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Abstract: Selective incorporation of extender units in modular polyketide synthases is primarily controlled
by acyl transferase (AT) domains. The AT domains catalyze transacylation of the extender unit from acyl-
CoA to the phosphopantetheine arm of an acyl carrier protein (ACP) domain in the same module. New
methods that can modulate the extender unit specificity of individual modules with minimal structural or
kinetic perturbations in the engineered module are desirable for the efficient biosynthesis of novel natural
product analogues. We have demonstrated that transacylation of malonyl groups onto an AT-null form of
a mutant modular polyketide synthase by malonyl-CoA:ACP transacylase is an effective strategy for the
engineered biosynthesis of site specifically modified polyketides. Using this strategy, 6-deoxyerythronolide
B synthase was engineered to exclusively produce 2-desmethyl-6-deoxyerythronolide B. The productivity
of the modified system was comparable to that of the wild-type synthase in vitro and in vivo.

Introduction cases where entire AT domains were replaced, the resultant
Modular polyketide synthases (PKSs) are multifunctional PKSS were observed to have a significantly attenuated catalytic
enzymes that catalyze the biosynthesis of many medicinally €fficiency/~*-1*Similarly, site-directed mutagenesis is limited
important natural products Domains responsible for individual I that the specificity of a natural AT domain may only be
catalytic steps in the biosynthesis of these compounds arerelaxed, thereby allowing the incorporation of both unnatural
organized in a modular fashion (Figure 13).The carbon and natural extender unit3. Thus, new methods that can
backbones of polyketides are synthesized through repeatecpredictively modulate the extender unit specificity of individual
condensations between acyl-CoA-derived building blocks, typi- modules with minimal structural or kinetic perturbations in the
cally malonyl-, methylmalonyl-, ethylmalonyl-, or methoxyma- engineered module are desirable. o
lonyl-CoA. Selective incorporation of this range of extender ~ Recently, Shen and co-workers reported the isolation of an
units is partially responsible for the observed chemical diver- unusual polyketide gene cluster encoding leinamycin (Lnm)
Sity,5,6 and |S prlmar”y Controlled by acyl transferase (AT) blosyntheSI§4 |nd|V|dua| mOdU|eS Of the Lnm PKS |aCk thell’
domains that catalyze transacylation of the extender unit from OWn AT domains. Instead, they use an exogenous malonyl-CoA-
acyl-CoA to the phosphopantetheine arm of the acyl carrier specific transacylase for transferring malonyl extender units onto
protein (ACP) domain in the same module. In the last several €ach ACP domain within the multimodular PKS. Motivated by
years, two strategies have emerged for regioselective substitutiorfh® apparent efficiency of this novel architectural principle, here
of a natural extender unit with an unnatural building block: We report a new strategy for regiospecific alteration of the
genetic substitution of AT domains within modules and site-  €xtender unit sequence in a polyketide backbone. Our strategy
directed mutagenesis of endogenous AT dom#&ins. most

(7) Oliynyk, M.; Brown, M. J.; Cortes, J.; Staunton, J.; Leadlay, PCRem.

