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ABSTRACT. The megalomicin and erythromycin polyketide synthases (PKSs) produce the same aglycon
product, 6-deoxyerythronolide B (6-dEB). Both PKSs were examined irEscherichia colistrain
metabolically engineered to support complex polyketide biosynthesis. Production of 6-dEB in shake flask
fermentations was undetectable by mass spectrometry in the strain expressing the megalomicin (Meg)
PKS genes, whereas 31 mg/L 6-dEB was produced by the strain with the erythromycin (DEBS) PKS.
The genes for each of the three subunits comprising the PKSs were expressed in different combinations
from three compatible expression vectors (e.g., DEBS1, DEBS2, and MegA3) to identify two Meg PKS
subunits, MegAl1 and MegA3, which conferred lower 6-dEB titers than their DEBS counterparts.
Comparison of protein expression levels and 6-dEB titers by engineered hybrid DEBS/Meg PKS genes
further defined regions within modules 2 and 6 of MegAl and MegA3, respectively, which limit protein
expression and 6-dEB production i coli. Meg module 2+ TE (M2 + TE) and a hybrid DEBS M2/

Meg M2 + TE protein were engineered and purified for in vitro comparisons with DEBSHVIE. The

specific activity of the hybrid M2+ TE was approximately 16-fold lower than DEBS M2TE and only

twice as high as the Meg M2 TE enzyme in diketide elongation assays. Since the hybrid M2 worked
comparably to DEBS M2 in vivo, this suggests that boosting subunit concentration could serve as a useful
approach to overcome enzyme deficiencies in heterologous polyketide production.

Megalomicin and erythromycin are derived from the same higher than the titers of megalomicin in the wild-type
polyketide aglycon, 6-deoxyerythronolide B (6-dEBhy megalomicin produceiicromonospora megalomicéa 100
condensations between a propionyl-CoA starter unit and six mg/L vs~10 mg/L). The reasons for the lower productivity
methylmalonyl-CoA extension units. The megalomicin (Meg) of the megalomicin producer could include reduced catalytic
and erythromycin (6-deoxyerythronolide B synthase, DEBS) efficiency, reduced expression of the PKS, or reduced
modular polyketide synthases (PKSs) that produce 6-dEB precursor availability. The production of these polyketides
are structurally and mechanistically very simil&j (Figure in two different hosts makes it difficult to directly compare
1). Each PKS consists of three protein subunits, with the the relative efficiencies of the PKSs. Although both PKSs
first containing the loading module and two extension led to similar production levels of 6-dEB (3@10 mg/L) in
modules and the next two subunits containing two modules the heterologous hos$treptomyces didans the relative
each. Each module contains a set of domains responsibleamounts of PKS proteins present were not determined in that
for a single round of polyketide chain elongation and study (). As reported here, attempts to produce 6-dEB in a
B-ketone madification. In the case of Meg PKS and DEBS, recently developedtscherichia colipolyketide production
each of the corresponding modules of the PKSs contains thesystem 2—4) with Meg PKS did not afford detectable levels
same set of domains that perform the same sequence obf the polyketide. We have therefore u€edcolito compare
reactions with the same specificities. Thus, the Meg PKS expression profiles of and polyketide production by a series
and DEBS present a useful model system for attempting to of DEBS and Meg PKS hybrid subunits to identify potential
understand the structural basis for differences in the activitiesmodules and domains with different levels of activity in these
of PKS enzymes. two related PKSs. Subunit complementation and construction

The titers of erythromycin from the wild-type erythromy- of hybrid modules isolated those modules and domains of
cin producerSaccharopolyspora erythragare significantly the Meg PKS that are likely responsible for lower protein
levels and activity. A recently developed procedure for

* To whom correspondence should be addressed. Phone: (510) 732-8fficient purification of PKS modules5f made it possible
8400. Fax: (510) 732-8401. E-mail: murli@kosan.com. to obtain poorly expressed modules in sufficient quantity for

* Abbreviations: PKS, polyketide synthase; 6-dEB, 6-deoxyeryth- in vitro characterization and validation of these findings.
ronolide B; DEBS, 6-deoxyerythronolide B polyketide synthase; Meg,
megalomicin; M2, polyketide synthase module 2; M6, polyketidle MATERIALS AND METHODS
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Ficure 1: Modular organization of DEBS and Meg PKS. Each PKS consists of six modules encoded on three polypeptides (DEBS1,
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DEBS2, and DEBS3 or MegAl, MegA2, and MegA3). Each module (KS, AT, ACP) is responsible for one cycle of polyketide chain
elongation using methylmalonyl-CoA as a substrate and various degr¢ekesd modification (KR, DH, ER). The first polypeptide in

each PKS also encodes a loading domain with specificity for propionyl-CoA, and the last polypeptide encodes a TE domain responsible for
cyclization and release of 6-dEB. Two sugars, mycarose and desosamine, are added to 6-dEB to produce erythromycin A. The attachment
of an additional deoxy sugar, megosamine, in the post-PKS modification pathway distinguishes the final product megalomicin from

erythromycin.

