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Abstract: Picromycin synthase (PICS) is a multifunctional, modular polyketide synthase (PKS) that catalyzes
the conversion of methylmalonyl-CoA to narbonolide and 10-deoxymethynolide, the macrolide aglycone
precursors of the antibiotics picromycin and methymycin, respectively. PICS modules 5 and 6 were each
expressed in Escherichia coli with a thioesterase domain at the C-terminus to allow release of polyketide
products. The substrate specificity of PICS modules 5+TE and 6+TE was investigated using N-
acetylcysteamine thioesters of 2-methyl-3-hydroxy-pentanoic acid as diketide analogues of the natural
polyketide chain elongation substrates. PICS module 5+TE could catalyze the chain elongation of only
the syn diketide (2S,3R)-4, while PICS module 6+TE processed both syn diastereomers, (2S,3R)-4 and
(2R,3S5)-5, with a 2.5:1 preference in kea/ K for 5 but did not turn over either of the two anti diketides. The
observed substrate specificity patterns are in contrast to the 15—100:1 preference for 4 over 5 previously
established for several modules of the closely related erythromycin PKS, 6-deoxyerythronolide B synthase
(DEBS).

Complex polyketides, such as the macrolide antibiotics appropriate malonyl- or methylmalonyl chain extender unit and
methymycin, erythromycin, picromycin, and tylosin, are derived a f-ketoacyl-ACP synthase (ketosynthase or KS) domain that
from the simple 2- and 3-carbon building blocks acetyl-, accepts a preformed polyketide acyl chain from either a loading
propionyl-, and butyryl-CoA, activated as the corresponding domain or an upstream donor module and catalyzes the actual
malonyl-, methylmalonyl-, and ethylmalonyl-CoA derivatives polyketide chain extension by means of a decarboxylative
and linked together by a series of reactions closely related to condensation with the malonyl- or methylmalonyl-ACP (Figure
the well-understood chain-building reactions of fatty acid 1). Modules may also carry additional activities such as a
biosynthesid.The more than 100 known macrolides differ from S-ketoacyl-ACP reductase (KR) domain, a dehydratase (DH)
one another in the number and choice of building blocks, leading domain, and an enoylacyl-ACP reductase (ER) domain. At the
to 12-, 14-, and 16-membered ring lactones, and in the preciseC-terminus of the last module is a dedicated thioesterase (TE)
mix of fatty acid synthase-like reactions that are used at eachdomain which releases the mature polyketide chain by lacton-
stage of polyketide chain elongation. It is now well-established ization to generate the corresponding macrolide aglycone.
that the parent macrolide aglycones are assembled by large, Among some 20 PKSs that have been sequenced to date, by
polyfunctional proteins, known as polyketide synthases (PKSs) far the most thoroughly studied has been the 6-deoxyerythro-
that are organized into groups of independently folded enzyme nolide B synthase (DEBS) dBaccharopolyspora erythraga
domains known as modules, each of which is responsible for awhich consists of 3 homodimeric megaproteins of two modules
single round of polyketide chain elongation and functional group each that mediate the 6 rounds of polyketide chain elongation
modification. Each module has a minimal core set of biochemi- with release of the 14-membered macrolide aglycone 6-deoxy-
cal activities corresponding to an acylcarrier protein (ACP) erythronolide B {) (Figure 1A)2-4 Closely related to DEBS is
domain on which the growing chain is assembled, an acyltrans-the picromycin/methymycin synthase (PICS)Stfeptomyces
ferase (AT) domain that primes the ACP domain with the ,enezuelag which has the unusual property of mediating the
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Figure 1. Modular organization and biochemical function of PKS gene clusters. (A) 6-Deoxyerythronolide B synthase (DEBS). (B) Picromycin/methymycin

synthase (PICS).

formation of both the 12-membered ring macrolide aglycone the truncated KS6 domain, prior to macrolactonization mediated

10-deoxymethynolide2),® the precursor of methymycihand
the 14-membered ring narbonolid®),(the precursor of picro-
mycin (Figure 1BY?8 The precise proportions of methymycin
and picromycin are responsive to fermentation conditf@rs.
Intriguingly, Sherman has shown that formation of the 12-
membered macrolactoriis a consequence of the expression
of an N-terminal truncated form of PICS module 6, which has

by the TE located at the C-terminus of PICS modul€¢ 6.