* To whom correspondence should be addressed. Biol. 1996 3, 833-839. ) .
t : : : : ; (8) Ruan, X.; Pereda, A.; Stassi, D. L.; Zeidner, D.; Summers, R. G.; Jackson,
5 Department of Chem!cal Englneerlng_, Stanford University. M.; Shivakumar, A.; Kakavas, S.; Staver, M. J.; Donadio, S.; Katz].L.
Department of Chemistry, Brown University. Bacteriol. 1997 179, 6416-6425.
" Department of Chemistry, Stanford University. (9) Stassi, D. L.; Kakavas, S. J.; Reynolds, K. A.; Gunawardana, G.; Swanson,
Y Department of Biochemistry, Stanford University. S.; Zeidner, D.; Jackson, M.; Liu, H.; Buko, A.; Katz, Broc. Natl. Acad.
(1) O’'Hagan, D.The Polyketide metaboliteBllis Horwood: Chichester, 1991. Sci. U.S.A1998 95, 7305-73009.
(2) Rawlings, B. JNat. Prod. Rep2001, 18, 190-227. Rawlings, B. JNat. (10) Liu, L.; Thamchaipenet, A.; Fu, H.; Betlach, M.; Ashley, GAm. Chem.
Prod. Rep.2001, 18, 231-281. S0c.1997 119 10553-10554.
(3) Cortes, J.; Haydock, S. F.; Roberts, G. A.; Bevitt, D. J.; Leadlay, P. F. (11) McDaniel, R.; Thamchaipenet, A.; Gustafsson, C.; Fu, H.; Betlach, M;
Nature 1990 348 176-178. Ashley, G.Proc. Natl. Acad. Sci. U.S.A.999 96, 1846-1851.
(4) Donadio, S.; Staver, M. J.; McAlpine, J. B.; Swanson, S. J.; Kat3clence (12) Reeves, C. D.; Murli, S.; Ashley, G. W.; Piagentini, M.; Hutchinson, C.
1991, 252 675-679. R.; McDaniel, R.Biochemistry2001, 40, 15464-15470.
(5) Marsden, A. F.; Caffrey, P.; Aparcio, J. F.; Loughran, M. S.; Staunton, J.; (13) Hans, M.; Hornung, A.; Dziarnowski, A.; Cane, D. E.; KhoslaJCAm.
Leadlay, P. FSciencel994 263 378-380. Chem. Soc2003 125, 5366-5374.
(6) Liou, G. F.; Lau, J.; Cane, D. E.; Khosla, Biochemistry2003 42, 200— (14) Cheng, Y.-Q.; Tang, G.-L.; Shen, Broc. Natl. Acad. Sci. U.S.2003
207. 100, 3149-3154.
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Figure 1. (A) Schematic diagram of the biosynthesis of 6dEB lfy 6-deoxyerythronolide B synthase. Each polypeptide, DEBS1, DEBS2, and DEBSS3,
contains two modules, and each module comprises a set of active site domains responsible for addition and modification of an extender uniedB) Propos
strategy for the biosynthesis of 2-desmethyl-6d2B AT6 on DEBS3 is inactivated by site-directed mutagenesis. An exogenous transacylase provides the
unnatural malonyl extender unit to the megasynthase at ACP6.

utilizes an exogenous transacylase for loading extender unitsACPs1? To test this hypothesis, a series of experiments,
onto a modular polyketide synthase whose intrinsic transacylasedescribed below, were performed.

activity is inactivated by a single Ser Ala mutation (Figure Labeling of Modules. The terminal module of the 6-deoxy-
1B). The effectiveness of this strategy was evaluated by proteinerythronolide B synthase (DEBS) (designatedM& due to
labeling procedures, multiple turnover analysis, and eventually the presence of a covalently attached thioesterase domain) was
in vivo biosynthesis of a product containing an unnatural chosen as the initial target for our studies. This wild-type module
building block. The observation of robust turnover of polyketides and an AT6-null mutant (designated MBE(S2107A)) were

in vitro and the observation of comparable biosynthetic yields expressed irk. coli, purified, and analyzed for their ability to

of macrolactone by the wild-type and mutant PKSs are strong e transacylated with malonyl extender units by$heoelicolor

indicators of the feasibility of this strategy. MAT. Protein labeling assays were performed in the presence
of a mixture of 100uM [2-1C]malonyl-CoA (the preferred
Results substrate of th&. coelicolorMAT) and unlabeled methylma-

lonyl-CoA (the preferred substrate of AT6). M@E (S2107A),

Proposed Strategy.In general, modular PKSs with intact  pyt not the wild-type M&-TE, was efficiently radiolabeled in
AT domains exhibit stringent selectivity for extender units. 10 min, as judged by SDSPAGE radiography (Figure 2).
Recently, we have shown that the AT domain selectivity fora  |n Vitro Turnover by the Engineered System. The turnover
given acyl-CoA is apparently the only checkpoint for extender efficiency of the mutant module was measured by incubating
unit specificity of a PKS modulé We therefore hypothesized ~ M6+TE(S2107A) with MAT and a suitable electrophilic
that an exogenous acyl transferase could complement a mutansubstrate for this module, thé-acetylcysteamine thioester of
PKS module whose AT domain had been inactivated via site- (2S 3R)-2-methyl-3-hydroxypentanoic acid. Although this sub-
directed mutagenesis. THétreptomyces coelicolamalonyl- strate is the natural substrate of the second module of DEBS
CoA:ACP transacylase (MAH was chosen as an exogenous (designated M2TE), it is recognized and elongated with
transacylase for our studies, because of its high turnover ratescomparable kinetic efficiency by both modufésThe reaction
(~100 st at 0 °C)!® and its tolerance for a broad range of was initiated by the addition of 10@M [2-14C]malonyl-CoA.
(16) Koppisch, A. T.; Khosla, CBiochemistry2003 42, 11057-11064.