Table 1: Plasmids Used in This Study

plasmid PKS genes marker origin of rep

pKOS173-158 DEBS1 Kan pMB1
pKOS207-004 DEBS2 Tet p15A
pKOS173-176 DEBS3 Strep/Spec  colD(RSF1010)
pKOS285-134a DEBS M2 Kan pMB1
pKOS207-126 MegAl Kan pMB1
pKOS207-127 MegA2 Tet p1l5A
pKOS207-128 MegA3 Strep/Spec  colD(RSF1010)
pKOS207-180 Meg M2 Kan pMB1
pKOS207-169 DEBS1/MegAl Kan pMB1

hybrid 1
pKOS207-168 MegAl/DEBS1 Kan pMB1

hybrid 2
pKOS207-183 MegAl/DEBS1 Kan pMB1

hybrid 3
pKOS285-018 MegA3/DEBS3  Strep/Spec colD(RSF1010)

hybrid 4
pKOS285-003 Meg M2/DEBS  Kan pMB1

M2 hybrid 5
pKOS285-004 Meg M2/DEBS  Kan pMB1

M2 hybrid 6
pKOS285-005 DEBS M2/Meg Kan pMB1

M2 hybrid 7
pKOS196-037 DEBS M2 TE Carb pMB1
pKOS285-106 Meg M2+ TE Carb pMB1
pKOS367-026 DEBS M2/ Carb pMB1

Meg M2+ TE

(hybrid 7+ TE)

due to integration of T7 promoter regulatsfiyprpE/pccB

accAl has been previously describef).(Relevant plasmids

discussed in this report are listed in Table 1.
All of the E. coli PKS expression plasmids used in this containingBsaBl/Ecarl fragment from pKOS207-170 was
study were based on plasmids pKOS173-158, pKOS207-004 replaced with the Meg MZBsaBl/EcoRIl fragment from

and pKOS173-176 (Table 1), which have been previously
described 4). The DEBS gene on each of these plasmids
was replaced with a corresponding Meg PKS gene, M2 gene,
or hybrid PKS gene as follows. Plasmid pKOS285-134a
(Table 1) was constructed by cloning the DEBS M2 fragment
from pKOS207-142af) into pKOS173-158 usinyldd and
EcadRl, replacing DEBS1. The three Meg PKS subunits,
MegAl, MegA2, and MegA3, were each subcloned from
plasmid pKOS108-061) into pALTER (Promega Bio-
sciences) using PCR and standard molecular biological
techniques. A uniquBldd site at the start codon and a unique
EcaRl site immediately after the stop codon were introduced
in each subunit by PCR, and the resulting plasmids, which
were verified by sequencing, were pKOS136-1241 (MegAl),
pKOS136-1351 (MegA2), and pKOS112-17030 (MegA3) (L.
Peck, unpublished results). The MegAl fragment from
pKOS136-1241 was used to replace DEBS1 in pKOS173-
158 usingNdd andEcaRl, generating pKOS207-126 (Table
1). DEBS2 in pKOS207-004 was replaced with the MegA2
containing Ndd/EcaRl fragment from pKOS136-1351 to
generate pKOS207-127 (Table 1). The MegA3 fragment
from pKOS112-17030 was used to replace DEBS3 in
pKOS173-176 usingldd andEcadRl, generating pKOS207-
128 (Table 1). To construct a Meg M2 expression vector,
the Ndd/EcoRl DEBS M2 fragment in pKOS285-134a,
which has the DEBS M5 linker fused to DEBS M2 (was
cloned into pUC18 (New England Biolabs) digested with
Ndd/EcaRl, generating pKOS207-170. Next, the DEBS M2
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_Loading Module 1 ______. Module2 pKOS285-016. Finally, theNdd/EcaRl fragment from
pKOS285-016 containing Meg M5 fused to DEBS M6 plus
TE was ligated with the backbone fragment from pKOS173-
176 digested withNdd/EcaRlI, generating pKOS285-018
(Table 1).
For hybrid 5, the~2.2 kb Ac5I/EcaR| fragment from
pKOS207-180 containing the region from the middle of Meg