The fidelity and efficiency of intermodular transfer of growing
polyketide chains have been shown to be subject to three levels
of molecular recognition: (1) proteirprotein recognition
involving preferential interaction of cognate AGHKS,+1 pairs
in which the ACP of the upstream donor module interacts with
the KS domain of the appropriate downstream acceptor mod-

a defective KS domain but whose thioesterase (TE) domain ulei'**? (2) specific linker-linker recognition in which the
catalyzes the lactonization of the hexaketide produced by PICSC-terminal peptide region of the donor module pairs with a short
module 52 Sherman and his collaborators have also provided N-terminal peptide of the acceptor module by an apparent

evidence that generation df involves a domain-skipping

coiled-coil interactior2 and (3) the intrinsic substrate specificity

mechanism, in which the acylic hexaketide produced by PICS Of the acceptor KS domain for the structure and stereochemistry
module 5 must first be transferred to the ACP of module 6 via Of the incoming polyketidé?

(6) Lambalot, R. H.; Cane, D. BH. Antibiot. 1992 45, 1981-1982.

(7) (a) Cane, D. E.; Lambalot, R. H.; Prabhakaran, P. C.; Ott, WI. R_Rm.
Chem. Socl993 115 522-526. (b) Omura, S.; Takeshima, H.; Nakagawa,
A.; Miyazawa, J.J. Antibiot. 1976 29, 316-317. Xue, Y.; Wilson, D.;
Zhao, L.; Liu, H.-W.; Sherman, D. HChem. Biol.1998 5, 661-667.
Betlach, M. C.; Kealey, J. T.; Betlach, M. C.; Ashley, G. W.; McDaniel,
R. Biochemistry1998 37, 1493714942, Graziani, E. I.; Cane, D. E.;
Betlach, M. C.; Kealey, J. T.; McDaniel, Bioorg. Med. Chem. Letl.998
8, 3117-3120.

(8) Hori, T.; Maezawa, |.; Nagahama, N.; Suzuki, 81.Chem. Soc., Chem.
Commun.1971, 304-305.
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To address the issue of the intrinsic substrate specificity and
tolerance of individual modules, we have been examining the
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ability of PKS modules to recognize and process a wide variety standing of PKS programming but for attempts to engineer the
of model diketides and triketides. Our experiments to date, which production of novel polyketides by using PKS modules in new
have largely focused on the well-characterized DEBS system, combinations.
have established that individual DEBS modules have a remark-
able tolerance for variations in substrate chain length and
substitution but frequently exhibit strict stereochemical prefer- ~ Construction of the expression vector for PICS modutd &
ences-* For example, DEBS module 2, fused at the C-terminus Was facilitated by the fact that this single module naturally
to the DEBS TE (DEBS module42TE), showed an~100:1 carries the PICS thioesterase domain at its C-terminus, just
preference in relativk../Km for the syn (35,3R)-diketide4 over downstream of ACP6. PCR was used to amplify the entire PICS
the diastereomeric syn RBS)-5 while strictly discriminating ~ module 6-TE coding region, using as a template plasmid
against either of the anti diastereom@mnd?. Similar substrate ~ PKOS039-86 harboring the complete PICS gene cliltend
specificity patterns were shown by DEBS module-TE, the amplified DNA was inserted after appropriate subcloning
module 5-TE, and module TE, with 4 being favored over into the T7-based expression vector pET21 to give plasmid
5 by factors of~15—30:1. Thus, while thaatural polyketide pHL5-07. Engineering of the expression vector for PICS module
elongation substrates of the various DEBS modules may differ 91 TE required the fusion of DNA segments corresponding to
in structure and stereochemistry, all four of the modules PICS module 5ifikAlll) as well as the PICS TE domain from
examined have comparable stereochemical and structural preferthe 3-end of module 6gikAlV). We have previously reported
ences. the heterologous expression, substrate specificity, and protein
To understand better the programming of modular PKSs, it structure of the PICS TE domalhModule 5 was first obtained

is essential to extend such studies beyond the prototype DEBSTOM PKOS039-86 using PCR primers to amplify bp 1-4434 of