(15) Revill, W. P.; Bibb, M. J.; Hopwood, D. Al. Bacteriol.1995 177, 3946— (17) Tang, Y.; Lee, T. S.; Kobayashi, S.; Khosla, Blochemistry2003 42,
3952. 6588-6595.
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Figure 2. In-translabeling of modules: lane 1, wild-type M6TE; lane
2, M6+TE(S2107A). The modules ¢gV) were incubated with kM MAT, 0.04
100uM [2-1“C]malonyl-CoA, and 20&M unlabeled methylmalonyl-CoA.
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triketide lactone i . Figure 4. A typical initial rate (s2) vs [ACP2] M) plot. The concentration
Lane 2 3 4 5 6 7 K 9 of MAT used was approximately 100 nM, and malonyl-CoA was held
- constant at 30@M. Initial rates were determined on ice in duplicate, and
5""1"'”&'.::”\'" L. _ ) _ kealKm Was determined from a linear fitting of the data.
«  Malonyl CoA - - - - . - + _ )
MAT e . } . . . + N ] Table 1. Masses of Signature lons Observed from the Extracts of
NDK - + - - o+ + - + Various Systems upon [*2C/*3C]Propionic Acid Feeding?

Time{min) 5 10 15 5 10 15 5 5 5

Figure 3. Radio TLC analysis of MAT-assisted turnover of DEBS module

6+TE. Apo-M6+TE(S2107A) was first treated witsfpin the presence of

CoASH (or [24C]malonyl-CoA as a single-turnover reference). Various

controls exhibit the essential role of tBe coelicoloMAT in the turnover

of this module. |

Under these conditions the MAT rapidly hydrolyzes malonyl- 1 2

CoA in addition to catalyzing malonyl-CoA:ACP transacylation;

consequently, the reaction mixture was periodically replenished 6DEB, M=386  2-desmethyl-6DEB, M=372

with malonyl-CoA. Multiple equivalents of the expected 2-des- mass observed

methyl triketide lactone produ&were synthesized, with each , " - " - "

equivalent being released from the enzyme in under 5 min conste M1 M- H.01 +H M~ 24,0 + H compd

(Figure 3). From this it can be concluded that the turnover ’g gg;’ggﬁ gggg;g ggi’ggg 1

number of MBFTE(S2107A) in the presence of exogenous MAT c 373/379 355/361 337/343 2

is >0.2 mirrL. This parameter is comparable to the turnover D 373/379 355/361 337/343 2
E 373/379 355/361 337/343 2

number of wild-type M6&TE in the presence of similar

concentrations of the same electrophilic substtate. a All masses are observed at approximately the same retention time (17
An ACP from a Modular PKS as a Substrate for the S. min for 2-desmethyl-6DEB and 18 min for 6DEB) on ag€olumn. M+
; ; i 7 and M + 6 increases upon feedintfC-labeled propionic acid are
coelicolor MAT. To qu.antlfy the ability of the MAT to signatures for 6DEB and 2-desmethyl-6DEB, respectively. Both macrolides
transacylate ACP domains from modular PKSs, we adapted anyield M — 18 and M— 36 ions due to the loss of one and two water
assay used in our laboratory to examine MAT-catalyzed molecules. The reversed-phase HPLC retention time of compounds produced
. - by constructs D and E was identical to the retention time of authentic
transacylation Of malonyl building blocks Onto ACPs from type 2-desmethyl-6DEB produced by construct®@onstruct A expresses wild-
Il PKSs16 For this purpose the ACP domain from module 2 of type DEBS. Construct B coexpresses wild-type DEBS andttmelicolor

DEB ian ACP2) w. XDr nd-alondvAT enzyme. Construct C expresses a derivative of wild-type DEBS in
S (designated ACP2) was expressed as a stand-alo év\\//lhich AT6 has been replaced by a malonyl-specific AT domain. Construct

holoprotein and purified to homogeneity. Although we could p expresses DEBS(APE Construct E coexpresses DEBS(AY&nd the
not observe saturation of the MAT with ACP2, thg/K,, was S. coelicolorMAT enzyme. For a description of the constructs, see the

estimated to be (2.& 0.4) x 104 S—l#M—l by the linear fitting section titled “Biosynthesis of 2-Desmethyl-6dEB”.
of the v vs [ACP2] plot (Figure 4).