Hybrid #1

Hybrid #2

Meg DEBS AT2 to the end of Meg M2 was replaced with the corre-
Hybrid #3 [ AT, _ACP, TKST AT1 KR ACPA[KSZ AT? KRZ ACP7[ ) sponding ~2.2 kb Ac®5Il/EccRI DEBS fragment from
Ndel Boabl EcoR pKOS207-170 (described above), generating pKOS285-003
WMeg DEBS (Table 1). For hybrid 6, the-1.4 kb SeXAl/ EcaRl| fragment
Termination/ from pKOS207-180 containing the region from the beginning

Module 5 Module 6 Cyclization

of Meg KR2 until the end of Meg M2 was replaced with
the corresponding-1.4 kb SeXAl/EcoRl DEBS fragment
from pKOS207-170, generating pKOS285-004 (Table 1). For
Kss hybrid 7, the~3.3 kbNdd/SexAl fragment from pKOS207-
lnker — podule 2 180 containing the region from the beginning of Meg M2

Hybrid #4

Ndel until the start of Meg KR2 was replaced with the corre-
Hybrid #5 Eﬁﬁ%ﬂm@%om sponding ~3.3 kb Ndd/SexAl DEBS fragment from
e — pKOS207-170, generating pKOS285-005 (Table 1).

Meg Pees Plasmid pKOS196-037 (Table 1) was made by replacing
Ndel theNdd/EcoRl DEBS M6 containing fragment in pKOS196-
Hybrid #6 Estm—lama:%%lom 123 () with the Ndd/EcaRI DEBS M2 containing fragment
from pRSG64 T), generating an expression plasmid for
Meg DEBS DEBS M2 plus DEBS TE with C-terminal biotin andx6
Ndel His tags. To fuse the DEBS TE to Meg M2 Spé site was
Hybrid #7 Wom introduced by site-directed mutagenesis into the correspond-
—es— ing site after the ACP of Meg M2 as in DEBS M2 TE
Meg (8), generating pKOS235-109 (A. Yeliseev, unpublished

FIGURE 2: Schematic representation of the seven hybrid Meg PKS results). The BsaBI/Spé fragment from pKOS235-109
and DEBS proteins analyzed in this study. The region of the protein containing the region from the beginning of Meg M2 to the
from the Meg PKS is indicated in bold type. . - .
introducedSpé site was used to replace the corresponding
pKOS207-126, generating pKOS207-179 which has the Bs&Bl/Spé DEBS M2 fragment in pKOS207-170 (described
DEBS M5 linker fused to Meg M2 (the parallel construction above), generating pKOS285-103. Finally, tNeld/Spé
to pKOS285-134a) as Wdd/EcdRl insert in pUC18. This  fragment from pKOS285-103 was used to replaceNdd/
fragment with the DEBS M5 linker fused to Meg M2 was Spéd DEBS M2 fragment in pKOS196-037, generating
moved usingNdd andEcoRl into pkOS173-158, replacing  pKOS285-106 (Table 1), an expression plasmid for Meg M2
DEBS1 and generating pKOS207-180 (Table 1). plus the DEBS TE with C-terminal biotin andk6His tags.

