboring the replacement cassette was
mixed with freshly germinated spores of ATCC29253 and
plated onto modified oatmeal agar (107-108spores per
plate; MOI of 5-10) as described14). After 20hours at

30°C, plates were overlayed with neomycin (10 ^g/ml final
concentration) and incubated about 10days. Selected

colonies were transferred to minimal mediumcontaining 20
^ag/ml neomycin and those that grew well after about 10
days were streaked on minimal mediumcontaining 20
/ig/ml neomycin to obtain pure clones. Clones were tested
for the double crossover event by patching to mediumwith
neomycin alone and neomycin plus thiostrepton. Selected
NeoR, Thios strains were grown in Difco tryptic soy broth
supplemented with 1% glucose, 100mM MES (2-(N-

morpholino)-ethane sulfonic acid) buffer, pH 6.0 and DNA
was isolated as described13). The DNAwas analyzed by
PCRfor the presence of amplimers diagnostic of the double
crossover replacement event. The primer pairs annealed to
regions outside the left homologous sequence (5'-CGGG-

CGTCTGATCGACCAGGATGAGATGGG-3') and within
the neo cassette promoter (5'-TATGTTGGTGTCATTC-

TACCAGAATCGGCAAAAGATGTCA-3'), or outside the
right homologous sequence (5'-GCGAGGGCGTAGCC-

CCGGCG-3') and in the polylinker at the 3' end of the
neo cassette (5'-GTCGACCTGCAGGCATGCAAGCTT-

3'). A strain in which the rapQONMLregion was correctly
replaced by the neo cassette was designated KOS20-001.

Fermentation and Analysis of Products
Spores of S. hygroscopicus ATCC 29253 and KOS20-

001 were inoculated into 40ml of supplemented TSB6) in
250ml baffled flasks. After 20hours, cultures were

harvested, resuspended in 30%glycerol and dispensed into
1 ml aliquots to give a working cell bank. One frozen cell
vial was used to inoculate 40ml of supplemented TSB6) in
250 ml baffled flasks. At about 20 hours, the concentration
of glucose approached zero, as measured with a YSI 2700
Select biochemistry analyzer, at which time D,L-pipecolate
(Sigma) was added to the KOS20-001 cultures (l mg/ml
final concentration). Aliquots of the cultures were extracted
after 3-4 days (when fully grown) as follows. To an aliquot
of whole broth two volumes of acetone were added and the
mixture was sonicated one minute on ice with a sonic
dismembranator 60 (Fisher) set at maximum.Three
volumes of ethyl acetate was added, relative to the original
aliquot, and the mixture was shaken. After centrifugation,
the upper ethyl acetate phase was transferred to a new

container, dried by adding anhydrous sodium sulfate, and
concentrated by rotary evaporation. The residue was
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redissolved in ethyl acetate for analysis (0.5% of the

original broth volume).
Extracts were analyzed using a system comprised of a

Beckman System Gold HPLC, an Alltech ELSD detector,
and a PE SCIEX API100LC MS-based detector equipped
with an atmospheric pressure chemical ionization source.
The eluent of a Metachem Inertsil ODS-3 column (5 ^m,
4.6X150mm) at 50°C of a linear gradient from 50% to
100% MeCN(0.1% HOAc) at 1 ml/minute over 5minutes
was monitored by UVat 287nm, ELSD, and MS. Under
these conditions, rapamycin eluted at 9.4 minutes and 16-0-
desmethyl-27-desmethoxyrapamycin at 8.4 minutes. High
resolution LC/MS and flow injection MS analysis of a
purified sample of 16-0-desmethyl-27-desmethoxyrapa-

mycin was obtained on a PE Biosystems Mariner API-TOF
MScon figured with an atmospheric pressure chemical
ionization or electrospray source, respectively.

KOS20-001 was cultured in a 10-liter fermenter of

supplemented TSB medium seeded with a 2-day old 500 ml
culture of the same medium. At 3 days, the culture was
harvested, an equal volume of methanol was added, and
after 30minutes the suspension was centrifuged. The
supernatant was subjected to solid-phase extraction on HP-
20 (500 ml column volume, 100 ml/minute). After capture,
the column was washed with 2 liters ofMeOH-H2O(1 : 1),
followed by 2liters of MeOH-H2O (2:1). The new

metabolite was then eluted from the column with 1.5 liters
of MeOH. A 1-gram portion of the resulting 2.5g of
residue was fractionated over LH-20 (CH2C12-MeOH,

1 : 1). Fractions containing the analog were pooled and re-
chromatographed over LH-20 (heptane - dichloromethane -
EtOH, 10: 10: 1). Final purification was by HPLC (10X
250mm, Metachem Inertsil ODS-3, linear gradient from
50% MeCN-H2Oto 95% MeCN-H2Oover 30minutes, 5
ml/minute, UV=287 nm).

Results and Discussion

Deletion of the rapQONMLRegion

A strain in which the rapQONMLregion was replaced
with a neomycin resistance cassette was constructed as
diagrammed in Fig. 2. Sequences flanking the rapQONML
region were cloned by PCR (Fig. 2A), the Tn5 neomycin
resistance cassette of PFDNEO-S was inserted between

them, and the cassette was ligated into the KC515phage
vector. The recombinant phage was used to obtain NeoR
lysogens of S. hygroscopicus, which were screened for the
double crossover event by patching to agar medium
containing both neomycin and thiostrepton. NeoR, Thios
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Fig. 2. Construction of the mpQONMLdeletion strain.