Biosynthesis and Characterization of 2-Desmethyl-6dEB.
The engineerecE. coli strain BAP1 (see the Experimental
Section for details) was transformed with plasmids expressing

esi;t;e(r) wild-typg DEBS or ? variant llczlgrryipg tﬂe hM:E' hypothesis, [1%C]propionate was fed to this strain & coli
(S2107A) mutation. Two analogous cell lines in which the MAT 50, of ynlabeled propionate. (All building blocks for 6dEB

was coexpressed with each PKS were also prepared. _ASbiosynthesis irE. coliare derived from exogenous propionafe.)
expected, transformants expressing the wild-type DEBS, with LC—MS analysis revealed a compound with a retention time
or without the S. coelicolor MAT, exclusively produced

6—de_oxyerythr0no|ide B (6dEB)' The identity O_f GdE_B was (18) Pfeifer, B. A.; Admiraal, S. J.; Gramajo, H.; Cane, D. E.; Khoslé&€lence
confirmed by LC-MS (Table 1) and by comparison with an 2001, 291, 1790-1792.

authentic sample. Surprisingly, a small amount of a 6dEB-like
compound was produced by the strain expressing the DEBS-
(AT6% mutant LC—MS analysis suggested that the compound
was a desmethyl derivative of 6dEB (Table 1). To confirm this

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14309
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50 activity of AT domains’ To test this hypothesis, we inactivated
4 the AT domain in M6-TE of DEBS by replacing the active
site serine with an alanine residtfeRadiolabeling studies in
the presence of MAT and [2!C]malonyl-CoA revealed that
the wild-type module could not be labeled, but the AT-null
mutant could be efficiently labeled by malonyl-CoA.

Previous studiég showed that the chain elongation reaction
catalyzed by individual PKS modules is tolerant toward un-
natural extender units, suggesting that the substrate specificity
of the AT domain is the primary checkpoint for nucleophile

time (h) recognition and turnover by this module. Consistent with this
Figure 5. Fed-batch fermentation of recombindhtcoli strains producing prgposal, the turnover number of the MH;E(821O7A) mutant
6dEB (wild-type DEBS system, construct A) and 2-desmethyl-6dEB (AT6- Using malonyl-CoA and exogenous MAT is comparable to that
null plus S. coelicoloMAT system, construct E). Both Qg and product of wild-type M6+TE (~0.1-1 min*l) under otherwise equiva-
titers were monitored for 36 h postinduction with IPTG, as described in ot congitionst Comparable efficiency was also observed for
the Experimental Section. See Table 1 for the definition of constrits ( . - . .
construct A, ORog; #, construct E, OBy x, construct A, 6dEB titer, the M2+TE(S2598A) mutant in a similar in vitro assay,
mg/L; A, construct E, 2-desmethyl-6dEB titer, mg/L). suggesting that MAT-mediated transacylation of malonyl ex-

tender units onto modular PKSs is efficient and general.

identical with that of the previously observed compound, but  The efficiency of this alternative strategy of biosynthetic
with an MW of 378, consistent with the incorporation of six engineering of complex polyketides is presumably dictated by
propionate equivalents into a desmethyl-6dEB compound. The the kinetics of malonyl transfer by ti& coelicolorMAT onto
same compound was also produced by the strain in which the modular ACP. To quantify the catalytic efficiency of this
DEBS(AT®) was coexpressed witB. coelicolorMAT. The process, holo-ACP from DEBS module 2 (ACP2) was expressed
identity of this compound as 2-desmethyl-6dEB was confirmed as an intact protef and subjected to quantitative kinetic
by comparison with an authentic reference compound, isolatedanalysis. AkeafKm Of (2.14 0.4) x 1074s™1 uM~1 was observed
from a variant of DEBS in which AT6 was replaced by the for ACP2. This is significantly lower than thie./K, for a
malonyl-specific AT2 domain from the rapamycin PKS. preferred ACP substrate of th#. coelicolorMAT (~1 st

The polyketide productivity of all these strains was evaluated ©M~1).16 However, it compares well to the kinetics of acyl-
under fed-batch fermentation conditions, performed under CoA:ACP transacylation by AT domains of modular PK&sd
conditions described earliét.The productivity of the DEBS- of transacylation catalyzed by the stand-alone AT enzyme in