All of the DEBS/Meg hybrid constructs described below The ~3.3 kb Ndd/SeXAl fragment from pKOS285-106
are schematically represented in Figure 2. For hybrid 1, the containing the region from the beginning of Meg M2 to the
~5.9 kbBsBI/EcdRl| fragment from pKOS207-126, contain-  beginning of Meg KR2 was replaced with the corresponding
ing the region from the beginning of Meg KR1 to the end ~3.3 kb Ndd/SexAl DEBS fragment (Figure 2) from
of Meg M2, was ligated with the backbone fragment of pKOS207-170, generating pKOS367-026 (Table 1), an
pKOS173-158 digested wiBsBI/EcaRl, generatingpKOS207-  expression plasmid for hybrid 7 fused to the DEBS TE with
169 (Table 1). For hybrid 2, the4.6 kbMfel/BsBI fragment C-terminal biotin and & His tags.
from pKOS207-126, with the loading, KS1 and AT1 domains  6-dEB and 15-Methyl-6-dEB (15-Me-6-dEB) Shake Flask
from MegAl, was ligated with the backbone fragment of Fermentations in E. coliThe protocol followed has been
pKOS173-158 digested wittifel/BsBlI, generating pKOS207-  described previously2(-4). Briefly, E. coli strain K207-3
168 (Table 1). For hybrid 3, first thdd/EcaRl fragment (4) with the indicated plasmids introduced was grown
containing DEBS1 was cloned into pUC18 and then\tiel/ overnight in LB medium with streptomycin (strep), kana-
BsaBl fragment from pKOS207-126, containing the Meg mycin (kan), and tetracycline (tet) in a 3C shaker. The
loading and M1 domains, was used to replace the corre-next morning, cultures were diluted 1:50 into 25 mL of LB
sponding DEBS domains generating pKOS207-178. Next, in a 250 mL flask with tet only. The three PKS subunits
theNdd/Spe fragment from pKOS207-178 was ligated with  were expressed from three compatible plasmids with pMB1,
the backbone fragment of pKOS173-158 digested iNild/ colD, and p15A origins of replication. pMB1 and colD
Spé, generating pKOS207-183 (Table 1) with the Meg plasmids are very stable whereas p15A plasmids are lost at
loading and M1 domains fused to DEBS M2. For hybrid 4, a modest frequency when antibiotic selection is not main-
first the Ndd/EcaRl fragment containing MegA3 from tained; hence, tet is the only antibiotic added during the
pKOS207-128 was cloned into pUC18 generating pKOS285- fermentation4). The cultures were grown in a 3T shaker
009. Next, theBsaBI/EcaRI fragment containing DEBS M6 to an Oy 0f ~0.4—0.5. Cultures were subsequently cooled
plus TE was cloned from pKOS173-176 into pKOS285-009 to room temperature before the following were added: 0.5
replacing the corresponding Meg domains and generatingmM IPTG, 5 mM sodium propionate, 50 mM sodium
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glutamate, 50 mM succinic acid (adjusted to pH 7 Wit_h Table 2: Characterization of DEBS and Meg PKS Subunits in
NaOH), and 0.5 mg/mL 3-hydroxy-2-methylhexanoic acid g, coli

N-propionylcysteamine thioester (propyl diketide-SNPC) 6-0EB titer
when diketide feeding was required. The cultures were pkssubunitl PKSsubunit2  PKS subunit3  (mgiL)
incubated at 22°C with shaking for 48 h before being

. . DEBS1 DEBS2 DEBS3 3%1
harvest_ed by centrn_‘ugatlon. The @pof the cultures were MegAl MegA2 MegA3 undetectable
determined at the time of harvest. To extract 6-dEB, 5 mL MegA1l DEBS2 DEBS3 trace<0.1)
of culture supernatant was mixed with 5 mL of ethyl acetate, ggggi '\Dﬂégg "?/IEBig (1)9; i 0.04

; ; eg . .
shaken for 20 min at room temperature, and centrifuged for DEBS1 MegA2 MegA3 0.39 0.04