PKS. While DEBS has served as a conceptual and mechanistic®kAlll and the amplified DNA introduced into pET-21 to give
model for the organization and function of modular polyketide P!@smid pHLS-20. Although the intrinsic N-terminal boundary
synthases in general, there have been no prior reports of the i the PICS TE domain in the-100 amino acid region linking
vitro investigation of other intact PKS modules. PICS modules the consensus C-terminus of PICS ACP6 and the consensus

5 and 6 each catalyze polyketide chain elongation steps in theN-términus of the TE domain is not known, previous studies
biosynthesis of the 14-membered macrolide aglycone narbono-carried out in our laboratory had established that PICS thioesterase

lide (3) that are analogous to those mediated by DEBS modules ©f @Pparently optimum activity could be obtained by retaining
5 and 6, respectively, in the formation of 6-deoxyerythronolide @ upstream linker peptide, starting 25 amino acids downstream
B (1) (Figure 1). One significant organizational difference ©f the ACP6 C-terminus? Accordingly, the PICS TE domain
between the two sets of PKS modules, however, is that DEBS Was PCR amplified from bp 3145-4038 ofkAlV, and the
modules 5 and 6 are covalently linked in a single, bimodular resultant DNA was ligated into pHL5-20 downstream of the
PKS subunit, DEBS3, encoded biyAlll 23while the analogous modulg 5 insert to give plasmid pHL6-76 harboring the gene
PICS modules 5 and 6 function as independent proteins encodednc0ding PICS module-STE. ,

by distinct open reading framasikAlll and pikAIV, respec- He_terologous exprgssmnE\ c_o_hof_functlonal PKS modules _
tively.> While PICS module 5 carries out a set of biochemical equires _posttranslanonal modification (_)f the_apo-AC_P domain
reactions completely analogous to those mediated by DEBSPY addition of the 4phosphopantetheinyl side chain under
module 5, the biochemical functions of PICS module 6 differ cOntrol of thesfp gene product:'21° Accordingly, plasmids
from those of the corresponding DEBS module 6: PICS module PHL6-76 and pHL5-07 were used in separate experiments to
6, which generates an unreduced 3-ketoacylthioester productransforme. coli BAP1, a derivative of the standail coli
lacks a KR domain such as that present in DEBS module 6 €XPression hosF BL21(DE3) that has been modlfl_ed to carry a
which normally generates a 3-hydroxyacylthioester product. In chromosomally integrated copy of thfpgene’” After induction

this respect, PICS module 6 also differs from modules 3 of both ©f Protéin expression with 1 mM IPTG, cultures were allowed
PICS and DEBS, each of which also generates a 3-ketoacyl-t° incubate for a further 12 h at the reduced temperature of 20

thioester product but contains a functionally inactive KR domain, ‘C SO @S to minimize the generation of insoluble inclusion
as distinguished from no KR domain at all. bodies. After disruption of the cells by passage through a French

press and removal of contaminating nucleic acids from the
resulting lysate, successive anion exchange on Q-sepharose and
focused on two central questions: (1) Do individual PICS hydrophobic interaction chromatography through phgnyl sepharose
modules exhibit substrate preferences analogous to those of thdave PICS modulesi5TE and GH_E.’ each Of>95./° punty,
corresponding DEBS modules? (2) Do differing PICS modules as judged by SDS'PAGE and densﬂomet_ry, and n yields of 24
show similar substrate preferences to one another, as has beeﬂ19 and 14 mg protein/L culture, respectively (Figure 2).

observed for DEBS modules, or does the substrate preference hP.KS Imodules nortr)n?ll);a(f:qwreir;[helr physpl(:glcal tpolykegde
vary from one PICS module to another? The answers to these® a(;n Ie oc\;;jarl]on su hS ra ethrotmDEgsappr%prlla € ups rleam (;Ir']lor
questions have important implications, not only for the under- module. We have shown tha modules can aiso readily

Results

In extending our inquiries to an investigation of the substrate
specificity and tolerance of individual PICS modules, we have

(15) Lu, H.; Tsai, S. C.; Khosla, C.; Cane, D.Biochemistry2002 41, 12590~
(13) (a) Chuck, J.; McPherson, M.; Huang, H.; Jacobsen, J. R.; Khosla, C.; Cane, 12597. Tsai, S. C.; Lu, H.; Cane, D. E.; Khosla, C.; Stroud, R. M.