40
35
30
25
20
15

10

a 5 10 15 20 25 30 35 40

(AT6% mutant in the presence @. coelicolor MAT was the Lnm PKS
comparable to that of wild-type DEBS, as analyzed by an ELSD  To compare the in vivo efficiency of this method, te
(evaporative light scattering detector) coupled with HPE©.6 coelicolor MAT was cotransformed with the AT6-null mutant
mg L~* h~! versus~0.7 mg L't h™%) (Figure 5). of DEBS into E. coli BAP118 As controls,E. coli strains

. . containing (i) the AT6-null mutant without th8. coelicolor
Discussion MAT gene and (ii) a variant of DEBS in which AT6 was

Although the ACP domains in PKS modules are typically replaced by the malonyl-specific AT2 domain from the rapa-
viewed as an integral part of a larger cluster of domains, they mycin PKS® were used. Each strain produced 2-desmethyl-
can also be recognized and acted upon by other proteins. Foi6dEB, the expected polyketide analogue. These findings sug-
example, they undergo posttranslational phosphopantetheinyl-gested that, in addition to ti& coelicoloMAT, the endogenous
ation, catalyzed by a stand-alone phosphopantetheinyl trans-malonyl-CoA:ACP transacylase i&. coli was also able to
ferase (PPTase; Sfp B coliBAP1)1821The recently reported  catalyze transacylation of a malonyl extender unit onto the
leinamycin synthase further expands the roster of stand-alone“‘vacant” ACP domain. In fed-batch fermentations, the produc-
proteins that can access ACP domains to include an acyltrans-ivity of the AT6-null mutant cotransformed wit8i. coelicolor
ferase!* Indeed, it has been suggested that PPTases andVMAT was comparable to that of the wild-type DEBS. In
acyltransferases share a common helical flap for recognition of contrast, earlier studies have shown that AT domain substitution
acyl carrier proteing2 We therefore hypothesized that a stand- results in a significant attenuation of polyketide producti¥tj?
alone acyltransferase from a type Il PKS or fatty acid synthase In conclusion, we have demonstrated that transacylation of
may be able to charge an ACP domain in a PKS module whosean AT-null form of a mutant modular PKS by a coexpressed
endogenous AT domain had been inactivated. Although stand-stand-alone AT enzyme is an effective strategy for the engi-
alone MAT proteins are present in all bacteria, they are unable neered biosynthesis of site specifically modified polyketides.
to catalyze the same reaction on the ACP domain of a wild- All MATs and other stand-alone AT enzymes identified to date
type PKS module, presumably because of the intrinsic editing are malonyl-specific; hence, the range of substrates that can
currently be introduced by this route is limited to malonyl-CoA.

(19) Lau, 3. Fu, H.; Cane, D. E.; Khosla, Bochemisiry1999 38, 1643 However, guided by the recent X-ray crystal structure of3he

(20) Pfeifer, B. A.; Hu, Z.; Licari, P.; Khosla, GAppl. Environ. Microbiol. coelicolor MAT,?2 it may be possible to engineer this enzyme
2002 68, 3287-3292. ] .

(21) Lambalot. R. H.: Gehring, A. M.. Flugel, R. S.. Zuber, P.: LaCelle, M. to aggept other unnatural acyl-CoA substrates. S|.m|IarIy, the
Marahiel, M. A.; Reid, R.; Khosla, C.; Walsh, C. Them. Biol.1996 3, specificity of this MAT toward selected ACP domains from a
923936 target modular PKS may also be improved via protein engineer-

(22) Keatinge-Clay, A. T.; Shelat, A. A.; Savage, D. F.; Tsai, S. C.; Miercke,
L.J.; O'Connell, J. D.; Khosla, C.; Stroud, R. Btructure2003 11, 147—
154. (23) Wu, N.; Cane, D. E.; Khosla, ®@iochemistry2002 41, 5056-5066.
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ing. The principal advantage of this method is its ability to leave

into 30 uL of ice cold 30% TCA in an Eppendorf tube. BSA (20

intact the easily perturbed and as-yet-uncharacterized tertiaryof a 10 mg/mL stock solution) was added as a protein carrier, and the

and quaternary structure of a modular PKS.

Materials and Methods

Reagents and Chemicalg2-*“C]Malonyl-CoA (55 mCi/mmol) was
purchased from ARC radiochemicals. iG]Sodium propionate was
from Sigma. All other chemicals were from Sigma or Fluka (St. Louis,
MO). The plasmids pET21c and pET28c were from Novagen. Ni-NTA
affinity resin was from Qiagen Inc. TLC plates were obtained from J.
T. Baker (Phillipsburg, NJ).