10 min at 240@. The organic layer was removed, and the
sample was dried under vacuum. The residue was resus-
pended in 25Q:L of methanol and analyzed by LC/MS as MM NaHPQ, (pH 7.1), 1 mM EDTA, 2.5 mM DTT, 20%
previously described3( 4). The 6-dEB was quantified using ~ 9lycerol] at 30°C for 1 h in atotal volume of 5QuL. The
evaporative light scattering detection (ELSD) and comparing radiolabeled tr|ket|_de lactone (TKL) products were extra<_:ted
the peak areas to a standard curve of peak areas generatdfom the assay using 8 200uL of ethyl acetate:1% acetic
from authentic samples. The cell pellet at the end of the acid, concentrated, separated by TLC, and visualized with a
fermentation was processed for SDBAGE analyses to ~ Typhoon imager (Amersham Biosciences) in phosphorim-
determine protein levels (see below). Polyketide titers are @9ing mode.
reported with standard errors from duplicate or triplicate RESULTS
samples derived from independent colonies of the strain
analyzed. Comparison of DEBS and Meg PKS Subunits in E. coli.
SDS-PAGE Analysis of PKS Protein§he cell pellets ~ The megalomicin and erythromycin PKSs were examined
from the shake flask fermentations were resuspended at an E. coli K207-3, a strain metabolically engineered to
concentration of 3 OBy units/mL in 20 mM Tris, pH 7.5,  support complex polyketide biosynthesis, adapted from the
and 150 mM NacCl in the presence of Complete protease system described by Pfeifer et aR).( Each of the three
inhibitor cocktail (Roche Applied Science, used following subunits of the DEBS PKS or the Meg PKS was expressed
the manufacturer's protocol). The cells were lysed by in different combinations from three compatible plasmids
sonication at power level 4 for 10 s, 50% power with a Fisher under the control of T7 promoterd)( The parallel construc-
Scientific 550 Sonic Dismembrator. The lysate was spun at tion of the DEBS and Meg PKS genes on these plasmids
room temperature at 12 0§@or 5 min. The supernatantwas permitted both the examination of the activities of cognate
collected and analyzed by Bradford assay (Bio-Rad Labo- PKS subunits and the determination of the ability of
ratories) to equalize the total amount of protein loaded on heterologous subunits from the DEBS and Meg PKS to
the SDS-PAGE gel. The PKS proteins were separated on a interact functionally to make 6-dEB. Thus, the various
Novex 3-8% Tris—acetate gel (Invitrogen Life Technolo- permutations between DEBS1 or MegAl, DEBS2 or MegA2,
gies) and visualized by staining with Coomassie blue. The and DEBS3 or MegA3 were assessed (Table 2).
relative levels of the PKS subunits were determined by The complete set of DEBS subunits produced 31 mg/L
comparing bands on an SBRAGE gel. 6-dEB in E. coli. However, the three subunits of the Meg
Purification of M2 + TE Proteins.Three plasmid con-  PKS did not produce detectable amounts of 6-dEB in this
structs, pKOS196-37, pKOS285-106, and pKOS367-26, system. The MegA2 subunit supported 19 mg/L 6-dEB
encoding C-terminal biotin tagged MR TE proteins (Table production when combined with DEBS1 and DEBS3 and,
1) were introduced intd&. coli BAP1 + pBirAcm (2, 5). therefore, is not the likely source of poor production by the
Transformed cells were grown at ST to an ORQg of 0.4, Meg PKS inE. coli. However, when either MegAl was
and the temperature was reduced td@Zor 30 min before combined with DEBS2 and DEBS3 or MegA3 was combined
gene expression was induced with 1 mM IPTG angB0 with DEBS1 and DEBS2, less than 1 mg/L 6-dEB was
biotin was added. Cells were further incubated with shaking observed. These results indicate that all three Meg PKS
at 22°C for 18 h. Cells were harvested by centrifugation subunits are functional i&. coli but that MegA1 and MegA3
and stored at-80 °C until needed. The C-terminal biotin appear to support very low production levels. MegA3 was
tags on each protein allowed rapid purification with a also combined with DEBS1 and MegA2 to determine if
Nuetravidin bead capture procedure described previosly ( suboptimal interactions between DEBS2 and MegA3 were
However, because of poor expression of Meg MZTE, responsible for the lower production levels of the DEBS1/
the amount of cells used was scaled up. Purified enzyme DEBS2/MegA3 hybrid PKS (adequate interaction between
was quantified by SDSPAGE, comparing bands to purified DEBS1 and MegA2 was demonstrated by the DEBS1/
DEBS M6 + TE standards of known concentration. Ap- MegA2/DEBSS3 hybrid). Again, less than 1 mg/L 6-dEB was
proximately 60ug of Meg M2 + TE was recovered from  produced, indicating an inherent problem in MegA3 rather
cells grown n 2 L of LB, whereas 12(g of DEBS M2+ than a reduced ability of MegA3 to functionally interact with
TE and 160ug of DEBS M2/Meg M2+ TE, respectively, DEBS2.
were obtained from cells grown in 0.5 L of LB. Assays with The 6-dEB production results are consistent with expres-
the purified protein bound to Nuetravidin beads were carried sion levels of the Meg PKS and DEBS proteins observed in
out by incubating Jug of enzyme with 0.5 mM“C-labeled E. coli. Whereas all three DEBS subunits and MegA2 are
methylmalonyl-CoA, 4 mM NADPH, and 20 mM 2-methyl-  easily detectable by SDSPAGE analysis, neither MegAl
3-hydroxyhexanoic acidN-propionylcysteamine thioester nor MegA3 subunits are evident (Figure 3A). This is in
(2S3R and R,3Sracemic mixture) in reaction buffer [100 contrast to expression i8 lividans where the Meg and
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1 2 3 4 5

