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Macrolactonization to 10-deoxymethynolide catalyzed
by the recombinant thioesterase of the picromycin/methymycin

polyketide synthase

Weiguo He,a Jiaquan Wu,a Chaitan Khoslab and David E. Canea,*

aDepartment of Chemistry, Box H, Brown University, Providence, RI 02912-9108, USA
bDepartments of Chemical Engineering, Chemistry and Biochemistry, Stanford University, Stanford, CA 94305-5025, USA

Received 8 September 2005; accepted 26 September 2005

Available online 24 October 2005
Abstract—The recombinant thioesterase (TE) domain of the picromycin/methymycin synthase (PICS) catalyzes the macrolactoniza-
tion of 3, the N-acetylcysteamine thioester of seco-10-deoxymethynolide to generate 10-deoxymethynolide (1) with high efficiency.
By contrast, 4, the 7-dihydro derivative of seco-thioester 3, undergoes exclusive hydrolysis by PICS TE to seco-acid 5. The
recombinant TE domain of 6-deoxyerythronolide B synthase (DEBS TE) shows the same reaction specificity as PICS TE, but with
significantly lower activity.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. 10-Deoxymethynolide (1) and narbonolide (2).
Methymycin and picromycin are homologous 12- and
14-membered ring macrolide antibiotics produced by
Streptomyces venezuelae.1 The responsible picromycin/
methymycin synthase (PICS), a typical modular poly-
ketide synthase (PKS), has the unusual property of
catalyzing the multi-step biosynthesis of both 10-deoxy-
methynolide (1)2 and narbonolide (2), the parent macro-
lide aglycones of methymycin and picromycin,
respectively (Fig. 1).3 The final step in the biosynthesis
of each aglycone is the release from PICS of the respec-
tive ACP-(acyl carrier protein) bound acyclic hexaketide
and heptaketide acyl-thioester intermediates with
concomitant macrolactonization, a reaction catalyzed
by a dedicated thioesterase (TE) domain located at the
C-terminus of PICS module 6.3,4

Recently, we have functionally expressed the PICS TE
domain in Escherichia coli and characterized the purified
recombinant enzyme mechanistically and kinetically.5

The crystal structures of the TE domains of both PICS
and the closely related 6-deoxyerythronolide B synthase
(DEBS TE)6 show that each protein, which belongs to
the a,b-hydrolase family, possesses a large substrate
binding tunnel suitable for lactonization of polyketide
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acyl thioester substrates.7 The reaction itself involves a
classical Ser-His-Asp catalytic triad and a covalent
acyl-enzyme intermediate.6,7

Both TE domains have considerable catalytic flexibility,
as evidenced by their ability to support the formation of
6-, 8-, 12-, 14-, and 16-membered ring lactones when
artificially fused to the C-termini of appropriate PKS
modules.8 On the other hand, the corresponding recom-
binant excised TE domains have to date only been
shown to mediate the hydrolysis of model acyl N-acetyl-
cysteamine acylthioester (SNAC) substrates, including
long-chain x-1-hydroxyacyl-SNAC analogues.6 By con-
trast, the recombinant TE domain of the related epothi-
lone synthase can catalyze the macrolactonization of
the SNAC-thioester of seco-epothilone C to give the
14-membered lactone epothilone C, accompanied by
significant levels of competing substrate hydrolysis.9
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Similarly, recombinant TE domains from the nonribo-
somal peptide synthetases for tyrocidine, gramicidin,
and pristinamycin synthetase, can also catalyze efficient
macrolactamization and macrolactonization of a wide
variety of acyclic peptide and depsipeptide substrates,
again accompanied by varying proportions of
hydrolysis.10

We now report that both recombinant PICS TE and
DEBS TE can rapidly and efficiently catalyze the cycli-
zation of the seco-SNAC-thioester 3 to 10-deoxy-
methynolide (1), without any detectable competing
hydrolysis. By contrast, the same enzymes mediate
the exclusive hydrolysis of the reduced analogue,
seco-7-dihydro-10-deoxymethynolide (4), to the corre-
sponding seco-acid 5.

In designing an appropriate substrate for TE-catalyzed
cyclization, we speculated that the highly substituted
seco-ester of a natural macrolide aglycone might be
intrinsically prone to macrolactonization. The majority
of known macrolide aglycones, however, carry a
hydroxyl group at C-5, which would favor non-en-
zyme-catalyzed conversion of the derived seco-SNAC-
thioesters to the corresponding d-lactones. We therefore
chose to prepare 3, the seco-SNAC-ester of 10-deoxy-
methynolide (1),2 rather than that of narbonolide (2).

Treatment of 1 with NaBH4/CeCl3 afforded 7-dihydro-
10-deoxymethynolide (6) as a �3:1 mixture of 7S/7R
diastereomers (50% yield), as determined by 1H NMR
(Scheme 1).11,12 Hydrolysis of 6 with 0.5 M LiOH (1:1
MeOH–H2O, reflux, 2 days) afforded the corresponding
reduced seco-acid 5 in 50% yield, without detectable epi-
merization of the C-2 methyl group. The seco-acid 5 was
converted to the 7-dihydro-SNAC-thioester 4 ((PhO)2-
PON3, HSNAC, Et3N; 55% yield), which in turn could
be selectively oxidized to seco-SNAC-thioester 3 by
treatment with MnO2 (CH2Cl2; 35% yield).12 1H and
13C NMR analysis of 3 indicated that it was in equilib-
rium with 50–60% of the cyclic hemiacetal 7 in
CDCl3.