D. E.Chem. Biol.1997, 4, 757—766. Tsukamoto, N.; Chuck, J.; Luo, G.; Biochemistry2002 41, 12598-12606.

Kao, C. M.; Khosla, C.; Cane, D. Biochemistryl996 35, 15244-15248. (16) Lambalot, R. H.; Gehring, A. M.; Flugel, R. S.; Zuber, P.; LaCelle, M.;

(b) Bycroft, M.; Weissman, K. J.; Staunton, J.; Leadlay, P Elr. J. Marahiel, M. A.; Reid, R.; Khosla, C.; Walsh, C. Them. Biol.1996 3,

Biochem.200Q 267, 520-526. 923-936. Quadri, L. E.; Weinreb, P. H.; Lei, M.; Nakano, M. M.; Zuber,
(14) (a) Wu, N.; Kudo, F.; Cane, D. E.; Khosla, €.Am. Chem. SoQ00Q P.; Walsh, C. TBiochemistry1998 37, 1585-1595.

122 4847-4852. (b) Cane, D. E.; Kudo, F.; Kinoshita, K.; Khosla, C. (17) Pfeifer, B. A.; Admiraal, S. J.; Gramajo, H.; Cane, D. E.; Khoslé&€lence

Chem. Biol.2002 9, 131-142. 2001, 291, 1790-1792.
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Figure 3. Formation of triketide lactones by incubation of diketide-SNAC
substrates with PICS modules. Triketide lact@eas not detected.

- AT Table 1. Steady-State Kinetic Parameters for the Formation of
Figure 2. SDS-PAGE gel of purified PICS modules-3E and 6+TE. Triketide Lactones by PICS Modules 5+TE (mod5+TE) and 6+TE
Lane 1, prestained protein molecular weight markers; Lane 2, PICS module (Mod6+TE)
5+TE; Lane 3, PICS module#6TE.

substrate module Keat (Min~1) K (MM) Keatl K (M~1571)
Scheme 1. Incubation of Diketide-SNAC Substrates 4—7 with (2S3R)-4 mod5+TE  0.028+ 0.001 7.3:0.8 0.064
PICS Modules 5+TE and 6+TE? mod6+TE  0.0038+ 0.002 5.9+0.9 0.011
OH (2S3R-5 mod5+TE na& nat nat
mod6+TE  0.057+ 0.003 35+ 4 0.027

ana= no activity detected.

PICS module5+TE ;EOIO

[2-4C]metmal-CoA
8 (2R3SAS5R)

H O NADPH
9 (2R3S4R,58)
SNAC

were determined for each active substrate. In each cask,the

10 0R354%57) andK, values were calculated by direct fitting of the plots of

11 (2R3548,55)

4(253R) v versus [S] to the MichaelisMenten equation. The data,
o ey -LICS moole6+TE including the calculated values k:/Km, are presented in Table
7(2535)  [2 Clmetmal-CoA 1. Based on comparison &f.{Kn values, PICS module6TE
oo showed a modest 2.5:1 preference for th& 83)-diketide-
13084n % SNAC substrates over the syn enantiomer $3R)-4, while
:gggiggg) the latter was the only substrate turned over by PICS module