A Table 4: Characterization of MegA3/DEBS3 Hybrid Subunit€in

DEBS1/MegAl coli

— R - =6ggg:§jﬁcgii PKS subunit 1
- ' i DEBS1

- 1 DEBS1

PKS subunit 2

DEBS2
DEBS2

PKS subunit3  6-dEB (mg/L)

MegA3 0.5% 0.04

MegA3/DEBS3 31+ 2
hybrid 4

MegA3/DEBS3 30+ 1
hybrid 4

MegA3/DEBS3
hybrid 4

MegA1/DEBS1
hybrid 3
MegA1/DEBS1
' hybrid 3

-

DEBS2

MegA2 9+1

o
—

5 3), to MegA1/DEBS1 hybrids 2 and 3, which both produce

>20 mg/L 6-dEB (Figure 2 and Table 3), suggests that
module 2 of MegALl is largely responsible for low polyketide
titers. Next, Meg M2 and DEBS M2 expression vectors were
constructed to directly compare the activities of these two
modules. Cultures expressing the M2 genes, along with
DEBS2 and DEBS3, were fed a synthetic diketide, 3-hy-
- droxy-2-methylhexanoic acid-propionylcysteamine thioester,
which is utilized by module 2 to initiate polyketide biosyn-
L di thesis in the absence of the loading domain and module 1,
=T and elongated to produce 15-Me-6-dE® 9). Consistent

-
=3
. {—-—L—-, . - Sy S with the data presented above implicating module 2 in the

FiIGURE 3: SDS-PAGE analyses of PKS proteins. Cell pellets were 10Wer titers associated with MegA1l, the Meg M2 subunit
collected and processed at the end of the fermentations as describegupported reduced 15-Me-6-dEB titers compared to DEBS
in Materials and Methods. Samples were equalized for total protein M2 with diketide feeding (Table 3). SDSPAGE analyses

«~——DEBS2/MegA?2
T ~DEBS3/MegA3

H—DEBSmodZIMegmodZ

e

— -
Y

loaded by Bradford assay and analyzed by SPBGE (see

Materials and Methods). (A) Lane 1, 10 kDa ladder; lane 2, DEBS1/
DEBS2/DEBS3; lane 3, MegA1/MegA2/MegAS3; lane 4, DEBS1/

DEBS2/MegA3; lane 5, DEBS1/DEBS2/hybrid 4. (B) Lane 1, 10

kDa ladder; lane 2, DEBS M2/DEBS2/DEBSS3; lane 3, Meg M2/
MegA2/MegA3; lane 4, Meg M2/DEBS2/DEBS3; lane 5, hybrid

5/DEBS2/DEBSS; lane 6, hybrid 6/DEBS2/DEBS3; lane 7, hybrid
7/DEBS2/DEBSS3.

Table 3: Characterization of MegA1/DEBS1 Hybrid Subunits and
M2 Subunits inE. coli

PKS subunitl  PKSsubunit2 PKSsubunit3 6-dEB (mg/L)
MegAl DEBS2 DEBS3 trace0.1)
DEBS1/MegAl DEBS2 DEBS3 undetectable
hybrid 1

MegAl1l/DEBS1 DEBS2 DEBS3 233
hybrid 2

MegAl1l/DEBS1 DEBS2 DEBS3 2K 2
hybrid 3

DEBS M2 DEBS2 DEBS3 e 22

Meg M2 DEBS2 DEBS3 1.603

Meg M2 MegA2 MegA3 0.14+ 0.04
a15-Me-6-dEB.

DEBS PKSs yield similar 6-dEB titerd) and the Meg PKS
subunits can be detected in protein extracts on SBAGE
gels (see Supporting Information, Figure S1). Thus, the
presence of significantly lower amounts of the MegAl and
MegA3 subunits inE. coli is the likely cause of poor
production by the Meg PKS.

MegAl Module 2 Is Associated with Low Expression and
Polyketide Production.To identify regions of MegAl

of these strains revealed that those subunits comprised of
Meg M2 were present at very low or undetectable levels
(Figure 3 and data not shown), consistent with the low titers.