12,13

Incubation of thioester 3 with purified recombinant
PICS TE5 resulted in exclusive macrolactonization to
give 10-deoxymethynolide (1), with no detectable com-
peting hydrolysis to the corresponding seco-acid, as
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Scheme 1. Syntheses of 3 and 4. Reagents: (i) NaBH4, CeCl3; (ii)

LiOH, D, MeOH/H2O; (iii) (a) (PhO)2PON3, (b) HSNAC; (iv) MnO2,

CH2Cl2.
monitored by RP-HPLC with UV detection (Scheme
2).12 In preparative scale reactions, 3 was completely
consumed over 18 h, indicating that the hemiacetal form
7 had been cyclized as well, presumably by prior rever-
sion to the ketone 3. The formation of macrolactone 1
was confirmed by direct 1H NMR and MS comparison
with an authentic sample. By contrast, under the same
conditions PICS TE did not cyclize the corresponding
7-dihydro-seco-thioester 4, instead yielding only the
hydrolysis product 5. Addition of the non-ionic deter-
gent Brij58, previously reported to enhance the propor-
tion of TE-catalyzed cyclization relative to hydrolysis of
acyclic substrates,10b did not lead to any detectable for-
mation of macrolactone 6. These observations were rig-
orously confirmed by radio-HPLC analysis of the
reaction conducted using [1,3,5,7,9,11-14C]-4, [14C]-5,
and [14C]-6 standards.12,14

We also found that the closely related thioesterase,
DEBS TE, which normally mediates the biosynthesis
of the 14-membered ring macrolide aglycone 6-deoxy-
erythronolide B and which resembles PICS TE in struc-
ture and mechanism of action,7,8 showed the same
pattern of reaction specificity as PICS TE, catalyzing
the cyclization of 3 to 1 but exclusively hydrolyzing
the reduced seco-NAC-thioester 4 to the seco-acid 5,
albeit at reduced rates compared to PICS TE (Scheme
2 and Table 1).

The rate of macrolactonization of seco-ester 3 is pH-de-
pendent, with a maximum at pH 7.7. The steady-state
kinetic parameters for the lactonization and hydrolysis
reactions of 3 and 4, respectively, were therefore deter-
mined at pH 7.7 for both PICS TE and DEBS TE (Table
1), varying the concentration of each substrate and
directly fitting the data to the Michaelis–Menten equa-
tion. Although both TE domains catalyzed the exclusive
macrolactonization of 3 to 10-deoxymethynolide (1),
PICS TE was by far the superior cyclization catalyst,
with observed values of kcat and kcat/Km for 3 that were
�150-fold greater than those displayed by DEBS TE.
Interestingly, the Km for the acyclic hexaketide 3 was
about the same for both thioesterases, in spite of the fact
that the natural substrate for DEBS TE is a heptaketide
thioester. The maximum rate of hydrolysis by PICS TE
of the reduced substrate 4 was �8-fold lower than the
kcat for cyclization of the natural substrate 3, while the
corresponding Km for hydrolysis of 4 was actually �4-
fold lower, resulting in only a net �2-fold decrease in
specificity constant kcat/Km for the two substrates.
Intriguingly, while PICS TE had a kcat/Km for cycliza-
tion of 3 that was twice the measured kcat/Km for hydro-
lysis of 4, DEBS TE showed a �20-fold preference in
kcat/Km for hydrolysis of 4 over cyclization of 3.
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Scheme 2. PICS and DEBS TE-catalyzed macrolactonization and

hydrolysis of 3 and 4.



Table 1. Steady state kinetic parameters for PICS and DEBS TE

Substrate TE Reaction kcat (min�1) Km (mM)a kcat/Km (M�1 s�1)a

3 PICS Cyclization 54.4 ± 5.8 4.1 ± 0.8 221 ± 50

DEBS Cyclization 0.36 ± 0.09 3.9 ± 1.7 1.5 ± 0.8

4 PICS Hydrolysis 6.6 ± 0.9 1.1 ± 0.4 100 ± 44

DEBS Hydrolysis 4.5 ± 1.0 2.5 ± 1.3 31 ± 19

a The values of Km and kcat/Km for 3 are uncorrected for the presence of hemiacetal 7 since the fraction of 7 present under the incubation conditions is

unknown and the two forms are rapidly interconverted.
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As previously reported,5 2-methyl-3-ketopentanoyl-
SNAC, a diketide analogue of the natural acyclic 3-keto-
heptaketide precursor of narbonolide, has a kcat for
hydrolysis of 56 min�1, a value that is essentially equal
to the kcat determined for PICS TE-catalyzed macrolac-
tonization of 3, while the corresponding kcat/Km for
hydrolysis of this 3-ketodiketide is 3.5-fold lower than
that for cyclization of 3 by PICS TE. Notably, the
kcat/Km previously determined for hydrolysis of the re-
duced diketide, (2R,3S)-2-methyl-3-hydroxypentanoyl-
SNAC,5 is >20-fold lower than that determined here
for cyclization of (2R,3S)-2-methyl-3-hydroxy-3.

PICS TE is unique among recombinant PKS and NRPS
TE domains characterized to date, in that it can catalyze
exclusive in vitro macrolactonization of its natural sub-
strate without competing hydrolysis.9,10 The observed
enhancement in the rates of cyclization as well as the
previously noted active site flexibility observed for heli-
ces 6 and 7 of PICS TE7 makes PICS TE an attractive
component of the tool kit for engineering chimeric
PKS modules with superior catalytic properties.15
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