5+TE. Comparison of relativé, values for PICS module
6+TE revealed a more pronounced 15:1 preference RB&-5
over (X5,3R)-4, but this was offset by a 6-fold greati€y, for 5.
process N-acetylcysteamine (-SNAC) thioesters of simple (2S3R)-diketide4 was turned over by PICS module-5E with
analogues of the natural diketide substrate of DEBS module 2,2 Keat that was 7-fold greater than that of the same substrate
(2S5 3R)-2-methyl-3-hydroxypentanoyl-SACPR.13We therefore with PICS module 6 TE and with essentially the same value
prepared the four diastereomeric SNAC ester3, correspond- of Km.
ing to this natural diketide intermediate, and tested each as
substrates for both PICS modules$BE and 6+TE (Scheme
1). Incubation of PICS module45TE with (2S3R)-4 in the
presence of [24C]methylmalonyl-CoA and NADPH gave the  and kinetic analysis of several single DEBS modife€We
predicted triketide lactone produ8t which was identical by ~ have now extended these studies to two structurally and
comparison with an authentic sample. On the other hand, PICSpjochemically closely related PKS subunits, modules 5 and 6
module 5+TE failed to convert any of the three diketide of the picromycin synthase (PICS). Previous experience with
diastereomers, 6, and7 to the corresponding triketide lactones DEBS modules had shown that, in the absence of a downstream
9—1118Interestingly, PICS module-6TE converted both syn  acceptor module to process the polyketide chain elongation
diketide diastereomers, $8R)-4 and (R,39)-5, plus [24/C]- product, a TE domain is required at the C-terminus in order to
methylmalonyl-CoA to the corresponding enantiomeric triketide catalyze the release of the newly generated triketide product as
ketolactonesl2 and 13, respectively, but failed to catalyze either the triketide lactone or the corresponding triketide
elongation of either of the anti diastereom&and7*° (Scheme  ketolactone. Expression vectors for both PICS modute$5
1, Figure 3). and 6+ TE were engineered using natipéAlll andpikAlV as

To assess more quantitatively the relative substrate specificitythe source of DNA. Although PICS module 6 carries a natural
of the two PICS modules, the steady-state kinetic parameters

aTriketide lactone®9—11, 14, and 15 could not be detected by TLC
phosphoimaging.

Discussion

We have previously described the heterologous expression

(19) Due to facile enolization of the 3-ketolactories-15, the methyl group at
C-2 adopts the more stable equatorial configuration in each diastereomer.
The (2)-configuration in triketide ketolactonel3 and 15 thus does not
reflect the intrinsicD-stereochemistry at this position generated by PICS
module 6.

(18) None of the corresponding unreduced triketide ketolact@Bed5 were
detected in these incubations, indicating that the discrimination against
diketides5—7 by PICS module 5TE is due to the KS5 domain and not
to the associated ketoreductase (KR5) domain.

5674 J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003
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TE domain at its C-terminus, the PICS TE domain had to be were able to process the corresponding ACP thioestér aif
ligated to the C-terminus of PICS module 5. In designing the some measurable rate. (2) The maximum rate of turnduagr,
PICS module 3 TE construct, we were guided by our earlier 0.028 min?, of 4 by PICS module 5TE is ~9-fold lower than
observation that retention at the N-terminus of the recombinant that measured for the same substrate with DEBS modtileeS
TE domain of ~75 amino acids of the natural ACP6-TE (3) PICS module & TE exhibits an~2.5:1 k.o/Knn preference
interdomain peptide resulted in maximum thioesterase actiity. for (2R,39-5 over (S3R)-4, in striking contrast to DEBS
Although both PICS modulest5TE and 6+TE could each be module 6+TE, which exhibits a nearly 20:1 preference for
expressed in satisfactory yield and activity usigoli BL21- (2S3R)-4 over (R,39-5, corresponding to a net 50-fold reversal
(DE3)-CodonPlus-RP cells harboring a separate plasmid ex-in substrate specificity. The differences in relatig; values
pressing thesfp gene for the requisite acyl carrier protein are even more pronounced, with PICS modute & displaying
synthetase activity (data not shown), we found it was more an~15:1 preference for &39-5 over (253R)-4 in comparison
convenient to usé. coli BAP1. This engineered expression to the opposite>7-fold preference previously determined for
strain, derived fronE. coli BL21(DE3), and which contains a DEBS module &TE. (4) Thekg of 0.057 min? for 5, the
chromosomally integrated copy sfp, gave protein of compa-  preferred substrate of PICS modulé-BE, is more than 40-
rable yield and activity without the need for additional antibiotic fold less thek.o: 2.4 mirm! measured for the same (less preferred)
selection. Use of reduced temperature (2) optimized the substrate with DEBS moduleteTE.
production of properly folded soluble protein while reducing Interestingly, the substrate preferences of PICS modules 5
the competing formation of insoluble inclusion bodies. Similar and 6 apparently reflect the stereochemical features of their
strategies have also been used for the heterologous expressionatural pentaketide and hexaketide substrates. Thus, the pen-
of other high molecular weight (subunit MW150 kDa) PK$? taketide intermediate generated by PICS module 4 carries an
and nonribosomal peptide synthetase (NRPS) mod@les. L-methyl group at C-2, analogous to that found at C-2 of the
Purification of both PICS modulestoTE and 6+TE was (2S,3R)-2-methyl-3-hydroxy diketide4. (Figure 1B) In like
readily achieved by a two-step sequence of anion exchange andnanner, the hexaketide produced by PICS module 5 that serves
hydrophobic interaction chromatography. Although the parent as the natural substrate for PICS module 6 has the same 2-
expression vector harboring each PICS module construct, methyl, 3+-hydroxy substitution pattern as theR;3S)-diketide
pET21, appends an His6-Tag to the C-terminus of each module,5 preferred by PICS modulet6T E. Curiously, this stereochem-