MegA3 Module 6 Is Associated with Low Expression and
Polyketide ProductiorModules 2 and 6 of Meg PKS contain
an exact DNA duplication extending from within the KS
domain to the linker region between the KS and AT domains
(10). To examine whether Meg M6 contributed to the low
productivity of MegA3 observed above, a fusion between
Meg M5 and DEBS M6, hybrid 4, was constructed (Figure
2). The junction between these modules was at the naturally
occurringBsaBl site located at the beginning of Meg KS6
and DEBS KS6. When combined with either DEBS1 and
DEBS2, or MegA1/DEBS1 hybrid 3 and DEBS2, the
MegA3/DEBS3 hybrid was able to fully complement pro-
duction to the levels obtained with DEBS3 (30 mg/L; Table
4). These data support the hypothesis that Meg M6 is
responsible for the low production associated with MegAS3.
By substituting Meg M2 and M6 with DEBS M2 and M6
(MegA1/DEBS1 hybrid 3, MegA2 and MegA3/DEBS3
hybrid 4), titers of 6-dEB can be raised fron0.1 mg/L to
9 mg/L (Table 4). SDSPAGE analyses show a high level
of the hybrid 4 subunit (Figure 3A, lane 5) relative to MegA3
(Figure 3A, lanes 3 and 4), which likely explains, at least
partly, the reason for the improved production by the hybrid
subunit.

Further Dissection of the Region within Meg Module 2
Associated with Poor Expression/Adty. To more narrowly
define regions or domains of Meg M2 that confer reduced

potentially responsible for poor expression and/or activity, activity, three hybrids between Meg M2 and DEBS M2 were
three MegA1/DEBS1 hybrids were constructed using restric- constructed (Figure 2) and analyzed by diketide feeding in
tion sites that are naturally present in both sequences (FigureE. coliwith DEBS2 and DEBS3. Meg M2/DEBS M2 hybrids
2). The MegA1/DEBS1 hybrids were combined with DEBS2 5 and 6 contain the amino-terminal 2.4 kb and 3.3 kb,
and DEBS3 subunits to assess polyketide production levelsrespectively, of Meg M2 fused to the corresponding remain-
in E. coli (Table 3). Comparison of DEBS1/MegA1l hybrid der of DEBS M2 (Figure 2). Hybrids 5 and 6 include the
1, which produces little or no 6-dEB (Figure 2 and Table KS and AT regions (KS domain and a portion of the AT
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Table 5: Characterization of Meg Module 2/DEBS Module 2 il

A H
Hybrid Subunits inE. coli oH ! o
S-NPC

15-Me-6-dEB methylmalawl-{:ﬂ “EI

PKSsubunitl  PKSsubunit2 PKS subunit3 (mg/L) ; HADE i =y
Meg M2 DEBS2 DEBS3 1.60.3 2
Meg M2/DEBS M2 DEBS2 DEBS3 0.65- 0.02 B I

hybrid 5
Meg M2/DEBS M2 DEBS2 DEBS3 0.26: 0.02 ,

hybrid 6 TKL
DEBS M2/Meg M2 DEBS2 DEBS3 41

hybrid 7
DEBS M2/Meg M2 MegA2 DEBS3 1.6+ 0.1

hybrid 7

domain in hybrid 5; KS and AT domains in hybrid 6) from
Meg M2, which includes the region repeated exactly in Meg
M6 (10). Both hybrids displayed very low levels of protein 1 2 3 4 5 6
(see Figure 38, lanes 5 and 6), detectable only by WeSternFlGURE 4: In vitro analyses of M2+ TE constructs. Conversion
gEtB(Sd;‘t% not shown). When combined with DEBS2 and ¢ jjetige SNPC 1) to triketide lactone 2) by purified DEBS
, both hybrids 5 and 6 produced less 15-Me-6-dEB M2 + TE (lane 1), Meg M2+ TE (lane 3), and DEBS M2/Meg

than the complete Meg M2 (Table 5). Conversely, DEBS M2 hybrid 7+ TE (lane 5). See Materials and Methods for reaction
M2/Meg M2 hybrid 7 (Figure 2), which contains 3.3 kb from  conditions. Lanes 2, 4, and 6 are control reactions without added
the beginning of DEBS M2 (KS and AT domains) fused to diketide SNPC ).
the remainder of Meg M2 (KR and ACP domains), displayed o
high levels of protein, clearly detectable by Coomassie 2CtiVity of Még M2+ TE and DEBS M2/Meg M2+ TE
staining (Figure 3B, lane 7). When combined with DEBS2 was too low to make reliable kinetic measurements. There-
and DEBSS3, titers were comparable to those produced byfore, an estimation of relative activities was made with a
DEBS M2 (see Tables 3 and 5). These results suggest thalsmgle. gnd point assay in which the prodyc_:t, TKL, could be
poor expression associated with the KS and/or AT domains duantified. It was estimated that the activity of DEBS M2
of Meg M2 may be responsible wholly or in part for the T TE vyas~16 times higher than_ DEBS M2/Meg M2
low titers associated with MegAl. TE_' which wa§~2 times more active than Meg M2 TE