Plasmids.M2+TE, M2-+TE(S2598A) [or M2+ TE(AT2%)], M6+TE,
and M6+TE(S2107A) [or M6-TE(AT6E?)] are encoded by pRSG64,
pMH28, pRSG54, and pMH21 as described recefitiMAT is encoded
by pGFL16, which contains the MAT cassette on a pET21 vector and
expresses an N-terminal hexahistidine tagged protein. MAT was also
constructed on a chloramphenicol-resistant vector by replacing the TEII
cassette with the MAT cassette on pBPP¥etween theXba and
Hindlll sites to yield pPK201. DEBSBTE(AT6") was obtained by
replacing M6-TE on pBP129 with M&TE(AT6®) from pMH21
betweenBs&Bl and Hindlll, yielding pPK202. A plasmid pPK203
expressing both DEBS2 and DEBSBE(AT6EC) was then obtained in
the same fashion as pBP13Propionyl-CoA carboxylase and DEBS1
are expressed by pBP144pBP130 expresses wild-type DEBS2 and
DEBS3+TE.*® Plasmid pBP173 is a derivative of pBP130 and pJL409
which expresses DEBS2 and DEBSBE where AT6 is replaced by
malonyl-CoA-specific AT2 from the rapamycin PKS.

Bacterial Strains. Expression of the apoproteins and MAT was
achieved by using the above plasmidsEncoli BL21(DE3). For in
vivo feeding experiments, and for the expression of holoproteins, BAP1,
which is an engineeref. coli BL21(DE3) strain, was used.BAP1
contains a chromosomally integrated copy of $figphosphopanteth-
einyl transferase fronBacillus subtilis which is required for the
posttranslational phosphopantetheinylation of the ACP domains of
individual modules. The cells were transformed by electroporation and
selected over LB plates with appropriate resistance(s).

Expression and Purification of MAT. The MAT protein was
expressed and purified as described previously using pGF:2t6.

Expression and Purification of DEBS ACP2.The plasmid contain-
ing the DEBS ACP2 (pNW?7) was introduced into host strain BAP1.
The ACP2 was expressed in a manner similar to that of MAT, with
postinduction growth carried out at ZZ for 4—5 h. After being
harvested by centrifugation (4000 rpm, 20 min), the cells were stored
at —80 °C until use.

Frozen cells were lysed, and the ACP2 was purified in a fashion
(Ni-NTA agarose/Hi-trap Q) identical with that for MAT. Generally,
the ACP2 is greater than 98% pure after elution from the Ni-NTA
agarose (as judged by SBEAGE). Any minor contaminants which
remain after this step are removed by the anion exchange purification.
This procedure provides large quantities of ACP2 which are free of
any contaminating proteins which may be reactive toward it.

Expression and Purification of M2+TE, M2+TE(S2598A),
M6+TE, and M6+TE(S2107A).Apo and holo modules were purified
from BL21 and BAP1 cells, respectively, as described previotsly.

Assay for MAT:ACP2 Transacylation. All assays were performed
in buffer G (100 mM NaHP@ 2 mM EDTA, 2 mM DTT, pH 6.8)
supplemented with 1 mg/mL BSA to ensure protein stability at low

concentrations. In every case, ACP2 and malonyl-CoA were added to

the solution and placed on ice, and the reaction was initiated with the
addition of the MAT (typically~100 nM). Malonyl-CoA was held
constant at a saturating concentration (380, while ACP2 concentra-
tions were varied between 50 and 60®!. Aliquots of 7 uL of the

reaction mixture were removed at appropriate time points and quenched

(24) Dreier, J.; Shah, A. N.; Khosla, Q. Biol. Chem.1999 274, 25108~
25112.

ACP was allowed to precipitate at®@ for 20 min. The precipitated
protein was centrifuged (130605 min), and the supernatant was
removed. A 60Q:L sample of ice cold 10% TCA was then added, and
the solution was vortexed and centrifuged (13§)0® min). After the
TCA solution was decanted, the protein was dissolved in A0®f
98% formic acid for 15 min. The protein solution was placed in a
scintillation vial, and the Eppendorf tube was washed with 20®f
water, which was also added to the vi#dl 5 mL of Ready-Safe
scintillation fluid was added, and the sample was vortexed. The extent
of isotopic incorporation was then estimated by liquid scintillation
counting.