Panel A shows the rapQONMLregion and the location of the two flanking sequences used in the construction.
Panel B diagrams the result of the double crossover event with the recombinant phage DNA;the location of the two
amplimers used to verify the double crossover strain is indicated by lines between convergent arrows representing the
primers. Panel C shows the results of the PCRreactions with DNAfrom wild type (lanes 1 and 3) and KOS20-001
(lanes 2 and 4). The primers amplified the left region (lanes 1 and 2) or the right region (lanes 3 and 4). The marker
lanes (M) are New England Biolabs 1 kb ladder.

strains were analyzed by PCRusing a primer sitting outside
each crossover junction paired with a primer within the
neomycin resistance gene. DNAfrom strain KOS20-001
gave both PCR products, which should only be possible if
the rapQONMLgenes are replaced by the neo marker (Fig.

2B and C).

Characterization of Metabolites Produced
by the Deletion Strain

The engineered (KOS20-001) and wild-type (ATCC

29253) strains were fermented in the presence or absence of
1 mg/liter D,L-pipecolate, and the cultures were analyzed as
described in Materials and Methods. HPLC-MSshowed
that the deletion strain, whengrown in the presence of
pipecolate, produced no detectable rapamycin, but instead
produced a newmetabolite also with a strong absorption at
287nm. Comparison of the mass spectrum of rapamycin
with that of the new metabolite showed fragmentation that

was consistent with 16-0-desmethyl-27-desmethoxyrapa-
mycin (Table.1). By analogy to the series of losses of

2MeOHs and 2H2Os observed for rapamycin, the mass
spectra of 16-0-desmethyl-27-desmethoxyrapamycin

showed sequential loss of4H2Os. As shown in Fig. 3, both
compounds displayed loss of fragment Y and fragments

derived from it, indicating that this portion of the molecule
was not changed. Fragment X is also consistent with the
proposed structure.

KOS20-001 was cultured in a 10-liter fermenter to

provide enough material for further characterization. 1 6-0-
Desmethyl-27-desmethoxyrapamy'cin was isolated from the
fermentation broth as described in Materials and Methods.
Partial NMRassignments were made from a series of ID
and TOCSY, HSQC, and HMBCexperiments (Table 2). As
anticipated, the !H NMRspectrum of 16-0-desmethyl-27-
desmethoxyrapamycin displayed only one major methoxy
signal at 8 3.41 and the HSQC data showed that these

protons were attached to a carbon resonating at <5 56.4. An
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Fig. 3. Fragmentation of 16-0-desmethyl-

27-desmethoxyrapamycin observed by mass
spectrometry.

Fragment masses observed for rapamycin and
the analog are listed in Table 2.

HMBCcross peak connected the methoxy function to a
carbon with a signal at 8 84.4 (C-39). A TOCSY

correlation was observed between H-39 (2.93) and a signal
at S 3.38 (H-40), which provided further proof of the

location of the methoxy group. These values are in good
agreement with those reported for rapamycin15).

Evidence that the new metabolite differed from
rapamycin at the 27-position was provided by the *H NMR
spectrum. The region of 8 3.65-3.75, where H-27 of
rapamycin resonates, was devoid of any signals, and two
sets of unique signals at 8 2,63 (dd, 17.5, 9.5Hz) and 2.47
(dd, 17.5, 3.0 Hz), similar to those previously reported for
H2-27 of 27-desmethoxyrapamycin16), were observed. In

combination, the data indicate that the deletion strain

produces the new metabolite 16-O-desmethyl-27-

de smethoxyrapamycin.

Inferences Regarding Rapamycin Biosynthesis
Because the or-keto amide and 39-O-methyl groups are

present on the rapamycin analog, the rapQONMLgenes are
not involved in their biosynthesis. The remaining
methyltransferase gene in the rapQONML deletion strain,
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Table 2. Selected NMRdata for 16-0-desmethyl-27-desmethoxyrapamycin and rapamycin.a

Position 16-<9-desmethyl-27-desmethoxyrapamycin rapamycin
b

H 5 (ppm) C 5 (ppm) H 5 (ppm)
C5 (ppm)

5.20

9

10

170.4

51.8

166.6

194.8

98.9

27 2.52(dd, 17.5,3.0Hz) 46.8

2.64 (dd, 17.5, 9.0 Hz)

32

39 2.93

40 3.39

16-OMe

27-OMe

39-OMe 3.41 56.4

169.2

5.29 51.3

166.8

192.5

98.5

3.71 84.9

208.2

84.4

73.9

55.8

59.5

56.5

aData reported is for the major conformer in CDC13.

bData from reference 1 5.

rapl, therefore must encode the enzyme responsible for
methylating the 39-hydroxyl group on a rapamycin

precursor. This is consistent with the observation that rapl
is most closely related XofkbM in the FK506 cluster, which
has been shown to be required for methylation of the 31-
hydroxyl group of an FK506 precursor. It follows that the
methyltransferases encoded by the rapQ and rapM genes
must be responsible for methylation of the 16- and 27-
hydroxyl groups, although the precise specificity of these
enzymes cannot be determined from the work reported
here. The remaining P450 hydroxylase gene in the
rapamycin cluster of the rapQONMLdeletion strain is rapJ,
which therefore must encode the enzyme for hydroxylation
of C-9, consistent with its close homology tofkbD. Finally,
one can infer that the rapN gene is responsible for
hydroxylation at C-27.

Under identical fermentation conditions, the parent strain
produced about 20mg/liter of rapamycin, while KOS20-
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001 produced about lOmg/liter of the analog. Because
production was not dramatically reduced relative to the
parent, the other post-PKS processing enzymes do not
require a substrate that has already been modified at the 16
and 27 positions. Thus, either the 16 and 27 positions are
the last to be modified, or the post-PKS modification

enzymes recognize only a limited region of the molecule.
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