The high protein levels and 15-Me-6-dEB titers of DEBS (Figure 4). This was surprising given that DEBS M2/Meg

M2/Meg M2 hybrid 7 allowed us to test whether the linker M2 _hyb_rid 7 was capable OT providjng tite_rs similar to DEBS.
at the end of MegAl (ie., at the end of Meg M2) M2 in vivo (Tables 3 and 5; see Discussion below). Thus, it

feerimi ; ; that the increase in titers associated with the hybrid
discriminates between DEBS2 and MegA2. Hybrid 7 yields &PP€ars _
lower titers when combined with MegA2 and DEBS31(6 DEBS M2/Meg M2 that was observed above is largely due
mg/L) than with DEBS2 and DEBS34 mg/L) (Table 5) to increases in the expression of the PKS module rather than
suggesting that the C-terminal linker of MegA1 has similar, &" improvement in enzyme activity. Since bOth. the hybrid
if not better, affinity for DEBS2 as it does for MegA2. DEBS M2/Meg M2 and DEBS M2 proteins contain the same

Relatie Actiities of DEBS M2+ TE, Meg M2+ TE KS, the reduced activity is most likely due to impaired
and Hybrid DEBS M2/Meg M2 TE in Vitro. To determine  condensation or processing activities rather than different

whether the lower titers associated with Meg M2 were due affinities for the diketide substrate. This is consistent with
to diminished catalytic activity, in addition to the reduced Studies performed on other hybrid modules in which the
levels of these proteins i&. coli, two M2 + TE fusion impaired activity was attributed to attenuated condensation

proteins, Meg M2 fused with DEBS TE (Meg M2 TE)  activity in the module 12).
and DEBS M2/Meg M2 hybrid 7 fused with DEBS TE
(DEBS M2/Meg M2+ TE), were engineered and compared DISCUSSION
to DEBS M2+ TE (7, 11). Each protein was expressed in Despite possessing redundant protein architectures with
E. coliwith C-terminal biotinylation to facilitate single-step  highly homologous domains and catalyzing exactly the same
purification and immobilization onto Nuetravidin-coated sequence of reactions, DEBS and Meg PKS have very
microbeads ). This procedure was particularly helpful in  different polyketide production properties i coli. Com-
the purification of Meg M2+ TE, which was produced at  parison of the two PKSs if. coli, encoding each of the
levels approximately 8-fold lower than DEBS M2TE (see subunits on separate expression plasmids, facilitated the
Materials and Methods for yields). The relative protein identification of modules and domains that give rise to the
expression of the three TE fusionsHn coli was similar to disparity in 6-dEB production. Both MegAl and MegA3
the relative amounts of the M2 subunits observed in the subunits appear to be associated with poor 6-dEB titers
complementation studies above (DEBS MZTE ~ DEBS whereas MegA2 functions as well as DEBS2. Analyses of
M2/Meg M2 + TE > MegM2 + TE). hybrids between MegAl and DEBS1 suggest that Meg M2
Chain elongation assays using diketide substrate werelimits the yield by the MegAl subunit and, likewise, the
performed with each of the enzymes immobilized on MegA3 and DEBS3 hybrid implicates Meg M6 as the
Nuetravidin beads as described in Materials and Methods.limiting module in MegA3. In any of the natural or
All three enzymes produced TKL as detected by TLC engineered hybrid subunits containing either Meg M2 or Meg
autoradiography. However, under the conditions used, theM6, the intracellular concentration of the protein subunit is
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greatly diminished or undetectable and can account for most, ACKNOWLEDGMENT

if not all, of the diminished 6-dEB production in each case.
Comparison of the codon usage of Meg M2 and M6 with
their cognate DEBS modules shows that, when the critical
frequency is set to account for the rarest codong.ircoli
(i.e., a critical frequency of 2.5 per 1000), Meg M2 and M6
actually have fewer of the rarest codons than DEBS M2 and
M6 (5 in each of the Meg modules while DEBS M2 has 9
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and DEBS M6 has 6), and none of these modules have tWOREFERENCES

rare codons in a row. This suggests that rare codon usage is

unlikely to account for the different protein levels. Protein
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