Initial rate (below 5% conversion) data obtained from these
experiments were used to calculkggKy. All analyses were performed
in duplicate at six different concentrations of ACP2.

Labeling of Modules. A 5 uM concentration of holo-PKS modules
was incubated with 102M [2-4C]malonyl-CoA, 200uM unlabeled
methylmalonyl-CoA, and kM MAT in 100 mM sodium phosphate
(pH 7.2), 1 mM EDTA, and 20% glycerol at T. After 10 min the
reaction was quenched by adding SEFSAGE loading buffer. Proteins
were denatured by heating at 70 for 5 min and loaded onto an SBS
PAGE gel. The gel was dried and analyzed by phosphoimaging (Figure
2).

Turnover of an AT °® Mutant PKS Module Supported by MAT-
Catalyzed Transacylation.Apo modules were converted into the holo
form in vitro as described befofé A 30 uM concentration of M2-TE-
(S2598A) or M6+TE(S2107A) was incubated with 0/AM Sfp and
100uM CoASH (or [244C]malonyl-CoA for single-turnover reactions)
in 100 mM sodium phosphate (pH 6.6), 2 mM DTT, 1 mM EDTA,
and 10 mM MgC} at 30°C for 30 min. Subsequently, 34 of the
above mixture was adjusted to 400 mM sodium phosphate, pH 7.2, 2
mM DTT, 1 mM EDTA, and 20% glycerolA 5 mM concentration of
NDK, 4 mM NADPH, and 1uM MAT were also added. The chain
elongation reaction was initiated by adding 10@ [*‘C]malonyl-CoA
in a final volume of 7QuL at 30°C. A 20 uL sample of the reaction
was withdrawn and quenched by mixing with 3@D of ethyl acetate
every 5 min, and at the same time malonyl-CoA was replenished in
the balance reaction to maintain a 104 total concentration. Single-
turnover reactions were carried out without MAT and malonyl-CoA
under the same conditions as described above. Products were extracted
twice by 300uL of ethyl acetate and analyzed by thin-layer chroma-
tography as previously describ&dA typical radio TLC image is shown
in Figure 3.

Biosynthesis of 2-Desmethyl-6dEBThe protocol for biosynthesis
of macrolactones used was similar to that previously desctt2dP1
cells were transformed with pBP144/pBP130, pBP144/pBP130/pPK201,
pBP144/pBP173, pBP144/pPK203, or pBP144/pPK203/pPK201, yield-
ing constructs A, B, C, D, and E, respectively. Constructs A, C, and D
were selected on plates containing kanamycin (&mL) and
ampicillin (100ug/mL). Constructs B and E were selected over plates
containing kanamycin (5Q:g/mL), ampicillin (100 x«g/mL), and
chloramphenicol (3@g/mL). After overnight growth, starter cultures
were grown in 5 mL of LB containing appropriate antibiotics for 6 h
at 37°C. The cells were harvested and used to inoculate 0 mL
of LB in two 500 mL flasks for each system. The flasks were shaken
at 250 rpm at 37C till ODggo reached 0.6. The cultures were cooled
to room temperature in a water bath, and IPTG was added to a final
concentration of 10&M to induce protein production. Unlabeled or
13C-labeled propionic acid was separately fed into two flasks for each
system to a final concentration of 250 mg/L. The flasks were shaken
overnight at 22°C at 250 rpm, and the cells were harvested and the
products were extracted from the media using 200 mL of ethyl acetate
twice. The products were dried in vacuo and analyzed by APCHLC
MS (Table 1)!°

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14311



ARTICLES Kumar et al.

Fed-batch fermentations were also performed as previously de- cell density and product yields are plotted as a function of postinduction
scribed® to compare the productivity of the AT-null system with that  time in Figure 5.
of the wild-type system producing 6dEB. Samples were monitored for
36 h postinduction. After the cells were harvested from the samples, Acknowledgment. This research was supported by grants
the products were extracted from 3.5 mL of broth with 5 mL of ethyl  from the NIH to C.K. (CA66736) and D.E.C. (GM 22172).

acetate twice. The products were then dried in vacuo and resuspende% T.K. is supported by an NIH NRSA postdoctoral fellowship
in 200uL of water. A 25uL sample of the above mixture was injected '

into an HPLC-coupled ELSD system for product quantificaéidfhe JA037429L

14312 J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003