we found that the purification efficiency of the Niaffinity ical correlation is not shown by DEBS module 6, which strongly
columns was very low in both cases, at least for th& Kesins prefers the unnatural §3R)-diketide4 as a substrate analogue.
examined (data not shown). We have recently explored the substrate specificity and

Despite the close similarity in the respective biochemical tolerance of a variety of PKS modules belonging to the
reactions that they catalyze, PICS modules 5 and 6 show markecerythromycin, picromycin, and rifamycin synthagé€xperi-
differences in substrate preferences compared to the those ofments with PICS module -6TE revealed a relatively broad
the corresponding DEBS modules 5 and*&In comparing substrate tolerance, consistent with the findings reported here.
substrate preferences between individual modules within a singleFor example, PICS moduletd E could process the §3R)-

PKS or between different PKLS systems, the absolute valuesdiketide, either generated in vivo by the fused DEBS loading
of kealKm, Which provide a quantitative measure of enzyme domaintmodule 1 or provided in vitro as the -SNAC ester.
specificity, are much less important than tiedative values of PICS module 6TE also elongated the natural erythromycin
this steady-state kinetic parameter. Direct comparisoR.gf triketide, (R,3S,4S5R)-2,4-dimethyl-3,5-hydroxyheptanoyl-
values of individual substrates for modules derived from ACP, generated in vivo by coexpressed DEBS1 carrying the
different PKS systems is of a more limited significance, due to appropriate C-terminal linker to the corresponding tetraketide
inherent differences in PKS domain boundaries, protein se- ketolactone.

quence, and intrinsic biochemistry, as well as vector composition  The results reported here demonstrate the intrinsic substrate
and expression conditions. Nonetheless, a number of simplespecificity of modules $TE and 6-TE of the picromycin
generalizations emerge: (1) PICS modueTi processes only  synthase. Despite clear similarities in biochemistry and underly-
the syn (&3R)-diketide substratd, in contrast to DEBS module  ing module organization, PICS and DEBS modules show clear
5+TE, which turns over both syn diketides,§2R)-4 and differences in substrate specificity and tolerance. These results
(2R,39)-5, albeit with a significant 16:k.a/Km preference for  emphasize the importance of extending the study of PKS
4. The phosphoimaging method used for detection of triketide specificity and function beyond the now well-studied DEBS
lactones in the PICS moduletS E assays could easily have system and suggest a note of caution in extrapolating from
detected the turnover of R39)-5 at a level :2% of that for studies of a single PKS system.

(2S,3R)-4. Earlier experiments using the more nearly physi-

ological diketide-ACP thioesters instead of the -SNAC analogues Experimental Section

lowers the observel, values for the diketide diastereomers Materials and General Methods. The four diketide-SNAC dia-
without significantly altering theelative ka/Km specificity for stereomers used in this stud§—7) as well as reference samples of
pairs of substrates. For this reason, the significant preference the derived triketide lactone8, 9, and 12 were each prepared as

of PICS module 53TE for the (Z5,3R)-diketide diastereomer  previously describe#422p. -[2-14C]-Methylmalonyl coenzyme A (54

(4 or its -ACP thioester equivalent) is unlikely to be reversed

or even attenuated significantly even if PICS moduteTE (21) Watanabe, K.; Wang, C. C. C.; Cane, D. E.; KhoslaB@chemistry
submitted for publication.
(22) Evans, D. A;; Bartroli, J.; Shih, T. lJ. Am. Chem. Sod981, 103 2127
(20) For example, see: Chen, H.; O'Connor, S.; Cane, D. E.; Walsh,Chdm. 2129. Evans, D. A; Britton, T. C.; Ellman, J. Aetrahedron Lett1987,
Biol. 2001, 8, 899-912. 28, 6141-6144.
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mCi/mmol) was purchased from American Radiolabeled Chemicals,

PICS module 6-TE. Sequencing of the PCR-derived regions of pHL6-

Inc. Restriction enzymes and T4 DNA ligase were purchased from New 76 and pHL5-07 through the cloning junctions confirmed the integrity

England Biolabs. Oligonucleotide primers were purchased from Inte-
grated DNA Technologies. DNA sequencing of PCR products was
performed on double-stranded plasmids by the HHMI Biopolymer/Keck
Foundation Biotechnology Resource Laboratory at the Yale University

of the DNA sequences.

Expression and Purification of PICS Module 5+TE and PICS
Module 6+TE. Plasmids pHL6-76 and pHL5-07, harboring PICS
module 5+TE and PICS module 6TE, respectively, were used to

School of Medicine (New Haven, CT). Reagents for kinetic assays and transformE. coli BAP1, a derivative of the T7-based expression host

chemical synthesis were purchased from Sigklrich Chemical Co.

E. coliBL21(DE3) containing a chromosomally integrated copy of the

and were of the highest available grade. Culture medium componentssfp gene allowing in vivo 4phosphopantetheinylation of the ACP

were obtained from Difco.

domains of the expressed PICS modufeégxpression and purification

Ligations, restriction endonuclease digestions, transformations of procedures were similar for both modules and largely paralleled
competent cells, preparation of buffers and media, as well as other protocols previously developed for other PKS modudfé$.Cultures
standard molecular biological procedures were carried out as previouslyof E. coli BAP1/pHL6-76 and BAP1/pHL5-07 were grown in LB

described® All PCR reactions were carried out usingfu turbo

medium at 37C under standard antibiotic selection until &= 0.6

polymerase (Stratagene), using conditions recommended by the manuand cooled to 20C and induced wit a 1 mMfinal concentration of

facturer, and were supplemented by the addition of 10% (v/v) DMSO.
Protein concentration was determined by the method of Bratifosthg
the BioRad kit. SDS PAGE gels were calibrated with the Invitrogen
prestained protein ladder.

Construction of Expression Plasmids for PICS Modules 5 TE
and 6+TE. Plasmid pKOS039-86 containing the complete PICS gene
clusters® pikAl-pikAlV (GenBank accession no. AF079138)yhich
was generously provided by R. McDaniel of Kosan Biosciences, Inc.,
served as the template for PCR amplification of PICS module 5, PICS
module 6, and PICS TE DNAE. coli GM2163 was the cloning host
for construction of both PICS expression vectors. The forward primer
for amplification of PICS module 5 was-BGTGAGTCATATG GC-
GAACAACGAAGACAAGCTCCGCGACTAC-3 having an engi-
neeredNdd site (bold) and the native ATG (underlined) start codon.
The reverse primer was-BGTGAGTAAGCTT GTACGCCTCGTGGA-
3 which introduced amindlll site (bold) at the C-terminal end of the

IPTG. After incubation for a further 12 h at 2C, cells were harvested
by centrifugation, resuspended in a disruption buffer consisting of 200
mM sodium phosphate (pH 7.1), 0.2 M sodium chloride, 2.5 mM
dithiothreitol, 2.5 mM EDTA, 1.5 mM benzamidine, 30% glycerol
(v/v), and 2 mg/L pepstatin A and leupeptin, and then passed through
a French press at 16 000 psi. The resulting cell lysate was treated with
1 mg/mL DNasel (25 mM MgG) for 20 min, followed by DNA
precipitation with 0.15% polyethylenimine for 20 min. The cell debris
and precipitated DNA were removed by centrifugation at 533000
Protein purification procedures were performed at’@ The
supernatant was applied to a Q-sepharose column and purified using a
gradient from 100% buffer A [L00 mM sodium phosphate buffer (pH
7.1), 2.5 mM dithiothreitol, 1 mM EDTA, and 20% glycerol (v/v)] to
100% buffer B (buffer A plus 0.5 M NacCl). PICS modules eluted at
~0.3 M NaCl. The appropriate fractions were collected, diluted with
buffer C (buffer A plis 1 M (NH,).S0O,), and loaded onto a phenyl-

amplicon. The resultant PCR product, corresponding to bp 1-4434 of sepharose column. Using a gradient from 40% buffer C to 100% buffer

pikAlll, was ligated into theNdd and Hindlll sites of pHL4-71, a
derivative of pBluescript Il KS{) (Stratagene) in which aNdd site

A, the proteins of interest eluted at0.2 M (NH,).SO.. The protein
fractions containing PICS modulet9 E or 6+TE were collected and

had been introduced into the multiple cloning site, and the resultant concentrated with a Centriprep YM-100 (Amicon) and then were

construct was used to transfoncoliGM2163. To avoid any potential
errors that might result from infidelity in PCR amplification and
minimize resequencing, tigst —Msd fragment (bp 129-3970) within
the PCR-amplified PICS module 5 was replaced with its counterpart

exchanged into buffer A by passage through a PD-10 column
(AmershamPharmacia).

Kinetic Assays.Kinetic determinations were performed in a total
volume of 100uL of buffer A containing 10% DMSO, variable

in pKOS039-86. The entire PICS module 5 gene was then excised by concentrations of diketide-SNAC substraeand5, and 100uM DL-

digestion withNdd and Hindlll and ligated into the corresponding
sites of pET-21cf) to produce plasmid pHL5-20. To append the PICS
TE domain, the corresponding TE gene from bp 3145-4038laX1V

was amplified by PCR using the forward primef-GTGAG-
TAAGCTT TCCGGGGCCGACACCGGCG-and the reverse primer
5-AGTGAGTCTCGAGCTTGCCCGCCCCCTCGATGCC 30 in-
troduceHindlll and Xhd restriction sites (bold) at the N- and C-terminal
ends of the insert, respectively. The resulting PCR product was
subsequently cloned into theindlll and Xhd sites of pHL5-20 to
produce plasmid pHL6-76 encoding PICS moduteTE.

PICS module 8 TE was amplified by PCR from the full-length
pikAlV gene (bp 1-4038), excluding the normal stop codon, using a
forward primer 5-~AGTGAGTCATATG ACGAGTTCCAACGAA-
CAGTTGGTGGACGCT-3with an Ndd site (bold) overlapping the

[2-*4C]-methylmalonyl coenzyme A (1 mCi/mmol). Assays of PICS
module 5+TE also included 1 mM NADPH. Enzymatic incubations
were carried out fo3 h at 30°C, a period during which controls
established that the enzymatic reactions were still linear. The reactions
were quenched by the addition of ethyl acetate and vortex mixing. The
respective triketide lactone products were extracted twice with ethyl
acetate, the products were separated by TLC, and the yields were
quantitated by phospholmaging as previously described. The individual
triketide lactones were identified as described previotfshll steady-

state kinetic measurements were carried out in duplicate. The data were
fit to the Michaelis-Menten equation by nonlinear least squares
regression using Kaleidagraph software (version 3.05, Adelbeck
Software) to calculaté. and Ky, based on the calculated molecular
weights for PICS module-5TE (1786 amino acids, 187.6 kDa) and

native ATG start codon (underlined) and the same reverse primer that PICS module 6 TE (1354 amino acids, 143.0 kDa).

had been used to amplify the TE domain alone. The PCR product was

digested withNdd and Xhd and ligated into the corresponding sites
of pHL4-71, and the internaBsgEl—Blpl fragment of pHL4-71 was
then replaced by the corresponding fragment (bp 64-3408) from
pKOS039-86. TheNdd—Xhd insert in the resulting plasmid was
subcloned into pET-21€{) to produce plasmid pHL5-07 harboring

(23) Sambrook, J.; Fritsch, E. F.; Maniatis,Molecular Cloning, A Laboratory
Manual 2nd ed.; Cold Spring Harbor Laboratory Press: Cold Spring
Harbor, NY, 1989.

(24) Bradford, M.Anal. Biochem1976 72, 248-254.
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